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Abstract

Primordial black holes (PBHs) could explain some fraction of dark matter and shed light on many areas of early-
Universe physics. Despite over half a century of research interest, a PBH population has so far eluded detection.
The most competitive constraints on the fraction of dark matter comprised of PBHs (fpy) in the (10~ ° -10)M,
mass ranges come from photometric microlensing and bound fpn < 1072=107". With the advent of the Roman
Space Telescope with its submilliarcsecond astrometric capabilities and its planned Galactic Bulge Time Domain
Survey (GBTDS), detecting astrometric microlensing signatures will become routine. Compared with photometric
microlensing, astrometric microlensing signals are sensitive to different lens masses—distance configurations and
contain different information, making it a complimentary lensing probe. At submilliarcsecond astrometric
precision, astrometric microlensing signals are typically detectable at larger lens—source separations than
photometric signals, suggesting a microlensing detection channel of pure astrometric events. We use a Galactic
simulation to predict the number of detectable microlensing events during the GBTDS via this pure astrometric
microlensing channel. Assuming an absolute astrometric prec151on floor for bright stars of 0.1 mas for the GBTDS,
we find that the number of detectable events peaks at ~10°fpy for a population of 1M, PBHs and tapers to
~10fpm and ~100fy at 10~ *M,, and 10°M.., respectively. Accounting for the distinguishability of PBHs from
stellar lenses we conclude the GBTDS will be sensitive to a PBH population at fiy down to ~10~'-10 for
(107 '-10%)M_, likely yielding novel PBH constraints.

Unified Astronomy Thesaurus concepts: Gravitational microlensing (672); Astrometry (80); Primordial black

holes (1292)

1. Introduction

Primordial black holes (PBHs) are theorized to have formed
through density fluctuations on the cosmological horizon in the
early, radiation-dominated Universe (Zel’dovich & Novikov
1967; Hawking 1971). Among the many implications of the
existence of PBHs (e.g., from seeding supermassive black
holes in galaxies; Kawasaki et al. 2012; Bernal et al. 2018, to
explaining the Galactic y-ray background; Carr et al. 2016b),
they are possible dark matter (DM) candidates (Chapline 1975).
Constraints on a PBH population would also provide insights
into early-Universe physics (e.g., Carr 1975; Bird et al. 2023).

Despite a diverse set of expected observable signatures and
over half a century of research interest, there is still no
compelling evidence for the existence of PBHs (Carr
et al. 2016a; Carr & Kiihnel 2020; Green & Kavanagh 2021).
Spanning 40 orders of magnitude in the PBH mass, probes
ranging from the cosmic microwave background (e.g., Ricotti
et al. 2008), to gravitational waves of merging black
holes (BHs; e.g., Franciolini et al. 2022), to microlensing
(e.g., Wyrzykowski et al. 2011b), have placed bounds on the
fraction of DM explainable by PBHs (fpy), but there have
been no definitive PBH detections.

Looking toward the Magellanic Clouds, the original
m1cr01ensmg surveys placed upper bounds on fppm =~ 1%—
10% in the mass ranges (10~ -10° WM, (Alcock et al. 2001;
Tisserand et al. 2007; Wyrzykowski et al. 2009, 2010, 201 1a,
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2011b; Blaineau et al. 2022). A subsequent high-cadence
microlensing survey toward M31 placed upper bounds on
Jom~0.1%—-1% at substellar (10~ 410 )Mm mass ranges
(Niikura et al. 2019a). Most recently, observation toward the
Galactic bulge from the Optical Gravitational Lensing
Experiment (OGLE; Udalski et al. 2015; Mréz et al. 2017)
has placed constraints on fpy ~ 1%—10% for a mass range of
(107%-10>M.. > (Niikura et al. 2019b), and methods to
robustly disentangle PBH and astrophysical lens populations
using photometric microlensing surveys toward the Bulge have
been developed (e.g., Perkins et al. 2024).

The aforementioned constraints have solely relied on
photometric microlensing signals. However, with the advent
of space observatories capable of submilliarcsecond astrometry
such as Gaia (Gaia Collaboration et al. 2016), the Hubble
Space Telescope (HST), and the Nancy Grace Roman Space
Telescope (RST; Spergel et al. 2015), as well as ground-based
adaptive optics systems (e.g., Lu et al. 2016; Zurlo et al. 2018),
it is also possible to detect astrometric microlensing signals
(Hog et al. 1995; Miyamoto & Yoshii 1995; Walker 1995).
Although these astrometric and photometric signals arise from
the same underlying phenomena, their characteristics, and
information content differ (e.g., Dominik & Sahu 2000;
Belokurov & Evans 2002). Notably, unlike the photometric
signal, the detection of the astrometric signal can lead to lens-
mass determinations (Lu et al. 2016; Sahu et al. 2017; Zurlo
et al. 2018; Lam et al. 2022; Sahu et al. 2022; Lam & Lu 2023;
McGill et al. 2023). Overall, photometric and astrometric
microlensing signals can offer complementary probes and are
sensitive to different lens mass—distance configurations
(Dominik & Sahu 2000).
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At submilliarcsecond astrometric precision, astrometric
microlensing signals are typically detectable at larger lens—
source separations compared with photometric events. This
makes the astrometric optical depth (probability of lensing)
higher than the photometric optical depth (Miralda-Escude 1996;
Dominik & Sahu 2000). Indeed, it is possible and likely for a
microlensing event to happen at a wide enough impact
parameter to cause an astrometric signal but no detectable
photometric amplification (e.g., Sahu et al. 2017; Bramich 2018;
McGill et al. 2018; Zurlo et al. 2018; McGill et al. 2020, 2023).

In the wide lens—source separation and purely astrometric
regime, Van Tilburg et al. (2018) derived theoretical sets of
spatially correlated astrometric observables. These lensing
signals can act over many sources simultaneously (e.g., Gaudi
& Bloom 2005; Di Stefano 2008), can be caused by subhalo dark
matter, and are expected to be detectable by Gaia (Mishra-
Sharma et al. 2020; Chen et al. 2023; Mondino et al. 2023).
Motivated by Gaia’s unprecedented all-sky astrometric survey,
Verma & Rentala (2023) predicted that Gaia will be sensitive
to PBHs via astrometric microlensing in the range of
(0.4-5 x 10")M., probing to fpm~3 x 10~* Van Tilburg
et al. (2018) and Verma & Rentala (2023) highlighted the power
of astrometric microlensing as a probe of dark matter in the
submas astrometry era.

Due to be launched in the late 2020s, RST will have a
similar resolution and wavelength coverage to HST but with
100 times the field of view.* RST will carry out the Galactic
Bulge Time-Domain Survey (GBTDS; Penny et al. 2019) with
one of its main goals to conduct a census of planets in the
Galaxy via photometric microlensing (e.g., Bennett &
Rhie 2002; Penny et al. 2019; Johnson et al. 2020). The
GBTDS will survey ~2 deg” over 5yr in the infrared
wavelengths. In addition to benefiting from increased
microlensing event rates in the infrared (e.g., Gould 1994;
McGill et al. 2019; Husseiniova et al. 2021; Kaczmarek
et al. 2022; Luberto et al. 2022; Kaczmarek et al. 2024; Kondo
et al. 2023; Wen et al. 2023), the GBTDS will take
simultaneous photometry and astrometry at a 15 minute
cadence during an observing season.

High-cadence astrometry and photometry over regions of
high microlensing optical depth present an unprecedented
opportunity for detecting isolated objects. Recent work has
focused on exploiting high-cadence photometry or joint
photometry and astrometry during the GBTDS to characterize
both isolated black holes (Mréz et al. 2022; Lam et al. 2023;
Sajadian & Sahu 2023) and PBHs (Pruett et al. 2022; DeRocco
et al. 2024). However, GBTDS’s sensitivity to PBHs in the
wide-separation, purely astrometric microlensing regime has
yet to be investigated.

