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ABSTRACT

Many recent observational and theoretical studies suggest that globular clusters (GCs) host compact
object populations large enough to play dominant roles in their overall dynamical evolution. Yet direct
detection, particularly of black holes and neutron stars, remains rare and limited to special cases, such
as when these objects reside in close binaries with bright companions. Here we examine the potential
of microlensing detections to further constrain these dark populations. Based on state-of-the-art GC
models from the CMC Cluster Catalog, we estimate the microlensing event rates for black holes,
neutron stars, white dwarfs, and, for comparison, also for M dwarfs in Milky Way GCs, as well as
the effects of different initial conditions on these rates. Among compact objects, we find that white
dwarfs dominate the microlensing rates, simply because they largely dominate by numbers. We show
that microlensing detections are in general more likely in GCs with higher initial densities, especially
in clusters that undergo core collapse. We also estimate microlensing rates in the specific cases of M22
and 47 Tuc using our best-fitting models for these GCs. Because their positions on the sky lie near
the rich stellar backgrounds of the Galactic bulge and the Small Magellanic Cloud, respectively, these
clusters are among the Galactic GCs best-suited for dedicated microlensing surveys. The upcoming

10-year survey with the Rubin Observatory may be ideal for detecting lensing events in GCs.

1. INTRODUCTION

Constraining the demographics of compact object
populations in globular clusters (GCs) has been of high
interest in astronomy for several decades. Compact
objects—stellar-mass black holes (BHs), neutron stars
(NSs), and white dwarfs (WDs)—are the key ingredi-
ents for a wide array of sources and phenomena ob-
served in clusters, including X-ray binaries (Katz 1975;
Clark 1975; Verbunt et al. 1984; Heinke et al. 2005;
Ivanova 2013; Giesler et al. 2018; Kremer et al. 2018),
millisecond radio pulsars (Lyne et al. 1987; Sigurdsson
& Phinney 1995; Camilo & Rasio 2005; Ransom 2008;
Chomiuk et al. 2013; Shishkovsky et al. 2018; Fragione
et al. 2018; Ye et al. 2019), fast radio bursts (Kirsten
et al. 2021; Kremer et al. 2021), and gravitational wave
events (Moody & Sigurdsson 2008; Banerjee et al. 2010;
Bae et al. 2014; Ziosi et al. 2014; Rodriguez et al. 2015,
2016; Askar et al. 2016; Banerjee 2017; Hong et al. 2018;
Fragione & Kocsis 2018; Samsing & D’Orazio 2018; Ro-
driguez et al. 2018; Zevin et al. 2019; Kremer et al.
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2019b). Populations of compact objects also greatly im-
pact the overall dynamical evolution of GCs; in partic-
ular, stellar BHs can quickly concentrate in the cluster
core due to dynamical friction and subsequently heat
the cluster through frequent binary-mediated encounters
(Spitzer 1969; Heggie & Hut 2003; Breen & Heggie 2013;
Kremer et al. 2019a). Furthermore, massive WDs can
dominate the central regions of core-collapsed GCs, also
driving their dynamical evolution (e.g., Kremer et al.
2020; Rui et al. 2021b; Kremer et al. 2021).
Observations and theory alike strongly indicate the
existence of compact object populations in GCs. Milky
Way GOCs contain several known stellar-mass BH bi-
nary candidates detected via radio and X-ray observa-
tions, including in NGC 4472 (Maccarone et al. 2007),
M22 (Strader et al. 2012a), M62 (Chomiuk et al. 2013),
47 Tuc (Miller-Jones et al. 2015), and M10 (Shishkovsky
et al. 2018), as well as those detected via radial velocity
measurements in NGC 3201 (Giesers et al. 2018, 2019).
Numerical simulations of GCs reinforce this observa-
tional evidence by demonstrating that Milky Way GCs
can retain large populations of stellar-mass BHs up to
the present day (e.g., Merritt et al. 2004; Mackey et al.
2007, 2008; Breen & Heggie 2013; Morscher et al. 2015;
Peuten et al. 2016; Chatterjee et al. 2017a,b; Askar et al.
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2018; Kremer et al. 2018; Kremer et al. 2020; Weather-
ford et al. 2018, 2020; Antonini & Gieles 2020). Mean-
while, observations of millisecond pulsars and low-mass
X-ray binaries with neutron star accretors suggest that
Milky Way GCs may on average contain hundreds of
NSs each (e.g., Ivanova et al. 2008; Kuranov & Postnov
2006). Observations of WDs in GCs are also important;
notably they enable stronger predictions of their host
clusters’ ages (Hansen et al. 2002, 2007; Hansen et al.
2013a) and distances (Renzini et al. 1996). WDs are
also observable as cataclysmic variables via their vari-
ability, emission lines, colours and X-ray emission (i.e.,
Knigge 2012). However, with their relatively large dis-
tances, GC cataclysmic variables are 10-100 times less
bright than nearby ones observed in the Galactic field.

Yet the aforementioned observations are largely lim-
ited to special cases, particularly for BHs. Although NSs
are detectable as pulsars and the younger, luminous end
of the WD sequence is observable in some nearby clus-
ters (e.g., Richer et al. 1995; Richer et al. 1997; Cool
et al. 1996), compact objects in GCs have otherwise
only been directly detected in binaries via their influ-
ence on a luminous companion. This can be problematic
when trying to use existing observations to constrain
bulk properties of compact object populations in GCs.
For example, dynamical simulations of GCs establish
that the number of cluster BHs residing in binaries with
luminous companions does not correlate with the total
number of BHs in a cluster (Chatterjee et al. 2017b;
Kremer et al. 2018). The apparent BH mass distribu-
tion in clusters—useful for constraining supernova and
collision physics as well as the cluster initial mass func-
tion and star formation history—is susceptible to bias
if based solely on observations from binaries. In partic-
ular, mass segregation tends to cause the most massive
BHs to form binaries with other BHs, not with observ-
able stellar companions; the inferred BH mass distri-
bution from observable BH binaries with a stellar com-
panion could therefore be biased toward lower masses.
Thus, in order to better constrain properties of the com-
plete population of compact objects in clusters, addi-
tional observational strategies are necessary. Compact
object detection through gravitational microlensing may
serve such a purpose.

