A&A, 692, A28 (2024)
https://doi.org/10.1051/0004-6361/202449322
© The Authors 2024

tronomy
Astrophysics

Dark lens candidates from Gaia Data Release 3

K. Kruszyﬁskal’z* , L. Wyrzykowski1 , K. A. Rybicki3, K. Howil'®, M. Jabtoriska*®, Z. Kaczmarek>®,
N. Thanec!, M. Maskolitinas®®, M. Bronikowski’, U. Pylypenko1 , A. Udalski!, P. Mréz!, R. Poleskil, J. Skowron'®,
M. K. Szymaﬁskil, I Soszyﬁskil, P. Pietrukowicz!, S. Koztowskil, K. Ulaczykg, P. Iwanek!, M. Wronal®,
M. Gromadzkil!®, M. J. Mr6z'®, E. Abe®, K. Bando'?, R. Barry11 ,D. P. Bennett!!12 A. Bhattacharya”’lz,
I. A. Bond!3, A. Fukui'4, R. Hamada'?, S. Hamada'?, N. Hamasaki'®, Y. Hirao!>, S. Ishitani Silva'!"!®, Y. Itow?,
N. Koshimoto!?, Y. Matsubara®®, S. Miyazaki17 , Y. Muraki’®, T. Nagailo, K. Nunota!®, G. Olmschenk!!®,
C. Ranc'®,N.J. Rattenbury19 ,Y. Satoh!'?, T. Sumi!®, D. Suzuki'®, P. J. Tristram?0®,
A. Vandorou!!"!2, and H. Yama'®

(Affiliations can be found after the references)

Received 23 January 2024 / Accepted 12 September 2024

ABSTRACT

Gravitational microlensing is a phenomenon that allows us to observe the dark remnants of stellar evolution, even if these bodies are no longer
emitting electromagnetic radiation. In particular, it can be useful to observe solitary neutron stars or stellar-mass black holes, providing a unique
window through which to understand stellar evolution. Obtaining direct mass measurements with this technique requires precise observations
of both the change in brightness and the position of the microlensed star. The European Space Agency’s Gaia satellite can provide both. Using
publicly available data from different surveys, we analysed events published in the Gaia Data Release 3 (Gaia DR3) microlensing catalogue. Here,
we describe our selection of candidate dark lenses, where we suspect the lens is a white dwarf (WD), a neutron star (NS), a black hole (BH),
or a mass-gap object, with a mass in the range between the heaviest NS and the least massive BH. We estimated the mass of the lenses using
information obtained from the best-fitting microlensing models, source star, Galactic model, and the expected parameter distributions. We found

eleven candidates for dark remnants: one WDs, three NSs, three mass-gap objects, and four BHs.
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1. Introduction

Many outstanding questions related to the remnants of stellar
evolution remain open. The most common stellar remnant is a
white dwarf (WD) and more than 95% of stars will become
a WD by the end of their lifetimes (Fontaine et al. 2001). Our

understanding of white dwarfs was expanded in recent years
by Gaia and its superb parallaxes. The largest such catalogue
overall consists of over 350 000 high-confidence WD candi-
dates, expanding almost tenfold the amount of known WDs
before Gaia (Gentile Fusillo et al. 2021). The best catalogue
of known pulsars is two orders of magnitude smaller than the
one we have for WDs in our Galaxy (Manchester et al. 2005).
The observational material available on BHs is the most lim-
ited, in particular solitary ones. Most of the known BHs are
linked to binary systems found either through X-ray emission
due to accretion of their companions (e.g. Corral-Santana et al.
2016) or as gravitational wave sources due to their merger
(e.g. Abbott et al. 2019). Additionally, gravitational wave merg-
ers are most frequently detected in distant galaxies. Recently,
Shenar et al. (2022), ElI-Badry et al. (2023b), and El-Badry et al.
(2023a), Chakrabarti et al. (2023) have reported on BH can-
didates also detected as non-interacting binary systems. How-
ever, the only known direct mass measurement for a solitary
stellar-mass BH was recently presented for OGLE-2011-BLG-
0462/MOA-2011-BLG-191 (Lam et al. 2022; Sahu et al. 2022;
Mréz et al. 2022; Lam & Lu 2023) using the gravitational
microlensing phenomenon.

* Corresponding author; kkruszynska@lco.global

Gravitational microlensing is an effect of Einstein’s general
relativity, which occurs when a massive object passes in front
of a distant star within the Milky Way or its neighbourhood
(Einstein 1936; Paczynski 1986). In contrast to strong gravita-
tional lensing, here the separated, deformed images of the source
are typically impossible to spatially resolve unless the world’s
largest telescopes are used, and only in case of very bright
events (Dong et al. 2019; Cassan et al. 2022). Instead, what can
be observed is a brightening of the source occurring during
the event. Images of the source, though difficult to resolve, are
unequally magnified and change position. This causes a distinc-
tive shift in the centroid of light called astrometric microlensing
(Dominik & Sahu 2000; Belokurov & Evans 2002). This effect
can be measured with precise enough instruments such Hubble
Space Telescope (HST; Sahu et al. 2017) or Gaia'.

Combining both effects allows the mass of the lens, My, to
be measured following Gould (2000):

M=% (1)
KTTE
where k = 4G/c*au ~ 8.144mas/M, 6 is the angular Einstein
Radius, which can be measured with astrometric microlensing,
and rrg; is the microlensing parallax obtained from modelling the
time-series photometry. A combination of these two effects was
used to detect a stellar-mass BH for the first time in Lam et al.
(2022) and Sahu et al. (2022), who used astrometric observa-
tions from HST and photometric observations from the ground.

However, even without a measurement of the angular Einstein

radius, we can still estimate the mass of the lens by employing the

I https://www.cosmos.esa.int/web/gaia/iow_20210924
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Galactic model and expected distributions of lens parameters. We
can obtain a posterior distribution for the lens mass and distance
using the microlensing parallax, proper motion measurements,
estimated distance to the source, the Galactic model and assumed
mass function of stellar remnants (e.g. Wyrzykowski et al. 2016;
Mréz & Wyrzykowski 2021). This method was used for objects
observed by the OGLE survey where no Einstein radius infor-
mation was available, where events exhibited clear parallax sig-
nal (e.g. Wyrzykowski & Mandel 2020; Mréz et al. 2021). The
same technique could also be applied for microlensing events
seen by Gaia (Prusti 2016), using both archival data and tran-
sients detected as part of Gaia Science Alerts (GSA) system
(Hodgkin et al. 2021). This paper presents a similar analysis
of Gaia Data Release 3 (Gaia DR3) microlensing catalogue
(Wyrzykowski et al. 2023).

This work is split into six sections. Section 2 presents the
microlensing models compared in this work, the criteria of event
pre-selection and the sources of data used for this analysis.
Section 3 explains the criteria to select events for detailed analy-
sis, while Sect. 4 summarises those results. Section 6 shows how
we estimated the masses and distances to the lenses. Section 7
discusses the obtained results and summarises this work.

2. Event pre-selection and data
2.1. Compared models

In this paper, we focused only on events that could exhibit the
microlensing parallax effect, which occurs when the observer
changes position during the event. There are three types of
microlensing parallax: annual, terrestrial, and spatial. The annual
microlensing parallax is connected to the Earth’s movement
around the Sun. The observer on Earth changes their posi-
tion during the entire year, which creates distinctive asymme-
try and, in some cases, wobbles in the light curve (Gould 1992;
Alcock et al. 1995; Maskolitinas et al. 2023). The terrestrial par-
allax is connected to the different positions of the observatories
on Earth. It is measurable only in the most extreme cases, such
as catching a caustic crossing with telescopes on two sites dis-
tant from each other (Hardy & Walker 1995; Holz & Wald 1996;
Gould et al. 2009). Finally, space parallax occurs when the event
is observed from observatories located on Earth and in space.
When the space observatory is located as far as one au from the
Earth, it can cause a significant difference in the amplification
and time of the peak of the lens (Refsdal 1966; Specht et al.
2023). We can be also measure whether the space observatory
is closer but during a caustic crossing (Wyrzykowski et al. 2020)
or if the event is densely covered. This is the main mechanism
behind the way that the Nancy Grace Roman Space Telescope is
going to be used for mass measurements of the observed lenses
(Penny et al. 2019).

