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ABSTRACT

We propose Roman-Subaru/HSC concurrent observations of the Roman Space Telescope’s Galac-
tic Bulge Time Domain Survey (GBTDS) field to measure the mass of free-floating rogue planets
(FFPs). We request at least 200 hours (20 nights assuming 10 hours per night) of HSC observations,
with which we expect to detect ⇡20 FFPs in HSC data. In conjunction with Roman’s photometric
data, these detections will allow a direct measurement of each FFP’s mass. The statistical data of
measured/constrained FFP mass and transverse velocity will be key to understanding the underly-
ing mechanisms that drive planetary formation, migration, and ejection. Only such data can test a
predicted pebble isolation mass in circumbinary systems. Concurrent observations of the same FFP
microlensing event by Roman and another telescope are necessary to measure the mass of the FFP
lens. Subaru/HSC is the best instrument in the world for this purpose. Concurrent HSC observations
will also significantly reduce false positive contamination among Roman’s FFP candidate events, which
will be a significant challenge during Roman’s initial observational seasons. Furthermore, these con-
current observations will enable mass measurements of bound planets as well. Roman-HSC concurrent
observations would strongly enhance the science outcome of the GBTDS, and, with Roman’s finite
operational lifetime, this is an opportunity upon which we should maximize before it goes away.

1. SUMMARY OF NEEDS

Only through concurrent, high-cadence photometric
observations of microlensing events by Roman and an-
other telescope can one measure the masses of the
free-floating planets (FFPs). The mass-measured FFP
sample can answer the fundamental questions about
how FFPs are ejected from their birth systems and
the dynamical processes that sculpt planetary systems
in their early stages. Subaru/HSC is the best facil-
ity/instrument to perform these concurrent observations
with Roman, given the good natural seeing, wide field-
of-view, and high quality and throughput of the instru-
ment. We propose z-band high cadence observations
toward Roman’s GBTDS field as shown in Fig. 1 when
Roman is observing the field. We request at least 200
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hours of HSC observations, with which we expect to de-
tect ⇡ 20 FFP events (See Fig. 1).

2. INTRODUCTION

Free-floating planets (FFPs) are planetary mass ob-
jects that do not orbit host stars. It is not clear how
FFPs are formed. Massive FFPs would be formed
through a similar process to brown dwarf/low mass star
formation. Alternatively, FFPs could be formed through
the same processes as bound planets and kicked out of
their birth system by their interactions with other plan-
ets/host star(s) in that system or other stars passing
nearby. If very massive FFPs are still young, they can
be detected by imaging method as they emit thermal
flux (Miret-Roig et al. 2022). Unfortunately, the vast
majority FFPs are too faint for imaging. Gravitational
microlensing is the only method that can detect such
FFPs (Johnson et al. 2020).
FFP microlensing events have a short timescale, tE <

2 days, compared to the typical value of tE ⇠ 20 days for
stellar microlensing events toward the Galactic bulge, as
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Figure 1. The expected HSC footprints in yellow circles
cover the Roman GBTDS field (red). The plotted Ro-
man field is the nominal survey design recommended by the
GBTDS Definition Committee. The dust extinction of the
Galactic center field is too high for the HSC z-band so we
focus on the bulge fields.

tE scales to
p
M , where M is the lens mass. Earth-mass

FFPs show a few hours of magnification (see Fig. 2),
so high-cadence (> 1 per 1 hour) imaging is required to
capture these FFP microlensing events.
The Roman GBTDS is expected to detect 200-1000

FFPs depending on the assumed FFP mass function
(Johnson et al. 2020; Sumi et al. 2023). One of the
survey capability requirements of Roman’s GBTDS is
“EML 2.0.4: Roman Space Telescope shall be capable
of measuring the frequency of free floating planetary
mass objects in the Galaxy from Mars to 10 Jupiter
masses. If there is one MEarth free floating planet per
star, measure this frequency to better than 25%” (RST-
SYS-REQ-0020,Revision D 2023). However, a measure-
ment of the masses of FFPs is impossible with Roman
data alone. To measure the mass of FFPs, one needs
to detect both finite source and microlensing parallax
e↵ects in very short timescale events. Due to the short
timescale, the microlensing parallax signal can only be
detected by concurrent observations with Roman and
another telescope (Fig. 2, top panel). As indicated in
the bottom panel of Fig. 2, both finite source and mi-
crolensing parallax detection give us two independent
mass-distance relations (✓E and ⇡E) and the overlap of
these curves gives us the mass of and distance to the
FFP.

