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Abstract

Stellar microlensing surveys are a powerful tool for probing dark matter in the form of
planetary and stellar mass compact objects (COs) in particular primordial black holes
(PBHs). Under standard assumptions, current observations exclude COs in the mass range
10~ < M/Mg < 10* making up all of the dark matter. We provide an overview, aimed at
theorists working on PBHs, of the history, theory, observational status, and future prospects
of the field.
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1. Introduction and History

Stellar microlensing is the temporary magnification of a star which occurs when a
compact object crosses the line of sight. It was first studied by Einstein, who concluded that
‘there is no great chance of observing this phenomenon’ [1]. However in 1986 Paczynski
showed that by monitoring millions of stars in the Magellanic Clouds (MCs) it would be
possible to probe compact objects (COs) in the Milky Way (MW) halo [2].

Various collaborations started microlensing surveys in the early 1990s, and the first MC
candidate events were published in 1993 by EROS [3] and MACHO [4]. By the late 1990s
the MACHO collaboration had observed significantly more events than expected from stars
in the MCs or MW disk. This indicated that a significant fraction of the Milky Way halo
could be in the form of roughly Solar mass COs [5,6]. Baryon budget arguments excluded
such a large population of astrophysical objects (e.g., white dwarfs) [7]. Therefore it was
suggested, e.g., Refs. [8,9], that these events could be due to primordial black holes (PBHs),
black holes that may have formed in the early universe from large overdensities [10,11].
However the EROS [12-14] and OGLE [15,16] collaborations did not see a significant excess
of events and instead constrained planetary and stellar mass COs to make up less than of
order 10% of the MW halo.

In 2016 the discovery of gravitational waves from mergers of multi-Solar mass PBHs by
LIGO-Virgo [17] generated a surge of interest in PBH dark matter (DM) [18-21]. However
microlensing observations over two decades by the OGLE collaboration have failed to find the
large, 102, number of events expected (under standard assumptions) if a significant fraction of
the MW halo is in the form of stellar mass COs [22]. These long-duration observations have
also increased the largest CO mass probed to ~10*M,, while high-cadence observations by
Niikura et al. have decreased the lowest mass to ~ 1011 M, [23].

We overview how stellar microlensing surveys probe the fraction of COs, such as
PBHs!, in the MW halo by observing stars in the MCs or M312. Our aim is to provide an
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introduction to this field that is accessible to theorists who are interested in PBHs and specif-
ically the possibility that planetary and stellar mass PBHs make up a significant fraction of
the DM. First, in Section 2, we review the theory of stellar microlensing before focusing on
observations in Section 3. We then look at future prospects in Section 4 before concluding
with a brief summary in Section 5.

For an overview of the history of PBHs, see Ref. [27]. Refs. [28,29] review the formation
of PBHs and the full range of observational probes of their abundance. For a review of the
theory of microlensing see, e.g., Ref. [30], while Refs. [31,32] overview the observational
status as of the 2010s.

2. Theory

In this section we overview the theory of stellar microlensing. First, in Section 2.1, we
cover the basics of photometric microlensing, including individual events (Section 2.1.1)
and the optical depth and event rate (Section 2.1.2). We then look at the differential event
rate and parameter constraints (Section 2.2) and non-standard events (Section 2.3). Finally
we conclude in Section 2.4 with a brief overview of astrometric microlensing.

2.1. Basics
2.1.1. Individual Events

In this subsection we overview the key properties of individual ‘standard” photometric
microlensing events where a point source is lensed by a point lens. For more details see,
e.g., the original microlensing paper by Paczyniski [2] or the review by Mao [30].

Microlensing occurs when the splitting of images caused by gravitational lensing is
too small to be resolved, and instead the source is amplified by a factor [2,33]

242
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where u = b/Rg, b is the distance of the lens from the line of sight to the source and Rp is
the Einstein radius
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where G is the gravitational constant, M is the mass of the CO, Dg is the distance from the

Rg = 2{ / @)

observer to the source, and Dy is the distance to the lens. For a Large Magellanic Cloud
(LMC) microlensing survey, Dg = 49.6 kpc [34] and
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where x = Dy /Dg is the fractional distance of the lens along the line of sight (0 < x <1).

A microlensing event is usually determined to occur when u < 1, which corresponds
to A > At = 1.34. The timescale of the event, f, is defined as the time taken to cross the
Einstein diameter or radius. The EROS and OGLE collaborations use the Einstein radius
crossing time, while the MACHO collaboration and this review use the Einstein diameter
crossing time, F= 2Rg /vy, where vy is the transverse speed of the lens relative to the line of
sight. For lensing of stars in the LMC by the CO in the MW halo typically
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Due to the mass dependence of the timescale, observations over a long duration are
needed to probe large masses, while high-cadence observations (i.e., at short intervals) are
required to probe small masses.

Because the timescale, £, depends on the lens mass, distance and velocity, it is not
possible to measure the lens mass from the timescale of a single standard microlensing
event (this is often referred to as the microlensing degeneracy). However, as we will see
in Section 2.2, the lens mass can be probed statistically from the distribution of timescales,
given a model for the lens density and velocity distributions. The Einstein crossing time, f,
is different from the time for which the amplification exceeds the threshold value At = 1.34,
te, and has observational and theoretical advantages over £3. Observationally, determining
when the amplification crosses a particular threshold (and hence t.) is challenging, whereas
t is found by fitting to the entire light curve. Theoretically, t. depends on the impact
parameter (as well as the lens mass, distance and velocity), which makes the calculation of
the differential event rate more complicated.

