
Strategic Exoplanet Initiatives with HST and JWST White Paper

Your Title
Thematic Areas (Check all that apply):

⊠ (Theme A) Key science themes that should be prioritized for future JWST and
HST observations
□ (Theme B) Advice on optimal timing for substantive follow-up observations
and mechanisms for enabling exoplanet science with HST and/or JWST
□ (Theme C) The appropriate scale of resources likely required to support
exoplanet science with HST and/or JWST
⊠ (Theme D) A specific concept for a large-scale (∼500 hours) Director’s
Discretionary exoplanet program to start implementation by JWST Cycle 3.

Summary: We propose a program to observe phase curves of between 5 and 9 hot
Jupiters with NIRSpec/PRISM (0.6-5.3µm). The 3D properties of hot Jupiters,
their global circulation, hemispheric temperature structures, cloud coverage and
chemical compositions are still unknown in detail. Their global chemical and
temperature structure has implications for planet formation, observational analy-
sis, and habitability.

Experience with the Solar System planets has shown that high-precision, multi-
dimensional observations are needed to construct accurate models and theories;
this program provides an opportunity to do this for an entire laboratory of a single
class of planet. We identify the best observational targets for this program and
organise them into two sets of five targets, varying either equilibrium temperature
or orbital period while holding the other constant.
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Anticipated Science Objectives:
Hot Jupiters are important because they have the most readily observable ex-

oplanet atmospheres but major open questions remain about their formation [1]
and atmospheric circulation. Their global circulation provides the most accessible
example of the circulation of tidally locked planets [2], with key consequences for
understanding the habitability of tidally locked rocky planets [3].

The complexity of Solar System atmospheres shows that global circulation
cannot be understood in advance with numerical models; detailed observations
are needed to constrain these models. The Juno mission provided unprecedented
gravity and radar data for Jupiter, showing inhomogenenous ammonia abundances
[4] and deep zonal flows [5], which were not predicted by numerical models.

Observing full phase curves containing at least one eclipse and at least one
transit provides the required information about global energy balance, hot-spot
shifts, night-side composition, and clouds [6, 7]; they also improve the fitting of
instrumental systematics and break degeneracies when fitting models.

We therefore suggest observing a large sample of full phase curves of hot
Jupiters with NIRSpec/PRISM, to cover the most important part of the SED and to
probe the most relevant features. Figure 1 shows a target list for this program; the
first panel shows targets ranked by emission spectroscopy metric [8]. The second
panel shows two key subsets in equilibrium temperature and orbital period.

Observing the five planets with period ∼ 1.4 days in Figure 1 will test varying
equilibrium temperature. Observing the five planets with temperature ∼ 1850K
will test varying period. Observing all nine new planets (NGTS-10b has already
been observed by program 2158) will require roughly 420 hours of observing time,
which will approach 450 hours including overheads. This will provide an invalu-
able treasury for constraining models and deriving theoretical trends.

Urgency: Hot Jupiters are a central part of exoplanet science and most mod-
elling and observing strategies derives from their study; the sooner they are fully
understood, the better for the rest of the field.

Risk/Feasibility: The longest period phase curve would push the frontier of
current observations, and re-acquisition may be necessary. With the demonstrated
stability of the observatory, the impact on the science results should be minimal.

Timeliness: We currently rely on 3D models to interpret many observations of
a variety of tidally locked planets but have no strong proof that they are accurate.

Cannot be accomplished in the normal GO cycle: These objectives require
roughly 450 hours of JWST time, far beyond the capabilities of a GO program.
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Figure 1: First panel: emission SNR versus orbital period for planets with K > 10.5, showing the
best NIRSpec PRISM targets in terms of the expected signal and the time taken for a phase curve.
Second panel: Equilibrium temperature versus orbital period for the best targets, showing how it
will be possible to sample groups with fixed temperature and variable orbital period, or vice versa.
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Figure 5. Day (top) and nightside (bottom) brightness temperatures at 3.6µm (left) and 4.5µm (right). Black points are from phase curve measurements (Beatty
et al. 2018) whereas grey points are from secondary eclipse measurements taken from (Baxter et al. 2020). We compare the data to our three sets of simulations:
cloudless (orange), nightside cloud (purple) and temperature-dependent cloud (green). We also show as dashed line the nightside temperature estimate based
on equation 9 with a photospheric pressure of 250mbar for the clear sky case and 100mbar for the case with nightside clouds. The grey points are the Morello
et al. (2019) and the Mendonça et al. (2018) data reductions of WASP-43b. The grey line is the 1:1 line for reference.

sons. First as the temperature increases the cloud deck should move
to lower pressures where the condensation temperature is going to
be cooler, not similar, so the brightness temperature would decrease
with increasing equilibrium temperature rather than stay constant.
Second, whereas the condensation curve determines the tempera-
ture of the cloud base, the cloud top, seen by the observation, can be
situated several scale heights higher than the cloud base. The exact
vertical extent of the cloud depends on the complex interaction be-
tween mixing and particle settling, which could vary significantly
with equilibrium temperature.

