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Outline

* Electromagnetic signatures of SMBHBs
 Theory and observations




Outline

* Electromagnetic signatures of SMBHBs
 Theory and observations

e Simultaneous EM-GW observations of
SMBHBs

* Multi-messenger science with PTAs




ive black holes)




NGC 4038-4039 — NGC 6240 CSO 0402+379 (@

(Credit: NASA) 5 orcsec (Komossa+2003) (Rodriguez+2ooe)@l Credit: NASA GSFC
galaxy merger dual AGN gravitationally-bound SMBHB GW-emitting SMBHB
>kpc hundreds of parsecs — kpc a few pc —tens of parsecs milli-pc — centi-pc

# Pulsar Timing Array °

kpc ~ size of a galaxy pc ~ distance between stars milli-pc ~ distance light travels in ~1 day




Anatomy of an SMBHB

lump streams

cavity

circumbinary

disk minidisks

Adapted from d’Ascoli+2018
see also: Farris+2014, Mufioz & Lai 2016,

Tang+2017, Bowen+ 2018, Paschalidis+2021,
Combi+2022, Avara+2023 ...



Credit: NASA GSFC
https://www.youtube.com/watch?v=i2u-7LMhwvE



Electromagnetic signatures

Spectra Variability (light curves)

10.0

_g¢=1.0

0.1 WlO 70‘40 - WO‘Q WO‘OO i
/KT, Energy (keV) q=005
Roedig+2014 Roedig+2014 Jovanovic+2013 16: . e
‘M* 150 — N§;1:0(|;7:0')
[ —_ N5=1.5(I=10.7:)
. . . ol 14 ---_- N5i2.0(|=14.4.)
EM imprint of the disk structure
g 12}
11
: . . 1.0 2
also: BH-disk impact (e.g., Lehto & Valtonen 1996), tidal : o
0.0 0.5 1.0 1.5 2.0
isruption n SMBHB (e.g., Ricarte+2014), microlensin T vem ade e 4w _eow _eo 7w
disruption by an S (e.g., ), & wo- B’ Orazio+2015 D'Orazio & Di Stefano 2018

(e.g., Millon+2022)

EM imprint of the orbital motion



EM signatures — variability

= (J 287 —”"Rosetta stone” of SMIBHBs?
Theory

15000

’ ‘ 12000.0
A Observer
10000 A Orbit of secondary
black hole
5000 A
)]
<
; Impact Primary accretion|
o outflow 2005.7 2007.7 \disk
4 1
2015.9 ; ; 2019.6
Primary spin
direction
5000 A
10000 T y T v X .
25000 20000 15000 10000 5000 0 5000 10000

x /AU

Valtonen+2016

Predicts: pair of flares due to BH-disk impact

Credit: Smithsonian American Art Museum



EM signatures — variability

= (J 287 —”"Rosetta stone” of SMBHBs?
Theory Observations

year

X . . L L L 1900 1920 1940 1960 1980 2000
15000 2000.0 12 T T T T N T T
A Observer
10000 - Orbit of secondary 18 I . Do
black hole : " .o
. L -
cs L
14 . 2 >
5000 A ": - L
=) 2 i e '
< E e :
> Impact Primary accretion| g 15 i UL,
outflow 2005.7 2007.7 \disk Q SUHL T
0 4 S . .y s I
2015.9 Pri . 2019.6 :
rimary spin
directirgn P 16 -
5000 - i
17 1
1
10000 ¥ : " : % » 18 L 1 1 1 1 1 1 1 1 1
25000 20000 15000 10000 5000 0 5000 10000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000
x /AU JD - 2400000

