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ABSTRACT

As the Kepler mission has done for hot exoplanets, the ESA Euclid and NASA Roman missions have the potential to create a break-
through in our understanding of the demographics of cool exoplanets, including unbound, or free-floating, planets (FFPs). Roman will
dedicate part of its core survey program to the detection of cool exoplanets via microlensing, while Euclid may undertake a microlens-
ing program as an ancillary science goal. In this study, we demonstrate the complementarity of the two missions and propose two joint
surveys to better constrain the mass and distance of microlensing events. We first demonstrate that an early brief Euclid survey (~7 h)
of the Roman microlensing fields will allow the measurement of at least 30% of the events’ relative proper motions . and 42% of the
lens magnitudes. This survey would place strong constraints on the mass and distance on thousands of microlensing events observed
by Roman just after the first year of observation. Then, we study the potential of simultaneous observations by Roman and Euclid to
enable the measurement of the microlensing parallax for the shortest microlensing events and, ultimately, obtain a direct measurement
of the masses, distances, and transverse motions of FFPs. Using detailed simulations of the joint detection yield we show that within
one year Roman-Euclid observations will be at least an order of magnitude more sensitive than current ground-based measurements.
The recent tentative detection of an excess of short-duration events by the OGLE survey is consistent with a scenario of up to ten
Earth-mass FFPs per Galactic star. For such a scenario a joint Roman-Euclid campaign should detect around 130 FFP events within
a year, including 110 with measured parallax that strongly constrain the FFP mass, and around 30 FFP events with direct mass and
distance measurements. The ability of the joint survey to completely break the microlens mass-distance-velocity degeneracy for a
significant subset of events provides a unique opportunity to verify unambiguously the FFP hypothesis or else place abundance limits
for FFPs between Earth and Jupiter masses that are up to two orders of magnitude stronger than provided by ground-based surveys.
Finally, we study the capabilities of the joint survey to enhance the detection and characterization of exomoons, and find that it could
lead to the detection of the first exomoon.

Key words. gravitational lensing: micro — planetary systems

1. Introduction

Our understanding of exoplanet demographics has progressed
enormously thanks to advances in exoplanet detection techniques
that have led to the rapid growth of confirmed candidates'. A

' According to The Exoplanet Encyclopedia (http://www.
exoplanet.eu) accessed 3 January 2022.

total of 3484 of the 4909 confirmed exoplanets discovered to date
have come from primary transit observations, with around 2300
of these coming from the Kepler space mission alone'. The abil-
ity to observe from space has enabled robust large-scale regular
and homogeneous photometric observations that are crucial for
extending exoplanet sensitivity down to the Earth-size regime,
or even sub-Earth-size regime. While the list of confirmed exo-
planets now extends into the thousands, our knowledge of their
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demographics still suffers from severe incompleteness. Many
of the current candidates are relatively massive and on short-
period orbits compared to planets in our own Solar System. We
have incomplete knowledge of the full extent of multi-planet
systems, particularly for those systems, like our own Solar Sys-
tem, that host planets beyond the ice line. Understanding the
planet population beyond the ice line is critical for understanding
planet formation. Population synthesis simulations show that,
unlike massive planets, low-mass planets that form beyond the
ice line are not strongly affected by migration as their accre-
tion timescales are short compared to the migration timescale
(Mordasini 2018). This implies that cool low-mass planets pro-
vide key tracers of in situ planet formation. Studying the present-
day demographics of cool low-mass planets can, uniquely, pro-
vide a direct test of planet formation models that is largely
unaffected by complex planet migration histories.

Gravitational microlensing remains the only available
method able to access the cool low-mass exoplanet regime.
Ground-based microlensing surveys have so far detected over
100 planets'. Microlensing data have been used to show that the
distribution of planet-to-host mass ratios exhibits a universal pro-
file, and therefore may be a more primary diagnostic of planet
formation than the planet mass function (Suzuki et al. 2016;
Pascucci et al. 2018). Ground-based microlensing data have also
tentatively indicated the existence of a significant population
of planets that are isolated or very distant (i.e., >15 AU) from
any host star (Sumi et al. 2011; Mréz et al. 2017, 2019a), often
referred to as free-floating planets (FFPs). The first FFPs candi-
dates were discovered two decades ago in star-forming regions
(Oasa et al. 1999; Zapatero Osorio et al. 2000; Luhman et al.
2005; Burgess et al. 2009; Marsh et al. 2010) and are predicted
by planet formation models (Veras & Raymond 2012; Ma et al.
2016). The existence of FFPs is also implicated by infrared sur-
veys of nearby star-forming regions (Zapatero Osorio et al. 2017).
In particular, Miret-Roig et al. (2022) recently found a ~5% rel-
ative abundance of FFPs (with a mass range of 4-13 Mj,,) in
their survey of the Upper Scorpius and Ophiuchus regions. How-
ever, their Galactic abundance and typical mass scale remains
uncertain. Because it does not rely on the measurement of the
light emitted by the lens, microlensing is a powerful technique
for discovering these objects (Sumi et al. 2011; Mréz et al. 2017,
2019a). Whether FFPs form in isolation or exist as a consequence
of being ejected from their hosts through dynamical exchanges
with other planets remains unknown. Clearly, it is important to
pin down the nature and abundance of FFPs in order to answer
this question and to inform planet formation models. Microlens-
ing is the only method available for studying FFPs over Galactic
distance scales.

The primary observable, the Einstein radius crossing time
tg, not only depends on the lens mass and distance from the
observer, but also on the relative proper motion and relative
parallax between lens and source (Gould 2000). The character-
ization of the lens mass and distance is therefore challenging
and requires the measurements of some extra parameters, such
as the microlensing parallax (Gould 1994), finite-source effects
in the light curve (Witt & Mao 1994), the source and lens rel-
ative proper motion, and/or the lens flux (see, e.g., Vandorou
et al. 2020). So far, it has been done only for about half of the
bound microlensing planets. One example is OGLE-2015-BLG-
0966Lb (Street et al. 2016), a lens system consisting of a 0.4 M,
M dwarf, orbited by a cold Neptune. It was simultaneously
observed from the ground and with the Spitzer Space Telescope
to obtain a direct planet mass measurement with a 10% preci-
sion. Ground- and space-based observations have also been used
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to directly image the lensing host star several years after an event
has occurred. The host lens flux can then be used to convert the
planet-to-host mass ratio, obtained from the microlensing light
curve, to a planet mass (Yee 2015; Beaulieu 2018).

Due to the intrinsic rarity of microlensing, surveys must tar-
get highly crowded stellar fields toward the Galactic bulge. As
a result, their sensitivity is severely affected by the combina-
tion of stellar crowding effects and seeing limitations caused
by Earth’s atmosphere. As with the transit method, substantial
sensitivity improvements can therefore be achieved by observ-
ing from space (Bennett & Rhie 1996; Penny et al. 2013, 2019).
For microlensing, the primary signal is a time-dependent mag-
nification of a background source whose light is deflected by the
gravitational field of a foreground object. Because the gravita-
tional lensing cross section (the Einstein ring radius) of the lens
scales with the square root of its mass, the event duration is a
function of the lens mass, up to several years for a ~10 M, iso-
lated mass black hole (Wyrzykowski et al. 2016) and down to
few hours for a FFP (Mr6z et al. 2020). If the angular Einstein
ring radius g is small compared to the angular size of the back-
ground source star 6., the magnification averaged over the face
of the source may be too small to be detected. A major benefit
of observing from space is the ability to access large numbers of
resolved main sequence stars (i.e., not blended with other stars)
as from the ground most of the non-blended stars are the larger
bulge giants. The more compact main sequence stars extend
microlensing sensitivity down to around the mass of the Moon
(Dominik et al. 2007; Penny et al. 2019).

