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Abstract

GJ 436b is a prime target for understanding warm Neptune exoplanet atmospheres and a target for multiple James
Webb Space Telescope (JWST) Guaranteed Time Observation programs. Here, we report the first space-based
optical transmission spectrum of the planet using two Hubble Space Telescope (HST) Space Telescope Imaging
Spectrograph (STIS) transit observations from 0.53 to 1.03 μm. We find no evidence for alkali absorption features,
nor evidence of a scattering slope longward of 0.53 μm. The spectrum is indicative of moderate to high metallicity
(∼100–1000× solar), while moderate-metallicity scenarios (∼100×solar) require aerosol opacity. The optical
spectrum also rules out some highly scattering haze models. We find an increase in transit depth around 0.8 μm in
the transmission spectra of three different sub-Jovian exoplanets (GJ 436b, HAT-P-26b, and GJ 1214b). While
most of the data come from STIS, data from three other instruments may indicate this is not an instrumental effect.
Only the transit spectrum of GJ 1214b is well fit by a model with stellar plages on the photosphere of the host star.
Our photometric monitoring of the host star reveals a stellar rotation rate of 44.1 days and an activity cycle of 7.4
years. Intriguingly, GJ 436 does not become redder as it gets dimmer, which is expected if star spots were
dominating the variability. These insights into the nature of the GJ 436 system help refine our expectations for
future observations in the era of JWST, whose higher precision and broader wavelength coverage will shed light on
the composition and structure of GJ 436b’s atmosphere.

Key words: planetary systems – planets and satellites: atmospheres – planets and satellites: individual (GJ 436b) –
stars: individual (GJ 436) – techniques: spectroscopic

Supporting material: machine-readable table

1. Introduction

Found close to their host star with short periods and large
radii, hot Jupiters are among the easiest targets for character-
ization through transit spectroscopy and have been studied in
increasing detail in recent years. However, hot Jupiters
represent only a small fraction of the greater exoplanet
population (Dressing & Charbonneau 2013; Fressin et al.
2013; Foreman-Mackey et al. 2014; Mulders et al. 2015). More
prevalent smaller and less massive planets are now being
studied using observing practices and data analysis techniques
developed from the study of hot Jupiters. Distinct from hot
Jupiters are objects that more closely resemble the solar
system’s ice giants in mass and radius. However, unlike our
solar system, these exoplanets can be found at short orbital
periods with relatively high temperatures. This class of
exoplanets, sometimes called warm Neptunes, occupy orbital
periods on the order of days, have orbital distances of less than
0.1 au, and have temperatures of ∼500–1000 K.

An important question to ask about warm Neptune exoplanets
is to what degree they resemble our own solar system’s ice
giants. Planet formation, orbital evolution, atmospheric evolution
(especially through atmospheric escape), and past and present

stellar irradiation may all play significant roles in shaping their
atmospheres as we see them today. Thus characterizing the
atmosphere of these planets offers a path to test and improve
models of planet formation and evolution. To that end, much
effort has gone into modeling and observing the atmospheres of
sub-Jovian planets (e.g., Miller-Ricci et al. 2009; Miller-Ricci &
Fortney 2010; Benneke & Seager 2012, 2013; Moses et al. 2013;
Fraine et al. 2014; Knutson et al. 2014a, 2014b; Kreidberg
et al. 2014).
To date, spectroscopic observations have been made of only

about a dozen sub-Jovian systems. An even smaller number
have measured water absorption identified in their near-infrared
transmission spectrum, all of which require either a cloudy or
high-metallicity atmosphere to explain the observations (Fraine
et al. 2014; Stevenson et al. 2016; Wakeford et al. 2017). Other
sub-Jovian exoplanets have observed spectra devoid of water
absorption, again either due to obscuring clouds or high
metallicity (Knutson et al. 2014a, 2014b; Kreidberg
et al. 2014). Crossfield & Kreidberg (2017) recently suggested
a correlation between the depth of the water absorption feature
and either the planet’s equilibrium temperature or H/He mass
fraction.
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1.1. High Mean Molecular Mass Atmospheres versus
Clouds and Hazes

Aerosols may form in the atmosphere of sub-Jovian
exoplanets as clouds of condensates or as hazes of photo-
chemical products (e.g., hydrocarbons). Aerosols in the
atmospheres of sub-Jovian exoplanets have long plagued
transit observations due to their ability to mute potential
absorption features; the long path length through the atmo-
spheres from the geometry of transit observations amplifies this
problem significantly (Fortney 2005). This issue can be
especially troublesome for small exoplanets,  where small
scale heights and planet-to-star radius ratios can lead to
intrinsic variations of transit depth with wavelength that are
already small (i.e., on the order of the systematic noise), even in
an aerosol-free scenario.  In some exoplanet studies, clouds are
defined as a gray (wavelength-independent) opacity source,
while hazes are defined as a scattering opacity source that can
induce slopes in the spectrum. For this work, we define clouds
and hazes based on their formation and physical properties (i.e.,
clouds are condensed aerosols, while hazes are aerosols formed
through photochemical processes), not on their effect on the
planet’s spectrum. In the models we use to interpret our data,
whether an aerosol acts as a gray or scattering opacity depends
primarily on the particle size rather than its classification as a
cloud or haze.

