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ABSTRACT

Nulling interferometry is considered as one of the most promising solutions to spectrally characterize rocky
exoplanets in the habitable zone of nearby stars. It provides both high angular resolution and starlight mitigation.
It requires however several technologies that need to be demonstrated before a large interferometry space-based
mission flies. A small-sat mission is a good technological precursor. Based on a Bracewell architecture, this
unique satellite can demonstrate some key components (null capability, fiber injection, achromatic phase shifter).
Scientific capabilities of such a mission are presented. An exoplanet detection yield is derived, and we show that
the detection of exoplanets around nearby stars is feasible.
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1. INTRODUCTION

Since the first exoplanet discovery 25 years ago,! more than 4200 exoplanets have been confirmed and more
than 5000 are still awaiting confirmation®. These exoplanets were mostly detected by the transit and the radial
velocity methods. These two methods are wonderful to detect exoplanets but the next big step is clearly to
spectrally characterize a larger number of rocky planets in the habitable zone of their star to analyze their
atmosphere and search for bio-signatures. However, characterizing exoplanet atmospheres is very challenging
due to the high angular resolution needed and the huge star/planet contrast. Nulling interferometry is one of
the most promising direct methods to tackle this challenge in the near-IR (0.7-3 um), and the mid-IR (3-20 pm)
domains.

Nulling interferometer is based on the idea of R.N. Bracewell. In 1978, he proposed a space-based interfer-
ometer with two apertures and a recombination of light in phase opposition.? It produces a dark fringe on the
line-of-sight and the stellar emission is strongly suppressed. For an off-axis source, the light can be transmitted
depending on the baseline length and the wavelength, which define the interferometer transmission map. Even if
this technique is currently used on the ground, e.g. with the Large Binocular Telescope Interferometer® 4 or the
Guided-Light Interferometric Nulling Technology,® ¢ a space-based mission is needed to avoid atmospheric effects
(turbulence, opacity at specific wavelengths).” The Large Interferometer for Exoplanets (LIFE) mission project
is fitted for this task. Its goal is to characterize the atmosphere of dozens of terrestrial planets at the mid-infrared
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wavelengths and assess their potential habitability.® Some spectral bands contain several molecular absorption
features (e.g. H,0O, CO,, O, CH,).” Depending on the waveband, one can measure the planet temperature
(mid-TR) or measure the planet radius (mid-IR) or a combination of the radius and the albedo (visible - NIR).
The planetary orbital parameters can be derived whatever the spectral band.!?

The present proceeding is dedicated to the analysis of the scientific return of a smaller mission. As nulling
interferometry was never achieved in space, a smaller space-based mission can be considered as a useful pre-
requisite to demonstrate some key components before developing an L-class mission, such as LIFE.!:12 In
Ref. 13, our previous work, four configurations were considered, from small to medium satellites. The main
objective was to develop our tools and present our first analyzes. Based on a planet population synthesis tool,
we showed that, even without platform stability constraints, CubeSats can hardly detect giant exoplanets. A
PROBA-like mission could detect more than 120 putative exoplanets and a more ambitious mission such as FKSI
could detect 250 exoplanets. One of our conclusions is that small platforms are well suited to test and validate
critical technological components needed for a larger mission as well as perform scientific observations.'?

In this paper, only small missions from Ref. 13 are considered: two CubeSats and one larger spacecraft of the
size of the ESA PROBA-class family. All of them are in a Bracewell configuration, e.g. with only two apertures
with recombination in the pupil plane. Thanks to the planet population synthesis tool (P-POP) developed
by J. Kammerer & S.P. Quanz (2018),'* synthetic planet populations, based on the Kepler satellite data, are
generated around the same sample of nearby main-sequence stars (distance < 20 pc) as in Ref. 13 (326 stars).
From these populations, detection yields are computed. In this proceeding, the goal is to derive requirements
on the optical train temperature, the optical path difference (OPD), and the relative tip/tilt angle. We present
some wavelength dependency that was not shown previously. We also present in Sec. 4 detection capabilities for
nearby stars. The 28 nearest known exoplanets were selected and for each configuration, the detection yield is
derived. The impact of the optical train temperature, the optical path difference (OPD), and the relative tip/tilt
angle is also discussed.