Valtonen+2016 Valtonen+2008b

Predicts: pair of flares due to BH-disk impact



EM signatures — variability

= (J 287 —”"Rosetta stone” of SMBHBs?
Theory Observations 12 yr

year
X . . L L L 1900 1920 1940 1960 1980 2000
15000 2000.0 12 T T T T T T T
A Observer
10000 4 Orbit of secondary 13 I . .o %
black hole : " CRA .
. L ee 3 °
.. T
14 . ; -
5000 A ": - L
=) 2 i e '
< E e :
> Impact Primary accretion| g 15 i UL,
outflow 2005.7 2007.7 \disk Q SR LT
0 4 S . .y s I
2015.9 : . 2019.6 :
Primary spin
direction 16 -
5000 - i
17
3
10000 ¥ : " : % » 18 L 1 1 1 1 1 1 1 1 1
25000 20000 15000 10000 5000 0 5000 10000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000
x /AU JD - 2400000

Valtonen+2016 Valtonen+2008b

Predicts: pair of flares due to BH-disk impact



EM signatures — variability

= (J 287 —”"Rosetta stone” of SMBHBs?
Theory Observations

- y year
15000 X X .2000 7 L L " 1900 1920 1940 1960
g 12 :
A Observer l I I
'ﬂ
10000 4 Orbit of secondary 18 1251 Y
black hole . v
> :
14 13.0} i
5000 A . .
2 g I
" .
=~ Impact . . T 15 135 vty 8 |
> outflow 20057 2007.7 é’;;rll(ary accretion| § -..h .
0 L '_':_ =
2015.9 S 2019.6 R AL
directirgn P 16 - 140+ o :'_’-
e WLt :
5000 4 )
17k 145} ) i
1
v s g .
10000 ' . . ' ' . ol A : : l , l ,
25000 20000 15000 10000 5000 0 5000 10000 10000 1982 1983 1984 1985 1986 | 40000 45000 50000 55000
/AU Julian Year (J2000.0)
X

Valtonen+2016 Dey+2018 Valtonen+2008b

Predicts: pair of flares due to BH-disk impact



EM signatures — variability

= (J 287 —”"Rosetta stone” of SMBHBs?

LS00 ' ' 20000 ' ' : T
A Observer 20 A 0J287 1983 January outburst
" \ base level 4 mJy
10000 - Orbit of secondary i ; \
black hole 1B R\
3 \
5000 A ¥ \ +
=) ‘ET 10 : \
< = ‘
i Impact ; . 3 1
” 0 il 2005.7 2007.7 \disk ecretion 2 ¥ 0018yr +
- > L
2015.9 ‘ . 2019.6 s \ "
Primary spin s +
direction RN . +
5000 il N, * ¢ e
1983.00 | \\\ k
+ ; \\\
I
10000 ' . . . ' v s il . . . . .
25000 20000 15000 10000 5000 0 5000 10000 0 0.02 0.04 0.06 0.08 0.1 0.12

x /AU W

Valtonen+2016 Valtonen+2008a

. , o (outburst in 1983)
Predicts: pair of flares due to BH-disk impact



EM signatures — variability

y /AU

0J 287 — "Rosetta stone” of SMBHBs?
Theory Observations

15000 ' ' 20000 ' ' -
A Observer
0J287 outburst in October 2005
10000 A Orbit of secondary 10 : \\ﬁ base level 1.25 mJy
black hole i rise time scale 0.027 yr
N decay time scale 0.205 yr
— / 5 #
> :
e ‘
Impact rimary accretion| _—)=j 6
0 outflow 2005.7 2007.7 \disk >
2015.9 : ) 2019.6
Primary spin
direction 4+ : ‘
2005.76 Lt
5000 - i e SN I
2t : : e
10000 . . . . . . Gla %5 ¥y o 2w m g
25000 20000 15000 10000 5000 0 5000 10000 2005.7 2005.8 2005.9 2006 2006.1 2006.2 2006.3 2006.4 2006.5
x /AU you.
Valtonen+2008a

Valtonen+2016
(outburst in 2005)

Predicts: pair of flares due to BH-disk impact



EM signatures — variability

= (J 287 —”"Rosetta stone” of SMBHBs?