High-metallicity atmospheres can affect the planet’s spec-
trum in ways similar to aerosols. High metallicity results in a
high mean molecular mass atmosphere, causing a reduced
atmospheric scale height. This reduced scale height results in a
smaller signal in the transmission spectrum, serving to mute
spectral features. High metallicity can be a natural outcome of
the formation for low-mass planets through core accretion
(Fortney et al. 2013; Thorngren et al. 2016; Venturini et al.
2016). Though distinguishing between high-metallicity and
aerosol-rich atmospheres is difficult and requires data with high
signal-to-noise ratio, Benneke & Seager (2013) provided a
framework to do so by measuring line wing steepness and the
relative absorption depth of different spectral features.
Additionally, the transmission spectra of high-metallicity
atmospheres and atmospheres with aerosols begin to diverge
at both short and long wavelengths, providing an opportunity to
break this degeneracy (see Section 5.2).

Observations at optical wavelengths provide a path forward
in studying clouds, hazes, and high-metallicity exoplanet
atmospheres in transit. As mentioned above, scattering by
small aerosol particles can dominate the optical spectrum by
producing a slope toward larger transit depth at shorter
wavelengths. Cloud-free atmospheres, on the other hand, have
transmission spectra that reach minimum transit depths near
0.5 μm before Rayleigh scattering dominates shortward of
0.5 μm and molecular opacities dominate longward of 0.9 μm.
Meanwhile, atmospheres with large aerosol particles will
remain flat at optical wavelengths. Thus the optical spectrum
provides a unique way to characterize opacity sources even in
an otherwise featureless spectrum. Additionally, absorption
from atomic Na and K can shape much of an exoplanet’s
optical transmission spectrum (e.g., Seager & Sasselov 2000;
Nikolov et al. 2014; Sing et al. 2015). Characterization of these
features can provide a measurement of the atmosphere at lower
pressures than those probed by the infrared spectrum (Sing
et al. 2008; Vidal-Madjar et al. 2011a, 2011b; Heng et al. 2015;
Wyttenbach et al. 2015). The absence of Na and K in the

optical spectrum of an exoplanet may indicate the condensation
of these elements into clouds (e.g., KCl and Na2S; Morley
et al. 2013).
Caution is necessary when interpreting slopes at optical

wavelengths in transmission spectra because occulted and
unocculted star spots on the photosphere of the host star can
produce slopes in the optical transmission spectrum (Berta
et al. 2011; Oshagh et al. 2013; McCullough et al. 2014;
Oshagh et al. 2014; Rackham et al. 2017, see Section 4.1).
Photometric monitoring can reveal changes in the star spot or
plage filling factor as well as the overall activity cycle.
Brightness modulations from stellar rotation, star spot varia-
bility, and activity cycles all need to be accounted for in
secondary eclipse and phase curve observations (see
Section 2.2). Spectroscopic monitoring provides information
on the host star’s absolute activity level via activity indicators
like the Ca II H and K lines.

1.2. GJ 436b: The First Warm Neptune

GJ 436b is a 21.4 ÅM (1.25 MNeptune, 0.0673MJupiter) warm
Neptune with a radius of 4.2 ÅR (1.1 RNeptune, 0.37 RJupiter;
Turner et al. 2016; Trifonov et al. 2017). Discovered by radial
velocity by Butler et al. (2004) as the first Neptune-mass
exoplanet, it was subsequently found to transit by Gillon et al.
(2007). Transit spectra were first obtained by Pont et al. (2009)
using NICMOS on the Hubble Space Telescope (HST), placing
upper limits of a few parts per 10,000 on the potential water
absorption feature at 1.4 μm. HST/WFC3 transit spectra also
revealed a featureless spectrum, ruling out a cloud-free,
hydrogen-dominated atmosphere (Knutson et al. 2014a). Using
Spitzertransit measurements, Beaulieu et al. (2011) claimed to
detect CH4 and found no evidence of CO or CO2 due to large
absorption measured in the 3.6 and 8 μm IRAC bands. This
was refuted by Knutson et al. (2011), who hypothesized that
stellar activity caused the spectrum to vary not only in
wavelength but also with time. Reanalysis of these data by
Lanotte et al. (2014) and Morello et al. (2015) using new
detrending techniques found that the transmission spectrum of
GJ 436b was constant with wavelength and did not vary
between epochs.
While the near-infrared transmission spectrum of GJ 436b is

featureless given current precision, large Ly α absorption has
been measured. Up to 56% of the flux in the Ly α wings is
absorbed beginning two hours before the optical transit and
lasting 10–25 hours after the optical transit (Ehrenreich et al.
2011; Kulow et al. 2014; Ehrenreich et al. 2015; Lavie et al.
2017). This has been interpreted to be evidence for an escaping
exospheric cloud of atomic hydrogen, shaped by stellar
radiation pressure and interactions with the stellar wind
(Bourrier et al. 2015, 2016).
GJ 436b’s dayside spectrum has been observed through

secondary eclipse measurements with Spitzer. GJ 436b’s
equilibrium temperature of 700–800 K would imply CH4 is the
most abundant carbon-bearing molecule in chemical equili-
brium; however, measurements from Stevenson et al. (2010)
suggested that CO was in high abundance, rather than CH4.
Additional studies have supported the assertion that GJ 436b is
enhanced in CO and CO2 and deficient in CH4 (Madhusudhan &
Seager 2011; Agúndez et al. 2012; Lanotte et al. 2014). This
could potentially be explained by disequilibrium processes like
vertical mixing and tidal heating. Photochemistry is likely not
the cause of this CH4 deficiency; Line et al. (2011) estimate that
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the rate at which CH4 should be destroyed was much less than
could explain the observations. 

