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Vers des scénarios prédictifs de la migration planétaire

La détection récente des exoplanetes a fourni un formidable laboratoire d’expérimentation des
théories de formation et d’évolution planétaire. Un résultat troublant est la proportion de
planetes géantes situées plus pres de leur étoile que ne ’est Mercure de notre Soleil! Si, comme
il est admis, ces planeétes se sont formées a plus grande distance de 1’étoile dans le disque
protoplanétaire, il reste a expliquer comment elles ont pu s’en rapprocher. Remarquablement,
une telle théorie est apparue bien avant la découverte de la premiere exoplanete. Elle explique
que sous l'interaction avec le disque protoplanétaire, les planetes se rapprochent de leur étoile
en spiralant. On parle de migration planétaire. De nombreuses études ont montré que le temps
de migration des planetes de faible masse est bien plus court que le temps de dissipation du
disque. Toutes les planetes devraient avoir migré jusqu’a leur étoile! Ce qui est déja remis
en cause par notre Systéme Solaire. Afin d’inscrire la migration planétaire dans un scénario
prédictif de formation et d’évolution planétaire, il est primordial d’affiner notre compréhension
de 'interaction disque-planete. La prise en compte de ’auto-gravité du disque est un exemple de
progres en ce sens. Je montre que négliger 'auto-gravité conduit a surestimer significativement
le couple différentiel de Lindblad. Une autre branche explorée dans cette thése est 'impact
des processus thermiques sur la migration. Je montre que I’évolution thermodynamique du
disque génere une contribution supplémentaire au couple de corotation, capable de ralentir
considérablement, voire de renverser, la migration des planetes de faible masse.

Mots clé : migration planétaire, disques protoplanétaires, hydrodynamique, analyse linéaire,
stmulations numériques

Toward predictive scenarios of planetary migration

The recent detection of extrasolar planets has provided an exciting opportunity to test our
theories of planet formation and evolution. An impressive result is the significant proportion
of giant planets located much closer to their star than Mercury is from our own Sun! These
planets should have formed further out in the protoplanetary disc, thus one needs to explain
how they could move closer to their host star. Remarkably enough, such an explanation was
proposed well before the discovery of the first exoplanet. It considered the interaction between
a planet and the protoplanetary disc, which leads to a decrease of the planet’s semi-major axis.
This is known as planetary migration. Many studies have shown that the migration timescale of
low-mass planets is much shorter than the lifetime of the disc. All planets should therefore have
migrated to the vicinity of their host star! This is at least in contradiction with the locations of
the planets in our Solar System. In order to elaborate predictive scenarios of planet formation
and evolution, it is of primary interest to refine our understanding of disc-planet interactions.
The inclusion of the disc self-gravity is an illustration of this. With analytical and numerical
arguments, I show that discarding the self-gravity leads to a significant overestimate of the
differential Lindblad torque for migrating low-mass planets. Another aspect explored in this
thesis is the impact of the gas thermodynamics on migration. I show that the thermodynamic
evolution of the disc induces an additional contribution to the corotation torque, which may
dramatically slow down or even reverse the migration of low-mass planets.

Keywords: planetary migration, protoplanetary discs, hydrodynamics, linear analysis, numerical
stmulations
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Chapter 1

Other Solar Systems in the Universe!

THIS CHAPTER describes the current paradigm of planet formation. We start
with a brief presentation of the planets in the Solar System in section 1.1.
In section 1.2, we review the detection methods and the statistical properties of
the extrasolar planets orbiting Sun-like stars. We describe in section 1.3 how far
the discovery of exoplanets altered our models of planet formation. We address
in section 1.4 some concluding remarks setting the outline of this manuscript.
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2 Other Solar Systems in the Universe!

Jupiter

Saturn

FIGURE 1.1: The main protagonists of the Solar system.

1.1 The wealth of the Solar System

1.1.1 Guided tour

The Solar System is an extraordinary laboratory for celestial mechanics. The least we can say
is that it does not lack of diversity. Basically, its main protagonists, depicted in figure 1.1,
divide between rocky planets close to the Sun, giant gaseous ones further out, and fallen Pluto,
recently retrograded as dwarf planet after the recent revision of the planet definition in 2006 (see
section 1.1.2). The Solar System also contains many small bodies: satellites, asteroids, Kuiper
belt objects, or comets traveling from Oort’s cloud. Recent mission Cassini-Huygens reported
fascinating results concerning Saturn’s world of satellites and rings, which is a bit like a Solar
System in miniature. In addition, most planets exhibit odd features in their rotation properties,
or their long-term evolution. Mercury rotates three times on its axis for every two orbits around
the Sun. Contrary to all other planets of the Solar System, Venus rotates clockwise. The
presence of the Moon is likely to have stabilized Earth’s obliquity, thereby preventing dramatic
changes in climate (Laskar et al. 1993). Eventually, recent studies are about to explain why
Uranus’ axis of rotation nearly lies on the Ecliptic plane (Boué, 2008, priv. comm.).

The link between mankind and planets has been marked by a subtle blending of observation,
religion and myths. And when it comes to interpreting observations, myths are never too far.
Even recently, Mars provides a good example. The planet has long stirred curiosity, because of
its similarities with the Earth: a comparable size, a rather red aspect recalling of Earth deserts,
the presence of ice caps, similar to Antarctic, and that of greenish regions, a bit like our forests.
In 1925, an article reported by the french encyclopedia Larousse pretended to give a complete
knowledge of the planet. It is worth translating. "Some results can be considered as definitely
established. The most interesting of them is the identification of vast forests covering a major
part of the planet, and which had been confounded with seas, because of their dark aspect.” Later
on, we learn that "some astronomers had claimed that Martian vegetables were red. They were
not totally exact, but had just seen a part of the truth...”

In a joint effort of observations and of theoretical works, our knowledge of Mars and of the
rest of the Solar System has considerably increased. As we will see in section 1.3, the current
paradigm of planet formation states that planets did not form where they are observed. This
has important consequences for the planets evolution itself, to know in particular if other planets
might have harbored life in the past, but also for the dynamics of the small objects in the Solar
System. This may account for instance for the capture in mean-motion resonance! of many

'Two objects are in Mean-Motion Resonance (MMR) if the ratio of their orbital period is a rational number.
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objects belonging to the asteroid belts and to the Kuiper belt.

1.1.2 Did you say “planet”?

In 2006, the International Astronomical Union has revised the definition of a planet. Shall be
called planet any object orbiting a central object (the Sun in the case of our Solar System),
having sufficient mass to be in hydrostatic equilibrium (and thus having a nearly round shape)
and to clear its neighborhood of small bodies. The astrophysicist Hal Levison has proposed a
simple way to quantify the latter criterion, depending on the mass and on the location of the
object within the planetary system. His arguments are as follows. Consider a system containing
a central star of mass My, a single planet of mass M, on a circular orbit of radius a,, and a
number of small bodies on planet-crossing orbits. In this system, the planet can remove the
small bodies nearby it if:

(1) It can gravitationally eject them from the planetary system. As a small body interacts
with the planet, it undergoes a random walk in orbital energy. The planet can eject a
small body in the age of the planetary system (¢*) if it is able to change the body’s orbital
energy by an amount at least equal to its original value. Tremaine (1993) shows that this

occurs if:
M,

3/4 1/2
My o, (M. 1Gyr ( dp )3/4 (1.1)
Mo ~ \ M, t* 1AU/)

where 1 AU (Astronomical Unit) corresponds to the Sun-Earth distance, and where M,

and Mg respectively denote the mass of the Sun and of the Earth.

(2) or it can accrete all of them. Assuming a typical inclination for the bodies and a represen-
tative volume density near the planet location, Levison showed that for a planet to accrete
all bodies nearby its orbital radius, its mass must satisfy:

3/2 21/4
4.4 %1073 <4Gyr> ( ap ) "M, <

M
T 45 ya AU 155 (1.2)
@ 5.5 x 1072 ( ﬁyr) (;ZU) otherwise,

where M; = 0.7Mg (a,/1AU)™%/2 is a transition mass such that if M, > M, the gravita-
tional focusing of the planet on nearby bodies is important.

An object of orbital radius a, is defined as a planet if its mass M, satisfies at least one of
the two equations (1.1) and (1.2). These two criteria are depicted in figure 1.2, in the case of
the Solar System (M, = Mg, t, ~ 4.5 Gyr). The eight planets of the Solar System and Pluto
are represented with green circles, with their current mass and semi-major axis. The purple
circle shows the asteroid Ceres. Any object above the blue line will eject the small bodies of
its neighborhood, while any object above the two-pieces red line will accrete them. Anything
above either line being a planet, there are therefore eight planets in the Solar System. Objects
below both curves are called dwarf planets if they have a round shape (e.g. Pluto or Ceres, the
only dwarf planet of the asteroid belt), or small bodies otherwise (all other asteroids). As we
shall see later, the semi-major axis of the planets should have changed with time. For low-mass
planets like Mars, we expect that it decreased with time. Assuming that Mars built up at larger
distance from the Sun then leads to the intriguing conclusion that it might have satisfied none
of the above criteria for planet definition before moving to its present location.

For Neptune and Pluto, this ratio is very close to 3/2: after three revolutions of Neptune, Pluto has performed
two.
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FIGURE 1.2: Planet mass - semi-major axis diagram illustrating the two criteria of Levison to define a
planet. The green circles represent the nine ’classical’ planets of the Solar System, with their current mass
and location. The purple one shows Ceres. The blue line depicts the ejection condition of equation (1.1),
whereas the two-pieces red line displays the accretion criterion of equation (1.2). From Levison (2006).

1.2 Extrasolar Planets

The very first planet discovered outside the Solar System was detected in 1992 around the mil-
lisecond pulsar PSR1257+12a (Wolszczan & Frail 1992). Three planets were actually detected,
of 0.02, 4.3 and 3.9 Earth masses, respectively orbiting at 0.19, 0.36 and 0.46 AU from the pul-
sar. Planets orbiting pulsars are thought to be byproducts of the supernova explosion that gave
origin to the pulsar, rather than bodies already existing by the time of the explosion. They are
thus unlikely to harbor life, and researchers have rather concentrated on finding planets around
Sun-like stars. After years of efforts, the first extrasolar planet around a Sun-like star, 51 Pega-
sus b, was reported in 1995 by Mayor & Queloz (1995), and immediately confirmed by Marcy &
Butler (1995). This detection came as a real surprise, as one would not have imagined a Jovian
mass planet orbiting its parent star in only 4 days! And being about 100 times closer to its star
than is Jupiter from the Sun. Thirteen years after the detection of 51 Pegasus b, more than 300
exoplanets have been discovered, and the hunt for new worlds is getting faster and faster. There
are currently 95 ongoing programs or future projects devoted to the search for extrasolar planets,
15 of them are space missions (The Extrasolar Planets Encyclopedia, http://extrasolar.eu).
A striking result of the exoplanets detected so far is their huge variety of characteristics. Planet
searches have revealed giant planets with orbital periods as short as 1.1 days (e.g. WASP-12 b),
or as long as ~ 10 years (e.g. HD 187123 c¢). Some exoplanets have an eccentricity comparable to
that of the comets in our Solar System (like HD 20782 b, with e ~ 0.92), while some others have
nearly circular orbits (e.g. HD 189733 b). Not all exoplanets are found in multiple planetary
systems (only ~ 15% of them). Extrasolar planets are definitely very different from their Solar
System counterparts.

1.2.1 Detection methods

We review in this paragraph the main detection methods of extrasolar planets. Our motivation
is to give a physical, intuitive approach of these methods. We especially focus on the radial
velocity technique, since it has contributed to the vast majority of the detections to date.
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2MASSWJ1207334-393254
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FIGURE 1.3: Composite infrared image of brown dwarf 2M1207 and its companion, as viewed by the
Very Large Telescope. The primary and secondary have masses of 25 and 5 times the mass of Jupiter,
and are distant of ~ 55 AU, suggesting it is a binary brown dwarf. Image taken from Chauvin et al.
(2004).

Direct imaging

A natural method to detect exoplanets is to point a telescope toward a nearby star and search
for a planetary companion around. It suffers however from two major difficulties: an extremely
small angular separation, and a very high star to planet flux ratio. For example, the Sun-
Jupiter system located at 10 parsecs would be seen with an angular separation of 0.5", with a
stellar to planet flux ratio of ~ 10 in optical wavelengths, and of ~ 10° in the infrared. The
direct detection was still a fiction’s quest a few years ago. And yet, spectacular progress in
adaptive optics have already given us a few images of companions to close-by young stars, like
the one depicted in figure 1.3. The improvement of interferometry, in particular the use of nulling
techniques to block the light coming from the star (like the coronograph) gives a promising future
to this technique. Despite the fast improvements in this field, detecting exoplanets with direct
imaging remains a very intricate task. From now on, only five candidates have been reported,
most of them are brown dwarfs at large distance from their primary. Within the next decade,
space based projects, like Darwin or Terrestrial Planet Finder, might be able to detect Earth-like
planets in habitable zones?, and to perform spectroscopic observations of their atmospheres.

Radial velocity measurement

To overcome the difficulty of a direct detection, there exists an elegant solution, based on de-
tecting exoplanets indirectly. If a planet orbits its parent star, the two-body problem tells us
that the star rotates around the center-of-mass of the star and the planet. Measuring a periodic
perturbation of the star’s motion may therefore betray the presence of a companion. This re-
calls the discovery of Neptune3. The perturbed motion of the star is evaluated by the Doppler

2The concept of habitable zone has regained interest since the discovery of the first exoplanets. For a planet
to be in a habitable zone, and presumably to harbor life, several conditions are required. Among them, the
planet should be reasonably close to its parent star so that its surface temperature might maintain liquid water.
Furthermore, the planetary system it belongs to should be reasonably close to the galactic center, so that, in its
early stages, it contained enough heavy elements to favor the formation of rocky planets.

3The observed orbit of Uranus differing from ephemerides, Urbain Le Verrier and John Couch Adams inde-
pendently predicted in 1845 the existence of a eighth planet in the Solar System, perturbing the movement of
Uranus. This was confirmed observationally in 1846.
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FIGURE 1.4: Radial velocity signal for HD 93083 (circles). The phase ® in abscissa evolves linearly
with time. The solid curve shows the result of the best fit obtained with the least squares technique.
Companion HD 93083b has a minimum mass comparable to that of Saturn, and its eccentricity is e ~ 0.14.
From Lovis et al. (2005).

shift measurement of many absorption lines in its spectrum. This gives the velocity of the star
projected along the line of sight, or radial velocity. It is this technique that led to the discovery
of 51 Pegasus b by Mayor & Queloz (1995). By measuring the radial velocity of star 51 Pegasus
at many different times, the authors obtained a signal similar to that depicted in figure 1.4.
The signal is usually adjusted assuming that only one prograde companion orbits the star. The
radial velocity v;,q thus takes the form: wv,,q = vo + K f(t), where vy is the velocity of the
center-of-mass, f is a periodic function of time with zero mean, and where

C(2r6\'? 1 M,,sin(i)
(%) = )

is called the semi-amplitude of the radial velocity. It features the gravitational constant G, the
orbital period P, the companion eccentricity e, the mass M, of the star, that M,, of the planet,
and the inclination ¢ between the line of sight and the perpendicular to the orbital plane. The
best fit of the radial velocity signal is obtained by adjusting vy, K and f through the least
squares technique. The main orbital elements of the companion are then deduced, among them:
e, P, the semi-major axis a and the minimal mass M), sin(i). We comment that:

- Measuring the projected velocity can only lead to an estimate of the projected mass of
the companion, M, sin(i). In other words, only a lower limit of the planet mass can be
determined, which is a priori a strong limitation for this technique. Assuming an isotropic
distribution for the orbital inclinations, it can be shown that the minimum masses should
actually be close to the real masses (Jorissen et al. 2001). Nonetheless, the unambigu-
ous determination of the companion mass is possible only if the inclination is evaluated
independently (e.g. through an astrometric detection), or in the particular case of a pho-
tometric transit (see below).

- Equation (1.3) shows that K oc M),sin(i) P~1/3. The radial velocity is therefore biased
toward the detection of massive exoplanets with short periods. Since the fit of the orbital
elements requires the monitoring of a full orbital period, it is the duration of the surveys
that limits the maximum semi-major axis of the exoplanets detected so far.
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FIGURE 1.5: Ilustration of a transit signal. The relative variation of the stellar flux is depicted as a
function of time. The different stages of the exoplanet transit, and those of the secondary eclipse (when
the planet passes behind the star) are explicited with the above picture. Illustration from I. Snellen.

- The radial velocity signal may be much more intricate than the one depicted in figure 1.4.
This happens for instance when several planets orbit the star. In this case, the same
method as above is applied for each hypothetical companion, assuming coplanar orbits.
This approach led for instance to the discovery of a second planet orbiting Gliese 876
(Marcy et al. 2001). When several planets orbit the star, the dynamics of the system can
provide additional constrains on the fit of the orbital elements. In particular, the least
squares technique and the requirement for stable orbits on the long term may provide
different solutions for the planetary system (Correia et al. 2005). Regarding the case of
multiple exoplanets, we mention the recent work of Gayon & Bois (2008) who showed that
planetary systems with counter-revolving orbits (e.g. two planets with one retrograde and
one prograde) are likely to be more stable on the long term.

Since the discovery of 51 Pegasus b, the radial velocity technique has been the most pro-
ductive in detecting exoplanets. As of today (July, 14" 2008), 290 out of the 307 exoplanets
known have been reported with this method. Currently, the most accurate instrument is the
HARPS spectrograph (Mayor et al. 2003), which can achieve a long-term precision better than 1
m.s~!. The hunt for earth-like planets, requiring an accuracy of ~ 0.1 m.s™!, is about to begin.
However, it will become more and more difficult to extract the planetary signal from the noise
generated for instance by dark spots at the stellar surface, or by atmospheric vibrations due to

acoustic modes, all inducing radial velocity amplitudes of a few m.s™!.

Photometric transits

Another way of detecting exoplanets indirectly is to search for transits, that is for stellar occul-
tations by a planetary companion. The first transit of an exoplanet (HD 209458b) was detected
in 1999 by Charbonneau et al. (2000). As the exoplanet had already been discovered by the
radial velocity technique, this detection proved beyond doubt that the Doppler shift was indeed
caused by a planet. The transit detection consists in measuring the stellar flux variation with
time, an illustration of which is displayed in figure 1.5. It shows that two occultations occur:
when the planet passes in front of the star (exoplanet transit), and then behind it (secondary
eclipse). We note in passing that the flux emitted by the planet may be evaluated by difference.
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During the exoplanet transit, the maximum variation of the stellar flux F} is connected with the

().~ (&) =

where R, denotes the star radius, which can be determined with the other characteristics of
the transit (its shape and duration). From equation (1.4), assuming the star has a solar radius,
AF,/F, is ~ 1072 for a Jupiter-like planet, while it amounts to ~ 10~ for a Earth-like planet.
While the technique accuracy from the ground is about 1073, it can reach 1076 from space,
where the transit detection of terrestrial planets should not be a problem. This motivated the
development of two space missions. The first is COROT?, which has recently detected extremely
faint signals that, if confirmed, could indicate the existence of an exoplanet with a radius as small
as 1.7 times Earth’s radius. The next step in the hunt for rocky exoplanets is KEPLER, which
will be launched in February 2009. Its precision is one order of magnitude better than that of
COROT, and it is expected to find at least 50 terrestrial planets.

The transit detection supposes an inclination i very close to 7/2. It is thus an interesting
complementary approach to the radial velocity measurement. Combining both approaches gives
indeed the true mass of the planet, as sin(i) ~ 1, and its radius. The mean density of the planet
can therefore be deduced. Moreover, detecting the transit in different wavelengths can provide
information on the exoplanets atmospheres (Charbonneau et al. 2002, Vidal-Madjar et al. 2004).
The transit detection opens many possibilities to confront the observed properties of exoplanets
(inner structure, atmosphere composition) with those predicted by theoretical models.

planet radius R, as:

Microlensing

The microlensing technique involves two stars: a background star as a source of light, and a
foreground star as a gravitational lens. When it passes in front of the source star, the lens star
causes the latter to suddenly brighten by several orders of magnitude, for several days or months.
The increase of the source brightness is called magnification. Of particular interest is the case
where the lens star has a planetary companion, which induces a smaller and shorter magnification

4COROT is a french mini-satellite devoted to asteroseismologic and photometric studies of stars.




Toward predictive scenarios of planetary migration 9

of the source star. We display in figure 1.6 the magnification variation with time of OGLE-2005-
BLG-390. The second peak, better seen in the close-up, is the magnification induced by a planet
of mass M, ~ 5.5Mg, located at ~ 2.6 AU from the lens star (Beaulieu et al. 2006). This is one
of the least massive exoplanets so far detected. The microlensing technique is complementary to
the other detection methods, as it is well suited to detect terrestrial planets at distance between
1 and 5 AU from their parent star, hence in habitable zones.

1.2.2 Statistical properties

Thirteen years after the discovery of 51 Pegasus b, more than 300 exoplanets have been reported,
about 95% of them by the radial velocity technique. Their statistical properties reveal a number
of surprising results and provide important constrains for the scenarios of planetary formation,
as we shall see later. The projected mass of the known exoplanets is displayed as a function
of their semi-major axis in the left panel of figure 1.7. For comparison, some of the planets of
the Solar System are also depicted. The most striking observation is the vast number of high-
mass planets at very small separations: about 80 exoplanets with a minimum mass larger than
~ 0.05M;jyp (which is about the mass of Uranus, the lightest giant planet of the Solar System)
are detected at separations smaller than 0.1 AU! Much smaller than the Mercury-Sun distance!
Among them, those having a minimum mass comparable to that of Jupiter are usually called
the Hot Jupiters. None of these planets were supposed to exist according to the theories of
planetary formation at the time of the first detections. The temperatures at these low distances
are so high that the material needed to build the core of such planets cannot be found in a solid
phase there. Planets must therefore have built up further out before moving closer to the central
star. Remarkably enough, orbital migration of planets had been predicted about 15 years before
the discovery of the first exoplanet. We will describe the planetary migration process in details
in chapter 2. The large amount of high-mass planets at small separations is certainly due to
the intrinsic biases of the radial velocity technique (see section 1.2.1). Nevertheless, the above
diagram reveals a significant deficit of very massive companions (M) sin(i) 2 4Mj,p) at small
semi-major axis (a < 0.4 AU). As we will see later, this result is compatible with the predictions
of the planetary migration theory, which states that when the planet becomes more massive
than the local disc (with which the planet is interacting), the migration speed decreases with
the planet mass. We eventually stress that no exoplanets are found at a < 0.02 AU.

In the right panel of figure 1.7, we display the eccentricities of the exoplanets as a function
of their semi-major axis. The first six planets of the Solar System are also represented. The
smaller the semi-major axis, the smaller the eccentricity, which is consistent with the expected
tidal circularization due to the host star. For a 2 0.5 AU, the exoplanets eccentricity varies
from 0 to more than 0.9. This is again in sharp contrast with the planets of our Solar System,
which are on nearly circular orbits. Note that higher eccentricities seem to be obtained for more
distant planets. We also mention that there is no significant difference between the eccentricity
distributions of planets in multiple planets systems and in single systems.

Another unexpected property of the exoplanets is the rather high metallicity of their host
star. More than 20% of stars having a metallicity twice the solar value harbor a giant planet,
while this ratio decreases to ~ 3% for stars with solar metallicity (Santos 2008). Interestingly,
this metallicity-planet correlation tends to disappear for stars hosting lower planet masses (Udry
et al. 2006). Decreasing the metallicity renders the formation of planetary cores less effective.
Thus, protoplanets may not achieve enough mass to start forming a gas envelope by runaway
accretion of gas (see section 1.3), thus keeping a mass of a few times that of the Earth.
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FIGURE 1.7: Left: projected mass, expressed in jovian mass, as a function of the semi-major axis (in
AU), for the 307 exoplanets known to date (blue circles). For comparison, some planets of the Solar
System are represented with red stars. The rectangle delimited by the dashed lines shows that there is a
deficit of very high-mass planets (projected mass larger than ~ 4Mjy,,) at short separation from their host
star (smaller than ~ 0.3AU). Right: eccentricity versus semi-major axis (in AU). The six first planets
of the Solar System appear with red stars. The data used to build these plots were exported from The
Extrasolar Planets Encyclopedia.

1.3 Planetary formation

Before the early 1990’s, our understanding of planet formation relied on several centuries of
observation of the planets in the solar system. In particular, theories of planet formation intended
to reproduce the dichotomy of the Solar System, with terrestrial planets in its inner parts, and
giant gaseous planets in its outer parts. A few years of exoplanets detections have been enough
to significantly renew our formation models, and have revealed that our Solar System may only
be a very particular system.

1.3.1 A byproduct of stellar formation

The first theories of planetary formation emerged in the eighteenth century under the impulse of
the philosopher Kant (1755) and of the scientist Laplace (1796). They independently proposed
that the Solar System formed from a cold disc of gas and dust rotating around the Sun, and
that planets were the byproducts of the star and disc formation. Two centuries later, their
pioneering ideas are the basis of the standard model for stellar formation. According to this
model, stellar formation begins with the collapse of a massive, rotating molecular cloud. The
pressure and temperature at the cloud center increase dramatically. Soon, the first nuclear
reactions occur and a protostar is produced. Due to the conservation of angular momentum,
the cloud progressively collapses into a disc of gas and grains orbiting the nascent star, in about
10° yrs. The disc vertical extent is 10 to 30 times smaller than its horizontal extent. Its mass,
which is dominated by the gas component, is 10 to 1000 times smaller than the mass of the
star. Although the solid component is much less massive, it contributes to the formation of
the planetesimals, which are the brick elements of the planet cores. During its early stages,
the disc contains dust grains with a size ranging from 0.1 to 1 micron, which is the typical size
of grains in the interstellar medium. Due to their interaction with the gas, grains sediment
toward the disc mid-plane, and ballistic collisions between them lead to the formation of dust
aggregates of centimeter to meter size. This process is however particularly sensitive to the level
of turbulence in the gas, which tends to spread grains in the entire vertical extent of the disc (see
e.g. Fromang & Papaloizou 2006). The growth of these particles into km-sized planetesimals is
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still unclear, more especially in the context of a turbulent disc. Accumulation of dust particles
through collisions may not be efficient enough to prevent their destruction through collisional
fragmentation and their rapid drift toward the central star (Brauer et al. 2008). The recent work
of Johansen et al. (2007) may bring a solution to this lingering issue. The authors showed that
an efficient gravitational collapse of dust particles can be achieved in high-pressure regions in
the gas, which act as particle traps. Kilometer-sized boulders may be rapidly formed, depending
upon the mechanisms sustaining turbulence in the disc. Accretion of planetesimals can then
lead to planet formation, as will be described in section 1.3.2. In the following, we will refer to
protoplanetary disc as the disc of gas and of planetesimals surrounding the central star.

1.3.2 Core-accretion model

The core-accretion model is a unified theory for the formation of both terrestrial and giant
gaseous planets. The basics of this model were introduced in the early 1960’s by Safronov as an
attempt to explain the dichotomy of the Solar System. This model has been recently revisited
by Pollack et al. (1996), whose results showed that the formation of giant planets may be divided
into three parts, as illustrated in figure 1.8. The protoplanetary core is first formed by runaway
accretion of the planetesimals (~ 1 km-sized objects) located in the planet’s feeding zone. The
extent of the latter is typically a few times the planet’s Hill radius®. The core’s growth ends
as the planet has severely depleted its feeding zone of planetesimals. Its duration relies on the
planet’s initial location in the protoplanetary disc. Fast growth is thought to occur preferentially
beyond the so-called snow line, where the disc is cold enough for ices to condensate, thereby
maximizing the density of solids available for accretion (Ida & Lin 2004a). For Sun-like stars, the
snow line is typically located around 3 AU. Within the snow line, the core’s growth is too slow
to induce significant gas accretion, and a terrestrial planet is formed. Above the snow line, the
growth is rapid (~ 0.5 Myr for Jupiter, see figure 1.8), and the forming planet may enter a long
stage (here between 0.5 and ~ 7.5 Myr, the planet mass is slightly larger than 10 Earth masses)
when its mass increase is essentially due to the slow accretion of gas in its envelope. As the
envelope mass grows up, the extent of the feeding zone rises as well, and more planetesimals are
accreted. The energy gained by the accretion of planetesimals is balanced by the energy radiated
away by the gaseous envelope, so the latter maintains quasi-static equilibrium. However, when
the envelope mass approximately reaches the accumulated solid mass, the radiative losses can no
longer be compensated for by the accretion, and the envelope starts to contract. This contraction
increases the gas accretion rate, which increases the radiative losses and the process undergoes
a runaway. The final mass of the planet will depend on the amount of gas that can be supplied
by the circumplanetary disc. The runaway stage occurs for a critical solid mass ranging from
10 to 15 Earth masses, which is in roughly good agreement with the estimated mass of ice and
rocks for the giant planets of the Solar System.

In the core-accretion model, the timescale for giant planet formation is essentially limited
by the slow accretion of gas in the second phase. Its duration is particularly sensitive to the
initial surface density of planetesimals in the feeding zone (Pollack et al. 1996), and to the grain
opacities in the planet’s envelope (Hubickyj et al. 2005). With the surface density considered in
figure 1.8, Jupiter can be formed in about 8 Myrs. Reducing the initial surface density of solids
by a 25% factor increases the formation timescale to nearly 50 Myrs! For some opacities, the

5The planet’s Hill radius Ry is the distance from the planet below which the gravity of the planet prevails
over the gravity of the star and the centrifugal force. Its expression is:

1/3
Ra =ap (31\13 ) '
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FIGURE 1.8: Time evolution of Jupiter’s mass, predicted by the J1 model of Pollack et al. (1996). The
planet remains fixed at 5.2 AU, and the initial surface density of the protoplanetary disk is 10 g.cm™2.
The solid line shows accumulated solid mass, the dotted line accumulated gas mass, and the dot-dashed
line the total mass of the planet. Figure taken from Pollack et al. (1996).

formation of Jupiter can occur within 2 Myrs! The formation timescale is uncomfortably long
compared to the lifetime of protoplanetary discs, which should range between 1 and 10 Myrs
(Cieza et al. 2007, Hillenbrand 2008). This timescale problem led to the hypothesis that another
faster mechanism might be at work to explain the formation of giant planets. One possibility
is that gravitational instabilities in protoplanetary discs could enhance giant planet formation
(Boss 1997). We will discuss this model in section 1.3.3.

There is another issue regarding the core-accretion model. As stated above, a giant planet
can be formed provided its core’s growth is sufficiently rapid, which supposes that the core builds
up at large separations from the star. However, we have seen in section 1.2.2 that exoplanets with
minimum mass of about Jupiter’s mass are commonly found at separations of a few 0.1 AU. We
have already concluded in this section that planets should have formed much further in the disc,
and then have migrated toward their current location. Planetary migration is one consequence
of the interaction between the planet and the gaseous protoplanetary disc, so it occurs as long
as gas is present in the disc. Furthermore, low-mass planets are predicted to migrate very fast
(type I migration), in typically 10* — 10° yrs (Tanaka et al. 2002), which is much faster than
the giant planet formation process predicted by Pollack et al. (1996), and much faster than
the observed disc lifetimes. Alibert et al. (2005) therefore revisited the core-accretion model,
including planetary migration and disc evolution. To prevent the rapid migration of planet
cores toward the vicinity of the star, the authors assumed a migration rate that is 10 to 100
times smaller than that predicted by the analytical estimate of Tanaka et al. (2002), yet in
good agreement with the results of disc-planet numerical simulations (see e.g. D’Angelo et al.
2002). Within this strong limitation, they found a significant reduction of the timescale for
giant planet formation, now of ~ 1 Myr. The reason for this speed up is that the planet’s
feeding zone is continuously regenerated with fresh planetesimals as the planet migrates. The
accretion of gas is not necessary anymore to extent the feeding zone, and the tedious second
stage of Pollack’s model is suppressed. This extended version of the core-accretion model now
successfully explains the formation of giant planets within disc lifetimes, provided that type I
migration be much slower than expected.

The improvements of the core-accretion model and the growing number of exoplanets de-
tected has raised the possibility to build population synthesis, in an attempt to reproduce the
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FIGURE 1.9: Typical shape of the surface density in the mid-planet of a fragmenting protoplanetary
disc. At the outermost parts of the disc, high-density clumps form that may supply adequate conditions
for the formation of gaseous planets. Taken from Durisen et al. (2007).

observed properties of exoplanets. Using an alternative core-accretion model, which lacks how-
ever the migration process of low-mass planets, Ida & Lin (2004b) found that the formation
probability of gas giant planets increases rapidly with the metallicity of their host stars, and
predicted a metallicity distribution for stars bearing giant planets that is in quantitative agree-
ment with the observed one. Including the migration of low-mass planets, the same authors
stress that the mass and semi-major axis distributions of extrasolar giant planets could be re-
produced if, again, the migration rate of low-mass planets was an order of magnitude smaller
than predicted by analytic estimates (Ida & Lin 2008).

1.3.3 Formation of giant planets by gravitational instabilities

Gravitational instabilities have been reexamined by Boss (1997) as an alternative model to
explain the formation of giant planets, at a time when the standard core-accretion model led to
a formation timescale comparable to if not larger than disc lifetimes. If the protoplanetary disc
is massive enough, the propensity of the fluid elements to interact gravitationally and merge
together can no longer be compensated for by the disc rotation and the pressure force. This is
quantitatively controlled by the Toomre parameter ) of the disc. Its expression will be given by
equation (4.12). Parts of the disc where @ is smaller than ~ 1 become gravitationally unstable,
and rapidly lead to the formation of clumps. This is illustrated in figure 1.9. Clumps are high-
pressure cocoons trapping solid particles, which may ultimately give rise to giant planets. This is
conditioned by the clumps survival, which occurs if the latter radiate away their thermal energy
efficiently. When the two conditions (@ < 1 and efficient cooling) are satisfied, giant planets can
be formed in a dynamic timescale, hence in about 10' - 10? yrs, depending on the location in
the disc. This is the main success of this model. The actual timescale for giant planet formation
therefore relies on the time required for the disc to reach fragmentation conditions. This is
the main issue of this model. It is still unclear indeed whether these conditions are satisfied in
realistic models of protoplanetary discs. On the one hand, the work done by Boss (e.g. Boss
2008) essentially shows that fragmentation is very likely to occur at separations smaller than
~ 50 AU, and that it does not significantly depend on the star metallicity (in contradiction with
the probability detection of giant planets, as seen in section 1.2.2). On the other hand, work done




14 Other Solar Systems in the Universe!

for instance by Boley et al. (2007) reveals opposite results: fragmentation would occur under
exceptional (unphysical) conditions, and metallicity would matter. These opposite statements
might depend upon the details of the algorithms used to perform numerical simulations. Even if
the conditions for fragmentation are not fulfilled, protoplanetary discs should remain marginally
unstable, and spiral waves should develop. These waves induce local high-pressure regions that
favor the accumulation of solid particles, which may render the core-accretion process easier.
Any other mechanism generating local pressure maxima could enhance planet formation. This
has been suggested by Varniére & Tagger (2006) with the formation of Rossby vortices, which
has been recently confirmed by Lyra et al. (2008).

1.4 Concluding remarks

After thirteen years of observations, over three hundred exoplanets orbiting Sun-like stars have
been discovered. Despite the biases inherent to the detection methods, the statistical properties
of the exoplanets reveal that the Solar System should be better seen as an exception rather
than an illustrative example of planetary systems. Our theories of planetary formation, which
were before 1995 dedicated to reproducing the Solar System, have been deeply revisited. Of
particular importance, the discovery of the Hot Jupiters has turned planetary migration into a
key ingredient of the formation models. Taking the planet migration and the disc evolution into
account, the core-accretion model succeeds in explaining the formation of giant planets within
the observed disc lifetimes. We have seen that this model may be sustained by any mechanism
yielding high-pressure regions in the gaseous protoplanetary disc. Population synthesis based on
the extended core-accretion model tend to reproduce the observed properties of the extrasolar
planets, and provide exciting predictions for the future. One may be optimistic. Even the
lingering issue of the planetesimals formation is in good way to be solved. A coherent scenario
describing each stage of the planet formation, from micron-sized grains to giant planets, may not
be so idealistic. Nonetheless, the extended core-accretion model requires a timescale for type I
migration that is at least one order of magnitude smaller than the accepted value. Predictive
scenarios of planetary formation therefore require a mechanism, or additional physics, that may
slow down type I migration. This is what the following chapters of this thesis are about.

KKk




Chapter 2

Planetary Migration

THE INTERACTION BETWEEN A PLANET AND A PROTOPLANETARY DISC

is described in this chapter. We show that the disc exerts a torque on the
planet that generally reduces the planet’s semi-major axis, causing the planet to
progressively spiral toward the central star. This is known as planetary
migration. After a brief overview on protoplanetary discs in section 2.2, we
review the different types of planetary migration through sections 2.3 to 2.6.
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16 Planetary Migration

2.1 Introduction

We have given in last chapter a short introduction on the extrasolar planets, in particular how
their remarkable properties jeopardized our models of planet formation. Many mechanisms have
been proposed to reproduce the great diversity of the exoplanets orbital elements:

- Gas-planet interaction. A planet embedded in a protoplanetary gaseous disc experiences
a torque from the disc which leads in general to its orbital decay toward the central object
(Ward 1997). Recall that the variation of the planet’s semi-major axis is referred to as the
planet migration. There are several migration regimes that mainly differ from the ranges
of planet and disc masses to which they apply. Type I migration is related to low-mass
planets, whose perturbation on the disc is described by a linear analysis - see section (2.3).
If the planet is massive enough, it can build a gap on the disc and its migration, referred
to as type II migration, is severely slowed down - see section (2.5). For intermediate
planet masses evolving in massive disc, the migration process can undergo a runaway.
This is type III migration - see section (2.6). Another migration regime concerns low
to intermediate planet masses in turbulent discs (such as discs invaded by the Magneto-
Rotational Instability, described in section 2.2). In this case, planetary migration is much
like a random-walk, so it is usually referred to as stochastic migration - see section (2.3.3).
In a global way, the gas-planet interaction can efficiently alter the planets’ semi-major
axis. Conversely, the gas damps the planets’ eccentricity, so the gas-planet interaction
alone cannot reproduce the large dispersion of the exoplanets eccentricities.

- Planetesimals-planet interaction. Interactions between planets and planetesimals may also
significantly alter the planets orbital elements, in particular when the gaseous protoplane-
tary disc is dissipated. The change in the planets semi-major axis through this interaction
is called planetesimal-driven migration. It has been particularly investigated for the Solar
System, where Jupiter might have slightly drifted inwards, whereas Saturn, Uranus and
Neptune might have significantly migrated outwards. This mechanism was proposed to
explain the current location of the Kuiper Belt (Levison & Morbidelli 2003), or the capture
in mean-motion resonances of many of the Kuiper belt objects, like Pluto (Malhotra 1995).
It also gives an elegant explanation for the Late Heavy Bombardment of the terrestrial
planets (Tsiganis et al. 2005, Gomes et al. 2005).

- Planet-planet interaction. When planets migrate, be it due to their interaction with the gas
or with planetesimals, they may lock into mean-motion resonance (MMR, see chapter 1).
In the Solar System, Jupiter and Saturn are very close to a 5 : 2 MMR, while ~ 20%
of the exoplanets in multiple planetary systems are found in MMR. The lock into mean-
motion resonance provides a significant increase of the planets eccentricities, to values that
typically range between 0.2 and 0.6 (Rasio & Ford 1996). Higher eccentricities may be
induced by the Kozai resonance (Takeda & Rasio 2005), when a high-inclination binary
companion secularly perturbs the planet orbit.

In this thesis, we only focus on the interaction of a planet with its parent gaseous disc, we
discard planet-planet and planet-planetesimals interactions. Studying the gas-planet interaction
first requires to be familiar with the properties of protoplanetary discs.

2.2 Protoplanetary discs: an overview

Protoplanetary discs correspond to the early stages of the disc evolution process described in
section 1.3.1. It orbits a pre-main sequence star, also called T Tauri star. The disc is essentially
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FIGURE 2.1: Schematic representation of a protoplanetary disc around a T Tauri star.

made of gas (mainly hydrogen and helium), the solid component (dust at early times) represents
only a tiny fraction of the disc mass (~ 1%). The disc to primary mass ratio typically ranges
from 1072 to 10~!. While the disc’s radial extent can reach a few hundreds of AU, its vertical
extent is much smaller: the pressure scale height to radius ratio, H/r, also called the disc
aspect ratio, typically varies from 0.03 to 0.1. As already mentioned in section 1.3.2, the disc
lifetime, which is also the timescale over which disc-planet interactions occur, is approximately
between 10% and 107 yrs. An oversimplified, schematic representation of a protoplanetary disc,
seen edge-on, is proposed at figure 2.1. The disc is basically separated into a Jet Emitting
Disc!, which is optically thin, and a Standard Accretion Disc, rather optically thick. The latter
may be divided into the irradiated disc photosphere, if any (darkest filled region) and the disc
mid-plane (lightest filled region), where the planets are supposed to form. In the context of disc-
planet interactions, the gas in the disc mid-plane is usually assumed to be locally isothermal
(the temperature is constant with time), and its self-gravity is neglected. We will revisit these
assumptions in chapters 4 to 6.

Protoplanetary discs are accretion discs. Gas is continuously falling from the inner edge of
the disc onto the surface of the star, with a typical accretion rate of 107 to 1078 My.yr~!. The
molecular viscosity is about 10 orders of magnitude too small to account for the disc accretion
rates. Nonetheless, the inward drift of the gas is usually modeled with an effective viscosity.
Shakura & Sunyaev (1973) proposed a phenomenological approach where the kinematic viscosity
of accretion discs takes the form:

v=acsH, (2.1)

with ¢, the local sound speed, and a a numerical constant that typically amounts from 107°
to 107!, as we shall see below. This approach is known as the a-model. The most probable
mechanism leading to accretion is turbulence. Turbulence may originate from hydrodynamic
instabilities, such as the Rossby-wave instability (Lovelace et al. 1999a, Li et al. 2000a;
2001), the global baroclinic instability (Klahr & Bodenheimer 2003), or the Kelvin-Helmholtz
instability, triggered by the vertical shear of the gas as dust settles in the mid-plane (Johansen
et al. 2006). Another source of turbulence is the so-called Magneto-Rotational Instability
(MRI, Balbus & Hawley 1991). This instability relies on the coupling of the ionized gas to
the weak magnetic field of the disc. Ionization may occur in the vicinity of the central object
due to the star irradiation, or further out in the disc layers, most probably through the UV
background or cosmic rays. The ionization state of the disc mid-plane, where protoplanets
build up and migrate, is rather unclear. It is still a matter of debate whether the disc mid-plane

!We point out that not all protoplanetary discs harbor a jet emitting disc (not all T Tauri stars emit jets).
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should be ionized as well, or if it remains neutral, being shielded by the layers. In any case,
its ionization state may significantly evolve with time (Ilgner & Nelson 2008). The gas near
the mid-plane that is not sufficiently ionized to couple to the magnetic field, and to be invaded
by the turbulence triggered by the MRI, is usually called a dead zone. In contrast, the ionized
parts of the disc that are unstable to the MRI are called active zones. Numerical simulations
show that, in active zones, typical o values are in between 102 and 10!, depending on the
geometry of the magnetic field (see e.g. Fromang & Papaloizou 2007). Even if the MRI only
develops in the disc layers, turbulence may be induced in the dead zone (Fleming & Stone
2003). The authors estimated that the o parameter in the dead zone might be at least one
order of magnitude smaller than in the active layers. Values of « in the range 107° — 10~% might
thus be relevant in dead zones. So far only the MRI has been shown to be robust in generating
turbulence in protoplanetary discs. In addition to that, it may have important consequences
for planet formation - see section 1.3.1 - and migration, as we will see below.

Before going on, we specify some notations used in the rest of this chapter. We will mainly
consider two-dimensional discs, which are naturally described by the set of polar coordinates:
r (the distance to the central star) and ¢ (the azimuth). The disc’s rotation profile is 2. Two
useful quantities we will largely refer to are the second Oort’s constant, defined by:

1 d(r?Q)
B=—
2r dr

(2.2)

and the horizontal epicyclic frequency «, given by x = (4(23)1/ 2. Tt is the frequency at which an
eccentric test particle describes an epicycle about its guiding center, which has a uniform circular
trajectory. In addition, the disc sound speed c; is connected to the pressure scale height H by
cs = HQ. Recall that the disc aspect ratio h is defined by h = H/r. The disc surface density and
temperature are respectively denoted by ¥ and T. We will assume that they have a power-law
dependence on 7. Regarding the planet, we denote by M, its mass and we will often mention
the planet to primary mass ratio, ¢ = M, /M,. We will only consider planets on circular orbits,
for which the semi-major axis a and the separation r from the star are identical. Eventually, any
disc quantities calculated at the planet location will be written with a p subscript. For instance,
the disc aspect ratio at the planet location is h,.

2.3 Migration of low-mass planets: type I migration

We study in this section the interaction between a low-mass planet and its parent gaseous disc.
By low-mass planet, we mean that the disc response to the planet potential is linear, and can
thus be studied with a linear analysis. We will largely comment on the validity of the linear
assumption in section 2.4. The disc is assumed to be two-dimensional, non self-gravitating,
and to have a fixed temperature profile (the disc is locally isothermal). The planet describes a
circular orbit at r = r;,. Studying the linear response of the disc to the forcing potential of the
planet relies on the linearization of the hydrodynamic equations modeling the disc evolution.
For a detailed illustration of this, the reader is referred to section 5.2, where the energy equation
of the disc is also taken into account. The planet potential @, as well as all disc quantities,
is expressed as a Fourier series of azimuthally periodic components characterized by m, the
inverse of the wavenumber in the azimuthal direction. Since the planet has a circular orbit, each
component ®,, of the potential rotates with the planet’s angular velocity €2, and has the same
phase (which we arbitrarily take equal to zero). We therefore have:

D, (1, 0, 1) = Dy (1) cos [m(¢p — Qpt)] (2.3)
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where ®,,(r) is a real function of r that represents the amplitude of the mth component of the
planet potential.

Before going further, we assume that the disc is simply made of particles, with no pressure
support, no viscosity, and no self-gravity (the disc is therefore strictly Keplerian). Goldreich
& Tremaine (1979) showed that the planet and the disc exchange angular momentum only at
precise locations in the disc referred to as resonances. Denoting by @(r) = m[€, — Q(r)] the
perturbing frequency of the planet seen in the matter frame, two kind of resonances can be
defined:

- the Lindblad resonances, which satisfy @ = +k. It is straightforward to derive their
location for a Keplerian disc, where x reduces to the angular velocity 2. Depending of
the sign of @, hence on the locations of the resonances with respect the planet’s orbit, we
define the Inner and Outer Lindblad Resonances, usually denoted by ILR and OLR. Their
locations are respectively given by:

m O\ 2/3 m O\ /3
TILR = Tp <m — 1) and TOLR =T <m T 1) : (2.4)

We note that there is no ILR associated with m = 1, and that the resonances converge
toward the planet location in the limit m — oo. In this simple configuration, Lindblad
resonances correspond to the m : m + 1 mean-motion resonances with the planet.

- the Corotation resonances, for which @ = 0. Particles in corotation resonances therefore
rotate at the planet frequency, so they are usually called co-orbital corotation resonances.
For the disc of particles we consider, they are located exactly at the planet orbital radius.

The exchange of angular momentum at the resonances corresponds to a torque exerted by the
planet on the disc, or to a torque of the disc on the planet, according to Newton’s third law.
Whenever the term "torque” is mentioned, it will refer to the torque of the disc on the planet. It
dictates the migration rate a of the planet as follows. Let J be the planet’s angular momentum.
Its time variation J matches the torque I' exerted on the planet. The planet having a circular
orbit, J = Mpa2§2 and J = 2BaaM, = I', where B is the second Oort’s constant, given by
equation (2.2) (notice that B = /4 for a Keplerian disc). Thus, a negative torque causes
the planet to migrate inwards, whereas a positive torque implies outward migration. We now
describe the main properties of the torque exerted at the Lindblad and corotation resonances.

2.3.1 Torque at Lindblad resonances

Using the Wentzel-Kramers-Brillouin (WKB) approximation, Goldreich & Tremaine (1979) de-
rived the expression of the torque at a Lindblad resonance, or Lindblad torque. It decomposes
as the sum over m of the torque components I';,,, expressed as:

b d® 20 2
Fm - 2 & o (I)m 2.
i (rdD/dr [T i Ta-9, } ) ’ (2:5)
r=rr,

with 3, the mth component of the disc surface density, and r; the location of Lindblad res-
onances. The quantity D(r) = k?(r) — &2, which vanishes at r = 7, is called the distance
to the resonance. The sign of I',, is that of the quantity rdD/dr. For a Keplerian disc,
rdD/dr = 3Q%(£m — 1), where the upper (lower) sign applies for the ILR (OLR). The torque
on the perturber is therefore positive at the ILR, and negative at the OLR. It scales with the
square of the planet’s potential, hence the square of the planet mass. Apart from the surface
density, to which it is proportional, and the angular velocity, the torque displays no explicit
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dependence on other disc parameters. In the simplest case that we have considered, namely
that of a pressureless, inviscid disc without self-gravity, angular momentum exchange occurs at
the Lindblad resonances and it accumulates at their exact locations. Any additional physical
process, like pressure, viscosity or self-gravity, removes the angular momentum deposited at
the resonances, and a steady state exchange of angular momentum can therefore be achieved.
Remarkably, Meyer-Vernet & Sicardy (1987) showed that the underlying physics modifies the
location, shape and width of the resonant region, but the torque expression is independent of
the physical processes at work in the disc. In the following, we go back to our case of interest,
namely that of a gaseous, pressure-supported disc.

Impact of the gas pressure

In a gaseous disc, angular momentum is removed away from Lindblad resonances by pressure
waves. Their propagation satisfies the WKB dispersion relation &? = x2 + k2c2, where k is the
wave vector of the perturbations, and ¢s(r) is the local sound speed. Artymowicz (1993) showed
that pressure affects the evaluation of the Lindblad torque in two ways. First, it shifts Lindblad
resonances. Their effective location?, which are the radii r satisfying the above dispersion
relation, are given by:

2/3
rL AT (1+e 1+m2h§/m> , (2.6)

with € = +1 for the OLR, —1 for the ILR. In the limit m — oo, Lindblad resonances are located
at £2hr,/3 from the planet, a finite distance which causes the forcing potential to decrease
abruptly with m (®,, oc e 2""/3, see Artymowicz (1993)). Whereas T',,, oc m? at low m, this
sharp cutoff of the potential components ensures that I';,, tends rapidly to zero above a certain m,
so the total torque summed over m reaches a finite value. Furthermore, the inclusion of pressure
yields non-WKB effects that introduce a mild cutoff term in the expression of Goldreich &
Tremaine (1979). As inferred from the denominations "sharp” and "mild”, it can be shown that
the latter effect is of marginal impact compared to the former one, induced by the shift of the
Lindblad resonances, and the statements of Meyer-Vernet & Sicardy (1987) therefore prevail.
From these results, Ward (1997) produced the most accurate expression for the Lindblad torque
(see his equation 8). Note that it scales with 3 Mg h=3.

We display in the left panel of figure 2.2 the disc response to the m = 3 component of
a perturbing potential, corotating with the material at » = 1. The perturbed radial velocity
of the disc is depicted. The response was calculated with a two-dimensional hydrodynamic
calculation. The dashed lines in the figure show the location of the ILR and OLR, whereas the
corotation radius is indicated with the dotted line. The figure illustrates that the wave response
of the disc is launched at the Lindblad resonances. However, between the Lindblad resonances,
the perturbation displays no winding and seems to be evanescent. This can be understood
by the above dispersion relation, which shows that inside a band centered on the corotation
(where @ = 0) and bounded between the Lindblad resonances, the radial wave vector is purely
imaginary. Inside this band, the disturbance has indeed no winding, and its amplitude decays
exponentially over a length scale that depends on its separation from the corotation radius. At
corotation, this length scale is equal to the pressure scale height.

In the right panel of figure 2.2, we show the components (in absolute value) of the inner
(outer) Lindblad torque, defined as the torque evaluated at the inner (outer) Lindblad reso-
nances. The torque components are calculated with two different aspect ratios, namely A = 0.03
and h = 0.07. The figure illustrates the torque cutoff at high-m, which starts at m ~ 8 — 9
for h = 0.07, and at ~ 21 — 22 for h = 0.03. The sum of the inner and outer torques peaks at

2This denomination is used to distinguish with the locations of the resonances without pressure support, called
nominal location.
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FIGURE 2.2: Left: radial velocity perturbation due to a m = 3-armed potential rotating at r = 1. The
wave response of the disc is launched at the inner and outer Lindblad resonances (dashed lines). Waves
hardly propagate inside the forbidden band, which is the band centered on the corotation radius (dotted
line) and inserted between the Lindblad resonances. Taken from Masset (2008). Right: absolute values of
the torque components I, evaluated at ILR (triangles) and at OLR (diamonds), for two different aspect
ratios: h = 0.03 (solid line) and h = 0.07 (dashed line). Figure also taken from Masset (2008), which
reproduces the results of Ward (1997).

m ~ (2h)~! (Goldreich & Tremaine 1980). We note furthermore that, whatever m, the ampli-
tude of the outer torque is systematically larger than that of the inner torque. There are several
reasons for that. One of them is that the outer Lindblad resonance is slightly closer to the orbit
than the inner resonance (this is shown in particular by Ward (1997), whose calculation of the
resonances locations is more precise than that used to derive equation (2.6)). This result is
relatively robust against a change of the disc parameters (Ward 1997). The total torque exerted
on the planet at Lindblad resonances is always negative, and it causes the planet to migrate
toward the central object.

The planet wake

We contemplate in this paragraph the global disc response to the planet potential, which corre-
sponds to the sum of the wave responses related to each component of the potential. Ogilvie &
Lubow (2002) showed that all these waves constructively interfere and yield a one-armed trail-
ing? spiral wave. This spiral wave is called the planet wake, it rotates at the planet’s angular
velocity. The authors provide the parametric equation of the wake, which reads:

3/2
oS =2 h) [(—) -5m(E)- 1] , 27)

where h(r) denotes the local aspect ratio of the disc (in the original work of Ogilvie & Lubow
(2002), the disc aspect ratio was taken uniform). The radial variation of the wake phase ¢ is
faster for a disc with low aspect ratio, hence low sound speed. Thus, the smaller the sound speed,
the more tightly wound the wake. Similarly, the phase varies faster far from the planet location.
The wake therefore becomes more and more tightly wound as it recedes from the planet orbit.

3A trailing wave is a wave such that k. x k, is negative, where k. and k, denote the radial and azimuthal
components of the wave vector. For a leading wave, the previous product is positive.
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FIGURE 2.3: Left: disc surface density perturbation obtained with a ¢ = 6 x 1076 planet to primary
mass ratio, with h = 0.03. The planet is located at x = 1, y = 0. Right: same as in the left panel, but
the location of the wake given by equation (2.7) is superimposed.

This is clearly illustrated in figure 2.3, where we display the disc response to a M, = 6 X 10750,
planet mass (this corresponds to a 2 Earth mass planet if the central star has a solar mass). The
left panel shows the relative perturbation of the disc surface density obtained with a numerical
simulation assuming a uniform disc aspect ratio h(r) = 0.03. It takes the form of a one-armed
spiral wave propagating in the disc from the planet, rotating at = 1. On the right panel, the
parametric equation of the wake, given by equation (2.7), is superimposed. The wake locations
obtained in both panels are in very good agreement.

Differential Lindblad torque

The total torque exerted by the disc on the planet is the sum of each torque component I',, at
both ILR and OLR. This defines the differential Lindblad torque, which we denote by AT'rg.
Tanaka et al. (2002) have provided the most accurate analytic estimate of the differential Lind-
blad torque, both in two- and three-dimensions, assuming the disc has a uniform temperature.
Their estimate reads:

Al'tr = —Cir q2 Ep Qg T‘; h;2, (28)
with:
Crr = 2.340 — 0.0990 in 3D, Cir = 3.200 + 1.4680 in 2D, (2.9)

where o denotes the power-law index of the surface density profile (o = —dlog¥/dlogr). We
comment that both estimates have the same dependence with the planet mass and with the disc
parameters. The scaling with X, ¢? was already apparent in the torque expression of Goldreich
& Tremaine (1979), given by equation (2.5). However, the differential Lindblad torque scales as
h~2, whereas the inner and outer Lindblad torques scale as h~> (see above). This is explained
by Ward (1997), who showed that the relative difference of (the absolute values of) the inner
and outer torques, that is the quantity |AT'Lgr/T'Lr|, scales with h. This result is clearly visible
in the right-hand panel of figure 2.2. We point out that, since the disc sound speed c¢; scales
with h, the differential Lindblad torque decreases as c¢s decreases.
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FIGURE 2.4: Result of a two-dimensional calculation with a ¢ = 6 x 1076 planet to primary mass
ratio, a surface density decreasing as r—'°, and a uniform temperature profile. We display the time
variations of the inner Lindblad torque (dotted curve), the outer Lindblad torque (dash-dotted curve)
and the differential Lindblad torque (solid curve). The two- and three-dimensional analytic estimates of
the differential Lindblad torque of Tanaka et al. (2002), given by equations (2.8) and (2.9), are displayed
respectively with long-dashed and dashed lines. The close-up shows a zoom on the differential Lindblad
torque and on the 3D analytic estimate.