Because the fine alignment required to produce a mi-
crolensing event is rare and short-lived, searches for
these events are challenging; for instance, early searches
by the Massive Astrophysical Compact Halo Object
(MACHO) collaboration revealed only three microlens-
ing events by Galactic halo objects despite monitoring
nearly 107 stars in the Large Magellanic Cloud for over
a year (Alcock et al. 1995; Alcock et al. 1996). Early
efforts sought to constrain dark compact object popu-
lations in the mass range 1077 < M/My < 1071 in
the Galactic halo and bulge (e.g., Paczynski 1986, 1991;
Griest et al. 1991; de Rujula et al. 1991). Since then,
however, many microlensing events towards the Galactic

bulge have been detected by several collaborations like
the Optical Gravitational Lensing Experiment (OGLE;
Udalski et al. 1994; Udalski 2003; Udalski et al. 2015),
MACHO (Alcock et al. 2000), and Microlensing Obser-
vations in Astrophysics (MOA; Bond et al. 2001). Mi-
crolensing detections are accelerating as large surveys
proliferate. In particular, the OGLE-IV survey now
detects around 2000 photometric microlensing events
towards the Galactic bulge every year (Udalski et al.
2015). Most recently, Sahu et al. (2022) reported the
detection of the BH lensing event MOA-11-191/OGLE-
11-0462 towards the Galactic Bulge with the BH inferred
mass ~ 7.1 Mg. The same event has been analyzed
in another recent work by Lam et al. (2022) although
they come to a slightly different conclusion than Sahu
et al. (2022) regarding the nature of the object. Thanks
to such surveys, the future for microlensing is looking
brighter.

The increasing frequency of microlensing detections
has led to several recent theoretical studies of microlens-
ing rates for compact objects, including stellar-mass
BHs (Lu et al. 2016; Zaris et al. 2020), intermediate-
mass BHs (Kains et al. 2016; Safonova & Rahvar 2007;
Kains et al. 2018), NSs (Dai et al. 2015), and WDs
(McGill et al. 2018). In particular, Harding et al. (2017)
estimate the microlensing event rate by nearby WD pop-
ulations to be 30-50 per decade. Due to a small sample
of BHs and NSs with well-known distances and proper
motions, however, their estimates of the BH and NS
rates are less certain.

In general, GCs have well-known distances and ve-
locities, enabling more precise estimates of microlensing
rates in these environments. GCs also feature dense pop-
ulations of compact objects, making their optical depths
much higher than in the field of the Milky Way. Paczyn-
ski (1994) originally proposed microlensing searches on
GCs set against the backdrop of the dense Galactic bulge
or the Small Magellanic Cloud. The first microlensing
event in a GC was observed in M22 and the source star
was located in the Galactic bulge (Pietrukowicz et al.
2012). In addition to lensing of distant background
stars, GCs can also produce observable microlensing
events of the cluster stars themselves (so-called “self-
lensing”). In this context, using the bright stars in NGC
5139 as sources, Zaris et al. (2020) estimated the self-
lensing rate of BHs in NGC 5139 to be in the range 0.1—
1yr~! from their numerical simulations. While a reason-
able number of self-lensing events in the dense regions of
GCs can in principle occur for a large number of lenses
(> 10%) and high velocity dispersion, detection requires
high resolution imaging of the cluster background stars
with powerful telescopes. Moreover, with fewer bright
stars contained in GCs compared to the entire field of
the Milky Way, many GCs would likely need to be ob-
served to detect some microlensing events (Jetzer et al.
1998).



In this paper, we analyse potential microlensing events
in GCs using our realistic CMC Cluster Catalog models
(Kremer et al. 2020) with state-of-the-art prescriptions
for the formation and kinematics of compact objects.
In addition to predicting microlensing rates for compact
objects, we also estimate the rates for M dwarfs, which
usually dominate the cluster mass function in our mod-
els. In the rate analysis, we give additional attention
to the clusters 47 Tuc (Ye et al. 2021) and M22 (Kre-
mer et al. 2019) given the higher potential for microlens-
ing events provided by these clusters’ densely-populated
backgrounds on the sky, i.e., the Small Magellanic Cloud
(SMC) and the Galactic bulge, respectively.

This paper is structured as follows. In Section 2, we
describe the computational method used to construct
the CMC Cluster Catalog models, as well as the cri-
teria we use to determine which additional CMC models
most closely match 47 Tuc and M22. In Section 3, we
review the basics of microlensing and explain how we
estimate microlensing rates both numerically and an-
alytically from our models. In Section 4, we present
the microlensing rates due to sources both within the
cluster (self-lensing) and outside the cluster (the distant
background). Finally, in Section 5, we summarize and
discuss our results.

2. MODELING DENSE STAR CLUSTERS
2.1. CMC Catalog Models

In this paper, we predict gravitational lensing rates in
the Milky Way GCs based on a large grid of cluster simu-
lations recently published as the CMC Cluster Catalog
(Kremer et al. 2020). In particular, we analyse the mi-
crolensing event rates of 10 of the catalog’s 148 cluster
simulations generated with our publicly released Cluster
Monte Carlo (CMC) code (Rodriguez et al. 2021, and ref-
erences therein). CMC is a Hénon-type Monte Carlo code
(Hénon 1971a,b) that has been continuously developed
and improved for over two decades, beginning with Joshi
et al. (2000, 2001) and Fregeau et al. (2003). The Monte
Carlo Hénon method assumes spherical symmetry and
orbit averaging, and is parallelized (Pattabiraman et al.
2013), allowing us to model 10° stars over a Hubble time
in a couple days. CMC incorporates all relevant physi-
cal processes, such as two-body relaxation, three- and
four-body strong encounters (Fregeau & Rasio 2007),
three-body binary formation (Morscher et al. 2015), and
physical collisions and relativistic dynamics (Rodriguez
et al. 2018). It also includes stellar and binary evolution
(Hurley et al. 2000, 2002) integrated with the COSMIC
package for binary population synthesis (Breivik et al.
2020). We direct the reader to Rodriguez et al. (2021)
for a detailed description of CMC’s implementation of all
these processes, including up-to-date prescriptions for
compact object formation.
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All the catalog models adopt the standard Kroupa
(2001) initial mass function (IMF) in the mass range
0.08-150 M. The initial stellar velocities and positions
of all objects draw from a King profile with initial central
concentration Wy = 5 (King 1962). Our models do not
include primordial mass segregation, so the initial veloc-
ities and positions of all objects do not depend on object
mass. In this work, we explore the effect of the initial to-
tal number of objects N and the initial cluster virial ra-
dius r,, on the microlensing event rates while fixing other
initial conditions such as the metallicity Z = 0.1 Z and
the Galactocentric radius Ry. = 8 kpc. Specifically, we
use catalog models with initial N = 8 x 10°, 1.6 x 10,
and 3.2 x 10%, while r, ranges from 0.5 to 4 pc. Because
the CMC Cluster Catalog contains only a few models
with N = 3.2 x 10%, we could only expand our analysis
to higher N when using different values of the Galacto-
centric radius (20 kpc) and metallicity (Z = 0.01 Zg).
Using a metallicity of 0.01Zg instead of 0.1Z; does
not significantly impact the microlensing rates as the
metallicity does not have a major effect on the num-
ber and properties of compact objects below 0.1Z5. It
only makes a significant difference as we approach solar
metallicity (e.g., see Fig 1 in Kremer et al. 2020). The
primordial binary fraction in each model is f, = 5%; to
form binaries, we assign a companion star to a number
N x fp randomly chosen single stars. The companion
masses draw from a flat mass ratio distribution in the
range [0.1,1] (e.g., Duquennoy & Mayor 1991). The ini-
tial cluster size is set as the initial virial radius of the
cluster, r, = GM2,/2U, where G is the gravitational
constant, M, is the total cluster mass, and U is the
total cluster potential energy. As the half-mass relax-
ation of a cluster depends directly on its virial radius
(i.e., Spitzer 1987),
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clusters with smaller virial radii evolve faster. Our
model clusters truncate at the tidal radius
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where vy, (set to 220kms™?) is the circular velocity of
the cluster around the Galactic center at Galactocentric
distance Ry.. Tidal stripping of stars due to the Galactic
potential follows the Giersz et al. (2008) energy criterion
and is further described by Chatterjee et al. (2010); Ro-
driguez et al. (2021).

