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ABSTRACT

Context. The internal heat loss, or cooling, of a planet determines its structure and evolution.

Aims. We study the effects of irradiation, metallicity of the atmosphere, heat redistribution, stratospheres, and the depth where the
heat redistribution takes place on the atmospheric structure, the core entropy, and subsequently on the cooling of the interior of the
planet.

Methods. We address in a consistent fashion the coupling between the day and the night sides of a planet by means of model
atmosphere calculations with heat redistribution. We assume that strong convection leads to the same entropy on the day and night
sides and that gravity is the same on both hemispheres.

Results. We argue that the core cooling rates from the two hemispheres of a strongly irradiated planet may not be the same and that
the difference depends on several important parameters. If the day-night heat redistribution is very efficient or if it takes place at the
large optical depth, then the day-side and the night-side cooling may be comparable. However, if the day-night heat transport is not
efficient or if it takes place at a shallow optical depth then there can be a large difference between the day- and the night-side cooling
and the night side will cool more efficiently. If stellar irradiation becomes stronger, e.g. owing to stellar evolution or migration, cooling
from both the day and the night sides is reduced. Enhanced metallicity of the atmosphere would act as an added “blanket" and reduces
both the day- and the night-side cooling. However, a stratosphere on the planetary day side can enhance day-side cooling since its
opacity acts as a “sunshade” that screens the stellar irradiation. These effects may also influence the well-known gravity darkening

and bolometric albedo effects in interacting binaries, especially for strongly irradiated cold components.

Key words. convection — radiative transfer — planets and satellites: atmospheres — planets and satellites: interiors —

planets and satellites: physical evolution — binaries: eclipsing
1. Introduction

During its evolution, a planet derives heat from both its gravita-
tional energy and other possible extra heat sources. In particu-
lar, tidal heating (Jackson et al. 2008; Liu et al. 2008) or ohmic
heating (Batygin et al. 2011; Perna et al. 2010) may be quite im-
portant for some close-in extrasolar planets. Also, a small frac-
tion of received stellar irradiation may be transported to deeper
layers (Guillot & Showman 2002). This energy is radiated from
the planet via its atmosphere, which acts as a valve that regu-
lates cooling. A close-in planet is subject to strong stellar irradi-
ation that is many orders of magnitude stronger than the internal
heat loss of the planet. Subsequently, the structure of the atmo-
sphere and the emergent spectrum are governed by the stellar
irradiation.

Incoming stellar radiation does not penetrate very deeply
into the interior of a planet and is effectively reradiated.
Consequently, for any given assumed chemical composition, the
structure of the planet itself is governed by its internal heat con-
tent, together with possible, additional energy sources. This has
direct observational consequences. As a planet evolves, its inte-
rior cools and its radius shrinks, even if the planet is exposed
to enhanced stellar irradiation due to stellar evolution or the
planet’s migration. Planet cooling, however, can be significantly
affected by stellar irradiation, which can keep the planet inflated
for a longer period of time (Guillot et al. 1996).

Article published by EDP Sciences

Throughout this paper, we concentrate solely on close-in
planets for which the spin and orbital periods are forced to be
equal. Consequently, the planet surface is naturally divided be-
tween a day side that permanently faces the star and a night side
that experiences no direct stellar irradiation. The irradiation en-
ergy is scattered, absorbed, and reradiated on the day side of
the planet. Moreover, a fraction of the total incoming stellar en-
ergy is carried to the night side of the planet, where it can be
reradiated. This complex radiative and hydrodynamical mecha-
nism determines the properties of the atmosphere, and, thus, also
planet cooling. Generally, the planet core may cool at a very dif-
ferent rate on the day and on the night sides. The magnitude of
cooling depends mainly on the magnitude of the stellar irradia-
tion, the amount of the day-night heat redistribution, the depth
where this day-night heat redistribution takes place, and the at-
mospheric structure and opacities. Previous evolutionary stud-
ies (Laughlin et al. 2005; Burrows et al. 2007a; Fortney et al.
2007; Liu et al. 2008) have implicitly assumed full heat redis-
tribution, i.e. that the night-side atmosphere is identical with the
one on the day side and that the core heat loss from the night
side is equal to that from the day side. The effect of the irra-
diation and the day-night heat redistribution was achieved by
simply reducing the irradiating stellar flux by a factor of two
prior to its encounter with the atmosphere of the planet (e.g.,
Sudarsky et al. 2003). Recently, Guillot (2010) and Heng et al.
(2011) have constructed analytical gray irradiated atmosphere
models to study planet cooling.
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Irradiation effects have also been studied in the field of inter-
acting binaries. Irradiated models of the atmosphere have been
constructed by Rucinski (1970, 1973). Rucinski (1969) and Vaz
& Norlund (1985) estimated the bolometric albedo for irradiated
stars having deep adiabatic convective envelopes, assuming con-
stant entropy.