In the next decade, both NASA and ESA will be launch-
ing facilities that could undertake high-precision exoplanet
microlensing surveys. The NASA Nancy Grace Roman Space
Telescope (formerly WFIRST and hereafter referred to as
Roman; Spergel et al. 2015) core missions include a dark energy
survey and a substantial microlensing program. The ESA Euclid
mission’s (Laureijs et al. 2011) primary objective is to constrain
the nature of dark energy, although the original mission def-
inition included the possibility of undertaking a microlensing
survey as an additional goal (Penny et al. 2013). Both tele-
scopes are scheduled to be located in halo orbits at the Earth-Sun
L2 point, with a potential separation between them of up to
600000 km. Microlensing simulations have shown that both
telescopes are ideal for microlensing, and have the potential to
detect thousands of planets across a broad range of masses and
semi-major axes (Penny et al. 2013, 2019). Johnson et al. (2020)
predicts that Roman alone will detect ~250 FFPs, including ~60
planets less massive than the Earth, in good agreement with the
estimation of Ban et al. (2016). Johnson et al. (2020) also forecast
that a significant fraction of the FFP events detected by Roman
will display finite-source effects. This implies that 6 will be
measured for most of these events because 6, will be almost sys-
tematically known for events detected by Roman. On the other
hand, Bachelet & Penny (2019) show that the microlensing par-
allax will not be detected by Roman alone for events with g < 3
days (i.e., outside of the FFP regime). However, the authors show
that simultaneous observation from the Euclid mission would
constrain the microlensing parallax down to the FFP regime if
the separation between the two mission is sufficiently large. This
was confirmed by the independent analysis of Ban (2020), that
demonstrates that the parallax will be measurable for a large
fraction of events due to FFP.

In this paper we argue that the Roman and Euclid missions
should coordinate their observations to undertake a combined
survey to enhance the characterization of the lensing systems.
The paper is laid out as follows. In Sect. 2 we overview the
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Roman and Euclid missions and their respective survey time-
lines, pointing out the options for a simultaneous observing
program. In Sect. 3 we visit the theory behind precision mass
measurements of microlensing events. In Sect. 4 we consider the
potential of an early Euclid survey of the Roman microlensing
fields for the measurements of the lens fluxes as well as the rel-
ative proper motions. In Sect. 5 we present a statistical study
that details the unique constraints that offer a Euclid and Roman
joint survey on the detection and characterization of microlens-
ing events due to FFP. Section 6 considers the ability of a joint
survey to detect exomoons. We conclude with a summary in
Sect. 7.

2. Roman and Euclid missions
2.1. Timelines

Roman is a NASA flagship mission scheduled for launch in late
2025. Roman has three primary science goals: dark energy inves-
tigations using galaxy clustering, weak gravitational lensing, and
Type Ia supernovae; exoplanet demographics via microlensing;
and infrared surveys for a wide range of astrophysics appli-
cations, executed via a competitive General Observer (GO)
program (Spergel et al. 2015). Additionally, Roman will carry
a coronagraph instrument (CGI) technology demonstration that
will be premiered in space; it will have a number of new tech-
niques that will advance the state-of-the-art in coronagraphy by
three orders of magnitude in star/planet contrast ratio. Additional
surveys are possible within the primary mission, and via the GO
program and a possible five-year extension.

Euclid is an ESA-led medium-class mission with signifi-
cant technical and scientific contributions from NASA. Euclid
is designed to map the universe with two distinct probes, galaxy
clustering, and weak gravitational lensing, in order to study the
nature of dark matter and dark energy (Laureijs et al. 2011).
Euclid will perform these surveys with two instruments: VIS
will do visible photometry in a single very wide band, and
the NISP instrument will perform near-infrared photometry and
grism spectroscopy in the range 1-2 pm. Euclid is scheduled
to launch in late 2022 for a six-year primary mission. As the
Euclid mission progresses, there will be increasing gaps in
the cosmology survey that could be filled with microlensing
observations. The Euclid NISP instrument is expected to be
fully functional after the six-year primary survey and there-
fore microlensing observations using NISP could be viable. The
VIS CCDs will likely suffer from increasing charge-transfer-
efficiency (CTE) degradation throughout the mission, with a
commensurate degradation of the VIS capabilities. While this
may impact their suitability for weak lensing measurements, it is
unlikely that increased CTE would dramatically degrade VIS’s
ability to perform microlensing photometry. A full analysis of
the effects of detector degradation on VIS microlensing mea-
surements after the Euclid prime mission is beyond the scope of
this paper.

2.2. Relevant instruments

The Roman Wide Field Instrument (WFI) consists of 18 4 k x4 k
Hawaii H4RG-10 HgCdTe detectors with a pixel scale of 0.11”,
giving a 0.28 deg? field of view (Spergel et al. 2015). In addition
to a grism and prism, the instrument will have six broadband fil-
ters with central wavelengths spanning from 0.62 to 2.13 um
(RO62, Z087, Y106, J129, H158, F184, K213) as well as an
extremely wide 0.92-2.00 um filter, W146, that will be used by

the Galactic exoplanet survey. WFI delivers diffraction-limited
imaging for the 2.4m Roman telescope in all but the shortest
wavelength filter. Roman is able to slew to and settle on an
adjacent field in about 60 s using reaction wheels for maneuvers.

Euclid uses a 1.2 m telescope that delivers light to two
instruments that simultaneously observe the same field through
a dichroic element (Laureijs et al. 2011). The VIS instrument has
36 4 k X 4 k e2v CCD273-84 CCD detectors with 0.10” pixels,
giving a 0.47 deg? field of view. VIS provides diffraction-limited
imaging in an extremely wide optical light bandpass of 0.55—
0.90 um (Cropper et al. 2018). The NISP instrument images the
same field as VIS with 16 H2RG-18 HgCdTe detectors with a
pixel scale of 0.30” (Maciaszek et al. 2016). NISP can select
from four grisms or three broadband filters with central wave-
lengths of 1.05, 1.37, and 1.77 um. Euclid’s primary observing
modes will allow VIS imaging to be captured simultaneously
with NISP grism observations, but in principle it should be
possible for VIS and NISP to both perform imaging observa-
tions simultaneously. Similarly, the number of VIS and NISP
exposure time modes that are commissioned may be limited.
Euclid uses cold gas thrusters to maneuver, which results in rel-
atively long ~350 s slew and settle times to move to an adjacent
field (Gomez-Alvarez et al. 2018).

2.3. Planned bulge surveys

Roman will conduct the Roman Galactic Exoplanet Survey,
which will nominally consist of six seasons of continuous obser-
vations lasting 72 days each (Penny et al. 2019). The seasons will
be spaced six months apart, surrounding the vernal and autumnal
equinoxes when Roman can point toward the bulge. During this
time Roman will observe ~2 deg? of the Galactic bulge every 15
min in its wide W146 filter, and at least once every 12 h in at
least one of the broadband filters, currently planned to be Z087.

Euclid will not conduct bulge observations as part of its pri-
mary mission, but we consider here two scenarios where bulge
observations would be minimally disruptive to the Euclid pri-
mary mission: a short observing campaign of pre-imaging of
the Roman bulge fields shortly after launch, and more extensive
observations simultaneously with Roman late in the Euclid mis-
sion. Euclid can point toward the bulge in a narrower ~30-day
window while maintaining thermal stability that is fully enclosed
within the 72-day Roman seasons.

