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168 A. P. Showman and T. Guillot: Dynamics of Pegasi-planet atmospheres

Fig. 2. Conjectured dynamical structure of Pegasi planets: at
pressures larger than 100–800 bar, the intrinsic heat flux must
be transported by convection. The convective core is at or near
synchronous rotation with the star and has small latitudinal
and longitudinal temperature variations. At lower pressures a
radiative envelope is present. The top part of the atmosphere
is penetrated by the stellar light on the day side. The spatial
variation in insolation should drive winds that transport heat
from the day side to the night side (see text).

where Q, R, M , a, ω and ωs are the planet’s tidal dis-
sipation factor, radius, mass, orbital semi-major axis,
rotational angular velocity, and synchronous (or orbital)
angular velocity. M∗ is the star’s mass, and G is the grav-
itational constant. Factors of order unity have been omit-
ted. A numerical estimate for HD 209458b (with ω equal
to the current Jovian rotation rate) yields a spindown
time τsyn ∼ 3Qyears. Any reasonable dissipation factor
Q (see Marcy et al. 1997; Lubow et al. 1997) shows that
HD 209458b should be led to synchronous rotation in less
than a few million years, i.e., on a time scale much shorter
than the evolution timescale. Like other Pegasi planets,
HD 209458b is therefore expected to be in synchronous
rotation with its 3.5-day orbital period.

Nevertheless, stellar heating drives the atmosphere
away from synchronous rotation, raising the possibility
that the interior’s rotation state is not fully synchronous.
Here, we discuss (1) the energies associated with the
planet’s initial transient spindown, and (2) the possible
equilibrium states that could exist at present.

3.1. Spindown energies

Angular momentum conservation requires that as the
planet spins down, the orbit expands. The energy dissi-
pated during the spindown process is the difference be-
tween the loss in spin kinetic energy and the gain in orbital
energy:

Ė = − d
dt

(
1
2
k2MR2ω2 − 1

2
Ma2ω2

s

)
, (2)

where k is the dimensionless radius of gyration (k2 =
I/MR2, I being the planet’s moment of inertia). The

time derivative is negative, so Ė, the energy dissipated,
is positive. The orbital energy is the sum of the planet’s
gravitational potential energy and orbital kinetic energy
and is negative by convention. The conservation of angu-
lar momentum implies that the rate of change of ωs is
constrained by that on ω:

d
dt

(
Ma2ωs + k2MR2ω

)
= 0. (3)

The fact that the planetary radius changes with time may
slightly affect the quantitative results. However, since τsyn

is so short, it can be safely neglected in this first-order
estimate. R being held constant, it is straightforward to
show, using Kepler’s third law, that:

Ė = −k2MR2(ω − ωs)ω̇. (4)

(Note that ω̇ is negative, and so Ė is positive.)
The total energy dissipated is E ≈ k2MR2(ωs−ω)2/2,

neglecting variation of the orbital distance. Using the mo-
ment of inertia and rotation rate of Jupiter (k2 = 0.26
and ω = 1.74 × 10−4 s−1), we obtain for HD 209458b
E ≈ 4 × 1041 erg. If this energy were dissipated evenly
throughout the planet, it would imply a global tempera-
ture increase of 1400K.

By definition of the synchronization timescale, the
dissipation rate can be written:

Ė =
k2MR2(ω − ωs)2

τsyn
· (5)

With Q of 105, a value commonly used for Jupiter, τsyn ∼
3×105 years and the dissipation rate is then ∼1029 erg s−1,
or 35 000 times Jupiter’s intrinsic luminosity. Lubow et al.
(1997) have suggested that dissipation in the radiative
zone could exceed this value by up to two orders of mag-
nitude, but this would last for only ∼100 years.

The thermal pulse associated with the initial spin-
down is large enough that, if the energy is dissipated in
the planet’s interior, it may affect the planet’s radius. It
has previously been argued (Burrows et al. 2000) that
Pegasi planets must have migrated inward during their
first 107 years of evolution; otherwise, they would have
contracted too much to explain the observed radius of
HD 209458b. But the thermal pulse associated with spin-
down was not included in the calculation, and this extra
energy source may extend the time over which migration
was possible.

