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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

(fDM) in the (10−9−10)M⊙ mass-ranges come from photometric microlensing and bound fDM ≲ 10−2−
10−1. With the advent of the Roman Space Telescope with its sub-milliarcsecond (mas) 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 contains different

information, making it a complimentary lensing probe. At sub-mas 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. We find that the number of detectable events peaks at ≈ 103fDM for a population

of 1M⊙ PBHs and tapers to ≈ 10fDM and ≈ 100fDM at 10−4M⊙ and 103M⊙, respectively. Accounting

for the distinguishability of PBHs from Stellar lenses, we conclude the GBTDS will be sensitive and

PBH population at fDM down to ≈ 10−1 − 10−3 for (10−1 − 102)M⊙ likely yielding novel PBH

constraints.

1. INTRODUCTION

Primordial Black Holes (PBHs) are theorized to have

formed through density fluctuations on the cosmolog-

ical 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

γ−ray background; Carr et al. 2016b), they are possible

dark matter (DM) candidates (Chapline 1975). Con-

straints on a PBH population would also provide in-

sights 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 & Kühnel 2020; Green & Ka-

*mcgill5@llnl.gov

vanagh 2021). Spanning 40 orders of magnitude in PBH

mass, probes ranging from the cosmic microwave back-

ground (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. 2011a),

have placed bounds on the fraction of DM explainable

by PBHs (fDM), but there have been no definitive PBH

detections.

Looking towards the Magellanic clouds, the original

microlensing surveys placed upper bounds on fDM ≈
1 − 10% in the mass ranges (10−7 − 103)M⊙ (Alcock

et al. 2001; Tisserand et al. 2007; Blaineau et al. 2022;

Wyrzykowski et al. 2009, 2010, 2011b,a). A subse-

quent high-cadence microlensing survey towards M31

placed upper bounds on fDM ≈ 0.1 − 1% at sub-

stellar (10−14 − 10−9)M⊙ mass ranges (Niikura et al.

2019). Most recently, observation towards the Galactic

bulge from the Optical Gravitational Lensing Experi-

ment (OGLE; Udalski et al. 2015; Mróz et al. 2017) has

placed constraints on fDM ≈ 1 − 10% for a mass range

of (10−6 − 10−3)M⊙ (Niikura et al. 2019), and meth-
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ods to robustly disentangle PBH and astrophysical lens

populations using photometric microlensing surveys to-

wards the Bulge have been developed (e.g., Perkins et al.

2023).

The aforementioned constraints have solely relied on

photometric microlensing signals. However, with the ad-

vent of space observatories capable of sub-milliarcsecond

(mas) 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 sys-

tems (e.g., Lu et al. 2016; Zurlo et al. 2018), it is also pos-

sible to detect astrometric microlensing signals (Walker

1995; Hog et al. 1995; Miyamoto & Yoshii 1995). Al-

though these astrometric and photometric signals arise

from the same underlying phenomena, their character-

istics 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; Sahu et al. 2022;

Lam et al. 2022; McGill et al. 2023; Lam & Lu 2023).

Overall, photometric and astrometric microlensing sig-

nals can offer complementary probes and are sensitive

to different lens mass-distance configurations (Dominik

& Sahu 2000).

At sub-mas astrometric precision, astrometric mi-

crolensing 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 hap-

pen at a wide enough impact parameter to cause an

astrometric signal but no detectable photometric ampli-

fication (e.g., Sahu et al. 2017; Zurlo et al. 2018; Bramich

2018; McGill et al. 2018, 2020, 2023).

In the wide lens-source separation and purely astro-

metric regime, Van Tilburg et al. (2018) derived theoret-

ical sets of spatially correlated astrometric observables.

These lensing signals can act over many sources simul-

taneously (e.g., Gaudi & Bloom 2005; Di Stefano 2008),

can be caused by sub-halo 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 × 107)M⊙ probing to fDM ≈ 3 × 10−4. Van

Tilburg et al. (2018) and Verma & Rentala (2023) high-

lighted the power of astrometric microlensing as a probe

of dark matter in the sub-mas 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 view1. 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 mi-

crolensing (e.g., Bennett & Rhie 2002; Penny et al. 2019;

Johnson et al. 2020). The GBTDS will survey ≈ 2 deg2

over 5 years in the infrared wavelengths. In addition

to benefiting from increased microlensing event rates in

the infrared (e.g., Gould 1994; McGill et al. 2019; Hus-

seiniova et al. 2021; Kaczmarek et al. 2022, 2023; Lu-

berto et al. 2022; Wen et al. 2023; Kondo et al. 2023),

the GBTDS will take simultaneous photometry and as-

trometry at a 15 minute cadence during an observing

season.

High-cadence astrometry and photometry over regions

of high microlensing optical depth presents an unprece-

dented opportunity for detecting isolated objects. Re-

cent work has focused on exploiting high-cadence pho-

tometry or joint photometry and astrometry during

the GBTDS to characterize both isolated black holes

(Sajadian & Sahu 2023; Lam et al. 2023) and PBHs

(Pruett et al. 2022; DeRocco et al. 2023). However, the

GBTDS’s sensitivity to PBHs in the wide-separation,

purely astrometric microlensing regime has yet to be in-

vestigated.

In this work we use a Galactic simulation to investi-

gate the GBTDS’s sensitivity to detecting PBHs lenses

purely astrometrically with masses ranging (10−4 −
103)M⊙. In Section 2, we review relevant astrometric

microlensing characteristics. In Section 3, we describe

our simulation and methods to extract astrometric mi-

crolensing 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 de-

rive the GBTDS’s sensitivity in the context of current

PBH constraints. Finally, in Section 5 we summarize

our findings discuss further implication of this work.

