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ABSTRACT
Context. The timescale of a microlensing event scales as a square root of a lens mass. Therefore, long-lasting events are important

candidates for massive lenses, including black holes.
Aims. Here, we present the analysis of the Gaia18cbf microlensing event reported by the Gaia Science Alerts system. It exhibited a
long timescale and features that are common for the annual microlensing parallax effect. We deduce the parameters of the lens based
on the derived best fitting model.
Methods. We used photometric data collected by the Gaia satellite as well as the follow-up data gathered by the ground-based
observatories. We investigated the range of microlensing models and used them to derive the most probable mass and distance to
the lens using a Galactic model as a prior. Using a known mass-brightness relation, we determined how likely it is that the lens is a
main-sequence (MS) star.
Results. This event is one of the longest ever detected, with the Einstein timescale of tE = 491.41+128.31
−84.94 days for the best solution
and tE = 453.74+178.69
days
for
the
second
best.
Assuming
Galaxy
priors,
this
translates
to
the
most
probable lens masses of ML =
−105.74
+3.78
2.65+5.09
−1.48 M and ML = 1.71−1.06 M , respectively. The limits on the blended light suggest that this event was most likely not caused by
a MS star, but rather by a dark remnant of stellar evolution.
Key words. Gravitational lensing: micro – Techniques: photometric – white dwarfs – Stars: neutron – Stars: black holes –

1. Introduction
The first person to realise the possibility of gravitational microlensing was R. W. Mandl, who then inspired Einstein to make
calculations that proved a technical possibility of such effect.
?

Tables A.1 and A.2 are only available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.

Einstein himself, however, dismissed it as impossible to observe
due to the rareness of such events and the limitations of the instruments present at that time (Einstein 1936). During the 1960s,
much of theoretical groundwork was done (Liebes 1964; Refsdal
1964), but this phenomenon was not pursued as it is today until
the idea was re-introduced towards the end of 1980 by Bohdan
Paczyński as a way to reveal the nature of dark matter (PaczynArticle number, page 1 of 12
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ski 1986). This has launched many successful surveys including MACHO (Alcock et al. 1992; Bennett et al. 1993), OGLE
(Udalski et al. 1992), EROS (Aubourg et al. 1993), and MOA
(Abe et al. 1997) and led to a detection of many microlensing
events. Some of the events revealed planets around microlensing
stars, which was predicted by Mao & Paczynski (1991). In order
to obtain better light curves for observed events, follow-up with
other telescopes was frequently used, including telescope networks such as µFUN (Gould et al. 2010) or Las Cumbres Observatory network of robotic telescopes (Tsapras et al. 2009). Recently, a new era of microlensing surveys started with the launch
of KMTNet, which provides near 24 hour monitoring of selected
fields towards the Galactic bulge with cadences from 15 minutes
up to 5 hours (Kim et al. 2016).
Despite astonishing improvements in the way data are acquired, it is often hard to measure physical parameters of microlensing system, because it is difficult to uniquely determine
the mass and distance to the lens based only on the event
timescale. Information about the mass of the lens is encoded in
a parameter called the Einstein radius, which is defined as
s
s
ML
10 kpc DS
θE = 0.9mas
,
(1)
M
DL (DS − DL )
where ML is the mass of the lens, DS is the distance to the source,
and DL is the distance to the lens (Paczynski 1996).
Deriving the absolute mass of the lens is, however, almost
impossible without second-order effects or additional data. One
such effect is the finite-source effect, which has to be included
when the source is crossing over the lens or caustic or in other
cases, when the gradient of lensing magnification over the source
surface plays a significant role. One example where this occurs
is well-sampled high magnification events or caustic-crossing
events (Witt & Mao 1994).
Another method that can be used to obtain additional information about the lens system is parallax, which can be broken
into three sub-groups: annual, terrestrial, and space. Annual parallax occurs when the event is long enough for Earth’s movement
around the Sun to change the position of the observer and produces a distinct asymmetry in the observed light curve (Gould
1992; Alcock et al. 1995). Such an effect, combined with a large
timescale tE can be used to constrain the mass of the lens and to
find microlensing dark remnant candidates (Bennett et al. 2002;
Poindexter et al. 2005; Wyrzykowski et al. 2016; Wyrzykowski
& Mandel 2020; Lam et al. 2020; Karolinski & Zhu 2020;
Abrams & Takada 2020; Mróz & Wyrzykowski 2021). The
longest ever detected microlensing event had a timescale of
640+68
−54 days (Mao et al. 2002), and only a few known events have
timescales around 400 days (Wyrzykowski et al. 2015; Mróz
et al. 2020). A terrestrial parallax occurs when a microlensing
event is observed from two separate observatories on Earth. If
the separation between the sites is large enough and the event is
observed at high cadence, it is possible to see that the time of
the peak and impact parameter differs between sites (Hardy &
Walker 1995; Holz & Wald 1996; Gould et al. 2009). The space
parallax is similar to the terrestrial one, but one of the observatories is located in space (Refsdal 1966). If the separation is as
large as 1 au, it is possible to observe significant differences in
the impact parameter u0 and the time of peak t0 even for standard
events. Such observations have been provided for many events
observed simultaneously by OGLE and Spitzer Space Telescope,
most notably Dong et al. (2007). If the event is binary and both
observatories manage to catch a caustic crossing, the separation
may be smaller: as low as 0.01 au (Wyrzykowski et al. 2020). If
Article number, page 2 of 12

it is possible to measure θE and πE , for example through finitesource effect and a parallax effect, one can directly measure the
mass of the lens using the following relation (An et al. 2002;
Gould 2004; Rybicki et al. 2022):
M=

