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Sagan Summer Work 2016 
Is There a Planet in My Data?



Transit

Secondary Eclipse 

See radiation from star 
transmitted through the planet’s 
atmosphere

See thermal radiation and 
reflected light from planet          
 disappear and reappear

See cyclical variations 
in brightness of planet

Why Transiting Extrasolar Planets?

Currently more than 3000 confirmed transiting extrasolar planets!

Figure Credit: S. Seager



A continuum from clear to cloudy hot-Jupiter exoplanets without primordial water depletion   4  

 

 
Figure 1 | HST/Spitzer transmission spectral sequence of hot-Jupiter survey targets. Solid 
coloured lines show fitted atmospheric models with prominent spectral features indicated.  The spectra 
have been offset, ordered by values of ΔZUB-LM (the altitude difference between the blue-optical and 
mid-infrared, Table 1). Horizontal and vertical error bars indicate the wavelength spectral bin and 1σ 
measurement uncertainties, respectively.  Planets with predominantly clear atmospheres (top) show 
prominent alkali and H2O absorption, with infrared radii values commensurate or higher than the 
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In the Era of Webb….

instrument mode (NIRISS SOSS, NIRCam LW grism, and
MIRI slitless LRS). The resultant spectra and uncertainties
were then used to retrieve the parameters of each model
planet’s atmosphere as discussed in Section 3.

5. RETRIEVAL RESULTS

The retrievals were performed for the wavelength ranges of up
to three different instrument combinations for each of the model
planet atmospheres: NIRISS (λ=1.0–2.5μm), NIRISS +
NIRCam (λ=1.0–5.0 μm), and NIRISS + NIRCam + MIRI
LRS (λ=1.0–11μm). Retrievals were performed for all three
combinations in cases of high S/N, i.e., the transmission spectra
of all planet atmospheres and the hot-Jupiter emission spectra.
The warm-Neptune and warm-sub-Neptune emission spectra had
insufficient S/N for retrievals with only NIRISS (1.0–2.5 μm)
data, and the complete λ=1–11μm emission spectrum for a
cool super-Earth had insufficient S/N for retrievals. There
simply is not enough flux contrast Fp/F* for useful emission
spectra from this system when a single secondary eclipse is
observed at each wavelength. Photometric filter observations
may be more useful for constraining the planet’s properties.
Small (R2 R⊕), cool (T<700 K) planets will need host stars

with K8.5 mag and/or spectral types later than M0 V for
useful emission spectra of single secondary eclipses.
In this section, we focus on the retrieved parameters that

most directly impact the simulated spectra: mixing ratios of
significant molecular absorbers (CH4, CO, CO2, H2O, NH3),
clouds, and atmospheric temperature–pressure (T–P) profiles.
C/O (carbon-to-oxygen ratios) and [Fe/H] are derived (not
retrieved) from these quantities by a Monte Carlo propagation
of the molecular uncertainties as in Line et al. (2013b) and Line
et al. (2015), respectively.
Figures 6–9 summarize the marginalized posteriors for the

relevant retrieved parameters and the derived C/O and [Fe/H]
for the different planet and atmosphere scenarios. The true
values of the input forward model and retrieval priors are also
indicated in the figures. Any offsets between retrieved
distribution medians and true values are due to the particular
instance of random noise on the simulated spectra. Note that
the input [Fe/H] values are slightly lower than the solar ([Fe/
H] = 0) and 1000× solar ([Fe/H] = 3) bulk values that were
used to construct the forward models (see Section 2). This is
because some of the O atoms have been removed to account for
the expected formation of Mg2SiO4 (enstatite) condensates in

Figure 4. Final simulated transmission spectra of the transmission models shown in Figure 2. The R RTr p,
2( )*�M M spectra are for a single transit with equal time on

the star alone for each of the four instrument modes (Table 4). Spectra have been been binned to resolution R�100 (hot Jupiter, warm Neptune, warm sub-Neptune;
see Section 4.2) as used for all retrievals or R=35 (cool super-Earth) for display purposes only. The simulated spectra include a noise instance and are presented as
colored curves. The black error bars denote 1σ of noise composed of random and systematic components. Dashed lines show the wavelength range boundaries of the
chosen NIRISS, NIRCam, and MIRI instrument modes.