We therefore propose another explanation for the weak depen-
dence of the nightside temperature on equilibrium temperature. It
is not is not set by the cloud condensation curve, but by the strong
dependency of the radiative timescale with temperature in equa-
tion 5. We postulate that the nightside temperature is the tempera-
ture for which a parcel of gas does not have enough time to cool
more before being brought back to the dayside by the atmospheric
circulation. To quantify this, we equate the radiative timescale on
the nightside with the advective timescale:

trad
�
Tnight
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⇡ tadv (8)

Which can be expressed as:
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By replacing the jet speed by equation 6 we find that :

Tnight µ
�
Teq

�1/3
. (10)

As seen by the dashed lines of Figure 5, this overly simpli-
fied model predicts a very shallow variation of the nightside tem-
perature with equilibrium temperature, matching well the depen-
dence predicted by both the nightside clouds and the cloudless sim-
ulations. Therefore we conclude that the nearly constant nightside
temperature observed in hot Jupiters can be explained by the strong
dependence of the radiative timescale with temperature.

The exact dependence of the nightside temperature with equi-
librium temperature depends on the scaling between the wind speed
and the equilibrium temperature. The linear scaling found depends
on our choice of not adding any additional Rayleigh drag in the
model. Most mechanism that have been proposed to slow down the
wind act more strongly on the fast winds (e.g. instability driven
dissipation) and on hot planets (e.g. ohmic drag) (Koll & Komacek
2018). Therefore, all these mechanisms should flatten even more
the dependence of the nightside temperature on equilibrium tem-
perature. In the limit of constant wind, our toy model predicts a
constant nightside temperature. Additionally, if the wave timescale
were used instead of the advective timescale 10 would become:

Tnight µ
�
Teq

�1/ 6
, (11)

where the nightside temperature is even less dependent on the equi-
librium temperature than before.
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Figure 9. Disk-integrated quantities for all simulations as a function of irradiation temperature. Cases are marked by the
di↵erent symbols listed in the key. (Left) The longitudinal o↵sets of the disk-integrated maximum thermal emission (upper
left) and reflected light (lower left) relative to the substellar longitude are plotted as a function of irradiation temperature.
(Corresponding equilibrium temperatures assuming zero albedo and fully e�cient heat transport are also provided on the upper
x-axis). For clear models, the thermal emission peaks to the east of the substellar longitude (positive values), decreasing roughly
linearly with increasing irradiation temperatures, while the reflected light peak remains centered at the substellar point. When
clouds are present, the eastward thermal shifts are suppressed, roughly converging with the clear cases at Tirr ⇡ 3,000 K.
Conversely, in the reflected light (optical) phase curves, clouds forming only in cooler western regions produce westward shifts at
irradiation temperatures between 2,250 and 3,250 K. (Upper Right) The corresponding amplitude of thermal phase curves, taken
as the di↵erence between the maximum and minimum disk-integrated thermal fluxes divided by the maximum. Amplitudes
are increased in the cloudier simulations as the peak o↵sets and nightside fluxes are significantly reduced and photospheres
move upward in the atmosphere where radiative timescales are shorter. (Lower Right) The spherical albedos, calculated as the
fraction of incident stellar radiation di↵usely reflected over the disk, plotted for each case. Clouds raise the spherical albedo
well beyond the Rayleigh scattering baseline of the clear models. The nucleation limited cases have considerably higher albedos
primarily due to the absence of Fe clouds.
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Figure 9. Disk-integrated quantities for all simulations as a function of irradiation temperature. Cases are marked by the
di↵erent symbols listed in the key. (Left) The longitudinal o↵sets of the disk-integrated maximum thermal emission (upper
left) and reflected light (lower left) relative to the substellar longitude are plotted as a function of irradiation temperature.
(Corresponding equilibrium temperatures assuming zero albedo and fully e�cient heat transport are also provided on the upper
x-axis). For clear models, the thermal emission peaks to the east of the substellar longitude (positive values), decreasing roughly
linearly with increasing irradiation temperatures, while the reflected light peak remains centered at the substellar point. When
clouds are present, the eastward thermal shifts are suppressed, roughly converging with the clear cases at Tirr ⇡ 3,000 K.
Conversely, in the reflected light (optical) phase curves, clouds forming only in cooler western regions produce westward shifts at
irradiation temperatures between 2,250 and 3,250 K. (Upper Right) The corresponding amplitude of thermal phase curves, taken
as the di↵erence between the maximum and minimum disk-integrated thermal fluxes divided by the maximum. Amplitudes
are increased in the cloudier simulations as the peak o↵sets and nightside fluxes are significantly reduced and photospheres
move upward in the atmosphere where radiative timescales are shorter. (Lower Right) The spherical albedos, calculated as the
fraction of incident stellar radiation di↵usely reflected over the disk, plotted for each case. Clouds raise the spherical albedo
well beyond the Rayleigh scattering baseline of the clear models. The nucleation limited cases have considerably higher albedos
primarily due to the absence of Fe clouds.
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Figure 5. Day (top) and nightside (bottom) brightness temperatures at 3.6µm (left) and 4.5µm (right). Black points are from phase curve measurements (Beatty
et al. 2018) whereas grey points are from secondary eclipse measurements taken from (Baxter et al. 2020). We compare the data to our three sets of simulations:
cloudless (orange), nightside cloud (purple) and temperature-dependent cloud (green). We also show as dashed line the nightside temperature estimate based
on equation 9 with a photospheric pressure of 250mbar for the clear sky case and 100mbar for the case with nightside clouds. The grey points are the Morello
et al. (2019) and the Mendonça et al. (2018) data reductions of WASP-43b. The grey line is the 1:1 line for reference.