θE
,
κπE

(2)

mas
where κ = c4G
(Gould 2000).
2 au ≈ 8.144 M
A different approach to obtaining the mass of the lens is to
measure the flux of the lens FL (Koshimoto et al. 2017, 2020).
This can be done with high angular resolution imaging using
adaptive optics or the Hubble Space Telescope and requires
knowledge of the mass-luminosity relation for the pass-band in
which the event is observed. Such relations are known for the
stars in the Galactic bulge, but not necessarily for the Galactic
disc.
Yet another way of obtaining additional data needed to break
degeneracies of the microlensing model is to observe how the
event affects the astrometric position of the source. When the
source is approaching the Einstein radius, its image gets deformed and splits into two separate images. Because the separation between two images is too small for events occurring in
the Milky Way to be observable by the majority of modern telescopes, we observe a shift of the centroid of light instead. With
enough precision, such effects can be measured, and it provides
data for the direct measurement of the Einstein radius. So far,
only one team has been successful in measuring an astrometric
microlensing effect using the Hubble Space Telescope, and they
revealed a microlensing event caused by a white dwarf (Sahu
et al. 2017). In recent years, using the Very Large Telescope’s
GRAVITY or PIONIER has helped to resolve two deformed images of the microlensed source, which provided an addidional
way to measure θE (Dong et al. 2019; Cassan et al. 2021).
Gaia is a space satellite that was launched on 19 December 2019 from French Guiana by the European Space Agency.
As a successor of the Hipparcos mission, its main purpose is to
measure positions and parallaxes of 1 billion stars residing in
the Milky Way with sub-milliarcsecond precision. It is also going to measure space velocities of observed stars and create a
3D structural map of the Milky Way (Gaia Collaboration et al.
2016). It is equipped with two telescopes sharing a common focal plane. These telescopes have curved (1.45x0.5)m mirrors and
their fields of view are separated by an angle of approximately
106.5◦ . The focal plane consists of 104 CCD matrices, which include two rows of Sky Mapper CCDs responsible for detecting
observable objects, nine rows of astro-photometric fields (AF)
measuring the brightness of a source in a wide G band, two
rows of low-resolution spectro-photometers (BP and RP), and
three rows of high-precision radial velocity spectrograph used
for sources brighter than V = 16 mag (RVS). The spacecraft is
currently residing on a Lissajous orbit around the Lagrangian L2
point of the Earth-Sun system. It is rotating along its axis with a
period of six hours, while the rotational axis is precessing with
a period of 63 days. This allows Gaia to make full scans of the
Milky Way repeatedly during the five years of its nominal mission (Gaia Collaboration et al. 2016). Such a design yields the
following consequences for the observations of a single source.
First of all, each time Gaia passes a field, where an interesting
object resides, we obtain two scans separated by a few hours.
Secondly, instead of taking an image of the field, a source passing through a single row of CCDs is detected by the Sky Mappers, and then nine measurements of brightness are taken by AFs
with a 3 s cadence – this means that the blend flux observed by
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Gaia may be smaller than in the case of a ground-based telescope. Lastly, on average, each source is observed once per 30
days – this means that ground-based follow-up is necessary for
an evenly covered light curve suitable for modelling.
Since Gaia is observing the whole sky, the idea of an alerting system, called Gaia Science Alerts (GSA)1 , was conceived
(Wyrzykowski & Hodgkin 2012; Hodgkin et al. 2013, 2021).
Gaia was expected to deliver not only astrometry with precision
down to 24 microarcseconds, but also to provide a vast sample of
interesting transients (Blagorodnova et al. 2016). Gaia Science
Alerts has been operating since 2014 and has revealed around
18000 transients, of which the majority are supernovae, active
galactic nuclei, cataclysmic variables, and flaring young stellar objects. Microlensing events are also detected, and to date
more than 300 candidates have been identified, with the vast
majority located in the Galactic plane. Because of sparse Gaia
sampling, global follow-up campaigns have been organised and
provide supplementary photometric data, which then help one
to study the events in detail (for example Wyrzykowski et al.
(2020); Rybicki et al. (2022)). The astrometric capabilities of
the Gaia mission are going to be particularly useful for hundreds
of events observed by Gaia, as the sub-milliarcsecond precision
for the measurement of the position of observed source will lead
to the measurement of the Einstein radius, which helps to determine the lens mass with improved precision (Belokurov & Evans
2002; Rybicki et al. 2018).
Here, we present a study of the photometric data of one of
the longest microlensing events detected by the Gaia Science
Alerts system, Gaia18cbf. We present a detailed analysis of this
event and derive a probable range of parameters of the object
that caused it. This paper is organised as follows. In Section 2,
we present when and how the event was discovered and how
photometric data were gathered. Next, we describe microlensing
model we used and how we found best fitting models in Section
3. Section 4 is devoted to discussing the possible location and
nature of the source star, while in Section 5 we discuss the nature of the lens. We discuss the results of the entire analysis in
Section 6, and we provide closing arguments and conclusions in
Section 7.

2. Discovery and follow-up
Gaia18cbf (AT2018etg according to the IAU transient name
server was detected by the Gaia Science Alerts pipeline using
the data collected on August 6 2018 (HJD’ = HJD - 2450000.0
= 8336.62). The event was located at equatorial coordinates
RA= 16:04:38.86, δ=-41:06:17.39 and Galactic coordinates l =
337◦.594, b = 8◦.413. We present a finding chart with the location of this event in Figure 1. Two days later, on August 8, it was
posted on GSA the website2 .
Gaia Data Release 2 (GDR2) (Gaia Collaboration et al.
2018) and Gaia Early Data Release 3 (GEDR3) (Gaia Collaboration et al. 2021; Lindegren et al. 2021) contain an entry for
this source under Gaia Source ID = 5995134605563805056. We
present values of full five-parameter astrometric solutions along
with estimated distances from Bailer-Jones et al. (2018) and
Bailer-Jones et al. (2021) for this object in Table 1.
It is important to note that in GDR2 the parallax is negative, while the proper motions were measured with significant
uncertainties. The precision of proper motions has improved in
GEDR3; however, the parallax value is still negative. Estimated
1
2

http://gsaweb.ast.cam.ac.uk/alerts/
http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia18cbf/

Table 1. Gaia astrometric parameters for the source star in Gaia18cbf.

.

Parameter

GDR2

GEDR3

$ [mas]
µα [mas yr−1 ]
µδ [mas yr−1 ]

−1.11 ± 0.70
−0.68 ± 1.96
−0.76 ± 1.16

−0.36 ± 0.59
−1.83 ± 0.68
−1.82 ± 0.46

Bailer-Jones et al. distances
rest [kpc]
rgeo,est [kpc]
rphotgeo,est [kpc]

4.4+3.2
−2.9
–
–

–
5.4+2.2
−1.9
7.8+2.0
−1.4

Notes. Parallax $ and proper motions µα , µδ come from Gaia Data
Release 2 (Gaia Collaboration et al. 2018) and Gaia Early Data Release 3 (Gaia Collaboration et al. 2021). The distance estimates come
from Bailer-Jones et al. (2018) and Bailer-Jones et al. (2021).