2.4. Orbital elements

Both telescopes will orbit around the L2 Sun-Earth Lagrangian
point. While the exact orbital elements are not known yet, it is
safe to assume that the orbits will be comparable to the cur-
rent orbit of the Gaia telescope, with an orbital radius R ~
300000 km and a period of ~180 days. Using these parameters,
Bachelet & Penny (2019) show that simultaneous observations
from the two telescopes unlock the parallax measurement down
to the FFP regime if the telescope’s separation is at least
>100 000 km. We use these parameters for the rest of this work.

3. Measurement of the masses and distances of
microlenses

A microlensing event occurs when a lens object at a distance Dy,
crosses the line of sight between the observer and a source at
a further distance Ds. When the angular distance between the
source and the lens is sufficiently small (a few 6g, see below),
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the gravity field of the lens modifies the pathway of the pho-
tons and creates several images of the source. The images are
distributed around the lens and separated by few Einstein ring
radius 0g (Gould 2000)

[AGM, .. My e\
O = #zSSuas(—Lﬂ]) ) (1)
c My, mas

where

1 1 |
Ml = | — — — Jau kpc™, 2
rel (DL Ds) P @
and My is the lens mass, G is the gravitational constant, and ¢
the speed of light in vacuum. As long as no finite source effects
are measured, there is only a single measurable parameter that
depends on the lens mass, namely the Einstein radius crossing
time:
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Worse still, #g also depends on the relative lens—source proper
motion, (], giving rise to a three-parameter degeneracy between
My, pre, and m. The physical mass and distance to the lens
system can be estimated via a Bayesian analysis using a Galac-
tic model to define the priors on m and u. (Han & Gould
1995, 2003; Bennett et al. 2014). Since these priors are rather
broad toward the Galactic bulge, while the planet-to-host mass
ratio is often well determined, absolute values of the physi-
cal parameters may not be well constrained. Fortunately, there
are a number of ways to break the microlensing parameter
degeneracy through combinations of high-precision photometry,
high-resolution imaging follow-up, and simultaneous observa-
tions from well-separated observatories. We briefly review the
methods that could be employed by Roman.

3.1. Mass-distance relation from finite source effects

The Einstein radius, 6g, can be measured if a light curve shows
evidence of finite source size effects (e.g., when the source
approaches caustics of the lensing system). For a single lens
this occurs when the angular separation separation 5 between
the source and the lens becomes comparable to the angular size
of the source star 6, (i.e., 8 < 6.). This is also a common situa-
tion for microlensing events that involve a planetary lens, and it
results in a differential magnification across the source face that
is observable as a deviation of the microlensing light curve from
the point-source model. The effect essentially allows the source
angular size to be used as a standard ruler to measure g via

Psx = 0*/9]5, (4)

where p, is the angular size of the background source star in units
of g, a parameter that can be determined from a fit of a light
curve exhibiting finite source effects. The source angular size,
6., can be determined reliably via the infrared surface brightness
relation (Yoo et al. 2004; Boyajian et al. 2013), determining 6g
through Eq. (4). This in turn yields a measurement of ) through
Eq. (3). Once 6g has been measured, the microlens degeneracy
reduces to a mass-distance relation
2
My = )

9
K TTrel
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with « = 8.144 mas M(;l.

Roman will provide dense high-precision photometry on
planetary microlensing events. Since a large fraction of these
systems are expected to exhibit finite-source effects (either from
low-mass FFP light curves or from bound planets detected via
caustic crossings by the source), this type of mass-distance
relation will be obtained routinely.

3.2. Mass-distance relation from lens flux

With observations at high enough angular resolution it is pos-
sible to disentangle the aligned source and lens stars from field
stars at the subarcsec scale. Modeling of the photometric light
curve allows the flux of the source star to be estimated accu-
rately. In principle, we can then measure the excess flux aligned
with the source star, and try to determine if some or all of this
excess flux can be attributed the planetary host star. A complica-
tion at this point is that there might be contaminants, for example
chance-aligned field stars, a companion to the source star, or
another stellar companion to the host. These possibilities must be
evaluated via a Bayesian analysis (Koshimoto et al. 2020). The
resulting lens magnitude my (1) can be combined with an empiri-
cal mass-luminosity relation (Delfosse et al. 2000) or with stellar
isochrones (Bertelli et al. 2008) to get a mass-distance constraint
of the form

mi(d) = 10 + 5log(Dy /kpe) + Ar(A)
+Misochr0ne(/la ML’ age, [FefH]), (6)

where Misochrone 1S the absolute magnitude of the star at wave-
length A. If several bands can be used in concert, the constraints
on the mass and distance of the lens, as well as the extinction
along the line of sight, become stronger (Batista et al. 2015). As
soon as the lens and the source are sufficiently separated (i.e.,
when the separation is 0.5 FWHM), generally several years
after the event peak, the exact nature of the lens is known to
very high precision (Vandorou et al. 2020; Bhattacharya et al.
2021). This is also the case for stellar remnants lenses because
the high-resolution images can rule out the main sequence lens
scenario (Blackman et al. 2021). This measurement is extremely
challenging, if not impossible, for the faintest components, such
as FFPs or stellar remnants lenses.

3.3. Mass-distance relations from lens-source relative proper
motion

The lens-source relative proper motion introduced in Eq. (3) is
typically on the order of ~ 5 mas yr~! and generally in the range
~1-10 mas yr~!. With the very stable point spread function
(PSF) of Roman, it is possible to measure the centroid vari-
ations, even if the source and the lens are not fully resolved
from each other, to constrain their flux ratio (as described in
the previous subsection) and relative proper motion. Observing
the microlensing event in several bands significantly increases
the precision of the method, often referred to as color-dependent
centroid shift. This has already been achieved, for example using
the Hubble Space Telescope (Bhattacharya et al. 2018). The
measurement of the proper motion, especially coupled with the
measurement of the lens flux, provides strong constraints on
microlensing models. This is particularly useful for breaking
fundamental degeneracies that can arise in the light curve mod-
eling, especially the ecliptic degeneracy (Skowron et al. 2011).
Again, this method is almost impossible to use for the faintest
lenses of the Milky Way.
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3.4. Mass-distance relations from microlensing parallax

While measurements of 7z and . (or, equivalently, 6g) break
some of the microlensing parameter degeneracy, we require
an additional mass-sensitive measurement to fully resolve the
degeneracy. The reward is not just the lens mass, but also its
distance and transverse velocity, both of which are of physi-
cal interest. The relative lens-source parallax m introduced in
Eq. (5) can be measured if #g is long enough to observe a sub-
tle shift in the photometric light curve due to the Earth’s orbital
motion (the annual parallax; Gould 2004) or if two observatories
observe the event simultaneously (the satellite parallax; Refsdal
1966). In this case, microlensing parallax vector is approximately
given by (Calchi Novati et al. 2015)

au (At
= —|—,Auy], 7
g D, ( . uo) @)

where D, is the projected separation between the two obser-
vatories along the direction of the event, and Auy and Aty are
respectively the differences in impact parameter and epoch of
maximum magnification recorded by the two observatories. This
leads again to the mass-distance relation of Eq. (5), but recast in
the form

0
My, = —E, where g = @. ®)
KT 9E

The switch from . to mg highlights that the key to detect-
ing microlensing parallax is to obtain measurements of the light
curve from positions that are separated over distances that, when
projected onto the lens plane, span a sufficient fraction of the
lens Einstein radius.

