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Abstract

Many hot and ultra-hot Jupiters have inflated radii, implying that their interiors retain significant entropy from
formation. These hot interiors lead to an enhanced internal heat flux that impinges upon the atmosphere from
below. In this work, we study the effect of this hot interior on the atmospheric circulation and thermal structure of
hot and ultra-hot Jupiters. To do so, we incorporate the population-level predictions from evolutionary models of
hot and ultra-hot Jupiters as input for a suite of general circulation models (GCMs) of their atmospheric circulation
with varying semimajor axis and surface gravity. We conduct simulations with and without a hot interior, and find
that there are significant local differences in temperature of up to hundreds of Kelvin and in wind speeds of
hundreds of meters per second or more across the observable atmosphere. These differences persist throughout the
parameter regime studied, and are dependent on surface gravity through the impact on photosphere pressure. These
results imply that the internal evolution and atmospheric thermal structure and dynamics of hot and ultra-hot
Jupiters are coupled. As a result, a joint approach including both evolutionary models and GCMs may be required
to make robust predictions for the atmospheric circulation of hot and ultra-hot Jupiters.

Unified Astronomy Thesaurus concepts: Hot Jupiters (753); Exoplanet atmospheres (487); Planetary atmospheres

(1244); Exoplanet structure (495); Exoplanet atmospheric dynamics (2307)

1. Introduction

Many transiting hot and ultra-hot Jupiters have radii larger
than expected from standard evolutionary models of irradiated
gas giants (Fortney et al. 2010; Baraffe et al. 2014). This
implies that they have a high-entropy internal convective zone
and a hot central temperature (Ginzburg & Sari 2015) to sustain
these bloated radii. There is an observed dependence of
planetary radius on irradiation (Demory & Seager 2011;
Laughlin et al. 2011), which implies that the mechanism that
sustains the high interior entropy of hot and ultra-hot Jupiters is
deposition of a fraction of incident stellar flux as heat in the
interior (Thorngren & Fortney 2018; Sarkis et al. 2021;
Thorngren et al. 2021). This further indicates that the
atmosphere has an important role in regulating interior heat
deposition, either through current generation in the atmosphere
and resulting ohmic dissipation (Batygin & Stevenson 2010;
Perna et al. 2010; Rauscher & Menou 2013; Wu &
Lithwick 2013; Rogers & Komacek 2014; Ginzburg &
Sari 2016) or effective downward heat transport by the
atmospheric circulation itself (Guillot & Showman 2002;
Showman & Guillot 2002; Youdin & Mitchell 2010; Tremblin
et al. 2017).

The high interior entropy of hot and ultra-hot Jupiters
necessitates that they have a high internal heat flux consistent
with their radius evolution (Thorngren et al. 2019). However,
many previous hot Jupiter general circulation models (GCMs;
e.g., Showman et al. 2009; Heng et al. 2011; Rauscher &
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Menou 2012; Komacek et al. 2017) did not consider the impact
of this enhanced internal heat flux on atmospheric circulation.
More recent work has studied the coupled nature of the interior
evolution and atmospheric dynamics of hot and ultra-hot
Jupiters, revising the standard model of their atmospheric
circulation (for recent reviews covering the atmospheric
circulation of hot and ultra-hot Jupiters, see Showman et al.
2020, Zhang 2020, and Fortney et al. 2021). This includes
GCMs conducted with deep and/or long-timescale integrations
(Mayne et al. 2017; Carone et al. 2020; Mendonca 2020),
which can assess whether the deep layers could converge to an
adiabat at depth (Sainsbury-Martinez et al. 2019, 2021;
Schneider et al. 2022b). Alternatively, recent work by Lian
et al. (2022) has incorporated interior thermal perturbations that
mimic convection in simulations of irradiated giant planets,
finding that waves triggered by the internal forcing pattern can
in turn affect the shallow atmospheric circulation.

In this work, we consistently incorporate predictions from
the population-level interior-evolution models of Thorngren &
Fortney (2018) and Thorngren et al. (2019) as bottom boundary
conditions in three-dimensional GCMs of the atmospheric
circulation of hot and ultra-hot Jupiters. We conduct a large
suite of simulations across a range of semimajor axis (i.e.,
irradiation) and surface gravity, both with a consistently hot
interior and with the standard assumption of a relatively cold
interior. We find that there are significant differences in the
predicted thermal structure and wind pattern between the cases
with and without a hot interior, and that these differences
persist across the parameter regime of semimajor axis and
surface gravity considered.

This work is outlined as follows. We describe our GCM
setup in Section 2, including the parameter sweep of our GCM
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suite covering interior assumptions, semimajor axis, and
surface gravity. We present results for the influence of the
interior on atmospheric circulation in Section 3. Lastly, we
discuss our results and limitations and summarize our
conclusions in Section 4.