In this work, we use a Galactic simulation to investigate
GBTDS’s sensitivity to detecting PBH lenses purely astro-
metrically with masses ranging (10~*~10*)M.. In Section 2,
we review relevant astrometric microlensing characteristics. In
Section 3, we describe our simulation and methods to extract
astrometric microlensing events. In Section 4, we calculate
predicted numbers of detectable PBH microlensing events,
assess PBH lens distinguishability from the astrophysical lens
population of stars, neutron stars (NSs), white dwarfs (WDs),
and stellar-origin black holes (SOBHs) and derive GBTDS’s
sensitivity in the context of current PBH constraints. Finally, in
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Section 5 we summarize our findings and discuss the further
implications of this work.

2. Astrometric Microlensing

Microlensing occurs during the alignment of a background
source (at distance Dy) and intervening lensing object, of mass M,
at distance D;, where D; < Dy are distances from an observer.
Under perfect lens—source alignment, an Einstein ring image of
the source is formed with angular radius (Einstein 1936),

4GM Ds — D
O = - o8~ 1)
C DSDL

In the case of imperfect lens—source alignment, two source
images are formed (e.g., Paczynski 1986),

0.(u) = (lu| + P + )28 ?)

2

With u being the lens—source angular separation (positive
direction toward the source position), normalized by g, and
i = u/|u|. As a function of time, ¢,

C— ) h 4 PG ), 3)

u(t) =uy +
)
Here, 1, is the time of lens—source closest approach, uy, and
hereafter |ug| =ug. 1, is the relative lens—source proper
motion unit vector, P is the lens—source parallax motion, and #g
and 7y are the Einstein timescale and microlensing parallax
given by

0 1(1 1
fg=——,  |mgl = —(— — —), 4)
Herel 95

respectively. 7g is parameterized with components in the north
(men) and east (mgg) directions. During the event, the source
images change position and brightness causing both photo-
metric (Paczynski 1986) and astrometric effects (Hog et al.
1995; Miyamoto & Yoshii 1995; Walker 1995). Assuming a
dark lens and no blended light, the astrometric shift due to
microlensing from the unlensed source position is (e.g.,
Bramich 2018),

u

4 is scaled by 0k and has a maximum amplitude of ~0.3540 at
lu| = /2 or at u, for events with uy > /2 differing from the
characteristics of photometric microlensing. In photometric
microlensing, the amplification can increase almost arbitrarily
for arbitrarily close lens—source impact parameters and is only
eventually bounded by finite-source effects (e.g., Rybicki
et al. 2022). At |u| > /2, Equation (5) is approximately
(Dominik & Sahu 2000),

6(u) ~ Q—Eft 6)

|ue]

This approximation overestimates |d|. Hereafter we denote
|6| = 6. Assuming some astrometric detection threshold, 67,
Equation (6) can be used to define a maximum lens—source
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Figure 1. Schematic of example astrometric microlensing events (#y > 2) and detection criteria. The left plots show the magnitude of the astrometric signal for a
selection of events, and the right plot shows their corresponding source trajectories. In the left plots, € >> 67 is an arbitrary astrometric offset chosen to show events
with a change in astrometric signal above the threshold (67 4+ ¢ — ¢ = d7) within To,s. Given some observational window of length T, the astrometric signal for each
geometry is only detectable when it exceeds ¢, over a timespan of 7,y In the right plot, the rectangles show the distance traveled by the source in a time period Tops
(hashed box) and t,5 (open box) in the rest frame of the lens. Their vertical heights differ so they can be easily visually distinguished. Event A is not detected because
uy > ur. Event B is not detected because although ug < ur, t,5c > Tops and the event does not have a detectable change in astrometric signal within Ty, i.€., Uy > UA.
Event C is detected because t, < Tops, Up < Uz and the event peaks within T,,s. Event D is not detected because it does not peak within T, although uy < uz. Event
E is detected because in spite of f,5 > Tops, Uo < Ua, and the event peaks within Top—i.e., Event E has a sufficiently large change in the astrometric signal within 7.

impact parameter magnitude that would give rise to detectable
astrometric signal amplitude (Dominik & Sahu 2000),

_be
o1
Neglecting the lens—source parallax motion, the duration of an

astrometric microlensing event is the time a source spends
detectable within u; (Honma 2001),

fast = 2t Ui — ug?. ®)

If ur <uy, t, is unphysical. For a given observational time
baseline, T,,s, and dense enough observing cadence, events
with #y within T, and with ug < uz will be detectable so long
as fyg < Tops, (1.€., the event peaks and returns to baseline
within the observation time). However, t,, can be on the order
of years (e.g., Belokurov & Evans 2002) and longer than 7.
For an event that has #y within Ty, if 2, > Tops the amplitude
of the astrometric signal is no longer necessarily representative
of the signal seen by an observer. In this regime, an observer
may only see a small segment of the full event within 7. The
threshold for the closest approach between the lens and source
that would give rise to a change in astrometric signal greater
than 67 within T, is given by Dominik & Sahu (2000),’

up ~ | TooslE 9)
Orty

Figure 1 shows example events and these detectability criteria.
In addition to dark PBH lenses, we will also consider the

)

ur

Equation (9) is valid when T ptrel| /05 < 4ur, i.e., the change in the lens—
source separation during Tops is much less than the astrometric detectability
radius or equivalently, when t,y, averaged over ug, is >Tops (Dominik &
Sahu 2000).

astrophysical lens population. For luminous lenses (stars and
WDs), flux from the lens acts to reduce the size of the
astrometric microlensing signal (altering the form of
Equation (5); see Bramich 2018) which reduces the
detectability radius around the lens to Dominik & Sahu (2000),

lum ur lum Un
u = N ——— (10)
1+g J1+g

Here, g is the lens flux divided by the source flux. The
astrometric microlensing signal is further reduced due to
unresolved blending from unrelated sources along the line of
sight (LOS), independent of the lens’s luminosity. In this case,
the blended sources will contribute to the source centroid
position (see, e.g., Equation (12) in Lam et al. 2020). The
amount of blending in an event can be quantified using the
blend fraction, f;,;, which is the fraction of the unlensed source
flux to the total blend flux including the lens and neighboring
sources.

3. PBH Dark Matter Simulation

For the microlensing simulations, we used Population
Synthesis for Compact Lensing Events (PopSyCLE; Lam
et al. 2020) with the PBH population support of Pruett et al.
(2022; submitted). PopSyCLE allows for the simulation of a
microlensing survey given a model of the Galaxy. Next, we
briefly summarize its main components.

3.1. Galactic Model and Stellar Evolution

PopSyCLE uses a modified (see Appendices A and B of
Lam et al. 2020) version of Galaxia (Sharma et al. 2011) to
create a stellar model of the Milky Way based on the
Besancon model (Robin et al. 2004). Compact objects are
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Table 1
Summary of PopSyCLE Simulation and PBH Dark Matter Parameters
Parameter Description Value
Do Characteristic central density of the dark matter halo 0.0093M,, pc—* (McMillan 2017)
¥ Slope parameter of the dark matter density profile 1 (NFW; Navarro et al. 1996)
Ty Milky Way dark matter halo scale radius 18.6 kpc
MppH PBH mass (107*107%, 1072, 107, 1, 10, 30, 10%, 10*) M.,
Vesc Milky Way escape velocity 550 km s~ (Piffl et al. 2014)
Toc Sun—Galactic center distance 8.3 kpc
Vkick, BH Peak of initial SOBH progenitor kick distribution 100 km s~
Vkick NS Peak of initial NS progenitor kick distribution 350 km s~
Raithel et al. (2018)

IFMR Initial Final Mass Relation
Extinction Law

Bar dimensions (radius, major axis, minor axis, height)

Bar angle (Sun—Galactic center, 2nd, 3rd)

Bulge velocity dispersion (radial, azimuthal, z)

Bar pattern speed

Damineli et al. (2016)

(2.54, 0.70, 0.424, 0.424) kpc
(62.0, 3.5, 91.3)°

(100, 100, 100) km s "

40.00 km s~ kpc ™!

