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WHAT’S THE SCIENTIFIC MOTIVATION?

Des Marais et al. 2002

DES MARAIS ET AL.164

FIG. 2. IR portion of the Earth model
spectrum, showing the blackbody
spectrum of the Earth’s surface in the
absence of an atmosphere (upper
curve) and the net spectrum after the
addition of the dominant atmospheric
molecular species and a realistic
model atmosphere mixed in with a
model distribution of opaque clouds
distributed over several altitudes
(lower curve). Two intensity scales are
provided: astrophysical units (left) and
photons (right).

FIG. 1. Model spectrum of the sun
and planets as seen from a distance
comparable to that of a nearby star (10
pc), shown in physical units. Simple
Planck emission and wavelength-inde-
pendent albedo reflectance components
are shown. For Earth, a pure molecular
absorption spectrum is superimposed
for reference.
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• No large space 
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• PCS still far away; 
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Limiting Cases (Point Sources):

The dependence of the results on the parameters of the telescope plus

instrument system are best illustrated in limiting cases.

(1) Source limited: ṡ >> ḃ

SNR ∼ De
√

Fλ T ∆λ t

(2) Sky background limited: ḃ >> ṡ (assuming M >> N)

SNR ∼ De Fλ

�
T ∆λ t
NF �

λ,b,i

Note that in both cases,

t ∼
(SNR)2

D2
e T ∆λ

This implies, as noted in Lecture 7, that it is expensive in observing time to

increase SNR. There is also an important advantage for larger telescopes.

However, the dependence on Fλ,i is very different in the two cases. In the

sky limited case, t ∼ F −2
λ , meaning that faint sources become very difficult

to detect.

(3) A final interesting case is the sky background limit for a point source

with a diffraction limited telescope, for which β ∼ 2.4 λ/De. Here, we

assume the source measuring aperture is decreased in proportion to β. Then

t ∼
λ2

D4
e

(SNR)2

Here, there is an enormous advantage for larger telescopes. This case

applies in practice to optical-IR space telescopes (HST, JWST) or to large

ground-based telescopes operating in the IR region using “adaptive optics”

to eliminate the image smearing from the Earth’s atmosphere.
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WHAT WAS THE APPROACH?
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Table 3
Planet Multiplicity versus Planet Size

Fraction of Planet Hosts with a Second Planet...

Rp (R⊕) In the Same Rp Range Within (1/2)Rp–2Rp With Any Rp

1.0–1.4 0.05 0.16 0.26
1.4–2.0 0.09 0.25 0.27
2.0–2.8 0.08 0.23 0.25
2.8–4.0 0.12 0.28 0.30
4.0–5.6 0.04 0.09 0.13
5.6–8.0 0.04 0.09 0.13
8.0–11.3 0.00 0.06 0.06
11.3–16.0 0.00 0.00 0.06
16.0–22.6 0.00 0.00 0.00

list the fraction of host stars with more than one planet in the
specified Rp range, the fraction of hosts with one planet in the
Rp range and a second planet with a radius within a factor of
two of the first planet’s, and the fraction with one planet in the
Rp range and a second planet having any Rp.

It is worth identifying additional sources of error and simpli-
fying assumptions in our methods. The largest source of error
stems directly from 35% rms uncertainty in R! from the KIC,
which propagates directly to 35% uncertainty in Rp. We assumed
a central transit over the full stellar diameter in Equation (2).
For randomly distributed transiting orientations, the average du-
ration is reduced to π/4 times the duration of a central transit.
Thus, this correction reduces our SNR in Equation (1) by a factor
of

√
π/4, i.e., a true SNR threshold of 8.8 instead of 10.0. This

is still a very conservative detection threshold. Additionally, our
method does not account for the small fraction of transits that
are grazing and have reduced significance. We assumed perfect√

t scaling for σCDPP values computed for 3 hr intervals. This
may underestimate σCDPP for a 6 hr interval (approximately the
duration of a P = 50 day transit) by ∼10%. These are minor cor-
rections, and some of the corrections affect the numerator and
denominator of Equation (2) nearly equally (e.g.,

√
t scaling for

σCDPP).