Recently, it has been demonstrated that the Roman observa-
tions from the Earth-Sun L2 point will be sufficient to detect
parallax for microlensing events with 7z > 5 days, due to the orbit
of the L2 point around the Sun (Bachelet & Penny 2019). This
will ensure strong constraints on the mass and distance of the
~1500 bound planets expected to be detected by Roman (Penny
et al. 2019). FFP microlensing events, however, are generally
expected to have timescales of less than a few days. Measure-
ments of parallax for such short 7z events from surveys such as
Roman or Euclid operating alone will be extremely challenging.
Hamolli et al. (2016) find a relatively high efficiency for parallax
measurement when events can be detected down to peak mag-
nifications of 1.001, irrespective of signal-to-noise ratio (S/N).
Hamolli et al. (2016) also determine parallax detection based on
a comparison of the model residuals for the same event, with
and without parallax, rather than between the best-fit parallax
model and a best-fit model without parallax. Without very high
S/N observations, we consider such a low detection threshold to
be unreliable for secure false-positive rejection. For more robust
selection criteria based on an event’s S/N, and a comparison of
best-fit models with and without parallax, we would not expect
either survey to be highly efficient to FFP parallax detection
when observing alone.

However, simultaneous observations from Euclid and Roman
are ideal for measuring the parallax for such events (Bachelet
& Penny 2019). This is of particular interest because, as noted,
FFPs are expected to produce short events on timescales of hours
to days (Eq. (3)). For a typical FFP lens of 1 My, located at
Dy, = 4 kpc and a source at Dg = 8 kpc, the projected Einstein
ring radius /g = Og/me; (Gould 2000) is about 0.25 au. For an
orbital radius around L2 of ~300 000 km, the maximum separa-
tion between Euclid and Roman can be on the order of ~0.005 au,

a range that allows the measurement of the parallax of FFP
events. Rewriting Eq. (7) gives

D, m,
Aty = = ©)
au Hrel
and
D M
Aug = 035 == | Tl o (10)

au Y mas My’

Assuming e = 4 masyr~!, the previous configuration leads
to Atp ~ 1 h and Auy ~ 0.02, offsets that should be measur-
able given the cadence and photometric precision of the surveys.
Similarly, Yee (2013) and Bennett et al. (2018) described how
simultaneous observation from Roman and ground-based tele-
scopes would constrain the mass of FFP lenses. However, it is
inevitable that the lower cadence and photometric precision of
observation collected from the ground make these measurements
more challenging.

4. Direct planet host mass measurements with
early Euclid observations

In the case that the lens hosts a secondary object, the mass
ratio ¢ and the projected separation s have to be accounted for
in the modeling of the microlensing light curve. These param-
eters will be precisely measured for planets down to the mass
of Mars by the Roman microlensing survey (Penny et al. 2019).
However, as previously presented, additional measurements are
required to accurately derive the host and planet masses. In this
section we demonstrate that an early epoch of imaging of the
Roman microlensing fields can potentially improve lens mass
measurements, including those for planet hosts, by increasing the
time baseline over which the lens and source separation can be
observed (Yee et al. 2014). Currently, launch dates of 2022 and
2026 are expected for Euclid and Roman, respectively, meaning
that an epoch of imaging early in Euclid’s mission could extend
the baseline by up to four years relative to the Roman microlens-
ing survey’s expected 3.5-4.5 year baseline. Bennett et al. (2007)
estimate that the precision of both lens flux and source-lens
relative proper motion measurements will scale inversely with
the square root of the number of photons (N~!/?), but as the
inverse cube of the lens-source separation, or proper motion
baseline (A¢t~3). Therefore, a relatively short program to observe
the Roman microlensing fields using a few hours of exposure
time with Euclid could provide competitive, if not superior lens
mass measurements for at least a subset of Roman’s expected
~1500 exoplanet discoveries, despite the almost ~100 h of expo-
sure time Roman will collect in each field each season. In this
section we use a simulation of Euclid images to demonstrate this
possibility.

4.1. Description of simulations

We simulated an early Euclid image of a starfield contain-
ing microlensing events that Roman will observe. We used
the image simulation component of the GULLS microlensing
simulator (Penny et al. 2013, 2019). A 1.83’x1.83" starfield
was produced by drawing stars from the BGM1307 version of
the Besancon model, which closely matches that detailed in
Awiphan et al. (2015). From a sample of 1691 simulated Roman
microlensing events with detectable planets from Penny et al.
(2019), the brightest 432 (26%) microlensing events with lenses
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Fig. 1. Distribution of host star (lens) magnitudes from a sample of simulated planetary microlensing events injected in the Euclid image. The gray
histogram shows the W149 (left) and VIS (right) magnitude distribution of all hosts in a sample of 1691 planetary microlensing events drawn from
simulations presented in Penny et al. (2019), and the black histogram shows the distribution of 432 events brighter than W149 < 22.5, which were
injected into our simulated image. The red histogram shows the distribution of magnitudes for the sources of the 432 events with bright lenses.

brighter than W149 = 22.5 were added to the images; the W149
and VIS magnitude distributions of these samples are shown in
Fig. 1. The full sample of events® is a representative draw from
the fiducial Roman simulations, with stellar properties (e.g.,
proper motion, magnitude) drawn from an earlier version of the
Besancon model, BGM1106, as described in detail by Penny
et al. (2013, 2019).The positions of all stars in the image were
chosen randomly at a time ¢t = 0 (corresponding to the Roman
launch date), and their positions at other times determined by
their proper motion. Source stars were placed randomly in the
image, but lens stars were placed such that they would recre-
ate the parameters of the simulated microlensing events given
the relative proper motion of source and lens. Euclid VIS mag-
nitudes were assumed to be equal to Z087 magnitudes from
Roman, and the simulated source and lens magnitudes were cal-
culated by integrating over an interpolation of the stellar spectral
energy distribution output by the Besancon model in the R, I,
Z, J, and H bands, plus the magnitudes of a blackbody with the
same temperature, radius, distance, and extinction for the K and
L bands.

We set the Euclid observations at t = —1800 days (i.e., about
5 years prior to the Roman launch), and generated a set of 16
1.83’ x 1.83” images at the native resolution of the VIS instru-
ment. Each of the 16 images was dithered by a set of randomly
chosen offsets between 0 and 10 pixels in the X and Y direc-
tions. The 16 images at each epoch were stacked using the drizzle
algorithm (Fruchter & Hook 2002) to refine the resolution to
0.0275 arcsec pixel ™.

4.2. Modeling process and results

We first estimated an empirical and flux-calibrated point spread
function (PSF) of the drizzled images by modeling isolated stars,
and we assumed a constant PSF. In practice, the PSF varies
across the field but is extremely well characterized. Assuming
that the lenses and sources are resolved when the separation
is 20.25 FWHM (i.e., 1.8 pixels in this case), 64% of events
are resolved at the time of the simulated Euclid observation.

2 Available  at
figures

https://github.com/mtpenny/wfirst-ml-
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However, with a median separation of 2.1 pixels, many events are
just at the limit of separation. We rejected three events from the
analysis because they were too close to the image edges. We then
fit the 429 remaining simulated events, assuming that the light
present in small stamps around the event location (estimated for
the event coordinates at fp) is solely due to the lens, the source,
and a constant background. The fit parameters are the total flux
fi = fs + fi, where f; and f; are the source and lens fluxes, the
flux ratio g = f;/ f;, the proper motion of the source and the lens,
and the background level. We used the first image from Euclid to
estimate the potential of early Euclid observations.