Note. The galactic parameters (starting with the IFMR and down to the bulge pattern speed) were chosen to be consistent with the “v3” version in Lam et al. (2020,
Appendix), as this galactic model best matched the event rates reported by OGLE (Mr6z et al. 2019).

generated via the Stellar Population Interface for Stellar
Evolution and Atmospheres code (SPISEA; Hosek
et al. 2020). SPISEA generates SOBHs, NSs, and WDs by
evolving clusters matching each subpopulation of stars
generated by Galaxia (thin and thick disk, bulge, stellar
halo), assuming they are single-age, and single-metallicity
populations and then injects the resulting compact objects
into the simulation. SPISEA uses an initial mass function,
stellar multiplicity, extinction law, metallicity-dependent
stellar evolution, and an initial final mass relation (IFMR;
see, e.g., Rose et al. 2022). Separate IMFRs are used for
NSs and SOBHs (see Appendix C of Lam et al. 2020)
and WDs (Kalirai et al. 2008). SOBHs and NSs are assigned
initial kick velocities from their progenitors. All values
and relationships adopted for our simulations are in Table 1.

3.2. PBH Population

Following Pruett et al. (2022), we assume a PBH dark matter
halo density profile (McMillan 2017),

\7 \G-D
(7) (1 + 7)

Here, pg is the characteristic density of Milky Way dark matter
halo at the Galactic center, r, is the Milky Way dark matter halo
scale radius, and 7 is the inner slope of the Milky Way halo.
Values for parameters are in Table 1. Under the monochromatic
mass spectrum assumption, we calculate the number of PBHs
of mass mpgy to be injected given a particular line-of-sight dark
matter mass, My os, to 16.6 kpc (=2 times the distance to the
Bulge),

p(r) =

Neait = fou ( Mos ) (12)
mpBH
fom is the fraction of dark matter comprised of PBHs.
Equation (12) shows that the number of PBHs needed to make
a fixed fraction of DM increases with decreasing mass.
PBHs are assigned a mean velocity, 7, according to an
Eddington inversion model (Lacroix et al. 2018). v then defines

a Maxwellian distribution, in which the rms PBH velocity, v, is
sampled with a random direction from,

f) = \/ZV . (13)
s a

where a = v.\/m/8 and v are restricted to be less than the
Milky Way escape velocity —(vese <3550kms™'; Piffl
et al. 2014). This procedure allows for fast sampling of PBH
velocities but neglects correlations between PBH mass,
location, and velocity (Pruett et al. 2022).

We investigate PBH populations with a monochromatic
mass spectrum ranging mpBH:[1074, 1073, 1072, 1071, 1,
10', 30, 10%, 10°]M.. This range captures the space of PBH
mass likely to produce detectable astrometric microlensing
events but that has not been completely ruled out (e.g., Bird
et al. 2023) with specific attention given to 30M,, which is
consistent with the population model for black holes as inferred
via gravitational wave observations (e.g., Abbott et al. 2021,
2023; Farah et al. 2023). To reduce Poisson noise in all
simulations, we chose fpy such that >1 detectable PBH events
are generated, but not so many that the simulation becomes
computationally infeasible. In the case of mpgy = 10_3M@
alone, the simulations for each field had to be run multiple
times with different random seeds to generate (O(10) detectable
events in total. The final numbers shown below were then
scaled down by a factor of 5 to compensate. Predicted numbers
of detectable events can then be rescaled as a function of fpy.

3.3. Galactic Bulge Time-domain Survey

We ran simulations, each of area 0.16 degz, centered in three
different places within the GBTDS area (see Figure 2).
Detectable event numbers were computed by combining the
three simulation centers and scaling results to the full GBTDS
area of 1.97 deg® (Penny et al. 2019). To estimate the single-
exposure astrometric precision of RST, we fit a linear model to
the simulation data in Sajadian & Sahu (2023) via least squares
(SciPy; Virtanen et al. 2020) and imposed a floor consistent
with RST’s predicted absolute astrometric precision (0.1 mas;
WFIRST Astrometry Working Group et al. 2019),

Oust (Mp146) = max(0.1, 1002xmra6—=423) g, (14)
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Figure 2. Simulation area and the GBTDS. Simulations are centered in three
different locations—(I, b) = (0°0, —1°65), (1°1, —1°65), (1°1, —0°85). Each of
the fields was further subdivided into eight segments to allow efficient
parallelization during the simulation runs. Individual segments required
between 432 and 720 CPU hours to compute with run times varying with
stellar densities and PBH abundance. Each group of eight segments totals
0.16 deg” of simulation area compared to the 1.97 deg* GBTDS footprint.

Figure 3 shows this model over the simulated astrometric
precision data. This astrometric precision model is valid in the
source-dominated regime but neglects factors such as
saturation, number of available reference stars, and source
crowding issues, which can all impact astrometric precision
(see, e.g., Figure 15 in Hosek et al. 2015). The transition from a
source-dominated regime to a background-dominated noise
regime is expected at mg46 > 22 (see, e.g., Figure 4 in Wilson
et al. 2023) for RST. Therefore we apply a conservative cut and
assume that we cannot extract astrometry for sources with
mp146 > 22. For a given source of simulated microlensing from
PopSyCLE, the output Johnson—Cousins J- and H-band
magnitudes are converted to an estimated m-g46-band AB
magnitude using Equation (11) in Bachelet et al. (2022).

Finally, we adopt the suggested GBTDS survey cadence
strategy in Penny et al. (2019)—a survey duration of five years
with six 72 day observing seasons. Each of the seasons is
spaced with a gap of ~111 days, apart from seasons three and
four, which have a larger gap of ~841 days. Within a season,
we adopt a 15 minute cadence for observations in the F146
bandpass over the full survey area.® We denote this set of
41,472 observing times over the GBTDS 7gprps.

3.4. Selecting Events

Using our simulations of the Galaxy with PBH dark matter,
we select wide-separation microlensing events that have a
detectable astrometric signal during the GBTDS, but no
photometric signal (uo > 2)—a complementary set of events
to those investigated in Pruett et al. (2022).

Before we consider candidate lens—source pairing, we make
cuts on the PBH lens population injected into the simulation.
Following Pruett et al. (2022), we only consider PBH lenses
within the LOS light cone of our simulated survey area. We
also cut PBH lenses that are not capable of producing a
detectable astrometric microlensing signal at wuy=2—the
closest lens—source separation considered in this work. Using

6 https: / /roman.gsfc.nasa.gov/galactic_bulge_time_domain_survey.html
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Figure 3. Estimated RST single-exposure astrometric precision (o,y) as a
function of F146 magnitude (mp;46). The simulated RST precision data from
Sajadian & Sahu (2023) are fit linearly in log space by minimizing least squares
and imposing a floor of 0.1 mas. The shaded region indicates the magnitude
range where background sources of noise become dominant (Wilson
et al. 2023). The best-fit model is given in Equation (14).

Equation (6) we require an upper bound on the maximum
signal amplitude, 6(u =2, Dg=00)>0.01 mas—an astro-
metric threshold 10 times better than the floor of Equation (14)
taking advantage of stacking ~100 observations GBTDS over
24 hr. Lenses not meeting this threshold cannot possibly cause
a detectable event during the GBTDS. This effectively places a
lens mass—distance cut that solely eliminates distant
mppy = 10*M_, lenses aiding the computational tractability
of the simulations.

When considering lens—source pairs, we require that 2 <
up < 100 and that the maximum lens—source impact parameter
upfg < 3000 mas for a given pairing. These lens—source separa-
tion thresholds were chosen to capture approximately all the
detectable events for our PBH mass ranges while keeping
simulations computationally tractable. We also require that the
background source magnitude is mg 46 < 22 in all source stars to
eliminate events where background noise will make precision
astrometry difficult (see Section 3.3). We also require that
min(Zgetps) < to < max(Zgerps), 1.€., fy is within ZgpTps.

Next, we make cuts to the detectability of the astrometric
signals. Given that we require fy to be within 7ggrps, events
need to meet one of two criteria.

1. We require that 15 minutes < #,5 < Tops. In other words,
the amplitude of the event is representative of the
astrometric signal because the event will peak and return
to baseline within T, Events that are too short will be
missed by the 15minute cadence. Here, we use
Or = Oust/ J96 to factor in performance gains of stacking
96 GBTDS measurements per 24 hr.

2. For events satisfying f,y > T,,s, Where the signal amplitude
is no longer necessarily representative of the signal seen
within T4,, we require that the event has a change in signal
>80 = 0pq/~/96 within Ty, ie., up < Un.

