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Abstract

This report describes simulations of observations with the near-
infrared high-resolution spectrometer SIMPLE that is proposed to the
ESO telescope E-ELT. We simulate M4 and G2 stars with transiting
Earth-like planets and the goal is to distinguish spectral features orig-
inating from the atmosphere of the exoplanet. Noise levels of different
magnitudes are added to the simulations and the minimal signal-to-
noise required for detection of the atmosphere is estimated. Our con-
clusion is that detection of atmospheric features looks promising using
this setup.
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1 Abbreviations

NIR Near Infrared
S/N Signal to Noise
FWHM Full Width at Half Maximum
PWV Precipitable Water Vapor

2 Introduction

Planetary atmospheres can tell us much about the physical conditions of a
planet. Absorption spectra are the only direct tool to determine the composi-
tion, temperature and density of a planetary atmosphere. In this document,
we study the possibilities to detect absorption spectra from transit events
concentrating on the observational requirements for the E-ELT/SIMPLE in-
strument in order to be able to reliably reproduce spectral features associated
with important molecules. We do not attempt to assess the outcome of mea-
suring the physical parameters of a planetary atmosphere based on such data.
Detection of absorption spectra from an Earth-sized exoplanet is a difficult

task. The area of the star covered by the planet at transition is very small:
the Earth atmosphere covers about 3 ppm of the solar disk at a transit seen
from a distance. The fact that the planet atmosphere only will affect such
a small fraction of the emitted stellar light makes it very hard to detect ab-
sorption features of a planetary atmosphere.

The near-infrared spectrograph SIMPLE proposed for the E-ELT does how-
ever have a chance to detect these faint absorption spectra, at least for the
low-mass host stars. The high-resolution of SIMPLE and the massive light-
collecting power of the E-ELT make it capable of detecting atmospheric ab-
sorption spectra. The main advantage of using the near infrared is the access
to many important molecular absorption bands very prominent in planetary
atmospheres.
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3 The goals

The goals of this project are:

• Find the S/N required to detect exoplanets in transit in absorption
spectra with the SIMPLE spectrometer

• Explore the effects of the relative area of star / planetary atmosphere,
radial velocity of star/planet system and resolution of the spectrograph
on the required S/N

• Suggest a possible methodology for observations and reduction of ob-
servations to obtain a planetary absorption spectrum

• Identify critical elements and possible problems with this methodology

In order to reach these goals, we simulate observations of transiting exoplan-
ets with SIMPLE and a lower resolution spectrograph in the same wavelength
range. A random noise with normal distribution is added to the data. Then
we run an inversion procedure on the simulated ”observations” in order to
determine the maximum noise level for which the spectral features of the
planetary atmospheric absorption can still be recovered. To test the effects
of the star and planet size, simulations are made for both a solar-like star and
an M-dwarf assuming an Earth-size and a ”super Earth” planet. To deter-
mine the effects of the shift between the planetary and the telluric spectrum
due to e.g. different observation epochs of radial velocity of the star carry
out simulations imposing a range of Doppler shifts on the simulated data.

4 The data sources used in simulations

In this project three types of spectra were used: stellar spectra, absorption
spectra of an exoplanet atmosphere and the Earth´s atmospheric absorption
spectrum (telluric). Using simulations of stellar spectra instead of the real
observations gives full control over the data and robust measurement of the
performance provided that the simulations are sufficiently realistic.

4.1 Stellar spectra

The high-resolution flux and specific intensity spectra for cool stars were
computed with the stellar atmosphere modelling code MARCS (Gustafsson
et al. 2008). We used the latest generation MARCS model atmospheres and
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the corresponding spectral synthesis code BSYN developed by K. Eriksson
and B. Edvardsson. 1D hydrostatic MARCS models are based on the most
advanced atomic and molecular opacities and they are extensively tested
against real data for the Sun, cool dwarfs, subgiants and giants. The quality
of the stellar model atmospheres was assessed using spectral synthesis, which
also gives the estimate of the quality and completeness of the line lists. In
case of the Sun the comparison was also done for a wavelength-dependent
limb darkening. Flux and intensity spectra were computed for a Sun-like star
and for an M-dwarf with parameters according to Table 1.

Table 1: Parameters of the stellar models used to simulate the observations.

