
The Exoplanet Characterization Observatory (EChO):
performance model EclipseSim and applications

Roy van Boekela Björn Bennekeb Kevin Hengc Renyu Hub Nikku Madhusudhand

Sascha Quanzc Yan Bétrémieuxa Jeroen Bouwmana Guo Chena Leen Decine Remco de Kokf
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ABSTRACT

We present EclipseSim, a radiometric model for exoplanet transit spectroscopy that allows easy exploration of
the fundamental performance limits of any space-based facility aiming to perform such observations. It includes
a library of stellar model atmosphere spectra and can either approximate exoplanet spectra by simplified models,
or use any theoretical or observed spectrum, to simulate observations. All calculations are done in a spectrally
resolved fashion and the contributions of the various fundamental noise sources are budgeted separately, allowing
easy assessment of the dominant noise sources, as a function of wavelength. We apply EclipseSimto the Exoplanet
Characterization Observatory (EChO), a proposed mission dedicated to exoplanet transit spectroscopy that is
currently in competition for the M3 launch slot of ESA’s cosmic vision programme. We show several case studies
on planets with sizes in the super-Earth to Jupiter range, and temperatures ranging from the temperate to the
≈1500K regime, demonstrating the power and versatility of EChO. EclipseSim is publicly available∗.
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1. INTRODUCTION

Pioneering efforts to detect radiation emitted, absorbed, or scattered by exoplanetary atmospheres have opened
the field of exoplanet atmosphere characterization (see e.g.1 for a review). These first works have inspired a
multitude of theoretical studies of the chemistry (e.g.2) and dynamics (e.g.3, 4) associated with these atmospheres.
The next frontier in the study of exoplanets is the procurement of high-quality transmission and emission spectra
of a large sample of targets, via a dedicated space mission. The Exoplanet Characterization Observatory
(EChO5, 6) is a proposed mission aiming to do this that is currently in competition for the M3 launch slot in
ESA’s cosmic vision programme.

Spectroscopy is the method of choice for exoplanet characterization. The main spectroscopically active
molecules (e.g. H2O, CH4, CO2, CO, NH3; e.g.7, 8) can be identified due to their strong near-infrared ro-
vibrational bands and their relative abundances can be accurately measured, allowing the (non-equilibrium)
chemistry to be probed. This is intimately linked to the gas dynamics, transporting reaction products vertically
and horizontally through the atmosphere on short timescales. At optical wavelengths, the scattering of radiation
in the atmosphere may be detected (e.g.9–11), yielding measurements of also spectroscopically inactive species
that often make up the bulk of the atmospheric mass (H2, He, O2, N2; e.g.

12, 13). This allows one to estimate the
absolute abundances of the various previously mentioned molecules, and thus to determine to what degree the
atmospheres of planets have been enriched in heavy elements (or ”metals”). Comparison of planet and host-star
metallicity provides critical insights into the planet formation process, in particular on the accretion history in
the primordial circumstellar disk (e.g.14, 15). In addition, the abundances of these elements thought to be crucial
for the emergence of life (C,H,O,N) might have implications on the potential for habitability in these systems.
The combination of optical and near-infrared observations provides constraints on the presence of clouds (e.g.16),
as well as high-altitude continuum absorbers that cause stratospheres in some planets but not in others (e.g.17).
The combination of optical and infrared spectra furthermore constrains the energy balance of the planet, i.e. its
”climate” (e.g.18, 19).

In order to achieve these goals, EChO must provide spectra of sufficient quality to enable accurate estimates
of temperature and pressure profiles in the atmospheres, as well as constraints on the contribution due to
Rayleigh scattering in the atmosphere. In preparation for this mission we have developed the radiometric model
EclipseSim. We adopt a simple but general approach that allows for an easy comparison of different telescope
and instrument combinations, and can be used to identify the ”sweet spots” of a specific facility. We calculate
the fundamental limit on the SNR of exoplanet spectra that can be obtained, assuming that instrumental
systematic effects can either be avoided by employing a facility design optimized for stability, or be removed
in post-processing. That is, given a set of assumptions on telescope and instrument parameters, we calculate
the photon noise limit achievable on spectra of exoplanets with a range of parameters, orbiting host stars with
a range of parameters. An earlier radiometric model was applied to EchO20 on which EclipseSim improves by
performing fully spectrally resolved instead of mono-chromatic simulations (allowing to also create simulated
data), including stellar photosphere models instead of blackbody approximations, and including the zodiacal
background which is critical at wavelengths beyond ≈10μm. Our model also accounts for the noise introduced
by the pre- and post-eclipse ”baseline” measurement, contrary to the earlier model20 in which this was assumed
to be negligible.

1.1 Exoplanet transit spectroscopy: the measurement principle

The primary challenge in any kind of exoplanet characterization effort is to overcome the huge brightness contrast
between the planet and the host star. This may be done by spatially resolving the light from star and planet
using high-contrast imaging or interferometric techniques, which works best for nearby, young systems with large
orbital separations. An alternative approach can be used for transiting systems, whose average orbital radii are
naturally biased to very small values. Here, we cannot directly separate the light from star and planet, but
instead we try to detect the imprint of the planet atmosphere in the form of minute temporal variations in the
combined light. The principle of the combined light method is illustrated in figure 1. We distinguish between
three observational cases:
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• in primary eclipse (often called ”transit”) the planet moves in front of the star, blocking a fraction of the
starlight approximately equal to the ratio of solid angles subtended by planet and star†. At the planet
limb the high atmospheric layers are partially transparent, and those atmospheric constituents that have
spectral features in their opacity curves will cause minute wavelength-dependent variations in the observed
eclipse depth, from which we can establish their presence and relative abundances.

• in secondary eclipse (often called ”occultation”) the planet moves behind the star. Before and after the
eclipse we see the sum of star and planet light, during the eclipse we see only the star, and the difference
yields the amount of light emitted from the planet day side, which in the infrared will typically be dominated
by thermal emission and in the optical by reflected stellar light. This allows do detect spectroscopically
active species, to constrain the (vertical) temperature structure of the planet atmosphere, and to measure
the optical albedo.