The impact parameter relative to the Einstein radius, u = b/Rg, can be written as

742 1/2
u= (T +odu) ©)

where Umin = bmin/ RE, Umin 18 the minimum value of the distance of the lens from the line

of sight to the source, and time ¢ is defined so that t = 0 when b = by,in. Figure 1 shows
the geometry of a microlensing event, as viewed perpendicular to and along the line of
sight, including Rg, Ds, Dy, b and byyn. Figure 2 shows the magnification factor A, given
by Equation (5), as a function of 2t/ for different values of uy,. This light curve, which is
symmetric and achromatic (i.e., the same for all wavelengths), is often referred to as the
Paczynski light curve.

min

Figure 1. The geometry of a stellar microlensing event. The (left) and (right) panels show the view
perpendicular to and along the line of sight respectively. The solid black and dashed grey lines show
the trajectory of the compact object and the Einstein radius, Rg, respectively. The orange star, black
circle and blue square denote the source, the lens and the observer respectively. In the left panel the
dotted green lines show the distance from the observer to the lens and source, D;, = xDg and Dg
respectively. In the right panel the green dotted lines show the impact parameter, b, and its minimum

value bpin.
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Figure 2. The magnification factor, A, Equation (5), as a function of 2t/ f for tmin = bmin/Rg = 0.25,
0.5 and 1.0 (from top to bottom). The horizontal dotted black line shows the threshold for a microlens-
ing event, At = 1.34.

2.1.2. Optical Depth and Event Rate

The optical depth, T, is the probability that a source star is being lensed at a given
instant, i.e., that it falls within the Einstein radius of a lens:

Dy (Ds — Dy,

)
DS dDL ’ (6)
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where n(Dy) and p(Dr) = n(Dy)/M are the number density and (mass) density of lenses
respectively. Note that the dependence on the lens mass, M, of the number density and
the square of the Einstein radius cancel, and hence the optical depth depends on the
total mass density of lenses along the line of sight but not their individual masses. For a
very simple model of the Milky Way (MW) halo with constant density and a circular
speed v, = \/GM(< Ds)/Dg ~ 220kms ™!, T = v2/2¢% ~ 10~° [30]. This small optical
depth means that to detect microlensing events it is necessary to monitor a large number,
i.e., millions, of stars. Furthermore, it is extremely unlikely that a single star will undergo
two independent microlensing events.

A more useful quantity is the rate, I', at which events occur, and we present a modified
version of the illustrative calculation outlined in Ref. [30]. The area, dA, swept out by a
lens in a time interval, dt, is given by the product of the diameter of the Einstein ring,
2Rg, and the distance travelled, vidt: dA = 2Rgodt = 4R%dt/F. The probability, dt, of an
individual star undergoing a new microlensing event is given by

dt = n(Dy) nREdDy . 7)

If N is the number of stars being monitored, then the number of new microlensing events
in time dt, dN, is given by

4R2
EmdD 4N,

Ds _ Ds Ds 1
szm/ MmﬁAﬂh:M/ n(Dy) / sdrdt, )
0 0 0
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and hence the rate at which new events occur, I, is given by
dN 4N, (Dsdr
=2V _ 2% / a. )
dt mw Jo ot

Assuming that all events have the same timescale f leads to a rough relationship between

the event rate and optical depth:
I'~ 41\( T. (10)
Tt

2.2. Differential Event Rate and Parameter Constraints

Since the timescale of a microlensing event depends on the CO mass (as well as its
position and velocity), the differential event rate, dI'/ di, i.e., the rate at which events of
timescale f occur, can be used to probe the CO mass. The standard expression for the LMC
differential event rate for a halo composed entirely of COs (f = 1, where f is the fraction of
the total mass of the halo in the CO) with mass M and a smooth density distribution p(r),
is [5]

dI'vw _ 32Ds
di  Mi*o2

[ p)RE ) exp [~ Q) a

where Q(x) = 4RZ(x)/(f2v2). Note that Equation (11) assumes that the velocity distribu-
tion, f(v), is Maxwellian

1 v?
3, 3y -
f(v)d v—mexp (—v%>dv, (12)
however, this is only true for an isotropic, isothermal sphere.
The standard halo model historically assumed in microlensing studies (‘Model S’ in,
e.g., Ref. [5]) has a density profile
2, .2
re 41§
=pg<—20 1
P(”) Lo r% T2’ (13)
and local dark matter density pg = p(ro) = 0.0079Mpc~3, core radius r. = 5 kpc, Solar
radius ry = 8.5 kpc and circular speed v, = 220kms™ 4. For the standard halo model,
the differential event rate, Equation (11), becomes [5]

dTvw  51200(R2 + R3)DsG*M 1 x2(1 — x)? o
dF Fp 2c4 0 A-+Bx+x2

p [-Q(x)]dx, (14)

where A = (r2 +13)/D3, B = —2(rg/Ds) cosbcos! and b = —32.8° and | = 281° are the
Galactic latitude and longitude, respectively, of the LMC. Figure 3 shows the differential
event rate for a standard halo composed entirely, f = 1, of COs with M = 1M, For dif-
ferent masses, the differential event rate scales as M~1/2 and the timescales as M'/2 [36].
For short-timescale events dI'/df « f2, while for long-timescale events dI'/df o 4,
independent of the CO distribution [37-39].

There are also contributions to the total differential event rate, dI'/df, from stars (‘")
in the MW disc and LMC, and COs in the LMC:

dar dar dr
—f MW LMW

dr dr
- 4 LM n LMC (15)

df df df df

Lensing by stars in the LMC, a possibility that was pointed out by Sahu [40], is often referred
to as ‘self-lensing’. The self-lensing rate is largest for observing fields in the centre of the
LMC, where the number of stars is highest. The MACHO collaboration found, using models
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of the LMC disc from Ref. [41], an optical depth T pmc . ~ (1 —3) x 1078, Using the same
LMC model with some minor modifications, OGLE III and IV (which has a wider observing
field) found 5.7 events expected from stars in the LMC (compared with the 10>~ expected
if all of the halo is in planetary or stellar mass COs) [42]. The MACHO collaboration found
< 10~8, lower than their

~

an optical depth for microlensing by stars in the MW disc, Tyw «
estimate for self-lensing [6]. However more recent studies have found significantly larger
MW disc rates, comparable with, or even larger, than the self-lensing rate, in part due to
a larger thick disc contribution [42,43]. For the two MW models they considered [44,45],
OGLE III and IV found 7.0 and 14.7 expected events respectively from stars in the MW
disc [42]. Note, however, that the relative numbers of events from different lens populations
depend on the fields observed and the detection efficiency (see below).
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Figure 3. The differential event rate, dI'/ df, as a function of Einstein diameter crossing time, f, fora
standard halo (see text for details) composed entirely, f = 1, of COs with mass M = 1M, as given by
Equation (14).

