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Figure 1. Photometry and combined Magellan/FIRE and Gemini/GNIRS near-infrared spectrum of the
quasar J1342+0928 at z = 7.54. The FIRE data were collected on 11–12 March 2017 for a total integration time of
3.5 h. We used the 0.600 slit in the echellete mode, yielding a spectral resolution of around 6,000 over the range
0.8�2.3 µm. The GNIRS spectrum was obtained on 31 March 2017 and 3 April 2017 with a total exposure time of
4.7 h. We used the 0.67500 slit in the cross-dispersion mode, yielding a spectral resolution of around 1,800 over the
range 0.8�2.5 µm. The spectral flux density ( fl . black line) is shown at the GNIRS resolution, binned by a factor
of two. The 1s error is shown in grey and the orange line represents the best-fitting power-law continuum emission
with fl µ l�1.58±0.02. Regions with low sky transparency between the J�H and H �Ks bands are not shown. The
red circles show the follow-up photometry obtained with the Magellan/Fourstar infrared camera. The inset shows a
Gaussian fit to the Mg II line, from which we derive a black-hole mass of 7.8⇥108

M�. The bottom panel shows the
transmission of the Fourstar J1, J, H, Ks filters (red), and the DECam zDE filter (blue); the top panel shows
1000 ⇥1000 images of the quasar in the same filters, with their respective AB magnitudes. The quasar is not detected
in the zDE image and its 3s -limiting magnitude (zDE,3s ) is reported.
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Subaru High-z Exploration of Low-Luminosity Quasars (SHELLQs) X 7

Figure 1. Discovery spectra of the first set of 11 quasars, displayed in decreasing order of redshift. The object name and the
estimated redshift (and the designation “NL” for the possible quasars with narrow Lyα emission) are indicated at the top left
corner of each panel. The blue dotted lines mark the expected positions of the Lyα and N V λ1240 emission lines, given the
redshifts. The spectra were smoothed using inverse-variance weighted means over 1 – 9 pixels (depending on the signal-to-noise
ratio [S/N]), for display purposes. The bottom panel displays a sky spectrum, as a guide to the expected noise.

Subaru HSC, SHELLQs (Matsuoka et al. 2019)Most distant z=7.54 Banados et al. (2017)

Most massive M=1010Msun Wu et al. (2015)

High-z monsters
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gas accretion (EM)bright QSOs

Assembly of massive BHs

BH mergers (GW) seed BH 
formation

L110 K. Inayoshi, K. Omukai and E. Tasker

instability if the gravitational collapse is delayed, a process possi-
ble due to turbulence generated during the virialization of the halo.
If the thermal instability occurs, the cloud can fragment into many
smaller mass clumps instead of forming a single SMS. We therefore
simulate the collapse to determine the likelihood of the outcome be-
ing a monolithic collapse to a single star or fragmentation into a
binary or multiple member system.

2 M E T H O D O L O G Y

We performed a three-dimensional hydrodynamical simulation of
the gravitational collapse of a primordial-gas cloud using the adap-
tive mesh refinement code, ENZO (Bryan et al. 2014). Our main
purpose is to investigate the gas dynamics over a wide range
of the densities (10−21 ! ρ ! 10−7 g cm−3). The cloud initially
has a spherically symmetric density profile enhanced by a fac-
tor f (=1.6) above the critical Bonnor–Ebert (BE) distribution, an
isothermal sphere embedded in a pressurized medium and supported
in marginal hydrostatic equilibrium against gravitational collapse.
According to cosmological simulations (e.g. Wise et al. 2008), at
the centre of a first galaxy with virial temperature "104 K, forming
in an environment where the H2 formation is suppressed, a warm
(T ∼ 8000 K) cloud with ∼105 M⊙ becomes gravitationally unsta-
ble at ρ ∼ 10−20 g cm−3 and collapses. Based on this, we set the
central density and temperature of the cloud to ρc = 1.67 × 10−20 g
cm−3 and T = 8000 K, giving a mass and radius of 1.17 × 105 M⊙
and 10.8 pc, respectively. Although we here do not impose an exter-
nal FUV radiation, H2 is collisionally dissociated for ρ " 10−20 g
cm−3 and T " 6000 K. Note that we neglect the dark-matter grav-
ity since the cloud is already bound by the self-gravity of its gas.
Our simulation box size is (50 pc)3 and refinement is controlled by
insisting that one Jeans length is resolved by at least 64 grid cells
(e.g. Turk et al. 2012). Under this condition, the simulation uses 23
out of the allowed 25 refinement levels, ensuring we are resolved
by the above criteria at all times and giving a limiting resolution of
!0.1 au.

The development of turbulence in the central region of forming
first galaxies has been suggested by numerical simulations (e.g.
Wise & Abel 2007; Greif et al. 2008). In the initial phase of col-
lapse with ∼10−20 g cm−3, the turbulence is still subsonic in the
cloud. To consider the density and velocity perturbations due to the
turbulence, we initially impose a subsonic velocity field (the root
mean square of the velocity is set to 0.1cs) with power spectrum
P(k) ∝ k−4, which corresponds to the so-called Larson’s law for
the contemporary star-forming regions (Larson 1981). To ensure
that the turbulence is adequately resolved, we select the maximum
k-mode value of 1/10 of the number of cells across the cloud.

We consider the non-equilibrium primordial chemistry of 9
species (H, H2, e−, H+, H+

2 , H−, He, He+, and He++) and 13 hy-
drogen reactions selected to reproduce the correct thermal/chemical
evolution of the warm atomic-cooling cloud (reactions 3, 4, 7−10,
12, 15−18, 28, and 32 in table 2 of Omukai 2001). We adopt
the reaction rate coefficients updated by the following studies: 7–
10 (Coppola et al. 2011), 15 (Martin, Schwarz & Mandy 1996),
17 (Stibbe & Tennyson 1999), and 28 (Ferland et al. 1992). The
four helium reactions originally included in ENZO are also present,
although they are not relevant in our calculation. We initially as-
sume a uniform distribution of ionization degree with 10−4 and H2

molecular fraction with 10−7, respectively (e.g. Shang et al. 2010).
At high density, the chemical reactions proceed faster than the cloud
collapse and chemical equilibrium is achieved. To smoothly con-
nect the non-equilibrium chemistry to that of equilibrium, we solve

the chemical network including both the forward and reverse re-
actions for dominant processes. To solve the chemistry equations,
we employ the piecewise exact solution method (Inoue & Inutsuka
2008) instead of the original ENZO solver, which cannot follow the
chemical evolution with high enough density to reach the chemical
equilibrium. For the radiative cooling, we consider atomic cool-
ing (H Lyα, two-photon emission, and H− free–bound, free–free
emission) and H2 cooling (rovibrational line and collision-induced
emission). We also include the suppression of the cooling rate in the
optically thick case by using the optical depth estimated as ρκLc

(e.g. Omukai 2001; Shang et al. 2010), where κ includes the H2-line
opacity and the Rosseland mean opacity considering the H Rayleigh
scattering, the H2 collision-induced absorption, and the H− bound-
free and free–free absorption, and Lc the size of the central core,
which is approximately given by the Jeans length for the spherically
symmetric cloud in the runaway collapse. Finally, note that we do
not include the heating/cooling associated with the chemical reac-
tions because their effect is negligible during the thermal evolution
of the atomic-cooling clouds.