For luminous astro;i)hysical lenses, we apply the equivalent
constraints using u;"™ and u\"™. We then apply a cut that
factors in the GBTDS cadence,

Adgprps = max|6(t;) — 6(t))|: ti, tj € TgBTDSS (15)


https://roman.gsfc.nasa.gov/galactic_bulge_time_domain_survey.html
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Table 2
Astrometric Microlensing Event Selection Criteria

Number of Lenses (fpm=1)

Event Selection Criteria

PBH Mass (M)

1074 1073 102 107! 1 10! 30 10% 10°
Npgn 21x10% 21x10" 21x10° 21x10° 21x10° 21x107 68x10° 21x10® 21x10°
8(u =2, Ds = 00) > floor(,g/10) mas 4.3 x 10" 2.1 x 10" 2.1 x 10" 21 x10° 25x10° 20x 10" 68x10° 21x10° 2.1 x 10’
Within LOS light cone 24x10°  54x10° 54x10° 53x10° 53x107 53x10° 1.7x10° 53x10° 53 x10*
(Bguo < 3000 mas) and (mpu < 22)and 282,728 1,898,053 1,679,933 548,976 163,378 33,395 12,759 4032 407
(to within Topy)
Source 2 < uy < 100 138,645 932,655 823,763 269,076 79,556 16,195 6041 1848 147
(15 minutes <ty < 5 yr) or (fus = 5 yr 43 164 1182 3296 5583 4705 2973 1303 139
and Ug < Up)
AbarDS > Oast/ N 96 11 32 344 1451 2944 2352 1437 702 101
for>0.8 11 32 344 1410 2773 2145 1437 640 89

Note. The number of lenses for each PBH population remaining is shown for each cut. The first row (Nppy) represents the total number of PBHs in the field of view
before any cuts. See Section 3.4 for an explanation of each cut. All the numbers are scaled to the GBTDS area.

requiring that Adggrps > 67 = 0ust/~/96. This requires that a
change in signal above the detection threshold is seen in at least
one pair of observations.

We also only select events with a small amount of blending
Jfo1 > 0.8, where the blend captures all light within a 90 mas
aperture consistent with RST’s F146 point-spread function’s
FWHM. In addition to diluting the signal, blended lens light
makes the functional form of the astrometric microlensing shift
more complex, and unrelated source blending introduces many
more parameters (neighbor fluxes and positions) into modeling
the centroid position. These effects will act to reduce the
constraints on the microlensing parameters containing lens
information (fg, fg, mg) making highly blended events less
useful for population inference. Moreover, highly blended
events will likely be more difficult to detect in the GBTDS data
stream. Selecting events with little to no blending also allows
for better separation of the PBH population and astrophysical
lens population which is systemically more blended due to lens
light.

Finally, for our detected sample of events we compute
expected microlensing parameters constraints 0 = [tg, g, Og,
to, Up] by calculating the Cramér—Rao bound using the Fisher
information matrix of the astrometric microlensing signal with
elements,

Z L@é(t) 06 (1) (16)

Fiy= :
00, 08,

2
teTgpmps O ast

For 6, we use the full expression in Equation (5), and we have
assumed a white Gaussian noise model. The diagonal elements
of F! give a lower bound on the possible constraints of the
microlensing parameters (see, e.g., Abrams et al. 2023, for
example uses in microlensing). In Equation (16), by not
including the baseline source astrometry in the Fisher matrix
(source reference position, proper motion, and parallax), we are
assuming they are measured perfectly. This is reasonable
because baseline source astrometry is unlikely to dominate the
error budget—end-of-mission relative astrometry is expected at
the 3—10 pas precision level for mg 46 ~ 21 sources (WFIRST
Astrometry Working Group et al. 2019), 10x better than the
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Figure 4. Predicted detectable and purely astrometric microlensing event rates
(uo > 2) for the RST GBTDS scaled up to the full GBTDS area of 1.97 deg2 as
a function of the PBH mass (mpgy). Our predicted rate of detectable and purely
astrometric astrophysical (stars, NSs, SOBHs, and WDs) lensing events is
plotted as a horizontal dashed line. Gray bands are derived from the Poisson
uncertainties on the unscaled event numbers generated during the simulations.

floor of single-exposure astrometric precision. Moreover,
source baseline astrometry can be improved by taking data
after the astrometric microlensing event or by using archival
baseline measurements (e.g., Smith et al. 2018).

4. Results
4.1. Number of Detectable Events

Table 2 shows the number of surviving events after the cuts in
Section 3.4 are applied successively. Figure 4 shows the number
of detectable events as a function of PBH mass. We find that the
number of detectable events peaks for mpgy = 1M, at 2773fpm
over the GBTDS. The number of detectable events tapers down
to 11fpm and 89fpy at mpgy = 10"*M,., and mppy = 10°M.,
respectively. We find events rates of ~10’fpy for
MpRH = 10_2M®—103M® suggesting peak optimistic-limit
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Figure 5. Examples of the astrometric microlensing deflection signal for a selection of events from the simulations passing the detectability criteria in Table 2.
Overlaid on the signals is the GBTDS stacked observing cadence of 24 hr where we have assumed that 96 single exposures are stacked into a single measurement over
each 24 hr period. The clusters of measurements seen in some panels are the GBTDS 72 day observing seasons. For the high-mass PBHs (mpgy > 10M,,), events are
more likely to extend beyond the five-year survey and produce astrometric microlensing signals that are only partly detected. Parallax motion of the lens and source
was computed using Astropy (Astropy Collaboration et al. 2013, 2018, 2022), which uses values computed from NASA JPL’s Horizons Ephemeris.

Table 3
Astrophysical Microlensing Event Selection Criteria

Event Selection Criteria

Number of Astrophysical Lenses

(Ogug < 3000 mas) and (mpi46 < 22) and (ty and within T)
2 <up <100

(15 minutes <foq < 5 yr) or (fue > 5 yr and ug < up™)
AbGBTDS > Tast/ Jo6

for > 0.8

981,733
480,417
8269
4506
3258

Note. We do not apply the initial PBH-relevant cuts in Table 2 to the astrophysical lens population.

GBTDS sensitivity down to fpp ~ 103 for those PBH masses.
Figure 4 also shows that the peak number of detectable events at
mppy = LM, is similar to the number of detectable astrophysical
lens events (see Table 3).

The main reason for the decreasing event rate for mpgy < M.,
is the resulting smaller system 0g (B x \/ﬁ ; Equation (1)).
Smaller g values correspond to smaller uy, decreasing the
chance of a background source coming within a detectable
impact parameter. This is further compounded by the gap in the
GBTDS seasons, which are typically >, (see Figure 5) for
mppy < 107"M,, meaning some events are completely missed.
Smaller Ok also affects the distances at which PBH lenses cause
detectable events (see Figure 6). For mpgy <M., PBHs

typically need to be closer than the Bulge and within ~7 kpc
for ur to be sufficient to cause detectable events (g < D; 1/ 2.
Equation (1)). This close lens distance bias for mpgy < IO*IM@
means astrometric microlensing does not probe the bulk of the
DM density near the center of the Milky Way, which is
dominant over the number of PBHs increasing with decreasing
mpp (Npgy < mppyy; Equation (12)).

For mpgy > M., there is a turnover in the PBH event rate
and it starts to decrease with increasing mpgy. This can be
explained by larger 6 causing events that are simply too slow
to accumulate a detectable effect within GBTDS’s T, of 5 yr.
Figure 5 shows that for mpgy > 1M, the astrometric events
start to be detectable over the entire GBTDS survey time. The
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Figure 6. Distribution of distances to the PBH lenses that cause detectable
astrometric microlensing events as a histogram normalized by the number of
events for each mppy. The distance at which PBH lenses can be detected
increases with mass. At mpgy~ 1M., PBHs in the Galactic Bulge are
detectable, which is where the bulk of the DM density is located. All plots are
on a linear y-axis scale—the DM density near the Sun is small compared to the
center of the Galaxy, but not zero.

longer astrometric signals also mean that the higher mpgy
events are less affected by the GBTDS cadence cut (Adgerps;
Table 2) compared with mpgy < M. Figure 6 shows that for
mpgy > 10M, the lens distances are biased toward the bulk of
the DM density near the Bulge. This is because, at large mpgg,
D; has to be sufficiently large to lower fg and produce a
detectable change in astrometric signal within the GBTDS
survey duration. The sensitivity of mpgy > 10M, to the bulk of
the DM density in the Bulge boosts event rates somewhat
offsetting the effect of Nppy o Mppy.