2. ASTROMETRIC MICROLENSING

Microlensing occurs during the alignment of a back-

ground source (at distance DS) and intervening lensing

object, of mass ML at distance DL, where DL < DS are

distances from an observer. Under perfect lens-source

alignment, an Einstein ring image of the source is formed

1 https://roman.gsfc.nasa.gov/

https://roman.gsfc.nasa.gov/
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with angular radius (Einstein 1936),

θE =

√
4GM

c2
DS −DL

DSDL
. (1)

In the case of imperfect lens-source alignment, two

source images are formed (e.g., Paczynski 1986),

θ±(u) =
(
|u| ±

√
|u|2 + 4

) θEû

2
. (2)

u being the lens-source angular separation (positive di-

rection towards the source position), normalized by θE ,

and û = u/|u|. As a function of time, t,

u(t) = u0 +
(t− t0)

tE
µ̂rel + P (t;πE) . (3)

Here, t0 is the time of lens-source closest approach, u0,

and hereafter |u0| = u0. µ̂rel is the relative lens-source

proper motion unit vector, P is the lens-source paral-

lax motion, tE and πE are the Einstein timescale and

microlensing parallax given by,

tE =
θE
µrel

, |πE | = 1

θE

(
1

DL
− 1

DS

)
, (4)

respectively. πE is parameterized with components in

the north (πEN ) and east (πEE) directions. During the

event, the source images change position and brightness

causing both photometric (Paczynski 1986) and astro-

metric effects (Walker 1995; Hog et al. 1995; Miyamoto

& Yoshii 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),

δ(u) =
u

|u|2 + 2
θE . (5)

δ is scaled by θE and has a maximum amplitude of

≈ 0.354θE at |u| =
√
2 or at u0 for events with u0 >

√
2

differing from the characteristics of photometric mi-

crolensing. In photometric microlensing, the ampli-

fication can increase almost arbitrarily for arbitrarily

close lens-source impact parameters and is only eventu-

ally bounded by finite-source effects (e.g., Rybicki et al.

2022). At |u| >>
√
2, Eq. (5) is approximately (Do-

minik & Sahu 2000),

δ(u) ≈ θE
|u| û . (6)

This approximation overestimates |δ|. Hereafter we

denote |δ| = δ. Assuming some astrometric detec-

tion threshold, δT , Eq. (6) can be used to define a

maximum lens-source impact parameter magnitude that

would give rise to detectable astrometric signal ampli-

tude (Dominik & Sahu 2000),

uT =
θE
δT

. (7)

Neglecting lens-source parallax motion, the duration of

an astrometric microlensing event is the time a source

spends detectable within uT (Honma 2001),

tast = 2tE

√
u2
T − u0

2 . (8)

If uT < u0, tast is unphysical. For a given observa-

tional time baseline, Tobs, and dense enough observing

cadence, events with t0 within Tobs and with u0 < uT

will be detectable so long as tast < Tobs, (i.e., the event

peaks and returns to baseline within the observation

time). However, tast can be on the order of years (e.g.,

Belokurov & Evans 2002) and longer than Tobs. For an

event which has t0 within Tobs, if tast > Tobs the am-

plitude 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 Tobs. The threshold for the closest ap-

proach between the lens and source that would give rise

to a change in astrometric signal greater than δT within

Tobs is given by (Dominik & Sahu 2000)2,

u∆ ≈
√

TobsθE
δT tE

. (9)

Fig. 1 shows example events and these detectability cri-

teria. In addition to dark PBH lenses, we will also con-

sider the 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 Eq. (5), see; Bramich 2018) which reduces

the detectability radius around the lens to (Dominik &

Sahu 2000),

ulum
T =

uT

1 + g
, ulum

∆ =
u∆√
1 + g

. (10)

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, independent of the lens’s luminosity. In this

case the blended sources will contribute to the source

centroid position (see e.g., Eq. (12) in Lam et al. 2020).

The amount of blending in an event can be quantified

2 Eq. (9) is valid when Tobs|µrel|/θE << 4uT , i.e. the change in
lens-source separation during Tobs is much less than the astro-
metric detectability radius or equivalently, when tast, averaged
over u0, is >> Tobs (Dominik & Sahu 2000).
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Figure 1. A cartoon of example astrometric-only microlensing events (u0 > 2) and detection criteria. Top Left: Astrometric
microlensing signal for events with unphysical tast (u0 > uT ) or tast < Tobs. The two detected events peak within Tobs and have
0 < tast < Tobs. For the two undetected events - one event never rises above δT , and the event that does rise above δT does
not peak within Tobs. Bottom Left: Example of two astrometric signals with tast > Tobs. In this plot, ϵ >> δT is an arbitrary
astrometric offset chosen to show events with a change in astrometric signal above the threshold (δT + ϵ− ϵ = δT ) within Tobs.
Both of these events have large astrometric microlensing shift amplitudes, but only the detectable event’s astrometric signal
varies by more that δT within Tobs. Right: Example source trajectories along with their detectability. The horizontal widths
of the Tobs and tast rectangles represent the distance travelled by the source in each time period in the rest frame of the lens.
Their vertical heights differ so they can be easily visually distinguished. Starting from the top source trajectory: The first event
is not detectable because tast > Tobs but u0 > u∆ - it has a detectable shift amplitude but does not vary sufficiently within
Tobs to be detected. The second event is detectable because it has 0 < tast < Tobs and t0 is within Tobs.. The third event is not
detectable because t0 is not within Tobs. The fourth event is detectable because, although tast > Tobs, u0 < u∆ so the event
varies sufficiently within Tobs.

using the blend fraction, fbl, which is the fraction of the

unlensed source flux to the total blend flux including the

lens and neighbouring 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). 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 Appendix A & 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

the Besançon model (Robin et al. 2004). Compact ob-

jects are 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 subpop-

ulation 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, extinc-

tion 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 Apendix 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 rela-

tionships 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),

ρ (r) =
ρ0(

r
rs

)γ (
1 + r

rs

)(3−γ)
, (11)

Here, ρ0 is the characteristic density of Milky Way dark

matter halo at the Galactic center, rs is the Milky Way

dark matter halo scale radius, and γ is the inner slope
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Parameter Description Value

ρ0 Characteristic central density of the dark matter halo 0.0093M⊙pc−3 (McMillan 2017)

γ Slope parameter of the dark matter density profile 1 (NFW; Navarro et al. 1996)

rs Milky Way dark matter halo scale radius 18.6kpc

mPBH PBH mass (10−4 10−3, 10−2, 10−1, 1, 101, 30, 102, 103) M⊙

vesc Milky Way escape velocity 550kms−1 (Piffl et al. 2014)

rgc Sun-Galactic center distance 8.3kpc

vkick,BH Peak of initial SOBH progenitor kick distribution 100kms−1

vkick,NS Peak of initial NS progenitor kick distribution 350kms−1

IFMR Initial-Final Mass Relation Raithel et al. (2018)

- Extinction Law Damineli et al. (2016)

- Bar dimensions (radius, major axis, minor axis, height) (2.54, 0.70, 0.424, 0.424) kpc

- Bar angle (Sun–Galactic center, 2nd, 3rd) (62.0, 3.5, 91.3) ◦

- Bulge velocity dispersion (radial, azimuthal, z) (100, 100, 100) kms−1

- Bar patternspeed 40.00kms−1 kpc−1

Table 1. Summary of PopSyCLE simulation and PBH dark matter parameters. 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, App. A),
as this galactic model best matched the event rates reported by OGLE (Mróz et al. 2019).

of the Milky Way halo. Values for parameters are in

Table 1. Under the monochromatic mass spectrum as-

sumption, we calculate the number of PBHs of mass

mPBH to be injected given a particular line-of-sight dark

matter mass, MLOS, to 16.6kpc (≈ 2 time the distance

to the Bulge),

NPBH = fDM

(
MLOS

mPBH

)
. (12)

fDM is the fraction of dark matter comprised of PBHs.

