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ABSTRACT

Observations of the Galactic bulge revealed an excess of short-timescale gravitational microlensing
events that are generally attributed to a large population of free-floating or wide-orbit exoplanets.
However, in recent years, some authors suggested that planetary-mass primordial black holes (PBHs)
comprising a substantial fraction (1%-10%) of the dark matter in the Milky Way may be responsible
for these events. If that was the case, a large number of short-timescale microlensing events should
also be seen toward the Magellanic Clouds. Here, we report the results of a high-cadence survey
of the Magellanic Clouds carried out from 2022 October through 2024 May as part of the Optical
Gravitational Lensing Experiment. We observed almost 35 million source stars located in the central
regions of the Large and Small Magellanic Clouds and found only one long-timescale microlensing event
candidate. No short-timescale events were detected despite high sensitivity to such events. That allows
us to infer the strongest available limits on the frequency of planetary-mass PBHs in dark matter. We
find that PBHs and other compact objects with masses from 1.4 x 10~8 M, (half of the Moon mass)
to 0.013 M, (planet/brown dwarf boundary) may comprise at most 1% of dark matter. That rules
out the PBH origin hypothesis for the short-timescale events detected toward the Galactic bulge and
indicates they are caused by the population of free-floating or wide-orbit planets.

Keywords: Gravitational microlensing (672), Dark matter (353), Milky Way dark matter halo (1049),
Large Magellanic Cloud (903), Small Magellanic Cloud(1468), Primordial black holes
(1292), Free-floating planets (549)

1. INTRODUCTION

High-cadence observations of the Galactic bulge car-
ried out by gravitational microlensing surveys in the past
two decades have revealed an excess of short-timescale
microlensing events compared to the expectations from
brown dwarf and stellar populations (Mroz et al. 2017;
Gould et al. 2022; Sumi et al. 2023). These events are
characterized by short Einstein timescales tg < 0.5 day
and small angular Einstein radii 0g < 10puas. They
are commonly attributed to a population of free-floating
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(that is, gravitationally unbound) or wide-orbit exoplan-
ets (hereafter, FFPs) in the Galactic disk and bulge. Be-
cause both the angular Einstein radius and the Einstein
timescale are proportional to the square root of the lens
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masses of FFPs are estimated to be a few Mg. Here,
Trel 1S the relative lens—source parallax, and p.q is the
relative lens—source proper motion.
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All three major studies on FFPs (Mroz et al. 2017;
Gould et al. 2022; Sumi et al. 2023) agree that FFPs
seem to be frequent in the Milky Way; there are several
FFPs per every star. The distributions of timescales and
Einstein radii of detected short-duration microlensing
events are consistent with a power-law mass function
of FFPs: dN/dlog M ~ 0.5(M /38 Mg )P per star with
p = 1for M 2 1Mg (Gould et al. 2022; Sumi et al.
2023). That corresponds to the total mass in the form
of FFPs of 80200 Mg per star. Assuming a mean stellar
mass of 0.5 My, the total mass of stars in the Milky Way
of 5 x 101Y M, and the total dark matter halo mass of
the Milky Way of 9.5 x 10 M, (Cautun et al. 2020),
the ratio of the total mass of FFPs to the dark matter
halo mass is frpp ~ (2—6) x 10~

Soon after the discovery of six short-timescale mi-
crolensing events by Mroz et al. (2017) in the data from
the high-cadence Galactic bulge survey by the fourth
phase of the Optical Gravitational Lensing Experiment
(OGLE), the paper by Niikura et al. (2019a) raised
speculations about their origin. These authors put for-
ward a claim that the short-timescale events discov-
ered by OGLE were caused by planetary-mass primor-
dial black holes (PBHs), not free-floating or wide-orbit
planets, as argued in the original discovery paper. Ni-
ikura et al. (2019a) found that if the lenses were indeed
PBHs and if their distribution in the Milky Way fol-
lowed the Navarro-Frenk—White model (Navarro et al.
1997; Klypin et al. 2002), then PBHs of a few Mg, could
comprise 1%—10% of the dark matter in the Milky Way
(see the hatched area in Figure 1).

These claims inspired many theoretical follow-up stud-
ies, which attempted to explain the origin of planetary-
mass PBHs allegedly detected in the OGLE data. For
example, a purported population of planetary-mass
PBHs was claimed to be consistent with different mod-
els of inflation (e.g., Tada & Yokoyama 2019; Fu et al.
2019; Motohashi et al. 2020; Teimoori et al. 2021a,b;
Solbi & Karami 2021; Heydari & Karami 2022; Zhang
2022; Y1 2023; Fu & Chen 2023; Fu & Wang 2023; Flores
& Kusenko 2023; Ashrafzadeh & Karami 2024; Heydari
& Karami 2024a,b; Yi et al. 2024; Cai et al. 2024; Yang
et al. 2024). Several authors (e.g., Doménech & Pi 2022;
Zhang 2022; Yi 2023; Franciolini et al. 2023; Inomata
et al. 2024; Domeénech et al. 2024; Yang et al. 2024; Yi
et al. 2024) proposed that planetary-mass PBHs may
be linked to the detection of the stochastic gravitational
wave background (Arzoumanian et al. 2020; Agazie et al.
2023a,b; EPTA Collaboration et al. 2023a,b; Reardon
et al. 2023; Zic et al. 2023; Xu et al. 2023), as they both
can have a common origin in the primordial curvature
perturbations.