The aim of this paper is to assess, in a systematic way, dif-
ferences between the day and the night side core cooling rates,
and to study the effects of the strength of stellar irradiation, at-
mospheric metallicity, the efficiency of day-night heat redistri-
bution, and the depth where this redistribution takes place. We
use a state-of-the-art model atmosphere code, where the day-
night heat redistribution is treated in a parametric way. We illus-
trate the effects on the prototype of a close-in extrasolar planet:
HD 209458b. In Sect. 2, we describe the calculations and in
Sects. 3—7 we study the effects of the various parameters that
are important for the day- and night-side core cooling rates.

2. Modeling procedure

As is well known from planetary evolution models, the inte-
rior of the planet is fully convective (e.g., Hubbard et al. 2002),
and that the convection is very nearly adiabatic. We make the
realistic assumption that the entropy in the convection zone is
constant everywhere in the planet. Specifically, the entropies at
the base of the convection zone at the day and night sides are
equal. Moreover, we assume that the planet is spherical, so that
the gravitational accelerations on the day and the night sides
are equal. This is also a reasonable assumption for our pur-
pose. Budaj (2011) calculated shapes and variations in the ef-
fective gravity over the surface of all currently known transiting
exoplanets. He found that largest departures from the spherical
symmetry are expected for WASP-12b and WASP-19b, of about
12—-15%, respectively which translates into the variations of the
gravity over the surface of about 25-32%. The gravity difference
between the substellar and antistellar points were less than 2%.
For convenience, we assume that the thickness of the atmosphere
is small compared to the planetary radius, so that the gravity is a
constant.

The entropy of the planetary core is thus determined by the
entropy at the base of the convection zone, which in turn is deter-
mined by the magnitude of stellar irradiation, radiation transport
in the atmosphere, and other details of the atmospheric physics.
Therefore, sophisticated evolutionary models have to take into
account proper boundary conditions, in particular the values of
the entropy and the radiation cooling, using detailed atmospheric
models, as was done e.g. in Burrows et al. (2003), Burrows et al.
(2007a), Fortney et al. (2007), and Liu et al. (2008).

The amount of radiation cooling from the day and the night
sides is calculated in the following way: From the definition of
the effective temperature, the total energy flux incoming at a
unit surface area at the lower base of an atmosphere is given
by F = 0'T:ﬁ.. Since no energy is being lost in the atmosphere,
this quantity also represents the total radiation flux escaping
from the unit surface at the upper boundary of the atmosphere.
Therefore, it provides a quantitative measure of the radiation
heat loss through the planet’s atmosphere, and, thus, from the
whole planet. For usual atmospheric models, the effective tem-
perature, together with surface gravity (and overall chemical
composition) are taken as fundamental parameters, while from
the point of view of interior and evolutionary models, the pri-
mary parameter is the core entropy.

We divide the whole planetary surface into two parts, and
treat the overall planetary atmosphere as composed of two
distinct atmospheres — an averaged day-side atmosphere and an
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averaged night-side atmosphere. The effective temperature on
the day side is called T4, and on the night side T,. To avoid
confusion with other possible meanings of the term “effective
temperature” used for instance in planetary science, we will call
T4 and T, “intrinsic effective temperatures”. Obviously, these
effective temperatures should not be confused with brightness
temperatures or an actual atmospheric temperature, which is a
function of depth in the atmosphere and strongly depends on the
irradiation.