3 R ESULTS

Fig. 1 shows the density distribution at the end of the simulation,
where the central density reaches ∼10−7 g cm−3, for four different
spatial scales; from the top-left clockwise, large-scale gas distri-
bution (∼1 pc), the collapsing core (∼0.1 pc), the central ∼100 au
region, and the protostar formed at the centre (∼10 au). The central
portion of the cloud undergoes the runaway collapse. The turbu-
lence forms filamentary structures that channel material into the
central region (ρ ∼ 10−8 g cm−3), feeding the protostar. The left-
bottom panel presents the density distribution around the protostar.
At the end of this simulation, the protostellar mass reaches ≃1 M⊙
and its radius ≃2 au. These values are consistent with the result
of the stellar-structure calculation by Hosokawa et al. (2012), who
assumed a steady and spherical accretion.

Fig. 2 shows the evolution of mass-weighted radial profiles of
(a) density, (b) temperature, and (c) H2 fraction. During collapse,

Figure 1. Density distribution in the plane through the density peak for
four spatial scales: from top-left, clockwise: the large-scale gas distribu-
tion (∼1 pc), a collapsing core by the H− free–bound continuum cooling
(∼0.1 pc), the central region around the protostar (∼100 au), and the final
protostar (∼10 au).
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EM windows into the early BHs

Key questions :

1. Origins of SMBHs (seed model)

Haiman+ KI (2021), Astro 2020

2. Early coevolution of SMBH with galaxies

3. Synergy between deep X-ray and IR/opt 
    imaging surveys and spectroscopy



Figure 1: Left: The density of luminous quasars evolves rapidly in the early universe. Extrapolat-
ing from measurements at z = 5 - 7, there will be only ⇠ 1 luminous quasar powered by a billion
M� BH in the entire observable universe at z & 9 (Wang et al. 2019). Right: Forecast of quasar dis-
coveries in wide-field imaging surveys in the next decade. Dropout selection will discover quasars
down to AB ⇠ 23 - 25 (solid lines), establishing a large sample of reionization-era quasars at z > 7
(LSST), with a few dozen objects at z > 8, reaching z ⇠ 9 (Euclid, WFIRST).

BH accretion ⇠ 0.1), suggesting that quasar density growth is mainly driven by the maximum rate
of accretion onto their central BHs. For typical SDSS quasars (UV continuum absolute magnitude
of MAB ⇠ -26, corresponding to 109

M� BH assuming Eddington accretion), their density drops to
< 1 Gpc-3 at z > 6. They are the rarest objects currently known in the early universe.

Extrapolating the density evolution in the left panel of Figure 1 towards higher redshift, we
predict that there will be only ⇠one z ⇠ 9 quasar at MAB < -26 in the entire observable universe!

This establishes z = 9 - 10 as the epoch when the very first luminous quasars appeared in

the universe. This redshift range is within reach of survey capabilities in the next decade.

Reaching this epoch, as well as establishing large statistical sample of luminous quasars at

z = 7 - 9, should be a high priority of high-redshift quasar community.

High-redshift Quasar Surveys in the 2020s

All luminous quasars at z > 6 found to date have been selected using wide-field multicolor
imaging surveys. New selection techniques with machine learning (e.g. Schindler et al. 2017) or
Bayesian-based approaches (e.g., Mortlock et al. 2012) have improved the selection efficiency of
quasar candidates compared to that of traditional color selection; however, they fundamentally still
rely on the continuum “drop-out” caused by IGM absorption blueward of quasar Ly↵ emission as
the main distinguishing feature to separate quasars from low-redshift or galactic contaminants. At
z > 7, this Lyman break redshifts into the near-IR wavelengths. The new generation of wide-field
near-IR sky surveys, in particular those using LSST, Euclid and WFIRST, will be the key datasets
for finding and studying luminous high-redshift quasars in the 2020s.

Figure 1 (right panel) forecasts the number of quasars that can be detected in these surveys,
based on the quasar luminosity function shape at z ⇠ 6 (Matsuoka et al 2018) and a normalization
extrapolating from the measurements at z ⇠ 5 - 7 (Wang et al 2019). For each survey, its limiting
magnitude is determined by the depth of the “dropout” band below the redshifted Lyman break
wavelength. For z ⇠ 6 - 7 quasars, the combination of LSST depths and area will yield sample
sizes in the hundreds, enabling detailed statistical studies. Euclid and WFIRST will be the primary

2

Demographics of SMBH populations

Fan et al. (2021),  
Astro 2020

Key prospects :

1. More discoveries (wide-field surveys): LSST, Euclid, RST, Lynx, etc.

2. More identification & BH mass estimate: JWST-like, NIR-spec

! ∼O(104) @z > 6
! ∼O(10) @z > 8

3. Host galaxies & environments: JWST, LUVOIR, ALMA, ngVLA, etc.

6 Onoue et al.

intermittent super-Eddington phases has been recently358

argued in theoretical predictions of early BH assem-359

bly (Inayoshi et al. 2022a; Hu et al. 2022; Shi et al.360

2022). On the other hand, the same luminosity can361

also be achieved by a sub-Eddington BH with MBH '362

107�8
M�, as long as the nuclear accretion disk settles363

down to a radiatively e�cient state (Lbol/LEdd & 0.01;364

see Yuan & Narayan 2014). Spectroscopic follow-up ob-365

servations of broad Balmer lines or other virial BH mass366

tracers such as Mg ii �2798 are necessary to robustly es-367

timate the BH mass of CEERS-AGN-z5-1.368

3.3. Broad/Medium-Band Excess369

We now quantify the broad/medium-band excess due370

to H�+[O iii] and H↵. Here we consider the NIR-371

Cam photometry of F277W, F410M, and F444W, and372

use our continuum model with a single power-law index373

↵� = �1.32 (Sec. 3.2). The observed F277W magni-374

tude is 0.7 mag brighter than that expected from the375

continuum flux at F277W, which is significantly larger376

than the photometric error (0.2 mag). This excess is377

consistent with a luminosity for the H�+[O iii] lines378

of LH�+[OIII] = 1043.0 erg s�1 and rest-frame equiva-379

lent width EWH�+[OIII] = 1100 Å. The H↵ excess in380

F410M and F444W, 1.2 and 0.6 mag, respectively, is381

explained by a strong H↵ emission with line luminosity382

LH↵ = 1042.9 erg s�1 and rest-frame equivalent width383

EWH↵ = 1600 Å. In addition, assuming the relation384

of LH↵ = 3.1 LH� expected for Case B’ recombination385

(e.g., Greene & Ho 2005), we infer the [O iii] luminosity386

as L[OIII] ' 1042.9 erg s�1. Note that these measure-387

ments slightly increase by 5 and 1 % for H�+[O iii] and388

H↵, respectively, when the second continuum model for389

↵� = �1.27 is used.390

The two equivalent widths for H�+[O iii] and H↵ are391

extremely large as an AGN. The composite spectrum of392

low-redshift quasars of VB01 shows EWH�+[OIII] ' 63 Å393

and EWH↵ ' 195 Å. The brightest type 2 quasars in the394

local universe show equivalently strong [O iii] line emis-395

sion (both in terms of luminosity and equivalent width)396

(e.g., Zakamska et al. 2003; Kong & Ho 2018), while their397

bolometric luminosity estimated from the extinction-398

corrected [O iii] luminosity Lbol ⇠ 1047 erg s�1 is & 100399

times higher than that of CEERS-AGN-z5-1 (Heckman400

et al. 2004). We also note that the estimated H↵ lu-401

minosity of CEERS-AGN-z5-1 is five times higher than402

expected from the empirical relation between the H↵403

luminosity and the 5100 Å luminosity for low-redshift404

broad-line AGNs (Greene & Ho 2005, their equation 1).405

Alternatively, strong Balmer emission lines can also406

be produced from star-forming galaxies. Such high val-407

ues of EWH↵ ' 1000 Å have been reported in z > 6408

Shen+11 (z~1-2) 
Liu+19 (z<0.35)