Gaia DR3 microlensing events catalogue contains events
which were most likely caused by a single object as an outcome
of the used pipeline (Wyrzykowski et al. 2023). All of the events
within this catalogue were detected in the Galactic plane, which
is a dense field, especially within the Galactic bulge. This means
that we had to include blending when some of the light is coming
from the stars near the line of sight towards the source and lens.
In the case of microlensing, blending also factors in that the lens
is luminous in the majority of cases.

We used the following models in our analysis with these
parameters:

— Point source-point lens (PSPL) model without blending,
parameterised by to, uy, g, lo;
— PSPL with blending, parameterised by fo, uo, tg, lo, fp;
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— PSPL model with parallax effect without blending, parame-
terised by to, Uo, tg, Iy, TEN, TTEE;
— PSPL model with a parallax effect with blending, parame-
terised by to, Ug, tg, TEN, TEE, 10> [}
where 1, is the time of the peak of brightness, u is the impact
parameter at o, and #g is the Einstein timescale when the source
is crossing the angular Einstein ring. Microlensing parallax is
described by its northern and eastern components nigy and 7gg.
The baseline magnitude of the event is denoted by I, and the
blending parameter is defined as f, = Fi’%h, where F is the
source flux and F), is the blend flux.

In this work, we used models without blending in the pre-
selection stage, and for each event, we fit models with and with-
out parallax. We used models with blending when we fitted each
event individually. At this stage, we also fitted models with and
without parallax. Each event should have at least two best-fitting
solutions: PSPL without blending and PSPL with parallax and
without blending.

2.2. Pre-selection of the candidate events

The Gaia Data Release 3, or alternatively table
vari_microlensing of the Gaia DR3, contains 363 can-
didate events. Many of them do not exhibit second-order effects
and are best described by the standard Paczyrnski model. We sus-
pected that events with short Einsten timescales are less likely
to be affected by the annual movement of the Earth around the
Sun. Thus, we selected events with paczynski_0_te timescale
longer than 50 days. This was an arbitrary cut, based on the
fact that Gaia produces on average one point per month per
source. An event with an Einstein timescale of 50 days would
last more than 100 days, allowing for at least three observations
during the event. Additionally, previous studies of candidate
parallax events show that in most cases parallax is not detectable
for shorter events (see for example Rodriguez et al. 2022 and
Zhai et al. 2023). After applying this cut, we were left with
204 candidate events to analyse.

2.3. Data

The Wyrzykowski et al. (2023) catalogue was built using only
Gaia G, Ggp and Grp photometry; however, for the purposes
of this work, we utilised data available from other surveys. In
particular, we wanted to include information from microlens-
ing surveys which have better cadence, especially in the Galac-
tic bulge. We cross-matched the Gaia sources with the OGLE
survey (Udalski et al. 1992, 2015). We found 145 events in com-
mon with the public OGLE events. Of these, 130 events were
published as a part of the OGLE-IV analysis of microlensing
optical depth in the Galactic plane (Mrdz et al. 2019, 2020).
78 events were published were also published as OGLE Early
Warning System alerts (Udalski et al. 2015)?, overlapping with
the 130 events coming from the OGLE-IV papers. We down-
loaded all publicly available data. If the event was published in
OGLE-EWS, Mro6z et al. (2019) or Mrédz et al. (2020), we used
the data shared with the article. We performed a similar search
with MOA survey (Abe et al. 1997; Bond et al. 2001) using its
alert stream and we found 20 events in common. We found 32
events in common with KMTNet survey public alerts (Lee et al.
2014; Kim et al. 2016)*. Six events were published by Gaia Sci-
ence Alerts*. These events were published with preliminary pho-
tometry and without errors. We simulated the errors using the

2 https://ogle.astrouw.edu.pl/ogle4/ews/ews.html
3 https://kmtnet.kasi.re.kr/~ulens/
4 http://gsaweb.ast.cam.ac.uk/alerts/home
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following formula, (Wyrzykowski et al. 2023):

for G; < 13.5 mag,

2
for G; > 13.5 mag, 2)

V30 x 100-17x135-5.1
0Gi= V30 x 10%17%Gi=5.1

where G; is the i-th point in the GSA light curve. Since the
error bars and photometric data had different properties, they
came from different pipelines and the GSA data was created
using raw photometric data. Gaia DR3 light curves were cre-
ated by the photometric pipeline that was used on all data
used for this Data Release and produced the most accurate
light curves we have. We decided to treat them as a different
dataset. Seven events were found in the publicly available data
of the ASAS-SN survey (Shappee et al. 2014). Two were pub-
lished as alerts: ASASSN-16li and ASASSN-160e (Strader et al.
2016; Munari et al. 2016), and one was published as an ATEL
(Jayasinghe et al. 2017). The rest was found in the ASAS-
SN Photometric Database (Jayasinghe et al. 2019). We did not
include Zwicky Transient Facility (ZTF; Bellm et al. 2019) while
cross-matching events, because this survey started after May
2017, which was the end of Gaia DR3 timespan. We did, how-
ever, check for sources appearing in the 9th Data Release of ZTF
if a given source brightened only once. The list of all 204 sources
with their names in other surveys is available in Table A.1.

In the case of MOA and KMTNet, we used the available
photometry published in fluxes, instead of magnitudes. KTM-
Net is a network of three robotic telescopes, located in Australia,
South Africa, and Chile. These sites have different weather con-
ditions, and when we used KMTNet DIA photometry, we sepa-
rated each light curve by the observatory. For Gaia photometry,
we followed Wyrzykowski et al. (2023), and modified the avail-
able uncertainties to match the method used to find candidate
events.

All the data sources listed above were then used either at
the preliminary or the detailed event modelling stages or both.
We provide data used for this stage in a machine-readable online
archive’.

3. Selection of candidate events for further analysis

To find preliminary models, we used the MulensModel package
Poleski & Yee (2019) to generate microlensing models and the
pyMultiNest package (Feroz et al. 2009; Buchner et al. 2014)
to find the best fitting solutions. To simplify the parameter space
explored by the pyMultiNest package, we calculated models
without blending. pyMultiNest provides a Python interface for
a nested sampling algorithm which returns the best solutions for
probability densities containing multiple modes and degenera-
cies. This made it a perfect tool for comparing models including
microlensing parallax. For the parallax model, we included both
the annual and space effects. Gaia is located in space and there
may be an offset between observatories.

We have recorded the four best solutions for models with
and without parallax and compared their y* values. These solu-
tions are available in machine-readable format. Using prelimi-
nary models, we selected events, that:

— had Einstein timescale of the best PSPL solution larger than

50 days, and

— the difference of y? per degrees-of-freedom of the best PSPL
model and the best parallax model should be larger than one

(Ypgp /d.0.f. — x3, /d.of. > 1).

3 https://github.com/KKruszynska/gdr3_dark_lenses

This way we selected 34 events. We removed two events from
this sample. For the first one (GaiaDR3-ULENS-024), we did
not have a full light curve and the event did not finish before
the end of the Gaia DR3 period. The second one (GaiaDR3-
ULENS-178) turned out to be a binary event, when we inspected
the MOA light curve. We decided to add three additional events,
which had ASAS-SN data (GaiaDR3-ULENS-023, GaiaDR3-
ULENS-032, and GaiaDR3-ULENS-118). In these cases, the
automatic algorithm struggled to find a correct solution and we
concluded that was caused by the vastly different pixel size of
the ASAS-SN, compared to Gaia and other surveys, as well as
the exclusion of blending in fitted models.