sons. First as the temperature increases the cloud deck should move
to lower pressures where the condensation temperature is going to
be cooler, not similar, so the brightness temperature would decrease
with increasing equilibrium temperature rather than stay constant.
Second, whereas the condensation curve determines the tempera-
ture of the cloud base, the cloud top, seen by the observation, can be
situated several scale heights higher than the cloud base. The exact
vertical extent of the cloud depends on the complex interaction be-
tween mixing and particle settling, which could vary significantly
with equilibrium temperature.

We therefore propose another explanation for the weak depen-
dence of the nightside temperature on equilibrium temperature. It
is not is not set by the cloud condensation curve, but by the strong
dependency of the radiative timescale with temperature in equa-
tion 5. We postulate that the nightside temperature is the tempera-
ture for which a parcel of gas does not have enough time to cool
more before being brought back to the dayside by the atmospheric
circulation. To quantify this, we equate the radiative timescale on
the nightside with the advective timescale:
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By replacing the jet speed by equation 6 we find that :
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As seen by the dashed lines of Figure 5, this overly simpli-
fied model predicts a very shallow variation of the nightside tem-
perature with equilibrium temperature, matching well the depen-
dence predicted by both the nightside clouds and the cloudless sim-
ulations. Therefore we conclude that the nearly constant nightside
temperature observed in hot Jupiters can be explained by the strong
dependence of the radiative timescale with temperature.

The exact dependence of the nightside temperature with equi-
librium temperature depends on the scaling between the wind speed
and the equilibrium temperature. The linear scaling found depends
on our choice of not adding any additional Rayleigh drag in the
model. Most mechanism that have been proposed to slow down the
wind act more strongly on the fast winds (e.g. instability driven
dissipation) and on hot planets (e.g. ohmic drag) (Koll & Komacek
2018). Therefore, all these mechanisms should flatten even more
the dependence of the nightside temperature on equilibrium tem-
perature. In the limit of constant wind, our toy model predicts a
constant nightside temperature. Additionally, if the wave timescale
were used instead of the advective timescale 10 would become:
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where the nightside temperature is even less dependent on the equi-
librium temperature than before.
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Figure 2: The coupled impact of atmospheric dynamics and clouds shape the expected phase
curves of hot Jupiters. Top row: Predictions for thermal phase curve offset and amplitude from
the cloudy GCMs of [9]. Bottom row: Predictions for the nightside brightness temperature (a key
phase curve measurable) at 3.6 µm and 4.5 µm from GCMs with and without clouds. A broad set
of phase curve measurements are required to determine the extent to which clouds, circulation, and
other physical effects (gravity, rotation period, atmospheric drag) shape the observable properties
of extrasolar gas giants. Figures adapted from [10] and [9].
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