2. SATELLITE CONFIGURATIONS

As stated above, only the three small configurations are considered (Tab. 1). For each of them, a pupil diameter
and a baseline length are chosen. The impact of the optical chain temperature, optical path difference (OPD),
and the relative tip/tilt angle is discussed in Sec. 3 and 4. All considered satellites are a fiber-coupled Bracewell
interferometer. A simplified optical block diagram is available in Ref. 13. The elements in the optical path are
two telescopes, mounted on the same structure and spaced by the baseline length, tip/tilt mirrors to correct
any errors, optical delay lines to correct the optical path differences (OPD), a fiber injection system to filter
the signal, an achromatic phase shifter (7 delay in one arm), the beam combiner to receive the light from both
apertures and create interference in the pupil plane, and two photodiodes, one at the constructive output and
one at the destructive output.

CubeSat 6U CubeSat 12U | PROBA-size ‘
Size 0.6x0.1x0.Im | 1.1x01x01m | Im?
Baseline length | 0.5m 1m Sm
Pupil diameter | 0.08 m 0.08 m 0.25m

Table 1. Three small-sat configurations considered in this study.

2.1 CubeSats

CubeSats are part of the “NewSpace” trend, and thanks to the miniaturization of all platform components,
it becomes reasonable to think about astronomical CubeSats. Science CubeSats are more and more a reality
and they can now achieve high-performance science missions. They can not of course replace larger missions.!®
ASTERIA (Arcsecond Space Telescope Enabling Research in Astrophysics) from the Jet Propulsion Laboratory
(JPL) is one of the best known science CubeSat. It was able to acquire photometric information of the transiting
super-Earth 55 Cancri e.'6
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CubeSats are defined by their number of units. One unit, or 1U, corresponds to 0.1 x 0.1 x 0.1m. In this
article, we consider two Cubesat concepts, a 6U and a 12U. 6U CubeSats are officially defined as 2 x 3 x 1 U?
but an alternative exists. Although rarely used, Nanoracks, who deploys CubeSats from the International Space
Station, offers the possibility to launch a 6U CubeSat with a linear form factor (6 x 1 x 1 U).¥ This choice will
increase the baseline length of the satellite and so the angular resolution of the interferometer. For the 12U
CubeSat, the idea is the same. Unfortunately, to our knowledge, no deployer for 12U CubeSats with a linear
form factor exists. Therefore, we considered a typical 12U Cubesat (2 x 3 x 2 U) with a deployable mechanism
to obtain a 12 x 1 U Cubesat. In these configurations, both Cubesats have a maximized baseline length. Due to
size constraints, the size of their primary mirrors is limited to 8 cm.

2.2 PROBA-size

The PROBA-size satellite is based on the PROBA family (Project for On-Board Autonomy) from ESA. It is
a satellite class designed around innovation at a reduced cost. Three successful missions are currently flying
(PROBA-1 since 2001, PROBA-2 since 2009, and PROBA-V since 2013). The next one, PROBA-3 is planned
to be launched soon. Composed of two spacecraft, these satellites will maintain formation autonomously to sub-
millimeter precision in the lateral plane and millimeter precision in the longitudinal plane at distances of 150 m
or more.'” It is an important step towards a large interferometric mission since formation flying is necessary to
increase the baseline length up to a few hundred meters.” The size of all PROBA satellites is around 1 m?. With
deployable arms, one can assume to achieve a baseline length up to 5m.

3. EXOPLANET MISSIONS YIELD

In this section, three types of missions are considered (Tab. 1). The P-POP algorithm, described below, is used
to generate a set of synthetic planets around 326 real nearby main-sequence stars (distance < 20 pc), the same
as in Ref. 13. Depending on their characteristics (size, orbit, star), our algorithm computes the integration time
needed to reach a Signal-to-Noise Ratio of 5 (see below). If this threshold is reached before 24 h of observation,
the planet is considered as detected.