Table 1 lists the cluster parameters of all the CMC
Cluster Catalog models used in this study, including
the theoretical core radius 7¢ gheoretical (Specifically, the
density-weighted core radius traditionally used by the-
orists, e.g., Casertano & Hut 1985) and the half-mass
radius rj, which contains half the cluster’s total mass,
both at final time ¢t = 12 Gyr.



Table 1. Initial cluster parameters for all model GCs

Simulation N T Rge d A fo Mo, f Te,f  Th,f
x10° pc  kpe kpc Zo x10° Me pc pc
1 N8-RvV0.5-RG8-70.1 8 0.5 8 8 0.1 0.05 2.00 0.17 4.8
2 N16-Rv0.5-RG8-70.1 16 0.5 8 8 0.1 0.05 4.40 0.39 4.1
3 N8-RV1-RG8-70.1 8 1 8 8 0.1 0.05 2.20 0.61 4.8
4 N16-RV1-RG8-z0.1 16 1 8 8 0.1 0.05 4.60 1.25 5.2
5 N32-Rv1-RG20-z0.01 32 1 20 8 0.01  0.05 10.00 2.01 3.9
6 N8-RV2-RG8-70.1 8 2 8 8 0.1 0.05 2.30 2.82 7
7 N16-RV2-RG8-70.1 16 2 8 8 0.1 0.05 4.80 3.13 7.5
8 N32-RV2-RG20-z0.01 32 2 20 8 0.01  0.05 10.30 3.95 7.2
9 N8-RV4-RG8-70.1 8 4 8 8 0.1 0.05 2.30 4.66 11.1
10 | N16-Rv4-RG8-70.1 16 4 8 8 0.1 0.05 4.90 6.26 11.2
11 | 47 Tuc 30 4 74 45 0.38 0.022 9.60 0.8 7
12 | M22 8 0.9 8 3.2 0.1 0.05 2.20 1.5 4.7

NoTE—List of the CMC Cluster Catalog models used in this study (all are integrated to 12 Gyr) together with
models tailored to fit 47 Tuc and M22 (at 10.2 and 10.9 Gyr, respectively). From left to right we give
the initial number of objects N, initial virial radius r,, Galactocentric distance Rg. (assumed constant),
heliocentric distance d, metallicity Z, final total cluster mass M., theoretical core radius r., and half-mass

radius 7p,.

2.2. 47 Tuc and M22

In addition to the models from the CMC Cluster
Catalog, we also explore models designed to better
match the specific Milky Way clusters 47 Tuc and M22.
These clusters are of particular interest because they
lie in front of the rich stellar backgrounds of the SMC
and the Galactic bulge, respectively. We base our mi-
crolensing rate estimates for these GCs on our models
of 47 Tuc (Ye et al. 2021) and M22 (Kremer et al. 2019)
that best match these clusters’ observed surface bright-
ness and velocity dispersion profiles, as determined by
the x2 fitting methodology described by Kremer et al.
(2019) and Rui et al. (2021a).

To match 47 Tue, Ye et al. (2021) vary the initial
number of stars, density profile, binary fraction, virial
radius, tidal radius, and IMF. The density profile of the
best-fitting model is an Elson profile (Elson et al. 1987)
with v = 2.1. The IMF consists of a two-part power-low
mass function in mass range 0.08 — 150 M with a break
mass at 0.8 M and power-law slopes of a; = 0.4 and
ag = 2.8 (Giersz & Heggie 2011). The initial number of
stars is N = 3 x 10%, with binary fraction f, = 0.022
(Giersz & Heggie 2011), virial radius r,, = 4 pc, Galacto-
centric distance Ry = 7.4 kpc (Harris 2010; Baumgardt
et al. 2018), and metallicity Z = 0.0038 (Harris 1996,
2010 edition). Following Ye et al. (2021), we use the
snapshot at 10.2 Gyr as a representative of the best-fit
models, which span the age of ~ 9 — 12 Gyr, consistent
with 47 Tuc’s observationally estimated ages of ~ 9—14
Gyr (e.g., Dotter et al. 2010; Hansen et al. 2013b; Van-

denBerg et al. 2013; Brogaard et al. 2017; Thompson
et al. 2010, 2020, and references therein). The model
observational core radius and half-light radius are 0.4 pc
and 3.8 pc at t = 10.2 Gyr, respectively.

In the case of M22, however, Kremer et al. (2019)
investigated the effect of the initial virial radius r, €
[0.5,4] pc on the total number of BHs retained by the
cluster. The best-fitting model features initial 7,
0.9 pc and age 10.9 Gyr. Other important initial condi-
tions (kept fixed in the study) are initial N = 8 x 10,
binary fraction f;, = 0.05, metallicity Z = 0.001, and
Galactocentric distance R, = 8 kpc, utilizing the stan-
dard Kroupa (2001) IMF in the range 0.08-150 M. The
model observational core radius and half-light radius are
0.9 pc and 2.4 pc at t = 10.9 Gyr, respectively. Impor-
tant initial and final parameters from our best-fitting
models to 47 Tuc and M22 are also provided in Table 1.

3. MICROLENSING RATES

We now describe how we compute the microlensing
rates in our models, referring throughout to Griest et al.
(1991) and Paczynski (1996).

Consider a luminous background star (source) star
and a faint foreground object (lens) at distances Dg
and Dy from an observer, respectively. As they pass
each other with relative proper motion prs perpendic-
ular to the line of sight, the lens gravitationally focuses
the light from the source star, amplifying its observed
brightness by a factor

u? +2

A=t T2
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where u = 8/0g and S is the angular separation between
the lens and source relative to the observer. The angular
Einstein radius is
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where c is the speed of light, my, is the lens mass, and
x = Dg — Dy, is the distance between the source and
lens. An angular separation corresponding to u = 1
implies the source passing the lens at a projected dis-
tance equal to the Einstein radius and gives a mag-
nification A =~ 1.34. Like Zaris et al. (2020), we
only count microlensing events that magnify the source
star by more than a threshold value considered to be
detectable by modern telescopes, Ar = 1.01 (Bellini
et al. 2017). The maximum allowed misalignment is
then Umax = [2A7(A2 — 1)71/2 = 2]V/2 ~ 3.5, cor-
responding to a decrease in magnitude by more than
Amag = 2.5log;y Ar ~ 0.011.