The data used to create this figure are available.
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In the Era of Webb….

Greene et al. (2016)
compared with those derived from the molecular abundances in
our baseline free retrievals (i.e., Figure 8, top row). The C/O
histograms are qualitatively similar; both suggest a weak
constraint of the C-to-O ratio. Perhaps more interesting is the
comparison of the metallicity histograms. The chemically
consistent approach provides a metallically constraint that is
several orders of magnitude better than that derived from
retrieving the molecular mixing ratios freely. This is because
the chemically consistent approach rules out combinations of
molecular abundances that do not abide by thermochemical
equilibrium. Effectively, more prior information is being added
to the chemically consistent retrieval system in the form of a
more sophisticated parameterization with more assumptions but
with fewer free parameters. More generally, it would be
possible to apply chemically consistent models on all posterior
“free” retrieval histograms (Figures 6–9) to rule out non-
physical parameter spaces within the equilibrium framework.
This would be an intermediate step between the classic retrieval
and forced self-consistency, but we do not implement it here.

Given a high enough signal-to-noise ratio and sufficient
spectral resolution along with correct physics and chemistry
constraints, one would expect the two approaches to produce
the same distributions of the retrieved quantities. That would
suggest true independence from any prior assumptions, and this

would be the ideal regime for learning more about these
atmospheres.

5.2. T–P Profiles and Parameter Uncertainties

Figure 11 shows the range of T–P profiles retrieved from the
simulated emission spectra over the three different wavelength
ranges. Figure 12 shows normalized thermal emission
contribution functions for the solar-composition hot Jupiter
and warm sub-Neptune planets to illustrate where their thermal
emissions originate. The contribution function for the solar-
composition warm Neptune is very similar to that for the warm
sub-Neptune.
Table 5 lists the 68% confidence intervals of the retrieved

parameters of the transmission and emission scenarios (see
Section 3, Table 1). For cases in which a molecule is not
particularly abundant (e.g., CH4 in the hot Jupiter and CO or
CO2 in the cooler objects), only upper limits could be obtained.
We quote the 3σ upper limits instead of confidence widths in
these cases. We caution, however, that many of these upper
limits are relatively soft and that one should really look at the
histograms to get a sense of the distribution.
These numbers are meant to be a guide to illustrate how the

constraints change from one object to the next. We also note
that there is typically a ∼10% uncertainty on these uncertainty

Figure 6. Retrieved and derived quantities of the hot Jupiter planet. Retrieved volume mixing ratios are shown for each molecular species. Marginalized posterior
histogram shadings are color-coded by instrument mode and therefore wavelengths of spectra used for retrievals. Priors are indicated by blue horizontal dashed lines
for the retrieved molecules. The resulting distributions for the derived quantities log(C/O) and [Fe/H] from the gas priors are more complex distribution functions
(shown in blue). True values are indicated by vertical dashed black lines for all quantities.
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The Near Infrared Imager and Slitless Spectrograph 
Single Object Slitless Spectroscopy mode:  
NIRISS SOSS

– 67 –

Fig. 18.— Simulated traces for the SOSS mode with NIRISS in Orders-1 to 3. The zeroth Order is

o↵ the detector on the right side. The magenta rectangles represent the 2048⇥ 256 (top - standard

mode) and 2048 ⇥ 80 (bottom - bright mode) detector sub-arrays read-out for those modes. The

standard mode covers from 600 nm to 2800 nm (850 nm to 2800 nm in Order-1, 600 nm to 1350 nm

in Order-2) while the bright mode covers from 1000 nm to 2800 nm (in Order-1 only). The Order-3

trace has very low throughput and is unlikely to be of any use. Note that these sub-array are along

the edge of the detector to make use of the reference pixels and that they are along the amplifier

long-axis direction, meaing that the readout can not be multiplexed using 4 amplifiers. The abrupt

cut at 2700 nm is an artifact of the simulation.