2. General Circulation Model Setup
2.1. Dynamical Core and Radiative Transfer

In this work, we conduct simulations of hot and ultra-hot
Jupiters with the MITgcm (Adcroft et al. 2004) coupled to the
two-stream TWOSTR package (Kylling et al. 1995) of the
DISORT radiative-transfer code (Stamnes et al. 1988). We use
the ultra-hot Jupiter version of the MITgcm that has been
modified to take into account the thermodynamic impact of
hydrogen dissociation and recombination on atmospheric
dynamics (Tan & Komacek 2019; Mansfield et al. 2020a; May
et al. 2021; Komacek et al. 2022). This GCM solves the
primitive equations of meteorology on a cubed-sphere grid,
including the thermodynamic impact of hydrogen dissociation
and recombination in the energy-conservation equation along
with the resulting spatial variation in specific gas constant and
heat capacity as described in Tan & Komacek (2019).
Following Tan & Komacek (2019), Mansfield et al. (2020a),
and May et al. (2021), we include the thermodynamic effects of
hydrogen dissociation and recombination assuming an atmos-
phere comprised purely of hydrogen, and do not include recent
updates by Komacek et al. (2022) to incorporate inert helium.
We use a double-gray radiative-transfer scheme with one
visible and one infrared opacity band, with the same pressure-
dependent opacity formulation as Tan & Komacek (2019).
Double-gray radiative-transfer schemes have been used in
many recent studies of exoplanet atmospheric dynamics (e.g.,
Dietrick et al. 2020; May & Rauscher 2020; Mendonca 2020;
Roman et al. 2021; Beltz et al. 2022; Komacek et al. 2022), and
allow for the exploration of a broad parameter space (see
Section 2.2) while retaining a physically realistic treatment of
radiation.

2.2. Parameter Sweep

In order to ascertain the impact of interior evolution on the
atmospheric circulation, we consider two separate assumptions
for the bottom boundary in the radiative-transfer scheme,
resulting in two separate suites of GCM simulations. The first
suite of GCM simulations (which we term “fixed flux”)
imposes a fixed net flux at the bottom boundary of the GCM
(Showman et al. 2009; Rauscher & Menou 2012; Kataria et al.
2015), corresponding to an intrinsic temperature T;, = 100 K,
which is comparable to previous GCM studies (e.g., Showman
et al. 2009; Heng et al. 2011; Kataria et al. 2015). Models in the
second suite (which we term “hot interior”) use a bottom
boundary condition with a specified total (not net) upward heat
flux (e.g., Dobbs-Dixon & Agol 2013; Mendonca 2020), which
effectively relaxes the temperature at the bottom boundary (at
100 bars, which we term T;o) toward the desired value
informed by the evolutionary model (May et al. 2021;
Komacek et al. 2022). The hot-interior suite with a prescribed
bottom temperature mimics vigorous deep convection that
connects the deep domain of the GCM to the interior profile.

For each case of bottom boundary condition, we conduct a
grid of models varying the semimajor axis around a solar-type
host star (0.0125 au, 0.015 au, 0.0175 au, 0.02 au, 0.025 au,
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0.03 au, and 0.04 au)® and the surface (1 bar) gravity (4m s >
and 10 m s~ ?). We use corresponding 100 bar temperatures in
the hot-interior cases from the combined interior-atmosphere
simulations of Thorngren et al. (2019), Gao et al. (2020).” As in
Thorngren et al. (2019), we consistently vary the radius with
surface gravity and semimajor axis in order to take into account
the dependence of the deposited heating that causes radius
inflation on irradiation (Thorngren & Fortney 2018; Sarkis
et al. 2021). In order to study the effects of interior heat flux,
semimajor axis (i.e., instellation), and surface gravity on the
atmospheric dynamics, as in Tan & Komacek (2019) we keep
the rotation period fixed at P, = 2.43 days. As a result, though
these simulations assume tidal locking, the rotation period does
not consistently vary with irradiation,® in order to keep the
Coriolis parameter fixed and isolate the combined impacts of
irradiation and interior heat flux. In summary, we conduct 14
cases for each interior assumption over seven values of
irradiation and two values of surface gravity, resulting in a
total of 28 GCMs in our combined suite.

