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Transmission Spectroscopy: 
Probing the atmosphere at the terminator
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Transmission spectra: what do they tell us?

- Presence of absorbing molecules such as water, methane, etc. and 
their relative abundances 

- Mean molecular weight (µ) 

- Scale height 

- Mean temperature  

- Presence or absence of clouds  

- Exoplanet mass (de Wit & Seager 2014)

All these parameters are highly degenerate…
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Current observationsanalysis, (4) and the standard deviation in the mean of the residual
time series and find all methods give results consistent results for
these data (e.g., for the 1.3763-lm channel, the uncertainties for
these four methods are 179, 175, 178, and 170 ppm, respectively).

An additional correction needs to be considered in the case of
WASP-12b. As noted by Crossfield et al. (2012b), the presence of
a nearby star, identified as Bergfors-6, introduces an error in the
measured eclipse depths. Bergfors-6 is visible in WFC3 narrow
band filter images used for our wavelength calibration and detect-
able as an asymmetry in transverse profile of the WASP-12 system
spectrum. Separation of the light from Bergfors-6 from WASP-12 in

our WFC3 data is possible, but requires some care. Using the spec-
troscopy observations of HD 258439, we determined the chromatic
point spread function (PSF). The chromatic PSF was the used to fit
two components—that of WASP-12 and Bergfors-6—for each spec-
tral channel (see Fig. 8). This allowed a determination of the
amount of light originating from Bergfors-6 and WASP-12b; both
primary and secondary eclipse depths were then corrected, follow-
ing the method of Kipping and Tinetti (2010), for the Bergfors-6
contamination.

To assess the quality of the linear inter-orbit detrending meth-
od, we compared the measured noise to the theoretical photon
noise as a function of the number of spectral channels averaged
to create the time series. This analysis shows that the detector be-
haves very well in this readout mode; the presence of systemic
noise becomes detectable when 5 or more pixels are averaged to-
gether, but the systematic noise averages (see Fig. 9) down as pix-
els to the !0.4 power (!0.5 would be ideal). The signal-to-noise of
the final WASP-12b spectrum is increased by averaging together
seven individual channels weighted by the uncertainties and
achieves about 160 ppm or "1.15 times photon noise (see Fig. 10
and Table 2) and avoids the kinds of questions associated with
complex decorrelation methods. Recently, WFC3-IR measurements
of an exoplanet transmission spectrum have been reported by
Berta et al. (2012) using an approach termed the OOT method to
remove the large intra-orbit systematics found in 512 # 512
subarray data. As a consistency check, we applied the OOT method
to our WASP-12 data and find virtually identical results.

For a measurement precision of "160 ppm, corresponding to
averaging 7 pixel-based spectral channels together in these obser-
vations, the 256 # 256 subarray mode delivers nearly ideal noise
properties. When the entire 120-pixel passband is averaged
together, the measured noise of "52 ppm is about 1.45 times the
theoretical instrument precision (see Fig. 9). This is shows that
WFC3 IR is a very good instrument for exoplanet characterization.
Instrument systematic errors are present, but they average down
relatively well. Two separate instrument systematics become
detectable in the WASP-12b data when the entire spectral pass-

Fig. 9. The excellent performance of WFC3 is shown by a comparison of the
theoretical photon-limited noise, based on detected photons, and the standard
deviation of residuals for the primary eclipse measurements using a single HST
orbit centered on orbital phase !0.02 (see Fig. 1) as a function of the number of
pixel-based spectral channels averaged together. Instrument systematics become
detectable when 5 or more pixel-based spectral channels are averaged together.
However, these instrument systematic errors average down very well (only slightly
worse than the square root of bandwidth) and the ultimate performance of the
instrument is "1.45 times the photon noise for our observations.