An example of two-dimensional calculation results is displayed in figure 2.4. The torque
exerted on a M, = 6 x 10~%M, planet mass is depicted as a function of time (the units in which
the results are expressed will be detailed in section 3.1.6). For this calculation, the surface density
profile decreases as r~® and the temperature profile is taken uniform. This choice ensures that
the corotation torque cancels out in a locally isothermal disc, as will be shown in section 2.3.2.
The torque evaluated with our calculation therefore only accounts for the differential Lindblad
torque. Its evaluation is simply given by:

/ (rp X dFdiSc%planet)-ez, (210)
disc

where dFgisc — planet stands for the gravitational force exerted by each fluid element on the
planet, and e, is the unit vector along the direction perpendicular to the disc plane. The figure
illustrates the torque properties aforementioned: the inner torque I't g is positive, whereas the
outer torque I'orr is negative. Their sum, the differential Lindblad torque AI'rg, is negative.
Note that the torques reach a steady-state very rapidly, after only ~ 1 — 2 orbits of the planet
(Meyer-Vernet & Sicardy 1987). The 2D and 3D estimates of Tanaka et al. (2002), given by
equations (2.8) and (2.9), are superimposed for comparison. The torque given by our calculation
is at least three times smaller than the 2D analytic estimate. This reduction stems from the use
in numerical simulations of a softening length for the planet potential, which reads:

d=— GMy (2.11)

Vi —rp[? + e’
with € the softening length over which the potential is smoothed. Its value is a fraction of the disc
scale height at the planet location that typically varies from 0.3 to 0.8. Its choice is generally
motivated to get a numerical torque as close as possible of the 3D analytical estimate. The
softening length we considered for this calculation, namely ¢ = 0.6H (rp), is in good agreement
with the 3D estimate of the differential Lindblad torque.
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Migration timescale

Although the total torque on the planet also includes the corotation torque, it is instructive to
derive an order of magnitude estimate of the type I migration timescale, with only the differential
Lindblad torque. For a locally isothermal disc, the amplitude of the corotation torque is indeed
smaller than that of the differential Lindblad torque (see section 2.3.2). The conservation of the
planet’s angular momentum therefore reads 2BaaM, = AI'Lr (where we recall that ¢ = da/dt

denotes the planet’s migration rate). We define the migration timescale 71 by @ = —a/m.
Assuming the central star has a solar mass, we find:
7 % 10° S Ny Y2 M\ (HN?
~ — — 2.12
mibyrs] CLr <1g.cm—2> (IAU) <M*> < r > ’ (2.12)

where CLR is given by equation (2.9). Let us consider the case of a 10 Earth mass planet
embedded in the Minimum Mass Solar Nebula (MMSN) at 5 AU (X ~ 150 g.cm~2 and o = 1.5),
with A = 0.07. Equation (2.12) gives 71 ~ 6 x 10* yrs with the 2D estimate, and 71 ~ 1.5 x 10°
yrs with the 3D estimate. This order of magnitude estimate does not change much as the planet
migrates inwards. As stated above, the inclusion of the corotation torque will not significantly
alter this estimate. It means that the protoplanet requires only O(10%) yrs to reach the very
vicinity of the central star, which is at least one order of magnitude smaller than the timescale for
giant planet formation predicted by the extended core-accretion model (see section 1.3.2). While
it may account for the detection of the Hot Jupiters, the formation (and thus the detection)
of giant planets somewhat further out in the disc, which shall be called Cold Jupiters, appears
to be very unlikely. Many recent studies on disc-planet interactions have therefore investigated
processes that may slow down type I migration. We will review them in section 2.3.3.

Recent studies on the differential Lindblad torque

The properties of the differential Lindblad torque have recently been revisited by a few stud-
ies, who added still more complexity to the original physical problem. Among them, Menou &
Goodman (2004) considered realistic models of T Tauri a-discs instead of the customary power
law models, and found that type I migration can be significantly slowed down at opacity tran-
sitions in the disc. The impact of the magnetic field has also been investigated, by Terquem
(2003) for a toroidal field, and by Muto et al. (2008) for a poloidal field. In both situations,
Lindblad resonances are shifted away from the orbit as the effective sound speed is larger: c¢; is
substituted by (c? + 11124)1/ 2 with vy the Alfvén speed, proportional to the magnetic field. Com-
pared to the case of an unmagnetized disc, the differential Lindblad torque is therefore reduced,
and this reduction increases with the strength of the magnetic field. Note that the inclusion of
magnetic field introduces new resonances, where angular momentum is exchanged. This gives
rise to additional torque contributions, which may prevail over the differential Lindblad torque.
Eventually, the impact of the disc self-gravity has been studied by Pierens & Huré (2005). The
authors calculated the shift of the Lindblad resonances due to the self-gravity, and predicted
an increase of the torque. This prediction has been confirmed with numerical simulations by
Baruteau & Masset (2008b), as we will see in chapter 4.

2.3.2 Torque at corotation resonances

The disc and the planet can also exchange angular momentum at the corotation resonances,
which all share the same location in the disc. This location, called the corotation radius, matches
the planet’s orbital radius in the particular case of a pressureless disc. We have seen in sec-
tion 2.3.1 that the planet excites pressure waves that are able to remove the angular momentum
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deposited at Lindblad resonances. These waves being evanescent between Lindblad resonances,
they cannot remove the angular momentum deposited at corotation. Another difference is that
the gas pressure significantly alters the expression of the corotation torque. Using a linear anal-
ysis, and under the WKB approximation, Tanaka et al. (2002) showed that the mth component
of the corotation torque, exerted on the perturber by an isothermal disc, reads:

mr? [| @ 4+ Upl? d (2
Tom = — (= 2.1
Cm 2 [ dQ/dr  dr (B)]T ’ (2.13)

where W, is the mth component of the perturbed gas enthalpy*. In the particular case where
| ¥, | < |Phm|, equation (2.13) reduces to the torque expression of Goldreich & Tremaine (1979)
(their equation 56). This occurs in gaseous discs where the thermal energy is a small amount
of the total energy, depending on the gas temperature and on the strength of the perturbing
potential. For typical disc and planet parameters, this approximation is incorrect (Korycansky
& Pollack 1993, Tanaka et al. 2002). In equation (2.13), r. denotes the location of the corotation
radius, which satisfies Q(r) = €,,. Assuming power-law functions for the density and temperature
profiles, namely X (r) oc =% and T'(r) o< 7~ 172/ (see section 3.1.1), we have:

re Ty [1— (0 +1—2f)h?/3]. (2.14)

Assuming the pressure p decreases with r (0 +1 — 2f > 0, as p satisfies p o< XT'), 7 is slightly
smaller than r,. Furthermore, we stress that the sign of I'c,, is that of the gradient of ¥/B,
where B, the second Oort’s constant, scales as r—3/2 for a Keplerian disc. The corotation
torque, which is the sum over m of I'c ,, is therefore proportional to (3/2 — o) for an isothermal
disc. This indicates that, contrary to the differential Lindblad torque, the corotation torque can
be positive or negative, depending on the power-law index of the density profile. Note that,
with previous assumptions, the corotation torque cancels out for the surface density profile of
the MMSN, for which o = 3/2. It is also worth mentioning that, since B is half the vertical
component w of the flow vorticity, the corotation torque scales with the gradient of (the inverse
of) the flow vortensity w/%X. The vortensity is one of the key quantities in hydrodynamics.
Another one is the entropy, to which we will mainly refer when we take the gas thermodynamics
into account in chapter 5. The governing equation of the vortensity, directly obtained through
Navier-Stokes equations, takes the form:

B (E) - e (3) e
For an inviscid, locally isothermal disc, the right-hand side of equation (2.15) is proportional
to dT'/dr. If in addition the temperature is uniform, D(w/¥)/Dt = 0 and the vortensity is
conserved along fluid element paths.

Saturation, desaturation of the corotation torque

The disc response at a corotation resonance corresponds to a set of m eye-shaped libration
islands, which define the corotation region, and inside which fluid elements have librating tra-
jectories. This is illustrated in the left-hand panel of figure 2.5, where we display the m = 3
component of the gas vortensity. The disc response was obtained with a hydrodynamic cal-
culation assuming an isothermal, inviscid disc with A = 0.01. The streamlines overplotted on
the panel illustrate the vortensity conservation along the trajectories of the fluid elements. The
latter have circulating trajectories outside the corotation region, and librating trajectories inside

4The perturbed gas enthalpy is equal to the perturbed pressure divided by the unperturbed surface density.
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FIGURE 2.5: Left: disc response to an m = 3-folded potential around the corotation region. The gas
vortensity is displayed in polar coordinates. While the azimuthal range in y—axis spans the whole [0-2r]
interval, the radial range in x—axis is restricted to a narrow range around the corotation radius (dashed
line). Streamlines (solid curves) show the trajectories of the fluid elements in the frame rotating with the
perturbing potential. Right: result of a calculation with a ¢ = 5 x 107% planet to primary mass ratio.
The planet is located at r = rp, ¢ = ¢,. The disc has a uniform temperature profile, no viscosity, and
h = 0.05. Like in the left panel, we display the gas vortensity around the planet’s corotation region,
which has this time a rectangular shape.

it. The particular streamlines that separate circulating and librating elements are called sepa-
ratrices. They delimit the borders of the corotation region. As fluid elements librate inside the
corotation region, the vortensity is progressively stirred up. After a few libration timescales, the
vortensity is uniform over the islands and the corotation torque, which scales with the vortensity
gradient across the corotation region, cancels out. This process is called the saturation of the
corotation torque. It relies on the finite value of the libration time. Thus, one should bear in
mind that the saturation process cannot be explained by linear theory, for which the corotation
region is a singularity (see e.g. chapter 5). In linear theory, the libration timescale, which scales
as the inverse of the width of the corotation region, is infinite and saturation cannot occur.

The saturation can also be understood as follows. The perturber being on a fixed circular
orbit and the disc being inviscid, the angular momentum of the perturber and of the corotation
region remains constant. As fluid elements librate, they periodically borrow angular momentum
from the perturber (for their semi-major axis to increase) and leave angular momentum to it
(when their semi-major axis decreases). Along a given streamline, the exchange of angular
momentum oscillates with time and averages out to zero over a timescale long compared to
the libration timescale. This applies for each streamline, but note that the libration period,
which scales with the inverse of  — (r.), varies from one streamline to another. The angular
momentum exchange between the perturber and the corotation region therefore amounts to the
sum of periodic functions of zero mean and of different periods, sum which tends to zero as time




Toward predictive scenarios of planetary migration 27

FIGURE 2.6: Surface density field obtained with a high-mass planet held on a fixed circular orbit in an
inviscid disc. Streamlines are superimposed to emphasize the librating and circulating trajectories of the
fluid elements, as seen from the planet location. All the librating elements form the planet’s horseshoe
region.

goes to infinity, due to phase mixing. After yet a few libration timescales, the corotation torque
vanishes not only on average, but also in instantaneous value.

The saturation can be avoided if the corotation region exchanges angular momentum with a
third party. Viscous stress at the separatrices provides an exchange of angular momentum with
the rest of the disc. Interestingly, this process is linked with the behavior of the vortensity in the
corotation region. Equation (2.15) indicates indeed that viscosity acts as a diffusive source term
for the vortensity. The viscous diffusion across the separatrices tends to permanently impose the
initial, large-scale vortensity gradient over the corotation region. It therefore acts as preventing
the flattening out of the vortensity profile, provided that the timescale for viscous diffusion across
the corotation region is smaller than the libration timescale.

The planet’s horseshoe region

We now turn to the global response of the disc at the corotation resonances. Not surprisingly,
the superposition of all the libration islands gives a region where, seen from the planet, fluid
elements have librating trajectories. This region is called the planet’s horseshoe region. It is
very similar to the horseshoe region of the restricted three-body problem. An illustration of this
is given in figure 2.6. The horseshoe region is characterized by:

- Its half-width x5. For low-mass planets, Masset et al. (2006a) showed that x4 is well
approximated by:

xs ~ 1.2r,/q/h. (2.16)

Assuming a ¢ = 5 x 1079 planet to primary mass ratio, and a h = 0.05 disc aspect ratio,
we have x5 ~ 1.2 x 1072 rp. This underscores the need for high-resolution calculations to
investigate corotation torque issues with low-mass planets (see section 6.1.1).

- The libration timescale 7;,. As stated above, the latter depends on the separation from
the corotation radius. The shortest libration time is obtained at the distance z, from
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corotation:
37Ty

Tib = 47/ (xs|dQY/dr|) = 300,

(2.17)

which amounts to ~ 130 planet orbital periods for the above values of ¢ and h.

- The torque exerted on the planet, called the horseshoe drag. Its expression is given by
Ward (1991):

(2.18)

3 dlog(X/B)

Tps = — 2 Q228 | —=22 )
HS = =% T [ dlogr |,

Masset et al. (2006a) have shown that the horseshoe drag is in good agreement with the

corotation torque, defined above as the sum over m of the torque components I'c, .

Similarly as in the libration islands, the gas vortensity is advected inside the horseshoe region.
This can be seen in the right-hand panel of figure 2.5. On this polar representation, fluid elements
describe horseshoe U-turns with respect to the planet. Again, the vortensity is progressively
stirred up until it is uniformly distributed. Saturation occurs in a similar way as in libration
islands, and it can be avoided if some viscosity is included. The saturation level of the corotation
torque only depends on the ratio of the libration timescale, 7, given by equation (2.17), and
of the viscous timescale across the horseshoe region, yise ~ x2/v (Masset 2001; 2002, Ogilvie
& Lubow 2003). In this context, we mention the work of Masset (2001), who generalized the
horseshoe drag expression above in a viscous disc.

The corotation torque

Again, Tanaka et al. (2002) provided the most accurate estimate for the corotation torque® in an
isothermal disc, in two- and three-dimensions. Summing the torque expression of equation (2.13),
the authors give the following estimate:

I'cr = Cer @® Ep Uy hy?, (2.19)
with:
Ccr = 0.976 — 0.6400 in 3D, Ccr = 2.040 — 1.3600 in 2D. (2.20)

The corotation torque and the differential Lindblad torque display the same dependence with the
disc and planet parameters. Comparing both torques thus amounts to comparing the constants
Crr and Ccr, which only depend on o. In three-dimensions for instance, the ratio Cor/CLr
increases roughly linearly from ~ —0.4 to 0.3 for ¢ between 0 and 2.5. The corotation torque in
an isothermal disc is most probably a small fraction of the differential Lindblad torque, especially
as it may saturate, depending on the amount of viscosity in the planet vicinity. This confirms
what we anticipated in section 2.3.1 for the calculation of migration timescales.

We proceed with an example of calculation results. We consider here the case of a M, =
5 x 1076 M, planet embedded in a disc with a h = 0.05 aspect ratio at the planet location.
The temperature is taken uniform, whereas the surface density profile decreases as r=1/2. The
half-width of the horseshoe region is covered with ~ 10 cells in the radial direction. In the left
panel of figure 2.7, the time variation of the total torque is displayed. The oscillatory behavior of
the torque stems from the saturation of the corotation torque. Note that the oscillation period
is slightly larger than the libration timescale calculated by equation (2.17). The steady-state
value of the total torque corresponds to the differential Lindblad torque, which we compare to
the 3D analytic estimate given by equation (2.8). The ~ 20% relative difference between both is

®Since the corotation resonances satisfy Q(r) = Q,, the corotation torque is called the co-orbital corotation
torque. Corotation resonances can be non-coorbital if the planet has a non-vanishing eccentricity.
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FIGURE 2.7: Calculation results with a ¢ = 5 x 107% planet to primary mass ratio, a surface density

decreasing as r—'/2, and a uniform temperature profile. The left panel shows the total torque exerted on

the planet as a function of time. The dashed line depicts the 3D differential Lindblad torque estimate of
Tanaka et al. (2002). The right panel displays the corotation torque, calculated as the difference between
the total torque, and the steady-state value of the total torque. The 2D (dot-dashed curve) and 3D
(dashed curve) corotation torque estimates of Tanaka et al. (2002) are overplotted.

coherent with the one inferred from the results of figure 2.4, where the corotation torque cancels
out. The difference between the total torque, and the steady-state value of the latter, gives
the corotation torque. We display it in the right-hand panel of figure 2.7. As indicated above,
we see that, after a few libration timescales, the corotation torque cancels out on average and
on instantaneous value. In addition, we superimposed to this panel the 2D and 3D estimates
of Tanaka et al. (2002), given by equations (2.19) and (2.20). These estimates are usually
compared to the fully unsaturated value of the corotation torque, namely its maximum value
before saturation starts (here at ~ 60 orbits). Accordingly, it corresponds to a somewhat long
stationary stage preceding saturation, which is not captured by a linear analysis. Note that it
is a positive quantity, since 0 < 3/2. The agreement between our calculation results and the
linear prediction is satisfactory. The value obtained with our calculations is smaller than the
2D estimate, and larger than the 3D estimate. This time, a somewhat smaller softening length
would have given better agreement with the 3D estimate, in qualitative agreement with the
findings of Masset (2002).

We end up this section with a comment on the dependence of the corotation torque with the
temperature gradient. The torque expressions of Goldreich & Tremaine (1979), Ward (1991) and
Tanaka et al. (2002) have all been derived assuming a uniform temperature profile. However,
most of disc-planet studies take a non-uniform temperature profile. It is likely to alter the
corotation torque, as the term Vp x VX in the vortensity equation scales with the temperature
gradient - see equation (2.15). To illustrate this, we performed a series of calculations with disc
and planet parameters identical as in section 2.3.1 where we illustrated the time variation of
the differential Lindblad torque (recall in particular that ¥ o r3/ 2), except that we vary the
temperature gradient. We denote by [ the quantity —dlog7T'/dlogr. The results are shown in
figure 2.8, where we display the torque variation with time for [ varying from —1 to 1. The
amplitude of the differential Lindblad torque increases with [, in agreement with the results
of Ward (1997). In addition, we clearly observe that the corotation torque depends on the
temperature gradient. From the oscillatory behavior of the torques, we infer that the unsaturated
corotation torque increases with [: here it is negative when [ is negative (see e.g. uppermost
curve), positive when [ is positive (e.g. lowermost curve), and it cancels out when [ does. These
results show that in two-dimensional calculations, with a locally isothermal disc, the corotation
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FIGURE 2.8: Calculation results obtained with a ¢ = 6 x 1079 planet to primary mass ratio and a

surface density decreasing as r—3/2. We vary in this series the quantity | = —dlog T/dlogr from —1

(uppermost curve) to 1 (lowermost curve).

torque will strictly vanish only if both the vortensity gradient and the temperature gradient
cancel out.

2.3.3 Any ideas to slow down type I migration ?

We have studied in the last two sections the properties of the differential Lindblad torque and of
the corotation torque for a locally isothermal disc. The former is negative and rapidly station-
ary. The latter can be positive or negative, depending on the steepness of the surface density
profile, and it is prone to saturation. We have seen however that the corotation torque can be
unsaturated, depending on the disc viscosity. Even in the most favorable situation where the
corotation torque is fully unsaturated and positive, the differential Lindblad torque dominates,
and the migration of low-mass planets remains extremely rapid. Many recent studies on plane-
tary migration have therefore challenged to propose mechanisms that may slow down migration,
that may halt or even reverse it. We present hereafter some of these mechanisms.

Pressure buffer

The first of these mechanisms relies on the differential Lindblad torque. The latter is due to a
small unbalance between the positive inner torque, and the negative outer one. As the torques
scale with the surface density at the Lindblad resonances, increasing the steepness of the density
profile could enhance the inner torque, and reduce the outer one. Nonetheless, a side-effect of
this is to decrease the disc’s angular velocity, which shifts all Lindblad resonance inwards (the
reader is referred to figure 4.3, and asked to find the new locations of the resonances when the
black curve is lowered). As inner resonances move away from the planet, the inner torque is
reduced. Conversely, outer resonances get closer to the planet, so the outer torque increases!
This side-effect is called the pressure buffer (Ward 1997). It roughly compensates the direct
effect of increasing the steepness of the density profile... except if the density jump is very high.
This has been recently revisited by Matsumura et al. (2007), for discs harboring a dead zone.
The outer edge of the dead zone is associated with a huge increase of the disc viscosity when
passing from inside to outside the dead zone. Thus, a very steep surface density profile occurs
there. The authors showed that low-mass planets may be halted as they migrate inwards toward
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the outer edge of the dead zone. This requires that a significant density jump occurs on a very
small width, of typically ~ H — 2H.

Planetary trap

In the same vein, Masset et al. (2006b) have investigated the impact of a cavity edge on the
migration of low-mass planets. They however considered the opposite case where a planet
migrates toward a underdense region. This situation may model the inner edge of a dead zone,
or the transition between a jet emitting disc and a standard accretion disc (see figure 2.1). The
density jumps they assume have a smaller amplitude, and a larger width compared to those of
Matsumura et al. (2007). They found that the sharp raise in surface density at the edge favors
a strong, positive corotation torque, and allows for the existence of a stable fixed point where
the total torque cancels out, thereby acting as a planet trap.

Stochastic migration

Among the sources of turbulence in discs seen in section 2.2, only the magneto-rotational in-
stability has been intensively investigated in the context of planetary migration. Nelson &
Papaloizou (2004) showed that type I migration reveals very different properties in discs in-
vaded by the MRI, compared to laminar discs. As shown in the left-hand panel of figure 2.9,
the torque exerted on a 10 Earth mass planet displays high temporal fluctuations, so migration
is much like a random walk than a smooth, monotone decay. This behavior is called stochastic
migration. It is not clear whether the torque of a turbulent disc amounts to the torque exerted
by a laminar disc plus fluctuations arising from the turbulence. In particular, one would expect
the turbulent torque, averaged out over a timescale much larger than the turbulence correlation
time, to reduce to the laminar torque. This question is still unsolved, as (i) the duration of the
calculations is strongly limited by the high computational cost of MRI calculations (typically
~ 100 orbits), and (ii) it is not even sure that the correlation time has a finite value (Johnson
et al. 2006, and references therein)

Radiative effects

The vast majority of disc-planet studies have assumed a barotropic or a locally isothermal
disc. There has been some exceptions: Morohoshi & Tanaka (2003) considered the case of a
planet interacting with an optically thin disc, in the shearing sheet approximation, and found
that radiative effects can significantly alter the one-sided torque between the planet and the
disc. More recently, Paardekooper & Mellema (2006) have performed global, high resolution
3D calculations with nested grids that include radiative transfer. They found that the torque
on low-mass planets increases with the disc opacity. For sufficiently large values of the opacity
(and in the limit case of an adiabatic flow, corresponding to an infinite opacity), the total
torque on the planet is positive, meaning outward migration (see right panel of figure 2.9). The
authors identified the existence of a hot, underdense part of the co-orbital region lagging the
planet, which accounted for the torque excess that they measured. Considering a more restricted
situation, namely a two-dimensional adiabatic disc, Baruteau & Masset (2008a) showed that the
entropy advection inside the co-orbital region yields an additional contribution to the corotation
torque, which is positive when the gas entropy is a decreasing function of radius. If the entropy
gradient is sufficiently large, the fully unsaturated value of this torque excess renders the total
torque positive. These results will be detailed in chapters 5 and 6.
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FIGURE 2.9: Left: calculation results obtained with a 10 Earth-mass planet embedded in a turbulent
disc. The time variation of the inner Lindblad torque (blue curve), the outer one (green curve) and the
differential Lindblad torque (red curve) is displayed. Figure taken from Nelson & Papaloizou (2004).
Right: Impact of the disc opacity on the torque exerted on a 5 Earth-mass planet (the disc is laminar).
This figure, taken from Paardekooper & Mellema (2006), shows that increasing the disc opacity, by in-
creasing the surface density, renders the torque more and more positive. The torque values are normalized
by the 3D analytic estimate of Tanaka et al. (2002), given by the sum of equations (2.8) and (2.19).

2.4 Transition to the non-linear regime

The disc response to a low-mass planet has been studied in section 2.3. We have assumed that
the disc response is correctly described by a linear analysis, and we have checked that the torque
expressions derived from linear theory are, to a large extent, in good agreement with the results
of numerical simulations. However, we still have not mentioned for which planet masses the
linear regime corresponds to. It is the object of this section, where we describe two processes
that render the disc response significantly non-linear.

Shock formation

As the density waves excited by the planet propagate in the disc, their profile becomes steeper
and steeper, in much the same way that an acoustic wave which travels in a homogeneous gas
at rest. This ultimately leads to the formation of shocks. Thus, the disc response always turns
to be non-linear at some distance from the planet, even for low-mass planets. However, as long
as the disc response remains linear in the planet vicinity, where most of the angular momentum
is exchanged, shocks formation does not impact on type I migration.

As the wake turns to a shock in the planet vicinity, it gives the angular momentum of the
planet to the background disc elements. Fluid elements circulating in the inner disc thus lose
angular momentum (recall that the inner Lindblad torque exerted by the planet on the disc
is negative), so their semi-major axis decreases. Conversely, fluid elements circulating in the
outer disc gain angular momentum and are pushed away from the orbit. The planet therefore
tends to open a gap. The coorbital material is also affected. Fluid elements performing outward
horseshoe U-turns gain angular momentum not only from the planet, but also indirectly through
the wake. They are therefore more deflected than without shock. A similar conclusion applies
for inward U-turns. Librating fluid elements are more and more repelled from the orbit at each
U-turn, until they reach the inner or outer parts of the disc. A few libration timescales are
typically required to significantly deplete the horseshoe region. This is illustrated in figure 2.10,
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where we display the disc response to a Jupiter-mass planet (¢ = 1073), with an aspect ratio
h = 0.05. The horseshoe region is almost completely depleted after ~ 250 orbits, which is about
~ 15 libration timescales. Notice that the gas opening will also depend on the gas viscosity,
which tends to flatten out the surface density profile, and thus to close the gap.

We now examine the conditions for gap opening. Basically speaking, the planet mass must
be large enough to induce shocks in the region where the wake is excited, and the viscosity must
be small enough so as not to prevent gap opening. Goodman & Rafikov (2001) have calculated
the distance ds from the planet beyond which a shock forms. This distance reads approximately:

3¢ —-2/5
dy ~ (%3> H(ry). (2.21)

A linear description of the differential Lindblad torque will fail when ds < +4H(rp)/3, which
corresponds to the location from the orbit where the wake excitation is the most important
(that is where the amplitude of the Fourier components of the differential Lindblad torque is
maximal). This can be recast as:

q = 0.7h3. (2.22)

This condition, known as the thermal criterion for gap opening, is generally written as Ry >
H (Lin & Papaloizou 1993), where Ry = r,(q/3)"/? is the planet’s Hill radius, defined in
section 1.3.2. Remember this only gives an order of magnitude estimate. Assuming a h = 0.05
disc aspect ratio, planet masses somewhat larger than M, 2 10~* M, may therefore open a
gap. As stated above, the viscosity may however prevent this process. A wviscous criterion is
expressed as (Lin & Papaloizou 1979, Bryden et al. 1999):

40
02 % (2:23)
where R = al%Qp /v is the Reynolds number. Assuming an a-prescription for the viscosity, this
criterion can be recast as a < q/(40h§). For ¢ = 107% and h = 0.05, this yields o < 1073,
which is slightly smaller than the standard value a ~ 4 x 1073 used in numerical simulations.
Notice that the above two conditions for gap opening have recently been revisited by Crida et al.
(2006). The authors provide a unified criterion that takes the form:

3 H 50
-t —x<1 2.24
1R + R (2.24)

and which appears as a combination of the thermal and viscous criteria.

Width of the horseshoe region

Another source of non-linearities has been suggested by D’Angelo et al. (2003b). The authors
performed three-dimensional, high-resolution calculations with a large range of planet to primary
mass ratios, from ¢ = 3 x 107 to ¢ = 3 x 1073. Their results are displayed in figure 2.11. The
inverse of the migration timescale is depicted as a function of the planet mass. Up to ¢ ~ 3x107?,
the numerical results are in very good agreement with the three-dimensional analytic estimate
of Tanaka et al. (2002) (solid curve). From g ~ 2 x 10~%, the migration timescale is roughly
independent of the planet mass, which is expected for planets opening a gap (type II migration,
see section 2.5). In between both trends, the migration timescale is significantly smaller than
analytically predicted, indicating a strong departure from linearity. This is an important result
as hitherto the onset on non-linearities was associated to the formation of a gap. Interestingly,
this non-linear process slows down migration, and its impact is maximum for planets of ~ 10
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FIGURE 2.10: Gap opening around a Jupiter-mass planet, on a fixed circular orbit at r = 1. From
top-left to bottom-right, the disc surface density is displayed at t = 10,70,110 and 250 orbits.
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FIGURE 2.11: Inverse of the migration timescale as a function of the planet mass, for a disc aspect
ratio h = 0.05 . The symbols depict results of three-dimensional hydrodynamic calculations performed
by D’Angelo et al. (2003b). Triangles and circles refer to different prescriptions for the softening length
of the planet potential. The solid curve shows the three-dimensional analytic estimate of Tanaka et al.
(2002).

Earth-masses, which is approximately the critical core mass for runaway gas accretion in the
core-accretion model, described in section 1.3.2.

Masset et al. (2006a) explained the onset of non-linearities by a significant growth of the
horseshoe region, linked to the flow transition near the planet from a low-mass situation, where
fluid elements only perform horseshoe U-turns, to a high-mass situation, where fluid elements
can be trapped in the circumplanetary disc around the planet. The increase of the horseshoe
half-width x, turns to a significant increase of the corotation torque, since the latter scales as
ri, see equation (2.18). For shallow surface density profiles, as in D’Angelo et al. (2003b),
the (unsaturated value of the) corotation torque becomes much more positive, and migration is
dramatically slowed down. Masset et al. (2006a) found that this effect is maximum for ¢ ~ 0.6h3,
that is for M, ~ 20 Earth masses for h = 0.05. These results underscore the corotation torque
potential to slow down migration of rather low-mass planets.

We end up this section by clarifying at last what has been called "low-mass planets” from the
beginning of this chapter. The clarification work has been done by Masset et al. (2006a), who
showed that, in the two-dimensional framework, the flow in the planet vicinity remains linear
as long as:

g K¢, (2.25)

where rg = GM,/ cg(rp) is the planet’s Bondi radius, and € is the softening length of the planet’s
potential. When this linearity criterion is satisfied, the torque exerted on the planet scales with
q>. We will apply it in chapters 4 and 6 to justify that the planet masses used in our calculations
do belong to the linear migration regime (that is type I migration). Equation (2.25) translates
into ¢ < quin, with:

Qin = 1% x e/ H(rp). (2.26)

As mentioned in section 2.3.1, the softening length used in numerical simulations is typically
~ 0.6H(rp), even though the numerical factor may differ, depending on the context. For a
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h =5 % disc aspect ratio, we find g, ~ 7.5 x 1075, while for h = 3 %, qin ~ 2 x 107°.

2.5 Migration in a gap: type 1l migration

The migration of planets that have opened a gap is called type II migration. In this section, we
thus assume that the condition for gap opening, described in the last section, is satisfied. We
also assume that the gap is well depleted, the residual surface density at the gap location being
a small fraction of the initial one. The planet is supposed to isolate the inner and outer discs
from each other, which independently follow their viscous drift. According to type II migration
theory, the planet is locked into the viscous evolution of the disc. This can be understood as
follows. Suppose that the planet drifts inward slightly faster than the background disc. The
planet getting closer to the gap’s inner edge, the (positive) torque exerted on it by the inner
disc increases, and the planet is repelled outward. Similarly, did the planet get closer to the
gap’s outer edge, it would be pushed inward by the increase of the outer torque. The planet
therefore remains at the gap center, and it follows the viscous disc evolution. Differently stated,
the migration rate a for type II migration is the disc radial velocity v,. Its amplitude and its
sign are radius- and time-dependent (Lynden-Bell & Pringle 1974). In the particular case where
the background surface density is uniform, v, = —3v/2r, and the type II migration timescale

reads: . )
o - H\ ™ r o\3/2
Tuyrs] ~ 25 (4 X 10—3> (r) (IAU) ’ (2:27)

where we have assumed that the central star has a solar mass. Contrary to the type I migration
timescale, given by equation (2.12), 711 displays no dependence on the planet mass nor in the disc
surface density. Assuming again a disc with A = 0.05 and o = 4 x 1073, we find 77 ~ 1.2 x 10°
yrs at 7 =5 AU, and 71 ~ 1.0 x 10* yrs at » = 1 AU.

2.6 Runaway migration: type III migration

In section 2.3.2, we have reviewed the properties of the corotation torque for a planet held on a
fixed orbit. The corotation torque ultimately saturates, unless angular momentum is exchanged
with the disc outside the corotation region, through viscous stress. In this section, we consider
a migrating planet. We neglect the disc viscous drift, whose timescale is much larger than
the migration timescale. This supposes a planet mass smaller than a few Saturn masses. The
planet and all the coorbital material (the horseshoe region and the circumplanetary disc, if any)
migrate at the same drift rate, a, which we assume to be stationary. Assume first that migration
is directed inward. As the planet migrates, fluid elements circulating in the inner disc very close
to the horseshoe separatrix are caught in libration. They execute an outward horseshoe U-
turn when they are at conjunction with the planet. At the next conjunction however, the fluid
elements have left the horseshoe region as the planet has kept migrating. They cannot perform
an inward U-turn, and they are left circulating in the outer disc. During this crossing episode,
a negative torque is exerted on the planet, whose migration is thus accelerated. Similarly, if
the planet migrates outward, fluid elements belonging to the outer disc may cross the horseshoe
region after performing an inward horseshoe U-turn. A positive torque is then applied on the
planet, whose migration is again accelerated. This contribution to the corotation torque reads:

Leross = 2mapdpXs X 4Bayxs, (2.28)

where 3¢ denotes the surface density at the inner (outer) horseshoe separatrix for a planet
migrating inwards (outwards). The first term in the right-hand side of equation (2.28) is the
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4=(2Bam,) '
ik Lot da/dt

B=2Badm

FIGURE 2.12: Type III planetary migration seen as a feedback loop. The latter remains stable while
the open-loop transfer function A x B < 1, that is while ém < M,, (see text). From Masset (2008).

mass flux crossing the horseshoe region. The second term is the specific angular momentum
exchanged by the planet and the fluid elements performing a horseshoe U-turn.

The rate of angular momentum of the system made of the planet and the coorbital region is
the sum of (i) the contribution I'¢;ss 0f the crossing elements to the corotation torque and (ii)
of the differential Lindblad torque AI'rr. This reads:

2Bapa'p(Mp + Mcpd + Mhs) = 27mpa'p25 X 4Bapxs + AR, (229)

where Mc,q and Mg denote the mass of the circumplanetary disc and of the horseshoe region,
respectively. This can be transformed into:

2Bayd, M, = 2Ba,d,om + AT'rg, (2.30)

where Mp = M, + M¢pq is the effective planet mass, and where dm = 4mwa,xs3, — My is called
the coorbital mass deficit (Masset & Papaloizou 2003). It represents the difference between (i)
the mass the horseshoe region would have if its surface density was uniform and equal to X,
and (ii) the actual horseshoe region mass. For the sake of simplicity, we denote by M, the
effective planet mass, which we simply call the "planet mass”. We note in passing that the above
expression of I'¢oss assumes that all crossing fluid elements perform horseshoe U-turns, none of
them can be captured in the circumplanetary disc. We will discuss this point below.

Equation (2.30) can be interpreted as the angular momentum conservation of the planet
where, contrary to the differential Lindblad torque, the corotation torque scales with the mi-
gration rate. Planetary migration can therefore be described as a feedback loop (Masset 2008).
This is illustrated in figure 2.12. Note that this representation is valid as long as the system is
steady-state (a is stationary). The loop input is the differential Lindblad torque (denoted I'rr
here), its output is the migration rate da/dt. The feedback loop is stable when its open-loop
transfer function A x B is smaller than unity. This schematic representation argues that mi-
gration turns out to be unstable when dm > M,. This unstable regime has been identified by
Masset & Papaloizou (2003). It is called runaway migration, or type III migration (because it
was discovered after types I and II - see sections 2.3 and 2.5 respectively). It relies on the planet
ability to build up a coorbital mass deficit, hence to open a gap. It does not apply to low-mass
planets, which do not alter the surface density profile of the disc. It does not apply to high-
mass planets neither, where the gap can be wide enough to enclose the horseshoe separatrices,
resulting in a very low coorbital mass deficit. It therefore concerns intermediate mass planets,
typically of the mass of Saturn (¢ ~ 10™%), in sufficiently massive discs. This is illustrated in
figure 2.13, where the occurrence of the three migration types is displayed as a function of the
planet and the disc masses.
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FIGURE 2.13: Occurrence of the three migration types, as a function of the planet to primary mass
ratio (bottom x—axis), and the disc to primary mass ratio at the planet location (left y—axis). The disc
aspect ratio is h = 0.03. The right y—axis shows the Toomre parameter () at the planet location. The
upper part of the plot is thus limited by the gravitational instability limit (dashed line). From Masset &
Papaloizou (2003).

As stated above, the sign of I'coss is dictated by the initial drift of the planet. Runaway
migration can therefore be directed inwards, or outwards, depending on the sign of a, before
runaway starts. This sign is very sensitive to the asymmetry of the mass distribution inside the
horseshoe region and the circumplanetary disc (Pepliniski et al. 2008b;c). It turns out to have
a complex dependence on the initial surface density profile, on the viscosity, and on the planet
mass. Predicting the direction of runaway migration is therefore an intricate task, so we are led
to rely on numerical simulations. However, their results show great dependence on the mass flow
inside the circumplanetary disc and the horseshoe region, which is very sensitive to numerical
parameters, in particular the resolution (D’Angelo et al. 2005, Peplinski et al. 2008a) or the
inclusion of the gas thermodynamics. We furthermore recall that the mass M, that appears in
the runaway criterion dm > M, includes the mass of the planet and of the circumplanetary.
Any physical process increasing the effective planet mass, such as the accretion onto the planet
(D’Angelo & Lubow 2008) or the inclusion of the gas self-gravity (Zhang et al. 2008) may cause
a departure from the runaway regime to type Il migration regime.

2.7 Concluding remarks

We have detailed in this chapter the interaction between a planet and a protoplanetary gaseous
disc. The planet’s migration is dictated by the total torque exerted on it by the disc. We have
studied in the linear context the properties of the differential Lindblad torque and of the coorbital
corotation torque. While the former is negative and rapidly stationary, the latter oscillates about
zero with a time-decreasing amplitude. This saturation of the corotation torque may however
be prevented by viscous diffusion across the planet’s coorbital region. For sufficiently shallow
surface density profiles, the unsaturated corotation torque is positive. This underscores the
potential importance of the corotation torque to slow down type I migration, even though for
a locally isothermal disc the differential Lindblad torque still prevails, and type I migration
remains very fast. We will see in chapter 5 that an additional contribution to the corotation
torque arises when the gas thermodynamics is taken into account. This torque excess, as we
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will call it, is positive for realistic profiles of the surface density and temperature. By means of
hydrodynamic calculations, we will show in chapter 6 that the torque excess may be positive
enough so that migration be significantly slowed down (by typically an order of magnitude) with
respect to the locally isothermal case. In some cases, we will see that the migration may even
be directed outwards.

Although we made restrictive assumptions on the disc model, we tried as far as possible to
present results with extended physics, for instance the impact of the disc’s magnetic structure.
Notice that the effect of the gas self-gravity will be largely discussed in chapter 4. Some additional
discussions and perspectives will also be addressed in section 7. The reader eager to learn more
results on planetary migration (e.g. the impact on the planet’s eccentricity, or the case of
multiple systems) is referred to the reading of Papaloizou & Terquem (2006) and Masset (2008).

I would like to end up this chapter by recalling that gas-planet interactions occur only
during the disc lifetime. Once the gas is dissipated, planetary systems harbor a host star, one or
several formed planets, and residual planetesimals not accreted by the planets. As mentioned in
section 2.1, planet-planet and planet-planetesimals interactions may be very efficient at altering
the planet’s orbital elements. The planet migration due to the interaction with the gaseous disc
is likely to leave no traces.

k%%
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Chapter 3

Disc-planet interactions: numerical
calculations

s N JE PRESENT in this chapter the hydrodynamic code we use to investigate

disc-planet interactions. We give in section 3.1 a detailed presentation of
the code features. The major modifications we made in the code, namely the
implementation of the gas self-gravity and the inclusion of an energy equation,
are respectively described in sections 3.2 and 3.3. After some general
background on these topics, we detail their implementations in the code and we
present test problems.
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FIGURE 3.1: An illustrative example of an output produced by the FARGO code. We show the surface
density perturbation by a low-mass planet, in the vicinity of the planet (the latter is fixed at x = 1,
y = 0). The grid used for this calculation is superimposed with white lines. The close-up in the right
panel shows the location of the scalar and vector fields for a given cell (see text). Note that the radial
velocity v, is located at the radial interface between two cells and is half-centered in azimuth, whereas
the azimuthal velocity v, is located at the azimuthal interface between two cells, and it is half-centered
in radius.

3.1 The FARGO code

FARGO is a two-dimensional hydrodynamic code dedicated to planet-disc interactions. It solves
the Navier-Stokes and continuity equations for a gaseous, viscous disc subject to the gravity of
the central object and that of embedded planets. It calculates the time evolution of the radial
and azimuthal velocities (v, and v,), and of the surface density ¥ on a polar mesh. The gas
pressure p is related to the disc surface density and temperature 7" by an ideal equation of state,
p = RYT, with R a constant. This turns to p = X2, where cs is the isothermal sound speed.
In its public version, the code does not include the time evolution of the gas temperature, but it
uses a stationary, arbitrary temperature (or sound speed) radial profile. The connection between
p, ¥ and T is usually referred to as a locally isothermal equation of state.

Akin to the famous ZEUS code!, FARGO is a staggered-mesh code. As illustrated in fig-
ure 3.1, this means that all scalar quantities, like the surface density, the pressure or the temper-
ature are defined at the cell centers, while vector quantities are defined at the interfaces between
cells. It renders the calculations of fluxes between the cells more convenient, since the velocity
field is naturally stored at the interfaces. Only the surface density needs to be interpolated at
the interfaces. Other classes of codes set out all quantities at the center of cells, be they scalar
or vector fields. The fluxes calculation, which can be based on a Godunov method, is then more
complex.

The code is parallelized with the Message Passing Interface procedure, or MPI for short. A
given calculation can be run on several CPUs, each process dealing with a fraction of the total
mesh, or sub-mesh. The split of the mesh on several sub-meshes is called the domain decompo-
sition. A two-dimensional polar mesh is usually split both in the radial and in the azimuthal

'see http://www.astro.princeton.edu/~jstone/zeus.html
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FIGURE 3.2: Illustration of the domain decomposition used with FARGO. The mesh is exclusively
split radially (see text), here between four CPUs. The background picture shows the gas surface density
perturbation by a low-mass planet.

directions. Such a decomposition is not possible with the FARGO code as it implies azimuthal
displacement of material of several zones over one timestep (Masset 2000a;b). The level of com-
munications in the azimuthal direction at each timestep would otherwise be prohibitive. Instead,
the mesh is only split in the radial direction, each CPU dealing with a given number of rings in
the mesh, as depicted in figure 3.2.

The diagram structure of the code is displayed below, and we now detail its different steps.

Initialization |

—>| Timestep evaluation |

dt

| Planet update |

Gas update |

3.1.1 Initialization

In addition to the definition of the grid properties (e.g. the mesh domain decomposition), this
step deals with the initialization of the planet and the disc. The planet’s initial velocity is strictly
Keplerian, its angular frequency (2, reads:

Q= Quclry) = || 20 (3.)

rp>
where Qx denotes the Keplerian angular velocity, and we recall that G is the gravitational

constant, M, the mass of the central object, and r, the planet’s orbital radius. As customarily
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assumed, the disc is initially axisymmetric, its surface density and temperature (or, equivalently,
the square of the sound speed) being power laws of the radius r:

o\ O o\ —12f

X(r) = X(rp) () and T'(r)=1T(rp) () , (3.2)
Tp Tp

where X(r,) and T'(rp,) are respectively the surface density and temperature at the planet initial

location. The quantity f is usually called the disc’s flaring index. Writing the condition for

vertical hydrostatic equilibrium defines a putative disc scale height as H(r) = cs(r)/Qx(r).

Using the ideal gas law, the isothermal sound speed profile is given by cs(r) = /RT(r) (see

section 3.3.1), so that:

T TSRT(TP)

1+f
H(r) = H(rp) (7“,,) , with H(rp) = oM. (3.3)

We will largely make use of the disc aspect ratio, which reads h(r) = H(r)/r = h(rp)(r/r,)!. In
the particular case where f cancels out, h is uniform and H(r) scales with r. Furthermore, the
disc’s initial azimuthal velocity v, = 7{} is calculated so that we impose a strict balance between
the gravitational force due to the central star, the pressure force, and the centrifugal force:

1/2

V(1) = QK (1) [1 —(1+o0-2f) h2(7')] (3.4)

The initial radial velocity is that of a viscous drift with a kinematic viscosity profile v(r). It is
evaluated from the conservation equations of the mass and of the angular momentum (Lynden-

Bell & Pringle 1974):

3

vp(r) = _W 87»{1/(7’)2(7')7’1/2}. (3.5)

Note that the above profiles are those of the unperturbed disc, so they can be significantly

altered by the introduction of a massive, gap-opening planet (see e.g. figure 2.10). We will
essentially deal with a uniform kinematic viscosity, so equation (3.5) turns to

on(r) = —g Y(1-20). (3.6)

Equation (3.6) shows that the disc accretes onto the central object (v, is negative) only if ¥
decreases less sharply than r—1/2; otherwise the disc drifts outwards. Another prescription for
the viscosity is the so-called a-model of Shakura & Sunyaev (1973), which we presented in

section 2.2. When an a-viscosity is included, equation (3.5) leads to

3v(r r\ Y2
vp(r) = —M{l—i—Qf—a} <> . (3.7)
Tp Tp
The sign of v, now depends both on f and on ¢. For a vanishing flaring index, the disc will
accrete onto the central object provided that the background surface density decreases less
sharply than r—1.

3.1.2 Courant limit evaluation

We enter the hydrodynamic loop with the timestep evaluation. The timestep limitation in
hydrocodes arises from a condition known as the Courant-Friedrichs-Levy condition, or CFL
condition. It essentially imposes that the information cannot sweep a distance larger than the
size of a cell over each timestep. This induces four constraints, each one defining a timestep
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limit. On the one hand, the wavefront of any wave should not propagate over a whole cell, which
gives the timestep limit
dt1 = min(or, rdp)/cs, (3.8)

where dr and rdp are the mesh sizes respectively in the radial and azimuthal directions. On
the other hand, a test particle in a given cell should not travel a distance greater than ér in the
radial direction, nor greater than rdy in the azimuthal one. This provides the timestep limits

dtg =or/v, and Otz =1ép/v,. (3.9)
A fourth constraint stems from the viscosity, and implies the timestep limit
or rép
0ty = mi , , 3.10
o (403m6w 4031“6%) S

with dv, = Opv.dr, dv, = Opvude, and Cyy, is von Neumann-Richtmyer’s constant (Stone &
Norman 1992, Masset 2000a). It measures the number of zones over which the artificial viscosity
spreads shocks, and is typically between 1 and 2.

Among the above timestep limitations, the one arising from the sweep in the azimuthal
direction, dts, is by far the most constraining, in particular at the inner boundary of the mesh,
where the motion is fast and the cells are narrow. We note in passing that dt3 = d¢/Q (r) o
r3/2. Since we are primarily concerned by the gas dynamics in the planet vicinity, and not
by the flow near the inner edge of the grid, this limitation is a waste of computational time.
Interestingly, as we shall see in section 3.1.4, FARGO uses a slightly different scheme for the
transport step: the material is transported in the azimuthal direction owing to the residual
azimuthal velocity v, — ¥,, where v, stands for the mean average azimuthal velocity with
respect to ¢ (Masset 2000a). The material will be further shifted azimuthally by ro,dt. This
trick reduces the dt3 limit into dt3 = rdp/(v, — ¥,). An additional timestep constraint is thus
defined to ensure that two cells having same azimuth, but belonging to two neighboring rings,
are not disconnected after a timestep. This fifth (and last) limitation, which is specific to the
FARGO code, involves the timestep limit

Sts = 0 X |Qr) — Q(r +0r)| 7. (3.11)

The hydrodynamic timestep is eventually given, for the FARGO code, by:
2 2 2 2]~ 1/?
dt = Cy X min <[5t1— Y TN VI } , 5t5> , (3.12)

where Cj is a numerical factor between 0 and 1, called CFL number. We show in figure 3.3 the
inverse of the five timestep limits 6¢; 7! above, without and with the FARGO algorithm, and the
resulting hydrodynamic timestep dt calculated with equation (3.12). This is done for a low-mass
and a high-mass planet. In both cases, the timestep without the FARGO algorithm is limited
by the distance swept in the azimuthal direction, as expected for a standard advection scheme.
When the FARGO algorithm is used, the limitation for a low-mass planet clearly comes from
the sound speed at the inner edge (§; ' panel). The minimum timestep in this case amounts to
dt ~1.5x1072 Q;l with the FARGO algorithm, while its value is as small as dt ~ 5.2 x 10~ Q;l
for the same run without the FARGO algorithm. Here, the FARGO calculation is thus ~ 28
times faster than the standard one. Since we use a uniform disc aspect ratio H/r = 0.03, this
speedup is compatible with the maximum ratio v,/cs = r/H ~ 33 reachable (Masset 2000Db).
In the high-mass planet regime, the timestep is limited not only by the sound speed at the
inner edge, but also by the numerical viscosity as well as the shear in the planet vicinity, as a
circumplanetary disc builds up around the planet. The minimum timestep with the FARGO
run is nevertheless ~ 14 times larger than the one of the standard run.
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CFL condition with and without the FARGO algorithm
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FIGURE 3.3: We display here the inverse of the five timestep limitations 6t; ' to 8ts ', and the resulting
hydrodynamic timestep dt. The results are obtained with a low-mass planet in the two first rows, and
with a high-mass planet in the two last ones. In both cases, the limitation arising from the azimuthal

velocity 6ts ', and the corresponding timestep dt, are displayed with and without (w/o) the FARGO
algorithm.
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3.1.3 Planet update

We follow the structure diagram of figure 3.2, and we now come to the planet update. This
update is two-fold. First, the planets velocities are updated with the disc gravity. Then, the
planets positions and velocities are updated with the gravity of the star and of the other planets,
assuming they behave like an N-boby system. This step is done with a fifth-order Runge-Kutta
integrator.

3.1.4 Gas update

In this section, we detail the gas update for the release version of FARGO. The modifications
related to the disc self-gravity and to the energy equation are deferred to sections 3.2 and 3.3.
The Navier-Stokes and continuity equations solved by the code write

vy vy 10v, v2 10P 8® .. 13
— 4 v ——Fv,-——= - = —— —+a— = 3.13
ot o or t e r Op r X or Or +a ¥ or’ (3.13)
Ovy, Ovy, 1 0vy,  vrvy 110P 100 ise 11 0qy
Py 0, 22y, - = - 9T gvise Z Z e 3.14
ot o e r Op + r Xrdo r o T Xr Oy ( )
ox 10 10
- - —(rX ——(2v,) =0 3.15
ot + r Or(r o) + r 04,9( Up) ’ (3.15)

where we denote by aY*¢ and a:;isc the radial and azimuthal accelerations due to the disc viscosity,

given by (see e.g. Masset 2002, D’Angelo et al. 2002)

visc 1 0 87_7”7 visc 1 0 o )
@& =S [ar(?“Tr,r) + 8; - TWP] and a,™ = ~ [W(TTNP) + 8?;0 +Tn4 , (3.16)

with the components of the viscous stress tensor reading

B ov, 1 . B 10v, v 1 .
Try = 2y |: Ir - g le(V):| 5 Tp,p = 2y |:/r % + 7 - g le(V):| y (317)
B 0 (v, 1 ov, . 10 1 Ov,
Tr,ap = I/Z |:7“ E (7) —+ ; a(p:| s and le(V) = ; E(T’UT) + ; % (318)

In equations (3.13) and (3.14), ® stands for the gravitational potential of the star and of the
planets. In our calculations, we will use either the frame centered on the primary, or the frame
corotating with the planet (or with one of them if there are several planets). In both cases, the
frame is mot inertial, so we must include the indirect part of the potential due to the star and
to the planets. As will be explained in the transport step, we do not add a Coriolis acceleration
source term in equation (3.14). We also point out the recent work of Crida et al. (2007), who
use a frame centered on the center of mass of the primary and of the planets. Such precaution
allows to suppress the indirect terms, and it leads to a significant enhancement of the angular
momentum conservation of the whole system. Eventually, the quantities g, and ¢, are the
components of an artificial viscous pressure, required to smooth shocks with a staggered-mesh
code. Their expression is given by Stone & Norman (1992):

2 M ov.2  if du, 2 Mov,2 if
o = {Cvnr (% if ov, <0 and gy = {Cvnr Uy I 0y <0 (319>

0 otherwise 0 otherwise,

where the quantities Cyyyr, 0v, and dv, have been defined in equation (3.10). As pointed out by
the authors, the expressions in equation (3.19) are not covariant, since they depend on the mesh
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geometry. For instance, the amount of artificial viscosity used for a given problem can be very
different whether a cartesian or a polar mesh is used. However, this should not be an issue with
our calculations since the problems we investigate are rather smooth (the shocks that propagate
in the disc are not that strong, even when a high-mass planet is assumed) and the flow is largely
dominated by the Keplerian shear.

The gas update is made of the following substeps:

- Source terms: first, the velocities are updated with the source terms of the Navier-Stokes
equations (green terms in equations (3.13) and (3.14)), with a first-order integrator:

{vr, v }(t + dt) = {vr, v, }(t) 4 source terms x dt. (3.20)

The source terms include the potential and pressure gradients, the physical and artificial
viscous accelerations, and the centrifugal acceleration. Of course, the surface density is
not concerned by this substep since there is no source terms in the continuity equation.

- Boundary conditions: we then apply the boundary conditions at the mesh edges. We im-
pose the azimuthal velocity to match the initial equilibrium profile given by equation (3.4).
Regarding the surface density and the radial velocity, we apply a mon-reflecting wave
boundary condition. To do so, we evaluate the wake’s pitch angle at each boundary using
a WKB approximation. The content of the border ring is then copied into the ghost ring,
properly azimuthally shifted by the amount dictated by the pitch angle. This technique
is very efficient at removing any reflected wave, as shown in figure 3.4. In this figure, we
compare the disc response to an embedded Saturn-mass planet at the same date, the disc
being described either with a rigid boundary condition (left panel, we impose the radial
velocity to be zero at the borders, so that no material can flow from or to the mesh) or
with a non-reflecting boundary condition (right panel). Note that, even if there are several
planets, this technique evaluates only one pitch angle, that of the closest planet from the
inner edge. Only the reflected wave of the latter will be removed efficiently. One should
bear in mind that this boundary condition does not strictly conserve the disc mass and
angular momentum, since the transmitted wave carries away some angular momentum
from the mesh.