Solar type M-dwarf
Type G2 M4
Teff 5777 K 3100 K
log(g) 4.44 (cgs) 5.0 (cgs)
Mass 1M� 0.16M�
Mass 1R� 0.17R�

4.2 Earth atmosphere absorption spectrum

This spectrum was taken from a high-resolution spectral modelling website
http://spectralcalc.com, providing calculations of absorption spectra of the
Earth atmosphere under given conditions.

The atmospheric model used for integrating the absorption spectrum is the
U.S. Standard Atmosphere (U.S. Government Printing Office, Washington,
D.C., 1976, RD5). It provides pressure and temperature profiles as well as
partial pressures for various gases. In particular, the molecules dominating
the IR absorption, such as O2, O3, H20, CO2, CH4 and HNO3 are included
in calculations. In order not to introduce biased results the same molecules
that were included in the exoplanet spectrum were also considered in the
Earth atmosphere absorption spectrum. The line lists used for calculating
the absorption bands of these molecules were taken from HITRAN (Rothman
et al. 2009).

In order to make simulations of the atmosphere above the E-ELT more real-
istic we used the parameters of Cerro Armazones where the telescope will be
located. The altitude was therefore set to 3 km and as Cerro Armazones is
known to be a very dry place, the water vapour concentration was reduced
to 40% of the default concentration in the U.S. Standard Atmosphere model.
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Figure 1: The transmittance spectrum of the Earth-like exoplanet, plotted
over SIMPLE wavelength range. The transmittance is defined as the fraction
of the stellar flux propagating through the planetary atmosphere on the way
to the observer which is not absorbed by the atmosphere. Transmittance is
determined for each wavelength under the assumption of no sources inside the
atmosphere but a realistic vertical model and equation of state. For example,
almost all of the light (> 90%) at 1000 nm passes through the atmosphere,
while a much smaller fraction (60%) of the light at 2000 nm is let through.
Note that this spectrum is not convolved with an instrumental profile.

4.3 Exoplanet atmosphere absorption spectrum

The spectrum used for the transiting exoplanet was provided by L. Kalteneg-
ger and W. A. Traub. They did detailed calculations of a wavelength-
dependent transmission for the atmosphere of an Earth-like exoplanet. These
calculations are a lower resolution than the one planned for SIMPLE but for
now there is no alternative. Kaltenegger is working on high-resolution version
and improved opacities but the results are not expected until the middle of
2011. The information of how this transmittance spectrum (shown in Figure
1) was computed, see Kaltenegger & Traub (2009).

For simulations of an Earth-size exoplanet, the atmosphere starts at one
Earth radius and extends to 100 km altitude. The transmittance function
was already averaged taking into account the geometry and the radial struc-
ture of the atmosphere. Thus to compute the effect of an exoplanet all we
have to do is to remove the light blocked by the solid part of the planet (a
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Figure 2: Upper panel: simulation of observation of Sun-like star through
Earth atmosphere. Lower panel: observation of Sun at Kitt Peak.

circle with the radius of the planet) and multiply the part of the flux go-
ing through the planetary atmosphere by the transmittance spectrum from
Kaltenegger and Traub.

In the simulations of the transit with a larger exoplanet (later referred as ”su-
per Earth”) we simply increase the radius and the height of the atmosphere
by a factor of 3, keeping the same transmittance spectrum. We are aware of
that this model is not self-consistent as the averaging of the transmittance
spectrum was done for a different scale height. Still, we believe that this
simplified model is sufficient for the purpose of studying the effect of the size
on detectability of spectral features in its atmosphere.

4.4 Tests of accuracy of simulated spectra

We could verify how well the simulations can reproduce the real data in the
case of the solar spectrum. We took the MARCS spectrum for the Sun,
multiplied by the telluric spectrum and compared with the Solar Spectrum
Infrared Atlas by Livingston & Wallace (1991). The comparison is shown in
Figure 2.

The differences in band strength are due to the differences in the actual
atmospheric conditions and the model as well as to the differences in the
altitude. The Atlas observations were made at Kitt Peak which is at 1 km
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lower altitude than Cerro Armazones for which the model was constructed.

As the atmosphere is constantly changing, it is impossible to exactly match
the atmosphere during an actual observation without measuring it, but the
overall shape as well as most of the high-resolution features is well repro-
duced. It indicates that model telluric spectrum is good enough for our
simulations.