4. Detailed analysis of selected events

We conducted a case-by-case analysis of the 35 events selected
in the previous step. We used MulensModel to generate the
microlensing models and emcee (Foreman-Mackey et al. 2013)
to explore the parameter space. In this step, we used the KMT-
Net pySIS photometric data in magnitudes. For KMTNet data,
when possible, we pre-processed data, removing any points that
had a negative value of FWHM column or with a photometric
uncertainty greater than one magnitude. For OGLE and MOA
events, we used re-processed data coming from the end-of-
the-season DIA photometric reduction pipelines (Udalski et al.
2015; Bond et al. 2001). We also applied a correction procedure
for uncertainties following Skowron et al. (2016) to OGLE data
from bulge fields. Finally, we re-scaled the photometric uncer-
tainties using this formula:

i = knOis 3)

where o7 ; is the re-scaled i-th uncertainty of the n-th telescope’s
light curve, &, is the scale factor for the n-th telescope, and o, ;
is the original i-th uncertainty of the n-th telescope’s light curve.
We obtained the scale factors in the following manner:
1. First, fitting the preliminary PSPL models with and without
parallax;
2. Then selecting a model with the smallest Xz value;
3. Finally, using this model we used it as a starting point, we ran
an MCMC fit with scale factors as one of the fit parameters.
If the scale factor of the median solution found in the final
step exceeded 1.0 for a given telescope, we used this value
and then we re-fit the PSPL models with and without paral-
lax. For events GaiaDR3-ULENS-003, GaiaDR3-ULENS-032,
GaiaDR3-ULENS-118, GaiaDR3-ULENS-196, and GaiaDR3-
ULENS-284. we had to use the PSPL without a parallax model
— instead of the best model to find the scale factors. For event
GaiaDR3-ULENS-025, GaiaDR3-ULENS-143, we could not
find scale factors due to poor event coverage. We report the val-
ues for each scale factor in Appendix A.2. For some events,
we had to perform an outlier removal procedure. We did this
before applying the uncertainty re-scaling. We used the best-
fitting preliminary model (step 2 of the uncertainty re-scaling
procedure). Then we removed all data points outside the 3 o
range of the residuals from the preliminary model for a given
light curve. We marked those light curves in bold in Table
A.2. In some cases, we had to remove certain light curves,
because they were too noisy or carried little information about
the event. We marked those datasets with a strike-through text
in Table A.2. Table A.2 provides the name of the fitted event
and a list of datasets with the amount of data points for each
light curve. Table A.4 presents the median values of the pos-
terior distributions (PDFs) obtained for the best-fitting solu-
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tions. The KMTNet data for event GaiaDR3-ULENS-047/KMT-
2015-BLG-0157 revealed features around the peak, for which a
PSPL model was not able to characterise, so it was excluded
from further analysis. GaiaDR3-ULENS-284 had a large par-
allax value, which means other effects should be included. We
excluded that event from further analysis. GaiaDR3-ULENS-
057 had only three points at magnification, so we could only find
a non-parallax solution. We named the solutions with the follow-
ing convention, “Gaia DR3-AAA-BC”, where AAA is the num-
ber assigned to the event in Wyrzykowski et al. (2023), B is a
string of letters denoting which type of Gaia data was used, “G”
for events where we used the Gaia DR3 photometry, and “GSA”
for events where we opted for a Gaia Science Alerts light curve,
finally C is a sign of the ug of the solution (“+” for positive and
“~” for negative). If there was more than one solution with the
same uq sign, we numbered them starting from 1.
To select the dark lens candidate sample, we applied the fol-

lowing criteria to the modelled events:

— the blending parameter in G band was smaller than 0.3;

— the g was not consistent with zero in the three-sigma range;

— the y? of the parallax solution was smaller than the y? of the

non-parallax solution.

In this way, we obtained 14 events, where at least one solu-
tion passed those criteria. For these events, we then estimated
the lens distance and mass. From the remaining events, a non-
parallax model better described two of them, seven did not pass
the blending parameter criterion, and six did not pass the mgg cri-
terion. We found four events that passed the blending and y? cri-
terion, but failed the mgg criterion in the calculated three sigma;
however, their ngg distribution was inconsistent with 0. We anal-
ysed these solutions further, but display their results in a differ-
ent table (Table A.6). An example of a light curve is shown in
Figure 1.

5. Source stars

To determine the properties of the lens, we have to determine the
properties of the source. Ideally, we would obtain the distance to
the source, but this is not always possible. Instead, we decided
to find the angular stellar radius of the source 6, and use it as a
prior during lens mass and distance estimation. We followed dif-
ferent procedures, depending on the event location and available
information.

We were able to use the colour-magnitude diagrams (CMDs)
calibrated to the OGLE-III data for events with MOA data
(GaiaDR3-ULENS-035, GaiaDR3-ULENS-069, GaiaDR3-
ULENS-073, GaiaDR3-ULENS-088, GaiaDR3-ULENS-155,
GaiaDR3-ULENS-343, and GaiaDR3-ULENS-353). First, we
determined the red clump centre (RCG) location, following
the procedure outlined in Nataf et al. (2013). We used the
de-reddened RCG distance modulus determined in Nataf et al.
(2013) for each event® and found the reddened distance modulus
of the RCG using fitted position on the CMD and absolute
magnitude of the RCG M rcg = (—0.12, 1.06) mag Nataf et al.
(2013), Bensby et al. (2013). Then we calculate the extinction
in A; and Ay and use it to find the de-reddened magnitude and
colour of the source. In the case of GaiaDR3-ULENS-353,
the blending parameter was negative; so instead of using the
calculated source magnitude, we used the baseline magnitudes
to determine the source brightness and colour. Finally, we used
these values to determine the angular stellar radius of the source
star using relations from Adams et al. (2018).

Other sources were more difficult. If the source was located
towards the Galatic Bulge, we assumed that the Bulge is located

% https://ogle.astrouw.edu.pl/cgi-ogle/getext.py
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8.1 kpc and extends for 2.4 kpc. We used this value to determine
the de-reddened distance modulus to the red clump centre. We
constructed a CMD in V and I data using Gaia DR3 sources.
We selected sources within 30° of the event, that had the Renor-
malized Unit Weight Error (RUWE) parameter smaller than 1.4,
astrometric parallax error not larger than 20% of the measured
value, and that had available GSP-Phot solutions (Andrae et al.
2023). Then, we transformed their colours into V and I bands
following relations from Busso et al. (2022) Sect. 5.5.17. We
determined the position of the RGC following the procedure
in Nataf et al. (2013), and used the calculated distance modu-
lus to find the extinction in / and V bands. Finally, we found
the 6. using relation from Adams et al. (2018). We used this
method for events GaiaDR3-ULENS-025, GaiaDR3-ULENS-
089, GaiaDR3-ULENS-142, and GaiaDR3-ULENS-270. For
many of these events, some information was missing. When
baseline magnitude and blending in Ggp and/or Ggp filter, we
used blending parameter in G (for Ggp) or in [ (for Ggrp) bands
and Gaia DR3 entry for this source to determine the missing
brightness for the 6, estimation. We could not use this method
for events GaiaDR3-ULENS-331 and GaiaDR3-ULENS-363,
because they were too dim compared to the data with GSP-Phot
entries to infer the extinction.

Finally, for events located towards the Galactic disc, we were
not able to determine the de-reddened distance modulus towards
the RCG, and therefore 6,. This affected events GaiaDR3-
ULENS-103, GaiaDR3-ULENS-118, and GaiaDR3-ULENS-
259. All the determined values can be found in Table A.3. An
example of a CMD is shown in Figure 2.

6. Estimating the lens parameters of candidate dark
events

We used the same approach presented in Wyrzykowski et al.
(2016), Mréz & Wyrzykowski (2021), and Kruszynska et al.
(2022) to estimate the mass and distance to the lens. We dubbed
it the DarkLensCode® and we explain this method in greater
detail in Howil et al. (2024). The DarkLensCode was used to
find the posterior distribution of lens distance and lens mass,
using the PDFs of the photometric model parameters and the
Galactic model. The final estimates are the median values of
obtained mass and distance PDFs. Here, we focus on the presen-
tation and the resulting mass and distance estimates. We present
the results in Tables A.5 and A.6.