Planetary-mass PBHs can also be produced during
first-order electroweak phase transitions in the early
Universe (e.g., Hashino et al. 2022, 2023; Kawana et al.
2023; Gouttenoire 2024; Gongalves et al. 2024), vacuum
transitions (Kawana et al. 2023), QCD phase transitions
(Lu et al. 2023), or by the collapse of domain walls (e.g.,
Ge et al. 2024). In particular, Carr et al. (2021) pro-
posed that planetary-mass PBHs may have been formed
as a result of the sudden drop in the pressure of rela-
tivistic matter caused by the W*/Z% boson decoupling
in the early Universe.

Short-timescale microlensing events detected by
OGLE were also speculated to be caused by axion stars
(Sugiyama et al. 2023) or dark soliton stars (Del Grosso
et al. 2024). The idea put forward by Niikura et al.
(2019a) also led to claims that the proposed Planet 9
(Batygin & Brown 2016; Batygin et al. 2019) may actu-
ally be a PBH (Scholtz & Unwin 2020).

We expect that planets (either free-floating or bound
to their host stars) should follow the distribution of stars
in the Milky Way, whereas PBHs would track the dis-
tribution of dark matter. Distinguishing between the
free-floating /wide-orbit planet and the PBH hypotheses
for Galactic bulge microlensing events would require pre-
cise measurements of the distances to lensing objects."
That would, in turn, require measurements of microlens-
ing parallaxes of short-timescale events, which are, in
practice, nearly impossible with the current technology.
(Such measurements may be feasible in the future with
simultaneous observations from two separated observa-
tories; e.g., Zhu & Gould 2016; Bachelet & Penny 2019;
Ban 2020; Gould et al. 2021; Yan & Zhu 2022.)

An obvious solution to this problem is to search for
short-timescale microlensing events outside the Galac-
tic bulge and disk, where the signal from the Milky Way
stellar populations is expected to be negligible. Such
experiments have been conducted toward the Magel-
lanic Clouds by the EROS survey (Renault et al. 1997,
1998; Tisserand et al. 2007) and toward the Andromeda
Galaxy by the Subaru Hyper Suprime-Cam (HSC) sur-
vey (Niikura et al. 2019b) and the Canada—France—
Hawaii Telescope (Gu et al. 2024), but they were not
sensitive enough to the signal found by Niikura et al.
(2019a), as shown in Figure 1. Similarly, the combined
OGLE-III and OGLE-IV observations of the Large Mag-
ellanic Cloud (LMC; Mroz et al. 2024a,b) were not sen-
sitive enough to short-timescale events expected from
planetary-mass PBHs (Figure 1).

1 The populations of FFPs and PBHs can, in theory, also be sep-
arated in a statistical sense based on tg or fr measurements for
a large sample of events (e.g., DeRocco et al. 2024).
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Figure 1. The 95% upper limits on the fraction of dark matter in the form of PBHs and other compact objects. The hatched
area marks the region of the PBH parameter space obtained by Niikura et al. (2019a), under assumption that short-timescale
microlensing events detected by Mroz et al. (2017) in the OGLE-IV Galactic bulge high-cadence survey are due to planetary-
mass PBHs. The shaded purple region corresponds to the 95% confidence limit on f found in this work. Other limits are
adopted from Tisserand et al. (2007) (EROS), Wyrzykowski et al. (2011) (OGLE-III), Griest et al. (2013) (Kepler), Niikura
et al. (2019b) (HSC), Blaineau et al. (2022) (MACHO-+EROS), and Mroz et al. (2024b) (OGLE-III+OGLE-1V).

We, therefore, decided to conduct a high-cadence sur-
vey of the Magellanic Clouds to verify this speculative
(but potentially highly rewarding) idea that a substan-
tial fraction of dark matter is made of planetary-mass
PBHs. This article presents the results of our survey.

2. DATA

The data analyzed in this study were collected as part
of the OGLE-IV survey (Udalski et al. 2015). The sur-
vey uses the dedicated 1.3 m Warsaw Telescope located
at Las Campanas Observatory, Chile. (The observatory
is operated by the Carnegie Institution for Science.) The
telescope is equipped with a mosaic CCD camera com-
prising thirty-two 2048 x 4102 detectors. The pixel scale
is 0.26 arcsec pixel ™!, providing a total field of view of
1.4deg?. Udalski et al. (2015) presented a detailed de-
scription of this instrument.