5 Simulations

We test the possibility of detecting planetary spectra by simulating observa-
tions with the near-infrared spectrometer SIMPLE and then trying different
methods of recovering the planetary contribution. In order to simulate the
observations we construct the wavelength scale of SIMPLE using the abso-
lute spectral order numbers, central wavelengths, resolving power and free
spectral range for each order. We have not used the wavelength overlap re-
gions and in this version of the simulations we have ignored the effect of the
blaze on the signal-to-noise ratio within the spectral order. We leave the
detailed simulations of the SIMPLE observations to the next version of the
simulations.
The simulated observations of the stellar spectrum during planetary transit
are based on several assumptions. We assume that during a transit:

• The solid part of the planet blocks stellar light completely while the
planetary atmosphere absorbs stellar light as a function of wavelength.

• The projected areas of the planet and its atmosphere are sufficiently
small so that the affected stellar spectrum can be represented by a
single specific intensity corresponding to the distance of the planet´s
projected position from the centre of the stellar disk.

• The exposure times are short enough to make it possible to ignore the
motion of planet projection during a single exposure.

• Many simulated observations are carried out varying in noise realiza-
tion, projected position of the planet and radial velocity change of the
observer. In the following an individual exposure will be referred to
as ”phase”. We assume constant absorption of the Earth atmosphere
for the whole sequence. This is a strong assumption and one should
develop a robust method for assessing the changes in the telluric spec-
trum.
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• The stellar flux spectrum to remain constant during the whole transit.

• The noise of observations is dominated by the shot noise.

A simulated spectrum of the star with a transiting Earth-like planet (S) is
computed as follows:

S̃φλ =
[ (
Fλ − Iµφλ · δ

P+A + Iµφλ · δ
A ·KP

λ

)
·KE

φλ

]⊗
γinst (1)

where F is the flux of the star, Iµ is the specific intensity at the position of the
planet characterized by the cosine of the angle between the local stellar ra-
dius and the direction to the observer µ, KP is the transmittance spectrum
of the exoplanet atmosphere (shown in Figure 1) and KE is the absorp-
tion spectrum of the Earth´s atmosphere. The subscript φ is a notation for
the different exposures we do of the system. δP+A is the relative projected
area of the exoplanet (with its atmosphere) and δA is the relative projected
area of the exoplanet atmosphere. Both δ´s are expressed in fraction of the
stellar disk area. The expression in square brackets basically replaces the
contribution of the obscured area on the stellar surface with the stellar light
that can penetrate through the planetary atmosphere. Once the components
were scaled and added together, the resulting spectrum is convolved with
the instrumental profile. We approximate the instrumental profile with a
Gaussian. The width corresponds to the spectral resolution of the SIMPLE,
R = 1.4 · 105, while the width of the convolution window was selected to be
8 times the FWHM.

Simulations of observed spectra were made for different phases corresponding
to different µ-points, imitating the motion of an exoplanet across the stellar
disk during the transit. A typical transit lasts from one to a few hours, so
the Earth´s rotation, of the order of 0.5 km/s, will result in a small Doppler
shift in the stellar spectrum relative to the telluric spectrum. In a special test
we checked the influence of the additional Doppler shift between individual
phases in each dataset. We compared the results with no shifts with phases
with the telluric spectrum shifted by as much as ±0.5 km/s. No noticeable
effect on the reconstructed transmittance was found.

Finally the ”observations” are interpolated on the SIMPLE wavelength grid,
corresponding to the detector resolution, and a normally distributed noise is
added to the data:

Sφλ = S̃φλ · (1 − ηφλ) (2)
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Figure 3: Simulated spectrum of the Sun with a transiting Earth at
S/N=5000.

where η is a realisation of the noise for a given phase with a Gaussian distri-
bution. The width of the distribution is given by the inverse of the signal-
to-noise selected for the data. An example of a synthetic ”observation” is
given in Figure 3. This is the full observation of a Sun-like star with a tran-
siting planet, through the Earth atmosphere, denoted S in the equations 1
and 2. Once these simulated observations were produced, we use them to
reconstruct the absorption spectrum of the exoplanet (KP ). First, we used
the same expression as for simulation of the observations to express the plan-
etary spectrum,