If we found more than one solution passed the criteria out-
lined in Sect. 4, we analysed them separately, providing mass
estimates for each solution. The extinction A; was calculated
following a method similar to one outlined in Fukui et al. (2019),
but we used Gaia DR3 data instead. We selected all sources
within a 30’ radius with a renormalised unit weight error param-
eter smaller than 1.4, a parallax uncertainty smaller than 20%
of the measured value, and the available GSP-Phot solutions
(Andrae et al. 2023). Then, we calculated the mean and stan-
dard deviation of the ag_gspphot in 50 pc bins and fit a fourth-
order polynomial. We used the fitted polynomial as a function
of extinction depending on the distance towards the lens or the
source. If the distance to the lens or source was larger than 8 kpc,
we used the calculated extinction value A¢ at 8 kpc.

‘We did not know the distance to the source, so we assumed dif-
ferent maximum and minimum ranges. For events located towards

7 https://gea.esac.esa.int/archive/documentation/GDR3/
Data_processing/chap_cu5pho/cu5pho_sec_photSystem/
cu5pho_ssec_photRelations.html

8 https://github.com/BHTOM-Team/DarkLensCode


https://ogle.astrouw.edu.pl/cgi-ogle/getext.py
https://gea.esac.esa.int/archive/documentation/GDR3/Data_processing/chap_cu5pho/cu5pho_sec_photSystem/cu5pho_ssec_photRelations.html
https://gea.esac.esa.int/archive/documentation/GDR3/Data_processing/chap_cu5pho/cu5pho_sec_photSystem/cu5pho_ssec_photRelations.html
https://gea.esac.esa.int/archive/documentation/GDR3/Data_processing/chap_cu5pho/cu5pho_sec_photSystem/cu5pho_ssec_photRelations.html
https://github.com/BHTOM-Team/DarkLensCode

Kruszynska, K., et al.:

gdr3-ulens-343

A&A, 692, A28 (2024)

-—-- GO
— G+
X2_ =26444.49 — G-
171 ¢ Gaia, G {
{ KMTA, | ¢

X%, =27558.11
X%, =26443.83

Magnitude

KMTC, |
KMTS, |
MOA _|

MOA_V
OGLE, | Fig. 1. Light curve of the event known as GaiaDR3-
ULENS-343, BLGS502.29.100629 Mrézetal. (2019),
OGLE-2017-BLG-0095, MOA-2017-BLG-160, and KMT-
2017-BLG-1123, shown at the top. The Gaia G data is
shown in green, Ggp in red, KMTNet data is shown in dark
red, violet and aqua for the South African Astronomical
Observatory (KMTA), Cerro Tololo Inter-American Obser-
vatory (KMTC), and Siding Springs Observatory (KMTS),
MOA I and V band data are shown in light green and dark

red respectively, and OGLE in light-blue. The four solutions
are marked: PSPL without parallax GO with a black dashed
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line, and two PSPLs with parallax, G+ and G- with red
and grey continuous lines respectively. The bracket in the
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top left shows the y? of different solutions. Bottom panel:
Residuals of the G+ model. A Black dashed line marks
the GO and G+ models difference, while the dark grey
continuous line marks the G+ and G- models difference,
respectively.
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Fig. 2. Colour-magnitude diagram based using MOA
data calibrated to OGLE-III catalogue for event GaiaDR3-
ULENS-343. MOA data is displayed in light blue dots.
The red dot marks the source position, black dot marks the
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the bulge, we initially assumed that the distance can be between
1 kpc and 12 kpc. For events located towards the disc, we chose
the distance between 0.1 kpc and 8 kpc (GaiaDR3-ULENS-118)
or 10kpc (GaiaDR3-ULENS-259). When available, we used the
value of 6. derived in Sect. 5. First, we randomly selected a dis-
tance to the source from the range described above and calculated
the source radius Rs. In the next step, we found the absolute mag-
nitude of the source star. The procedure depended on the position
of the source star in the CMD.

If the source star position on the CMD was located in the
main sequence, we assumed the star was a dwarf. Using the
tables from Pecaut & Mamajek (2013) provided on the author’s
website’ we found the corresponding value of absolute magni-
tude in G band.

If the source star position on the CMD was located in the red
giant clump, we assumed the star was a giant. For the absolute

% https://www.pas.rochester.edu/~emamajek/

3.00

blended baseline source colour and magnitude. Dashed lines
mark the region that we used for estimating RGC, and the
dark blue star represents the found RGC position.

magnitude determination, we followed the information contained
in van Belle et al. (2021). First, we found the (V) — Kj;) value
corresponding to the radius based on the inverted relation pre-
sented in the paper with coefficients coming from Table 16. Then
we used Eq. (4) from van Belle et al. (2021) to find the effective
temperature T.r of the source star. We used the well-known
relation Lyo = 47R3ospT o to find the bolometric luminosity
of the source star. To find the bolometric correction BCg in G
band, we followed the recipe provided in Manteiga et al. (2018),
Chapter 8.3.3. Finally, we were able to derive the absolute mag-
nitude in G following Eq. (8.6) from Manteiga et al. (2018).

We then found the extinction, Ag, and the observed mag-
nitude of the source star at a selected distance. If the absolute
value of the difference between the calculated source magnitude
and the observed source magnitude from the microlensing model
was smaller than the sum of the source magnitude uncertainty
from the model and the derived source magnitude uncertainty,
we accepted that source distance value.
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Fig. 3. Distribution of known masses of WDs, NS and BHs. Light pink marks WDs known from Gaia (Gentile Fusillo et al. 2021). In light red we
marked NS with known masses coming from John Antoniadis’s catalogue (Lattimer 2012; Antoniadis 2013). Objects found by gravitational wave
detectors were marked in yellow (Abbott et al. 2019, 2021a, 2024, 2023, 2021b). In red we marked high mass x-ray binaries (Orosz et al. 2007;
Val-Baker et al. 2007; Orosz et al. 2009, 2014; Corral-Santana et al. 2016; Miller-Jones et al. 2021). In light blue, we marked candidates for dark
remnants found by microlensing (Sahu et al. 2017; Kaczmarek et al. 2022; Kruszynska et al. 2022; Jabtoriska et al. 2022; McGill et al. 2023),
including Lam & Lu (2023). In olive, we marked non-interacting dark remnants (Shenar et al. 2022; El-Badry et al. 2023b,a; Chakrabarti et al.
2023; El-Badry et al. 2024; Panuzzo 2024). Black dots mark masses of objects known from this work. Each solution for the event is shown
separately. We marked solutions with positive u, with circles, and negative with diamonds. Dashed, vertical lines mark different mass thresholds:
the left-most is the Chandrasekhar mass limit, second to the left is the Tolman-Volkoff-Oppenheimer limit, and two right-most mark the limits for
the theoretical pair-instability supernovae region (Farmer et al. 2020). A solid vertical line marks the conventional limit of 5 M, for the lightest
BHs. Data used to create this plot can be found in a GitHub repository'®.

We used three mass functions as lens mass priors with the
Kroupa (2001) function that describes stars:

M3 M <0.08M,,
fM) ~IM™'3, 0.08M, <M <0.5, 4)
M3, 05My <M < 150M,;

then the Mréz et al. (2021) function that describes solitary dark
remnants in our Galaxy:

0.51

M=>",
-0.83

M2,

M < 1.0Mo,,

1.0My < M < 100M; )

f(M)~{

and a f(M) ~ M~" corresponding to applying no prior on the
lens function. The reported values of the lens mass and distance
are median values of the posterior distribution, while their uncer-
tainty is represented by the 16th and 84th quantiles.