This Work (z=5)

Figure 2. The BH mass - bolometric luminosity plane.
The bolometric luminosity of CEERS-AGN-z5-1 (Lbol =
2.5 ⇥ 1044 erg s�1; red line) is estimated from its 3000 Å
monochromatic luminosity. The virial BH masses of broad-
line AGNs at various redshift ranges are also shown for com-
parison. Blue symbols are z > 6 quasars from Subaru/HSC
(circle; Onoue et al. 2019; Matsuoka et al. 2019; Kato et al.
2020), SDSS (diamond; Shen et al. 2019), and CFHQS (trian-
gle; Willott et al. 2010). Green squares show z ⇠ 4.8 quasars
from Trakhtenbrot et al. (2011). The blue contour is the nor-
malized distribution of SDSS DR7 quasars with a logarithm
step of 0.5 dex. (Shen et al. 2011). The BH masses from
the literature above are estimated based on Mg ii �2798.
The grey contour shows the normalized distribution of low-
redshift (z . 0.35) broad-line AGNs (Liu et al. 2019) with
the same step as for the Shen et al.’s z ⇠ 1–2 distribution.
Black symbols are the individual low-redshift AGNs with
estimated BH masses MBH . 106.3M� from Greene & Ho
(2007, dot), and Liu et al. (2018, cross). Those low-redshift
samples use Balmer lines to estimate BH masses. Clearly,
CEERS-AGN-z5-1 has the typical luminosity of the z < 0.35
AGNs with MBH & 106M�. The three diagonal lines indi-
cate 100%, 10%, and 1% Eddington luminosity from top left
to bottom right.

star-forming galaxies based on Spitzer and JWST (e.g.,409

Endsley et al. 2021; Chen et al. 2022; Stefanon et al.410

2022). However, those galaxies show a significantly411

steeper continuum slopes (↵� ' �2.0), compared to412

that of CEERS-AGN-z5-1. We will discuss the possi-413

ble contribution of star-forming galaxies to the SED of414

CEERS-AGN-z5-1 in Section 4.1.415

4. DISCUSSION416

4.1. SED Fitting417

Onoue, KI+ (2022)

JWST CEERS

A z ⇡ 5 AGN in CEERS 9

BH-to-galaxy mass ratio of M? ⇠ 103 MBH observed in512

the local universe (Kormendy & Ho 2013)7.513

Alternatively, we propose a stellar population with514

intense ionizing radiation required to produce stronger515

[O iii] emission lines. This is a plausible solution in516

metal-poor environments, where a top-heavy stellar IMF517

is expected to be achieved. Moreover, if the nebular518

gas is oxygen-enriched in lower metallicity (i.e., relative519

abundance ratio such as [O/C] higher than the standard520

solar value), the strength of [O iii] emission is enhanced521

even with the same value of Z. The detailed modeling522

of galaxy SEDs is left for future investigation.523

4.2. z = 5 AGN Luminosity Function524

The discovery of the promising candidate of a high-525

redshift AGN was unexpected from the first CEERS526

dataset. To quantify the serendipity, we discuss the527

number density of z ⇠ 5 AGNs based on CEERS-AGN-528

z5-1. We caution that we can only provide a lower529

bound of the AGN luminosity function with this work530

especially because we do not consider AGNs embedded531

in their host galaxies with extended morphology. Such532

a population would be common for faint AGNs at UV533

magnitudes dominated by star-forming galaxies.534

Figure 4 shows our estimate of the z ⇠ 5 AGN lumi-535

nosity function. We calculate the binned number density536

as � ' 1.03 ⇥ 10�5 Mpc�3 mag�1 at M1450 = �19.5537

mag (red), where we adopt the survey area of 34.5538

arcmin2 and set z = 5.15 and its interval of �z = ±0.5539

to calculate the cosmic volume. For comparison, we540

overlay the binned quasar luminosity functions derived541

from Subaru/HSC+SDSS (Niida et al. 2020), and CFHT542

Legacy Survey (McGreer et al. 2018). We also show the543

z = 4.5 X-ray detected AGN luminosity function in the544

CANDELS fields (including EGS), which go down to545

M1450 = �18.5 mag (Giallongo et al. 2019)8. In Fig-546

ure 4, we take the face values of their z = 4.5 luminos-547

ity function without correcting for redshift evolution.548

The abundance of the faintest AGNs at M1450 = �19.6549

mag is substantially higher than that expected from ex-550

trapolation of the HSC+SDSS QLFs (short dashed; Ni-551

ida et al. 2020), while the extrapolation of their dou-552

ble power-law LF is still consistent with our data point553

within the Poisson error of one object. Intriguingly,554

our binned luminosity function is rather consistent with555

those of Chandra-detected (0.5–2 keV) X-ray sources556

7 In contrast, the existence of an overmassive BH relative to its
host galaxy (M? ⇠ 102 MBH) is consistent with the necessary
conditions for the onset of super-Eddington accretion onto a BH
embedded in a compact bulge (Inayoshi et al. 2022a).

8 CEERS-AGN-z5-1 is not a part of their AGN candidates.
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Figure 4. The z ⇠ 5 UV luminosity function of AGN.
Our constraint from CEERS-AGN-z5-1 is shown in red. The
quasar luminosity function data obtained from di↵erent sur-
veys are shown: the rest-UV selected quasars combining Sub-
aru HSC and SDSS (Niida et al. 2020, cross) and CFHTLS
(McGreer et al. 2018, dot) in blue. The abundance of AGN
at M1450 = �19.5 mag is significantly higher than the ex-
trapolation of the rest-UV selected QLF (dashed line), while
within the Poisson error from one object. Our data point is
consistent with the AGN luminosity function from the X-ray
detected AGN candidates in the CANDELS field (Giallongo
et al. 2019), which are shown in cyan. Shown in grey are
the UV luminosity function of galaxies from Bouwens et al.
(2021, circle) and Harikane et al. (2022a, square).

from Giallongo et al. (2019), while we caution that nei-557

ther of them are spectroscopically confirmed.558

5. FUTURE PROSPECTS559

Spectroscopic follow-up observations are the key to560

confirming the redshift and the nature of CEERS-AGN-561

z5-1, and also our estimate of z ⇠ 5 AGN luminosity562

function at the very faint end, where galaxies are domi-563

nant against AGNs in number (Figure 4). Fortunately,564

the CEERS6 field, where the source resides in, is going565

to be followed up with JWST’s NIRSpec Micro-Shutter566

Assembly and NIRCamWide Field Slitless Spectroscopy567

in December 2022. Those observations will also help to568

test the extreme emission-line properties that we dis-569

cuss in Sections 3.3 and 4.1. Specifically, detection of570

broad-line emission will enable us to perform a virial571

BH mass estimate via Balmer lines or other mass trac-572

ers such as Mg ii, from which one can constrain the mass573

distribution of seed BHs in the earlier epochs of the uni-574

verse (Toyouchi et al. 2022; see also Inayoshi et al. 2020;575

Greene et al. 2020).576

Moreover, one can revisit the inconsistency of the577

HST/WFC3 F140W photometry for CEERS-AGN-z5-1,578

JWST CEERS
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Low-frequency GWs from IMBHs

EM luminous and can maintain emission regions until very close to the coalescence,
this localization accuracy provides an opportunity for subsequent identification of an
EM counterpart to GW detection. For example, if the culprit source (an AGN on the
sky) exhibits characteristic EM variability that correlates with the GW chirp, this
could lead to a convincing EM identification of the binary headed for coalescence.
Under such conditions, Dal Canton et al. (2019) find that given a fiducial LISA
detection rate of 10 mergers per year at z\3:5, a few detections of modulated X-ray
counterparts are possible over the nominal, 5 year duration of the LISA mission, with
an X-ray telescope with a relatively large (1 deg2) field of view. Whether MBHBs
have unique EM signatures in this or any other stages of their evolution that can be
distinguished from regular AGNs is presently a subject of active investigation.

