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High-resolution radio
observation has an important

role to play in Massive Black
Hole Binary (MBHB)

identification and science.

(...especially in the MMA eral)
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ow do MBHRBs evolve?
And what do their hosts look like?

kpc | \O\)\

Triaxial orbits,
body interactions

e.g., Khan et al, 2011;
Holley-Bockelmann &
Khan, 2015; Vasiliev et al,
2015: Pfister et al, 2017
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Foord et al. (2021),
Bonetti et al. (2018)

e.g. Cuadra et al. (2009), Chapon et
al. (2013), Franchini et al (2021)




AGN, as we Know, are messy.

Tiede & D'Orazio (2024)

109

Two black holes = trouble“

Mass-ratio, 1/q
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X, v, radio, optical

Periodicity

|
‘w\ '
s 4
" I )
"' | [ 0."‘ Y‘

LISA (z=1)

| g |
—
>
| E— |
-
(Fp
Q
-
Q.

,

10—2_

p—
-
-

4 Dual AGNT4




Flat-spectrum Imaging: Cores and Accretion Flows

Moving emission feature Helical magnetic field

Streamline Conical standing shock
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Flat-spectrum Imaging: Cores and Accretion Flows
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Flat-spectrum Imaging: Cores and Accretion Flows
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Flat-spectrum Imaging: Cores and Accretion Flows

Both
Self-Absorbed Synchrotron
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Directly Resolving MBHB

0402+379: The VLBAs own Gold Standara!

Porbit ~ 10* years!

Spectral slope (S ~ f«)
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: Track primary MBH reflex action with ngVLA,
DlreCt AStrOm etry multiple phase calibrators,

NGC4472:

M, =2.4%x10° M,

D = 16.7 Mpc

2 pas localization

m— Astrometry £2 uas 95% CL
SMBH Binary Period P=4 yr
SMBH Binary Period P =40 yr

<4 PPTA Upper Limits 95% CL
<4 NANOGrav Upper Limit 95% CL

« PSF=0.1 mas at 80 GHz

Semi-major axis

103 1072 10°
Binary Mass Ratio

Wrobel & Lazio (2023)




Jirect Astrometry

T Jenet et al. (2004)
Lo B b & Original binary model: should see GWs...
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Helical Periodic, or Precessing Jets
1928-738, P=2.9 yr

Binary black hole model

, Secondary
"/ —eDblack hole

' 1987.44

Orbit of binary
system/

Accretion disk \anary black hole

' 1988.73

|
1989.25

1989.7 |

Abraham (2018)

Roos et al. (1993)
See also Roland+08, Kun+14, Britzen+19, Hummel+22, Zhang+22, and others




=
9

h Upper Limit

e
CDI o
|

16
10—19;
10~

10°8 1077
fow [HZ]

Targeted search upper limits by Sydnor (2025)/Sydnor & Burke-Spolaor (in prep.)

—— Representative GWB
— 15yr CW h 95% UL

J050925(b)
3C 120
0954+658
3C 273

NGC 1275
1928+ 738(a)
1928+ 738(b)
1928+ 738(c)
1928+738(d)
1928+738(e)
1553+113(a)
1553+113(b)
1553+113(c)

1553+113(d)
1553+113(e)
3C 345(a)

3C 345(b)

3C 345(c)
Messier 077
MRK 0501
PKS 1830-21

J140345

-~ ]132848

J120320

FBQS J1159+2914

1803+784




Helical, Periodic, or Precessing Jets

2131-021, P=2.082 == 0.003 yr
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“Kinetic Orbital Model”:
Orbital speed doppler boosts jet flux
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When ngVLA comes online,
there may be a hunt underway
for one or more continuous-

wave massive black hole
binary (MBHB) hosts.

Check out a recent summary
of the road to MMA detection!




[.ots of Science to Come

Highlights of some science applications in the MMA era - ask apbout these!

MBH Growth/Characterization AGN Science

. 4 " r?
Men-Mhost relations. Are RLQ's linked to recent mergers”

Precise BH masses in merger Circumbinary disk / mini-disk dynamics.

= ments. Jets vs. ADAFs in binaries?

Ellipticity measurements. Binary-driven jet precession.

MBHB/Galaxy environmental coupling. .04 gnd jet geometries w.rt BH spin and

Binary dynamical evolution. binary orbits.

Post-merger plasma dynamics.

Also standard rulers? (cool but maybe not high-impact given few sources, low redshift)












ow well can we localize binaries”?

Localization capabpilities of (simulated) IPTA
Likely hosts up to z S 1.2, My, 2 10" Mg

SOuUrce

103 Dec (rad)

size of localization in deg? BT
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Goldstein et al. (2019)




BUL.