Theory Observations
15000 . . '2000 0
A Observer ’
12 T T T T T T T
10000 4 Orbit of secondary I ® 4+
black hole 1F [ —
\ 4 2007 Sept 12.5
5000 - L = 10 : + , -
2 3 I
; Impact "M E 9F N F . ]
0 hggoution | 20057\ /20220 2007.7 \disk i E + - s
2015.9 Primary Spin 20196 (' 8 B ' 2_5 days ‘\\\\ +$ ) + -
Tima; | I
direction 7L E" : PR ™ |
5000 ] g
6 [+ [‘ 1 1 1 1 1 += 1 i
-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
10000 T v v T v v
25000 20000 15000 10000 5000 0 5000 10000
x /AU

: . o (outburst in 2007)
Predicts: pair of flares due to BH-disk impact



EM signatures — variability

= (J 287 —”"Rosetta stone” of SMBHBs?

15000 : : 20000 : : T Rfiter -
A Observer model ==
0.5 -
10000 - Orbit of secondary
black hole
0+ -
5000 A L 3
[
2
; Impact rimary accretion s
o outflow 2007.7 \disk & 05| ]
2015.9 . : 2019.6 £ i .
Primary spin o : s
direction . i v
! W :
5000 J 1 Lot b bhtep .
| g i
" '\
10000 T T . . . . 15 O U TR O RN R (1) sﬂt!lmlmmlﬂ'tfhlioiié dreenity
1 L - 1 1 3 b 1
25000 20000 15000 10000 5000 0 5000 10000 _40 _20 0 20 40
x /AU JD - 2457340

Valtonen+2016 Valtonen+2016

Predicts: pair of flares due to BH-disk impact (“centenary flare™ in 2015)

13.24

13.74

14.74

16.156 §




EM signatures — variability

= (J 287 —”"Rosetta stone” of SMBHBs?

y /AU

Julian year
2019.58448 2019.58995 2019.59543
15000 . L 1 . . .
2000.0 14
A Observer —— template
® 2007 observed points (shifted)
000 § chi-13.92
T Orbit of d. I 4 -
black hole 13 $—€h2-19:55
5000 - r e $12
=
/ S
Impact i < o
outflow 2005.7 2007.7 é‘;;?(arw E
0 ———— = L ic 11
2015.9 ; : 2019.6
Primary spin
direction
5000 - R
9 .
10000 v T T T v v I ! ' I : ' :
25000 20000 15000 10000 5000 0 5000 10000 1 2 3 4 5 6 7
x /AU JD - 2458695

Valtonen+2016 Laine+2020 (Spitzer)

Predicts: pair of flares due to BH-disk impact ~ (“Eddington flare” in 2019)



EM signatures — variability

= (J 287 —”"Rosetta stone” of SMIBHBs?

Theory Binary parameters
15000 : . . Table 2.
2000.0
A Observer ' Independent and Dependent Parameters of the BBH System in OJ 287
According to our Orbit Solution
10000 - Orbit of secondary .
black hole Parameter Value Unit Error
@) 2) 3) ) ®)
s ol m 18348 106 M, +7.92
g — g | m, 150.13 106 M, +0.25
> rimary accretion|
0 . outflow | 2005.7 2007.7 \disk | X1 0.381 +0.004
20152 Primary spin 20196 h 0.900 +0.001
eehon Independent d 0.776 +0.004
5000 1 Ad 38.62 deg +0.01
SN 55.42 deg +0.17
10000 €o 0.657 40.001
25000 20000 15000 10000 5000 0 5000 10000 Yobs 1.304 +0.008
x /AU Derived PRV 12.062 year +0.007
By 0.00099 40.00006

