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1. Introduction: mergers of SMBHs in galactic nuclei
     - observational background, motivation

2.  Theory:   binary accretion               
     - bright variable emission from binary

3.  Observations: do we have to wait for GW detections?
    -  SMBH binary candidates in quasar surveys
    -  forecasts for LSST & LISA era
    
4.  Stellar-mass BH binaries: mergers in AGN disks?
    -  BH binaries form in or captured by nuclear gas disks
    -  Bright EM emission outshining AGN
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Massive BH binaries in galactic nuclei

àGW sources at / close
    to merger (LISA, PTA)

àEM sources earlier on
   (time-domain surveys
    e.g. LSST)

how do we find them?



(1) Astronomy and astrophysics 
     — accretion physics: EM emission with known BH parameters
     — accretion physics: distortions to waveforms               (Derdzinski + 2020, 2021)
     — quasar/galaxy (co)evolution: BH vs host galaxy relations

(2) Fundamental physics & cosmology
     — Hubble diagrams from  standard sirens                    (Schutz 1986 + …)
     — dL(z) from GWs + photons: test of non-GR gravity (Deffayet & Menou 2007)
     — delay between arrival time of photons and gravitons:
          extra dimensions, graviton mass                               (gm0c2=hf; Kocsis et al. 2008) 

(3) EM counterparts can also help with GW detection
       — known EM source position helps break GW parameter degeneracies
       — EM counterpart can increase confidence of marginal GW detections

Benefits of combining GWs and EM detections

Science from Multi-Messenger Astrophysics
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Binary quasars

Gravitationally
unstable region
 Q(Toomre) < 1

inner disk:  stable,
geometrically thin,
optically thick, 
Mdisk≪Mbh

Gas cools and forms a compact (~ sub-pc) nuclear accretion disk

à  What if second black hole is present ?  ß
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Periodic variability

Gravitational waves

Disappearing BH

Mass-loss - shocks

Recoil - shocks

Accretion 
afterglow

GW dissipation ??

-105 yr

-10 yr

-1 day

+1 hr

+1 wk

+1 mo

+10 yr

Merg
er



Equal-mass, circular binary
Westernacher-Schneider et al. (2022)

Sailfish; GPU-enabled 2D hydro code, Cartesian coö’s
mass ratio (q),  eccentricity (e),  temperature (ℳ)  

Ryan Westernacher
    -Schneider



Key Features of Binary Accretion

- Lack of stable orbits within ~twice the binary separation
- Density suppressed by factor of ~100

Central cavity:

Streamers:  

- fueled by streamers -- net accretion rate matches that of single BH
- strong shocks periodically appear and disappear

- circumbinary disk strongly lopsided (nonlinear instability)
- dense lump appears at cavity wall, modulating accretion

Lopsided cavity wall with lump:

Minidisks:  

- enter cavity wall via strong shocks, extend into tidal region of BHs
- fuel accretion is via gravity and shocks --- not viscosity/MRI !



Signature I: binary quasars are periodic
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Binary quasars are periodic
EccentricCircular
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Periodicity from Minidisks
Westernacher-Schneider et al. (2023, in prep)

With Sailfish; resolved lopsided minidisks with retrograde precession



Impact of mass ratio

more sinusoidal variability,
on orbital timescale

Sawtooth/bursty variability,
on orbital time at cavity wall

0.05 < q < 0.30.3 < q < 1

Accretion rate not suppressed – similar to bright quasar
   à periodic variability down to mass ratio of ~0.05



Periodicity from Doppler boost (EM “chirp”) 

D’Orazio et al. (2016)
Duffell et al. (2020)

LISA binary                                               Wide (P ~ yr)  binary
X-ray emission from quasars from few Rg               optical: ~ few 100 Rg

Minidisk à X-ray corona bound to single BH                 minidisk=quasar disk
Doppler effect modulates brightness at O(v/c) ~0.1                         v/c~ 0.01
                    à dominates over hydro-variability for q≲0.05 ß 

Tidal force
from companion
truncates minidisk

ZH (2017)



Periodic binary self-lensing
Interstellar (2014)

maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors specified image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can significantly affect the final image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the first stage, four teams worked independently to reconstruct
the first EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter ∼38–44 μas with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between ∼103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
filled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of ∼40 μas, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
fiducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 μas. The top part
of Figure 3 shows an image of M87* on April11 obtained by
averaging the three pipelines’ blurred fiducial images. The image
is dominated by a ring with an asymmetric azimuthal profile that
is oriented at a position angle ∼170° east of north. Although the
measured position angle increases by ∼20° between the first two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain fitting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion flows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Saḑowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mościbrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 μas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
Bl= W, where S is the flux density,