We noticed that the mass function greatly affects the lens
mass estimate. Using the Kroupa (2001) mass function results
in lighter lenses at greater distances, and in turn more likely
MS stars. In contrast, the Mrdz et al. (2021) mass function pro-
duced more massive lenses at closer distances. This is because
the Kroupa (2001) mass function is steeper and less likely to
produce massive lenses.

We compared the brightness of the blend from the microlens-
ing model to the brightness of an MS star at an estimated distance
from the lens. We summed the number of solutions where the
brightness of the blend was smaller than the MS brightness and
divided this number by the number of all solutions. The result-
ing number was interpreted as the probability that the lens is dark
and not an MS star. All input parameters are available in machine-
readable form in an online archive attached to this paper.

10 https://github.com/KKruszynska/dark_lens_plots/
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7. Discussion and conclusions

We found a total of 11 lenses for which the probability for the
dark lens scenario for at least one solution exceeded 80% when
we looked only at the Kroupa (2001) mass function. Eight of them
passed all of the criteria imported in Sect. 4 (GaiaDR3-ULENS-
025, GaiaDR3-ULENS-035, GaiaDR3-ULENS-069, GaiaDR3-
ULENS-073, GaiaDR3-ULENS-088, GaiaDR3-ULENS-155,
GaiaDR3-ULENS-343, and GaiaDR3-ULENS-353). Among the
solutions that did not pass the mgg criterion, we found three
more candidates (GaiaDR3-ULENS-103, GaiaDR3-ULENS-
212, GaiaDR3-ULENS-331, and GaiaDR3-ULENS-155, but we
accounted for this event in the first group). All but one of these
events have Galactic coordinates towards the Galactic centre. The
estimated distance for 16 solutions (eight events) would suggest
that they are located in the Galactic disc, rather than the Galac-
tic bulge. For three solutions (two events), the estimated lens dis-
tance suggests a Galactic bulge lens. Three events seem to have the
lens located within one kiloparsec from Earth. One event located
towards the Galactic disc seems to have a lens no closer than
3.1 kpc, which means it would belong to the Scutum-Centaurus
Arm of the Milky Way.

If we assumed that all of those 11 events are dark lenses, and
instead follow a Mroz et al. (2021) mass function, we would end
up with the majority of events with masses in the range of mass-
gap objects and black holes. One event, GaiaDR3-ULENS-035,
has mass consistent with a white dwarf, and three (GaiaDR3-
ULENS-025, GaiaDR3-ULENS-155, and GaiaDR3-ULENS-
212) are consistent with a neutron star. Three events, GaiaDR3-
ULENS-069, GaiaDR3-ULENS-103, and GaiaDR3-ULENS-
343 overlap with the first mass gap in the one-sigma range. Four
objects have higher masses (GaiaDR3-ULENS-073, GaiaDR3-
ULENS-088, GaiaDR3-ULENS-331, and GaiaDR3-ULENS-
353) are consistent with BHs. All BH candidates have large
uncertainties and there are issues with mass estimates for two
of them. For GaiaDR3-ULENS-073, we struggled with find-
ing the correct position of the RGC, which could result in the


https://github.com/KKruszynska/dark_lens_plots/

Kruszynska, K., et al.: A&A, 692, A28 (2024)

350

300

N
ul
o

Ve, [km/s]
= N
3 8

100/ _H_ ¢
501 4 — Hobb
" obbs et al. (2005)
ol 4 . Lam & Lu (2023)
100 10! 102
M [Mo]

Fig. 4. Transverse velocities, v, ., estimated for nine candidate events using DarkLensCode and Gaia proper motion measurements. M, is the mass
of the lens. Black dots represent estimates of the masses and velocities of the nine candidates with error bars as lines, and each solution is plotted
separately. We marked solutions with positive u, with circles and negative ones with diamonds. The red line represents the median transverse
velocity of NS from Hobbs et al. (2005), with a light red rectangle representing their dispersion. The dark blue rectangle represents the mass and

transverse velocity of the BH from Lam & Lu (2023).

wrong source distance, leading to the wrong lens distance. Sec-
ond, GaiaDR3-ULENS-331 belongs to the group that did not
pass the mgg criterion in Sect. 4. We present these estimates here,
along with a comparison to dark remnant mass estimates found
through other methods in Fig. 3.

In the case of events where Gaia reported a proper motion, we
calculated the transverse velocity. We present results for selected
nine events in Fig. 4. There is one high-velocity events: GaiaDR3-
ULENS-212. This event has a relatively short Einstein timescale
of 56 days. The estimated mass is consistent with an NS. The
proper motion found in Gaia DR3 is not out of the ordinary, so
this means that the lens would have to move fast to justify the rel-
ative proper motion and the resulting Einstein timescale.

All nine objects seem to separate into two groups: high
velocity, similar to the NS velocity from Hobbs et al. (2005),
and low velocity, similar to the velocity of a solitary BH from
Lam & Lu (2023). The velocity does not seem to depend on the
lens mass, but the error bars are large and it is hard to draw con-
clusive statements. Moreover, here we are most likely getting
an estimate of a velocity coming from a Galactic prior. More
accurate estimates will be possible once we obtain an astromet-
ric time series for these events.

Here, we also measure only the most likely mass of candi-
date events. We cannot, however, confirm their nature as WDs,
NS or BHs until we perform additional observations in other
ranges of electromagnetic radiation, especially in the X-ray and
UV. They could be some unusual objects, such as quark stars,
or products of primordial black hole (PBH) mergers with other
objects. Abramowicz et al. (2018) and Abramowicz et al. (2022)
revealed a mechanism that could produce a low-mass BH from
a moon-mass PBH (10 g > Mpgy > 10'7 g) collision with an
NS. Such low-mass BH would be in the mass range of an NS.

It is worth noting that these are only candidates for dark
lenses and their mass measurement will be possible only when
we will include astrometric time series. This data will be avail-
able only with Gaia DR4, no sooner than the end of 2025.
This is an exciting prospect, as Gaia may allow us to observe
previously unseen stellar populations. This becomes even more
promising with the approaching start of the Vera C. Rubin Obser-
vatory and its Legacy Survey of Space and Time (Ivezic et al.
2019), as well as the launch of the Roman mission (Spergel et al.
2015; Akeson et al. 2019). Rubin will allow us to select long-

duration microlensing events from the entire Galactic plane,
whereas Roman is equipped to provide high-cadence astrometric
and photometric observations in the Galactic bulge.

Data availability

Full Tables A.1-A.4 are available at the CDS via anony-
mous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
orviahttps://cdsarc.cds.unistra. fr/viz-bin/cat/1/
A+A/692/A28
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Table A.1. Results of the cross-match between 204 analysed Gaia DR3
events with other surveys (extract). A full, machine-readable version of
this table is available at the CDS.

GaiaDR3- RA Dec Remarks
ULENS- [deg] [deg]
002 258.0717 -16.8677 AP29744086
003 284.4367 -20.7758 AP28506888
OGLE-2015-BLG-0064
007 270.2540 -32.6896 AP27808437

013 2747611 -27.7294 OGLE-2015-BLG-1755

BLG633.01.52040
363 2669194 -25.0204 OGLE-2017-BLG-0116
KMT-2017-BLG-1029

Appendix A: Additional tables

In this appendix, we provide five tables:

Table A.1, which is the result of the cross-match between the
preliminary sample of 204 Gaia DR3 microlensing events
and other surveys;

Table A.2, which is the list of datasets used to obtain the final
models for each of the 35 analysed events;

Table A.3, which contains information about the source star;
Table A.4, which is the list of parameters of best-fitting solu-
tions of the 35 analysed events. This paper only provides
the baseline magnitude and blending parameter for the G-
band. A full, machine-readable version of this table, with all
parameters, is available online.

Table A.5 with the lens mass and distance estimates of the
14 candidate dark lens microlensing events;

Table A.6 with the lens mass and distance estimates of the
five candidate dark lens microlensing events, that did not
pass the &g criterion, but were chosen to be analysed further.
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Table A.2. Datasets used to obtain the final models for each of the 35 analysed events. The description of the columns is at the end of the table. A
full version of this table is available at the CDS.