Fig. 10. (Left) Dayside region emission spectrum (top) and terminator region transmission spectrum (bottom). The data averaged in the spectral dimension and statistically
independent measurements are shown as solid circles with ±1-r errors. The gray line shows the spectrum value computed using a scrolling boxcar. (Right) The dayside
emission spectrum in units of brightness temperature (top) and an uncertainty spectrum showing how each channel compares to the photon noise (bottom). These
measurements approach the theoretical limit for what is achievable with WFC3 in the IR grism spectroscopy mode.
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FIG. 3.— Transmission spectrum of the exoplanet HD 189733b compared to a theoretical model of a clear planetary atmosphere of solar composition. The
model spectrum has a vast number of water vapor lines; for clarity the model spectrum has been Gaussian smoothed to FWHM=0.03 µm.
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Figure 11. The K band differential transmission spectrum of the hot Jupiter HD-189733b (black points), with uncertainties of ±1σ . For comparison, we show the
SW08 spectrum (red dots) and the IRTF points rebinned on the NICMOS wavelengths (blue dots). Left: 2008 June 12; Right: 2008 July 22.
(A color version of this figure is available in the online journal.)
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Figure 12. 0.94–2.42 µm IRTF transmission spectrum compared to a simulated spectrum for water with a mixing ratio of 5×10−4, assuming an isothermal atmosphere
at T ∼ 1500 K. The χ2 value for this fit is also given, where the data values known to suffer from telluric contamination (marked “telluric” in the figure legend) were
excluded for this calculation. For reference, a straight line with a value equal to the mean of all of the data points (y = 0.0241934) is also shown, with the associated
χ2 value. For comparison, when optimizing the spectrum to the flat line, we obtain a χ2 =74.05.
(A color version of this figure is available in the online journal.)

6. CONCLUSIONS

We have presented here the first ground-based spectro-
scopic observations of the primary transit of the hot-Jupiter
HD-189733b, recorded with the NASA IRTF/SpeX instrument.
We have precleaned our data and applied the MCF technique,
finding that the J, H, and K bands spectra are consistent with
the collection of data sets recorded from space with Hubble.
The autocorrelation test demonstrates that correlations are effi-
ciently removed, that our residuals are normally distributed and
that autocorrelative noise is diminished at most frequencies. By
comparing the J,H , and K band 2008 June 12 spectra to syn-
thetic models, we found that water vapor with a mixing ratio
of around 10−4 and 5×10−4 explains the spectral modulations
from 0.94 to 2.42 µm. Our results alone are not sensitive enough
to give further constraints on other molecules, such as methane,

carbon dioxide, or carbon monoxide, as detected in other data
sets; however, by combining the information contained in other
data sets with our results, we can explain the available observa-
tions with a modeled atmospheric spectrum containing water va-
por, methane, carbon monoxide, and hazes/clouds. Future work
will involve obtaining broadband observations taken simultane-
ously, in order to avoid systematic effects resulting from stellar
variability and allowing the precise determination of molecular
abundances.

The work presented in this paper shows that low-resolution
exoplanet spectroscopy is indeed feasible with medium-sized
telescopes from the ground. While the telluric absorption
is a nonnegligible hurdle to the sounding of exoplanetary
atmospheres, the potential to repeat the observations with
relative ease makes the ground an appealing and complementary
option to space.

9

Danielski et al.  2014

6 H. R. Wakeford et al.

Figure 6. Transmission spectrum of HAT-P-1b, derived us-
ing di↵erential photometry with individual-parameter fitting, for
�� = 19.2nm resolution shown as black squares. Over plotted
are the transmission spectra for a range of di↵erent wavelength
resolution bins: �� = 37.2nm in green; �� = 60.4nm in pink;
and �� = 74.4nm in blue.

model described by parameters allowed to vary within the
Kurucz grid of stellar spectra as a function of emergent an-
gle. EXOFAST (a fast exoplanetary fitting suite in IDL) also
uses the stellar mass-radius relation of Torres et al. (2008)
to constrain the stellar parameters, compared to fixed non-
linear limb-darkening parameters used in the L-M with un-
constrained stellar parameters. MCMC can be more robust
against finding local minima when searching the parameter
space, where the L-M may get trapped.
Each method produces similar results within the errors with
the main small di↵erences arising primarily from the di↵er-
ent limb-darkening fitting procedures.

The system parameters and uncertainties for, orbital
inclination, orbital period, a/R⇤, and centre of transit time
were constrained using a combined MCMC fit with three
HST/STIS transit observations, two using G430L and one
using G750L, and our WFC3 transit data (see Table 1).