KP
λ ≈ 1

N

∑
φ

Sφλ −
(
Fλ ·KE

φλ

)
+
(
Iµφλ · δ

P+A ·KE
φλ

)
Iµφλ · δ

A ·KE
φλ

(3)

where the summation is used to average the spectra obtained at different
phases. In this case N is the number of total exposures. From equation
3 and from the equations 1-2 for generating observations, one can see that
unless the noise level is unrealistically low (S/N > 106) the result will be
swamped by the noise, which is amplified by the very small denominator
values corresponding to the strong telluric absorption features. Effectively
we need to divide slightly perturbed ”zero” with zero.

Once the problem was understood we decided to not use our first method,
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where we would just compare the simulated observation to a simulated obser-
vation with no planet, and instead switch to the inverse-problem approach.
Instead of using the expression for the KP literally we formulate an optimi-
sation problem:

Φ ≡
∑
φλ

[ (
δA · Iµφλ ·K

E
φλ

)
KP
λ −

(
Sφλ − Fλ ·KE

φλ + δP+A · Iµφλ ·K
E
φλ

) ]2

= min

(4)

The noise will however introduce large amplitude fluctuations around the
mean value, which must be controlled. This is done by selecting proper
weights along the wavelength and by adding regularisation. To achieve this
we first divide the expression for the combined spectrum by the specific in-
tensity scaled by the projected area of the planetary atmosphere.

KP
λ ·KE

φλ ≈
Sφλ − Fλ ·KE

φλ + Iµφλ · δ
P+A ·KE

φλ

Iµφλ · δ
A

(5)

Now the minimisation problem can be re-written as:

Φ ≡
∑
φλ

[
KP
λ ·KE

φλ −
Sφλ − Fλ ·KE

φλ + Iµφλ · δ
P+A ·KE

φλ

Iµφλ · δ
A

]2

= min (6)

From this equation we can easily solve for exoplanet spetrum, KP
λ . But, if

the telluric absorption is close to zero we will get high-amplitude oscillations
of the solution. To prevent this we introduce a regularisation term R to get
the final form of the inverse problem. R is described as following:

Ω ≡ Φ + Λ ·R = min

R =
∑
λ

(dKP
λ

dλ

)2 (7)

The regularisation parameter Λ in equation 7 controls the balance between
the smoothness of the solution and the fit to the observations. The solution
is obtained through setting dΩ

dKP
λ

= 0, which results in a system of linear

equations with a tri-diagonal matrix, fast and easy to solve. From this sys-
tem one can see that in this formulation the telluric absorption acts as a
weight. With strong absorption the relative effect of the regularisation is
larger, keeping the oscillations of the solution under control across the whole
spectral domain.
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In this setup of the inverse problem, flux and intensity at different µ-point
and Earth absorption spectra are needed separately. For the star spectra,
these are assumed to be taken from accurate computer simulations. The
Earth absorption spectrum could be taken from measurements with SIM-
PLE of objects with no or well known spectral features (e.g. fast-rotating
O-stars or asteroids) located in the same direction as the exoplanet.

In our numerical experiments we have a luxury of finding a good regulariza-
tion parameter by comparing our solution to the input exoplanet spectrum.
This can be done by e.g. looking for the minimum least square difference
between the solution and the original exoplanet absorption spectrum. In re-
ality, with the exoplanet spectrum being unknown, one would have to carry
out a special investigation to find the appropriate regularization. In later
versions of the simulations, we will examine ways to find a good regular-
ization parameter without comparing the result with the original. We do
however feel confident that it is possible and that less optimal regularization
parameters do not affect the results presented here in a significant way.

The solution of the formulated equation system is a function that corresponds
to the exoplanets absorption spectrum, KP. We now have a method for re-
constructing the exoplanet absorption spectrum that only uses the simulated
observations, ”measurements” of the Earth atmosphere absorption spectrum
and simulated star spectra, all of which would be possible to obtain if this
was real observations.

To test the importance of high resolution, we also perform some simulations
with lower resolution. This was done by increasing the width of the Gaussian
representing the instrumental profile and the convolution window by a factor
7 and removing 6 points out of every 7, this corresponds to a resolution R =
20000 (this should be compared to the resolution we used for SIMPLE, R =
140000).