• in phase resolved observations (also called ”around the orbit monitoring”) we measure the system flux
over a much longer time than during eclipse observations, typically for at least half an orbit. This allows
measuring flux contrasts over the planet surface in the longitudinal direction‡ which, when the light curve
includes a secondary ecilpse, can be converted into a lattitude-averaged flux (or ”brightness temperature”)
map of the planetary surface. In principle, this method can also be used to observe non-transiting systems,
in which case only the brightness variations over the surface can be measured, but not the brightness in
absolute sense, since the latter information is encoded in the secondary eclipse depth.

In all three cases the signature of the planet atmosphere is encoded in minute, wavelength dependent variations
of the system flux with time. Our direct, observational goal is thus to monitor the system flux with very high
spectro-photometric sensitivity and stability. The typical time scale of eclise measurements is given by the eclipse
duration and the need to have sufficient ”baseline” before and after the eclipse, and is ≈2 to ≈10 hours. The
time scale for phase resolved measurements will typically be ≈1 to a few days.

2. PLANET AND HOST STAR SPECTRA

2.1 Host star spectra

Exoplanet host stars that will be considered for transit observations will normally be main sequence stars.
For these, we wish to predict the number of stellar photons in each wavelength bin for a system with a given
distance or, conversely, for a given apparent brightness. Combinations of effective temperature, radius, and
mass appropriate for main sequence stars are given by stellar evolutionary models. The emergent photospheric
intensities are then obtained by interpolating a pre-calculated grid of PHOENIX stellar model atmosphere spectra
at the corresponding effective temperatures and surface gravities, the absolute brightness being set by the stellar
radius. The observed stellar spectrum is given by:

F∗(λ) =
πR2∗
d2

I(Tp, λ) (1)

where R∗ denotes the stellar radius, d is the distance between the modeled star+planet system and the telescope,
and I(Tp, λ) is the intensity of the stellar photosphere, averaged over the stellar disk as seen by a distant observer
(i.e. including limb-darkening). See appendix A for a detailed description of the adopted stellar parameters.

†In detail, the shape and depth of a primary eclipse light curve depend on the exact eclipse path of the planet over the
stellar surface, the stellar limb-darkening law, and any brightness variations on the stellar surface due to e.g. star spots.

‡These observations will typically be done for hot, short-period planets that are expected to be tidally locked, i.e.
their orbital and rotational periods are equal. Hence, the day and night side. Thus, the physical planet longitude that
is facing us is directly correlated with the orbital phase, and by measuring the brightness of the planet as a function of
orbital phase, we also measure it as a function of longitude on the planet surface.
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Figure 1. An illustration of the geometry employed in the transit method (after Seager & Deming1). A color version of
this figure is available online.

2.2 Planet spectra

There are two ways to incorporate exoplanet emission or transmission spectra in the radiometric calculations:
(1) read a spectrum from file. This can be an observed spectrum or the output of any planetary atmosphere
code that calculates these quantities, from file; or (2) have the code calculate simple, approximative emission
and transmission spectra. Option (1) is useful for studying specific aspects or systems in detail, for example
in retrieval experiments. Option two is best used for statistical feasibility assessments. Here, we describe the
calculations performed for the latter option.

2.2.1 Day-side emission spectra in secondary eclipse

In secondary eclipse we observe light coming from the planet’s day side. At optical wavelengths this is typically
dominated by stellar photons scattered by the planet atmosphere (or reflected off the surface), while in the
infrared we see the planet’s thermal emission.

Planet reflected light
The amount of light reflected by the planet depends on the wavelength-dependent albedo A(λ), i.e. the fraction
of incoming stellar radiation that is scattered away from the planet, as well as on the planet size and orbital
radius, and is given by:

Fp,r(λ) = F∗(λ)xr(λ)A(λ)
R2

p

a2
(2)

where F∗(λ) is the observed stellar spectrum, xr(λ) is a parameter controlling how efficiently stellar radiation is
back-scattered towards the observer. The often used ”geometric” albedo is then Ag(λ) = xr(λ)A(λ). By default
we use xr(λ) = 2/3 (independent of wavelength), appropriate for an isotropically scattering, i.e. ”Lambertian”,
spherical body. Note that equation 2 does not include a dependence on planet phase and therefore is only valid
around secondary ecilpse, when we see the ”full” planet.

Planet thermal emission
We approximate the emergent intensity of the planet thermal emission by a blackbody curve at the planet’s
equilibrium temperature Tp. The latter is calculated by equating the rate at which energy carried by the host
star radiation is absorbed to the rate at which the planet re-radiates this energy, thereby implicitly assuming
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that stellar irradiation is the only relevant source of energy in the planet atmosphere. The temperature of the
planet’s day side is given by:

Tp = T∗

√
R∗
a

4

√
1−AB

4f
(3)

were R∗ denotes the stellar radius, T∗ the stellar effective temperature, a the distance between star and planet,
AB is the planetary Bond albedo, and f is the fraction of the planetary surface over which we assume the absorbed
energy to be re-radiated, controlling the efficiency of day- to night-side heat re-distribution (0.5<f ≤ 1, where
f =0.5 corresponds to no heat-redistribution, i.e. all absorbed energy is re-radiated on the day side and the
night side is cold, and f =1.0 corresponds to complete heat-redistribution, i.e. day- and night side are equally
warm). The thermal emission from the planet is given by:

Fp,t =
πR2

p

d2
B(Tp, λ) (4)

where Rp is the planet radius and B(Tp, λ) denotes the Planck function at the planet’s temperature.

Observed eclipse depth
The total amount of light emerging from the planet is Fp = Fp,t + Fp,r and the measured eclipse depth ξ(λ),
which is in practice identical to the planet-to-star contrast ratio because Fp � F∗, is given by:

ξ(λ) =
Fp

F∗ + Fp
≈ Fp

F∗
=

R2
p

R2∗

B(Tp, λ)

I(T∗, λ)
+ xr(λ) A(λ)

R2
p

a2
(5)

where the first term represents the thermal emission and the second term the reflected light. Note that, alterna-
tively, it is possible to provide the radiometric code with actual (model) planet spectra, to replace the simplified
approach described above.