Nevertheless, it seems difficult to invoke tidal syn-
chronization as the missing heat source necessary to ex-
plain HD 209458b’s present (large) radius. High dissipa-
tion rates are possible if τsyn is small, but in the absence
of a mechanism to prevent synchronization, Ė would drop
as soon as t > τsyn. The most efficient way of slowing the
planet’s contraction is then to invoke τsyn ∼ 1010 years. In
that case, the energy dissipated becomes Ė ∼ 1024 erg s−1,
which is two orders of magnitude smaller than that neces-
sary to significantly affect the planet’s evolution (Paper I;
Bodenheimer et al. 2001). For the present-day dissipation

Showman & Guillot (2002), Showman et al. (2015) 
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For a Jupiter-like ~Q 105, this yields t ~ 106 yr for
canonical hot Jupiter orbital separations of 0.05 AU, but the
timescale increases to ´4 10 yr9 —comparable to typical
system ages—for orbital separations of 0.2 AU. Thus, while
this argument suggests that hot Jupiters should be tidally
locked inward of 0.05 AU, sychronization should not be
expected outward of 0.2 AU, and at intermediate distances
(perhaps for planets that have experienced only a few spin-
down times), the planet may have been significantly despun
but not yet become fully synchronized. Note that tidal Q
values are highly uncertain, and planet radii vary over a wide
range from ∼1 to2 Jupiter radii, implying that the orbital
semimajor axes over which synchronization is expected are
uncertain and may vary from system to system. Moreover, it
has been suggested, even when Equation (6) predicts
synchronization, that in some cases the gravitational torque
on not only the gravitational tide but also the thermal tidal
response may be important, leading to an equilibrium

configuration with asychronous rotation (Showman &
Guillot 2002; Arras & Socrates 2010).
Motivated by these considerations, we explore rotation

periods varying by up to a factor of four from the nominal
orbital period of HD 189733b, that is, 0.55, 2.2, and 8.8 Earth
days,15 corresponding to rotation rates Ω of ´ -1.322 10 4,

´ -3.3 10 5, and ´ - -8.264 10 s6 1. The shortest of these is
close to Jupiterʼs rotation period of 10 hr. This is a wider
exploration of rotation rate than considered in previous studies
of nonsynchronous rotation (Showman et al. 2009; Kataria
et al. 2013; Lewis et al. 2014; Rauscher & Kempton 2014). In
our nonsynchronous models, the longitude of the substellar
point migrates in time t as -n t( Ω) , where n is π2 over the
orbital period; thus, in the reference frame of the rotating
planet, the entire dayside heating pattern migrates east or west
over time. We assume circular orbits with zero obliquity.
In total, these variations constitute a regular grid of models

varying the rotation rate by a factor of 16 and the incident
stellar flux by a factor of over 40. Figure 2 depicts the
parameter space explored. For each integration, we denote the
irradiation level by H for hot, W for warm, and C for cold
(representing models with orbital semimajor axes of 0.03, 0.08,

Figure 4. Temperature (colorscale, K) and winds (arrows) on an isobar for the nine runs in the nominal grid. Each panel plots the temperature and winds vs. longitude
and latitude at 170 mbars. The left, middle, and right columns adopt rotation periods of 0.55, 2.2, and 8.8 days, respectively. The top, middle, and bottom rows adopt
orbital semimajor axes of 0.2, 0.08, and 0.03 AU, respectively. Vertical black lines in each panel denote the substellar longitude at this snapshot. The hot cases tend to
have large day–night temperature differences, especially at slow rotation rates; cooler cases—particularly at fast rotation rate—have minimal temperature differences
in longitude but significant temperature differences in latitude.