Eq. (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, v̄, according an

Eddington inversion model (Lacroix et al. 2018). v̄ then

defines a Maxwellian distribution, which the RMS PBH

velocity, v, is sampled with random direction from,

f(v) =

√
2

π

v2e−
v2

2a2

a3
, (13)

where, a = v̄
√
π/8 and v̄ are restricted to be less than

the Milky Way escape velocity (vesc < 550kms−1; 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 monochro-

matic mass spectrum ranging mPBH = [10−4, 10−3,

10−2, 10−1, 1, 101, 30, 102, 103]M⊙. This range cap-

tures 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 gravita-

tional wave observations (e.g., Abbott et al. 2021, 2023;

Farah et al. 2023). To reduce Poisson noise in all sim-

ulations, we chose fDM such that ≫1 detectable PBH

events are generated, but not so many that the simula-

tion becomes computationally infeasible. In the case of

mPBH = 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 fac-

tor of 5 to compensate. Predicted numbers of detectable

events can then be re-scaled as a function of fDM.

3.3. Galactic Bulge Time Domain Survey

We ran simulations, each of area 0.16 deg2, centered

in three different places within the GBTDS area (see

Fig. 2). Detectable event numbers were computed by

combining the three simulation centers and scaling re-

sults to the full GBTDS area of 1.97 deg2 (Penny et al.

2019). To estimate the single-exposure astrometric pre-

cision 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),

σast(mF146) = max(0.1, 100.2×mF146−4.23) mas . (14)

Fig. 3 shows this model over the simulated astromet-

ric precision data. This astrometric precision model is

valid in the source dominated regime, but neglects fac-

tors such as saturation, number of available reference

stars, and source crowding issues which can all impact
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Figure 2. Simulation area and the GBTDS. Simula-
tions are centered in three different locations - (l, b) =
(0.0◦,−1.65◦), (1.1◦,−1.65◦), (1.1◦,−0.85◦). Each of the
fields was further sub-divided into eight segments to allow ef-
ficient parallelization during the simulation runs. Individual
segments required between 432 and 720 Central Processing
Unit (CPU)-hours to compute with run-times varying with
stellar densities and PBH abundance. Each group of eight
segments total 0.16 deg2 of simulation area compared to the
1.97 deg 2 GBTDS footprint.

astrometric precision (see e.g., Fig. 15 in Hosek et al.

2015). The transition from a source-dominated regime

to a background-dominated noise regime is expected at

mF146 > 22 (see e.g., Fig. 4 in Wilson et al. 2023)

for RST. Therefore we apply a conservative cut and

assume that we cannot extract astrometry for sources

with mF146 > 22. For a given source of a simulated mi-

crolensing from PopSyCLE, the output Johnson-Cousins

J and H band magnitudes is converted to an estimated

mF146-band AB magnitude using Eq. (11) in Bachelet

et al. (2022).
Finally, we adopt the suggested GBTDS survey ca-

dence strategy in Penny et al. (2019) - a survey duration

of five years with six 72-day observing seasons. Each of

the seasons are spaced with gap of ≈ 111 days, apart

from season 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 band-pass over the

full survey area.3 We denote this set of 41, 472 observing

times over the GBTDS TGBTDS.

3.4. Selecting events

Using our simulations of the Galaxy with PBH dark

matter, we select wide separation microlensing events

3 https://roman.gsfc.nasa.gov/galactic bulge time domain survey.
html

10 15 20 25

mF146 [magnitude]

10−1

100

101

σ
a
st

[m
as

]

least-sqaures best fit

Sajadian & Sahu (2023)

Background dominated
noise

Figure 3. Estimated RST single exposure astrometric pre-
cision (σast) as a functions of F146 magnitude (mF146). The
simulated RST precision data from Sajadian & Sahu (2023)
is 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 Eq. (14).

with a detectable astrometric signal during the GBTDS,

but which have no photometric signal (u0 > 2) - a com-

plementary 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 u0 = 2 - the closest lens-source

separation considered in this work. Using Eq. 6 we

require an upper bound on the maximum signal ampli-

tude, δ(u = 2, DS = ∞) > 0.01 mas - an astrometric

threshold 10 times better than the floor of Eq. (14) tak-

ing advantage of stacking ≈ 100 observations GBTDS

over 24 hours. 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 mPBH = 10−4M⊙ lenses aid-

ing computational tractability of the simulations.

When considering lens-source pairs, we require that

2 < u0 < 100 and that the maximum lens-source im-

pact parameter u0θE < 3000 mas for a given pairing.

These lens-source separation thresholds were chosen to

capture approximately all the detectable events for our

PBH mass ranges whilst keeping simulations computa-

tionally tractable. We also require that the background

source magnitude mF146 < 22 in all source stars to elim-

https://roman.gsfc.nasa.gov/galactic_bulge_time_domain_survey.html
https://roman.gsfc.nasa.gov/galactic_bulge_time_domain_survey.html
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inate events where background noise will make preci-

sion astrometry difficult (see Section 3.3). We also re-

quire that min(TGBTDS) < t0 < max(TGBTDS), i.e. t0 is

within TGBTDS.

Next, we make cuts on the detectability of the astro-

metric signals. Given that we require t0 to be within

TGBTDS, events need to meet one of two criteria.

1. We require that 15 minutes < tast ≤ Tobs. In

words, the amplitude of the event is representa-

tive of the astrometric signal because the event

will peak and return to baseline within Tobs and

is not too short to be missed by the 15 minute

cadence. Here, we use δT = σast/
√
96 to factor

in performance gains of stacking 96 GBTDS mea-

surements per 24 hours.

2. For events satisfying tast > Tobs, where the signal

amplitude is no longer necessarily representative

of the signal seen within Tobs, we require that the

event has a change in signal > δT = σast/
√
96

within Tobs, i.e, u0 < u∆.

For luminous astrophysical lenses, we apply the equiva-

lent constraints using ulum
T and ulum

∆ . We then apply a

cut that factors in the GBTDS cadence,

∆δGBTDS = max|δ(ti)− δ(tj)| : ti, tj ∈ TGBTDS (15)

requiring that ∆δGBTDS > δT = σast/
√
96. This re-

quires that a change in signal above the detection thresh-

old is seen in at least one pair of observations.