The results of the fits are presented in the Fig. 2. We find
Urer 10 be constrained, to better than 10% (relative), for 29% of
the fits. We also find that the magnitude of the lens is recon-
structed at better than 0.1 mag for 42% of our sample; 15%
of the events are reconstructed within the two preceding con-
straints, and 85% of them are resolved (with a median separation
of 3.5 pixels). For this subset of events, the properties of the lens
will be reconstructed with high fidelity according to Egs. (6) and
(3). While the mass and distance degeneracy can persist for the
lightest lenses (Yee 2015), Bachelet & Penny (2019) demonstrate
that the parallax will be constrained for most events. Scaled to
the 30000 events expected from the Roman mission, this indi-
cates that early Euclid observations can constrain the properties
of over 2000 lenses, increasing our knowledge of the microlens
distribution by several orders of magnitudes.

The analysis presented is relatively CPU intensive, and this
was the primary motivation to limit the sample to lenses with
W149 < 22.5 mag. While this sample is not exactly represen-
tative, we note that the distribution of the source magnitudes
is much broader (with W149 < 26 mag). We did not find any
significant trends in the fit results that depend on the source
magnitudes, indicating that our fits would also be reliable for
fainter lenses since the problem is symmetric. We note however
that our fitting approach, while generally accurate, is subopti-
mal for a significant fraction of the events. This is mainly due to
the presence of unrelated stars near to the line of sight, but this
problem can be tackled by a more in-depth analysis such as that
done by Bhattacharya et al. (2017). This can also result from a
large difference in the lens and source brightness, coupled with
a small lens—source proper motion. A complete understanding of


https://github.com/mtpenny/wfirst-ml-figures
https://github.com/mtpenny/wfirst-ml-figures

E. Bachelet et al.: Euclid-Roman joint microlensing survey

20 .... .. L] ° .
3 . et e
% 10 o. ."3 '. o M L4
.-. d'.y.l.:. .,' °® .' .
ENEREL L
T IR -X -~ Y0 e, o2 ogatte © 7_43
% i:v-}:i‘}; e '.1. -4 )
~10 o
5 10 15 20 0 100
Urelmas/yr]
0 e ) g,'j;;;';_ﬂzi'vd’\"\ o o
—_ o . :i I]_'l ..
R -2 < v RTC
g . S e
3 -4 .
®
-6 ° .
18 20 22 24 0 200
L[mag]

Aurellmas/yr]

5 10 15

N
o
o

0.10 -

0.05 I °

0.00

AL[mag]

-0.05

-0.10

18

o
N
w

Fig. 2. Distribution of fit residuals, defined as A = fit — true, as a function of y (fop) and VIS lens magnitude L (bottom). The orange triangles
are events meeting both criteria: |Ape| < 0.1, and |AL| < 0.1 mag. The left column gives the results for all 432 events, while the right column
shows a zoomed-in image for events with |Au| < 2.5 masyr~' and |[AL| < 0.1 mag.

the fitting performance (for example the accuracy of the PRF and
the noise models of drizzle images) is beyond the scope of this
study, as our goal here is to highlight the potential of early Euclid
observation. However, by studying each event individually, as
would be the case with real data, it is likely that the performance
could be significantly improved. The results presented here can
therefore be considered conservative.

To conclude, a single Euclid observation prior to the Roman
mission will place strong constraints on the mass and distance
for thousands of lenses for a relatively small observational cost.
Assuming that the microlensing Roman fields will be of 2 deg®
(Penny et al. 2019), it would take about four pointings of Euclid
to cover the region of interest. Using the observing strategy pre-
sented in the previous section (16 dither images, each with a
300 s exposure time), this represents 7 h of Euclid telescope
time with overheads. This strategy, coupled with the parallax
measurements from the Roman light curve (see Sect. 3.4 and
Bachelet & Penny 2019), will provide unprecedented constraints
on masses and distances of thousands of lenses, ultimately plac-
ing exquisite constraints on the Galactic demographics of planets
(Calchi Novati et al. 2015). It will also permit a direct mea-
surement of the masses and distances of the earliest Roman
microlensing events without needing to wait for the end of the
Roman mission.

5. Simulating joint Roman-Euclid observations of
free-floating planets

5.1. Examples of joint observations

Planetary-mass lenses (assumed here as M < 13 Mjy,p) have
extremely small Einstein radii, and therefore microlensing events
due to such lenses can display strong finite-source effects (i.e.,
P« = uy from Eq. (4)), allowing the measurement of p., and
therefore Og. Obtaining parallax parameters (ng or my) for FFPs

therefore means that the FFP mass and distance can be directly
measured. It is worth noting that such microlensing measure-
ments would yield not just the FFP mass, but also most of the
FFP’s full phase space (with the exception of velocity along the
line of sight). This may provide vital information on the mode of
FFP formation.

To illustrate such measurements, we simulated three exam-
ples of simultaneous observations made by Roman W149 and
Euclid NISP (H), assuming a phase separation of ~ /4 between
the orbits of the telescopes around the Earth-Sun L2. The pho-
tometric precision was similar for both telescopes, while the
cadence of Euclid and Roman were set to 30 min and 15 min,
respectively. We used the pyLIMA software to simulate and
fit the light curve (Bachelet et al. 2017), and used the Gaia
ephemerides around the Earth-Sun L2 to obtain realistic orbits.
For each case, we modeled the event with and without includ-
ing the parallax effect. We derived the log-likelihood ratio Ay?
associated with a p-value p, indicating if the fit including par-
allax is statistically more significant than the simpler model.
We ran two sets of fits: one including both telescopes and one
using only Roman data. The results are presented in Fig. 3. We
derived the lens masses and errors assuming 6g to be known to
within 10%. This implies p to be measured, and therefore we also
force up < p. We assumed a linear limb-darkening law and using
I' = 0.5 (Yoo et al. 2004).

5.2. Simulation of joint observations

In this section we explore, in a statistical sense, the capabili-
ties offered by a Roman and Euclid joint survey for detecting
and characterizing microlensing events due to FFPs. There-
fore, this work is related to the previous works from Johnson
et al. (2020) and Ban (2020), but, as detailed below, imple-
ments several refinements that can play a significant role in the
characterization of events (i.e., the mass measurement). To list

A136, page 7 of 15



A&A 664, A136 (2022)

{  Roman EUCLID
18.0
A
20 I
% 18.5 3
>
22
19.0
2020 2030 2040 2030.0 2032.5
JD-2457490 JD-2457490

Mirie = 2281.2 Mg
Dirye = 4.62 kpc

Miens = 2281.8 £ 261.14 Mg
(Ax?,p) = (26002.,0.0)

Miens = 932.37 + 444.50 M
(Ax?,p) =(69.524,0.0)

Mirye = 96.727 Mg
Dirye = 3.58 kpc

Miens = 100.02 = 11.755 M,
(Ax?,p) = (4218.9,0.0)

Mieps = 19.358 +£19.008 Mg
(Ax#,p) =(2.0918,0.35136)

2030.5
JD-2457490

2032.0

Mirye = 7.9529 Mg
Dirye = 5.58 kpc

Miens = 6.4601 +2.7116 M,
(Ax?,p) =(47.743,0.0)

Miens = 16.388 + 21.601 M,
(Ax?,p) =(—0.039,1.0)

Fig. 3. Three examples of simulated microlensing events due to FFP lenses as seen by Euclid and Roman. Shown are (from left to right) the case
of a super-Jupiter lens, a Saturn-like lens, and a super-Earth lens. The distance of the source Ds is set at 8 kpc and the true mass M, and distance
Dy, of the lenses, as well as the best-fit parameters, are indicated for each case. Those based only on Roman data are presented in brown, while
the best-fit solutions using both datasets are shown in black. Using Roman data only, the mass of the lens can be reconstruct accurately only for the
longer events. The magnitudes are artificially aligned to the Roman system for the plotting.

a few, they include the consideration of limb-darkening for a
more accurate magnification estimation, an updated version of
the Besangon model calibrated to Hubble Space Telescope and
compared to the OGLE-IV observations, and the use of time-
integrated selection cuts that are more reliable to ensure the
ability to measure finite-source effects and parallax, to ultimately
better characterize events.

