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Exoplanets: an exploding new field

* Almost 540 known extrasolar planets, most discovered with the “Doppler” method.

* Over 120 planets have been detected with “transit” method:
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* Together, these give the planetary mass, radius, and orbital properties. In favorable
cases, atmospheric composition can even be determined:
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"Year of discovery" vs "Planet Mass" (537) "Year of discovery" vs "Planet radius' (130)
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Relative flux

Relative flux

Spitzer light curves for HD 189733b

1.01 ¢ . . . : . : |
0.992— —
0.98 — ~ —
0.97 ! . ' ! : |

1.003

1.002 £
1.001 E

1.000- — — — — — — — — — — — — —

0.999

|||||n|||u|n||||||n|nln||||n|||||n|n||n

-0.1 0.0 0.1 0.2 0.3 0.4
Orbital phase

0.6

Relative Flux

Relative Flux

1.01 E';* T

1.00

0.99

Relative Flux

0.98

0.97

S e ISR, FEER R

%,

_____________ ’#_ -

1.008

1.006

¥

-
-
-
1]
»
.

1.004

1.002

TT T[T Tx

-
.

"

.
-
. ”,0'.53',_-.«-0.
L
v, .t

-
. »

PSS AN

¢ an ot

RO

100 === == == =

0.998

1.0055
1.0050
1.0045

1.0040
1.0035

-0.1

0.0

0.1

0.2 0.3
Orbital Phase

0.4

0.5

24 um

O tnbiddwolonluy |||||||[||||||||||||||| IIllIIIIlIIIIIIIIIIIIIIIIIIIIlIIIIlIIlI

(6002 ‘L007) ‘T& 39 uosynuy|



Lightcurves for hot Jupiters
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Why study the circulation?

Many exoplanets will occupy dynamically unusual regimes unavailable in
our Solar System. Studying them broadens our understanding of
meteorology, climate, and planetary habitability.

The circulation shapes the IR spectra, lightcurves, cloudiness (visible
albedo), evolution, climate, and chemistry. To explain these, we must
understand the circulation. Existing spectra/lightcurves already
challenge our understanding, with much more ahead.

Exoplanets raise many fundamental questions concerning the mechanisms
that control the mean climate, geometry and speed of the winds, the day-
night (or equator-to-pole) temperature differences, long-term evolution,
and habitability of planets generally.

The wonder of it all: We’re unveiling weather on planets dozens or
hundreds of light years away!



Motivation

Light curves show evidence for atmospheric circulation, and the
circulation will affect other observations (secondary eclipse
photometry/spectra, etc) too. Can we explain these observations?

What are the fundamental dynamics of this novel circulation regime?
How is it similar/different to that on Solar-System planets?

How do dynamics depend on planetary rotation rate, stellar

irradiation, atmospheric metallicity, etc? Are there multiple
dynamical regimes, and if so, what governs them? What are
implications for observations?
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Dynamical regime of hot Jupiters

* Circulation driven by global-scale heating contrast: ~10°> W/m? of stellar heating on
dayside and IR cooling on nightside

* Rotation expected to be synchronous with the 1-10 day orbital periods; Coriolis
forces important but not dominant
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What controls the size and shape of flow structures?

Rhines length, (U/f)!?, is the scale at which planetary rotation causes east-west
elongation (jets).

Deformation radius, ¢/€2, is a natural scale of vortex formation and flow
instability

On Jupiter/Saturn, these lengths

are << planetary radius

On most hot Jupiters, they are close to
planetary radius. Jets and vortices should
therefore be global in scale.




The Model

We solved the full nonlinear primitive equations in the stably stratified radiative zone
on the whole sphere using the MITgcm

Radiative transfer: plane-parallel multi-stream using correlated-k. Use 1, 5, or 10 x
solar metallicity; equilibrium chemistry; no clouds

Thermodynamic heating rate calculated as vertical divergence of net vertical
radiative flux

Domain: 0.2 mbar — 200 bars; impermeable bottom boundary; free-slip horizontal
momentum boundary conditions at top & bottom

Assume a synchronously rotating planet with parameters for HD209458b or
HD189733b. Initial temperature profile taken from 1D evolution calculations; zero
initial wind.