GaiaDR3- Survey, Num. k GaiaDR3- Survey, Num. k
ULENS- filter of points ULENS- filter of points
Gaia, G 24 1.00
Gaia, Ggp 22 1.00
Gaia, G 27 1.00 Gaia, Grp 22 3.13
003 Gaia, Ggp 27 1.00 018 OGLE, 1 2780 1.02
Gaia, Grp 27 1.00 KMTNet SAAO, I 563 4.47
ASASSN, V 84 1.79 KMTNet CTIO, I 840 1.97
KMTNet SSO, 1 750 211
Gaia, G 21 1.00 Gaia, G 23 1.00
Gaic; Gy +7 - Gait; Gy 19 -
Gaia, Ggrp 19 1.00 Geaie Grp 22 -
359 OGLE, I 553 1.00 363 OGLE, I 824 1.00
KMTNet SAAO, I 260 2.79 KMTNet SAAO, I 780 1.68
KMTNet CTIO, 1 994 1.58 KMTNet CTIO, 1 386 1.39
KMTNet SSO, I 895 1.88 KMTNet SSO, 1 364 1.45

Notes: The table contains the event name, the name of the survey and the filter, the number of points used to obtain the best models, and the scale
factor k used to re-scale the photometric uncertainties. Light curves not used in the modelling process are marked with a strike-through. Light
curves that were cleaned using the procedure outlined in Sect. 4 are marked in bold.

Table A.3. Source star properties. The description of the columns is at the end of the table. A full, machine-readable version of this table is
available at the CDS.

GaiaDR3- RA dec HRA MDec corr(Ura, Mdee) RUWE 0. Flag  Type
ULENS- [deg] [deg] [mas yr'] [mas yr~'] [umas]
025-G1- 260.8781 -27.3788 —-4.61 £0.06 -5.56+0.04 0.21 1.08 558 +1.22 true giant
363-G- 2669194 -25.0204 - - - - 1.09+1.94 false dwarf

Notes: The table contains the event name, its equatorial coordinates (RA, dec), proper motion in Right Ascension ura and declination 4. from
Gaia DR3, and their correlation corr(ura, [dec), as well as the renormalized unit weight error (RUWE; if available), and angular stellar radius 6.
found for the event solution. Column "Flag" marks if the event’s colour is within the applicable range for the relation form Adams et al. (2018).
Column "Type" marks the assumed source star type for further analysis.

Table A.4. Parameters of all the best-fitting solutions of the 35 analysed events. The description of the columns is at the end of the table. A full,
machine-readable version of this table is available at the CDS.

GaiaDR3- 10,par fo uo Ig TEN TEE Ye JoG X
ULENS-
003-GO - 7297.877010  0.057001  60.60*3¢ - - 14.16%091  0.18*10  263.76
. +8:3l +8Z8l +12.48 _ +0.34 +0.07 +8181 +8:17
003-Gl+  7297.00 7298.59%p31  0.04%(0  63.191248 0574034 0197097 14.16*00]  0.23717 25564

363-G-  7797.00 7798.281196  —0.29%006  g4.11+1466 027004 0211005 20.95%002  —(.18*027  6524.48

Notes: The table contains parameters for two types of microlensing point source-point lens models: with and without parallax. The non-parallax
PSPL model parameters are: #, as the time of the peak of brightness, u, corresponding separation of the lens and source at fy, fz as Einstein
timescale of the event, /o as the brightness in baseline in the G-band, f,, as a fraction of the total flux at baseline belonging to the blend in
the G-band. The parallax model adds two additional parameters: mgy and 7gg, which are north and east components of the microlensing parallax
vector. Then, g, is a non-fitted parameter, which defines the coordinate system for parallax measurement. Both #y and #,p, are in HID* = HID -
2450000. B is a string of letters denoting which type of Gaia data was used: "G" for events where we used the Gaia DR3 photometry and "GSA"
for events where we opted for a Gaia Science Alerts light curve. Finally, C is a sign of the u, of the solution ("+" for positive and "-" for negative).
If there was more than one solution with the same u, sign, we numbered them starting from 1.
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Table A.5. Lens mass and distance estimates of the 14 candidate dark lens microlensing events. Descriptions of the columns are at the end of the
table. A machine-readable version of this table is available at the CDS.

GaiaDR3- MF M;, Dy Gums Ghlend Ok Omax UL U Prob
ULENS [M] [kpc] [mag] [mag] [mas] [mas] [mas yr~'] [kms™] [%]
025-G1- K2001 037703 0.48%03) 18.94’:2:‘6‘? 2026470 21770 0.77“:('):‘3‘2 12.19439% 27.55*324¢ 68.68
025-G1-  M2021 091 jg:jf 0.24f8:(')§ 12.56“:3:;’8 20.26j‘1‘1‘7‘ 5. 163;‘3‘3 1 .83’:%:8? 20.94’:%1‘3‘% 24.09j;§;7 95.27
025-G1- ~M! 0.53f8:§8 O.37fg:?g 16.77f‘5‘:§? 20.26fj‘:71‘7‘ 3.09f?:;} 1.0931}‘3 14.78ﬁ:;} 25.59ffjig 79.61
025-G2- K2001 0.58%037 1 ‘O4f8:23 19.1 3f2:‘7‘§ 25.00fg:g§ 1.847078 0.65%)% 270778 13.26%573 91.84
025-G2-  M2021 1.42’:(1):2‘6‘ 0.47+054 11.97’:‘3‘123 25 .OOj(z):gg 4427356 1.56’:3% 3.87+386 8.62+507 99.03
025-G2- ~M! 1-41:1):22 0.47“:8:‘2‘3 12.01’:;:22 25.003:82 4.393;33 1.55%25 3.8 138? 8.53“:5228 99.06
035-G+ K2001 O.Sngigg 0.81f8% 18.583;82 25.00f8:88 1.72:1):% O.61f(‘):§‘5‘ 15.162‘):3}1 58.35f%§:§§ 99.18
035-G+ M2021  0.95%032  0.5970%  14.43%3°8  25.007090  2.94+1053 ] .04:'):22 22.84715¢ 63.96ff;‘:§8 99.98
035-G+ ~MT 073708 0.69%038 1634733 25.000000  2.28*13%  0.817)%  18.687 3 61.19*291 99.64