2.2.2 Day-night terminator absorption spectra in primary eclipse

The eclipse depth in primary eclipse is the fraction of stellar light blocked by the planet, which is approximately
equal to the ratio of solid angles subtended by the planet and its host star, but shows minute wavelength-
dependent variations if the high planeteary atmospheric layers contain spectroscopically active species. It is
common to express the eclipse depth, i.e. the fraction of stellar light that is blocked by the planet as a function
of wavelength, by the “effective radius” of the planet:

ξ(λ) =

(
Rp,eff(λ)

R∗

)2

≡
(
Rp +Δz(λ)

R∗

)2

≈ R2
p

R2∗
+

2RpΔz(λ)

R2∗
(6)

Here, the last term represents the modulation of the transit depth due to spectral features, whose amplitude
is expected to be approximately proportional to the pressure scale height H high in the exoplanet atmosphere.
The latter is proportional to the temperature and inversely proportional to the planet’s surface gravity g and the
mean molecular weight μ in its atmosphere. We apply an approximate relation for the modulation amplitude of
the main spectral bands:

Δz(λ) ≈ 5H, with H =
kTp

μg
(7)

Such a relation has been demonstrated previously (e.g.21 and we have independently confirmed that ≈ 5 is an
appropriate average value for the constant of proportionality.13 Note that, alternatively, it is possible to provide
the radiometric code with actual (model) planet spectra, to replace the simplified approach described above.

2.2.3 Phase curves

The thermal emission spectra as a function of orbital phase, or for non-transiting systems, are currently not part
of the radiometric code. The same is true for reflected light spectra as a function of orbital phase. The current
model evaluates these quantities only around secondary eclipse.
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3. THE RADIOMETRIC CODE: EclipseSim

The radiometric code EclipseSim models a standard, long-slit, dispersive spectrograph, using e.g. a prism or
a single order of a grism per spectrometer channel. Fourier Transform Spectrographs are not considered. A
cross-dispersed multiple-order concept is not explicitly included, but can be approximated by treating each order
as an individual channel, with an appropriate blaze function.

The model presented here is purely radiometric, that is, it propagates the astrophysical signal through an
instrument model, includes various sources of background radiation and detector noise, calculates the signal and
noise budgets on the detector pixel level, and integrates these over each spectral resolution element and over
time. Hence, it produces SNR estimates that reflect the fundamental performance limit, i.e. the SNR that
is in principle reachable given the finite number of source photons that can be detected during an obseration,
and the fundamental noise sources. Instrumental or astrophysical systematic effects, that may prevent reaching
the fundamental SNR limit, are not taken into account. While our performance model does have built-in
functionality to model instrumental systematic effects, this is beyond the scope of the current description and
not part of the public release of EclipseSim. The fundamental effects that are included are:

• shot noise from the target

• zodiacal background

• thermal background from the telescope and instrument interior

• detectror dark current (DC) and readout noise (RON).

The radiometric model is coded in IDL and has a modular design in which all information is stored in a sigle
structure that is passed on from one module to the next.

3.1 The astrophysics module

The purpose of the astrophysics module is to provide the radiometric calculation with appropriate input spectra
and other relevant quantities. Stellar and planetary spectra are calculated as described in sections 2.1 and 2.2.
At the longer wavelengths the zodiacal light may not be negligible compared to the stellar signal and we include
it as a background emission component as described in appendix B.

Furthermore the astrophysics module calculates the orbital period and the duration of the eclipse timing
parameters T14 (the time between the beginning in ingress and the end of egress, when the planet is partially in
front of or behind the star) and T23 (the time between the end of ingress and the beginning of egress, when the
planet is completely in front of or behind the star):

T14 =
2a sin−1

(
R∗+Rp

a

)
√
GM∗/a

and T23 =
2a sin−1

(
R∗−Rp

a

)
√
GM∗/a

(8)

where G is the universal gravitational constant and M∗ denotes the stellar mass.

3.2 The optics module

The optics module treats the propagation of the astrophysical signals to the detector in a parameterized way. The
total system transmission can be given as a simple scalar fraction (with 0≤ transmission≤ 1) for each channel,
but can also be any wavelength dependent function within each channel.

Subsequently the spectrum is imaged onto the detector, which requires defining the PSF shape in the spatial
and spectral directions, as well as the number of detector elements with which a resolution element is sampled
in each direction. The PSF in the spatial direction is assumed to be the diffraction limited beam, but it can
optionally be widened by convolving it with a beam of constant width (to simulate, e.g., a small de-focus§ in a
simplified way). In the spectral direction the dispersion curve must be defined, for which there are three choices:

§Making the beam wider than the diffraction limit has negligible influence on the radiometry (except for faint sources at
long wavelengths where the zodiacal background dominates over the star light) but may be beneficial for the photometric
stability and reduce sensitivity to e.g. pointing jitter.
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(1) a constant spectral resolution (i.e. R =λ/Δλ is constant throughout a channel); (2) a constant dispersion
(i.e. Δλ is constant throughout a channel, so the spectral resolution R increases linearly with wavelength. The
use of a grism or grating as a dispersive element will yield such a curve); (3) read a dispersion function of
arbitrary shape from file, which can be used to model e.g. the non-linear dispersion of a prism.

3.3 The detector module

In the detector module all photon fluxes impinging on the detector pixels are converted into electron generation
rates by multiplication with the QE, thus going from [γ/s/pix] to [e-/s/pix]. To get the total number of electrons
released in each pixel per second the electron generation rates from all contributors are added:

e−tot = e−s + e−zodi + e−tel + e−inst + e−dc (9)

where the sub-scripts s, zodi, tel, inst, and dc indicate the contributions from the star, the zodical background,
the dispersed telescope thermal emission, the un-dispersed instrument interior thermal emission, and the dark
current, respectively.

3.3.1 Detector duty cycle

The detector duty cycle is calculated such that the total number of electrons gathered in any pixel between
two destructive readouts does not exceed a specified fraction of the full well capacity, 2/3 by default. To be
compliant with a minimum cadence (temporal resolution), the time between two destructive readouts cannot
exceed a specified value, 30s by default. This causes the detector wells to be filled to only a fraction of the
maximum allowed value for faint sources. For bright sources, the time between destructive readouts can be
substantially shorter than 30s. We assume a sampling up the ramp scheme in which there are a number of non-
destructive readouts between each destructive readout, and a short reset time after each destructive readout.