6 Results and analysis

Here we present the results of our simulations. Each test example is presented
in the form of two plots. In the upper part, three spectra are plotted on the
same panel. The function we obtain as a solution of the inverse-problem
gives us the recovered exoplanet transmittance spectrum (KP ) shown in red.
The original ”true” transmittance spectrum is shown in black and the Earth
absorption is shown in grey. The Earth’s absorption spectrum is included to
show the parts of the spectrum where the Earth’s transmittance is so low
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that we essentially have no signal. In these regions, the reconstructed plane-
tary absorption spectrum has a bad fit to the original even for extremely high
signal to noise. In the lower part of the figures only a small part of the wave-
length range is shown (covering two CO2 bands between 1550 - 1630 nm).
Note that the regularization parameter reduces noise and smooths the curve,
therefore it may appear as if the recovered exoplanet absorption spectrum
(red) is of lower resolution than the other spectra. The transmittance are
always normalized and presented in the same manner as described in Figure
1, i.e. the fraction of the total light passing through the exoplanet’s atmo-
sphere that reaches the observer. In addition, we present the parameters of
each run: S/N ratio of the ”observations”, the value of the regularization
parameter and the mean deviation per resolution element of the result from
the ”true” planetary transmittance spectrum.

Based on the estimated performance of SIMPLE and a typical length of a
transit event we selected the number of phases in a single dataset to be 200.
We spread those phases in radial velocity over 1 km/s Doppler shift (which is
unrealistically large) but the tests with no Doppler shifts between phase gave
undistinguishable results. The mean Doppler shift of the ”observations” was
kept to zero except for experiment aimed at testing the effect of the large
radial velocity.
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6.1 Case 1: Earth in front of solar type star

Figure 4: recovery of the Earth transmittance from observations of a transit
in front of the Sun.

S/N: 100000
Star: Solar type
Planet: Earth
Regularization parameter, Λ = 2.9 · 107

Mean deviation: 0.0225

While the overall shape and many features are well reproduced (as illustrated
in the upper part of Figure 4) the required S/N ratio is unrealistically high.
This transmittance spectrum is well suited for further interpretation. The
regions where the reconstructed exoplanet spectrum does not follow sharp
features in the original coincide with the parts where the Earth’s atmosphere
is blocking almost all the light forcing regularization to smooth the solution.
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Figure 5: The recovery of the Earth transmittance from observations of a
transit in front of the Sun.

S/N: 10000
Star: Solar type
Planet: Earth
Regularization parameter, Λ = 1.1 · 1010

Mean deviation: 0.02645

A more realistic S/N of 10000 is insufficient to reconstruct individual features
but it can still be used for detecting the presence of important molecules like
O2, H2O, CO2 and even CH4.

15



Figure 6: The same as in Figure 5 but rebinned by a factor of 1000.

S/N: 10000
Star: Solar type
Planet: Earth
Regularization parameter, Λ = 1.1 · 1010

Rebinned with factor: 1000

The rebinned version of the same reconstruction (shown in Figure 6) illus-
trates that the reconstruction is actually quite good. It highlights the role of
the high-resolution, which in this case is used to heavily oversample the final
resolution element and achieve extremely high S/N ratio.
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Figure 7: The recovery of the Earth transmittance from observations of a
transit in front of the Sun.

S/N: 7000
Star: Solar type
Planet: Earth
Regularization parameter, Λ = 3.4 · 1010

Mean deviation: 0.03393

At even lower S/N ratio (Figure 7) only the general shape of the molecu-
lar bands is reproduced. Even though one can guess the presence of some
spectral features the position and the equivalent width do not match making
the interpretation uncertain. Therefore, we say that S/N of 7000 is the limit
for detecting the molecular bands with for an Earth-like planet orbiting a
solar-type star.
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6.2 Case 2: Earth in front of M-dwarf star

Figure 8: The recovery of the Earth transmittance from observations of a
transit in front of M-dwarf.

S/N: 5000
Star: M-dwarf
Planet: Earth
Regularization parameter, Λ = 2.1 · 106

Mean deviation: 0.02108

A massive increase of the ratio between the planet atmosphere projection
and the surface of the star improves the quality of the reconstruction. The
transmittance in this case and with the S/N = 5000 (Figure 8) is even closer
to the ”true” function than the S/N = 100000 case for the Sun (Figure 4).
One can clearly see the spectral features and the composition analysis for
this case is feasible.
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Figure 9: The recovery of the Earth transmittance from observations of a
transit in front M-dwarf.