4.2. Microlensing Observables

Figure 7 shows the intrinsic distribution of three astrometric
microlensing observables (fg, 0g, mg) for all detected events.
The space occupied by PBHs in this space can be largely
understood by 6g, g x \/ﬁ , and 7 o< 1 / \/E . The lines of
events in the mg—0g space are lines of constant M; and reflect
the injected monochromatic mass PBH populations. Figure 7
shows that both low- and high-mass PBHs lie in distinct
regions of the observable space, illustrating the potential ability

Fardeen et al.

of these events to constrain the PBH population—a point we
will investigate in Section 4.3.

The intrinsic distribution of microlensing observables in
Figure 7 is not, however, what will be measured during the
GBTDS. Some microlensing observables are easier to constrain
than others. Using the Fisher information as an estimate of the
lower bound on parameter constraints given GBTDS cadence
and astrometric precision gives us some insight into this issue.
Figure 8 shows the lower-bound constraints on each microlen-
sing parameter as a function of mpgy. We find that 7g is not well
constrained for any mpgy and #g and 6y are best constrained for
the most events at mpgy = 10M_,,. For mpgy < M., we find that
only a small fraction of events have well-measured observables
due to the short astrometric microlensing signals only being
covered by a small fraction of the GBTDS observations (see
Figure 5). The overall shape of the distribution of 7z and 6g
constraints in Figure 8 mirrors the rates in Figure 4.

The lack of constraint for 7g for any mpgy is not surprising. At
lu| >2, deviations in the relative lens—source trajectory due to
parallax motion are not detectable because 6o« |u| "
(Equation (6)) and is therefore not sensitive to small trajectory
changes (e.g., Gould & Yee 2014). This is in contrast to
microlensing events with photometric signals at close lens—
source separations (|u| <2) where 7g can be constrained for
some appreciable fraction of events (e.g., Wyrzykowski
et al. 2016; Golovich et al. 2022; Kaczmarek et al. 2022). Due
to the fact 7 is unlikely to be well measured for our events, the
next section will address the distinguishability of PBHs lens
populations from the astrophysical lens population using the #z—
O space only. Difficulty in measuring 7 also suggests that these
events are unlikely to yield precise lens-mass determinations.

4.3. Distinguishability from Stellar Lenses

In addition to predicting the number of astrometric PBH
microlensing events for the GBTDS, it is also important to
investigate how distinguishable PBH lenses are from the astro-
physical lens population (stars, WD, NS, and SOBHs) because
this will affect the quality of PBH population constraints that can
be obtained (Perkins et al. 2024). There are a variety of tools that
can quantify separability; here we will use two methods that
contain complementary information. First, we compute a distance
measure of the intrinsic observable #—0y distributions for our
GBTDS detectable events considering two population models:
one with the astrophysical and PBH populations and one with
only the astrophysical population. Second, we compute the
expected rates of seeing information-rich, “golden”, or “unique”
events in regions of the 7g—0g space that are not occupied by
astrophysical lenses, which could provide strong evidence for a
PBH population. The former analysis focuses on bulk properties
of the lens distributions and if PBHs cause significant perturba-
tions to those properties, while the second aims to quantify if a
PBH population can cause unique small-scale signatures in the
tg—0g space unexplainable by an astrophysical population.

Figure 7 shows that as mpgy diverges from the astrophysical
mass ranges, the PBH population models become better
separated from the astrophysical population, as expected. It is
important to note at this point, however, that our simulations
via PopSyCLE of the astrophysical lenses do not contain
substellar objects such as brown dwarfs and free-floating
planets. This means that the following analysis is likely to
overestimate the distinguishability of PBHs from the astro-
physical population in the <10~ 'M_ mass ranges.
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panel is a scatter plot for the PBHs, as the lines in mg—6g space, which represent lenses of the same mass, are poorly represented by kernel density estimation. The
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Figure 8. Number of events that satisfy the Fisher information lower-bound
constraints given the characteristics of the GBTDS, i.e., the number of
detectable events that can also be constrained to the resgective precision. g is
not well constrained for any mpgy. For mpgy < 10"°M, no microlensing
observables are well constrained for a significant number of events. Precision
constraint event rates peak for mpgy = 10M,.. See Section 4.3 for discussion.

As shown in Section 4.2, 7 is unlikely to be well measured
for our astrometric events so we focus our attention on the fg—
Ok space to investigate separability. Assuming that fi and 6g are
measured perfectly, we compare how similar the intrinsic
probability distributions are for an event to be produced in the
tg—0g space for two population models: a lens population with
only astrophysical lenses, p(fg, Og|Astro), and the simulation
including both an astrophysical and PBH lens population, p(tg,
0g) = p(PBH)p(tg, 0g|PBH) + p(Astro)p(fg, fg|Astro), i.e., the
probability of an event with parameters g and 6 marginalized
over both possible lens classes. The priors of an event
belonging to one class of the other, p(PBH) and p(Astro), are
simply the relative rates normalized to one marginalized over
the entire parameter space. These two population models are
utilized in favor of comparing the astrophysical-only model
directly with the PBH-only model as the PBH-only model is
never assumed to fully describe all of the data. The comparison
to follow is intended to reflect the loss of information incurred
by implementing the wrong model, and as such, the PBH-only
model would be inappropriate as it is never assumed to be a
fully viable, independent population model separate from the
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Figure 9. Hellinger distance between tz—0g distributions of the PBH and
astrophysical populations of lenses and just the astrophysical population
(including stars, WDs, NSs, and SOBHs). A larger Hellinger distance means
that distributions are more divergent. We see maximal divergence around
mppy = 10M,, achieved by balancing the relative abundance of PBHs as well
as the geometric difference between the PBH and astrophysical distributions.
mppy < 0.07M,, (gray band) should be treated as an upper bound because our
simulation does not include substellar objects that could occupy the same
region of the tz—0g space as PBHs.

astrophysical-only population model. We compare the informa-
tion content of these two distributions using the Hellinger
distance (using Gaussian kernel density estimation via
SciPy.stats; Virtanen et al. 2020),

H =1 — f Jp(s, Op)p (i, OglAstro) dfgdrs.  (17)

Here, 0 < H < 1, where a larger Hellinger distance means that
the two distributions are less similar. The Hellinger distance
was used over other metrics (e.g., the Kullback—Leibler (KL)
divergence), due to its symmetry under the transposition of the
distributions and the distance being bounded between 0 and 1.
Furthermore, we found that the computation of the KL
divergence was unstable due the bulk of the probability of
the PBH model for small and large masses being in the tails of
the astrophysical-only population model.

Figure 9 shows the Hellinger distance for each mpgy. The
relationship between the Hellinger distance and mpgy is driven
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purity of the sample, i.e., number of PBH events that satisfy the threshold divided by the total number of events (astrophysical and PBH) that satisfy the threshold

for fpm = 1.

by two effects: the relative number of PBH to astrophysical
events and the separation between the PBH and astrophysical
event distributions in fg—0g. Generally, the Hellinger distance
decreases with decreasing mpgy. Although small-mpgy PBHSs
tend to be well-separated from the astrophysical lens
population in the tg—0g space, the trend is dominated by the
number of PBH events dropping significantly below astro-
physical rates (Figure 4), meaning that the PBH perturbation to
the astrophysical population becomes small. Figure 9 shows a
large decrease in the separability of PBHs from mpgy = 10M,,
to mpgy =M, which can be explained by the significant
overlap with the bulk of the astrophysical lenses at this mass.
Figure 9 also shows a turnover in separability for
mppy ~ 10M,, which can be explained by a decreased PBH
event rate (Section 4.1).

To quantify how many PBHs occupy “unique” regions of the
tg—0g space, we construct boundaries where the probability of
an event containing a PBH lens over an astrophysical lens
reaches some threshold (0.5, 0.9, and 0.95). “Unique” or
“golden” events are then generally defined to be the events that
lie in those high probability contours (properly identified as
events in the 0.5, 0.9, and 0.95 confidence regions when
relevant). This probability is the posterior probability of a lens
belonging to a class,

p(PBH)p(tg, 0g|PBH )
p(te, Og)

p(PBH|[E, QE) = s (18)

where p(tg, 0g) is defined above. The number of events is then
simply calculated by computing the fraction of simulation
samples from PopSyCLE that fall within the boundaries. Even
when the number of PBH events in unique regions is low, they
can still provide constraining population information.