7.2.5. Operational Limitations & E�ciency

Wheel repeatability will be the main limitation on the spectral traces position. The

encoder precision is equivalent to 0.15� on the wheel which results in a rotation of ⇠4

pixels at each end of the Order-1 trace. Contamination by the Order-2 trace increases

– 68 –
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Fig. 19.— (Left) A cut through the spectral trace along the spatial direction near 1.5 microns as

measured at cryo vacuum 1 in 2013. The trace is approximately 20 pixels wide with the brightest

pixel receiving about 7% of the monochromatic light flux. The trace width does not vary significantly

across the wavelength range of 0.6-2.8 microns. (Right) Monochromatic PSF of NIRISS in the

SOSS mode at 0.64 microns. A slight tilt of approximately 2 degrees was dialed in so that a given

spectroscopic feature is sampled at di↵erent intra pixel positions.

from less than 10�3 shorter than 2.5 µm to ⇠ 10�2 at 2.8 µm (Figure 20a). Otherwise,

instrumental scattering was modelled to be at a level smaller than 10�3 and is a smooth

background contamination. Because the SOSS mode is slitless, another limitation is trace

contamination by other stars in the field. For a given target, contamination by other stars

will remain fixed and only change with field rotation as the spacecraft orbits the Sun. So,

in a few instances, it may be necessary to schedule the observation to minimize potential

contaminants.

Beichman et al. (2015)
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Sagan Summer Work 2016 
Is There a Planet in My Data?

The participants in this hands-on exercise will complete 
a three-step process to detect and characterize the 
planet in their JWST NIRISS SOSS data

1. Work with high-level data products from the JWST pipeline to 
find the planetary transit as a function of wavelength. 

2. Use MCMC-based fitting tools to measure changes in the 
planetary radius with wavelength to find the planetary spectrum 
from 0.6 to 2.5 microns. 

3. Determine the atmospheric composition of the planet using 
spectroscopic retrieval tools.
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Sagan Summer Work 2016 
Is There a Planet in My Data?

Work with high-level data products from the JWST 
pipeline to find the planetary transit as a function 
of wavelength. 

In [4]: #Now let's look at the science images and header information
sci = hdulist2D[1]
sci.data.shape

Out[4]: (144, 256, 2048)

In [5]: sci.header

Out[5]: XTENSION= 'IMAGE   '           / Image extension                                 
BITPIX  =                  -32 / array data type                                 
NAXIS   =                    3 /                                                 
NAXIS1  =                 2048 /                                                 
NAXIS2  =                  256 /                                                 
NAXIS3  =                  144 /                                                 
PCOUNT  =                    0 / number of random group parameters               
GCOUNT  =                    1 / number of random groups                         
EXTNAME = 'SCI     '           / extension name                                  
BUNIT   = 'DN/s    '           / physical units of the data array va
lues        

In [6]: fig, ax = plt.subplots(figsize=(18, 2))
ax.imshow(sci.data[0,:,:], origin='lower')

Out[6]: <matplotlib.image.AxesImage at 0x1100ef590>

Above should be an image of the SOSS spectral traces in the 256x2048 subarray. What do you notice about
these spectral traces?

In [7]: #Let's use a log scale to get another view of this 2D SOSS image
from matplotlib.colors import LogNorm
fig, ax = plt.subplots(figsize=(18, 2))
ax.imshow(sci.data[0,:,:], origin='lower', norm=LogNorm())

Out[7]: <matplotlib.image.AxesImage at 0x1290db590>

In [11]: #Let's look at the first spectrum
spec1 = hdulist1D[1]
spec1.header

Out[11]: XTENSION= 'BINTABLE'           / binary table extension                          
BITPIX  =                    8 / array data type                                 
NAXIS   =                    2 / number of array dimensions                      
NAXIS1  =                    8 / length of dimension 1                           
NAXIS2  =                 2048 / length of dimension 2                           
PCOUNT  =                    0 / number of group parameters                      
GCOUNT  =                    1 / number of group                                 
TFIELDS =                    2 / number of table fields                          
EXTNAME = 'EXTRACT1D'          / extension name                                  
EXTVER  =                    1 / extension value                                 
JDMID   =        2458710.46502 / Julian date at integration midpoint             
TFORM1  = '1E      '           /Real*4 (floating point)                          
TTYPE1  = 'wavelength'         /Label for column 1                               
TUNIT1  = 'micron  '           /Units of column 1                                
TFORM2  = '1E      '           /Real*4 (floating point)                          
TTYPE2  = 'countrate'          /Label for column 2                               
TUNIT2  = 'DN/s    '           /Units of column 2                               