S/N: 1000
Star: M-dwarf
Planet: Earth
Regularization parameter, Λ = 6.5 · 106

Mean deviation: 0.02588

The main molecular bands can be identified and measured even with the S/N
of 1000. One can see all major spectral features and at least the detection of
various species in the atmosphere of a planet is straightforward.
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Figure 10: The recovery of the Earth transmittance from observations of a
transit in front of M-dwarf.

S/N: 1000
Star: M-dwarf
Planet: Earth
Regularization parameter, Λ = 6.0 · 106

Mean deviation: 0.02473
Radial velocity of system relative to Earth: 15 km/s

In this simulation where the effects of radial velocity was investigated, the
mean radial velocity of the system was chosen to be 15 km/s, since that
corresponds to a typical radial velocity of a nearby star or an average orbital
velocity of the Earth. If one compares Figures 9 and 10, one can see that
the wavelength shift of the telluric absorption spectrum relative to the stellar
and exoplanet spectra makes very little difference. The shift is very small
compared to the width of the molecular bands. Since the exoplanetary lines
are slightly shifted relative to Earth’s absorption lines, we should even have
minor improvement in what we are able to see.
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Figure 11: The recovery of the Earth transmittance from observations of a
transit in front M-dwarf.

S/N: 500
Star: M-dwarf
Planet: Earth
Regularization parameter, Λ = 4.6 · 109

Mean deviation: 0.02989

At a S/N of 500 the detection of spectral features becomes uncertain and
without the ”true” spectrum as in Figure 11, the interpretation of the deeps
may lead to false conclusions. We declare the S/N of 500 to be the limit for
any meaningful data set for the M-dwarf - Earth-sized planet configuration.
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Figure 12: The rebinned version of the result shown in Figure 11.

S/N: 500
Star: M-dwarf
Planet: Earth
Regularization parameter, Λ = 4.6 · 109

Mean deviation: 0.02989
Rebinned with factor: 1000

The rebinned version of the same reconstruction (shown in Figure 6) illus-
trates that the reconstruction is actually quite good. It highlights the role of
the high-resolution, which in this case is used to heavily oversample the final
resolution element and achieve extremely high S/N ratio.
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6.3 Case 3: Super Earth in front of solar type star

Figure 13: The recovery of a super Earth transmittance from observations
of a transit in front of a Sun-like star.

S/N: 7000
Star: Solar type
Planet: Super Earth
Regularization parameter, Λ = 1.4 · 108

Mean deviation: 0.02431

We start with a high but not unrealistic S/N ratio of 7000 and find that
the enhanced size of planetary atmosphere significantly improves the result,
which has the quality similar to the test presented in Figure 4 for the Earth-
size planet and S/N of 100000.
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Figure 14: The recovery of a super Earth transmittance from observations
of a transit in front of a Sun-like star.

S/N: 2500
Star: Solar type
Planet: Super Earth
Regularization parameter, Λ = 2.7 · 109

Mean deviation: 0.02713

We found the limit with a planet 3 times larger than the Earth to be at
around S/N of 2500 for the solar type star.
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Figure 15: The rebinned presentation of the same result as in Figure 14.

S/N: 2500
Star: Solar type
Planet: Super Earth
Regularization parameter, Λ = 2.7 · 109

Rebinned with factor: 1000

The rebinned version of the transmittance spectrum for a super Earth ob-
tained from the ”low” S/N observations can still be used for detection of
molecular species
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6.4 Case 4: Super Earth in front of M-dwarf star

Figure 16: The recovery of a super Earth transmittance from observations
of a transit in front of an M-dwarf.

S/N: 500
Star: M-dwarf
Planet: Super Earth
Regularization parameter, Λ = 3.3 · 106

Mean deviation: 0.02149

With an M-dwarf star and the larger planet we can see nearly all features
quite well even for modest S/N of 500.
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6.5 Case 5: Low resolution simulations

Figure 17: The recovery of the transmittance from observations of an earth-
size planet transit in front of an M-dwarf using low spectral resolution.