3.3.2 Signal budget on the pixel level

A small correction is then applied to all electron generation rates to account for the duty cycle being smaller
than 1. Typically the duty cycles are very close to one and this has no significant effect. The readout noise
(RON) is assumed to be the total noise per destructive readout. The RON is converted to an effective RON per
second (i.e. for a 30s cycle the effective RON per second would be smaller than the RON value per destructive
readout by a factor

√
30). The SNR per pixel and per second elapsed time is then calculated in the following

way:

SNR1 =
e−s,1√

e−s,1 + e−zodi,1 + e−tel,1 + e−inst,1 + e−dc,1 + (e−ron,1)2
(10)

where all electron generation rates are effective rates per second, corrected for the duty cycle, as indicated by
the ”,1” subscripts.

3.4 The SNR module

The total SNR that can be obtained per pixel on a spectrum during a given time t is obtained by multiplying
SNR1 with the square root of t. The SNR per resolution element is obtained by multiplying by the square root
of the number of pixels by which a single resolution element is sampled (spatial × spectral PSF size). The time
available to build up signal during an eclipse is assumed to be Teclipse = (T14 + T23)/2.

We then need to take into account that we are not measuring merely the “in-eclipse” spectrum, but instead
wish to measure the “in- minus out-of-eclipse” difference, where we refer to the out-of-eclipse measurement as
the “baseline”. The SNR on the difference spectrum approaches that of the in-eclipse measurement in the limit
Tbaseline → ∞, i.e. Tbaseline 	 Teclipse. In practice, the eclipse duration will be a non-negligible fraction of the
total observed time sequence, and the achieved SNR on the difference spectrum can be obtained from that of the
in-eclipse spectrum by division by a factor

√
1 + 1/x, where x denotes the length of the baseline measurement

in units of the elcipse duration.

Lastly, for challenging science cases, we may build up signal by integrating over multiple eclipse measurements.
The SNR is then assumed to scale with the square root of the number of eclipses that are averaged. This
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Figure 2. An illustration of the relative importance of the various noise contributions for a simulated observation of the
GJ 1214 system with EChO as described by the parameters listed in table 1. Note that the instrumental parameters are
not final. A color version of this figure is available online.

implicitly assumes that any temporal variations in the planet spectrum are small compared to the finally reached
flux uncertainties, and, more importantly, that averaging over independent measurements does not introduce
any systematic errors on that same level. The final signal to noise on the in-out eclipse difference spectrum then
becomes:

SNR = SNR1

√
Teclipse nspat nspec Necl

1 + 1/x
, with x ≡ Tbaseline

Teclipse
(11)

where nspat and nspec denote the number of detector pixels that sample a spatial and spectral resolution element,
respectively, and Necl is the number of eclipses over which we average.

Note that it has also implicitly been assumed that the various additive backgrounds (including DC) are
perfectly stable and are automatically canceled in the difference spectrum. If real time monitoring of the
backgrounds is needed, i.e. the backgrounds will be sampled by other pixels than those measuring the stellar
signal, this will introduce extra noise. If the variations are slow compared to the detector duty cycle, then we may
average the background measurement over multiple frames, and the corresponding noise penalty will be reduced.
Here, we have assumed that any such noise penalty is negligible compared to the fundamental performance limit.

3.4.1 Using the spectral dimension to increase SNR?

In this work we are calculating the SNR achievable on in-out eclipse difference spectra, treating each spectral
resolution element independently. As a consequence, the SNR on the difference spectrum is lower than the SNR
of the in-eclipse spectrum by a factor

√
1 + 1/x, which describes the noise arizing from the determination of the

baseline flux level, i.e. the ”normalization” of the light curve.

However, one may consider that the individual spectral resolution elements in the measurement of the stellar
spectrum are not independent. This is most easily seen for the case of relatively early type stars at thermal
infrared wavelengths, where the spectrum is close to the blackbody shape, i.e. smooth, without strong spectral
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structure. In this case, we can in principle determine the flux level of the stellar spectrum in individual spectral
resolution elements of our instrument to a much better precision than the actual measurement in that partic-
ular wavelength bin. We may use our knowledge of the spectral shape, and simultaneously fit data at many
wavelengths, theoretically beating down the noise by a factor of

√
Nc, where Nc denotes the number of spectral

resolution elements in the spectrum. The factor
√
1 + 1/x in the denominator of equation 11 is then replaced by

a different expression, which is different for the primary and secondary eclipse but in both cases yields a higher
SNR, as we will detail below.

From a purely radiometric perspective this concept is a valid way to improve the theoretical SNR limit for the
temporal difference spectrum. We stress, however, that this concept requires two fundamental assumptions to
be made, for which it remains to be proven whether they can be fulfilled:

1. We know (or can model) the spectral shape of the stellar spectrum, at the resolution of the spectrograph,
to a precision that is better than the ultimate contrast we wish to achieve on the temporal difference
spectrum.

2. We can calibrate the relative spectral response of the instrument between different resolution elements to an
accuracy that is better than the ultimate contrast we aim to achieve on the temporal difference spectrum.

A note on assumption (1): it is plausible that this can be achieved for relatively early type host stars until
∼early-K at mid-infrared wavelengths, but remains to be shown for the near-infrared range and for late type
stars (beyond ∼mid-K also in the 6−15 μm range. A note on assumption (2): this aspect involves an implicit
change in the philosophy of the transit method compared to the classical idea: we no longer record a relative
signal over time using the same hardware (pixels and their readout electronics) that has to be stable over a certain
time to a certain level, but instead we need in addition to calibrate physically different hardware (pixels) against
each other to the same very high precision. This puts a qualitatively different, and more stringent, requirement
on the instrument.