We also only select events with a small amount of

blending fbl > 0.8, where the blend capture all light

within a 90 mas aperture consistent with RST’s F146

point spread function’s full width-half maximum. 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 (neighbour fluxes and positions)

into modeling the centroid position. These effects will

act to reduce the constraints on the microlensing pa-

rameters containing lens information (θE , tE , πE) mak-

ing highly-blended events less useful for population in-

ference. Moreover, highly blended events will likely be

more difficult to detect in the GBTDS data stream. Se-

lecting events will little to no blending also allows for

better separation of the PBH population and astrophys-

ical lens population which is systemically more blended

due to lens light.

Finally, for our detected sample of events we com-

pute expected microlensing parameters constraints θ =

[tE , πE , θE , t0, u0] by calculating the Cramér-Rao bound

using the Fisher information matrix of the astrometric
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Figure 4. Predicted detectable and purely astrometric mi-
crolensing event rates (u0 > 2) for the RST GBTDS scaled
up to the full GBTDS area of 1.97 deg2 as a function of
PBH mass (mPBH). 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.

microlensing signal with elements,

Fi,j =
∑

t∈TGBTDS

1

σ2
ast

∂δ(t)

∂θi

∂δ(t)

∂θj
. (16)

Here, for δ we use full expression in Eq. (5), and we

have assumed a white Gaussian noise model. The di-

agonal elements of F−1 give a lower bound on the pos-

sible constraints the microlensing parameters (e.g., see

Abrams et al. 2023, for example uses in microlensing).

In Eq. (16), by not including the baseline source as-

trometry in the Fisher matrix (source reference position,

proper motion and parallax), we are assuming they are

measured perfectly. This is reasonable because base-

line source astrometry is unlikely to dominate the error

budget - end of mission relative astrometry is expected

at the 3 − 10µas precision level for mF146 ∼ 21 sources

(WFIRST Astrometry Working Group et al. 2019), 10×
better than the floor of single exposure astrometric pre-

cision. Moreover, source baseline astrometry can be im-

proved by taking data after the astrometric microlens-

ing event or using archival baseline measurements (e.g.,

Smith et al. 2018).

4. RESULTS

4.1. Number of detectable events

Table 2 shows number of surviving events after the

cuts in Section 3.4 are applied successively. Fig. 4 shows

the number of detectable events as a function of PBH
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Number of Lenses (fDM=1)

Event Selection Criteria PBH mass (M⊙)

10−4 10−3 10−2 10−1 1 101 30 102 103

NPBH 2.1 × 1012 2.1 × 1011 2.1 × 1010 2.1 × 109 2.1 × 108 2.1 × 107 6.8 × 106 2.1 × 106 2.1 × 105

δ(u = 2, DS = ∞)
> floor(σast/10) mas

4.3 × 1010 2.1 × 1011 2.1 × 1010 2.1 × 109 2.5 × 108 2.0 × 107 6.8 × 106 2.1 × 106 2.1 × 105

Within LOS light cone 2.4 × 108 5.4 × 1010 5.4 × 109 5.3 × 108 5.3 × 107 5.3 × 106 1.7 × 106 5.3 × 105 5.3 × 104

(θEu0 < 3000 mas)
and

(mF146 < 22)
and

(t0 within Tobs)

282728 1898053 1679933 548976 163378 33395 12759 4032 407

source 2 < u0 < 100 138645 932655 823763 269076 79556 16195 6041 1848 147

(15 minutes< tast <5 years)
or

(tast ≥5 years and u0 < u∆)
43 164 1182 3296 5583 4705 2973 1303 139

∆δGBTDS > σast/
√

96 11 32 344 1451 2944 2352 1437 702 101

fbl > 0.8 11 32 344 1410 2773 2145 1437 640 89

Table 2. Astrometric microlensing event selection criteria. Number of lenses for each PBH population remaining is shown for
each cut. See Section 3.4 for an explanation of each cut. All the numbers are scaled to the GBTDS area.

Event Selection
Criteria

Number of
Astrophysical Lenses

(θEu0 < 3000 mas)
and

(mF146 < 22)
and

(t0 and within Tobs)

981733

2 < u0 < 100 480417

(15 minutes < tast < 5 years)
or

(tast ≥ 5 years and u0 < ulum
∆ )

8269

∆δGBTDS > σast/
√

96 4506

fbl > 0.8 3258

Table 3. Astrophysical microlensing event selection crite-
ria. We do not apply the initial PBH-relevant cuts in Table
2 to the astrophysical lens population.

mass. We find that the number of detectable events

peaks for mPBH = 1M⊙ at 2773fDM over the GBTDS.

The number of detectable events tapers down to 11fDM

and 89fDM at mPBH = 10−4M⊙ and mPBH = 103M⊙,
respectively. We find events rates of ≈ 103fDM for

mPBH = 10−2M⊙ − 103M⊙ suggesting peak optimistic-

limit GBTDS sensitivity down to fDM ∼ 10−3 for those

PBH masses. Fig. 4 also shows that the peak number

of detectable events at mPBH = 1M⊙ is similar to the

number of detectable astrophysical lens events (see Ta-

ble 3).

The main reason for the decreasing event rate for

mPBH < M⊙ is the resulting smaller system θE (θE ∝√
ML; Eq. 1). Smaller θE values correspond to smaller

uT , decreasing the chance of a background source com-

ing within a detectable impact parameter. This is

further compounded by the gap in the GBTDS sea-

sons, which are typically >> tast (see Fig. 5) for

mPBH < 10−1M⊙, meaning events are completely

missed. Smaller θE also effects the distances at which

PBH lenses cause detectable events (see Fig. 6). For

mPBH < M⊙, PBHs typically need to be closer than the

Bulge and within ≈ 7kpc for uT to be sufficient to cause

detectable events (θE ∝ D
−1/2
L ; Eq. 1). This close lens

distance bias for mPBH < 10−1M⊙ means astrometric

microlensing does not probe the bulk of the DM density

near the center of the MilkyWay, which is dominant over

the number of PBHs increasing with decreasing mPBH

(NPBH ∝ m−1
PBH; Eq. 12).

For mPBH > M⊙, there is a turnover in PBH event

rate and it starts to decrease with increasing mPBH.

