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No. 1, 2010 HAT-P-7b SECONDARY ECLIPSE MEASUREMENTS 103

Table 3
HAT-P-7b Spitzer IRAC Secondary Eclipse Measurements

Wavelength (µm) Depth (MCMC) Depth (Rosary) Time (BJD) O-C (minutes) Tb (K)

3.6 0.098% ± 0.017% 0.099% ± 0.014% 2,454,768.05200 ± 0.0035 7.20 ± 5.04 2250 ± 180
4.5 0.159% ± 0.022% 0.162% ± 0.016% 2,454,770.26413 ± 0.0039 −3.17 ± 5.62 2600 ± 210
5.8 0.245% ± 0.031% 0.256% ± 0.029% · · · · · · 3190 ± 280
8.0 0.262% ± 0.027% 0.225% ± 0.052% · · · · · · 3100 ± 240

Our model has 15 free parameters, and we have at hand only
five observational constraints. Consequently, the data allow a
large number of solutions at any level of fit. Therefore, we
nominally define “best-fit” models as those that fit the data
to within the 1σ errors shown in Figure 7. An exhaustive
exploration of the fifteen-dimensional model parameter space
is beyond the scope of the present study. Nevertheless, based on
strategies outlined in Madhusudhan & Seager (2009), we have
been able to empirically assess the region in the parameter space
that best explains the data. Figure 7 shows one representative
model that provides a best fit to the observations. The red circles
with error bars are the data and the green circles are the bandpass
integrated model points. The red dotted lines show the Kepler
and Spitzer bandpasses. The black curve is the model fit. The
blue dashed curves show two black-body spectra corresponding
to 2029 K and 2974 K. The orange dashed curve shows a a
black-body spectrum at 2600 K, for reference. The inset shows
a zoom-in of the Kepler point and the model in the 0.4–1.0 µm
range. The cyan and purple curves in the inset show the thermal
emission and scattered light, respectively. Figure 8 shows the
pressure–temperature (P–T) profile of the model atmosphere.

We find that all of our best-fit models require a thermal inver-
sion to fit the data. A thermal inversion is strongly suggested by
the high flux ratio in the 4.5 µm channel of Spitzer compared
to the 3.6 µm channel, in addition to the high flux ratios in the
5.8 and 8 µm channels. The emission features in the 4.5 µm and
5.8 µm channels are due to CO and H2O, respectively. The fea-
tures in the 3.6 µm and 8 µm channels are predominantly due to
CH4. The molecular mixing ratios (with respect to H2) for the
model shown in Figure 7 are H2O = 1.0−3, CO = 1.0−3, CH4 =
1.0−6, and no CO2. If we relax the model assumption of ther-
mochemical equilibrium and allow a “best fit” to the data to be
defined by 1.25σ errors, it is possible to generate suitable mod-
els that do not have a thermal inversion. However, these models
require an overabundance of CH4 in the atmosphere. Given the
very hot atmosphere of HAT-P-7b, thermochemical equilibrium
favors a high abundance of CO and low CH4. Therefore, a
non-inversion model fit to data would imply signs of extreme
non-equilibrium chemistry (Madhusudhan & Seager 2010).

For a planet as hot as HAT-P-7, both scattered starlight and
planet thermal emission could contribute to the planet flux in the
Kepler bandpass (López-Morales & Seager 2007). The relative
amount of scattered starlight and thermal emission depends on
the absorbers and scatterers at visible wavelengths: molecular
opacities due to TiO and VO, atomic opacities due to Na and
K, and Rayleigh scattering mostly from H2. HAT-P-7b is too
hot for condensates, and without a reflective condensate layer,
visible-wavelength photons will be absorbed before they can
be scattered, except at very blue wavelengths. Even without
a rigorous quantitative model, therefore, we can infer that the
albedo of HAT-P-7b is likely to be low.

Our best-fit models show a low albedo and include the promi-
nent sources of opacity in the optical. The model shown gives a
geometric albedo of about 0.13 in the Kepler bandpass, and has
scattered light dominating at wavelengths blueward of approxi-

Figure 8. Temperature–pressure profile of HAT-P-7b corresponding to the
atmosphere model shown in Figure 7, showing a temperature inversion.

mately 0.6 microns and the planet’s thermal emission dominat-
ing redward of approximately 0.6 microns. The abundances of
Na and K are free parameters in the model and are found to be
0.01 solar; similarly the TiO/VO abundances are found to be
10−4 of their solar abundances. We note that even though TiO
and VO are expected to contribute to the visible and IR opacity,
whether they are responsible for the thermal inversion is not
known (see Spiegel et al. 2009).