A more recent analysis including both self-consistent
modeling and retrievals  of the emission and transit spectra
placed a 3σ lower limit on the metallicity at 106×solar
(Morley et al. 2017). A cloud-free atmosphere is still possible if
metallicity is on the order of 1000×solar; for lower
metallicities, clouds are needed to help mute spectral features
to match observations. Additionally, Morley et al. (2017) found
that models with disequilibrium chemistry through quenching
of CH4, CO, and CO2 with enhanced internal heating,
presumably from tides, best matched the data. These results
tend to agree with previous modeling of Neptune-sized planets
from Moses et al. (2013), who found CO enrichment and CH4

depletion to be a natural consequence of high metallicity. In
this work, we present new observations at optical wavelengths
in order to test the conclusions of Morley et al. (2017).

At the present time, GJ 436b is a candidate target for the
NIRISS, NIRCam, and MIRI James Webb Space Telescope
(JWST) Guaranteed Time Observation (GTO) programs. These
programs will observe multiple secondary eclipses of the planet
from 0.7 to 11 μm, providing an unprecedented look at the
atmospheric composition and structure of GJ 436b’s day side
(see Greene et al. 2016).  We discuss how complementary
transit observations will help distinguish cloudy and high-
metallicity scenarios and determine conditions at the planet’s
terminator.

Here, we present the first space-based measurements of the
optical transit spectrum of GJ 436b, interpret the full optical-to-
IR spectrum, and constrain the rotation period and activity
cycle of the host star. We organize the paper as follows. In
Section 2 we explain the observations and data-reduction
procedures used. Section 3 describes our light curve fitting
techniques. In Section 4, we show our results, including a look
at the effects of stellar variability and  the use of different
orbital solutions. In Section 5, we compare our results to other
sub-Jovian exoplanets and describe a common trend found in
their optical transmission spectrum. We close with a discussion
of expectations for future JWST transmission spectroscopy of
GJ 436b.

2. Observations and Data Reduction

2.1. Space Telescope Imaging Spectrograph (STIS)
Observations

Two transits of GJ 436b were observed on 2015 June 10
UT and 2016 June 14 UT using the STIS on the HST with
the G750L grism (0.53–1.03 μm) as part of GO 13665
(PI Benneke). The 52×2 arsec2 slit was used to minimize slit
losses, while a 128-pixel subarray mode reduced readout
overhead. Each transit consisted of four total HST orbits. The
first orbit of a visit often exhibited strong systematic
variations, inconsistent with the systematics in subsequent
orbits. For this reason, after confirmation of this phenomenon,
the first orbit was not included in the analysis. The second and
fourth orbits are used to characterize the stellar baseline flux,
while the transit occurs during the third orbit. Exposure times
were 100 s, resulting in 20 frames per HST orbit. The first
frame of each orbit consistently shows anomalous flux, so this
frame is not included in the light curve fitting. Both visits
were scheduled with the same orbital phasing, with the

in-transit HST orbit covering ingress through the transit center
to about four or five frames after transit center.
An STIS pipeline was built for the program using existing

CALSTIS routines in addition to custom procedures for
cosmic-ray identification. This pipeline was tested and
validated using previous STIS data sets and is described
below. 

2.1.1. Cosmic-ray Identification and Removal

The long exposure times required for GJ 436 (I=8.3)
meant that most frames had multiple cosmic-ray hits. It has also
previously been found that the default CALSTIS routines for
cleaning cosmic-ray hits were inadequate for our purposes
(Nikolov et al. 2014). For these reasons, a custom cosmic-ray
identification and removal procedure was developed, drawing
on the technique described by Nikolov et al. (2014).  For each
frame to be cleaned, four difference images were created
between the frame and the four frames nearest in time. Each
difference image will subtract out the stellar flux, leaving only
the cosmic rays from one frame being positive values and the
cosmic rays from the other frame being negative values. A
median difference frame was then created from the four
difference frames.  The median difference frame consists only
of cosmic-ray hits. Next, each pixel’s flux was compared to the
standard deviation of its column. If the pixel value was greater
than four times this standard deviation, it was flagged as a
cosmic-ray hit. As a second method, a window of
20×20 pixels was then placed on each pixel of the median
difference frame, and the median for that window was
calculated. If the center pixel’s value was greater than four
standard deviations from this median window value, the center
pixel was flagged as being contaminated by a cosmic-ray strike.
Once all pixels were analyzed in this manner, the pixel

values were replaced by the corresponding pixel value in the
median difference frame (i.e., the median for the four nearest
frames). Pixels identified as “bad” according to CALSTIS were
replaced in this same manner. After being extracted from the
two-dimensional frames (see below), the 1D spectra were
checked for cosmic rays that were missed by the 2D procedure.
This is especially important for cosmic rays that occur near the
bright spectral trace. The 1D stellar spectrum was compared to
the two nearest spectra, and two difference frames were
created. If the 1D spectrum exceeded the average of these
difference frames at any point by 10 standard deviations, that
pixel was flagged as being contaminated by a cosmic-ray strike.
The large standard deviation cutoff serves to ensure that we are
not erasing statistical noise. The value of the contaminated
pixel is then replaced by the mean of the two nearest values.