The total expected number of events, Nexp, is given by

odl . .
w=E [ —= t, 1
Nep /0 dte()d (16)

where E is the exposure (which is equal to the number of stars observed, Ny, multiplied by
the duration of the survey); €(f) is the efficiency, i.e., the probability that a microlensing
event with timescale  is detected (see Section 3.1); and dI'/df is the total differential
event rate given by Equation (15). If no events are detected, then the 95% confidence limit
on the fraction of the MW halo in COs can be calculated as f = 3.0/ Nexp(f = 1), where
Nexp(f = 1) is the expected number of events if f = 1. Surveys with a large exposure expect
to observe events due to stars in the MW disc and/or LMC, and in this case constraints on
the CO mass and halo fraction are calculated using the likelihood [6,42]

Nows gr . .
L(f, M) = exp (—Nexp)E 11 E(ti)e(ti) , (17)

where N is the number of observed events and #; are their timescales. PBHs are expected
to have an extended mass function (see, e.g., Section 2 of Ref. [29]). Constraints calculated
assuming all COs have the same mass can be translated into constraints for a specific
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extended mass function using the method presented in Ref. [46]. Furthermore, as pointed
out in Ref. [37], if f = 1 is excluded for a particular range of masses under the assumption
that all COs have the same mass, then any extended mass function with f = 1 in this range
is excluded. We note that the constraints apply to any COs in the MW halo; however (as
mentioned in the introduction), astrophysical objects, such as white dwarfs, are excluded
from making up a large fraction of the halo by baryon budget arguments [7]. Ref. [47] has
recalculated the microlensing constraints for extended objects, such as boson stars.

The MACHO first year results paper [5] studied a very wide range of models for the
MW halo, some of which are not consistent with current observations. They found that
there was a significant variation in the differential event rate and hence the observational
constraints on the CO mass and halo fraction. The OGLE collaboration finds that the
uncertainty in their constraint is relatively small (see Extended Data Figure 1 of Ref. [22]);
however, they only consider two benchmark models (with fixed parameter values) and
assume a Maxwellian velocity distribution. Other studies [48-51] have found that the
uncertainty in exclusion limits can be significant. Ref. [52] found that the rate of long-
timescale events (and hence the constraints on low-mass COs) has a fairly weak dependence
on the CO density and velocity distribution. However the rate of short-timescale events
(and hence the constraints on high-mass COs) depends sensitively on the local DM velocity
distribution. An accurate calculation of the uncertainties on the differential event rate (and
parameter constraints) for models consistent with current observations, and numerical
simulations of Milky Way-like galaxies, is an outstanding issue.

Microlensing observations towards the Small Magellanic Cloud (SMC) could in prin-
ciple help discriminate halo-lensing from self-lensing as the visible components of the
SMC are elongated along the line of sight. The self-lensing rate is therefore expected to
be larger than for the LMC. Furthermore for halo lenses, the timescales of events towards
the LMC and SMC should be similar whereas for self-lensing, events towards the SMC
are expected to be longer (due to the larger lens—source separation and hence Einstein
radius) [53]. There are, however, significant uncertainties in the SMC’s structure due to its
tidal interactions with the LMC. See Refs. [54,55] for discussion of the status as of the late
1990s in the context of microlensing and, e.g., the Introduction of Ref. [56] for the current
status in a more general context.

Microlensing surveys towards the Galactic bulge can be used to probe CO DM (see
Sections 3.4 and 4.1). However in this case it is necessary to distinguish events due to CO
DM in the MW halo from the large population of events caused by astrophysical objects in
the luminous components of the MW.

Crotts explored the advantages and disadvantages of microlensing observations to-
wards M31 (our nearest neighbour galaxy, also known as Andromeda) [57]. In particular
he pointed out that the high inclination of M31’s disc with respect to the line of sight would
lead to a large asymmetry in the microlensing rate from lenses in the halo of M31. The event
rate for the far side of the disc would be much higher than that for the near side due to
the larger column density of halo lenses. This would be a potentially powerful tool for
discriminating events due to halo lenses from self-lensing or variable stars. Baillon et al. [58]
pointed out that the large number of source stars is another advantage of M31 over the
MCs. However individual stars are not resolved, and hence ‘pixel” lensing techniques are
required (see Section 3.4). See Refs. [59,60] for theoretical studies of microlensing towards
M31, including calculations of the differential event rate.

The standard calculation of the halo differential event rate outlined above, Equation (11),
assumes that the CO dark matter distribution is smooth and fully specified by the den-
sity profile, p(r). However PBH dark matter is expected to cluster more on sub-Galactic
scales than particle dark matter. Since PBHs are discrete objects, there are Poisson fluctua-
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tions in their distribution, and PBH clusters start forming shortly after matter—radiation
equality [61,62]. For PBHs formed from Gaussian fluctuations, the clusters are sufficiently
diffuse [63] that the PBHs still act as individual microlenses. In this case the effect on
the microlensing differential event rate and hence constraints on the PBH mass and halo
fraction are small [64,65]. Some PBHs are expected to be in binaries, which could poten-
tially lead to a source being lensed twice; however, the binaries are typically sufficiently
wide that the time between such repeating events is expected to be much longer that the
duration of microlensing surveys [64]. The probability distribution of perturbations that are
large enough to produce PBHs, which make up a significant fraction of the dark matter, is
expected to be non-Gaussian, e.g., Ref. [66], however, and PBHs formed from non-Gaussian
fluctuations can form more compact clusters [67]. If clusters are sufficiently compact that
the cluster as a whole acts as a microlens, then microlensing parameter constraints (or
allowed regions) will shift to lower PBH masses [50].

2.3. Non-Standard Events

Deviations from the ‘single point source, single point lens” assumptions underlying
the standard Paczynski light curve, Equation (1), can have observable consequences. For a
more detailed review see Ref. [30]. We discuss specific observed non-standard events in
Section 3.2.