In [12]: #Let's extract the JD from the header and read in the wavelength and c
ount rate 
jd = spec1.header['JDMID']
wavelength = spec1.data.field(0)
countrate = spec1.data.field(1)

In [13]: #Let's plot the first (in time) spectrum
plt.plot(wavelength, countrate)

Out[13]: [<matplotlib.lines.Line2D at 0x12d016e50>]

In [6]: #Let's plot the 'white-light' light curve
plt.plot(jdtot-np.median(jdtot), white_lc)
plt.axis([-0.04, 0.04, 0.984, 1.001])

Out[6]: [-0.04, 0.04, 0.984, 1.001]

In [76]: #Above should be a nice clean noise-free light curve.  This is not rea
lstic.
#Let's create some noised up more realistic data and do some MCMC fitt
ing
n = jdtot.size
t = jdtot-np.median(jdtot)
flux=white_lc
err = 100.e-6  #100 ppm noise 
flux = flux + np.random.normal(0, err, n)

In [77]: #Let's take a look at our noisy creation
plt.plot(t, flux)

Out[77]: [<matplotlib.lines.Line2D at 0x1155f1090>]
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Sagan Summer Work 2016 
Is There a Planet in My Data?

Use MCMC-based fitting tools to measure changes in 
the planetary radius with wavelength to find the 
planetary spectrum from 0.6 to 2.5 microns. 

batman: BAsic Transit Model cAlculatioN in Python
© Laura Kreidberg, Kreidberg (2015)

Limb darkening options
The batman package currently supports the following pre-defined limb darkening options: “uniform”, “linear”, “quadratic”, “square-

root”, “logarithmic”, “exponential”, and “nonlinear”. These options assume the following form for the stellar intensity profile:

where  is the normalized radial coordinate and  is a normalization constant such that the integrated stellar
intensity is unity.

To illustrate the usage for these different options, here’s a calculation of light curves for the four most common profiles:

ld_options&=&["uniform",&"linear",&"quadratic",&"nonlinear"]
ld_coefficients&=&[[],&[0.3],&[0.1,&0.3],&[0.5,&0.1,&0.1,&C0.1]]

plt.figure()

for&i&in&range(4):
&&&&&&&&params.limb_dark&=&ld_options[i]&&&&&&&&&&#specifies(the(LD(profile
&&&&&&&&params.u&=&ld_coefficients[i]&&&&&&&&&&&&&#updates(LD(coefficients
&&&&&&&&m&=&batman.TransitModel(params,&t)&&&&&&&&#initializes(the(model
&&&&&&&&flux&=&m.light_curve(params)&&&&&&&&&&&&&&#calculates(light(curve

I(μ)
I(μ)
I(μ)
I(μ)
I(μ)
I(μ)
I(μ)

= I0
= [1 − (1 − μ)]I0 c1
= [1 − (1 − μ) − (1 − μ ]I0 c1 c2 )2

= [1 − (1 − μ) − (1 − )]I0 c1 c2 μ‾‾√
= [1 − (1 − μ) − μ ln μ]I0 c1 c2
= [1 − (1 − μ) − /(1 − exp μ)]I0 c1 c2
= [1 − (1 − ) − (1 − μ) − (1 − ) − (1 − )]I0 c1 μ1/2 c2 c3 μ3/2 c4 μ2

(uniform)
(linear)
(quadratic)
(square-root)
(logarithmic)
(exponential)
(nonlinear)

μ = , 0 ≤ x ≤ 11 − x2‾ ‾‾‾‾‾√ I0

In [70]:

#Plot the imported data
plt.errorbar(lam, rprs, yerr=err, fmt='o')
plt.xlabel('Wavelength ($\mu$m)')
plt.ylabel('R$_p$/R$_{\star}$')

Out[70]:

<matplotlib.text.Text at 0x109c6a410>

Take a moment to "play" with the data. What is the spectral resolution? What is the per point error levels?
Do the data attributes seem reasonable? Any initial guesses as to the identity of this planet?