To assess the number of FFPs where such mass constraints
could be obtained, we used a specially modified version of the
MaBulS-2 simulator® (Specht et al. 2020) to allow for FFPs
and to consider simultaneous parallax by separated observato-
ries. MaBulS-2 employs a synthetic population of microlens-
ing lenses and source stars seeded from version 1307 of the
Besancon Galactic model (BGM; Robin et al. 2012, 2014).
MaBulS-2 has been demonstrated by Specht et al. (2020) to
provide an accurate match to the 8000-event sample from the
OGLE-1V survey (Mréz et al. 2019b). Using the BGM, MaBulS-
2 simulates the microlensing event rate from the synthetic stellar
catalogues produced.

The BGM divides the Galaxy into four components: the thin
disk, bulge (Robin et al. 2012), thick disk, and halo (Robin et al.
2014), each with its own stellar initial mass functions, density
laws, and kinematics. It also includes a 3D extinction model
from Marshall et al. (2006). FFPs of various mass are injected
to replace stars as lenses. The FFP mass functions that were con-
sidered included two Dirac delta functions, one peaked at Earth
mass with a normalization of ten FFPs per main sequence star, as
suggested by Mréz et al. (2019a), and another peaked at Jupiter
mass with a normalization of two FFPs per main sequence star,
as suggested by Sumi et al. (2011).

Finally, FFPs inherit the kinematics of the stars they replace
in the synthetic catalogue. The overall procedure for computing
the microlensing rate, optical depth, and average timescale fol-
lows the formalism detailed in Specht et al. (2020) with a few
differences. First, S/N selection involves a time-averaged statistic

3 www.mabuls.net
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Table 1. Assumed sensitivities for the Roman W146 and Euclid VIS
and NISP-H band passes used in our simulations.

w146 VIS NISP-H
Qpst (arcsec?) 0.0456 0.0254  0.1590
Myp 27.62  25.58 24.92
fexp (8€C) 46.8 270 54
Usky (mag arcsec™)  21.5 21.5 21.4
Cadence (min) 15 60 60
Season (days) 2x72 2x30 2x30

Notes. Tabulated are the point spread function solid angle Q, the
zero-point magnitude of the filter m,,, the exposure time fp, the sky
background ugy, the observation frequency, and the duration of the
Galactic observing season. The two Euclid bulge observing campaigns
per season are each assumed to be fully contained within the respective
Roman campaigns.

rather than the S/N at peak used in Specht et al. (2020). Specif-
ically, we demand a Ay? between the synthetically generated
microlens light curve and a best-fit constant flux model of at least
125, with at least six points reaching 30~ above the baseline.

In addition, the joint detection of space-based parallax
between the Roman and Euclid light curves is required to be
at least 507, following the Fisher matrix analysis of Bachelet &
Penny (2019), with modifications to account for the BGM for-
malism. A detection of finite source effects is also demanded,
with a minimum Ay? between a point-source point-lens (PSPL)
and finite source model (FSPL) of 100. We apply a maximum
impact parameter threshold value u; = 3 for up,x, corresponding
to a minimum required peak magnification of 1.017, following
the formalism for um,x from Specht et al. (2020). The properties
of each filter used in this simulation are shown in Table 1.

The value of the maximum detectable impact parameter,
Umax, for each simulated event is obtained separately for the
S/N criterion (usn), the parallax criterion (u,1x), and the finite
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Table 2. Input parameters for each of the u,,,, grids are shown, with the
parameter ranges shown in square brackets.

Umax grid type Input parameters

my [16,24.9], x [0.01,1.0], p. [0,5]
my [16,24.9], mg [16,24.9], 7 [1074, 117, 15 [0.02,6], ¢ [0,5 ], p. [0,5]
mg [16,24.9], x [0.01,117, p. [107%,5]°

Signal-to-noise
Parallax

Finite Source

Notes. The parameters flagged with § are distributed logarithmically;
all the others are distributed linearly. All parameters have a grid resolu-
tion of 10 points, other than ¢ and p. for the parallax grid which have a
grid resolution of 5 points. The parameters used throughout are mg, an
arbitrary source magnitude; mw, a W146 magnitude; mg, a magnitude
in either Euclid VIS or NISP(H) filters; g, the Einstein radius cross-
ing time; x, the cadence of a telescope normalized to #g; p., the source
radius normalized to 6g; 7g, the magnitude of the microlensing parallax;
and ¢, the angle between the lens-source proper motion vector and the
projected baseline vector.

source criterion (ugs), with the final value taken as uy.,x =
min(us)N, Upix, Urs). In each case multi-dimensional linear inter-
polation is performed on a pre-computed um,x look-up table to
reduce computation time and prevent the necessity of perform-
ing expensive finite source calculations at runtime. The S/N
look-up table was three-dimensional, with up,,x depending on the
source magnitude, the cadence normalized to the event timescale
x, and the normalized source radius p.. The parallax look-up
table was six-dimensional, depending on the source magnitudes
in the Roman W146 filter my and the Euclid filter (either the
VIS RIz filter or the NISP H-band filter mg), g, p«, 7g, and
the angle between the projected baseline vector and the piye
vector ¢. Finally, the finite source look-up table was also three-
dimensional, depending on the same input parameters as the S/N
table. The parameters and grid resolutions for each of the three
Umax grids are shown in Table 2.

Calculating the Euclid VIS and Roman W146 magnitudes for
each source star was achieved by using approximations based on
Johnson-Cousins filters. For VIS we used the Johnson-Cousins R
band, which most closely mimics the VIS wavelength coverage
and the wavelength of peak transmission. For W146, a weighted
composite of the Johnson-Cousins J and H bands was used;
shown in Fig. 4 are the transmission curves for J, H, and W146
for comparison. The resulting W146 magnitude myy 46 is given
by
Myas = —2.5l0og (10704 + 1070471y + 5m, (11)
where 6m accounts for the difference in the transmission inte-
grals of W146 and the combination of J and H.

The results of the simulation, which used approximately
1.5 x 10'" unique lens-source pairs, were compiled into
microlensing event rate maps over Galactic coordinates / < 2.5°,
[ > 358.5° and —2.5° < b < 0°, which covers the Roman Cycle-
7 field locations proposed by Penny et al. (2019). Four Euclid
fields were then added with dimensions 0.76° x 0.72° (Penny
et al. 2013). Since the relative field rotation between the two
is as yet unknown, an unoptimized scenario of field alignments
was considered, where the Cycle-7 fields were aligned with the
Galactic coordinate system, while the Euclid fields were aligned
with the ecliptic coordinate system. Hence, the numbers pro-
vided in this work for total rates are deemed conservative. The
Euclid field placements were optimized to maximize the joint
Roman-Euclid detection rate in the Euclid NISP (H) filter for the
Mréz model, using Nelder-Mead maximization that samples the
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Fig. 4. Transmission curves for the Roman W146 and Johnson-
Cousins J and H filters. Data for the W146 transmission is available
at https://roman.gsfc.nasa.gov/science/Roman_Reference_
Information.html

rate maps only in the overlap region between the two surveys.
These field locations were then used for all other rate maps, with
results shown in Fig. 5. An extra condition was applied requir-
ing that the Euclid fields be contiguous and non-overlapping.
To illustrate the fraction of events with e > {Urel)min and for
source stars brighter than H < Hp,,x, complimentary cumulative
rate fraction plots were generated (see Fig. 6).