As mentioned above, to compute the total heat loss consis-
tently, the model atmospheres for the day and the night side must
have the same entropy at the convective base. To this end, we cal-
culate a grid of models with/without the irradiation correspond-
ing to the day/night side of the planet for a range of day- and
night-side intrinsic effective temperatures and surface gravities
(log g). Each model has a certain entropy in the convection zone.
In the next step we match the entropy and gravity of the day
and night sides, which results in different effective temperatures
(T4 # T,) for the day and night sides. Notice that we can obtain a
unique match because entropy is a monotonic function of the in-
trinsic effective temperature. Since T4 and T, represent the total
radiation flux on the day and night sides, they represent the day
and the night side internal heat loss, or, equivalently, the cooling
of the interior. The total internal heat loss (cooling), Lo, from
the planet is then given by

Leool = 4nR20 T3y = 27R (T3 + T), (1)

where R, is the radius of the planet, o is the Stefan-Boltzmann
constant, and T.g is the composite intrinsic effective tempera-
ture.

The individual model atmospheres are computed using the
code CoorLTrusTy designed to model atmospheres of irradiated
giant planets and brown dwarfs. This code is a version of the
stellar atmosphere code Trusty (Hubeny 1988; Hubeny & Lanz
1995); modifications for CooLTrLusTy are described in Hubeny
et al. (2003) and Sudarsky et al. (2003). The code solves the
hydrostatic and the radiative+convective equilibrium equations,
assumes LTE, and can take into account clouds and departures
from local chemical equilibrium (Hubeny & Burrows 2007).
The computed models represent separately averaged-day and
averaged-night side atmospheres. The upper boundary is set to
the pressure 107> bars and extends deeply into the convection
zone. At a specified depth range, we allow for an energy re-
moval on the day side, and an energy deposition on the night side
of the planet, using the procedure described in Burrows et al.
(2008). The amount of the heat redistribution between the day
and night sides is parametrized by the P, parameter, which is
defined as the fraction of the incoming stellar irradiation that is
transferred from the day side to the night side and radiated from
there (Burrows et al. 2006).

We consider here the well-known planet HD 209458b. If
not stated otherwise, we assume solar chemical composition of
the planetary atmosphere, energy removal/deposition at 0.03—
0.3 bar, and P, = 0.3. TiO and VO opacity is not considered.
Opacities are taken from Sharp & Burrows (2007), assuming
chemical-equilibrium compositions with rainout but no cloud
opacity. Kurucz (1993) spectrum of the parent star HD 209458
is used as the source of irradiation. Parameters of the star and
planet are taken from Henry et al. (2000), Charbonneau et al.
(2000), and Knutson et al. (2007). We assume T = 6000 K,
R = 1.13 R, for the star, and a semi-major axis of the planet’s
orbit @ = 0.045 AU. The models were calculated for a grid of
effective temperatures ranging from 50 K up to 300 K and grav-
ities from 2.4 up to 3.6 (cgs).
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Fig. 1. Entropy (per baryon and divided by k) as a function of pressure
and temperature. Entropy decreases with pressure and increases with
temperature.
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Fig. 2. The effect of the intrinsic effective temperature on the 7 — P
profile of the atmosphere on the day side. D-stands for day, numbers
give the effective temperature in K and the core entropy, respectively.
Circles mark the top of the convection zone. Notice that for higher ef-
fective temperatures the convection zone starts at lower pressures (den-
sities) but at about the same temperatures. Consequently, given the re-
lation from Fig. 1, models with higher intrinsic effective temperature
have higher core entropy.

We plot in Fig. 1 the entropy (per baryon, divided by the
Boltzmann constant k) as a function of temperature and pressure
(Saumon et al. 1995). The crucial point is that the entropy in-
creases with temperature and decreases with pressure. In Fig. 2
we plot the temperature - pressure (7' — P) profiles as a func-
tion of the intrinsic effective temperature all else being equal.
We assumed P, = 0.5 and irradiated day side of the planet. This
temperature affects mainly the deeper layers and shifts the loca-
tion of the top of the convection zone. The higher the intrinsic
effective temperature the lower the pressure at the convection
boundary and, given the relation from Fig. 1, the higher the core
entropy. This monotonically changes the entropy in the convec-
tion zone. It means that we can use this intrinsic effective tem-
perature to adjust the entropy in the convection zone on the day
and night sides.