If one adopts the abovementioned assumptions, the
√
Nc improvement on the determination of the stellar

flux level leads the factor
√

1
1+1/x in equation 11 to be replaced by a different expression. In the case of secondary

eclipse observations we measure the star-only signal during the eclipse whereas the planet photons are recorded

during the baseline measurement. The above-mentioned factor is in this case replaced by
√

Nc

1+Nc/x
, allowing

to reach an improved SNR by performing a longer baseline measurement. In the limit of Nc	x this factor
reduces to ≈√

x, illustrating the theoretical gain in SNR with the square root of the duration of the baseline
measurement. In primary eclipse observations we gather the planet signal during the eclipse whereas we see the
full stellar flux (with a small contribution from the planetary night side) during the baseline measurement, to
which the

√
Nc advantage applies in this case (where the planet’s night side emission is implicitly assumed to be

negligible). The factor
√

1
1+1/x in quation 11 is then replaced by a factor

√
xNc

1+xNc
, which in the limit of xNc 	 1

reduces to ≈1.

Given that fulfilling the above-mentioned two fundamental assumptions is questionable, we adopt the classical

approach and use the general formula that includes the factor
√

1
1+1/x , but makes no assumptions on our ability

to know the stellar spectral shape and relative response of the system in different resolution elements to extreme
precision. Instead, we typically assume a baseline length that is at least twice the eclipse duration (x � 2) to beat
down the noise introduced during the baseline measurement. The optimum value of x depends on the overheads
of an observation relative to the eclipse duration, various practical (scheduling) constraints, and the (subjective)
importance of the science case. In practice, clearly, using correlations in wavelength will be an essential part of
data processing to correct for systematic effects that may otherwise prevent reaching the fundamental photon
noise limit.

3.5 Output

Upon running a simulation the code returns an IDL structure containing a number of quantities, the most
important of which are:

• the host star spectrum and the planetary absorption or emission spectrum
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Table 1. Parameters used to model the ESA reference design for EChO

channel names
quantity units Vis IR1 IR2 IR3 IR4 IR5 IR6
pixel size [μm/pix] 15 18 18 18 25 25 25
pixel size [arcsec/pix] 0.30 0.54 0.67 1.03 1.28 1.59 1.44
qantum efficiency 0.70 0.70 0.70 0.70 0.70 0.70 0.70
full well capacity [e−/pix] 200000 65000 65000 65000 200000 200000 200000
dark durrent [e−/s/pix] 0.1 1.0 1.0 1.0 0.1 0.1 0.1
readout noise [e−/pix] 10 30 18 15 12 12 12
transmission 0.191 0.284 0.278 0.378 0.418 0.418 0.326
spectral resolution 300 300 300 300 30 30 30
instrument temperature [K] 140 45 45 45 35 35 30
slit width [arcsec] 2.1 2.6 3.3 5.2 7.7 9.5 13.2

• signals from star, planet, and various backgrounds on the detector (pixel) level

• the SNR(λ) curve on the stellar in-out eclipse difference spectrum and on the extracted planet spectrum
at three spectral resolutions: the (high) resolution of the input model, the instrumental resolution, and
(optionally) re-binned to a lower resolution. The SNR on a given quantity always refers to a single spectral
resolution element.

In addition, some diagnostic plots are produced. In figure 2 we show, as an example, the relative contributions of
the various signal components to the total noise budget for a simulated observation of the GJ 1214 system. These
are simply the square root of the number of electrons generated per pixel and per second by each component
contributing to the signal. At wavelengths where the stellar signal is much larger than all the other components
the curve labeled ”shot noise star” is approximately equal to the SNR on the stellar signal reached per second
of integration time on the detector pixel level. Since a spectral resolution element is sampled by a number of
pixels npix, which is typically � 5, the SNR per second per resolution element is a factor

√
npix larger. At

K = 8.8 mag and with a spectral type of M4.5, GJ 1214 is within the foreseen brightness range of EChO targets,
but is rather on the faint end, particularly so at optical wavelengths.

4. EXAMPLE APPLICATIONS

Here we show a few practical applications of our performance model, meant to demonstrate the capabilities of
EChO for a few key science cases. Naturally, this is by no means exhaustive. In all cases, we use the parameters
of the current ESA reference design (early 2012), which are listed in table 1, as input for the performance
model calculations. We note, though, that this design is not final and more mature concepts with somewhat
improved performance are being developed. When supplied with an appropriate input file containing the key
system parameters and, if required for e.g. prism spectrographs, dispersion curves, our code can model any other
facility.

4.1 Hot Jupiters

Hot Jupiters were among the first exoplanets to be discovered22 and because they are less difficult to find than
their smaller or cooler counterparts, they have strongly dominated the population of known exoplanets in early
years. With the ever increasing sensitivity of radial velocity and transit surveys, this dominance no longer
prevails. Now that the era of exoplanet characterization has started, history repeats and the early results have
been mostly on hot Jupiter type planets as they yield the largest signals¶. However, only ≈1% of F-, G-, and
K-type stars harbour a hot Jupiter companion,23 hence these objects remain somewhat of a special class and
are not the most representative for the exoplanet population as a whole. Nonetheless, hot Jupiter planets will

¶This statement refers to the transit-photometry and -spectroscopy work of recent years. Direct imaging work has
focused instead on planets with large orbital radii (but also here, focus lies on young, and therefore still warm, objects).

Proc. of SPIE Vol. 8442  84421F-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/16/2014 Terms of Use: http://spiedl.org/terms



Figure 3. Simulated observations of HD 189733.2 Top panels: primary and secondary eclipse observations re-binned to
low resolution (R = 50), for a single eclipse measurement. Lower panels: zoom-in at R = 300 on the detailed spectral
structure in the near-infared, 10 eclipses averaged. Model spectra are shown in green, simulated data are over-plotted in
black. ESA reference design parameters (table 1) are used in the performance modeling. A color version of this figure is
available online.

be a prime focus of any transit spectroscopy mission because their strong signals allow us to study them in
most detail. While the dominant physical processes are not necessarily the same in various classes of planets of
different temperatures, the laws of physics are universal and much of what we learn by studying these objects
is relevant for the physics of smaller and cooler objects. While hot Jupiter planets are comparatively rare,
their small orbital radii lead to high transit probabilities, making them strongly over-represented in samples of
transiting planets.