2.3. Numerical Details

As in Komacek et al. (2022), all simulations contain a weak
Rayleigh drag throughout the domain with a characteristic drag
timescale Tarag uniform = 107 s. Similarly to Liu & Showman
(2013) and Komacek & Showman (2016), each simulation has
a deep basal drag with a characteristic timescale that decreases
linearly in pressure from Tgpgpasqg =00 at 10 bars to a
characteristic drag of Tgrag pasal = 10° s at the bottom of the
domain (analogous to Equation (12) of Komacek & Show-
man 2016). This drag is applied in order to ensure that each
simulation can reach an equilibrated state near the photosphere
independent of initial conditions (Liu & Showman 2013),
limiting any potential hysteresis (Thrastarson & Cho 2010;
Sergeev et al. 2022). The resulting specific drag force applied
in the momentum equation at each individual pressure level is
then ﬁirag = —V/ min (Tdrag,uniform’ Tdrag,basal)~ We choose this
drag formalism in order to assess the impacts of interior
assumptions using a similar model setup to previous hot and
ultra-hot Jupiter simulations with the MITgcm (e.g., Liu &
Showman 2013; Komacek et al. 2017). In order to assess the
influence of our frictional drag prescription on the results, we
also conducted simulations without a deep bottom drag, which
are discussed further in the Appendix.

Simulations are conducted with a horizontal resolution of
C48, which approximately corresponds to 192 longitudinal and
96 latitudinal grid points, with 70 vertical levels evenly spaced
in log-pressure from 100 bar to 10 pbar. Note that Carone et al.
(2020) demonstrated the influence of the assumed bottom
boundary pressure on the shallower atmospheric dynamics.
Due to the challenges of reaching an equilibrated state with a
thick atmosphere, we leave such deep and long-timescale
integrations with the MITgcm to future work. The dynamical
timestep for each simulation is 10 s and the radiative-transfer

6 These correspond to full-redistribution, zero-albedo equilibrium tempera-
tures of 2494.8 K, 2277.4 K, 2108.5 K, 1972.3 K, 1764.1 K, 1610.4 K, and
1394.6 K.

7 In the case with a surface gravity of 4 m s~ 2 the 100 bar temperatures for
each semimajor axis are 4708.4 K, 4654.1 K, 4593.3 K, 4533.3 K, 4405.4 K,
4265.6 K, and 3864.8 K; with a surface gravity of 10 m s~ they are 4432.8 K,
4405.7 K, 4359.5 K, 4313.2 K, 4191.8 K, 4047.3 K, and 3562.1 K.

8 Note that for our assumed stellar and planetary parameters, the rotation
period would vary from 0.51 to 2.92 days with increasing semimajor axis from
0.0125 to 0.04 au.
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timestep is 20s. All simulations were continued until they
reached an equilibrated state in domain-integrated kinetic
energy, which corresponds to a run time of 3500 Earth days.
The domain-integrated thermal energy is equilibrated for our
hot-interior cases, while the thermal energy in fixed-flux cases
is equilibrated only at p < 20 bar, sufficient for comparing the
effect of interior evolution on the circulation near the
photosphere. All results presented in this manuscript are
time-averages over the last 500 Earth days of each simulation.

3. Results
3.1. Effect of Interior Heat Flux on Atmospheric Circulation

Before comparing the results from our full grid of
simulations with varying irradiation and surface gravity in
Section 3.2, here we first study the impact of interior
assumptions on the hottest cases in our model grid: an ultra-
hot Jupiter with a full-redistribution equilibrium temperature of
2495 K.

3.1.1. Temperature Structure

Figure 1 shows temperature maps on isobars for the hottest
case with a surface gravity g =4 ms 2 for both the fixed-flux
(left) and hot-interior (middle) assumptions, along with the
local difference in temperature between the two simulations
(right). There are significant local differences in temperature
between the two simulations at all pressures shown. Notably,
the fixed-flux case has a globally hotter temperature at 10 bars
than the hot-interior case, while at p < 1 bar the hot-interior
case can be warmer than the fixed-flux case locally. The
temperature differences between the two cases become more
localized with decreasing pressure, and at pressures of 10-100
mbars are largest in the region of the equatorial jet and
midlatitude Rossby wave crests and troughs. The largest local
temperature differences at the 1 mbar pressure level occur in
regions of localized convergence that cause downwelling and
adiabatic warming, described as local chevron-shaped features
by Beltz et al. (2022).° At pressures <1 mbar, the local
temperature contrasts decrease with decreasing pressure, with
maximum local temperature contrasts of 40 K at 10 pybar (not
shown).

Figure 2 shows the temperature—pressure profiles averaged
across latitude at the antistellar, west limb, substellar, and
eastern limb longitudes with both fixed-flux (solid line) and
hot-interior (dashed line) assumptions for the cases of a surface
gravity of 4ms~> (as shown in Figure 1, top) and 10 ms >
(bottom). The most notable difference is the lack of a thermal
inversion near the bottom of the domain in the hot-interior case,
which has been proposed to lead to cold trapping of
condensible species at depth (Parmentier et al. 2016). The
thermal inversion near the bottom of the domain in our fixed-
flux cases occurs because the thermal structure in the deepest
regions of the atmosphere is still evolving to an equilibrated
state due to the long thermal adjustment timescales at depth
(Sainsbury-Martinez et al. 2019; Schneider et al
2022a, 2022b). Meanwhile, there is no appreciable time-
evolution in the temperature profiles of both the fixed-flux and

° These are distinct from the global-scale chevron pattern described by

Showman & Polvani (2011), which is caused by the differential phase shift of
Kelvin and Rossby waves that induces northwest—southeast wind vector tilts in
the northern hemisphere and corresponding southwest—northeast tilts in the
southern hemisphere.