- Transport step: we now update the components of the velocity and the surface density
with the advective (red) terms of equations (3.13) to (3.15). In absence of source terms,
these equations can be recast as:

O +div(Xv) =0, 0(3v,) +div(Zv,v) =0 and O(rXvy,) + div(rXv,v) =0, (3.21)

which reads respectively as the conservation of the mass, the radial momentum and the
angular momenta. Using Green-Ostrogradsky theorem, these three conservation equations
take the form

oW = — ﬁF.ds, (3.22)

where W = [[[wdV, w=T(Z,Sv,,rYv,), and F = wv = T(Zv, T, v, rSu,v) is the flux
associated to w. Thus, all quantities in w can be updated by taking into account their fluxes
at each cell interface. The difficulty comes from the flux evaluation at the interfaces, where
the surface density needs to be interpolated. We define five momenta: the surface density
Y, the radial (or linear) momentum Yv, at each radial interface of a cell (they are usually
called the left and right radial momenta), and the angular momentum X7 (v, + 7Qframe)
at each azimuthal interface (left and right angular momenta). In the angular momentum
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FIGURE 3.4: Disc response to an embedded Saturn-mass planet after 20 orbits, for two calculations
having same disc parameters, but different boundary conditions (rigid boundary in the left panel, non-
reflecting boundary in the right panel). The disc response with a rigid boundary displays stationary
waves between the corotation region and the edges of the mesh.

expression, Qgame denotes the frame’s angular velocity. The customary practice in disc-
planet calculations is indeed to assume a frame rotating with the planet (Qgrame = Qp),
so that the planet remains fixed azimuthally on the mesh, which results in less numerical
diffusion than if the planet was drifting along the azimuthal direction. As already stated
in section 3.1.4, working in this non-inertial frame should lead to an additional Coriolis
acceleration in the azimuthal Navier-Stokes equation (3.14). Kley (1998) showed that
including this Coriolis source term breaks the angular momentum conservation. Instead of
resorting to an explicit source term, the Coriolis acceleration is taken into account with the
term Q¢ ame in the above expression of the angular momentum. This approach enforces the
global conservation of the angular momentum. Note however that the local conservation
of the momenta can be seriously affected by the numerical diffusion inherent in the finite-
difference equations and interpolation algorithm (Stone & Norman 1992). To minimize
numerical diffusion, the constrained transport method is used. This technique is based on
updating the five momenta with the fluxes of the specific momenta (momenta divided by
the surface density). This process is done in each direction (directional splitting). The
update of any momentum X therefore reads:

dt
Xii=Xij+ 3

X\* X\*
T ASOEZJ' Uri,j (§> — Tit+1 ASOZ?HJ Uriti1,5 (E) ] , (3.23)
i,5 i+1,j

in the radial direction, and then:

di

b
Xig=Xij+3

. X*\" . X*\"
Ar X Ve j (E) o Ar i1 Vi j+1 (E) '+1] (3.24)
1,7 4,7

in the azimuthal direction. In equations (3.23) and (3.24), X and X denote the quan-
tity X updated respectively with the radial and the azimuthal transport. The quantities
denoted by a star superscript are calculated at the corresponding interfaces, with a second-
order upwind interpolation (piecewise linear function, see van Leer (1977), Stone & Norman
(1992)). FARGO uses the standard radial transport given by equation (3.23), but uses
a slightly different method for the azimuthal transport. Masset (2000a) decomposes the
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azimuthal velocity into

. N ridp

Ve (4, ) = vy (1, ) — Uy (i) +Ty(i) — N; Zdt
—_—

vnu,reS(i ]) u,res
@ ’ v (1)

ri0p
dt ’

+N; (3.25)

where T, is the axisymmetric azimuthal velocity, N; = E[v,, dt/r;d¢] is called the shift
number, and where E[X] denotes the nearest integer to the real X. There are therefore
two azimuthal transport steps, one with the non-uniform residual velocity vy "™, the
other one with the uniform residual velocity vy™. The last step is an azimuthal shift of
N; zones of the five momenta. Once the momenta update by the transport substep is over,
we update the components of the velocity, and we apply again the boundary conditions.

The transport substep with the FARGO code is finally summed up with the following

diagram:
(3.23) “ (3.24) b (3.24) . p .
Xij o X e Xi e Xig Xi =XE y,
Vp=Vyp Vp=Vy

3.1.5 Output step

Once the planet and the gas updates are performed, outputs are produced by the code. The main
gas fields (surface density, temperature, components of the velocity) are produced. Furthermore,
we monitor the quantities related to the planets migration, namely their semi-major axis a and
eccentricity e, the torque I' and the power II of the force exerted by the disc on them. Note
that I' and II are connected to the growth rate of a and e, defined respectively as a/a and
é/e. Assuming that each planet behaves like a two-body problem with the central object,
their mechanical energy is £ = —G(M, + M),)M,/2a, and their angular momentum reads H =
M,y[G(M, + M,)a (1 — €?)]'/2. We thus have:

a E ¢ e2—-1(FE _H
a__= a4 =8 (242 2
o E MY T a2 <E+ H) (3.26)

with £ =II and H =T

3.1.6 Code units

As usual in numerical simulations of planet-disc interactions, we adopt the initial orbital radius
rp of the planet as the length unit, the mass of the central object M, as the mass unit and
(GM., /rp3)*1/ 2 as the time unit. Notice that G is therefore equal to one in our unit system.
Similarly, we take [GM,/(Rrp3)]*/? as the temperature unit, so R = 1 in our units.

3.2 Implementation of the self-gravity

We describe in this section how we worked out the implementation of the disc self-gravity on
the FARGO code. Some of the information supplied here has been made public on the website
of the FARGO code (http://fargo.in2p3.fr).

3.2.1 Introduction

In two-dimensions, we write the disc potential as

o(r')dr’
V(r)=-G // e r(,)2)+ SR (3.27)
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where o denotes the surface density field, and where ¢ is a softening length over which the
distance ||r — r'|| is smoothed, to avoid any singularity when r = r. Assuming the mass
to be distributed in a squared mesh of dimension N x N, the potential calculation by direct
summation requires N(N — 1)/2 = O(N?) operations, which rapidly comes to be prohibitive
when N reaches a few thousands. Nevertheless, we can benefit from the fact that the potential
reads as a convolution product to calculate it in Fourier space. We denote by M the mass field,
and we refer to K = ||r? +£2||~/2 as the Green kernel. From equation (3.27), the potential can
be recast as

V =-GFUF(M) x F(K), (3.28)

where F and F~! denote respectively the direct and inverse Fourier transform operators. The
strong point of this method is to reduce the number of operations to O(N log N). This greatly
motivated us to compute the self-gravitating potential with Fast Fourier Transforms (hereafter
FFTs). Their calculation is done using the 2.1.5 MPI-parallelized version of the FETW library
(see http://wuw.fftw.org).

Let us detail the potential calculation with Fourier transforms. We assume for simplicity
a one-dimensional mesh with uniform step A. Let a be an array of dimension N, whose real
elements are denoted by aj. The j** elements of the direct and inverse Fourier transforms of a
are respectively defined? as

- L L o
Flal; = Zk:ak exp <—227T]{3N> and F al; = Zk:ak exp (kaN) ) (3.29)

where i> = —1. We now denote by M; the 4 element of the mass field M, and by K j that of
the Green kernel K. From equation (3.28), the elements V;,, of the potential read

N

- -G ZZZMk K; exp <2i7r{m —k— l}]{f>
ikl
’ N-1
= —gzszKz
ko1

Vin = -G Zf[M]j FIK]j exp <2i7rmj>

 exp (—2i7r{k . m}]‘<7> . (3.30)
=0

Skim

Now have a look at the last sum Sy;,,. To calculate it, we distinguish between the two cases:
e if k+1—m =0or N, then S, = N,

e otherwise, k +1 —m € N so that exp (—2in{k +1 —m}/N) is N*® root of unity, which we
N-1 N
A
denote by z. In this case, we are therefore left with Sy, = Z 2 = 1 i
-z
=0

= 0 since

N —1.

We see that Sy, has a non-vanishing contribution in only two cases: | = m — k if £ < m, and
I = N +m — k otherwise. Equation (3.30) can be finally written as:

m N-1
Vin =—NG ZMkz Kok + Z Mg KNym—k | - (3.31)
k=0 k=m-+1

2This definition is the one used by the FFTW library.
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The expression obtained in equation (3.31) leads to a few comments. First, the presence of the N
factor simply stems from the fact that the Fourier transforms calculated with equation (3.29) are
not normalized (we have F~!oF = N Id instead of Id, with Id the identity operator). The ex-
pression in equation (3.31) therefore needs to be divided by N. In this one-dimensional example,
the potential is more conveniently expressed with the linear density A = M/A. Equation (3.28)
eventually translates into

V= —G(A/N)FFN) x F(K)]| (3.32)

This example raises another issue, which is illustrated in figure 3.5. We show the particular case
where the linear density is singular, for which we expect the potential to decrease as the inverse
of the distance from the singularity. The linear density A (left panel) cancels out for all x except
for = 0.1 where it is equal to unity. The Green kernel K (middle panel) is N-periodic and
corresponds to a Plummer function with softening parameter ¢ = 0.01:

(a2 +2)7Y2  if i< N/2,
Ki= (x%_ +%)~1/2  otherwise
N—i :

The numerical potential Vi, given by equation (3.32), is calculated by the FFTW library. The
analytical potential V4 for this problem is a Plummer function centered on the singularity
location and smoothed over €. Both potentials are depicted in the right panel of figure 3.5,
together with (the absolute value of) their relative difference in the close-up. We see that V4
and Vi are equal to within the machine precision as far as the distance from the singularity is
smaller than NA/2 (that is, half the grid extent). Above this distance, V increases with z,
which is a side effect of the periodicity of the Green function. We point out that such a periodicity
is required to obtain the correct shape of the potential on both sides of the singularity.

This issue, which is inherent to the FFT method, is usually known as the alias issue. All
occurs as if the linear density field interacted with all its periodic aliases in Fourier space.
This feature is customarily avoided by calculating the FFTs on a grid with twice as many cells
as in the hydrodynamic mesh, the additional cells being left empty of mass. Thus, the mass
distribution of the hydrodynamic mesh (that of physical interest) can not tidally interact with
its adjacent aliases in Fourier space (Sellwood 1987), and it remains isolated. The doubling of
the cells number has to be done in each space direction, except when the problem has a natural
periodicity. With a two-dimensional polar mesh for instance, the doubling is not required in the
azimuthal direction. In the FARGO code, we will therefore calculate the FFTs on a grid whose
radial zone number is twice that of the hydrodynamic mesh. We will now refer to this extended
grid as the fft grid. A sketch of the alias issue in this situation is displayed and commented in
figure 3.6.

Now that we have highlighted the main issues regarding the potential calculation with FFTs,
let us go back to the expression of the disc potential V' given by equation (3.27). We now denote
by &g the softening length of the disc potential, since ¢ is generally used to denote that of the
planet potential. Using the polar coordinates (r, ¢), equation (3.27) reads

Tmax

a(r/, gol) r dr’ d(p/

V(r,¢) = -G (3.33)

/27&'
Tmin /0 \/r2 +1'% = 2rr cos(p — @) + €2

where rnin and rpax are respectively the radii of the inner and outer edge of the fft mesh.
Binney & Tremaine (1987) showed that equation (3.33) reads as a convolution product with the
variables {u = 1og(7/rmin), ¢}. The potential can therefore be calculated at low-computational
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FIGURE 3.5: One-dimensional illustration of the alias issue. We assume a singular linear density (left
panel). The middle panel displays the periodic Green kernel. The right panel shows the numerical
potential Viy obtained with the FETW library (diamonds) and the expected potential V4 (solid curve),
both in absolute value. The close-up in the right panel shows the relative difference between Vy and Vy.

cost using FFTs, provided that a grid with a logarithmic radial spacing is used. We also point
out that e must scale with 7 so that the expression of V', smoothed over the softening length
€sg, Writes indeed as a convolution product. We find:

Ulnax 27.(- ! ! ! i I !
V(u,w)z—grmine‘“”/ / Su,p)K(u—u,p—¢)dudp, (3.34)
0 0
where S and K are defined as
S(u, ) =o(u, @) ¥?  and  K(u,¢) = [(1+B?)e" + e — 2cos(p)] e (3.35)

In equations (3.34) and (3.35), Umax = 10g("max/Tmin), and B = &gz /7 is uniform over the grid.
Now let o have a singular distribution (a Dirac delta function) centered on {u = ug, ¢ = @4}
Equation (3.34) yields:

V(U, (;0) = —GTmin 6—u/2 S(uda (;Od) K(Oa 0)
G iy T2 i

x e U2, (3.36)

Since equation (3.36) does not depend on ¢, there is no azimuthal self-acceleration at the sin-
gularity {u = ug, » = pq}, which could be anticipated from symmetry reasons. However, since
the potential scales as e="/2, V(ug+ du, ¢q) # V(ug — 6u, pq): there is a radial self-acceleration
at the singularity location, in contradiction with Newton’s first law. This is a bad point for this
technique. And there is no simple way to cancel out the self-acceleration by adding a corrective
term to equation (3.34).

We therefore propose an alternative technique based on the direct calculation of the self-
gravitating accelerations g, and g,. Akin to the potential, these accelerations read as convolution
products (provided that egs o< 7) and can be calculated with Fourier transforms. After some
algebra, we find that

Umax 2T , ,
gr(u, @) = — 96_“/2/ / Ko(u—u',p—¢)du'dp
+ Go(u,p) Aulyp/B, (3.37)
where Au and Ay are the mesh sizes, and S, and K, are given by

1+ B2 —e Ycos(p)
{2(cosh(u) — cos(p)) + B2eu}3/2

Spo(u, ) = o(u, ) e¥?  and  K.(u, ) = (3.38)
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FFT(

FIGURE 3.6: Sketch of the alias issue with a two-dimensional polar mesh. Suppose first that we calculate
the Fourier transform of the surface density field without mesh doubling (top-left side of the panel). In the
bottom-left side are depicted the density field and the closest of its periodic aliases in Fourier space. Any
mass in these aliases may interact with the original density field, provided that its zone of gravitational
influence (the extent of the Green kernel centered on the mass location) intersects the original field. We
show here the case of a zone belonging to an alias in the radial direction and interacting with the original
field. To remove the spurious interaction of the density field with its aliases in the radial direction (that
in the azimuthal direction is expected because of the 2r—periodicity), the FFT calculation is done on the
fft grid, which has a radial zone number twice that of the hydrodynamic grid, the additional cells being
left empty of mass (top-right side). As shown in the bottom-right side, the aliases in the radial direction
can only intersect the part of the density field where the mass cancels out. The potential calculation here
will therefore be erroneous, but this has no impact on the original density field since this zone is massless.
Since the aliases in the radial direction do not intersect anymore the original density field, the potential
calculation here will not suffer from the alias issue.




Toward predictive scenarios of planetary migration 55

The second term on the right-hand side of equation (3.37) is a corrective term required to remove
radial self-forces, as K,(0,0) = 1/B # 0. Similarly, g,(u, ¢) reads

Umax 271- ! ! I ! ! !
9o (u, ¥) — _Ge 3?2 /0 ; So(u, o )Ky(u—u,p—¢)du dp, (3.39)

with S, and K, given by

sin(yp) ‘
{2(cosh(u) — cos(p)) + B2en}3/2

Se(u, ) = o(u, @) 2 and Ko (u, @) = (3.40)
Note that K,(0,0) = 0 so that there is no azimuthal self-acceleration. Thus, due to the simple
corrective term added in g, expression, our self-gravitating accelerations eventually satisfy New-
ton’s first law. This makes our method interesting, notwithstanding the need to perform twice
as many FFTs calculations as if we calculated the potential.

We end up this section with a particular case. In chapter 4, we will often refer to the
case where only the axisymmetric component of the disc self—gravity is accounted for thereby
involving the axisymmetric component of the disc surface density ¥ (u) fo (u, p) dp.
In this case, g, cancels out and

go(u) = —G /2 / G W) B — ) did + G5 (w) Au K (0), (3.41)
0
where S, (u) fo (u, ) de and K, (u) = fo% K, (u, ) dp.

3.2.2 Implementation in the FARGO code

In previous section, we described in details how to solve Poisson equation with FFTs on a
two-dimensional polar mesh. We primarily dealt with the difficulties stemming from the FFTs
calculation (normalization factors, alias issue, correction for the self-forces). We now focus on
how our self-gravity module impacts the FARGO code. Among the different steps of the code’s
diagram structure (section 3.1), the self-gravity affects the initialization and the gas update
processes.

(a) Initialization: if the disc is self-gravitating, the radial self-gravitating acceleration g,
must be included in the initial centrifugal balance with the gravity of the central and the
pressure force. This changes equation (3.4) into:

) 12
vp(r) =7 (Q%((r) [1—(1+0—2f)R*r)] — 9r( )> . (3.42)

r

(b) Gas update: the gas self-gravity acts as an acceleration source term in the gas update
process. To compute the self-gravitating accelerations g, and g,, the following steps are
performed:

- Calculation of K, and K, on the FF'T grid, whose dimension is 2N, x N,,. The only
difficulty is to pay attention to the radial periodicity of these kernels. Their discretized
expression is given by equations (3.38)b and (3.40)b, with w;c|o, n, 1] = log(ri/70) and
Uig[N,, 2N, —1] = —10g(r2n,—i/T0). The typical shape of K, and K, on the FFT grid
is displayed in figure 3.7. Once both kernels are calculated, we evaluate their FFTs.
Since the kernels do not evolve with time, this step is done once at the beginning of
the simulation.
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FIGURE 3.7: We display the typical shape of the radial and azimuthal kernels K, and K, (their
absolute value actually, with a logarithmic scale), in the cartesian framework. To improve legibility, both
kernels have been shifted in the radial and azimuthal directions so that their maximum be located at
(i = Ny,j = N,/2). Note the axial [anti-[symmetry with respect to the y = 0 axis, as can be inferred
from equations (3.38)b [(3.40)b]. In the left panel, the dark blue curve shows the locations where K,
vanishes. It corresponds to the points M where the radial acceleration g, would cancel out if a point-like
mass was applied. It is therefore a circle whose diameter is the distance between the frame origin O and
the maximum K of |K,| (K is located at x = 2.5,y = 0). The points M belonging to this circle are indeed
the only ones such that the triangle OMK is rectangular in M.
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- Calculation of S, and S, on the FFT grid. Their discretized expression is given
by equations (3.38)a and (3.40)a for ¢ € [0, N, — 1], while they are filled with zeros
beyond. Because the surface density field evolves at each timestep, we calculate S,
S, and their FF'Ts at each timestep.

- Calculation of g, and g, on the FFT grid:

) = ~G e/ UL FUFIS, | x I (1) + G o) Bubde/B,
’ (3.43)
and
Golg) = ~G e SR8 PG X FIR ) (w). (3.44)

2N, N,

There remains a last step before updating the velocities. The quantities g, and g, are
centered-in-cells. We therefore need to calculate them at the cells interfaces to update the
gas velocities. This is done with a bilinear interpolation. The gas self-gravity has eventually
a second and last impact on the gas update process: the set of boundary conditions. As
explained in section 3.1.4, the gas azimuthal velocity at the mesh edges matches the initial
equilibrium profile. The profile to consider is now given by equation (3.42) instead of
equation (3.4).

3.2.3 Test problems

We present hereafter some of the test problems we performed to validate the self-gravity solver.

(a) Newton laws:

We first tested our self-gravity solver against Newton laws. Assuming the mass distribution
reduces to a unique, isolated particle, Newton’s first law says that no force acts on this particle.
To check this, we took a surface density distribution vanishing everywhere except at a given
cell. We verified that the expressions of g, and g, given by equations (3.43) and (3.44), cancel
out, to within the machine precision, at the center of this cell. Note that this test is valid
only at the initial stage of the disc, otherwise the density distribution changes under the disc
hydrodynamic evolution. In addition, Newton’s third law, also known as the law of reciprocal
actions, means that the accelerations felt by two isolated particles have same amplitude, but
opposite signs. We checked that our algorithm does not satisfy Newton’s third law, as the
self-gravitating softening length e, varies from one ring to another. We will discuss in details
the consequences on this in section 4.2. We now provide two test problems that allow a direct
comparison of our calculations with analytics.

(b) Case of a uniform surface density field:
The radial self-gravitating acceleration of a disc of uniform surface density X reads

E(Umax) - K(Umax)

Umax

gr(r) =4G %

+ K(umin) - E(Umin) 3 (345)

where K and F denote the complete elliptic integrals of the first and second kinds, respectively,
where Umin = Tmin/7T and Umax = 7/Tmax, Tmin (Tmax) denoting the disc inner (outer) radius
(Pierens & Huré 2005). We performed a self-gravitating calculation with ¥ = 2 x 1073,
Tmin = 0.4 and rpa.x = 2.5. The radial zone number is N, = 512, and we took a very small
softening length (eg(r = 1) is 100 times smaller than the grid radial spacing at the same
location). The left-hand panel of figure 3.8 shows the excellent agreement between the result
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FIGURE 3.8: Left: radial self-gravitating acceleration g,(r), in absolute value, for a uniform surface
density field. The analytical expression of g,, given by equation (3.45), is compared with the result of a
self-gravitating calculation with a small softening length (see text). We point out that g,(r) is positive
at the inner edge, then it becomes negative (here from r 2 0.75). The close-up reveals the influence of
the softening length on the agreement between the numerical calculation and the analytical expectation.
Right: same study as in the left panel, except the surface density profile decreases as r—3/%2. We compare
the result of a numerical calculation with the analytic series expansion of equation (3.46), for different
truncature orders: N = 0,1,2 and 100. The reference analytical result is that obtained with N = 100.

of our calculation and the analytical expression of equation (3.45). The close-up displays g,
around r = 1, for different softening length to mesh resolution ratios, e/dr, at r = 1. This shows
the good convergence of our numerical calculation toward the analytical expectation when the
softening length tends to zero.

(c) Case of an axisymmetric surface density field decreasing as r3/2.

This test is also of interest as we will mainly use this surface density profile in chapter 4.
Nonetheless, this problem has no exact tractable solution, except an integral form whose inte-
grand is logarithmically singular everywhere inside the disc (Huré et al. 2008). These authors
derived an exact expression for the disc potential of any flat disc having a power-law surface
density profile X(r) o °. This expression reads as an infinite series that converges very rapidly.
From their potential expression, the self-gravitating acceleration writes g,(r) = limy_ o g7(~N) (r),
with:

N
Wy
g M (r) = - [AS (1+s)w®+ Z (Qk ap L — (2 +1) by, w_Q(kH)ﬂ ) (3.46)

max k=0

where the series a,, and b,, are defined as
2n+s+2 .
Yn Yn Tmin . 1 ifn=20

s —1 MM T sy <rmax> R {%_1(23;1)2 ifn>1

In equation (3.46), Uy = 270G (rmax ) maxs @@ = T'/Tmax, and Ay is a numerical coefficient calcu-
lated by Huré et al. (2008). We performed the same calculation as for previous test problem,
this time with a surface density profile decreasing as r—3/2. We compare in the right panel of
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FIGURE 3.9: Domain decompositions of the fft and hydrodynamic meshes, for an even and an odd
number of CPUS (left and right panels respectively). The domain decomposition of the hydrodynamic
mesh is adjusted from that of the fit grid so as to minimize the amount of communications between both
grids (red and white arrows). Note that the CPU numbers are ordered within the ffit mesh. We display in
the background the surface density field on the fft grid (hence the massless black cells for radial indexes
greater than N,., to avoid the interaction with aliases in Fourier space, as explained in section 3.2.1).

figure 3.8 the result of a numerical calculation with the analytical expansion given by equa-
tion (3.46) with s = —3/2 (for which A; ~ —4.38), for N =0, 1,2 and 100 (which we will refer
to as the analytical solution). Similarly as for s = 0, our numerical calculation is in excellent
agreement with the analytical solution. The close-up displays again our numerical results for
different softening length to mesh resolution ratios around r = 1 (which would correspond to the
planet’s location if any), indicating a convincing convergence toward the analytical expression.
We end up by stressing that the series expansion of equation (3.46) is a rapidly convergent series,
far from the disc edges. Even the second order of the expansion yields a reliable approximation
for g, in the major part of the disc. This is a strong point for this method, apart from the
simplicity of its implementation.

3.2.4 Domain decomposition

As explained in sections 3.2.1 and 3.2.2, FF'Ts are calculated on the fft grid, which has twice as
many cells in the radial direction as the hydrodynamic mesh, where the surface density field is
defined. The FFTs calculation is parallelized with MPI. The 2.1.5 MPI-compatible version of
the FFTW library gives the possibility to parallelize the FFTs calculation in one direction. We
thus chose to parallelize along the radial direction, similarly as the FARGO code parallelizes the
hydrodynamic equations (see figure 3.2). However, since the fft and the hydrodynamic meshes
do not have the same radial zone number, a domain decomposition must be defined for each grid.
Unfortunately, the domain decomposition can not be imposed to the fft mesh. It is automatically
adjusted during the initialization of the FFTs calculation. Given the domain decomposition of
the fft grid, we had to alter the standard domain decomposition of the hydrodynamic mesh so as
to minimize the amount of communications between both grids. An illustration of this is given
in figure 3.9. These communications are two-fold:

- Before the FFTs calculations, the CPUs exchange their local information of the surface
density field in order to calculate S, and S, on the fft grid (red arrows in figure 3.9). In
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FIGURE 3.10: Benchmark tests: we display the Wall clock time (in seconds) to perform one planet
orbit for a simulation including the disc self-gravity (stars) or not (diamonds), as a function of the CPUs
number. If the running time scaled with the inverse of the processors numbers, our results would match
the long-dashed lines. The departure from the scaling behavior beyond ~ 96 processors with self-gravity
suggests the running time be limited by the communications needed for the FFTs calculation.

the example shown in the left panel of figure 3.9, CPU 3 communicates its surface density
to CPU 1, and CPU 2 to CPU 0. In the fft mesh, only CPUs 0 and 1 eventually represent
the surface density of the hydrodynamic mesh; the buffered surface densities of CPUs 2
and 3 are filled with zeros to avoid the alias issue (hence the black boxes in the figure).

- Once the calculations of the accelerations g, and g, are performed on the fft mesh, they
need to be transported back to the hydrodynamic mesh (white arrows: here, CPU 1 com-
municates back its accelerations to CPU 3, and CPU 0 to CPU2), where the components
of the gas velocity will then be updated.

All these communications, in addition to those required for the FFTs calculation itself,
may significantly slow down self-gravitating hydrodynamic calculations. To investigate this, we
performed numerical simulations without and with self-gravity, varying the number of CPUs
from 1 to 96. These calculations include a low-mass planet (the planet to primary mass ratio is
q =5 x107%) and the disc parameters that will be described in section 4.3. For these tests only,
the grid has 2048 cells both in the radial and in the azimuthal directions. Calculations were
performed on a cluster of quadriprocessor nodes having a frequency of 2.6 GHz, and with an
Infiniband network. We display in figure 3.10 the Wall clock time (in seconds) required to perform
one planet orbit, the disc being either self-gravitating (stars) or not (diamonds). In each case, the
long-dashed curves represent the calculation time over one processor, divided by the number of
processors. Without or with self-gravity, the FARGO code has a good scaling, which means that
the calculation time approximately scales with the inverse of the number of CPUs. Only from
96 processors do the self-gravitating runs show a significant departure from the scaling behavior.
With a smaller number of processors, the computational cost of a hydrodynamic simulation is
increased typically by a 40 % factor when the disc self-gravity is taken into account. We mention
that the (good) scaling behavior with self-gravity is very sensitive to the network performances.
Preliminary tests involving a similar cluster but having a Gigabit network revealed a significant
departure from the scaling behavior from only 8 processors!
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3.3 Implementation of an energy equation

3.3.1 Thermodynamic background

Before coming to the energy equation implemented in the code, we mention all the thermody-
namic quantities we shall use in the following. Recall that we have five variables in the code:
the two components v, and v, of the velocity field, the surface density ¥, the pressure p and
the temperature 7. The Navier-Stokes and continuity equations provide three equations. As
customarily assumed, we use an ideal gas law to connect p with 3 and T,

p=RXT, (3.47)

where R is a constant, equal to the universal gas constant divided by the mean molecular mass
(R =1 is the code units). And hitherto, the temperature profile is taken stationary to simply
close the hydrodynamic set of equations. We now wish to get rid of this last assumption, and
rather consider the temporal evolution of the temperature through an energy equation. We will
however proceed with all other assumptions, including the ideal gas law.

For an ideal gas, the specific thermal energy u (thermal energy per unit mass) is a function
of temperature alone, u = u(7T"). To good approximation, u scales with the temperature,

u=c,T, (3.48)

so the specific heat at constant volume, ¢, = (0U/IT)y, is constant. In the same vein, the
specific enthalpy h = u 4 p/¥ is approximately proportional to T, with the specific heat at
constant pressure, c,, as the constant scaling factor. Ideal gases for which u and h scale with
T, and for which ¢, and ¢, are therefore constant, are called polytropic gases. For polytropic
gases, the equation of state depends only on the ratio vy of the specific heats, v = ¢,/c¢,. This
ratio is also called the adiabatic index. Since protoplanetary discs are primarily composed of Ho
molecules, we will take v = 7/5 = 1.4 (principle of equipartition of energy). In addition, from
equation (3.47), ¢, and ¢, are connected with the so-called Mayer formula, ¢, — ¢, = R. This
yields ¢, = R/(y — 1), and equation (3.48) reads Yu = p/(y — 1). From now on, we will work
with the thermal energy per unit area, e = u¥ ([e] = M.T~?), which is thus connected to the
gas pressure by

p=(y—1e. (3.49)
The adiabatic index v appears as a measure of how a change in the thermal energy affects the
gas pressure, and, given the surface density, the gas temperature.

Another key quantity we will largely refer to is the gas specific entropy s (entropy per unit
mass). It is defined up to an additive constant sq as:

s = 80+ ¢ log(p/X7), (3.50)

which can be inverted to give
p = els—so)/es v, (3.51)

For an adiabatic evolution, and in absence of any irreversible processes in the gas, such as
thermal diffusivity, viscosity or shocks, the specific entropy remains constant along particle
paths: Ds/Dt = 0. Assuming a polytropic gas, equation (3.51) becomes p = k(s)X7, where
k(s) varies from one element path to another. Setting the hydrodynamic variables as 3, v and
s provides a configuration of interest where the equation of state gives p as a function of ¥ and
s alone. In this form, the partial derivative of p with X, holding s constant, defines the square
of the local sound speed in the gas. For a polytropic gas, we find

2_(opY _w
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and
cs = \/YRT. (3.52)

A particular case of interest is that of a polytropic gas for which s is constant everywhere.
This can be achieved if the gas undergoes an adiabatic evolution with a uniform initial entropy.
Thus, p = kX7, with kK constant everywhere. As p is a function of X alone, the energy equation
becomes redundant and the set of hydrodynamic equations reduces to the conservations of mass
and momentum. This situation corresponds to what is logically called an isentropic flow. Note
that an isentropic flow is a particular case of barotropic flows, for which the pressure is a function
of the density alone. In the literature, an isentropic flow is also referred to as a homentropic
flow. In the limit v — 1, an isentropic flow corresponds to an isothermal flow.

3.3.2 Heat transport equation

The general equation for heat transport can be derived from the conservations of mass, momen-
tum and total energy. See for instance Landau & Lifchitz (1999) (paragraph 49) for a complete
description. The equation formally reads

Ds . Ov;

ETE = div(ygrad(T)) + ai’ka—x;, (3.53)
where x is the thermal conductivity, and o;; are the components of the viscous stress tensor.
In the left-hand side of equation (3.53), XT'Ds/Dt corresponds to the heat quantity received by
the gas per unit of area and time. This heat flur has two contributions: the heat brought by
thermal diffusion (first term on the right-hand side), and the heat dissipated by the viscosity
(second term). Interestingly, combining equations (3.49), (3.50) and the continuity equation, we
find

D 0
ETFj = a—: +div(ev) + (v — 1)ediv(v).
The heat transport equation naturally provides an equation for e, which takes the form
0
87(; + div(ev) = —(y — 1)ediv(v) + div(x grad(T)) + Q+, (3.54)

where Q4 = 0 0v;/0x), denotes the viscous heat flux. With a two-dimensional polar mesh,
and neglecting the contribution of the bulk viscosity, Q4 is given by (see e.g. D’Angelo et al.
(2003a) and references therein):

1

@+ =355

203 .
[TE’T + 7}27%0 + Tid + TdIVQ(V)’ (3.55)
where 7., Tro, T, and div(v) are given by equations (3.17) and (3.18). In the par-
ticular case of a Keplerian disc (v, = 0, v, = r{lg), the viscous heat flux reduces to
Qr =77,/2v% = 9/8vEQ%.

Equation (3.54) leads to a few remarks. This equation reads as a conservative equation with
source terms on the right-hand side, as does for instance the equation of momentum conservation.
The first source term represents the variation of thermal energy due to the work of pressure
forces. The second term is the thermal diffusion flux. When we include thermal diffusion, we
will assume a constant conductivity x, proportional to the surface density, so div(x grad(7))
writes AX A(e/¥), with A the thermal diffusivity (note that [\] = L2.T~'). An important point
is that, like the viscous heating flux @4, the thermal diffusion flux conspires to increase the
entropy of the whole disc (Landau & Lifchitz 1999). A calculation including either viscosity or
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thermal diffusion alone will therefore increase the entropy and the temperature profiles of the
disc, without achieving a stationary state. This is why we will add an extra cooling source term,
@_, in the right-hand side of equation (3.54) (this term is assumed to be positive). We will
discuss later on the expression of Q. The energy equation we implemented in the FARGO code
eventually takes the form

g: +div(ev) = —(y — Dediv(v) + AL A <%) +Q+ —Q_|. (3.56)

3.3.3 Contact discontinuities

The aim of this section is to provide some insight on the numerical implementation of the energy
equation. At this stage, the reader may wonder indeed why we implement an equation for the
thermal energy e, and not for the temperature 7" or for the specific entropy s. The answer to
this question involves the numerical handling of the so-called contact discontinuities, which are
non-linear waves across which the density is discontinuous, whereas the pressure and the velocity
remain continuous. We introduce them in the appendix section 3.4, where we describe the wave
propagation properties in an adiabatic one-dimensional gas. As we shall see in next chapters,
contact discontinuities will play a key role on the migration of low-mass planets in adiabatic
discs.

Let us have an eye on the numerical handling of contact discontinuities. As in section 3.4, we
consider an adiabatic, isolated one-dimensional gas. We assume uniform velocity and pressure
fields, along with a discontinuous density (imagine for instance that the gas density has a step
profile). The continuity equation then writes dyp +ud,p = 0. Using a first-order upwind scheme
for the spatial derivative, this equation is discretized as? p?“ = pi'(1 — Cy) + Cop}_,, where
Co = u'/(dx/dt), dt is the timestep and dz is the cell size, taken uniform. The quantity Cj is
the CFL number we introduced in equation (3.12). It can be regarded as the ratio of two speeds,
namely the local flow velocity u, and the grid speed dx/dt defined by the mesh discretization.
Now assume our energy equation takes the form Ds/Dt = 0 (this is equation (3.53) with previous
assumptions, namely the gas adiabaticity and the absence of shocks). Its discretization similarly
leads to s7' = s7(1 — Cp) + Cos?_,. A first-order expansion thus yields

n
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The discretization of the entropy conservation equation inevitably leads to a small jump in
the pressure field at the location of the contact discontinuity. This pressure jump entails a
velocity jump from the momentum equation, which gives in turn a jump of the density from
the continuity equation, and so on. This scheme might become unstable. This is precisely
the reason why our energy equation does not take the form of an entropy equation. Similarly,
it can be shown that an equation on the temperature is not appropriate to correctly handle
contact discontinuities. The natural outcome is to consider an equation for the thermal energy
e. In our example, since e and w are initially uniform, this equation restricts to d;e = 0, which
ensures that the pressure remains continuous at the location of the contact discontinuity. To
our knowledge, only one non-conservative code works out an entropy equation, the PENCIL
code (http://www.nordita.org/software/pencil-code). The particularity of this code is the use
of very high-order finite differences (6 in space, 3 in time). Presumably this suffices to prevent
from any instabilities when handling an entropy equation.

n+1

3The quantities p?* and pi ™" respectively denote the density in the i*® cell at time ¢ and ¢ + dt.
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3.3.4 Implementation in the FARGO code

We now review the major modifications impacted in the code by our energy equation. The steps
of the code’s diagram structure (section 3.1) altered by the energy equation are the initialization
and the gas update processes. Since boundary conditions caused us particular trouble, we
dedicate a special paragraph on this topic.

(a)

Initialization: We initialize the profile e(r) of the thermal energy* such that the initial
profiles of the surface density and of the temperature be identical with or without energy
equation (they are given by equation (3.2)). Note that the initial azimuthal velocity is
therefore the same in both cases. Using equations (3.47) and (3.49), we have

r —1—o+2f
e(r) = e(ry) <rp> with e(ry) =~ 2,) Tlry). (3.57)

Gas update: Like the Navier-Stokes equations, our energy equation is solved in two steps.
First, e is updated with the source terms of equation (3.56). We comment that an ad-
ditional source term has to be taken into account, namely the heat flux arising from the
artificial viscosity. This heat flux Q¢ reads (Stone & Norman 1992)

ov, 1 Ov,
Qart = _qTE - %p;%v

with ¢. and g, given by equation (3.19). Then, e is updated with the transport step.
The constrained transport technique is used again, e being updated with the flux of e/%
through equations (3.23) and (3.24).

Boundary conditions: Oddly enough, boundary conditions caused us lingering trouble.
We first used the non-reflective boundary condition described in section 3.1.4. Concerning
the thermal energy, we used the same prescription as for the surface density. We show
in figure 3.11 the result of a calculation with our energy equation in the adiabatic limit
(equation (3.56) with Q- = Q4+ = A = 0). The relative perturbation of the gas pressure
due to a low-mass planet is depicted. The left panel displays our results with the non-
reflective boundary condition. The color scale has been adjusted to saturate the planet
wake and thus to underline the additional pressure perturbations propagating in the disc.
They correspond to the wake excited by a vortex growing up at the disc inner edge (the
vortex is located at r ~ 0.47p, p — ¢, ~ 0.4 on the left panel). In the frame corotating with
the planet, the vortex moves along the inner edge, towards increasing azimuths. This is
why periodic replications of the vortex wake can be seen. We observed that vortices grew
up exponentially only at the disc inner edge, and only when the unperturbed entropy profile
has a negative gradient. In the latter case, we observe that this process disappears if the
compression/dilatation source term —(y—1) e div(v) is removed from the energy equation.
However unphysical this removal might be, it indicates that a positive retroaction between
the velocity divergence and the internal energy may be at work at the inner edge, which
is somewhat analogous to the instability cycle described by Klahr (2004) in the context of
the global baroclinic instability.

These observations might suggest a physical instability. However, we checked that the
production of vortices always occurred at the disc inner edge, even when we varied the
location of the latter. This is a strong evidence that the effect reported above is in fact a
numerical artefact. To avoid this, calculations including the energy equation will therefore

4We shall now call e the thermal energy and skip the implicit mention “per unit area”.
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FIGURE 3.11: Disc response to an embedded low-mass planet (the latter is located at r = ry,, ¢ = ).
We display the relative perturbation of the gas pressure obtained with the energy equation in the adiabatic
limit, with two different boundary conditions. With a non-reflective boundary (left panel), one or several
vortices may grow up exponentially at the inner edge, provided that the unperturbed entropy profile
decreases with r. The vortex, located here at r ~ 0.4r,, — ¢, ~ 0.4, induces a wake that propagates
in the disc. To remove vortices, which perturb the disc response to the protoplanet, we implemented a
wake-killing zone (right panel). The color scale has been adjusted in both panel so as to highlight the
propagation of the vortex wake in the left panel.

use another boundary condition, based on wave-killing zones at the disc edges (de Val-Borro
et al. 2006). As shown in the right-hand panel of figure 3.11, this boundary condition is
particularly efficient at removing any non-axisymmetric perturbations (including the planet
wake).

3.3.5 Test problems

We present in this section several test problems. The first one, the shock-tube test, checks
the advective transport step. Next tests are dedicated to the source terms part of the energy
equation.

(a) The shock-tube problem:

Let us consider two stationary gases that are separated by a membrane. The shock-tube
problem studies the time evolution of the whole system after the membrane is removed at ¢ = 0.
It is a particular class of Riemann problems, for which the initial gas speeds are allowed to be
non-zero. On each side of the membrane, the gas is described with a set of initial variables.
They are generally called the left and right states, and denoted by a L and a R subscript. We
consider here a one-dimensional adiabatic gas. The membrane is located at x = 0.5, and the
initial configuration is:

* Left state (0 < x < 0.5): pr, =1.0, e, =2.5, pr = (y—1)er = 1.0 and uz, = 0.
* Right state (0.5 <z < 1): pgp =0.125, eg = 0.25, pp = (v — 1) eg = 0.1 and ur = 0.

The membrane corresponds to an initial discontinuity for all the gas quantities, except the
velocity. The analytical solution for this problem is quite complex. One has to assume what
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FIGURE 3.12: Shock-tube test problem: comparison of our calculation results (black dots) with the
analytical solution (red curve). From top-left to bottom-right, we display the density, pressure, velocity,
specific internal energy and specific entropy at t = 0.245. In each panel, the initial configuration is
indicated with the dotted curve (the membrane is located at x = 0.5).




Toward predictive scenarios of planetary migration 67

Parameter Value (code units) Value (physical units)
Surface density X 1073 8.9 x 10% kg.m 2
Temperature T' 2.5x 1073 645 K

Viscosity v 107° 4.5 x 1010 m?2 571
Opacity & 2.2 x 10* 2.5 x 1074 m?. kg~!

TABLE 3.1: Parameters used for the stationary test problem, expressed in the code units and converted
into physical units. Our value of ¥ corresponds to a disc to primary mass ratio ~ 1072,

kind of waves can propagate in the gas. A complete description of the analytical solution will
be found in LeVeque (1998) or in Toro (1999). We performed a numerical calculation with
FARGO with the above initial configuration, using 1024 cells in the radial direction. The gas
fields obtained with our calculation are displayed in figure 3.12 with their analytical expectation.
The propagation of three waves may be inferred:

- A shock wave, located at x ~ 0.92; across which all fields jump discontinuously.

- A contact discontinuity, located at x ~ 0.72, across which the density is discontinuous,
whereas the pressure and the velocity remain continuous.

- A smooth wave having a fan-type shape, and corresponding to an isentropic evolution
between the so-called head of the wave (at x ~ 0.48) and its tail (at  ~ 0.2). This kind
of wave is called a rarefaction wave.

The agreement between the numerical and analytical results is fairly good. The position of the
jumps, as well as their steepness, are sensitive to the resolution and to the artificial bulk viscosity
used to spread shocks. In particular, increasing the artificial viscosity (by the coefficient Clyp,
defined in section 3.1) significantly improves the agreement in the plateau between the contact
discontinuity and the shock wave. But note that there is no unique value for the coefficient C.
that enables a good comparison between numerical and analytical results. Its optimal value is
problem dependent.

(b) Stationary state of an axisymmetric disc, with uniform kinematic viscosity :

This test problem is intended to check whether the stationary state obtained with our cal-
culations is consistent with analytical expectations. This test is inspired from D’Angelo et al.
(2003a). We assume an unperturbed gaseous disc, without any planet inside. The disc has a
uniform kinematic viscosity v, and we neglect thermal diffusion. The cooling source term )_
accounts for the energy flux radiated exclusively in the vertical direction. This assumption is
valid provided that the disc vertical extent be much smaller than the disc characteristic size in
the other directions. Furthermore assuming the disc to be optically thick, we find (D’Angelo

et al. 2003a, Pelat & Huré 2002)

Q=5 T (3.58)

where o is the Stefan-Boltzmann constant, k is a frequency-integrated opacity coefficient (k% >
1 so that the disc be considered as optically thick), and T is the disc mid-plane temperature,
assumed to be much larger than the temperature at z = £ H (r), where the radiation is liberated
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FIGURE 3.13: Stationary state test problem. The left panel shows the stationary surface density
profile ¥(r) reached by an unperturbed disc with uniform kinematic viscosity. Our numerical profile
(diamonds) is in good agreement with the expected r—/2 profile (solid curve, see equation (3.61)). The
right panel displays the stationary temperature profile obtained with our calculation, along with the
analytical expression of equation (3.60), using the r~1/2 fit done on the left panel.

(see D’Angelo et al. 2003a, and references therein). The advective and compressional terms
of equation (3.56) are negligibly small compared with the heating and cooling source terms.
Thus, when the disc reaches a stationary state, the energy equation simplifies as Q1 — Q_ = 0.
Furthermore, the heating source term can be approximated as

9
Qs = gymﬁ(. (3.59)
From equations (3.58) and (3.59), the temperature profile reached by the disc in its stationary
state is 14
27 vk 1/2
Tr)=(—==—) Y20 3.60
0= (g =) L) (3.50)
where 3(r) denotes the stationary profile of the disc surface density. Combining the equations
of mass and angular momentum conservations, one finds (Pelat & Huré 2002)

9% 30 | 120 ( 517
ot  ror [T ar (”E"” ) ’ (3.61)

which shows that, for a uniform kinematic viscosity, the stationary surface density profile may
be either decreasing as r~—/2, or uniform. From equation (3.6), the radial velocity tends to
zero in the former case, while it converges toward a negative value in the latter case. The final
state reached by the disc depends on the set of boundary conditions. Assuming open boundaries,
allowing for mass outflow at the mesh inner edge, the radial velocity will tend to a non-vanishing,
accretion-like profile, so the density will be uniform. On the contrary, the use of rigid boundaries
imposes the radial velocity to cancel out, and therefore the disc profile to scale as 7~/2. For our
calculation, we took rigid boundaries. From equation (3.60), the stationary temperature profile
should therefore scale as r~!. We assumed initial surface density and temperature profiles that
are uniform. Like the kinematic viscosity, the disc opacity « is taken uniform. We display in
table 3.1 the parameters we considered, in code units and in physical units. We point out that
kY > 1, in agreement with the assumption of a large optical thickness.

The left-hand panel of figure 3.13 shows the surface density profile the disc reaches in its
stationary state (red diamonds) along with a r~/2 fit (black dots). The agreement between
the numerical and expected profiles is convincing, except at the very vicinity of the disc edges,
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FIGURE 3.14: Temperature profile obtained in the thermal diffusion test-problem. The initial tempera-
ture profile is singular. The solution of the heat diffusion equation, given by equation (3.62), is displayed
along with our calculation result at 10 and 100 orbital periods at the singularity location.

presumably due to our set of boundary conditions (which prevents any mass loss at the disc
edges when the disc is not stationary yet). The right panel of the figure displays the stationary
temperature profile and its analytical expression, given by equation (3.60) with the /2 fig
done on the surface density profile. The agreement is excellent, even at the disc edges. Although
not reported here, we checked that the stationary state of the disc does not depend on the set
of initial profiles.

(c) A thermal diffusion test-problem:

The last test-problem we report here focuses on the thermal diffusion part of the energy
equation. The disc we simulated is axisymmetric, inviscid and no cooling source term is included.
The initial temperature cancels out everywhere but in the ring r = rp, where its value is
denoted by Tp. This mimics a one-dimensional singular distribution for the temperature. The
surface density initial profile is chosen so that the initial pressure be uniform. Since the disc is
inviscid, the initial radial velocity vanishes. The disc evolves only with the source terms of the
hydrodynamic equations, the advection transport is inhibited by resetting to zero the velocities
at each timestep. This suffices to avoid the propagation of pressure-supported waves. With
these assumptions, the radial velocity and the surface density remain stationary, and our energy
equation simply takes the form 0;T = AAT. Given our initial temperature profile, the solution
of this equation is

e—(r—rD)2/4)\t

NZY SV

where 0r is the (uniform) mesh radial step. Our calculation was performed with A\ = 1076,
or ~3.1x 1073, rp ~ 1 and Tp ~ 4.16. Figure 3.14 compares the result of our calculation and
the analytic solution, given by equation (3.62), after 10 and 100 orbital periods at » = rp. The
agreement is excellent.

T(r,t)=Tpor (3.62)

3.4 Appendix: wave propagation properties

In this appendix section, we describe the wave propagation properties in a one-dimensional gas.
The gas is assumed to be either isentropic or adiabatic. We consider the gas as an isolated
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system, so the only forces acting on it arise from the pressure p. We denote by p and u the
(linear) density and velocity.

Isentropic case

For an isentropic gas, the pressure is an explicit expression of the density alone, p = kp7, and the
energy equation is redundant with the continuity and momentum equations (see section 3.3.1).
Using the primitive variables W = T (p,u), Euler equations write

Op+ 0y(pu) =0 and Opu +udyu + p ' Oy (kp") = 0.

Suppose that a small perturbation is applied to our system. We denote with a zero (one)
subscript the unperturbed (perturbed) quantities; for instance, the gas density reads p = po+p1,
with p1 < po. The perturbed quantities W1 = T (py,u1) satisfy the linearized equations

2
C
Ogp1 + uo Oxp1 + po Ozur =0 and  Gyuy + pi Opp1 + ug Orpur = 0,
0

which can be recast as

up - po

oW1+ AW, =0 with A= | ¢ | (3.63)
- 0
Po

The eigenvalues of A are simply A* = ug + ¢,. The left eigenvectors L, defined by LA = AL,
read LT = a®(1,4pg/cs), where a~ and ot are two arbitrary constants. The solution of
equation (3.63) is a linear combination of the states "L~ and TL¥,

Wi=w; TL™ + wf TLT, with wf =LFW; =a® <p1 + no Zl> : (3.64)

S

Any linear perturbation in an isentropic gas thus gives rise either to:

- a sound wave related to the state T L™, which travels with velocity ug — ¢s. Such wave has
wf =0, that is p1/po = —u1/cs,

- or a sound wave, corresponding to the state T LT, and propagating with velocity ug + cs.
This wave has w; = 0, hence p1/po = ui/cs.

This simple study shows that only sound waves can propagate in a one-dimensional isentropic
gas. As we shall see now, the adiabatic case shows more diversity.

Adiabatic case

For an adiabatic gas, the energy equation has to be accounted for. It is given by equation (3.56),
with @_ = @4 = A = 0. The primitive variables are this time W = *(p,u,p), and Euler
equations read

Op+ 0p(pu) =0 , Opu+ udzu+ p 1Op=0 and 9p+vpyu+ udyp=0.
Similarly as in the isentropic case, we linearize Euler equations, and find that the perturbed

quantities W1 = T (p1,u1,p1) satisfy

Uy pPo 0
OWL + AW =0 with A= 0 w py° |. (3.65)
0 pocg uo
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This time, A has three eigenvalues, A\~ = ug — cs, A? = 1o, and A\t = ug +c5. The corresponding
left eigenvectors read respectively L~ = a~(0,1,—1/pocs), L® = a%(1,0,—1/c?), and Lt =
at(0,1,1/pocs), with a® and o three arbitrary constants. The solution of equation (3.65) is
given by

Wi=w TL™ + W) TLY + o TLT, (3.66)
where
wi = o <u1 + 7 > and ! =a’ <p1 - p;) . (3.67)
POCs Cs

The linear perturbation of a one-dimensional adiabatic gas induces two kinds of waves:
- two sound waves, related to the states TLT. As in an isentropic gas, these waves travel
with the velocity ug #+ s, and the perturbed fields satisfy p1/po = +u1/cs and p; = pic2.

- an additional wave, associated with the state TL?, which propagates at the velocity of the
flow ug. This wave is known as an entropy wave. Canceling out the coefficients wli leads
to p1 = 0 and u; = 0. Contrary to sound waves, entropy waves are associated to a density
perturbation, while the pressure and the velocity remain unchanged.

Quite remarkably, these results hold even when non-linearities arise in the gas, simply because
W and W satisfy the same differential equation. This is true whether the gas is isentropic or
adiabatic. In the non-linear context however, depending on the initial conditions, perturbations
may be discontinuities, such as shock waves (across which all hydrodynamic quantities are dis-
continuous) and contact waves (across which the density is discontinuous, while the pressure
and the velocity remain continuous). Note that, contrary to shock waves, there is no particle
transport across contact waves. Perturbations may also be smooth transition waves, like the
rarefaction waves (see section 3.3.5).

Fokok




72

Disc-planet interactions: numerical calculations




Chapter 4

Type I planetary migration in a
self-gravitating disc

E INVESTIGATE in this chapter the impact of the gas self-gravity on type I
migration, by means of two-dimensional hydrodynamic simulations. We

show in section 4.4 that considering a planet freely migrating in a disc without
self-gravity leads to a significant overestimate of the migration rate, which stems
from a spurious shift of Lindblad resonances. Unbiased drift rates may be
obtained only by considering a planet and a disc orbiting within the same
gravitational potential. In section 4.5, we confirm that the disc gravity slightly
enhances the differential Lindblad torque compared to the situation where
neither the planet nor the disc feels the disc gravity. This enhancement can be
entirely accounted for by a shift of Lindblad resonances, and we show in
section 4.6 that it can be reproduced by the use of an anisotropic pressure
tensor. We eventually investigate in section 4.7 the impact of the disc gravity on
the corotation torque.
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4.1 Introduction

After the numerical interlude in chapter 3, we come back to our investigation of planetary
migration. We have stressed in chapters 1 and 2 the key challenge to yield precise estimates
of the migration timescale, and the important role played by hydrodynamic calculations in this
way. Nevertheless, a very common simplification of numerical algorithms consists in discarding
the disc self-gravity. Apart from a considerable gain in computational cost, this is justified by the
fact that protoplanetary discs have large Toomre parameters, so that the disc self-gravity should
be unimportant. Even in discs that are not subject to the gravitational instability, neglecting
the self-gravity may have important consequences on planetary migration, as we shall see.

Thus far, a very limited number of works has taken the disc self-gravity into account in
numerical simulations of planet-disc interactions. Boss (2005) performed a large number of disc
simulations in which the self-gravity induces giant planet formation by gravitational instability.
His calculations are therefore short, running for a few dynamical times, and involve only very
massive objects. The planets formed in these simulations excite a strongly non-linear response of
the disc, and any migration effects are probably marginal or negligible. Furthermore, Nelson &
Benz (2003a;b) included the disc self-gravity in their two-dimensional simulations of planet-disc
interactions. The authors find that the migration rate of a planet that does not open a gap is
slowed down by at least a factor of two in a self-gravitating disc. Nonetheless, Pierens & Huré
(2005) (hereafter PHO5) reported an analytical expression for the shifts of Lindblad resonances
due to the disc gravity, and find that the disc gravity accelerates type I planetary migration.
The apparent contradiction between these findings motivated our investigation.

4.2 Numerical method

We study the impact of the disc self-gravity on planetary migration by performing a large
number of two-dimensional hydrodynamic calculations. Notwithstanding the need for a
gravitational softening length, the two-dimensional restriction provides a direct comparison of
our calculation results with the analytical findings of PHO05, and enables us to achieve a wide
exploration of the parameter space, mainly in terms of disc surface density, disc thickness and
planet mass. Our calculations are performed with the FARGO code, whose self-gravity solver
has been detailed in section 3.2. The implementation of the disc self-gravity addresses two
important issues regarding the study of planet-disc interactions, which we describe hereafter.

The first issue concerns the convergence properties of our results. We present here the results
of preliminary runs aimed at checking the torque convergence, without and with self-gravity.
As in all the simulations of this chapter, the computational domain is covered with N, zones
radially between ryiy, = 0.4r, and rymax = 2.57p, and N, zones azimuthally between ¢ = 0
and ¢ = 27. For a comparative purpose, a logarithmic radial spacing is also used for the runs
without self-gravity, so that the mesh resolution is the same in all our calculations. We adopt
disc parameters and a planet mass that are representative of the study led in this chapter,
namely a () = 8 Toomre parameter at the planet location, and a M, = 5 x 10~5M, planet
mass (the description of the physical model is deferred to section 4.3). We evaluate the torque
obtained without self-gravity (I'nog) and with self-gravity (I'gg) for several pairs (N, N,). The
relative difference of these torques is displayed in figure 4.1a. We see in particular that the
torque convergence is already achieved for N, = 512 and N, = 1536, values that we adopt for
the continuation of this chapter. We indicate that, without self-gravity, the torque evaluation
takes all the disc into account, it does not exclude! the content of the planet’s Hill sphere.

! Although it is still a matter of debate, it is generally thought that, without self-gravity, the torque evaluation
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FIGURE 4.1: Left: relative difference of the torques obtained with and without self-gravity (g and

Tyog), for different mesh resolutions N, x N,. Right: torque exerted on a M, =5 x 10~% planet mass, and
on the system {gas+planet}, for a calculation without self-gravity (long-dashed and dash-dotted curves),
and with self-gravity (solid and dotted curves).

We checked that excluding it or not makes however no difference in the torque measurement.
This is consistent with the fact that, for the planet mass considered here, we do not find any
material trapped in libration around the planet, be it inside a circumplanetary disc (a fraction
of the planet’s Hill radius) or inside a Bondi sphere (see section 4.3).

The second issue is connected with the softening length ey, used to avoid numerical diver-
gences. As explained in section 3.2.1, ey, scales with 7. Since it varies from one ring to another,
our self-gravity solver does not ensure an exact action-reaction reciprocity (Newton’s third law).
Thus, the disc self-gravity may worsen the conservation of the total angular momentum (that
of the system {gas+planet}). To investigate this issue, we performed calculations with a planet
migrating in a disc without and with self-gravity. For these calculations only, the disc is invis-
cid, and reflecting boundaries are adopted. As for the above convergence study, we adopted a
M, =5 x 10~%M, planet mass, and a Toomre parameter (J = 8 at the planet location. The
value of 4 (7p) is the one used regularly throughout the calculations of this chapter. We dis-
play in figure 4.1b the torques on the planet (I'planet) and on the whole system (I'planet+gas)s
for both calculations. If the code were perfectly conservative, the ratio I'planet+gas/I planet would
cancel out, to within the machine (double) precision. This ratio is typically ~ 0.5 % without
self-gravity, and ~ 3 % with self-gravity. Although, as expected, the conservation of the total
angular momentum is worse with self-gravity, it remains satisfactory.