Valtonen+2016

Predicts: pair of flares due to BH-disk impact Dey+2018



EM signatures — variability

= Relativistic beaming

Theory Observations
14.4 -}
dei 146 {
< @ .\ I A
=~ @@ @ @@ §14.8-‘\‘-_ W; \\2'-. ! it Y-
Qq % \} J \ o ‘h' .‘ ‘ L ‘ ‘ :' J
= \A! : | R4 Y
R g I fi by 1 "
Credit: Kelley+2019 - w i i }
E) 1 ,0;)0 2,0.00 3,02)0 4,02)0 5,0;)0 6,060 7,060
MJD - 49,100
Preo!lcts: smoojch, qua.sl-s.lr-\usmdal.hght cur-ve D’Orazio+2015
profile, UV-optical variability amplitude ratio (CRTS light curve from Graham+2015a

UV light curves from GALEX)



EM signatures — variability

= Relativistic beaming
Theory

< @9 @0@@

Credit: Kelley+2019

Predicts: smooth, quasi-sinusoidal light curve
profile, UV-optical variability amplitude ratio

Binary parameters

f.=1.0
50L 2

1 09.0 1 69.1 1 69.2
M/M,

D’Orazio+2015

169.3

1

4

90

80 ¢

70¢

60|

50t

1

f, = 0.95

69.0 1 69.1 1 69.2 1 69.3 1 69.4
M/M



EM signatures — variability

" Binary self-lensing

Theory Observations
. .source plane at YearS Slnce May 2010
“,*(‘f'f”/? 0.0 05 1.0 1.5 2.0 2.5 3.0
'\m’“‘ : ‘ /’;a,
= 1.08
< o ‘ 1.06
Dy, lens plane at Dps =acosl
Qt =7/2 C
o
q=0.05 = 1.04 v {\
1.6 . : : : O
—  Ng=05 (|=3.5:) | = ‘ w
15 T s 2102
14 == Ng=2.0 (I=14.4) g
Ng=6.88 (1=89") |
" 1.00
= !
2| | 0.98 \ |
1.1 K k |
P Pl | 0 0 0 0 0 0
10 mnfl Mg P e A \5‘30‘0 5660 55‘60 5600 56'20 56A0
0.9 !!—‘ "’—E—"" : ‘.!-_ : MJD
0.0 0.5 1.0 1.5 2.0
= Hu+2020

D’Orazio & Di Stef 2018
razio & i >tefano (Kepler/K2 light curve from Smith+2018a)

Predicts: sharp flares



EM signatures — variability

" Binary self-lensing

1.6

1.5

1.4

1.3

1:2

1.1

Spikey

Theory Binary parameters
. source plarje at .
e Parameter =~ Meaning
[T (.\,
\ ? [c] velocity of barycenter along line of sight
PRAx = Q/QRZDLSW E Yz y Ay g g
<3 ' ‘ 3 w [rad] argument of periapse
e e e SAGRS e eccentricity
q=0.05 T [yrs] period
— NedB(e35) I [rad] inclination
Ne=1.0 (1=7.0") |
— Neg=1.5(1=10.7) | 3
st Aol M [Mg] mass of primary BH
bl Mj [M]  mass of secondary BH
| i luminosity ratio
\ ! to [yrs] arbitrary reference time
L/—— t/«'—’—-\\ ] a spectral index
ol A v i . A |
/«f’/’ o & e
- o ‘ o Table 1. Light curve best-fit model parameters and assumed priors.
0.0 0.5 1.0 15 20
t/P
Hu+2020

D’Orazio & Di Stefano 2018

Predicts: sharp flares
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EM signatures — variability

" Binary-modulated accretion
Theory

M/ M,

t/tb‘i"

Farris+2014
(see also Duffell+2020)

Predicts: bursty, 'sawtooth’ light curve profile

Observations

Rest-frame Time Difference (year)
3 4 5 6

A T -~
1000 2000 3000 4000 5000 6000 7000 8000
Modified Julian Date - 50,000

Liao+2020 (DES+SDSS)



EM signatures — variability

= Binary-modulated accretion

Theory
‘lump’
4
2
1 o
-2
-4
0.5
4
2
0.2 5
-4
0.1
4202 4 4202 4
Noble+2021 no lump

(see also Farris+2014, D'Orazio+2013)

2x beat frequency
between lump and binary

orbital

frequency

L(t) M(t)
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45
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/