The initial starting values for planetary and system
parameters were taken from Butler et al. (2006), Johnson
et al. (2008), and Torres et al. (2008). The best fit light curve
for the WFC3 transit along with the uncertainties associated
with the computation were determined using MPFIT giving
a final white light radius ratio of RP /R⇤ = 0.11709±0.00038
(see Fig. 4).

We also fit the white light curve for single target pho-
tometry as well as di↵erential photometry as shown in Fig.
4. Without di↵erential photometry there are systematics in
the data that increase the errors and the deviation from the
mean as shown by the residual plot at the bottom of Fig.
4, which shows that the di↵erential photometry reduces the
scatter in the residuals by a factor of three. For both light
curves the red noise, defined as the noise correlated with
time (�r), is estimated at each time-averaged bin of the light
curve containing N points following Pont et al. (2006),

�N =

r
�2
w

N
+ �2

r (3)

where �w is the white uncorrelated noise and �N is the
photon noise. For our best fit light curve, we find �w =

Figure 7. HST phase coe�cients for each of the spectroscopic
bins using di↵erential photometry individual parameter fitting.
Top: The 1st (black), 2nd order coe�cients (red, squares). Middle-
Top: The 3rd (black-circles) and 4th (red-circles) order coe�cients
showing a near zero variation over each wavelength bin. Middle-
bottom: The 5th (black-stars) and 6th order coe�cient (red-stars)
Bottom: The 7th order HST phase coe�cient for each bin. Note
the y axis scale for each plot with the corresponding white light
coe�cient marked as a solid line.

Figure 8. Raw white light curve with the breathing correction
function over-plotted as open squares (red) to show the fit to the
orbit-to-orbit trends evident in the data corresponding to the 7th
order parameter.

1.49⇥ 10�4, with �r = 4.97⇥ 10�5 using a bin size of N=10
(see Fig. 4) with a photon noise level of 6.8⇥ 10�5.

Another method used to empirically correct for re-
peating systematics between orbits is the divide-oot routine
developed by Berta et al. (2012). Divide-oot uses the out-
of-transit orbits to compute a weighted average of the flux
evaluated at each exposure within an orbit and divides the
in-transit orbits by the template created. This requires each
of the in-transit exposures to be equally spaced in time with
the out-of-transit exposures being used to correct them, so

c� 2012 RAS, MNRAS 000, 1–14
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TABLE 4
Wavelength Dependent Transit Depths from White Light

Residual Method

Wavelength Depth White Errora Total Errora Reduced χ2

µm ppm ppm

1.145 909 20 23 0.81
1.163 940 19 24 0.77
1.182 896 19 23 0.93
1.200 928 19 22 0.77
1.218 910 19 26 0.82
1.237 895 18 24 0.82
1.255 922 18 20 0.76
1.274 936 19 23 0.88
1.292 944 18 30 0.83
1.311 970 18 29 1.04
1.329 933 18 21 0.87
1.348 922 18 26 0.80
1.366 929 18 26 0.81
1.384 922 18 28 0.83
1.403 915 18 18 0.89
1.421 983 18 18 0.84
1.440 978 18 19 0.85
1.458 960 18 21 0.75
1.477 936 19 26 0.68
1.495 924 19 26 0.89
1.513 962 19 25 0.91
1.532 941 19 29 0.89
1.550 942 19 32 0.97
1.569 960 20 42 0.95
1.587 970 20 26 0.87
1.606 1001 20 29 0.87

a White noise measurement errors are estimated using a Markov Chain
Monte Carlo analysis, which implicitly assumes that individual measure-
ment errors are Gaussian distributed and uncorrelated. Total measure-
ment errors are calculated by comparing the MCMC errors to a residual
permutation method that better accounts for time-correlated noise and
taking the larger of the two in each wavelength bin.
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Fig. 8.— Wavelength-dependent transit depths averaged over
the two visits, where the depths are defined as the square of the
planet-star radius ratio Rp/R⋆ in each band. Depths derived us-
ing the spectral template fitting technique (Deming et al. 2013;
Knutson et al. 2014) are shown as filled circles, and depths from
the white light residual fitting technique (Kreidberg et al. 2014)
are shown as open circles. No offset has been applied to either
data set, demonstrating that the average transit depths are also in
good agreement.