3.1. Occurrence as a Function of Planet Radius

Planet occurrence varies by three orders of magnitude in the
radius–period plane (Figure 4). To isolate the dependence on
these parameters, we first considered planet occurrence as a
function of planet radius, marginalizing over all planets with
P < 50 days. We computed occurrence using Equation (2) for
cells with the ranges of radii in Figure 4 but for all periods
less than 50 days. This is equivalent to summing the occurrence
values in Figure 4 along rows of cells to obtain the occurrence for
all planets in a radius interval with P < 50 days. The resulting
distribution of planet radii (Figure 5) increases substantially
with decreasing Rp.

We modeled this distribution of planet occurrence with planet
radius as a power law of the form

df (R)
d log R

= kRRα. (4)

Here, df (R)/d log R is the mean number of planets having
P < 50 days per star in a log10 radius interval centered on R
(in R⊕), kR is a normalization constant, and α is the power-law
exponent. To estimate these parameters, we used measurements
from the 2–22.7 R⊕ bins because of incompleteness at smaller
radii and a lack of planets at larger radii. We fit Equation (4)
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Figure 5. Planet occurrence as a function of planet radius for planets with
P < 50 days (black filled circles and histogram). The top and bottom panels
show the same planet occurrence measurements on logarithmic and linear scales.
Only GK stars consistent with the selection criteria in Table 1 were used to
compute occurrence. These measurements are the sum of occurrence values
along rows in Figure 4. Estimates of planet occurrence are incomplete in the
hatched region (Rp < 2 R⊕). Error bars indicate statistical uncertainties and do
not include systematic effects, which are particularly important for Rp < 2 R⊕.
No planets with radii of 22.6–32 R⊕ were detected (see the top row of cells in
Figure 4). A power-law fit to occurrence measurements for Rp = 2–22.6 R⊕
(red filled circles and dashed line) demonstrates that close-in planet occurrence
increases substantially with decreasing planet radius.
(A color version of this figure is available in the online journal.)

using a maximum likelihood method (Johnson et al. 2010).
Each radius interval contains an estimate of the planet fraction,
Fi = df (Ri)/d log R, based on a number of planet detections
made from among an effective number of target stars, such that
the probability of Fi is given by the binomial distribution

p(Fi |npl, nnd) = F
npl

i (1 − Fi)nnd , (5)

where npl is the number of planets detected in a specified radius
interval (marginalized over period), nnd ≡ npl/fcell − npl is the
effective number of non-detections per radius interval, and fcell
is the estimate of planet occurrence over the marginalized radius
interval obtained from Equation (2). The planet fraction varies
as a function of the mean planet radius Rp,i in each bin, and
the best-fitting parameters can be obtained by maximizing the

9
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TABLE 3
Summary of Monte-Carlo results for specific nearby
stars. All stars shown have a probability for planet

detection with E-ELT/METIS of at least 10% in one of
the bands. The last three columns show the detection

probability in the L, M and N band, respectively.

Name Catalog Sp. Type Dist. pL pM pN
name [pc]

alpha Cen B* HD 128621 K1V 1.3 0.59 0.65 0.74
alpha Cen A HD 128620 G2V 1.3 0.51 0.63 0.67
epsilon Eri* HD 22049 K2V 3.2 0.47 0.32 0.32
epsilon Ind A HD 209100 K4V 3.6 0.46 0.26 0.14
tau Cet* HD 10700 G8.5V 3.7 0.34 0.29 0.18
Proxima Cen HIP 70890 M5.5V 1.3 0.33 – –
Gl 166 A HD 26965 A K0.5V 5.0 0.32 0.17 –
delta Pav HD 190248 G8IV 6.1 0.32 0.24 0.12
Procyon A HD 61421 F5IV-V 3.5 0.31 0.31 0.28
Gl 887 HD 217987 M0.5V 3.3 0.28 – –
GJ 139* HD 20794 G8V 6.0 0.27 0.15 –
Gl 825 HD 202560 K7V 3.9 0.26 – –
beta Hyi HD 2151 G0V 7.5 0.22 0.12 –
LTT 2364 HD 38393 F6V 9.0 0.22 0.13 –
Barnard’s Star HIP 87937 M4V 1.8 0.21 – –
zet Tuc HD 1581 F9.5V 8.6 0.17 – –
Gl 570 A HD 131977 K4V 5.8 0.16 – –
HR 4523* HD 102365 G2V 9.2 0.16 – –
gam Pav HD 203608 F9V 9.2 0.16 – –
LHS 348 HD 114710 G0V 9.2 0.16 – –
LHS 2465 HD 102870 F9V 10.9 0.15 – –
chi01 Ori HD 39587 G0V 8.7 0.15 – –
iot Peg HD 210027 F5V 11.8 0.14 – –
36 Oph C HD 156026 K5V 5.9 0.13 – –
gam Ser HD 142860 F6IV 11.1 0.13 – –
107 Psc HD 10476 K0V 7.5 0.12 – –
Ross 154 HIP 92403 M3.5V 3.0 0.11 – –
Sirius A HD 48915 A0.5V 2.6 0.11 0.11 0.10
1 Eri HD 17206 F7V 14.0 0.11 – –
61 Vir* HD 115617 G7V 8.5 0.10 – –