Burke-Spolaor et al. (2025)




IPTA + SKA + DSA

Burke-Spolaor & Simon

0.2

o
—

Timing residual (us)

J1909-3744

Timing residual (us)

Ranking based
on photometric
and spectro-
scopic galaxy

Catalogs 1.65  1.70

S 1.60

Nso

source

A snapshot of early-mid 2030’s, in just the right universe.

Coordinated multi-waveleng

Preliminary Initial Preliminary 1 Update Update 1

X
Base image layer
PanSTARRS DR1 color (fiv
Color map:
nativy) O

Overlay layers
EiPY1mAcs)

v CFHT MegaPrime
1 Swife/OvOT
v

Swift/XRT

]
v Las Cumbres 1m

L3l Fermi /LAT
QD@

-
4l GW Contour

=@ Moon at GW TO
‘= Sun at GW TO

Reticle
HEALPix grid

Tools
Expoft Vi

1.75

th searches

Gravitational Wave Localization and Pointings: S19081 4bv [GraceDB]

Candidhte ranMag
based bn multi-
wavelelgth proof

Archival + new light curves
(2-50 year baselines)

Theoretical model suites/ results templates

| binaty

hard, DI

D’Orazio

Simulated ngVLA Observation: 30GHz;

Orbital period: 20 years

0o Burke-Spolaor & Simon

6x10™>

2%10™°
0

(uuoaq/Ap)

o
¢

—4x1073

_0Lx

o
N
£

-8x107°

—0.01
0.01 6x10° 0 —4x10"° -0.01

Relative J2000 Right Ascension (arcsec)

Relative J2000 Declination (arcsec)




Bevyond GW discovery: Enabling MMA

Goldstein et al 2017 ApJL 848 L14
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Sinary Black Holes Timeline

Mingarelli et al. (2017), Xin et al. (2021) Modelled from local galaxy
mergers, merger rates:
Detection
Confidence 2019 2024 2029
20 8% 96% 100%
o ° . 30 2% 36% 100%
) R Y o o e total data set
~£ua,‘:- . . -+ 2019 7i¥e) 1% 16% 100%
WL — — 2024 | |
Binaries simulated in 2MASS — 2029 Likely detection of at
least one individual
107 10~ binary by 2029
Gravitational Wave Frequency [Hz]
Background First Multiole binar
detection individual binary detection mls

2023 2025 2027 2029 2031 2033




Resolving Massive Black Hole Binaries
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Galaxy pairs/ Single core with tidal
Dual stellar cores tails, no companion

Heightened star formation

<€

Flat stellar core profile/light deficit

ONGOING MERGER
INDICATORS

Double-peaked narrow
emission lines

%
Multiple
QQ k')“ri‘ﬁi'

CLOSE BINARY
TRACERS

Dual X-ray nuclei” GRAVITATIONAL WAVES |
—_—
PTAs: Continuous Waves PTAs: GW memory

M
Space-based GW|interferometry

' 3 )
N1l 353y

—

10000 1000 100 I 0.1 0.01 0.001 0.0001 0
Black hole orbital separation (pc) Burke-Spolaor (2013)

Theories & Observations: Gower82, Komossa+03, Graham04, Milosavljevic+Phinney05,
Volonteri+08, Comerford+09, Liu+10, Burke-Spolaor11, Shen+11, Fabbiano+11, Sesana+11,
Eracleous+11, Tanaka+12, Liu+14, Graham+15, Liu+15, Liao+20, Chen+20, and 800 more




Ve ‘ Breiding & Burke Spolaor et aI (2021a)

VLBA Ku BAND/15 4 GHz -

Radio Blagk-hole Hunt; 11| sy potes

debunked!
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Also: Burke-Spolaor (2011); Godfrey et al. (2012); Burke-Spolaor (2013); Burke-Spolaor et al. (2014); Burke-
Spolaor et al. (2018); Blecha et al. (2018), Gultekin & Burke-Spolaor et al. (2020), Breiding & Burke-Spolaor et al.
(2021b)




[s the GWB consistent with MBHBSs?

Kulier et al., 2015
Simon, 2023
McWilliams et al., 2014

Ravi et al., 2014 1 NANOGraV

Bonetti et al., 2018 )
Ryu et al., 2018 ; 1 Scaling relations
Ravi et al., 2015

Wyithe et al., 2003
Enoki et al., 2003
Roebber et al., 2016
Sesana, 2013
Sesana et al., 2009
Siwek et al., 2020
Sesana et al., 2016
Rosado et al., 2015 < ~
Sesana et al., 2008 . : Y X 5
Chen et al., 2019 ) /// ~7a
Kelley et al., 2017 ] v 4 ’
Rajagopal et al., 1995 T » 7 .
Rasskazov et al., 2017 ] { ()~ 15 /0 ~5
Jaffe et al., 2003

Zhu et al., 2019 915 1OIO ].OI5

Chen et al., 2020

Dvorkin et al., 2017 1Og10 (Mpeak/MQ)

g=1;7 =1Gyr

PBH/ PBH.fid

Agazie et al. (2023), doi10.3847/2041-8213/ace18b Sato-Polito & Zaldarriaga (2024)




Dominant GWB contributors

GW Frequency yr |
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Great Observatories Mission and Technology Maturation Program

@ IR/O/UV Flagship
% Possible Far-IR Probe

Possible X-Ray Probe
Time domain/multi-messenger program
ngVLA

USELT(s)

QT

Midscale competed and strategic projects

Gravitational Wave Detector Technology Development

— ;
Credit: Astro

2020 report
(NAS)

TIME

*The start date depicted is the start date of the program or the start of science operations for a particular mission.