Komacek et al.

hot-interior cases at pressures <10bars. We find colder
temperatures at the 1-10 bar level in the hot-interior case even
though the temperature at 100 bars is significantly warmer than
in the fixed-flux case. As for the local temperature maps in
Figure 1, the meridional-mean temperature differences
between the fixed-flux and hot-interior cases are significant
throughout the atmosphere for both gravities. There are
increased temperature contrasts between the two limbs in the
hot-interior case (largest in the higher-gravity case), which
could enhance the limb-to-limb inhomogeneity in cloudiness
and transmission spectra (Powell et al. 2019; Espinoza &
Jones 2021). Note that the deep temperature is cooler in the
hot-interior cases with a higher gravity. This is because
evolutionary models (Thorngren & Fortney 2018) predict a
cooler T for higher-gravity cases with a given internal heat
flux due to the reduced thickness of higher-gravity
atmospheres.

3.1.2. Wind Speeds

As shown by the streamlines in Figure 1, the wind pattern at
pressures =100 mbars differs between cases with varying
interior assumptions. This is most notable at high pressures
(p ~ 10 bars), where the fixed-flux case has two westerly
midlatitude jets and the hot-interior case is characterized by
nearly isotropic flow. Additionally, the location and shape of
the Rossby gyres (midlatitude cyclones and anticyclones) at the
1 bar—100 mbar level differs between the two cases, as the
fixed-flux case exhibits a dayside midlatitude anticyclone east
of the substellar longitude while the hot-interior case has a
dayside midlatitude cyclone west of the substellar longitude.
Even at a near-photospere pressure of 28 mbar, the longitude of
the Rossby wave crest (measured in eddy temperature) lies 9.4°
further east in the hot-interior case relative to the fixed-flux
case. This demonstrates that the planetary-scale standing wave
pattern that both induces and is Doppler shifted by the
superrotating equatorial jet (Showman & Polvani 2011; Tsai
et al. 2014; Hammond & Pierrehumbert 2018; Lewis &
Hammond 2022) is affected by the assumed interior heat flux
and resulting deep atmospheric structure.

The impact of interior assumptions on the planetary-scale
wave pattern that drives the equatorial jet in turn implies that
the assumed interior properties can affect atmospheric wind

speeds. Figure 3 shows the horizontal wind speed (i.e.,
\;uz + v2, where u is the zonal wind and v is the meridional
wind) on isobars from the fixed-flux (left) and hot-interior
(center) cases, along with their difference (right). As discussed
above, the different spatial patterns of the wind speeds at depth
between the two cases leads to significant contrasts in wind
speed in the midlatitudes. The difference in wind speed
between the two cases increases with decreasing pressure, with
the largest wind speed differences found in the core of the
superrotating equatorial jet at p = 1 bar — 100 mbars and on the
nightside in regions of midlatitude cyclonic flow at
p =10 mbars — 1 mbar that are spatially offset between the
two cases. The average difference in horizontal wind speed at
the terminator between the two cases at 1 mbar (roughly the
level probed in high-resolution transmission spectroscopy; see
Kempton & Rauscher 2012; Showman et al. 2013; Flowers
et al. 2019) is only 208 ms . However, the differences in
components of the wind vectors can be larger than the
differences in wind speeds—for instance, the difference in
the limb-averaged zonal winds between the two cases is
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Figure 1. Temperature maps with overlaid wind streamlines plotted on isobars for the fixed-flux and hot-interior cases with @ = 0.0125 au and g =4 m 572, along

with the difference in temperature between the two cases (fixed-flux temperature minus hot-interior temperature). Streamline width scales with wind speed, but each
panel has a separate streamline scale in order to discern qualitative differences in flow patterns. All panels in the two leftmost columns and in the rightmost column,
respectively, share a color scale. The dot at the center of each map displays the substellar point. Due to the difference in interior assumptions, there are significant
differences in the domain-wide temperature at 10 bars. Local temperature differences between the two simulations persist even to low pressures of ~1 mbar.

935ms ', which is comparable to the characteristic present-
day observational uncertainty in ground-based, high-resolution
transmission spectra (Ehrenreich et al. 2020; Kesseli &
Snellen 2021).