3. The effect of the stellar irradiation on day-night
side cooling

Planets are generally exposed to very different intensities of stel-
lar irradiation. Solar-type stars on the main sequence increase in

luminosity in the course of their evolution. Planets migrate as
a result of their interaction with the protoplanetary disk or with
their host stars. Therefore, we first explore the effects of irradia-
tion on the day- and night-side cooling.

Stellar irradiation considerably modifies the day side 7 — P
profile of the atmosphere. It flattens the temperature gradient and
creates a noticeable plateau (Sudarsky et al. 2003; Hubeny et al.
2003). Because of day to night side heat transport, this plateau
has a signature on the night side 7' — P profile as well (Burrows
et al. 2008). To study the effect of irradiation on the core heat
loss we calculate a set of day- and night-side atmosphere models
at two different planet-star distances, one corresponding to the
nominal distance a = 0.045 AU, and the other two times closer:
a = 0.0225 AU, which approximately corresponds to a 4 fold
increase in stellar irradiation. We set P, = 0.3; and assume that
the incoming irradiation energy is removed at the depth region
between 0.03 and 0.3 bar on the day side, and is deposited on the
night side at the same range of pressures.

T — P profiles for a model with T = 100 K and log;, g = 3
are shown in Fig. 3 (left). Notice that the position of the top
of the convection zone varies; this is exactly the location of the
point that determines the entropy in the convection zone. The
location of this point closely correlates with the temperature of
the plateau. On the day side, the temperature plateau and the top
of the convection zone are hotter for higher irradiation. Given the
dependence from Fig. 1 the core entropy is also higher for higher
irradiation (closer distance). This means that one has to lower
the day side internal effective temperature (keeping g constant)
to obtain the same entropy as on the night side. Consequently,
this means that we obtain less cooling from the day side. The
night side behaves similarly, since its 7 — P profiles reflect that
of the day side.

Figure 3 (right) illustrates the intrinsic effective temperature,
and thus core cooling, as a function of entropy for several grav-
ities. Notice that both the day- and the night-side core cooling
rates decrease with increasing irradiation. Night side cooling is
more efficient. This means that for a higher irradiation flux the
total heat loss from both the day and the night side is lower
(Fig. 4 left). This somewhat counterintuitive behavior is under-
stood by noticing that the irradiation heats the atmosphere, flat-
tens the temperature gradient, and thus creates a “barrier” that
inhibits the heat loss from the interior (Burrows et al. 2000).

In conclusion, if the star is brighter or the planet-star separa-
tion is lower, the total heat loss from a planet is reduced.

4. The effect of atmospheric metallicity

In this section we investigate the effect of enhanced metallic-
ity (and, therefore, opacity) on the cooling of the planetary in-
terior. Burrows et al. (2007a) have already demonstrated that
an enhanced opacity in the planetary atmosphere due to higher
metallicity reduces the escape of internal heat. They considered
P, = 0.5, and assumed that the night side cools at the same rate
as the day side.

To study the effects of metallicity on the day- and night-side
cooling rates we calculate a set of day and night atmosphere
models for two different metallicities. One corresponds to so-
lar metallicity, and the other is enhanced by 0.5 dex, i.e. a factor
of about 3. We assume P,, = 0.3; the incoming irradiation energy
is removed at depths between 0.03 and 0.3 bar on the day side,
and is deposited on the night side in the same pressure region.