2.2 Direct imaging of double nuclei

A clear EM manifestation of a parsec-scale MBHB is an image of a binary AGN that
forms a gravitationally bound system (as opposed to an accidental projection on the

Fig. 3 Illustration of the evolutionary tracks (multicolor) through the LISA frequency band for three equal
mass MBHBs at redshift z ¼ 3 with total intrinsic masses 105, 106 and 107 M". The remaining time before
coalescence is marked on the tracks. Also shown are the signals from the extreme mass-ratio inspiral
(EMRI), stellar origin black-hole binaries of the type discovered by the LIGO-Virgo Collaboration, and
from resolved galactic binaries (including the already known verification binaries). The solid green curve
shows LISA’s sensitivity and black dashed line is the sensitivity with an additional confusion signal at
# 1 mHz contributed by the unresolved galactic binaries. The sensitivity curves correspond to a
configuration with six links, 2.5 million km arm length and a mission lifetime of 4 years.
Image(s) reproduced with permission from the LISA L3 mission proposal (Amaro-Seoane et al. 2017)

123

Electromagnetic counterparts to massive black-hole mergers Page 9 of 115 3
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The GW View of Massive Black Holes
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Figure 1: Lines of constant SNR as a func-
tion of redshift (cosmic time) and source-
frame binary mass MB for the LISA observa-
tory. The MBHs are not spinning and have
mass ratio q = 0.5. Overlaid is an illustra-
tion of evolutionary tracks ending with the
formation of a MBH at z ⇠ 3. Black dots and
arrows represent the MBHs and their spins,
respectively. MBHs are embedded in galac-
tic halos (white-yellow circles) and experience
episodes of accretion (black lines) and merg-
ers. Black stars refer to the most distant
long Gamma-Ray Burst, quasar and galaxy
detected so far.

0.01 (0.1) in several LISA events, and the spin misalignment relative to the orbital angular
momentum will be determined to within 10 degrees or better [2]. Individual spins prior to
the merger encode information on whether accretion, which shaped both the MBH mass
and spin evolution, was coherent (leading to spins close to maximal and small misalignment
angles) or chaotic (leading to lower average spins and random spin orientations over the BH
life cycle) [22, 23, 24]. This will give us the unprecedented opportunity to reconstruct the
MBH cosmic history from GW observations alone [25]. Moreover, by measuring the angle
between BH spins and the angular momentum, crucial information will be gathered about
the interaction between the MBHs and their gaseous environment and about whether the
binary evolution is driven by the gas. In particular, gas can exert dissipative torques on
the BH spins, potentially aligning them with the gas angular momentum. This also has
crucial implications for the fate of the BH produced by the merger, which could be imparted
a large GW recoil velocity in the presence of large spin orbit misalignment prior to merger
[26, 27, 28, 29, 30, 31].

As illustrated in Figure 1, GWs from MBHs are incredibly strong, and the advantage of
this fact cannot be understated. At cosmic noon, right when galaxy mergers are rife, MBH
mergers become extraordinarily loud, which enables precise measurements of the source
parameters over 12 billion years of cosmic time. Intrinsic masses will be determined with
errors of 0.1%� 1% for both BHs, and the two spins with an absolute uncertainty as small
as 0.01, in the best case. Observing the signal from coalescing 106�7 M� MBHs at z ⇠ 2 is
also of paramount importance. Those will be detected with high SNR to alert observatories
across the whole EM spectrum, at least hours before the merger proper[13]. With a sky
localization that continues to improve as the accumulated SNR increases, MBH mergers will
be localized from within 10 deg2 (with LSST) to 0.4 deg2 (with Athena), and even down to
arcmin2 at merger, for those rare and loud MBH coalescences below z < 1. The science with
contemporaneous EM and GW observations is spectacular, enabling to detect the EM chirp
from the mini-discs around the individual MBHs [32], the hot coronal and/or jet emission in
the violently changing dynamical spacetime [33, 34, 35, 36, 37].
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Overmassive vs. undermassive scenarios

rapid BH growing phase terminates, both the BH and host
galaxy evolve in mass and reach the observed values as high-
redshift quasars. As an example, we present the subsequent
BH/galaxy evolutionary track to a z> 6 HSC quasar (Izumi
et al. 2019) predicted by a phenomenological model (see more
details in Appendix B). In summary, seed BHs formed in high-
redshift quasar hosts can be substantially overmassive during
the early bulge assembly at z 15, and the mass ratio would
approach the ratio of M•/Må seen at z∼ 6 via the subsequent
growth.

It is worth noting that most cosmological simulations
studying the BH-galaxy coevolution concluded that seed BHs
hardly grow in mass via gas accretion because dense, cold gas
is expelled by energetic SN feedback associated with star
formation (e.g., Sijacki et al. 2009; Habouzit et al. 2017; Lupi
et al. 2019). As a result of SN feedback, BH growth is strongly
quenched until the host galaxies become heavier than
Må 109Me, whose critical stellar mass depends on the sub-
grid models for star formation, SN feedback, and AGN
feedback. There is a model parameter set for which the most
massive BHs in their simulations can reach M•; 109Me by
z∼ 6. However, the predicted shape of the M•–Må relation
shows that most of the BHs are undermassive, compared to the
local relation (e.g., Zhu et al. 2020; Valentini et al. 2021). As a
reference, the evolutionary tracks of the M•/Må ratio obtained
by Zhu et al. (2020) 17 are overlaid in Figure 11 (green curves).

As discussed in Inayoshi et al. (2020), there are important
limitations of current numerical simulations. First, most large-
scale cosmological simulations resolve the dynamics of

DM/gas/stars on galactic scales at ∼O(kpc), but they do not
resolve the BH gravitational influence radius. Second, owing to
simplified star formation models where gas particles denser
than a threshold are replaced with stars, dense clouds in the
nuclear region would be disrupted, and thus the BH growth
could be quenched as seen in many cosmological simulation
studies. In contrast, as shown in our simulations that resolve
sub-parsec scales, a fraction of seed BHs that were born in
highly biased regions of the universe with mass variance
of 3σ–4σ could be fed through dense, cold accretion flows
(see also Li et al. 2021b). Additionally, the existence of such
overmassive BHs in protogalaxies will provide us with a
unique opportunity to detect highly accreting seed BHs in the
very early universe at z> 10, unlike the undermassive BH
scenarios supported by cosmological simulations.