We also find a difference in the strength of the equatorial jet
between the two cases. For instance, the zonal-mean zonal
wind speed at 100 mbars (near the core of the jet) at the equator
is 604 m s~ " larger in the fixed-flux case than in the hot-interior
case, a 15.7% difference. As a result, assumptions for the
interior heat flux can influence the jet speed at a comparable
level to the effect of numerical dissipation (Heng et al. 2011;
Koll & Komacek 2018; Hammond & Abbot 2022). Though we
do not conduct a thorough analysis of the effect of interior
assumptions on the wave—-mean flow interactions that drive the
superrotating jet, we speculate that the more uniform interior
forcing in the hot-interior case leads to the weaker jet speed. In
principle, the jet speed is regulated by the amplitude of
planetary-scale standing waves and resulting eddy—-mean flow
interactions (Showman & Polvani 2011), implying that

reductions in the day-night forcing will lead to a slower
equatorial jet.

3.2. Consistently Varying Irradiation and Interior Heat Flux
3.2.1. Low Gravity

We find that differences in simulated climate between the
fixed-flux and hot-interior cases extend throughout the
parameter space of instellation and surface gravity considered.
Figure 4 shows the near-photospheric'® temperature and winds
from the cases with a low surface gravity of 4ms ? and
varying semimajor axis from 0.0125 to 0.04 au. All cases are
characterized by a significant day—night temperature contrast
that drives a planetary-scale wave pattern and concomitant
eastward equatorial jet and hot-spot offset (Pierrehumbert &
Hammond 2019; Showman et al. 2020). However, local

2 is at 26.3 mbar, and
2 is at 55.6 mbar.

9 The thermal photosphere in the cases with g =4 m s
the thermal photosphere in the cases with g = 10 m s~
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Figure 2. Meridional-mean temperature profiles at the antistellar point, west
limb, substellar point, and east limb in cases without (solid lines) and with
(dashed lines) a hot interior. Both panels show results from simulations with
a=0.0125 au, and the top panel shows the case of a surface gravity
g=4m s~ while the bottom panel shows g=10m s 2 Temperature
differences between the two cases are largest at pressures 1 bar due to the
hotter 100 bar temperature in the hot-interior case. However, meridional-mean
temperature differences between the two cases persist to the top of the
simulation domain.

differences in temperature between the fixed-flux and hot-
interior cases of up to 10% occur for all semimajor axes
considered. These local temperature differences generally peak
in the midlatitude nightside and are due to the relative positions
of the troughs of the Rossby component of the Matsuno—Gill
pattern. Additionally, the fixed-flux cases with a small
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semimajor axis a < 0.0175au are hotter on the equatorial
nightside, linked to the faster equatorial jet discussed above.

We find that in the low-gravity cases, global metrics are less
dependent on interior assumptions than local climate proper-
ties. Regardless of interior assumptions, we find that the
fractional day—night temperature contrast
(AT =1 — Tyight/ Taay) slightly increases between the 0.0125
au and 0.02 au cases due to the weakening effects of hydrogen
dissociation and recombination (Tan & Komacek 2019), and
then decreases toward cooler planets as expected from Perna
et al. 2012; Perez-Becker & Showman 2013, and Komacek &
Showman (2016). The maximum percent difference in
fractional day-—night temperature contrast between the two
cases for any semimajor axis with g=4ms > is 2.0%,
implying that photospheric heat transport is not greatly
impacted by interior assumptions. Additionally, the largest
difference in the longitudinal shift of the equatorial photo-
spheric temperature maximum from the substellar point
between the fixed-flux and hot-interior case in the cases with
g=4ms Zis —5.6° (with the hot-interior case having a more
eastward offset than the fixed-flux case), and in all other cases
with varying semimajor axis the magnitude of the difference is
<4°. As a result, we expect that the impact of interior
assumptions on large-scale emergent properties is limited for
low-gravity planets.

3.2.2. Higher Gravity

Given that varying gravity alone only causes a vertical
rescaling of the solution to the dry hydrostatic primitive
equations (Thomson & Vallis 2019), the greatest impacts of
surface gravity on the simulated climate in our GCMs are
through the effect on the photosphere pressure and the assumed
internal heat flux. As discussed in Sections 2.2 and 3.1, the hot-
interior cases with a higher gravity have a lower internal heat
flux. Conversely, a higher gravity increases the pressure at
which the atmosphere becomes optically thick for both
incoming stellar and outgoing thermal radiation, given an
equivalent opacity profile.

Figure 5 shows near-photospheric temperature and wind
maps equivalent to those in Figure 4 but for the cases with
g=10ms 2 We find that higher gravity strengthens the
impact of a hot interior: the local differences in near-
photospheric temperature between the fixed-flux and hot-
interior cases are larger in the simulations with g =10ms >
than in those with g =4 m s~ 2, and can exceed 20% locally. As
in the lower-gravity case, the largest differences generally
occur in the midlatitudes and are due to relative shifts in the
location of the midlatitude Rossby gyres.