The Magellanic Clouds have been a target of the
OGLE survey since its second phase (Udalski et al.
1997; Udalski 2003; Udalski et al. 2015). However,
they were observed at a moderate cadence, typically
1-5 days. When OGLE-IV operations were resumed
after the COVID-19 pandemic in 2022 August, we de-
cided to observe some Magellanic Clouds fields at high
cadence. We selected four fields in the Small Magel-
lanic Cloud (SMC) and five in the LMC, which con-
tained the largest number of stars. They cover an area
of approximately 12.4deg? and contain almost 35 mil-

lion source stars brighter than I = 22. Basic information
about these fields (equatorial coordinates, total number
of epochs in 2022/2023 and 2023/2024 observing sea-
sons, and the number of microlensing source stars) is
presented in Table 1. The location of the fields in the
sky is shown in Figure 2.

The four SMC fields were observed up to 21 times per
night (with a median of 9 times per night) with a median
cadence of 16 minutes. The median cadence in the LMC
was slightly longer (20 minutes). The LMC fields were
observed up to 23 times per night (with a median of 12
times per night). High-cadence survey observations of
the SMC were conducted from 2022 October 9 to 2022
December 11 and from 2023 August 11 to 2024 January
29 (in total, 236 days). The LMC was observed at high
cadence from 2022 October 4 to 2023 April 30 and from
2023 September 15 to 2024 April 27 (in total, 435 days).

All high-cadence data were collected in the I band fil-
ter, whose transmission curve closely resembles that of
the standard Cousins photometric system. In addition,
a small number of V' band images were also collected
for characterization of detected objects. Exposure times
ranged from 150 to 170s, providing the limiting magni-
tude I ~ 21.7. We used the difference image analy-
sis (DIA) technique (Tomaney & Crotts 1996; Alard &
Lupton 1998; Wozniak 2000) to extract the photometric
time-series data. We refer the readers to Udalski et al.
(2015) for details of the photometric pipeline.
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Figure 2. Fields of the OGLE High-cadence Magellanic Clouds Survey; left panel—LMC; right panel—SMC. The background
images of the LMC and SMC were generated with BSRENDER written by Kevin Loch, using the ESA /Gaia database.

Table 1. Fields of the OGLE High-cadence Magellanic Clouds
Survey

Field R.A. Decl. Nepocns N5 (x10°)
LMC502 05"19™00° —70°32'20" 4876 3.26
LMC503 05"19™00° —69°18'30” 4880 8.21
LMC509 05"05™07° —69°55'25"” 4868 3.77
LMC510 05"05™52° —68°41'35"” 4868 5.99
LMC516 05"32™52° —69°55/25" 4872 6.36
SMC719 00"50™53%° —72°31'09” 1684 2.44
SMC720 00"46™15° —73°45'18" 1673 2.00
SMC725 01"06™48° —71°45'22" 1677 0.79
SMC726 01"03™18° —73°08'17” 1673 2.07

NoTE—Equatorial coordinates are given for the epoch
J2000.0. Nepochs is the total number of epochs in 2022/2023
and 2023/2024 observing seasons. Ns is the number of mi-
crolensing source stars (in millions) brighter than I = 22.

3. SEARCH FOR EVENTS

The methods that we employed for searching for mi-
crolensing events in the time-series data are necessarily
similar to those used in our previous works (Mroz et al.
2017, 2024a). One important difference arises from the
fact that we expect that some light curves of microlens-
ing events due to planetary-mass objects may be affected
by finite-source effects. The selection of events is carried

out in three steps. First, we search for objects exhibit-
ing any brightening with respect to the flat light curve.
Then, we remove obvious nonmicrolensing light curves
and, finally, check whether a microlensing model can fit
the light curve well. The selection criteria are devised to
maximize the detection efficiency (see Section 5) while
keeping the contamination from nonmicrolensing light
curves as small as possible. All selection cuts are sum-
marized in Table 2.