*Stars with known or suggested exoplanets: alpha Cen B (Du-
musque et al. 2012), epsilon Eri (Hatzes et al. 2000), tau Cet
(Tuomi et al. 2013), GJ 139 (Pepe et al. 2011), HR 4523 (Tin-
ney et al. 2011), 61 Vir (Vogt et al. 2010).

METIS. This leads to some uncertainties when we com-
pare the predicted fluxes for the RV-detected gas giant
planets to the METIS detection limits as the model pre-
dictions were computed for a different filter set. How-
ever, this effect is expected to be rather small, especially
compared to the uncertainties in the models themselves.
Finally, our analyses did not take into account that de-
pending on the final instrument design and coronagraphs
used, additional observing time is required to achieve the
detection limits assumed here in the full 360◦ around
the targets stars. Pupil plane coronagraphs will alter
the general throughout of the instrument and do not
necessarily create a centro-symmetric high-contrast re-
gion around the star for separations > 2λ/D (Kenworthy
et al. 2010; Carlotti 2013). For focal plane coronagraphs
additional overhead might be created by regular switch-
ing between the target star and a reference sky location
for sky subtraction.

For the RV-detected planets it is clear that some of
the orbit parameters listed in the exoplanet.eu database
may be refined by future observations or that for some
systems different groups obtained slightly different re-
sults. However, the selection and detection criteria we
applied were rather conservative (e.g., minimum mass,
Teq < Teff,model) so that detection biases introduced by
uncertain orbit parameter should not have a significant

effect. Even more importantly we need to emphasize that
the possible target sample might significantly change in
the coming years. With increasing time baselines of RV
planet surveys, additional long period gas giant planets
can expected to be found in the future, some of which
yielding better detection probabilities than the objects
listed here. In addition, the GAIA spacecraft will re-
veal additional long period gas giant planets using high-
precision astrometric measurements. Also here we can
expect additional high-priority targets for direct imag-
ing follow-up studies with E-ELT/METIS.

The assumptions for the Monte-Carlo simulations of
nearby small planets and their impact on the results have
been discussed in length in Crossfield (2013). One of the
key assumptions is that the Kepler results for the inner-
most ∼0.25 AU follow a flat distribution for wider orbits
in logarithmic period space. A robust analysis of the
complete Kepler database will allow us to cross-check to
what extent this assumption is valid. Once a planet can-
didate has been imaged around a nearby star, follow-up
observations within a few months will not only be able to
confirm common proper motion of the planet and its host
star, but they allow also for a robust determination of the
planet’s orbit and hence of the received stellar insolation
as a function of orbital phase. An assessment of whether
any of the small planets accessible to METIS are poten-
tially habitable is clearly beyond the scope of this paper.
To be sure, a broader wavelengths coverage is certainly
required for an in-depth analysis of atmospheric features.
However, it becomes more and more clear that life can
exist over a broad temperature range and a current up-
per limit appears to be ∼400 K (e.g., Seager 2013, and
references therein). In addition, the basic concept of the
’habitable zone’ around a star is undergoing major revi-
sions and of particular interest for the analyses presented
here it seems that under certain atmospheric conditions
the inner edge of the habitable zone around Solar type
star extend much closer in - and hence to higher equilib-
rium temperatures - than originally thought (Zsom et al.
2013). To push the characterization aspect a bit further
a possible next steps could be, to replace the black-body
curves with more realistic atmospheric models with dif-
ferent compositions and albedos and to quantify to what
degree the different spectroscopy modes of METIS could
be used to further characterize the small planets that are
expected to be found.