035-G- K2001 0.54’:8% 0.82f8:§§ 18.73“:%:;; 25.00j8:88 1.68:1):;? 0.59“:('):82 15.21%417 59.46jf3§8 99.15
035-G- M2021 0.93f8;§i 0.60f8ﬁg 14.613;?‘]‘ 25.00f8:88 2.883:82 1.02;‘5); 22.9518; 65.3 lff‘s‘:gg 99.98
035-G- ~ M 0.72f8:‘3‘§ 0.70f8ﬁ§ 16.55f§:2§ 25.00f8;88 2.22f{:3(1) 0.79:‘):‘25 18.70f}:(3ﬁ 62.48f%§:§; 99.62
069-G+ K2001 343720 1.55%020 12457180 19.49*012  1.73%)9) 0.61“:8:3(7,) 9.41*92 68.99j}§j‘2 99.24
069-G+ M2021 4.71’:%%1 1.42f8:§g 1 1.453;;‘3 19.49j8:}f 2.36:1):%2 0.84“:(')%2 1 1.57’:&;5 78.07jf$:§g 99.97
069-G+ ~ M 4.55ff:2§ 1.44f8§g 1 1.56:'):‘9‘? 19.49f8;ﬁ 2.283‘):{22 0.81:'):2% 1 1.29:'):5152 76.88ﬁ;:;§ 99.93
069-G- K2001 2.66%%  1.43702% 12.85%22 20.1 0f8:}§ 1 .80:1):;2 0.647 % 9397013 63.5912:;3 98.73
069-G- M2021 3757297 1.29*92  11.69*1%  20. lOf&{ﬁ 2.53“_’5:3% 0.90’:5:;‘2 11.90* 4 72.59f%g§8 99.95
069-G- ~ M1 3.62jf:23 1.30“:8:%2 11.824149  20. legjz 2.453‘):32 0.87:'):22 1 1.59’:('):‘;2 71.52jf§:‘1“5‘ 99.86
073-G+ K2001 6.473:% 2. 14j8§g 1 1.66f8;§}‘ 19.9Off:(1)(2) Z.Olfg:gz O.71f8:?£ 13.1 lfgjg 132.693338 99.99
073-G+ M2021 8.043:22 2.03f8:‘3‘3 11 .43j8:§; 19.9073-19 2.29j8:2§ 0.81 j('):ég 1 3.93f8:2§ 1 33.953&2 100.00
073-G+ ~M' 7.807378 204703 1 1.46’:81_22 19.89+311 2.23f8:§i 0.79’:5:22 13.79’:812‘5‘ 133.53’:‘2‘%2% 100.00
073-G- K2001 6.61’:%:5{ Z.SOfgﬁ 12.03“:8:‘5? 25.00j2:gg 2.21fg:gi 0.78“:('):(5)& 12.25“:8:22 145.04’:%8:;; 100.00
073-G- M2021 7.55ff:‘9‘§ 2.46f83§ 11.94f8;§’§ 25.00f2:2(7) 2.42f8:22 O.86f(1):22 12.86f8;§; 149.85%%% 100.00
073-G- ~ M 7.43f%:32 2.46f8f§ 11 .95f8§§ 25.00f2:gg 2.39f8:g§ 0.84:‘):22 12.79f8:§2 149.1 8:%;2(1) 100.00
088-G-  K2001 42579 1.73%02% 12,5673 18.95%01% 209707 0.74795 1057793 86.50719%  99.79
088-G- M2021 5.32’:%:32 1.64f8:§2 12.02“:(')1% 18.95j8:}(2) 2.52:]):(7’; 0.89“:(')%; 1 1.60’:('):% 90.423('):?1‘ 99.99
088-G- ~ M 5.22ff:(2)g 1.65f8:§g 12.06:'):;? 18.95f8;}5 2.49:‘):% 0.88:')%‘1‘ 1 1.503;% 89.9836;3@ 99.98
089-G+ K2001 0.34f8ﬁg 573073 26.807)8) 20.32:1):;2 0.41 jgﬁg 0.15%0%2  10.05%527  272.71+428 17.64
089-G+ M2021 1.66’:}:‘1)2 1.08%338 14.14’:;’1'24 20.32:1):;2 291728 1.034)% 19.21’:5:;2 97.97“_’22?5"9‘2 80.87
089-G+ ~M1 050757 5.32f2:§2 25.22’:%;84 20.32:1):;2 0.55“:3:‘2‘1 0.20’:('):‘1‘? 10.88’:8;‘2‘; 274.40’:;;3:‘6‘2 44.15
089-G- K2001 O.61f8ﬁ§ 2. 17f8:§§ 21 .923;23 20. 1731):;2 1.27f8:‘2‘3 O.45f8:§(5’ 13.53f8;‘3‘§ 139.263“7’3“7) 33.29
089-G- M2021  0.81%039 1 .98f8:§g 19.83’:%‘2 20.1 7f(1):;2 1 .55“_’8:23 0.55%078  15.02*06 14131 jggg 66.51
089-G- ~M1 070703 2.101’8:23 20.98+33) 20.17:1):;2 138703 0.49708 14.15’:8:22 140.57’:3?:3? 48.45
097-G+ K2001 0.60’:8:22 3.3411):2‘5‘ 23.02’:%:;‘? 18.81:}3? 0.94f8:;§ 0.33“:8:‘2‘1 0.82j8:;‘} 13.06j§%g° 16.68
097-G+ M2021 1.60:1):38 3.89f%;?2 18.073:%2 18.81:3):3(5) 1.32f8:§2 O.47f8:§’3 0.50f8§§ 9.18f$f§;“ 51.28
097-G+ ~M' 1, 14%:2; 3.66%1 % 19.493‘:‘2‘% 18.81 fg:gg 1 .19f8:§§ 0.42’:8:;3 O.43f8;§8 7.40fé_29“1‘6 37.91
097-G- K2001  0.69%)13 4.80“:%:‘7’8 22,6373 18774308 0‘821’8:32 029701 3.1570%8 71.68j‘3‘é:8‘3‘ 19.23
097-G- M2021 2.51’:%:;? 5.5 lf}:{';g 16.91ﬁ:g§ 18.77:3):22 1.28fg:‘3‘g 0.45“:8:2; 3.13’:8;2? 81 .653222 65.50
097-G- ~M! 1.93ff:§? 5. 14f}:2‘g 17.85f‘1‘:§§ 18.77:3):22 1.20f8j§ O.42f8§2 2.38f8jg 58.0433;22 52.86
118-G+ K2001  0.22%033 0497047 20.19%5  20.24*175 171 jé:gg 0.60%%  9.367]% 21 .63’:%;22 57.95
118-G+ M2021  0.58%037  0.24*08 15.09’:2:;3 2023477 41448 1477212 19.60%) 58 22.48;1;_86“7’8 90.83
118-G+ ~ M1 0.28j8ﬁ% 0.42“:8:‘2‘8 19.1 Sfj:gi 20.23j‘1‘:g 2.09“_’%:%‘3‘ 0.74’:&;8 1 1.06’:%;? 21.8 ljfgjgg 64.76
118-G- K2001 0.21f8ﬁ§ 0.46f8:‘2‘§ 20.21jﬁ§§ 19.9Off:(1)2 1.72fé;g§ O.61f(‘)§3 8.88f{:gg 19.54fﬁ:§? 55.45
118-G- M2021  0.57%53¢ 0.22j8:(')g 14.91 ’jg? 19.90ff:(1)2 4.373:8(3’ 1 .55:2):%; 19.403;82 20'0431&34 90.67
118-G- ~ M 0.27’:8;?(‘5 0.39%048 19.12’:};2 19.90j?:(1)2 2132371 07573  10.647338 19.66*2744 62.89
142-G1+  K2001 0.87j8:§§ 6.08f8:g§ 23.70’:%8 22.993:% 0.59f8:§? 0.21“:8:?2 7.63f8;§2 219.7333:‘7‘2 50.13
+0.52 +0.66 217 +2.05 +0.26 +037 +0.29 +33.53
201 a0 1088 sedl 2rdl nedtl ondd oastd 7] momdd essl
-039 -0.56 -1.90 -322 -023 -0.17 -0.26 -28.43
142-G2+  K2001 1.87ff:§§ 1.32f3:gi 15.94ffs'§l 18.77f8ﬁ2 3.043;22 1.083;‘1‘3 13. 153;;2 82.03f22§37 62.57
142-G2+  M2021 4.473:%; 0.7Of8:‘2‘§ 11.1 lfi% 1 8.77f8f2 6.843;52 2.42ﬁ:§$ 22.633;32 7527323& 97.77
142-G2+ ~M' 41 83:(3); 0.74j3:§2 1 1.42ﬁ:gg 18.77f8f3 6.44+349 2.28f?:‘2‘§ 21.61 j‘g‘g 75.39’:%;2 94.62
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Table A.5. Continued.