In figure 3 we show simulated EChO observations of one of the best studied hot Jupiters, HD 189733b, based
on models that were fitted to broad-band photometric and low-resolution spectroscopic data obtained with
Spitzer and HST.2 In the top panel we show simulations of a single primary and secondary eclipse observation at
a spectral resolution of R=50, in which all the main ro-vibrational bands are detected at very high significance.
This allows their relative strengths, and thereby the relative abundances of the main spectroscopically active
species, to be accurately determined in a single eclipse observation. From the secondary eclipse observation
we can also constrain the vertical temperature profile in the atmosphere and determine the optical albedo. In
the lower panels we show a zoom-in on the near infared range, in which fine substructure within the individual
ro-vibrational bands is detected with superb SNR at a resolution of R=300 after averaging over several, in this
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Figure 4. Primary transit absroption spectra of 600K warm Neptunes. Left : relative transit depths of a planet with an
equilibrium compositon atmosphere of solar metallicity (black) and one that is enriched in heavy elements (10× solar
metallicity, green). The NIR transmission spectra are essentially identical, but the level of the optical Rayleigh scattering
curve relative to the NIR range allows to distinguish both cases.13 Right : simulated observations of a 600K warm
Neptune with solar composition (ESA reference design parameters, see table 1, mid-K type host star at a distance of 50 pc
(K ≈ 8.3mag), averaged over 10 eclipses). Note that the transmission (right plot) is 1 minus the relative transit depth
(left plot). A color version of this figure is available online.

case 10, eclipses. These spectra rival those of early day, in-situ solar system exploration.

4.2 Neptunes & super-Earths

Neptune-type exoplanets differ from their larger Jupiter-type relatives in the sence that they are smaller and
less massive, and H+He contribute much less to their total masses, though their atmospheres are likely to be
still H+He dominated. A yet smaller class of planets, with a radius of �2,R⊕ and masses in the ≈2−10M⊕
range, have been dubbed “super-Earths”, though it was realized that many of these objects may still have a
thick H+He envelope and might more appropriately be referred to as “mini-Neptunes”.

Here we use the term “super-Earth” for planets that consist largely of heavy elements, mostly refractory
material (rock) and water (-ice), and the term (mini-) Neptune for objects in which H+He make up a substantial
fraction of their their bulk mass. In terms of atmospheric characterization both cases are in principle very similar,
except for a potential difference in mean molecular mass‖.

EChO provides important advantages with respect to competing facilities such as Hubble, JWST, and the pro-
posed JPL mission FINESSE, by offering large simultaneous wavelength coverage (0.4−11μm, with an optional
extension to 16μm, pending programmatic feasibility). For a sub-set of EChO targets we can:

1. provide a unique constraint of the mixing ratios of the atmospheric gases is possible by measuring (1) the
transit depths in at least one absorption feature for each absorbing gas, and (2) the slope and strength
of the molecular Rayleigh scattering signature at short wavelengths.13 See Figure 4 for example primary
transit absorption spectra of a 600K warm Neptune.

2. discriminate between a thick, cloud-free atmosphere and an atmosphere with a surface, where the surface
is either the ground or an opaque cloud deck. For an atmosphere with a surface at low optical depth, we
can quantitatively constrain the pressure at this surface. A unique constraint of the composition is also
possible for an atmosphere with a surface.13

‖Planets with a high mean molecular mass µ are observationally much more challenging in primary eclipse observations,
because the spectral feature amplitude scales inversely with µ (see equation 7). For secondary eclipse observations, µ does
not directly affect observational feasibility.
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Figure 5. Simulated EChO spectra of hot, atmosphere-less rocky planets, orbiting a nearby M-type star (10 pc,
K ≈ 8.8mag, spectral type M5). Both planets are 1.8 R⊕ in size and have an effective temperature of ≈850K. ESA
reference design parameters (table 1) assumed for performance model, and averaging over 50 eclipses. Left : a planet with
a granitoid surface, indicative of slow cooling magma, pointing at plate tectonics. Right : a planet with an ultramafic
surface, indicative of high-temperature, active volcanism.
A color version of this figure is available online.

3. discriminate between hydrogen-rich atmospheres and high mean molecular mass atmospheres, even in the
presence of clouds.13 An estimate of the mean molecular mass made independently of the other unknown
atmospheric parameters is possible by measuring either the slope of the Rayleigh scattering signature, the
shape of individual absorption features, or the relative transit depths in different features of the same
molecular absorber.

4.2.1 Super-Earth surfaces

Both for (mini-) Neptunes and super-Earths the characterization of their atmospheres is the prime scientific
objective. However, in the case of super-Earths with a very thin atmosphere, or no atmosphere at all, the
exciting prospect of directly characterizing their rocky surfaces arizes. Here consider this possibility, and show
that EChO has the capability to address this topic by measuring spectral features of the silicate surfaces of rocky,
atmosphere-less exoplanets.

Silicate surfaces lead to unique features in the planetary thermal emission at mid-infrared wavelengths, most
prominently the Si−O stretching mode at 7−13μm.24 We have simulated observations of rocky exoplanets
having several types of silicate surfaces for nearby M dwarfs (figure 5). For hot super-Earths around nearby
M-dwarfs, EChO will be able to detect the Si−O feature with moderate spectral resolution. Such a detection
would directly confirm the exoplanet being predominantly rocky and break a common degeneracy between rocks
and volatiles in the planetary mass-radius relationship.

Furthermore, the details of the Si−O feature, in particular the wavelength of the emissivity maximum at
the short-wavelength edge of the feature, are indicative of the type of silicates (i.e. the Christiansen feature24).
Granitoid material, for example, has an emission peak at ≈7.5μm whereas emission from an ultramafic surface
peaks at ≈8.5μm. As is shown in figure 5, EChO could convincingly distinguish both cases. This may then be
tied to the planets geological history. For example, ultramafic surfaces indicate primary crust from a magma
ocean or high-temperature active volcanism, whereas granitold surfaces indicate reprocessing, heating and partial
melting of the primary crust, a regime on Earth driven by plate tectonics.