3.1. Cut 1

We searched for microlensing events using only the
data collected between 2022 August 9 and 2024 May
20. The error bars reported by the photometric pipeline
were rescaled following the procedure described by
Skowron et al. (2016) and Mroz et al. (2024a), and we
converted magnitudes into flux units. Then, for each
light curve containing at least 30 data points, we placed
a window lasting 120 days and calculated the mean
flux Fpase and its standard deviation opase using data
points outside the window (after removing 40 outliers).
We searched for at least npuymp = 5 consecutive data
points within the window, whose flux was greater than
Frase + 30base- We called such data points a “bump.”
In case such a bump was identified in the light curve,
we calculated the quantity xs+ = >, (Fi — Fhase)/0s,
where (F;, 0;) is the flux and its uncertainty of the ith
data point within the bump. Subsequently, the window
was shifted by 40 days, and the whole procedure was
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Table 2. Event Selection Criteria

Number
17,579,931

Criteria

Cut 0. All stars in the databases
Cut 1. Stars with at least one significant brightening in the light curve

At least five consecutive data points 30 above the baseline flux (nbump > 5)

Object detected on at least three subtracted images (npra > 3)

The total “significance” of the bump (x3+ = >, (Fi — Fhase)/0: > 40)

Amplitude of the bump at least 0.05 mag (Am > 0.05 mag)

No significant variability outside the window (x2./d.o.f. < 2) 2538

Cut 2. Removing false positives

Stars with multiple bumps in the data
“Blue bumpers” ((V — I)o < 0.5, Ip < 19.5 in the LMC, Iy < 20.0 in the SMC)

Photometry artifacts

308

Cut 3. Microlensing model describes the light curve well

Fit converged

x?/d.o.f. < 2 (all data points)

Xz /d.o.f. <2 (for [t — to| < tg)
X1y, /d.0.f. <2 (for [t —to| < 2tE)

Xﬁump/d.o.f. < 2 (for data points within the bump)

Impact parameter is smaller than 1 or 2p (uo < max{1,2p})

Uncertainty on the Einstein timescale (o(tg)/tg < 1)
Source star brighter than 22 mag (Is < 22) 2

repeated until the end of the light curve was reached.
From all iterations of the algorithm, we selected a bump
with the largest value of y34 and required xs4 > 40.

In addition, we required that during at least npia = 3
epochs the magnified source was detected by the
DIA pipeline on subtracted images (see, Mroz et al.
2024a), and the amplitude of the bump should be
Am > 0.05mag. The latter cut was devised to re-
move contamination from OGLE small-amplitude red
giants (Wray et al. 2004), whose low-amplitude pul-
sations were picked up by our algorithm as candidate
microlensing events. We also required that no signifi-
cant variability was detected outside the magnified part
of the light curve. To quantify that, we calculated
Xout = 2i(F; — Fhase)?/0?, where the summation was
performed over all data points outside the window and
required x2,/d.o.f. < 2. In this step, we reduced the
number of analyzed light curves from over 17.6 million
to 2538.

3.2. Cut 2

In the second step, we identified false positives and re-
moved them from the sample. They could be classified
into three main (nonexclusive) classes: (1) stars with
multiple bumps (brightenings) in their light curves, (2)
stars located in the “blue-bumper” region in the color—
magnitude diagram (CMD), and (3) photometry arti-
facts.

First, we required that the full OGLE-III (if available)
and OGLE-IV light curve contains only one bump. To
verify that, we algorithmically removed magnified data
points from the main brightening and ran the event-
finding algorithm described above using the remaining
data. If the algorithm detected another bump with
X3+ > 30 and Npump > 5 (note these conditions are
more lax than those imposed on the primary bump), we
discarded such a light curve.

We then obtained dereddened colors (V — I)g and
extinction-corrected mean magnitudes Iy of the selected
objects using reddening maps by Skowron et al. (2021).
For the LMC fields, we removed stars located in the
region of the CMD delimited by (V — I)g < 0.5 and
Iy <19.5. This CMD region contains stars called “blue-
bumpers,” exhibiting repeating outbursts that some-
times can be mistaken with microlensing events (see, Al-
cock et al. 1997; Mroz et al. 2024a). For the SMC fields,
the brightness limit was slightly fainter, Iy < 20.0, as
the SMC distance modulus is 0.5 mag larger than that
of the LMC.

When analyzing selected light curves, we noticed that
some apparent bumps were present during the same
night in the light curves of many stars located in the
same field or on the same CCD detector. These were
spurious nonastrophysical signals produced by artifacts
that were present in the reduced CCD images. They
may have been caused by reflections of the light within
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the telescope optics or flawed calibration images (flats).
We thus discarded stars that showed bumps during a
few “bad” nights. After these steps, we were left with
308 light curves.