45 00 15 3.0 45
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no periodicity




EM signatures — variability

= Systematic searches for periodic AGN in time-domain surveys — hundreds of candidates

Pan-STARRS1 CRTS

(T. Liu+2015, 2016, 2019) (Graham+2015a,2015b) Rubin LSST

Also: PTF/iPTF (Charisi+2016), .
. Fermi ZTF (~2025-2035)
DES+SDSS (Liao+2020,Chen+2020) (Chen+2022)
UUUUU e (Ackermann+2015)
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EM signatures — variability

= Systematic searches for periodic AGN in time-domain surveys — hundreds of candidates
= Number estimates for LSST
= Modulated accretion — N~40-600
= Doppler boosting — N~6-50
= Self-lensing — N~10-100

Rubin LSST
~2025-2035)

25 50 7.5 100 20 40 60

80 103° 102 102 10?%

max period min duration sensitivity
Number (all sky) [yr] [day] [erg/S/HZ/Cm2 ]
Kelley+2019 LSST sensitivity Kelley+ 2021

LSST sensitivity
—lensing only w/ Doppler  —-misaligned /— aligned
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a gravitational wave siren song



The GW chorus
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The GW chorus
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The GW chorus
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Multi-messenger SMBHB searches

" Targeted searches
= Searching for GWs at the known sky location of the (EM-identified) source
= Using known source parameters (e.g. mass, frequency) as priors
= Combining GW and EM information



Multi-messenger SMBHB searches — upper limits

" Targeted searches increase PTA sensitivity by ~ an order of magnitude
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Multi-messenger SMBHB searches — detection and parameter estimation

= Targeted searches increase source detectability and parameter measurability
by ~ an order of magnitude
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Multi-messenger SMBHB searches — detection and parameter estimation

= Targeted searches increase source detectability and parameter measurability
by ~ an order of magnitude
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Multi-messenger SMBHB searches — detection and parameter estimation

= Targeted searches increase source detectability and parameter measurability
by ~ an order of magnitude
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Multi-messenger SMBHB searches — detection and parameter estimation

= Targeted searches increase source detectability and parameter measurability
by ~ an order of magnitude
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Multi-messenger SMBHB searches — detection and parameter estimation

= Targeted searches increase source detectability and parameter measurability

by ~ an order of magnitude
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Multi-messenger SMBHB searches — detection and parameter estimation

= Targeted searches increase source detectability and parameter measurability
by ~ an order of magnitude
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Multi-messenger SMBHB searches — detection and parameter estimation

= Targeted searches increase source detectability and parameter measurability
by ~ an order of magnitude
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Multi-messenger SMBHB searches — future prospects

Individual sources may be detectable within the next few years — decade
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Multi-messenger SMBHB searches — future prospects

= Next-generation PTA experiment with the Deep Synoptic Array-2000 (~2026-)
will significantly enhance single source detection prospects
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~150 millisecond pulsars (~*2x NANOGrav) with
~400 ns timing noise (~1/2x NANOGrav)



Multi-messenger SMBHB searches — future prospects

= Targeted observations of an intermediate-

SNR source

= Measurement uncertainty of GW amplitude~20%

= EM: ~100%
= GW frequency: ~0.5%

= EM: a factor of a few — no constraints
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Understanding binary accretion with multi-messenger observations

= Accretion onto binary is periodically modulated by binary orbit
-> Observable AGN periodicity at ~binary orbital frequency
= Dependence of accretion pattern on mass ratio
-> Need GW info to break degeneracy (and test predictions)
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Takeaways

 SMBHBs (binary AGN) are variable,

multi-wavelength, and multi-messenger
objects

* The science of SMBHBs is rich

* The role of mergers in SMBH growth

» Laboratories for accretion physics in
dynamic spacetimes

 EM counterparts to low-frequency GW
sources

» 2020s/2030s will be the golden age for
studying SMBHBs

Tingting Liu
tingting.liu@mail.wvu.edu