2.1.2. Spectral Extraction

The data were dark-subtracted, bias-corrected, and flat-
fielded using the appropriate CALSTIS routines. The G750L
grism on STIS has an obvious fringing effect longward of
0.7 μm. To account for this, a fringe flat was taken at the end of
each HST visit (i.e., one for each transit). This fringe flat was
then used to divide out the fringe pattern using the CALSTIS
defringing procedure (Goudfrooij & Christensen 1998). We
found that defringing did not have a significant effect on the
resulting planetary spectrum.
 Measurements of the spectral trace slope, the shift of the

spectrum in the spatial direction, and the shift of the spectrum
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in the spectral direction were saved to be later used as
covariates in the light curve analysis for systematic detrending.
The spectral trace slope and spatial shift were found by fitting a
Gaussian profile to each column and then fitting a line through
the peaks of all the profiles. The shift of the spectrum in the
dispersion direction was measured by taking the wavelength
value at the center column after image rectification in
CALSTIS.

An extraction aperture size of 13 pixels was found to
minimize the scatter in the residuals to the fit. Other extraction
aperture sizes lead to equivalent results.  Both the CALSTIS
X1D routine and IRAF/APALL were used to extract the
spectrum, each producing consistent results.

2.2. Photometric Monitoring: A Precise Rotation Period

GJ436 (M2.5V) has been monitored in Strömgren b and y
filters for the past 14 years using the Tennessee State
University’s T12 0.8 m Automatic Photoelectric Telescope
(APT) at Fairborn Observatory in southern Arizona
(Henry 1999; Eaton et al. 2003; Henry & Winn 2008) in order
to better characterize the star and how star spots may affect our

transit observations. In these observations, we nod the
telescope between GJ 436 and comparison stars of comparable
or greater brightness; we use these stars to remove extinction
and seeing effects. Of the three comparison stars analyzed, HD
102555 (hereafter C1) and HD 103676 (C2) were the most
constant, with very little variation between them over the 14
years. The third star, HD 99518, showed a gradual brightening
throughout the 14 years of observations. Altogether we have
obtained 1735 measurements, which we present in Table 1 and
Figures 1 and 2.
The photometry of GJ436 in Figure 1 shows an obvious

long-term variation with a period of roughly 7.4years and a
peak-to-peak amplitude of 10mmag. This coherent signal is
consistent in period and amplitude with observations of many
low-mass stars that are interpreted as stellar activity cycles
(Suárez Mascareño et al. 2016). We therefore conclude that we
have measured GJ436ʼs stellar activity cycle for the first time.
This activity cycle is consistent with the finding that early
M-type stars have magnetic cycles that are on average
6.0±2.9 years and mid-M-type stars average 7.1±2.7 years
(Suárez Mascareño et al. 2016).

Table 1
Strömgren Photometric Observations of GJ 436b

Date (P−C1C2a)b (P−C1C2)y (P−C1C2) -( )b y (P−C1C2) +( )b y 2

(BJDTDB − 2,400,000) (mag) (mag) (mag) (mag)

52970.9856 4.40370 3.60900 0.79470 4.00635
52971.9748 4.40740 3.61605 0.79135 4.01175
52972.9752 4.40685 3.61350 0.79335 4.01020
52973.9700 4.39960 3.60950 0.79010 4.00455
52977.9596 4.40075 3.60855 0.79220 4.00470
52984.9665 4.40960 3.61610 0.79350 4.01285

Note.
a C1C2 denotes that the differential magnitudes are computed with respect to the mean brightness of comparison stars C1 and C2.

(This table is available in its entirety in machine-readable form.)

Figure 1. Photometric monitoring of GJ436. Panel (a) shows the 14-year APT data set, along with a ∼7.4-year model that likely indicates a stellar activity cycle.
Panel (b) shows the photometry after removing the long-term trend, folding on the 44.1-day stellar rotation period, and binned to a one-day cadence. The times of the
STIS and WFC3 visits are indicated by “S” and “W,” respectively. The periodograms of the raw (gray) and detrended (black) photometry are shown in panel (c), with
vertical lines noting the daily, monthly, and yearly aliases of the rotation (dotted) and activity (dot-dashed) periods.
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McCullough et al. (2014) analyzed the effect of unocculted
star spots on the spectrum of HD 189733b, concluding that
they could explain the observed spectral slope as well as
Rayleigh scattering. The apparent transit depth as a function of
wavelength may be modeled as follows:

d
=

- - n n

˜

˜ ( ( ) ( ))
( )

R

R

R

R F F

1

1 1 spot phot
, 2

p

s

p

s

2

2

2

2

where ˜ ˜R Rp s
2 2 is the observed transit depth, R Rp s

2 2 is the actual
radius ratio squared, δ is the fraction of the star’s projected
surface area that contains spots, and n n( ) ( )F Fspot phot is the
ratio of flux from the star spot to the flux from the photosphere
(McCullough et al. 2014).  Since the optical spectrum of M
dwarfs can be rich in opacity features, we model n ( )F phot and
n ( )F spot using PHOENIX atmosphere models rather than
approximating them as blackbodies. Given the results of our
photometric stellar monitoring, we estimate below the effect

that stellar activity could have on GJ 436b’s transmission
spectrum.
 The maximum difference in stellar flux from our

monitoring of GJ 436 is 13 mmag (∼10 mmag from the stellar
activity cycle and 3 mmag from rotational variability). A
difference in stellar magnitude of 13 mmag corresponds to a
difference in flux of 1.4%. This flux difference corresponds to
variability in the star spot coverage up to  6.3% for
photosphere–star spot temperature contrasts of 200 K
( =T 3400phot and =T 3200spot ) and  3.5% for contrasts of
400 K ( =T 3000spot ). With these values, we can expect slopes

Figure 8. Yellow points are the measured fluxes from a small bin from 5820 to
5840 Åfor visit 2. The systematics exhibited in this wavelength bin are
representative of those seen across the majority of the detector. In contrast, the
green points are from an adjacent bin, 5840–5860 Å, and exhibit a very
different systematic trend. The solid lines are the respective best-fit transit
models.