4.2.2 Molecular features in temperate super-Earths around M-type stars

A major goal of exoplanet characterization efforts is to perform spectroscopy of temperate Earth-like planets, i.e.
those with a rocky surface and a temperature allowing liquid water thereon, to detect molecules and ultimately
bio-markers in their atmospheres.
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Doing spectroscopy of a true Earth twin, i.e. a 1R⊕ planet orbiting a Sun-like star, is beyond the scope of
any conceivable transit spectroscopy mission, and requires large technology developments such as long baseline
infrared interferometers consisting of multiple free-floating space-craft (TPF/Darwin) or highly sophisticated
space coronagraphs. It was realized, however, that “super-Earth” planets in the temperate zone around M-
type main sequence stars may be within reach of transit spectroscopy missions. Due to the much lower stellar
luminosity, the orbital radii at which the appropriate temperatures prevail are much smaller than for Sun-like
stars, increasing both the transit propability and the number of transits that occur in a given time interval.
Moreover, the low stellar brightness yields a much more favorable planet/star contrast ratio compared to host
stars of earlier spectral type. Observations have shown that temperate super-Earth (hereafter ”TSE”) planets
are very common around M-type main sequence stars.25

Molecules leave their imprint in both primary transit absorption spectra and secondary transit emission
spectra. If the atmosphere is dominated by species with a relatively low mean molecular mass, primary transit
observations may provide the best prospects of detecting molecules in these objects. The dayside emission
spectrum is to first approximation independent of H and we here consider secondary eclipse observations for
these objects. Clearly, detecting molecules in TSE atmospheres is by far the most challenging science case for
a transit spectroscopy mission such as EChO. Here we investigate out to what distance we may detect the key
molecules Water, Carbon dioxide, and Ozone in secondary eclipse observations, around TSE planets orbiting
M-type stars as a function of host star spectral type, under the following assumptions:

1. the planets have the same emergent intensity as Earth, but are bigger (1.8R⊕) and correspondingly brighter.

2. we observe and average over 50% of all eclipses that occur over a 5-year mission lifetime.

We use our performance model to simulate EChO spectra (see figure 6, left panel), on which we can then do de-
tection experiments for the main spectral bands of H2O (≈5−8 μm), O3 (9.3−10.1 μm), and CO2 (≈13−16 μm).
The model we use to fit the simulated data is based on the actual input spectrum F (λ) (green curve in figure 6),
which we decompose into a smooth continuum and an absorption component Aabs(λ) for the respective molecular
band we are fitting, which is given by:

Aabs(λ) = 1− F (λ)

ΩplanetB(287K, λ)
(12)

where Ωplanet denotes the solid angle subtended by the planet, which we keep fixed to the input value throughout
the whole process, assuming that we will know it comparatively accurately from primary eclipse observations.
The model spectrum is then given by:

Fmodel(λ) = ΩplanetB(Tfit, λ)(1 − sfitAabs(λ)) (13)

and has two free parameters: the dimensionless normalized depth of the absorption feature sfit and the temper-
ature of the underlying blackbody Tfit, of which the input values are 1.0 and 287K, respectively. We perform a
simple χ2 minimization to find the optimum values of sfit and Tfit.

We repeat this experiment many times, each time supplying the simulated spectrum with a fresh set of
normally distributed noise according to the SNR that was given by the performance model. The resulting
distribution of fitted values for sfit and Tfit closely follows a gaussian distribution. Comparing the width σs of
the sfit distribution to its mean value of 1.0 yields an estimate of the significance of the detection of the respective
molecular band: nσ = 1/σs. Lastly, we iteratively vary the distance to the source until we reach nσ = 3, i.e. we
have a 3σ detection of the molecular band. This is illustrated in the right panel of figure 6.

The SNR that we can reach on the planet spectra depends on the host star spectral type, and increases towards
later spectral types because:

• the planet/star brighness contrast increases strongly towards later spectral types (we keep the planet size
and temperature fixed to 1.8R⊕ and 287K, respectively).

• the orbital period at which an equilibrium temperature of 287K is reached decreases as we go to later spec-
tral types, allowing to average over more eclipses. Even though the duration of individual eclipses decreases
somewhat towards later spectral types, the total amount of time available to gather signal increases.
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Figure 6. Feature detection in temperate Super-Earth spectra. Left : a simulated spectrum of a 1.8 R⊕ planet with an
emergent intensity identical to Earth, orbiting an M5 star, as observed with a ”current reference design” EChO (see
table 1). The underlying imput spectrum is shown in green. The spectrum has been averaged over 122 eclipses and the
distance to the source is 2.6 pc. Right : the distribution of fitted parameters of 2048 random renditions of this spectrum,
with the same SNR. See section 4.2.2 for details. A color version of this figure is available online.

We perform the procedure described above for a range of host star spectral types, thereby determining out to
what distance we can achieve 3 σ detections of H2O, O3, and CO2. The results are shown in figure 7, and a few
aspects are worth noting:

1. CO2 is the least difficult molecule to detect due to its high equivalent width and long wavelength (hence
favorable planet/star contrast). H2O is already much more difficult and O3 is more difficult still.

2. the maximum distance dmax out to which a feature can be detected follows a slope as expected from the
finite number of source photons noise limit for H2O and O3. For CO2 the same is true up to a spectral
type of ≈M4, after which the curve changes slope and the increase of dmax towards later spectral types
becomes less steep. This is due to the zodiacal background, which becomes similarly bright as the host star
at the limiting distance dmax around this spectral type, and dominates the signal at later spectral types.
The change in slope thus corresponds to a transition from the source photon limited to the background
limited regime.

Lastly, we show in the bottom right panel of figure 7 how the maximum distance out to which CO2 can be
detected with a transit spectroscopy mission, as a function of the facility’s Figure of Merit (FoM), which is the
product of the effective light gathering area, the total instrumental transmission Tr, and the detector quantum
efficiency QE, and has units of [m2 e−/photon]:

FoM = AeffTr(λ)QE(λ) (14)

The current EChO reference design has an FoM of aproximately 0.31 m2 e−/photon (average value for channels
IR4, IR5, IR6, covering 5-16 μm), but this value may increase somewhat as off-axis telescope designs offering
larger apertures of up to ≈1.5m are considered, and IR instrument throughput may be further optimized.