The standard light curve is significantly modified if the impact parameter of an event
is comparable to the ratio of the radius of the source star to the Einstein radius [68,69]. In
particular finite source effects significantly reduce the maximum magnification for COs with
mass M < 10~ M, [70].

The standard analysis assumes all motions are linear. However this is not the case
if the lens or source are binary, and the Earth’s orbit about the Sun also violates this
assumption [71]. The parallax effect, due to the Earth’s orbit, is detectable if the event
timescale is not significantly shorter than a year [71]. For a binary source, orbital motion
leads to periodic distortions in the light curve [72]. This is commonly referred to as the
‘xallarap’ effect (the inverse of parallax). A binary lens can generate complex, multi-peaked
light curves with caustics (wWhere the magnification formally diverges) [73].

PBHs with mass Mpgy < 107! M., have Schwarzschild radius comparable to the
wavelength of light, resulting in diffraction and interference effects. These wave optics
effects reduce the magnification and place a lower limit on the mass of PBHs that can be
probed by microlensing [74,75].

Some of these effects can break the microlensing degeneracy mentioned above, and
allow the lens mass and/or projected transverse velocity to be measured. The latter is useful
as it acts as a diagnostic for the lens location [76]. For lenses in the MW halo and LMC,
the projected transverse velocity is determined by the velocity dispersion of the MW halo
and LMC, which are small and large respectively. For lenses in the MW disc it is determined
by the differential rotation of the Sun and disk, which has an intermediate value.

2.4. Astrometric Microlensing

The above discussion focuses on photometric microlensing, i.e., the change in the
apparent brightness of a source during a microlensing event. This is the observable used
by the microlensing surveys to date, which we will overview in Section 3. Astrometric
microlensing is the change in the apparent position of the source [77,78], and in the future
telescopes which accurately measure the positions of stars (astrometry) will also be able to
probe CO DM using astrometric microlensing (see Section 4.1).
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The centroid shift of the source, §6(u), is given by

50(u) = —"—0 (18)
- MZ + 2 E

where 6g is the angular Einstein radius, 6 = Rg/Dp. Using Equation (2), 8¢ can be
expressed in terms of the lens—source parallax, 7.,

Tlrel _ L 7S :g_g (19)
mas mas mas Dp Dg’
in milliarc (mas), as
M
0% = 8.144 mas() TTrel - (20)
Mg

Therefore if the parallax can also be measured, the lens mass can be determined [77,79].
Astrometric microlensing signals are detectable for large lens—source separations, so the
optical depth is larger than for photometric microlensing [80,81].

3. Observations

In this section we first overview the general principles of stellar microlensing observa-
tions (Section 3.1) before looking at the results of specific surveys which have published
constraints on the halo fraction of COs in Sections 3.2-3.6. Unless otherwise mentioned, all
limits (or parameter values) quoted assume that the MW halo is described by the standard
halo model (see Section 2.2) and that all COs have the same mass. Section 3.7 contains a
summary of the current observational status. Figure 4 shows the final published parameter
constraints on the halo fraction, f, and CO mass, M. Table 2 summarizes the main features
of the key LMC microlensing surveys, including the number of events they observed.
This section aims to provide theorists with an introduction to the general principles and
current status of microlensing surveys. For further details see Ref. [31], a 2010 review of
microlensing from an observational perspective.

3.1. General Principles

The first step in analysing data from a microlensing survey is to generate light curves
for individual objects. Historically this was done using point spread function photometry,
e.g., Refs. [12,82]. More recently, different image analysis (DIA), which is more computa-
tionally demanding but better suited to the crowded stellar fields in the MCs, has been
used, e.g., Refs. [13,83].

Candidate microlensing events are selected by applying a series of cuts to the light
curves. These cuts are designed to select light curves which are well fit by the standard
Paczyniski form with a single, achromatic, symmetric variation as described in Section 2.1.1
while rejecting backgrounds that can mimic microlensing. Key backgrounds are supernovae
in background galaxies and variable stars [6]. A class of variable star that has recurrent
bumps in their light curve that mimic microlensing, so-called ‘blue bumpers’, were in
fact discovered by microlensing surveys [37]. The detection efficiency, (), is estimated
by ascertaining what fraction of simulated events pass the selection cuts, e.g., Ref. [82].
The detection efficiency is necessarily zero for timescales shorter than the interval between
observations (i.e., the cadence of the survey). Typically it grows with increasing timescale
to a maximum value of order 40%, before declining to zero again for timescales longer than
the duration of the survey [6,14,84].

As discussed in Ref. [85], selection criteria inevitably have to balance false positives
(candidate events that are not due to microlensing) and false negatives (microlensing events
that are rejected). The detection efficiency calculation takes into account the later but not the
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former. Event selection (and detection efficiency estimation) is complicated by the ~10%
of microlensing events, which are ‘exotic” and do not follow the standard Paczynski light
curve produce by a single point source and lens, e.g., Ref. [86]. In some cases, e.g., MACHO-
LMC-9, which we discuss further in Section 3.2, the event is unambiguously microlensing,
and the features in the light curve provide information about the location of the lens.
However in other cases non-microlensing variability can be fit by a non-standard lens
model (see discussion in Ref. [86]). As discussed further in Section 3.2, in their final 5.7 year
results, the MACHO collaboration used two sets of selection criteria: A, designed to detect
high-quality simple events, and B, designed to also select exotic and lower signal to noise
events [6]. EROS-2 [14] and OGLE [84] carried out manual inspections of a subset of their
light curves to check for a significant population of overlooked events.
The measured optical depth can be estimated using

~

_lme
E4“e(f)’

T (21)

where f; is the estimated timescale of the i-th event. The estimated timescales and detection
efficiency can also be used in a likelihood analysis, using Equation (17), to probe the CO
mass and halo fraction. Note that what appears to be a single star in a survey can in fact be
composed of several, unresolved, stars, a phenomenon known as blending. This affects the
determination of the optical depth and event rate in multiple ways. It affects the estimation
of the timescales of blended events, f, and the detection efficiency, e(f) [87]. It also means
the effective number of stars monitored, Ny, is larger than the number of catalogued objects.
The impact of blending can be minimized, as is done by the EROS and OGLE collaborations,
by only using bright red giant stars. See Ref. [31] for a more detailed overview.

