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A New Era of Black Hole Discover

* Detecting gravitational waves is a
triumph of ingenuity

e Discoveries offer new tests of GR

 Have also uncovered a spectacular
unseen population of BHs and
BH-BH mergers

* GW experiments have also

seen NS-NS and BH-NS 7
N /E1IGO
coII|5|ons ‘VﬁRGQ)
KAGRA




Masses In the Stellar Graveyard
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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GW170817 confirmed NS merger origin for short GRBs

Stars*iQ * Accretion onto central compact

a compact

binary system » e e se .
begin o pra remnant launches relativistic jet
»
® * Shocks within the jet emit short
.eventually

colliding.

Ise of Gamma-rays (GRB)
A "

/T\\ * Relativistic jet shocks the ISM,
The reuling torus producing synchrotron afterglow
St /jf emission from X-ray through radio
\QD * NS-NS merger also causes an
Vs explosion called a “kilonova” (KNe)

Slide Credit: J. Ruan



Jet-ISM shock (afterglow)

KNe & GRB Radio (weeke-yeard

% Ejecta-ISM shock
4 Radio (years)

GRB
(t~0.1-15s)

Kilonova
I (t~ 1 day)

o N Merger ejecta

6,  Tidal tail and disk win
) v~0.1-03 ¢

. ,'/ e
S --
- N

B. Metzger, Living Reviews



GW170817

* localized within a
sky region of 28

28 deg® (green) ‘ 50 deg? (90% probability)

30~ * luminosity distance of
40 (+8 -14) Mpc
/ N * merger remenant was
, . | B (_T likely a.BH but could be
0° a massive NS

15h 12h

| . - oh
13k \ - Q ~1.7 Msol p)

-30° aN\N | 1300 O ~1 Msol

0 25 50 13
Mpc . s
Slide credit: Nicole Ford



Ultra-relativistic jet core -

Mildly relativistic
“wings”

Kilonova emission

Binary Plane

Emission from mildly relativistic

0.3-10 keV Flux (erg s™' em™)

Ultra-relativistic jet core

. 4 .
wings dominates <+ dominates

10—13 — T ———rh — ——rrrry —
GW170817
10-14_

—_—
o
I
.
(o)
nli" | 5 |
’
’

----.-.--.---------------‘---------.
-

10—16 “
10—]7 “

‘\
lo-la “‘
10_19 A a2 aaaal A a2 aaaal aa a2 aaaal aa a2 aaaal M

1 10 100 1000 10000
(b) Time since Merger (days)

Margutti, Fong, & DH 2019



GW170817 vs. sGRBs

Margutti, Fong, & DH 2019

| |

e GW170817’s rising X-ray
| emission & low

i luminosity (despite
being close!) set it apart
. from most sGRBs

e After peak, the decline
is consistent with SGRB

0.3—10 keV Luminosity (erg/s)

- afterglows
I CXO0 /,./’“‘o |+ Expected from a jet
10%8 $ _ pointed away from our
1 1 1 | 1 l line of sight

10? 10° 10* 10° 10° 107
Rest Frame Time (s)



Margutti, Fong, & DH 2019

Flux density (wdy)

T \\v*\ T I T I T T T
8x10°
5_ \\\ —
0 REESE t= 360 d
gy X100 R o
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10°1 1= 165 d |
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%
' %&ﬁ |
m Radio
o-ol.  # Optical/NIR t=9d
® X—rays IR |
- ----Afterglow: F,~y ¢ ?ﬂT
L Kilpnova . | | . Al
10° 10" 10" 10" 10" 10"

Frequency (Hz)

GW170817 SED

e Radio-to-X-ray SED shows no
evolution in the first ~¥360 days after
merger

F, xXv™® a=0.6

 Radio & X-ray from non-thermal
synchrotron afterglow emission

* UV/optical/NIR from kilonova until
~100 days post-merger

* Relativistic outflow emission
dominates UV/optical/NIR after 100
days



Hajela et al. 2022

Unabs Flux Density (mJdy)

Flux Density (mdy)
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GW170817 Afterglows

e X-ray and radio observations of
GW170817 over the first ~3.3 years
(1234 days) since the merger

 Emission modeled by off-axis (~30°)
structured relativistic jet w/
E... ~ 10°9 erg and low density medium
(n ~ 102 cm3; blue lines)

 New component: synchrotron
radiation from a mildly relativistic
shock due to the dynamical ejecta,
“kilonova afterglow” (red lines)

But also see Troja et al. 2022 ...