Figure 7. Combined optical-to-IR transmission spectrum of GJ 436b. Each STIS data point (those shortward of 1 μm) is an average of 108 different systematics
models weighted by their evidence (see Section 3.3). Data points from 1.2 to 1.7 μm are from HST/WFC3 (Knutson et al. 2014a), and points at 3.6 μm and 4.5 μm are
from Spitzer(Table 6 in Morello et al. 2015). The 8 μm Spitzer photometry points are from Knutson et al. (2011). This transmission spectrum reveals no identifiable
features and is consistent with both high-metallicity scenarios and moderate-metallicity scenarios that include clouds. There are 39° of freedom with respect to the
model chi squares. The WFC3 points from 1.1 to 1.7 μm have been offset to match the STIS spectrum (see Section 4.3). Note that the wavelength range from
approximately 5750 to 6250 Å(second from the left) is affected by wavelength-dependent systematics (see Figure 8). Also included is the expected slope induced by
star spots for a photosphere–star spot temperature contrast of 400 K and a spot coverage of 3.5%.

Table 3
Optical Transmission Spectrum for GJ 436b

Bin (Å) Transit Depth (ppm)

5282–5769 6734±139
5769–6257 6884±128
6257–6745 6588±110
6745–7233 6703±97
7233–7722 6615±84
7722–8210 6845±79
8210–8698 6896±83
8698–9186 6749±69
9186–9674 6690±77
9674–10162 6712±126
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of up to 150 ppm to vary throughout the activity cycle, as seen
in Figure 7, if star spots are the main source of stellar
variability. If plages are dominating the stellar variability, the
slopes induced would be opposite those from star spots (i.e.,
transit depths would be smaller at shorter wavelengths). Note
that, as mentioned above, GJ 436 does not exhibit the expected
color variation if star spots dominate the variability, and the
interplay between star spots and stellar plages will complicate
this picture.

We mention above that the two STIS visits gave statistically
consistent spectra, yet appeared to show some correlation in
that the long-wavelength half of the visit 2 transit spectrum
showed larger transit depths than the long-wavelength half of
the visit 1 spectrum (see Section 3.3). If this were due to stellar
plages inducing a slope toward smaller transit depths at shorter
wavelengths in the spectrum of visit 2, we would expect the
visit 1 transit depths to be significantly higher at all
wavelengths. Stellar plages only serve to reduce transit depths
relative to a homogeneous stellar surface with the same
photospheric temperature. Alternatively, if star spots were
affecting visit 1, reducing the long-wavelength part of the visit
1 transit spectrum relative to visit 2, we would expect the blue
part of the spectrum to diverge even more. In general, if an
inhomogenous stellar photosphere were causing any difference
between the two STIS visits, we would expect the long-
wavelength half of the spectra to agree better relative to the
short-wavelength half. We therefore conclude that any
difference between visit 1 and visit 2 appears not to be due
to stellar variability.




4.2. Effects of Different Orbital Solutions

Since we chose to fit the orbital solution to values found in
the literature, we compared orbital solutions from Knutson
et al. (2014a), Lanotte et al. (2014), and Morello et al. (2015)
(see Table 4). Figure 9 shows how the resulting STIS spectra of
GJ 436b compare. For each orbital solution, there is a uniform
offset. The largest difference is between the Knutson et al.
(2014a) and Lanotte et al. (2014) orbital solutions, with an
average offset of about 260 ppm. Because the offset is uniform
in wavelength, we can be confident that the orbital solution
does not affect our nondetection of both a scattering slope and
alkali features.

4.3. Model Comparisons

We compare the optical-to-infrared spectrum of GJ 436b to
the models described in Morley et al. (2017). These models are
self-consistent radiative–convective models in both chemical
equilibrium and disequilibrium via quenching. In the models
with quenching, the abundances of CH4, CO, and CO2 at
pressures below 10 bars are fixed to be the equilibrium
abundances at 10 bars (i.e., the quench pressure is 10 bars).

Interior heating is included from tidal dissipation because of GJ
436b’s eccentric orbit ( ~e 0.15, Turner et al. 2016). Clouds
are modeled through a modified version of the Ackerman &
Marley (2001) models (Morley et al. 2012, 2013, 2015). In this
cloud model, fsed represents a sedimentation parameter that
determines whether the clouds are thin ( > ~f 0.3sed ) or thick
( < ~f 0.3sed ). Photochemical hazes are modeled using the
results from Line et al. (2011) with the approach from Morley
et al. (2013, 2015). This method models the creation of soot
precursors (C2H2, C2H4, C2H6, C4H2, and HCN) and
“converts” them to scattering hazes via a haze efficiency
parameter, fhaze(i.e., fhazeis the fraction of soot precursors that
actually form hazes; Line et al. 2011).
We allowed for a uniform offset between the STIS spectrum

and the WFC3 spectrum in our calculation of the c2 values.
The original white light curve depth found with the Knutson
et al. (2014a) orbital solution was 7000 ppm. This is above the
average transit depth of the STIS spectrum of around 6700 ppm
using the Morello et al. (2015) orbit. Since the overall offset
between the modeled optical and infrared spectrum is small, we
choose to implement a simple offset. Because the WFC3
spectrum was analyzed using a template fitting technique, the
differential depths within the spectrum would not change given
a uniform offset.
We find that the best-fit model from Morley et al. (2017;