5. CONCLUSIONS

We explored two exoplanet science cases for the fu-
ture 3 – 10 micron instrument METIS planned for the
E-ELT. We showed that already there is an interesting
and sizable sample of RV-detected gas giant planets that
METIS will be able to image directly within a reason-
able amount of observing time. More than 20 objects
covering a wide range of planetary masses and host star
types will be detectable in the L band and half of those
objects will also be seen in the M band given the de-
tection limits we assume. With the continuation of RV
searches for long period planets and with the advent of
the GAIA astrometry mission many more and perhaps
better suited targets can be added to the list. Studying
those objects in a grander sample with METIS will al-
low us for the first time to test and refine atmospheric
models for planets where the distance, the object’s mass,

WHAT DID WE FIND?

... ...... ... ... ... ...

Quanz et al. (submitted)



• Sensitivities

• Stars and planets are BBs

• Albedos 

• Kepler results can be extrapolated

• Background-limited at 2 λ/D:

• 0.04” in L

• 0.05” in M

• 0.11’’ in N

WHAT ARE THE KEY ASSUMPTIONS?

Filter Sensitivity

L (3.6 μm ) 0.27 μJy

M (4.8 μm ) 2.6 μJy

N (10.6 μm ) 9.84 μJy
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How to move the background limit to 
small separations:

• Technical progress, e.g., 

• APP coronagraph                      
(Quanz et al. 2010; Kenworthy et al. 2010)

• AGPM coronagraph                    
(Mawet et al. 2013; Absil et al. 2013)

• Data analysis progress, e.g., 

• PCA based algorithm                
(Amara & Quanz 2012; Soumer et al. 2012)

• Focal plane wavefront sensing    
(Codona  & Kenworthy 2013)

HOW CRAZY ARE THESE ASSUMPTIONS?

Quanz et al. (2010); Kenworthy et al, (2010)

NACO/APP background limit @ 5 λ/D in L band
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The parameter B is determined by calculating radiative-
convective equilibrium profiles with surface temperatures 1 K
above and below the nominal Tsurf and fitting the OTE. Our
reference value for D is the diffusion coefficient that repro-
duces the zonally averaged equator-to-pole temperature profile
of Earth (106 m2 s−1; Suarez & Held 1979). Following a similar
argument as in the previous section, if an atmospheric scenario
requires D < 106 m2 s−1 to preserve the necessary temperature
difference, we reject the scenario.

2.5. The Loss Timescale of Surface Waters

The water reservoir of the planet is gradually depleted because
the stellar UV radiation dissociates the stratospheric water
vapor, and hydrogen subsequently escapes to space. The goal of
this section is to estimate the loss timescale of the exoplanet’s
liquid reservoir assuming diffusion-limited escape, and we
follow the description of Kasting et al. (1993). If the water
loss time is too short, the planet could lose its water reservoir
before life develops. On the other hand, if the timescale is on
the order of several billion years, it is safe to assume that the
surface waters are stable and long-lasting.

The most important reason to calculate radiative-convective
T –P profiles is to reliably estimate the stratospheric water
mixing ratio and through that the diffusion-limited escape
of H2O. The tropopause pressure, temperature, and relative
humidity set the stratospheric water mixing ratio. It is expected
that both the tropopause pressure and temperature vary with
atmospheric and stellar parameters. Often it is assumed that
the stratosphere has a constant 200 K temperature (Kasting
et al. 1993; Kopparapu et al. 2013). However, the water loss
timescale might be inaccurate as the tropopause properties are
not self-consistently calculated. We note that a constant 200 K
stratosphere temperature does not significantly affect the OTE
and thus the radiative equilibrium distance of the planet.