15 In this paper, 1 day is defined as 86,400 s.
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Figure 7. Emergent flux density (ergs−1cm−2Hz−1) from our nominal, solar-
abundance simulation of HD 189733b at six orbital phases. Black, nightside,
as seen during transit; red, 60◦ after transit; green, 120◦ after transit; dark
blue, dayside, as seen during secondary eclipse; light blue, 60◦ after secondary
eclipse; and magenta, 120◦ after secondary eclipse. The key in the top right
corner is color-coded with the spectra to illustrate the sequence. Thin dotted
black lines at the bottom of the figure show normalized Spitzer bandpasses and
the letters at the top show locations of the H, K, L, and M bands. This is the
same simulation as in Figure 4. For comparison, the dotted curve is a spectrum
from a one-dimensional planetwide average radiative-equilibrium model.
(A color version of this figure is available in the online journal.)

et al. (2009) 24 µm light curve in small magenta diamonds,
along with the Spitzer secondary-eclipse depths from Charbon-
neau et al. (2008) and Deming et al. (2006) in large diamonds.

Overall, our simulated light curves (Figure 8) compare
favorably to the observed ones. We are able to reproduce the
modest day–night flux variation seen in the observations at both
8 and 24 µm; this contrasts with our earlier simulations using
Newtonian heating/cooling (Showman et al. 2008a), which
greatly overpredicted the day–night flux variation. In our current
solar-opacity simulations, the ratio of maximum-to-minimum
flux (within a given Spitzer channel) ranges from 1.4 to 3.5
depending on wavelength, while in the five-times-solar case it
ranges from 1.6 to 4.1, with the greatest flux ratios occurring
at 3.6 µm and the smallest at 16 and 24 µm. Likewise, our
simulated light curves reach their peak flux before the secondary
eclipse, a feature shared by both the 8 and 24 µm light curves
(Knutson et al. 2007, 2009). In the solar case (top panel), the
offsets are close to 50◦, whereas at five times solar (bottom
panel), the offsets range from ∼26◦ at 24 µm to ∼42◦ at 3.6 µm.
In the simulations, this phase offset results directly from the
eastward displacement of the hottest and coldest regions from
the substellar and antistellar points, respectively (Figure 4).
This phenomenon also occurred in our previous simulations
forced with Newtonian heating/cooling (Showman et al. 2008a;
Cooper & Showman 2005; Showman & Guillot 2002).

We emphasize that the simulated light curves in Figure 8 are
not fits to the observations; beyond choosing the metallicity, no
tuning of any kind was performed. Instead, Figure 8 displays
the natural interaction of radiation and dynamics as resolved by
the model. Indeed, by explicitly representing both the dynamics
and the radiation, our goal here is to eliminate the tunable knobs
that have been used to parameterize dynamics and/or radiation
in some previous studies.

Nevertheless, there exist some important discrepancies be-
tween the simulated and observed light curves. First, we do not
reproduce the flux minimum that occurs ∼50◦ after transit in

Figure 8. Light curves vs. orbital phase calculated in Spitzer bandpasses for HD
189733b. Top and bottom panels show light curves for our simulations using
solar and five-times-solar abundances in the opacities, respectively. Within each
panel, moving from bottom to top, the light curves are for wavelengths 3.6 µm
(black), 4.5 µm (red), 5.8 µm (green), 8 µm (dark blue), 16 µm (light blue), and
24 µm (magenta), respectively. Overplotted is the Spitzer 8 µm light curve from
Knutson et al. (2007) in dark blue points and the binned 24 µm light curve from
Knutson et al. (2009) in small magenta diamonds. Spitzer secondary-eclipse
depths from Charbonneau et al. (2008) and Deming et al. (2006) are plotted
at 180◦ phase in large diamonds, with wavelengths color-coded as described
above. Both simulations have a resolution of C32 with 40 layers (top panel is
same simulation as in Figure 4).
(A color version of this figure is available in the online journal.)

the observed 8 µm light curve. If real, this feature suggests the
existence of a local cold region to the west of the antistellar
point (Knutson et al. 2007). However, this flux minimum is ab-
sent in the Spitzer 24 µm light curve (Knutson et al. 2009), and
analysis of these data suggest instead that the minimum flux
region actually lies east of the antistellar point, which would be
qualitatively consistent with our simulations. This hemisphere
of the planet’s surface is not well resolved by the existing light
curves, which cover only half an orbit; more data are needed
to resolve the issue of where the true flux minima lie (Knutson
et al. 2009).