Figure 5 (left) illustrates the effect of metallicity on the 7 — P
profiles, for a model with T = 100 K and log;, g = 3. The day-
side temperature plateau level is not very sensitive to metallicity.
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Fig. 3. Left: the effect of the planet-star distance (a magnitude of irradiation) on the 7 — P profile of the atmosphere. Red lines represent the
day side, blue lines represent the night side. Circles mark the top of the convection zone. D-stands for day, N-stands for night, numbers give the
planet-star distance in AU and the core entropy, respectively. Notice that entropy on both day and night sides increases with increasing irradiation
(shorter distance). Right: the effect of the planet-star distance or irradiation on the day-night side cooling of the planet. The cooling is expressed
as the intrinsic effective temperature in K as a function of the core entropy for several surface gravities. The day-side is solid, and night-side is
dashed. The models are calculated for two planet-star distances 0.045 (green) and 0.0225 AU (red). The cooling from the day side decreases with
the stellar irradiation (shorter distance). The cooling from the night side behaves in a similar way. Consequently, the total heat loss is lower at a
higher irradiation.
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Fig. 4. The combined night and day side cooling as a function of the surface gravity and core entropy. It is expressed as the intrinsic effective
temperature Teg = (T:l1 /2 + T#/2)°% in K. Left: the effect of the irradiation. The models are calculated for two different values of the planet-star
distance: 0.045, 0.0225 AU. The total core heat loss decreases with increasing irradiation (smaller distance). Right: the effect of the atmospheric
metallicity. the models are calculated for two different values of the metallicity: solar and 3 X solar. Total heat loss decreases with increasing the
metallicity.
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Fig. 5. Left: the effect of varying the metallicity on the T — P profile of the atmosphere. The curves are labeled by the value of the metallicity in the
atmosphere (1 or 3 X solar) and the core entropy, respectively. Notice that entropy on both day and night sides increases with increasing metallicity.
Right: the effect of varying the metallicity of the planetary atmosphere on the day-night side cooling. Models are calculated for two metallicities:
solar and 3 X solar metallicity. The cooling from both the day and the night side decreases with the metallicity. Consequently, the total heat loss
decreases with increasing metallicity.
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Fig. 6. Left: the effect of the P, parameter (day-night heat transfer efficiency) on the 7" — P profile of the atmosphere. The curves are labeled with
the values of the P, parameter and the core entropy, respectively. Notice that the entropy on the day side decreases with increased efficiency of
heat redistribution. Entropy on the night side behaves in the opposite way and increases with increasing heat redistribution, or P, value. Right: the
effect of the P, parameter on the day-night side cooling. The models are calculated for three different values of P, = 0.1,0.3,0.5. Cooling from
the night side decreases with the efficiency of heat redistribution (P,). Cooling from the day side behaves in the opposite way and increases with
increasing P,. However, the night side is more sensitive to the P, parameter, so it governs total core heat loss, which decreases with increasing P,.
The difference between night and the day side cooling is largest for the smallest values of P,.

However, for the lower metallicity the plateau extends much
deeper into the interior, where pressure and density are higher.
This is easily understood by noticing that lower metallicity re-
sults in a lower opacity; consequently the atmosphere is more
transparent and the effect of irradiation is felt at deeper layers.
Pressure at the top of the convection zone is lower for higher
metallicity. Consequently, given the relation from Fig. 1, entropy
is higher (at a particular gravity and intrinsic effective tempera-
ture) for models with higher metallicity. This means that one
has to lower the intrinsic effective temperature (i.e., lower the
cooling) to fit the same entropy. The night side behaves analo-
gously. Consequently, the total core cooling rate is also reduced
for higher metallicity models, as expected. Figure 5 (right) de-
picts this cooling as a function of entropy for several gravities.
This demonstrates that the above mentioned behavior holds for
the whole grid of models with a range of entropies and gravities.
Figure 4 (right) depicts the total combined day+night cooling for
the whole grid of models.

In conclusion, increased metallicity (opacity) acts as a blan-
ket that inhibits heat loss, and, thus, keeps the planet warm for a
longer period of time.

5. The effect of the P, parameter

The P, parameter is an empirical parameter that specifies the
portion of irradiated energy received by the day side that is trans-
ported to the night side (Burrows et al. 2006), and thus mea-
sures the efficiency of day-night heat transfer. P, = 0 means
that there is no heat flow from the day to the night side, while
P, = 0.5 means that half of the energy received by the day side
is carried to the night side and re-radiated from there.