sures, we summed the spectra by column. The final step
in the reduction process is to correct for drift of the spec-
tra in the dispersion direction over the course of a visit.
We used the first exposure from the first visit as a tem-
plate and shifted all subsequent spectra to the template
wavelength scale. The spectra shifted by a total of 0.3
pixels over the five orbits contained in our observations,
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Fig. 9.— Comparison of uncertainties on the reported tran-
sit depths under the assumption of either white, Gaussian noise
(open circles) or allowing for time-correlated noise using the resid-
ual permutation method for estimating uncertainties (filled cir-
cles). Errors derived using the spectral template fitting technique
(Deming et al. 2013; Knutson et al. 2014) are shown as blue cir-
cles, and depths from the white light residual fitting technique
(Kreidberg et al. 2014) are shown as red circles.

which is larger than the approximately 0.01 pixel drift
observed in previous scanning mode observations of GJ
1214b (Kreidberg et al. 2014). This increased drift may
be related to the longer scan length and faster scan rate
utilized for these observations as compared to GJ 1214b.
We binned the spectra in four-pixel-wide channels,

yielding 26 spectrophotometric light curves between 1.15
and 1.61 µm. The light curves show orbit-long ramp-
like systematics that are characteristic of WFC3 data.
We correct for these systematics using the divide-white
technique, which assumes that the observed effects have
the same shape across all wavelengths. We fit each spec-
troscopic light curve with a transit model multiplied by a
scaled vector of systematics from the best-fit white light
curve and a linear function of time. We fix i and a/R⋆ to
the values reported in Table 1. The fit to each channel
has six free parameters: one transit depth, four scaling
factors for the systematics (one for each visit and scan
direction), and the linear slope. As before, we calculate
the four-parameter nonlinear limb-darkening coefficients
using a PHOENIX stellar atmosphere model where we take
the flux-weighted average of the theoretical stellar inten-
sity profile within each photometric bandpass. We set
the uncertainties on individual points equal to the sum
of the the photon noise and read noise in quadrature. We
list the best-fit values and corresponding errors in Table
4.
We report uncertainties on the transit depths corre-

sponding to 1σ confidence intervals from either a Markov
chain Monte Carlo (MCMC) fit, which implicitly assumes
white (Gaussian and uncorrelated) noise, or a residual
permutation analysis that better accounts for any time-
correlated noise present in the data. We take the larger
of the two errors in each wavelength bin as our final un-
certainties and provide the MCMC only errors separately
in Table 4 for comparison. Our residual permutation er-
rors are on average 30% larger than those obtained with
MCMC. This suggests that there is some time-correlated
noise in the light curves, which is most likely the result of
imperfect corrections for visit- and orbit-long systematic
trends in the data.

Knutson et al. 2014
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Figure 3 | Spectral retrieval results for a two-component (hydrogen/helium
and water) model atmosphere for GJ 1214b. The colours indicate posterior
probability density as a function of water mole fraction and cloud-top pressure.
Black contours mark the 1s, 2s and 3s Bayesian credible regions. Clouds
are modelled as having a grey opacity, with transmission truncated below
the cloud altitude. The atmospheric modelling assumes a surface gravity of
8.48 m s22 and an equilibrium temperature equal to 580 K.
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Figure 2 | The transmission spectrum of GJ 1214b. a, Transmission
spectrum measurements from our data (black points) and previous work (grey
points)7–11, compared to theoretical models (lines). The error bars correspond
to 1s uncertainties. Each data set is plotted relative to its mean. Our
measurements are consistent with past results for GJ 1214b using WFC3
(ref. 10). Previous data rule out a cloud-free solar composition (orange line),
but are consistent with either a high-mean-molecular-mass atmosphere
(for example, 100% water, blue line) or a hydrogen-rich atmosphere with
high-altitude clouds. b, Detailed view of our measured transmission spectrum
(black points) compared to high-mean-molecular-mass models (lines). The