Second, the phase offsets in our simulations are somewhat too
large, especially in our solar-opacity case. The observed offsets
of the flux peak are 16◦ ± 6◦ at 8 µm and 20◦–30◦ at 24 µm. In
contrast, in the solar abundance simulation (top panel), the phase
offsets are close to 50◦ at all Spitzer bandpasses. The agreement
is better in five-times-solar case, where the simulated offsets
are 30◦ at 8 µm and only 26◦—perfectly consistent with the
observed offset—at 24 µm. On the other hand, at 24 µm, the
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Figure 6. Comparison of our reduced data (black points) and
its best-fit phase curve model (red line) to the Showman et al.
(2009) GCMs with 1⇥ solar abundance and no thermal inversion
(green astericks), an inversion with 1⇥ solar abundance (blue dia-
monds), and an inversion with 3⇥ solar abundance (magenta tri-
angles). The Showman et al. (2009) inversion model predictions
(blue diamonds and magenta triangles) nominally fit our obser-
vations, except on the nightside in which the GCM over-predicts
HD 209458b’s flux.

(higher metallicity generally implies greater opacity and
vice versa), or potentially from hazes, though there is
currently no strong evidence that hazes significantly af-
fect the emission on HD 209458b (Deming et al. 2013).
Moreover, for specified opacities, the existence of atmo-
spheric frictional drag could lead to slower wind speeds,
decreasing the hot spot o↵set, potentially even to zero
if the drag is su�ciently strong (Rauscher & Menou
2012; Showman et al. 2013; Dobbs-Dixon et al. 2012).
Such drag could result from Lorentz forces due to the
partial thermal ionization at high temperatures (Perna
et al. 2010; Rauscher & Menou 2013; Rogers & Showman
2014). Nevertheless, the fact that our observed o↵set
is significantly nonzero (with 6.9 sigma confidence) and
agrees reasonably well with GCM simulations performed
in the absence of strong drag at photospheric levels (Fig.
6; Showman et al. (2009)) suggests that these magne-
tohydrodynamic (MHD) e↵ects do not play a dominant
role in controlling the hot spot o↵set for HD 209458b.
HD 209458b’s observed phase curve, which represent

the first 4.5 µm measurements of its nightside emission,
indicates that HD 209458b has a day-to-night temper-
ature contrast of �Tobs = 527 ± 46 K. We find that
HD 209458b has a smaller contrast at 4.5 µm (Aobs =
0.352±0.031 3) than other hot Jupiters with higher levels
of incident flux (e.g., WASP-12b and WASP-18b; Cowan
et al. 2012; Maxted et al. 2013, respectively), consistent
with the idea that this temperature contrast is driven
by insolation (Perez-Becker & Showman 2013) as the
radiative time constant decreases with increasing tem-
perature (Showman & Guillot 2002). However, the only
day-night temperature contrast measurements that ex-
ist for HD 209458b are at 4.5 µm (presented here) and
an upper-limit at 8 µm (Cowan et al. 2007). Thus full-
orbit phase curve measurements both at additional wave-
lengths, such as 3.6 µm, and for other targets are neces-
sary to confirm the hypothesis of Perez-Becker & Show-

3
A

obs

= (flux
day

�flux

night

)/flux
day

(Perez-Becker & Show-
man 2013)

man (2013).
In addition, HD 209458b’s phase curve suggests that

the nightside is much cooler than predicted by Show-
man et al. (2009). Yet, while the location of the 1⇥
and 3⇥ solar abundance inversion phase curve minima
(Showman et al. 2009) more closely agree with our ob-
servations compared to the no inversion model, the GCM
overestimates the night side flux, thereby underestimat-
ing the total day-to-night temperature contrast (�TGCM

⇡ 300 K vs. �Tobs = 527± 46 K). The Showman et al.
(2009) models similarly overpredict HD 189733b’s night-
side emission compared to Spitzer/IRAC full phase ob-
servations by Knutson et al. (2012). This discrepancy
is attributed to disequilibrium carbon chemistry not in-
cluded in the GCM, in particular quenching, which would
increase the abundances of CO and CH