5.3. Young Quasars with Low Radiative Efficiencies

Our RHD simulations suggest the existence of high-redshift
quasars that accrete at super-Eddington rates and fade out on a
timescale of ∼a few megayears. The duration of such rapid
accretion is generally consistent with lifetimes of z 6 quasars
(tQ 1–10Myr), which are estimated by the measurement of
the physical extents of hydrogen Lyα proximity zones
observed in the rest-frame UV spectra (e.g., Eilers et al.
2018; Davies et al. 2019; Eilers et al. 2021). Since the inferred
quasar lifetimes are substantially shorter than the e-folding
timescale assuming Eddington-limited accretion, (tEdd º

)M M 45 Myr• Edd� � , some of those z 6 quasars are
expected to undergo radiatively inefficient super-Eddington
accretion to grow up to M•∼ 109Me in such a short duration.
For instance, Davies et al. (2019) proposed that two z> 7
quasars (ULAS J1120+0641 and ULAS J1342+0928) would
have a small radiative efficiency significantly below η0; 0.1.

Figure 11. The M•–Må relation for the three simulations: B7T5N3-highSFE (red), B7T5N3 (magenta), and B6T5N3 (purple). Circle symbols show the z > 6 quasar
samples compiled by Izumi et al. (2019, 2021): brighter ones with M1450 < −25 (blue) and fainter ones with M1450 > −25 (cyan). The cross symbols are the
observational samples in the local universe provided by Kormendy & Ho (2013). Each line represents the local relation of M•/Må (black solid, with ∼1σ errors), and
the best-fit relations for the brightest z > 6 quasars by Pensabene et al. (2020). The red dotted curve presents the evolutionary track of the M•/Må ratio after rapid
accretion phases predicted by a phenomenological model (see Appendix B). As a reference, the evolutionary tracks of the M•/Må ratio obtained by cosmological
simulations (Zhu et al. 2020) are overlaid (green curves).

17 Zhu et al. (2020) have extensively investigated the effect of feedback, BH
seeding, and accretion models on the BH growth. Among their simulation
results, we show the cases where the initial BH mass is M• = 105 Me for
comparison.

17

The Astrophysical Journal, 927:237 (21pp), 2022 March 10 Inayoshi et al.

Galaxy mass (Msun)

 

RST
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LISA

observations (z>6)

seed BHs

z=
0

Undermassive BHs 
(cosmological simulations)

Overmassive BHs 
(local simulations)

Observations: Wang+ (2010, 2013), Pensabene+ (2020), Izumi+ (2019, 2021) 
Simulations: Valentini+(2021), Inayoshi+ (2022a), Hu+ (2022b), Habouzit+ (2022), Zhu+ (2022)



Timeline toward 2040s
US decadal survey 2020

https://nap.nationalacademies.org/resource/26141/interactive/



High-z: Scientific goals in 2030-2040s

• Unveiling the Drivers of Galaxy Growth

• New Windows on the Dynamic Universe

- “true” multi-messenger astronomy

- dynamical and radiative processes of astrophysical objects  
  (binary BHs) in strong gravity

Good & fun research topics for young researchers

- origin of SMBHs (seed) & QLF + BHMF

- early coevolution of BHs with galaxies

- cosmic dawn / reionization

- discoveries of the first stars / galaxies / BHs
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tvis ∝ a7/5

1426 J. Cuadra et al.

Figure 1. Logarithmic maps of the disc column density (in units of Ma−2
0 ) at different times during the simulation. The panel at t = 0 shows the smooth

initial conditions. Until t ≈ 350!−1
0 , material piles up at R ≈ 3a0 as a result of the torques shown in Fig. 3, forming a dense ring. The ring breaks due to its

self-gravity (see Fig. 4), spreading the gas approximately over the original radial range. A spiral pattern develops, and the disc stays in that state until at least
t ≈ 1200 !−1

0 , when the simulation ends.

Figure 2. Azimuthally averaged column density of the disc at times t !0 =
0, 50, 150, 250, . . . , 550. Initially (solid line), the disc has a surface density
profile " ∝ R−1 and extends for 2 < R/a0 < 5. Until t ! 350!−1

0 (dotted
lines) the material piles up at R ≈ 3 a0 and forms an increasingly dense ring.
This ring finally becomes unstable due to its self-gravity and breaks, making
the density profile flatter for t " 350 !−1

0 (dashed lines).

Figure 3. Azimuthally averaged differential torques dG/dR averaged over
the interval t!0 = 30–50. Torque is dominated by gravitational effects, both
due to the binary (green line) and the disc itself (purple). Pressure (blue)
and artificial viscosity (red) effects are negligible, except at the disc edges,
where a very small amount of gas is affected.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 393, 1423–1432
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Figure 4.1: A cartoon depicting a possible trend of the X-ray luminosity during the inspiral (pre-merger),
merger and post merger phase of two accreting massive black holes in a binary system. The insets in
the upper panel are: from Bowen et al. (2018) (top) illustrating the relativistic flow pattern around two
non-spinning black holes close to merging; from Tang, Haiman, and MacFadyen (2018) showing the model
X-ray light curve; from Khan et al. (2018) showing the circumbinary disc and the incipient jets that naturally
form both prior to and after the coalescence. The bottom panel shows the GW amplitude as a function of
time. The GW emission dies out when the ringdown phase has ended.

corona emission and jet launching.

Predictions of the EM emission from massive black hole binaries
All the science themes discussed above rely on the existence of EM emission from coalescing massive black
hole binaries. So far, no transient AGN like emission that could be attributed to the coalescence of a massive
black hole binary detectable by LISA has ever been observed in the variable sky. Thus, we have to resort to
theoretical models to infer characteristics of their light curves and spectra, during the inspiral and merging
phase.

Joint and contemporary production of the GW and EM signals in a merging system requires on one
side the presence of a rich reservoir of gas, possibly in the form of a circumbinary disc surrounding the
binary. On the other side, a key prerequisite for a successful identification of precursor EM emission is a sky
localization uncertainty by LISA of 0.4 deg2 (the size of the Athena/WFI Field of View -FoV-), a few hours
prior to coalescence.

The flow pattern around a black hole binary surrounded by a circumbinary disc shows distinctive features.
The binary excavates a cavity of size about twice the binary separation, which is filled by a hot, tenuous gas
and by streams that constantly feed two mini discs that are seen to form around each black hole (Farris et al.,
2014; Tang, MacFadyen, and Haiman, 2017; Bowen et al., 2017). High angular momentum gas leaking
through the cavity impacts on the inner rim of the circumbinary disc creating an asymmetry in the density
pattern, which might give rise to distinctive periodicities and radiation features. They could be detected in
those nearby binaries - called Platinum Binaries - for which LISA sky localization within the Athena FoV is
possible during the inspiral phase, hundred to tens of orbital cycles prior to coalescence.

The precursor emission, hours prior to coalescence, is expected to come from the circumbinary disc,
the mini discs around each black hole and the cavity wall, each contributing at different wavelengths to a
different extent. The accretion rate is expected to be modulated and it is highly non stationary being driven

Page 24

FEM

h gw

Coincident detections of EM & GWs

RST

Multi-messenger-Athena Synergy White Paper 
arXiv: 2110.15677

LSST

Lynx

LISA/Tianqin



Conditions for coincident EM+GW

3. Sky localization of the sources with GW observations 
should be done with a good accuracy (~10 deg2 or better) 
prior to their coalescences / in post-merger phases

NOTE: LVK GW sources would be generally followed up via EM telescopes 
in the post-merger stages. However, LISA sources would be found via EM 
observations ~ months - hours before their mergers.