Fig. 1. Location of Gaia18cbf and its neighbourhood during the event.
Chart is a stack of two images obtained with 2 m LCO telescope located
in Siding Springs Observatory in October 2019 and July 2020. White
circle marks the target.

distances are not reliable for negative parallaxes and very faint
sources. In case of microlensing, if the lens is luminous enough,
the parallax measurement may be affected (Jeong et al. 1999).
The lens can dominate over the source’s light, and the observed
parallax and proper motion can be measured for the mean source
and lens motion. This means that parameters presented in GDR2
and GEDR3 should be taken into account only after we have
found a best fitting model for this event and after we have ruled
out the case of a luminous lens.
2.1. Gaia photometry

Gaia’s photometric measurement is based on the mean of brightness from nine AFs and it is gathered in a wide G-band (Jordi
et al. 2010). On average, Gaia observes a source once every 30
days. This event was discovered before the time of peak brightness. However, due to its unusual shape and low luminosity, it
was first dismissed as a non-microlensing event. Only after the
new Gaia data points collected in February 2019, from around
the peak in brightness, did the event become a candidate microlensing event. As of October 15 2021, Gaia has collected 76
measurements for Gaia18cbf and the event has almost returned
to its baseline. Gaia Science Alerts do not provide errors for published events, but the nominal error should vary from 0.02 mag
Article number, page 3 of 12
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Table 2. Summary of photometric data gathered for Gaia18cbf.

Facility

Filter

Data points

Gaia

G
V
i0
r0

76
5
34
2

Las Cumbres SSO

which leads to the expression for the magnification of the source
star as follows:
A(t) =

u(t)2 + 2
.
p
u(t) u(t)2 + 4

(5)

Finally, the relation for observed flux as a function of time is:
F(t) = Fs A(t) + Fb ,

for G = 17.7 mag at peak to 0.1 mag for G = 20.3 mag at baseline (Gaia Collaboration et al. 2018).
We applied the following formula to provide estimates of error bars for Gaia measurements, since the light curve published
by GSA provides none:


0.20 · 13.5 mag − 5.20 mag, G ≤ 13.5 mag




log10 (err(G)) = 
0.20
· G − 5.20 mag, 13.5 mag < G < 17.0 mag



0.26 · G − 6.26 mag, G ≥ 17.0 mag.

(6)

where Fs is the unmagnified flux of the source and Fb is the
blend flux. The blend flux could be the light coming from the
lensing star or, in dense fields, from nearby stars blended in the
source image. If we consider binary lens or binary source models, the blend can also come from the lens’ or the source’s companion. Blending can also be a combination of the aforementioned factors.
In this paper, we use different flux parameters: G0 , i0 , fS,G
and fS,i . The G0 is the brightness in baseline in G filter, which is
derived from Fs and Fb from equation 6 using following relation:

We present the Gaia data used for modelling in Table A.1.
G0 = −2.5log10 (Fs,G + Fb,G ) + Zero PointG .

2.2. Photometric follow-up

We require consistent follow-up in order to obtain proper values for a best fitting microlensing model, especially blending
parameters. This means that the event should be observed not
only at the time of peak brightness, but also during the baseline
by the same telescope. Due to the target faintness and location,
we chose to use the Las Cumbres Observatory Global Network
(LCO) of robotic telescopes (Brown et al. 2013).
The follow-up observation started after the peak using the 2metre LCO telescope located at Siding Spring Observatory, Australia (31◦ 160 23.8800 S, 149◦ 40 15.600 E, LCO SSO). The number of data points is presented in Table 2. Follow-up data were
uploaded and calibrated using the Black Hole Target Observation Manager (BHTOM)3 tool for coordinated observations and
processing of photometric time series. BHTOM uses Cambridge
Photometric Calibration Server (Zieliński et al. 2019, 2020) and
CCDPhot (Mikołajczyk et al., in prep.) as its main processing
pipelines. In order to model this event, we chose to use the observations made in the i band only. This is because there are
significantly more points in the i band compared to the V and G
bands. The i-band data are presented in Table A.2.

3. Microlensing model
The standard Paczyński light curve model (Paczynski 1986),
which assumes a point source and a point lens, requires three
parameters: the time of the peak of brightness t0 , impact parameter β, which is the lens-source separation (scaled to θE ) at t0 ,
and the timescale of an event, called Einstein time tE , defined as:
tE =

θE
,
µLS

u(t) = (τ + β )
2

3

Similarly, i0 is the brightness in the baseline in the i filter, calculated as G0 . The fS,G is the blending parameter in G filter, which
is related to Fs and Fb by the following relation:
fS,G =

2 1/2

t − t0
; τ(t) =
,
tE

https://bh-tom.astrolabs.pl/
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(4)

Fs,G
.
Fs,G + Fb,G

(8)

and fS,i is the blending parameter in the i filter.
3.1. Annual parallax

The light curve presented in Figure 2 reveals that the event lasted
for over four years. This means that in modelling this event we
have to include the annual parallax effect to take into account
Earth’s movement around the Sun.
First we have to introduce the parallax vector πE (Gould
2000), which has the same direction as the relative proper motion of the lens and source µLS and its magnitude is the relative
parallax of the lens and source scaled by the Einstein radius:
πLS −
µ−→
LS
−
π→E =
,
θE µLS

(9)

where πLS = au( D1L − D1S ) (Gould 2004). We adopt a geocentric coordinate system and follow equations introduced in Gould
(2004). We have to add new terms to the microlensing model
to take into account that during the year the observer located
on Earth changes their position. These terms will correspond to
changes of the source–lens projected separation and magnification. Relation 4 will then change to

(3)

where µLS is the relative proper motion of source and lens, which
is typically unknown. Then, the time-varying projected lenssource separation, scaled to θE is expressed as:

(7)

τ(t) =

t − t0
+ δt, β(t) = u0 + δβ,
tE

(10)

where
−
→
−
→ → −
→
(δτ, δβ) = πE ∆s = (−
π→E · ∆s, −
πE × ∆s)

(11)

is the displacement vector due to parallax and ∆s is the positional
offset of the Sun in the geocentric frame (Gould 2004).