error bars are 1s uncertainties in the posterior distribution from a Markov
chain Monte Carlo fit to the light curves (see the Supplementary Information
for details of the fits). The coloured points correspond to the models binned at
the resolution of the observations. The data are consistent with a featureless
spectrum (x2 5 21.1 for 21 degrees of freedom), but inconsistent with cloud-
free high-mean-molecular-mass scenarios. Fits to pure water (blue line),
methane (green line), carbon monoxide (not shown), and carbon dioxide
(red line) models have x2 5 334.7, 1067.0, 110.0 and 75.4 with 21 degrees of
freedom, and are ruled out at 16.1s, 31.1s, 7.5s and 5.5s confidence,
respectively.
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and many more…
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Figure&2:&The&transmission&spectrum&of&HAT5P511b.&&a,!Our!WFC3!observations!
show!a!transit!depth!variations!in!agreement!with!a!hydrogen[dominated!
atmosphere.!The!coloured,!solid!lines23,24!correspond!to!matching!markers!
displayed!in!Fig.!3.!The!error!bars!represent!the!standard!deviations!over!the!
uncertainty!distributions.!!High!mean!molecular!mass!atmospheres!(dark!blue!line)!
are!ruled!out!by!our!observations!by!>3σ.!The!WFC3!spectrum!was!allowed!to!shift,!
as!a!unit,!over!these!uncertainties.!!b,!Detailed!view!of!our!WFC3!spectrum.!!For!the!
purposes!of!visually!comparing!the!spectral!significance,!we!shifted!all!of!the!models!
by!98ppm!in!the!grey!region!and!bottom!panel.!!
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Figure 9. Error analysis for our derived exoplanetary transmission spectra.
Each panel plots the standard deviation of the observed noise in our differential
transits, after removing the best-fit amplitude. The noise is shown as a function
of bin size. The blue lines are the relations expected for photon noise based on
the number of detected electrons, and accounting for the effect of smoothing
the grism spectra (Section 4.3). The blue lines have a slope of −0.5 due to the
expected inverse square-root dependence of the noise; the measured points are
in good agreement with that expectation.
(A color version of this figure is available in the online journal.)

the 2D spectral images over a range slightly less than their
height, to utilize pixels having similar exposure levels, to the
maximum possible degree. We similarly restrict our anal-
ysis to wavelengths well above the half-intensity points on
the grism sensitivity function, also to use pixels with similar
exposure levels as much as possible.

2. We integrate the grism spectra over wavelength within our
adopted wavelength range, and construct a band-integrated
transit curve. We fit to this transit curve to obtain the white-
light transit depth (R2

p/R2
s ). We save the white-light transit

depth to use below.
3. We smooth the grism spectra using a Gaussian kernel

with a FWHM = 4 pixels. This reduces the effect of
undersampling. We construct a template spectrum from
the out-of-transit smoothed spectra, and we shift it in
wavelength, and scale it linearly in intensity, to match
each individual grism spectrum, choosing the best shift
and scale factors using linear least-squares. We subtract the
shifted and scaled template to form residuals, and normalize
the residuals by dividing by the template spectrum. This
procedure removes the white-light transit, but preserves the
wavelength variation in transit depth.

Figure 10. Our results for transmission spectra for HD 209458b and XO-
1b in the WFC3 bandpass, compared to models based on Spitzer secondary
observations (blue lines). The spectral resolving power of these measurements
is λ/δ(λ) ≈ 70. The amplitude of the 1.4 µm water absorption is about 200
parts per million (ppm) in both cases, but the errors are smaller for HD 209458b
due to the greater photon flux. The ordinate (transit depth) is R2

p/R2
s , but Rp/Rs

is shown by the scale on the right, and the red bars indicate the pressure scale
heights for both planetary atmospheres. The water absorption we detect is about
two pressure scale heights.
(A color version of this figure is available in the online journal.)