With this detection yield, some intrinsic characteristics of each configuration can be analyzed. Here are
reviewed the optical chain temperature, the optical path difference, and the tip/tilt accuracy as a function of
the operating wavelength.

3.1 Monte-Carlo simulation tool: P-POP

The Kepler satellite, from NASA, discovered more than half of the current exoplanet population thanks to the
transit method.!® Occurrence rates of exoplanets, based on their size, orbital period, and stellar host, type
were derived. These occurence rates are aggregated in the SAG13 model from NASA.Y From these, we generate
synthetic planet populations using the Monte-Carlo tool (P-POP) described in Kammerer & Quanz (2018)
around 326 real main-sequence stars located within a radius of 20 pc around the Earth.!* Around each star,
we draw 100 planetary populations (or universe) from our occurrence rate distribution, yielding a statistically
robust sample of ~ 86,000 planets in total. Some stars can have multiple planets, whereas some have no planet.
The total number of synthetic planets in a planet radius - stellar insolation plot is shown in Fig. 1. The mean
value is shown as well as its standard deviation. This standard deviation is around 10%. It is related to error
of a Poisson-like distribution and is coherent with 100 trials. P-POP generates mainly terrestrial planets (below
4 Rg) with stellar insolation (normalized) close to that of the Earth. This kind of planet is expected to be the
most common.?"

*https://www.cubesat.org/resources, November 30, 2020
§https://nanoracks.com/resources/7 November 30, 2020
Thttps://exoplanets.nasa.gov/exep/exopag/sag, November 30, 2020
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Figure 1.

Mean generated P-POP population (100 trials around 326 real stars) and corresponding standard deviation.

Redder (darker) region corresponds to more occurrence. Each histogram is the sum of the synthetic planets in the columns

or lines of the central

figure.

3.2 Radiometric budget

In Ref. 13, a full and detailed description of the radiometric budget is available. The integration time is derived
for each generated exoplanet. As incoming fluxes are considered:

o Stellar and planetary flures. Stars and planets are assumed to emit as black bodies. The full exoplanet
spectral density flux is the sum of two contributions: the reflected flux, which is a fraction of the emitted
flux of the host star, and the thermal flux, which is directly related to the equilibrium temperature of the
planet.?!

Local zodiacal emission. Local zodiacal dust is located between the orbit of Mercury and Jupiter. It scatters
sunlight at every wavelength while it emits mainly in the mid-IR (thermal radiation). We assume that this
dust has a temperature of 300K in the habitable zone of the Solar system.

Ezxozodiacal emission. An exozodiacal disk is the extrasolar countepart of the zodiacal disk. The presence of
an exozodiacal disk, depending on its inclination and emission, creates a flux that could be higher than the
planetary signal.?>23 Recent results from the Large Binocular Telescope Interferometer (LBTI) suggest
the majority of Sun-like stars have relatively low HZ dust levels (best-fit median: 3 zodis, 1o upper limit:
9 zodis, 95% confidence: 27 zodis based on N band measurements; 1 zodi corresponds to the level of the
zodiacal emission in the solar system), while 20% are significantly more dusty.?* In our study, the planet
population synthesis tool generates an exozodiacal level based on the measured LBTI statistics.

Instrumental background flur. The Sun and the Earth (in low Earth orbit) radiate energy towards the
satellite. The baffle of each aperture, as well as the attitude of the satellite, will prevent any direct solar
light from entering the interferometer. We assume that the telescopes and optical train radiate as a grey
body with an emissivity of 0.25.
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Figure 2. Schematic presentation of a Bracewell nulling interferometer, represented with the main noise sources used in
our radiometric budget. Fi - the stellar flux; F), - the planetary flux; Frz - the exozodiacal flux; Frz - the zodiacal flux;
Fr - the thermal flux of the instrument (temperature T)

o Instrumental Throughput. The instrumental throughput takes into account the reflectance of the mirrors
of each aperture, the fiber coupling efficiency, and the quantum efficiency of the detector. Optical fibers
were not present in the Bracewell proposal, but their addition leads to the correction of phase defects
of the incoming wavefront, except a relative piston.?2?® The detectors used for this application are two
photodiodes. Unfortunately, the detector quantum efficiency is not constant over a large bandwidth since
it depends on the detector technology. To keep a pure photonic case, specific detector properties are not
considered. However, we assume a generic value of the quantum efficiency, QF, of 80% not to overestimate
our results.