Predicted joint detection rates are displayed in Table 3. The
numbers indicate that a joint survey would have parallax sensitiv-
ity down to Earth-mass FFPs. In our simulation, the parallax was
measurable for 91% of events with a Jupiter-mass lens and 85%
for events due to a Earth lens. Therefore, almost all FFP events
observed by the joint Euclid-Roman survey will have at least
one mass-distance relation constrained. The detection of finite-
source effects occurs for 4% of Jupiter FFPs events and 21% of
Earth events. For this smaller fraction, the mass and distance of
the FFP will be known with high precision.

A comparison can be made to the parallax detection rates
from Ban (2020), who used different methods to determine
the event selection criteria along with microlensing calculations
based on an earlier version of MaBulS. Ban (2020) consid-
ers a single line of sight at (/,b) = (1.0°,—-1.75°) for various
telescope combinations (including the Vera Rubin Observatory,
formerly LSST). Differences in calculation methodology make
direct comparison difficult. Ban (2020) does not require a detec-
tion of finite source effects (although finite source effects without
limb-darkening are taken into consideration when calculating
simulated light curve photometry) and uses a S/N at peak selec-
tion (with S /N > 50), as opposed to the time-integrated S/N used
in the present study. This difference in S/N selection drives the
main difference between results, with a rate per square degree
per 60 days of observation of I'gyqy = 5.2 for this work and
I'gartn = 4.9 for Ban (2020), with a larger discrepancy for the
rates of Jupiter-mass FFPs of I'jypier = 104 for this work and
Iyupiter = 31 for Ban (2020), attributable to the effect of using
a time integrated S/N selection on events of longer timescales.
Similarly, we can compare the fraction of FFP events with finite-
source effects found in this study with the fraction estimated in
Johnson et al. (2020). The criterion for the detection of finite-
source used in this work (6)2( > 100 between a FSPL and a
PSPL model) can be approximated as p > uy. Reading the frac-
tion of detected events with p > up in Fig. 9 of Johnson et al.
(2020) returns a small percentage for Jupiter-mass FPPs and
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Fig. 5. FFP rate maps, in units of events per square degree per year, for events jointly detected by the Roman W146 filter and Euclid VIS filters
(top two rows) and by the NISP filter (bottom two rows). Rows 1 and 3 use the Mréz model of ten Earth-mass FFPs per main sequence star, while
rows 2 and 4 use the Sumi model of two Jupiter-mass FFPs per main sequence star. The left column shows rate maps constrained only by the S/N
criterion, while the right column shows the equivalent rate maps with all selection criteria present, including parallax and finite source effects.

~15% for the Super-Earth case (i.e., 10 Mg), in good agreement
with the estimated fraction presented in this work (4 and 21%
respectively). We note an even better agreement if the same cri-
terion used by Johnson et al. (2020) is chosen for detectable
finite-source effects (i.e., p > 0.5 ug).

It is clear from Table 3 that even a single-season Roman-
Euclid joint campaign has the potential to detect and verify
the existence of FFPs down to Earth mass, or to begin placing
strong limits on their abundance, limits more than five times
stronger than current limits (Mréz et al. 2017). With a multi-
season joint campaign the sensitivity increases proportionately.
If FFPs have an abundance comparable to one per Galactic star,
then a joint campaign can obtain direct mass, distance, and
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kinematic measurements for a significant sample, providing a
high-precision test of FFP formation models.

6. Exomoons

The approach of combining Roman and Euclid observations not
only provides the opportunity to detect planetary events of lunar
mass (Penny et al. 2019), but would in tandem increase the
chances of discovering extrasolar moons. Microlensing detec-
tions of exomoons has been suggested by Han & Han (2002)
and simulated by Liebig & Wambsganss (2010). Exomoons are
effectively described by triple point-mass lens models. As such,
the number of caustic curve topologies and the respective variety
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Fig. 6. Cumulative rate fraction for a maximum H-band magnitude and minimum (i) is shown in both the Roman W146 and Euclid VIS filters
(top two rows) and the NISP filter (bottom two rows). Rows I and 3 use the Mréz model of ten Earth-mass FFPs per main sequence star, while rows
2 and 4 use the Sumi model of two Jupiter-mass FFPs per main sequence star. The left column shows rate fraction constrained only by the S/N
criterion, while the right column shows the equivalent rate fraction with all selection criteria present, including parallax and finite source effects.

The 0.5, 0.75, and 0.9 contours are shown for reference.

of light curves increases substantially, compared to binary lenses
(Danék & Heyrovsky 2015). In most cases we can expect that the
mass ratio of the lunar companion with respect to the host star
is below 1077 (the mass ratio of Ganymede relative to the Sun
is ¢ ~ 7.5 x 107%), and thus will lead to a perturbed magnifica-
tion pattern lasting a few hours at maximum. Although earlier
works have emphasized detecting exomoons, from the source
tracks shown in Fig. 7, it is clear that the separation of the tracks
is comparable to the perturbation induced in the caustic curve,
which could double the probability of detecting exomoons in an
optimistic scenario.

To simulate the two source trajectories, we assume that both
Euclid and Roman will have orbital elements similar to those
of Gaia, and therefore we used the Gaia ephemeris to simu-
late the observations. Ideally, the detection of exomoons would
require an armada of space telescopes simultaneously prob-
ing planetary caustics, which is well beyond the scope of the
present concept. Even then, characterizing an exomoon would
remain challenging, and securing a second light curve cover-
ing the exo-lunar caustic perturbation is essential to place a
constraint on the exo-lunar mass ratio and separation from the
planet.
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Table 3. Predicted joint Roman-Euclid FFP microlensing detection rates per annual observing season, consisting of two 30-day Galactic bulge

observing windows per season.

A&A 664, A136 (2022)

FFP model  Filter combination S/Nonly S/N + parallax S/N + finite source  All constraints
. w146 + VIS 490 450 18 18
Sumi OID) v 146 4 NISP ()~ 490 450 19 19
) w146 + VIS 130 110 28 28
Mr6z 2019) v 146+ NISP () 130 110 31 31

Notes. Each of the 30-day Euclid windows occurs within a corresponding 72-day observing window for Roman. The S/N and parallax criteria
required for joint detection are discussed in the main text. Columns (3)—(6) show the effect of introducing different combinations of event selection
criteria on the detection rate. Where no parallax or finite source measurement is possible (“S/N only”), only a statistical order-of-magnitude FFP
mass measurement is possible. Where either parallax or finite source size is measured, the three-way microlens degeneracy is partially broken
resulting in much improved statistical mass determinations (around a factor of 2 uncertainty). When both parallax and finite source are measured
(“All constraints”), the microlens degeneracy is fully lifted and a direct mass measurement is possible. The ability of Roman and Euclid to work
together to measure parallax allows a huge improvement in the fraction of events (85-90%) where the parameter degeneracy is partly or fully
broken.
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Fig. 7. Simulated example of an exomoon event (a triple-lens caustic) observed from both Roman and Euclid. The top row displays the event
geometry centered on the planetary caustic. The right column is a zoom-in on the time of the exomoon caustic crossing. The expected separation
of the source tracks is comparable in scale to the perturbation induced on the caustic by the exomoon. The planet, with mass ratio g; = 1073, is at
separation s; = 1.3, and the moon has g, = 1072 and s, = 0.032 relative to the planet. The Einstein timescale is tz = 47 days. The middle row is
for a normalized source radius p = 0.00033, while the bottom row is for p = 0.001.
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As we are dealing with an uncharted region of the observable
exo-lunar mass and semi-major axis parameter space, it is hard
to estimate the number of detections. Given the frequency with
which moons occur around Solar System planets*, it is highly
likely that at least some of the ~1500 cool-orbit exoplanets that
Roman will discover will host exomoons and that by combin-
ing data from Roman and Euclid we will be able to confirm
the objects’ status as exomoons and establish in a statistically
significant sense if exomoons are common.