λ is the observing wavelength, kB is the Boltzmann constant, and Ω is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).
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Binary self-lensing
D’Orazio & Di Stefano (2016)

Illustration: APS, Carin Cain

Jordy Davelaar

Jordy Davelaar & ZH (2022a,b – PRL, PRD)





Recurring Self-Lensing Spikes

note:   θe/θbin =  (2abin /Rs)-1/2 

Davelaar & ZH (2022a,b)

- flares visible within
 ±3-30°of edge-on

- shadow visible if
 ±1-10°of edge-on

- week-long flares
  in periodic quasars
     
- 10x higher chance
  for LISA binaries
  (already compact)

à 100s detectable by
Vera Rubin Observatory
      (LSST, 2024+)

compact (d=100 Rg)  edge-on binary i= 90°



Signature II: Hard spectrum

q = M2/M1 = 1

Thermal emission extends to hard X-rays from inner regions around each BH

Tang et al. (2017)    

streams 
in cavity 

minidisksouter disk



Signature III: Post-merger afterglow
Anisotropic GW emission
causes BH to recoil and 
lose few % of its mass

Orbit crossings– spiral caustics
Lippai, Frei, ZH (2008)
Penoyre & ZH (2018)

Corrales, ZH & MacFadyen (2010)
Rossi et al. (2009, 2010)
Megevand et al. (2010)
O’Neill et al. (2009)

Outward-propagating shocks

à afterglow on weeks/months
     timescale, unique evolution
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Searching for Periodic Quasars

• Catalina Real-Time Transient Survey (CRTS)  
      Graham et al. (2015)
      111  candidates with periods 1-5 years
       250,000 quasars to V~20,  9-year uniform baseline
        
• Palomar Transient Factory (PTF)
      Charisi et al. (2016)  
       33 candidates with periods 60-400 days
        36,000 quasars  R~22,  5 years non-uniform sampling

• Zwicky Transient Factory (PTF)
      Chen et al. (2022)  
       127 candidates with periods 500-950 days
        143,000 quasars  r~20,  5 years non-uniform sampling

Periodic Quasars in PTF 19
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inspiral time:        tGW(P~yr) ~ tvisc ~105 yr

quasar lifetime:    tQSO~108 yr

expected periodic fraction: fbin~ tGW/tQSO   ~10-3 

Maria Charisi
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how do we know they’re binaries?

Maria Charisi



Doppler-modulation is chromatic

Bright z=0.3 quasar     Mbh=108.3-109.4 M¤    a=0.01 pc (280 RS)
±14% variability with 5.16 ± 0.2 yr period (in 250,000 quasars)

D’Orazio, ZH, Schiminovich (2015)

Optical variability vs. UV variability consistent with Doppler boost 

Multi-wavelength test of Doppler boost for PG1302 3
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Figure 1. Top Panel: V-band light-curve of PG1302, data points
from CRTS (Graham et al. (2015b)) in black, from ASAS-SN in
grey and red diamonds for Swift. Bottom panel: near-UV light-
curve, black circles and triangles for GALEX and HST observa-
tions from DHS15 and red diamonds for Swift M2-band data. The
sinusoidal Doppler boost model from DHS15 is also shown.

wavelength-dependent variability of quasars. The probabil-
ity that the multi-wavelength Doppler boost signature arises
by chance increases as the quality of the UV data decreases
(e.g., from 20% in the near-UV sample to ⇠40% in the far-
UV sample–see also Fig. 2 and 3 in Charisi et al. 2018).

Motivated by this, we obtained multi-wavelength follow-
up data with the Ultraviolet/Optical Telescope (UVOT),
onboard the Neil Gehrels Swift Observatory. In this pa-
per, we report the new observations and further test the
Doppler boost hypothesis by examining whether UV vari-
ability tracks that of the optical, but with a larger ampli-
tude. We assume that the variability of PG1302 consists of
a sinusoidal modulation caused by the relativistic Doppler
boost, with UV and optical amplitudes defined by the spec-
tral slopes in each band, as well as stochastic DRW vari-
ability, with amplitudes that may di↵er in each band, and
photometric noise. We confront this model with new data
points we acquired in two optical and two UV bands at nine
distinct epochs. With simulations we assess the probability
that the data are consistent with the Doppler boost model
by comparing the UV/optical variability ratios.

The rest of this paper is organized as follows. In § 2, we
describe the new Swift data, and the details of our statistical
analysis. In § 3, we present the results of our statistical tests,
which are discussed further in § 4. We summarize our main
conclusions in § 5.