1000× metallicity, Tint=240 K, fsed=0.3 salt/sulfide clouds,
and disequilibrium chemistry through quenching of CH4, CO,
and CO2) is consistent with our new HST/STIS observations.
This model has a moderately thin cloud layer of salt/sulfide
grains. A lower fsed (∼0.1) can induce a slope in the
transmission spectrum toward lower transit depths at shorter
wavelengths, but our observations do not have the sensitivity to
constrain this well. As in Morley et al. (2017), clear high-
metallicity models (∼1000×solar) can explain the full

Table 4
Orbital Solutions for GJ 436b

Reference Inclination (°)
*a R Impact parameter (b) e ω

Morello et al. (2015) 86.49±0.12 13.82±0.34 -
+0.846 0.049

0.050 0.16±0.02 351±1.2

Knutson et al. (2014a) 86.774±0.03 14.41±0.10 -
+0.81 0.012

0.014 0.1495±0.016 336±12

Lanotte et al. (2014) -
+86.858 0.052

0.049
-
+14.54 0.15

0.14 0.7969±0.021 0.1616±0.004 327.2±2.2

Figure 9. Top: resulting transmission spectrum for visit 1 when using different
orbital solutions. Bottom: same, but for visit 2. Blue points correspond to
values from Table 6 of Morello et al. (2015), yellow corresponds to Knutson
et al. (2014a), and red corresponds to Lanotte et al. (2014). See Table 4 for the
orbital parameters used.
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transmission spectrum, as can models with lower metallicity
but with some clouds (e.g., ∼100×solar metallicity +0.3 fsed).
Since both scenarios are relatively flat in the optical, they are
both consistent with our observations. We must look to future
observations in the infrared to determine which scenario is
taking place on GJ 436b (see Section 5.2).

Our observations help rule out most hazes with low
fhazeefficiency.  The observed transit depths around 1.4 μm
are inconsistent with models having large mean haze particle
radii and low fhazevalues. Our new STIS observations disfavor
smaller mean particle radius hazes as well, indicated by the lack
of a strong scattering slope in the STIS bandpass (see Figure 7).
Some haze models are still consistent with the data but require
a large fhazevalue to sufficiently flatten the transit spectrum.

5. Discussion

5.1. Comparison with Other Sub-Jovian Exoplanets

Only about a dozen sub-Jovian exoplanets have been
characterized spectroscopically in transmission. While the
smallest exoplanets have either flat spectra or very tentative
detections in their transmission spectra (Knutson et al. 2014b;
Tsiaras et al. 2016), a few exoplanets closer to the size of the
solar system’s ice giants have detectable water absorption
features in their near-IR spectrum with WFC3. HAT-P-11b
and HAT-P-26b have a relatively strong detection of water at
1.4 μm (Fraine et al. 2014; Wakeford et al. 2017), while
observations of GJ 436b have not yet revealed a water
absorption feature (Knutson et al. 2014a). Stevenson et al.
(2016) also interpreted ground-based observations of HAT-P-
26b over 0.7 to 1.0 μm to show evidence of water. Differences
in the amplitude and existence of the 1.4 μm water absorption
feature could point to variations in either the water abundance
or aerosol properties. Crossfield & Kreidberg (2017) provide
evidence for a correlation between the amplitude of the water
absorption feature and either the equilibrium temperature or
hydrogen mass fraction. To explain this correlation, they
suggest that low-temperature planets may have more optically
thick and photochemically produced hazes or that smaller
planets have higher metallicity and thus reduced scale heights.

Recently, Wakeford et al. (2017) constrained the metallicity
of the Neptune-sized HAT-P-26b to be ´-

+4.8 4.0
21.5 solar using

the retrieved water abundance from the 1.4 μm feature. This is
very different from the retrieved metallicity for GJ 436b from
Morley et al. (2016), who found the metallicity to be greater
than 106×solar using both the featureless IR transmission
spectrum and the day-side spectrum. Large differences in
metallicities between these planets may point to differences in
their formation, perhaps in formation location or disk proper-
ties. In agreement with modeling predictions and population
studies, the characterization of individual sub-Jovian

exoplanets already indicates that this population is diverse in
composition (Fortney et al. 2013; Moses et al. 2013; Venturini
et al. 2016; Wolfgang et al. 2016).
 GJ 436 and HAT-P-26b both have STIS spectra that are

interpreted as being cloudy and featureless; however, the STIS
spectra are strikingly similar, especially regarding an abrupt
change in transit depth at about 0.8 μm. This jump is also seen
in ground-based data of HAT-P-26b taken at Magellan with
LDSS3-C (Stevenson et al. 2016). The transit depth of HAT-P-
26b near 0.9 μm is confirmed by WFC/G102 observations
from Wakeford et al. (2017). Additionally, ground-based data
from Rackham et al. (2017) also found a similar slope at
comparable wavelengths, this time in GJ 1214b at Magellan
with IMACS. GJ 1214b’s optical spectrum is well fit by a
model for the effects of unocculted stellar plages on the
photosphere of the host star covering 3.2% of the stellar disk
with a temperature contrast of ∼350 K. We explore this
explanation for the other planets below. Table 5 lists the
amplitude, number of transits, host star type, and references for
the sub-Jovian planets that show this jump in transit depth. In
total, 8 transits of 3 sub-Jovian planets observed from four
different instruments from two facilities have shown this
increase in transit depth at 0.8 μm.