Kilonovae from BH/NS Mergers?

« Early peak, rapid fading
In bluer wavelengths

* Slower fading in red/IR
wavelengths

* Dependence on
viewing angle

polar equatorial
0=0° 6 =90°

1042 .

1039 B

vvvvvvvvvvvvvvvvvvvv

nnnnnnnnnnnnnnnnnnn

time (days)

/TOT ‘|e 13 ‘Zapueusa



GW1908 14 distance: 267+52 Mpc

50% area: 5 deg?
90% area: 23 deg?

60°

0 401
Mpc
0° mz‘ my = m; by definition ﬂ
1£h h ,,/’
30° //'
,,/' BBH
SMop 1 /’I,l
* First potential merger between a BH and NS MassGap
* Binary NS mergers cannot produce observed M1 4
. -BNS NSBH
abundances of the heaviest r-process "
elements — can NS-BH mergers help? My BNy Sy m

Slide credit: Nick Vieira



Canada-France-Hawaii Telescope Follow-up: GW190814

60° 60°

Response
o
N

0.0

Vieira, Ruan, DH et al, 2019

<
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Sadly no EM counterpart...

$OD>BEBOO X+ x

New+MegaCam

Unclassified+MegaCam

Unclassified
Supernova

Slow evolution
Pre-merger detection
High proper motion
z outside volume

Other

P4

1h10m

ohsom
RA (J2000)

40™

1-22°

-24°

-26°

--28°

(0o00zl) 2=a

>100 candidates reported in 2 weeks
Many w/ spectral/photo classification
Early hunt: visual inspection
Most sources came from image
differencing pipelines
Vieira, Ruan, DH et al, 2019

\/ DECami GW170817 g |
—— GW170817 i

N
=
U

L
/ %

T\%\ v

\ !
' | | RN

2 4 6 8 10
t— tmerger [d]

Slide credit: Nick Vieira
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LIGO-Virgo-KAGRA will soon make a come-back...

Updated mm Ol == 02 == 03 == O4 O5
2023-01-23
80 100 100-140 160-190 240-325
Mpc  Mpc Mpc Mpc Mpc
LIGO i | [ B &
&)
30 40-50 80-115 150-260 =
. MPC MPC Mpc Mpc % E
Virgo _ 3
>

(:] 0.7 1-3 =10 =10 25-128
Mpc Mpc Mpc Mpc Mpc
KAGRA EER | 11

1 1 1 1 ] 1 1 1 1 I
l l l l l | 1 | 1 | | 1 I I |

G2002127-v18 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Observing Run 4 (04):

® Science run will begin 24 May 2023, w/ 18 calendar months of observing

® Additional observing time will increase the scientific output of O4; coating development for O5 will be
finalized; O5 test masses will subsequently be coated for expected start of run in early 2027

LIGO-Virgo-KAGRA anticipate observing
to dovetail with next generation facilities



LVK Observing Plan (updated Nov. 2022)

Localizations in 04/05
(KAGRA only online part
of 04, no LIGO India)

Improved sensitivity
& longer 18-month run
for O4 improves rates

Expect further
improvements for O5 (w/
fulltime KAGRA!)

Cumulative detection rate (events / year)
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I 1 1
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90% cred. comoving volume (108 Mpc3)
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LVK Rates for 04 & O5

DECam VRO ZTF
1000 — .

. BNS
* Predictions based on O1, 02, O3 o
and outcomes of recent 100 A
04 _
upgrades } POl
ot ’
10 - #" 03
* EM follow-up must | Sy
accommodate large localizations . L,

(~100 deg?)

* Expect 2-10 NS-NS and NS-BH
mergers in 04

* Expect 10+ NS-NS and NS-BH
mergers in O5

1000 — :

100 -

10 ~

Cumulative detection rate (events / year)

1 _F_-___-_b_-___-_F_-_
100 102 104
90% cred. area (deg?)



LVK Rates for 04 & O5

* Predictions based on O1, 02, O3
and outcomes of recent
upgrades

 EM follow-up must

accommodate large localizations
(~100 deg?)

* Expect 2-10 NS-NS and NS-BH
mergers in 04

* Expect 10+ NS-NS and NS-BH
mergers in O5

Cumulative detection rate (events / year)

DECam VRO ZTF

1000

100 -

1000

100 -

10 ~

102 104
90% cred. area (deg?)