2 DATA ANALYSIS

2.1 Data

We obtained multi-wavelength observations of PG1302 with
the UVOT on Swift, initially as a Target of Opportunity, and
subsequently, through two approved Guest Observer pro-
grams in Cycles 13 and 14 (PI: Z. Haiman). We extracted
the Swift light-curves using the On-line XRT & UVOT data

analysis pipeline.5 Our observations cover all six filters of
UVOT (V and B in optical, U, W1, M2, W2 in UV). We in-
clude one additional archival observation, which also covers
all six bands.

In Figure 1, we present the optical (V-band) and near-
UV (M2-band) light-curves of PG1302 from our monitoring
campaign with Swift/UVOT, along with archival data from
other surveys. More specifically, in the top panel, we show
the optical light-curve from Graham et al. (2015b) in black,
the ASAS-SN light-curve6, which was analyzed in Liu et al.
(2018) in grey, and the Swift V-band observations super-
imposed in red. The ASAS-SN and Swift light-curves are
calibrated in the same photometric system and are directly
comparable (see §4.1), whereas for the light-curve from Gra-
ham et al. (2015b), a constant shift is necessary. We calcu-
lated this o↵set from the di↵erence of the mean magnitudes
in the overlapping time interval.

In the bottom panel, we present the near-UV data from
DHS15 (black circles and triangles for GALEX and HST ob-
servations, respectively) and the Swift M2-band data points
in red. Similarly to the optical, we apply a constant o↵set
based on the one Swift data point that is almost coincident in
time with the GALEX/HST observations (at MJD⇠54,500).
We also show the sinusoidal model for relativistic Doppler
boost using the best-fit orbital parameters from DHS15.

Here, we show data from Swift V and M2 bands (even
though eventually we tested the Doppler boost scenario in
multiple combinations of bands), because they have very
similar wavelength coverage to the optical and nUV bands
examined in DHS15 (see Fig 5 and 6 below). This allows us
to directly compare the new observations with the archival
data. It also justifies the choice of a constant o↵set for the
calibration of the di↵erent pieces of the time series, since the
color-dependent variability of quasars should have minimal
impact in the almost identical filters.

As can be seen from Fig. 1, the Swift data cover a total
of nine epochs, separated by approximately 3-4 months (over
the past two years of our monitoring campaign) and span a
baseline of ⇠ 1770 days.

A key characteristic of our observations is that the data
in the distinct filters were taken nearly-simultaneously. This
is crucial, because quasars show short-term fluctuations. In
previous work, this presented a limitation, since the UV data
had to be compared with the extrapolated optical variabil-
ity. For this reason, we exclude a few archival observations
that cover only one band. The simultaneous coverage allows
more flexibility to test the Doppler hypothesis, beyond the
simplest assumption of sinusoidal variability, which corre-
sponds to constant luminosity in the mini-disks. From hy-
drodynamic simulations, we expect fluctuations in the ac-
cretion rate on shorter timescale than the orbital period,
and thus the luminosity of the mini-disks likely may deviate
from constant (Farris et al. 2014).

5 http://www.ssdc.asi.it/mmia/index.php?mission=

Swiftmastr
6 We extracted the ASAS-SN light-curve from the online
database Sky Patrol (Shappee et al. 2014; Kochanek et al. 2017)

MNRAS 000, 1–10 (2019)

Optical

nUV

(Xin, Charisi, ZH et al. 2020)Incl. follow-up Swift data 

PG1302-102

Chromaticity:

ΔFν/Fν= (3-α) (vII/c)

       α=dlnFν/dlnν



Search for Recurring Self-Lensing Spikes

Rare case of a quasar in the Kepler field (z=0.92), with symmetric spike
Betty Hu, Dan D’Orazio, ZH et al. (2020)KIC 11606854, a.k.a. “Spikey” 

Well fit by eccentric  SMBH binary:
Mtot=3×107M⊙,    q = 0.2,    T = 418 d,     e = 0.5,   inclination = 8○



Binaries in LSST
Xin & ZH (2021)    

1 day

LSST

perfect for 
this search:

1. wide
2. deep
3. high 

cadence

1 year

Chengcheng Xin



How many do we expect in LSST?
Xin & ZH (2021)

Extrapolate quasar LF

Assume fraction fbin of 
quasars are binaries: 
  
Nbin (Porb) =

 [ tres (Porb) / tQ ] fbin NQ

Side-steps modeling 
of cosmology/mergers



LISA “verification” binaries in LSST
Xin & Haiman (2021)    

* O(100) binaries with P ≲ 1 day:      Redshift  z ~ 1-2     Mass ~105 - 106  M☉

* Many more at longer periods but still well in GW inspiral regime
* Can identify them in archival data after LISA detection



EM signatures near merger
Luke Krauth et al. (2023)

Follow GW inspiral (106 M☉) for last ~month before merger (~400 orbits)

Follow post-merger disk including recoil and mass-loss of remnant

Luke Krauth

?? ??

decoupling? recoil/mass-loss?