4.3 Physical model

We now come to the physical model used in the following study. The disc surface density X
is initially axisymmetric with a power-law profile, ¥(r) = X,(r/rp) 7, where 3, is the surface

should exclude the contribution of the fluid elements trapped in libration around the planet, and migrating with
the planet. This can be understood as follows. With self-gravity, the wake applies both on the planet and on the
librating material around it, and it contributes to make them migrate at the same drift rate. Without self-gravity
however, the wake can only interact with the planet, and the librating material remains a passive spectator of the
migration. The planet thus has to produce an additional effort to compensate for the passiveness of the librating
fluid. Differently stated, this material slows down artificially the migration rate in absence of self-gravity. To
alleviate the planet drift, a customary practice is to neglect the torque exerted on the planet by the librating
material. Of course, such an approach would be meaningless with self-gravity. We will come back later on this
issue in chapter 7.
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density at the planet location. The default value for o is 3/2, so we expect the corotation torque
to cancel out for a non self-gravitating disc, see section 2.3.2. The vertically integrated pressure
p and X are connected by an isothermal equation of state, p = Xcg2, where ¢, is the local
isothermal sound speed. The disc aspect ratio is h(r) = H(r)/r = cs(r)/rQx(r), where H(r)
is the disc scale height at radius r, and Qx denotes the Keplerian angular velocity. We take h
uniform, ranging from h = 0.03 to h = 0.05, depending on the calculations. We use a uniform
kinematic viscosity v, which is 107° in our unit system. The gravitational forces exerted on the
disc include:

- the gravity of the central star,

- that of an embedded planet, modeled with a Plummer potential with a softening parameter
e =0.3H(rp),

- the disc self-gravity, whenever mentioned. The self-gravity softening length e, is chosen to
scale with 7, and to be equal to € at the planet’s orbital radius, which yields eg(r) = e7/rp.
Since h is taken uniform, H(r) scales with r, and we are left with eg(r) = 0.3H(r). We
comment that eq(rp) is very close to the recent prescription of Huré & Pierens (2006) for
the softening length of a flat, axisymmetric self-gravitating disc. From now on, whenever
we mention the softening length, we will refer to €.

The disc’s initial rotation profile Q(r) is slightly sub-Keplerian, the pressure gradient being
accounted for in the centrifugal balance. When the disc self-gravity is taken into account, it
reads

r

” 1/2
Q(r) = (Q%((r) [1— (14 0)h?] - gT()) : (4.1)

We point out that equation (3.42) reduces to equation (4.1) with a uniform disc aspect ratio
(f =0). We also comment that g,(r) is not necessarily a negative quantity. When it is so, the
disc rotates slightly faster with self-gravity than without. In a two-dimensional truncated disc,
gr is positive at the inner edge and becomes negative at a distance from the inner edge that
depends on o. We checked that, whatever the values of o used hereafter, g, is always negative
in a radial range around the planet’s orbital radius that is large enough to embrace all Lindblad
resonances (except the inner Lindblad resonance of m = 2 for ¢ = 0, as can be inferred from
figure 3.8a).

Since our study deals with the linear perturbation regime, we consider a ¢ = 5 x 1076 planet
to primary mass ratio. This value satisfies indeed the linearity criterion proposed by Masset
et al. (2006a) and given by equation (2.26). Recall that this criterion reads ¢ < qin, where
Qiin = 0.3h3 given our softening length value. For a h = 5 % disc aspect ratio, g, ~ 4 x 1072,
while for h =3 %, qun ~ 8 x 1076, The linearity criterion is satisfied with both aspect ratios,
although in an approximate way for h = 3 %. We also recall that the departure from the linear
criterion is not equivalent to the gap clearance criterion. The latter criterion, recently revisited
by Crida et al. (2006), reads in our unit system (equation (2.24)):

3 /q\—1/3 v
Zh <7> 502 < 1. 4.2
4 3 + q (42)
The left-hand side of equation (4.2) being ~ 100, there will not be any gap opening in our
calculations. In this case, and in absence of self-gravity, the torque I' scales with ¥,. We
therefore expect to check this scaling with our calculations without self-gravity.
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Parameter Fixed Case Free Case
2 gr(rp) 12
Qp(rp) ..................... QK(Tp) QK(Tp) - ,
P
QF) oo Qe (r) [1— (14 0)h?]"? Qe (r) [1— (14 0)h?]"?

TABLE 4.1: Planet’s angular velocity Q,(r,) and disc’s rotation profile Q(r) for a non self-gravitating
disc. In both cases, the initial planet’s angular velocity is strictly Keplerian. For all the runs presented
here, g,(rp) < 0 so that ,(ry) is slightly greater in the free case than in the fixed case.

4.4 Unexpected results without self-gravity

4.4.1 Inward shift of Lindblad resonances

We present in this section the results of our calculations without self-gravity. These calculations
follow the physical model detailed in section 4.3. The runs lasted for 20 orbits, which was long
enough to get stationary values of the torque. We aim at measuring the specific torque v = I'/q
on the planet for six different values of ¥, ranging from ¥, = 2 x 107 to Yp=2X 1073, This
corresponds to varying the initial surface density at the planet location from one to ten times
that of the minimum mass solar nebula. Two situations are considered (see also table 4.1):

- The planet does not feel the disc gravity. It is held on a fixed circular orbit, with a strictly
Keplerian orbital velocity. In this case, referred to as the fized case, both the planet and
the disc feel the star gravity but do not feel the disc gravity. The disc non-Keplerianity
is exclusively accounted for by the radial pressure gradient. This is the configuration that
has been contemplated in analytical torque estimates (see e.g. Tanaka et al. 2002).

- The planet feels the disc gravity. In other words, we let the planet evolve freely in the disc,
so its angular velocity, which reads

Qp(rp) = [Q%((rp) - gr("’p)/rp}lﬂv (4.3)

is slightly greater than Keplerian. In this case, which we call the free case, the planet
feels the gravity of the star and of the disc while, as previously stated, the disc does
not feel its own gravity. Contrary to the fixed case, the free case is not a self-consistent
configuration since the planet and the disc do not orbit under the same gravitational
potential. Nevertheless, this situation is of interest as it corresponds to the standard
scheme of all simulations dealing with disc-planet interactions.

We show in figure 4.2 the specific torques obtained with the fixed and free cases, for a h = 0.05
disc aspect ratio. In the fixed situation, there is an excellent agreement with the expectation
v o< ¥,, and, due to our choice for ¢, the torques are bounded by the two- and three-dimensional
analytical estimates of Tanaka et al. (2002). Nonetheless, the free case reveals two unexpected
results. For a given surface density, the absolute value of the torque is larger than expected from
the fixed case. Moreover, it increases faster than linearly with the disc surface density.

The two latter results can be explained with the relative positions of the Lindblad Resonances
(hereafter LR) in the fixed and free cases. We display in figure 4.3a the locations rirr (roLr) of
an Inner (Outer) LR, when the planet is on a fixed orbit. They are given by rLg = Q@ (QLr)
and rorr = Q7 H(QoLr), with Q(r) the disc’s rotation profile (solid curve), and Qi r (QoLr) the
frequency of the ILR (OLR), simply deduced from the planet frequency €2,. When the planet
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FIGURE 4.2: specific torque 7y exerted on a M, = 5 x 10~%M, planet mass by a non self-gravitating disc,
with a h = 5 % aspect ratio. Diamonds refer to the fixed case (the planet is held on a fixed circular orbit,
with a strictly Keplerian angular velocity) while asterisks refer to the free case (the planet freely evolves
in the disc, the planet’s angular velocity is greater than Keplerian). The solid line, which corresponds to
a proportional fit of the fixed case data, shows the excellent agreement between our calculation results
and the expectation v o< ¥, in the fixed case. The two dotted lines depict the two- and three-dimensional
analytical estimates of Tanaka et al. (2002).
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FIGURE 4.3: Location of two Lindblad resonances in the fixed case (left panel) and in the free case
(right panel): the ILR of m = 6 (QiLr = 6/5%,), and the OLR of m =5 (Qorr = 5/6€,). The disc’s
rotation profile )(r) is depicted without self-gravity (solid curve) and with self-gravity (dashed curve,
right panel). In the latter case, g,(r) is given by a calculation with ¥, = 5 x 1072, a value exaggerated
to improve legibility. Note also that the pressure buffer has been discarded in both profiles, for the sake
of simplicity. The vertical arrow at r = 1 indicates the planet location, it reaches the upper curve in the
free case (right panel) since the planet feels the disc gravity. The ILR and OLR are located, respectively,
at rir = Q7Y (Qmr) and rorr = Q7 (Qorr). The nominal position of the resonances (that of the
fixed case) is indicated by dash-dotted lines on the right panel to appreciate their shift, highlighted by a
horizontal arrow.
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is on a free orbit (figure 4.3b), its frequency is slightly larger than in the fixed case. Thus, the
frequencies of the LR are also larger in the free case, which induces a spurious inward shift of
all the resonances. OLR get closer to the orbit, which increases the (negative) outer Lindblad
torque. ILR are shifted away from the orbit, which reduces the (positive) inner Lindblad torque.
The (negative) differential Lindblad torque is therefore artificially larger in the free case.

We write dR the inward shift of the LR. A simple estimate can be obtained as follows. We
denote by R, the nominal position of the resonances without disc gravity. We assume that
the disc’s rotation profile is strictly Keplerian. The shift R being induced by the increase of
the planet frequency, we have 0R/R, = —26Q,(rp)/3Qk (1p), where 6 () is the difference of
the planet frequencies between the free and fixed cases. Using equation (4.3) and a first-order
expansion, we find

R gr (rp)

— = 4.4
Ry 3rpQ(rp) Y

A more accurate expression for 0 R/ R, is given by PHO5 (see their equation [7c]). Equation (4.4)
shows that the shift of the LR scales with g,(7,), hence with ¥,. This explains why the torque
in the free case increases faster than linearly with the disc surface density. The relative shift of
the resonances 6 R/ R, typically amounts from —3 x 107% to —3 x 1073 for our range value of
surface densities, corresponding however to a torque relative discrepancy between ~ 12 % and
~ 120 % (see figure 4.2).

4.4.2 Torque discrepancy

We are primarily interested in a quantitative estimate of the torque discrepancy between the
fixed and free cases. It scales with g.(r,), like the LR shift [see equation (4.4)]. It therefore
depends on the mass distribution on the whole disc, hence on the precise values of X, o, rmin
and 7pyayx, as inferred from equation (3.37). In particular, if the planet is close enough to the
disc’s inner edge, g,(rp) is positive (see e.g. figure 3.8). In this case, all LR are this time
shifted outward (instead of inward), which reduces the differential Lindblad torque (instead of
increasing it). We have checked this prediction with an appropriate calculation (not presented
here). In our calculations however, only ¥, is a free parameter. The index o of the unperturbed
surface density profile is fixed to 3/2 to avoid any contribution of the corotation torque to the
torque evaluation (see section 4.3). And the values of ryi, and ryax are those customarily used
in numerical simulations of planet-disc interactions (see e.g. de Val-Borro et al. 2006). Thus, a
useful quantitative comparison of the torques between the free and fixed cases can be provided
just by varying ¥,. This section is organized as follows. We first derive a simple analytical
model to show that the relative difference of the torques between the free and fixed situations
scales with (Qh)~!, where Q is the Toomre parameter at the planet’s orbital radius (Q is defined
below). This scaling is then checked against our calculation results.

Analytical expectation

We present in this section a simple model to evaluate the torque relative difference between the
fixed and free cases. We will often make use of this model in what follows. We assume that the
shift induced by the free case has same order of magnitude at inner and outer LR (PH05). We
therefore focus on the one-sided Lindblad torque and use a local shearing sheet approximation.
We set up local Cartesian coordinates (x, y) with origin at the planet position, the z and y-axis
pointing toward the radial and azimuthal directions. Our z-coordinate is taken normalized as

O Nty
_H(Tp) B hry

(4.5)
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As is usually done in the shearing sheet framework, we discard the radial dependence of the disc
surface density and scale height (Narayan et al. 1987). In the fixed situation, the LR associated
with wavenumber m are therefore located at

2 1+ &2
€T X = 767’ 46
fixed 3 5 ( )
where £ = mh, e = +1 for outer resonances, ¢ = —1 for inner resonances.

In the linear regime, the one-sided Lindblad torque I' amounts to a summation over m of
the Fourier components I';,,. In the shearing sheet approximation, since all quantities depend
on m through &, the summation over m is approximated as an integral over &,

1 o0
F:h/o T(x = x1,&) dE, (4.7)

where x; denotes the positions of the LR, T is the m™ Fourier component of the one-sided
Lindblad torque (see e.g. Ward 1997),

§20%(x, )
V14 E2(1 +4€2)

with K a constant, proportional to ¥, h=2. The forcing function ¥ in equation (4.8) is approx-
imated in a standard way as a function of the Bessel Ky and K; functions,

U(z,§) = Kui(|z[S) + 21 + E2Ko(|[¢). (4.9)

We furthermore approximate W¥(x,¢) as (|z|¢)™!, to within a numerical factor of the order of
unity (Abramowitz & Stegun 1972). This approximation is valid when & < 1, hence for low
m-values. The difference 0I" of the one-sided Lindblad torques between the free and fixed cases
is then given by

1 [ /0T 1 [*[0,T
o ~ / <> Srdé = / < a > x Tz dE, 4.10
h 0 8:1: x:‘rﬁxedvg h 0 T T=Tfixed ( )

where dz is the shift of the Lindblad resonances induced by the free case. Since ¥ o |z|~!, we
have T oc 272 and 9, T/T o 1. At the location of Lindblad resonances, given by equation (4.6),
this yields 0,T/T  e. Moreover, T o €X,h 2. From equations (4.4) and (4.5), the shift dx,
which has same sign at inner and outer Lindblad resonances, scales with 3, h~1. The difference
of the differential Lindblad torques is eventually obtained by summing equation (4.10) at inner
and outer Lindblad resonances:

T(x,€) = K

(4.8)

OTir + loLR o th_Q /(TOLR — TILR) d€ th_Q X Eph_z X Zgh_4. (4.11)

Since the differential Lindblad torque scales with ¥,h ™2, the relative difference of the differential
Lindblad torques between the free and fixed cases scales with th_Q. We furthermore introduce
the Toomre parameter at the planet’s orbital radius:

e

= h/mp, (4.12)

Tp

with x the horizontal epicyclic frequency, defined as k = [297“‘1 d(r?6) /dr] v 2, and mp =
7T7“]2)Zp /M,. The mass mp corresponds to the normalized mass interior to the protoplanet for a
uniform surface density. Equation (4.12) reads Q = h/7Y, in our units, hence (Qh)™! oc X,h 2.

The relative difference of the differential Lindblad torques between the free and fixed cases
therefore scales with (Qh)™1.
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FIGURE 4.4: Relative difference of the torques between the free and fixed situations, as a function of
Qh [see text and equation (4.12)]. The dashed curve corresponds to a (Qh)~! fit of the results.

Numerical results

One may think that the torque discrepancy displayed in figure 4.2 is significant only for high
values of ¥,,. Nevertheless, as shown above, the discrepancy depends both on X, and on the disc
aspect ratio h. To study the impact of h on our results, we performed another set of calculations
with h = 0.03. Figure 4.4 confirms that the relative difference of the torques does scale with the
inverse of Qh. It yields an estimate of the error done on the torque evaluation when involving the
strongly biased free situation rather than the self-consistent fixed situation. For instance, with
a h = 3 % disc aspect ratio, the free situation overestimates the torque by as much as a factor of
two in a disc having only ~ 3 times the disc surface density of the MMSN. Moreover, the torque
relative difference is less than 20 % as long as Qh 2> 2.5, hence as long as the Toomre parameter
at the planet location is approximately greater than 50 if h = 0.05, or 80 if A~ = 0.03. Remember
that these estimates depend on the precise value of g,(r,), hence on the mass distribution
of the whole disc. They are provided with fixed, but customarily used values of o, ryi, and ryax.

To avoid the torque discrepancy, one must ensure that the planet and the disc feel the same
gravitational potential. The workaround depends on whether the disc is self-gravitating or not,
and whether the planet freely migrates in the disc or not:

o The disc is not self-gravitating. The planet’s angular velocity should therefore be strictly
Keplerian:

- The planet evolves freely in the disc. Thus, its angular velocity, given by equa-
tion (4.3), is slightly greater than Keplerian. A workaround could be to subtract
the axisymmetric component of the disc surface density to the surface density before
calculating the force exerted on the planet by the disc. This would cancel out g,(rp),
and the planet’s angular velocity would remain strictly Keplerian.

- The planet is held on a fized circular orbit, with necessarily a Keplerian angular

velocity. This is a self-consistent situation.

o The disc is self-gravitating. The planet’s angular velocity should therefore be given by
equation (4.3):
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Parameter Without disc gravity With disc gravity
2 gr(rp) ek
Qp(rp) oo, Qg (rp) Q% (rp) — R
2
1/2 gr (1) 1/2
Qr).cooi Qk(r) [1 — (14 0)h?] {Qi((r) [1-(1+0)h*] - r}

TABLE 4.2: Planet’s angular velocity $,(rp) and disc’s rotation profile {)(r), without and with disc
gravity.

- The planet evolves freely in the disc. This is a self-consistent situation.

- The planet is held on a fized circular orbit. This situation is self-consistent only if
the planet’s fized angular velocity is given by equation (4.3).

From now on, whenever calculations without disc gravity are mentioned, they will refer to the
fixed situation. We mention them as nog calculations.

4.5 Inclusion of the disc self-gravity

We study hereafter how the results of section 4.4 differ when the disc gravity is felt both by
the planet and the disc. The planet is still held on a fixed circular orbit at r = r, its angular
velocity is given by equation (4.3). As in the situation without disc gravity, the planet’s initial
velocity is that of a fluid element that would not be subject to the radial pressure gradient (see
table 4.2). Taking the disc self-gravity into account induces two shifts of Lindblad resonances
(PHO5): (i) a shift arising from the axisymmetric component of the disc self-gravity, and (ii)
a shift stemming from the non-axisymmetric component of the disc self-gravity. We therefore
performed two series of calculations:

1. Calculations that involve only the axisymmetric part of the disc self-gravity. They are
mentioned as axisymmetric self-gravitating calculations (asg calculations). Their com-
putational cost is the same as that of a calculation without disc gravity since only one-
dimensional FFTs are performed. The results of these calculations are presented in sec-
tion 4.5.1.

2. Fully self-gravitating calculations (fsg calculations), which are more computationally ex-
pensive as they involve two-dimensional FFTs. Their results are presented in section 4.5.2.

4.5.1 Axisymmetric self-gravitating calculations

We display in figure 4.5 the torques obtained with the nog, asg and fsg calculations, when varying
Y. We will comment the results of the fsg calculations in section 4.5.2. The torques obtained in
the asg situation, which we denote by 7,s, are hardly distinguishable from the torques without
disc gravity, mentioned as Ynog. A straightforward consequence is that v,se scales with X, with a
good level of accuracy. We point out however that the torque difference |yase| — [Ynog| is slightly
negative and decreases with ¥, (not displayed here). The relative difference | |Vasg| —|nog| |/ 1nog]
varies from ~ 0.2 % for ¥, = 2 x 1074, to ~ 2 % for dp=2X 1073,
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FIGURE 4.5: Specific torque on a M, = 5 x 1076M, planet mass, obtained with axisymmetric and fully
self-gravitating calculations, with a h =5 % disc aspect ratio. Torques achieved without disc gravity (see
section 4.4) are also displayed, for comparison.

The interpretation of these results is as follows. In the asg situation, the positions of the LR
related to the Fourier component with wavenumber m are the roots of equation (see PH05 and
references therein)

Dasg (1) = K2 (r) — m2[Q(r) — Qp]2 +m?c(r)/r* =0, (4.13)

where, contrary to the nog situation, Q(r) and €, depend on g, (see table 4.2). As in section 4.4,
the increase of the planet frequency implies an inward shift of the LR, which increases the
differential Lindblad torque (see figure 4.3b). Furthermore, as pointed out in figure 4.6a, the
increase of the disc frequency causes an outward shift of all LR, which reduces the differential
Lindblad torque. Accounting for the axisymmetric component of the disc gravity therefore leads
to two shifts of the resonances, acting in opposite ways. Figure 4.6b shows that both shifts do
not compensate exactly: the LR are slightly? moved away from corotation with respect to their
nominal position without disc gravity. This is in qualitative agreement with PH05, who found a
resulting shift which is negative for inward resonances, and positive for outward resonances (see
their §R; + JR3 expression). The sign of the shift results from the fact that the disc’s rotation
profile decreases more slowly with self-gravity than without®, and explains why |Yasg| — [Tnog| is
negative. The absolute value of this shift increases with X,, which entails that ||Yasg| — [Vnogl|
increases with XJ,,.

4.5.2 Fully self-gravitating calculations

We now come to the results of the fsg calculations depicted in figure 4.5. The torques obtained
with the fsg calculations, denoted by g, are larger than vas and yneg. Moreover, |yig,| grows
faster than linearly with the disc surface density, a result already mentioned by Tanigawa & Lin
(2005). These results can be understood again in terms of shifts of the LR. Besides the shift due
to the slight increase of the planet and of the disc frequency, the fsg situation triggers another

2To improve the legibility of figures 4.3 and 4.6, the disc’s rotation profile with self-gravity is depicted with a
value of 3, that is 25 times greater than the maximal value of our set of calculations.

3We comment that this statement is not straightforward since it involves both the sign and the variations of
function g,; here again we checked that this statement is valid in a radial range around the orbit that is large
enough to concern all LR.
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FIGURE 4.6: Same as figure 4.3, except that we examine the shift of the LR when the disc is self-
gravitating (its rotation profile is now the solid, upper curve). In the left panel, the planet does not feel
the disc gravity: the frequency of the planet, and therefore that of the LR, are the same as in figure 4.3a.
In the right panel, both the planet and the disc feel the disc gravity: the frequencies of the planet and of
the LR are those of figure 4.3b.

shift stemming from the additional non-axisymmetric term —27G'Xm/r in the dispersion relation
of density waves (in the WKB approximation, see PH05). The positions of the LR associated
with wavenumber m are this time the roots of equation

Drsg (1) = Dasg(r) — 20GX(r)m/r = 0, (4.14)
where Dy, is given by equation (4.13). PHO05 showed that:

- This non-axisymmetric contribution moves inner and outer LR toward the orbit, with
respect to their location in the asg situation. This explains why |Vgse| > [7asg|, and implies
that the torque variations at inner and outer resonances have opposite signs.

- The shift induced by the non-axisymmetric part of the disc self-gravity dominates that of
its axisymmetric component. Therefore, it approximately accounts for the total shift due
to the disc gravity, and explains why [Ysg| > [Vnog| & |Vase|-

- This shift increases with X, so that |ygg| increases faster than linearly with %,.

Our results of calculations are in qualitative agreement with the analytical work of PH05. Before
coming to a quantitative comparison in section 4.5.3, we focus on the relative difference of the
torques between the fsg and nog situations. From previous results, we assume that the only
shift of the LR is due to the non-axisymmetric part of the disc gravity. Interestingly, this shift
does not feature g, so it does not depend on the mass distribution of the whole disc. It only
depends on the surface density at the planet location. Since the torque variations at inner and
outer resonances are of opposite sign, we expect the relative difference of the torques to scale
with @71, for high to moderate values of @Q. It differs from the (Qh)~! scaling obtained in
figure 4.4, where the torque variations at inner and outer resonances were of identical sign. Like
in section 4.4.2, we proceed this section by first arguing the (Qh)~! scaling mentioned above,
which we then check against our calculation results.

Analytical expectation

The difference 61" of the one-sided Lindblad torques between the fully self-gravitating and non-
gravitating situations is given again by equation (4.10), where dz is this time the shift induced
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by the fsg situation. We assume that the only shift of the LR in the fsg situation arises from its
non-axisymmetric contribution. This comes to approximating the nog and asg situations, which
is a reasonable assumption from figure 4.5. The shift dx is evaluated with Dy (2fixea + 02) = 0.
Using equations (4.13), (4.14) and (4.6), a first-order expansion yields

2 1

Qe

We point out that equation (7b) of PHO5 reduces to our equation (4.15) for a surface density
profile decreasing as r—3/2. Note also that this shift has an opposite sign at inner and outer
Lindblad resonances: dx eEph*I. Furthermore, assuming that the expression of T' given by
equation (4.8) can be applied again for a self-gravitating disc (Goldreich & Tremaine 1979), we
still have 0,T/T o e. Since the differential Lindblad torque scales with Eph*Q, we find

ox = (4.15)

STILR + 0TorR o< Bph 2 / (ToLr + TiLr) d€ o< Sph ™ x Sph™! o S2A75, (4.16)

xZph—1

The relative difference of the differential Lindblad torques between the fsg and nog cases therefore
scales with Eph_l, hence with Q.

Numerical results

We display in figure 4.7 this relative difference as a function of ) for previous results and for
another series of runs performed with a h = 0.03 disc aspect ratio. Our calculation results
confirm the Q! scaling derived above, the departure from this expected scaling occurring for
Q@ < 6. The behavior at low @ will be tackled in section 4.5.3. Figure 4.7 yields a useful estimate
of the torque increase due to the disc gravity, or, differently stated, of the torque underestimate
if one discards the disc gravity. This estimate only depends on the Toomre parameter at the
planet location, whatever the global mass distribution of the disc. The torques relative difference
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FIGURE 4.8: The left panel sums up figures 4.2 and 4.5. Depending on whether we assume the fixed or
the free cases without self-gravity, we may conclude that the disc self-gravity either accelerates or slows
down type I migration. This paradox is illustrated on the right panel.

is typically one order of magnitude* smaller than in the situation of a planet freely migrating in
a non self-gravitating disc (figure 4.4). It amounts typically to 10 % for @ ~ 10. For @ = 50,
accounting for the disc gravity or not has no significant impact on the torque measurement.

Our results confirm that the disc gravity accelerates type I migration. This might sound
contradictory with the results of Nelson & Benz (2003a;b), who found that the disc self-gravity
slows down migration for a planet that does not open a gap. The authors compared however
the results of their self-gravitating calculations (where both the planet and the disc feel the disc
gravity) to those obtained with the misleading situation of a planet freely migrating in a disc
without self-gravity. As shown by figure 4.8, comparing both situations would lead us to the
same conclusion. There is therefore no contradiction between their findings and ours. From now
on, we do not distinguish the gravity and self-gravity designations, since the planet and the disc
orbit within the same potential in our calculations. Whenever calculations with disc gravity are
mentioned, they refer to the fsg situation.

4.5.3 Comparison with analytical results

In this section, we apply again the analytical model used in sections 4.4.2 and 4.5.2 in order to
provide a simple estimate of the torque relative difference between the fsg and nog situations.
This is motivated again by the fact that the shift induced by the fsg situation has same order of
magnitude at ILR and OLR (PHO05). The difference of the one-sided Lindblad torques between

the fsg and nog situations is analogous to equation (4.10):

1 [ /0T
iy — Tpop & — e 5z de, 41
fg ¢ h/o <8$>I:wﬁxed)£ ) g ( 7)

except that dz is this time given by equation (4.15). Combining equations (4.5) to (4.9), and

(4.17), we are left with
21

= (4.18)

I‘fsg - Fnog _ 2
3Q°

I‘nog

“The torque relative difference scales with Q™' in the fsg situation, while it scales with (Qh)™! with in free
biased case. The relative difference in the former case is thus reduced by a factor of ~ h compared to the latter
case, that is by an order of magnitude.
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where

00 53
/0 (14—52)5/2(1—1—452)alE _ 2v/3 — log (7 + 4v/3)
/oo 52 df \/g - 7T/3

o (1+E&2)32(1+48%)

Not surprisingly, the relative difference of the one-sided Lindblad torques scales with
the inverse of ), assuming high to moderate values of ). This is of course the same scaling
as for the relative difference of the differential Lindblad torques (see section 4.5.2 and figure 4.7).

I =3x

~ 1.21. (4.19)

We come to a quantitative comparison of our results of calculations with our analytical
estimate, given by equation (4.18), and the analytical results of PH05, who estimated the de-
pendence of the differential Lindblad torque on the disc mass, for a fully self-gravitating disc
(see their figure 4b). Another series of fsg calculations was performed with disc parameters
similar to those of PH05, namely a h = 5 % disc aspect ratio, a planet mass corresponding to
the linear regime (its value is precised below). We vary the disc surface density at the planet’s
orbital radius from X, = 4 x 10~ to ¥, = 1072, This corresponds to varying @ from 40 to 1.6.
The runs lasted for 10 planet’s orbital periods, which was long enough to get stationary torques
for the largest values of @, but short enough to avoid a significant growth of non-axisymmetric
perturbations for the lowest values of ), probably due to SWING amplification (Toomre 1964).
As we aim at comparing the results of two-dimensional calculations with analytical expectations
(for which there is no softening parameter), we investigated how much our results of calculations
depend on the softening length. For this purpose, the calculations were performed with three
values of e: 0.1H(rp), 0.3H (r,) and 0.6H(r,). The planet mass is M, = 4.4 x 1075M, for
e = 0.3H(rp) and € = 0.6H (r,), whereas M, = 1076M, for ¢ = 0.1H(r},). This choice ensures
that the Bondi radius to softening length ratio does not exceed ~ 10 % for each value of ¢.

Each calculation was performed with and without disc gravity, so as to compute the relative
difference of the torques between both situations. The reason why we compute this relative
difference is that it does not depend on the details of the torque normalization, be it for the
numerical or the analytical results. Nonetheless, PHO5 only calculated the normalized torque
in the fsg situation as a function of the disc mass. We then evaluated their normalized torque
without disc gravity by extrapolating their torque with disc gravity in the limit where the
disc mass tends to zero. Figure 4.9 displays the relative difference of the torques between the
fsg situation (7fss) and the nog situation (yneg), obtained with our calculations, the analytical
expectation of PHO5 and our analytical estimate. This relative difference grows faster than
linearly with ¥,, although a linear approximation is valid at low surface density, as already
stated in section 4.5.2. Our linear estimate is in agreement with the results of calculations
with e = 0.6H(r,) up to @ ~ 3, where it leads to a torque enhancement that is typically half
the one estimated by PH05. Furthermore, our results of calculations depend much on &, more
especially at high »,. For a given value of ¥,, the relative difference of the torques decreases
as ¢ increases. Differently stated, increasing the softening length reduces ~yg, more significantly
than ypeg.

We comment that our calculation results with e = 0.1H(r),), which matches the mesh resolu-
tion in the planet vicinity, are in quite good agreement with the analytical prediction of PHO05.
The relative difference between our results and theirs is ~ 15 % for Q ~ 8, and does not exceed
~ 30 % for Q < 2. This confirms that the impact of the disc gravity on the differential Lindblad
torque may be exclusively accounted for by a shift of Lindblad resonances.

We would like to stress however that our calculations display a relative difference that is
always stronger than the one obtained with PHO5 estimate, which does not involve a softening
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FIGURE 4.9: Relative difference of the torques between with the fsg situation (visg ) and the nog situation
("nog) as a function of the disc surface density ¥,,. We compare the results of our calculations (each symbol
refers to a different value of the softening length €) with the analytical results of PHO5 (dashed curve),
and our analytical estimate (dash-dotted curve, see text and equation (4.18)). The vertical dotted lines
display different values of the Toomre parameter at the planet location.

parameter. We give hereafter more insight into this result. We propose to evaluate for each
azimuthal wavenumber m the shift of the Lindblad resonances induced by our fsg calculations,
and compare it with its theoretical expression given by equation (4.15). This theoretical expres-
sion predicts that the shifts at inner and outer resonances are of opposite sign, their absolute
value, which we denote by dzy m, being identical. We furthermore denote by d&num,m the shift
(in absolute value) inferred from our calculations, and by F%‘sg,m (Ifigm) the m'™ Fourier com-
ponent of the inner (outer) Lindblad torque of a fsg calculation. We use similar notations for a
nog calculation, and we drop hereafter the m subscripts for the sake of legibility. A first-order
expansion yields

=g + Oullog 0Tnum  and  T9, =10, — %, 62num. (4.20)

%sg nog nog nog nog
To estimate the quantities 0,1 flog and 0,I'),,, we performed an additional nog calculation,
mentioned as nogo calculation, for which we imposed a slight, known shift of the resonances.
This was done by fixing the planet’s angular velocity at Q,—0),, with 60, = 107°€),,. This slight
decrease of the planet’s angular velocity, with respect to the nog situation, implies an outward
shift of inner and outer Lindblad resonances that reads dz, = (26€2,)/(3h€2p), expression that
is independent of m. With similar notations as before for the nogo calculation, and using again
a first-order expansion, we have

oo =T0  +0,I% 0z, and T9, =T9,+ 0,19, 0z (4.21)

nogo nog nog Yo nogo nog nog Y+o-
Combining equations (4.20) and (4.21), we are finally left with

( %sg B ?sg) - (Filog - Fgog)

(Fgogo + Fﬁogo) - (F%mg + Fgog)

dxnum -

X 6. (4.22)

We plot in figure 4.10 the ratio dzpum/dzn as a function of the azimuthal wavenumber m,
for 3, = 2 x 1073 (Q ~ 8). We first comment that the ratio is negative for m < 6, positive
beyond, with a divergent behavior at the transition. We checked that this behavior is caused by
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FIGURE 4.10: Ratio of §Znum, the shift of Lindblad resonances obtained with our fsg calculations (see
equation (4.22)), and of dxy,, its analytically expected value (see equation (4.15)).

a change of sign of the denominator® of equation (4.22), which is negative for m < 6 and positive
beyond. Furthermore, the ratio 0xnum /dxy is significantly greater than unity for m ranging from
~ 7 to ~ 20, that is for the dominant Lindblad resonances. Differently stated, the dominant
Lindblad resonances are more shifted by our calculations than analytically expected by PHO05,
which explains why the torque enhancement is more important with our calculations. Beyond,
the ratio is close to unity for a rather large range of high m-values. This confirms that for high
values of m the WKB approximation yields analytical estimates that are in good agreement
with the results of numerical simulations. However, since our calculations involve a softening
parameter, the ratio does not converge when increasing m, and slowly tends to zero. We checked
that the value of m for which the ratio becomes lower than unity increases when decreasing the
softening length. This explains why the torque enhancement is increasingly important at smaller
softening length, as inferred from figure 4.9.

4.6 The anisotropy model

4.6.1 Motivation

In section 4.5, we have investigated the impact of the disc gravity on the differential Lindblad
torque for low-mass planets. The torque of an asg calculation (where only the axisymmetric com-
ponent of the disc self-gravity is taken into account) is close to that of a nog calculation (without
disc gravity). However, a fsg calculation (which furthermore involves the non-axisymmetric con-
tribution of the self-gravity) displays a significant increase of the torque, which can be exclusively
accounted for by a shift of the LR.

We propose in this section to model this torque enhancement for low-mass planets. Our model
aims at calculating only the axisymmetric part of the disc self-gravity, and applying an additional
shift of the LR that mimics the one of its non-axisymmetric part. Altering the location of the
LR comes to modifying the dispersion relation of the density waves. The dispersion relations
of the asg and fsg cases differ only from the —27GXm/r term [in the WKB approximation, see
equations (4.13) and (4.14)]. There is however no straightforward way to add an extra term

5This denominator corresponds to the difference of the differential Lindblad torques between the nog and nogo
situations, expected to be positive for all m.
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proportional to m in the dispersion relation D,y of the asg situation. We propose to multiply
the m2c2 /r? term of D,s by a constant, positive factor 1 — a, with a > 0 to ensure that LR are
shifted toward the orbit. This can be achieved by multiplying the azimuthal pressure gradient
O0,P by 1 — « in the Navier-Stokes equation or, differently stated, by assuming an anisotropic
pressure tensor, for which the pressure in the azimuthal direction reads P, = (1 — «)P,, where
P,, the pressure in the radial direction, is given by P, = Xc2. We call a the anisotropy coefficient.
When an asg calculation includes the anisotropic pressure model, it is mentioned as an asg+ap
calculation. An important point is that the anisotropy model does not alter the radial pressure
gradient. Thus, it does not alter the rotational equilibrium of the disc, nor does it introduce
a shift of the corotation resonance (the latter point is especially important when the disc is
described with an adiabatic energy equation, case for which the corotation torque depends
dramatically on the location of the corotation resonance. This will be detailed in chapter 5).
We now explain how to take the adequate value for the anisotropy coefficient. As previously,
we assume an initial surface density profile scaling with r—3/2, inducing a negligible® vortensity
gradient, hence a negligible corotation torque. Thus, the torques obtained with our calculations
only include the differential Lindblad torque. We denote by I'tss, I'asg and I'aysgrap the differen-
tial Lindblad torques obtained with the fsg, asg and asg+ap calculations. Our model aims at
imposing that
I‘a‘sg—i-ap - I‘aLsg = I‘fsg - Fasg‘ (423)

A first-order expansion of the left-hand side of equation (4.23) with «, and of its right-hand side
with Q! leads to

o =8Q7, (4.24)

where .

Ol /OQ ™ )01

(aFaSngap/aa)a:O
The parameter 3 depends only on the softening length to disc scale height ratio n = ¢/H. We
calculated it for n = 0.1, 0.3 and 0.6 for small, fixed values of o and Q !, which we denote with
a zero subscript. For each value of 7, we performed an asg, an asg+ap and a fsg calculation with
g =107% and h = 5 %, corresponding to a Bondi radius to softening length ratio of ~ 2.7 %.
Furthermore, we adopted X, = 5 x 1074, yielding Qo L'~ 0.03. The asg+ap calculation had
ap = 0.01. Using equation (4.25), the parameter § was therefore calculated by

I_\fsg - Fasg

B =aQo (4.26)

Fasg—l—ap - I‘asg .
We display in table 4.3 the values of 3 for n = 0.1, 0.3 and 0.6. We note that our anisotropic

pressure model should be applied only when @@ > 3 to satisfy the constrain 1 — a > 0. This is
not a stringent constrain since 4 < 1 for these values of 7.

We comment that the value of m for which the resonance shifts induced by the self gravity and
by the anisotropic pressure are equal is beyond the torque cut-off. Several reasons may conspire
for that:

- For a given shift, the relative torque variation is larger for resonances that lie closer to the
orbit, which gives more weight to high—m component.

SWith a uniform disc aspect ratio, the vortensity gradient vanishes for a non self-gravitating disc while it is
negligible, but does not cancel out, for a self-gravitating disc.
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n=¢e/H B

01 . oo, 0.32(4)
0.3 . e, 0.61(4)
0.6 . 0o, 0.94(1)

TABLE 4.3: Calculation of the anisotropy coefficient: values of (3 for different values of 7.
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FIGURE 4.11: Specific torque exerted on a M, = 1075M, planet mass, as a function of the Toomre
parameter Q) at the planet location. We display the torques obtained with asg calculations (plus signs),
fsg calculations (asterisks) and asg+ap calculations (diamonds).

- The shifts estimated by a WKB analysis may dramatically differ from the real shifts (see
section 4.5.3), especially at low—m, where significant torque is exerted.

- The torque expression for an anisotropic pressure has not been worked out in the literature,
and may differ from the standard expression (Ward 1997), with the consequence that equal
shifts will not yield equal torque variations.

4.6.2 Validity

We first test the validity of our model by performing a series of calculations with ) ranging
from 1.5 to 8. From equation (4.12), @ can be set by varying either h or ¥,,. Varying h however
alters the ratio rp/e, which controls the flow linearity in the planet vicinity. We therefore fixed
h = 0.05 and varied ¥,. The planet to primary mass ratio is ¢ = 1075, the softening length
is e = 0.3H(rp). For each value of (), we performed a fsg, an asg, and an asg+ap calculation,
for which the anisotropy coefficient is « = 3/Q, with 5 = 0.614 (see table 4.3). The results
are displayed in figure 4.11. As expected from the first-order expansion in Q! used to derive
equation (4.24), the difference between the torques of the fsg and asg+ap calculations increases
when decreasing ). The relative difference is ~ 0.4 % for Q@ = 8, ~ 10 % for @ = 2.5, and
reaches ~ 25 % for @@ = 1.5. The anisotropic pressure model therefore reproduces the torque of
a fsg calculation with a good level of accuracy up to @ ~ 4.

The robustness of our model is furthermore tested against the onset of non-linearities, by
varying the planet to primary mass ratio ¢. The Toomre parameter at the planet location is
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FIGURE 4.12: Specific torque as a function of the planet to primary mass ratio. Calculations obtained
with the anisotropic pressure model (asg+ap) are compared with axisymmetric self-gravitating calcula-
tions (asg) and fully self-gravitating calculations (fsg). The close-up displays the relative difference of the
torques between the fsg and asg+ap situations. For all these calculations, (Q = 8 at the planet location
(the disc mass is ~ 0.024M,,).

fixed at Q = 8. A series of asg, asg+ap and fsg calculations was performed with ¢ ranging from
1079 to 7 x 1075, hence with rp/e ranging from ~ 2.7 % to ~ 18.7 %. Figure 4.12 displays the
specific torque as a function of ¢ for each calculation. The torques obtained with the fsg and
asg+ap agree with a good level of accuracy. Their relative difference, shown in the close-up,
increases almost linearly from ~ 0.4 % to ~ 4 %, due to the onset of non-linearities.

These results indicate that the anisotropic pressure model succeeds in reproducing the total
torque obtained with a fully self-gravitating disc, as far as a low-mass planet, a high to moderate
Toomre parameter, and a surface density profile scaling with —3/2 are considered. With these
limitations, these results present another confirmation that the impact of the disc gravity on the
differential Lindblad torque can be entirely accounted for by a shift of the LR. We suggest that
in the restricted cases mentioned above, the anisotropic pressure model could be used as a low-
computational cost method to model the contribution of the disc gravity. We finally comment
that, not surprisingly, these results do not differ if the planet freely migrates in the disc, which
we checked with long-term fsg and asg+ap calculations (not presented here).

4.7 Corotation torque issues

Hitherto, we have considered an initial surface density profile scaling with r—3/2, inducing a
negligible vortensity gradient, hence a negligible corotation torque. This assumption ensured
that the torques derived from our calculations accounted only for the differential Lindblad torque.
It enabled a direct comparison with analytical expectations focusing on the differential Lindblad
torque. We release this assumption and evaluate the impact of the disc self-gravity on the
corotation torque I'c, in the linear regime. For a disc without self-gravity, Masset et al. (2006a)
showed that the corotation torque is well approximated by the horseshoe drag expression, which
reads (see section 2.3.2):

e = ~22Q%(r.) B(re) [dln(E/B)} I (4.27)

dlnr
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FIGURE 4.13: Same as figure 4.12, but for a flat initial surface density profile. The square corresponds
to an additional nog calculation performed with ¢ = 5x 1075. The close-up displays the relative difference
of the corotation torques between the asg and fsg situations (see text and equation (4.30)).

where x; is the half-width of the horseshoe region, r. denotes the corotation radius, and B =
(2r)71d(r*Q)/dr is half the vertical component of the flow vorticity. We denote by I'c asg,
' asg+ap, and I'cgse the corotation torques in the asg, asg+ap, and fsg situations. The same
quantities without the C subscript refer to the total torque in the corresponding situation.

We performed the same set of asg, asg+ap and fsg calculations as in section 4.6.2, but
with a flat initial surface density profile (we vary the planet to primary mass ratio ¢, for Q@ =
8). An additional nog calculation was also performed for ¢ = 5 x 1076. The results of these
calculations are displayed in figure 4.13. The torques of the nog and asg calculations are hardly
distinguishable, their relative difference being ~ 2 %, similarly as in section 4.5.1, where o = 1.5.
This difference should therefore be attributed to the differential Lindblad torque rather than to
the corotation torque. It confirms that the corotation torque is not altered by the axisymmetric
component of the disc gravity.

Furthermore, the torques of the fsg runs are significantly larger than those of the asg+ap runs.
Their relative difference varies from ~ 11 % to ~ 17 %. We do not expect this difference to arise
from the differential Lindblad torque, despite the change of o. The differential Lindblad torques
should therefore differ from ~ 0.4 % to ~ 4 %, as for 0 = 1.5 (close-up of figure 4.12). This
reveals that the fsg situation, or the asg+ap situation, or both, boosts the (positive) corotation
torque.

We expect in fact the asg+ap situation to enhance the corotation torque. Masset et al.
(2006a) have estimated z; for a disc without self-gravity, in the linear regime. Their estimate
reads x5 ~ 1.16rpm. In the limit where the planet mass vanishes, a fluid element on a
horseshoe separatrix has a circular trajectory and is only sensitive to the azimuthal gradient of
the disc pressure. The above estimate of zs therefore holds for an asg+ap calculation if one
substitutes h with /1 — a h, which we checked by a streamline analysis. Thus, we expect the
anisotropic pressure model to slightly increase the half-width of the horseshoe zone, thereby
increasing the corotation torque as

FC,aLsg
11—«

I‘C,asg-i-ap = 5 (4.28)

with I'c asg given by equation (4.27), and a = 8/Q.
To investigate whether the fsg situation also increases the corotation torque, we evaluate the
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quantity (I'c e — I'clasg)/I'C asg, Which can be recast as

FC,fsg - I‘C,ahsg . I‘C,fsg - FC,ausg—‘,-aLp +

1—‘C,asg+ap - 1—‘C,asg
I‘C,asg FC,asg I‘C,asg

(4.29)

Using equation (4.28), the second right-hand side of equation (4.29) reads a/(1 — «), and is
~ 8.4 %. Moreover, for the sake of simplicity, we neglect the relative change of the differential
Lindblad torques. This assumption applies to the smallest planet masses that we consider,
for which, as stated above, this change does not exceed ~ 1 %. The first right-hand side of
equation (4.29) therefore reads (I'tsg—I'asgtap)/T'Casg- The quantity I'c ase can be connected with
Iasg, using the estimate of Tanaka et al. (2002) for a flat surface density profile. This connection
is motivated by the fact that both the differential Lindblad torque, and the corotation torque are
almost identical in the nog and asg situations. This leads to I'c asg & —1.561"5ss. Equation (4.29)
finally reads
FC,fsg - I‘C,asg _ I‘fsg - IWausg—‘,-ap «
I'Case N 1.56 Iysg 1—ao

(4.30)

This ratio is displayed in the close-up of figure 4.13. It shows that the fsg situation slightly
enhances the corotation torque, but this enhancement does not exceed ~ 4.5 % for the highest
planet mass that we consider. For the smallest planet masses, it is negligible with respect to the
increase of the corotation torque triggered by the asg+ap situation. Thus, the large difference
between the torques of the asg+ap and fsg calculations can be exclusively accounted for by the
boost of the corotation torque in the asg+ap situation. The slight increase of the corotation
torque in the fsg calculations should be compared to that of the differential Lindblad torque,
which typically amounts to ~ 17 % (for ¢ = 1.5, see figure 4.12). This comparison indicates
that the disc self-gravity does hardly change, if at all, the corotation torque.

4.8 Conclusions

We have investigated in this chapter the impact of the disc self-gravity on type I migration. The
assumption customarily used in planet-disc calculations, namely a planet freely migrating in a
disc without self-gravity, can lead to a strong overestimate of the migration rate. We provide a
simple evaluation of this overestimate through figure 4.4. The drift rate can be overestimated
by as much as a factor of two for a disc having three times the surface density of the minimum
mass solar nebula. Such a factor is inappropriate for the accurate calculation of migration rates,
which is one of the main objectives of disc-planet investigations. We emphasize that the planet
and the disc must orbit within the same potential to provide unbiased estimates of the migration
timescale.

The inclusion of the self-gravity in our calculations confirms that the disc gravity slightly
accelerates type I migration. We have solved the apparent contradiction between the statements
of Nelson & Benz (2003a;b) and Pierens & Huré (2005) regarding the impact of the disc self-
gravity on the migration rate. The increase of the differential Lindblad torque due to the disc
gravity is typically one order of magnitude smaller than the spurious one induced by a planet
freely migrating in a non self-gravitating disc. We provide again a simple evaluation of this
torque increase with figure 4.7. It is found to depend only on the Toomre parameter at the
planet location, whatever the mass distribution of the whole disc. In addition, we have shown
that the torque increase can be entirely accounted for by a shift of the Lindblad resonances,
and be modeled with an anisotropic pressure tensor. This model succeeds in reproducing the
differential Lindblad torque of a self-gravitating calculation, but increases the corotation torque.
This model enables us to conclude that there is no significant impact of the disc self-gravity
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on the corotation torque, in the linear regime. Perspectives of this work will be addressed in
chapter 7.

k%




96

Type I planetary migration in a self-gravitating disc




Chapter 5

On the corotation torque in
adiabatic discs

E EVALUATE THE COROTATION TORQUE between a two-dimensional

\/ \/ gaseous disc and a uniformly rotating external potential, assuming that
the disc flow is adiabatic. We derive in section 5.2 the linearized hydrodynamic
equations at an isolated resonance. In section 5.3, we give a generalized
expression of the corotation torque that involves the pressure perturbation, and
which reduces to the usual dependence on the vortensity gradient in the limit of
a cold disc. In the general case, we find an additional dependence on the entropy
gradient. We check in section 5.3 our torque expression through customized
two-dimensional hydrodynamical simulations.
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5.1 Introduction

As emphasized in chapter 1, planetary migration plays a key role in the formation and evolu-
tion of young planetary systems. One major issue in the current paradigm of planet migration
is that the migration of low-mass planets (type I migration) should occur on timescales much
smaller than the disc lifetime, see chapter 2. While it may explain the existence of the Hot
Jupiters, it renders difficult the formation of giant planets at large distances from their central
star (e.g. at several astronomical units, as in the Solar System). We described in section 2.3.3
several mechanisms that may slow down or even halt migration, and we underscored the po-
tential importance of the corotation torque to act in this way. In particular, we mentioned the
recent work of Paardekooper & Mellema (2006), who showed that type I migration could be
reversed in adiabatic discs. They found the presence of underdense gas lagging the planet in
the corotation region, which indicates that the corotation torque should be responsible for the
migration reversal.

In order to further investigate these results, we consider the simplified situation of an inviscid,
adiabatic two-dimensional disc. The unperturbed axisymmetric state of the disc is described in
section 3.1.1. The only change of notations compared to previous chapters consists in denoting
by u and v respectively the radial and azimuthal velocities. In addition, we will write with a “0”
subscript the unperturbed quantities, and with a “1” subscript the perturbed ones. For instance,
the gas pressure reads p(r, ¢) = po(r) + p1(r, ¢). We will make use of the two Oort’s constants:

1 dQ2
A= —— 5.1
2r dr’ (5.1)
which scales with the local shear in the flow, and:
1 d(r?*Q)
2r dr 4 (5.2)
which is half the vertical component of the flow vorticity, and which is also (2r)~! times the
radial derivative of the specific angular momentum. We recall that the horizontal epicyclic
frequency reads k = (40B)"/2.

5.2 Linear analysis at an isolated resonance

We study the linear response of the disc to a perturbing non-axisymmetric potential ®(r, p) =
P, (1) cosm (¢ — Qpt)]. The perturbing potential rotates at constant angular velocity €2,. In the
inertial frame, the linearized Euler equations of the disc are:

8u1 8’LL1 8(1) 1 8]?1 21 Bp(]
— 4+ Q— -2 =——— ——— + —— 5.3
o g NS T TS or T2 or (5:3)
and 5 5 ) 5
vy v K 1 P1
Lyl =2 (o4 ). 5.4
ot - 0y * 20" r Oy ( * 20> (54)
The linearized continuity equation is:
0% 0¥ 190 10
- 3 (D =0. 5.5
ot + dp + ror (rXou) + r Op (Xov1) (5:5)

For the sake of simplicity, we will refer to the quantity S = p¥X~7 as the gas (specific) entropy,
where v is the adiabatic index (see equation (3.50) for a more rigorous expression). The disc
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being inviscid and adiabatic, the energy equation reduces to the Lagrangian conservation of the
entropy (see section 3.3.2). The linearized conservation of the entropy along element paths reads

98, S, 05,
Q - .
o e, T, =0 (5:6)

where S1 = So(p1/po — ¥X1/%0). We furthermore assume that the gas is described by an ideal
equation of state so that py and X are connected by py = Yoc2 /7, cs being the adiabatic sound
speed (see equation (3.52)).

We assume a perturbation of the form xi ,,(r)exp(im{y — Q,t}) where x; stands for any
perturbed quantity of the flow!. We note Aw = m(€, — ) and we use the prime notation to
denote 0/0r. Equation (5.6) can be recast as:

o ]ﬂ iSZgul
1= 2 A (5.7)
Combining equations (5.3), (5.4) and (5.7) we are led to:
A ) 2
Sour = iF [“’ {(<1> +) - qf} L \11)] (5.8)
Q r r
and ) s A 2,2
K / m w csr
where S and P are given by
1dIn Sy
S=- 5.10
v dlnr ( )
and 14l
L Po
== A1
v dlnr’ (5.11)
where W is defined as
U= pl/ZO (512)
and where F is defined by
Yo
F=222 (5.13)

D )
with D = k% — Aw? — 57303 /r2. We point out that, in an isothermal disc, ¥ corresponds to the

perturbed flow enthalpy. Substituting equations (5.7), (5.8) and (5.9) into equation (5.5) gives
the second-order differential equation for the perturbed quantity ¥,

@+ ) +r(B+S)(®+ V) —rSY +CU +Dd =0, (5.14)
where: IO
n
= 1 — .1
B=1+V———, (5.15)
D Q

+8% |(r/S) = 1] = m? (14 spal” (5.16)

r m sz N .

'"We drop the subscript m in x1,m(r) to improve legibility.
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D:—Qm% V+8)—m <1+S7> e/ ) (5.17)

and

_dInF

~ dlnr’
Equation (5.14) reduces to the equation (15) of Li et al. (2000b) if one considers the propagation
of free waves (® = 0), while it reduces to the equation (13) of Goldreich & Tremaine (1979)
(hereafter GT79) for an isentropic flow. There are two apparent singularities in equation (5.14).
The first one is a real singularity that arises when Aw = 0, and which defines the corotation
resonance. The angular momentum exchanged between the disc and the perturber at this
location is calculated in section 5.3. The second one is regular and stems from D(r) = 0, whose
roots define generalized locations for the Lindblad resonances in adiabatic discs. The last term
in D(r) is very small compared to the m?c?/r? term in the dispersion relation of density waves
(see section 2.3), so its impact on the resonances location should be of negligible importance.
Note however that, as the adiabatic sound speed is larger than the isothermal one, Lindblad
resonances are located further from the orbit in the adiabatic case, with direct consequences on
the torque. We expect indeed the differential Lindblad torque, which scales as c; 2, to be reduced
by a factor of + in the adiabatic case. This will be checked by hydrodynamic calculatlons in
chapter 6, which confirms that the last term in the expression of D(r) hardly alters the resonances
location.

(5.18)

5.3 Corotation torque

We now estimate the rate of angular momentum exchanged between the perturber and the
adiabatic disc described in last section. This rate therefore corresponds to the disc torque,
which we denote by I', and which we define as the torque exerted by the disc on the perturber
(unless otherwise stated). It reads:

o0
= / (r X dF gisc—perturber) €2 = / X1 (r, @) =—rdrde. (5.19)
disc disc 830

We limit ourselves to the torque exerted by the disc material lying in the vicinity of corotation,
hence to the corotation torque, which we denote by I'.. In equation (5.19), the real quantities ®
and X1 can be written as the half-sum of their complex and complex conjugate, X1 = (271%—271*) /2
and @ = (& + 5*) /2 (the star superscript denotes the complex conjugate). These complex
quantities can be expressed as a series of contributions at each azimuthal wavenumber m,

0= 3 anlr)e e,
m>0

where z, (1) = {2X1,m(7), @ (r)}. In the potential expansion, ®,,(r) are real quantities. Keeping
only the non-vanishing contributions to the integral, equation (5.19) is recast as:

27
I = /rdr/ dp <21 —i—Zl*a(I))
e

- 2 / rdr x 2im 3 MO (1) {5 (1) — Sum(r)}, (5.20)

m>0

—2iIm(X1,m (7))

where Im denotes the imaginary part. Contrary to GT79, we do not neglect the radial variation
of r and of ®(r) compared to that of Im ¥ ,,, () across corotation. Using variable z = (r—r.)/r,
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where r. denotes the corotation radius, the corotation torque takes the form I'c = > T'c ,, with

Cepm = mar? /OO da Im[X p (2)] @ () (1 + 2) | (5.21)

—0o0

We will now drop again m subscripts to improve legibility. As in GT79, we assume that the disc
responds to a slowly increasing perturbation and take Aw to have a small, positive imaginary
part a:

Aw =m(Q, — Q) +ia = —mreS) (1) (z + i), (5.22)

where € = —a/[mr.(r.)] > 0. In equation (5.22), the time a~! may be interpreted as a

characteristic timescale above which the linear analysis will fail (Paardekooper & Papaloizou
2008). We then substitute Xou; in equation (5.7) by the expression given by equation (5.8).
Using equation (5.22), we find:

$(2) = U(x) @+f2§] (@4 0)(2) [iiﬂ* d(® tzf)(x) [;gg] (5.23)

Note that in the first term on the right-hand side of equation (5.23), the second term in the
bracket is much smaller compared with the first one, by a factor ~ A%, with h the disc aspect
ratio at the corotation resonance. We are primarily interested in the imaginary part of ¥; to
evaluate the corotation torque. We stress that the torques between the disc and the perturber
converge as € tends to zero. In the limit € — 0, we are left with:

x + i€

i) = W) 5]+ e+ e |55
[ (z)] {2?8] dm () [3%] |

r3Q) dx 2r3Q)

2]—'8]

(5.24)

T

where Re stands for the real part, and 0(z) is Dirac’s delta function. Each term on the right-
hand side of equation (5.24) yields a contribution to the corotation torque. We now provide
an order of magnitude estimate of these contributions, that we denote respectively by v.m,1 to
Yeoma- They write

Yem,1 = % /00 O(z)ImV(x) (L+z)de , Yemo = @(rc){@(rc) + Re‘lf(rc)} (5.25)

—00

and

Yems = — / T o@D (4 e | e = / Y o) T 4 e (5.26)

—00 &z —00 dx

We evaluate the latter quantities for two calculations of section 5.4.2. The numerical setup used
for these runs will be presented in section 5.4.1. In short, we use the FARGO code to solve
the hydrodynamic equations with the Fourier component of m = 3 of an external, rotating
potential. The contributions to the corotation torques 7yem.1 to Yema are calculated with
equations (5.25) and (5.26), with ¥ = p; /% evaluated numerically. The results are displayed
in table 5.1 for the run with a flat potential profile, and the one having a peaked potential
profile with S ~ 0.43 (see section 5.4.2). The first and second contributions are of same order
of magnitude, and are much larger than the third and fourth contributions. The high value
of Yem,1, compared t0 Yem,3 and Ve 4, stems from the h~=2 factor preceding the integral. We
can therefore safely neglect the torque contributions arising from the last two terms on the
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Potential Yem,1 Ye,m,2 Ye,m,3 Ye,m,4
Flat —2x 107" 5x1072 6x107 —4x10°1
Peaked 4x1072 4x1072 5x107% —4x1071

TABLE 5.1: Order of magnitude estimate of the four contributions to the corotation torque 7cm1
t0 Ye.m.4, given by equations (5.25) and (5.26). These contributions are calculated with two numerical
simulations of section 5.4.2, for which the radial profile of the external potential is either flat (first line)
or peaked around the corotation radius (second line, see text). In both cases, the first and second
contributions have same order of magnitude and are much larger compared to the third and fourth one.

right-hand side of equation (5.24). Furthermore, we checked that neglecting the radial variation
of the term (1+ x)®(z) in equation (5.21) induces a relative error on the torque evaluation that
does not exceed ~ 5%. It confirms the assumption made by GT79, who treat all quantities in
equation (5.21), except ImW¥(x), the most rapidly varying, as uniform. We will now use the
same approximation. This will greatly simplify the calculation of 7.1 in the limit of a cold
disc, as we shall see in section 5.3.1).