3.2. MACHO

Between 1992 and 1999 the MACHO collaboration monitored over 10 million stars in
the LMC. Their first year results contained 3 candidate events, and (assuming all 3 were
due to lens in the MW halo) they found a best-fit halo fraction f = O.ngﬁ and a MACHO
mass M = 0.065J_“8:8§M@ [37]. In their 2-year data they found 8 candidate events [5].
MACHO-LMC-2 and 3 from their 1-year data set did not pass the revised event selection
cuts used in the 2-year analysis (and one of these two events subsequently brightened again
repeatedly and is therefore thought to be a variable star). On the other hand, 3 of the 8
2-year-candidates were in the 1-year data but did not pass the 1-year cuts [5]. MACHO-
LMC-9 had a U-shaped light curve, characteristic of a binary lens and, if the source star is
single, the lens is likely to lie in the LMC [88]. Using a sub-sample of 6 events (excluding
the binary lens, MACHO-LMC-9, and MACHO-LMC-10, which they deemed a marginal
candidate) they found a halo fraction f = O.ngg and a MACHO mass M = O.ngng@.
A specific search for short timescale events in the 2-year data excluded COs in the range
3x 1077 < M/Mgy <5 x 10~* making up all of the MW halo [89]. A subsequent EROS-
MACHO joint analysis tightened this limit to f < 0.10 for this planetary mass range [90].

The final MACHO results were based on 5.7 years of observations [6]. They used two
sets of selection criteria. Criteria A used similar cuts to their two year analysis [5] and were
designed to select simple microlensing events, with a single, high significance bump in the
light curve and a flat baseline. Criteria B were intentionally looser (with higher detection
efficiency) and designed to search for exotic and/or low signal-to-noise events. Marginal
events suspected of being supernovae in background galaxies were included in set B but
rejected from set A. Set A contained 13 events MACHO-LMC 1, 4, 5, 6, 7, 8, 13, 14, 15,
18, 21, 23 and 25), while an additional 4 events (9, 20, 22 and 27) passed criteria B°. The
best-fit halo fraction (assuming a standard halo) decreased to f ~ 0.2 £ 0.1, with the best-fit
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mass remaining of order 0.5M. The contribution of the MW disk and LMC to the total
differential event rate was taken into account, with ~3 events expected to be due to stars.

Follow-up observations have subsequently revealed further information about the
nature of the lenses in some events. We summarize these developments; see also Ref. [91]
for more extensive recent discussion. Ref. [86] presented additional data for MACHO-LMC-
4,13 and 15. They found that all 3 events were well fit by a standard Paczynski light curve,
supporting their microlensing interpretation. Ref. [86] also discussed the interpretation of
other MACHO events. The light curve of MACHO-LMC-23 deviated from the standard
Paczynski form, and EROS and OGLE both observed the star brightening again [14,86,92],
so it is therefore very unlikely to be a microlensing event.

MACHO-LMC-5 is a so-called ‘jerk-parallax’ event [93], where the light curve depends
on the 2nd derivative of the Earth’s velocity [94]. Analysis of Hubble Space Telescope data
allowed the parallax and proper motion of the lens to be measured and the lens identified as
an M dwarf star in the MW disk [93], as suggested by Ref. [95]. High-resolution follow-up
data from the Global Microlensing Alert Network found a periodic modulation in the light
curve of MACHO-LMC-14 [96]. These oscillations are thought to be the so-called “xallarap’
effect, which occurs when the source is binary [72]. This allowed the lens projected velocity
to be estimated, and the resulting value is more consistent with expectations for a lens
located in the LMC than the MW [96]. The light curve of MACHO-LMC-1 has an anomaly
near its peak, which suggests that the lens is binary [91,97,98].

Follow-up infrared observations of MACHO-LMC-20 (which passed the B criteria)
identified the lens as a M dwarf in the MW disk [99]. Follow-up observations of MACHO-
LMC-22 (which was excluded from set A by hand) found that the source is extended
and has emission lines not characteristic of stars and is therefore now thought to be a
supernova or active Galactic nucleus in a background galaxy [100]. After MACHO-LMC-22
is excluded, none of the MACHO LMC events have Einstein diameter crossing times longer
than 150 days, which excludes the CO with mass 0.3 < M/M;, < 30 making up more than
~60% of the MW halo [100].

Belokurov, Evans and Le Du analysed the MACHO light curves using neutral networks
and concluded that 7 of the criteria A events (MACHO-LMC-1, 5, 6, 14, 236 and 25) were
convincing microlensing candidates [101]. Bennett also revisited the interpretation of the
13 set A MACHO events [102]. He found that 7 of the events are confirmed microlensing
candidates (MACHO-LMC-1, 4, 5, 13, 14, 15 and 25) and argued that between 10 and
12 events are likely to be microlensing (with the up to 2 remaining events being variable
stars), significantly larger than the ~2-3 events expected from stars in the MW or LMC,
and consistent with f ~ 0.16 = 0.06 of a standard MW halo being in the CO. Subsequently,
OGLE found that MACHO-LMC-7 (which was labelled ‘unconfirmed’ by Bennett [102])
varied repeatedly and is hence a variable star [92]. OGLE also found that MACHO-LMC 8
and 18 (which were also labelled ‘unconfirmed” in Ref. [102]) had periodic variability in
their baseline [22]. They argue that this is not common for microlensing events, and hence
these events are likely due to variable stars, and the best-fit halo fraction is in fact ~40%
smaller than the value (f ~ 0.2) originally found in Ref. [6]. Two of the MACHO set A
events occurred during the operation of EROS-2 [14]. The star in MACHO-LMC-15 was
too dim to be seen by EROS-2, while MACHO-LMC-14 was observed by EROS2 but only
in one colour and was therefore not included in their sample.