3.3. Cut 38

In the last step, we fitted microlensing models to the
light curves of the remaining objects and selected bright-
enings that were consistent with microlensing. We con-
sidered three types of models. In the standard, point-
source point-lens (PSPL) model, the magnification is
given by the following formula:

u(t)? + 2

BTN

: 3)

where u(t) = \/((t —to) /te)? 4+ u2 is the sourcelens
separation expressed in the angular Einstein radii units,
to is the moment of the closest lens—source approach, tg
is the Einstein radius crossing timescale, and ug is the
impact parameter. The observed flux is given by

F(t) = Fo 1+ fs(Apspr(t) — 1)], (4)

where Fj is the baseline flux and fs is the dimensionless
blending parameter. We considered two cases. If we
fix fs = 1 (four-parameter model), we assume that the
whole observed flux comes from the source star. If we
allow fs # 1 (five-parameter model), then we take into
account the possibility of blended light that is not mag-
nified during the event and may come from the lens itself
or unrelated stars within the seeing disk of the event.
In the extended-source point-lens (ESPL) model,
which takes into account the finite-source effects (Gould
1994; Mao et al. 1994; Nemiroff & Wickramasinghe
1994), we allowed the possibility that the angular radius
of the source star 6, is not negligible compared to the
angular Einstein radius. Apart from the three standard
parameters (tg, tg, and ug), the magnification depends
on the normalized source radius p = 6, /0g and can be
calculated by integrating Apgpy, over the source area:

AgspL(u, p) = W- (5)

In practice, this integral can be tabulated (e.g., Gould
1994; Bozza et al. 2018). Because there exists a mathe-
matical degeneracy between the parameters of the ESPL
model and the blending parameter (Mroz et al. 2020;
Johnson et al. 2022), we only considered ESPL models
with fixed fs = 1. We also neglected the limb darkening.

We found the best-fit parameters by minimizing the
function

2= Z (Fi—Fo [1+ fs(APgPL/ESPL(t) — 1)})27 (6)

03

i

using the GNU Scientific Library? implementation of the
Levenberg—Marquardt algorithm (Levenberg 1944; Mar-
quardt 1963). The algorithm returned not only the best-
fit values but also their covariance matrix. We fitted
three types of models: four- and five-parameter PSPL
and five-parameter ESPL. However, we adopted only
one of them as the “fiducial” model, using the follow-
ing algorithm.

If the finite-source effects were present in the light
curve and the ESPL fit resulted in a significantly
smaller 2 than the PSPL fits, we adopted the
ESPL fit as fiducial. Specifically, we required that
Ax? = x3gpr, — Xaspr, > 16 (we checked that changing
this parameter within a reasonable range did not affect
our results). If Ax? < 16 and the five-parameter PSPL
fit did not converge or it converged to an unphysical
value of the blending parameter (fs — o(fs) > 1), then
we used the four-parameter PSPL fit instead. Other-
wise, we adopted the five-parameter PSPL fit.

Once we identified the appropriate model, we calcu-
lated several goodness-of-the-fit statistics. We evaluated
x? for the entire data set. In addition to that, we cal-
culated X7, X3, and Xlz)ump7 the value of the x? statis-
tics evaluated using only data points in the time ranges
|t —to] < tg, |t — to] < 2tg, or within the bump, respec-
tively. We required that all four statistics fulfill the con-
dition x?/d.o.f. < 2 (where d.o.f. is the number of de-
grees of freedom), meaning that the model describes the
data well. In addition to that, we required that the event
timescale is reasonably well measured (o(tg)/tg < 1),
the source is brighter than Iy = 22, and that the impact
parameter vy < max{1,2p}.

All criteria were met by only two objects, which we
describe in more detail below. Their properties are sum-
marized in Table 3. We treat one of them as a mi-
crolensing event candidate and call it OGLE-LMC-20.
Furthermore, we argue that the second object is most
likely a stellar flare. In addition to that, we visually in-
spected the light curves of all 2538 objects that met the
“cut 1”7 criteria. However, we did not find any additional
candidates for microlensing events.

4. CANDIDATE MICROLENSING EVENTS
4.1. OGLE-LMC-20

The light curve of OGLE-LMC-20 is presented in the
upper panels of Figure 3. The brightening started be-
tween 2020 March and 2022 August, during a break
in OGLE-IV operations. We treat this object as a
microlensing event candidate because only the declin-

2 https://www.gnu.org/software/gsl/
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Table 3. Detected Event Candidates

OGLE-LMC-20  LMC503.08.18967
R.A. (J2000) 0521257562 05"26™46331
Decl. (J2000) —69°25'2170 —69°27'38"4
OGLE-IV ID LMC503.15.81584 LMC503.08.18967

LMC516.32.58764
Tvase 17.805 4 0.010 19.795 4 0.016
(V = Ibase 1.308 £ 0.018 1.593 + 0.048
to 975215 10352.579119:99%8
tr (day) 9013 0.10470 051
uo 0.47%929 0.627036
I 18.55%0:52 19.86102%0
fs 0.5215 51 0.767035

NoTE—Is denotes the brightness of the source star in mag-

nitudes.

ing part of the light curve is covered by observations.
The available data can be well modeled by a PSPL

microlensing model with the Einstein timescale tg =
90ﬂ8 day. This value is typical for the known microlens-
ing events in the LMC direction (Mréz et al. 2024a).
This event occurred on a star at equatorial coordinates
of (05"12™57562, —69°25/21”0). Its mean brightness
and color in the baseline are I = 17.805 + 0.010 and
V —1I =1.308+0.018, respectively, which places the star
close to the red giant branch in the CMD (that is shown
in the left panel of Figure 4). However, the color of
the source star, calculated using the model-independent
regression, is smaller (V' —I)s = 0.684 +0.115. The po-
sition of the source in the CMD is marked by a green
square in the left panel of Figure 4.