We are at the end left with two contributions to the corotation torque, arising from the first
two terms of the right-hand side of equation (5.24), that read respectively:

2 [e'e]

Temi = [mfgr‘b] / da Tm [ ()] (5.27)
2FS®

Tz = [Qm” s T(s,JrRe(‘I’))} . (5.28)

The term I'c,, 1 is the contribution of the function W, such as in the isentropic case. The
second term, I';,, 2, corresponds to a singularity at corotation, associated to a non-vanishing
entropy gradient. It corresponds to the torque arising from the advection of entropy in the
corotation region, which results in a surface density perturbation if the entropy is not uniform.
The perturbation is singular for the surface density and the entropy, but not for the pressure (we
will come back on this statement in the next paragraph). Some further insight into the dynamics
of this perturbation will be given in section 5.4.3. It remains confined to corotation, where it
yields a finite contribution to the torque. Our contribution estimate above points out that I'c ;, 2
has same order of magnitude than I'c,, 1. We provide in the next section an expression for the
corotation torque in the limit of a cold disc, then we turn to the general case.

5.3.1 Limit of a cold disc

We contemplate here the case for which |¥| < |®|, which we refer to as a cold case. This
condition depends on the strength of the perturbing potential, its radial scale, and on the disc
temperature. In particular, in the planetary context, some corotation resonances may correspond
to a cold situation, while others have |[¥| ~ |®|. Nevertheless, a given resonance eventually
satisfies the cold case condition as the disc temperature tends to zero.

The evaluation of equation (5.27) requires an explicit expression for ¥, obtained by solving
the differential equation (5.14) in the vicinity of corotation. This has been done by GT79 for a
cold isentropic disc. An explicit solution can also be obtained for a cold adiabatic disc within the
same level of approximation. Note however that some additional difficulties arise, in particular




Toward predictive scenarios of planetary migration 103

the existence of a double pole (term proportional to Aw=2) in the coefficients C and D, defined
respectively by equations (5.16) and (5.17). We discard the double pole for the following reasons:

- Unlike the simple pole, it scales with ¢2, which indicates that when the disc aspect ratio

tends to zero, it becomes negligible; differently stated, there should be a critical disc
thickness under which it is safe to neglect this term.

- This term is the only one that depends both on the entropy and on the pressure gradients.
As we shall see at the next chapter, our results of calculations for a planet embedded in a
disc with aspect ratio h = 0.05 show that the torque excess with respect to an isothermal
situation essentially depends on the entropy gradient, which indicates that already for
h = 0.05 the double pole term is negligible.

- The double pole is regularized with a very small amount of dissipation. Even the molecular
viscosity suffices to render it negligible in the discs that we consider (S.-J. Paardekooper,
2007, private communication).

Discarding the double pole, and within the same level of approximation as GT79, equation (5.14)
can be recast, in the vicinity of the corotation, as

d>v 2y _ Po(re)

el — 5.29
dx? 9 x+ie’ ( )

where

P1:[2Q

2w sﬂ and g = (Dr/e)),, ~ (kr/c,)r.

Tec

Solving the corresponding homogeneous equation, then using the variation of parameters tech-
nique, the general solution of equation (5.29) reads

P o dt Toodt
U(r) = —0(r.) [ | ———e T 4% % :
(x) % (re) [e /x P +e /_ P } , (5.30)

which reduces to the equation (53) of GT79 when S = 0. Combining equations (5.27) and (5.30)
yields the contribution I'c ;1 to the corotation torque:

Tema =T [(V+8)®7], (5.31)
where Ty = —(mn2%)/(2Br) is to be evaluated at the corotation radius. It can be approxi-
mated as (4mn2¥y/3Q?),. in a Keplerian disc. It is thus a positive quantity.

The second contribution to the corotation torque, given by equation (5.28), is specific to

the adiabatic case and involves the singularity arising from the entropy advection. Using equa-
tion (5.28) and noting that |[Re(¥)| < |®|, this contribution to the corotation torque reads

Lema = —To [S ®?] (5.32)

re "

From equations (5.31) and (5.32), we infer the corotation torque for a cold, adiabatic disc, which
reads:

Lo = Do [V @] (5.33)

Te

This expression does not depend on S. We note from equations (5.13) and (5.18) that ) can be

approximated as
o dln Eo/B

= .34
v dinr (5.34)
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since the disc aspect ratio at corotation h(r.) = cs(rc)/[r:Q(r.)] satisfies h(r.) < 1. Equa-
tion (5.33) therefore corresponds to the corotation torque expression? of GT79. This argues
that the corotation torque for a cold case does not depend on whether the disc can radiate en-
ergy efficiently (assuming a locally isothermal equation of state) or not (assuming an adiabatic
energy equation). This can be expected on general grounds: in the cold disc limit, the internal
energy of the fluid is negligible with respect to its mechanical energy, hence the power (and the
torque) of the tidal force correspond to the case of non-interacting test particles, for which the
expression of GT79 prevails.

5.3.2 (General case

We consider in this section the general case where we cannot neglect U with respect to ® in
equations (5.27) and (5.28), as we have done in the previous section. Instead of resorting to a
solution of equation (5.14), we shall use a method similar to the method used by Tanaka et al.
(2002), based on the jump of angular momentum flux at corotation. In the case of Tanaka
et al. (2002), this eventually yields a torque expression similar to the expression of GT79, except
that ® has to be substituted by ® + ¥ (as stated in section 5.2, ¥ corresponds to the enthalpy
perturbation in the isothermal case, where it is usually denoted by n). The drawback of this
method is that it provides a torque expression that features the unknown solution ¥ = p; /3
of the differential equation for the perturbations. Nevertheless, it gives some insight into the
dynamics of the corotation region, and allows to draw the general trends of the corotation torque
in the adiabatic limit. We note that in the isothermal case, Zhang & Lai (2006) have provided
an explicit solution for the perturbed enthalpy at corotation, leading to a corotation torque
expression that only depends on the forcing potential.
The angular momentum flux F4 is given (Goldreich & Tremaine 1979):

2m
Fy= 207“2/ Re(u)Re(v)dp = n¥gr?Re(uv*). (5.35)
0

Equation (5.35) can thus be written as Fiy =), Fa,, with:
Fam = m50r? [Re(ur)Re(vy) + Im(ug)Tm(vy)] . (5.36)

Combining equations (5.8), (5.9) and (5.36), we obtain

Fam = mfor Im(® + \If)dRe(j:‘P) — Re(® + q/)‘ﬂm(zfql)
+ g{Re@)Im(\p) — Im(®)Re(P)} | . (5.37)

In the isentropic (S = 0) case, equation (5.37) reduces to the expression used by Tanaka et al.
(2002) in two-dimensions. The jump in the angular momentum flux is then given by > AFy4
with
AFpm = lim  [Fam(ry) — Fam(ro)], (5.38)
rdre —Te
where r > r. and r, < r. denote the locations respectively beyond and before corotation.
Tanaka et al. (2002) showed that ® 4+ U is continuous at corotation in the isothermal case,
with no assumption on ® and W. Here, since equation (5.14) cannot be recast as an ordinary
differential equation involving only ® + ¥, we have to consider more stringent albeit reasonable

2They have a negative sign because they consider the torque exerted by the perturber on the disc.
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assumptions, namely that both ® and W are continuous at corotation. The fact that ® is con-
tinuous at corotation can be realized with an arbitrarily small softening length of the potential,
in the case of an embedded point-like mass (for which the potential components would diverge
logarithmically at corotation, in the absence of any softening). Assuming that ® is continuous
at corotation, equation (5.14) imposes that W is also continuous at corotation; we would other-
wise have a null linear combination of §(z) and ¢'(x) functions with non-vanishing coefficients,
which is impossible. This implies that the disc pressure remains continuous at the corotation
resonance, despite the singular behavior of the surface density and of the entropy.

We then integrate equation (5.14) over an infinitesimal interval containing r = r.. All finite
terms in this equation yield a vanishing contribution. In particular, our continuity assumption
for & and ¥, and thus for the sum ® 4+ ¥, implies that the term proportional to & in the right-
hand side of equation (5.37) does not contribute to the torque, so the jump in the advected flux
will only come from the jump in d(® + ¥)/dr, as in the isothermal case. This reads:

d(q’;‘l’)(ri) - d(q’(;‘l’)(rg) - Z: [Py(® + U)(re) — QB ()], (5.39)
where [ 20 o
P = ol V+ 28)] and Q= LQ/S] )

Using equations (5.37), (5.38), (5.39) and 2B = x2/29Q, we find that

AFy;m=To [{V+25}®+ U]> - SORe(® + V)] (5.40)

Te

We stress that in the limit of a cold disc, the above expression of AFy,, does not reduce
to the corotation torque expression given by equation (5.33), but it reduces to the expression of
I'¢ m,1. This indicates that the jump of angular momentum flux at corotation misses the singular
contribution of the entropy perturbation at corotation, and as such leads only to an evaluation
of I'cyn,1. There is at least one case in which this important though non-trivial point can be
easily understood, that of a uniform unperturbed pressure profile (P = 0). The general solution
of the set of hydrodynamic equations is divided into the solution of the homogeneous equations
and a particular solution accounting for the forcing potential. In the adiabatic case, a solution
of the homogeneous equations is associated to a singular perturbation of the surface density, of
the form ¥ (z) = §(x) exp{im(p — Qpt)}, and to vanishing perturbations of the pressure and of
the velocity. Note from the radial Euler equation that this solution exists only if P = 0. Note
also that such solution does not exist in the barotropic situation, because the perturbations of
the surface density and of the pressure cannot be separated. The above particular solution,
for which the perturbed surface density cancels out everywhere but at the corotation radius, is
not related to any advection of angular momentum (Fa,,(rf) = 0 = F4n,(r;)), so it cannot
be accounted for by the jump flux method. The torque contribution of this solution has to be
calculated separately, as in the cold disc limit. This contribution is given by equation (5.28):

Temz = —L0[S®Re(® + V)], (5.41)

which reduces to equation (5.32) in the cold disc limit. The general expression for the corota-
tion torque is therefore obtained by accounting for the contributions given by equation (5.40)
and (5.41):

Tom =To [{V 428} |® + U2 — 25 ® Re(® + V)] (5.42)

re |

Equation (5.42) reduces to the expression of Tanaka et al. (2002) when S = 0, while it now
reduces to that of GT79 for a cold disc.




106 On the corotation torque in adiabatic discs

A case of interest is that of a disc perturbed by a peaked potential (that of an embedded
protoplanet for instance), for which [®+Re(¥)| < |®|, and |#+Re(V)| < |Re(V)| at corotation.
For such case, |PRe(® + U)|,, > |P + \If]%c, hence the corotation torque may be approximated
as e = —200[S @ Re(® + ¥)],.. The corotation torque may therefore be much larger in the
non-isentropic case (S # 0) than in the isentropic case (S = 0). Furthermore, its sign is given
by that of S rather than that of V. This enhancement of the corotation torque in an adiabatic
flow may have a dramatic impact on the type I migration of an embedded protoplanet, as was
noted by Paardekooper & Mellema (2006).

5.4 Numerical study of an isolated corotation resonance

We check in this section the analytical predictions of section 5.3 by means of numerical simula-
tions involving an isolated corotation resonance.

5.4.1 Numerical method

Our setup offers a number of similarities with the one of Masset & Ogilvie (2004) for the case of
an isothermal disc. We solve with the FARGO code the hydrodynamic equations along with an
energy equation, in the limit of an adiabatic disc. A complete description of the code properties,
in particular the implementation of the energy equation, is addressed in section 3.3. As in Masset
& Ogilvie (2004), we deal with the m = 3 corotation resonance. The disc is thus torqued by an
m = 3 external potential ® that reads

O(r,p,t) =T(t/T)p(r) cos[3(p — Qpt)], (5.43)

where ¢(r) denotes the radial profile of the potential, €, its pattern speed (note that we work
in the frame corotating with the corotation resonance), t is the time and where

T(z) = sin?(rx/2) ifx < 1
1 otherwise

is a temporal tapering that turns on the potential on the timescale 7.
The total torque I';. exerted by the disc on the perturber, given by equation (5.19), is evalu-

ated by
Ne—1Ns—1 o

=Y ¥ ’J“ i —Lrt Tl S (5.44)

=0 j=0

where N, (Nj) is the radial (azimuthal) number of zones of the mesh, S; ; is the surface area of
zone {1, j}, ®; ; and %; ; are the external potential and surface density at the center of this zone,
and Ay = 27 /N is the azimuthal resolution. Furthermore, the contribution I'.; of function ¥
to the torque is obtained by substituting X1 by p1/c? in equation (5.19). It is therefore evaluated
by

Nr—lNg—l i
,J+1 i1 w
IES S, (5.45)
i=0 4j=0 81,7

where p; ; and cg; ; are the pressure and sound speed at the center of zone {7, j}. The contribution
I'c o of the entropy perturbation to the torque is eventually estimated by

1_‘0,2 =I.— Fc,l- (546)

The radial computational domain is narrow enough to avoid the location of the m = 3 inner
and outer Lindblad resonances (see Masset & Ogilvie 2004). Despite this precaution, wave killing
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zones next to the boundaries were implemented to minimize unphysical wave reflections (see de
Val-Borro et al. (2006) and section 3.3.4). Furthermore, the torque evaluation is performed by
summing only on a grid domain that does not contain the wave killing zones, and the summation
includes a spatial tapering on the edges of that domain.

As usual, the disc surface density and temperature are initially axisymmetric with power-law
profiles:

S(r) =2 (r/re)™° and T(r) =T, (r/r.) 1%, (5.47)
where Y. and T, are the surface density and temperature at the corotation radius r., and where
f is the disc flaring index. Recall that the disc aspect ratio is given by h(r) = H(r)/r =
h(re)(r/re)f, where H(r) is the disc scale height at radius r. A vanishing value of the flaring
index f therefore corresponds to a uniform disc aspect ratio. The functions V and S are constant
and read:

V = 3/2-0 (5.48)
S = o—(c+1-2f)/y. (5.49)

The main numerical parameters are those taken by Masset & Ogilvie (2004), namely a
h(r.) = 0.01 disc aspect ratio at corotation, and ¥, = 1. Our disc is inviscid. The libration
islands are resolved by 30 zones azimuthally. As the potential increases, the radial width of the
islands also increases. Their maximal radial width W spans approximately 20 zones.

The results presented in next section have the following units: the mass of the central object
M, is the mass unit, the corotation radius r. of our m = 3 corotation resonance is the distance
unit and the Keplerian orbital period 1,4, at r = r. is 27 times the time unit.

5.4.2 Results

We consider three cases, corresponding respectively to figures 5.1, 5.2 and 5.3:

1. An external potential with flat profile ¢(r) = —107°, as in Masset & Ogilvie (2004).
This case, that we call the “flat potential case”, has ¢ = 2 and f = —0.3 so that, from
equations (5.48) and (5.49), V = —0.5 and S =~ —0.57,

2. A potential profile that corresponds to the m = 3 Fourier component of the smoothed
potential of a M = 3.1 x 107%M, point-like object. The softening length is ¢ = H(r.),
which is approximately equal to W. The object rotates at speed £, with orbital radius
r.. This neglects the pressure gradient effects, as we do not resolve the distance from orbit
to corotation, but this distance is much smaller than the potential softening length, thus
this is not an issue in the present case. By contrast to the previous case, we call this
situation the “peaked potential case”. The value of M is chosen so that ¢(r.) = —1075, as
in the flat potential case. For this calculation we have 0 = 1.5 and f = 0.5, hence V = 0
and § =~ 0.43. This situation is of interest since there is no vortensity gradient, so the
corotation torque would cancel out if the disc was isothermal.

3. A calculation similar to the previous one, except that ¢ = 0.5 and f = —0.1, so that V =1
and S ~ —0.71.

For the three pairs (V,S) quoted above, the tapering timescale value is 7 = 150 Ty, which
corresponds to the duration of the calculations. This is about three times larger than the final
libration time, estimated as (Masset & Ogilvie 2004)

1 (3lo(r)\
Tnbfvm( « ~ 55 T, (5.50)

In each case we evaluate:
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FIGURE 5.1: Corotation torque exerted by the disc on the perturber, as a function of time, assuming

a flat radial profile of the potential.

The results shown are obtained with an adiabatic calculation,

except in the close-up, where we compare the isothermal and adiabatic torques over the whole duration
of the calculations. Numerical results are displayed with symbols while the theoretical expectations are
displayed with curves. We plot as a function of time the adiabatic corotation torque (diamonds and
solid curve), the contribution of function ¥ to the torque (stars and dashed curve), and the contribution
of the entropy perturbation (triangles and dot-dashed curve). The long-dashed curve, which is nearly
superimposed to the solid curve, displays the corotation torque expression of GT79. The vertical solid
line gives an estimate of the final libration time (see text).
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FIGURE 5.2: Same as figure 5.1, except that the results are obtained with a peaked potential, with
Y =0 and S =~ 0.43. The long-dashed curve shows the expectation from the corotation torque expression
of Tanaka et al. (2002), denoted by TTWO02. The latter expression vanishes since there is no unperturbed

vortensity gradient.
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FIGURE 5.3: Same as figure 5.2 (peaked potential case), except that the calculation has ¥V = 1 and
S~ —0.71.

- the total corotation torque (diamonds) with equation (5.44), to be compared to the ana-
lytical expression (solid curve) given by equation (5.42). In our units, I'g &~ 39.5,

- the contribution of function ¥ to the corotation torque (stars) obtained with equa-
tion (5.45), the expected expression of which (dashed curve) is calculated using equa-
tion (5.40),

- the contribution of the entropy perturbation to the torque (triangles) using equation (5.46),
which is to compare to the prediction of equation (5.41), represented by the dot-dashed
curve.

The torque amplitudes first increase with time since the potential is progressively turned on until
it reaches its final value at the end of the calculation. After some time they start to oscillate,
as can be seen in the close-up of figure 5.1 for the total corotation torque. This oscillation
corresponds to the saturation of the corotation resonance, as the ratio ¢/T}, tends to unity
(Ogilvie & Lubow 2003). A global inspection at figures 5.1 to 5.3 show that our numerical
simulations succeed in reproducing the results of our analytical study as long as ¢ < Tjjp, that
is when a linear analysis can be applied (which requires that the time of the calculation be
much smaller than the libration time). A closer examination of our results leads to the following
comments:

e In the flat potential case, depicted in figure 5.1, we find that Re[i(r.)] = —0.02¢(r.)
throughout the calculation, with ¢ (r) the radial profile of W. This situation thus corre-
sponds to the cold disc limit detailed in section 5.3.1. As expected from equation (5.33),
the analytical corotation torque and the expression of GT79 almost coincide. The close-up
shows the torque evolution over the whole extent of the calculation, up to ¢ = 7. The
torque obtained with a locally isothermal equation of state, having same parameters as
the adiabatic run, is also depicted. Although there is an entropy gradient in this isother-
mal calculation, it does not contribute to the corotation torque as it would in an adiabatic
disc. The appearance of the singular contribution at corotation in the adiabatic case is
linked indeed (i) to the advection of entropy and (ii) to the appearance of a singularity
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in the perturbed density and temperature fields. In the isothermal situation, neither the
entropy is conserved along fluid element paths, nor is a temperature singularity allowed to
appear. The comparison of both calculations shows that, as expected in the cold disc limit,
the adiabatic and isothermal corotation torques coincide, as long as the linear regime is
concerned. We note that both torques do not oscillate about 0 since the potential reaches
a stationary value only at the end of the calculation.

e For the runs with a peaked potential, depicted in figures 5.2 and 5.3, we find that
Re[y(re)] = —0.2¢(r.). This time, the term | — PRe(P + V)| slightly dominates the term
|® + ¥|? in equation (5.42), and the sign of the corotation torque (diamonds and solid
curve) is that of the entropy contribution to the torque (triangles and dash-doted curve).
In the particular case where V = 0 (figure 5.2), the isothermal corotation torque, whose
expression is given by Tanaka et al. (2002), cancels out while we find here a net, negative
torque for the adiabatic situation, in correct agreement with our analytical expression.
Concerning the case where V = 1 and § ~ —0.71, we mention that the comparison with
the formula of Tanaka et al. (2002) is a bit biased since it applies only for a uniform
temperature profile, whereas here the background temperature decreases as r~%%. Our
extended torque formula has no such restriction.

5.4.3 Dynamics of the corotation region

We discuss in this section the dynamics of the corotation resonance for an adiabatic disc, and we
give some comments about the corotation torque expression of equation (5.42). In the isothermal
case, the corotation torque expression involves the product of the gradient of vortensity and the
square of the effective potential (P+W), see e.g. Tanaka et al. (2002). The torque is then given by
the angular momentum budget between material flowing outwards and material flowing inwards
at corotation, regardless of the sign of ® + W. Equation (5.42) displays a term that has a similar
behavior, except that it does not feature the vortensity gradient only, but rather V + 2S. This
factor scales with the (logarithmic) gradient of (¥o/B)S?/7, which is a key quantity considered
by Li et al. (2000b) and by Lovelace et al. (1999b), who pointed out that vortensity is not
conserved in a two-dimensional adiabatic flow.

In addition to this term, equation (5.42) contains a term that scales with ®[® + Re(V)]. The
sign of this term therefore depends on the relative signs of ® and ®+Re(¥). In order to get some
insight into the physical meaning of this term, we show at figure 5.4 the response of the disc in
the corotation region, for the entropy and the surface density. These fields correspond to the
calculation with the flat potential profile considered at the previous section, for which we recall
that ¥V = —0.5 and § = —0.57. Since the disc has a negative radial entropy gradient, libration
brings the (larger) inner entropy to the outer part of the libration islands, yielding a positive
perturbed entropy (brighter areas). Similarly, libration brings the (smaller) outer entropy to
the inner part of the libration islands, yielding a negative perturbed entropy (darker areas). An
opposite behavior is observed for the perturbed density, since the relative pressure perturbation
(not represented here) is much smaller. These results are very similar to those obtained with
the vortensity advection in the isothermal case, see the left-hand panel of figure 2.5.

The sign of this torque component can be understood as follows. Figure 5.5 depicts the
two following possibilities: ® and ® + Re(¥) have same sign (left), and ® and ® + Re(¥) have
opposite signs (right). Depending on the azimuthal wavenumber, we may obtain the former or
the latter case. We checked this result with global disc-planet calculations (not presented here),
and we noticed that only the lowest azimuthal wavenumbers have ® and ® + Re(V) in phase. In
the left panel of figure 5.5, the negative perturbed surface density on the outside of corotation
is located in the region where dp® < 0, hence from equation (5.19) the perturbation yields a
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FIGURE 5.4: Relative perturbation of entropy (left) and surface density (right) for an isolated resonance,
at t =~ 1.5Ty,. These results are obtained with the run having a flat potential profile, V = —0.5 and

S ~ —0.57. Libration is clockwise.
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FIGURE 5.5: Sketch of the corotation region when ® and ® 4+ Re(¥) are in phase (left) and when ®
and ® 4+ Re(V) are in opposition (right). The minima [—] and maxima [+] of ® are indicated at the left,
while those of ® + Re(V) are indicated at the right. In the corotation region, material librates about the
maxima of the effective potential ® +Re(V). We assume here a negative entropy gradient, hence material
flowing outwards has a negative perturbed surface density, while material flowing inwards has a positive
perturbed surface density, as indicated by the minus and plus signs (see also figure 5.4).

positive torque on the perturber. A similar conclusion applies to positive density perturbation
flowing inwards, where dp® > 0. The torque on the perturber is therefore positive, in agreement
with the sign of —S®[® + Re(¥)]. Assuming the same entropy gradient, an opposite conclusion
holds for the case where ®[® + Re(¥)] < 0.

The order of magnitude and functional dependence of this torque component can be justified
as follows. As its sign has been justified at the previous paragraph, we give here an estimate of
its absolute value. With a first-order expansion, the perturbed surface density on the outside of
corotation is ~ |SXg 8 /7|, where § = [(® + Re(¥))/(—8AB)]'/? is an order of magnitude of the
width of the libration islands (see e.g. Ogilvie & Lubow 2003). The specific torque in the region
of surface density perturbation is ~ |m®|, while the area covered by the perturbation of surface
density scales with 726. The torque arising from this region therefore scales with |mr.02S®%,
which is exactly the scaling of |[I'g S®[® + Re(V)]|, within a numerical factor in O(1).

The singular behavior of this torque component, which stems from equation (5.41), and
which appears as a Dirac’s delta function at corotation, can be understood as follows. As the
strength of the perturbation decreases, the width of the libration islands tends to zero, while
the libration time tends to infinity (libration disappears), hence we are left, in the linear regime,
with a torque contribution that comes strictly from the corotation radius and therefore appears
as singular.

It is worth noting that only half of the second term of equation (5.42) comes from equa-
tion (5.41). Equation (5.40), which is obtained from the momentum flux jump, and which as
such captures effects occurring at a finite (albeit small) distance from corotation, also displays
a term similar to that of equation (5.41). The advection of entropy perturbations is not a silent
process: it triggers the emission of pressure waves (Foglizzo & Tagger 2000). Our torque ex-
pression indicates that half of the energy required to advect entropy in the libration islands is
evacuated through pressure waves.
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5.5 Conclusions

We have evaluated in this chapter the corotation torque between an adiabatic two-dimensional
disc and a uniformly rotating external potential. We have found a generalized expression for the
corotation torque at an isolated resonance, which reduces to the usual dependence on the vorten-
sity gradient in the limit of a cold disc. Our torque expression displays an additional contribution
arising from the entropy advection within the libration islands, which scales with the entropy
gradient. We have successfully checked the results of our linear analysis with two-dimensional
hydrodynamical calculations of an isolated corotation resonance. In the next chapter, we will
check our analytical findings in the disc-planet context.

Fokok
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Chapter 6

Type 1 planetary migration in a
radiative disc

E CONTINUE IN THIS CHAPTER our investigation of type I migration in

\/ \/ two-dimensional radiative discs. The external rotating potential is now
that of a low-mass planet held on a fixed circular orbit, for which all co-orbital
corotation resonances and all Lindblad resonances are simultaneously active. As
a bridge with the linear analysis presented in chapter 5, we consider in
section 6.1 the case of an adiabatic disc. Our calculation results confirm that a
significant excess of corotation torque arises from the entropy advection within
the planet’s horseshoe region. We show in particular that the fully unsaturated
value of this torque excess scales with the opposite of the unperturbed entropy
gradient. Similarly as the corotation torque in a locally isothermal disc, this
torque excess ultimately saturates unless source terms in the energy equation
(viscous heating, radiative cooling or thermal diffusion) are taken into account.
We demonstrate in section 6.2 that the torque excess can be maintained to an
unsaturated value on the long term.
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Parameter Notation  Reference value
Aspect ratioat r =1, ...... h(rp) 0.05
Surface density at r =1,.... Xp 2x 1073
Temperature at r =17, ...... T, = h*(rp) 2.5 x 1073
Adiabatic index............. ~ 1.4
Planet to primary mass ratio q 5x 1076
Softening length ............ € 0.03
Mesh inner radius........... T'min 0.4
Mesh outer radius .......... Tmax 1.8
Radial zones number........ N, 1024
Azimuthal zones number. . .. N 2048

TABLE 6.1: Reference parameters for the illustrative calculation of section 6.1.1. The disc is inviscid.

6.1 Excess of corotation torque in an adiabatic disc

The disc that we consider in this section is inviscid and radiatively inefficient (adiabatic), the
energy equation is thus equivalent to the Lagrangian conservation of the gas specific entropy s
(Ds/Dt = 0, see equation (3.53)). In the following, calculations including an adiabatic energy
equation will be called adiabatic calculations. Calculations that do not include an energy equa-
tion will be referred to as locally isothermal runs, or just isothermal runs for short. In all cases,
an adiabatic run and its equivalent isothermal run will have the same initial surface density and
temperature profiles.

6.1.1 An illustrative example

We start with an overview of the disc response to the introduction of a low-mass planet, with
and without energy equation. The disc and planet parameters are summed up in table 6.1,
where they are expressed in the code units (see section 3.1.6). The planet to primary mass ratio
is ¢ = 5 x 107%. The Bondi radius to softening length ratio, which we introduced in section 4.3
as a parameter that controls the flow linearity in a two-dimensional disc, is thus ~ 6.5 %. We
recall that the horseshoe libration time is

8Ty
3z’

(6.1)

TNib =

where 2, is the planet’s angular velocity, and x5 denotes the half-width of the horseshoe region.
We have seen in chapter 2 that xs can be approximated as x5 ~ 1.2r,+/q/h(rp) for an isothermal
disc. A streamline analysis was performed and confirmed that this estimate holds for an adiabatic
disc if one substitutes h(rp) with /yh(rp). This yields 7y, ~ 105T,y,. We comment that
numerical diffusion eventually alters the conservation of advected quantities, such as the entropy
in the adiabatic case. Nevertheless, for the planet to primary mass ratio quoted above, the
horseshoe region spans 20 zones radially, which is sufficient to follow the horseshoe dynamics
over several libration times. For now, we are concerned with only a fraction of the libration
time, so the entropy should be conserved with a good level of accuracy over the duration of our
runs, and be regarded as a Lagrangian tracer of the flow.

As an illustrative example, we present the results of an adiabatic and an isothermal calcu-
lations for which the initial surface density and temperature profiles decrease respectively as
r~05 and 7796, The unperturbed entropy profile then decreases as 4. For these calculations,
the planet is held on a fixed circular orbit at » = 7,. The results are depicted in figure 6.1,
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FIGURE 6.1: Disc response to a M, = 5 x 10~6 M, planet mass. The relative perturbation of the surface
density is displayed with a locally isothermal calculation (top panel), and with an adiabatic calculation
(bottom panel). The color scale is identical in both panels.
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where the panels have the same color scale to appreciate their differences. The clearest differ-
ence arises from the planet wake. The latter is less tightly wound in the adiabatic case (bottom
panel), as the adiabatic sound speed is larger than the isothermal one (by a factor of /v, see
equation (3.52)). In addition, the density perturbations corresponding to the wake have smaller
amplitude in the adiabatic run. This results from the fact that acoustic waves are isentropic, so
that the perturbed pressure p; and the perturbed surface density ¥ always satisfy p; = 21cs2.
The pressure perturbations along the wake depend on the perturbing potential, which is the
same in both situations. The density perturbations are therefore reduced in the adiabatic case,
by a factor of ~ . Furthermore, the adiabatic panel shows additional density perturbations,
that propagate inside the planet horseshoe region. However faint these perturbations might
seem, their contribution to the torque may be strong enough to slow down type I migration
significantly. They may even reverse it, as we will see.

Additional surface density perturbations in the planet’s coorbital region

To understand the presence of additional density perturbations in the adiabatic calculation, we
display in figure 6.2 the gas entropy, and the relative perturbations of the gas entropy, of the
pressure and of the surface density inside the planet’s horseshoe region. While the azimuthal
range spans the whole [0, 2] interval, the radial range depicted is restricted to a band of width
2.5 xs around the corotation radius r.. The above quantities are shown at t = 55Ty, that is
about half the libration time. The streamlines overplotted on the top-left panel illustrate the
entropy conservation of the fluid elements as they perform a horseshoe U-turn in the planet co-
orbital region. Since the unperturbed entropy profile decreases with r, the horseshoe dynamics
brings a negative entropy perturbation to the inner side of the coorbital region (r < r.), as
can be seen on the top-right panel. Similarly, the horseshoe dynamics gives a positive entropy
perturbation on the outer side (r > r.). More generally, when there is initially an entropy
gradient at corotation, the co-orbital dynamics yields an entropy perturbation that has a sign
opposite of that of the entropy gradient on the outwards U-turns, and the sign of the entropy
gradient on the inwards U-turns. In the bottom-left panel, the perturbed pressure does not
exhibit similar perturbations, so it essentially accounts for the planet wake (the horizontal,
saturated structure at ¢ = ¢p). Since the pressure field is only weakly perturbed, entropy
perturbations are related to density perturbations of opposite sign and, in relative value, of
same order of magnitude (bottom-right panel). This is reminiscent of the behavior commented
in the case of an isolated resonance at section 5.4.3. This is also reminiscent of the behavior of
the contact discontinuities (or contact waves) mentioned in section 3.4. Recall that a contact
discontinuity is characterized by a discontinuity in the density and temperature fields, while the
pressure and the velocity remain continuous, and that a contact discontinuity is simply advected
by the flow. The above entropy perturbations will thus be referred to as a contact discontinuity.

A simple advection model

We give hereafter a simple estimate of the surface density perturbation due to the advection
of entropy. We consider a fluid element that performs a horseshoe U-turn from the inner part
of the horseshoe region (where we assume that there is no entropy perturbation, which is true
as long as t < m,/2) to the outer part. All physical quantities at the inner (outer) leg of the
horseshoe streamline are denoted by a minus (plus) subscript. A first-order expansion yields,
assuming no pressure perturbation:

pr =po(re)lF{o+1-2f}x/r.), (6.2)
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FIGURE 6.2: Results of the illustrative adiabatic calculation of section 6.1.1, at t = 55 To < Tiib /2.
The top-left panel shows the gas entropy in the planet’s horseshoe region. Streamlines are overplotted
to underline the entropy advection inside the horseshoe region. The protoplanet is located at r = 1,
¢ = p, and the corotation radius r. is indicated here with a vertical dashed line. From top-right to
bottom-right, we display the relative perturbations of the gas entropy, pressure and surface density. For
instance, the bottom-right panel displays [E(r, @) — Xo(r)]/Zo(r). The bold dashed lines represent the
approximative location of the separatrices of the horseshoe region. The color scale has been adjusted
in the pressure and density panels to highlight the perturbations moving along the separatrices. In the
bottom row panels, the nearly horizontal structure at ¢ = ¢, is the planet wake.
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FIGURE 6.3: Slices of the perturbed entropy (left panel) and of the perturbed density (right panel),
obtained with the calculation results depicted in figure 6.2. The slices correspond to ¢—p, = 1 (diamonds)
and to ¢ — ¢, = —1 (stars). In the left panel, the dashed line shows the quantity —2vS(r —r.)/rc, which
represents the relative perturbation of the entropy, assuming the entropy is conserved along elements
paths. In the right panel, the dashed line displays this time the quantity 28(r —r.)/r., which corresponds
to the relative perturbation of the surface density due to the entropy advection (see equation (6.6)).

where 0 < x < x is the distance of the streamline to corotation, and:
Y =%o(re)(1 4+ ox/re). (6.3)

On the outer horseshoe leg, the disc surface density is perturbed according to the entropy
perturbation and reads:
Yy =%0(re)(1+R—ox/re), (6.4)

where R is the relative perturbation of surface density at r = r. +  (we assume a symmetric
horseshoe U-turn), due to the entropy advection. Entropy conservation along the fluid element
path (S_ = S.) leads to:

R= 2% <a - UHJ”) = 28z /re. (6.5)

Recall that «S is the power-law index of the unperturbed entropy profile (namely the quantity
dlog Sp/dlogr, with Sy the unperturbed entropy). The horseshoe U-turn that we have consid-
ered lags the planet (¢ < ¢p). A similar conclusion holds for a horseshoe U-turn that switches
from the outer leg to the inner one (at ¢ > ¢,), hence we finally have:

R(z) =28z /r¢, Vx € [—xs, +xs]. (6.6)

We show in figure 6.3 two slices of the perturbed entropy and surface density fields displayed
in figure 6.2, at ¢ — ¢, = 1 (diamonds) and ¢ — ¢, = —1 (stars). In the entropy panel (left
one), the dashed curve depicts the quantity —2yS(r — r¢)/rc. It represents the entropy relative
perturbation, assuming the entropy is conserved along horseshoe U-turns. The agreement with
our calculation results is excellent. Similarly, the dashed curve in the right panel depicts the
quantity R(x), given by equation (6.6), which corresponds to the density relative perturbation
due to the entropy advection. It is in fairly good agreement with our calculation results, the
difference arising from the pressure perturbations that we neglected in our model. This shows
that the density perturbations inside the horseshoe region may be exclusively accounted for by
the entropy advection. In particular, we checked that there are no such perturbations in the
isentropic (S = 0) case.
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FIGURE 6.4: Left: torque variation with time of the illustrative adiabatic calculation (dashed curve).
The torque obtained with a similar (locally) isothermal calculation is depicted for comparison (solid
curve). The dotted curve depicts the isothermal torque divided by the adiabatic index ~. The difference
between the adiabatic torque, and the isothermal torque divided by -y, defines the torque excess. Right:
calculations results with same parameters as in the left panel, except the initial temperature increases as
792 hence the unperturbed entropy profile increases as r>*. The entropy gradients are thus opposite in
both panels, and so are the torque excesses in the plateau starting at ~ 20 orbits.

Impact on the corotation torque

To investigate the torque contribution from the above density perturbations, we compare the
torques obtained with our adiabatic and locally isothermal runs. Their time variation is displayed
in figure 6.4a. The adiabatic torque is more positive than the isothermal one, hence type I
migration is slowed down in the adiabatic case. During the very first orbits, the adiabatic
torque closely matches the isothermal torque divided by the adiabatic index v (dotted curve).
Then, the adiabatic torque rises faster than the isothermal one, until both reach a plateau at
~ 20 orbits. These results can be understood as follows. As in the locally isothermal case, the
adiabatic torque includes:

- The differential Lindblad torque. The latter scales as c; 2, it is thus reduced by a factor of
v in the adiabatic case.

- The contribution of the vortensity gradient to the corotation torque. It scales with x%,
that is with c;2. Again, it is reduced by a factor of v in the adiabatic case. In absence of
any additional torque contributions, we would expect the adiabatic torque to be equal to
the locally isothermal torque divided by ~.

The adiabatic calculation displays here an additional torque contribution that comes from the
density perturbations due to the entropy advection in the coorbital region. It represents the
difference between the adiabatic torque, and the locally isothermal torque divided by «. This
additional contribution will be called excess of corotation torque or torque excess for future
reference. Its sign depends on that of the density perturbations in the coorbital region. In
our example, the positive torque exerted by the fluid elements performing an inward U-turn is
enhanced, since the surface density is larger in the inner side of the coorbital region. Similarly,
the negative torque exerted by the fluid elements doing an outward U-turn is decreased, as the
surface density is smaller in the outer side. We thus have a positive torque excess, as shown in
figure 6.4a. The torque excess increases with time until reaching a maximum value or plateau
(here at ~ 20 orbits), much like the corotation torque in the locally isothermal case. The torque
excess begins to saturate at about half the libration time (~ 60 orbits here), as the entropy
perturbations start to mix up. The study of the saturation process is deferred to section 6.2.1.
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FIGURE 6.5: Left: total torque density (symbols) and torque density of p/c? (lines), at t = 5Ty, and
t = 30Ty,. Right: torque density of ¥ — p/c? at the same instants. The vertical dashed line shows the
corotation radius, while the two vertical dotted lines show the extent of the horseshoe region. The torque
density inside the coorbital region is positive as (i) the unperturbed entropy gradient is negative, and (ii)
saturation has not begun.

For the calculation results displayed in figure 6.4b, the disc and planet parameters are iden-
tical as those of our illustrative example, but the initial temperature profile increases as 2.
This choice may be surprising, as one would not expect the temperature to increase with radius.
Our motivation was to get an initial entropy profile increasing as 7%, so the entropy gradients
be exactly opposite between figures 6.4a and 6.4b. The entropy perturbations in the coorbital
region thus have same amplitude but opposite signs, and so are the density perturbations. Sub-
sequently, the torques excesses between both cases are opposite. These two examples illustrate
that the torque excess scales with the unperturbed entropy gradient, in agreement with the scaling
of the density perturbations with S derived in equation (6.6). This will be further investigated
in section 6.1.4.

Also of interest are the torque densities associated to p/c? and ¥ — p/c2. The sum of
these two torque densities is the total torque density. They are depicted in figure 6.5 for our
illustrative run at ¢t = 57,1, and t = 307,,1,. In the left panel, the total torque density displays
a smooth profile and a narrow peak at corotation. This is reminiscent of the torque density
found by Paardekooper & Mellema (2006) (their figure 2) or by Morohoshi & Tanaka (2003)
(their figure 3). The decomposition above splits this total torque density in a smooth component
arising from p/c2, which reminds of the torque density in a locally isothermal disc, and a sharp,
localized torque density arising from ¥ — p/c2. The latter corresponds to the torque density
stemming from the contact discontinuity contribution. It is displayed in the right panel of
figure 6.5. Its time evolution corresponds to! that of the torque excess depicted in figure 6.4a.
It is thus a positive quantity, which reaches its maximum value on the plateau, at ~ 20 orbits.
We stress that this torque density, which is localized at the corotation radius in the linear case
for an isolated resonance, is here bounded by the extent of the horseshoe region.

6.1.2 Connection with analytics

In chapter 5, we derived an expression for the corotation torque between an adiabatic disc and
an external rotating potential. This expression is successfully reproduced by local numerical
simulations of an isolated corotation resonance, in the linear regime. We now apply our linear
analysis to a low-mass planet. This case is more complex to analyze as all Lindblad resonances

"We point out that the torque excess and the torque due to the contact discontinuity are not necessarily
identical, as will be justified in section 6.1.2.
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and all co-orbital corotation resonances are simultaneously active. In the torque evaluation
for instance, it is not straightforward to separate the contribution of the differential Lindblad
torque from that of the corotation torque. The analysis of Tanaka et al. (2002) may be used
however to estimate both contributions separately, as we did in section 4.7 in the self-gravitating
context. Interestingly, as pointed out at the end of last section, the contribution of the contact
discontinuity to the corotation torque, denoted by I'.q, may be directly calculated as

p\ 0P
Toq = Y L) T rdrde, 6.7
d /disc< c%) a@r e ( )

expression that features the surface density perturbations that do not have a pressure counter-
part. This expression is to be compared with the sum over m of the torque I'c y, 2:

oo = lim I :
k—1>I-|I—1<>o ko (6 8)
where <k
472 8% e
Th=—5 gz 2 MPu[®m +Re(Vy) (6.9)
m=1

is the partial sum of I'c 2, to calculate at r = 7. (see equation (5.41)). In equation (6.9),
the quantities ®,, and Re(V,,) are evaluated from the calculation outputs. Before coming to
the comparison between numerical and analytical results, we introduce two timescales we will
largely refer to in the following. The first of them, which we denote by 7,_turn, gives an estimate
of the time required to perform a horseshoe U-turn in the horseshoe region. We demonstrate
in the appendix (section 6.4) that 7y_tum ~ h(7p)7ib, With 7, the libration timescale, given
by equation (6.1). The second timescale is deduced from the linear study of Paardekooper &
Papaloizou (2008). The authors derive a criterion for the departure from linearity, that depends
on the planet to primary mass ratio ¢, on the softening length ¢, and on a parameter similar to
the parameter « in equation (5.22). Their inequality can be recast to give an estimate of the
time above which the linear analysis will ultimately fail. We denote by 7,508 this timescale. In
our code units, we find:

Tu—turn ~ 1.25¢7 Y2 0%/2(r)) Top, (6.10)

and
Topos & 4.9 x 1072 ¢ 128 Ty (6.11)

with € the softening length.

In the left panel of figure 6.6, we display the time evolution of I'.q for the illustrative run
of section 6.1.1. The numerical and analytical evaluations of I'cq are respectively given by
equations (6.7) and (6.8). For comparison, we also depict the torque excess between the adiabatic
and the locally isothermal calculations. We make the following comments:

- The results of our calculations are in excellent agreement with those of the linear analysis
as long as ¢ remains somewhat smaller than a time in between 7y_tum and 7ppe8. This
is highlighted at figure 6.6b, where we show that the cumulative torque F/m, given by
equation (6.9), converges at high m toward the direct numerical estimate. The results are
those obtained at t = 5T ,p.

- Beyond this date, the numerical results show a boost that corresponds to the grasp of the
plateau, and which is not reproduced by the linear analysis. We note in passing that the
temporal evolution of our analytic expression is that of the quantity Re[¥(r.)], hence that
of the perturbed pressure p; at the corotation radius. Since the latter quantity is hardly
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FIGURE 6.6: Left: contribution of the contact discontinuity to the corotation torque, I'cq, as a function
of time. We compare the numerical results of our illustrative calculation, given by equation (6.7), with
our analytical estimate of equation (6.8). The time evolution of the torque excess is also displayed for
comparison. The vertical dashed lines represent the two characteristic timescales given by equations (6.10)
and (6.11) (see text). Right: comparison of the numerical and analytical evaluations of T'cq for our
illustrative run at t = 5 orbits. We show the partial sums of the torque series given by equation (6.9)
(diamonds), and the direct estimate of the contact discontinuity contribution, given by equation (6.7)
(dashed line). The asymptotic value of the partial sum almost coincides with the direct estimate (i.e. the
diamonds almost lie on the dashed line at large m), hence with a very good accuracy we have I'so = T'cq.

perturbed, this is not surprising that our analytic estimate does not change significantly
with time. We performed many additional calculations that differ only from the gradients
of the unperturbed vortensity and entropy profiles. For all of them, we observed that the
numerical evaluation of I'.q in the plateau is larger than the analytic estimate, by typically
a factor of 20% to 50%. This indicates that the linear analysis always underestimates
the unsaturated value of I'q obtained with numerical simulations. It illustrates that the
entropy advection along horseshoe U-turns is a non-linear process. It might also suggest
that already in the locally isothermal case, the unsaturated value of the corotation torque
can not be caught up with a linear analysis, contrary to what is usually thought, and to
what we exposed in chapter 2 (Paardekooper, 2008, priv. comm.).

Furthermore, the torque stemming from the contact discontinuity and the torque excess
show totally different behaviors. Contrary to I'cq, the torque excess increases monotoni-
cally with time until reaching the plateau at ~ 20 orbits. Let us denote by E the torque
excess. It may be intuitive to think that I'.q and E represent the same quantity, namely
the contribution of the entropy perturbations to the torque. Nevertheless, the linear anal-
ysis suggests that E should be the sum of Lo, [28|®m + U |? — 28@, (P1 + Re(¥))],
which, in the limit where |®,, + Re(¥,,)| < |Re(¥,,)| and |®,, + Re(V,,)| < | Py, |, should
reduce to —2I'0 ;y, S@p, (Pr, + Re(Vy,)), that is twice I'eq (see equations (5.40) and (5.41)).
For the calculations presented here, we checked that 23" m|®,, + ¥,,|? is almost exactly
compensated by > m®,, (P, + Re(¥,,)) on the plateau. This explains why the torque
excess essentially amounts to the contact discontinuity contribution on the plateau. Pre-
sumably this coincidence is fortuitous and linked to the relatively large softening length we
use. At smaller softening length, the term in ®,,(®,, + Re(¥,,)) should largely dominate,
yielding a ratio of 2 between the torque excess and the contribution of the contact dis-
continuity. This will be checked in section 6.1.5. We note that Paardekooper & Mellema
(2006) also quote that the torque estimate given by their equation (1) accounts for the
total torque within 25 % (this equation can also be seen as an estimate of the contact
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FIGURE 6.7: Same as figure 6.6a, except the planet to primary mass ratio is increased to ¢ = 2.2 x107°.
There is no match between the numerical and analytical evaluations of T'¢q.

discontinuity contribution). This seems to suggest that the softening length of 0.6H (7))
that we adopted is a correct choice to reproduce the magnitude of the corotational effects
in adiabatic three-dimensional discs.

We end up this section with an additional result regarding the comparison of the numerical
and analytical estimates of I'cq. In figure 6.7, we display again the time variations of I'cq and
of E, but for a planet to primary mass ratio increased to ¢ = 2.2 x 107°. All disc parameters
are identical to those of the calculation presented in figure 6.6a. This time, the numerical
and analytical estimates of I'.q are not in agreement, even at the very early stages of the disc
evolution. This discrepancy is presumably due to the onset of non-linearities in the flow at early
stages, as the Bondi Radius to softening length ratio is ~ 30% in this case (Masset et al. 2006a).
This shows once more the high sensitivity of the corotation torque to non-linear features. We
note that the relative difference of I'.q and of E on the plateau is the same as that obtained
with ¢ =5 x 1076,

6.1.3 Beyond linear analysis: the horseshoe model

Since our linear analysis does not reproduce the unsaturated value of the contact discontinuity
contribution to the torque, we propose in this section an alternative model that inspires from the
standard horseshoe drag expression described in section 2.3.2, but that applies to the advection
of the entropy perturbations in the horseshoe region. We use the simple model derived in
section 6.1.1 to estimate the perturbations R(x)Xo(r.) of the surface density in the horseshoe
region, due to the entropy advection. We first consider the outwards horseshoe U-turns occurring
at ¢ < @p. Assuming, in this order of magnitude estimate, that the rotation profile of the disc
is unperturbed, we evaluate the variation of the angular momentum flux of the horseshoe disc
material after the U-turn attributable to the change of the disc’s surface density:

Ts
Al'yg- :/ (—2Az)%0(re)R(x)(je + 2Brez)de, (6.12)
0
where j. is the specific angular momentum of the material at corotation. The first factor of the

integrand of equation (6.12) represents the material velocity in the corotating frame, due to the
shear. The last factor is the material specific angular momentum obtained from a first order
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expansion at corotation. Similarly, we obtain the change of angular momentum flux due to the
perturbation of surface density on inwards horseshoe U-turns:

Al'gg+ = / (—2A4x)30(re)R(—2)(je — 2Br.x)dx. (6.13)
0
Adding equations (6.12) and (6.13), we are left with:
Al'yg = 2/ S(—ZA:E) - Yo(re)R(x) - 2Brexdr = —4ABYo(r.)Sxl, (6.14)
0

and the horseshoe drag exerted on the planet is —AI'yg. Whenever the horseshoe drag? is
mentioned, it will implicitly refer to as the horseshoe drag on the planet. It represents the
torque exerted by the density perturbations within the horseshoe region. Once again, this
quantity naturally compares to I'cq. Assuming a Keplerian flow, the horseshoe drag expression
simplifies into:

— ATys = —3/4 Xo(re) Q0% (1) Sz (6.15)

This expression shows that our horseshoe drag scales with the opposite of the unperturbed
entropy gradient, as was already apparent at the end of section 6.1.1. We will check this scaling
with appropriate numerical calculations in the next section. In addition, the horseshoe drag
scales with x%, hence with (¢/h)? in the low-mass regime. We point out that the scaling of the
horseshoe half-width 2 with (¢/h)/? comes from the identification done by Masset et al. (2006a)
of (i) the horseshoe drag expression calculated by Ward (1991) for the vortensity perturbations
inside the coorbital region and (ii) of the linear estimate of the coorbital corotation torque of
Tanaka et al. (2002). None of these studies considered a softening length for the planet potential,
so there is likely to be an additional dependence of the horseshoe drag (and certainly also of
I'cq) on the softening length . This dependence will be investigated in section 6.1.5.

In figure 6.8, we look at the variation with ¢ of the unsaturated value of I'cq (stars). All
calculations have same disc parameters as those of the illustrative example of section 6.1.1. The
values displayed in the figure are not obtained at the same time, as the time required to reach
the unsaturated value decreases as the planet mass increases, namely it scales as ¢ /2, like
the horseshoe U-turn time. The dashed line displays the horseshoe drag expression given by
equation (6.15), with x5 ~ 1.27, \/q/h(r,) 7~'/%. Recall that this expression is valid only for
low-mass planets. For high-mass planets, Masset et al. (2006a) showed that z, is somewhat
smaller than expected from the restricted three-body theory, although it has the right scaling
with ¢ (the authors found 25 ~ 1.77, ¢'/3). The examination of figure 6.8 leads to the following
remarks. For the smallest planet to primary mass ratios reported, that is up to ¢ ~ 5x 1075, our
horseshoe drag expression underestimates by typically a factor of 50% the results of numerical
simulations. We stress in particular that, for this range of ¢, I'cq scales with ¢?. This scaling
is quite confusing, as it may be associated to a linear process. However, as we saw in the
last section, already for ¢ ~ 5 x 1075 the unsaturated value of T'wq is not reproduced by linear
analysis. In addition, we also display the opposite of the total adiabatic torque (red circles). This
is meant to show that, even in the adiabatic case, the total torque shows a boost of the corotation
torque for intermediate planet masses. Here the boost is a positive one as V is positive and S is
negative. As in the locally isothermal situation (Masset et al. 2006a), we find that the torque
boost effect is maximal for ¢ & gofser ~ 0.6h3(7;,) (dotted line). Surprisingly, there seems to be
no connection between this maximum boost and the contribution of the entropy perturbations
to the torque, since the latter continues to rise slightly faster than in ¢?.

2Recall that we only consider the horseshoe drag attributable to the entropy advection within the horseshoe
region. A generalized expression will also account for the horseshoe drag arising from the vortensity advection.
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FIGURE 6.8: Unsaturated value of the torque excess (that obtained in the plateau) as a function of q.
The dashed line depicts the estimate given by the horseshoe model (see equation (6.14)). The vertical
dotted line shows the location of qogset = 0.6h3, where a boost of the corotation torque is normally
expected in the locally isothermal case. In our case, the total adiabatic torque does display a boost near
the location of qofset, but it does not seem to be related with a boost of the torque due to the contact
discontinuity:.

6.1.4 Dependence on the entropy gradient

The torque expression of equation (5.42) and the horseshoe drag expression of equation (6.14)
suggest that F and I'cq scale with S, that is with the unperturbed entropy gradient. To check
this prediction, we have undertaken a number of calculations with different values of S, through
different power-law indexes of the initial surface density and temperature profiles. As the un-
perturbed entropy Sy, surface density ¥y and temperature Ty are connected with Sy = Tj Eéf'y,
we varied, for a given entropy gradient, the temperature and surface density gradients. All other
disc and planet parameters are again those of the illustrative run of section 6.1.1, summarized
in table 6.1. At the top row of figure 6.9, we display the unsaturated value of E (left panel) and
of I'cq (right panel) as a function of the unperturbed entropy gradient d1ln Sp/dInr. Near each
calculation result, represented with a filled circle, we indicate the corresponding unperturbed
surface density and temperature profiles. The main trend coming out of these panels is that
both E and I'cq essentially scale with the unperturbed entropy gradient. For a positive entropy
gradient, F is negative, hence type I migration is accelerated compared to the locally isothermal
configuration. For a negative entropy gradient, F is positive and type I migration is slowed
down. If the entropy gradient is sufficiently negative, the excess of corotation torque may be
positive enough so that the total torque on the planet become positive. In this case, the planet
will migrate outwards. This is what we obtained for instance with ¥ oc 7795 and Ty o< r~ 1, in
agreement with the findings of Paardekooper & Mellema (2008). Note that interestingly, these
profiles are those of the thermodynamic equilibrium of a disc with a uniform kinematic viscosity
and a uniform opacity (see e.g. section 3.3.5). Of course, the above conclusion that type I mi-
gration may be significantly slowed down or even be reversed with an adiabatic energy equation
holds as long as saturation is not active or of negligible impact. The study in section 6.2 of the
desaturation properties will thus be of overriding importance so that migration be really slowed
down on the long term, and not only for a few tens of orbits.