Similarly to the local photospheric temperature, in the
higher-gravity case we find larger differences between interior
assumptions in planetary-scale quantities. The maximum
percent difference in the fractional day-night temperature
contrast between the fixed-flux and hot-interior cases occurs in
the a =0.0125 au case and is 5.1%, over twice as large as the
maximum difference in the low-gravity case. We find that in
the higher-gravity cases the day—night temperature contrast is
always larger in the fixed-flux case than in the hot-interior
cases.

We also find that the largest difference in the longitudinal
offset of the hottest point at the infrared photosphere on the
equator is —11.3° (with the hot-interior case having a more
eastward offset). The hot-spot offset is more eastward in the
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Figure 3. Horizontal wind speed on isobars for the fixed-flux and hot-interior cases with @ = 0.0125 au, along with the difference in wind speed between the two cases
(fixed-flux wind speed minus hot-interior wind speed). For the fixed-flux and hot-interior columns, each row shares a color scale for wind speed. However, each plot in
the difference column has a different color scale for the difference in wind speed. The fixed-flux case has a stronger equatorial jet than the hot-interior case, and local
differences in wind speed on the order of kilometers per second occur at pressures <1 bar, with maximum local wind speed differences increasing with decreasing

pressure.

hot-interior case than in the fixed-flux case for all semimajor
axes considered with g =10ms 2, except the 0.03 au case
where the offsets are equivalent. Given that the effect of
interior assumptions on climate at observable pressure levels
increases with increasing gravity, we suggest that the interior
evolution may be especially relevant when making quantitative
predictions for the atmospheric circulation of hot and ultra-hot
Jupiters that have higher gravities and/or deeper photospheres.

3.2.3. Phase Curves

In order to assess the impact of interior assumptions on
hemisphere-integrated observable properties, we calculate
bolometric thermal phase curves from our full suite of
simulations using the method of Komacek et al. (2017). The
left-hand panels of Figure 6 show our simulated phase curves
in infrared brightness temperature as a function of subobserver
longitude from all simulations in our primary model grid with
varying semimajor axis, gravity, and interior assumptions. As
in our photospheric temperature maps, shown in Figures 4 and

5, we find that the difference between the simulated phase
curves of hot-interior and fixed-flux cases is larger for higher
gravity. We also find that the differences between the phase
curves calculated with different interior assumptions decrease
with increasing semimajor axis.

From these simulated phase curves, we calculate the phase-
curve offset as the difference between the subobserver
longitude of the peak hemisphere-averaged thermal flux,
Fi.x, and the substellar longitude, with positive values
corresponding to an eastward offset. We also calculate the
normalized phase-curve amplitude as (Fuax — Fnin )/ Fraxs
where F,;, is the minimum hemisphere-averaged thermal flux
flux over all subobserver longitudes. The resulting phase-curve
offset and amplitude for each simulation in our grid of models
is shown on the right-hand side of Figure 6. As discussed in
Section 3.2.1, the effects of hydrogen dissociation and
recombination cause a nonmonotonic trend in the phase-curve
amplitude and offset for a < 0.02 au. Additionally, the chan-
ging vertical structure with planetary parameters and interior
assumptions can affect the eddy component of the flow and
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Figure 4. Temperature maps with overlaid wind streamlines at 28 mbar for cases with a surface gravity of 4 m s~ 2 and varying semimajor axis a = 0.0125—0.04 au,
along with the local percent difference in temperature between the fixed-flux and hot-interior cases. Streamline width scales with wind speed, and all panels in the two
leftmost columns and in the rightmost column, respectively, share a color scale. Local near-photospheric temperature differences of up to ~10% occur in all
simulations, with the largest differences occurring in midlatitudes on the nightside.

impact the phase-curve offset (Tsai et al. 2014; Lewis &
Hammond 2022). We find that the phase-curve offset and
amplitude are comparable between the fixed-flux and hot-
interior cases for g:4ms72, but the predicted offset and
amplitude differ more for g = 10 ms~2. Most notably, we find
that the difference in phase-curve offsets with g=10ms™?2
increase with decreasing semimajor axis, with a maximum
difference of 9.4° between the hot-interior and fixed-flux cases.

As a result, the effect of interior assumptions on the
longitudinal shift of the Matsuno—Gill pattern (discussed in
Section 3.1.2) is directly imprinted on the resulting phase-curve
offset, with more eastward offsets in cases with a hot interior
and small semimajor axis.
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Figure 5. As in Figure 4, but showing temperature maps with overlaid wind streamlines at 57 mbar for cases with a surface gravity of 10 m s™* and varying semimajor
axis, along with the local percent difference in temperature between the fixed-flux and hot-interior cases. Maximum local near-photospheric temperature differences
are larger than in the lower-gravity case due to the higher photosphere pressure, and similarly peak in midlatitudes on the nightside.