HD 189733b, solar

temp hj32a-189-cs321t step=6000000 1042 days index=18 p=481.3514 mbar
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Lightcurves: HD 189733b, solar (top) and 5 x solar (bottom)
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Secondary eclipse spectra: HD 189733b
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Equatorial superrotation is a common outcome of hot
Jupiter circulation models

Cooper & Showman (2005, 2006) Dobbs-Dixon & Lin (2008, 2010)



Terrestrial Superrotation: A Bifurcation of the General Circulation
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What causes the equatorial superrotation?

Hide’s theorem: Superrotating equatorial jets (corresponding to local
maxima of angular momentum) cannot result from axisymmetric
circulations (e.g., angular-momentum conserving Hadley cells).

Such jets must instead result from up-gradient momentum transport
by waves and/or turbulence

Rossby waves are a possible candidate (Held 1999): they cause
eastward acceleration where they are generated and westward
acceleration where they dissipate/break

For a hot Jupiter, the asymmetric forcing (dayside heating, nightside
cooling) is a natural generator of planetary-scale Rossby waves ...

thus causing the equatorial superrotation!







Simple models to isolate superrotation mechanism

To capture the mechanism in the simplest possible context, adopt the
shallow-water equations for a single fluid layer:

dv . ~ .0

—+gVh+ fkxV =-av -v=L§
o SV h

oh

— V() = ylhy, (x.y) - k1= O,

where y[heq-h] represents thermal forcing/damping, av represents drag, and
where 6~1 when Q,>0 and =0 otherwise

First consider linear, steady analytic solutions and then consider full
nonlinear solutions on a sphere.
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Full nonlinear spherical shallow-water solution for

latitude

o]
o

[}
o

»
o

N
o

o

|
N
o

A
O

&
S

&
S

steady day-night forcing

a Trod = =1 day Tdrag =1 day
-150 -100
Iongltude
l l 1 1 | 1 | l
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Zonal-mean zonal wind




5

latitude [deg]
o o

|
4
o

|

-150

-100

-50

Latitude [deg]

100 150
Iongltude [deg]
50 ¢ 1
of >
50| -
—2 O 2

Acceleration (10-* m/sec?)

0 500 1000
U [m/sec]

Showman & Polvani
(submitted)



O
(7))
©
L
o g 8 8 3 8
o T
?
= =
o O
N =
c &
.._HU
c £
O "
=
> QO
o =
Q.
£ 3
c
ﬂG i
o 2
L N
- ™
P
._nuv.O
wid
§]
Q.
.AIW [6op] %E_L_

950

-40

-60

900

-100

-80

100 150

50

-50

-150

(2007) Y011IND) 2 UBWMOYS

100

- ¢ -— e -

\N—--—.—.—.—-—""/
-100

R = =+ = =t —s —b — R

-

\
|
|
|
|
|
|
|
l

- . e B b e > . >

()
e w0
_

[Sep] epnine]
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Dependence of wind on rotation rate and orbital distance
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Orbital distance————>

Dependence of temperature on rotation rate and orbital
distance
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Conclusions

The intense radiation produces winds > 1 km/sec and temperature
contrasts of ~200-1000 K. The winds can distort the
temperature pattern in a complex manner, with important
implications for lightcurves and spectra.

For synchronously rotating planets, our models produce equatorial
superrotation that displaces the hottest regions to the east of the
substellar point. The superrotation results from up-gradient
wave transport because of standing Rossby and Kelvin waves
triggered by the longitudinal (day-night) heating variations.

The mechanism of equatorial superrotation is cleanly demonstrated
in a sequence of simple models; the phase tilts that pump
momentum equatorward result from the eastward propagation
of Kelvin waves and westward propagation of Rossby waves.

A regime shift occurs from a circulation regime dominated by
equatorial superrotation under synchronous rotation and short
radiative time constants to a circulation dominated by
midlatitude eastward jets when the rotation rate is fast and/or
radiative time constants are long.