As part of their response to criticism by Hawkins and Garcia-Bellido [103], the OGLE
collaboration have published a reanalysis of the MACHO candidate events using more
modern DIA techniques [91]. They deem events MACHO-LMC-6, 13 and 15 weak candi-
dates due to their light curves being either asymmetric or lacking sufficient data around
the peak. They note, however, that Bennett et al. [86] presented additional follow-up
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photometry which supported the microlensing interpretation of events 13 and 15. Based
on their new DIA light curves, they conclude that 7 of the MACHO events are very likely
microlensing (MACHO-LMC-1, 4, 5, 9, 14, 21, 25) and argue that the other candidate events
would be unlikely to pass ‘sensible microlensing cuts’.

Table 1 contains a summary of the current status of the 13 events which passed criteria
A. Of the 13 events, 4 are now thought to be variable stars and 2 are microlensing events
with the lens likely not in the MW halo. This leaves at most 7 candidate lensing events
where the lens could be located in the MW halo.

The MACHO collaboration did not publish CO constraints from observations towards
the SMC, but they did observe 2 candidate microlensing events: MACHO97-SMC-1 [104]
(which was also detected by EROS [54] and OGLE [105]) and MACHO98-SMC-1. The later
was a caustic crossing binary lens event. Its live detection facilitated observations by
multiple microlensing collaborations and an accurate measurement of a low value for the
lens projected motion, indicating that the lens is likely in the SMC than the MW halo [106].

Table 1. A summary of the current status of the 13 events which passed criteria A in the 5.7 year
MACHO collaboration analysis [6] (see also Table 1 of Ref. [91]). The 2nd column ("Microlensing”)
contains information on whether the event is currently thought to be microlensing. Events classified
as ‘very likely microlensing” and ‘weak candidate’ by Ref. [91] are denoted by a green tick, v, and an
orange question mark, 7, respectively. Candidate events that are now thought to be variable stars
are denoted by a red cross, X. The 3rd column (‘Lens’) contains information about the lens. It is
left blank where there is no information and contains ‘n/a’ for events which are now thought to be
variable stars.

Event Microlensing Lens
1 possibly binary [91,97,98]
4
5 star in MW disk [93]
6
7 X variable star (has varied repeatedly) [92] n/a
8 X likely a variable star [22] n/a
13
14 likely in LMC [96]
15
18 X likely a variable star [22] n/a
21
23 X brightened a 2nd time, likely a variable star [86] n/a
25
3.3. EROS

EROS ran from 1990 to 2003. Its first phase, EROS-1, found two candidate
LMC events [12,107]. These events were compatible with microlensing by COs with
mass ~0.1 M. However, because of the unusual nature of these events (the source star for
one was an eclipsing binary star [12]), and the possibility of having detected variable stars,
they chose to place an upper limits on the halo fraction: f < 0.2 for 107 < M/Mg < 0.01.
A dedicated search for short-timescale events excluded planetary mass COs, with mass
1077 < M/Mg < 1074, making up more than 10% of the MW halo [108].

In their first two years of SMC observations, EROS-2 found one candidate event, EROS2-
SMC-1 [54,109], also detected by MACHO (MACHO97-SMC-1) [104] and OGLE [105]. In the
first 2 years of EROS-2 LMC observations they found 2 events (EROS2-LMC-3 and 4). Combined
with their surviving previous candidate events (EROS-LMC-2 was eliminated having undergone
a 2nd variation [13]) they excluded COs with 1077(107%) < M/M < 1(1073) making up
more than 40(10)% of the MW halo [13].
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With three more years of SMC observations EROS-2 found an additional three events
(EROS2-SMC-2-4), with Einstein radius crossing times > 200 days (longer than the events
observed towards the LMC) [110]. They argued that these events ‘seem more compatible
with unidentified variable stars or self-lensing within the cloud than with halo objects’. This
was partly based on a prior expectation that halo COs would not have super-Solar masses;
however, follow-up observations concluded that these events were indeed long-period
variables [14]. The SMC observations placed slightly weaker constraints on the halo fraction
than the previous LMC observations.

The final EROS-2 analysis used observations of a subsample of 7 million bright stars
in the MCs, in order to aid discrimination of variable stars and minimize the effects of
blending [14]. They found only one event, and constrained COs with 107 < M/Mg <1
to make up less than 10% of the MW halo. Section 6 and Table 4 of Ref. [14] contains an
update on the status of the 11 previously published EROS MC events. Only 1 (EROS-
SMC-1) remains a microlensing candidate. EROS1-LMC-1 and 2, and EROS2-LMC-3
and 4 underwent a 2nd variation. With improved data analysis EROS2-LMC-5, 6 and
7 were classified as supernovae, and (as mentioned above) additional data showed that
EROS2-SMC-2, 3 and 4 were long-period variable stars.

Ref. [111] combined archival data from EROS-2 and MACHO to probe long timescale
events and concluded that COs with mass 10 < M/M; < 100(10%) have f < 0.15(0.5).
Combined with the previous EROS results, f > 0.15 was excluded for 10~ < M/Mg, < 100.

3.4. OGLE

The OGLE project has run for more than thirty years, starting in 1992 [112]. The first
OGLE MC observations (OGLE-II) found two candidate LMC events [15]. They found
that if both were due to COs the halo fraction was f = 0.08 = 0.06. However they argued
that these events were consistent with expectations from self-lensing and constrained
the CO with 0.01 < M/Mgs < 0.2 to make up less than 10% of the MW halo. OGLE-
LMC-02 subsequently underwent multiple additional brightenings and is therefore not
a microlensing event [22]. Their initial observations towards the SMC found a single,
unconvincing, candidate and slightly weaker limits [113].

In 8 years of observations towards the SMC, OGLE-III found 3 convincing events
(OGLE-SMC-2-4) [16]. The light curve of OGLE-SMC-2 exhibits a clear parallax effect
and also deviates from the simple Paczyriski curve around its peak. Follow-up observations
(including data from the Spitzer space telescope) measured the lens projected velocity and
found that the lens is most likely a BH binary in the MW halo, with mass M ~ 10M, [114].
Ref. [16] argued that this event is consistent with BHs making up of order a percent of the
MW halo. Like MACHO-LMC-5, OGLE-SMC-3 was a jerk-parallax event, with the lens
likely a M dwarf in the MW disc [16]. The combined OGLE-II and III MC limits on the halo
fraction were similar to those from EROS2 for M 2 0.01Mg, [16].