All these contributions are represented in Fig. 2.

To compute the Signal-to-Noise Ratio (SNR), a bandwidth is necessary. As in Ref. 13, a resolution parameter,
R, of 1.2 (= A/ A)) is selected. It corresponds to a decrease by & 50% of the fiber coupling efficiency (chromatic
effect). We are interested here in planet detections and not a full characterization of the planet.

3.2.1 Null depth

The null depth is defined as
I_

N=_—
Iy

(1)
where I is the intensity at the constructive output and I_ at the destructive one.?® It is one of the main figures
of merit of nulling interferometry. This null depth can be decomposed as a time-averaged null depth, N, in the
presence of active OPD matching and intensity balancing, and a root-mean-square (RMS) fluctuation of the null
level, ox.28
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The time-averaged null depth of a Bracewell interferometer observing a single star is given by

- 1 7'('2 9d~. 2
N=-=- 2 ~ 1a 2
4 |f7¢+ 4 (Ash/b) +UI

if the contribution from polarization is neglected and the phase dispersion across the passband is considered
26

(2)

2
Ué is the variance of the phase error. The second term, %2 ( ,\eii?b) , is related to the

finite extent of the star and leads to a “stellar leakage” in the destructive output with 64;, the star angular
diameter, b, the baseline length and g, the shortest wavelength in the bandwidth. 0% is the variance of

the fractional intensity deviations.?6 This equation contributes to the mean residual stellar flux. The RMS

fluctuation of the null level is given by2°
[o% + 0%
oN = ¢TI' (3)

Impact of O’i and o2 parameters are discussed below and requirements on these values are derived. Thanks
to the single-mode optical fiber, any wavefront errors are converted into intensity errors, oy, at the output, which
are less severe than a pure phase effect on the nulling. Photometric imbalance from the stellar leaks (residual
stellar flux) is of the second order as compared with phase aberrations.?®

constant in vacuum.

3.2.2 Integration time

To retrieve the planet signal from all signals and distinguish it from the background, a solution is to rotate the
interferometer around its line-of-sight as originally proposed by Bracewell.? The planet crosses bright and dark
fringes, and its flux is modulated. The background, considered as uniform, is not modulated. This modulation
comes nevertheless with a drawback. The measured planetary flux is, on average, reduced to 50% in the case of
a Bracewell interferometer.

To retrieve the modulated planet signal, the minimal requested Signal-to-Noise Ratio (SNR) is fixed to 5.
During the acquisition, the spacecraft performs a whole number of rotations. This SNR is expressed per second
and leads to the computation of the integration time. If the orbital parameters of the planet are known a priori
(from indirect methods), one can compute the total integration time to get a requested Signal-to-Noise Ratio,
SNR;eq, of 5. In the case of an unknown planet, one needs to fix a maximum allowed integration time. It is fixed
by the architecture constraints as well as the platform stability in time. The SNR generated during 1 second,
SNRsec, is given by

SNRypee = — 208 (4)
where OPF is the output planet flux (planet flux multiplied by the instrumental throughput and the transmission
map), Ny the shot noise and, Ny, is the instrumental stellar leakage. This last is the multiplication of the oy
term (Eq. 3) by the output stellar flux (remaining stellar flux). It is a noise directly linked to the stability of the
null and how it can be controlled. It depends on the co-phasing error (OPD) and the mismatches of intensities
(tip/tilt) at the beam recombination.