4.2. LMC503.08.18967

This star exhibited a short-duration brightening dur-
ing the night of 2024 February 11/12. Its light curve is
presented in the lower panels of Figure 3. The object
did not undergo any additional brightenings nor exhibit
periodic variability in the archival OGLE data (dated
back to 1997). The star has equatorial coordinates of
(05"26™46331, —69°27'38"4) and is located in two par-
tially overlapping fields: LMC503.08 and LMC516.32.
The brightening was detected independently in the two
light curves available for this object.

The light curve can be modeled by a PSPL model with
a very short Einstein timescale ty = 0.10415 03] day.
However, its rising part is unavailable, rendering it im-
possible to check for the symmetry of the bump and
raising the possibility that the object was not the mi-
crolensing event at all. In fact, two lines of evidence in-
dicate that the observed brightening was a stellar flare.

First, the observed color of the star (V — I = 1.593 +
0.048) is much redder than the colors of main-sequence
stars and giants from the LMC at similar apparent mag-
nitudes (see the CMD in the right panel of Figure 4).
This color index is consistent with colors of late K-type
main-sequence stars with absolute magnitudes in the [
band of M; = 6.677007 (Pecaut & Mamajek 2013). If
located in the LMC, such a star would be well below the
OGLE limiting magnitude. Its apparent brightness in-
dicates a much closer distance of 4.2J_r8€’ kpc, placing it
in the Milky Way stellar halo or thick disk. Late K-type
dwarfs are also known to be chromospherically active,
which is consistent with the stellar flare interpretation.

The star was also detected by the VISTA survey of
the Magellanic Clouds (Cioni et al. 2011; Rubele et al.
2018). Its near-infrared magnitudes (Y = 19.093+0.043,
J =18.622+£0.049, K, = 17.731£0.094) are also consis-
tent with those expected from late K or early M dwarfs
(Pecaut & Mamajek 2013).
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Figure 4. Color-magnitude diagrams of the fields LMC503.15 (left panel) and LMC503.08 (right). The location of OGLE-
LMC-20 (LMC503.08.18967) in the baseline is marked by a blue circle (red asterisk). The green square marks the position of

the source star of OGLE-LMC-20.

Second, the proper motion of the star is inconsistent
with the LMC proper motion, as shown in Figure 5. This
object is not included in the Gaia Data Release 3 (Gaia
Collaboration et al. 2016, 2021). However, we were able
to measure its proper motion using the archival OGLE
data as part of the OGLE-Uranus project (Udalski et
al., in preparation). The proper motion of the star is
(fa, i) = (0.42 £ 0.32,3.56 + 0.40) masyr—t. On the
other hand, the LMC proper motion, defined here as
the mean proper motion of nearby red clump stars,® is
(M, pts)rc = (1.82 4 0.35,0.45 + 0.44) masyr—!. (The
latter uncertainties quantify the rms scatter around the
mean.) The proper motion of the star in the east and
north direction differs by 3.00 and 5.20, respectively,
from the LMC proper motion. The p-value of the hy-
pothesis that the proper motion is consistent with that
of the LMC is just 5 x 1070, so this hypothesis can be
ruled out at 6.20 confidence level.

5. EVENT DETECTION EFFICIENCY

We carried out extensive light-curve level simulations
to calculate the event detection efficiency in the high-
cadence survey. Their methodology is similar to that
used in our previous works (Mroz et al. 2019, 2024a). It
involves injecting the microlensing signal on top of the
light curves of stars randomly drawn from the database,
thereby preserving sampling, variability, and noise in
the original data that would otherwise be difficult to
simulate. We then check if the simulated light curves

3 We used stars located in the CMD region defined by |I — Irc| <
0.6 and [(V —I) — (V — I)rc| < 0.2, where Igc and (V — I)gc
are the apparent magnitude and color of the red clump centroid.

N w e

Us (mas yr-1)
=

B —————————————— e —————

0
-1
1 n. 1 L 1 1
3 2 1 0
Mo (mas yr=1)
Figure 5. Gray dots mark the proper motions of red

clump stars in the field LMC503.08. The proper motion of
LMC503.08.18967 is marked with a blue circle.

pass all the selection criteria discussed in Section 3 (and
summarized in Table 2).