S/N: 1000
Star: M-dwarf
Planet: Earth
Resolution: R = 20000
Regularization parameter, Λ = 2.1 · 108

With the lower resolution, many of the spectral features that were clearly
visible with the higher resolution disappears (compare with Figure 9). One
can distinguish some spectral features of the broader bands, but narrow
features, such as the oxygen band at around 1270 nm, is not recovered.
Overall, this seems to be very similar to the experiment with an Earth-size
planet transiting a Solar-type star and a S/N of 10000 (compare with Figure
5). Note that the original exoplanetary spectrum is plotted with the same
resolution as in all the other figures (SIMPLE resolution) to make it easier
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to compare. In the lower plot the exoplanet spectrum is also plotted in low
resolution (thin black line).

Figure 18: The recovery of the transmittance from observations of an earth-
size planet transit in front of an M-dwarf using low spectral resolution.

S/N: 500
Star: M-dwarf
Planet: Earth
Resolution: R = 20000
Regularization parameter, Λ = 7.2 · 108

With lower S/N and lower resolution the spectral features that one could
see at S/N 1000 (Figure 17) are clearly gone. It becomes impossible to
distinguish molecular bands from noise. This result is to be compared with
Figure 11 where, with the same S/N but higher resolution, many spectral
features were clearly visible.
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6.6 Summary of S/N limits

Star Planet S/N levels where one can no longer see spectral features
Solar type Earth 10000
M-dwarf Earth 500
Solar type Super Earth 2500
M-dwarf Super Earth Sub 500

7 Conclusions

The main goal of this project is to estimate the required S/N in order to
observe planetary absorption spectra. We have developed a very promising
data analysis method that makes the recovery of the planetary transmit-
tance spectrum robust. Even with this technique for a solar-type star with
the Earth-size exoplanet, the required S/N seems hard to reach. In case of an
M-dwarf the required S/N is much easier to achieve: even with a S/N as low
as 500 one can distinguish spectral features originating from the exoplanet
atmosphere. For higher S/N most of the spectral features are clearly visible
and the composition of the atmosphere of an exoplanet around a M-dwarf
should be possible to determine.

In our numerical experiments the mean deviation between the solution and
original exoplanet absorption spectrum is a good way to quantify whether
or not our recovered spectrum actually reproduces the spectral features from
the exoplanet’s atmosphere. The limit where the fit becomes so bad that the
shape and the strength of the features is fully dependent on the realization
of the noise seems to lie somewhere around mean deviation of 0.03. This
value is determined by running multiple experiments with the same configu-
ration and relative changes in the reconstructed transmittance spectra. For
solutions with smaller mean deviation from the ”truth” the same spectral
features are always reproduced.

Not surprisingly, the relative area of the exoplanet’s atmosphere and the area
of the disc of the star have a huge effect on the required S/N. A larger planet
or a planet with a more extended atmosphere will be easier to detect, so
obtaining absorption spectra from giant gas planets should be an easy task
for SIMPLE. For our calculations, we increased the radius of the planet and
its atmospheric height by a factor of 3, which results in the area of the star

29



blocked by the atmosphere to increase by a factor of 9. This relatively small
increase in area had a large impact on the required S/N. When comparing
the M-dwarf by the disk area to the solar type star, the area is more than
35 times smaller. The differences in required S/N between the two stars are
huge although the duration of the transit is much smaller (this was not ac-
counted for in our experiments). For a small dwarf star the possibilities to
detect planetary atmospheres are far greater than for solar sized stars.

There are a couple of advantages of using SIMPLE over other spectrometers.
SIMPLE is a near infrared spectrometer (840 - 2500 nm). This wavelength
range has many suitable absorption bands from various molecules, which is
of interest in planetary atmospheres. The absorption lines from molecules
in the visual range are far fewer. One drawback of this wavelength range is
however that ozone may be hard to detect. Ozone has an absorption band
from 2480 to 2520 nm, so SIMPLE will unfortunately not be able to trace
this whole ozone absorption band.

The extremely high resolution of SIMPLE is helpful when trying to detect
narrow lines, as well as reducing the noise. Since SIMPLE will be attached to
the 42m mirror of E-ELT and has a very short readout time, many exposures
with sufficient S/N ratio during a single transit are possible. Without this
feature, one would have to combine exposures during several transits, which
might introduce a problem with the varying telluric spectrum both in terms
of strength and radial velocity.