*

1. Massive BBHs at ~O(mpc) separations have torb ~O(yrs),  
making associated EM variability accessible on human time

2. Ultra-compact BBHs ~O(100 Rg) separations are going to 
merge within the operation time of LISA/Tianqin ~O(yrs)



Sky localization of GWs

For a BBH with Mtot = 3×106 Msun

ΔΩ = 10 deg2 (LSST): 

Tgw < 3 days (z=1)

ΔΩ = 0.3-0.4 deg2 (RST/Lynx): 
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FIG. 2. Accumulated S/N , sky-position and luminosity distance uncertainties as function of time to coalescence for light
(left column), intermediate (central column) and heavy (right column) systems. All sources are located at z = 1. Blue line
corresponds to the median of the distribution, while light blue and green areas correspond to the 68 and 95 percentiles. For each
case, we also plot the S/N , the sky position and luminosity distance uncertainties when the full signal is considered (‘merger’),
inferred according to the scaling in Eq. 13-14. In the mid panels, the dashed and dotted-dashed horizontal red lines correspond
to the field of view of Athena and LSST of 0.4 deg2 and 10 deg2 respectively. For all cases, while the S/N monotonically
increases, the median of the distributions decreases, leading to a progressively more accurate parameter estimation. However
with time the uncertainties around the median value broaden, implying di↵erent levels of parameter estimation accuracy for
sources with the same mass and redshift. This is especially true for the sky localisation.

In Fig. 3 we show the 95 percentile distributions at each
time for the three cases: light, intermediate and heavy
binaries. The S/N distributions look symmetrically dis-
tributed around the median at all times and for all sys-
tems. Also the sky position uncertainty distributions
look similar at 1 month for all the three cases. When the
binary approaches coalescence the median sky-position
uncertainty decreases but the distribution widens. Light
system distributions remain similar over all the inspiral
with no major shape changes, while heavy mass system
distributions flatten and skew towards lower uncertain-

ties. For the intermediate and heavy systems the posi-
tion uncertainty distributions are uniform at 1 day and
10 hours from coalescence. However these distributions
are skewed to lower values at 5 hours and a 1 hour be-
fore merger with stronger e↵ects for heavy mass systems.
We find that systems with lower values of the sky loca-
tion uncertainties are those with low mass ratio and high
spin magnitude of the primary BH due to the inclusion of
higher harmonics and spin precession e↵ects. The wide
spread for heavy systems is due to fast accumulation of
most of their S/N very close to the merger where LISA

7

FIG. 2. Accumulated S/N , sky-position and luminosity distance uncertainties as function of time to coalescence for light
(left column), intermediate (central column) and heavy (right column) systems. All sources are located at z = 1. Blue line
corresponds to the median of the distribution, while light blue and green areas correspond to the 68 and 95 percentiles. For each
case, we also plot the S/N , the sky position and luminosity distance uncertainties when the full signal is considered (‘merger’),
inferred according to the scaling in Eq. 13-14. In the mid panels, the dashed and dotted-dashed horizontal red lines correspond
to the field of view of Athena and LSST of 0.4 deg2 and 10 deg2 respectively. For all cases, while the S/N monotonically
increases, the median of the distributions decreases, leading to a progressively more accurate parameter estimation. However
with time the uncertainties around the median value broaden, implying di↵erent levels of parameter estimation accuracy for
sources with the same mass and redshift. This is especially true for the sky localisation.

In Fig. 3 we show the 95 percentile distributions at each
time for the three cases: light, intermediate and heavy
binaries. The S/N distributions look symmetrically dis-
tributed around the median at all times and for all sys-
tems. Also the sky position uncertainty distributions
look similar at 1 month for all the three cases. When the
binary approaches coalescence the median sky-position
uncertainty decreases but the distribution widens. Light
system distributions remain similar over all the inspiral
with no major shape changes, while heavy mass system
distributions flatten and skew towards lower uncertain-

ties. For the intermediate and heavy systems the posi-
tion uncertainty distributions are uniform at 1 day and
10 hours from coalescence. However these distributions
are skewed to lower values at 5 hours and a 1 hour be-
fore merger with stronger e↵ects for heavy mass systems.
We find that systems with lower values of the sky loca-
tion uncertainties are those with low mass ratio and high
spin magnitude of the primary BH due to the inclusion of
higher harmonics and spin precession e↵ects. The wide
spread for heavy systems is due to fast accumulation of
most of their S/N very close to the merger where LISA

Mangiagli + (2020)
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Mtot = 3×106 Msun, z=1

Tgw < 5 hours (z=3)

Tgw < 3 hours (z=1)

post-merger (z=3)

the accuracy of advanced localization 
depends on the orientation of the orbital 
plane, mass ratio, spin magnitude and 
direction, and sky position 

*



QSO numbers
10.1 AGN Selection and Census

i 0.5 1.5 2.5 3.5 4.5 5.5 6.5 Total

16 666 597 254 36 0 0 0 1550
17 4140 4630 1850 400 54 0 0 11100
18 19600 28600 10700 1980 321 19 0 61200
19 68200 131000 53600 8760 1230 115 0 263000
20 162000 372000 194000 35000 4290 441 1 767000
21 275000 693000 453000 113000 14000 1380 34 1550000
22 336000 1040000 756000 269000 41200 3990 157 2450000
23 193000 1440000 1060000 476000 103000 10900 527 3280000
24 0 1370000 1360000 687000 205000 27400 1520 3660000
25 0 314000 1540000 888000 331000 60800 4100 3140000
26 0 0 279000 760000 358000 86800 7460 1490000

Total 1060000 5390000 5720000 3240000 1060000 192000 13800 16700000

Table 10.2: Predicted Number of AGN in 20,000 deg2 over 15.7 < i < 26.3 and 0.3 < z < 6.7 with Mi  �20. The
ranges in each bin are �i = 1 and �zem = 1, except in the first and last bins where they are 0.8 and 0.7, respectively.

Figure 10.4: Number of high-redshift (z > 6) quasars expected to be discovered in a 20,000 deg2 area as a function
of redshift and limiting magnitude. We use the luminosity function (LF) at z ⇠ 6 measured by Jiang et al. (2009).
We assume that the density of quasars declines with redshift as measured in Fan et al. (2001, 2006a) and continues
to z > 6, with the same LF shape. Two vertical dashed lines indicate the 10-� detection limit for LSST for a single
visit and for the final coadd.