Figure 10 shows the number of PBH events, fractions of
PBH events, and purity of PBH events in high-confidence
regions of fz—0g. In the leftmost panel of Figure 10, the rate of
events that satisfy p(PBH|rg, 0g) > 0.9 generally increases with
mppy until mpgy = 10M.,. Although similar to Figure 9, the dip
at 1M is due to the large overlap between PBHs and
astrophysical lenses, as shown in Figure 7.

The rise in events in “unique” regions can be understood as
the combination of the same effects that lead to the Hellinger
distance distribution (see Figure 9). While the intrinsic number

10

of PBHs (to explain all of DM) is highest for the lowest mass
PBHs, the number of detectable events scales with the mass of
the PBHs (see Figure 4). Second, the calculation depends on
the confusion between the distributions. When considering
weaker uniqueness thresholds (p(PBH|rg, 6) = 0.5), the trend
follows a similar shape as the number of events by PBH mass
(Figure 4), suggesting the dominant effect is the number of
detectable events rather than the overlap of the distributions.

The middle panel of Figure 10 also shows the confusion of
the mpgy ~ 1M, with the astrophysical lens population. The
fraction of the PBH events that are detectable and in the
“unique” region sharply falls in this mass range indicating that
the boundaries of the “unique” region do not contain the mode
of the distribution p(fg, Oz|PBH) for this specific PBH
population model. However, the contours determined by the
edge cases of the mass distributions considered here
(Mpgp < 0.1 and Mpgy > 50) contain an appreciable fraction
of the detectable PBH events, indicating that the mode of the p
(fg, Og|PBH) distribution is reasonably separate from the
astrophysical distribution.

Finally, the third panel of Figure 10 shows the purity of the
region selected by our methodology, which is the fraction of
events in the “unique” region that are truly PBH events
normalized by the total number of events within these regions
(all assuming fpm = 1). With sufficiently strong criteria (p
(PBH|zg, 0g) > 0.9), the purity remains very high across the
mass range. For weaker criteria (p(PBH|tg, 0g) > 0.5), the
purity drops drastically for PBHs with a mass of 1M, again
showing the impact of the large degree of overlap between the
distributions in the fz—60g space for the PBH and astrophysical
distributions.

4.4. PBH Population Constraints

Figure 11 shows the estimated constraints that can be
derived from this work, alongside other current PBH
constraints in fpy—mppy. To derive rigorous, population-level
constraints would require modeling an inhomogeneous Poisson
process within a hierarchical framework (e.g., Perkins
et al. 2024) and is beyond the scope of this work.

To estimate the achievable constraints, we will consider two
limiting cases, both of which reduce the inhomogeneous
Poisson process to homogeneous Poisson statistics. In these
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Figure 11. Projected sensitivity of the GBTDS astrometric microlensing from
this work alongside current PBH constraints taken from Bird et al. (2023). The
red line (pessimistic) is the 95% confidence line on an fpy constraint using
event number information only (i.e., fg, 0, 7 contain no information on the
lens class) and assuming we know the number of astrophysical microlensing
events to 10%. The black line (optimistic) is the 95% confidence line on an fpy
constraint assuming that PBH lenses can be definitively separated from the
astrophysical population. Both lines are derived from the Cramér—Rao bound.
The likely achievable constraint will be between these two lines. M3ML and
MWML are microlensing results toward M31 (Niikura et al. 2019a) and
looking through the Milky Way, respectively (Alcock et al. 2001; Tisserand
et al. 2007; Wyrzykowski et al. 2011b; Blaineau et al. 2022). Other constraints
are supernovae lensing (LSN; Zumalacarregui & Seljak 2018), Eridanus II
dwarf galaxy (EII; Brandt 2016; Li et al. 2017), wide binary stars (WB; Yoo
et al. 2004; Quinn et al. 2009), dwarf galaxy dynamical heating (DH; Lu
et al. 2021; Takhistov et al. 2022a, 2022b), X-ray binaries (XB; Inoue &
Kusenko 2017), CMB distortions (CMB; Ricotti et al. 2008; Ali-Haimoud &
Kamionkowski 2017), disk stability (DS; Xu & Ostriker 1994), gamma-ray
background (GB; Carr et al. 2016b), gamma-ray-femtolensing (GF; Carr
et al. 2016a), and neutron star capture (NS; Capela et al. 2013). Blue and gray
bands represent more and less conservative constraints, respectively.

approximations, all information about the distributions in the
event-modeling space (fg, 0k, and 7) will be neglected except
in the broadest of terms as the uncertainty on the event
parameters (fg and 6Og) will be negligible in these limits.
Constraints using the full methods derived from inhomoge-
neous Poisson statistics will likely fall between these two
extremes, with some mpgy conforming more to one over the
other.

The first, pessimistic approximation assumes that each of the
two populations (astrophysical and PBH) are indistinguishable,
in which case the inhomogeneous Poisson process reduces to
two, independent Poisson processes. This approximation would
be more consistent with the PBH mass model of mpgy = 1M,
which is maximally overlapping with the astrophysical
population in the tg—60g space (see Figure 7). If we assume
the number of detected microlensing events is described by the
sum of these two independent Poisson processes, one described
by the astrophysical model with an expected number of events
N and one described by the PBH model with an expected
number of events fomMN -, we can calculate the Fisher
information on the parameter fpy, itself (similar to Section 3.4).
An added complexity, however, is that the degeneracy between
the two, indistinguishable Poisson processes without prior
information is exact. Of course, this degeneracy is partially
broken by prior information about the astrophysical rate. To
account for this degeneracy in a realistic way, we construct a
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Fisher matrix in the two-dimensional space spanned by fpy and
N™" but impose a prior on N**"™. This incorporates realistic
uncertainty on the DM fraction due to degeneracy with the
astrophysical modeling and marginalizes it. This can then be
translated to an estimate of the covariance of fpyy through the
Cramér—Rao bound leading to an estimated constraint on fpy
(at 95% confidence) of

NASU‘O + U?vAs[m

(NPBH)Z

Fom < 1.96 , (19)

where o yas is the variance on the Gaussian prior imposed on
the astrophysical rate, taken to be 0.1N*" as a conservative
estimate (see the Appendix for details on the derivation). This
prediction for the constraint includes the transformation from
the 1o estimate from the Fisher approximation to a 95%
confidence constraint, assuming a Gaussian posterior distribu-
tion on fpy. It was also derived by assuming the null
hypothesis, i.e., that fpny =0. Constraint predictions derived
with this method are shown in Figure 11 as the red line. Our
prediction on the constraints ranges from fpy ~ 107°=1 in the
mass range we examined peaking at fiy ~ 10~> for a PBH
mass of Mpgy = 1M,

To estimate an optimistic bound on the constraining power
of the astrometric-only events, we assume that the two
populations (astrophysical and PBH) are completely distin-
guishable, i.e., that they are separable in parameter space. The
PBH mass model mpgy = 1074M@ would be more consistent
with this assumption (conditioned on the astrophysical output
from PopSyCLE, which is lacking substellar objects), as this
model is maximally disparate from the astrophysical population
in the fz—0g space (see Figure 7). In this most optimistic
scenario, where we assume that all PBH events can be exactly
identified as such, we turn our number of detectable PBH
events described in Section 4.1 into a 95% confidence bound
on detecting PBHs across mpgy, with the following,

3
fDM g NPBH 4

(20)
where N*®H is the expected number of PBH events from these
simulations assuming fpy =1, separated by mass. The
numerator in Equation (20) originates from inverting the
requirement p(NPBH > 1lfpm) =0.95 for the corresponding
value of fpy, yielding a factor of [In(0.05)] ~ 3 (see
Equations (A8) and (A9) from the Appendix for details).
While the Fisher information is derivable for this situation, it is
ill-conditioned in the limit of fpy — 0. Physically, this simply
means that the uncertainty on the rate of a Poisson process with
a true rate of zero is zero, i.e., that observation of any event in
the PBH region of parameter space would exclude the null
hypothesis (fpm =0). Instead, we use this new condition,
which equates to calculating the value of fpy at which there is a
probability p(Npgy = 1) =0.95 for seeing at least one event
with RST (see the Appendix for details). In this maximally
optimistic scenario, we find a peak sensitivity of the GBTDS to
fom~3 X 107* at mpgy = 1M. The sensitivity tapers to
fom~~ 107" and fion ~ 1072 at mppy = 107> and mpgy = 10°,
respectively.