4. At each wavelength, we fit a transit curve to the residuals
as a function of time, accounting for the wavelength
dependence of stellar limb darkening. We add the amplitude
of this transit curve (a “differential amplitude”) to the
depth of the white-light transit from above. We then co-
add the results in groups of four wavelengths (columns on
the detector) to match the smoothing described above. The
result is the exoplanetary transmission spectrum.

5. We determine errors using a residual-permutation method,
comparing those to errors calculated by binning the resid-
uals over increasing time intervals (to verify an inverse
square-root dependence), and by comparing to an ab initio
estimate of the photon noise.

6. We verify the sensitivity of the method to assure that it
does not numerically attenuate the exoplanetary spectrum.
We inject numerically an artificial spectrum into the data at
the earliest practical stage of the analysis, and we recover
it at the correct amplitude.
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Identifying molecular constituents
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Simulated Hot Jupiter (H2O + CH4)

1 100.4 0.5 0.6 0.7 0.8 0.9 2 3 4 5 6 7 8 9
Wavelength (micron)

21800

22000

22200

22400

22600

22800

23000

23200

23400

Tr
an

si
td

ep
th

(p
pm

)

water

1 100.4 0.5 0.6 0.7 0.8 0.9 2 3 4 5 6 7 8 9
Wavelength (micron)

21800

22000

22200

22400

22600

22800

23000

23200

23400

Tr
an

si
td

ep
th

(p
pm

)

methane
1 100.4 0.5 0.6 0.7 0.8 0.9 2 3 4 5 6 7 8 9

Wavelength (micron)

21800

22000

22200

22400

22600

22800

23000

23200

23400

Tr
an

si
td

ep
th

(p
pm

)

1 100.4 0.5 0.6 0.7 0.8 0.9 2 3 4 5 6 7 8 9
Wavelength (micron)

21800

22000

22200

22400

22600

22800

23000

23200

23400

Tr
an

si
td

ep
th

(p
pm

)

WFC3 IRACSTISS

Extending the wavelength range breaks most of the degeneracies 

See Giovanna Tinetti’s talk on Thursday about ARIEL
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Low µ, high H  → large signal

Simulated spectra for a 
 hot super-Earth

The heavier is the main atmospheric component, the 
more compact is the atmosphere, the smaller is the 
signal detected. While clouds can mimic this effect to 
a degree, they mostly influence the short 
wavelengths. See also Miller-Ricci et al. 2010.

cloud deck

Distinguishing between atmospheric constituents

High µ, low H  → small signal

Scale height:
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Atmospheric retrieval

- Ab-initio forward models (Burrows et al. 2005, 2007; Fortney et al. 2005)

• no statistical retrieval, difficult to estimate uncertainties


- Multidimensional grid search approaches (Madhusudhan & Seager 2009)


- Optimal estimation approach (Irwin et al. 2008, Lee et al. 2012; Line et al. 
2012)


- Markov chain Monte Carlo (MCMC) approach (Madhusudhan et al. 2011; 
Benneke & Seager 2012, 2013; Line et al. 2013)
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Tau-REx - Next Gen atmospheric retrieval


• Fully Bayesian Retrieval 

• MCMC 

• Nested Sampling


• Custom made opacity line-lists 
from the ExoMol project


• Prior composition selection through 
pattern recognition software 

• Full parallelisation for cluster 
computing 

Central
Data Module 

Molecular + Atomic
Line ListsParameters Observation 

Marple Module

Adaptive-MCMC Nested SamplingLM-BFGS 
minimization

Occam modulePosterior 
distribution analyser

Bayesian Evidence, P(M
 | x)

Final 
transmission

spectrum

T-P Profile

1

3

2

4

Transmission/
Emission 

Forward Model

Input

Model &
Data handling

Minimization / Sampling

Output
Temperatures
Mixing ratios

Waldmann et al. 2015a,b

⌧REx
Retrieval of Exoplanet atmospheres⌧

Retrieval of !
Exoplanet !
atmospheres⌧ ⌧
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Retrievability of individual model parameters 

We use Tau-Rex to model and interpret the transmission spectra 
of different classes of transiting exoplanets 

We investigate the degeneracies in the model parameters as a 
function of signal to noise, resolution and wavelength coverage
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Super Earth R = 0.2 RJup, M = 0.02 MJup, T = 500 K, µ = 10
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Retrieving atmospheres of gas giants…

… is relatively straight forward.