We quantify the significance of this jump in transit depth by

comparing c2 fits to a flat line with and without including the
data between 0.7 and 0.9 μm. The c2 between a flat line and the
GJ 436b and HAT-P-26b STIS data is 55.5 using 17 data
points, giving a reduced c2 of 3.47, indicating that the
probability that our data could have come from a flat line is less
than 0.05%. If we remove all data points between 0.7 and
0.9 μm, we get a c2 of 8.73 using 11 data points, resulting in a
reduced c2 of 0.87, indicating that the probability that this data
could have come from a flat line is greater than 50%. This
simple analysis serves to show that, when taken together, the
STIS spectra of these planets are inconsistent with a flat line,
primarily due to a jump in transit depth between 0.7 and
0.9 μm. In the event that the error bars are underestimated, we
find that they would need to be increased by 35% for the STIS
data to be consistent with a flat line. We note, however, that
when we include the ground-based and WFC3 data, we find
that a flat line is inconsistent with the data, even when
excluding the 0.7–0.9 μm region. This makes sense because the
GJ 1214b spectrum is far from flat (stellar plages are likely
making short-wavelength transit depths lower than long-
wavelength transit depths), and HAT-P-26b may have water
absorption around 0.9 microns, moving the ground-based and
WFC3 data away from a flat line (though this water absorption
does not explain the jump in transit depth between 0.7
and 0.9 μm).

Table 5
Comparison of 7000–8000 ÅFeature in Warm Neptunes

Planet
Approx. depth of fea-

ture (ppm)
Approx. depth of fea-

ture (dR Hp ) Number of transits Host star type Reference

GJ 436b 250 5.5 2 M2.5V This work
GJ 1214b 450 2 3 M4.5V Rackham et al. (2017)
HAT-P-26b 500 5 3 K0V Stevenson et al. (2016), Wakeford

et al. (2017)
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The explanation of stellar plages is plausible for GJ 436b.
The host star, GJ 436, is an M dwarf like GJ 1214, and the
maximum flux difference between the photosphere and a
stellar plage with a temperature contrast of 350 K is around
0.75 μm, where we see the jump. In Figure 10, we plot two
models of the effect of stellar plages using Equation (11) of
Rackham et al. (2017):
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- - +
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where f is the fraction of the stellar disk with stellar plages, lD
is the transit depth expected if the stellar disk had no stellar
plages (i.e., the “true” transit depth), Su is the flux from a stellar
plage, and So is the flux typical of the greater photosphere. We
use PHOENIX stellar atmosphere models to model the spectra
of the photospheres and the hotter stellar plages.

In general, the stellar plage models do not match the jump at
0.8 μm well. Longward of 0.8 μm, transit depth decreases,
unlike expectations from the plage models. Similarly, short-
ward of 0.7 μm, the transit depth does not stay low as in the
plage models. The explanation of stellar plages also is not a
sufficient explanation for HAT-P-26b, whose host star is of
type K0. For temperature contrasts of around 300 K, the effects
of stellar plages for a K0 photosphere are flat until about
6500Å, outside the range of the jump in transit depth.
Additionally, the increase in transit depth is rather sudden
and does not qualitatively match the trend seen in GJ 1214b
that is explained by stellar plages. 

Another explanation could be biases from fixing the LDCs
while fitting the transit light curve. However, Stevenson et al.
(2016) tested fitting LDCs and found the results to be
consistent with LDCs from models. Additionally, Rackham
et al. (2017) left one of the quadratic LDCs as a free parameter,
further verifying that GJ 1214b’s increase in transit depth is not

related to biases in limb darkening. This does remain an
explanation worth further investigation for the other planets.
A third explanation could be an additional opacity source

around 0.8 μm in the atmosphere of these planets. However, in
our grid, no model seems to fit this part of the spectrum
accurately, and all of the best-fitting models are featureless
throughout STIS wavelengths. Any additional opacity source at
0.8 μm would also need to  make sense in the context of the
rest of the spectrum, which is either featureless or only shows
water absorption. Additionally, the size of such a feature would
be unprecedented in sub-Jovian exoplanets. The jump in transit
depth at 0.8 μm in HAT-P-26b is about the size of its water
absorption feature at 1.4 μm. As Table 5 shows, the jump in
transit depth spans up to 5.5 scale heights. Thus we recommend
caution before interpreting the 0.8 μm feature as an opacity
source. We also note that this effect is not readily apparent in
the optical spectrum of hot Jupiters (e.g., Sing et al. 2016).