Now we will fit this data by hand by twiddeling all of the parameters. See if you can get a "good fit". Try to
estimate the uncertainties by hand. The current values are purposefully perturbed away from the true answer
so you can't cheat! Good luck. Hint, the only gases you need to worry about are H2O and CO.
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Université de  Montréal 

2:10-2:30  Transiting Exoplanets with NIRCam  Jonathan Fraine  
University of Arizona 

2:30-2:50 Transiting Exoplanets with NIRSpec  Stephan Birkmann 
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2:50-3:10  Transiting  Exoplanets with MIRI  Pierre-Olivier Lagage 
CEA Saclay  

3:10-3:40 COFFEE BREAK  Café Azafran  
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3:40-4:10  JWST Instrument Synergies   Tom Greene  

NASA Ames  
4:10-5:00  Discussion: Sample Science Programs and Current 

Capabilities 
Moderator: Jonathan Fortney  
                   UC, Santa Cruz  

5:00-6:30 POSTER SESSION  Café Azafran  
 

Sagan Summer Work 2016 
Is There a Planet in My Data?

Determine the atmospheric composition of the 
planet using spectroscopic retrieval tools. 

Atmospheric 
Composition 
Constraints
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9:10-9:20 Goals/Overview of the Meeting   Nikole Lewis 
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9:20-10:00 Transiting Exoplanet Science Overview  Mercedes Lopez-Morales  

Harvard-Smithsonian CfA 
10:00-10:30 Status of JWST and Operations for Transiting 

Exoplanet Observations  
Mark Clampin 
NASA GSFC 

10:30-11:00 COFFEE BREAK  Café Azafran  
 SESSION 2 Chair: Knicole Colon  
   NASA Ames  
11:00-11:40 Giant Exoplanet Science with JWST  Adam Burrows  

Princeton University 
11:40-12:20 Terrestrial Exoplanet Science with JWST  Victoria Meadows 

University of Washington  
12:20-1:30  LUNCH  
 SESSION 3 Chair: Everett Schlawin  
   University of Arizona  
1:30-1:50  Comparing and Contrasting Detectors: JWST NIR 

vs. HST WFC3 
Bernard Rauscher 
NASA Goddard  

1:50-2:10  Transiting Exoplanets with NIRISS  Loic Albert 
Université de  Montréal 

2:10-2:30  Transiting Exoplanets with NIRCam  Jonathan Fraine  
University of Arizona 

2:30-2:50 Transiting Exoplanets with NIRSpec  Stephan Birkmann 
ESA 

2:50-3:10  Transiting  Exoplanets with MIRI  Pierre-Olivier Lagage 
CEA Saclay  

3:10-3:40 COFFEE BREAK  Café Azafran  
 SESSION 4 Chair: Natasha Batalha  
   Pennsylvania State 

University  
3:40-4:10  JWST Instrument Synergies   Tom Greene  

NASA Ames  
4:10-5:00  Discussion: Sample Science Programs and Current 

Capabilities 
Moderator: Jonathan Fortney  
                   UC, Santa Cruz  

5:00-6:30 POSTER SESSION  Café Azafran  
 

Sagan Summer Work 2016 
Is There a Planet in My Data?

• Get participants familiar with the types of data products that will 
be produced by JWST pipeline and delivered to MAST archive. 

• Help participants understand the basics of transit data and how 
to extract a planetary spectrum given spectroscopic time-series 
observations. 

• Guide participants through a robust process for determining 
exoplanet atmospheric composition. 

• Introduce participants to python, which will be the language in 
which all JWST pipeline modules, tools, etc. will be built.

Goals of Transit Hands-on Session 

Questions? 