G [mag]
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Fig. 2. Light curve and best fitting models for Gaia18cbf with follow-up. Maroon dots represent data gathered by Gaia, while yellow dots mark
data observed by Las Cumbres Observatory in Siding Spring Observatory (LCO SSO) in the i band. Continuous lines represent different solutions
for a point source-point lens model with parallax effect. Best fitting models for GF+, GF- and GL solutions are shown in red, blue, and green,
respectively. In lighter colours, we show other solutions that we obtained through a Markov Chain Monte Carlo method. The dashed line represents
the point source–point lens model without including a parallax effect, called ’GF0’. On the bottom panel, we show the difference between the GF0
model and other models. The data shown in maroon and yellow dots represent the result of subtraction of the magnitude predicted by the GF0
model and the observed magnitude. We use the same colour representation for the GF+, GF-, and GL solutions, as in the top panel.

3.2. Modelling and results

We used a Markov chain Monte Carlo (MCMC) method to explore the parameter space of the model described above. We
used the emcee package (Foreman-Mackey et al. 2013) for the
MCMC method and the MulensModel package (Poleski & Yee
2019) to generate microlensing models including an annual parallax effect. We note that MulensModel returns flux parameters in form of Fs and Fb , as in Equation 6. We then calculated
fS,G and fS,i using Relations 7 and 8. We assumed ZeroPointG
and ZeroPointi as 22 mag following the MulensModel package
parametrisation.
We modelled the event using two sets of photometric data:
Gaia data only and Gaia and i-band follow-up data from LCO
SSO. We first performed a preliminary exploration of the parameter space to discover possible solutions. After visually inspecting the resulting solutions, we found three classes of so-

lutions for Gaia-only data: one with an unusually long Einstein
timescale tE (dubbed GL), and two with shorter tE but symmetrical in relation to the impact parameter u0 , (dubbed GS+ and
GS-). For comparison, we also computed a model without including a parallax effect, called ’G0’. We present parameters of
best fitting models in Table 3.
When we added the follow-up data to the Gaia data, we
noticed that the GL solution disappeared, but two symmetrical, with the regard to impact parameter, u0 solutions remained,
called GF+ and GF-. We also added a model without including
the parallax effect for comparison, called GF0. We present parameters of the best fitting models for this case in Table 4. The
chi-squared contour plots in function of fitted parameters of the
best solution, GF+, are presented in Figure 3.
The GL solution also has the highest χ2 value. The lowest
χ value is found for a solution with u0 > 0 for both datasets
2
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used. When we use both Gaia and i-band follow-up data, the solution with u0 > 0 (GF+) also has the highest value of blending
parameter fs = Fs /(Fs + Fb ), implying that the observed flux is
dominated by the flux from the source and the blended flux is
negligible. This strongly supports the hypothesis that a dark object caused the Gaia18cbf microlensing event. Other solutions,
however, have blending parameter values varying between 0.6
and 0.8, which would suggest that the lens is a dim star rather
than a dark remnant of stellar evolution. We present the Gaia and
follow-up data along with the best fitting light curves in Figure
2.

4. Source star
To determine the physical properties of the lensing event, a distance estimation for the source star is essential. The most obvious place to find the distance of a star, in particular in case
of an event discovered by Gaia, are the Gaia data releases. In
this case we could not, however, use distances from GDR2 or
GEDR3, because the parallax $ is negative and thus unreliable.
Instead, we used archival photometric data and applied a spectrophotometric method to obtain the distance of the source star. This
method assumes that the star is single and non-variable. We also
assumed that the extinction is proportional to the colour excess.
Additionally, we assumed that the light observed at all stages of
the microlensing event is emitted by a single object, the background (source) star. The microlensing model can provide information on the amount of blended light (from lens or unrelated
stars within the seeing disc), and, as shown in Section 3, different models indicate different values of blending. However, only
in extreme cases can the blend dominate over the source; hence,
in this study of the source we assumed the light at the baseline is
dominated by the source star. In our case, the blending parameter
f s does not fall below 0.6, so we can assume that the majority of
the light during the event comes from the source.
In this work, we used the VISTA Hemisphere Survey (VHS)
catalogue DR4.1 (McMahon et al. 2013) and the TESS Input
Catalog–v8.0 (TIC-8) (Stassun et al. 2019). The VISTA catalogue provides J and Ks magnitude values, as well as extinction,
which allowed us to determine that the intrinsic colour of the
source is star equal to (J−K)0 = 0.131 mag. According to Pecaut
& Mamajek (2013) (hereafter PM), this colour most closely corresponds to a F0V-type star with an effective temperature of
T eff = 7220 K and MV = 2.51 mag. For comparison, we empirically determined the intrinsic colours (J − H)0 and (H − K s)0
using the 2MASS system (Straižys & Lazauskaitė 2009), which
provided us a F0V star value equal to (J − K)0 = 0.135 mag.
Using the V magnitude from the TESS catalogue, we computed
V0 taking into account the reddening E(B − V) = 0.482 mag.
We adopted the coefficient RV = 3.15, which corresponds to the
normal extinction law equal to AV = 1.534 mag. This gave us
V0 = 18.955 mag and (V − K s )0 = 0.785 mag. These values are
colour indices in the middle of F0V and F1V spectral class. In
our case, the uncertainties on magnitudes are eV = 0.062 mag,
e J = 0.081 mag and eKs = 0.279 mag. However, because the
error for K s is larger than the other two, we decided to use the
(V − J)0 colour for comparison. We calculated it using following
relation:
(V − J) = (V − K s ) − (J − K s )