Because we need to take into account finite-source ef-
fects, the detection efficiency e(tg, p) is calculated as
a function of both the Einstein timescale ¢g and the
normalized source radius p. Finite-source effects affect
the detectability of microlensing events in at least three
ways. First, if p > 1, the duration of the event is set
by the time needed for the lens to cross the source’s
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surface, making it easier to detect small 0 (short ¢g)
events. At the same time, the amplitude of the event
(in magnitudes) decreases with increasing source radius
as 2.171/p?. If p > 6.6, the amplitude of the event falls
below 0.05 mag, which was a threshold adopted for se-
lecting candidate events (Table 2). Finally, the cross
section to microlensing is no longer set by the angular
Einstein radius but rather the angular size of the source
star 0,.

The simulations were carried out for nine val-
ues of the normalized source radius (logp €
{-3,-2,-1,0,0.2,0.4,0.6,0.8,1}). The peak time %,
was drawn from a uniform distribution from the range
2,459,750 < to < 2,460,450 (i.e., between 2022 June
19.5 and 2024 May 19.5). The impact parameter was
drawn from a range 0 < ug < Umax, where upax =
max{1,2p} to take into account all possible source-
crossing events, and timescales were drawn from a log-
uniform distribution from the range 1072 to 102 days.
The dimensionless blending parameter was drawn from
empirical distributions created by matching stars de-
tected in OGLE reference frames and high-resolution
Hubble Space Telescope images (see, Mroz et al. 2024a).

We simulated 160,000 events per field for each value
of p and each field. Because we noticed that the detec-
tion efficiency was rapidly dropping when p > 2, we ran
additional simulations for logp = 0.4 (320,000 events
per field), logp = 0.6 (480,000 events per field), and
logp = 0.8 (640,000 events per field). The detection
efficiency was calculated as the ratio of the number of
events detected to the number of simulated events with
Uuo < 1.

Example detection efficiency curves for the field
LMC509 are shown in Figure 6. If the finite-source
effects are neglected, our survey has the highest sen-
sitivity to events with timescales tg ~ 30day (upper
panel of Figure 6). However, the event detection effi-
ciency curve is flat, and the probability of finding events
with tg > lday is larger than 50% of the maximum
detection efficiency. For shorter timescales, the proba-
bility of finding events decreases with decreasing event
timescales. Including finite-source effects affects the de-
tectability of events. The detection efficiency at p ~ 1
is elevated compared to the case p < 1, and it rapidly
drops once p 2 2—3, when the finite-source effects tend
to lower the amplitude of the event (as presented in the
lower panel of Figure 6).

6. LIMITS ON PLANETARY-MASS PBHS

During the presented high-cadence survey of the Mag-
ellanic Clouds, we detected only one candidate event
(OGLE-LMC-20) with a relatively long timescale (tg =

T T
r—— logp= -3
r—— logp=0
| — logp=0.4
logp=0.6

-
S)
L

Detection efficiency

L tE =1d

o

c 107! |-

(]

S

=

o L

g -mtE = 01 d "

] ¥ ¥

v

Q
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[
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-I L L L L 1 L L L L 1 L L L L 1
-3 -2 -1 0

logp

Figure 6. Event detection efficiency in the field LMC509 as
a function of Einstein timescale (upper panel) and normal-
ized source radius (lower panel).

90713 day). We will demonstrate below that this is well
below the expected number of microlensing events from
compact objects in dark matter. In fact, this sole event
is consistent with the expected number of microlensing
events from known stellar populations in the Milky Way
disk and the LMC itself.

We calculate the limits on the abundance of planetary-
mass PBHs in dark matter as a function of their mass M,
assuming a monochromatic (delta-function) mass func-
tion. We denote the fraction of dark matter in the form
of PBHs as f = Mppu/MpwMm, where Mpy is the total
mass of dark matter halo and Mpgg is the total mass of
PBHs within it. Our methodology closely follows that
presented in Mroz et al. (2024b).

We use the Milky Way and LMC disk and halo models
to calculate the differential event rate d?T'/dtgdp and
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calculate the expected number of events:

2

d-T
Nexp(f7M) _NsAt/m

(te, p, f, M)e(te, p)diadp,

(7)
where Ny is the number of source stars brighter than
I =22 and At = 700day is the duration of the survey.
The number of source stars used in calculations is re-
ported in Table 1 and taken from Mroz et al. (2024a)
for the LMC and Mroz et al. (2025, in preparation) for
the SMC. The integral is evaluated by generating an
ensemble of 10° events using the method described by
Clanton & Gaudi (2014). The finite-source effects are
taken into account by assigning each simulated event a
random source brightness I; drawn from the luminosity
function of a given field. Then, the angular radius of the
source is calculated from

0.91 pas 10~9-2Us=Irc)  for LMC fields,
0.71 pas 10792 —Tre) - for SMC fields,

0, =

where Irc is the mean brightness of red clump stars in
this field and p = 0,/0g. The angular radius of red
clump stars is calculated using data from Nataf et al.
(2021).