Binary Black Holes Timeline

Mingarelli et al. (2017), Xin et al. (2021) Modelled from local galaxy
mergers, merger rates:
Detection
Confidence 2019 2024 2029
20 8% 96% 100%
° o total data set 30 20/0 360/0 1 OOO/O
w’f"‘f,':' LA 2019 40 1% 16% 100%
W — — 2024 | |
Binaries simulated in 2MASS — 2029 Likely detection of at
least one individual
10~ 10~ binary by 2029
Gravitational Wave Frequency [Hz]
Pulsar timing
arrays |
R Ounc & Multiple binaries
detection individual binary detection YU

2023 2025 2027 2029 2031 2033



How well can we localize binaries?

Localization capabilities of (simulated) IPTA  |ikely hosts up to z S 1.2, My, 2 101 M

SOuUrce

1.65 . 1.75 1.80 1.85 1.90 1.95

Dec (rad)

size of localization in deg? B ]

0.2 0.4 0.6 0.8 1.0

L Lik)

Goldstein et al. (2019)



The Roles of SKAO and ngVLA

A snapshot of mid-2030’s, in just the right universe.
Simulated Binary SMBH ngVLA Observation: 30GHz

214x18m Main Array plus

11 Continental-scale antennae (VLBA + 5x18m at GBO)
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Breiding & Burke-Spolaor et al. (2021a)

. . " . "
- ./ n
Radlo Black-hole Hunting... jve»xeeness.s e
) H EH N .
- «2  Binary hypothesis -
3 8 debunked!
. . %
. a X %
- 8 4421 !
N
Burke-Spolaor et al. (2017) h /‘\
Lo R AR SR R T S L e T | i Putative VLBI Radio
] Core Locations , ,
30759 Cannibalized dwarf Ly = 8°46'44".20 I NGC7674 0. .
| galaxies 23"27™56° 701 56°.700
L 4 J2000 Right Ascension
T sl =
§ f | @ | Jo 2= c \)Q)
= | wl. - Radio - N
o - T *{— u relic J 0744580~ ' _ =
S ol . Binary hypothesis
E F E 58.5 — > =
e A g 0o ) andidate., E
| 3 N (\ gleus 1
s / = 59.5 - n\/ ST
: recoiling _ £ ) LI
.| SMBHBs? P I N ) ( Fendidate
| | | | R «~ N nucleus 2
| ek | o ¥ s disal iy L B L 3 . Q
17 g oMoy o8 2y o 25 1# 2% .08 W = \
Right Ascension (J2000) el B O% I
. . i b \ s N ‘.
Investigating “Cored” Cluster Galaxy ot N[ Q) NGC3115 -
[verdict: still candidate; needs JWST] 0oseeas e _ 0e2s 08 08I

Right Ascension (J2000)

Also: Burke-Spolaor (2011); Godfrey et al. (2012); Burke-Spolaor (2013); Burke-Spolaor et al. (2014); Burke-
Spolaor et al. (2018); Blecha et al. (2018), Gultekin & Burke-Spolaor et al. (2020), Breiding & Burke-Spolaor et al.
(2021b)



Highlight: Galaxy 0206-0017

29-year apparent doppler motion about
galaxy central potential well
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*Model depends strongly on inclination.
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Highlight: Galaxy 0206-0017

J2000 Daclination
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Long-baseline interferometry:
last-parsec pairs and recoils
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VLA (Radio), Keck and
- Gemini (Optical):
Galaxy dynamics and history
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Binary SMBH Simulations
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cf. Simon & Burke-Spolaor (2016)



Binary SMBH Simulations + EM

Seeding SMBHs with radio AGN:
Bivariate radio luminosity function.

AGNs

Also: seeding
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Mauch & Sadler (2007)



Binary SMBH Simulations

Weak Environmental Interaction Strong Environmental Interaction
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Statistics of MM detection

Majorly Contributing Sources Multi-Messenger Sources

Angular Scparation [mas] Angular Scparation [mas]




Example MM System

Simulated Binary SMBH ngVLA Observation: 30GHz
214x18m Main Array plus

11 Continental-scale antennae (VLBA + 5x18m at GBO)

PTA Observation
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roperties of MM Systems
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