The integration time, ¢;, for a minimal required SNR (SNR,q) is simply equal to
SNRyeq )~ 5\
ti=loceo—r) =la— ) - (5)
SNR]seC SNRlsec

3.3 Instrumental temperature effect

As shown in Ref. 13, the instrumental temperature or the optical chain temperature is the main noise contributor
at long wavelength. It drastically limits the number of detected planets. In this proceeding, we, therefore, limit
our investigation up to 7.5 pm as the number of detections is very low at longer wavelengths. Figure 3 shows, for
the three configurations, the number of detected exoplanets as a function of the operating wavelength and the
instrumental temperature. Exoplanets are considered as detected if the SNR is at least 5 after 24 h of observation.
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Figure 3. Mean number of detected planets with the three configurations defined in Tab. 1 as a function of the operating
wavelength (resolution parameter, R = 1.2) and the instrumental temperature. A planet is considered as detected if the
SNR is a least 5 with an integration time of 24h. Platform stability constraints (OPD and tip/tilt) are not considered
yet. They are respectively considered in Sec. 3.4 and 3.5.

Note that this figure can not lead to the direct determination of the best operating waveband. Indeed, for each
wavelength represented, a bandwidth is already considered as previously discussed (R = 1.2).

CubeSats can hardly detect exoplanets (10 over az 870 generated exoplanets) while the PROBA-size is well
suited for this purpose with more than 120 potential exoplanet detections. The instrumental temperature has a
very limited impact in the 0.5-3.0 pm range. Even at 250 K, it is not the main noise contributor. As expected, if
we go to the infrared domain (> 3.5 pm), the instrumental temperature flux begins to dominate and the number
of detections decreases for all three configurations. As the number of detections is higher in the beginning, the
PROBA-size configuration is however less affected.

From Fig. 3, we can put some requirements on the instrumental temperature to achieve for each configuration.
These temperatures are used in the following. For both CubeSats, 200 K is selected. The PROBA satellite needs
to be more cooled to detect around 120 exoplanets. 150K is selected. It is less restrictive than in Ref. 13 (100 K
was used as assumption) as this new representation shows that the instrumental temperature has less impact in
short wavelength.

3.4 Impact of the optical path difference

The optical path difference (OPD) is another figure of merit of a nulling interferometer. There is always a
residual OPD. It is a pure piston that is not corrected by the single-mode waveguide. Figure 4 represents how
this residual OPD and the wavelength affect the number of detections. This residual OPD has a very large
impact. Less than 5nm are allowed for the PROBA-size configuration to avoid any large drop of detections. For
CubeSats, any large deviation will lead to a non-detection scenario.

The wavelength-dependency can also be seen. It comes directly from Eq. 2, with the term O'i. It equals

(27raopD/)\)2 where oopp is the value represented in Fig. 4.

3.5 Impact of tip/tilt

In this section, we are interested in the RMS differential tip/tilt. It means that the satellite has a zero-mean
tip/tilt angle but both pupils are misaligned by an angle, the RMS differential tip/tilt. This misalignment, which
can be static or dynamic (temperature, vibration, etc.) leads to intensity imbalance at the output of the fibers
and degradation of the time-average null depth as shown in Eq. 2 (o7 term).

Figure 5 represents the number of detections as a function of the wavelength and the RMS differential tip/tilt.
The requirements need to be very stringent. More than 50 mas leads already to a drop of detections for the
PROBA-size configuration.
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Figure 4. Mean number of detected planets with the three configurations defined in Tab. 1 as a function of the operating
wavelength (resolution parameter, R = 1.2) and the residual optical path difference. A planet is considered as detected if
the SNR is a least 5 with an integration time of 24 h. Instrumental temperature: 200 K for both CubeSats and 150 K for
PROBA. No tip/tilt considered.
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Figure 5. Number of detected planets with the three configurations defined in Tab. 1 as a function of the operating
wavelength (resolution parameter, R = 1.2) and the RMS differential tip/tilt. A planet is considered as detected if the
SNR is a least 5 with an integration time of 24h. Instrumental temperature: 200K for both CubeSats and 150K for
PROBA. No OPD considered.