353

・chance to find ultra-compact BBHs: fduty ∼10 yr/10 Myr ∼O(10−6)

LSST Science Collaboration (arXiv: 0912.0201)

better sky localization



EM signatures

This is an open question, but periodicity would be a key…

See Bogdanović et al. (2022) LRR, 25, 3



EM signatures (e.g., X-ray)

• X-rays ; mini-disks around individual BHs, sizes of <~100 Rg

i) Modulating accretion through the mini-disks 

ii) Doppler-boosting of the mini-disk emission (v~0.1c) 

iii) Self-lensing of the mini-disk emission

edge-on (cos i ¼ 0), circular, M1 ¼ 106 M⊙, M2 ¼ 3×
105 M⊙ binary at z ¼ 1, with the chirp df=dt computed
from the lowest-order PN (quadrupole) term. The corre-
sponding EM light curve is shown assuming a spectral
slope α ¼ −1, modulated by relativistic Doppler boost at
order v=c. We have furthermore assumed that the secon-
dary BH out-accretes the primary, and is twice as luminous,
based on the simulation results in [26]. Note that if the
spectral slope α remains constant, the EM Doppler modu-
lation amplitude (v=c ∝ f1=3) increases less steeply with
frequency than the GW strain amplitude (∝ f2=3). In
principle, a few spectra, taken during the inspiral, could
determine any evolution of α). The figure highlights in blue
the 387 cycles available for EM chirp measurement in x
rays, and possibly in other bands (see Table I).
Figure 3 zooms in on the GW and EM chirp signals of

the binary in Fig. 2, to show the few cycles around a look-
back time of 32 days (when the binary is first localized
on the sky to 10 deg2) and around 2.5 days (when the
circumprimary disk is tidally stripped down to 10 Rg1). In
this figure, we have included the effect of gravitational
lensing of whichever BH is behind the other, using the
standard formula for lensing magnification to order
v=c, μ ¼ ðx2 þ 2Þ=½x

ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 4

p
&, where x≡ θ=θE is the

angular distance between the two BHs on the sky,
θ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða sin θÞ2 þ ða cos θ cos iÞ2

p
d−1A , measured in units

of the Einstein radius of the BH in the front, θE ≈
2ðRgiaÞ1=2d−1A . Note that the effect is asymmetric; to show

this asymmetry, we have assumed a small 10° tilt of the
orbital plane away from edge-on (i ¼ 80 deg).
Figure 3 shows several features of the correspondence

between the time-domain GW chirp and the EM light
curve. First, in this example of a nearly edge-on binary,
the GW is linearly polarized (hþ only, h× ≈ 0). The maxima
of the GW strain correspond to the phase when the binary’s
axis is aligned with the line of sight. The Doppler modu-
lation ΔF=F ¼ ð3þ αÞvjj=c at this phase vanishes; how-
ever, this also coincides with the maximum lensing
magnification. The Einstein radius for the primary is larger,
causing a more pronounced brightening when the secondary
is being lensed (marked by the left vertical dashed line), but
the lensing of the primary is still visible (vertical dashed line
on the right). The minima of the GW strain alternate to
sample the maxima and minima of the underlying Doppler
modulation of the EM light curve (shown as the three vertical
dotted lines).
Clearly, the shape of the EM light curve will depend on the

inclination and mass ratio (see also [57]). Larger inclinations
would eliminate the lensing effect, but leave the phase of the
EM chirp the same. On the other hand, the GW strain would
acquire a cross-component (h× ≠ 0) which is π=2 out of
phasewith the plus (hþ) component. Thus, comparing the EM
and GW phases amounts to an independent measurement of
the orbital inclination. Note that in our examples, the binary
separation is ≳20Rg, but for smaller separations, additional

FIG. 2. The time-domain GW chirp and the EM light curve for
anM1 ¼ 106 M⊙,M2 ¼ 3 × 105 M⊙, circular, edge-on binary at
z ¼ 1. For clarity, the EM light curve shows only the Doppler
modulation and excludes lensing effects. The part of the signal
shown in blue marks the ≈400 cycles available for EM chirp
measurement in x rays, and possibly in other bands. For this
fiducial binary, the mean x-ray flux is Fx ¼ 0.05LEdd=4πd2L ¼
2 × 10−15 erg s−1 cm−2.

FIG. 3. Zooming in on the GW and EM chirp signals of the
binary in Fig. 2 to show the few cycles around a look-back time of
32 days (when the binary is first localized on the sky to 10 deg2)
and around 2.5 days (when the circumprimary disk is tidally
stripped down to 10 Rg1). The bottom panel assumes a tilt of the
orbital plane 10° away from edge-on, to illustrate the asymmetric
lensing of the primary and the secondary (the sharp peaks marked
by the vertical dashed lines). Vertical dotted lines mark minima of
the GW chirp, corresponding to alternative minima and maxima
of the EM signal.

ELECTROMAGNETIC CHIRP OF A COMPACT BINARY … PHYSICAL REVIEW D 96, 023004 (2017)

023004-5
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Fig. 6.— Maximum eccentricity ẽmax (bottom) and position of
the outer edge of the cavity rc (top), as a function of mass ratio q.

completely cleared, and significant gas is able to flow past
the secondary onto a dense circumprimary disk, and the
accretion rate onto the primary has risen relative to the
q = 0.05 case, and is slightly larger than that of the
primary (see first panel of Figure 9). This likely marks
the beginning of a threshold in mass ratio qcrit below
which the torque from the secondary is no longer able to
effectively clear an entire hollow central cavity and the
morphology becomes more similar to that of a disk with
an annular gap. Extrapolating the results of Figure 7
to smaller mass ratios, (Ṁ2/M2)/(Ṁ1/M1) may quickly
drop below 1, although more simulations are required to
verify this prediction. The value of qcrit is likely highly
dependent on the disk thickness as it depends on gas
flowing past the secondary without becoming gravita-
tionally bound. Consequently, our value of qcrit ∼ 0.026
should not be interpreted as a robust result applicable
to all circumbinary disks. Nevertheless, this transition is
important, because it may separate binaries into two cat-
egories: 1) large mass ratio binaries with q > qcrit which
are being further driven toward equal mass by enhanced
accretion onto the secondary, and 2) small mass ratio
binaries with q < qcrit which may be further decreas-
ing in mass ratio. This may lead to a bimodal binary
mass-ratio distribution, with separate peaks at q = 1
and below qcrit.
In spite of the time-variability of the “mini-disks”, we

can compare the time-averaged density profiles with an-
alytic estimates of disk sizes based on perterbative cal-
culations of disk truncation due to Lindblad resonances
(Artymowicz & Lubow 1994). In Figure 8, we plot the
time-averaged surface density profiles of the inner cav-
ity region for the q = 0.11 and q = 0.43 cases (note
that these are referred to as µ ≡ q/(q + 1) = 0.1 and
µ ≡ q/(q + 1) = 0.3 in Artymowicz & Lubow 1994).
We mark the analytic estimate of circumprimary and
circumsecondary disk radii in cyan. In both cases, we
find agreement with the analytic estimates, although we
find that the circumprimary disk in the q = 0.11 case
is strongly perturbed by the nonaxisymmetric accretion
streams.

Fig. 7.— Plot of (Ṁ2/M2)/(Ṁ1/M1) vs BH mass ratio q. This
quantity is > 1 when q is increasing, and < 1 when q is decreas-
ing. For each case we find (Ṁ2/M2)/(Ṁ1/M1) > 1, indicating that
mass ratios are always increasing with time. However, extrapolat-
ing the downward turn seen at small q, it is possible that there
exists a threshold at small q, below which q decreases with time.

Fig. 8.— Time-averaged surface density Σ/Σ0. Cyan circles in-
dicate the predictions of Artymowicz & Lubow (1994) for the size
of the circumprimary and circumsecondary disks. Top figure is for
a binary with q = 0.11 (µ ≡ q/(q + 1) = 0.1). Bottom figure is for
a binary with q = 0.43 (µ ≡ q/(q + 1) = 0.3)

In Figure 9, we plot the accretion rate onto each BH
vs. time, as well as the Lomb-Scargle periodogram of the
accretion rate for each mass ratio. We find many features
in common with previous simulations in which the inner
cavity at r = a is excised from the grid and the total
accretion rate is calculated through the inner bound-
ary (MacFadyen & Milosavljević 2008; D’Orazio et al.
2012). For example, we find that significant periodicity
in the accretion rate emerges for mass ratios q ! 0.1, with
peaks in the periodogram at ω/ωbin = 1 and ω/ωbin = 2,
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EM signatures

Which ones would be interesting?