We emphasize that the Kepler data point for HAT-P-7b
was instrumental in constraining the P–T profile, beyond the
constraints placed by the Spitzer data alone. This is particularly
true because of the high planet–star flux ratio of HAT-P-7b; in
general, a visible-wavelength observation with a lower contrast
may not be as useful for constraining P–T profile.

The values of atomic and molecular abundances present in
our models are valid in the framework of a one-dimensional
averaged dayside atmosphere. The true values of atomic and
molecular abundances, and hence the resulting albedo, in
the atmosphere of HAT-P-7b depend on the 3D atmospheric
structure, and in 3D are degenerate at the resolution of the
Kepler data point.

The Kepler phase curve (Borucki et al. 2009) shows a very
inefficient day–night redistribution of absorbed stellar energy.
Although energy redistribution is not a focus of this paper, we
emphasize that a relatively inefficient day–night redistribution
is consistent with, and even required by, our best-fit models.
We find that approximately 10% of the incident stellar flux is
redistributed to the nightside, under the assumption that the
visible and infrared thermal phase curves will be similar.

5. CONCLUSIONS AND FUTURE WORK

We have assembled a broadband emission spectrum of the
highly irradiated dayside of HAT-P-7b, extending from 0.35 to
8.0 µm. We find that this spectrum is best reproduced using an

Madhu model from Christiansen+. 2010
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Hypothesis: TiO is not responsible 
for inversions, because:

1. TiO is a heavy molecule

2. Titanium condenses below the hot 
upper atmosphere

3. Night-side condensation

Why does this
predicted relationship 
(apparently) not hold?
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models suggest vvert ~ 10 m/s, 
so if Kzz ~ (Hp)(vvert)/3, then
Kzz ~ 1010 cm2/s.  (But is 1/3 
the right multiplying factor?)
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Are these values of 
Kzz reasonable?

Might lead to over-inflation via
“The Mechanical Greenhouse”
(Youdin & Mitchell 2010)
No. 2, 2010 BURIAL OF HEAT BY TURBULENCE IN HOT JUPITER ATMOSPHERES 1119
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Figure 4. Maximum eddy diffusion in the stable layer (Kzz,crit) vs. internal
entropy for Tdeep = 1000, 1500, and 2000 K (dotted red, blue, and dashed green
curves, respectively). See Equation (32) for analytic fits. Entropy is given in
terms of T1 (Equation (7)) and relative to the T1 = 250 K reference (top axis).
(A color version of this figure is available in the online journal.)

to >1010 cm2 s−1 would imply significant or (on the upper end)
excessive inflation. For comparison, AB06 showed (see their
Figure 11) that entropy changes of ∆S ≈ kB/mp (the scale in
our Figure 4) can expand a hot Jupiter’s radius by ∼10%–25%.
Accurate determination of the maximum Kzz allowed for a
given planet requires more detailed modeling (including global
structure with realistic opacities and EOS) than we perform.
However, our results strongly suggest that Kzz values invoked
in the literature have significant, or even excessive, effects on
energetics.

Figure 4 also shows that Kzz,crit increases with decreasing
Tdeep. Thus, our constraints on mixing are much more stringent
for hot Jupiters than for more distant planets, including Jupiter
itself. Recall that thermal inversions lower Tdeep and that mixing
can sustain thermal inversions by keeping opacity sources aloft
in the stratosphere. A planet can accommodate strong mixing
with some combination of thermal inversions to lower Tdeep
and increased internal entropy. It is hard to predict if thermally
inverted planets should be more inflated—due to the presumed
presence of turbulence—or less inflated—because lower Tdeep
promotes cooling and inhibits our mechanical greenhouse effect.
Observations do not indicate an obvious correlation. Planets
with signatures of inversions exhibit varying degrees of inflation.
See Miller et al. (2009) for a comparison of observed to model
radii of transiting planets.

While strong mixing pushes Pc → ∞, the depth of the
isothermal layer, Pdeep, is relatively unchanged by mixing.
(We explore structure in detail below.) Thus, planets with
higher entropy or lower Tdeep have shallower isothermal lay-
ers. Specifically, Pdeep ∝ (Tdeep/T1)1/∇ad from Equations (13)
and (16).

