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Black hole hiding in plain sight discovered 
by Lukasz Wyrzykowski in ednesday Talk
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Bañados et al. (2017)

Black Hole Quasars
Too Big Too Early

What’s up with the black holes?

Black Holes in the NS-BH Mass Gap?

De Luca et al. (2021)

Milli-sec Pulsar Stochastic
Gravitational Wave Background

LIGO Collaboration (2021)

Two Component Black Hole 
Mass Function observed by 

LIGO-VirgoCredit Lukasz
Wyrzykowski
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Approach to statistical constraints on
the relative abundance of black holes

1) Parallax + GP MCMC

Component Relative 
fraction:
Data / Theory

Stars Is it 1?

White 
Dwarfs

Is it 1?

Neutron 
Stars

Is it 1?

Black Holes Is it 1?

2) KDE Mixture Model 3) Model-based Population Statistics  
MCMC samples 
from single light 
curve fit
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Casey Lam (UC Berkeley)

PopSyCLE: Simulating galactic microlensing events including 
black holes and neutron stars
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The !! − #! space holds powerful potential to identify black 
holes
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§ OGLE 3: 
— Wyrzykowski et al. 2014
— 3560 lightcurves
— High parallax separated out into Wyrzykowski et al. 2016

§ OGLE 4: 
— Mroz et al. 2019
— 5790 more events

OGLE has public light curves from their global analyses

Thank you OGLE!
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But we need very accurate (but not necessarily precise)
parallax estimates

Model = Microlensing Parallax + GP

All publicly available on
LLNL’s Green Data Oasis

https://gdo-microlensing.llnl.gov/ 

MCMC samples for
>11,500

OGLE events
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Example events with
Microlensing + GP fit

§ The linear trend as well as other 
intrinsic variability is modeled by 
the GP

§ Enables more accurate 
microlensing model estimates

Golovich, WD, et al. (2022)
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Does the GP ‘eat’ the 
microlensing signal?

§ Both relatively large GP and 
Parallax component

Golovich, WD, et al. (2022)
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Does the GP ‘eat’ the 
microlensing signal?

§ Almost no GP component but with 
significant parallax

Golovich, WD, et al. (2022)
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Injected known parallax signal into masked short timescale 
events to investigate if GP fits are biased 

Golovich, WD, et al. (2022)
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Can we quickly identify any black holes?

50% of PopSyCLE objects 
in red region are black holes 

107 events
~3%

283 events
~4%

Golovich, WD, et al. (2022)
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However, it is difficult to have confidence that any single event is 
a black hole, especially since the parallax SNR is so low

Golovich, WD, et al. (2022)
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Need a more rigorous approach.
Step 1: Use kernel density estimation to create ‘class’ PDFs

PDFStar PDFWD
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Necessary Prior
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Step 2: Use the MCMC samples with the KDEs to estimate the 
relative probability of the event belonging to a given class.
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We are currently finding more black holes and neutron stars 
than the PopSyCLE simulations suggest

Component Class
Percentage

Relative fraction:
Data / Theory

Stars 83% 0.946 +/- 0.001*

White Dwarfs 10% 1.061 +/- 0.005 *

Neutron Stars 2% 1.99 +/- 0.01*

Black Holes 4% 3.7 +/- 0.1*

* Uncertainty only accounts for light curve model parameter variance and bootstrap estimate over light curves. 
Neglected and likely important uncertainty terms are related to galaxy model and stellar evolution model variance.
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§ There is a systematic that we have not thought of.

§ Something is incorrect with the Milky Way model that PopSyCLE used. 

§ Something is incorrect with the stellar evolution model used by PopSyCLE.

§ There is an addition component to the MW that we have not modeled in 
PopSyCLE who’s phase space overlaps with that of both the NSs & BHs. 

Why might we be seeing an excess?
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PopSyCLE + PBH Simulations
Simulating the number & distribution of expected events 

Milky Way 
PBH
Dark 

Matter
Halo

Work led by Co-I Pruett
See “Primordial Black Hole Dark Matter 
Simulations Using PopSyCLE” talk.

30M⊙ PBHs
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30 M_sun PBHs making up 100% dark matter not a good fit;
Extended mass distribution with a lower tail would be a better
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We are 100% positive there are binaries; 
we should probably add those to our simulation

Refer to previous 
talk “Assessing the 
Impact of Binary 
Systems on 
Microlensing” by 
Natasha Abrams
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Including binary lenses shifts many objects in the the black hole region 
of parameters space, but need to resolve other discrepancies

One person’s systematic
is another person’s signal.
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Summary

§ Introduced a new statistical means of 
constraining compact objects with 
microlensing

§ Future Work
— Disrupted binaries in PopSyCLE
— Adding LMC & SMC to PopSyCLE
— Extended PBH mass distributions
— Marginalizing over ‘nuisance’ 

parameters through many PopSyCLE 
runs

§ Roman is going to revolutionize black 
hole studies




