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 tornados of whirling space: only two types of waves for exploring

 fast-spinning  BH  =
2 vortices
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Vortex 1
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2 types of  GW  from  binary SMBH

binary BH = 4 vortices
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Perfect storm: Fujiwhara effect
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If a=0.9, mass=1e06Msun
 ~ 0.01 revolutions/sec

Not clear if  SMBH  should have a 'lot' of spin:

Raynolds+21, 
Sisk-Reynes+22

The spin conundrum

https://arxiv.org/pdf/2205.12974.pdf


NEWS!

Arzoumanian+23



Astronomy images  of the day year   decade

X-ray image of NGC 6240:
binary separation  ~1kpc

Komossa+03, NASA/CXC

MUSE image of NGC 
6240: A triple nucleus 
system in the advanced 
or final state of mergingKollatschny+20

1 arcsec
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Binary SMBH  parameters hyperspace and 
imaging 



IMAGE RECONSTRUCTION  MODEL

Fredholm integral  
of  the first kind

Response functionobservation Image to reconstruct

Approximation

Discretization 
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L_tot~M_{tot},

\nu_{peak}~M_{tot
}^{-¼}

 P~M_{tot}⇨ [<2 days, few years]

Richards+06Gutiérrez+22

discernible spectral binary SMBH signatures



ELECTROMAGNETIC EMISSION AND INFORMATION LOSS



thin ballistic stream Shi & Krolik 15
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3D-GRMHD  Noble+12, +21, Bowen+18, +19 Farris +11, 
Paschalidis +21, Cattorini +21

binary torques do not completely halt mass accretion 
(MacFadyen & Milosavljević 08; Shi +12; Farris +14; Shi 
& Krolik 15).

Lopez Armengol+21; Noble+21
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CBD: Springel+05; Chapon+13

MINIDISC~f(rISCO/rtrunc) 
rtrunc ∼0.35–0.4 r12 
(Bowen+17);

 LUMP: q > 0.1, m = 1 density 
mode,  the lump, (Noble +12, 
Shi +12, Farris +14, 
Noble+21)

SCHEME OF
BINARY SMBH EM

Gutiérrez+22

Doppler < hydro 
variab. In q=1, orbital 
Mach v_kep/cs<~20 
Tang+18 

  

  
 

Face-onNon-face-on  
⇑with sin i

ordered spikey/noisy Parity of Doppler and  hydro when: 

very high orbital velocities, 
 v/c ~ 0.12 − 0.16 

Hydro variab < Doppler,  
q<~0.05 Farris+14, 
D’Orazio+15,+16 

Gutiérrez+22
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Burst model 
(Farris+14)

The power spectral density (PSD) for the DRW is (Kelly+09)

Red Noise mimics  periodicity (Vaughan+16)

Periodicity signal immersed in red noise

Fourier transform

light crossing 
time scale

the gas orbital 
timescale

accretion disk
thermal timescale

Kelly+09

Red Noise: Mimicking ordered information



Shen &Loeb+10

 LOSS OF BINARY  INFORMATION 

optimal

Early works: Popovic+00, Comerford +09; 
Bogdanovic+09a,b; Boroson & Lauer+09; 
Xu & Komossa+09; Wang+09; Smith+10; 
Liu+10, Chornock+10; Gaskell+10 Koss+11; 
Eracleous+11



 NEW TECHNIQUES FOR FURTHER VETTING OF BINARY CANDIDATES



Escaping to the Time Domain- radial velocity and astrometry of binary

Tsalmantza +11; Eracleous+12; Ju+13; Shen+13; 
Liu+14; Runnoe+17; Wang+17, Guo+19

Runnoe+17                

Radial velocity Dynamical Astrometry

Circular SMBBH

Dexter+20

RADIAL VELOCITY DYNAMICAL+BRIGHTNESS ASTROMETRY 
GRAVITY+

Kovacevic+22
Elliptical SMBBH

Guo+19  Runnoe+17

Circular SMBBH

Dexter+20

Kovacevic+20



 Fainter mJy level 

80 GHz (3.7 mm)

Astrometry  with ngEHT, ng VLA

Safarzadeh+19

M87 EHT Collaboration

NGC 4472 ALMA 98 GHz 

Wrobel & Lazio+22

Brighter Jy levels 
230 GHz (1.3 mm) w

ng VLA



Fourier central slice theorem: 

2D RM Circular SMBBH
Wang+18

2D RM E-SMBBH
Kovacevic+20,21

Reverberation mapping

Interferometry

2D REVERBERATION MAPPING ⊥ INTERFEROMETRY OF BINARY SMBH

RM+OI

Woillez+03



2D RM Elliptical r SMBBH
Kovacevic+20,21

Reverberation mapping-taking into account motion of 
binary SMBH

 Circular SMBBH
Songsheng +20PCA of 1D RM data  

Nguyen+20

First Atlases  of kinematic signatures



InterferometryOPTICAL STATISTICS OF SMBBH

moments of intensity   distribution

centroids

Fringe phase

centroids  vs fringe phase 

Differential phase

Generalized binary signal 

Kovacevic+20



SA+RM

Li&Wang+22
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P(Model | (SA, RM)) ∝ P(SA | Model) * P(RM | Model) * P(Model).
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Baines+04

Wang+20

Songsheng+23

https://docs.google.com/file/d/1xwLBukkrINGy35eQ8e9uOarL3VL47Hi1/preview


Event Horizon and Environs (ETHER): A Curated Database for EHT and 
ngEHT Targets and Science

~160 binary candidates

~10 from 
VLBI

   

Majority~
periodic flux variability 

~few candidat

double velocity 
components in 
NLR/BLR

A few 
X-shaped 
radio 
sources

The Vera C. Rubin Observatory will enable 
extensive studies of periodic flux variability, and 
is thus expected to significantly enlarge the 
sample of binary black hole candidates 

   
Ramakrishnan +23



Move forward instead of looking back.

  
 

●  Radio: LOFAR, ASKAP (Australia)-3x10^7 AGN, MeerKAT 

(South Africa),     e-MERLIN (UK), APERTIF (The 

Netherlands), SKA

●  IR: JWST (NASA/ESA), Tokyo Atacama Observatory (Japan),                                                                                       

Euclid (ESA/NASA)-10^6 AGN, WFIRST (NASA), SPICA;

●  Optical/NIR: Zwicky Transient Facility (USA),                                                                                                                          

LSST- 10^6 AGN, and the giant telescopes namely GMT, 

TMT,  ELT, MSE;

●  X-ray:  eROSITA, XIPE, and Athena;

●  γ-ray: Cherenkov Telescope Array and the Large High 

Altitude   Air Shower Observatory (China).

Large present/ future facilities which 
will observe AGN

Layer of  la
rge scale 

algorith
ms: ANN, 

pipelines

Statistical 
inference 
from big 
data

Big data  of 
individual 
source 
Information:
Spectra, light 
curves, derived
 features -periodic 
components, 
Photo-z, luminosities

tools capable of 
scanning individual 
objects:

-spectrostropy,optical
(standard telescopes)

-astrometry/interferom
etry: VLA, GRAVITY, 
GRAVITY+

Feedback for statistical premises of  cadences, observational priorities

ALERTS



PILLARS OF MULTIMESSINGER ASTRONOMY

LSST

GRAVITY+