5.2. Future Prospects with JWST for GJ 436b’s
Transmission Spectrum

The wide wavelength coverage and superior light-gathering
capability of the James Webb Space Telescope will allow
planets like GJ 436b to be studied in more detail. As mentioned
above, current JWST GTO plans include GJ 436b eclipse
observations in GTO programs of three instruments. These
observations will tell us a great deal about the composition and
structure of the day-side atmosphere; however, observations of
GJ 436b’s transmission spectrum are necessary to probe a
different region of the planet, namely the terminator. To what
degree the day-side atmosphere’s composition and structure
differ from that of the terminator has important implications for
our understanding of the global circulation taking place in these
atmospheres (Kataria et al. 2016).
We simulated JWST data using PandExo for three transits

observed with the Near Infrared Spectrograph (NIRSpec)
G395H grism Bright Object Time Series and Mid-infrared
Instrument (MIRI) slitless Low Resolution Spectroscopy with a
noise floor of 10 ppm (Batalha et al. 2017). We avoided
shorter-wavelength instrument modes that may have trouble

Figure 10. HST/STIS G750L transmission spectra of GJ 436b and HAT-P-
26b. HAT-P-26b observations from Wakeford et al. (2017) consist of a single
visit with both STIS and WFC3/G102, and our GJ 436b observations consist
of two visits with STIS. Both data sets show a significant and sudden rise in
transit depth near 0.8 μm. Similar trends are seen in the ground-based data for
HAT-P-26b (Stevenson et al. 2016) and GJ 1214b (Rackham et al. 2017),
though we omit these data in this figure for clarity. Overplotted are two
scenarios for stellar plages.  The dashed line corresponds to a plage coverage
over the stellar disk of 5% with a 3000 K photosphere and 3200 K plages. The
dotted line corresponds to a plage coverage of 3% with a 3000 K photosphere
and 3400 K plages. The models assume a planetary transit depth of 7000 ppm.

Figure 11. Four model scenarios for the transmission spectrum of GJ 436b.
Though each of these scenarios is difficult to discern using HST/STIS and
HST/WFC3, observations using JWST will allow us to distinguish between
such scenarios. 
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with saturation and nonlinearity effects due to the brightness of
GJ 436.  The simulated data are shown in Figure 11 with 200
and 10 pixels per bin for NIRSpec and MIRI, respectively. This
is comparable to a resolution of R∼20–40 for NIRSpec and
R∼10–55 for MIRI. We include four model scenarios from
Morley et al. (2017) and described them in Section 4.3 for GJ
436b’s transmission spectrum at JWST wavelengths. For the
simulated data, we adopted the 100×metallicity scenario with
internal heating but no quenching of CH4, CO, and CO2 in
order to demonstrate JWST’s ability to distinguish between
model scenarios.

All four model scenarios in Figure 11 are consistent with
current measurements. However, JWST transit observations can
distinguish cloudy and high-metallicity scenarios, quenched
and nonquenched scenarios, and different internal heating. The
data-point uncertainties approach the imposed noise floor of
10 ppm, but since the spectral features in the transit spectrum
have amplitudes much larger than the noise floor, each of the
models could be distinguished even if the noise floor were
increased.  Morley et al. (2017) found that quenched carbon
chemistry with internal heating provided the best fit to the day-
side thermal emission spectrum. With transit spectra from
JWST, we can test this conclusion at the planet’s terminator.
Additionally, JWST will be capable of resolving the spectral
features of CH4, CO, and CO2 in both transmission and thermal
emission spectra, a big step forward from the Spitzerphoto-
metry used today to infer the presence of these molecules.

It is worth noting that JWST’s short-wavelength capabilities
end at about 0.7 μm, meaning that space-based optical and UV
observations with STIS and ground-based optical and near-UV
observations (e.g., the Arizona-CfA-Cátolica Exoplanet
Spectroscopy Survey, or ACCESS, and the GTC exoplanet
transit spectroscopy survey) will remain a useful and unique
way to characterize these exoplanets. However, as we have
seen, properly interpreting the optical transmission of an
exoplanet requires an accurate understanding of effects from
the host star.

6. Conclusion

We presented new HST/STIS transit observations that help
to constrain the sources of opacity in the atmosphere of GJ
436b. Even though our observations cannot distinguish
between very high metallicity scenarios and lower metallicity
scenarios with clouds, we are able to show that both scattering
from thin hazes (low fhaze) and low-metallicity cloud-free
scenarios are inconsistent with current data. These conclusions
agree with those from Morley et al. (2017).

We also found a strong similarity between GJ 436b’s optical
spectrum and those from two other sub-Jovian exoplanets,
especially regarding an abrupt increase in transit depth near
0.8 μm. The effects of stellar plages can explain the optical
spectrum of GJ 1214b, but do not explain the rather sudden
change in transit depth for the other planets, especially HAT-P-
26b. While we have not ascribed a cause for this feature, future
characterization and modeling will ultimately shed light on this
problem.

Our stellar photometric monitoring of GJ 436 revealed a
44.1 day rotational period and a 7.4 year activity cycle. Both of
these are consistent with previous characterization of the star
that found low activity and a moderate age. This information is
especially helpful in constraining the role of changing star spots
and plages on transit spectra and for the combination of data at

different epochs. However, the expected color variation with
increasing activity (i.e., an increase in star spot coverage
making the star redder as it gets dimmer) is not found, possibly
suggesting an interplay between star spots and stellar plages as
GJ 436ʼs activity changes. Furthermore, JWST will observe
secondary eclipses of these planets as part of its GTO
programs. Understanding how the stellar flux is changing in
time is critical for an accurate determination of the flux ratio
between the planet and the star.
Finally, we advocate for future JWST transit observations of

GJ 436b to distinguish between high-metallicity and cloudy
atmosphere scenarios and provide information on disequili-
brium chemistry and internal heating. Additionally, transit
observations will complement planned secondary eclipse
observations by constraining the conditions at the terminator
rather than the average day-side atmosphere.
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