This can be explained by larger θE causing events that

are simply too slow to accumulate a detectable effect

within GBTDS’s Tobs of 5 years. Fig. 5 shows that

for mPBH > 1M⊙ the astrometric events start to be

detectable over the entire GBTDS survey time. The

longer astrometric signals also mean that the higher

mPBH events are less effected by the GBTDS cadence

cut (∆δGBTDS; Table 2) compared with mPBH < M⊙.
Fig. 6 shows that for mPBH > 10M⊙ the lens distances

are biased towards the bulk of the DM density near the

Bulge. This is because at large mPBH, DL has to be

sufficiently large to lower θE and produce a detectable

change in astrometric signal within the GBTDS survey

duration. The sensitivity of mPBH > 10M⊙ to the bulk
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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 signal is GBTDS simulated observing cadence. For the high-mass PBHs
(mPBH > 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.

of the DM density in the Bulge boosts events rates some-

what offsetting the effect of NPBH ∝ m−1
PBH.

4.2. Microlensing observables

Fig. 7 shows the intrinsic distribution of three astro-

metric microlensing observables (tE , θE , πE) for all de-

tected events. The space occupied by PBHs in this

space can be largely understood by θE , tE ∝ √
ML,

and πE ∝ 1/
√
ML. The lines of events in the πE − θE

space are lines of constant ML and reflect the injected

monochromatic mass PBH populations. Fig. 7 shows

that both low- and high- mass PBHs lie in distinct re-

gions of the observable space, illustrating the potential

ability of these events to constrain the PBH population

- a point we will investigate in Section 4.3.

The intrinsic distribution of microlensing observables

in Fig. 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 con-

straints given GBTDS cadence and astrometric preci-

sion gives us some insight into this issue. Fig. 8 shows

the lower bound constraints on each microlensing pa-

rameter as a function of mPBH. We find that πE is

not well constrained for any mPBH and tE and θE are

best constrained for the most events at mPBH = 10M⊙.
For mPBH < 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 Fig. 5).

The overall shape of the distribution of tE and θE con-

straints in Fig. 8 mirrors the rates in Fig. 4.

The lack of constraint for πE for any mPBH is not sur-

prising. At |u| > 2, deviations in the relative lens-source

trajectory due to parallax motion are not detectable be-

cause the δ ∝ |u|−1 (Eq. 6) and is therefore not sensitive

to small trajectory changes (e.g., Gould & Yee 2014).

This is in contrast to microlensing events with photo-

metric signals at close lens-source separations (|u| < 2)

where πE can be constrained for some appreciable frac-

tion of events (e.g., Wyrzykowski et al. 2016; Golovich

et al. 2022; Kaczmarek et al. 2022). Due to the fact πE

is unlikely to be well measured for our events, in the

next Section we address the distinguishability of PBHs

lens populations from the astrophysical lens population

using the tE−θE space only. Difficulty in measuring πE

also suggests that these events are unlikely to yield to

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 also impor-

tant to investigate how distinguishable PBH lenses are

from the astrophysical lens population (Stars, WD, NS



10

mPBH = 10−4M�

mPBH = 10−3M�

mPBH = 10−2M�

mPBH = 10−1M�

mPBH = 1M�

mPBH = 10M�

mPBH = 30M�

mPBH = 102M�

mPBH = 103M�

Astrophysical

0 5 10 15

Distance to Lens (kpc)

DM Density

Figure 6. Distribution of distances to the PBH lenses that
cause detectable astrometric microlensing events as a his-
togram normalised by the number of events for each mPBH.
The distance at which PBH lenses can be detected increases
with mass. At mPBH ≈ 1M⊙, PBHs in the Galactic Bulge
are detectable which is where the bulk of the dark matter
(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.

and SOBHs) because this will effect the quality of PBH

population constraints that can be obtained (Perkins

et al. 2023). There are a variety of tools that can quan-

tify separability; here we will use two methods that con-

tain complementary information. First, we compute a

distance measure of the intrinsic observable tE −θE dis-

tributions for our GBTDS detectable events consider-

ing two population models: one with the astrophysical

and PBH populations and one with only the astrophysi-

cal population. Secondly, we compute expected rates of

seeing information-rich, “golden” or “unique” events in

regions of tE − θE space that are not occupied by astro-

physical 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 perturbations to those properties, while the

second aims to quantify if a PBH population can cause

unique small-scale signatures in the tE − θE space un-

explainable by an astrophysical population.

Fig. 7 shows that as mPBH diverges from the astro-

physical mass ranges, the PBH population models be-

come better separated from the astrophysical popula-

tion, as expected. It is important to note at this point,

however, that our simulations via PopSyCLE of the as-

trophysical lenses do not contain substellar objects such

as brown dwarfs and free-floating planets. This means

that the following analysis is likely to over-estimate the

distinguishability of PBHs from the astrophysical pop-

ulation in the <10−1M⊙ mass ranges.

As shown in Sec. 4.2, πE is unlikely to be well mea-

sured for our astrometric events, so we focus our at-

tention on tE − θE space to investigate separability.

Assuming that tE and θE are measured perfectly, we

compare how similar the intrinsic probability distribu-

tions are for an event to be produced in the tE − θE
space for two population models: a lens population

with only astrophysical lenses, p(tE , θE |Astro) and the

simulation including both an astrophysical and PBH

lens population, p(tE , θE) ≡ p(PBH)p(tE , θE |PBH) +
p(Astro)p(tE , θE |Astro), i.e., the probability of an event

with parameters tE and θE marginalized over both pos-

sible 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 mod-

els 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 implement-

ing 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 of

the astrophysical-only population model. We compare

the information content of these two distributions using

the Hellinger distance (using Gaussian kernel density es-

timation via SciPy.stats; Virtanen et al. 2020),

H2 = 1−
∫ √

p(tE , θE)p(tE , θE |Astro)dθEdtE . (17)

Here, 0 < H < 1, and 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 symme-

try under transposition of the distributions and it being

bounded between 0 and 1. Furthermore, we found that
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Figure 7. Positions of detectable PBH events in the intrinsic astrometric microlensing observable space (tE , θE , and πE),
compared with the astrophysical population of stellar, NS, WD, and SOBH lenses. In the left two panels, contours represent
0.1, 0.5, and 0.9 probability and were obtained with kernel density estimation. The right panel is a scatter plot for the PBHs,
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cant number of events. Precision constraint event rates peak
for mPBH = 10M⊙. See Section 4.3 for discussion.

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.

Fig. 9 shows the Hellinger distance for each mPBH.

The relationship between the Hellinger distance and

mPBH is driven by two effects: relative number of PBH

to astrophysical events and the separation between the

PBH and astrophysical event distributions in tE − θE .