In order to put the exomoon detection probability into con-
text, one can introduce an exomoon lensing signature into the
binary models of the full sample of microlensing exoplanets
discovered to date. Little is known about the distribution of exo-
moons but based on the microlensing exoplanets and deriving
exomoon properties known to date (mass and orbital radius)
based on the distribution of moons in the Solar System, we can
estimate the detection zone on a simulated magnification pattern
under the following assumptions: the ratio of the exomoon mass

to the host star mass ¢, € [10‘5, 10‘2] is log-uniform distributed.

The angular separation s, between host planet and exomoon sim-
ilarly was log-uniform distributed and is expressed in units of
O for a range of s, € [10‘3, 10‘1]. In addition, each exomoon
should be uniformly distributed on a sphere around the exo-
planet. The detection zone is shown in Fig. 8, and for randomly
oriented tracks and lensed events (i.e., within 1 6g), a detection
zone area of 1073 9]25 would correspond to a detection probability
of ~3%.

In order to corroborate such a heuristic approach and to reach
a more conservative estimate, we can simulate the parallax of
microlensing events based on the range of lensing parameters for
all events documented in the NASA exoplanet archive and ana-
lyze those parts of the light curve with a magnification u > 1.34,
which represents the lensing zone. For a planet in the lensing
zone with g = 1073, 5; = 1 we find that for simulated exo-
moons and simulated tracks we obtain 0.9% detectable events
for a detection threshold of 0.5% photometric accuracy, which
is in agreement with the integrated detection zone shown ear-
lier. Within this work, both missions are supposed to have a
similar sampling rate closer to the Roman observing strategy.
This leads us to the estimate that more than 0.8% of exomoons
are detectable for host planet parameter ranges in the control
region of log,(s1) € [-0.15,0.15] and log,,(q:) € [-3,-2].
Less than 10% of all expected extrasolar planets will be in that
range, and thus our final assessment will include a represen-
tative sample of the s;,q; parameter space shown in Fig. 8.
Most events are covered by both missions and with a similar
baseline of time series photometry, in which case the number
of detected exomoons would modestly increase. In total 40 000
triple lens maps were simulated for the exomoon comparison
with actual tracks. We find that 281 would be detected with both
missions. The Roman mission alone would contribute 25 more
events and Euclid (with a Roman-like cadence) would contribute
another 25. That means the total number of exomoons would
only decrease by less then 10% if Roman and Euclid were not
combined. The main impact is the improved characterization of
individual exomoon events, as indicated in Fig. 7.

If the number of exoplanets is as high as predicted (Penny
et al. 2019) and exomoons are distributed in the aforementioned
way, the first exomoon detections could become feasible and
would certainly justify a more detailed study of that subject. For

4 For instance, there are 212 satellites on NASA’s list of planetary
satellites https://ssd. jpl.nasa.gov/sats/elem/

this purpose we use the original detection zone map and convert
it to a detection probability evaluated for a representative sam-
ple of Penny et al. (2019) for the host planet parameters s and g.
The respective value would be three, and thus on the order of one
given the underlying assumptions. Finally, we would like to high-
light that the orbital motion was not simulated as a second-order
effect. In the following we assess the impact of the orbital motion
by looking at a sample of simulated exomoons for the known
default model of NASA’s exoplanet archive. Since we are rely-
ing on distributions based on actual planetary detections, we can
extract the orbital periods of the exomoons. This also enables us
to express the period in terms of #g as show in Fig. 9. The mode
of the distribution of periods is ~10zz, which could contribute
to the characterization and would lead to a detectable change in
orbital motion.

7. Summary

In this paper we assessed the benefits of Euclid observations of
Roman microlensing fields. After recalling the different methods
used to estimate the mass and distance of the lenses, we studied
the possibility of an early Euclid imaging campaign (about 5 yr
prior to Roman launch). We simulated Euclid and Roman images
of 432 microlensing events and modeled the proper motions and
magnitudes of the sources and the lenses. Because of the larger
separations between the sources and lenses at the time of the
early Euclid images, we were able to reconstruct 29% of the sim-
ulated relative proper motions u,,; to better than 10%, using the
Euclid early image. Similarly, we demonstrated that it is possi-
ble to reconstruct 42% of lens magnitudes with a precision of
0.1 mag in the VIS band. We therefore conclude that the early
imaging of the Roman fields by Euclid will allow a precise mea-
surement of mass and distance for a large fraction of events that
will be detected by Roman, for a modest telescope time invest-
ment of about 7 h, and this would be immediately available after
the first year of Roman observations.

We further studied the potential of a joint simultaneous
observing campaign, especially for constraining the microlens-
ing parallax. We first show that this strategy allows the esti-
mation of lens masses down to Earth-mass FFPs, a regime
not achievable with Roman alone. We simulated billions of
microlensing events with two FFP populations to estimate event
rate maps toward the Roman microlensing fields. Based on these
maps and assuming three detection criteria, we found that hun-
dred of events due to FFPs will be detected every year. Moreover,
the combination of the two datasets will constraint the paral-
lax for more than 80% of the events. For about 20% of these
events, finite-source effects will also be detectable and therefore
the mass and distance of these objects will be known to high pre-
cision. We considered two different FFP population, constructed
as Dirac delta functions, one peaked at Earth mass and normal-
ized to ten FFPs per main sequence star (Mréz et al. 2019b)
and the second peaked at Jupiter mass and normalized to two
FFPs per main sequence star (Sumi et al. 2011). Our results
indicate that 490 Jupiter-mass FFPs and 130 Earth-mass FFPs
could be detected per year. Johnson et al. (2020) used different
hypotheses; they considered the full observing season windows
of Roman (~72 days) and one FFP per main sequence star in
the galaxy, but their results are in good agreement with our
estimation. After correction of the hypothesis for the shorter
Euclid observing seasons, the detection rate reported by Johnson
et al. (2020) are 123 Earth-mass FFPs and about 550 Jupiter-
mass FFPs per year. Ban (2020) also assumed one FFP per main
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sequence star and studied three Dirac delta populations peak-
ing at Jupiter, Neptune, and Earth mass (Ban et al. 2016). By
applying the same correction, their estimations scaled to with
152 Jupiter-mass and 123 Earth-mass FFPs detected every year.
We note that the discrepancy in the rate of Jupiter-mass FFPs
is mostly attributable to the difference in the detection criteria
between the two studies. Our results are therefore compatible
with these previous studies and reinforce the claim that a joint
Roman-Euclid survey will detect hundreds of FFPs, depending
on the exact population of these objects. This is a unique oppor-
tunity for studying the FFP population in great detail, especially
to improve the picture of the abundance of FFPs, and to place
strong constraints on FFP formation models.

Finally, we also studied the potential of the joint survey to
detect exomoons. Using the distribution of moons in the Solar
System and the planet distribution that Roman is expected to
detect, we simulated 40000 triple lens events to estimate that
about 1% of these moons should be detectable, and we therefore
conclude that this survey could lead to the first detection of an
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exomoon. In this scenario the combination of the two datasets
will be extremely valuable for the characterization of the lens-
ing system because the projected separation between Roman and
Euclid is on the same order as the caustic size induced by the
presence of the moon.
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