Between these two approximations, we predict that GBTDS
will be sensitive to novel ranges of fpy when compared with
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current  photometric ~ microlensing  constraints (Alcock
et al. 2001; Tisserand et al. 2007; Wyrzykowski et al. 201 1b;
Blaineau et al. 2022) for mpgy from 10*3M@—103M@
(10" 'M.~10°M_) for optimistic (pessimistic) statistical
assumptions. Our predicted constraint region in Figure 11
suggests that the GBTDS may be able to fill the
mpgn = 107'M.~10°M., gap between microlensing and
early-Universe cosmic microwave background constraints
(Ricotti et al. 2008; Ali-Haimoud & Kamionkowski 2017)
down to the fpp =~ 1072 level.

5. Discussion and Conclusion

We have estimated the number of the wide lens—source
separation, pure astrometric microlensing events caused by a
PBH population and detectable during RST’s GBTDS. We
assumed monochromatic PBH mass spectra with masses
ranging from 107*M.-10°M_. We find that the number of
detectable PBH events peaks at ~10fpy for 1 M., PBHs and
tapers to ~10fpy and ~10%fpy at 107*M. and 10°M.,
respectively. For our sample of astrometric events, we find that
tg and g will be the important microlensing observable space
and that 10M, PBHs produce the highest number of events that
are distinguishable from the astrophysical lens population.

Importantly, this will provide constraints at larger PBH
masses than current microlensing surveys, especially the
1-100M., mass range capable of producing LIGO-detectable
gravitational wave signals Bird et al. (2016). Other constraints
in this mass range are often model-dependent or are relatively
weak. For example, CMB constraints rely on uncertain
estimates of PBH accretion rates where the most conservative
models have limited constraining power for masses <10°M.,
Ali-Haimoud & Kamionkowski (2017), and gravitational wave
constraints rely on currently uncertain estimates of the black
hole merger rate (e.g., Jedamzik 2020). Supernovae lensing
constraints are much weaker than all but the most pessimistic
bounds in this forecast. Strong constraints in this mass range
would render it unlikely that LIGO mergers arose from relic
PBHs. Conversely, the detection of a large population of black
holes toward the bulge would be at least suggestive. Some
cosmological simulations also predict that galactic bulges
contain a population of intermediate-mass black holes from
previous mergers Di Matteo et al. (2023), which could
optimistically be detectable as a 10°M., microlensing event.

We translated the number of detectable events into
sensitivity and constraint predictions for the GBTDS in the
Jom—mppy space. We find that the GBTDS is likely to provide
competitive or novel constraints beyond current photometric
microlensing surveys for PBH masses between 10 °M.—
10°M.., down to fom ~ 107'=107* depending on the extent to
which the PBH population can be disentangled from
astrophysical lens population. If realized, this predicted
sensitivity of the GBTDS is likely to probe the unexplored
region of the fpm—mppy Space between current photometric
microlensing surveys (Alcock et al. 2001; Tisserand
et al. 2007; Wyrzykowski et al. 2011b; Blaineau et al. 2022)
and early-Universe cosmic microwave background PBH
constraints (Ricotti et al. 2008; Ali-Haimoud & Kamion-
kowski 2017) down to fpn =~ 1072

At low PBH mass (<107'M.), GBTDS’s sensitivity to
astrometric microlensing events is limited by a combination of
these short-timescale events falling in observation-season gaps
and the astrometric microlensing signal only being able to
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probe the local (<2kpc) DM density. Moreover, we find that
for PBHs <10~ 'M_,, the GBTDS cadence and precision are not
sufficient to constrain any of the microlensing observables for
pure astrometric events with ug>2. This suggests that
complimenting GBTDS astrometry with other submilliarcse-
cond capable observatories (e.g., with JWST; Gardner
et al. 2006 or HST) during the survey will boost event rates
and tighten the obtainable PBH population constraints. Large-
scale strategies of filling the GBTDS season gaps or a more
targeted approach of following up individual short events (e.g.,
via the use of Target and Observation Management Platforms;
Coulter et al. 2023) could achieve this.

At high PBH mass (>10M.), GBTDS’s sensitivity to
astrometric microlensing events is limited by the survey
duration of 5yr. Although these high PBH mass ranges
probe the bulk of the DM density in the Galactic Bulge,
their events tend to be too slow-varying to accumulate a
detectable effect within the GBTDS. For these high PBH
masses, only seeing a small segment of the event also means
poorer constraints on microlensing observables. This suggests
that complementing the GBTDS with astrometric measure-
ments before or after GBTDS, with the purpose of effectively
extending the survey duration, would boost high-mass
PBH event rates. This could be achieved by using archival
astrometry (e.g., from the VVV; Smith et al. 2018 or Gaia;
Gaia Collaboration et al. 2016) or astrometric follow-up
after the GBTDS. For example, taking advantage of the
possibility of a further 5 yr extended RST mission, effectively
doubling T, of the GBTDS, could improve constraints on
Jom for mpgy = 10M,, by a factor of ~2.8 (the astrometric
optical depth is «73/% see Equation (68) in Dominik &
Sahu 2000).

Only a small number of astrometric observations of the
GBTDS area at a sufficiently separated time baseline would be
needed to increase the effective observation time and boost
event rates (Dominik & Sahu 2000). This strategy may be
particularly advantageous at providing PBH population
constraints because >10M, PBHs tend to be in unique areas
of the microlensing observable space away from the
astrophysical population.

Across all PBH masses, we have only selected events with a
background source with mp46 < 22. This conservative cut was
chosen to exclude the sources that are likely to be dominated by
background noise effects (see Figure 4 in Wilson et al. 2023)
making precision astrometry challenging. This cut, however,
excludes the bulk background source population at mg46 2 24.
If astrometric processing methods could be developed to
extract submilliarcsecond astrometric precision from sources
with mpg46 > 22, this would boost event rates for all PBH
masses.

We have assumed an optimal RST astrometric precision
floor for bright stars (mg46 < 16) of 0.1 mas; however, the final
astrometric precision of RST has yet to be determined.
Applying our detectability cuts with a more pessimistic
0.3 mas astrometric precision floor in the astrometric precision
at mpi4 < 18 (Lam et al. 2023), we find that for mpgy = [107%,
1072, 1072, 107, 1, 10, 30, 100, 1000]M.., [18.2, 50.0, 57.1,
24.4,9.1, 3.2, 1.8, 0.6, 0.0]% of events that originally passed
the detectability cuts now fail them. mpgy < 10~ M., are most
affected by this less optimistic precision floor. These event
attrition fractions can be explained by lens distance distribu-
tions and astrometric signal magnitudes.
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The decrease in attrition from mpgy = 107 'M,., to 10°M_, is
because mppy > 1M, events have typically more distant lenses
(see Figure 6) and therefore have more distant and fainter
sources that are unaffected by the brighter source astrometric
precision floor. Additionally, high-mpgy events tend to have
larger astrometric signals and are unlikely to preferentially need
bright sources for detectable events.

For mpgy < 1072M.., Figure 6 shows that this mass range is
biased toward closer lenses meaning closer, bright stars can be
selected as sources. Moreover, small mass mpgy typically have
relatively small astrometric signals which are more likely to
require a bright star to be detectable. For mpgy = 10_4M@,
10 M., the attrition rate calculation is likely noisy due to
small number statistics (~10 events are being used for these
calculations). We note that the attrition fraction for astro-
physical lenses is 21.4%.