Figure 2. Top: The expected HSC z-band light curve of
an Earth-mass FFP. The rounded shape of the peak of the
magnification is the finite source e↵ect which allows us to
measure the angular Einstein radius, ✓E. The o↵set of the
peak time (and magnification) between the Roman and HSC
light curves is due to the microlensing parallax e↵ect (Udalski
et al. 2015), with which the microlensing parallax parameter,
⇡E, can be determined. Bottom: The mass and distance
relations of ✓E and ⇡E for a 1 Earth mass FFP at 6 kpc from
us.

3. FFP MASS MEASUREMENT IS KEY TO
UNDERSTANDING PLANET FORMATION

So far, three independent ground-based microlens-
ing surveys have found evidence of an FFP population
(Gould et al. 2022; Koshimoto et al. 2023; Mróz et al.
2017, 2018, 2019, 2020a,b; Sumi et al. 2011). Recently,
Sumi et al. (2023) derived the FFP mass function based
on the 9 year MOA survey as shown in Fig. 3. This
result indicates that the number of FFPs may be up-
wards of ⇠ 20 times the number of bound cold planets.
This is a remarkable result that strongly motivates ded-
icated work on FFPs, however their prediction for the
abundance of low-mass FFPs is subject to considerable
uncertainty, as they restricted their functional form to
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with a broken power-law MF given by
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Here Mbr is a break mass and α5 is a power below Mbr.
M M10min

7= - � is the same as in the previous section.
In Figure 6, we show the 1σ range of the broken power-law PL

model along with the best-fit single power-law MF given in the
previous section for comparison. The median and 1σ range of the
parameters and χ2 are listed in Table 4. The resultant broken
power-law MF is consistent with the single power-law model,
while the uncertainty is larger. Although the MF is relatively well
constrained down to an Earth mass, the uncertainty is much larger
below an Earth mass. This is as expected because of our low
sensitivity below to planets of less than an Earth mass.
This model implies that the number of FFPs per star is
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numbers are also consistent with those for the single power-
law model but have larger uncertainties. This result is useful to
see the conservative uncertainty of the MF. In the following
discussion, although we use only the results for the single
power-law model, the discussion is qualitatively the same for
the broken power law.

Table 3
Best-fit Parameters of the Mass Function for the Planetary-mass Population

CR1 CR2 Gould et al. (2022)
(Mnorm) (8 M⊕) (8 M⊕) (38M⊕) (38 M⊕)

M1 (0.86) (0.86)
α1 (1.32) (1.32)
α2 (0.13) (0.13)
α3 0.55 0.17

0.13- -
+ 0.58 0.16

0.12- -
+

α4 0.90 0.27
0.48

-
+ 0.96 0.27

0.47
-
+ Fixed at 0.9 or 1.2

Z 2.08 1.33
0.54

-
+ 2.18 1.40

0.52
-
+ 0.49 0.37

0.17
-
+

ZMS+BD 2.27 1.46
0.60

-
+ 2.38 1.53

0.58
-
+ 0.53 0.40

0.19
-
+ 0.39 ± 0.20 ± ?

Z M� 5.33 3.40
1.26

-
+ 5.48 3.50

1.18
-
+ 1.22 0.91

0.35
-
+

Z M
MS BD+

� 10.63 6.78
2.52

-
+ 10.95 6.97

2.36
-
+ 2.44 1.82

0.71
-
+ 1.96 ± 0.98 ± ?

fa 17 11
20

-
+ 21 13

23
-
+

fMS+BD
a 19 12

22
-
+ 23 15

25
-
+

f M�a 45 30
54

-
+ 53 34

59
-
+

f M
MS BD+

� a 89 59
107

-
+ 106 68

117
-
+

mb M89 56
96

-
+

Å M80 47
73

-
+

Å

mMS+BD
b M98 61

107
-
+

Å M88 51
81

-
+

Å

mM�b M229 140
219

-
+

Å M202 114
166

-
+

Å

m M
MS BD+

� b M457 279
439

-
+

Å M404 228
333

-
+

Å

χ2 36,273.0 36,024.1

Notes. We adopt the model for CR2 as the final result.
a Number of planetary-mass objects per BD+MS+WD ( f ), per MS+BD
( fMS+BD), per solar mass of BD+MS+WD ( f M�), or per solar mass of MS
+BD ( f M

MS BD+
� ) when MFs down to 10−6 M☉ are integrated. These vary

depending on the minimum mass.
b Total mass of planetary-mass objects per BD+MS+WD (m), per MS+BD
(mMS+BD), per solar mass of BD+MS+WD (mM�), or per solar mass of MS
+BD (m M

MS BD+
� ) when MFs down to 10−6 M☉ are integrated.