4

at higher alti-
tudes so that measurements would be probing a compa-
rably higher optically thick layer with cooler tempera-
tures. In the HD 209458b abundance profiles of Show-
man et al. (2009) and Moses et al. (2011), the vertical
CO abundance profile is driven by chemical equilibrium,
resulting in a relatively constant mixing ratio from 10
to 10�8 bars. Therefore vertical quenching of CO would
have a minimal e↵ect on its abundance profile, suggest-
ing that vertical quenching of CO is likely not the culprit
for HD 209458b’s cooler observed nightside. However,
the Moses et al. (2011) abundance profiles of CH

4

sug-
gest that vertical quenching can increase the CH

4

abun-
dance by nearly an order of magnitude from 1 to 10�5

bars compared to the equilibrium-driven Showman et al.
(2009) profiles. This additional CH

4

could potentially
help radiate heat and result in an overall cooler nightside
than predicted by the GCM. To determine if quenched
CH

4

is causing the nightside cooling, we are in the pro-
cess of measuring HD 209458b’s full-orbit phase curve
at 3.6 µm, which overlaps the CH

4

⌫

3

band. Analyses
of these data with future GCM studies, which include
both non-equilibrium chemistry and new hot CH

4

line
lists (Yurchenko & Tennyson 2014), will better constrain
the properties of these two carbon-bearing species and
the nightside cooling mechanism.

5. CONCLUSIONS

Here we present the first measurements of
HD 209458b’s 4.5 µm full-orbit phase curve using
Spitzer/IRAC. Our data indicate 0.69 sigma agreement
with a previous primary transit depth by Beaulieu
et al. (2010) and revise HD 209458b’s secondary eclipse
emission measurement by Knutson et al. (2010) down-
ward by ⇠35%, potentially weakening the evidence
for a dayside temperature inversion. The phase-curve
observations suggest both a hot spot shifted eastward
of the substellar point and a day-to-night temperature
contrast smaller than that of more highly irradiated hot
Jupiters, suggesting that this contrast may be driven by
the incident stellar flux. The shape of the phase curve,
specifically the location and brightness temperature of
the hot spot, suggests that HD 209458b could have a
dayside inversion at a pressure level that is between that
predicted by non-inversion models and that predicted
by TiO and VO induced thermal inversion models
(&0.008 bar) (Showman et al. 2009). However, new
GCMs that include non-equilibrium chemistry and hot
CH

4

lines (Yurchenko & Tennyson 2014) are necessary

HD 189733b HD 209458b 

Showman et al. (2009) Zellem et al. (2014) 

Models and observations show peak flux before 
secondary eclipse 

-Strong (~km/s) winds advect hottest point 
eastward of substellar point 
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Wave adjustment 
damped due to 

radiative forcing or 
drag, explains trend  

Showman et al. (2013) Fig. 14.— Numerical solution of wave adjustment on a spherical, non-rotating terrestrial planet with the radius and gravity
of Earth. We solved the global, three-dimensional primitive equations, in pressure coordinates, using the MITgcm. Half
of the planet (the “nightside”) was initialized with a constant (isothermal) temperature of T

night

= 250K, corresponding
to a potential temperature profile ✓

night

= T
night

(p
0

/p), where  = R/cp = 2/7 and p
0

= 1bar is a reference pressure.
The other half of the planet (the “dayside”) was initialized with a potential temperature profile ✓

night

(p) + �✓, where
�✓ = 20K is a constant. Domain extends from approximately 1 bar at the bottom to 0.001 bar at the top; equations
were solved on a cubed-sphere grid with horizontal resolution of C32 (32 ⇥ 32 cells per cube face, corresponding to an
approximate resolution of 2.8�) and 40 levels in the vertical, evenly spaced in log-p. The model includes a sponge at
pressures less than 0.01 bar to absorb upward-propagating waves. This is an initial value problem; there is no radiative
heating/cooling so that the flow is adiabatic. Left: Potential temperature (colorscale and contours) at the equator versus
longitude and pressure; Right: Temperature at a pressure of 0.2 bar over the globe at times of 0 (showing the initial
condition), 0.5⇥ 10