We calculate microlensing rates in our model GCs
considering two different lens—source configurations. In
both cases, all lenses belong to the GC and represent
either stellar remnants or faint M dwarfs in the mass
range 0.08 — 0.2 M. Source stars, however, are either
located inside the GC as well (the “self-lensing” con-
figuration) or in a distant background system, such as
the Galactic bulge or SMC (the “background” config-
uration). In principle, source stars could be anywhere
and future studies may consider alternative backgrounds
for other clusters. Given our specific focus on M22 and
47 Tuc, however, we only consider background sources
from the Galactic bulge and SMC. For these GCs, we
estimate the background microlensing rates analytically,
as described in Section 3.1. The self-lensing rates we
compute numerically based on the positions and veloc-
ities of each object in our simulations, as detailed in
Section 3.2.

For simplicity, we assume that all the lenses and
sources are isolated (i.e., not in binaries or higher mul-
tiples). Based on the HST survey of globular clusters
(Sarajedini et al. 2007), we assume that stars having
masses down to about 0.2 M, can be resolved and hence
act as source stars in microlensing events (at a distance
of 4.5 kpc—the distance of 47 Tuc—this corresponds to
an apparent v-band magnitude of roughly 24). This
is an optimistic approximation since observing time on
telescopes capable of observing this far down the main
sequence will likely remain at a premium for the fore-
seeable future. Additionally, in actual observations of
centrally crowded clusters (like 47 Tuc), it is possible
that only a few percent of 0.2 Mg stars may be de-
tected in the cluster core and a few tens of percent
in the cluster halo (Anderson et al. 2008). This is a
worst-case scenario for the most centrally crowded clus-

(4)
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ters and the central completeness rapidly improves with
mass and approaches 100% by about 0.4 My for many
of the nearby Milky Way GCs, including M22 (Weath-
erford et al. 2018). Even so, any rate estimate that we
base on cluster models without correcting for observa-
tional incompleteness will over-predict the observed rate
by potentially a factor of a few.

3.1. Analytical rate estimates for distant background
sources

We now describe the method we use to compute the
microlensing rates for distant background sources. To
lighten the notation in all the ensuing calculations, we
re-scale the angular Einstein radius 0 — umax0g (char-
acterizing microlensing events that yield magnifications
A > Arp). The probability of observing a microlensing
event meeting this criterion at any time, referred to as
the optical depth, is then given by the fraction of the
sky swept out by the angular area dS of all lenses, that
is dr = dS/, where {2 is the solid angle of the region
observed. Provided that the lens—source relative proper
motion over the time interval dt is approximately con-
stant, the total rectangular area swept out by the lenses
on the sky at distance Dy, is given by

dS(DL) = (29E X MLsdt)n(DL)QD%dDL, (5)

where 20p X ppsdt is the angular area swept out by
one lens and n(Dy)QD%dDy, is the number of lenses in
a volume element dV = QD?dD;, with shell thickness
dDj, and lens number density n(Dy) along the line of
sight (see Figure 1). Integrating the contribution of all
the shells along the line of sight yields (Gaudi 2012)

1 [Ps
I' = */ QQEILLLSn(DL)dV
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where we have used g = Rg/Dr and purs = vy /Dy,
given the relative source-lens velocity v, . Eq. (6) rep-
resents the probability that a single source star falls
into the rectangular area of lenses per unit time, i.e.,
I’ = dr/dt, referred to as the microlensing rate. Mon-
itoring a total number N, of stars for a duration Typs
results in the total number of microlensing events:

Ney = N I'Tps. (7)

To estimate the event rates for distant background
sources, one can approximate the average lens and
source distances (D, and Dg, respectively) as constant
over the integration range in Eq. (6). Doing so yields
(e.g., Fregeau et al. 2002)

I'(r) = 2Rpv. X(r), (®)

where r is the distance perpendicular to the line of sight
and ¥ is the surface density of the lenses. Eq. (8) is



Figure 1. Demonstration of the lens-source geometry adopted
in Section 3. The lenses and sources are at distances Dy, and Dg,
respectively, from the observer O along the line of sight. All the
lenses and source stars are projected onto the two-dimensional
plane of the sky. To compute the microlensing rate as the lens
moves along this plane, we count the number of sources that lie
within the area swept out by the Einstein ring (with diameter

2RE) at any point during the observing time interval.

also expressible in terms of angular quantities as follows
(e.g., Harding et al. 2017):

[(r) =20pursor(r), (9)

where oy, is the surface density of the lenses in units of
arcsec 2. Here, the angular Einstein radius and proper
motion take units of arcsec and arcsec/yr, respectively.

Finally, when computing the total lens-source relative
proper motions, we take the total transverse velocity
to be that of typical GCs with respect to the Galactic
center, i.e., v ~ 100kms~!. That is, we ignore the
individual motions of the lenses, typically ~ 10kms™!.

The typical timescale over which a microlensing event
takes place is obtained by

RE‘ \/4GmLDLx/D5
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for Umax=1.

3.2. Numerical calculations of self-lensing rates

We numerically compute the self-lensing rates in our
cluster models similarly to Griest et al. (1991); Zaris
et al. (2020). This method is more exact and accurate
than the approximate analytical approach presented in
the previous section but is limited to sources within the
cluster (self-lensing). First we project the positions, r,

and tangential and radial velocities, v; and wv,, respec-
tively, of each object onto two dimensions, with angular
coordinates assigned randomly on the unit sphere.

We imagine an Einstein ring attached to a lens moving
across the corresponding sky-projected plane at a con-
stant relative velocity, v, , over an observing duration
Tons and check if the broad pass of the Einstein ring
intersects with the position of a source (see Figure 1).
The area swept out on the ‘sky’ by the lens will cover
a narrow, nearly rectangular area across the plane per-
pendicular to the line of sight. We choose Tgps small
enough that the lens only moves a small fraction of the
cluster radius (enabling the projected trajectory to rea-
sonably be described by a straight line) but large enough
that the probability it will pass through a source is non-
negligible. Finally, we compute the total microlensing
rate by counting up the number of source stars inside the
microlensing tube of radius Ry = 0gDg in the source
plane and length v, T,,s and then dividing by Tops.