It is hardly surprising that planets which can accommodate
more mixing (larger Kzz,crit) have shallower stratified layers to
mix (smaller Pdeep). In principle, strong mixing could destroy
the deep isotherm altogether by pushing Pdeep to optically
thin regions. This probably requires unrealistically large core
entropies. Alternatively, as interior temperatures rise, blackbody

emission at depth may find opacity windows at wavelengths
longer than the infrared.

4.1.2. Structure and Energetics of Stirred Atmospheres

We now consider the structure and energetic balance of
“stirred atmospheres” with Kzz ≈ Kzz,crit. We compare these
solutions to standard RE atmospheres of Section 2.2 with
Kzz = 0. Since our model is self-similar, the behavior is
independent of the parameters (T1, Tdeep) chosen for illustration.

Figure 5 (top panel) shows that the temperature profile of
the stirred atmosphere is very similar to the RE case. In the
stirred atmosphere, the RCB lies at much higher pressure below
an extended “pseudo-adiabat,”7 which lies very close to the
original adiabat. The inset to Figure 5 (top panel) focuses on
the region near Pdeep (which drops slightly to 480 bar from
the original 610 bar) where the stirred atmosphere is hotter, by
at most 60 K. The stirred atmosphere is slightly colder below
250 bar, though this difference of at most 3 K is not visible.
The stirred atmosphere is very modestly thicker, by 0.06 Hdeep,
where Hdeep = RTdeep/g ≈ 0.008 RJ.

Figure 5 (bottom panel) plots the lapse rate. Mixing smoothes
the transition toward the adiabat. The inset shows the smooth
decline of 1−∇/∇ad along the pseudo-adiabat, which gradually
reduces the amplitude of the downwelling eddy flux, from
Equation (20).

Figure 6 shows that the energetics of the stirred atmosphere
differ significantly from the RE case. With Kzz = 0 there is no
eddy flux and the radiative flux is constant down to the RCB,
here at Pc ≈ 1.1 kbar. The stirred atmosphere has a deeper
RCB which reduces the core flux significantly. We could push
Pc → ∞ and Fc → 0 with a 0.1% increase of Kzz all the way
to Kzz,crit, but choose not to for visualization.

The radiative and eddy fluxes change with height. Their
sum—the total flux—remains constant because we ignore dis-
sipation. Figure 6 shows that the fluxes behave differently
above and below Pdeep, i.e., along the isothermal and pseudo-
adiabatic regions, respectively. Along the pseudo-adiabat, the
radiative flux declines with depth as Frad ∝ P −6/7, as we de-
rived for the core flux in Equation (8). The radiative cooling
(dFrad/dP < 0) in this region balances heating by eddy dif-
fusion (dFeddy/dP > 0). Achieving this energetic balance re-
quires only modest changes to the T–P profile. Since Feddy scales
as 1 − ∇/∇ad, it is very sensitive to small changes in ∇ along
the pseudo-adiabat (see Equation (20) and the bottom inset of
Figure 5).

The energy balance along the isotherm, i.e., above Pdeep is
different. With ∇ ( 1, the eddy flux Feddy ≈ −ρgKzz ∝ −P
grows in magnitude with depth (a different scaling holds if we
vary Kzz with height, see Section 4.2). This localized cooling
(dFeddy/dP < 0) balances radiative heating (dFrad/dP > 0).
The decline in radiative flux with height again requires only
modest changes to the thermal profile. From Equation (5), Frad
is sensitive to small changes in ∇ ( 1.

We can now simply estimate Kzz,crit using our knowledge that
Fc → 0 and that mixing only modestly changes the RE profile.
The transition region near Pdeep is crucial. Here, the eddy flux
reaches its peak negative value Feddy,deep ≈ −ρdeepgKzz/2. The
thermal profile constrains Frad to be roughly Fc(Kzz = 0), the
core flux of the RE atmosphere. We set Frad,deep ≈ 2Fc(Kzz =
0) to account for the slightly hotter atmosphere near Pdeep.

7 This is not to be confused with the pseudo-adiabat that describes moist
convection in Earth’s atmosphere.
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Spiegel+ 2010 See collection of models at:
http://www.astro.princeton.edu/~dsp/exoneptunes/
http://www.astro.princeton.edu/~burrows/neptune/index.html

(Supersolar models calculated with 
Pressure and Entropy reflecting the 

effect of higher metallicity.)

Models include different metallicity, 
different host stellar types, different 

distances from stars.
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0.1 mbar, 3 barRauscher 3D model of HD209458b with a thermal inversion
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