(12)

and PM data. Our obtained colour value of (V − J)0 = 0.654 mag
again corresponds to a mean value between F0V (0.589mag)
and F1V (0.662mag) stars. According to the three obtained
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colour index parameters, we assume that our source star spectral type is either F0V or F1V, which gives us absolute magnitudes of MV = 2.51 mag or MV = 2.79 mag, respectively.
For further distance determination, we used an average value of
MV = 2.65 ± 0.50 mag, including a conservative error due to
unknown metallicity of the star. We determined the distance DS
for the source star using the following relation:
(V0 − MV + 5)
.
(13)
5
We deduced thereby that the distance to the source star is
18.2 kpc.
The errors of the observed magnitudes, colour excesses, and
extinction usually follow a Gaussian distribution, but taking into
account non-linearity of the transformation and asymmetry of
the distance (log10 (DS )), we conclude the distance to the star is
between 14.5 kpc and 23 kpc, which is in contrast with BailerJones et al. (2018) and Bailer-Jones et al. (2021) (1. kpc < DS <
7.6) kpc and 6.4 kpc < DS < 9.8 kpc, respectively). We note that
the exact value of the distance has, in practice, a small effect on
the final models because π s  θE πE . However, it is important to
differentiate between nearby and faraway sources.
The uncertainties in distance estimation using this method
are large. However, due to the dimness of the sources, we could
not obtain a spectrum that would result in a more precise distance
estimation.
We also derived the value of the interstellar extinction in the
G band, AG , towards this source. Since GDR2 does not provide
any measurement of AG for Gaia18cbf, we instead calculated
the average AG of all sources within 1 arcsecond of the source (8
stars in total), finding AG = 1.06 mag. We compared this value
with extinction provided by Schlafly & Finkbeiner (2011) for
SDSS bands: ASDSS,g = 1.810 mag, ASDSS,r = 1.252 mag, and
ASDSS,i = 0.931 mag. Since the Gaia G-filter bandpass is wide
(Jordi et al. 2010; Evans et al. 2018; Riello et al. 2021), spanning
from 300nm to 1000nm, we conclude that the calculated value
of extinction is correct.
log10 (DS ) =

5. Lens light analysis
In order to determine the nature of the lens in this event, we
followed the procedure used in Wyrzykowski et al. (2016) and
Mróz & Wyrzykowski (2021) (hereafter MW). In short, the microlensing parameters in the MCMC samples from the lightcurve modelling were combined with the priors on missing parameters: namely, source distance, source proper motion, and
lens proper motion. Since the blending parameter found in our
main parallax solutions (GF+ and GF-) was above 0.7 in both
cases, we adopted the source proper motions measured by Gaia
EDR3. For the source distance, we did not use the distance provided in Bailer-Jones et al. (2021) as it was derived based on
strongly negative geometric parallax and biased towards closer
distances. Instead, for each iteration of the algorithm, we drew
the source distance from the flat distribution covering the interval obtained through the analysis of archival photometric data
in Sect. 4 as well as the extinction value in the G band derived
there.
Then we drew a random value of lens-source relative proper
motion µLS from a flat distribution of values between 0 and
30 mas year−1 (MW). The combination of πE , tE, and µLS allowed
us, for each MCMC sample, to compute the mass of the lens and,
in combination with the source distance, its distance. This was in
turn used to calculate the lens brightness if the lens was a mainsequence (MS) star. For our mass-luminosity relation, we used
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Table 3. Parameter values of best fitting solutions for Gaia18cbf using only Gaia photometric data.

Parameter

G0

GL

GS+

GS-

t0,par − 245000. [days]
t0 [days]
u0

–
8505.17+2.02
−2.01
0.0131+0.0087
−0.0064

8388.56+21.89
−20.58
−0.0023+0.0211
−0.0205

8529.00
8528.46+4.37
−4.85
0.0828+0.0253
−0.0223

8516.64+4.18
−4.82
−0.0549+0.0164
−0.0189

tE [days]
πEN
πEE
G0 [mag]
fS,G
χ2

2077.74+1975.26
−798.44
–
–
20.44+0.07
−0.07
0.196+0.110
−0.090
117.79
1.66

2347.96+929.41
−583.25
0.0458+0.0218
−0.0226
−0.12801+0.0366
−0.0416
20.34+0.04
−0.03
0.666+0.221
−0.191
36.48
0.53

487.26+135.58
−88.23
−0.1280+0.0305
−0.0324
−0.0519+0.0103
−0.0115
20.33+0.04
−0.03
0.888+0.279
−0.234
27.15
0.39

476.53+191.52
−118.71
−0.1701+0.0518
−0.0623
−0.0332+0.0080
−0.0081
20.34+0.04
−0.03
0.647+0.279
−0.205
31.55
0.46

χ2
do f

Notes. G0 is the point source–point lens model without including a microlensing parallax effect. GL (Gaia-long), GS+ (Gaia-short-positive u0 )
and GS- (Gaia-short-negative u0 ) are the point source–point lens models including a microlensing parallax effect. For G0, we chose the model
with u0 > 0, because the posterior distribution for u0 was symmetrical.
Table 4. Parameter values of best fitting solutions for Gaia18cbf using Gaia and i-band follow-up photometric data.

Parameter

GF0

t0,par − 245000. [days]
t0 − 2450000. [days]
u0

–
8505.34+2.04
−2.00
0.0133+0.0086
−0.0065

tE [days]
πEN
πEE
G0 [mag]
fS,G
i0 [mag]
fS,i
χ2

2058.40+1956.82
−781.12
–
–
20.44+0.07
−0.07
0.198+0.109
−0.090
20.06+0.07
−0.07
0.157+0.084
−0.072
143.98
1.40

χ2
do f

GF+

GF-

8529.00
8524.76+4.33
8513.14+4.68
−3487
−4.57
+0.0231
0.0825−0.0208
−0.0567+0.0162
−0.0169
491.41+128.31
−84.94
−0.1192+0.0273
−0.0285
−0.0442+0.0077
−0.0084
20.34+0.03
−0.03
0.894+0.263
−0.226
20.01+0.06
−0.05
0.996+0.250
−0.219
40.87
0.40

453.74+178.69
−105.74
−0.1697+0.0516
−0.0577
−0.0257+0.0054
−0.0057
20.34+0.04
−0.03
0.717+0.294
−0.233
20.00+0.07
−0.06
0.746+0.253
−0.208
46.69
0.46

Notes. GF0 is the point source–point lens model without including a microlensing parallax effect. GF+ and GF- are the point source–point lens
models with including a microlensing parallax effect. For GF0, we chose the model with u0 > 0, because the posterior distribution for u0 was
symmetrical.