4. Discussion and Conclusions

As in the one-dimensional models of Thorngren et al.
(2019), we find that the stratification of the deep atmosphere is
greatly reduced in the presence of a hot interior. The deep
thermal structure in the case of a hot interior will limit the
expected cold trapping of condensates (Spiegel et al. 2009;
Parmentier et al. 2016), allowing condensible vapor to be
mixed to lower pressures. Additionally, the modified deep
thermal structure will affect disequilibrium chemistry by

changing the vertical quench pressure (Smith 1998; Moses
et al. 2011; Fortney et al. 2020), which will in turn affect the
resulting spatial distribution and abundance of disequilibrium
species through three-dimensional mixing (Cooper & Show-
man 2006; Steinrueck et al. 2019; Drummond et al. 2020;
Zamyatina et al. 2022).

Conversely, our hot interior results broadly agree with the
expectations of long-baseline GCMs that find that the
stratification of the deep atmosphere reduces as it adjusts to a
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Figure 6. Left: bolometric infrared brightness temperature as a function of subobserver longitude with varying semimajor axis (colors, darker lines correspond to
smaller separations) and interior assumptions (linestyles, solid lines correspond to fixed-flux cases while dashed lines correspond to hot-interior cases) for simulations
with a surface gravity of 4 ms~2 (top) and 10 m s~ (bottom). Right: phase-curve offset (top) and normalized phase-curve amplitude (bottom) as a function of
semimajor axis for cases with a fixed flux (solid lines) and hot interior (dashed lines) with a surface gravity of 4 m s72 (blue) and 10 m s~2 (orange). We find that the
effect of interior assumptions on the phase-resolved emission is larger for higher-gravity planets.

near-adiabat (Sainsbury-Martinez et al. 2019; Schneider et al.
2022b). As such, though here we isolate the effect of the
interior evolution on atmospheric dynamics, these results are
potentially congruent with the prediction that downward heat
transport by the atmospheric circulation reduces the interior
cooling rate of hot and ultra-hot Jupiters, leading to bloated
radii (Guillot & Showman 2002; Showman & Guillot 2002;
Youdin & Mitchell 2010; Tremblin et al. 2017).

JWST is expected to robustly constrain the temperature—
pressure profiles of hot Jupiters to at least the ~ +30K level
through phase-curve observations (Bean et al. 2018; Rigby
et al. 2022). JWST will further constrain the dayside
temperature map for a broad range of hot and ultra-hot Jupiters
using the secondary-eclipse mapping technique (Rauscher et al.

2007; Mansfield et al. 2020b). Given that the impact of
including a hot interior on the local temperature can reach
hundreds of Kelvin, it is plausible that interior assumptions will
impact the ability of GCMs to match time-series observations
of hot and ultra-hot Jupiters.

Notably, the interior assumption can potentially impact the
interpretation of spectroscopic phase curves with JWST. This is
because the effect of the interior on thermal structure will be
magnified in continuum regions that probe higher pressures on

the nightside (Dobbs-Dixon & Cowan 2017), though nightside
clouds might hide this effect (Gao & Powell 2021; Parmentier
et al. 2021; Roman et al. 2021). Though the broadband Spitzer
phase curve of WASP-76b showed no direct evidence for the
impact of the interior on atmospheric circulation (May et al.
2021), Fortney et al. (2017) and Thorngren et al. (2019)
describe how spectroscopic JWST observations could probe the
internal adiabat in window regions with little water opacity for
highly inflated hot Jupiters. Additionally, planets with a hot
interior will have a greater CO/CH, ratio at the quench point
(Moses et al. 2011; Venot et al. 2012). This implies that the
resulting disequilibrium chemistry due to mixing will cause
carbon in the atmospheres of planets with hot interiors to be
predominantly contained in CO rather than CH, (Thorngren
et al. 2019). As a result, the hypothesis that the interior
evolution impacts the atmospheric circulation of hot and ultra-
hot Jupiters may be testable with JWST phase curves and
secondary-eclipse mapping.

However, we caution that implementation of the expecta-
tions from interior-evolution models into GCMs with nongray
radiative transfer is required to provide quantitative predictions
for thermal structure, as the lack of coupling to wavelength-
dependent radiative transfer is a critical limitation of this study.
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Figure 7. As in Figure 1, but from simulations with no additional deep frictional drag applied and g = 4 m s2. Similar to our results including a deep frictional drag,
we find that there is a significant difference in the temperature structure between the fixed-flux and hot-interior cases. Notably, we find that the maximum local
differences in temperature between the two interior assumptions can be larger in the cases without a deep frictional drag than in our main suite of GCMs.