The value of P, can be constrained by secondary eclipse ob-
servations. It turned out that its value may differ from planet
to planet. Harrington et al. (2006) favor a small amount of the
heat redistribution for v And. Cowan et al. (2007) estimated that
P, < 0.30(10) for HD 179949b, while P, > 0.32(1o) for
HD 209458b. Burrows et al. (2008) estimated heat redistribu-
tion efficiencies for six transiting hot Jupiters. Cowan & Agol
(2011) studied Bond albedos and heat redistribution of a sample
of 24 exoplanets. Smith et al. (2011) found low heat redistribu-
tion for WASP-33b. Anderson et al. (2010), Gibson et al. (2010)
and Budaj (2011) found low heat redistribution for WASP-19b.

To investigate the effect of day-night heat transfer on day and
night side core cooling we calculate a set of day and night side
atmosphere models for different values (0.1, 0.2, 0.3, 0.4, 0.5)
of the P, parameter. We assume that the incoming irradiation
energy is removed between 0.03 and 0.3 bar on the day side, and
is deposited on the night side in the same pressure region.

Figure 6 (left) illustrates the 7 — P profiles for a model with
Ter = 100 K and log,;, g = 3. On the day side the temperatures
on the plateau and at the top of the convection zone decrease
with increasing P,. Subsequently (see Fig. 1), the entropy in the
convection zone on the day side decreases with increasing P,
all else being equal. This means that cooling (that is, T4) must
increase for higher P, values (at the same entropy and gravity),
thus, day side heat loss is higher. On the other hand, the plateau
temperature and the entropy on the night side increase with in-
creasing P,. This means that for higher P, (at the same entropy
and gravity) T, must be lower, and, thus, the losses from the
night side are lower. Figure 6 (right) depicts cooling as a func-
tion of entropy for several gravities, and shows that the same
trend is valid for the whole grid of models. Notice that the dif-
ference between night and day cooling T}, — T is higher for low
heat redistribution, and decreases with more efficient day-night
heat transport.

In this case, the day and the night sides behave in opposite
ways. However, the night side is more sensitive to heat trans-
fer and the total (day plus night side) heat loss decreases with
increasing heat transfer. This is shown in the Fig. 7 (left). This
behavior can be understood in the following way. On the night
side, a higher P, value means more energy deposited at a certain
depth. This has a similar effect on the 7 — P profiles as stronger
irradiation and the outcome is the same — a reduced heat loss.
The day side with an energy removal behaves in the opposite
way.

6. The effect of extra opacity in the upper
atmosphere of the day side of the planet

Hubeny et al. (2003) first pointed out that highly irradiated

cold atmospheres with an efficient opacity source in the optical

could exist in two distinct configurations; one with a temperature

monotonically decreasing outward, and one exhibiting a temper-

ature increase toward a surface. They also showed that a strong
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extra opacity, k = 0.,0.02,0.05 cm?g~!

, and the core entropy, respectively. Notice that the entropy on the day side decreases with increasing the

extra opacity. There is no stratosphere on the night side, so only one model is plotted. Right: the effect of the extra opacity in the upper atmosphere
of the day side on the day-night side cooling. The models are calculated for three different values of the extra opacity, k = 0.,0.02,0.05 cm? g~!.
Cooling from the day side increases with the value of the extra opacity. Cooling from the night side core is the same since only the day side exhibits
a stratosphere. The difference between the night and the day side cooling is largest for lower values of the extra opacity, and the total core heat loss

increases with increasing extra opacity.

temperature inversion at the top of the atmosphere would have
a significant effect on the emergent spectrum. Early spectropho-
tometric observations of the secondary eclipses indeed gave a
strong indication of a temperature inversion on the day side
of some close-in planets (Burrows et al. 2007b; Fortney et al.
2008). Some attributed the opacity that leads to such a temper-
ature inversion to TiO and VO. However, there is uncertainty as
to whether TiO and VO can indeed be supported in the upper
atmosphere, that is whether one can find an efficient mechanism
that would prevent TiO and VO from settling downward in the
atmosphere to colder regions where they would be rained out
(the so-called cold trap effect — Spiegel et al. 2009). Therefore,
given the uncertainty about the actual opacity source that is re-
sponsible for the creation of the “stratosphere”, we use the term
“extra” opacity and parametrized its value and the wavelength
range in which it operates (Burrows et al. 2008).