O5 Merger rates
(5-95% confidence)

Within 10 sq degrees:
* BNS:5(+7,-3) yrt
* NSBH:<1yr?

Within 20 sq degrees:
 BNS: 11 (+12,-6) yr?
* NSBH:1(+3,-1) yr?

Within 100 sq degrees:
* BNS: 26 (+33, -14) yr?
e NSBH: 3 (+4,-2) yrt



Expect 2-10 NS-NS / BH-NS GW mergers in O4 (100 deg?) — the search for EM counterparts is back on!!

Updated
2023-01-23

LIGO

Virgo

G
KAGRA «ic Ry

== Of1 02 == 03 == O4 O5
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30 40-50 80-115 150-260
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G2002127-v18

2015

2016 2017 2018
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Should You Trigger?: GWSkyNet

50% area: 1378 deg?

60°

GWSkyNet is a machine learning classifier

— developed by UBC LIGO team
(Cabero et al 2020)

— facilitates potential EM follow-up obs

— distinguishes between astrophysical events and instrumental artifacts in low-

latency using public alert data as inputs
— offers info complementary to that available in other low latency pipelines

— good performance: e.g., low false negative rate, especially for EM-bright src

90% area: 7461 deg?

/300



GWSkyNet Architecture

Volume image
(N, 262, 262, 3)

Sky map image
(N, 180, 360, 1)

} >
Maxpool (2x2)

—> —>

Maxpool (2x2)

Different branches
in GWSkyNet’s
architecture
analyze different
features of inputs:

Maxpoo 1 (2x2)

[ Maxpool (2x2)

[

D eta i I S i n C a b e ro [ Global average pool ) {Global avTrage poo]]
et al. 2020 e
[ Dense(s) | I

Detectors 5 branches: LogBCI LogBSN
(N, 3) distance; N, 1) (N, 1)
4 normalization
factors. Each (N, 1)
[ Flatten J [ Dense J [ Dense J [ Dense J

{

[

Output: Dense (1)

)

Slide credit: Mervyn Chan



GWSkyNet(Multi)

OPA including
Bayestar skymap

True label

 Multi-class classifier to GWSkyNet
distinguish between Multi-Class Classifier
glitches and real
sources PLUS offer
rough classification

* Details in Abbott, BBH vs. Al
Buffaz, et al. 2022 —

* More on

] Predicted label
Glitch vs. All

(a) Glitch-versus-all confusion matrix.

Glitch NS vs. All

True label

. .1 Class for which the score is
interpretability/ closest to its threshold

explainability coming
soon l Predicted label

0 1

(b) NS-versus-all confusion matrix.



What about that Kilonova?

@
_cg Inspiral Dynamical Accretion Remnant
- Short GRB
X-ray/radio X-ray extended
precursor? Y emission/plateau
c
Y Radio
A 2 kilonova transient
© ©
: & ANV
2 | v
v

GW “chirp” GWs from remnant NS?

— s st s e s
' r-process

Q — B

(92)

=>r

Q l ms magnetar? §

/ ; :
i <

o.

( .....
Seconds Milliseconds 10ms 100 ms Minutes-hours  Hours-days  Days-weeks Months-years

Ferndndez & Metzger 2016
Event



Characterizing a Kilonova

« Short gamma ray burst: seconds

« X-ray/radio from structured relativistic
jet: months - years

« ultraviolet/optical/infrared: hours - days
up to a week =

o KNe tidal ejecta confined to the plane of
the merger

o Post-merger ejecta, e.g., disk outflows:
roughly isotropic

Slide Credit: N.Vieira

Shocked
interstellar

medium [ :
GRB

Y Prompt emission

Cocoon
Shock
Breakout

GRB central
Engine

Ascenzi et al. 2021



Characterizing a Kilonova

« Short gamma ray burst: seconds

« X-ray/radio from structured relativistic
jet: months - years

« ultraviolet/optical/infrared: hours - days
up to a week =

o Multiple components:

Red: heavier r-process elements - large opacity in
UV, optical

. . 1 : GRB central
Blue: lighter r-process elements - smaller opacities | Engine

e

Slide Credit: N.Vieira )
Ascenzi et al. 2021



B Big . Dying Exploding Human synthesis
Bang N low-mass massive il No stable isotopes
fusion stars stars

Merging Exploding
neutron white
stars dwarfs

Sc Ti
21 22
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Exquisite Photometry and Spectroscopy

Can we infer abundances of individual elements from the spectra of GW170817’s KNe?

