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Black hole hiding in plain sight discovered
by Lukasz Wyrzykowski in ednesday Talk



What’s up with the black holes?

Black Holes in the NS-BH Mass Gap?
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Approach to statistical constraints on
the relative abundance of black holes

1) Parallax + GP MCMC 2) KDE Mixture Model 3) Model-based Population Statistics
_ MCMC samples
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PopSyCLE: Simulating galactic microlensing events including
black holes and neutron stars

Casey Lam (UC Berkeley)
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PopSyCLE:
Population Synthesis for Compact object Lensing Events Compact objects with Simulated Microlensing
- positions and velocities survey event parameters
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The 1T — tf space holds powerful potential to identify black
holes
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OGLE has public light curves from their global analyses

= 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

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

parallax estimates
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Abstract

Modern surveys of gravitational microlensing events have progressed to detecting thousands per year, and surveys
are capable of probing Galactic structure, stellar evolution, lens populations, black hole physics, and the nature of
dark matter. One of the key avenues for doing this is the microlensing Einstein radius crossing time (fg)
distribution. However, systematics in individual light curves as well as oversimplistic modeling can lead to biased
results. To address this, we developed a model to simultaneously handle the microlensing parallax due to Earth’s
motion, systematic instrumental effects, and unlensed stellar variability with a Gaussian process model. We used
light curves for nearly 10,000 OGLE-III and -IV Milky Way bulge microlensing events and fit each with our
model. We also developed a forward model approach to infer the g distribution by forward modeling from the data
rather than using point estimates from individual events. We find that modeling the variability in the baseline
removes a source of significant bias in individual events, and the previous analyses overestimated the number of
> 100 day events due to their oversimplistic model ignoring parallax effects. We use our fits to identify the
hundreds filling a regime in the microlensing parameter space that are 50% pure of black holes. Finally, we have
released the largest-ever catalog of Markov Chain Monte Carlo parameter estimates for microlensing events.

Unified Astronomy Thesaurus concepts: Gravitational microlensing (672); Astrophysical black holes (98); Time
domain astronomy (2109); Astronomy data modeling (1859)

MCMC samples for
>11,500
OGLE events

Model = Microlensing Parallax + GP

All publicly available on
LLNL's Green Data Oasis
https://gdo-microlensing.linl.gov/
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Example events with
Microlensing + GP fit
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= The linear trend as well as other
intrinsic variability is modeled by
the GP

Enables more accurate
microlensing model estimates

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

600 1

Flux

= Both relatively large GP and
Parallax component

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

Raw Data
300 -
-5 250 -
L
200 A X
oy it dn * R R a2 SRR, . aaatas MW i plevan RO e, v
Parameter pbias Obias
Fisss —6.8x 107 0.040
bssr 0.32 y |
bi Omed — Oin; to -78x107% 14
e = = logipuo  0.16 1.3
log, te -0.12 0.52
log,o TE 0.11 0.77
o -0.029 0.97

Golovich, WD, et al. (2022)

‘ Lawrence Livermore National Laboratory
LLNL-PRES-839208

NIYSE 12



Can we quickly identify any black holes?

Star

te (days)
50% of PopSyCLE objects
in red region are black holes
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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
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Need a more rigorous approach.
Step 1: Use kernel density estimation to create ‘class’ PDFs
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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

6
¢ Standard
Component Class Relative fraction: 2 2]
Percentage | Data/ Theory £ 4
w —
Stars 83% 0.946 +/- 0.001* °8 _ | °
<
White Dwarfs  10% 1.061 +/- 0.005 * g% 2 - ®
© S - Under-prediction
Neutron Stars 2% 1.99 +/- 0.01* g ly&--mommmm @ mmmmmmmm Over-prediction ~ "]
Black Holes 4% 3.7 +/- 0.1* °1 | | | |
Star WD NS BH PBH

Lens Class

* 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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Why might we be seeing an excess?

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.
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PopSyCLE + PBH Simulations
Simulating the number & distribution of expected events

Work led by Co-I| Pruett 10 CREI
See “Primordial Black Hole Dark Matter
Simulations Using PopSyCLE” talk.
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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

. D
Refer to previous Galaxia
“ . Simulate the Milky W
talk “Assessing the PopSyCLE " Gingle stars only)
Impact of Binary y
Systems on Modified PopSyCLE to o N
Microlensina” b simulate binary compactiobjeets
g by microlensing in the L and binarics
Natasha Abrams Milky Way
a
Mock microlensing
survey
Galaxia — Sharma et al. 2011; Simulate binary light )
curves

SPISEA — Hosek et al. 2020; )
PopSyCLE — Lam et al. 2020 \\ /
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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
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One person’s systematic

is another person’s signal.
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Summary

= |ntroduced a new statistical means of
constraining compact objects with
microlensing

= Future Work

1) Parallax + GP MCMC

Disrupted binaries in PopSyCLE -

2) KDE Mixture Model

MCMC samples
from single light

. wf fit

3) Model-based Population Statistics

Component | Relative
fraction:
Data / Theory

i . f ';.*‘_i,i
— Adding LMC & SMC to PopSyCLE ol Stars Is it 12
— Extended PBH mass distributions : /\ p— e o
. . . . . R ) #_/;‘ \% ] ,::n‘:n Neutron Isit1?
— Marginalizing over ‘nuisance e N SPess e | ,
parameters through many PopSyCLE = ::ln‘fn S
runs I
= Roman is going to revolutionize black
hole studies
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