4. RESULTS
4.1. The cMC Cluster Catalog

In this section, we present our self-lensing rate esti-
mates for the 10 CMC Cluster Catalog models. Table 2
lists for each model the total numbers of source stars N,
and various lens populations as well as the corresponding
total event rates I'to¢ in units of events per year per N,.
A quick glance confirms the natural expectation that the
microlensing event rates are highest in clusters with the
highest numbers of sources and lenses. As the numbers
of both lens and source stars decrease, the microlensing
event rates decrease by nearly the same factor. This
trend is also evident in Figure 2 showing the relative
contributions from lenses of different masses and radial
positions in the cluster to the total self-lensing rates
for three CMC Cluster Catalog models with different
initial N. We see that the objects in the mass range
~ 0.1 — 0.7 Mg, which represent WDs and M dwarfs,
dominate the microlensing rates. This is unsurprising
since they dominate the cluster mass function at late
times. Furthermore, as the initial [V increases, more NSs
and BHs are retained and contribute to the microlensing
rate. In Figure 4, we show the mass and radial distribu-
tions of the different types of lenses that produce an ob-
servable event in the model N32-RV1-RG20-z0.01 with
initial V = 3.2 x 106 and virial radius r, = 1 pc. As the
lightest lenses we consider here (~ 0.1 M), M dwarfs in
this massive cluster are located mostly beyond the half-
mass radius (4 pc), well into the cluster halo. Among
various types of WDs, carbon-oxygen WDs, with av-
erage mass 0.75 Mg, produce the highest microlensing
rate since they dominate by number. They are massive
enough to segregate toward the cluster center, but only
slightly so. The same is true for the NSs, with average
mass 1.3 Mg, but the BHs reside much deeper in the
cluster potential given their much higher average mass
(15 Mg).



Table 2. Self-lensing event rates of various lens populations in all model GCs

Simulation N Nwmp Nwp Nns Npu TI'mp  Twbp I'ns Ien

yr=t oyttt yrt
1 N8-RV0.5-RG8-70.1 274944 232688 76753 273 1 0.004 0.01 8x107° <107°
2 N16-Rv0.5-RG8-Z0.1 600279 537756 161703 740 64 0.04 0.05 6x107% 2x107%
3 N8-RV1-RG8-70.1 300847 271497 80989 238 21 0.005 0.005 5x107° 2x107°
4 N16-RV1-RG8-70.1 626541 578016 164008 610 207 0.03 0.03 4x10™% 3x107%

5 N32-Rv1-RG20-z0.01 1263364 1188229 343463 4901 962 0.1 0.1 0.002 0.003
6 N8-RV2-RG8-70.1 314259 289919 81065 160 110 0.003 0.002 2x107° 3x107°
7 N16-Rv2-RG8-70.1 640980 598069 164674 449 534 0.02 0.01 2x107* 3x10~*

8 N32-RV2-RG20-z0.01 1286873 1220092 345888 4160 1866 0.08 0.06 0.001 0.003
9 N8-RV4-RG8-70.1 316884 293302 79556 74 297 0.001 0.001 <10°° 2x10~%
10 | N16-Rv4-RG8-70.1 651299 610092 164273 335 979 0.008 0.005 1x107° 3x10~%
11 | 47 Tuc 1209403 344100 447959 1298 159 0.03 0.2 0.002 4x10~4
12 | M22 291315 259255 76867 478 40 0.004 0.005 4x107° 2x107°

NoTE—The total number of source stars N,, M dwarfs Nyp, white dwarfs Nwp, neutron stars Nngs, and black holes
Npu at 12, 10.2, 10.9 Gyr for all CMC Catalog models, 47 Tuc and M22, respectively. The microlensing rate of each lens
population is obtained numerically for a given total number of source stars N, in all model GCs.

The initial size of the cluster also impacts microlensing
rates. This impact is demonstrable in Figure 3 showing
the cumulative distribution of the microlensing rates as
functions of lens mass (left) and radial position (right)
for models with different initial virial radii. These plots
show that total rates increase with decreasing r, as the
lenses concentrate in the inner regions of their cluster.
There are more subtle contributions to this overall im-
pact, however; r, actually influences the microlensing
rates through three primary competing effects. First,
the microlensing rate in Eq. (6) is directly proportional
to the number density of lenses times the cluster ra-
dius (via the integral over distance from Dp to Dg).
Therefore the microlensing rates should naively scale as
roughly the inverse square of the virial radius; clusters
born with smaller r, should indeed exhibit higher mi-
crolensing rates. Table 2 confirms this expectation for
M dwarfs, WDs, and NSs, but the tabulated results show
the inverse dependence of these rates on r, is closer to
linear than quadratic. This arises in part because the
angular Einstein radius in Eq. 4—and therefore the mi-
crolensing rate in Eq. 6—is nearly proportional to the
square-root of the source-lens distance. Since this is also
proportional to r,, the average source-lens distance is
smaller in denser clusters, partially negating the rate en-
hancement due to the higher density on its own. Finally,
clusters with smaller r, dynamically evolve faster and
therefore retain fewer objects (both lenses and sources)
at late times than clusters born with lower density. This
is especially true for BHs, as shown by Kremer et al.
(2019). Consequently, for a given number of source
stars, the total number of BH microlensing events ac-

tually increases slightly or remains constant with in-
creasing virial radius.

While BHs and BH microlensing events are depleted
in dense, dynamically evolved GCs, the same logic is not
applicable for WDs and NSs. In clusters old enough and
centrally-dense enough to be classified as core-collapsed
(e.g., Trager et al. 1995), the lack of a significant central
BH population allows WDs and NSs to mass-segregate
into the cluster center instead. The increase in density
experienced by these compact populations can enhance
WD and NS microlensing rates. For instance, among the
models in Table 2, the model N8-Rv0.5-RG8-z0.1 rep-
resents a core-collapsed cluster (see Figure 5 in Kremer
et al. (2020)), which retains only one BH at t = 12 Gyr.
Given the above expectations for core-collapsed clusters,
it is therefore unsurprising that this example features
the lowest BH microlensing rate among the models ana-
lyzed, at less than 10 events per Myr per GC. Due to the
absence of the central BHs, however, the rates for WDs
and NSs are enhanced relative to the other models ana-
lyzed with the same initial N. In general, core-collapsed
clusters should be poor candidates for BH microlensing
searches, but potentially strong candidates for WD (or
NS) microlensing searches.

Leaving aside the finer details of how the self-lensing
rates depend on cluster initial conditions, it is clear that
the rates from any single cluster remain quite small.
Across the models, the self-lensing rates for BHs and
NSs are of the same order and typically in the range
I' ~ 1075-1073 per year. However, apart from typical
CMC models, massive GCs like Omega Centauri (NGC
5139) can yield substantially higher BH microlensing
rates of 0.1-1yr~! (Zaris et al. 2020), assuming 10* and
3x10%, BHs and visible stars in the cluster, respectively.
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Figure 2. Cumulative self-lensing rates as a function of mass (left) and radial position (right) for all lenses in three GC models with
different initial total numbers of stars, namely N8-RV1-RG8-Z0.1, N16-Rv1-RG8-z0.1 and N32-Rv1-RG20-z0.01 (see Table 2). The initial

virial radius is 1 pc for all models. As the total number of stars increases, lenses span wider ranges of mass and radial distance, and the

microlensing rate increases.