EM chirp follows GW chirp

cf. earlier work by Tang et al. 2018



Pre-merger localization - ouch
Mangiagli et al. 2020



Disappearing black holes!

Binary suddenly
vanishes in X-rays

But stays in optical
UV and infrared

Can catch this with
Athena (use LSST
or its archival data)

No immediate
effect of mass-loss
or recoil 



Disappearing minidisks and streams



Summary 

1.   Binaries quasars are periodic: hydro (q~1) and Doppler (q≲0.05)

2.   Some may have been already detected: chromatic periodicity

3.   Additional recurring self-lensing flares present (esp. if Doppler)

      BH shadows detectable as further “dips” on top of lensing flares 

4.   O(100) rare ultra-compact binaries in LSST à LISA sources

5.   Binary disappears in X-ray but not opt/IR in last ~20 orbits (~day)



Outline  
1. Introduction: mergers of SMBHs in galactic nuclei
     - observational background, motivation

2.  Theory:   binary accretion               
     - bright variable emission from binary

3.  Observations: do we have to wait for GW detections?
    -  SMBH binary candidates in quasar surveys
    -  forecasts for LSST & LISA era
    
4.  Stellar-mass BH binaries: mergers in AGN disks?
    -  BH binaries form in or captured by nuclear gas disks
    -  Bright EM emission outshining AGN



Stellar remnant black hole mergers



Stellar remnant black hole mergers
GW190521
85+66 M☉
eccentric?
𝞆eff= 0.08 𝞆p= 0.7



Stellar remnant black hole mergers
GW190521
85+66 M☉
eccentric?
𝞆eff= 0.08 𝞆p= 0.7

GW190412
30+8 M☉
𝞆eff= 0.31 𝞆p= 0.44



Stellar remnant black hole mergers
GW190521
85+66 M☉
eccentric?
𝞆eff= 0.08 𝞆p= 0.7

GW190412
30+8 M☉
𝞆eff= 0.31 𝞆p= 0.44

GW190814
23+2.6 M☉
𝞆eff ~0



isolated binary 
evolution

N-body dynamics 
in dense clusters

~ equal mass
~ aligned spin

~ equal mass
~ random birth spins

⭐ ⭐



Stellar-mass BHs in quasar disks

Gravitationally
unstable region
 Q(Toomre) < 1

inner disk:  stable,
geometrically thin,
optically thick, 
Mdisk≪Mbh

Gas cools and forms a compact (~ sub-pc) nuclear accretion disk

à  What if second black hole is present ?  ß



“1D” N-body simulation

SMBH
Binary-single 
interaction

Binary-
circumbinary
disk interaction

Disk capture

BH

Gas-capture 
binary formation

AGN disk

Binary disruption

Star

Migration

Dynamical binary 
formation

Tagawa, ZH, Kocsis (2020a)

SMBH, gas disk, stars+BHs in 3D cluster, in 2D disk 

I. Binary formation           
(2-body, 3-body)

II. Binary disruption 
(binary-single scattering)

III. Binary evolution 
(circumbinary gas, GWs, 
binary-single scattering)      

IV. Radial migration       
(Type I/II torque)

GW capture

Hiromichi Tagawa



Merger characteristics
* Most binaries in AGN form via dissipative gas capture

            * Most LIGO events probably not from AGN disks, but

1. Unequal mass        ✓
      à different generations
2.   High mass              ✓
      à 2g+  (and some accretion)
3.   High spin                ✓
      à due to prior merger, correlates with mass
4.   Misaligned  spin (𝞆eff ~ 0 but 𝞆p > 0) ✓
     à scattering with 3rd body
5.   Eccentricity            ✓ 
     à scattering with 3rd body
          with GWs (if coplanar)
     à GW capture in inner region
         (if rapid migration to <10-3 pc)

properties of some recent events naturally expected:



Gas Capture Model
De Laurentiis, Epstein-Martin & ZH 2023

3-body problem with gas dynamical friction, REBOUND

SMBHSMBH

sBH1

sBH2

AGN 
Disk

Wake + 
Ripple 

τ0 τ1

à 

Stan de Laurentiis Marguerite E.-M.