Results from OGLE-III and IV observations of 78.7 million stars in the LMC for up to
20 years were published in 2024 [22]. Their automated data pipeline found 13 events, all
with Einstein radius crossing times less than one year. A manual, ‘by eye’, search found an
additional 3 events. They found that the number of events, and their positions, timescales
and parallaxes, are consistent with expectations from stars in the MW disk and the LMC.
Using the 13 events identified using the automated data pipeline, they found that COs in
the mass range 1074(107°) < M/M;, < 6(900) cannot make up more than 1(10)% of the
MW halo (assuming the MW halo has a contracted Navarro Frenk White density profile
fitted to Gaia DR2 and other data in Ref. [45]) [42]. There are also similar, but slightly
weaker, constraints from OGLE’s 20 years of SMC observations, with the six observed
events being consistent with expectations from stars in the SMC or MW disc [84].
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Niikura et al. [115] used OGLE microlensing observations towards the Galactic bulge
to probe planetary mass COs. They found that most events were well-fit by microlensing by
stellar populations and excluded f > 0.1 for 107® < M/Mg, < 1072, There was a distinct
population of six ultra-short (~0.1 day) events. These events could be due to free-floating
planets; however, they argued that these events are also consistent with Earth mass COs
making up a few percent of the MW halo. From 2022-2024 OGLE carried out a high-cadence
survey of the MCs, observing 35 million stars up to 21 times per night [116]. They only
found one event, with Einstein radius crossing time ~90 days, which allowed them to
exclude COs with mass 108 < M/ M, < 0.01 making up more than 1% of the MW halo.

3.5. Surveys Focused on M31

Various collaborations have carried out so-called pixel microlensing surveys towards
M31. Stars in M31 are too distant to be resolved individually, so instead microlensing
surveys search for variations in the flux of the pixels of the image. Ref. [117] contains a
review of pixel microlensing surveys towards M31 as of 2009.

In the early 2000s POINT-AGAPE [118] found 6 events, significantly more than the
~1 they expected from self-lensing. They concluded that if the average mass of COs is
~1(0.01)Me, then at 95% confidence they make up more than 20(8)% of the MW halo.
Subsequently, MEGA [119] and PLAN [120] both concluded (using detailed calculations of
the detection efficiency and also more sophisticated mass models of M31 to calculate the
self-lensing rate) that their observed event rates were broadly consistent with self lensing
and constrained the MW halo fraction in Solar mass COs to be less than (20-30)%.

More recently high-cadence (2 min sampling interval) observations of M31 have been
carried out using the Hyper Suprime-Cam (HSC) on the Subaru telescope [23,121]. Ini-
tial observations found one candidate event, which led to a constraint f < 1072 for
107° < M/Ms < 1075 [23,23]. The finite size of the lensed stars reduces the
magnification [68], and makes the constraint weaker than it would otherwise be, for
M < 1077 Mg, [23,122]. Very recently this work has been updated with additional data
and improved analysis of the original data (in particular the inclusion of finite source
size effects in the detection efficiency estimation) [121]. Twelve microlensing candidates
have been identified, with 4 being classed as secure, high-significance detections. If these
events are due to COs in the MW halo the corresponding mass and halo fraction are
M~ (1077 = 107®) M and f ~ 0.01 — 0.1. Mréz and Udalski have, however, carried out
an independent reanalysis of the data and argue that all 12 candidate events are in fact
variable stars [123].

3.6. Kepler

In the early 2010s Griest and collaborations searched for short timescale microlensing
events in publicly available observations of nearby stars (designed to search for extra-Solar
planets) by Kepler. Their final results [124], based on 2 years of data, excluded compact
objects with 1077 < M/M < 10~7 making up all of the MW halo.

3.7. Summary

Figure 4 shows the final published parameter constraints on the halo fraction, f,
and compact object mass, M, (assuming all compact objects have the same mass) from
the surveys discussed in this section’. The solid lines denote exclusion limits, while the
dot-dashed black line shows the envelope of the tightest constraint for each value of M.
The dashed lines show allowed regions of parameter space. Table 2 contains a summary of
the key features of the MACHO [6], EROS [14] and OGLE [22] LMC microlensing surveys.
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See Table 1 of Ref. [31] for a more detailed comparison of stellar microlensing surveys (as
of 2010).
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Figure 4. Constraints on the CO mass, M, and MW halo fraction, f, at 95% confidence, assuming all
COs have the same mass. The solid lines denote exclusion limits, while the dot-dashed black line
shows the envelope of the tightest constraint for each value of M. The dashed lines show allowed
regions of parameter space. The exclusion limits are from EROS (‘E’) [14] (yellow), MACHO long
timescale ("M-long’) [100] (red), EROS plus MACHO long timescale (‘E+M’) [111] (orange), OGLE [22]
and OGLE high-cadence (‘OGLE-hc’) [116] (blue), and Kepler ('K”) [124] (green). The purple lines
are from high-cadence observations of M31 using the Subaru-HSC. "HSC19” shows the original
exclusion limit [23] as calculated in Ref. [47], while "HSC26” shows the exclusion limit from the latest
analysis, under the assumption that none of the events observed are due to COs in the MW halo.
The dashed line shows the allowed parameter values assuming that the 4 “secure” high-significance
events are due to COs in the MW halo. The dashed red line shows the allowed parameter values
from the 13 set A events in the final 5.7 year MACHO data set, as published in Ref. [6]. Subsequent
observations indicate that some of these events are not microlensing (see Section 3.2 and Refs. [14,91]
for discussion). The dotted blue line, labelled “'OGLE?’, shows the parameter values found assuming
that the ultra-short duration events observed towards the Galactic bulge by OGLE are due to COs in
the MW halo [115]. This plot was made using a modified version of Kavanagh’s PBHBounds [125].