AR =]
O CRE AN S
18" R %

MJD - 57982.529

Villar et al. 2017

20.0

v

1.4 days
2.4 days
3.4 days
4.4 days
5.4 days

4000

7500 10500 14500

Wavelength [A]

5500

Vieira et al. 2023
Data: Pian et al. 2017, Smartt et al. 2017
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Spectral r-Process Abundance Retrieval for KNe (SPARK)

Spectral Retrieval: Generate

] TQ'OO' SPARK [mg = 1500]
many synthetic spectra & A —— SPARK [myqive = 1140]
compare to obs T — b'”e|++h°t
. 8 1.50 1 — purple + warm

— Fit for r-process > — AT2017gfo [1.4 days]

abundance pattern of 01.291

GW170817 = 10§
BUT this process is... = 0.75

>
1. computationally expensive G 0.50 ﬁf
. )

2. many elements - high %025 F M\

dimensionality if we naively ™ ‘r

fit for each abundance 0-00 1000 5500 7500 10500 14500 20000

wavelength [A]

individually

Vieira et al. 2023



Inference regimes

v neural networks

© (e.g. surrogate for you are
o .. here
2 radiative transfer),

Q Hamiltonian MC...

@

-

9

(qv)

o

Y

O

>

=

©

-

-8 traditional methods

T (e.g. MCMC, nested active learning
£ sampling) (sequential)
o

computationally expensive simulation

Slide Credit: N.Vieira



Parametrizing the abundances

varying Y., Uegy/c = 0.20; s = 25 kg/nucleon

- Parametrize using
electron fraction,
expansion velocity,
and entropy

Ye, Vexp, S

abundance

[
(%]
=
[
o
=
3
e
©

- Constrain
fundamental
conditions of the r-
process

—_
o
o

|

abundance

Vieira et al. 2023;
Mapping from Wanajo et al. 2018

40 50 60

atomic number Z




Inference regimes

neural networks

(e.g. surrogate for
radiative transfer),
Hamiltonian MC...

you are
traditional methods G

(e.g. MCMC, nested active learning
sampling) (sequential)

dimensionality of parameter space

computationally expensive simulation

Slide Credit: N.Vieira



SPARK: Spectroscopic r-Process Abundance Retrieval for Kilonovae

inputs

observed spectrum

flux

wavelength

nuclear abundances
from reaction network

abundance

atomic number

atomic line lists

algorithm
¢ nested sampling of
synthetic spectrum Bayesian Active Gaussian Process
from Monte Carlo Posterior Estimation surrogate posterior
radiative transfer ] -
3 i S
) converged 4
b = Ny Someredy, £ 2k
= 2 > 2 [o]o]o
- £ [o]2]Q]0
® 10]0[0|0]0
arameter value -
wavelength p 8 [Q]ofo]ofo]0]

assess convergence

opacity

[T

wavelength
Vieira et al. 2023

-likelihood

iterate until | : \\ ‘_
convergence

iteration

parameter values

outputs

inferred abundances

Q
(6]
—
m M
e)
=
=}
el
«©
atomic number
line identification
x
=
Y

wavelength



Radiative transfer with TARDIS 5 TARDIS!

Exploring supernovae made eas

1D Monte Carlo radiative transfer
code for spectral synthesis

Radiation-matter interactions in a
stratified medium under homologous
expansion (e.g., supernovae,
kilonovae)

Produce a synthetic spectrum at a
single point in time

Computationally expensive

https://tardis-sn.github.io/tardis/



https://tardis-sn.github.io/tardis/

Gaussian Processes

- GPs can approximate a

funCtion by Conditioning On tFIiwr]adtfeprrr;Cst:ei(rjw[;s(lair;Z)toFdata points as closely
data and can provide a5 possible

uncertainties

- In our case, we have some
point 6,
and the function we care
about is the posterior

p ( 9 ‘ x ) A Gaussian process is a probabilistic

method that gives a confidence

for the predicted function

- Train our GP on pairs
Gortler et al. 2019

97;7 p(el ‘ X) https://distill.pub/2019/visual-exploration-gaussian-processes/



https://distill.pub/2019/visual-exploration-gaussian-processes/

Bayesian Active Posterior Estimation (BAPE)

u™(6) = exp(2u(9) + o°(6))(exp (0°(6) — 1

log P(0, Xops)

'--
o "«

_____

Kandasamy et al. 2017



Posterior at 1.4 days

BAPE sampled where expected

only 1140 samples to
adequately constrain the
posterior

Bimodal!