empirical data from PM provided on Eric Mamajek’s webpage
4
. We then compared the luminosity of the lens for a given mass
with the blended light derived for a given MCMC sample. We assumed an extinction value for the source as calculated in Section
4. For the lens, we adopted a more sophisticated approach. We
extracted reddening E(B − V) values in the direction of the event
using online 3D maps of interstellar medium provided by Lallement et al. (2014), Capitanio et al. (2017), and Lallement et al.
(2018)5 . Using this information, we assume that up to 300 pc the
reddening E(B − V) = 0 mag and than it changes according with
a fitted linear function. Based on that, we calculated AG using
relation presented in Wang & Chen (2019); however, we did not
allow the extinction to be larger than AG = 1.06 mag. For all the
pairs ML -DL and corresponding lens light - blend light, we also
4
5

http://www.pas.rochester.edu/˜emamajek
https://stilism.obspm.fr/

computed a weight using set of priors from Skowron et al. (2011)
and MW. These priors require tE and πE calculated in the heliocentric frame. We used formulas from Appendix A of Skowron
et al. (2011) to find the correct values of these parameters. For
the mass function slope, we assumed a power index of −1.75, as
suggested in MW.
The results of the lens-light analysis for GF+ and GF- models are shown in Figures 4 and 5, respectively, with the top panels showing the probability density for mass and distance of the
lens. Table 5 gathers the most likely values for mass and distance
of the lens in both solutions, as well as the value of the blend
+5.09
M
magnitude. For GF+ the most likely mass is ML = 2.65−1.48
+1.94
with the distance of DL = 2.84−1.67 kpc. For GF-, the most
likely mass is ML = 1.71+3.82
−1.06 M with the distance of DL =
2.66+1.97
kpc.
The
more
massive
GF+ solution also has a larger
−1.56
value of the blending parameter f s (hence less light remains for
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Fig. 3. Chi-squared contours plotted as a function of the parameters fitted in the MCMC fit for the best model, GF+. Black, dark grey, and light
grey solid colours represent 1σ, 2σ, and 3σ confidence regions, respectively. Black dots represent solutions outside of the 3/sigma confidence
level. Blue lines and squares mark the median solution reported in Table 4. Plot was created using corner python package by Foreman-Mackey
(2016).

the blend/lens), when compared to the GF- solution. The median distance, however, is similar for both solutions and depends
mostly on the distance to the source.
The bottom panels of Figs. 4 and 5 display the comparison
between the blend light (as measured in the microlensing model)
with the light expected for a MS star if the lens was fully responsible for the observed blending light. The dashed line divides the
parameter space for a case where the MS scenario is justified
given the blending, and where the MS scenario does not explain
the mass for the given blending, and hence the remnant scenario
is preferred. Given the faint baseline magnitude and relatively
high value of the blending parameter, there is not much light in
the light curve that could be attributed to the possible lens.

6. Discussion
The event Gaia18cbf clearly exhibited a very long-lasting increase in brightness, which went on for almost 2000 days. The
most plausible explanation for the shape of the light curve is microlensing by a single lens, affected by the microlensing parallax
effect due to the Earth’s orbital motion. The standard microlensing model (shown with a dashed line in Fig.2) is not capable
Article number, page 8 of 12

Table 5. Lens masses ML and distances DL for best fitting models for
Gaia18cbf.

Parameter

GF+

GF-

Gblend [mag]

inf
21.31+−0.47

inf
20.89+−0.23

Mass function ∝ M −1.75 , 14.5 kpc < DS < 23.0 kpc
ML [M ]
DL [kpc]
Gblend,MS [mag]

2.65+5.09
−1.48
2.84+1.94
−1.67
13.94 (B9.5V)

1.71+3.78
−1.06
2.66+1.97
−1.56
15.33 (F0V)

Notes. Here, we assumed the distance to source star found in Section 4.
Gblend is the limit for the brightness of the lens and Gblend,MS is brightness
of the lens if it was a MS star of mass similar to ML located at the median
distance DL . We assumed that extinction changes with the distance (see
Section 5). The absolute magnitude in the G band was taken from PM,
and we provide the spectral type of the object used for our calculations
in brackets.

of reproducing the data, however, and the follow-up data filling the data gap at around JD=2458750 help to better constrain
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Table 6. Lens masses ML and distances DL for best fitting solutions
assuming different distances to the source or lens mass distribution.

Gblend [mag]

inf
21.31+−0.47

inf
20.89+−0.23

Mass function ∝ M −1.00 , 14.5 kpc < DS < 23.0 kpc
6.17+14.79
−4.09
1.55+2.08
−1.02
<10.76 (B2.5V)

4.83+13.30
−3.41
1.45+2.00
−0.97
10.95 (B5V)

Mass function ∝ M −3.00 , 14.5 kpc < DS < 23.0 kpc
ML [M ]
DL [kpc]
GMS [mag]

1.23+1.32
−0.53
4.34+1.27
−1.74
17.81 (F6V)

Mass function ∝ M
ML [M ]
DL [kpc]
GMS [mag]

−1.75

-3
1.0

0.0

0.62+0.80
−0.30
4.14+1.35
−1.67
21.89 (K8V)
2.38+5.73
−1.60
1.67+1.47
−0.97

-0.39 (B7V)

13.13 (A0V)

Notes. Gblend is the limit for the brightness of the lens, GMS is the brightness of the lens if it was a MS star of mass similar to ML located at the
median distance DL . We assumed that extinction changes with the distance (see Section 5). The absolute magnitude in the G band was taken
from PM, we provide the spectral type of the object used for calculations in brackets.