Generally, the Hellinger distance decreases with decreas-

ing mPBH. Although small mPBH PBH tend to be
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Figure 9. Hellinger distance between tE-θE distributions of
the PBH and astrophysical populations of lenses and just
the astrophysical population (including stars, WDs, NSs,
and SOBHs). Larger Hellinger distance means that distribu-
tions are more divergent. We see maximal divergence around
mPBH = 10M⊙, achieved by balancing the relative abun-
dance of PBHs as well as the geometric difference between
the PBH and astrophysical distributions. mPBH < 0.07M⊙
(gray band) should be treated as an upper-bound because
our simulation does not include substellar objects which
could occupy the same region of tE-θE space as PBHs.

well-separated from the astrophysical lens population in

tE − θE space, the trend is dominated by the number

of PBH events dropping significantly below astrophysi-

cal rates (Fig. 4), meaning that the PBH perturbation

to the astrophysical population becomes small. Fig. 9

shows a large decrease in the separability of PBHs from

mPBH = 10M⊙ to mPBH = M⊙, which can be explained

by the significant overlap with the bulk of the astrophys-

ical lenses at this mass. Fig. 9 also shows a turnover in
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Figure 10. Statistics of PBH events that lie in distinct regions of intrinsic tE − θE-space from astrophysical lenses. In all plots,
the probability of lens belonging to the PBH population given a value of tE and θE are shown for thresholds 0.5, 0.9, 0.95. All
numbers assume that tE and θE can be measured perfectly from astrometric observations i.e., astrometric observation noise is
neglected. Left: Number of PBH events multiplied by fDM detectable over the GBTDS duration. Middle: the fraction of PBH
events that satisfy the threshold normalized by the total number of PBH events in the simulation output (independent of fDM).
Right: The purity of the sample, i.e., the number of PBH events that satisfy the threshold divided by the total number of events
(astrophysical and PBH) that satisfy the threshold for fDM = 1.

separability for mPBH ≈ 10M⊙ which can be explained

by a decreased PBH event rate (Sec. 4.1).

To quantify how many PBHs occupy “unique” regions

of tE − θE 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 those events which lie in those high proba-

bility 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 belong-

ing to a class,

p(PBH|tE , θE) =
p(PBH)p(tE , θE |PBH)

p(tE , θE)
, (18)

where p(tE , θE) is defined above. The number of events

are then simply calculated by computing the fraction of

simulation samples from PopSyCLE which fall within the

boundaries. Even when the number of PBH events in

unique regions are low, they can still provide constrain-

ing population information.

Fig. 10 shows number of PBH events, fractions of

PBHs events, and purity of PBH events in high-

confidence regions of tE − θE . In the leftmost panel of

Fig. 10, the rate of events which satisfy p(PBH|tE , θE) ≥
0.9 generally increases with mPBH until mPBH = 10M⊙,
although similarly to Fig. 9, the dip at 1M⊙ is due to

the large overlap between PBHs and astrophysical lenses

as shown in Fig. 7.

The rise in events in “unique” regions can be un-

derstood as the combination of the same effects that

lead to the Hellinger distance distribution (see Fig. 9).

While the intrinsic number 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 Fig. 4). Secondly, the calculation depends on the

confusion between the distributions. When considering

weaker uniqueness thresholds (p(PBH|tE , θE) = 0.5),

the trend follows a similar shape as the number of events

by PBH mass (Fig. 4), suggesting the dominant effect is

the number of detectable events rather than the overlap

of the distributions.

The middle panel of Fig. 10 also shows the confusion of

the mPBH∼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(tE , θE |PBH)
for this specific PBH population model. However, the

contours determined by the edge cases of the mass distri-

butions considered here (MPBH < 0.1 and MPBH > 50)

contain an appreciable fraction of the detectable PBH

events, indicating the mode of the p(tE , θE |PBH) dis-

tribution is reasonably separate than the astrophysical

distribution.

Finally, the third panel of Fig. 10 shows the purity

of the region selected by our methodology, which is the

fraction of events in the “unique” region which are truly

PBH events normalized by the total number of events

within these regions (all assuming fDM = 1). With suffi-

ciently strong criteria (p(PBH|tE , θE) ≥ 0.9), the purity

remains very high across the mass range. For weaker

criteria (p(PBH|tE , θE) ≥ 0.5), the purity drops drasti-

cally for PBHs with a mass of 1M⊙, again showing the

impact of the large degree of overlap between the distri-

butions in tE-θE space for the PBH and astrophysical

distributions.
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Figure 11. Projected sensitivity of the GBTDS astromet-
ric microlensing from this work alongside current PBH con-
straints taken from Bird et al. (2023). Red line (pessimistic)
is the 95% confidence line on an fDM constraint using event
number information only (i.e., tE , θE , πE contain no infor-
mation on the lens class) and assuming we know the num-
ber of astrophysical microlensing events to 10%. Black line
(optimistic) is the 95% confidence line on an fDM 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 microlens-
ing results towards M31 (Niikura et al. 2019) and looking
through the Milky Way, respectively (Alcock et al. 2001; Tis-
serand et al. 2007; Wyrzykowski et al. 2011a; Blaineau et al.
2022). Other constraints are supernovae lensing (LSN; Zu-
malacárregui & Seljak 2018), Eridanus II dwarf galaxy (EII;
Brandt 2016; Li et al. 2017), wide binary stars (WB; Quinn
et al. 2009; Yoo et al. 2004), dwarf galaxy dynamical heating
(DH; Lu et al. 2021; Takhistov et al. 2022a,b), X-ray binaries
(XB; Inoue & Kusenko 2017), CMB distortions (CMB; Ali-
Häımoud & Kamionkowski 2017; Ricotti et al. 2008), 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 grey band represent more and less conser-
vative constraints, respectively.

4.4. PBH population constraints

Fig. 11 shows the estimated constraints which can

be derived from this work, alongside other current

PBH constraints in fDM − mPBH. To derive rigorous,

population-level constraints would require modeling an

inhomogeneous Poisson process within a hierarchical

framework (e.g., Perkins et al. 2023) and is beyond the

scope of this work.