- blue electron fraction, hot
(high) entropy

- purple electron fraction,
warm (moderate) entropy

Vieira et al. 2023



All forward model evaluations & best fits

SPARK [mg = 1500]
SPARK [mactive = 1140]
- blue + hot

—
(@]

purple + warm
AT2017gfo [1.4 days]
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What Do SPARK Fits Tell Us?
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Physical

Parameters

parameter

SPARK blue-+hot

log,o(Louter/ L)
loglo(po/g Cm_g)

Vinner /C
Ve C
Ye

s [kB/nucleon]

T
~15.06970-541
0.313%0 016
017675 00
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25.30 %
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SI6T 10
=360 wIp®
5 L8

<56 x107°




Inference is now computationally tractable

Century - Purple band: forward model
evaluation time

Decade

- Typical MCMC would take a year
- SPARK: less than a week!

L
[
=
)
[
O
==
[
—
QL
=
©
-
[}
+—

As our model develops in
complexity, the purple band will
—=— MCMC (nyakers = 100, ngieps = 10000) .
(it = o forward model time (N = 2640) move tO the rlght.

single-epoch

forward model time [s]

Vieira et al. 2023



SPARK Future Work

- Obtained the full abundance pattern
of GW170817 at 1.4 days

- Established SPARK as a successful
tool

- In the future:

0-Woo 0.05 0.10 0.15 /0.20 025 0.30 0.35
v/ c

- Multi-component models
- Multi-epoch fitting

- Fit new kilonovae in O4 (starting
in May 2023)!

4000 5500 7500 10500 14500 20000
Wavelength [4]

Vieira et al. in prep



Dimensionality Reduction Trathaing ~A0 s et

dimension configuration
Auto Encoder = unsupervised, generative

Run AE w/ n different layer
Input Output . :
» configurations, store models

Find optimal # of
encoder/decoder dimensions

Find optimal # of latent
space dimensions

Encoder Decoder For our data, 5 dimensions!
Ford et al. in prep



I . I . g " Cluster 1
Clustering Analysis 2
s 2_//\\
. . . o
Bayesian Gaussian Mixture © 1 A —CT
Model ~ 5 min training 5 | A
= g -
(observed spectrum at 1.5 days; = B e T
modelled w/ 1500 SPARK spectra) Latent Space Component |  [ESl
E 2
g ; 2 Cluster 4
= S -
8 Cluster 5
‘f\j1.5- 41
£
21,0 2‘/\
"8 05 - - Cluster 6
>
& 0.0 A . . . . : . y "
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Ford et al. in prep



This is bound to get even more interesting...

* Next generation ground-based GW observatories:
Cosmic Explorer and/or Einstein Telescope

* |n space: Laser Interferometer Space Antenna (LISA)

 Many future ground and space missions targeting transients and
multi-messenger astrophysics: CASTOR, ULTRSAT, SVOM, STAR-X,
UVEX, Rubin/LSST, SKA, ngVLA, EHT/ngEHT, Strobe-X, AXIS, Arcus,

Theseus, Athena, Lynx, and more!
o ANS
“C%
j%‘, Advanced X-ray Imaging Satellite
$ B Time:domain ASUOPhsica R,

s @ LISA @R esa @ °
N CONSORTIUM




Advance planning some really BIG data!!

CanDIAPL = Canadian Data-
Intensive Astrophysics PLatform
(Pl: Renée Hlozek, UofT/Dunlap)

Motivated by
* Vera C. Rubin Observatory
e Square Kilometre Array
e SKA pathfinders:
o Meer Karoo Array Telescope

(MeerKAT)

o Murchison Widefield Array
(MWA)

o Australian SKA Pathfinder
(ASKAP)

 Multi-messenger Facilities

Rubin
Observatory

Multi-Messenger

A A

SKA
Pathfinders

AVAVAN

aw Data

R
Facilities
I AAA— Calibrated Data, <A or eI
VVYUVVUVVL Alerts, Catalogs, S
VOO —= Images / __—
[ _ B.
_y _ - R Off-site
/~ C. Real Time Analysis D. Dynamic Data Sets '\ \ Hardware
-
Community Automated
Alert Broker Pipelines
\
\ 4
( N a )
Transient Triggers and Alerts
Marshal for Data Sets
S o o v,
) )
v
E. CanDIAPL Multi-Messenger Portal
o) / O I o) \ O
) 2 ) 2 e 2 =)