the parallax model. Nevertheless, the discrepancy between GF+
and GF- models would probably have been resolved if the event
had been followed-up nearer to the time of maximum brightness.
Unfortunately, the part of the sky in which this event occurred is
about 8 degrees away from the Galactic plane and was not observed by OGLE or any other surveys at that time.
As already mentioned in Section 3, the best results in terms
of χ2 were given by the GF+ model. Both solutions have, however, large tE , making this event second longest known microlensing event, with Mao et al. (2002) being the first.
In our model, we did not include the effect of space parallax due to the difference in Gaia’s location at L2 and groundbased observatories. In order to see the shift between light curves
observed with Earth-based and space-based observatories, we
would have to have a high-amplification event sampled densely
at the peak or a caustic crossing. Moreover, the parallax signal
measured is small, and hence the impact of 1% of observer position difference would not be detectable.
The probability density depends on the assumed mass function slope, and in our mass-light analysis we assumed that the
mass function for the lens follows the slope of ∝ M −1.75 , as
suggested in MW. However, the actual value of this slope is
poorly known (e.g. Bastian et al. (2010)), and if we assume no
prior on the mass (i.e. power of −1), the lens mass moves to
+13.30
higher values of ML = 6.17+14.79
−4.09 M and ML = 4.83−3.41 for
GF+ and GF-, respectively. The lens distance changes to smaller
+2.00
values of DL = 1.55+2.08
−1.02 kpc and DL = 1.45−0.97 kpc. Conversely, an extreme slope of −3 discourages larger masses and
for the Gaia18cbf solutions GF+ and GF- yields ML = 1.23+1.32
−0.53
+0.80
and ML = 0.62−0.30
. For the GF- model, the lens distance increases to DL = 4.14+1.35
−1.67 kpc, which further discourages a mas-
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Fig. 4. Posterior distribution of the lens mass, distance, lens light if
it was a MS star and allowed blend light obtained using method outlined in Section 5. Top: Lens mass versus lens distance estimated from
MCMC samples for Gaia18cbf for the best fitting model using the Gaia
and follow-up data with u0 > 0 and including a microlensing parallax effect, called GF+. Bottom: Blended light magnitude from the microlensing model GF+ versus the light of the lens expected if the lens
was a MS star. The dashed line separates dark lens or remnant solutions
from MS star solutions. The colours are the probability density shown
on a logarithmic scale.

sive remnant possibility, as a M2.5V-type MS star at that distance would have 26.6 mag and could hide within the allowed
inf
blending of Gblend = 20.89+−0.23
mag. However, for the GF+ solution, which we find more favourable, the MS scenario with
DL = 4.34+1.27
−1.74 kpc still cannot explain the observed blended
inf
light of Gblend = 21.31+−0.47
mag. High-resolution imaging with
sensitivity to stars down to 26 mag would allow us to resolve this
issue.
As we mentioned in Section 4, Gaia parallax $ cannot be
used for distance estimation in microlensing events. However, if
we wanted to use the values from Bailer-Jones et al. (2021), the
lens would become more massive and slightly further away than
in our initial assumptions. We present obtained values of lens
mass ML and lens distance DL in Table 6.
Figures 4 and 5 suggest that the lens is a dark remnant. Cases
where the lens is a MS star have lower probability compared to
the remnant solutions to cause the Gaia18cbf event. However,
we can still test the assumption that the event was caused by
a low-mass MS star located further away. If we assume that
the extinction is AG = 1.06 mag and the lens is an M5V MS
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Fig. 5. Posterior distribution of the lens mass, distance, lens light if
it was a MS star and allowed blend light obtained using method outlined in Section 5. Top: Lens mass versus lens distance estimated from
MCMC samples for Gaia18cbf for the best fitting model using the Gaia
and follow-up data with u0 < 0 and including a microlensing parallax effect, called GF-. Bottom: Blended light magnitude from the microlensing model versus the light of the lens expected if the lens was a
MS star. The dashed line separates dark lens or remnant solutions from
MS star solutions. The colours are the probability density shown on a
logarithmic scale.

star with an absolute magnitude of MG = 12.04 mag (PM),
then the the minimal values of observable brightness of the lens,
Gblend , presented in Section 5, would translate to distances of
DL ≈ 440 pc for GF+ and DL ≈ 360 pc for GF-. However, such
a lens would produce a larger microlensing parallax of πE = 1.33
for GF+ and πE = 1.46 for GF- if we assume that the source is
18.2 kpc away. From the analysis of the light curve, we obtained
+0.0288
πE = 0.1274−0.0278
and πE = 0.1719+0.0572
−0.0513, respectively. We can
move the lens away; however, πE will never be smaller than 0.4.
To reach the required parallax value, the lens has to weigh more
than 2M . If we wanted to explain our event with an A- or Btype MS star as the lens, it would have to be at least 30 kpc away
to reach maximal brightness allowed by Gblend of this event. This
means that this event was most likely not caused by a MS star.
This leads us to a conclusion that we have detected a dark
remnant candidate. Based on the masses we obtained, the lens
could be a candidate white dwarf, neutron star, or a black hole. If
the hypothesis of the dark remnant is correct, the mass of the object suggests a massive neutron star or a mass-gap object (Özel
et al. 2010; Farr et al. 2011). This could be another case that
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supports the hypothesis that there is in fact no mass gap (Kreidberg et al. 2012) along with recently observed mass-gap objects (Thompson et al. 2019; Abbott et al. 2020; Jayasinghe et al.
2021).
We assumed that the relative proper motion of lens and
source can reach up to 30 mas yr−1 . The maximum value can
be reached if source and lens are moving in exactly opposite
directions and we are dealing with a fast moving lens. Natal
kicks of neutron stars can typically reach up to 420 km s−1
(Hobbs et al. 2005), which translates to proper motion of µ =
(40 − 80) mas yr−1 for an object located at 1–2 kpc. If the relative
proper motion between the lens and source was this large, the
Einstein radius would have to be enormous (θE > 40 mas) in order to reach an Einstein timescale of over 400 days. This would
result in a more massive lens, however. In our case, the Einstein
radius for the GF+ solution is θE = 2.53+4.35
−1.27 mas and for the
GF- is θE = 2.11+3.73
mas.
This
corresponds
to relative proper
−1.12
+2.08
−1
−1,
motions of µLS = 1.84−0.72 mas yr and µLS = 1.60+1.51
−0.61 mas yr
respectively.
We cannot exclude the possibility that this event was caused
by a binary lens; however, the data are too infrequent to obtain a good model. If the lens is a binary system, the caustic
crossing could happen during the large gap in data before the
peak, which lasts 139.31 days. Assuming that the distance to the
source is DS = 18.2 kpc and using the lens and microlensing
event parameters that we obtained, the separation of the binary
system would have to be aGF+ ≤ 2.72 au for a GF+ solution
and aGF− ≤ 1.33 au for a GF- solution. If the source is closer,
the maximum separation would get smaller. This means that instead of a single lens, we could be dealing with a binary system
consisting of two objects; for example, two neutron stars or two
white dwarfs.
If we would like to confirm that the event was in fact caused
by a dark remnant, we would have to wait ten years and use
the Extremely Large Telescope to take high angular-resolution
follow-up observations of this field to try and identify the source
and lens as separate objects. If the lens is a neutron star, it may
be emitting radio signals that are too weak to be detected by
modern-day telescopes. We could try observing this area with
more sensitive radio telescopes in the future. However, it is worth
noting that only a small fraction of neutron stars can be observed
as pulsars due to the fact that one of the magnetic poles has be
aligned with our line of sight. If the lens consists of two neutron stars, the system might emit gravitational waves that could
be detectable by the upcoming ESA mission, Laser Interferometer Space Antenna (Amaro-Seoane et al. 2017). Another option
would be to wait for the final Gaia data release. Based on Rybicki et al. (2018), we expect that accuracy in the along scan direction (AL) should be between 0.3 mas for the brightest points
and 3 mas for baseline magnitude. The largest astrometric displacement
√ of the centroid of light due to microlensing occurs for
u(t) = 2 and is equal to δmax ≈ 0.354θE . This gives us maximal astrometric shift spanning between 0.45 mas and 2.44 mas
for the GF+ and 0.35 mas and 2.07 mas for the GF-. This means
that astrometric microlensing might be marginally measurable
by Gaia.