Figure 6. IMF of the best-fit PL model for CR2. The red line indicates the best
fit for all populations. The blue dotted line and green dashed line show the
IMFs for the stellar and BD population and for the planetary-mass population,
respectively. The shaded areas indicate 1σ error. The gray dashed line and the
shaded area indicate the best fit and 1σ range of the bound planet MF by Suzuki
et al. (2016) via microlens. The pink shaded area indicates 1σ uncertainty for
the broken power-law FFP model.

Table 4
Median and Uncertainty of Parameters of the Broken Power-law Mass

Function for the Planetary-mass Population

CR1 CR2
(Mnorm) (8 M⊕) (8 M⊕)

α3 0.54 0.17
0.12- -

+ 0.58 0.19
0.12- -

+

α4 1.07 0.49
0.93

-
+ 1.14 0.54

0.97
-
+

α5 0.13 3.07
1.33

-
+ 0.13 3.10

1.32
-
+

Mlog br 5.35 1.02
1.35- -

+ 5.27 1.05
1.28- -

+

Z 1.79 1.08
2.91

-
+ 1.85 1.17

3.14
-
+

ZMS+BD 1.96 1.18
3.19

-
+ 2.03 1.28

3.43
-
+

Z M� 4.57 2.77
7.54

-
+ 4.62 2.91

7.92
-
+

Z M
MS BD+

� 9.12 5.52
15.05

-
+ 9.22 5.82

15.79
-
+

fa 15 11
36

-
+ 17 12

39
-
+

fMS+BD
a 17 12

40
-
+ 18 13

42
-
+

f M�a 39 28
96

-
+ 42 30

98
-
+

f M
MS BD+

� a 79 57
191

-
+ 85 61

196
-
+

m 73 40
119

-
+ 69 36

107
-
+

mMS+BD
b 80 44

131
-
+ 75 39

118
-
+

mM�b 192 103
275

-
+ 175 89

246
-
+

m M
MS BD+

� b 384 206
551

-
+ 349 178

493
-
+

χ2 36,271.6 36,022.9

Notes. The median and 1σ ranges are shown for understanding the uncertainty.
a Same as Table 3.
b Same as Table 3.
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Figure 3. IMF of the best fit model to the MOA 9-yr data
sample from Sumi et al. (2023) (Figure 6 of their paper).

a single-power or broken-power law for the FFP mass
function. Also note that they assumed that the velocity
dispersion of FFPs is the same as that of stars. Criti-
cally, the mass of each FFP was not measured ; instead,
the authors fit for the overall mass function based in
a Bayesian frame work, which depends on the assumed
models and prior.
On the other hand, a theoretical study, Coleman &

DeRocco (2025) predicts an FFP mass function based on
marginalzing over the relative contributions of multiple
formation pathways and stellar populations from a large
suite of simulations. As indicated in Fig. 4, this theoret-
ical model predicts a peak at⇠ 8M�, which is the pebble
isolation mass. This peak is due to a unique feature of
planet formation in circumbinary systems that are ex-
pected to produce most FFPs. Protoplanetary disks in
circumbinary systems have a central cavity where grav-
itational interactions with the binary stars severely de-
plete the disk. This causes planets at the pebble isola-
tion mass that are migrating inward to halt their mi-
gration, and begin a planet-planet gravitational scatter-
ing process that ends up ejecting many planets through
interactions with one of the host stars. So, the discov-
ery of such a feature would provide evidence in favor of
the pebble accretion model that would not be available
without a precise measurement of the FFP mass func-
tion. Unfortunately, current observational results do not

probe su�ciently low masses to constrain such a feature
well.
Indeed, it is critical to greatly enhance the observa-

tional data quality and/or statistics to constrain FFP
formation models, and as a result, planetary forma-
tion theory as a whole. First, we need to increase the
statistics. We need more detections of FFP microlens-
ing events. This is one of the Roman’s GBTDS science
requirements, so this will be achieved by Roman’s high
spatial resolution and high cadence data. Secondly, even
more importantly, we need to obtain a sample of mass-
measured FFPs. This will greatly enhance FFP science
because it will allow us

• to confirm whether they are truly planetary mass
objects and eliminate false positives,

• to investigate the FFP mass distribution without
any assumption, and

• to put constraints on the transverse velocity of and
distance to each FFP.

8 Coleman and DeRocco

Population Z �4

Sumi et al. (2023) 2.18+0.52
�1.40 0.96+0.47

�0.27

mp > 8 M� 1.06 ± 0.07 1.18 ± 0.15
1 M� < mp < 8 M� 1.11 ± 0.09 �0.72 ± 0.11

mp < 1 M� 0.11 ± 0.02 0.37 ± 0.04

Table 2. Derived parameters for power law fits to our model, as
well as that of Sumi et al. (2023). Our predictions are consistent
with existing observations in the high-mass regime, but predict
significantly fewer FFP in the unexplored low-mass regime.