To estimate the achievable constraints, we will con-

sider two limiting cases, both of which reduce the in-

homogeneous Poisson process to homogeneous Poisson

statistics. In these approximations, all information

about the distributions in the event-modeling space (tE ,

θE , and πE) will be neglected except in the broadest of

terms, as the uncertainty on the event parameters (tE
and θE) will be negligible in these limits. Constraints us-

ing the full methods derived from inhomogeneous Pois-

son statistics will likely fall between these two extremes,

with some mPBH 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 consis-

tent with the PBH mass model of mPBH = 1M⊙, which
is maximally overlapping with the astrophysical popu-

lation in tE-θE space (see Fig. 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 expected

number of events NAstro and one described by the PBH

model with expected number of events fDMNPBH, we

can calculate the Fisher information on the parameter

fDM itself (similar to Section 3.4). An added com-

plexity, however, is that the degeneracy between the

two, indistinguishable Poisson processes without prior

information is exact. Of course, this degeneracy is par-

tially broken by prior information about the astrophys-

ical rate. To account for this degeneracy in a realistic

way, we construct a Fisher matrix in the two dimen-

sional space spanned by fDM and NAstro, but impose a

prior on NAstro. This incorporates realistic uncertainty

on DM fraction due to degeneracy with the astrophys-

ical modeling and marginalizes over it. This can then

be translated to an estimate of the covariance of fDM

through the Cramér-Rao bound, leading to an estimated

constraint on fDM (at 95% confidence) of

fDM ⩽ 1.96

√
NAstro + σ2

NAstro

(NPBH)
2 , (19)

where σNAstro is the variance on the Gaussian prior im-

posed on the astrophysical rate, taken to be 0.1NAstro

as a conservative estimate (see App. A for details on

the derivation). This prediction for the constraint in-

cludes the transformation from the 1σ estimate from the

Fisher approximation to a 95% confidence constraint,

assuming a Gaussian posterior distribution on fDM. It

was also derived by assuming the null hypothesis, i.e.,

that fDM = 0. Constraint predictions derived with this

method are shown in Fig. 11 as the red line. Our pre-

diction on the constraints range from fDM ≈ 10−2 − 1

in the mass range we examined, peaking at fDM ≈ 10−2

for a PBH mass of MPBH = 1M⊙.
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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

distinguishable, i.e., that they are separable in param-

eter space. The PBH mass model mPBH = 10−4M⊙
would be more consistent with this assumption (con-

ditioned on the astrophysical output from PopSyCLE,

which is lacking sub-stellar objects), as this model is

maximally disparate from the astrophysical population

in tE-θE space (see Fig. 7). In this most optimistic sce-

nario, where we assume that all PBH events can be

exactly identified as such, we turn our number of de-

tectable PBH events described in Section 4.1 into a 95%

confidence bound on detecting PBHs across mPBH, with

the following,

fDM ≤ 3

NPBH
, (20)

whereNPBH is the expected number of PBH events from

these simulations assuming fDM = 1, separated by mass.

The numerator in Eq. (20) originates from inverting the

requirement p(NPBH ≥ 1|fDM) = 0.95 for the corre-

sponding value of fDM, yielding a factor of | ln(0.05)| ≈ 3

(see Eq. (A8) and Eq. (A9) from App. A for details).

While the Fisher information is derivable for this situa-

tion, it is ill-conditioned in the limit of fDM → 0. Phys-

ically, this simply means that the uncertainty on the

rate of a Poisson process with a true rate of zero is zero,

i.e., that an observation of any event in the PBH region

of parameter space would exclude the null hypothesis

(fDM = 0). Instead, we use this new condition, which

equates to calculating the value of fDM at which there

is a probability p(NPBH ≥ 1) = 0.95 for seeing at least

one event with RST (see App. A for details). In this

maximally optimistic scenario, we find a peak sensitiv-

ity of the GBTDS to fDM ≈ 3× 10−4 at mPBH = 1M⊙.
The sensitivity tapers to fDM ≈ 10−1 and fDM ≈ 10−2

at mPBH = 10−3 and mPBH = 103, respectively.

Between these two approximations, we predict that

GBTDS will be sensitive to novel ranges of fDM when

compared with current photometric microlensing con-

straints (Alcock et al. 2001; Tisserand et al. 2007;

Wyrzykowski et al. 2011a; Blaineau et al. 2022) for

mPBH from 10−3M⊙ − 103M⊙ (10−1M⊙ − 103M⊙) for

optimistic (pessimistic) statistical assumptions. Our

predicted constraint region in Fig. 11 suggests that the

GBTDS may be able to fill the mPBH = 10−1M⊙ −
103M⊙ gap between microlensing and early universe cos-

mic microwave background constraints (Ali-Häımoud &

Kamionkowski 2017; Ricotti et al. 2008) down to the

fDM ≈ 10−2 level.

5. DISCUSSION AND CONCLUSION

We have estimated numbers of wide lens-source sepa-

ration pure astrometric microlensing events caused by

a PBH population and detectable during the RST’s

GBTDS. We assumed monochromatic PBH mass spec-

tra with masses ranging from 10−4M⊙ - 103M⊙. We

find that the number of detectable PBH events peaks at

≈ 103fDM for 1 M⊙ PBHs and tapers to ≈ 10fDM and

≈ 102fDM at 10−4M⊙ and 103M⊙, respectively. For

our sample of astrometric events, we find that tE and

θE 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.

We translated numbers of detectable events into sen-

sitivity and constraint predictions for the GBTDS in

fDM−mPBH space. We find that the GBTDS is likely to

provide competitive or novel constraints beyond current

photometric microlensing surveys for PBH masses be-

tween 10−2M⊙−103M⊙ down to fDM ≈ 10−2−10−3 de-

pending 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 fDM −mPBH space be-

tween current photometric microlensing surveys (Alcock

et al. 2001; Tisserand et al. 2007; Wyrzykowski et al.

2011a; Blaineau et al. 2022) and early universe cosmic

microwave background PBH constraints (Ali-Häımoud

& Kamionkowski 2017; Ricotti et al. 2008) down to

fDM ≈ 10−2.

At low PBH mass (< 10−1M⊙), the GBTDS’s sensi-

tivity to astrometric microlensing events is limited by

a combination of these short-timescale events falling in

observation-season gaps and the astrometric microlens-

ing signal only being able to probe the local (< 2kpc)

DM density. Moreover, we find that for PBHs <

10−1M⊙, that the GBTDS cadence and precision is not

sufficient to constrain any of the microlensing observ-

ables for pure astrometric events with u0 > 2. This

suggests that complimenting GBTDS astrometry with

other sub-mas 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⊙), the GBTDS’s sensitiv-

ity to astrometric microlensing events is limited by the

survey duration of 5 years. 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
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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 microlens-

ing observables. This suggests that complimenting the

GBTDS with astrometric measurements before or af-

ter GBTDS, with the purpose of effectively extending

the survey duration, would boost high-mass PBH event

rates. This could be achieved by using archival astrom-

etry (e.g., from the VVV; Smith et al. 2018 or Gaia;

Gaia Collaboration et al. 2016) or astrometric followup

after the GBTDS. Only a small number of astrometric

observations of the GBTDS area at a sufficiently sep-

arated time baseline would be needed to increase the

effective observation time and boost event rates (Do-

minik & Sahu 2000). This strategy may be particularly

advantageous at providing PBH population constraints

because > 10M⊙ PBHs tend be in unique areas of the

microlensing observable space away from the astrophys-

ical population.