4. YIELD FOR NEARBY EXOPLANETS

In this section, we are interested in real nearby exoplanets. It allows us to have information about the detectability
and characterization of known exoplanets. As above, instrumental temperature, OPD and, tip/tilt effects are
analyzed.

4.1 Nearby exoplanets

From exoplanet.eu, we have selected the 28 nearest exoplanets. We have not considered two brown dwarfs
(Luhman 16 A and Luhman 16 B) and one sub-brown dwarf (WISE 0855-0714). Table 3 in Appendix A
regroups all stellar and planets properties. All these planets lie in the vicinity of the Earth (< 4.0 pc) and were
all discovered by the radial velocity method.

4.2 Instrumental temperature effect

Figure 6 show how many planets out of the 28 each configuration can detect. It is interesting to show that the
CubeSat 6U can not detect any of these exoplanets. The CubeSat 12U can only detect GJ 887 ¢, which is large a
sub-Neptune (3.16 Rgartn). The integration time treshold is set to 24 h but it does not have an influence on both
CubeSats. In best conditions, the CubeSat 6U needs to integrate during 69h (parameters: A = 1pm/T = 50K)
to detect only one planet, GJ 887 c¢. To detect Proxima b, the nearest exoplanet, the CubeSat 6U needs to
integrate during 1852h (1 pm/50K), the CubeSat 12U 187h (1 um/50K). The PROBA-size spacecraft detects
it in 2.2h (3 pum/50K), without considering any platform stability constraints.
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Figure 6. Number of detected planets out of the 28 nearest exoplanets (Tab. 3) with the three configurations defined in
Tab. 1 as a function of the operating wavelength (resolution parameter, R = 1.2) and the instrumental temperature. A
planet is considered as detected if the SNR is a least 5 with an integration time of 24 h. Platform stability constraints
(tip/tilt and OPD) are not considered yet. They are considered in Sec. 4.3.

Integration time (h) Integration time (h)
CubeSat 6U | CubeSat 12U | PROBA-size CubeSat 6U | CubeSat 12U | PROBA-size
Proxima Centauri b 3e+03 273 _] eps Ind A b Inf Inf Inf
Proxima Centauri ¢ 2e+05 3e+05 Inf tau Cet e Te4+02 2e+03 9e+03
Barnard’s star b le404 3e+04 le4+04 tau Cet f 3e+04 le+05 3e+05
Wolf 359 b le+06 le+06 3e+06 tau Cet g le+03 264 76
Wolf 359 ¢ le+05 Te+03 tau Cet h le+03 375 le+03
Lalande 21185 b le+03 149 GJ 1061 b 8e+4-06 5e4-05
eps Eridani b le4+03 4e+03 GJ 1061 ¢ 6e4-06 4e+05
GJ 887 b 2¢+03 249 GJ 1061 d Te+06 4e+05
GJ 887 ¢ 152 GJ 273 b le+05 8e+03
Ross 128 b 9e+-05 GJ 273 ¢ 4e+05 3e404
GJ 15A b 2e+04 GJ273d 9e+03 2e+4-04 4e+4-03
YZ Cet b 9e+06 GJ 273 e 2e+04 5e+04 9e+03
YZ Cet ¢ 5e+06 Teegarden’s star b 2e+08 le+07 290
YZ Cet d 5e+06 Teegarden’s star c 2e+08 le407 343

Table 2. Integration time for each configuration (cf. Tab. 1). A = 1.5um and 7" = 150K. Platform stability constraints
(tip/tilt and OPD) are not considered. Green cell represent planets that are detected in less than 24 h of integration time.