The events considered in this work have only astrometric
signals. This means that they will not be found using standard
photometric microlensing event-finding algorithms or trigger-
ing criteria (e.g., Udalski et al. 2015; Husseiniova et al. 2021).
Equivalent astrometric event-finding algorithms will have to be
developed (e.g., Chen et al. 2023) to process the GBTDS
survey data to extract these events or to alert on astrometric
microlensing anomalies in real time for the purpose of
triggering follow-up (e.g., Hundertmark et al. 2018; Hodgkin
et al. 2021).

There are several limitations and possible future avenues
of research for this work. We derived sensitivities of the
GBTDS in fpy—mpgu conditioned on the assumption of a
monochromatic PBH mass spectrum. Assuming a monochro-
matic mass spectrum is the standard in the literature, but the
relaxation of this assumption can alter PBH constraints and
change simulated sensitivities (e.g., Green 2016; Carr
et al. 2017; Green & Kavanagh 2021). Future work could
explore relaxing the monochromatic mass spectrum assump-
tions and deriving constraints using the methods of Perkins
et al. (2024).

We have also required that an event must peak within the
GBTDS survey time to be selected. This is likely to cut mainly
long-duration, high-mass PBH events which only have a
detectable tail with the GBTDS, but could still be used to
constrain the PBH population. This cut choice simplified the
selection of detectable events using ., and allowed extraction
of a well-defined sample of events that can be connected to rate
and optical depth predictions (Dominik & Sahu 2000). Future
work could focus on methods to select detectable events that do
not peak within the GBTDS but that contain constraining PBH
population information, which will likely boost the high-mass
PBH event rates.

Finally, we have only addressed PBH confusion with other
astrometric microlensing events caused by the astrophysical
lens population. We have neglected sources of confusion from
other astrometric variables such as astrometric binaries (e.g.,
Halbwachs et al. 2023). This is likely to be the most
problematic for long-duration high-mass PBH events, which
have slow-varying signals over the entire GBTDS. Future work
should focus on how well astrometric microlensing can be
separated from other astrometric variables and how to
marginalize that confusion to derive robust PBH population
constraints.

Fardeen et al.

Acknowledgments

We would like to thank the referee for the comments that
improved the clarity of the paper. We would like to thank
George Chapline, James Barbieri, and Macy Huston for useful
discussions on this work. This work was performed under the
auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-ACS52-
07NA27344. The document number is LLNL-JRNL-858470.
This work was supported by the LLNL-LDRD Program under
Project 22-ERD-037. This document was prepared as an
account of work sponsored by an agency of the United States
government. Neither the United States government nor
Lawrence Livermore National Security, LLC, nor any of their
employees make any warranty, expressed or implied, or
assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or
favoring by the United States government or Lawrence
Livermore National Security, LLC. The views and opinions
of authors expressed herein do not necessarily state or reflect
those of the United States government or Lawrence Livermore
National Security, LLC, and shall not be used for advertising or
product endorsement purposes. N.S.A. and J.R.L. acknowledge
support from the National Science Foundation under grant No.
1909641 and the Heising-Simons Foundation under grant No.
2022-3542.

Software: This research has made use of NASA’s
Astrophysics Data System Bibliographic Services. NumPy
(Harris et al. 2020), SciPy (Virtanen et al. 2020), Matplo-
tlib (Hunter 2007), Singularity (Kurtzer et al. 2017,
2021), Docker (Merkel 2014), Astropy (Astropy Collabora-
tion et al. 2013, 2018, 2022), PopSyCLE (Lam et al. 2020),
Galaxia (Sharma et al. 2011), SPTSEA (Hosek et al. 2020).

Appendix
Population Constraint Predictions

In the absence of performing a computationally expensive,
fully hierarchical framework to derive PBH population
constraints possible with the GBTDS (e.g., Perkins
et al. 2024), we instead rely on limiting cases and
approximations to estimate them. As outlined in Section 4.4,
we consider two limiting cases:

1. The pessimistic case. The two populations are exactly
degenerate, meaning that the distributions in the space of
microlensing observables are identical. This equates to
only utilizing the total number of events as relevant
information, completely disregarding the parameters of
the events.

2. The optimistic case. The two populations (astrophysical
and PBH) are completely distinguishable in the space of
observables (i.e., separate distributions in the #z—0g
space). This equates to every observed event being
uniquely identifiable as a PBH event or an astrophysical
event.

In both of these cases, the full model (typically an
inhomogeneous Poisson process model) can be reduced to
homogeneous Poisson statistics. Even in these limiting cases,
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one could still use the derived astrometric model parameter
uncertainties and values to improve the analysis, but this would
only help to down-weight outlier events not to help
disambiguate the class of different events (assuming the event
posteriors are of the same or lesser order of extent as the
population model distributions).

With the pessimistic case, the number of observed events can
be modeled as the sum of two independent, homogeneous
Poisson processes giving the probability of seeing N,

p(leDM , NAstro’ NPBH)
e*ﬁ)MNPBH*NAS'“’(fDM NPBH | NAstroyN

- N! ' @y

where N**"™ is the expected number of astrophysical events,

and N*BH is the expected number of PBH events (at fpp = 1).
Now, the Fisher information framework can again be applied as
an approximation of the posterior on fpy as opposed to the
astrometric modeling parameters (which is how it was first
introduced in this work in Section 3.4). The formal definition of
the Fisher (defined here as I' to avoid confusion with the event
parameter Fisher information, F),

oo
Fi,j — Z [*aiﬁj lnp(leDMa NAstro, NPBH)]
N=0
X p(N|fDM’ NAero’ NPBH)’ (AZ)
where i and j index the parameter vector of the model. The
sum over N is the discrete form of the marginalization over the
independent parameter from the definition of the Fisher
information matrix. We will utilize a two-dimensional
hyperparameter space spanned by the set of parameters
{fom, N**"°}. The inclusion of N**" reflects the importance
of the covariance between fpy and N, In this limit
and without prior information, the degeneracy between
these two parameters will be exact. To address this issue,
we must incorporate prior information. This is trivially
accomplished by enforcing a normal prior on the astrophysical
event rate,

1
F:»/ = E,j —|— (SNAslm’NAslm 2 N (A3)

O yhsuo
where I‘,’-J is the updated Fisher which reflects the prior
information denoted by o yaswo, the standard deviation on the
astrophysical event rate from prior knowledge. With this
definition and our likelihood in Equation (Al), we can now
calculate the Fisher. Inverting the full matrix and taking the
square root of the diagonal element associated with fpy gives
us an estimate of the uncertainty on this parameter (fully
accounting for degeneracies with the astrophysical event
rate and prior information)

(A4)

B NAstro +fDMNPBH + O-?VAS!ro
T fom (NPBH)?2 :

This estimate of the 1o constraint can be translated to a 95%
upper bound on the confidence assuming a Gaussian posterior
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on fpm (consistent with the application of the Cramér—Rao
bound)

NAStrO + U?VASUO
( NPBH)Z ’
(A5)

95%

v SJom + 1.960% 15 —0 = 1.96

where we have assumed the null hypothesis (fpy =0) when
evaluating this uncertainty.

In the optimistic case where the two populations are
perfectly distinguishable, we can again assume homogeneous
Poisson statistics to derive a likelihood for seeing N events

_r PBH
e fom N (fDMNPBH)N
N! '

Note that in this limit, with no confusion with the astrophysical
population, the modeling can be done completely separately
from the astrophysical population, neglecting correlations
between the two models.

However, repeating the Fisher exercise as above, we get the
following estimate for the variance on fpy

Jom
T 2 NPBH

Unfortunately, the approximation for the uncertainty is not well
behaved in the limiting case of the null hypothesis (fpy = 0).
The interpretation of this result in the current context is that the
observation of a single event that is consistent with being a
PBH rules out the null hypothesis.

Therefore, we reconsider our estimate and instead seek to
predict at what value of fpy; would one expect to see at least a
single event (at 95% confidence). If we start again with the
Poisson distribution of Equation (A6) we obtain

PN = 1 fp, NPBH)
=1—pN = 0lfpy» NPBH) = 1 — ¢ou

P(N|fou > NPBH) = (A6)

(A7)

NPBH. (A8)
Enforcing that this probability be equal to 0.95 and inverting for
Jpwm translates this result to a 95% confident upper bound on fpp

[In(0.05)] 3
Jom < PBH ~ NPBH’

(A9)

giving us the second prediction in Section 4.4.
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