Table 2. A summary of the main features of the MACHO [6], EROS [14] and OGLE [22] LMC
microlensing surveys. The 13 MACHO events are from their tighter selection criteria A. Four of these
events have subsequently been found to likely be variable stars; see Refs. [14,91] and Section 3.2.
The 13 events listed for OGLE are those found using their automated search pipeline, and used for
their halo fraction constraints; see Section 3.4.

Duration Field of View Number of Stars, N,
Survey (Years) ( degz) (Million) Number of Events, Ny
MACHO 5.7 14 12 13
EROS ~12 88 (EROS-2) ~25 (EROS-2) 1
OGLE ~20 105 (OGLE-1V) 78.7 (OGLE-IV) 13
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4. Future
4.1. Observations

In the near future new telescopes will be able to carry out next generation microlensing
surveys. The Nancy Grace Roman Space Telescope (formerly known as WFIRST) has excellent
resolution, which will reduce the effects of blending and allow the measurement of finite source
effects. It will carry out high-cadence observations, as required to detect short timescale events
and probe light CO. The ground-based Vera C. Rubin Observatory (formerly known as the
Large Synoptic Survey Telescope) will carry out a long-duration wide-field survey. It will have
high sensitivity to long timescale events and hence intermediate and high mass CO. Telescopes
with high spatial resolution, capable of high-precision astrometry, will be able to carry out
astrometric microlensing measurements and probe the angular Einstein radius (see Section 2.4).

To probe CO DM with the Roman Space Telescope’s Galactic Bulge Time Domain Sur-
vey it will be necessary to discriminate events due to CO in the MW halo from events due
to astrophysical objects in the luminous components of the MW. Following early work in
Ref. [126], Ref. [127] showed that it will be possible to discriminate planetary-mass CO DM
from free-floating planets, and probe halo fractions f ~ 103 — 10~ using just the timescales of
(photometric) microlensing events. Ref. [128] showed that this survey could probe f ~ 10~ for
107! < M/M, < 10?% ifit is possible to distinguish CO DM and stellar lenses using the joint
distributions of the timescales and angular Einstein radii of events. If it is not possible to do
this then the sensitivity will be reduced to f ~ 10~!, weaker than existing OGLE limits in this
mass range [22]. Similar constraints may also be possible using the Rubin Observatory [129].
With improved understanding of backgrounds, Gaia time-series data could probe halo fractions
down to f ~ 1073 for multi-Solar mass CO DM [130]; see also Ref. [79]. The thirty-metre
class, Extremely Large Telescopes, will also be able to probe CO DM via astrometric microlens-
ing [131]. Combining photometric and astrometric microlensing data would aid the detection
and characterization of events [132]. In all cases, correctly identifying events and minimizing
the false positive rate will be crucial (as we have seen for previous surveys in Section 3). See
Ref. [133] for work in this direction.

4.2. Theory

As discussed in Section 2.2, uncertainties in the DM distribution lead to uncertainties in
the differential event rate and hence the constraints on the halo fraction. If the DM is smoothly
distributed, the most significant uncertainty is the dependence of the rate of short-timescale
events, and hence the constraints on f for large masses, on the local velocity distribution [52].
In the case of PBH, if a significant fraction is in compact clusters, such that the cluster as a
whole lenses, the constraints would change significantly [50]. Understanding the present day
spatial distribution of PBHs formed from realistic density perturbation distributions (i.e., how
many PBHs are in clusters, and what are their properties? How many PBHs are in binaries,
and what are their properties?) is a major outstanding challenge.

5. Summary

We have explored how stellar microlensing surveys probe compact object dark matter,
in particular primordial black holes. Early indications from the MACHO collaboration
that a significant fraction of the Milky Way halo could be in the form of roughly Solar
Mass COs [5,6] were not confirmed by EROS [14] or OGLE [22]. Long-duration [22] and
high-cadence [23,116] observations have extended the range of CO masses probed by
microlensing. Under the standard assumptions outlined in Section 2, collectively these
surveys exclude COs with mass 107! < M/M; < 10* making up all of the DM in

~

the MW, while those in the mass range 1071 < M/M; < 1 can make up less than

~

one percent. Further theoretical work is required to ascertain how robust the standard
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assumptions regarding the CO distribution are. For PBHs a key question is whether a
significant fraction are in compact clusters. Future observations, in particular astrometric
ones using the Roman Telescope and Rubin Observatory can potentially probe CO dark
matter down to f ~ 1073 — 10~*. However further work is required to develop techniques
for discriminating CO dark matter-induced lensing events from backgrounds, including
lensing events due to known astrophysical objects, such as stars and planets.
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Abbreviations

The following abbreviations are used in this manuscript:

CcoO Compact Object

DM Dark Matter

DIA  Difference Image Analysis
LMC Large Magellanic Cloud
MC Magellanic Cloud

MW  Milky Way

PBH  Primordial Black Hole
SMC  Small Magellanic Cloud

Notes

1

Throughout, we use COs when covering material that applies to compact objects in general and PBHs for material that is specific
to primordial black holes.

We do not cover constraints on CO DM [24,25] from supermagnified stars (a star in a galaxy that is magnified by a large factor by
lensing by a galaxy cluster, with the star then magnified further by microlensing by a CO) [26].

These advantages are well known in the observational microlensing community but are hard to find original sources for.

There have been changes to some of best-fit parameter values; for instance, the Solar radius has been measured as
ro = (8.18 £0.01 £ 0.02) kpc by the GRAVITY collaboration [35]. However, these changes have a smaller effect on the
differential event rate than uncertainties in the density profile.

The event numbering reflects the fact that events 2 and 3 in the 1-year data were subsequently rejected, and a further 8 candidate
events were classed as supernovae in background galaxies.

Event 23 has varied again and is likely a variable star; see discussion above and Refs. [14,86,92].

Results from M31 surveys, other than HSC, are not shown. These surveys quoted approximate allowed or excluded values for
the halo fraction, but they did not publish exclusion limit curves or allowed regions of parameter space.
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