The number of microlensing events expected to be de-
tected in our survey, assuming that the entire dark mat-
ter is made of compact objects, is presented in Figure 7.
We sum the contributions from the Milky Way halo
(which is assumed to follow the Cautun et al. (2020) con-
tracted halo model with the total mass of 0.97 x 10'2 M,
within 200 kpc) and the LMC halo (which is modeled by
a Hernquist profile with a total mass of 1.49 x 10'* M;
Erkal et al. 2019). These models are described in more
detail in Mroz et al. (2024b). We neglect the contribu-
tion from the SMC dark matter halo because of its small
mass (= 6.5 x 10° My ; Bekki & Stanimirovié 2009), rel-
atively small number of sources in the SMC (four times
smaller than in the LMC), and shorter duration of the
SMC high-cadence survey (236 versus 435 nights).

Our survey has the highest sensitivity to PBHs of
2.5x107% M. We should have detected 2615 microlens-
ing events if the entire dark matter was composed of
compact objects of that mass. The expected number
of events falls off steeply for lower masses due to finite-
source effects. Still, we should have found more than 100
short-timescale microlensing events if dark matter was
made of PBHs in the planetary- and brown-dwarf-mass
range (from 6.6 x 1072 M, to 0.16 M).

On the other hand, if we take into account only known
stellar populations in the Milky Way disk, we should
have detected from 0.4 to 0.9 microlensing events de-
pending on the adopted disk model (Han & Gould 2003

=

o
[
T

=

o
N
T

101 &

Expected number of events

10°

H n n 1 n n 1 n n 1
107° 10°° 1073 100
M (Mo)

Figure 7. Expected number of microlensing events in the
OGLE High-cadence Magellanic Cloud Survey assuming that
the entire dark matter is composed of PBHs or other compact
objects of a given mass. The dashed and dotted lines mark
the contributions from the sources in the LMC and SMC,
respectively.

or Cautun et al. 2020, respectively). The expected num-
ber of self-lensing events in the LMC is only 0.1. Thus,
the total number of expected events is 0.5-1.0, in good
agreement with one event detected. The timescale of
this event (tg = 90713 day) also matches that expected
from the Milky Way and LMC stellar populations (see
Extended Data Figure 6 in Mroz et al. 2024b).

Assuming that OGLE-LMC-20 originates from the
lens in the Milky Way disk or in the LMC, we calculate
the posterior distribution for the frequency of PBHs in
dark matter f from the Bayes’ formula:

P(fIM) o< L(f, M) Po(f), 9)

where
L(f. M) = e~ NowlF10) (10)

is the likelihood function and Py(f) is a flat (uniform)
prior on f. This calculation is repeated for 121 log-
arithmically spaced masses ranging from 10710 Mg to
102 M, using the methodology developed by Mroz et al.
(2024D).

The 95% confidence upper limits on f are presented
by a thick purple line in Figure 1. The new limits are
strongest for M ~ 10~¢ M, for which they reach almost
f =~ 1073. Compact objects in the mass range from
1.4 x 1078 M, (half of the Moon mass) to 0.013 M,
(planet/brown dwarf boundary) can comprise at most
1% of dark matter. At the low-mass end, we are funda-
mentally limited by the finite-source effects, which ren-
der it difficult to detect low-mass (low 0g) events. A
possible solution to overcome this limitation would be to
observe fainter (that is, smaller) source stars in the LMC
or change the target to a more distant galaxy (for exam-
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ple, the Andromeda galaxy). Still, masses smaller than
~ 1071% M, cannot be probed by optical microlensing
because of the wave-optics effect, a situation when the
Schwarzchild radius of a PBH becomes comparable to
the optical wavelengths (Sugiyama et al. 2020).

When our current results are combined with those
from the Subaru/HSC survey (Niikura et al. 2019b)
for low PBH masses, and those from the combined
OGLE-IIT and OGLE-IV data set (Mroz et al. 2024b)
at the high-mass end, we find that compact objects in
the mass range from 3.5 x 1071% My, to 6.3 Mg, cannot
make up more than 1% of dark matter. Those in the
1.0 x 1071% M, to 860 M, range cannot comprise more
than 10% of dark matter. These limits span 13 orders

of magnitude, virtually the entire range than can be re-
alistically probed by microlensing.

Our results clearly rule out the claims by Niikura et al.
(2019a) that the short-timescale microlensing events de-
tected in the direction of the Galactic bulge may be a sig-
nature of a sizable population of planetary-mass PBHs.
These events are most likely caused by a population of
free-floating or wide-orbit planets in the Milky Way.

The data presented in this paper are publicly available
at https://ftp.astrouw.edu.pl/ogle/ogle4/LMC_FFP
PBH/.
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