The PROBA-concept is not able to detect all of the 28 nearest exoplanets, even with small instrumental
temperature. In fact, at some wavelengths, mainly lower ones, some planets are too distant from their host
star and are out of outer working angle (0.514\/D). Figure 7 represents the contrast as a function of angular
separation at 1.5 pm, the optimum for the PROBA-size case (cf. Fig. 6). The inner working angle (IWA - A\/2B)
is represented for each configuration. It represents the first maximum in the transmission map. Therefore, the
transmission is not zero on the left side but is drastically reduced. It explains why some planets (GJ 887 b/c for
instance) can be detected with the PROBA-size case. Their lower contrast allows a detection, especially since
no platform stability constraints are considered at this stage. For planets beyond the outer working angle (OWA
- 0.514)\/D), the transmission is zero and therefore the integration time is infinite. |

Table 2 gives the integration time for each exoplanet at 1.5pm and 150 K. This temperature is a good
compromise for the PROBA-size satellite. Above this value, as shown in Fig. 6, one needs to stick around
1.5pm. Below, it will be aggressive constraints for a satellite in low Earth orbit. These results are consistent
with the one derived from P-POP in Sec. 3.

4.3 Impact of the optical path difference and the tip/tilt

Results presented above are quite optimistic since both residual optical path difference and RMS differential
tip/tilt angle were neglected. Figure 8 shows how these two instrumental have a drastic effect on detections.

I'Wolf 359 ¢ has a non-zero integration time in Tab. 2 even if in Fig 7 this planet is outside of the OWA. It is due to
the spectral bandwidth: 1.5 pm is the mid-band value. At the upper edge of the band, the planet is inside the OWA and
so detectable.
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Figure 8. Number of detected planets out of the 28 nearest exoplanets (Tab. 3) with the three configurations defined
in Tab. 1 as a function of the operating wavelength (resolution parameter, R = 1.2) and (left) the residual optical path
difference and (right) the RMS differential tip/tilt. A planet is considered as detected if the SNR is a least 5 with an
integration time of 24 h.

Since both CubeSats can hardly detect exoplanets, only the PROBA-size case is analyzed.

To detect near exoplanets, constraints are though and only 2nm of residual optical path difference are
sufficient to lost half of the detection at 1.5 pm. The pattern in Fig. 8 (left) is the same as the one in Fig 4 with
the wavelength dependency explicitly shown. This wavelength-dependency also exists with the RMS differential
tip/tilt. As previously derived, with P-POP, above 50 nm, the number of detections starts to decrease to only
half of the maximum detection value.

5. CONCLUSIONS

In this proceeding, we derived an exoplanet detection yield based on a state-of-the-art planet population synthesis
tool (P-POP) for three small satellite configurations. The effect of the instrumental temperature, as well as two
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major instrumental effects (optical path difference and tip/tilt angle), are discussed. Then, the 28 nearest
exoplanets are analyzed with the same procedure.

The instrumental temperature at constant operating wavelength has a lower impact has previously thought.
If only nearby stars are considered, in the 1.5 — 2 pm region, an optical train around 200 K is sufficient to reduce
the thermal contribution. However, as shown for a large sample of stars thanks to P-POP, the temperature needs
to be lower (150K) to keep the maximum of detections. Constraints are also strong on instrumental stability.
Only a few nm of OPD is sufficient to drastically decrease the number of detections, for nearby stars or the large
sample. It will be a real challenge for a space-based interferometer to achieve these values.

This work also shows that a CubeSat configuration has very little chance to detect known exoplanets in the
vicinity of the Earth. To detect exoplanets with such a small platform, a large sample of stars is needed. With
the 326 real main-sequence stars used with P-POP, only a few fractions of their exoplanets (5-10 exoplanets)
can be detected. If the goal is to characterize at least several exoplanets, a larger mission, as a PROBA-one, is
needed. It will avoid any uncertainties and will detect exoplanets with more confidence.

Modelisation of OPD and tip/tilt control loops as well as a full optical layout are the next step to characterize
this PROBA configuration and improve our results and detection yield.

APPENDIX A. NEARBY EXOPLANETS TABLE

Table 3 shows all the stellar and planetary information of the 28 nearest exoplanets used in this study.