Future work determining the wavelength-dependent impact of
interior assumptions could guide observing strategies to
determine the effect of interior heat flux on observable
properties of ultra-hot Jupiters. The other key limitation of
this work is that the simulations were not conducted over the
long (~10*-10’ day) baseline required to reach an equilibrated
state in the deep atmosphere without the need for a prescribed
term in the momentum equation (Liu & Showman 2013).

In

that

1.

However, unlike previous work studying the deep dynamics of
hot and ultra-hot Jupiters, in this work we included the
thermodynamic effect of hydrogen dissociation and recombi-
nation. This effect can act as a buffer that reduces the impact of
interior heating on ultra-hot Jupiters due to the additional
energy input required to both warm gas and liberate hydrogen

from molecular to atomic form (Roth et al. 2021). We propose

that further work along the lines of Mayne et al. (2017),
Sainsbury-Martinez et al. (2019), Carone et al. (2020),
Mendonca (2020), and Schneider et al. (2022a, 2022b) that
includes nongray radiative transfer, hydrogen dissociation and
recombination, and incorporates predictions from evolutionary

models is required to study how interior evolution impacts the

deep atmospheric dynamics of hot and ultra-hot Jupiters.

10

brief, in this work we conducted suites of GCM

simulations of hot and ultra-hot Jupiters with and without
interior heat fluxes consistent with their inflated radii. We find

these differences in interior assumptions can have

significant consequences for the atmospheric circulation and
thermal structure of hot and ultra-hot Jupiters. Below we
outline our key conclusions.

The internal evolution and atmospheric circulation of hot
and ultra-hot Jupiters are coupled through the impact of
the interior heat flux on atmospheric thermal structure. As
a result, including the interior heat flux that corresponds
to the inflated radii of hot and ultra-hot Jupiters in GCM
simulations affects the predicted temperature pattern and
wind speeds throughout the atmosphere.

. The global differences in thermal structure between cases

with and without a hot interior are largest at pressures of
21 bar, but local differences of hundreds of K can persist
to ~1 mbar. Local differences in wind speeds can be
several hundreds of meters per second or more, and
increase with decreasing pressure.

. The effect of interior assumptions on the thermal

structure of hot and ultra-hot Jupiters may impact the
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Figure 8. As in Figure 1, but from simulations with no additional deep frictional drag applied and g = 10 m s . Similar to our results for g =4 ms 2 shown in
Figure 7, we find that differences between the fixed-flux and hot-interior assumptions are still significant when not including an additional deep frictional drag.

interpretation of JWST and high-spectral-resolution
ground-based observations. In our GCMs with a higher
gravity, cases with a hot interior generally have a larger
hot-spot offset and smaller day—night temperature con-
trast than those without. As a result, we expect that the
effect of the internal evolution on observed thermal
emission may be important on planets with a deep
photosphere, including high-gravity and/or low-metalli-
city objects.

4. A prediction for the interior heat flux from an
evolutionary model consistent with the planetary radius
should be used as input for GCMs of hot and ultra-hot
Jupiters in order to fully incorporate the impact of internal
evolution on atmospheric circulation and thermal
structure.
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Appendix
GCM Simulations without Deep Frictional Frag

In order to investigate the dependence of our results on
numerical assumptions, we conducted an additional set of
GCM simulations without an applied deep basal drag. Given
that our main suite of simulations uses a basal drag that damps
the deep circulation at p > 10 bars, it is imperative to determine
the extent to which this basal drag assumption affects the
results from our main suite of GCMs. Specifically, we our
sensitivity tests include four additional simulations covering
both the fixed-flux and hot-interior assumptions and
g=4ms % and 10ms 2 Besides the removal of the deep
basal drag, in order to facilitate direct comparison these models
have the same numerical setup and integration time as our main
suite of GCMs described in Section 2.3.


http://hpcc.umd.edu
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Figures 7 and 8 show temperature and wind maps on isobars
for the fixed-flux and interior cases along with the temperature
contrast between the two cases, analogous to Figure 1 but for
cases that do not include an additional frictional drag at the
bottom of the domain. Figure 7 is directly comparable to
Figure 1, as the only difference between the models shown is
the presence or absence of additional basal drag. We find that
the cases without a deep basal drag show spatial patterns of
temperature differences between the fixed-flux and hot-interior
cases that are qualitatively similar to those with a basal drag.
Both cases with and without basal drag show that the fixed-flux
case is globally hotter at 10 bars, but at pressures <100 mbar
the differences become largest in the Rossby gyres and
localized region of adiabatic warming on the nightside near
the eastern terminator. Notably, we find that the local
differences in temperature at low pressures are larger in cases
without a basal drag. Our simulations with g = 10m s~ and no
additional deep drag also show a similar qualitative spatial
dependence on the temperature contrasts between fixed-flux
and hot-interior cases with varying pressure level, and show a
larger difference in temperature structure when not including
the deep frictional drag.
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