From first principles we expect dmax to scale linearly with the telescope diameter D, and thus like the square
root of the FoM (keeping the system transmission and detector QE constant), if detector duty cycle effects are
ignored and the width of the PSF is assumed to scale inversely with the telescope size. This holds both in the
source photon limited regime as well as in the background limited regime, though the slope q of linear relation
dmax = qD is larger in the source photon limited regime than in the background limited regime. This behavior
is indeed seen in the bottom right panel of figure 7.
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Figure 7. The maximum distance out to which the spectral bands of H2O, O3, and CO2 can be detected in secondary
eclipse observations of temperate Super-Earth planets of 1.8 R⊕, assuming their surface brightness is identical to that of
the Earth. Parameters of the ESA reference model are assumed in the performance model (see table ??). Grey numbers
denote the number of eclipses over which the signal is averaged. A color version of this figure is available online.

Finally we note that in all of the above we have explored only the fundamental limits based on source- and
background photon statistics. We have not considered any systematic effects, such as potential problems arising
due to stellar activity and the associated variability.

5. SUMMARY

We have presented EclipseSim, a general tool to simulate exoplanet transit spectroscopy observations for both
primary eclipse (day-night terminater absorption spectra) and secondary eclipse (day side emission spectra).
The tool includes fundamental instrumental and astrophysical noise sources and as such provides an estimate of
the maximum reachable performance of the modeled facility. All calculations are done in a spectrally resolved
fashion and the tool provides visualization of the individual contributors to the noise budget as a function of
wavelength. It also produces simulated data. EclipseSim is publicly available.

We have applied our tool to the Exoplanet Characterization Observatory (EChO), a proposed mission dedi-
cated to exoplanet transit spectroscopy, that is currently in competition for the M3 launch slot in ESA’s cosmic
vision programme. We have shown a number of case studies on planets with sizes in the super-Earth to Jupiter

Proc. of SPIE Vol. 8442  84421F-16

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/16/2014 Terms of Use: http://spiedl.org/terms



range, and temperatures ranging from the temperate to the ≈1500K regime, demonstrating the power and ver-
satility of EChO. A dedicated observatory, fine-tuned towards spectro-photometric stability, offers truly great
perspectives and will hugely advance our knowledge of the physics of exoplanet atmospheres, and their full
diversity.

APPENDIX A. STELLAR PARAMETERS

We use a mass-based grid containing 50 models with (initial) masses between 0.075 and 20 M�, approximately
logarithmically spaced. Assigning an effective temperature and radius to an object of a given initial stellar mass
requires the use of stellar evolutionary tracks, and a choice of stellar age. We assume a star of a given spectral
type to have an age corresponding to one-third of its nominal main sequence lifetime∗∗, with a maximum of
10Gyr.

For stars with masses between 0.6 and 5.2 M� we use the Yonsei-Yale tracks27–30 complemented with the
tracks by Baraffe31 for stars below 0.6 M� and with those by Girardi et al.32 for stars above 5.2 M�. At this
point, we have a set of 50 models with effective temperatures from ≈2,000 monotonically increasing to ≈34,000 K,
each with the appropriate stellar radius, mass and age (the stellar luminosities and surface gravities are then
implicitly fixed).

For each model calculate the emergent spectrum using PHOENIX models at effective temperatures below
10,000K and atlas 9 models33–35 at higher temperatures. We bin the models to a constant spectral resolution
of λ/δλ≈ 3,500 over the whole included wavelength range (0.01 to 100 μm). We store the model spectra as
specific intensities, which can be converted to observable fluxes by multiplying by the solid angle subtended by
the star Ω∗ as seen from Earth.

Effectively, we have a one-dimensional model grid and a model spectrum of any main sequence star in the
covered temperature range can be obtained by linear interpolation in logTeff . One can either specify Teff or
give a spectral type, which is then converted to effective temperature††. If no stellar radius R∗ is specified this
quantity will be adopted from the model grid, but it is also possible to explicitly set the radius‡‡. The absolute
flux scale is finally set by specifying the distance to the star, thereby fixing Ω∗. Instead of giving the distance it
is also possible to specify the K-band magnitude, which is then used to derive a photometric distance.

APPENDIX B. ZODIACAL LIGHT MODEL

The main astrophysical source of background radiation (or, rather, foreground radiation) relevant for EChO is
the zodiacal light. We model it using the Kelsall et al. model45 that is based on COBE/DIRBE measurements.
The intensity of the zodiacal light is a strong function of viewing direction relative to the ecliptic and the Sun-
vector. The pointing restrictions as currently baselined for EChO are that the spacecraft can rotate freely (360◦)
about the Sun vector, and approximately 36◦ away from the plane normal to the sun vector in both directions.
Thus, on average, a target is observable ≈59% of the time, assuming a uniform sky distribution of sources.

We have calculated an average zodiacal light intensity over the viewing angles accessible by EChO as described
above, where we have weighted the intensity of each viewing direction over ecliptic lattitude with the fraction
of time a source at each lattitude is observable. The resulting average intensities in the COBE/DIRBE bands
are shown in figure 8, together with a spline fit to these values (black curve). We use this spline fit to evaluate
the intensity of the zodiacal light at arbitrary wavelengths. Also shown in figure 8 are the highest and lowest
values of the zodiacal light intensity occurring within the pointing restrictions, corresponding to pointings near
the ecliptic plane and the ecliptic poles, respectively. By default we use the mean intensity curve in all our
radiometric calculations.

∗∗We crudely approximate the main sequence lifetime of a star with 10×
(

M∗
M�

)−2.5

Gyr.26

††For spectral types from B2 to G9 we use the relation derived by,36 between K0 and K9 we use that by,37 and between
M0 and M9 we approximate a large number of data points38–44 with the linear relation Teff= 3800−160 x, where x denotes
the M-dwarf subtype.

‡‡We then ignore that this may introduce a slight mis-match between the actual log g and that used in the model
spectrum. At the level of precision required for the current application, the inferred small potential differences in flux are
irrelevant.
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Figure 8. Mean zodiacal light intensity over the viewing directions accessible to EChO (black curve), as well as the
minimum and maximum intensities. Based on COBE/DIRBE measurements45
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