For both WDs and M dwarfs we find a maximum event
rate I' ~ 10~! per year. Even for the “best-case” clus-
ter model N32-Rv1-RG20-70.01—featuring high N—we
find that an HST-class telescope would need to moni-
tor 30 such GCs for about a decade to have a reason-
able chance of catching a single BH self-lensing event.
This rate is slightly smaller for NSs (about 50 such GCs
would need to be observed). Even for WDs or M dwarfs,
it would take a year of monitoring 10 such GCs to catch
a single event of each type. The key reason why the self-
lensing rates are so small is that when the source and
lens are both within the cluster the angular Einstein
radius, and therefore the lensing cross section, becomes
extremely small, i.e., 0 ~ 1072 mas for Dg—Dj, ~ 1 pc
and typical cluster distance of 8 kpc. This makes the
chance of a lens—source alignment within a cluster highly
unlikely. Ultimately, self-lensing events are only reason-
ably observable for WDs and M dwarfs in populous clus-
ters (N 2> 105 stars). Otherwise, the self-lensing rates
are negligible, especially for BHs and NSs. With this in
mind, we continue our analysis by considering different
lens—source configurations. In particular, we consider
the clusters that lie in front of rich background stars,
such as the Galactic bulge and the SMC.

4.2. Best-fit models for 47 Tuc and M22

We now present the microlensing event rates in our
best-fitting models to 47 Tuc and M22, described in
Section 2.2. In the self-lensing scenario, we estimate
the rates numerically using the description explained in
Section 3.2. We also estimate the microlensing rates of

stars in the distant backgrounds of these two GCs, the
SMC (for 47 Tuc) and Galactic bulge (for M22) analyti-
cally using Eq. (9), based on the average Einstein radius
and surface density of each of the four lens populations
in our best-fit models. The total microlensing rates i.e.,
I'tot = ' Ny, are again given in units of events per year
per number of observable stars N,.

4.2.1. Microlensing of distant background sources

In Table 3, we give our results for the microlensing
event rates of the SMC and Galactic bulge background
stars by the potential lenses in 47 Tuc and M22, respec-
tively. Only the outermost regions of the SMC overlap
with 47 Tuc so observers would realistically only be able
to monitor a limited number of SMC stars for microlens-
ing events. Kalirai et al. (2012), in their deep HST ob-
servations of 47 Tuc and the SMC, cover a 60 arcmin?
area, revealing over IV, = 10,000 SMC background stars
of mass down to 0.2 Mg behind 47 Tuc. For comparison,
the area covered out to the half-mass radius of 47 Tuc
(r, = 5.3 arcmin) is about 90 arcmin?. We assume
15,000 SMC background stars uniformly distributed in
area are within the half-mass radius of 47 Tuc and
about 200 within the theoretical core radius of 47 Tuc
(ro = 0.6 arcmin). In order to estimate the microlens-
ing rates per year per N, stars, we use Eq. (9), setting
47 Tuc’s distance to Dy, = 4.5 kpc (Harris 2010) and the
SMC’s distance to Dg = 61kpc (Hilditch et al. 2005).
In addition, we take the proper motion of 47 Tuc rel-
ative to the SMC to be urs = 4.9masyr~! (Anderson
& King 2003; Tucholke 1992). Assuming that the lenses
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Figure 3. Cumulative self-lensing rates as a function of mass (left) and radial position (right) for all lenses in four GC models with
different initial sizes, namely N16-RV05-RG8-20.1, N16-RV1-RG8-Z0.1, N16-RV2-RG8-70.1 and N16-Rv4-RG8-z0.1 (see Table 2). The initial

total number of stars is N = 1.6 x 108 for all models.

of average mass my, located in 47 Tuc are distributed
uniformly within both the core radius and the half-mass
radius, we compute the surface density of lenses oy, in
units of arcsec™2 within these two radii and obtain the
corresponding microlensing rates.

The probability of observing a microlensing event in
a GC is expected to be larger towards the center, where
the density is highest. The compact object microlens-
ing event rate should also be dominated by the most
populous compact species in the cluster, i.e., WDs. Our
results support this expectation; we find that observing
a typical number of ~ 10* SMC stars behind the half-
mass radius of 47 Tuc yield a microlensing rate I' ~ 1
per year owing to WDs but I' ~ 103 per year owing to
NSs and BHs. The total microlensing rates depend on
number of background sources, hence the survey area.
Therefore, increasing the survey radius from the core to
the half-mass radius increases the chances of observing
microlensing events.

At distance Dy, = 3.2 kpc (Monaco et al. 2004; Har-
ris 2010), M22 is closer to Earth and resides in front of
the Galactic bulge, where one can monitor ~ 105 back-
ground stars as targets (e.g., Sahu et al. 2001). In our
calculations, we set the Galactic bulge’s distance to be
Dgs = 8.5 kpc (Eisenhauer et al. 2003; Gillessen et al.
2009; Vanhollebeke et al. 2009) and M22’s proper motion
relative to the bulge to be purs = 12.2 masyr™! (e.g.,
Bellini et al. 2014; Kains et al. 2016). Similarly to the
case of 47 Tuc, we find that observing a typical number
of N, = 10° bulge source stars (e.g., Sahu et al. 2001)
within the half-mass radius (r;, = 5 arcmin) of M22 for a
decade would yield a microlensing rate I' 2 10 per pear

owing to WDs and I > 10~2 per year owing to NSs and
BHs. The total number of microlensing events is about
10 times larger in the M22-bulge case than the 47 Tuc-
SMC case thanks to the higher number of observable
stars in the Galactic bulge and higher proper motion of
M22.

We also analytically estimate the potential microlens-
ing rates due to hypothetical intermediate-mass black
holes (IMBHs) with masses Mgy ~ 102-10* M, at the
centers of 47 Tuc and M22, assuming several different
IMBH masses. The literature on the potential presence
of IMBHs in GCs is extensive; possible detections have
been suggested in several Milky Way GCs, including
47 Tuc (Kiziltan et al. 2017), but are still debated at the
light of constraints imposed by radio surveys (Strader
et al. 2012b; Tremou et al. 2018) and/or numerical mod-
eling (e.g., Hénault-Brunet et al. 2020). Overall, the ev-
idence seems to suggest that IMBHs larger than a few
hundreds solar masses may be rare in Milky Way GCs.
In the case of the IMBH microlensing rate of background
stars, we calculate the optical depth in a slightly differ-
ent way. Unlike the total area in Eq. (5), we consider the
total area covered by background stars on the sky and
calculate the probability of a background star to reside
inside the Einstein ring of the IMBH. Integrating over
the source distances gives

I'ivBu(r) = 20pursos(r), (11)

where og is the surface density of the sources in units
of arcsec™2. To estimate the microlensing rates, we

then employ Eq. (11), taking the number density of
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Figure 4. Mass versus radial position in cluster for various lens types that caused a microlensing event in our model N32-Rv1-

RG20-z0.01, over a time interval Tops ~ 3.7 x 10* yr.

background stars to be 0.02arcsec™2 in the SMC and
1.3arcsec™? in the Galactic bulge (Bellini et al. 2014).
The mass of the hypothetical IMBH is varied between
102-10* M, and the corresponding microlensing rates
scale with the square root of the IMBH mass, I' ~ /my,.
While we find a maximum IMBH event rate of the or-
der 10=* yr=! for the 47 Tuc-SMC configuration, the
M22-Galactic bulge event rates are 100 times larger
I' ~ 1072 yr~! thanks to the high density of the bulge
stars behind M22. Largely for this reason, Kains et al.