(Ostriker 1999)



Selected Examples of Encounters
De Laurentiis, Epstein-Martin & ZH 2023

dynamical friction:
           OFF

dynamical friction:
           ON

dynamical friction:
      ON à OFF

à impact parameter à 

binary bound between 
Hill radius & pericenter



Fate vs Impact parameter

cf. fractal structure of frictionless “Jacobi capture”; Boekholt+2022

wide and smooth bands of capture with effective cross section b ~ O(RHill)



Gas Capture – 3d simulations
Rowan, Boekholt, Kocsis & ZH (2023)

SPH (Phantom), 3D, global disk annulus  

Connar Rowan 
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 H/R= 0.005	(α=0.1)

m1= m2 = 25 𝑀☉
𝑅.,0 ~ 0.01pc  (Porb ~ 30 yr)

 Δ𝑅123 = 20 rHill	 Δ𝛩 = 20°

 𝑁 = 2.5×104particles
𝑟5&'6 = 0.01 𝑟$&))
𝑟5*78 = 0.01	𝑟5&'6

Parameters:

3 disk mass (23, 110, 570 M
☉

)  ⨉ 5 impact para (2.5-3.5 rHill) = 15 sims





Gas Capture – Summary of Fiducial Sims
Rowan, Boekholt, Kocsis & ZH (2023)
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Optical counterpart to GW190521 (?)

Graham et al. 2020

• tduration ~ 28 days

• tdelay ~ 18 days 

• Lopt ~ 1045 erg/s  

• g, r band : ~ 480, 650 nm

• z = 0.438 (~2-3 Gpc) 

• MSMBH = (1-10)×108 M☉

• Lbol/LEdd = 0.02 - 0.23

AGN:

Flare:

~ 105 LEdd  for ~100 M☉ BH

Claim of coincident flare in ZTF



Criticism: background value, detectors (Greiner+16)

Rebuttal: binning, sky location, complex geometry, used detectors (Connaughton+18)

• GW150914 (1st event, 𝑀'()	~	62	𝑀☉)

• Lmax ~ 2×1049 erg/s (10 keV-10 MeV)

• tduration ~ 1 s

• tdelay ~ 0.4 s from GW150914

• E ~ 2×1049 erg

• dL ~ 410 Mpc

• association significance: 2.9 σ  

    (prob. of high S/N event within 30 s)

Connaughton+18

detection: ~6 σ

Gamma-ray counterpart to GW150914 (??)
Claim of coincident flare in Fermi GBM: 

Controversy:



Jets and cocoons from BHs in AGN disks

Tagawa, Kimura, ZH,  Perna  Tanaka, Bartos (2022)

MBHL ≫ Medd  à spinning BH  à  jet (cf. GRB) à L ≫ Ledd
. .



Time-averaged accretion rate 
is reduced by a factor ≳ 10

Episodic accretion / jet activity 



tdelay ~ HAGN / vsh

  ΔtBO = tdiff  @ tdiff = tdyn

          = c / (ρAGN vsh
2 κ)

   TBO ~ (18 ρAGN vsh
2 / 7a)1/4 

   LBO ~ Ljet

   LNT ~ εe LBO           (Ne𝛄 ~𝛄--p)

Disk parameters (HAGN, ρAGN) as a function of distance from 
SMBH follow from MSMBH, �̇�SMBH , αeff  (Thompson+05)

BH accretion: �̇�BHL à jet power: Ljet ~ aBH
2 �̇�BHL c2

Δ

HAGN

vsh assuming θjet

ρAGN

• tdyn = Δ / vsh

• tdiff  = ΔτΔ / c 

(Bromberg+11) 

θjet

EM emission

1. thermal shock-breakout emission
2. non-thermal emission from shocks: synchrotron, inverse Compton
3. high-energy emission from internal shocks  



Post-merger EM emission from binary BHs

1

Observational signatures of compact 
objects in active galactic nuclei

Hiromichi Tagawa 

AGN Santa Fe

γ, ν, CRs 

EM (+ GW)

GW

Tagawa, Kimura, ZH,  Perna  Bartos (2023)



Examples: LIGO EM counterpart claims
Tagawa et al. 2023

Match luminosity, color, delay time, and duration



EM emission – full spectrum



Summary 

1.   Some LIGO events’ properties naturally produced in AGN disks:

      à large mass & mass ratio, nonzero eccentricity, unusual spins

2.   Also natural environment for EM emission related to jets

      à hot shocked cocoon: thermal + non-thermal emission

3.   Optical/IR and gamma-ray flares like those claimed for LIGO

4.   Internal shocks à high-energy 𝜈’s, cosmic rays, MeV 𝛄-rays 



The End