As seen in figure 17 and 18, where a lower resolution were used, it becomes
hard to see any spectral features but the broadest ones. This shows that
one really needs a high-resolution spectrometer in order to detect features in
atmospheres in all but the most advantageous cases with giant planets and
red dwarf stars.

The fact that The Earth’s atmosphere must constantly be monitored has
been taken into account when estimating the number of phases that could be
observed during one transit. Temporal variations in the depth of the telluric
atmosphere’s absorption lines during a transit makes it very important to
have good measurements of the atmosphere between each exposure of the
star so that each of the 200 planetary phases can be combined with the
right telluric atmosphere absorption spectrum. With careful measurements
of the changes in the telluric atmosphere, these variations should not pro-
duce artificial spectral features in the exoplanetary transmission spectrum.
Measurements of the telluric absorption spectrum should be relatively easy
to obtain with the help of objects with no or well known spectral features

30



in the line of sight, one should however note that this is the least explored
part in the report, and that more simulations are needed to fully cover this
potential problem. Temporal variations in wavelengths due to rotation of the
Earth as well as Doppler shift of the whole spectrum due to Earth’s orbit
have however been taken into account and have been shown to make little
difference in the detection of spectral features in the exoplanet’s atmosphere.
One does need to know the radial velocity of the system to about 1 km/s so
that the simulated stellar spectra, which we compare the observation with,
can be shifted accordingly.

The stellar spectra are another problem. The stellar flux spectrum could
be measured when the exoplanet is behind its star, but one would have to
compensate for the fact that since it will be taken a couple of months later,
the orbit of the Earth would Doppler shift the flux spectrum relative to the
Earth absorption spectrum. Moreover, the stellar spectra may vary with
time. After testing several theoretical spectra for 1D and 3D atmospheric
models against the high-quality solar spectra we conclude that the synthetic
spectra reached the level of maturity to be used in this kind of analysis.

8 Project planning

A research group working for the high resolution spectrograph SIMPLE,
purposed for E-ELT, wanted to know if and under which conditions SIMPLE
would be able to detect spectral features originating from exoplanets, and if a
lower resolution would be sufficient to detect spectral features as well. This
project was given to Nikolai Piskunov and Bengt Gustafsson at Uppsala
university who decided that the method with transiting planets should be
most probable to produce good results. They gave us the project to simulate
observations of transiting exoplanets and produce a report with our results
to the research group. This is what become our degree project.

The main part of the project was to write a computer simulation of transiting
planets to test the power of SIMPLE. Our supervisor Nikolai Piskonov helped
us with the mathematical set up of the problem and with the programming
each of us took main responsibility for different parts. Due to the size of
the project we worked on different parts and combined them to finalize the
program and archive the goals of the project. We have also helped each other
with smaller parts outside the main structure.

For this project, we needed three types of spectra to use in the simulations.
Pierre Waldén worked on stellar parameters, used in the star spectra, and
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handled the contact with Bengt Edwardsson & Kjell Eriksson who created
the star spectra. Erik Aronson created the Telluric absorption spectra using
http://spectralcalc.com. The exoplanet absorption spectrum were provided
by L. Kaltenegger & W. A. Traub.

For the core of the program, Pierre Waldén took responsibility for the the
main structure, the finalized simulation structure and data handling with
save, load and manipulations of the data, while Erik Aronson worked on the
user interface, the data presentation and graphical plots.

In the more mathematical parts, Pierre Waldén’s main responsibility were to
create the observations, including but not limited to combining the different
spectra, adding noise and convolving with SIMPLE’s profile. Erik Aronson’s
main responsibilities were to recreate the exoplanet absorption spectrum from
the simulated observations, using the inverse problem method provided by
Nikolai Piskunov, and sort out the data needed for the report.

Once all simulation were made the results were analysed and after discussion
we agreed on the conclusions.

The full programming code can be found at:
http://www.cyoor.se/simpleproject/code.rar
The main program is called run.m and must be run in Matlab. We have
included one example spectrum called ”examplespectrum”. Note that due
to the size and the rights to the spectra none of the star, exoplanet or Earth
spectra are included.
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