Here, we investigate how such an extra opacity on the
day side can affect the day-night side core cooling of the
planet. We calculate a grid of day- and night-side atmo-
sphere models with an extra absorber with various opacities,
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k=0.,0.02,0.05 gcm 2 corresponding to optical depths of 0,
0.5, 1.4. The extra absorption is gray, operating only in the opti-
cal region for wavelengths between 0.3 and 1 micron, and placed
only in the upper atmosphere of the day side. The efficiency of
heat redistribution is set to P, = 0.3, and we assume that the
incoming stellar energy is removed at the depth region between
0.03 and 0.3 bar at the day side, and is deposited on the night
side over the same pressure region.

Figure 8 (left) shows the effect of the absorber on the T — P
profile for a model with Teq = 100 K and log;,g = 3. The
day-side plateau and temperature at the top of the convection
zone decrease with increasing extra opacity. Consequently (see
Fig. 1), the core entropy decreases with increasing extra opac-
ity, and, thus, the heat loss from the day side must be higher
if the entropy is to be constant. At first glance this might seem
strange because it is just the opposite of the effect of increas-
ing the metallicity (see Sect. 4). The explanation is that a higher
metallicity leads to a higher opacity throughout the whole at-
mosphere, and, thus, it acts as a blanket that reduces the heat
loss from the day side. In contrast, a higher extra stratospheric
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Fig.9. The combined night and day side cooling as a function of the
surface gravity and core entropy. It is expressed as the intrinsic effective
temperature Tey = (T§/2+ Ty /2)"% in K. The effect of the stratosphere.
The models are calculated for three different values of extra opacity
k = 0.,0.02,0.05. The total core heat loss increases with increasing
stratospheric opacity.

opacity works differently. It acts more like a “shield” that pre-
vents the energy flux from the star from penetrating deeper into
the planet atmosphere because part of the irradiation energy is
now deposited high in the atmosphere.

This “shield” becomes hotter with increasing extra opacity,
but the layers below become cooler since they are optically thin
at other wavelengths. Speaking figuratively, the overall effect re-
sembles a breeze that carries heat out and creates a cool and
comfortable area under a hot sunshade on a sunny beach. Thus,
the behaviour of the temperature plateau is analogous to the sit-
uation studied in Sect. 3 when the planet was farther away from
the star, which results in higher day side cooling for higher extra
opacity. Figure 8 (right) illustrates the cooling effect as a func-
tion of the entropy for several gravities and shows that this result
holds for the whole grid of models. Figure 9 shows the total com-
bined day+night cooling which increases with increasing extra
opacity.

7. The effect of the depth of day-night heat
transport region

In the above mentioned calculations, we kept the region of day-
night heat redistribution constant in pressure and equal for both
the day and night sides for the whole grid of models, while either
the planet-star separation, metallicity, Py, or extra opacity were
varied. However, the optical depth at a certain pressure level is
a strong function of gravity. The actual day-night heat redistri-
bution may take place within a certain range of optical depths,
rather than in a constant pressure range. This is why we calcu-
late a set of models where, on the day side, we adjust the region
of the day-night heat redistribution so that the Rosseland opti-
cal depth of the region is constant. We study three cases, and
place the energy sink on the day side at Tross = 0.06—1, 0.2-3,
and 0.6-9. On the night side, the energy is deposited at the same
pressures (corresponding to the above mentioned optical depths)
as the energy is being removed on the day side. In all models,
we assume P, = 0.3.