4

s, 3⇥ 10

4

s, and the final long-term state once the waves have propagated into the upper atmosphere.
Air parcels move by only a small fraction of a planetary radius during the adjustment process, but the final state nevertheless
corresponds to nearly flat isentropes with small horizontal temperature variations on isobars.23
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Showman et al. (2013) Fig. 14.— Numerical solution of wave adjustment on a spherical, non-rotating terrestrial planet with the radius and gravity
of Earth. We solved the global, three-dimensional primitive equations, in pressure coordinates, using the MITgcm. Half
of the planet (the “nightside”) was initialized with a constant (isothermal) temperature of T
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(p) + �✓, where
�✓ = 20K is a constant. Domain extends from approximately 1 bar at the bottom to 0.001 bar at the top; equations
were solved on a cubed-sphere grid with horizontal resolution of C32 (32 ⇥ 32 cells per cube face, corresponding to an
approximate resolution of 2.8�) and 40 levels in the vertical, evenly spaced in log-p. The model includes a sponge at
pressures less than 0.01 bar to absorb upward-propagating waves. This is an initial value problem; there is no radiative
heating/cooling so that the flow is adiabatic. Left: Potential temperature (colorscale and contours) at the equator versus
longitude and pressure; Right: Temperature at a pressure of 0.2 bar over the globe at times of 0 (showing the initial
condition), 0.5⇥ 10
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s, and the final long-term state once the waves have propagated into the upper atmosphere.
Air parcels move by only a small fraction of a planetary radius during the adjustment process, but the final state nevertheless
corresponds to nearly flat isentropes with small horizontal temperature variations on isobars.23
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Utilize 3D primitive equations of meteorology 
-Consider varying strengths of radiative forcing and 
friction, both of which damp wave propagation 
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We have developed theory that predicts day-night 
temperature differences and wind speeds  

Longitude 

Te
m

pe
ra

tu
re

 

Day Night Night 

∆T ∆Teq 

Actual temperature 
Radiative equilibrium temperature 

Solve for day-night temperature differences relative to 
equilibrium day-night difference: 
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Need to assume given dominant terms in energy 
and momentum equations and couple them: 
Which heating terms balance linear cooling? 

  
 
 
 
 
 

What balances day-night pressure gradients? 
 -Advection, Coriolis force, or drag 
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Need to assume given dominant terms in energy 
and momentum equations and couple them: 
Which heating terms balance linear cooling? 

  
 
 
-Run models to equilibration (steady-state) 
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Need to assume given dominant terms in energy 
and momentum equations and couple them: 
Which heating terms balance linear cooling? 

  
 
 
-Weak temperature gradient regime 

 -Tied closely to wave adjustment in Earth’s 
tropics (Sobel et al. 2001) 

What balances day-night pressure gradients? 
 -Advection, Coriolis force, or drag 
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Need to assume given dominant terms in energy 
and momentum equations and couple them: 
Which heating terms balance linear cooling? 

  
 
 
-Weak temperature gradient regime 

 -Tied closely to wave adjustment in Earth’s 
tropics (Sobel et al. 2001) 
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Need to assume given dominant terms in energy 
and momentum equations and couple them: 
Which heating terms balance linear cooling? 
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Phase Curves: Non-Grey Effects 
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Day-night temperature differences depend on waveband: 
Photospheres at different pressure levels – C/O ratio? 

Knutson et al. (2012),  
Wong et al. (2015) 
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1)  Heat Redistribution in hot 
Jupiter atmospheres is 
mediated by wave 
adjustment 

2) Simple analytic theory 
explains day-night 
temperature differences 

3) Non-grey effects play a large role in observed 
phase curve amplitudes 

-Transitions in day-night temperature differences 
controlled by radiative forcing, with   ⌧rad / T�3

eq

-Next step: construct a band-grey model to enable 
comparison with multi-wavelength observations 