Recently, Sumi et al. (2023) used the MOA microlensing
survey toward the Galactic bulge in the 2006–2014 seasons
(Koshimoto et al. 2023) to estimate that for every star in
the Galaxy there would be 22+23

�13 FFPs between the masses
of 0.33 M� < mp < 6600 M�, significantly higher than our
prediction for the same mass range (1.07 planets per star).
Additionally, they predict that the mass distribution of FFPs
can be well modelled with a power-law mass function,

dN
d log mp

= Z �
�

mp

8 M�

���

dex�1 star�1, (1)

where Z = 2.18+0.52
�1.40 and � = 0.96+0.47

�0.27. Note that Sumi
et al. (2023) find similar results when using a broken power-
law, however their uncertainties are significantly increased,
hence the resulting fit is primarily useful for displaying more
conservative uncertainties on the mass function (Koshimoto
2024). In Fig. 4, we plot the 1� uncertainty from both the
Sumi et al. (2023) single power-law fit (green shading) with
the conservative broken power-law uncertainties (pink shad-
ing) alongside our predictions (blue dots).

Whilst we showed above that our models only predict
� 2.16 planets per star (1.07 planets with masses 0.33 M� <
mp < 6600 M�), much less than predicted by Sumi et al.
(2023), this is due primarily to the single power-law model
adopted by Sumi et al. (2023). They fit their power-law to ex-
isting observations consisting of planets � 1 M�, and extrap-
olate this dependence towards lower masses. Our predictions,
which show a dramatic decrease in the FFP abundance be-
low the super-Earth peak, suggest that such an extrapolation
likely significantly overestimates the abundance of low-mass
FFPs. However, while our predictions disagree in the sub-
terrestrial regime, there is interestingly good agreement in
the � 8M� regime. In this regime, our models predict 0.53
planets per star, whereas Sumi et al. (2023) predict 1.23 plan-
ets per star, highlighting the agreement between our models
and observations for more massive planets.

From Fig. 2, it is clear that our combined distribution can
be modelled with multiple power-law functions akin to eq.
1, with three distinct populations: low mass (mp < 1 M�),
intermediate mass (1 M� < mp < 8 M�), and high mass
(mp > 8 M�). Note that these three populations arise from
three distinct physical regimes: (1) planet-planet interactions
with increasing collisional cross-sections, (2) migration of the
fast-growing planets towards the central cavity in the discs,
and (3) ejection of planets around the cavity during the gas
accretion phase. Table 2 shows the derived values for Z and
�, as well as those values found in Sumi et al. (2023). With
the values derived in Sumi et al. (2023) being most appro-
priate for higher mass objects, where the majority of existing

Figure 4. Number of ejected planets per star as a function of mass,
binned over 0.2 dex. The blue points show the combined distri-
bution arising from our simulations (purple line in Fig. 2). The
shaded regions show the expected distributions from observations
(Sumi et al. 2023) for a broken power law (pink), and a single
power law (green). The dashed and dotted-dashed lines show the
power-law fits to our distribution for planets above 8 M�, and plan-
ets below 1 M� respectively. All distributions follow a power law
dN/d log mp � m��

p , where the values for � are shown in the leg-
end. See Table 2 for the other best-fit values.

observations lie, it is most relevant to compare those values to
the high mass population from our models, i.e. mp > 8 M�.
Whilst the normalisation factor Z that we predict has a
slightly smaller value than that found in Sumi et al. (2023), it
is still within 1�. More interestingly, there appears to be rea-
sonable agreement on values of �, the slope of the power law.
This provides an indication that the population observed by
existing microlensing surveys may correspond primarily to
FFPs ejected from circumbinary systems via planet-binary
scattering; this prediction would be confirmed if upcoming
microlensing surveys detect the peak and trough structure
we predict in the terrestrial-mass range.

In Figure 4, we plot our best-fit power-law models for the
high-mass (dashed) and low-mass (dot-dashed) FFP popu-
lations. The agreement between our fit and the Sumi et al.
(2023) power-law is clear for the higher mass objects, whilst
the change in origins for FFPs accounts for the di↵erences
in the low mass population. Indeed, for lower mass objects,
the slope is significantly shallower than that predicted from
observations and aligns with the expectation of a roughly
m�1/3

p dependence (Sect. 4.1). The number of Earth-mass
FFPs from simulations is roughly an order of magnitude lower
than the prediction from observations, further compounding
the large di↵erence for low-mass objects. Should future obser-
vations show evidence for this peak, its location and relative
scale would significantly inform our understanding of planet
formation processes and the properties of the disc in which
these processes occur.