GaiaDR3-  MF M, Dy Gus Grrend O Smax L e Prob
ULENS [M,] [kpc] [mag] [mag] [mas] [mas] [masyr '] [kms™'] [%]
142.G2- K2001 0.83%0% 607707 239529 2500100 (058925 0210030 7.14102%  20568°316 4418
142-G2- M2021  LIST04 5787067 21957216 25007000 (077023 027:03 76503 20968212 6800
142G2-  ~ M7 10500 58707 2243750 25007000 0719027 025703 7487030 208167 5096
155G+ K2001 1.58°01 240708 1501720 1989701 [ 47°0317 (527070 771703 774251 957]
155G+ M2021  2.00%0% 233041 475:188 19801 | 69+03 060070 829%038 9] 5g+% 9940
155G+ ~ M1 1920088 2351041 14951181 19g9r01s | 6510% (5gi0T g 16100 984N 9878
270-G+ K200 0167010 633709 310220 2500700 026705 009701  42470%  1272975% 296
270-G+  M2021 07715 168%35 20,6392 2500100 1.59+247 056+ 14 10,5923 84.20*2860 5601
270-G+  ~ M7 0178 617:0% 3064227 2500709 028*019 0107017 432°057 1264110190 1021
270-G- K2001 0167010 634709 3093711 2500709 0267012 009701 36070% 11097728 036
270-G- M2021 024701 5887087 29407180 25007000 0367016 0137019 40370% 112327223 690
270-G- ~ M7 01700 630°0% 3070238 25001000 028%012 (1001 3741055 11168¢20 081
343-G+ K2001 246713 429723 1629721 2500700 166790 (059709 - - 9538
343-G+  M2021 355710 3557128 1504vlel 25007000 2311097 (gorlis - - 99.89
343-G+ ~ M7 344712 3617130 1514717 25007000 2251097 ( gorlld - - 99.52
343G K2001 2507131 411723 161879 25007000 174709 06170% - - 95.73
343-G- M2021  3.53t16 3447120 14097137 25007000  236+0%  (g4*lL - - 99.89
33-G- ~ M 344713 348713 15077170 25007000 2311097 (.g2rlls - - 99.53
353-G+  K2001 47079 081015 9807191 250070% 3937232 |397238 - N 100.00
353-G+  M2021  6.68% 073016 9207104 25001000  538:240 | gpr27s - - 100.00
353G+ ~ M7l 547030 078'007 9490139 25001000 4491251 | 504249 - - 100.00
353-G- K2001 3.852% 0847017 103372 2500700 33872% 120720 - - 100.00
353-G- M2021 59472 075010 933t13T 25007000  4.88%261 737207 - - 100.00
353-G- ~M 56733 0767010 939714 25007000 470726 1667202 - - 100.00
363-G+  K2001 053704 208709 22877310 2500700 1247081 (044707 - - 7177
363-G+  M2021 106707 1439070 1758748 25007000 220113 783 - - 96.05
363-G+  ~ M7 077070 1725088 90047457 2500400 1697137 0,609 - - 84.63
363-G- K2001 043708 192713 23577006 25007000 1127016 040705 - - 60.98
363-G- M2021 L1708 09007 1553738 2500700 300723 1.067% - - 95.86
363-G- ~MT 072702 134712 197178 25007000 ] 84r24l (6510 - - 79.07

Notes: The table contains parameters for two types of microlensing point source-point lens models: with and without parallax. The non-parallax
PSPL model parameters are: 7, as the time of the peak of brightness, uy corresponding separation of the lens and source at #;, #¢ as Einstein
timescale of the event, Iy as the brightness in baseline in the G-band, f,; as a fraction of the total flux at baseline belonging to the blend in
the G-band. The parallax model adds two additional parameters: mgy and mgg, Which are north and east components of the microlensing parallax
vector. Then, fyp, is a non-fitted parameter, which defines the coordinate system for parallax measurement. Both # and f p, are in HID* = HID -
2450000. B is a string of letters denoting which type of Gaia data was used: "G" for events where we used the Gaia DR3 photometry and "GSA"
for events where we opted for a Gaia Science Alerts light curve. Finally, C is a sign of the u, of the solution ("+" for positive and "-" for negative).

If there was more than one solution with the same 1, sign, we numbered them starting from 1.
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Table A.6. Lens mass and distance estimates of the five candidate dark lens microlensing events, that didn’t pass the g criterion, but were chosen
to be analysed further. Descriptions of the columns are at the end of the table. A machine-readable version of this table is available at the CDS.

GaiaDR3- MF My, Dy, Gus Ghjend Og Omax HL Uy Prob
ULENS [M,] [kpc] [mag] [mag] [mas] [mas] [mas yr™'] [kms™'] [%]
103-G+  K2001 09397 4647171 2034135 2500709 084703  030°042 250703 553626 8363
103G+ M2021 1917480 481713 160328 2500100 100703 036708 16798 3807119%  97.56
103-G+  ~M" 15823 4791131 1787309 2500100 098703 0357047 181703 41037195 9448
103-G- K2001 091707 4637116 2045735 2500700 084705 030702 25508 55017261 8312
103-G- M2021 197380 477713 16797298 25007000 102703 036704 156703 3526758 9750
103:-G- ~M7 LR 47671 17777928 2500709 099103 035104 181703 40.90719% 9443
155-G1-  K2001 082703 0037007 1657721 20,0208 220751 08113 13577150 59677010 7847
155-G1- M2021 126704 070793 13397300 20021016 348+108 jo3elel 971+l 6519102 g74)
155-G1- ~ M1 L1300 075:03 140t 20020006 312412 11071% 1780710 6365470 9121
155-G2-  K2001  14070% 24570 16447220 198801 146703 0527070  7.69°051 8927725 0229
155-G2- M2021 1797081 238:031  |535+176  1ggge0ll 168703 (60107 824103 930072670 9878
155-G2-  ~ M1 1737080 239:031  [55pLST g ggH0ll ] 650 (58078 g 131039 g (42036 9754

212-GSA+  K2001 092708 8237020 2343735 2500700 041702 0.1502 77102 300,67 5% 7606

212-GSA+  M2021 231221 7007036 17.0434 2500100 069047 024041 799031 296 55+020  gg (7

212-GSA+  ~M7 180722 809793 192437 2500700 060704 0217039 70403 304.49%33 9312

212-GSA- K200  L.12°0% 8257020 213473 250000 04679020 016707  7.89°0% 308677105 8496

212-GSA- M2021  1.94°1% 806045 18.68:281 2500700 064704 0231040 801403 3058243709 9g7)

212-GSA-  ~ M1 1751180 814703 9462 25007000 050046 021703 g18:030 315647230 9584

250-GSA+ K2001 150728 252715 165877 2020708 123702 043708 366701 4363705 7525

259-GSA+  M2021 541772 163138 119650 20201042 27427 097:1%5 5574280 49915407 98 59

250-GSA+ ~ M- 46163 174113 2358350 90 19f082 4726 (@S0 5326 4 314RT 9637

250-GSA-  K2001  1.05707 237710 180573 20437000 114720 040708 40072 450008 6645

250-GSA-  M2021  42679% 1577120 12237 20437000 261726 092718 60678 451538 97.76

259-GSA-  ~ M7 35255 169412 127674 20437061 2339245 (g)rl  560:247 448775348 9348
331G+ K2001 28970 6A9 1820707 2500000 10500 037703 092710 284470% 0603
BI-G+  M2021 1401752 7367118 1743018 2500100 147:0% 0527070 180710 62657520 9996
3BI-G+  ~ M1 1084203 71818 7450047 95001000 | 414057 (50070 ] 0Ll 543844556 9985
3B1-G- K200l 31972 6627110 1800726 25.0000% 106704 03803 008710  30657%2 9738
3BI-G- M2021 147283514 7450111 17430008 2500100 146105 052070 1837L0 64757990 9997
BIG- ~M 1I91IEES 7367101 1745103 2500100 143705 051070 178710 6204+ 99 89

Notes: The columns are event name, mass function MF used as a prior for lens mass, the mass of the lens, M, in solar masses, distance to the lens,
Dy, in kpc, the brightness of an MS star with the M} mass at a distance, Dy, and the brightness of the blend Gyjenq Obtained from the microlensing
model, Einstein radius, g, maximal astrometric displacement, d,,,x, proper motion of the lens, yy , transverse velocity, v, and probability for a dark
lens. In the MF column, K2001 refers to Kroupa (2001), and M2021 to Mr6z et al. (2021).
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