Figure 10 (left) illustrates the effect of varying the depth of
the heat redistribution region on the 7 — P profiles. On the day
side, the plateau and temperature at the top of the convection
zone decrease with increasing optical depth. Consequently, (see

Fig. 1) the core entropy decreases with increasing optical depth.
This means that heat loss is higher at the same entropy and grav-
ity. On the night side the plateau temperature and entropy in-
crease with increasing optical depth, which means that the heat
loss is lower (at the same entropy and gravity) for higher optical
depth. This is shown in Fig. 10 (right), where we plot the cool-
ing rate as a function of entropy for several gravities. The night
side is more sensitive to the optical depth, and the total heat loss
decreases with increasing depth of the day-night heat redistribu-
tion region (see Fig. 7 right). This behavior is very similar to the
dependence of the heat loss on the P, parameter. This is not sur-
prising, since the effect of increasing the depth of heat redistri-
bution on the model atmosphere is analogous to the effect of an
increase of the heat redistribution efficiency. Moreover, in reality
these two effects are probably correlated, in the sense that if heat
redistribution takes place at deeper layers it is likely to be more
efficient, and, thus, to be described by a higher P, value, which
has the same effect on day-night side cooling. Consequently,
their mutual correlation could make the effect stronger.

In all the above calculations we assumed that the heat re-
distribution region on the night side corresponds to the same
pressure range as on the day side. Based on these calculations
one can speculate what will happen if this is not the case. The
3D models of Dobbs-Dixon & Lin (2008) and Showman et al.
(2008) indicate that this problem is very complex. The eastward
and westward flows can circumnavigate the planet at different
latitudes, and one can sink below the other depending on the
cooling they experience. If energy is deposited on the night side
at lower pressures than those at which energy is being removed
on the day side then we would observe an enhanced amount of
core cooling from the night side. On the other hand, if energy
is deposited at higher pressures on the night side than energy is
removed from on the day side, night-side cooling could be sig-
nificantly reduced.

8. Conclusions

We have studied the effects of several mechanisms on day- and
night-side core cooling of strongly irradiated planets. The main
conclusions are:

We have demonstrated that the cooling of a strongly irradi-

ated giant planet is different on the day and the night sides.

— An increased amount of planet irradiation leads to reduced
day and night side cooling, and thus to reduced total core
heat loss.

— An increased metallicity throughout the atmosphere leads to
reduced day and night side cooling, and thus to reduced total
core heat loss.

— An increased efficiency of the day-night heat redistribution
reduces heat loss from the night side, while increasing heat
loss from the day side. The night side is more sensitive to
this effect, and as a result the total heat loss is reduced.

— A possible extra opacity in the stratosphere on the day side of
the planet acts as a sunshade that partly blocks the irradiation
from the star. Consequently, it increases the day side cooling
as well as the total heat loss.

— If day-night heat redistribution takes place at larger optical
depths it increases day side core cooling, while night side
core cooling is suppressed. The total heat loss is also re-
duced.

— Night side cooling is generally more efficient than the day

side cooling. However, this does not rule out the possibility
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Fig. 10. Left: the effect of the depth of the day-night heat transport region on the 7' — P profile of the atmosphere. The curves are labeled with the
values of the Rosseland optical depth of the bottom of the day-night heat transfer region, and the core entropy, respectively. Notice that the entropy
on the day side decreases with increasing optical depth. The entropy on the night side behaves in the opposite way, and increases with the optical
depth of the heat redistribution region. Right: the effect of the depth of the day-night heat transport on the day-night side cooling. The day-side
(solid) and the night-side (dashed) cooling of the planet for three different values of the day-side Rosseland optical depth at the bottom of the heat
redistribution region T,oss = 1,3, 9. On the day side, the heat loss increases with increasing optical depth. On the night side, the heat loss decreases
with increasing optical depth and this trend tends to dominate the opposite trend on the day side. As a result the night-to-day difference in heat
loss is lower for larger optical depth and the total heat loss decreases with increasing the optical depth.

that there is a combination of parameters where the opposite
conclusion applies.

These effects may influence the evolution of strongly irradiated
substellar-mass objects. If a particular effect results in enhanced
core cooling this leads to faster shrinking and lower radii and
vice versa. These effects will also compete with gravity darken-
ing and bolometric albedos in interacting binaries (von Zeipel
1924; Lucy 1967; Rucinski 1969; Vaz & Norlund 1985; Claret
1998), especially for strongly irradiated cold components. As a
result one might observe a sort of “day side darkening” or “night
side brightening” in the intrinsic flux coming from the interior
of an irradiated object.
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