EXOPLANETS STAR
Name Mass Mass*sin(i) | Radius | Semi-major axis | Temperature Name Distance | Radius Spectral type Temperature
(Mparen) | (Mparn) | (Bparth) (AU) ) o (pc) (Rsun) ] K)
Proxima Centauri b 1.2 1.1 0.05 216 Proxima Centauri 1.3 0.1 Mb5.5V 3050
Proxima Centauri ¢ 9.5 34 1.5 39 Proxima Centauri 1.3 0.1 Mb5.5V 3050
Barnard’s star b 3.2 1.5 0.4 105 Barnard’s star 1.8 0.2 M4V 3278
Wolf 359 b 43.9 5.7 1.8 367 Jolf 359 2.4 0.23 M6V 2800%
Wolf 359 ¢ 3.8 1.6 0.02 3687 Jolf 359 2.4 0.23 M6V 2800%
Lalande 21185 b 2.7 1.4 0.08 370 Lalande 21185 2.6 0.4 M1.5V 3828
eps Eridani b 244.8 10.0 3.4 1167 eps Eridani 3.2 0.9 K2V 5116
GJ 887 b 4.2 1.6 0.07 468 GJ 887 3.3 0.5 M1V 3688
GJ 887 c 7.6 3.2 0.1 352 GJ 887 3.3 0.5 M1V 3688
Ross 128 b 14 1.1 0.05 256 Ross 128 3.6 0.2 M4 3192
GJ 15A b 3.0 14 0.07 364! GJ 15A 3.6 0.4 M2V 3567
YZ Cet b 0.7 0.9 0.02 4321 YZ Cet 3.6 0.2 M4.5 3056
YZ Cet ¢ 1.1 1.0 0.02 376! YZ Cet 3.6 0.2 M4.5 3056
YZ Cet d 1.1 1.0 0.03 327 YZ Cet 3.6 0.2 M4.5 3056
eps Ind A b 1033.0 16.2 11.6 51 eps Ind A 3.6 0.7° K2v 4630°
tau Cet e 4.0 1.6 0.5 2861 tau Cet 3.7 0.8 G8.5V 5344
tau Cet 4.0 1.6 1.3 1821 tau Cet 3.7 0.8 G8.5V 5344
tau Cet g 1.8 1.2 0.1 5761 tau Cet 3.7 0.8 G8.5V 5344
tau Cet h 1.8 1.2 0.2 426! tau Cet 3.7 0.8 G8.5V 5344
GJ 1061 b 1.4 1.1 0.02 355! GJ 1061 3.7 0.2 M5.5V 2953
GJ 1061 ¢ 1.7 1.2 0.04 275! GJ 1061 3.7 0.2 M5.5V 2953
GJ 1061 d 1.6 1.2 0.05 226! GJ 1061 3.7 0.2 M5.5V 2953
GJ 273 b 3.0 1.4 0.1 2687 GJ 273 3.8 0.3 M3.5 3382
GJ 273 ¢ 1.2 1.1 0.04 4267 GJ 273 3.8 0.3 M3.5 3382
GJ 273 d 11.0 3.6 0.7 967 GJ 273 3.8 0.3 M3.5 3382
GJ 273 e 9.4 3.4 0.8 88T GJ 273 3.8 0.3 M3.5 3382
Teegarden’s star b 1.0 1.0 0.03 2407 Teegarden’s 3.8 0.107 MT7.0V 2637°
Teegarden’s star ¢ 1.1 1.0 0.04 1817 Teegarden’s star 3.8 0.1 M7.0V 2637°

Table 3. Stellar and planetary information of the 28 nearest exoplanets. Data, unless specified, are from exoplanet.eu. Inclinations and eccentricities are not considered. Planets are
assumed to be a their maximum elongation. Albedo is assumed at 0.3 on the full spectral range. All radius are derived from the mass, considering the Earth density (< 7 MEarth) or
the Jupiter density (Mass > 7 MEarth).

! When not available, the effective temperature is computed assuming equilibrium (Pin = Pout) and the Stefan-Boltzmann law.

2 From 27.

3 From 28.

4 From 29.

5 From 30.

6 From 31.
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