1. Don’t need to bother about the unit sum constraint of mixing ratios: 

•  >>99% of the atmosphere is made of H and He

•  active absorbers (H2O, CH4 etc) are trace gases (<<1%)


2. There is no surface, assume a maximum pressure of 10 bar


3. Fitted parameters are usually:

•   Temperature

•   Mean molecular weight

•   10 bar radius

•   Mixing ratios of absorbers (H2O, CH4, NH3 etc.)
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Modelling super Earths is more challenging

1. Presence of inactive gases is not known a priori (N2? He? H2?) 


2. The active absorbers (H2O, CH4, etc) can make up a large fraction of the 
atmosphere: Taking care of the unit sum constraint in the fitting becomes 
important!


The unit sum constraint implies that  variables are not free to vary independently 
(Aichison 1986), as it  implies spurious correlations (Chayes, 1960)


3. The surface pressure is also not known

Rocchetto et al. 2015 (in prep.), Bennecke & Seager (2012, 2013)

→ The parameter space for the atmospheric composition is the Simplex 

→ Couple µ to the atmospheric composition 
→ Include the inactive gases in the fitting

The parameter space is larger and more degenerate!
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Applied to transmission spectroscopy: Rocchetto et al. 2015 (in prep.), Bennecke & Seager (2012, 2013)

Modelling super Earths composition in the Simplex space

The Simplex: Log ratio transformation

Aichison (1986) 
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What about retrievability of biosignatures?

Atmospheric biosignatures 

•   O2, O3, H2O, CH4, CO2 in Earth-sized planets   
  (Lovelock 1965, 1975; Lovelock & Hitchcock 1967; Owen 1980; Rye and Holland 
1998, Woolf et al. 2002, Snellen et al. 2013, Barstow et al. 2014) 


•   NH3 in H2 dominated Super Earths (Seager et al. 2013) 
                      3H2 + N2 → 2NH3 (Haber process)

Woolf	  et	  al.	  2002
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Retrievability	  of	  biosignatures	  in	  H2	  dominated	  super	  Earths

-‐ Super-‐Earth	  orbi2ng	  a	  UV	  quiet	  M	  dwarf	  at	  0.037	  AU	  
-‐ Thin	  H2	  atmospheres:	  90%	  H2,	  10%N2	  
-‐ Habitable	  surface	  temperature:	  T	  =	  300	  K	  
-‐ Composi2on:	  CH4,	  CO2,	  H2O,	  NH3
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Model spectrum CH4 CH4:	  5	  x	  10-‐6
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Model spectrum CO2

CO2:	  3	  x	  10-‐6
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Model spectrum H2O

H2O:	  1	  x	  10-‐5
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Model spectrum NH3

NH3:	  2	  x	  10-‐5
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Model spectrum
Observed spectrum, no clouds

Observed	  spectrum	  
0.6	  -‐	  14	  µm,	  R	  =	  100,	  50	  ppm
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Retrieving	  absolute	  abundances,	  cloud	  free	  case

Temperature needs to be constrained by other means (e.g. emission spectra), 
otherwise parameter space is too degenerate
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Retrieving	  abundances	  ra2os
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Conclusions

Contact: m.rocchetto@ucl.ac.uk

marcorocchetto.co.uk

• Transmission spectroscopy offers unique ways to study and characterise 
exoplanetary atmospheres


• Retrieval frameworks are essential to retrieve atmospheric parameters and to explore 
their degeneracies


• We have used TauREx, a new fully Bayesian retrieval framework, to characterise and 
understand the degeneracies of parameters as a function of S/N, resolution a 
wavelength coverage


• We have investigated the retrievability of NH3, a candidate biosignature, in super 
Earth atmospheres, and found that only the relative abundances can be retrieved if 
the atmosphere is properly parametrised. This still provides important clues on the 
chemistry of the planet of potentially habitable planets

Thanks!

mailto:m.rocchetto@ucl.ac.uk
http://marcorocchetto.co.uk