7. Conclusion
We presented an analysis of the Gaia18cbf microlensing event,
discovered by the Gaia Science Alerts programme, operating
within the Gaia space mission. The event exhibited one of the
longest microlensing timescales ever seen as well as a signifi-
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cant annual microlensing parallax effect. The event has two best
fitting solutions with a negative and positive impact parameter,
u0 , which we were not able to resolve due to insufficient followup data. The parameters of these solutions are presented in Table
4.
Using a Galactic-density and kinematics model, we estimated the probability density of the lens mass and distance. We
present these densities in Figures 4 and 5. The distance to the
source was assessed using archival photometric data, because
the parallax $ in the published Gaia catalogues for this source
is negative. The estimated distance to the source varies between
14.5 kpc and 23 kpc, with a median value of 18.2 kpc. The estimated mass of the lens is ML = 2.65+5.09
−1.48 M , and the distance is
DL = 2.84+1.94
kpc
for
the
solution
with
u0 > 0 (GF+). For the
−1.64
solution with u0 < 0 (GF-), the lens weighs ML = 1.71+3.78
−1.06 M ,
while the distance to the lens is DL = 2.66+1.97
kpc.
Because
the
−1.56
event is dim and the blending parameter suggests that the majority of the light comes from the source, we propose that the lens
is a dark remnant candidate, possibly a massive neutron star, or
a mass-gap black hole. We conclude that it is impossible to confirm the hypothesis of the lens being a dark remnant right now,
but follow-up observations in the future could resolve this issue.
If the event was caused by a massive lens, we will be able see
the signature of microlensing in the astrometric time series published with the final Gaia Data Release (2024).
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A. Różańska, Vol. 10, 190–193
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Table A.1. Gaia18cbf photometry from Gaia Science Alerts. The uncertainties (err[mag]) were estimated using Gaia DR2 (see Section 2.1).
Full, machine-readable version of this table is available at the CDS.

JD-245000.

i [mag]

err[mag]

2457032.6801
2457032.7542
2457039.9346
2457040.0086
2457040.1848
2457040.2588
2457127.4686
2457127.6447
2457127.7187
2457127.8949
2457214.4278
2457214.6779
2457214.9281
2457215.0021
2457215.2522
2457215.5024
2457220.0049
2457220.1810
2457220.4312
2457220.5052
2457220.6813
2457262.6578
2457262.7318
2457311.9537
2457405.0450
2457420.4756
2457420.5496
2457454.2045
2457585.9715
2457586.0455
2457604.7991
2457779.0896
2457800.0733
2457800.1473
2457829.8853
2457960.8257
2457960.8998
2457985.8224
2457985.8964
2458014.3832
...

20.280
20.360
20.260
20.130
20.280
20.360
20.270
20.320
20.210
20.290
20.350
20.290
20.340
20.280
20.220
20.280
20.230
20.260
20.210
20.200
20.260
20.310
20.250
20.210
20.200
20.210
20.250
20.310
20.150
20.170
20.140
20.040
20.080
20.140
20.070
19.780
19.730
19.770
19.780
19.790
...

0.103
0.108
0.102
0.094
0.103
0.108
0.102
0.105
0.099
0.104
0.107
0.104
0.107
0.103
0.099
0.103
0.100
0.102
0.099
0.098
0.102
0.105
0.101
0.099
0.098
0.099
0.101
0.105
0.095
0.096
0.095
0.089
0.091
0.095
0.091
0.076
0.074
0.076
0.076
0.077
...

Appendix A: Photometry
Here, we present the photometric data used for modelling
Gaia18cbf.
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Table A.2. Gaia18cbf photometry from LCO i-band. The machinereadable version of this table is available at the CDS.

JD-245000.

i [mag]

err[mag]

2458602.2457
2458602.2476
2458740.8956
2458740.8978
2458751.9437
2458752.9173
2458753.9158
2458756.8798
2458756.9224
2458757.9023
2458758.9027
2458926.1310
2458929.2024
2458940.0734
2458956.2838
2458962.0046
2458965.1840
2458968.0059
2458973.9752
2458982.9373
2458983.0010
2458985.9600
2459007.8684
2459011.1633
2459027.1532
2459027.8676
2459028.8499
2459029.8695
2459030.8910
2459035.8586
2459037.0737
2459038.0837
2459038.9353
2459067.0389

18.486
18.493
19.240
19.261
19.281
19.285
19.275
19.242
19.256
19.257
19.259
19.408
19.432
19.440
19.598
19.516
19.511
19.574
19.594
19.557
19.557
19.568
19.579
19.667
19.790
19.645
19.615
19.648
19.659
19.686
19.853
19.707
19.666
19.675

0.065
0.064
0.065
0.065
0.080
0.071
0.062
0.066
0.069
0.064
0.062
0.066
0.064
0.064
0.075
0.066
0.068
0.065
0.066
0.063
0.065
0.066
0.067
0.141
0.081
0.065
0.069
0.073
0.084
0.122
0.106
0.074
0.062
0.093