Furthermore, for a given entropy gradient, the results show a relatively small dependence with
the surface density and temperature gradients, hence with the pressure gradient. This justifies
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FIGURE 6.9: Torque excess E (top-left panel) and contact discontinuity contribution to the torque T'cq
(top-right panel) as a function of the unperturbed entropy gradient. Although the calculations display
little scatter for a given value of the entropy gradient, the different points can be considered as aligned
within a good level of approximation. The slope of the dependence is negative. The bottom panel shows
that the relative difference of E and of I'cq depends on the unperturbed entropy gradient.




Toward predictive scenarios of planetary migration 129

a posteriori the fact we neglected the double pole term in our linear analysis (this strongly
divergent term precisely scales with the unperturbed pressure gradient, see section 5.3.1). This
small dependence with the pressure gradient, and the global scaling with the entropy gradient,
are a nice confirmation of the results of our linear analysis. In addition, we superimposed to
these panels the torque expression of our horseshoe drag model. The latter underestimates I'cq
by typically a factor of ~ 50%, whatever the unperturbed entropy gradient. For the entropy
gradients reported in these panels, we note that F is always larger than I'.q, as already been
discussed in section 6.1.2. The relative difference between them seems however to vary with the
entropy gradient. To check this quantitatively, we display in the bottom panel of figure 6.9 the
relative difference of E and of I'cq versus the unperturbed entropy gradient. We performed three
additional calculations with larger entropy gradients (|dlog Sp/dlogr| > 1). Surprisingly, this
relative difference depends much on the entropy gradient, whereas from our linear analysis we
expect it to be ~ 1, whatever §. Note that the smaller the amplitude of the entropy gradient,
the closer the relative difference to unity. For large values of |S|, I'cq even becomes larger than
E. This suggests that at some point the torque excess does not account only for the entropy
perturbations in the coorbital region. As will be presented in section 6.1.7, additional vortensity
perturbations may also be at work.

6.1.5 Impact of the softening length

In this section, we follow up our investigation of the parameter space with the impact of the
softening length on the excess of corotation torque. In an isothermal disc, the corotation torque
scales with |® + W|? (Tanaka et al. 2002), where we recall that ® is the planet potential, and
U = p; /3 (¥ is the gas enthalpy for an isothermal disc). Even if ® diverges at corotation, ®+ W
remains finite, which makes the isothermal corotation torque a quantity relatively insensitive
to the softening length. The situation is quite different for the effects linked to the entropy
advection: they involve the product ®(® + ¥), which diverges when ® does. Adiabatic effects
on the corotation torque should acquire a very large magnitude at small softening length. In
particular, if the softening length is smaller than the distance from orbit to corotation, the
magnitude of these effects should strongly depend on this distance, which scales with the pressure
gradient. If one regards the softening length as a proxy for the altitude in a three-dimensional
disc, the extent of the disc vertical scale height concerned by these very small softening length
issues should be small, however, since the distance from orbit to corotation is a fraction of rth.
Nevertheless, it is of interest to investigate the behavior of the corotation torque in an adiabatic
flow at very small softening length to assess the importance of such effects.

We present in this section preliminary results on this topic. We performed a series of calcu-
lations that are similar to the run of section 6.1.1, except that we vary the softening length from
0.05H (rp) to 0.8H (rp), hence from 2.5 x 10737, to 4 x 10727, (H(r,) remains fixed to 0.057)).
Note that the mesh resolution is the same for all values of €. We stress that the customary
value for € is ~ 0.6H (rp), because the total torque obtained with two-dimensional isothermal
calculations is found to be in good agreement with the three-dimensional analytical estimate
of Tanaka et al. (2002). In the left panel of figure 6.10, we show as a function of €/H (rp) the
total torque exerted on the planet when the corotation torque is fully unsaturated. The results
are displayed both with adiabatic and locally isothermal runs. The locally isothermal torque
becomes more negative at smaller ¢, suggesting an enhancement of the differential Lindblad
torque. More quantitatively, the isothermal torque is increased by 2.5 when decreasing ¢ from
0.8H(rp) to 0.2H(rp). This is in very good agreement with the enhancement factor found by
Masset (2002) for the differential Lindblad torque (see his figure 19). This confirms that an
increase of the (positive) corotation torque is of negligible impact concerning the locally isother-
mal run. Note that for the smallest softening length reported, the trend seems to reverse. This
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is not likely due to the differential Lindblad torque, since the latter converges as e tends to zero
(Masset 2002). For this run, we observed a strong accumulation of vortensity in the stagnation
points close to the planet location (see Masset et al. (2006a) for the location of the stagnation
points in two-dimensional isothermal calculations). After some time, this vortensity is released
along the separatrices of the horseshoe region. These vortensity perturbations have same sign as
those advected from the unperturbed vortensity gradient, and the (positive) corotation torque is
therefore enhanced. This may explain why for this very small softening length the total torque
gets a high, positive boost. The mechanism under which vortensity is accumulated in the stag-
nation points and then gets released is not fully understood yet. Presumably it is a non-linear
effect since the Bondi radius to softening length ratio is ~ 0.8. We will try to get more insight
into this mechanism in section 6.1.7.

Contrary to the locally isothermal torque, the adiabatic torque becomes more positive when
decreasing the softening length. This plays this time in favor of an increase of the (positive)
contact discontinuity contribution to the torque. It also suggests that the latter increase be
stronger than that of the differential Lindblad torque. To check this, we evaluated the fully un-
saturated value of I'q as a function of ¢/H (rp). This is depicted in the right panel of figure 6.10.
The dashed curve shows that I'eq scales with e, and confirms that it diverges when e goes to
zero. We point out that the scaling in ¢e~! may be surprising. A hand-waving interpretation
may be formulated as follows. In the limit of a cold isothermal disc, the corotation torque scales
as the sum over m of m®,,(r.)?, which turns in the end to scale as ¢~2 (Masset, 2006, pri-
vate communication). In the general isothermal case, the corotation torque involves the sum of
m|®y, +Wp,|2 , which is rather insensitive to e, as shown above. In the adiabatic case now, given
that [Im[¥,,](rc)| < |Re[Wi](re)|, Ted, which accounts for the sum of m{®,,[®,, + Re(¥p,)]}r..
should therefore scale as e~ 1.

In the right panel of figure 6.10, we also superimposed the torque excess E for comparison.
It shows that the ratio of the torque excess and of the contact discontinuity contribution is com-
patible with a factor of 2 at small softening length, in agreement with the analytic expectation
(see section 6.1.2). However, we point out that this agreement may be fortuitous, for at least
two reasons. First, we evaluate the torques when they are totally unsaturated, that is when the
linear analysis is no longer valid. Moreover, we showed in the bottom panel of figure 6.1.4 that
the relative difference of E and I'cq has a complex dependence with the entropy gradient. In
particular, |E| becomes smaller than |T'cq| at large |S|, contrary to what may be expected on
analytical grounds. In this case, we believe that another non-linear effect is at work to explain
the difference between FE and I'cq. We will describe it in section 6.1.7.

6.1.6 Impact of the adiabatic index

Another parameter that may have a relevant impact on the torque excess is the adiabatic index
~. In particular, it is interesting to investigate what happens in the limit where ~ tends to unity.
In this limit, the pressure p and the thermal energy e evolve independently, and one would
expect to recover the locally isothermal situation. To check this expectation, we performed an
adiabatic calculation with v = 1.001, another one with v = 1.4, and a locally isothermal run.
For these runs, the planet to primary mass ratio is ¢ = 2.2 x 1072, which corresponds to a
M, ~ 7.3 Earth-mass planet if the central object has a solar mass. The unperturbed surface
density is taken uniform so that the unperturbed entropy profile be independent on . With this
particular configuration, the gradients of the unperturbed temperature and entropy are therefore
identical. We performed two series of runs:

- In the first series, whose results are displayed in the left panel of figure 6.11, the initial
temperature and entropy are taken uniform (S = 0). In this case, there is no entropy
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FIGURE 6.11: Specific torque for calculations having a ¢ = 2.2 x 1075 planet to primary mass ratio. We
compare the time evolution of the torques obtained in the following situations: locally isothermal (solid
line), adiabatic with v = 1.001 (dashed line), and adiabatic with v = 1.4 (as usually assumed, dotted
line). All calculations have an unperturbed surface density profile that is uniform. On the left panel, the
initial temperature in uniform. On the right panel, it decreases as r~1.

perturbations in the planet’s coorbital region, and the adiabatic torque only accounts for
the differential Lindblad torque and for the contribution of the vortensity gradient to the
corotation torque. When passing from the locally isothermal situation to the adiabatic one,
both torques are divided by ~ v (see section 6.1.1). Not surprisingly, the torque of the
adiabatic calculation with v = 1.001, and that of the isothermal run are indistinguishable.
This reference series confirms that the results of isentropic and of isothermal runs converge
when the adiabatic index tends to unity (see section 3.3.1).

- In the second series, the temperature profile decreases as 7~!, and so does the entropy
profile. The results are displayed in the right panel of figure 6.11. The torques obtained
with the locally isothermal run, and with the adiabatic calculation with v = 1.001 are
totally different. Both adiabatic calculations display a positive excess of corotation torque
due to the advection of entropy perturbations (S < 0). The torque excess obtained with
v = 1.001 is even larger than the one with v = 1.4. We note in passing that the fully
unsaturated value of the total torque obtained with these two runs is positive. These results
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FIGURE 6.12: Results of a calculation with S = 0.5 and V = 1. The left and middle panels show
respectively the perturbations of the gas entropy and vortensity in the planet’s horseshoe region. The
vortensity perturbations obtained with a similar (locally) isothermal calculation are displayed in the right
panel. The vertical dashed-lines represent the separatrices of the horseshoe region (those of the adiabatic
calculation). The color scale in the two rightmost panel has been partially saturated to underline the
primary and secondary advections (see text).

can be interpreted as follows. When the gradient of the unperturbed entropy profile does
not vanish, the entropy conservation along element paths yields entropy perturbations in
the horseshoe region, whatever the adiabatic index. Differently said, even when ~ is very
close to unity, the adiabatic configuration yields an excess of corotation torque that cannot
exist in the locally isothermal situation, simply because in this case there is no entropy
advection. This provides an example of hydrodynamic problem for which adiabatic and
locally isothermal configurations give different results when the adiabatic index tends to
unity. Furthermore, the larger the entropy difference on each side of the corotation radius,
the larger the excess of corotation torque. The amplitude of the latter therefore increases
with (i) the entropy gradient and (ii) the half-width zs of the horseshoe region. For
both adiabatic calculations, the unperturbed entropy profiles are identical. However, as
already pointed out before, z, scales with c; 2, hence with ~4~1/4 (this scaling shows that
the corotation torque itself should scale with y~!, see section 6.1.1). This explains why
the total torque obtained with v = 1.001 is more positive than the one with v = 1.4.
Note however that the ratio of both torque is somewhat larger than 1.4. We mention that
another side-effect of the reduction of ~ is that both the horseshoe U-turn time and the
libration time are reduced. This is clearly visible on the panel.

6.1.7 Vortensity - entropy coupling

Hitherto, we have stated that the vortensity perturbations in the adiabatic case should be similar
to those of the locally isothermal situation, except that their amplitude should be smaller in
the adiabatic case, because of the width reduction of the horseshoe region. However, from the
vortensity equation given by equation (2.15), we expect the entropy perturbations to act as
vortensity source terms.

To check the probable coupling between entropy and vortensity, we display in figure 6.12
the relative perturbations of the gas entropy (left panel) and vortensity (middle panel) for an
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FIGURE 6.13: Same as figure 6.12, for calculations with S ~ —0.6 and V = 1.

adiabatic run with & = 0.5 and V = 1. The vortensity perturbation obtained with an equivalent
locally isothermal run is depicted in the right panel. We see that the adiabatic perturbed
vortensity presents a much more complicated structure than expected. We observe an additional
advection of vortensity perturbations, at somewhat larger distance from corotation than the
expected vortensity advection. The expected advection is now called "primary” advection, in
contrast with the additional one, which we refer to as the "secondary advection”. A closer look
at the rightmost panel of figure 6.12 reveals an accumulation of vortensity very close to the
planet location in the locally isothermal run. Although not reported here, we have checked
that vortensity accumulates at the location of the fixed stagnation points identified by Masset
et al. (2006a). For reasons that need to be clarified, the vortensity in the adiabatic case cannot
accumulate at the stagnation points on the long term, and it is ultimately released in the flow,
where it contributes to the secondary advection aforementioned. Note the asymmetry of the
release process, which leads to the formation of a vortex at the outer separatrix of the horseshoe
region. Regarding the impact on the torque, the primary and secondary advections have opposite
contributions. The vortensity contribution to the corotation torque is less positive than expected
for the adiabatic run. This is taken into account by the torque excess, which is therefore larger
(it is more negative) than expected from the entropy perturbations only.

We display in figure 6.13 the results obtained with & ~ —0.6 and V = 1. The vortensity
of the locally isothermal run is qualitatively different from that of figure 6.12: the half-width
of the horseshoe region is larger, and the accumulation in the stagnation points is less obvious.
Presumably the secondary advection already appears in the locally isothermal run, but it is
emphasized in the adiabatic case. Again, the additional vortensity perturbations render the
torque excess larger (here it is more positive) than expected from the entropy perturbations
only.

6.2 Desaturation of the corotation torque in a radiative disc

6.2.1 Saturation issues

In section 6.1, we have investigated the torque exerted on a low-mass planet by an adiabatic
disc, and compared it to the torque obtained with a locally isothermal disc. In the adiabatic
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case, we have found that the differential Lindblad torque is reduced by a factor of «, and that
the contribution of the vortensity perturbations to the corotation torque has essentially the same
reduction, except at rather large entropy gradients, where additional vortensity perturbations
may be triggered by entropy perturbations. We have found an additional contribution to the
corotation torque, which originates from entropy perturbations due to entropy advection in
the coorbital region. We have investigated in details the properties of the fully unsaturated
value of this torque excess, in particular its dependence with the unperturbed entropy gradient.
One key result is that the torque excess is positive for a negative entropy gradient, so type I
migration should be slowed down. Nonetheless, due to libration in the coorbital region, the
entropy perturbations start to mix up after about half the libration timescale, which is the
time required for the perturbations sliding along the separatrices to perform a second horseshoe
U-turn. Libration occurs on different timescales for the different streamlines of the corotation
region, which tends to stir the entropy and to flatten out the entropy profile across the corotation
region. This is similar to the behavior of the corotation torque in an isothermal disc, which tends
to saturate as the vortensity profile is flattened out by libration. In the adiabatic case, both
the entropy and the vortensity profiles are flattened out. This deserves some clarification. As
the entropy becomes uniform over the libration region, the flow becomes barotropic. The source
term Vp x VX in the vortensity equation - see equation (2.15) - therefore cancels out, and the
vortensity profile ultimately flattens out, as in the locally isothermal case. An illustration of the
corotation torque saturation is displayed and commented in figure 6.14.

In the locally isothermal case, it is the viscous diffusion that can prevent the flattening out of
the vortensity profile if it acts sufficiently rapidly to establish the large scale vortensity gradient
before a libration time. This has been studied for an isolated resonance by Goldreich & Sari
(2003) and Ogilvie & Lubow (2003), and by Balmforth & Korycansky (2001) and Masset (2001)
for a planetary coorbital region. In both cases, the degree of saturation of the corotation torque
in steady state depends on the ratio of the libration time and of the viscous time across the
libration region. The corotation torque will keep its fully unsaturated value on the long term
provided that the viscous time be (i) smaller than the libration time to minimize saturation,
and (ii) larger than the horseshoe U-turn timescale, so that the corotation torque reaches its
fully unsaturated value. The viscous time across the horseshoe region is Tyise ~ :1;? /3vp, with v,
the kinematic viscosity at the planet location. Using equations (6.1), (6.21) (in the appendix),
and x4 ~ rp\/m, we find that the o parameter?® at the planet location, ap = Vp h—? 7“];2 Q;l -
see equation (2.1) - should satisfy:

P2 3/2

Swh2 <O S g (6.16)

We display in figure 6.15 the range values of oy, that satisfy inequality (6.16) as a function of the
planet to primary mass ratio, assuming h = 0.05. This range, for which the corotation torque
will keep its fully unsaturated value, is indicated by the white area. Assuming for instance
q = 6 x 107% (which corresponds to a two Earth mass planet if the central object has a solar
mass), we read 2 x 107° < ap < 4 x 10~%. These range values are much smaller than the
standard « values inferred from the numerical simulations of the Magneto-Rotational Instability
(MRI), typically in between 1072 and 10~ - see section 2.2. From figure 6.15, we see that even
with a; ~ 1073 Tyige 1S likely to be much smaller than 7y for ¢ < 1075, so the amplitude of
the corotation torque should be very small compared to that of the differential Lindblad torque.
Note however that inequality (6.16) is highly sensitive on the disc aspect ratio. If we take
h = 0.03, the white area in figure 6.15 would correspond to values of «,, increased by an order
of magnitude, and the corotation torque could keep its fully unsaturated value for ¢ > 1076.

3We now denote by « the so-called a parameter in the viscosity model of Shakura & Sunyaev (1973).
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FIGURE 6.14: Illustration of the corotation torque saturation. The long-term evolution of the torque
obtained with the illustrative run of section 6.1.1 is displayed in the middle row. The adiabatic torque
(solid curve) and of the locally isothermal torque (dashed curve) oscillate with time, with an oscillation
amplitude decreasing progressively with time, due to the saturation of the corotation torque. Both torques
do not oscillate in phase, because the libration timescale, which is proportional to z;*, is slightly larger in
the adiabatic case. At about 1000 orbits, time oscillations are hardly distinguishable, which indicates that
the corotation torque is fully saturated in both cases. At this time, the ratio of the isothermal torque and
of the adiabatic one is very close to ~y, as expected. In addition, the different boxes display screenshots
of the entropy and of the perturbed entropy at several times: at about half the libration timescale, when
the corotation torque starts to saturate (top-left box), at about the libration time, when the corotation
torque is negative (bottom-left box), and at 1000 orbits, when the entropy inside the coorbital region is
totally flat (top-right box). The bottom-right box displays the vortensity at 1000 orbits, for the adiabatic
run (left panel) and for the locally isothermal one (right panel).
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FIGURE 6.15: We display the range of a values at the planet location for which the isothermal corotation
torque can be fully unsaturated (white area), as a function of the planet to primary mass ratio q. We
assume that the disc aspect ratio at the planet location is h(r,) = 0.05. In the upper shadowed area, the
viscous timescale Tyis is smaller than than the horseshoe U-turn time T, _tum: the vortensity perturbations
do not reach the separatrices, and the amplitude of the corotation torque is smaller than that of its fully
unsaturated value. In the lower shadowed area, Tyisc iS larger than the libration time 11, so the corotation
is partially saturated.

As stated above, the customary values of « aforementioned are associated with the turbulence
generated by the MRI. The conditions under which this instability occurs have been described
in section 2.2. Recall in particular that it is not clear whether the disc mid-plane, where planets
build up and ultimately migrate, is magnetically active or not. Even if the planet is inside a
dead zone, turbulence may be induced by the active layers, leading to an effective viscosity.
The latter is however somewhat smaller than in the active layers, and an « value of ~ 10™% is
generally considered as relevant for dead zones. From figure 6.15, we see that it may suffice to
unsaturate the corotation torque for planet masses subject to type I migration.

Viscosity, which acts as a diffusive source term in the vortensity equation (see e.g. Ogilvie
& Lubow 2006), will also be required in the adiabatic case to unsaturate the contribution of
the vortensity perturbations to the corotation torque. The above discussion on the amount of
viscosity required for unsaturation therefore holds for an adiabatic disc. By analogy, source
terms in the energy equation will be required to unsaturate the contribution of the entropy
perturbations to the corotation torque. Radiative processes (cooling and viscous heating) should
be able to impose the large scale entropy gradient over the corotation region in less than a
libration time. To maintain an unsaturated torque excess, these processes should occur on a
timescale longer than a horseshoe U-turn (otherwise the flow can rather be considered as locally
isothermal), but shorter than the libration time (otherwise the flow will rather be adiabatic, and
the torque excess will saturate, at least partially). As already pointed out, there is at least an
order of magnitude difference between the horseshoe U-turn time and the libration time in a
thin disc. As for the viscous time, it should therefore be possible to find a location in the disc
where the cooling time is much longer than the U-turn time and yet shorter than the libration
time.




Toward predictive scenarios of planetary migration 137

6.2.2 A simple temperature prescription

We study the desaturation properties of the corotation torque in radiative discs with a set of disc
and planet parameters that is slightly different from that of section 6.1. The planet to primary
mass ratio passes from ¢ = 5 x 107% to ¢ = 6 x 1075, The initial temperature now decreases
as 7! instead of 7706, so the unperturbed entropy gradient is twice that of the illustrative run
of section 6.1.1. We adopt a uniform kinematic viscosity v = 2 x 10~7, which is equivalent to
a = 8x107° at the planet location. This low value is intended to represent the viscosity expected
in the disc mid-plane inside a dead zone, as discussed in section 6.2.1. For the sake of simplicity,
this low viscosity value is the only characteristic of the angular momentum transport we will
aim at modeling. In particular, our model does not account for the velocity fluctuations induced
by the hydrodynamic turbulence. The inclusion of turbulence, such as in the model proposed
by Laughlin et al. (2004) to mimic the effect of the MRI, is certainly a promising extension of
this work. We comment that the neglect of the stochastic effects of turbulence on migration is
likely a reasonable assumption here, owing to the modest level of turbulence expected in the
dead zone. The angular momentum transport is therefore still modeled in a laminar way with
the usual Navier-Stokes viscosity tensor. We note in passing that, using figure 6.15, our value
of a should maintain the corotation torque contribution from the vortensity perturbations to its
fully unsaturated value.

Viscosity acts as a heating source term in the energy equation, and some additional cooling
is required to reach a thermodynamic equilibrium. We neglect in this paragraph the thermal
diffusion in the disc mid-plane (second term on the right-hand side of equation (3.56)). Instead
of considering the energy flux radiated in the vertical direction, given by equation (3.58), we
propose an equivalent formulation based on a simple temperature prescription with characteristic
time Tpresc. This comes to substituting the cooling source term ()_ in the energy equation by:

Qpresc = - TO X E = c - < E, (6.17)

Tpresc T Tpresc Tpresc 2o

where we recall that e = RXT/(y—1) denotes the thermal energy per unit area. Note that Qpresc
may be positive or negative, depending on the sign of T'—Ty. When T' > Tj, Qpresc is positive and
the gas temperature is reduced, whereas for T' < T, Qpresc < 0 and the temperature is increased.
When the disc is in thermodynamic equilibrium, the stationary profile of the temperature, Tgat,
is given by Q1 = Qpresc, With Q4 the viscous heating flux, given by equation (3.59). This yields:

Tstat (1) = To(r) [1 + g('y — 1)1/;’;20)] : (6.18)
which reduces to Ty(r) in absence of viscosity. To ensure that Tat(r) and Tp(r) have the same
large-scale radial gradient, we impose that 7resc has the same radial dependence as H 2 since v
is uniform. We thus take:
o\ 242
Tpresc (") = Tprese(Tp) <> ’ (6.19)
Tp
with f the disc faring index (see equation (3.3)). Let us assume that Tpresc(rp) matches the
viscous diffusion time across the horseshoe region, namely Tpresc(rp) ~ 40T, From equa-
tion (6.18), we find that [Tsat(r) — To(r)]/To(r) = 0.9%, whatever r, so the temperature profile
is hardly changed.
To illustrate the desaturation properties of the corotation torque, we display in the left panel
of figure 6.16 the torque variation with time obtained with the following configurations:

- An adiabatic calculation (solid curve), for which the corotation torque saturates after ~ 50
orbits,
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FIGURE 6.16: Left: torque variation with time obtained with the adiabatic and radiative calculations
of section 6.2.2. The radiative calculations including viscous heating have a uniform kinematic viscosity
v =2 x 1077, equivalent to o, = 8 X 107°. All radiative calculations have a temperature prescription,
the characteristic time being Tpresc = 40 Tort OF Tpresc = 0.1 T, Right: relative perturbation of the gas
entropy at t = 180 Ty, for the radiative calculation with viscous heating and Tpresc = 40 Toyp, (its torque
variation time corresponds to the dashed curve in the left-hand panel). The dashed line displays the
location of the corotation radius.
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- A radiative calculation with temperature prescription (Tpresc = 40 Tor1,), but no viscosity
(dot-dashed curve). The torque average value is more positive than in the adiabatic run,
as the torque contribution from the entropy perturbation is unsaturated.

- A radiative calculation with temperature prescription (Tpresc = 0.1 Toyp) and viscosity (dot-
dot-dot-dashed curve). As Tpresc is much smaller than the horseshoe U-turn time, there is
no entropy perturbations advected in the horseshoe region. The corotation torque, which
only includes the vortensity perturbations, is unsaturated due to the viscous diffusion
across the horseshoe region.

- A radiative calculation with temperature prescription (Tprese = 407Top) and viscosity
(dashed curve). Here, both the torque contributions arising from the vortensity and the
entropy perturbations are unsaturated. The total torque remains stationary in the long
term, and it converges toward a value that is one order of magnitude smaller than the
one obtained with a similar locally isothermal torque (not depicted here, its value is larger
than the stationary value of the adiabatic torque by a factor of ~ ).

These results confirm that both the viscosity and the radiative loses are required to unsat-
urate the corotation torque in radiative discs. In the right panel of figure 6.16, we show the
relative perturbation of the gas entropy at t = 180Ty, for the radiative run with viscosity and
Tpresc = 40T, The global shape of the entropy perturbations, as well as that of the vortensity
perturbations (not displayed here) hardly change after ~ 50 orbits, which explains the station-
ary value of the torque obtained after this date. This can be interpreted as follows. Let us
consider a fluid element that has performed an inward horseshoe U-turn at the beginning of the
simulation (e.g. at t ~ Ty_tum). While it slides along its streamline in the inner part of the
horseshoe region, the fluid element does not conserve its specific entropy. The latter increases by
the viscous heating, and it may increase or decrease through the temperature prescription. Here,
the temperature prescription increases the entropy (and the temperature) of the fluid element
until it reaches that of the background flow after a time comparable to the local prescription
time Tpresc. The fluid element then performs an outward horseshoe U-turn, it propagates at the
outer side of the coorbital region with a specific entropy larger than that of the local flow. This
time, the entropy of the fluid element decreases so as to reach again the local entropy of after
about Tpresc-

6.2.3 Heat diffusion in the disc mid-plane

We investigate in this paragraph the impact of the thermal diffusion on previous results. For
this purpose, we performed two additional calculations with a uniform thermal diffusivity A =
2 x 10~7. One corresponds to an inviscid disc, the other one has a uniform kinematic viscosity
v =2 x 1077, Since thermal diffusion increases the entropy, a temperature prescription is used
for these two runs. We took Tprese = 40701, as in section 6.2.2. We have checked that the
stationary profile of the temperature is not altered by the thermal diffusion. Note also that the
characteristic time for temperature relaxation, and the viscous and thermal diffusion timescales
across the horseshoe region are approximately equal. All other disc and planet parameters
are identical as those used in section 6.2.2. The left panel of figure 6.17 displays again the
calculations results presented in the left panel of figure 6.16, to which we superimposed the
results of the two additional runs with thermal diffusion. We see that the inclusion of thermal
diffusion hardly alters the desaturation properties®, which has recently been confirmed by Kley

4Note however that it strongly depends on the characteristic times at play. The shortest timescale impacting
on the radiative loses will dictate the desaturation of the corotation torque arising from the entropy perturbations
in the horseshoe region.
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FIGURE 6.17: Left: same as the left panel of figure 6.16, except that the results of two calculations with
thermal diffusion are superimposed. Both have a uniform thermal diffusivity A\ = 2 x 10~7, one is inviscid
(dotted curve), the other one has a uniform kinematic viscosity v = 2 x 10~7 (long-dashed curve). Right:
same as the right panel of figure 6.16, but for the run including thermal diffusion.

& Crida (2008). This is illustrated by the right-hand panel in figure 6.17, where we show the
entropy perturbation for the run with thermal diffusion, temperature prescription and viscosity.
The comparison with the right panel of figure 6.16, where the thermal diffusion is discarded,
reveals that the same large-scale entropy gradient is maintained.

6.3 Concluding remarks

We have investigated in this chapter the impact of the gas thermodynamics on type I migration.
Our hydrodynamic calculations performed with an adiabatic disc have confirmed the main pre-
dictions made in chapter 5, in particular the scaling of the contact discontinuity contribution to
the torque with the unperturbed entropy gradient. The numerical evaluation of this contribution
is in very good agreement with the linear prediction for timescales smaller than the horseshoe
U-turn time. However, the fully unsaturated value of this torque contribution is always under-
estimated by the linear analysis, by typically a 50% factor. Additional efforts are required to
produce a predictive expression for the fully unsaturated corotation torque. We have finally
shown that it is possible to unsaturate the corotation torque in radiative discs, provided that
both viscosity and radiative loses are taken into account. When fully unsaturated, the torque
exerted on a low-mass planet embedded in a radiative disc may be typically reduced by a factor
of 10 with respect to a locally isothermal disc.

6.4 Appendix: estimate of the horseshoe U-turn time

We provide here an estimate of the horseshoe U-turn time and of the libration time for a small
mass object embedded in a gaseous disc. The horseshoe half-width x4 is ~ r,1/q/h(rp). We
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write a simplified Jacobi constant for a test particle near a horseshoe U-turn as

GM,

J=—_— 7P
2Brp|¢ — wpl

A(r — rp)Q,

with A and B the Oort constants, given respectively by equations (5.1) and (5.2). We can thus
estimate the distance of closest approach between the planet and a test particle flowing along a
horseshoe separatrix, neglecting pressure effects. It reads:

rpl Apls = QO H(rp) /2|AB| = O(H(rp)).

The time required to perform a horseshoe U-turn can be deduced using the radial drift velocity
of the test particle when it crosses the orbit, at its closest approach from the planet:
b= M
2Br2Ayp?

We thus find:

02 p3/2 3/2
2, Gph ) 4 <H(r”)> : (6.20)

TUmten =5 = 22 T Q, \ Ry
where Ry = rp(q/?’)l/ 3 is the Hill radius of the planet, and where the last equality holds
for a Keplerian disc. When the planet emerges from the disc (H(rp) ~ Rp), the horseshoe
U-turn occurs on the dynamical timescale. When dealing with an embedded object however
(Rg < H(rp)), the horseshoe U-turn time can be substantially longer than the dynamical time
(e.g. 10 times longer for an Earth mass object embedded in a disc with h(r,) = 0.05). Using
equation (6.1), we are led to

TU—turn ~ h(rp) Tib- (621)

Since h ~ O(1071), there is at least an order of magnitude difference between the horseshoe
U-turn time and the libration time in a thin disc.

Fokok
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Chapter 7

Conclusions and perspectives

Thirteen years have passed since the discovery of 51 Pegasus b, and studies of planetary
formation and evolution keep providing lots of exciting results. The detection of the Hot
Jupiters - see chapter 1 - has been the spearhead of a joint effort to produce coherent scenarios
at each level of the planetary evolution. In particular, planetary migration has become an
essential part of these scenarios. We have described in chapter 2 the different migration regimes
a planet may encounter during its lifetime, depending on its mass and on the disc properties.
The migration of low-mass planets - type I migration - has been particularly emphasized,
since it enables analytic predictions that, together with models of planet formation and disc
evolution, may be used to account for the great diversity of the exoplanets properties. When
I started my thesis work, both analytic and numerical studies predicted that type I migration
should occur on a timescale much shorter than the lifetime of the protoplanetary disc, rendering
improbable the formation of giant planets far from their star. Many recent studies of disc-planet
interactions have challenged to propose mechanisms slowing down, halting or even reversing
migration, which underscore the particular sensitivity of migration on the underlying disc
physics - see section 2.3.3. They have also stressed the important part played by hydrodynamic
calculations to yield accurate estimates of the migration timescale. A detailed presentation of
the hydrodynamic code we have used, and of the implementations we have made, has been
described in chapter 3.

At the time of performing our first self-gravitating calculations, unexpected results were
actually found without self-gravity. We have shown in chapter 4 that the usual practice of
assuming a planet freely migrating in a disc without self-gravity can lead to a strong overestimate
of the differential Lindblad torque, with respect to the analytical configuration where neither the
planet nor the disc feel the disc gravity. We provide a simple way of evaluating this overestimate.
It highlights the particular sensitivity of the differential Lindblad torque to any physical or
unphysical processes that shift the resonances. The inclusion of the disc self-gravity in our
calculations confirms that type I migration is slightly accelerated by the disc gravity. A simple
determination of the torque relative difference with and without disc gravity is also given.

Studying the impact of the gas self-gravity beyond the linear regime will certainly contribute
to refine our understanding of the migration processes. We have performed preliminary two-
dimensional calculations showing that the self-gravity has generally a strong impact on the mass
accumulation inside the circumplanetary disc, so the inertial mass of the planet can rapidly
reach large values. A precise treatment of the gas thermodynamics will be required for such
studies. Another point of interest is the outcome of passing to three-dimensional self-gravitating
calculations. In the linear regime, we do not expect a change of the torque relative difference
due to the disc gravity. However, it should be of considerable relevance for intermediate planet
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FIGURE 7.1: Results of a two-dimensional calculation with the hydrocode JUPITER, for a Saturn-mass
planet (M, = 3 x 107* M, ) in a massive disc (Mgisc = 2.4 x 1072 M, ). The planet is held on a fixed
circular orbit for 477 orbits. The resolution near the planet is ~ 4 x 107*r,. On the left panel, we
display the torque on the planet for different exclusion factors of the Hill Radius. For instance, exclusion
of 3/10 Ry means that we discard the torque exerted on the planet by the fluid elements located within
0.3Rpy of the planet. On the right panel, we show the surface density near the planet location after 470
orbits. The ten dashed circles are centered on the planet, their radius goes from 0.1 Ry to Ry.

masses when a circumplanetary disc builds up, in particular to assess the frequency of type III
migration. For planets harboring a circumplanetary disc, self-gravitating calculations may also
bring a definitive answer to the debate on whether the circumplanetary disc should be excluded
when evaluating the torque in absence of self-gravity. The relevance of this issue is illustrated
in figure 7.1, where we show the results of a two-dimensional, non self-gravitating calculation
obtained with the hydrocode JUPITER!. The run, which involves a Saturn-mass planet in a
massive disc, has the same parameters as the run 2DG6b of D’Angelo et al. (2005). The left
panel shows that the torque on the planet can dramatically depend on the fraction of the planet’s
Hill radius that is excluded on the torque evaluation. For instance, the torques obtained without
exclusion and with exclusion of 0.3Ry differ by a factor of ~ 4! The difference of these torques
corresponds to the torque exerted on the planet by the material lying within 0.3 R of the planet.
The surface density distribution near the planet location, depicted in the right panel of figure 7.1,
however suggests that fluid elements within ~ 0.6 Ry seem to be distributed axisymmetrically
with respect to the planet. The origin of this large torque difference remains to be clarified.

Another aspect investigated in this thesis is the impact of the gas thermodynamic evolu-
tion on type I migration. We have first considered the interaction between a low-mass planet
and an adiabatic two-dimensional disc. The linear analysis described in chapter 5 provides a
generalized expression for the corotation torque. It features an additional contribution (torque
excess) arising from the entropy advection in the coorbital region, and which scales with the
(opposite of the) unperturbed entropy gradient. Hydrodynamic calculations performed with a
low-mass planet have confirmed the main findings of our linear analysis, in particular the scaling
of the fully unsaturated torque excess with the entropy gradient. This is described in chapter 6.
Nonetheless, we have illustrated that the torque prediction of the linear analysis cannot fully

!JUPITER is a multi-dimensional Godunov hydrocode (Masset, in prep.).
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reproduce the unsaturated values of the torque excess obtained with the calculations. Presum-
ably refined models of the horseshoe drag expression will provide a better agreement with the
calculation results. In particular, the coupling of the gas entropy and vortensity deserves further
investigations.

The saturation properties of the corotation torque in adiabatic discs have also been studied.
We have shown that both the vortensity and the entropy large-scale gradients need to be restored
to prevent saturation. The former require viscosity, the latter thermal cooling. We have demon-
strated that the corotation torque can then be maintained to an unsaturated value, depending
on the amount of viscosity and on the cooling efficiency. In this favorable case, the total torque
in radiative discs may typically be an order of magnitude smaller than the one obtained in a
locally isothermal calculation. This significant reduction of type I migration rate allows for pre-
dictive scenarios of planet formation and migration. The natural outcomes of these results are
directed toward a more realistic treatment of the disc thermal properties, with three-dimensional
calculations involving radiative transfer, and of the disc turbulence, with MHD calculations.

*ksk
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ABSTRACT

We consider the angular momentum exchange at the corotation resonance between a two-dimensional gaseous
disk and a uniformly rotating external potential, assuming that the disk flow is adiabatic. We first consider the linear
case for an isolated resonance, for which we give an expression of the corotation torque that involves the pres-
sure perturbation and which reduces to the usual dependence on the vortensity gradient in the limit of a cold disk.
Although this expression requires the solution of the hydrodynamic equations, it provides some insight into the
dynamics of the corotation region. In the general case, we find an additional dependence on the entropy gradient at
corotation. This dependence is associated with the advection of entropy perturbations. These are not associated with
pressure perturbations. They remain confined to the corotation region, where they yield a singular contribution to
the corotation torque. In a second part, we check our torque expression by means of customized two-dimensional
hydrodynamical simulations. In a third part, we contemplate the case of a planet embedded in a Keplerian disk, as-
sumed to be adiabatic. We find an excess of corotation torque that scales with the entropy gradient, and we check
that the contribution of the entropy perturbation to the torque is in agreement with the expression obtained from the
linear analysis. We finally discuss some implications of the corotation torque expression for the migration of low-
mass planets in the regions of protoplanetary disks where the flow is radiatively inefficient on the timescale of the

horseshoe U-turns.

Subject headings: accretion, accretion disks — hydrodynamics — methods: numerical —
planetary systems: formation — planetary systems: protoplanetary disks

1. INTRODUCTION

It has been known since the early 1980s that low-mass plan-
etary objects (that is, up to a few Earth masses) embedded in pro-
toplanetary gaseous disks should undergo a fast decay toward
their central object, on timescales much shorter than the lifetime
of the disk. This process, known as type I migration, has consti-
tuted for a long time a critical stage for the theory of giant planet
formation. While it may account for the discovery of close-in
extrasolar planets, with orbital periods of a few days, it renders
problematic the buildup of giant planet cores at distances from
their central stars of several astronomical units. Most published
studies of the tidal interaction of low-mass objects with their
parent disk have used either a barotropic assumption (such as a
polytropic equation of state) or a locally isothermal equation of
state. All these studies, whether analytical or numerical, con-
firmed the vigorous tidal interaction of the planet with the disk,
leading to its inward migration on short timescales.

There have been some exceptions to such assumptions.
Morohoshi & Tanaka (2003) considered the case of a planet
interacting with an optically thin disk, in the shearing sheet ap-
proximation, and found that radiative effects can significantly
alter the one-sided torque between the planet and the disk. More
recently, Paardekooper & Mellema (2006, hereatter PM06) have
performed global, high-resolution three-dimensional calculations
with nested grids that include radiative transfer. For the setup that
they considered, they found that the total torque exerted by the
disk on the planet increases with the disk opacity. For sufficiently
large values of the opacity (and in the limit case of an adiabatic

! Send offprint requests to clement.baruteau@cea. fr.
2 Also at: IA-UNAM, Ciudad Universitaria, Apartado Postal 70-264, Mexico
D.F. 04510, Mexico.
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flow, corresponding to an infinite opacity), they find that the total
torque on the planet is positive. This result is of great importance,
as it potentially solves the lingering problem of type I migration.
PMO6 identified the existence of a hot, underdense part of the co-
orbital region lagging the planet, which accounted for the torque
excess that they measured. The present work corresponds to an
attempt to further investigate this topic, so as to identify the phys-
ical mechanism responsible for these effects. For this purpose, we
consider a more restricted situation, namely, two-dimensional
adiabatic flows.

This paper is organized as follows. In § 2 we set up the prob-
lem and define the notation. We then present an analysis of the
corotation torque in an adiabatic disk in the linear regime, at an
isolated resonance, in § 3. Our original motivation for the study
of the linear regime was that PMO06 found that the total torque
reverses in a radiatively inefficient disk for both a 5 M, and a
0.5 Mg planet, which pointed out that the effect is likely a linear
one. In § 4 we check by means of customized two-dimensional
hydrodynamical simulations involving an isolated resonance
the torque expression found in § 3. In § 5 we turn to the case of a
planet embedded in an adiabatic disk, for which we check that
there is an excess of corotation torque that scales with the en-
tropy gradient. We also check in this section that the torque
excess corresponds to the sum of the linear contributions of all
co-orbital corotation resonances, for a sufficiently small planet
mass. We discuss the implications of the modified corotation
torque expression for the issue of planet-disk tidal interactions,
and we suggest further research on this topic in § 6. We sum up
our results in § 7.

2. SETUP AND NOTATION

We consider an inviscid, radiatively inefficient (that is to say,
for our purposes, adiabatic) two-dimensional disk. In order to
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avoid corotation torque issues, we consider either a potential
slowly turned on (§§ 3 and 4) or early stages after the introduction
of a planet (§ 5). The unperturbed state of the disk corresponds to
a rotational equilibrium between the gravitational force of the
central object, the pressure gradient, and the centrifugal force.
The unperturbed state is axisymmetric. The disk rotates with the
angular speed €(r), where r is the distance to the central object.
We denote by p the pressure, 3 denotes the surface density, u and
v, respectively, are the radial and azimuthal velocities, and ¢ is
the azimuthal angle. We denote by a “0” subscript the unper-
turbed quantities and with a “1”* subscript the perturbed ones.
For instance, p(r, ) = po(r) + p1(r, ¢). We essentially consider
disks in which the unperturbed pressure and density are power
laws of the radius, respectively, with index 4 and o,

por) o<, (1)
So(r) o< 7. (2)
We make use of the two Oort’s constants,

1 dQ
Afzrw, (3)

which scales with the local shear in the flow, and

_ Ld(er)
T 2r dr

=Q+4, )

which is half the vertical component of the flow vorticity and which
is also (2r)~! times the radial derivative of the specific angular
momentum. We also use the epicyclic frequency x = (4QB)".

3. LINEAR ANALYSIS AT AN ISOLATED RESONANCE
3.1. Basic Equations
We study the linear response of the disk to a perturbing non-
axisymmetric potential ®(r, ) = P,,(r) cos [m(e — Qp1)]. The
perturbing potential rotates at constant angular velocity €2,,. In
the inertial frame, the linearized Euler equations of the disk are

6u] 6u1 0P 1 8p| E| 6po
— 4+ Q— -2 =—————— 4+ =—— 5
a Yoy sy s e T ar O
8’01 81)1 /€2 10 )4
— 4+ —t—uyy=—(P+=.
ot + Op + 20" r dp + o ©)

The linearized continuity equation is

T 0% 1

0
74‘ % (Bov1) =0. (7)

7] 1
— (rXouy) +—
o R T gs
We refer to the quantity S = pX~7 as the gas entropy, where 7y is
the adiabatic index. The energy equation is equivalent in our case
to the conservation of the gas entropy. The linearized conserva-
tion of the entropy along a fluid element path reads

oSy oSy [AYS
— —-— — =0, 8

a o Mo ®)
where S = So( p1/po — ¥X1/%0). We furthermore assume that
the gas is described by an ideal equation of state so that py and
>y are connected by pg = Eocsz/'y, ¢, being the adiabatic sound
speed.

We assume a perturbation of the form x ,,(r) eXp[zm(gaf
Q,1)], where x; stands for any perturbed quantlty of the flow.
We note Aw = m(£2, — ), and we use the prime notation to
denote 0/0r. Equation (8) can be recast as

_p lSEoul
= c? + rAw ®)
Combining equations (5), (6), and (9) we are led to
Aw
Eoul—lf{ q {(‘I)+\If)f§\ll} f—(qﬂrlll)} (10)
S
201)1 =F 292 (<1>+\I/) ——\I/

r(?f 5Pg@£ﬁ¢*¢&a(”)

where S and P are given by

1dInS
Ty dinr (12)
1emm
U is defined as
¥ = p1/%, (14)
and F is defined by
F =%Q/D, (15)

with D = r? — Aw? — SPc2/r?.
Substituting equations (9), (10), and (11) into equation (7)
leads to

2@+ 0 +r(B+S)(P + V) — 1SV +CV 4 DS =0,

(16)
where
dIn2
=14+V-— (17)
D Q

RORIE

Q

<1+87>Cv/r ) (18)

(1 +SP ‘A/rz ) (19)

dmnF
T dlnr’

(20)

Equation (16) reduces to equation (15) of Li et al. (2000) if
one considers the propagation of free waves (¢ = 0), while it

3 We drop the subscript 7 in x,_,,() to improve legibility.
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reduces to equation (13) of Goldreich & Tremaine (1979) in the
case of a homentropic (S = 0) flow.

3.2. Corotation Torque

We now estimate the rate of angular momentum exchanged
between the perturber and the radiatively inefficient disk de-
scribed in § 3.1. This rate therefore corresponds to the disk torque,
which we denote by I" and which we define as the torque exerted
by the disk on the perturber (unless otherwise stated). It reads

F:/ El(r,tp)a—'brdrdgp. (21)
disk Op

We limit ourselves to the torque exerted by the disk material
lying in the vicinity of corotation, hence to the corotation torque,
which we denote by I'.. In a linear analysis, this torque can be
expressed as a series of contributions at each azimuthal wave-
number, I'. = >, T'c ». Each individual torque can be ex-
pressed, assuming that ® is real, as

Tem = mur’®(re) / - dx Im[%; (%)), (22)

where Im denotes the imaginary part, 7. is the corotation radius,
and x = (r — r.)/r.. We substitute Xou; in equation (9) by the
expression given by equation (10), and we keep only the terms
which are large in the vicinity of corotation. As in Goldreich &
Tremaine (1979) we assume that the disk responds to a slowly
increasing perturbation and take Aw to have a small, positive
imaginary part o,

Aw = m(Qp - Q) + o ~ 7mch/(rz:)(x + i6)7 (23)

where e = —a/[mr. ' (r.)] > 0. In the vicinity of corotation, we
can finally write

Y ®4+ U 2FS
me=we(2) -CER0(57) - e

We are primarily interested in the imaginary part of £;. In the
limit € — 0, we can write the terms that yield a nonvanishing
contribution to the torque as

Im[; ()] = Im[¥()] (%) o)

s

§ {zfs[<1> +Re(q/)}};lm[‘1’(x)] (ZJT 5) (25)

Q) X Q)

where §(x) is the Dirac delta function. The first two terms of the
right-hand side of equation (25) yield, respectively, the follow-
ing contributions to the corotation torque:

| (M) /'DO dx Im[T ()] (26)

2
c; o

Tups = {2m7r2.7:8<1>[<1> + Re(\IJ)]} . (27)

QY

The third term of equation (25) yields a contribution that can
be shown to be negligible, in the planetary context, compared to
I'¢,m,>. This is shown in the Appendix.

The first term, I'; ,,.1, is the contribution of the function ¥,
such as in the barotropic case. The second term, I'. ,, », corre-

Vol. 672

sponds to a singularity at corotation, associated with a nonvan-
ishing entropy gradient. It corresponds to the torque arising from
the advection of entropy in the corotation region, which results in
a surface density perturbation if the entropy is not uniform. The
perturbation is singular for the surface density and the entropy,
but not for the pressure (see § 3.2.2). It remains confined to
corotation, where it yields a singular contribution to the torque.
Some further insight into the dynamics of this perturbation are
given in § 4.3. We provide in § 3.2.1 an expression for the co-
rotation torque in the limit of a cold disk, then we turn to the
general case.

3.2.1. Limit of a Cold Disk

We contemplate here the case for which || < |®|, which we
refer to as a cold case. This condition depends on the strength of
the perturbing potential, its radial scale, and on the disk tem-
perature. In particular, in the planetary context some corotation
resonances may correspond to a cold situation, while others have
|| ~ |®|. Nevertheless, a given resonance eventually satisfies
the cold case condition as the disk temperature tends to zero.

The evaluation of equation (26) requires an explicit expres-
sion for W, obtained by solving the differential equation (16) in
the vicinity of corotation. This has been done by Goldreich &
Tremaine (1979) for a cold barotropic disk. An explicit solution
can also be obtained for a cold adiabatic disk within the same
level of approximation. Note, however, that some additional dif-
ficulties arise, in particular the existence of a double pole (term
proportional to Aw~?) in the coefficients C and D, defined, re-
spectively, by equations (18) and (19).

We discard the double pole for the following reasons:

1. Unlike the simple pole, it scales with ¢, which indicates
that when the disk aspect ratio tends to zero, it becomes neg-
ligible; differently stated, there should be a critical disk thick-
ness under which it is safe to neglect this term.

2. This term is the only one that depends both on the entropy
and on the pressure gradients. As we see in § 5.2.2, our results
of numerical simulations for a planet embedded in a disk with
aspect ratio 4 = 0.05 show that the torque excess with respect to
an isothermal situation essentially depends on S, the gradient of
entropy, which indicates that already for & = 0.05 the double
pole term is negligible.

3. The double pole is regularized with a very small amount of
dissipation. Even the molecular viscosity suffices to render it neg-
ligible in the disks that we consider (S.-J. Paardekooper 2007,
private communication).

Discarding the double pole and within the same level of approx-
imation as Goldreich & Tremaine (1979), equation (16) can be
recast, in the vicinity of the corotation, as

v 5 P, ®(r,)
¥ py = 02U 28
dx? x+ie ’ (28)

where

2Q Dr Kr
n=laoes] o= (2) ~(5),

The general solution of equation (28) reads

7P1 ax > dt gt
\Il(x)—zq <I>(rc)<e /Y t+iee

Toodt
+ equ/ H—ieeqt) s (29)
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which reduces to the equation (53) of Goldreich & Tremaine
(1979) when S = 0. Combining equations (26) and (29) yields
the contribution I, ,, ;1 to the corotation torque,

Fc.,m,l = F0 [(VJ”S)(I)Z],AU (30)
where Ty = —(mm?30)/(2Br’) is to be evaluated at the coro-
tation radius. It can be approximated as (4m7r220/392),.( ina
Keplerian disk.

The second contribution to the corotation torque, given by
equation (27), is specific to the adiabatic case and involves
the singularity arising from the entropy advection. Using equa-
tion (27) and noting that |[Re(¥)| < |®|, this contribution to the
corotation torque reads

Fan.Z = _FO(SQZ),C- (31)

From equations (30) and (31), we infer the corotation torque for
a cold, adiabatic disk, which reads

Lo =To(VO?) .

(32)
This expression does not depend on S. We note from equations (15)
and (20) that V can be approximated as

_ dIn%,/B

V= dlnr (33)
since the disk aspect ratio at corotation A(r.) = c(r.)/[r.2(r.)]
satisfies 4(r.) < 1. Equation (32) therefore corresponds to the
corotation torque expression® of Goldreich & Tremaine (1979).
This argues that the corotation torque for a cold case does not
depend on whether the disk can radiate energy efficiently (as-
suming a locally isothermal equation of state) or not (assuming
an adiabatic energy equation). This can be expected on general
grounds. In the cold disk limit, the internal energy of the fluid is
negligible with respect to its mechanical energy; hence, the
power and the torque of the tidal force correspond to the case of
noninteracting test particles, for which the expression of Goldreich
& Tremaine (1979) prevails.

3.2.2. General Case

We consider in this section the general case where we cannot
neglect U with respect to ® in equations (26) and (27), as we
have done in § 3.2.1. Instead of resorting to a solution of equa-
tion (16), we use a method similar to the method used by Tanaka
et al. (2002) based on the jump of angular momentum flux at
corotation. In the case of Tanaka et al. (2002), this eventually
yields a torque expression similar to the expression of Goldreich
& Tremaine (1979) except that ® has to be substituted by ® + 7
(where 7 is the enthalpy perturbation). The drawback of this
method is that it provides a torque expression that depends on the
(unknown) solution of the differential equation. Nevertheless, it
gives some insight into the dynamics of the corotation region and
allows us to draw the general trends of the corotation torque in
an adiabatic disk. In our case, the torque expression features
¥ = p/Xy. We note that in the isothermal case, Zhang & Lai
(2006) have provided an explicit solution for the perturbed
enthalpy at corotation, which leads to a corotation torque expres-
sion that only depends on the forcing potential.

* They have a negative sign because they consider the torque exerted by the
perturber on the disk.
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We note that the jump of angular momentum flux at corota-
tion misses the singular contribution of the entropy perturbation
at corotation and as such leads only to an evaluation of I'; ,, ;.
The contribution I'.. ,, » of the entropy perturbation to the corota-
tion torque needs to be calculated similarly to that in equation (31).
The angular momentum flux F; is given by

27
Fy =Y’ / Re(u)Re(v)dp = n8or?Re(ur®), (34)
0

where Re stands for the real part and the asterisk superscript de-
notes the complex conjugate. Equation (34) can be written as
FA = ZmFA‘m Wlth

Fam = 750 [Re(un)Re(v)) + Im(u)Im(v)].  (35)

Combining equations (10), (11), and (35), we obtain

Fam = mmor {Im(‘l) + \P)w — Re(® + 1)
X @ + % [Re(P)Im(T) — Im(@)Re(\I/)]}. (36)

In the homentropic (S = 0) case, equation (36) reduces to the
expression used by Tanaka et al. (2002). The contribution I'¢ ,, 1
to the corotation torque is then given by

Fc,m,l - +11m [FA,,,(F:) - FA.m(r;)]a (37)

[

where rj > r. and r, <, are the radii of locations, respec-
tively, beyond and before corotation, and where we evaluate the
flux of advected angular momentum.

Tanaka et al. (2002) showed that ® + 7 is continuous at co-
rotation. Here, since equation (16) cannot be recast as an ordinary
differential equation involving only ® + W, we have to consider
more stringent albeit reasonable assumptions, namely, that both
® and ¥ are continuous at corotation. The fact that ® is con-
tinuous at corotation can be realized with an arbitrarily small
softening length of the potential, in the case of an embedded
pointlike mass (for which the potential components would diverge
logarithmically at corotation, in the absence of any softening).
Assuming that ® is continuous at corotation, equation (16) im-
poses that U is also continuous at corotation [we would other-
wise have a null linear combination of §(x) and &’'(x) functions
with nonvanishing coefficients, which is impossible].

Our continuity assumption implies that the terms proportional
to S on the right-hand side of equation (36) do not contribute to
the torque. The jump in the advected flux therefore comes from
the jump in d(® + V)/dr.

We integrate equation (16) over an infinitesimal interval
containing » = r.. All finite terms in this equation yield a van-
ishing contribution; hence, we are left only with the jump of
d(® + V)/dr stemming from the second derivative term of equa-
tion (16) and the poles of the terms CV and D®. This reads

d@ + ) d(<1>+\11)( -
.dr dr fe
= T Py(® + W)(r) — 0B(r)], (38)

) -

c
where

2Q 2Q
P27 {W(V-Q-ZS)L(, Q* <W$>n
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Using equations (36), (37), and (38) and 2B = x2/29, we find
that

Temi =To|(V+28)|® + ¥ — SPRe(® + ¥)| . (39)

Equation (39) reduces to equation (30) in the cold disk limit.
We now come to the contributionI'. ,, » of the entropy pertur-
bation to the corotation torque. Equation (27) yields

Fc.m,Z =-I [$<I>Re(<1> + \Il)]r[‘, (40)

Equation (40) reduces to equation (31) in the cold disk limit.

The general expression for the corotation torque is obtained
by accounting for the contribution given by equation (39) and
that of the entropy perturbation given by equation (40),

Lo =To [(v +28)|® + U — 2SPRe(® + qu)] (41

re

Equation (41) reduces to the expression of Tanaka et al. (2002)
when S = 0, while it reduces to that of Goldreich & Tremaine
(1979) for a cold disk.

A case of interest is that of a disk perturbed by a peaked po-
tential (that of an embedded protoplanet for instance), for which
|® 4+ Re(¥)| < || and |® + Re(V)| <« |Re(\Il)| at corotation.
For such a case, |PRe(® + 0)|, > |P + \If\ ; hence, the coro-
tation torque may be approx1mated asT'.,, ~ 721“0 [SPRe(P +
1)), . The corotation torque may therefore be much larger in
the flonhomentropic case (S # 0) than in the homentropic case
(S = 0). Furthermore, its sign is given by that of S rather than
that of V. This enhancement of the corotation torque in an adia-
batic flow may have a dramatic impact on the type I migration of
an embedded protoplanet, as was noted by PMO06.