6 DISCUSSION AND CONCLUSIONS

In this work we have explored the mass distribution of FFPs
arising from a realistic galactic population of stars. We have
used the results from the simulations presented in Coleman

MNRAS 000, 1–11 (2025)

Figure 4. The predicted FFP mass function from Coleman
& DeRocco (2025) (Figure 4 in their paper).

Direct measurements of the FFP masses enable the
reconstruction of the true FFP mass function with-
out the need for an assumed Galactic model and func-
tional form. Such measurements can be used to directly
test theoretical predictions and enable the determina-
tion of the dynamical processes leading to FFP forma-
tion. A sample of the measurements and constraints on
the transverse velocity of FFPs will have additional im-
portant information as well, because it is expected that
the di↵erent planet ejection processes result in di↵erent
excess velocities Coleman & DeRocco (2025). So both
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mass and transverse velocity measurement of FFPs can
constrain the FFP ejection mechanism, which is impos-
sible by any other observational means. By accounting
for both bound and unbound planets we can compre-
hensively constrain the planet formation model for the
first time.

4. CONCURRENT OBSERVATIONS CAN RULE
OUT THE FALSE POSITIVES

If we detect a candidate for a short microlensing event,
we need to assess whether it is real or not. Cataclysmic
variable stars (CVs), flare stars, heartbeat stars, other
source of stellar variability, and solar system bodies
such as Kuiper belt objects (KBOs) can mimic short
timescale microlensing events, posing a large observa-
tional challenge during Roman’s initial seasons. Concur-
rent observations by HSC have the ability to eliminate
these false positives in two ways:

1. Multi-wavelength light curve data may show that
the magnitude of the brightening is wavelength de-
pendent, whereas the magnification of microlens-
ing events is inherently achromatic. The HSC con-
current observation will be conducted with z-band,
so we can get the color information automatically
as the Roman data is mostly in the W146 filter.

2. Any detection of the microlensing parallax e↵ect
in the data (e.g., Fig. 2 ) would imply that the
event must be a real microlensing event. False
positives associated with any kind of stellar vari-
ability would not exhibit such an e↵ect.

Therefore, HSC data can significantly reduce false pos-
itive events.
Even if a short timescale event is a real microlensing

event, there is a possibility that the planet orbits its host
with a wide enough separation so that the host star mag-
nification does not show up in the observed light curve,
i.e., the planet is a wide orbit planet, instead of FFP.
Although the ground-based microlensing survey (with
natural seeing) cannot distinguish whether the event is

due to a FFP or wide orbit planet, Roman GBTDS can
do so as the spatial resolution is high enough to resolve
the possible lens star flux. Even in this case, the mi-
crolensing parallax and finite source detection by the
Roman-HSC concurrent observation is critical to mea-
sure the masses of the wide orbit small planet and its
host.

5. WHY SUBARU HSC?

We cannot predict when and where FFP microlensing
events will occur and high-cadence observation is nec-
essary to catch the shortest timescale events associated
with the largely unexplored low-mass range of FFPs.
Therefore, an instrument with a wide field-of-view and
very high cadence is required. For this purpose, the
FOV of ULTIMATE-Subaru/WFI (140⇥140) is not wide
enough and total survey e�ciency (including overhead)
is not optimal. HSC’s wider FOV (� = 1.5�) and high
cadence make it a better choice for this task.
While the Galactic bulge is more visible from the

southern hemisphere, the Vera Rubin Observatory is
significantly less flexible than Subaru, and the Blanco
telescope (with DECam) has a smaller primary mirror
than Subaru.
OGLE, MOA, and KMTNet, the three primary

ground-based microlensing surveys, are expected to ob-
serve the Roman field, but they are 1-2m class telescope
and natural seeing is very limited. Fig. 5 compares
the detection e�ciency of short microlensing events in
MOA (Koshimoto et al. 2023) and Subaru/HSC. The
HSC simulation is based on the 5-hour light curves with
8 minutes cadence, with which we expect about 20 FFP
detections with 200 hours of the HSC observations. The
H-band microlensing survey of PRIME would have an
advantage in the regions with high dust extinction, but
the Roman’s GBTDS field does not show very high ex-
tinction.
Therefore, Subaru/HSC is the best instrument in the

world to perform the simultaneous observations, provid-
ing the first opportunity to measure the masses of, and
by extension explore the origins of these rogue worlds.
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