The water loss timescale is calculated in the following way.
We estimate that our hot desert worlds have a 100 times smaller
liquid water reservoir than Earth (Shiklomanov 1993); thus, the
total mass of the liquid water reservoir is 1.4 × 1022 g, which
amounts to NH2O = 4.6 × 1044 H2O molecules. The water loss
timescale is calculated as

τw = NH2O

Asurfn
top
H2OVdiff

, (11)

where Asurf is the surface area of the exoplanet, n
top
H2O is the

number density of H2O molecules at the top of the atmosphere,
and Vdiff is the diffusion velocity calculated according to Hu
et al. (2012b, see their Equations (3) and (20)). If the top-of-
atmosphere temperature is 200 K and the water vapor mixing
ratio is 3 × 10−5 on a planet with 10 m s−2 surface gravity and
one Earth radius, the water loss timescale is 5.2 × 109 yr, in
close agreement with the calculations of Kasting et al. (1993)
and Kopparapu et al. (2013).

3. RESULTS

We demonstrate that exoplanets can be habitable much closer
to their host star than previously estimated. For example, an
exoplanet can be habitable as close as 0.38–0.59 AU from
a solar-like star given favorable atmospheric properties and
surface albedos of 0.8 and 0.2, respectively. Hot and dry desert
worlds with 1% relative humidity and a broad range of CO2
mixing ratios and surface pressures have sufficiently long water

Figure 1. Inner edge of the Habitable Zone for various relative humidity
values. Other atmospheric parameters are described in Table 1. The x-axis is the
planet–star separation; the y-axis shows the mass of the host star. The inner edge
distance is small for low relative humidity. The inner and outer edge Habitable
Zone limits of Kopparapu et al. (2013) are indicated with black solid lines as
a comparison. Exoplanets on eccentric orbits (e = 0.2) located left from the
blue lines could experience significant tidal heating and become unhabitable as
a result. The blue dotted and dashed curves illustrate the critical tidal heating
semi-major axes for dry worlds using the constant phase lag and constant time
lag models of Barnes et al. (2013), respectively.
(A color version of this figure is available in the online journal.)

loss timescales, such that the liquid water reservoir would not
be lost over a short period of time. The atmospheric circulation
estimates show that liquid precipitation can plausibly operate
under a variety of atmosphere scenarios, and thus a significant
fraction of the planet’s surface could be habitable.

3.1. Relative Humidity as the Main Controlling Factor

The inner edge of the HZ for dry planets with a relative
humidity of 1% can be as close as 0.59 AU around a solar-like
star. The relative humidity of the atmosphere is one of the most
important factors controlling how close a planet can be to a star
and still maintain surface liquid water. We consider tropospheric
relative humidity values between 0.01% and 70%. If the relative
humidity is 1% or larger, the dominant form of precipitation
is expected to be rain (as shown in Section 2.4). If the relative
humidity is lower than 1%, the necessary temperature difference
(from day to night side or from equator to pole) to initiate
condensation would be too high and precipitation would occur
in the form of snow. The inner edge of the HZ for planets with
various relative humidity levels is shown in Figure 1. In the
following we discuss the top-of-atmosphere radiative fluxes:
the OTE and the albedo of the planet.

The inner edge distance is close to the host star mainly
because the OTE is high if the atmosphere is dry. In other words,
the emitted thermal radiation escapes easily if the greenhouse
gas concentrations are low. The OTE does not depend on
the stellar type (see Figure 2(a)); it is mainly influenced
by the pressure-temperature profile and the greenhouse gas
concentrations (shown in Figure 3 for the nominal atmosphere
of Table 1).

The second factor influencing the inner edge distance is the
albedo of the planet. The planetary albedo is strongly influenced
by the host star’s spectral energy distribution and the relative
humidity (Marley et al. 1999). Low-mass stars radiate at long
wavelengths where absorption by greenhouse gases such as

7
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• Nearby, small, warm planets might be within reach 
of E-ELT METIS in particular in the L band

• These planets are likely also within reach of other 
E-ELT instruments (e.g., EPICS) and maybe VLT 
instruments (e.g., ESPRESSO tbc.)

• The underlying assumptions need to and will be 
validated

WHAT ARE THE TAKE HOME MESSAGES?
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