4. NUMERICAL STUDY OF AN ISOLATED
COROTATION RESONANCE

We check in this section the analytical predictions of § 3 by
means of numerical simulations involving an isolated corotation
resonance (CR).

4.1. Numerical Issues

Our setup offers a number of similarities with the setup of
Masset & Ogilvie (2004) for the case of an isothermal disk. The
hydrodynamics equations for the disk described in § 3.1 are
solved using the code FARGO. A description of the properties
of this code is deferred to § 5.1, in which the code is used to
simulate an embedded planet. As in Masset & Ogilvie (2004)
we deal with the m = 3 CR. The disk is therefore torqued by an
m = 3 external potential ® that reads

(r, ¢, 1) = T(t/T)(r) cos [3(p — Q)] (42)
where ¢(r) denotes the radial profile of the potential, €2, is its pat-

tern speed (note that we work in the corotating frame), ¢ is the
time, and

-2
To) = { sin“(mx/2), x<1,

1, otherwise,

is a temporal tapering that turns on the potential on the time-
scale 7.

Vol. 672

The total torque I exerted by the disk on the perturber, given
by equation (21), is evaluated by

t/+l_ i, j— lE S

v b @)

where N, (Ny) is the radial (azimuthal) number of zones of the
mesh, S; ; is the surface area of zone (i, j), ®; ; and 3; ; are the
external potential and surface density at the center of this zone,
and Ay = 27/N; is the azimuthal resolution. Furthermore, the
contribution I'. ; of the function ¥ to the torque is obtained by
substituting 3y by pi/c? in equation (21). It is therefore eval-
uated by

1N1

tj+1 z/lptj
C—§j§ Sy (44
T4 D 2 oM (44)

si, j

where p; ; and cy; ; are the pressure and sound speed at the center
of zone (7, j). The contribution I'; » of the entropy perturbation to
the torque is eventually estimated as

FC.Z = Pc - Fc.l~ (45)

The radial computational domain is narrow enough to avoid
the location of the m = 3 inner and outer Lindblad resonances
(see Masset & Ogilvie 2004). Despite this precaution, wave
killing zones next to the boundaries were implemented to min-
imize unphysical wave reflections (de Val-Borro et al. 2006).
Furthermore, the torque evaluation is performed by summing
only on a domain of the grid that does not contain the wave
killing zones, and the summation includes a spatial tapering on
the edges of that domain.

The disk surface density and temperature are initially axisym-
metric with power-law profiles,

X(r) = Zc(r/rc)_a (46)

T(r) = T(r/re) ", (47)

where . and T are the surface density and temperature at the
corotation radius 7., respectively, and f'is the flaring index of
the disk. The disk aspect ratio is given by h(r) = H(r)/r =
h(r)(r/re)”, where H(r) is the disk scale height at radius . A
vanishing value of the flaring index f'therefore corresponds to a
uniform disk aspect ratio. The functions V and S are constant
and read

V=3/2-0, (48)
S=0—(c+1-2f)/v (49)

The main numerical parameters are those taken by Masset &
Ogilvie (2004), namely, a 4(r.) = 0.01 disk aspect ratio at co-
rotation and X, = 1. Our disk is inviscid. The libration islands
are resolved by 30 zones azimuthally. As the potential increases,
the radial width of the islands also increases. Their maximal ra-
dial width W spans approximately 20 zones.

The results presented in § 4.2 have the following units: the
mass of the central object M, is the mass unit, the corotation
radius r. of our m = 3 CR is the distance unit, and the Keplerian
orbital period Top at » = r, is 27 times the time unit.
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Fic. 1.—Corotation torque exerted by the disk on the perturber, as a function
of time, assuming a flat radial profile of the potential. The results shown are
obtained with an adiabatic calculation, except in the close-up, where we com-
pare the isothermal and adiabatic corotation torques over the whole duration of
the calculations. Numerical results are displayed with a symbol, while the theo-
retical expectations are displayed with curves. We plot as a function of time the
adiabatic corotation torque (diamonds and solid curve), the contribution of
the function W to the torque (stars and dashed curve), and the contribution of the
entropy perturbation (triangles and dot-dot-dashed curve). The long-dashed
curve, which is nearly superimposed on the solid curve, displays the corotation
torque expression of Goldreich & Tremaine (1979). The vertical solid line gives
an estimate of the final libration time (see text).

4.2. Results

We consider three cases, corresponding, respectively, to Fig-
ures 1, 2a, and 2b:

1. An external potential with a flat profile ¢(r) = —107>, as
in Masset & Ogilvie (2004). This case, which we call the “flat
potential case,” has the following parameters: o = 2 and f =
—0.3, which implies, from equations (48) and (49), that V =
—0.5and S = —0.57.

2. A potential profile that corresponds to the m = 3 Fourier
component of the smoothed potential of a M = 3.1 x 10-°M,
pointlike object. The softening length is € = H(r.), which is
approximately equal to 7. The object rotates at speed €, with
orbital radius r.. This neglects the pressure gradient effects, as
we do not resolve the distance from orbit to corotation, but this
distance is much smaller than the potential softening length, so
this is not a concern in the present case. By contrast to the pre-
vious case, we call this situation the “peaked potential case.”
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The value of M was chosen so that ¢(r.) = —107, as in the flat
potential case. For this calculation we have 0 = 1.5 and /' =
—0.3,s0that V = 0 and S ~ —0.71. The results are depicted in
Figure 2a.

3. A calculation similar to the previous one, except that o =
0.5and f = —0.1, so that V =1 and S = —0.71. The results
are depicted in Figure 2b.

For the three pairs (V, S) quoted above, the tapering timescale
value is 7 = 1507, which corresponds to the duration of the
calculations. This is about 3 times larger than the final libration
time, estimated as

~12
1 |:3‘¢;(2VC)|] =~ 55T orp- (50)

Tiip ~—
m

In each case we evaluate:

1. The total corotation torque (diamonds) with equation (43),
to be compared to the analytical expression (solid curve) given
by equation (41). In our units, Iy ~ 39.5.

2. The contribution of the function W to the corotation torque
(stars) obtained with equation (44), the expected expression of
which (dashed curve) is calculated using equation (39).

3. The contribution of the entropy perturbation to the torque
(triangles) using equation (45), which is to compare to the predic-
tion of equation (40), represented by the dot-dot-dashed curve.

In these figures, the corotation torque first increases with time,
since the potential is progressively turned on until it reaches its
final value at the end of the calculation. After some time it starts
to oscillate. This oscillation corresponds to the saturation of the
CR, as the ratio /T, tends to unity (Ogilvie & Lubow 2003).
Figures 1, 2a, and 2b therefore argue that our numerical simula-
tions succeed in reproducing the results of our analytical study
as long as ¢ < Ty, which is when a linear analysis is grounded
(which requires that the time of the calculation be much smaller
than the libration time).

The examination of the results of these calculations leads to
the following comments:

1. In the flat potential case, depicted in Figure 1, we have
Re[¢(r.)] & —0.02¢(r.) throughout the calculation, where t(r)
denotes the radial profile of . This situation therefore corresponds
to acold case. As expected from equation (32), the analytical coro-
tation torque and the expression of Goldreich & Tremaine (1979)
almost coincide. The close-up shows the torque evolution over
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Fic. 2.—Same as Fig. 1, except that the results are obtained with a peaked potential, with VV = 0 () = 1) in the left (right) panel. The long-dashed curve in both panels
shows the expectation from the corotation torque expression of Tanaka et al. (2002) denoted by TTWO02.
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Fic. 3.—Relative perturbation of entropy (eft) and surface density (right) for an isolated resonance, at # ~ 1.57j;,. Libration is clockwise.

the whole extent of the calculation, up to # = 7. The torque ob-
tained with a locally isothermal equation of state is also depicted.
Our isothermal runs have the same radial temperature depen-
dence as the adiabatic runs (see eq. [47]). Although there is an
entropy gradient in these isothermal calculations, it does not con-
tribute to the corotation torque as it would in an adiabatic disk:
the appearance of the singular contribution at corotation in the
adiabatic case is linked (1) to the advection of entropy and (2) to
the appearance of a singularity in the perturbed density and tem-
perature fields. In the isothermal situation, neither the entropy is
conserved along a fluid element path nor is a temperature singu-
larity allowed to appear. The comparison of isothermal and adia-
batic calculations shows that, as expected for a cold case, the
adiabatic and isothermal torques coincide, as long as we are in
the linear regime. We note that both torques do not oscillate about
0, since the potential reaches a stationary value only at the end of
the calculation.

2. For the two calculations of the peaked potential case, de-
picted in Figure 2, we find that Re[¢)(r.)] & —0.2¢(r,). Thus,
the term | — ®Re(P + V)| slightly dominates the term |® + ¥|?
in equation (41). Because S < 0 for these calculations, the co-
rotation torque in the adiabatic case (diamonds and solid curve)
is larger than the corotation torque in an isothermal disk (long-
dashed curve) with the same parameters, as predicted by Tanaka
et al. (2002). In particular, in the case for which V = 0, the iso-
thermal corotation torque vanishes, while we find a net positive
corotation torque for an adiabatic flow, in agreement with the ana-
lytical expression.

4.3. Dynamics of the Corotation Region

We discuss in this section the dynamics of the CR of an adi-
abatic disk and give some comments about the corotation torque
expression of equation (41). In the isothermal case, the corota-
tion torque expression involves the product of the gradient of
vortensity and the square of the effective potential (® + 7; see,
e.g., Tanaka et al. 2002). The torque is then given by the angular
momentum budget between material flowing outward and mate-
rial flowing inward at corotation, regardless of the sign of ® + 7.

Equation (41) displays a term that has a similar behavior, except
that it does not feature the vortensity gradient only, but rather
V + 28. This factor scales with the (logarithmic) gradient of
(X0/B)S?7, which is a key quantity considered by Li et al. (2000)
and by Lovelace et al. (1999), who pointed out that vortensity is
not conserved in a two-dimensional adiabatic flow.

In addition to this term, equation (41) contains a term that scales
with ®[® + Re(W)]. The sign of this term therefore depends on
the relative signs of ® and ® + Re(¥). In order to get some in-
sight into the physical meaning of this term, we show in Figure 3
the response of the disk in the corotation region, for the entropy
and the surface density. These fields correspond to the calcula-
tion with the flat potential profile considered in § 4.2. The disk
has a negative radial entropy gradient. Therefore, libration brings
the (larger) inner entropy to the outer part of the libration islands,
yielding a positive perturbed entropy (brighter areas), while it
brings the (smaller) outer entropy to the inner part of the libration
islands, yielding a negative perturbed entropy (darker areas). An
opposite behavior is observed for the perturbed density, since the
relative pressure perturbation (not represented ) is much smaller.

The sign of this torque component can be understood as follows.
Figure 4 depicts the situation in two cases: ® and ¢ + Re(¥) have
the same sign (left) and ® and ¢ + Re(V¥) have opposite signs
(right). In the left case, the negative perturbed surface density on
the outside of corotation is located in the region where 9 p® < 0;
hence, the perturbation yields a positive torque on the perturber.
A similar conclusion applies to the material flowing inward
which has positive perturbation of surface density. The torque on
the perturber is therefore positive, in agreement with the sign of
—S8®[® + Re(P)]. An opposite conclusion holds for the case
where ®[® + Re(¥)] < 0.

The order of magnitude and functional dependence of this
torque component can be justified as follows. As the sign has been
justified in the previous paragraph, we give here an estimate of the
absolute value. The perturbed surface density on the outside of
corotation is ~|SXo8/r.|, where § = ([® 4 Re(P))/(—84B))"? is
an order of magnitude of the width of the libration islands. The
specific torque in the region of surface density perturbation is
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Fic. 4—Sketch of the corotation region when ® and ¢ + Re(¥) are in phase (/eft) and when @ and ® + Re(V) are in opposition (right). The minima and maxima of
& are indicated on the left, while the minima and maxima of ¢ + Re(¥) are indicated on the right. In the corotation region, material librates about the maxima of the
effective potential & + Re(¥). We assume a negative entropy gradient, hence material flowing outward has a negative perturbed surface density, while material flowing
inward has a positive perturbed surface density, as indicated by the minus and plus signs.

~|m®|, while the area covered by the perturbation of surface
density scales with r26. The torque arising from this region there-
fore scales with |mr.62S®Y|, which is exactly the scaling of
[IToSP[P + Re(P)]|, within a numerical factor of O(1).

The singular behavior of this torque component, which stems
from equation (40) and which appears as a Dirac delta function at
corotation, can be understood as follows. As the strength of the
perturbation decreases, the width of the libration islands tends to
zero, while the libration time tends to infinity (libration disap-
pears); hence, we are left, in the linear regime, with a torque contri-
bution that comes strictly from the corotation radius and, therefore,
appears as singular.

It is worth noting that only half of the second term of equa-
tion (41) comes from equation (40). Equation (39), which is ob-
tained from the momentum flux jump and which as such captures
effects occurring at a finite (albeit small) distance from corotation,
also displays a term similar to that of equation (40). The advection
of entropy perturbations is not a silent process; it triggers the
emission of pressure waves (Foglizzo & Tagger 2000). Our torque
expression indicates that half of the energy required to advect
entropy in the libration islands is evacuated through pressure
waves.

5. APPLICATION TO THE CASE
OF AN EMBEDDED PROTOPLANET

In § 3 we derived an expression for the corotation torque be-
tween a radiatively inefficient disk and an external rotating poten-
tial. This expression is successfully reproduced by local numerical
simulations of an isolated CR, in the linear regime. We now con-
template the case of an embedded protoplanet in a radiatively in-
efficient two-dimensional disk, for which all co-orbital CRs are
simultaneously active.

5.1. Numerical Features and Setup

Our numerical simulations are performed with the code
FARGO. Itis a staggered mesh hydrocode that solves the Navier-
Stokes, continuity, and energy equations on a polar grid. It uses
an upwind transport scheme with a harmonic, second-order slope
limiter (van Leer 1977). Its particularity is to use a change of ro-
tating frame on each ring of the polar grid, which increases the

time step significantly (Masset 2000a, 2000b), thereby lower-
ing the computational cost of a given calculation. The energy
equation that we implemented in FARGO is

%+V°(ev):—pV‘v+Q, (51)

where e is the thermal energy density, v = (u, 7Q) denotes the
flow velocity, p is the vertically integrated pressure, and Q is a
heating source term that accounts for the disk viscosity (see, e.g.,
D’Angelo et al. 2003). The energy equation solver is implemented
as in Stone & Norman (1992).

In this work, the disk is taken to be inviscid so Q = 0. There is
no radiative transfer either, since the disk is assumed to be radia-
tively inefficient. Furthermore, p and e are connected by an ideal
equation of state p = (v — 1)e, where the adiabatic index - is set
to 1.4. This equation of state can be expressed in terms of the disk
temperature 7 and surface density 3 as p = X7 The adiabatic
sound speed reads ¢; = (7T )”2, hence ¢y = /7¢s,is0o, Where ¢ jiso
refers to the isothermal sound speed. We comment that the Lindblad
torque, which scales as c;z (Ward 1997), is therefore weakened
by a factor of 7y in an adiabatic disk. The same is true of the co-
rotation torque, when there is no entropy gradient. We checked
both effects with appropriate calculations, not reproduced here.
This plays in favor of a total torque reversal in adiabatic disks
with a negative entropy gradient. The disk is initially slightly
sub-Keplerian (the pressure gradient is accounted for in the cen-
trifugal balance) and axisymmetric, with power-law profiles for
the surface density and temperature given by equations (46) and
(47).

For a comparative purpose, calculations involving a locally
isothermal equation of state are performed. In isothermal calcu-
lations, no energy equation is solved: p and X are simply con-
nected by p = ZCSZA iso- These isothermal calculations have the same
initial surface density and temperature profiles as the adiabatic runs.

The disk is perturbed by the smoothed potential of a proto-
planet. We adopt a Plummer potential, with a softening length
€ = 0.6H (r,) (unless otherwise stated), 7, being the planet orbital
radius. This fiducial value is quite substantial for our purposes, but
investigating the disk response at much smaller softening lengths,
where the adiabatic effects on the corotation torque are increasingly
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TABLE 1
REFERENCE PARAMETERS

Parameter Notation Reference Value

Aspect ratio at r =7, h(ry) 0.05
Surface density at » %, 2x1073
Softening length...... € 0.03
Adiabatic IndeX ........coceoerrreecnnennnes ¥ 1.4

Mesh inner radius ..........ccccoeeveveeennnnes Fimin 0.4

Mesh outer radius ... Fmax 1.8

Radial zones number .. N, 512
Azimuthal zones number Ny 2048

Note.—The disk is inviscid.

important, requires a very large resolution. A high-resolution sys-
tematic study at small softening length will be presented in a forth-
coming work.

The protoplanet is held on a fixed circular orbit, at» = r,,. The
disk parameters are summed up in Table 1, where they are ex-
pressed in the following unit system: 7, is the length unit, the
mass of the central object M, is the mass unit, and (GM*/r[f)’“2
is the time unit, G being the gravitational constant (G = 1 in our
unit system). We denote by Ty, the planet orbital period, M, the
planet mass, and ¢ = M,/M, the planet to primary mass ratio.

5.2. Results
5.2.1. An lllustrative Example

We show the results of an illustrative calculation witha g =
2.2 x 107 planet to primary mass ratio (corresponding to M, =
7.3 My, if the central object has a solar mass). The horseshoe
libration time is

&mr,
30, x, ’

(52)

Tiib =

where (2 is the protoplanet angular velocity and x; denotes the half-
width of the horseshoe region. Masset et al. (2006) have given an es-
timate of x; in the isothermal case that reads x; ~ 1.167,[q/h(rp)] 2,
A streamline analysis was performed and confirmed that this es-
timate holds for an adiabatic disk, if one substitutes 4(r;,) with
/Yh(rp). We find therefore 7y, &~ 6075,. Numerical diffusion
eventually alters the conservation of entropy. Nevertheless, the
horseshoe region spans 20 zones radially, which is sufficient to
follow the horseshoe dynamics over several libration times. Since
we are concerned here with a fraction of the libration time, the
entropy is conserved with a good level of accuracy over the dura-
tion of our runs, and it can be regarded as a Lagrangian tracer of
the flow.

Two calculations were performed, an adiabatic and an isother-
mal one. Both lasted 30 orbital periods, hence half the horseshoe
libration time. These calculations have ¢ = 0.5 and f' = 0, as in
PMO6. This gives S ~ —0.57.

Figure 5 displays the gas entropy, surface density, and pres-
sure obtained in the adiabatic calculation, after 157,,. Each field
represents the relative perturbation of the corresponding quantity
with respect to the unperturbed state. For instance, the top right
panel shows [X(r, ) — Xo()]/ Xo(r). While the azimuthal range
spans the whole [0, 27] interval, the radial range depicted is re-
stricted to a band of width 2.5x, around the corotation radius r.
We overplot streamlines on the entropy panel to give an idea of
the extent of the horseshoe region. The vertical dashed line rep-
resents the corotation radius. Whereas the pressure panel does not
display any significant perturbation, the entropy and density pan-
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els show the propagation of a perturbation inside the horseshoe
region, which slides along the separatrices. This is reminiscent
of the behavior commented on the case of an isolated resonance
in § 4.3.

The interpretation of this dynamics is as follows. The entropy
of the fluid elements is conserved as they perform a horseshoe
U-turn in the co-orbital region. When there is initially an entropy
gradient at corotation, the co-orbital dynamics yields an entropy
perturbation that has a sign opposite of that of the entropy gra-
dient on the outward U-turns and the sign of the entropy gradient
on the inward U-turns. Since the pressure field is only weakly per-
turbed, the entropy perturbation is related to a density perturbation
of opposite sign and, in relative value, of the same order of mag-
nitude. Therefore, if there is a negative entropy gradient at corota-
tion (S < 0, as in the example shown here), the co-orbital dynamics
yields a negative density perturbation at ¢ < ¢, and a positive
density perturbation at ¢ > ¢,, with straightforward conse-
quences for the corotation torque. Using an expression inherited
from the terminology of Riemann solvers, we call this perturba-
tion a contact discontinuity. A contact discontinuity is charac-
terized by a discontinuity in the density and temperature fields,
while the pressure and velocity fields are continuous. A contact
discontinuity is simply advected by the flow. Here it follows the
horseshoe dynamics, and it remains confined to the horseshoe
region.

We give hereafter a simple estimate of the relative perturbation
of the disk surface density due to the advection of entropy. We
consider a fluid element that performs a horseshoe U-turn from
the inner part of the horseshoe region (where we assume that there
is no entropy perturbation, which is true as long as ¢ < 7;,/2) to
the outer part. All physical quantities at the inner (outer) leg of the
horseshoe streamline are denoted by a minus (plus) subscript. A
first-order expansion yields, assuming no pressure perturbation,

P+ ZPO(VU)(I :F/lx/rc): (53)

where 0 < x < x; is the distance of the streamline to corotation,
and

Y_= EO(rc)(l + Ux/rc)- (54)

On the outer horseshoe leg, the disk surface density is perturbed
according to the entropy perturbation and reads

E+ = 20(7'1‘)(1 +R- O'X/Vc), (55)

where R is the relative perturbation of surface density at r = r. 4+ x
(we assume a symmetric horseshoe U-turn), due to the entropy
advection. Entropy conservation along the fluid element path
(S- =8,) leads to

R:2i<a—%):218. (56)

Te re

The horseshoe U-turn that we have considered lags the planet
(¢ < ). A similar conclusion holds for a horseshoe U-turn that
switches from the outer leg to the inner one (at ¢ > ¢,); hence,
we finally have
R(x) =2x8/r., Vx € [—x,, +x]. (57)
The bottom right panel of Figure 5 displays the slices of the
perturbed density field att = 157y, for ¢ — ¢, = 1 (diamonds)
and —1 (stars). The two horizontal dashed lines display the values




162 On the Corotation Torque in a Radiatively Inefficient Disk

No. 2, 2008

L
-0.03  -0.02  -0.01 0.00 0.01 0.02 0.03

Entropy at t= 15Torb

-2

0.96 0.98 1.00 1.02 1.04

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Pressure at t= 15Torb

0.96 0.98 1.00 1.02 1.04
/e,

Relative perturbed surface density

COROTATION TORQUE IN ADIABATIC DISK 1063

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Density at t= 15Torb

0.96 0.98 1.00 1.02 1.04
r/r,

0.03

R(-x,)
0.02

0.01

ST [T T[T T

0.00

-0.01

-0.02
R(x,)

LRARRE RN R LR RN R RRRARE- LA

FETRETE U FETEURTIT FRNNE 2

-0.03

n n n 1 n n n n
0.96 0.98 1.00 1.02 1.04
rir,

FiG. 5.— Top row and bottom left: Relative perturbations of the gas entropy, surface density, and pressure, at# = 15T, ~ Ty, /4. The protoplanet is located in » = 7,
© = @, In the top left panel, streamlines are overplotted and the vertical dashed line stands for the corotation radius r.. In the top right and bottom left panels, the color
scale is adjusted to highlight the advection of the entropy perturbation (see text). The nearly horizontal overdensity structure at ¢ = ¢, is the protoplanet’s wake. Bottom
right: Slices of the relative perturbed density field at the same time, at ¢ — ¢, = 1 (diamonds) and ¢ — @, = —1 (stars). The two horizontal dashed lines refer to the
values of R(—x,) and R(x,), while the long-dashed curve displays the quantity 2(+ — r.)S/r. (see text and eq. [57]).

of R(—x;) and R(x,), where x, is estimated through a streamline
analysis. Similarly, the long-dashed curve shows R(x) = 2xS/r,
which is in agreement with the calculation results. The surface
density structure in the horseshoe region is therefore dictated by
the sign of S. In particular, we do not expect any contact discon-
tinuity in the homentropic case (S = 0). We have checked this
prediction with a numerical simulation (not presented here).

5.2.2. Excess of Corotation Torque and Entropy Gradient

An order of magnitude of the excess of corotation torque aris-
ing from the perturbation of the surface density field can be given

by estimating how the standard horseshoe drag expression (Ward
1991; Masset 2001) is modified by the perturbation of surface
density R(x)Xo(r.). We consider the outward horseshoe U-turns
that occur at ¢ < ,. Assuming, in this order-of-magnitude esti-
mate, that the rotation profile of the disk is unperturbed, we eval-
uate the variation of angular momentum flux of the horseshoe
disk material after the U-turn attributable to the change of the disk’s
surface density,

ATy — / (“240)S0RM) e + 2Brox)dy,  (58)
0
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Fic. 6.—Torque excess (see text) as a function of the half-width of the horse-
shoe region.

where j. is the specific angular momentum of the material at co-
rotation. The first factor of the integrand of equation (58) repre-
sents the material velocity in the corotating frame due to the shear.
The last factor is the material specific angular momentum ob-
tained from a first-order expansion at corotation. Similarly, we
obtain the change of angular momentum flux due to the pertur-
bation of surface density on inward horseshoe U-turns,

AT, = /0 T (240 R e — 2Brex)dx.  (59)

Adding equations (58) and (59), we are left with

ATy = 2/> ) (—2Ax)20R(x)2Br.xdx = —4ABEOSx_?. (60)
0

Figure 6 shows the excess of corotation torque between an adi-
abatic and isothermal calculation with the same parameters as a
function of the half-width of the horseshoe region. This excess is
obtained by subtracting the total torque of an adiabatic and an
isothermal calculation (the isothermal torque being rescaled by a
factor y~!, since ¢, = V/V¢s.iso)- We call this difference the torque
excess for further reference. Each data point corresponds to a cal-
culation with a given planet mass, for which we determine x;
through a streamline analysis. We find that the torque excess
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approximately scales as x and that it is within a factor 2 of our
order-of-magnitude estimate, given by — A

The torque expression of equation (41) as well as the horse-
shoe drag expression of equation (60) suggest that the torque ex-
cess scales with S, hence with the entropy gradient. In order to
check that, we have undertaken a number of calculations with
different values of S. These calculations have g = 2.2 x 1073, and
the disk parameters are those of Table 1. Each entropy gradient is
realized with different combinations of the indices of the pressure
and surface density power laws. Adiabatic effects on the torque
are assessed in two different ways:

1. By calculating the torque excess, as in Figure 6.
2. By evaluating the integral

p\ 0P
T = / <E——) —rdrdy, 61
0 Jais ;) Op ©

which provides an estimate of the torque due to the contact dis-
continuity (this contribution arises from perturbations of > which
do not have a pressure counterpart). In the linear regime, equa-
tion (61) amounts to a summation over m of the last term of equa-
tion (24). We check this statement in § 5.2.3.

These two estimates of adiabatic effects on the torque value
are shown, respectively, in Figures 7a and 7. Remarkably, they
coincide within ~25%. We comment further on this coincidence
in§5.2.3.

The main conclusion that can be drawn from the results of Fig-
ure 7 is that the torque excess (or the contact discontinuity con-
tribution) essentially depends on the entropy gradient, as expected.
The excess is positive for a negative entropy gradient; hence, we
may expect the total torque exerted on a planet embedded in a
radiatively inefficient disk to be a positive quantity if the radial
entropy gradient is sufficiently negative.

5.2.3. Connection to the Analytical Expression

We have given in equation (40) an estimate of the singular
torque contribution from the contact discontinuity at an isolated
resonance, while we have estimated the total contribution in the
planetary case of the contact discontinuity using equation (61)
in § 5.2.2. We check in the present section that this total contri-
bution corresponds to the sum over m of the torque expression
of equation (40). For this purpose, we have adopted a planet to
primary mass ratio ¢ = 5 x 107°, as the one adopted in the pre-
vious sections (g = 2.2 x 1073) led to poor agreement, presumably
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Fic. 7.— Torque excess (left) and contact discontinuity contribution to the torque (right) as a function of S. Although the calculations display some scatter for a given
value of S, the different points can be considered as aligned within a good level of approximation. The slope of the dependence is negative.
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because of the onset of nonlinear effects. For each azimuthal
wavenumber m, we measure Re(V,,) from the calculation output
(at t = 5T,), and we evaluate the sum over m of the torque
Fc.m.Z,

Nt @)
where
472 (8%, ‘ask
FI:’ = _T <Q_20> qu’m[@m + Re(\IIm)} (63)
Fem=1

is the partial sum of I'. ,, . We compare the torque contribution
given by equation (61) to I'. The results are presented in Fig-
ure 8. The agreement between the direct torque measurement and
the linear estimate is excellent.

This confirms what we anticipated in § 3.2 and what is shown
in the Appendix, that the contribution of the last term of equa-
tion (25) to the torque is negligible in the planetary context. Also
of interest is the torque density associated, respectively, with p/c?
and ¥ — p/c2. The sum of these two torque densities is the total
torque density. They are represented in Figure 9. The total torque
density displays a smooth profile and a narrow peak at corotation.
This is reminiscent of the torque density found by PMO06 (their
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Fig. 2) or by Morohoshi & Tanaka (2003, their Fig. 3). The de-
composition above splits this total torque density into a smooth
component arising from p/c2, which reminds one of the torque
density in an isothermal disk, and a sharp, localized torque density
arising from ¥ — p/c2. This corresponds to the torque density of
the contact discontinuity contribution given by equation (61).
Figure 9 shows that this contribution (which is singular at coro-
tation in the linear case for an isolated resonance) is here bounded
by the extent of the horseshoe region.

‘We comment on the surprising agreement found in § 5.2.2 be-
tween the torque excess and the contribution of the contact dis-
continuity. The linear analysis suggests that the former should be
thesumof T’y ,(2S|®,, + U, = 28, [®,, + Re(¥,,)]), which,
in the limit where |®, + Re(V,)| < |Re(¥,)| and [P, +
Re(¥,,)| < |®y], should reduce to —2T ,,SPy [P + Re(V)],
which is twice the contribution of the contact discontinuity (see
§3.2.2). Nevertheless, for the calculations presented here, we can
checkthat2 )" m|®, + U, | is almost exactly compensated by
> m®y [P, + Re(,,)]. Namely, the ratio of the former to the
latter quantity is found to be 1.07, which explains why the full
excess expression essentially amounts to the contact discontinuity
contribution. Presumably, this coincidence is fortuitous and linked
to the relatively large softening length that we use. At smaller
softening lengths, the term in ®,,[®,, + Re(¥,,)] should largely
dominate, yielding a ratio of 2 between the torque excess and the
contribution of the contact discontinuity. We note that PMO06 also
quote that the torque estimate given by their equation (1) ac-
counts for the total torque within 25% (this equation can also be
seen as an estimate of the contact discontinuity contribution). This
seems to suggest that the softening length of 0.6/ (r;,) that we
adopted is a correct choice to reproduce the magnitude of the
corotational effects in adiabatic three-dimensional disks.

6. DISCUSSION
6.1. Softening Length

In an isothermal disk, the corotation torque scales with
|® + 7|* (Tanaka et al. 2002). Even if ® diverges at corotation,
® —+ 7 remains finite, which makes the isothermal corotation torque
a quantity relatively insensitive to the softening length. The sit-
uation is quite different for the effects linked to the entropy ad-
vection that we present here; they involve the product (P + ),
which diverges when ® does. Adiabatic effects on the corotation
torque should acquire a very large magnitude at small softening
lengths. In particular, if the softening length is smaller than the
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Fic. 9.— Left: Total torque density (solid curve) and torque density of p/c2 (dashed curve). Right: Torque density of $ — p/c?. The vertical dashed line shows the
corotation radius, while the two vertical dotted lines show the extent of the horseshoe region.
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distance from orbit to corotation, the magnitude of these effects
should strongly depend on this distance, which scales with the
pressure gradient. If one regards the softening length as a proxy
for the altitude in a three-dimensional disk, the extent of the disk
vertical scale height concerned by these very small softening
length issues should be small, however, since the distance from
orbit to corotation is a fraction of rphz. Nevertheless, it is of in-
terest to investigate the behavior of the corotation torque in an
adiabatic flow at very small softening lengths to assess the im-
portance of such effects. Owing to the very large resolution re-
quired to investigate this problem, we defer this investigation to
a forthcoming work.

6.2. Saturation

The origin of the effects presented here is the advection of
entropy in the corotation region, which triggers an entropy per-
turbation (and therefore a density perturbation) whenever there is
an entropy gradient in the equilibrium profile. Libration occurs
on different timescales for the different streamlines of the coro-
tation region, which tends to stir the entropy and to flatten out
the entropy profile across the corotation region (be it the horse-
shoe region in the planetary case or a libration island in the isolated
resonance case). This is quite similar to the behavior of the coro-
tation torque in an isothermal disk, which tends to saturate be-
cause the vortensity profile is flattened out by libration. In this
case, it is the viscous diffusion which can prevent the flattening
out of'the profile if it acts sufficiently rapidly to establish the large-
scale gradients before a libration time. This has been studied for
an isolated resonance by Goldreich & Sari (2003) and Ogilvie &
Lubow (2003) and by Balmforth & Korycansky (2001) and
Masset (2001) for a planetary co-orbital region. In both cases, the
degree of saturation of the corotation torque in steady state de-
pends on the ratio of the libration time and of the viscous time
across the libration region. The dissipative processes required to
prevent the torque saturation in the situation presented here
should be able to impose the large-scale entropy gradient over
the corotation region in less than a libration time. Radiative pro-
cesses (cooling and heating) should therefore occur on a timescale
longer than a horseshoe U-turn (otherwise the flow can rather be
considered as locally isothermal), but they should act on a time-
scale shorter than the libration time. We provide an estimate of
the horseshoe U-turn time and of the libration time for a small-
mass object embedded in a gaseous disk. The horseshoe half-
width x, is ~r, [q/h(rp)] 12 Neglecting pressure effects and writing
a simplified Jacobi constant for a test particle near a horseshoe
U-turn as J = —GM,/(2Br,|p — ¢,]) + A(r — 1,)*, we can es-
timate the distance of closest approach between the planet and a
test particle flowing along a horseshoe separatrix as r,| Ayp|, =
¢ 212) H(ry)/2|AB| = O(H(r)). The time required to perform a horse-
shoe U-turn can be deduced using the radial drift velocity of the test
particle when it crosses the orbit, at its closest approach from the
planet x = GMp/(ZBrpzAgof). That yields

S 7 AU 110 o
Urem T A’B T, R |

where Ry = ;",,(51/3)1’/3 is the Hill radius of the planet and where
the last equality holds for a Keplerian disk. When the planet
emerges from the disk [H(7,) ~ Ry], the horseshoe U-turn oc-
curs on the dynamical timescale. When dealing with an embed-
ded object however [Ry < H(r},)], the horseshoe U-turn time can
be substantially longer than the dynamical time [e.g., 10 times lon-
ger for an Earth mass object embedded in a disk with A(r;,) = 0.05].
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Using equation (52), we are led to
T k() (65)
TU-turn

There is at least an order of magnitude difference between the
horseshoe U-turn time and the libration time in a thin disk; hence,
it should be possible to find a location in the disk where the cool-
ing time is much longer than the U-turn time and yet shorter than
the libration time, so as to maintain an unsaturated corotation
torque.

6.3. Entropy Gradient and Baroclinic Instability

The effect that we present in this two-dimensional analysis is
of particular interest when there is a negative entropy gradient
at corotation, since this may suffice to halt type I migration. It
would be of interest to generalize the present analysis to the case
of a three-dimensional baroclinic disk. We comment also that in
such systems, a negative entropy gradient may render the disk un-
stable to a baroclinic instability (Klahr 2004; Klahr & Bodenheimer
2003). It is certainly important to examine the interplay of the
baroclinic instability and of the corotational effects presented here.
The turbulence generated by the baroclinic instability, in partic-
ular, could provide a mechanism to prevent the saturation of the
corotation torque, much like the turbulence arising from the
magnetorotational instability can prevent the corotation torque
saturation in an isothermal disk.

7. CONCLUSIONS

We evaluate the corotation torque between an adiabatic gas-
eous disk and a uniformly rotating external potential. In the lin-
ear case for an isolated resonance, we find a singular contribution
at corotation which scales with the entropy gradient and which
arises from the advection of entropy within the libration region.
This effect neither exists in isothermal or locally isothermal flows
nor does it exist for barotropic fluids (such as fluids described by
a polytropic equation of state). We provide a torque expression
at an isolated resonance which involves the pressure perturba-
tion at corotation. We then check the torque expression by two-
dimensional adiabatic calculations that involve an isolated resonance.
In particular, we exhibit a case with a flat vortensity profile, for
which the corotation torque does not cancel out and is in agree-
ment with the analytical expression. We then turn to the case of
an embedded planet, for which we find an excess of corotation
torque in the adiabatic case, which scales with the entropy gradi-
ent. For a sufficiently small planet mass, we check that this ex-
cess can be accounted for by a summation over the resonances of
the torque excess that we found in the first part. This confirms that
this effect is essentially a linear effect. We finally discuss in § 6
some open questions linked to the softening length, to the satu-
ration, to the case of a three-dimensional baroclinic disk, and to
the interplay with the baroclinic instability, on to which theoret-
ical efforts should focus in a nearby future.

We wish to thank Sijme-Jan Paardekooper and John C. B.
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this manuscript. We also thank Alessandro Morbidelli for a tho-
rough reading of a first version of this manuscript and an
anonymous referee for comments that led to an improvement of
the paper.
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Fig. 10.— Left: The m = 8 azimuthal component of ¥ = p/¥ (the real part is shown by a solid curve, the imaginary part is shown by a dashed curve). The dotted
line shows the m = 8 component of the potential (which is purely real). Right: Singular contribution of W at corotation (solid curve), contribution of the extra term in
Im[¥(x)]/x of eq. (25) (dotted curve), contribution of the first term of eq. (10) (dashed curve), and total contribution of these extra terms (dash-dotted curve). Each
contribution is normalized to the maximum value of the singular contribution of U at corotation.

APPENDIX
ADDITIONAL CONTRIBUTION TO THE COROTATION TORQUE

We check hereafter that the contribution of the last term of equation (25) is negligible for an embedded planet. For this purpose, we
compare G = [ dxIm[¥(x)]®(x)/x to —7[Re(P)®],,. Figure 10a shows the m = 8 component of ¥ = p/% for the calculation pre-
sented in § 5.2.3. We clearly see that the behavior of Im(¥) in the vicinity of corotation comes from the overlap of the behavior arising
at the inner and outer Lindblad resonances. Between its outermost inner minimum at »_ ~ 0.87 and its innermost outer maximum at
r+ ~ 1.12, Im(¥) can be considered as having a linear dependence in x. Notwithstanding the decrease of ® as one recedes from coro-
tation, the main contribution to G will come from Im[¥(x)]/x between these two radii, as it exhibits a flat behavior over this range. This
yields G ~ 2®(r.)|Im[¥(rL)]|, that is to say a result comparable in order of magnitude to —W[Re(lI/)<I>]rc. Nevertheless, the final contri-
bution of the extra term is much smaller than the singular one at corotation for the following reasons:

1. The potential decreases sharply as one recedes from corotation, which provides a cutoff to the extra term, which is not localized
at corotation.

2. The extra term is partially compensated for by the first term of equation (10), which we have neglected in writing equation (24)
and which yields another term in equation (25) that reads —(F. S/er),( dIm[¥(x)]/dx. Adding this additional term and the last term of
equation (25), we are left with

 dIm[U()] (LS)  Im[¥(x) (2?3) _ Im[P) (rQ’ N 1) (2?3) N 7%( 7S ) 7

dx r2Q X 3/ X 20 r3Q X 2r3Q)
which shows that, in addition to the potential cutoff, the last term of equation (25) should be decreased by a factor of 4 [we neglect, at this
level of accuracy, the jump in Im(¥”) at corotation].

We have checked on the calculation presented in § 5.2.3 that the contribution of these extra terms is indeed small compared to the
singular contribution at corotation at all m. This is shown in Figure 10b, from which we can conclude that the total contribution of
the extra terms is about an order of magnitude smaller than the singular contribution. The agreement that we found in § 5.2.3 between the
numerical simulation of an embedded planet and the torque series, which was of the order of a percent, might then be fortuitous. Never-
theless, we expect an agreement of the order of 10%, which is still very satisfactory. These findings are also compatible with the fact that
we hardly see any diffuse torque density outside of the horseshoe region in Figure 9b.
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ABSTRACT

We investigate the tidal interaction between a low-mass planet and a self-gravitating protoplanetary disk by means
of two-dimensional hydrodynamic simulations. We first show that considering a planet as freely migrating in a disk
without self-gravity leads to a significant overestimate of the migration rate. The overestimate can reach a factor of 2
for a disk having 3 times the surface density of the minimum mass solar nebula. Unbiased drift rates may be obtained
only by considering a planet and a disk orbiting within the same gravitational potential. In the second part, the disk
self-gravity is taken into account. We confirm that the disk gravity enhances the differential Lindblad torque with
respect to the situation where neither the planet nor the disk feels the disk gravity. This enhancement only depends on
the Toomre parameter at the planet location. It is typically 1 order of magnitude smaller than the spurious one induced
by assuming a planet migrating in a disk without self-gravity. We confirm that the torque enhancement due to the disk
gravity can be entirely accounted for by a shift of Lindblad resonances and can be reproduced by the use of an aniso-
tropic pressure tensor. We do not find any significant impact of the disk gravity on the corotation torque.

Subject headings: accretion, accretion disks — hydrodynamics — methods: numerical —
planetary systems: formation — planetary systems: protoplanetary disks

1. INTRODUCTION

Since the discovery of the first exoplanet (Mayor & Queloz
1995), theories of planet-disk interaction have received renewed
attention. Using the analytic torque expression of Goldreich &
Tremaine (1979) at Lindblad and corotation resonances, Ward
(1997, and references therein) has elaborated a theory of planet-
disk tidal interaction which shows that a planet embedded in a
protoplanetary disk should experience an orbital decay toward
the central object. For low-mass protoplanets, the timescale of this
inward migration (usually known as type I planetary migration) is
much smaller than the disk lifetime, by typically 1 or 2 orders of
magnitude (Ward 1997). This is a challenge to current theories
of planetary formation, since it seems very unlikely that a giant
planet can be built up before its protoplanetary core has reached
the vicinity of the central star.

Most of recent works dealing with planet-disk interactions have
therefore proposed mechanisms that could slow down or stop type I
migration. Menou & Goodman (2004) considered realistic models
of T Tauri a-disks instead of the customary power-law models and
found that type I migration can be significantly slowed down at
opacity transitions in the disk. Masset et al. (2006b) showed that
surface density jumps in the disk can trap low-mass protoplanets,
thereby reducing the type I migration rate to the disk’s accretion
rate. Paardekooper & Mellema (2006) found that the migration
may even be reversed in disks of large opacity. More recently,
Baruteau & Masset (2008) have shown that, in a radiatively in-
efficient disk, there is an excess of corotation torque that scales
with the initial entropy gradient at corotation. If the latter is suf-
ficiently negative, the excess of corotation torque can be positive
enough to reverse type I migration.

A common challenge is in any case to yield precise estimates
of the migration timescale. Nevertheless, a very common simpli-
fication of numerical algorithms consists of discarding the disk
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self-gravity. Apart from a considerable gain in computational cost,
this is justified by the fact that protoplanetary disks have large
Toomre parameters, so that the disk self-gravity should be un-
important. Even in disks that are not subject to the gravitational
instability, neglecting the self-gravity may have important con-
sequences on planetary migration, as we shall see.

Thus far, a very limited number of works have taken the disk
self-gravity into account in numerical simulations of planet-disk
interactions. Boss (2005) performed a large number of disk sim-
ulations in which the self-gravity induces giant planet formation
by gravitational instability. His calculations are therefore short,
running for a few dynamical times, and involve only very massive
objects. The planets formed in these simulations excite a strongly
nonlinear response by the disk, and any migration effects are prob-
ably marginal or negligible. Furthermore, Nelson & Benz (2003a,
2003b) included the disk self-gravity in their two-dimensional
simulations of planet-disk interactions. The authors find that the
migration rate of a planet that does not open a gap is slowed down
by at least a factor of 2 in a self-gravitating disk. Nonetheless,
Pierens & Hur¢ (2005, hereafter PHO5) reported an analytical
expression for the shifts of Lindblad resonances due to the disk
gravity, and found that the disk gravity accelerates type I planetary
migration. The apparent contradiction between these findings mo-
tivated our investigation.

This work is the first part of a series of studies dedicated to the
role of self-gravity on planetary migration. In the present paper,
we focus on the impact of self-gravity on the migration of low-
mass objects, that is, on type I migration. This study will be ex-
tended beyond the linear regime in a future publication.

The paper is organized as follows. The numerical setup used
in our calculations is described in § 2. We study in § 3 the de-
pendence of the differential Lindblad torque on the disk surface
density, without and with disk self-gravity. We confirm in this sec-
tion that the disk gravity accelerates type I migration, and check
that this acceleration can be exclusively accounted for by a shift of
Lindblad resonances. In § 4, we show that the increase of the dif-
ferential Lindblad torque due to the disk gravity can be reproduced
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with an anisotropic pressure tensor. We investigate in § 5 the im-
pact of the disk self-gravity on the corotation torque. We sum up
our results in § 6.

2. NUMERICAL SETUP

We study the impact of the disk self-gravity on the planet-disk
tidal interaction by performing a large number of two-dimensional
hydrodynamic simulations. Notwithstanding the need for a gravita-
tional softening length, the two-dimensional restriction provides a
direct comparison with the analytical findings of PHOS and enables
us to achieve a wide exploration of the parameter space (mainly in
terms of disk surface density, disk thickness, and planet mass).

2.1. Units

As usual in numerical simulations of planet-disk interactions,
we adopt the initial orbital radius 7, of the planet as the length
unit, the mass of the central object M, as the mass unit and
(GM*/r;)’l/ 2 as the time unit, G being the gravitational constant
(G = 1'in our unit system). We denote M, as the planet mass and
q as the planet to primary mass ratio.

2.2. A Poisson Equation Solver for the Code FARGO

Our numerical simulations are performed with the code FARGO.
It is a staggered mesh hydrocode that solves the Navier-Stokes and
continuity equations on a polar grid. It uses an upwind transport
scheme with a harmonic, second-order slope limiter (van Leer
1977). Its particularity is to use a change of rotating frame on
each ring of the polar grid, which increases the time step signifi-
cantly (Masset 2000a, 2000b), thereby lowering the computa-
tional cost of a given calculation.

2.2.1. Implementation

We implemented a Poisson equation solver in FARGO as fol-
lows. Using the variables (¢ = log r, ), where r and ¢ denote
the polar coordinates, the potential V of the disk, as well as the
radial and azimuthal accelerations g, and g,, derived from it, in-
volves convolution products (Binney & Tremaine 1987). They
can therefore be calculated at low computational cost using fast
Fourier transforms (FFTs), provided that a grid with a logarithmic
radial spacing is used. Our Poisson equation solver calculates g,
and g, with FFTs.

To avoid the well-known alias issue, the calculation of the
FFTs is done on a grid whose radial zones number is twice that of
the hydrodynamics grid, the additional cells being left empty of
mass. Thus, the mass distribution of the hydrodynamics mesh
cannot interact tidally with its adjacent replications in Fourier
space (Sellwood 1987), and it remains isolated. Because of the
27 periodicity, such a precaution is not required in the azimuthal
direction.

Furthermore, a softening parameter egg is adopted to avoid
numerical divergences, the same way as the planet potential is
smoothed. We point out that egg must scale with 7 so that the ex-
pressions of g, and g,,, smoothed over the softening length &g,
indeed involve convolution products. The expressions of g, and
g, are given in Appendix A.

Finally, we present a test problem. For a two-dimensional disk
with a uniform surface density %, g, reads

E(vmax) — K(vmax)

VUmax

gr(r): 4GX +K(umin) _E(umin) 3 (1)

where K and E denote the complete elliptic integrals of the first
and second kinds, respectively, where umin = Fiin/F and vy =
F/Fmax> and rmin (Fmax ) denote the disk inner (outer) edge (see
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Fic. 1.—Radial self-gravitating acceleration g,.(r), in absolute value, for a uni-

form surface density field. The analytical expression of g, (see eq. [1]) is com-
pared with the result of a self-gravitating calculation with a small softening length
(see text). We point out that g,.(r) is positive at the inner edge, then it becomes nega-
tive (here from 2 0.75). The close-up reveals the influence of the softening length
on the agreement between the numerical calculation and the analytical expectation
(see text).

PHOS). We performed a self-gravitating calculation with ¥ =
2x 1073, rin = 0.47,, and riyex = 2.57;,. The radial zones number
is N, = 512, and we took a very small softening length [esG(7,,) is
100 times smaller than the grid radial spacing at » = r,]. Figure 1
shows the agreement between the result of our calculation and
the analytical expression of equation (1). The close-up displays g,
around r = r,, for different softening length to mesh resolution
ratios, €/6r, at r = r,. This shows the good convergence of our
numerical calculation toward the analytical expectation when the
softening length tends to zero.

2.2.2. Numerical Issues

The implementation of the disk self-gravity addresses two is-
sues. The first one concerns the convergence properties of our
results. We performed preliminary runs to check the torque con-
vergence, without and with self-gravity. The computational do-
main is covered with N, zones radially between 7, = 0.47,, and
Tmax = 2.57,, and N, zones azimuthally between ¢ = 0 and 27.
For a comparative purpose, a logarithmic radial spacing is also
used for the calculations without self-gravity. We adopted disk
parameters and a planet mass that are representative of our study,
namely, a Q = 8 Toomre parameter at the planet location, and a
M, =5x10"°M, planet mass. A complete description of our
model parameters is deferred to § 2.3. We evaluate the torque
obtained without self-gravity (I'nog ) and with self-gravity (I'rsg)
for several pairs (N, N,). The relative difference of these torques
is displayed in Figure 2a. We see in particular that the torque con-
vergence is already achieved for N. = 512 and N, = 1536, val-
ues that we adopted for all the calculations of this paper.

Furthermore, since the softening length egg varies from one
ring to another, the FFT algorithm does not ensure an exact action-
reaction reciprocity. Thus, the disk self-gravity may worsen the
conservation of the total angular momentum (that of the system
{gas+planet}). To investigate this issue, we performed calcula-
tions with a planet migrating in a disk without and with self-gravity.
For these calculations only, the disk is inviscid, and reflecting
boundaries are adopted. As for the above convergence study, we
adopted a M, = 5 x 107°M, planet mass, and a Q = 8 Toomre
parameter at the planet location. The value of esg(r;,) is the
one used in our calculations hereafter (see § 2.3). We display in
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Fic. 2.—Lefi: Relative difference of the torques obtained without self-gravity (I'vog ), and with self-gravity (I'rsg), for different grid resolutions (see text). Right: Torque
exerted on a M, = 5 x 10 M, planet mass, and on the system { gas+planet}. Torques are depicted for a calculation without self-gravity (long-dashed and dash-dotted

curves) and with self-gravity (solid and dotted curves).

Figure 2b the torques on the planet (I'pjanet) and on the whole sys-
tem (I'planct+gas)» for both calculations. If the code were perfectly
conservative, the ratio I'planet+gas/ I planet Would cancel out, to within
machine precision. This ratio is typically ~0.5% without self-
gravity, and ~3% with self-gravity. Although, as expected, the
conservation of the total angular momentum is worse with self-
gravity, it remains highly satisfactory.

2.3. Model Parameters

In the runs presented hereafter, the disk surface density X is ini-
tially axisymmetric with a power-law profile, () = ,(r/r,) 7,
where 3, is the surface density at the planet’s orbital radius. The
reference value of o is 3/2. We therefore expect the corotation
torque, which scales with the gradient of (the inverse of) the disk
vortensity, to cancel out for a non—self-gravitating disk (Ward
1991; Masset 2001).

The vertically integrated pressure p and X are connected by an
isothermal equation of state, p = Ecsz, where ¢ is the local iso-
thermal sound speed. The disk aspect ratio is h(r) = H(r)/r =
¢s(r)/irQx (r), where H(r) is the disk scale height at radius 7, and
Qx denotes the Keplerian angular velocity. We take 4 to be uni-
form, ranging from 4 = 0.03 to 0.05, depending on the calcula-
tions. We use a uniform kinematic viscosity v, which is 10~ in
our unit system.

The gravitational forces exerted on the disk include

1. The gravity of the central star.

2. The gravity of an embedded planet, whose potential is a
Plummer one with softening parameter € = 0.3H(r,).

3. The disk self-gravity, whenever it is mentioned. The self-
gravity softening length eg¢ is chosen to scale with 7, and to be
equal to ¢ at the planet’s orbital radius, which yields esg(r) =
&(r/rp). Since h is taken to be uniform, H(r) scales with 7, and
esa(r) = 0.3H(r). We comment that £5(7;,) is very close to the
recent prescription of Huré & Pierens (2006) for the softening
length of a flat, axisymmetric self-gravitating disk. From now on,
whenever we mention the softening length, we will refer to it as e.

The disk’s initial rotation profile {X(r) is slightly sub-Keplerian,
the pressure gradient being accounted for in the centrifugal bal-
ance. When the disk self-gravity is taken into account, it reads

2 x9N
Q(r):{QK(r)[l—(l-i-a)h }_T} Y

We comment that g,.(r) is not necessarily a negative quantity.
When it is so, the disk rotates slightly faster with self-gravity
than without. In a two-dimensional truncated disk, g, is positive
at the inner edge and becomes negative at a distance from the inner
edge that depends on 0. We checked that, whatever the values of &
used in this paper, g, is always negative in a radial range around
the planet’s orbital radius that is large enough to embrace all
Lindblad resonances (except the inner Lindblad resonance of
m =1 for o = 0, as can be inferred from Fig. 1).

As stated in § 2.2.2, our calculations are performed on a grid
with a logarithmic radial spacing, even when the disk self-gravity
is not taken into account. The resolution is therefore the same in all
our calculations. The computational domain is covered with N, =
512 zones radially between ryin = 0.47,, and ryex = 2.57,, and
N, = 1536 zones azimuthally between ¢ = 0 and 2.

3. DEPENDENCE OF THE DIFFERENTIAL LINDBLAD
TORQUE ON THE DISK SURFACE DENSITY

Our study is restricted to the linear regime, which enables us to
compare the results of our calculations with analytical predic-
tions. For this purpose, we consider a ¢ = 5 x 107% planet to
primary mass ratio. According to Masset et al. (2006a) for a
two-dimensional calculation, the flow in the planet vicinity re-
mains linear as long as

rg < e, (3)

where rg = GM[,/CSZ(I”I,) is the planet’s Bondi radius and ¢ is the
softening length. Equation (3) translates into ¢ << ¢y, with gji, =
0.34% inour units. Fora # = 5% disk aspect ratio, ;i ~ 4 x 107>
so that our planet mass is well inside the linear regime. Forah =
3% disk aspect ratio, ggi, ~ 8 x 107, and our planet mass ap-
proximately fulfills the linearity condition. Note that the linearity
criterion given by equation (3) ensures that the torque I" exerted
by the disk on the planet scales with ¢2. We focus in this section
on the scaling of I" with ¥, scaling that is expected, for a non—
self-gravitating disk, as long as the planet does not open a gap. The
gap clearance criterion, recently revisited by Crida et al. (2006)
reads in our unit system as

3 (q 173 v
2n(4 L3N 4
4h<3> +50q7 (4)
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TABLE 1

PLANET’S ANGULAR VELOCITY €2,(7,) AND Disk’s RoTaTion
ProFILE Q(r) FOR A NON—SELF-GRAVITATING Disk

Parameter Fixed Case Free Case

Qpr) o k(1) [QZK (rp)fg,irp) "
Q@1 - 1+ 0)h?]"” Qx[1- (1 +Fa)112]”2

Note.—In both cases, the initial planet’s angular velocity is strictly Keplerian.
For all the runs presented here, g,(r,) < 0, so that €2,(r,,) is slightly greater in the
free case than in the fixed case.

The left-hand side of equation (4) is ~100, hence we expect to
check I' o< ¥, in our calculations without self-gravity.

The runs presented hereafter lasted for 20 orbits, which was
long enough to get stationary values of the torque. For the cal-
culations without self-gravity, the torque evaluation takes all the
disk into account, it does not exclude the content of the planet’s
Hill sphere. We checked that excluding it or not makes no differ-
ence in the torque measurement. This is consistent with the fact
that, for the planet mass considered here, we do not find any ma-
terial trapped in libration around the planet, be it inside a circum-
planetary disk (a fraction of the planet’s Hill radius) or inside a
Bondi sphere.

3.1. Case of a Non—Self-Gravitating Disk

We first tackle the case of a non—self-gravitating disk. We mea-
sure the specific torque v = ['/g on the planet for six different
values of 3, ranging from 33, = 2 x 1074 to 2 x 1073, This cor-
responds to varying the initial disk surface density at the planet’s
orbital radius from one to 10 times the surface density of the min-
imum mass solar nebula (MMSN). Two situations are considered
(see also Table 1):

1. On the one hand, the planet does not feel the disk gravity; it
is held on a fixed circular orbit, with a strictly Keplerian orbital
velocity. In this case, referred to as the fixed case, both the planet
and the disk feel the star gravity but do not feel the disk gravity.
The disk non-Keplerianity is exclusively accounted for by the
radial pressure gradient. This is the configuration that has been
contemplated in analytical torque estimates (see, e.g., Tanaka et al.
2002).