Across all PBH masses, we have only selected events

with a background source with mF146 < 22. This con-

servative cut was chosen to exclude the sources which

are likely to be dominated by background noise effects

(see Fig. 4. in; Wilson et al. 2023) making precision as-

trometry challenging. This cut, however, excludes the

bulk background source population at mF146 ≳ 24. If

astrometric processing methods could be developed to

extract sub-mas astrometric precision from sources with

mF146 > 22, this would boost event rates for all PBH

masses.

The events considered in this work have only astro-

metric signals. This means that they will not be found

using standard photometric microlensing event finding

algorithms or triggering 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 microlens-

ing anomalies in real-time for the purpose of triggering

followup. (e.g., Hodgkin et al. 2021; Hundertmark et al.

2018).

There are several limitations and possible future av-

enues of research of this work. We derived sensitivi-

ties of the GBTDS in fDM −mPBH conditioned on the

assumption of a monochromatic PBH mass spectrum.

Assuming a monochromatic mass spectrum is the stan-

dard in the literature but relaxation of this assumption

can alter PBH constraints and change simulated sen-

sitivities (e.g., Green 2016; Carr et al. 2017; Green &

Kavanagh 2021). Future work could explore relaxing

the monochromatic mass spectrum assumptions and de-

riving constraints using the methods of Perkins et al.

(2023).

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

tast and allowed extraction of a well-defined sample of

events which can be connected to rate and optical depth

predictions (Dominik & Sahu 2000). Future work could

focus on methods to select detectable events that don’t

peak within the GBTDS but that contain constraining

PBH population information which will likely to boost

the high-mass PBH event rates.

Finally, we have only addressed PBH confusion with

other astrometric microlensing events caused by the as-

trophysical 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 over

that confusion to derive robust PBH population con-

straints.
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APPENDIX

A. 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. 2023), 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 optimisitic case. The two populations (astrophysical and PBH) are completely distinguishable in the space

of observables (i.e., separate distributions in tE-θE space). This equates to every observed event being uniquely

identifiable as a PBH event or a astrophysical event.

In both of these cases, the full model (typically an inhomogeneous Poisson process model) can be reduced to homo-

geneous Poisson statistics. Even in these limiting cases, 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, homoge-

neous Poisson processes, giving the probability of seeing N ,

p(N |fDM, NAstro, NPBH) =
e−fDMNPBH−NAstro (

fDMNPBH +NAstro
)N

N !
, (A1)

where NAstro is the expected number of astrophysical events and NPBH is the expected number of PBH events (at

fDM = 1). Now, the Fisher information framework can again be applied, but as an approximation of the posterior on

fDM as opposed to the astrometric modeling parameters (which is how it was first introduced in this work in Sec. 3.4).

The formal definition of the Fisher (defined here as Γ to avoid confusion with the event parameter Fisher information,

F),

Γi,j =

∞∑
N=0

[
−∂i∂j ln p(N |fDM, NAstro, NPBH)

]
p(N |fDM, NAstro, NPBH) , (A2)

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 {fDM, NAstro}. The inclusion ofNAstro reflects the importance

of the covariance between fDM and NAstro. 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,

Γ′
i,j = Γi,j + δNAstro,NAstro

1

σ2
NAstro

, (A3)
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where Γ′
i,j is the updated Fisher which reflects the prior information denoted by σNAstro , the standard deviation on

the astrophysical event rate from prior knowledge. With this definition and our likelihood in Eq. (A1), we can now

calculate the Fisher. Inverting the full matrix and taking the square root of the diagonal element associated with fDM

gives us an estimate of the uncertainty on this parameter (fully accounting for degeneracies with the astrophysical

event rate and prior information)

σfDM =

√
NAstro + fDMNPBH + σ2

NAstro

(NPBH)
2 . (A4)

This estimate of the 1σ constraint can be translated to a 95% upper-bound on the confidence assuming a Gaussian

posterior on fDM (consistent with the application of the Cramér-Rao bound)

f95%
DM ⩽ fDM + 1.96σfDM

|fDM=0 = 1.96

√
NAstro + σ2

NAstro

(NPBH)
2 , (A5)

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

In the optimistic case where the two populations are perfectly distinguishable, we can again assume a homogeneous

Poisson statistics to derive a likelihood for seeing N events

p(N |fDM, NPBH) =
e−fDMNPBH (

fDMNPBH
)N

N !
. (A6)

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 fDM

σfDM
≥

√
fDM

NPBH
. (A7)

Unfortunately, the approximation for the uncertainty is not well behaved in the limiting case of the null hypothesis

(fDM = 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 fDM would one expect to see at

least a single event (at 95% confidence). If we start again with the Poisson distribution of Eq. (A6) we obtain

p(N ≥ 1|fDM, NPBH) = 1− p(N = 0|fDM, NPBH) = 1− e−fDMNPBH

. (A8)

Enforcing that this probability be equal to 0.95 and inverting for fDM translates this result to a 95% confident upper

bound on fDM

fDM ⩽
| ln(0.05)|
NPBH

≈ 3

NPBH
, (A9)

giving us the second prediction in Section 4.4.
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Mróz, P., Udalski, A., Skowron, J., et al. 2017, Nature, 548,

183, doi: 10.1038/nature23276

—. 2019, ApJS, 244, 29, doi: 10.3847/1538-4365/ab426b

Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ,

462, 563, doi: 10.1086/177173

Niikura, H., Takada, M., Yokoyama, S., Sumi, T., &

Masaki, S. 2019, Phys. Rev. D, 99, 083503,

doi: 10.1103/PhysRevD.99.083503

Niikura, H., Takada, M., Yasuda, N., et al. 2019, Nature

Astronomy, 3, 524, doi: 10.1038/s41550-019-0723-1

Paczynski, B. 1986, ApJ, 301, 503, doi: 10.1086/163919

Penny, M. T., Gaudi, B. S., Kerins, E., et al. 2019, ApJS,

241, 3, doi: 10.3847/1538-4365/aafb69

Perkins, S., McGill, P., Dawson, W., et al. 2023, arXiv

e-prints, arXiv:2310.03943,

doi: 10.48550/arXiv.2310.03943

Piffl, T., Scannapieco, C., Binney, J., et al. 2014, A&A,

562, A91, doi: 10.1051/0004-6361/201322531

Pruett, K., Dawson, W., Medford, M. S., et al. 2022, arXiv

e-prints, arXiv:2211.06771,

doi: 10.48550/arXiv.2211.06771

Quinn, D. P., Wilkinson, M. I., Irwin, M. J., et al. 2009,

MNRAS, 396, L11, doi: 10.1111/j.1745-3933.2009.00652.x

Raithel, C. A., Sukhbold, T., & Özel, F. 2018, ApJ, 856,
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