(2016) recently determined that M22 is the Galactic GC
with the highest chance of yielding an IMBH detection
via astrometric microlensing, if an IMBH were to be
present in the cluster. Followup analysis of archival data
from HST, however, found no evidence for astrometric
microlensing in M22 (Kains et al. 2018). Despite this
preliminary analysis, M22 remains one of the best GC
candidates for a microlensing survey.
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Table 3. Microlensing event rates for 47 Tuc and M22

Lens Total number my, Or Lens Density Total Rate
(Mg) (mas) per arcsec? per year

47 Tuc-SMC (t=10.2 Gyr) r<r. r<rh r < re r < Th
M dwarfs 344100 0.14 1.7 1.8 1.4 0.006 0.3
All White Dwarfs 447959 0.66 3.8 23 2.9 0.18 1.5
He White Dwarfs 368 0.21 2.1 0.01 0.0023 0.00004 0.00075
CO White Dwarfs 437958 0.65 3.7 21.3 2.8 0.16 1.5
ONe White Dwarfs 963 1.2 5.1 1.7 0.07 0.017 0.054
Neutron Stars 1298 1.26 5.2 0.3 0.01 0.0034 0.009
Black Holes 159 13 16.7 0.08 0.001 0.0026 0.003
M22-Bulge (t=10.9 Gyr) r<r. r<ry r < 7re r < Th
M dwarfs 259255 0.13 1.6 0.9 1 0.4 4
All White Dwarfs 76867 0.72 3.8 1.5 0.6 1.4 6
He White Dwarfs 35 0.24 2.2 0.0006 0.00014 0.0003 0.0008
CO White Dwarfs 74881 0.7 3.8 1.4 0.6 1.3 6
ONe White Dwarfs 1951 1.3 5.1 0.09 0.02 0.1 0.26
Neutron Stars 478 1.25 5 0.02 0.005 0.03 0.06
Black Holes 40 12 15.8 0.005 0.0005 0.02 0.02

NoTE—Total microlensing event rates in 47 Tuc (monitoring 10* background stars near SMC) and M22 (moni-
toring 10° background stars in the MW bulge), as well as the total number of lenses, average lens mass mp,
average Einstein radius 0g (already scaled by umax = 3.5), surface density of lenses ¥ within the core radius,
and the half-mass radius of each cluster at final time 10.2 Gyr and 10.9 Gyr, respectively. We adopt the values
4.9 and 12.2 mas yr~! for the total proper motions of 47 Tuc and M22, respectively. The half-mass r;, and
theoretical core radius r. are taken to be 7 pc and 0.8 pc for 47 Tuc, and 4.7 pc and 1.5 pc for M22, respectively,
which are listed on Table 1. We assume a number of 15,000 and 200 background stars can be observed within
the half-mass and core radius of 47 Tuc, respectively. For M22, we assume a number of 100,000 and 10,000
background stars can be observed within its half-mass and core radius, respectively. These microlensing rates

are obtained analytically using Eq. (9).

4.2.2. Self-lensing rates

Finally, we summarize our numerical estimates for the
self-lensing rates in 47 Tuc and M22, already quoted in
Table 2. This time the Einstein radius of a lens located
in either cluster is about 100 times smaller than when
monitoring background stars in the Galactic bulge or
SMC. The individual stellar motions (~ 0.4 masyr—!)
relative to the clusters’ centers-of-mass are also about
10 times smaller than that of the clusters’ bulk motions
through the Galaxy. In the self-lensing case of M22,
these two factors cause the total microlensing rate to be
about 1000 times smaller than the microlensing rate due
to the cluster’s background in the Galactic bulge, that
is Tgetf ~ 1072 per year. For 47 Tuc, however, one can
in principle monitor all N, = 10® potential source stars
within the cluster itself, 100 times more than the number
of observable SMC stars in the cluster’s background.
So for 47 Tuc, the self-lensing rates are instead ~ 10
times smaller than the microlensing rate of the cluster’s
SMC background. Although this is a lower reduction
than for M22, the total self-lensing rate remains rather
unpromising for either cluster.

For completeness we show in Figure 5 the mass and
radial distributions of different lens populations caus-
ing self-lensing events in our best-fitting model for
47 Tuc. It can be seen that while equally-spaced loga-
rithmic mass bins of M dwarfs between 0.08-0.2 Mg con-
tribute to the event rates nearly equally, the event rates
from different mass bins of WDs differ a lot. Carbon-
oxygen WDs, the most numerous WD species with
masses roughly between 0.5-1.2 M, naturally dominate
the WD self-lensing rate. A small number of massive
oxygen-neon WDs also contribute to the rates. However,
there are very few microlensing events of helium WDs
because of their relative rarity. Naturally the NS mass
range is narrow but we see in the right-hand panel that
self-lensing events from NSs on average occur near the
theoretical core radius of the cluster (0.8 pc). The mass
distribution of BHs causing self-lensing events ranges
from 7-25 My, with a median ~ 10 My, about of the
overall median BH mass in our models. On average, BH
self-lensing events occur at a distance of about 0.1 pc
from the center of our best-fitting 47 Tuc model.

5. DISCUSSION AND CONCLUSIONS

Motivated by the idea that the high stellar densities
in GCs present ideal opportunities for microlensing de-
tections, we examine the microlensing rates observers
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Figure 5. Mass (left) and radial (right) distributions of various types of lenses that caused a self-lensing event in 47 Tuc. The purple

vertical dashed line (right panel) indicates the theoretical core radius.

may expect from evolved GCs based on models from the
CMC Cluster Catalog. NSs and BHs have relatively
larger lensing cross sections than WDs because the Ein-
stein radius scales with the square root of the lens mass.
Because they are much more common in dynamically
evolved clusters, however, we find WDs yield the highest
microlensing rates among the compact object species.
The microlensing rates for M Dwarfs (m ~ 0.1 M) are
similar to the rates for WDs because although the WD
lensing cross sections are about three times larger—i.e.,
(mwp/map)/? ~ 3—M Dwarfs outnumber WDs in
GCs by the same amount. In general, we find that the
microlensing event rate is linearly proportional to the
numbers of lenses and source stars and scales inversely
with the cluster’s virial radius. (BHs are an impor-
tant exception because they are ejected more rapidly
in denser clusters). For this reason, our results can be
easily scaled to estimate microlensing rates for other,
similar clusters, which may have different numbers of
lenses or source stars.