2. On the other hand, the planet feels the disk gravity. In other
words, we let the planet evolve freely in the disk, so its angular
velocity, which reads

Q) = [Q20) — 6,0 /7], (5)

is slightly greater than Keplerian. In this case, which we call the
free case, the planet feels the gravity of the star and of the disk
while, as previously stated, the disk does not feel its own gravity.
Contrary to the fixed case, the free case is not a self-consistent con-
figuration since the planet and the disk do not orbit under the same
gravitational potential. Nevertheless, this situation is of interest as
it corresponds to the standard scheme of all simulations dealing
with the planet-disk tidal interaction.

We show in Figure 3 the specific torques (in absolute value)
obtained with the fixed and free cases, fora 2z = 0.05 disk aspect
ratio. In the fixed situation, there is an excellent agreement with
the expectation v o ¥, and, not surprisingly, the torques are
bounded by the two- and three-dimensional analytical estimates
of Tanaka et al. (2002). Nonetheless, the free case reveals two
unexpected results. For a given surface density, the absolute value

o Fixed *

Free
Linear fit with slope unity

10°

| Specific torque |

" n n n n PR
0.0001 0.0010
Density at planet initial radius

Fic. 3.—Specific torque 7 exerted on a M, = 5 x 107M, planet mass by a
non—self-gravitating disk, with a 2 = 5% aspect ratio. Diamonds refer to the fixed
case (the planet is held on a fixed circular orbit, with a strictly Keplerian angular
velocity), while asterisks refer to the free case (the planet freely evolves in the disk,
the planet’s angular velocity is greater than Keplerian). The solid line corresponds
to a proportional fit of the fixed case data, and shows the excellent agreement be-
tween our results of calculations and the expectation y o ¥, in the fixed case. The
two dotted lines depict the two- and three-dimensional analytical estimates of Tanaka
et al. (2002).

of the torque is larger than expected from the fixed case. More-
over, it increases faster than linearly with the disk surface density.

The two latter results can be explained with the relative posi-
tions of the Lindblad resonances (hereafter LRs) in the fixed and
free cases. We display in Figure 4a the locations 7y r (roLr) of
an inner (outer) LR, when the planet is on a fixed orbit. They are
given by rpr = Q’I(QILR) and rolr = Q’I(QOLR), with Q(r)
being the disk’s rotation profile (solid curve), and Qg (20LR)
being the frequency of the ILR (OLR), simply deduced from the
planet frequency (2,,.

When the planet is on a free orbit (Fig. 4b), its frequency is
slightly larger than in the fixed case. Thus, the frequencies of the
LRs are also larger in the free case, which induces a spurious in-
ward shift of all the resonances. The OLRs get closer to the orbit,
which increases the (negative) outer Lindblad torque. The ILRs
are shifted away from the orbit, which reduces the (positive) inner
Lindblad torque. Thus, the (negative) differential Lindblad torque
is artificially larger in the free case.

The inward shift of the LR, which we denote by 6R, has been
evaluated analytically by PHOS. A simple estimate can be obtained
as follows. We denote by R, the nominal position of the resonances
without disk gravity. We assume that the disk’s rotation profile is
strictly Keplerian. The shift 6R being induced by the increase of the
planet frequency, we have OR/R, = —26§2,(r,)/3 (r;,), where
0€2,(rp) is the difference of the planet frequencies between the free
and fixed cases. Using equation (5) and a first-order expansion, we
are left with

67R _ gr(rp) (6)

R, 3r,0%r,)

A more accurate expression for 6R/R, is given by PHOS (see
their eq. [7c]). Equation (6) shows that the shift of the LR scales
with g,(r;,), and hence with X,,. This explains why the torque in
the free case increases faster than linearly with the disk sur-
face density. The relative shift of the resonances 6R/R, typi-
cally amounts from —3 x 10™*to —3 x 1073 for our range value
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Fic. 4.—Location of two Lindblad resonances in the fixed case (left) and in the free case (right): the ILR of m = 6 (QLr = (6/5)2,), and the OLR of m = 5 (QoLr =
(5/6)$2,). The disk’s rotation profile () is depicted without self-gravity (solid curve) and with self-gravity (dashed curve, right). In the latter case, g,(r) is given by a
calculation with 3, = 5 x 1072, a value exaggerated to improve legibility. Note also that the pressure buffer has been discarded in both profiles, for the sake of simplicity.
The vertical arrow at » = 1 indicates the planet location, it reaches the upper curve in the free case (right), since the planet feels the disk gravity. The ILR and OLR are lo-
cated, respectively, at rjr = Q 1(Qur) and rorr = Q7' (Qorr ). The nominal position of the resonances (that of the fixed case) is indicated by light gray dash-dotted

lines on the right panel to appreciate their shift, highlighted by a horizontal arrow.

of surface densities, corresponding, however, to a torque rela-
tive discrepancy between ~12% and ~120% (see Fig. 3).

We are primarily interested in a quantitative comparison of the
torques in the fixed and free cases. Nonetheless, since the shift of
the LR scales with g,(7,,), it depends on the mass distribution of
the whole disk. Thus, the torque discrepancy between the fixed
and free cases also depends on g,(7,), and hence on X, 0, Fmin,
and 7. In particular, we point out that if the planet is close
enough to the disk’s inner edge, then g,(r,) can be positive (see
Fig. 1, for o = 0). This shifts all the LR outward (instead of in-
ward) and reduces the torque. We have checked this prediction
with an appropriate calculation (not presented here).

In our study, only %, is a free parameter. The index of the un-
perturbed surface density profile, o, is fixed indeed to 3/2, as ex-
plained in § 2.3. Our values of 7y, and 7,y are those customarily
used in numerical simulations of planet-disk interactions (see,
e.g., de Val-Borro et al. 2006). Thus, a useful quantitative com-
parison of the torques between the free and fixed cases can be
provided just by varying X,. In particular, one may think the
torque discrepancy to be significant only for high values of ¥,,.
Nevertheless, such a discrepancy depends both on the surface
density ¥, and on the disk aspect ratio /. As explained in Ap-
pendix B, we expect the relative difference of the torques be-
tween the free and fixed situations to scale with (Qh)~!, where
Q is the Toomre parameter at the planet’s orbital radius,

0=[ 5]

= h/mp, (7)

p

where k is the horizontal epicyclic frequency, defined as kK =
{297 [d(r2Qydr]}"?, and mp = 7r2%,/M,.. Equation (7) can
be recast as Q = h/m¥, in our units.

To study the impact of % on previous results, we performed
another set of calculations with 4 = 0.03. Figure 5 confirms that
the relative difference of the torques scales with the inverse of
QOh. It yields an estimate of the error done on the torque evalua-
tion when involving the strongly biased free situation rather than
the self-consistent fixed situation. For instance, for a 7 = 3% disk
aspect ratio, the free situation can overestimate the torque by as
much as a factor of 2 in a disk that has only ~3 times the disk
surface density of the MMSN. Moreover, the torque relative dif-

ference is less than 20% as long as Qh = 2.5, and hence as long as
the Toomre parameter at the planet location is approximately
greater than 50 if 42 = 0.05, or 80 if 4 = 0.03. Remember that
these estimates depend on the precise value of g,(r;,), and hence
on the mass distribution of the whole disk. They are provided
with fixed, but customarily used values of o, iy, and ryax-

To avoid the above torque discrepancy, one must ensure that
the planet and the disk feel the same gravitational potential. The
workaround depends on whether the disk is self-gravitating or not,
and whether the planet freely migrates in the disk or not:

1. The disk is not self-gravitating. The planet’s angular ve-
locity should therefore be strictly Keplerian:

A. The planet evolves freely in the disk. Thus, its an-
gular velocity, given by equation (5), is slightly greater than
Keplerian. A workaround could be to subtract the axisymmetric
component of the disk surface density to the surface density be-
fore calculating the force exerted on the planet by the disk. This
would cancel out g,(r}), and the planet’s angular velocity would
remain strictly Keplerian.

F > T 7
L h=3%¢
3 h=5% %
— <o
3 *
1.0 o E
= [ * ]
g [ ° ]
=] x i
e o i
= | *
* 4
*
0.1 . e . .
0.1 1.0
Qh

Fic. 5.—Relative difference of the torques between the free and fixed situations,
as a function of Qh (see text and eq. [7]).
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’ g ]
»n
B. The planet is held on a fixed circular orbit, with nec- r ]
essarily a Keplerian angular velocity. This is a self-consistent
situation. 10 . e
0.0001 0.0010

2. The disk is self-gravitating. The planet’s angular velocity
should therefore be given by equation (5):

A. The planet evolves freely in the disk. This is a self-
consistent situation.

B. The planet is held on a fixed circular orbit. This situa-
tion is self-consistent only if the planet’s fixed angular velocity
is given by equation (5).

From now on, whenever calculations without disk gravity are
mentioned, they refer to the fixed situation. We call them the NOG
calculations.

3.2. Case of a Self-Gravitating Disk

We study how the results of § 3.1 differ when the disk gravity
is felt both by the planet and the disk. The planet is still held on
a fixed circular orbit at 7 = r,,; its angular velocity is given by
equation (5). As in the situation without disk gravity, the planet’s
initial velocity is that of a fluid element that would not be subject
to the radial pressure gradient (see Table 2).

Taking the disk self-gravity into account induces two shifts of
Lindblad resonances (PHOS): (i) a shift arising from the axisym-
metric component of the disk self-gravity, and (ii) a shift stemming
from the nonaxisymmetric component of the disk self-gravity. We
therefore performed two series of calculations:

1. Calculations that involve only the axisymmetric part of
the disk self-gravity. We will call these the axisymmetric self-
gravitating calculations (ASG calculations). Their computational
cost is the same as that of a calculation without disk gravity since
only one-dimensional FFTs are performed. The results of these
calculations are presented in § 3.2.1.

2. Fully self-gravitating calculations (FSG calculations),
which are more computationally expensive as they involve two-
dimensional FFTs. Their results are presented in § 3.2.2.

3.2.1. Axisymmetric Self-Gravitating Calculations

We display in Figure 6 the torques obtained with the NOG,
ASG, and FSG calculations, when varying ,,. We will comment
the results of the FSG calculations in § 3.2.2. The torques obtained
in the ASG situation, which we denote by yasg, are hardly distin-
guishable from the torques without disk gravity, denoted ynog. A
straightforward consequence is that yasg scales with ¥, with a
good level of accuracy. We point out however that the torque
difference |yasg|—|vnog| is slightly negative and decreases
with ¥, (not displayed here). The relative difference ||yasg| —
[vnoG|[/[vnoG| varies from ~0.2% for 3, = 2 x 1074, to ~2%
for ¥, =2 x 1073,

The interpretation of these results is as follows. In the ASG
situation, the positions of the LR related to the Fourier component

Density at planet initial radius

Fic. 6.—Specific torque on a M, = 5 x 107°M, planet mass, obtained with
axisymmetric and fully self-gravitating calculations, with a 7 = 5% disk aspect
ratio. Torques achieved without disk gravity (see § 3.1) are also displayed, for
comparison.

with wavenumber m are the roots of equation (see PHOS5, and ref-
erences therein)

Dasa(r) = £2(r) = m*[Q() — Q] + m>c2(r)/r> =0, (8)

where, contrary to the NOG situation, )(r) and €2, depend on g,
(see Table 2). As in § 3.1, the increase of the planet frequency
implies an inward shift of the LR, which increases the differen-
tial Lindblad torque (see Fig. 4b). Furthermore, as pointed out
in Figure 7a, the increase of the disk frequency causes an outward
shift of all LR, which reduces the differential Lindblad torque.
Accounting for the axisymmetric component of the disk gravity
therefore leads to two shifts of the resonances, acting in opposite
ways. Figure 7b shows that both shifts do not compensate exactly:
the LR are slightly? moved away from corotation with respect to
their nominal position without disk gravity. This is in qualitative
agreement with PHO5, who found a resulting shift which is nega-
tive for inward resonances, and positive for outward resonances
(see their OR; + 8R;3 expression). The sign of the shift results from
the fact that the disk’s rotation profile decreases more slowly with
self-gravity than without,® and explains why |vasc| — [ynoa]| is
negative. The absolute value of this shift increases with ¥,,, which
means that ||vasg| —|ynog]| increases with X,,.

3.2.2. Fully Self-Gravitating Calculations

We now come to the results of the FSG calculations depicted
in Figure 6. The torques obtained with the FSG calculations, de-
noted by vrsg, are larger than yasg and ynog. Moreover, |[yrsg|
grows faster than linearly with the disk surface density, a result
already mentioned by Tanigawa & Lin (2005).

These results can be understood again in terms of shifts of the
LR. Besides the shift due to the slight increase of the planet and
of the disk frequency, the FSG situation triggers another shift stem-
ming from the additional nonaxisymmetric term —27GXm/r in the
dispersion relation of density waves (in the WKB approximation,

2 To improve the legibility of Figs. 4 and 7, the disk’s rotation profile with
self-gravity is depicted with a value of %, that is 25 times greater than the maximal
value of our set of calculations.

3 We comment that this statement is not straightforward since it involves both
the sign and the variations of function g,; here again we checked that this state-
ment is valid in a radial range around the orbit that is large enough to concern all
LR.
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Fig. 7.—Same as Fig. 4, except that we examine the shift of the LR when the
does not feel the disk gravity; the frequency of the planet, and therefore that of the
frequencies of the planet and of the LR are those of Fig. 4b.

see PHOS). The positions of the LR associated with wavenumber m
are this time the roots of equation

Drsg(r) = Dasg(r) — 2nGE(rym/r = 0, ©)

where Dasg is given by equation (8). PHO5 showed that

1. This nonaxisymmetric contribution moves inner and outer
LRs toward the orbit, with respect to their location in the ASG
situation. This explains why |Yrsg| > |yasc| and implies that the
torque variations at inner and outer resonances have opposite
signs.

2. The shift induced by the nonaxisymmetric part of the disk
self-gravity dominates that of its axisymmetric component. There-
fore, it approximately accounts for the total shift due to the disk
gravity, and explains why |Yrsg| > |ynoG| & [YasGl-

3. This shift increases with X, so that |ypsg| increases faster
than linearly with ,,.

Our results of calculations are in qualitative agreement with the
analytical work of PHOS. Before coming to a quantitative com-
parison in § 3.3.2, we focus on the relative difference of the torques
between the FSG and NOG situations. From previous results, we
assume that the only shift of the LR is due to the nonaxisymmetric
part of the disk gravity. Interestingly, this shift does not feature g,.,
so it does not depend on the mass distribution of the whole disk. It
only depends on the surface density at the planet location. Since
the torque variations at inner and outer resonances are of opposite
sign, we expect the relative difference of the torques to scale with
©O~!, for high to moderate values of Q. This is shown in Appendix
C. It differs from the (Qh) ™" scaling obtained in Figure 5, where
the torque variations at inner and outer resonances were of iden-
tical sign.

In Figure 8, we plot this relative difference as a function of O
for previous results and for another series of runs performed with
a h = 0.03 disk aspect ratio. The departure from the expected
scaling occurs for Q < 6. The behavior at low Q will be tackled
in § 3.3.2. Figure 8 yields a useful estimate of the torque increase
due to the disk gravity, or, differently stated, of the torque under-
estimate if one discards the disk gravity. Such an estimate depends
only on the Toomre parameter at the planet location, whatever the
global mass distribution of the disk. The torques’ relative differ-
ence is typically 1 order of magnitude smaller than in the situation
of aplanet freely migrating in a non—self-gravitating disk (Fig. 5).

disk is self-gravitating (its rotation profile is now the solid, top curve). Left: The planet
LR, is the same as in Fig. 4a. Right: Both the planet and the disk feel the disk gravity; the

It amounts typically to 10% for Q =~ 10. For Q = 50, accounting
for the disk gravity or not has no significant impact on the torque
measurement.

Our results confirm that the disk gravity accelerates type I mi-
gration. This might sound contradictory with the results of Nelson
& Benz (2003a, 2003b), who found that the disk self-gravity slows
down migration for a planet that does not open a gap. The authors
compared, however, the results of their self-gravitating calcula-
tions (where both the planet and the disk feel the disk gravity) to
those obtained with the misleading situation of a planet freely mi-
grating in a disk without self-gravity. As shown by Figure 9, or as
can be inferred from Figures 3 and 6, comparing both situations
would lead us to the same conclusion. There is therefore no con-
tradiction between their findings and ours. From now on, we do
not distinguish the gravity and self-gravity designations, since the
planet and the disk orbit within the same potential in our calcula-
tions. Whenever calculations with disk gravity are mentioned, they
refer to the FSG situation.

3.3. Comparison with Analytical Results
3.3.1. An Analytical Estimate

‘We propose in this section a simple analytical estimate of the
relative difference of the torques between the FSG and NOG

Fo T L]
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Q,
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Fic. 8.—Relative difference of the torques obtained with the fully self-gravitating
calculations (yrsg ) and the calculations without disk gravity (ynog ), as a function of
the Toomre parameter Q at the planet location.
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Fic. 9.—Specific torque variation with time, with and without disk gravity. In
each case, two situations are depicted: the fixed case (the planet is on a fixed orbit
with the appropriate angular velocity, see Table 2) and the free case (the planet is
free to migrate in the disk). Except the self-gravitating calculation with a free planet,
the calculations are those of Figs. 3 and 6 for £, = 2 x 107> When the planet in on
a free orbit without self-gravity, the torque oscillates with a large amplitude. This
is due to the slight increase of the planet frequency: €2, (,,), which is initially strictly
Keplerian, is given by eq. (5) during its time evolution.

situations. This estimate concerns high to moderate values of
the Toomre parameter at the planet location. We assume that
the only shift of the LR in the FSG situation arises from its non-
axisymmetric contribution. This comes to approximating the
NOG and ASG situations, which is a reasonable assumption
from Figure 6. Furthermore, since this shift has same order of
magnitude at inner and outer LR (PHO5), we focus on the one-
sided Lindblad torque and use a local shearing sheet approxi-
mation. We set up local Cartesian coordinates (x, ) with origin
at the planet position, with the x- and y-axes pointing toward the
radial and azimuthal directions. Our x-coordinate is taken to be
normalized:

r—r, r—r,
X = =
H(rp) hry,

(10)

As is usually done in the shearing sheet framework, we discard
the radial dependence of the disk surface density and scale height
(Narayan et al. 1987). In a nongravitating disk, the LR associated
with wavenumber m are therefore located at

Ve

XNOGZEET7 (11)

where £ = mh, e = +1 for outer resonances, and ¢ = —1 for in-
ner resonances. In the FSG situation, LRs are located at x nog +
6xpsg, where the shift dxpsg is evaluated by Dgsg(xnoG +
6xpsg) = 0. Using equations (8), (9), and (11), a first-order expan-
sion yields

2 1
Tnoyite

We comment that equation (7b) of PHOS reduces to our equa-
tion (12) for a surface density profile decreasing as »~3/2.

In the linear regime, the one-sided Lindblad torque I amounts
to a summation over m of the Fourier components I',,. In the
shearing sheet approximation, since all quantities depend on m

6)6]:5(:, = (12)

Vol. 678

through &, the summation over m is approximated as an integral
over &,

F:zfo T(x = v, €) de, (13)

where x; denotes the positions of the LR and T'is the mth Fourier
component of the one-sided Lindblad torque, given by (see e.g.,
Ward 1997)

E0%(x,€)
1+ (1 +4¢2)’

where K is a constant. We assume that equation (14) can be used
whether the disk is self-gravitating or not (Goldreich & Tremaine
1979). The forcing function W in equation (14) is approximated in
a standard way as a function of the Bessel K and K functions,

T, &) =K (14)

V(x, &) = Ki(|x[€) + 23/ 1 + £2Ko(|x]S).- (15)

We furthermore approximate ¥(x, £) as (|x|¢€)~", to within a nu-
merical factor of order unity (Abramowitz & Stegun 1972). This
approximation is valid when £ < 1, and hence for low m-values.

With a first-order expansion in Q~!, the difference of the one-
sided Lindblad torques between the FSG and NOG situations
reads

1 [*/0T
Irsg — I'vog = Z/ (E) Oxpsgd€. (16)
0 X=XN<)GY§

Combining equation (11) and (16), we are left with

21

T'rsg — I'Nog

I'Noc
where

L e S0+ €920+ 4¢3) ae

e fla+ e raag) ae

C2V3—log(T+4V3) _
= 73 ~121. (18)

Not surprisingly, the relative difference of the one-sided
Lindblad torques scales with the inverse of Q. This is the same
scaling as for the relative difference of the differential Lindblad
torques, assuming high to moderate values of Q (see Appendix C
and Fig. 8). Note that, unlike the analysis of PHOS, the present
analysis, which is restricted to the shearing-sheet framework,
enables one to exhibit the O~! scaling given by equation (17).

3.3.2. Results

We come to a quantitative comparison of our results of calcu-
lations with our analytical estimate, given by equation (17), and
the analytical results of PHOS, who estimated the dependence of
the differential Lindblad torque on the disk mass for a fully self-
gravitating disk (see their Fig. 4b). Another series of FSG calcu-
lations was performed with disk parameters similar to those of
PHOS, namely, a 1 = 5% disk aspect ratio and a planet mass cor-
responding to the linear regime (its value is precise hereafter). We
vary the disk surface density at the planet’s orbital radius from
3, =4x10"*to 1072, This corresponds to varying Q from 40
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Fic. 10.—Relative difference of the torques between with the FSG situation
(vrs) and the NOG situation (ynoc) as a function of the disk surface density X,.
We compare the results of our calculations (each symbol refers to a different value
of the softening length ) with the analytical results of PHOS (dashed curve), and
our analytical estimate (dash- dotted curve, see text and eq. [17]). The vertical dotted
lines display different values of the Toomre parameter at the planet location.

to 1.6. The runs lasted for 10 planet’s orbital periods, which was
long enough to get stationary torques for the largest values of Q,
but short enough to avoid a significant growth of nonaxisymmetric
perturbations for the lowest values of O, probably due to swing
amplification (Toomre 1964).

As we aim at comparing the results of two-dimensional calcu-
lations with analytical expectations (for which there is no soften-
ing parameter), we investigated how much our calculation results
depend on the softening length. For this purpose, the calculations
were performed with three values of £:0.1,0.3,and 0.6 H(r;,). The
planet mass is M, = 4.4 x 107%M, for ¢ = 0.3 and 0.6 H(rp),
whereas M, = 107°M, for ¢ = 0.1H(r,). This choice ensures
that the Bondi radius to softening length ratio does not exceed
~10% for each value of .

Each calculation was performed with and without disk gravity,
so as to compute the relative difference of the torques between
both situations. The reason why we compute this relative dif-
ference is that it does not depend on the details of the torque
normalization, be it for the numerical or the analytical results.
Nonetheless, PHOS only calculated the normalized torque in the
FSG situation as a function of the disk mass. We then evaluated
their normalized torque without disk gravity by extrapolating their
torque with disk gravity in the limit where the disk mass tends to
ZEr0.

Figure 10 displays the relative difference of the torques be-
tween the FSG situation (yrsg) and the NOG situation (YnoG),
obtained with our calculations, the analytical expectation of PHOS
and our analytical estimate. This relative difference grows faster
than linearly with 3}, although a linear approximation is valid at
low surface density, as already stated in § 3.2.2. Our linear esti-
mate is in agreement with the results of calculations with ¢ =
0.6H(r,) up to O ~ 3, where it leads to a torque enhancement that
is typically half the one estimated by PHOS5. Furthermore, our cal-
culation results depend heavily on €, especially at high 3J,. For a
given value of 3, the relative difference of the torques decreases
as ¢ increases. Differently stated, increasing the softening length
reduces yrsg more significantly than ynog.

We finally comment that our calculation results with ¢ =
0.1H(r,), which matches the mesh resolution in the planet vi-
cinity, are in quite good agreement with the analytical prediction
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of PHOS. Surprisingly, the relative differences obtained with our
calculations are greater than their analytical expectation. We
checked that doubling the mesh resolution in each direction
does not alter the relative differences measured with our calcu-
lations, as already pointed out in § 2.2.2 (see Fig. 2a). We show
in Appendix D that this result can be explained by the failure of
the WKB approximation for low values of the azimuthal wave-
number. The relative difference between the results of our cal-
culations and the predictions of PHOS is ~15% for Q ~ 8, and
does not exceed ~30% for Q < 2. This satisfactory agreement
confirms that the impact of the disk gravity on the differential
Lindblad torque may be exclusively accounted for by a shift of
Lindblad resonances.

4. MODELING THE NONAXISYMMETRIC
CONTRIBUTION OF THE DISK SELF-GRAVITY
WITH AN ANISOTROPIC PRESSURE TENSOR

In § 3, we investigated the impact of the disk gravity on the
differential Lindblad torque for low-mass planets. The torque of
an ASG calculation (where only the axisymmetric component of
the disk self-gravity is taken into account) is close to that of a
NOG calculation (without disk gravity). However, a FSG calcu-
lation (which also involves the nonaxisymmetric contribution of
the self-gravity) displays a significant increase of the torque, which
can be exclusively accounted for by a shift of the LR.

We propose in this section to model this torque enhancement
for low-mass planets. Our model aims at calculating only the axi-
symmetric part of the disk self-gravity, and applying an additional
shift of the LR that mimics the one of its nonaxisymmetric part.
Altering the location of the LR amounts to modifying the dis-
persion relation of the density waves. The dispersion relations
of the ASG and FSG cases differ only by the —27G¥m/r term
(in the WKB approximation, see equations [8] and [9]). There
is however no straightforward way to add an extra term propor-
tional to m in the dispersion relation Dagg of the ASG situation.
We propose to multiply the m?c?/r2 term of Dasg by a constant,
positive factor 1 — «, with @ > 0 to ensure that LRs are shifted
toward the orbit. This can be achieved by multiplying the azi-
muthal pressure gradient J,P by 1 — « in the Navier-Stokes
equation or, differently stated, by assuming an anisotropic pres-
sure tensor, for which the pressure in the azimuthal direction reads
P, = (1 — a)P,, where P,, the pressure in the radial direction, is
given by P, = Sc2. We call « the anisotropy coefficient. When an
ASG calculation includes the anisotropic pressure model, we will
call it an ASG+AP calculation. We comment that the rotational
equilibrium of the disk, which involves the radial pressure gra-
dient, is not altered by this model.

We now explain how to take the adequate value for the an-
isotropy coefficient. As in § 3, we assume an initial surface den-
sity profile that scales with »~>2, which induces a negligible*
vortensity gradient, and hence a negligible corotation torque.
Thus, the torques obtained with our calculations only include
the differential Lindblad torque. We denote by I'rsg, I'asg, and
I'asc+ap the differential Lindblad torques obtained with the
FSG, ASG, and ASG+AP calculations. Our model aims at
imposing

Tasc+ap — I'asc = I'rsG — I'asc- (19)

4 With a uniform disk aspect ratio, the vortensity gradient vanishes for anon—
self-gravitating disk while it is negligible, but does not cancel out, for a self-
gravitating disk.
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TABLE 3

CALCULATION OF ANISOTROPY COEFFICIENT:
'VALUES OF (3 FOR DIFFERENT VALUES OF 7)

n=¢elH 8
0.1 0.32
0.3 0.61
0.6 0.94

A first-order expansion of the left-hand side of equation (19)
with o, and of its right-hand side with Q! leads to

a=p0", (20)
where

~ (ATrs /00 -1

(OT asG +aP/ 00— @D
The parameter 5 depends only on the softening length to disk
scale height ratio n = e/H. We calculated it for n = 0.1, 0.3, and
0.6 for small, fixed values of o and Q~!, which we denote with a
zero subscript. For each value of 7, we performed an ASG, an
ASG+AP, and a FSG calculation with ¢ = 107% and /& = 5%,
corresponding to a Bondi radius to softening length ratio of
~2.7%. Furthermore, we adopted 2, = 5 x 10~4, yielding Oy ! ~
0.03. The ASG+AP calculation had oy = 0.01. Using equa-
tion (21), the parameter 3 was therefore calculated by

I'esc — T'asc

B = a0Qo (22)

Tasg+ap — 'asc

We display in Table 3 the values of 3 for n = 0.1, 0.3, and 0.6.
‘We note that our anisotropic pressure model should be applied
only when QO > (3, to satisfy the constraint 1 — « > 0. This is
not a stringent constraint, since 5 < 1 for these values of 7.

We comment that the value of m for which the resonance shifts
induced by the self-gravity and by the anisotropic pressure are
equal is beyond the torque cutoff. Several reasons may conspire
for that:

1. For a given shift, the relative torque variation is larger for
resonances that lie closer to the orbit, which gives more weight to
the high-m component.

2. The shifts estimated by a WKB analysis may dramatically
differ from the real shifts (see Appendix D), especially at low-m,
where significant torque is exerted.

3. The torque expression for an anisotropic pressure has not
been worked out in the literature, and may differ from the stan-
dard expression (Ward 1997), with the consequence that equal
shifts will not yield equal torque variations.

4.1. Validity of the Anisotropic Pressure Model

We first test the validity of our model by performing a series of
calculations with Q ranging from 1.5 to 8. From equation (7), Q
can be set by varying either / or X,. Varying & however alters the
ratio /e, which controls the flow linearity in the planet vicinity.
We therefore fixed # = 0.05 and varied 3,,. The planet to primary
mass ratio is ¢ = 107, the softening length is ¢ = 0.3H(r;,). For
each value of Q, we performed a FSG, an ASG, and an ASG+AP
calculation, for which the anisotropy coefficient is « = 3/Q, with
[ = 0.61 (see Table 3). The results are displayed in Figure 11.
As expected from the first-order expansion in Q ~! used to derive

©
]
g
2 10° g —
2 r 1
= N ]
S L ]
@
2 L 1
(7] L 4
—%—— Disk gravity (fsg)
L - - — - Axis. comp. disk gravity (asg) 4
—--—---- Axis. comp. disk gravity + anisotropic pressure (asg+ap)
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Fic. 11.—Specific torque exerted on a M, = 10~°M, planet mass, as a func-
tion of the Toomre parameter Q at the planet location. We display the torques ob-
tained with ASG calculations ( plus signs), FSG calculations (asterisks), and
ASG+AP calculations (diamonds).

equation (20), the difference between the torques of the FSG and
ASG+AP calculations increases when Q decreases. The relative
difference is ~0.4% for Q = 8, ~10% for Q = 2.5, and reaches
~25% for Q = 1.5. The anisotropic pressure model therefore re-
produces the torque of a FSG calculation with a good level of ac-
curacy up to Q ~ 4.

The robustness of our model is furthermore tested against the
onset of nonlinearities, by varying the planet to primary mass
ratio ¢g. The Toomre parameter at the planet location is fixed at
QO = 8. A series of ASG, ASG+AP, and FSG calculations was
performed with ¢ ranging from 106 to 7 x 10~°, and hence with
rg/e ranging from ~2.7% to ~18.7%. Figure 12 displays the
specific torque as a function of ¢ for each calculation. The torques
obtained with the FSG and ASG+AP agree with a good level of
accuracy. Their relative difference, shown in the close-up, in-
creases almost linearly from ~0.4% to ~4%, due to the onset of
nonlinearities.

These results indicate that the anisotropic pressure model suc-
ceeds in reproducing the total torque obtained with a fully self-
gravitating disk, as far as a low-mass planet, a high to moderate
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Fic. 12.—Specific torque as a function of the planet to primary mass ratio.
Calculations obtained with the anisotropic pressure model (ASG+AP) are com-
pared with axisymmetric self-gravitating calculations (ASG) and fully self-gravitating
calculations (FSG). The close-up displays the relative difference of the torques be-
tween the FSG and ASG+AP situations. For all these calculations, QO = 8 at the
planet location (the disk mass is ~0.024M.).
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Toomre parameter, and a surface density profile scaling with
732 are considered. With these limitations, these results pre-
sent another confirmation that the impact of the disk gravity on
the differential Lindblad torque can be entirely accounted for
by a shift of the LR. We suggest that in the restricted cases men-
tioned above, the anisotropic pressure model could be used as a
low-computational cost method to model the contribution of the
disk gravity. We finally comment that, not surprisingly, these re-
sults do not differ if the planet freely migrates in the disk, which
we checked with long-term FSG and ASG+AP calculations (not
presented here).

5. COROTATION TORQUE ISSUES

Hitherto, we have considered an initial surface density profile
that scales with #~*2, which induces a negligible vortensity gra-
dient, and hence a negligible corotation torque. This assumption
ensured that the torques derived from our calculations accounted
only for the differential Lindblad torque. It enabled a direct com-
parison with analytical expectations focusing on the differential
Lindblad torque. We release this assumption and evaluate the
impact of the disk self-gravity on the corotation torque I'¢, in the
linear regime. For a disk without self-gravity, I'¢ can be estimated
by the horseshoe drag expression (Masset et al. 2006a), which
reads (Ward 1991, 1992; Masset 2001)

dln (2/3)} 23)

_3 402
Te= 230 (rc)E(rc)[ -

where x; is the half-width of the horseshoe region, 7. denotes the
corotation radius, and B = (2r)'d(+2Q)/dr is half the vertical
component of the flow vorticity. We denote by I'c asg, I'c.AsG +AP»
and I'c rsG the corotation torques in the ASG, ASG+AP, and FSG
situations. The same quantities without the “C” subscript refer to
the total torque in the corresponding situation.

We performed the same set of ASG, ASG+AP, and FSG cal-
culations as in § 4.1, but with a flat initial surface density profile
(we vary the planet to primary mass ratio ¢, for O = 8). An ad-
ditional NOG calculation was also performed for ¢ = 5 x 1075,
The results of these calculations are displayed in Figure 13. The
torques of the NOG and ASG calculations are hardly distinguish-
able, their relative difference being ~2%, similarly as in § 3.2.1,
where o = 1.5. This difference should therefore be attributed
to the differential Lindblad torque rather than to the corotation
torque. It confirms that the corotation torque is not altered by
the axisymmetric component of the disk gravity.

Furthermore, the torques of the FSG runs are significantly
larger than those of the ASG+AP runs. Their relative difference
varies from ~11% to ~17%. We do not expect this difference to
arise from the differential Lindblad torque, despite the change of
o. The differential Lindblad torques should therefore differ from
~0.4% to ~4%, as for 0 = 1.5 (close-up of Fig. 12). This re-
veals that the FSG situation, or the ASG+AP situation, or both,
boosts the (positive) corotation torque.

We expect in fact the ASG+AP situation to enhance the co-
rotation torque. Masset et al. (2006a) have estimated x, for a disk
without self-gravity, in the linear regime. Their estimate reads
Xy ~ 1.16rp(q/h)” 2. In the limit where the planet mass vanishes,
a fluid element on a horseshoe separatrix has a circular trajectory
and is only sensitive to the azimuthal gradient of the disk pressure.
The above estimate of x; therefore holds for an ASG+AP calcula-
tion if one substitutes / with (1 — &)k, which we checked by
a streamline analysis. Thus, we expect the anisotropic pressure
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Fic. 13.—Specific torque as a function of the planet to primary mass ratio, for
a flat initial surface density profile. The square corresponds to an additional NOG
calculation performed with ¢ = 5 x 10-%. The close-up displays the relative dif-
ference of the corotation torques between the ASG and FSG situations (see text
and eq. [26]).

model to slightly increase the half-width of the horseshoe zone,
thereby increasing the corotation torque as

r
Te asGrar = &7 o4
l—a

with I'c asg given by equation (23), and o = 5/Q.

To investigate whether the FSG situation also increases the
corotation torque, we evaluate the quantity (I'c rsg — I'c, asg)/
I'¢ asG, which can be recast as

Fersc —Tease  T'erse — T ascrap

¢ asg I'c asa

¢ asc+apr — I'c,asG

+ (25)

I'c asc

Using equation (24), the second term on the right-hand side of
equation (25) reads o/(1 — ), and is ~8.4%. Moreover, for the
sake of simplicity, we neglect the relative change of the differ-
ential Lindblad torques. This assumption is grounded for the small-
est planet masses that we consider, for which, as stated above, this
change does not exceed ~1%. The first term on the right-hand side
of equation (25) therefore reads (I'rsg — I'asG+apr)/ I'c asG. The
quantity I'c asg can be connected with I'ssG, using the estimate
of Tanaka et al. (2002) for a flat surface density profile. This con-
nection is motivated by the fact that both the differential Lindblad
torque, and the corotation torque are almost identical in the NOG
and ASG situations. This leads to I'c asg &= —1.56I"ssg. Equa-
tion (25) finally reads

Persg —Teasc _ Tes —Tasgiap o

= . 26
FC,ASG 1A56FASG + 11—« ( )

This ratio is displayed in the close-up of Figure 13. It shows
that the FSG situation slightly enhances the corotation torque,
but this enhancement does not exceed ~4.5% for the highest
planet mass that we consider. For the smallest planet masses, it
is negligible with respect to the increase of the corotation torque
triggered by the ASG+AP situation. Thus, the large difference
between the torques of the ASG+AP and FSG calculations can be
exclusively accounted for by the boost of the corotation torque in
the ASG+AP situation.
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The slight increase of the corotation torque in the FSG calcu-
lations should be compared to that of the differential Lindblad
torque, which typically amounts to ~17% (for o = 1.5, see
Fig. 12). This comparison indicates that the disk self-gravity
hardly changes, if at all, the corotation torque.

6. CONCLUDING REMARKS

The present work investigates the impact of the disk self-
gravity on the type I migration. We show that the assumption cus-
tomarily used in planet-disk calculations, namely, a planet freely
migrating in a disk without self-gravity, can lead to a strong over-
estimate of the migration rate. We provide a simple evaluation of
this overestimate (Fig. 5). The drift rate can be overestimated by
as much as a factor of 2. Such a factor is inappropriate for the ac-
curate calculation of migration rates, which is the main motiva-
tion of many recent studies of planet-disk interactions. The planet
and the disk must therefore orbit within the same potential to yield
unbiased estimates of the drift rate. Avoiding a spurious shift of
resonances may be even more crucial in a nonbarotropic situation.
In this case, the corotation torque depends strongly on the distance
between orbit and corotation (Baruteau & Masset 2008), so that
an ill-located corotation would yield meaningless drift rates.

The inclusion of the disk self-gravity in our calculations con-
firms that the disk gravity accelerates type I migration. We solve
the contradiction between the statements of Nelson & Benz (2003a,
2003b) and Pierens & Huré (2005) regarding the impact of the
disk self-gravity on the migration rate. The increase of the differ-

Vol. 678

ential Lindblad torque due to the disk gravity is typically 1 order
of magnitude smaller than the spurious one induced by a planet
freely migrating in a non—self-gravitating disk. We provide a
simple evaluation of this torque increase (Fig. 8), which depends
only on the Toomre parameter at the planet location, whatever
the mass distribution of the whole disk. Furthermore, we argue
that it can be entirely accounted for by a shift of the Lindblad res-
onances and be modeled with an anisotropic pressure tensor. This
model succeeds in reproducing the differential Lindblad torque of
a self-gravitating calculation, but increases the corotation torque.
This model enables us to conclude that there is no significant im-
pact of the disk self-gravity on the corotation torque, in the linear
regime.

In a future work, we will extend our study beyond the linear
regime. Preliminary calculations show that, regardless of the planet
mass, the disk gravity speeds up migration. It would also be of
interest to extend this study in three dimensions. In the linear
regime, we do not expect the torque relative increase due to the
disk gravity to be altered in three dimensions. However, three-
dimensional calculations, involving the gas self-gravity, should
be of considerable relevance for intermediate planet masses when
a circumplanetary disk builds up, in particular to assess the fre-
quency of type III migration.

We thank the anonymous referee for a careful and insightful
report.

APPENDIX A

EXPRESSIONS OF g, AND g,

In this section, we give the expressions of the radial and azimuthal self-gravitating accelerations g, and g,,, smoothed over the soft-
ening length egg. We use the variables (u = log (#/7min), ¢), Where ryin denotes the inner edge radius of the grid. With this set of co-

ordinates, g,(u, @) reads

Umax 27
9,(u, ) = —Ge’”/z/o /0 S (s @ VKo — ' — ') du' dy’

+ GX(u, p)K(0,0)Aulp, (A1)

where S, and K, are defined as

S (u, ) = X(u, <p)e“/2 and

K (u, ) =

1+ B% — e cos(p)
{2[cosh(u) — cos(p)] + B2}/

(A2)

In equations (A1) and (A2), G denotes the gravitational constant, #yax = 108(Fmax/7min) With 7max being the outer edge radius of the
grid, ¥ is the disk surface density, Au and Ay are the mesh sizes, K,(0,0) = 1/B, and B = esg/r. Since esg 7 (see § 2.2.1), B is
uniform over the grid. The second term on the right-hand side of equation (A1) is an additional corrective term that ensures the
absence of radial self-force. Similarly, g,,(u, ) reads

Umax 27
9,(u, ) = —G6’3“/2/ / Sp(u', 0" Kp(u — ', 0 — @) du’ dip', (A3)
0 0

where S, and K, are given by

sin(yp)

: A4
{2[cosh(u) — cos(p)] + Bzeu}3/2 (A4)

Ky(u, 0) =

So(u, ) = S(u, p)e™*  and

In the particular case where only the axisymmetric componentzof the disk self-gravity is accounted for, which involves the axisym-
metric component of the disk surface density S(u) = (2m)~! fOW (u, p)dp, g, cancels out and

,(u) = —Ge/2 / S R — o) dil + GE () A 0), (A5)
0

where S,(u) = 2m) " [77 S/(u, p) dyp and Ko(u) = [ Kou, @) dp.
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APPENDIX B

RELATIVE DIFFERENCE OF THE TORQUES BETWEEN THE FREE AND FIXED SITUATIONS
(WITHOUT DISK GRAVITY)

We denote by 6T the difference of the one-sided Lindblad torques between the free and fixed cases. This difference can be written as
oT
6T = — 6 Bl
2”’[: <8x)XL x7 ( )

where x = r — 1, 6x is the shift of the Lindblad resonances induced by the free case, T is the mth Fourier component of the one-sided
Lindblad torque (see e.g., Ward 1997, or eq. [14]), and x is the location of the Lindblad resonances in the fixed situation:

2 14 &2
xL:§eT+£hrp, (B2)
where £ = mh, ¢ = +1 for outer resonances, and ¢ = —1 for inner resonances. Approximating the summation over m as an integral
over &, equation (B1) can be recast as
5T = / (0.T/T)Téxde. (B3)

In equation (B3), T depends on x through the square of the forcing function ¥, which is usually approximated as a function of the
Bessel functions K, and K (see, e.g., Ward 1997, or eq. [15]). Furthermore, ¥(x, £) can be approximated as Ar,/|x|¢, to within a nu-
merical factor of order unity (Abramowitz & Stegun 1972). Thus, T o< x> and 9, T/T o x~'. At the location of Lindblad resonances,
given by equation (B2), this yields 9;7/T o e¢h~!. Moreover, T o eX,h~3. The shift éx, which has same sign for inner and outer
Lindblad resonances, scales with ¥,,. The difference of the differential Lindblad torques is eventually obtained by summing equation (B3)
at inner and outer Lindblad resonances,

6Tyr + 6Torr o X, A" / (Torr — Tir) d€ o< By ' Sk o 52074 (B4)

Since the differential Lindblad torque scales with ¥,/ 2, the relative difference of the differential Lindblad torques between the free and
fixed cases scales with 3,472, and hence with (on~ L.

APPENDIX C
RELATIVE DIFFERENCE OF THE TORQUES WITH AND WITHOUT DISK GRAVITY

The calculation of the difference 6T" of the one-sided Lindblad torques between the fully self-gravitating and nongravitating situa-
tions is similar to the one derived in Appendix B. The difference 61" is given again by equation (B3), where 0x is this time the shift in-
duced by the FSG situation. This shift has an opposite sign at inner and outer Lindblad resonances: 6x o €%, [see the 6R; expression of
PHOS, or skip to equation (12), where, however, x = (v — r,)/hr,]. Furthermore, assuming that the expression of 7 given by equa-
tion (14) can be applied for a self-gravitating disk (Goldreich & Tremaine 1979), we still have 9, T/T o eh~!. Since the differential
Lindblad torque scales with ¥,4-2, we find

6T R + 6ToLr E,,hil /(TOLR + TILR) d€ < Z,,h"E,,h’z X E;/’f; (Cl)

The relative difference of the differential Lindblad torques between the FSG and NOG cases therefore scales with X,4!, and hence
with Q1.

APPENDIX D

NUMERICAL AND ANALYTICAL SHIFTS OF LINDBLAD RESONANCES INDUCED BY THE DISK SELF-GRAVITY

We studied in § 3.3.2 the relative difference of the torques between the FSG and NOG situations. In particular, we find that our cal-
culations with ¢ = 0.1H(7,,), which matches the mesh resolution in the planet vicinity, display a relative difference that is stronger than
the one obtained with the estimate of PHOS5, which however does not involve a softening parameter. We give hereafter more insight
into this result.

We propose to evaluate for each azimuthal wavenumber m the shift of the Lindblad resonances induced by our FSG calculations,
and compare it with its theoretical expression given by equation (12). This theoretical expression predicts that the shifts at inner and
outer resonances are of opposite sign, their absolute value, which we denote by éx, », being identical. We furthermore denote by
6% yum, m the shift (in absolute value) inferred from our calculations, and I'lgg ,, (I'fsg. ) the mth Fourier component of the inner (outer)
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FiG. 14.—Ratio of 6x yum, the shift of Lindblad resonances obtained with our FSG calculations (see eq. [ D3]), and of éx,, its analytically expected value (see eq. [12]).

Lindblad torque of a FSG calculation. We use similar notations for a NOG calculation, and we drop hereafter the m subscripts for the sake
of legibility. A first-order expansion yields

#s6 = I'Nog * 9xT o num and Fs6 = I'NoG = 9+ RoG &% num- (D1)
To estimate the quantities 8XFI{,OG and 0,I'{ o, we performed an additional NOG calculation, which we call the NOGO calculation,
for which we imposed a slight, known shift of the resonances. This was done by fixing the planet’s angular velocity at 2, — 6€2,, with
6, = 1073Q,. This slight decrease of the planet’s angular velocity, with respect to the NOG situation implies an outward shift of in-
ner and outer Lindblad resonances that reads ox, = (26€2,)/(34£,), an expression that is independent of m. With similar notations as
before for the NOGO calculation, and using again a first-order expansion, we have

FIiIOGO = FII;IOG + 8xFriIOG§xo and I'foco = I'Nog + 9xI'Nog 0%o- (D2)

Combining equations (D1) and (D2), we are finally left with

Sxe = (réso —I'fse) — (FIiIO_G — ') P (D3)
(I'\oco + I'Roco) = (F'hog + I'Rog)

We plot in Figure 14 the ratio 6x num/6x, as a function of the azimuthal wavenumber m, for X, = 2 x 1073 (Q ~ 8). We first com-
ment that the ratio is negative for m < 6, positive beyond, with a divergent behavior at the transition. We checked that this behavior
is caused by a change of sign of the denominator® of equation (D3), which is negative for m < 6 and positive beyond. Furthermore,
the ratio éxum/0xy, is significantly greater than unity for m ranging from ~7 to ~20, that is for the dominant Lindblad resonances.
Differently stated, the dominant Lindblad resonances are more shifted by our calculations than analytically expected by PHOS, which
explains why the torque enhancement is more important with our calculations.

Beyond, the ratio is close to unity for a rather large range of high m-values. This confirms that for high values of m the WKB ap-
proximation yields analytical estimates that are in good agreement with the results of numerical simulations. However, since our cal-
culations involve a softening parameter, the ratio does not converge when increasing m, and slowly tends to zero. We checked that the
value of m for which the ratio becomes lower than unity increases when decreasing the softening length. This explains why the torque
enhancement is increasingly important at smaller softening length, as inferred from Figure 10.

® This denominator corresponds to the difference of the differential Lindblad torques between the NOG and NOGO situations, expected to be positive for all m.
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We derived a generalized expression for the corotation torque between a rotating potential
and a two-dimensional gaseous disk, assuming an adiabatic flow.

Planetary Migration and Disk Self-Gravity, with F. Masset (CE-Saclay, 2006).

By means of two-dimensional calculations, we confirmed that the disk gravity accelerates
type I migration. We showed that the impact of the disk self-gravity on the differential
Lindblad torque can be reproduced with an anisotropic pressure tensor.

Predoctoral Research:

Runaway Migration, with F. Masset (CE-Saclay, 2005).
We investigated the occurrence of runaway planetary migration (type III migration) with
three-dimensional calculations.

N-body calculations, with B. Sémelin (Observatoire de Paris, 2005).
I developed a parallelized N-body code to study (i) the formation of a galactic bar and (ii)
Pluto’s capture in mean-motion resonance.

Dynamics methods, with J. Laskar (Observatoire de Paris, 2004).
I studied the perturbed pendulum-like Hamiltonian system with dynamics methods: sym-
plectic integrators, Poincaré map, frequency analysis.

Accretion Disk, with D. Pelat and J.-M. Huré (Observatoire de Meudon, 2004).
With a group of students, we developed a one-dimensional code to model an accretion disk
around a black hole.

Classical Novae, with M. Hernanz (Institut d’Estudis Espacials de Catalunya, Spain, 2003).
I investigated the detectability of classical novae with the INTEGRAL mission.
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X-Ray Flashes, with R. Mochkovitch (Institut d’Astrophysique de Paris, 2002).
We compared the properties of X-Ray Flashes and of Gamma-Ray Bursts with the internal
shocks model.

Publications:
Refereed articles:

e Type I planetary migration in a self-gravitating disk, Baruteau, C. & Masset, F.
2008, ApJ, 678, 483

e On the corotation torque in a radiatively inefficient disk, Baruteau, C. & Masset,
F. 2008, ApJ, 672, 1054
Conference proceedings:

e On type I planetary migration in adiabatic disks, Baruteau, C. & Masset, F. 2007,
Proceedings of the 249th Symposium of the IAU, 2007, 397

e Type I planetary migration in a self-gravitating disk, Baruteau, C. & Masset, F.
2007, Proceedings of the 249th Symposium of the TAU, 2007, 393

e On type I planetary migration in an adiabatic disk, Baruteau, C. & Masset, F. 2007,
SF2A Proceedings, 437

e On the impact of disk gravity on planetary migration, Baruteau, C. & Masset, F.
2006, SF2A Proceedings, 569

Conferences attended:
- Origin and Evolution of Planets 2008, June 30 - July 04 2008, Ascona, Switzerland (poster)
- Division on Dynamical Astronomy, April 28 - May 01 2008, Boulder, USA (talk)

- TAU Symposium No. 249, Ezoplanets: Detection, Formation and Dynamics, October 22-26 2007,
Suzhou, China (talk and poster)

- Semaine de I’Astrophysique Francaise (SF2A), July 2-6 2007, Grenoble, France (talk)

- Eztreme Solar Systems, June 25-29 2007, Santorini, Greece (poster)

- Stars, Disks and Planets: The Many Worlds of John Papaloizou, June 11-13 2007, Paris, France
- Semaine de I’Astrophysique Francaise (SF2A), June 26-30 2006, Paris, France (talk)

- 4th Planet Formation Workshop, Planet Formation and Evolution Studies: Various Approaches
- One Goal, March 1-3 2006, Heidelberg, Germany

Seminars given:

- Type I planetary migration: impact of the disc thermodynamics, June 09 2008, TAAT, Tubingen,
Germany
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- Planetary migration in protoplanetary discs, April 14 2008, MPIA, Heidelberg, Germany
- Migration planétaire dans un disque protoplanétaire, April 03 2008, LAB, Bordeaux, France

Migration planétaire dans un disque protoplanétaire, April 01 2008, OCA, Nice, France

- Planetary migration in non-isothermal discs, March 18 2008, TAP, Paris, France

- Sobreviviendo la migracion planetaria de tipo I, February 06 2008, UNAM, México D.F., México

Migration planétaire dans un disque adiabatique, July 12 2007, GRAAL, Montpellier, France

Teaching Experience:

Teaching Assistant at Université Paris VI (2006-2008): lectures in Mechanics and Hydrodynam-
ics to first-year undergraduate students (64h per year). Instructor: Dr F. Daigne.

Teaching Assistant at Lycée Jacques Decour (2004-2006): oral examinations in Physics and
Chemistry to students in second year of Classes Préparatoires (50h per year).

Teaching Assistant at Lycée Descartes, Antony (2002-2003): 12** Grade Physics and Chemistry
courses (2h per week).

Statistical Mechanics: I wrote a set of lecture notes (139 pages) for third-year undergraduate
students (2002).

Public outreach:

Féte de la Science, October 14 2006, Extrasolar planets.

Education:

2005-2008 PhD, Astrophysics, Observatoire de Paris (defense day: October 02 2008). Dissertation:
Toward predictive scenarios of planetary migration. Advisor: Dr. Frédéric Masset (CE-
Saclay)

2005 Master II, Astronomy and Astrophysics (equivalent to a Master’s Degree - first year of
PhD in Astrophysics), Observatoire de Paris, rank: 2/42

2004 Agrégation (competitive examination for the recruitment of secondary school teachers
in France), Physics and Chemistry, rank: 37/170

2001-2005 Undergraduate studies at Ecole Normale Supérieure de Cachan, and at Université Paris
XTI (equivalent to the preparation of a MSc, Physics, Minor, Astrophysics), highest
distinction

2001 Admitted to Ecole Normale Supérieure de Cachan

1999-2001 Classes Préparatoires, Lycée Descartes, Tours (a two-year intensive course in advanced
maths and physics to prepare the admission to French Grandes Ecoles)
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Awards:

Student Stipend Award of the American Astronomical Society to attend the Division on Dy-
namical Astronomy meeting in Boulder, Colorado (April 2008)

Agrégation in Physics and Chemistry

Student fellowship at Ecole Normale Supérieure de Cachan

Skills:

Computing: very good working knowledge in C, parallel computing (MPI, OPENMP), IDL
and LaTeX, good working knowledge in C++, perl, CVS, PBS, bash and F90.

Languages: French (native speaker), English (fluent), Spanish (fluent), Italian (basics), Russian
(basics).







Vers des scénarios prédictifs de la migration planétaire

La détection récente des exoplanetes a fourni un formidable laboratoire d’expérimentation des
théories de formation et d’évolution planétaire. Un résultat troublant est la proportion de
planetes géantes situées plus pres de leur étoile que ne ’est Mercure de notre Soleil! Si, comme
il est admis, ces planeétes se sont formées a plus grande distance de 1’étoile dans le disque
protoplanétaire, il reste a expliquer comment elles ont pu s’en rapprocher. Remarquablement,
une telle théorie est apparue bien avant la découverte de la premiere exoplanete. Elle explique
que sous l'interaction avec le disque protoplanétaire, les planetes se rapprochent de leur étoile
en spiralant. On parle de migration planétaire. De nombreuses études ont montré que le temps
de migration des planetes de faible masse est bien plus court que le temps de dissipation du
disque. Toutes les planetes devraient avoir migré jusqu’a leur étoile! Ce qui est déja remis
en cause par notre Systéme Solaire. Afin d’inscrire la migration planétaire dans un scénario
prédictif de formation et d’évolution planétaire, il est primordial d’affiner notre compréhension
de 'interaction disque-planete. La prise en compte de ’auto-gravité du disque est un exemple de
progres en ce sens. Je montre que négliger 'auto-gravité conduit a surestimer significativement
le couple différentiel de Lindblad. Une autre branche explorée dans cette thése est 'impact
des processus thermiques sur la migration. Je montre que I’évolution thermodynamique du
disque génere une contribution supplémentaire au couple de corotation, capable de ralentir
considérablement, voire de renverser, la migration des planetes de faible masse.

Mots clé : migration planétaire, disques protoplanétaires, hydrodynamique, analyse linéaire,
stmulations numériques

Toward predictive scenarios of planetary migration

The recent detection of extrasolar planets has provided an exciting opportunity to test our
theories of planet formation and evolution. An impressive result is the significant proportion
of giant planets located much closer to their star than Mercury is from our own Sun! These
planets should have formed further out in the protoplanetary disc, thus one needs to explain
how they could move closer to their host star. Remarkably enough, such an explanation was
proposed well before the discovery of the first exoplanet. It considered the interaction between
a planet and the protoplanetary disc, which leads to a decrease of the planet’s semi-major axis.
This is known as planetary migration. Many studies have shown that the migration timescale of
low-mass planets is much shorter than the lifetime of the disc. All planets should therefore have
migrated to the vicinity of their host star! This is at least in contradiction with the locations of
the planets in our Solar System. In order to elaborate predictive scenarios of planet formation
and evolution, it is of primary interest to refine our understanding of disc-planet interactions.
The inclusion of the disc self-gravity is an illustration of this. With analytical and numerical
arguments, I show that discarding the self-gravity leads to a significant overestimate of the
differential Lindblad torque for migrating low-mass planets. Another aspect explored in this
thesis is the impact of the gas thermodynamics on migration. I show that the thermodynamic
evolution of the disc induces an additional contribution to the corotation torque, which may
dramatically slow down or even reverse the migration of low-mass planets.

Keywords: planetary migration, protoplanetary discs, hydrodynamics, linear analysis, numerical
stmulations
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