When considering only “self-lensing” events between
lenses and source stars that are both within the clus-
ter we find that the microlensing rate is negligible. The
BH and NS self-lensing rates in our cluster models are
of order 1073 events per year or less. While WD and
M dwarf self-lensing rates (I' ~ 1072-10~! per year) are
somewhat more promising for highly populated clusters
(N ~ 10°%) with small initial virial radii (r, = 0.5 pc),
the rates are still very low considering practical ob-
serving timescales. However, that the rates are high-
est in such centrally dense, core-collapsed clusters is
still an important guidepost for any potential microlens-

ing surveys of GCs. Our recent numerical modeling of
NGC 6397 (Kremer et al. 2021) shows that massive WDs
likely govern the dynamics of core-collapsed clusters’ in-
nermost regions (< 0.07 pc) and naturally account for
NGC 6397’s dark central population reported by Vi-
tral & Mamon (2021). This suggests that microlens-
ing surveys of core-collapsed Milky Way GCs may help
reveal large populations of WDs, especially since their
denser cores relative to non-core-collapsed clusters pro-
vide higher microlensing probabilities.

Crucially, however, self-lensing events are only part
of the story. Our estimates of the total microlensing
event rates in 47 Tuc and M22 demonstrate that mi-
crolensing events are far more likely to be detected from
source stars in these clusters’ backgrounds—the SMC
and Galactic bulge, respectively—than from sources
within the clusters themselves. This is mainly due to
the larger microlensing cross sections (higher source-lens
distance) and higher bulk proper motions of a GC rel-
ative to distant stellar fields, compared to its internal
velocity dispersion. We find that total observable mi-
crolensing events of BHs and NSs should occur at simi-
lar rates of 1073-10~"! per year per GC when monitor-
ing the backgrounds of these clusters, at least two or-
ders of magnitude higher than the rate provided by self-
lensing alone. WD and M dwarf background microlens-
ing events are a further 100 times more frequent, i.e.,
I' ~ 1-10 per year per GC for clusters set against richly
populated backgrounds like Galactic bulge or SMC. The
number of WDs in GCs estimated from observations
roughly matches the number of WDs in our models
(Cool et al. 1996; Richer et al. 1995; Richer et al. 1997),



indicating these rate predictions are reasonably realistic.
Such WDs would have an average mass ~ 0.7 Mg and
would mostly lie within the cluster’s central few parsecs.
Indeed, microlensing searches may be uniquely helpful
for accessing isolated, dim WDs in the crowded cen-
ters of GCs, which otherwise would be hard to identify
among brighter stars.

Here we also report the timescale of lensing events
using Eq. (10) with the motivation that the differences
in these characteristic timescales could help to distin-
guish between events caused by different species. In
the self-lensing case, assuming a typical observing dis-
tance of 10 kpc, a typical GC velocity dispersion of
10kms~!, and a magnification threshold A = 1.01
with umax = 3.5, the microlensing events are expected
to last about 17, 54 and 152 days for lens masses 0.1,
1 and 10 Mg, respectively. On the other hand, in the
case of a distant background star at Dg ~ 50 kpc, the
lensing duration is ~ 10 times longer than that of self-
lensing events due to higher lensing cross sections at
higher lens-source distances. In case of the detection of
any microlensing event, one initial observation per tg
is sufficient, though follow-up observations could be re-
quired to characterize the source. The lensing timescales
can also be used to obtain lens masses via Eq. (10) as
long as the transverse velocity and lens-source distances
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Survey of Space and Time (LSST) is expected to detect
thousands of microlensing events in the galactic field
(Drlica-Wagner et al. 2019). According to our results,
the Rubin Observatory may detect up to 3 (40) M dwarf
lensing events and 15 (60) WD lensing events for 47 Tuc
(M22) “for free” as part of their large-area surveys, over
a 10-yr observing campaign. Additionally, we predict
Rubin may observe at most O(1) BH and NS lensing
events in the Milky Way GCs over its lifetime.

These searches might also enable detection of very
low-mass objects such as brown dwarfs and free-floating
planets residing in the halos of GCs. Although very
poorly constrained observationally, these low-mass ob-
jects may in principle be quite numerous in GCs
(Fregeau et al. 2002). The null results from photomet-
ric surveys searching for transiting giant planets in open
clusters (van Saders & Gaudi 2011) and globular clus-
ters (Gilliland et al. 2000; Weldrake et al. 2008) may
indicate that most of them are free-floating, rather than
bound to stars, and thus may in principle serve as vi-
able lenses (Sumi et al. 2011; Stefano 2012). Including
large populations of low-mass objects within CMC mod-
els is beyond the scope of this paper. In future work,
however, we hope to generalize CMC models to include
more detailed treatments of planets and brown dwarfs.

are known. Otherwise, one can combine photometric | This work was supported by NSF Grants AST-1716762
and astrometric analysis of microlensing events to con- | .1 AST-2108624 at Northwestern University and
strain the lens mass (e.g., Sahu et al. 2022; Rybicki et al. | through the computational resources and staff con-
2022; Lam et al. 2022)' . « tributions provided for the Quest high performance
hrig;ﬁ&gﬁfﬂg;ﬁﬁ;ﬁgf ;ss;;&;sl O(f; r}rlleelfhjéij;ensg s computing facility at Northwestern University. Quest is
. ) ! . ¢ jointly supported by the Office of the Provost, the Office
e’ftt:indtcombp“t object ob§ervatfon§hto 1soiatid ??ﬁds 7 for Research, and Northwestern University Information
without a binary companion. n the context ol these . Technology. KK is supported by an NSF Astronomy
zizicr?is};enrf;s}; ?flg(j;‘fsnhjfviozfszctpilg?égsisgzgcgg' s and Astrophysics Postdoctoral Fellowship under award
- AST-2001751. N.C.W. acknowledges support from the
served photometric and astrometric microlensing events 1: CIERA Riedel Family Graduate %ellowziip. FK ac-
(Gould 2000; VVy.'I‘Z}/'kOWSki et al. 2016; Sahu.et al. 2017; » knowledges support from the CIERA BoV Graduate
Ofek 2018; McGill et al. 2019; WyI‘ZkaWSk] & Mandel 13 Fellowship. GF, NCW, and F.A.R. acknowledge
2020; Mroz et al. 2021). With the increasing number of | support from NASA Grant SONSSC21K1722.
microlensing surveys and improved monitoring of high
stellar density regions like GCs, it should also be pos- .
sible to obtain detailed information on the masses and 16 Software: cMC (J.OS}H et al. 20007.2001; Fregeau et al.
kinematics of compact object populations in GCs. In 1 2003; Fregeau & Rasio 2007; Chatterjee et al. 2010; Chat-
particular, the upcoming survey of the Vera C. Rubin 1 terjeeetal. 2013; Pattabiraman e‘F al. 2013; Umbreit et al.
observatory (LSST Science Collaboration et al. 2009) 1 2012; Morscher et al. 2015; Rodriguez et al. 2016, 2021),
may be ideal for lensing detections in GCs as it will 2 Fewbody (Fregeau ?t al. 2004), COSMIC (Breivik et al.
look at the Milky Way GCs for ten years. By moni- 2 2020), NumPy (Harrlg et al. 2020), matplotlib (Hunter
toring a number of ~ 1010 stars over 10 yr, the Legacy 2 2007), pandas (McKinney 2010; Reback et al. 2021).
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