Einit ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx # 2Þ½x # 2ð1 # !Þ&

xðx # 3Þ

s
ð41Þ

and the final specific energy after circularization is

Efin ¼
x0 # 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0ðx0 # 3Þ

p : ð42Þ

The fractional change in the binding energy is then DE=Etot ¼ ðEinit # EfinÞ=ð1 #
EinitÞ and the energy release of an annulus initially near the ISCO is much greater
than it would be in Newtonian gravity. For example, for ! ¼ 0:05, the Newtonian
fractional energy release is DE=Etot ¼ 0:0025, but for an annulus initially at the
ISCO of a Schwarzschild hole, x ¼ 6, DE=Etot ¼ 0:0679, nearly thirty times larger.
The spacetime will, of course, be dynamic and thus not Schwarzschild, but we expect
the general principle of energy enhancement to apply.

Nonetheless, O’Neill et al. (2009) found that the prime result of mass loss is not an
enhancement, but a deficit of emission. The reason is that after mass loss the inner

Table 1 Summary of the EM counterparts to GW emission before, during and immediately after the MBH
merger discussed in Sects. 4.1 and 4.2

Wavelength
band

Signature Origin of emission

Radio, sub-mm Flare and possibly periodicity Radiatively inefficient binary accretion flows
(Sect. 4.2.1)

Jets in magnetized accretion flows (Sect. 4.2.2)

IR, optical, UV Periodicity Overdense “lump” in the circumbinary disk
(Sect. 4.1.2)

Spectral inflection (“notch”) Low density cavity in the circumbinary disk
(Sect. 4.1.2)

X-ray Periodicity Modulating accretion through the mini-disks
(Sect. 4.1.2)

Sloshing of gas between the mini-disks (Sect. 4.1.2)

Doppler-boosting of the mini-disk emission
(Sect. 4.1.3)

Self-lensing of the mini-disk emission (Sect. 4.1.3)

Relativistic Fe Ka emission
lines

Mini-disk reflection spectrum (Sect. 4.1.3)

Dimming Retreat of the circumbinary disk at merger
(Sect. 4.2.3)

Hard X-ray, c-
ray

Periodicity Hotspots in the mini-disks (Sect. 4.1.2)

Flare and possibly periodicity Radiatively inefficient binary accretion flows
(Sect. 4.2.1)

The columns describe the wavelength band in which the EM emission is most likely to emerge (first), the
type of the signature (second), and the origin of emission with a reference to the section where it was
discussed (third)
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See Bogdanović et al. (2022) LRR, 25, 3

Figure 4.1: A cartoon depicting a possible trend of the X-ray luminosity during the inspiral (pre-merger),
merger and post merger phase of two accreting massive black holes in a binary system. The insets in
the upper panel are: from Bowen et al. (2018) (top) illustrating the relativistic flow pattern around two
non-spinning black holes close to merging; from Tang, Haiman, and MacFadyen (2018) showing the model
X-ray light curve; from Khan et al. (2018) showing the circumbinary disc and the incipient jets that naturally
form both prior to and after the coalescence. The bottom panel shows the GW amplitude as a function of
time. The GW emission dies out when the ringdown phase has ended.

corona emission and jet launching.

Predictions of the EM emission from massive black hole binaries
All the science themes discussed above rely on the existence of EM emission from coalescing massive black
hole binaries. So far, no transient AGN like emission that could be attributed to the coalescence of a massive
black hole binary detectable by LISA has ever been observed in the variable sky. Thus, we have to resort to
theoretical models to infer characteristics of their light curves and spectra, during the inspiral and merging
phase.

Joint and contemporary production of the GW and EM signals in a merging system requires on one
side the presence of a rich reservoir of gas, possibly in the form of a circumbinary disc surrounding the
binary. On the other side, a key prerequisite for a successful identification of precursor EM emission is a sky
localization uncertainty by LISA of 0.4 deg2 (the size of the Athena/WFI Field of View -FoV-), a few hours
prior to coalescence.

The flow pattern around a black hole binary surrounded by a circumbinary disc shows distinctive features.
The binary excavates a cavity of size about twice the binary separation, which is filled by a hot, tenuous gas
and by streams that constantly feed two mini discs that are seen to form around each black hole (Farris et al.,
2014; Tang, MacFadyen, and Haiman, 2017; Bowen et al., 2017). High angular momentum gas leaking
through the cavity impacts on the inner rim of the circumbinary disc creating an asymmetry in the density
pattern, which might give rise to distinctive periodicities and radiation features. They could be detected in
those nearby binaries - called Platinum Binaries - for which LISA sky localization within the Athena FoV is
possible during the inspiral phase, hundred to tens of orbital cycles prior to coalescence.

The precursor emission, hours prior to coalescence, is expected to come from the circumbinary disc,
the mini discs around each black hole and the cavity wall, each contributing at different wavelengths to a
different extent. The accretion rate is expected to be modulated and it is highly non stationary being driven
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Figure 12. GW luminosity distance as a function of redshift for the di↵erent sources in the three
catalogs: heavy seeds and no delay (“hnd”), heavy seeds with a delay included and the Toomre
parameter set to Q = 3 (“hQ3”) and light seeds due to pop III stars (“pop III”), and the two scenarios
for estimate of the error on the redshift: scenario 1 (realistic, left) and scenario 2 (optimistic, right).
The bottom subpanels show the relative error in dL.

• Scenario 2 (optimistic): Photometric measurements have a relative 1� error on z
given by �zphoto = 0.03(1 + z), while spectroscopic measurements have a fixed relative
error given by �zspect = 0.01. Moreover here we assume a delensing procedure able to
reduce by 50% the luminosity distance uncertainty due to weak lensing. This scenario
is equivalent to the “optimistic scenario” considered in [35].

For both scenarios the redshift errors are propagated to the error budget of the luminosity
distance using the fiducial cosmology, i.e. ⇤CDM with Planck values for the cosmological
parameters.

The total result of the whole procedure described above are thus mock catalogs of MBHB
standard sirens, specified by values of the luminosity distance, redshift and total error on the
luminosity distance. We simulate 22 4-year catalogs 11 for each MBHB astrophysical model
(popIII, heavy seeds with and without delays), for a total of 66 catalogs and 264 years of
data. For each catalog we then perform a quick Fisher matrix cosmological analysis assuming
⇤CDM. We ranked the 22 catalogs of each MBHB astrophysical model according to the area
of the 1� contour ellipses in the (⌦m, H0) parameter space of ⇤CDM. This quantity provides
us with a rough measure of the cosmological constraining power of each catalog. Finally
we select the median catalog among all ranked 22 catalogs as the representative catalog for
each MBHB astrophysical model, similarly to the recipe employed in [205]. We perform this
procedure for Scenario 1 and then use the same selected catalogs for Scenario 2, but using
di↵erent assumptions for the redshift errors as explained above. This allows us to directly
compare results between the two di↵erent scenarios. The final product are thus six catalogs
(corresponding to the three di↵erent MBHB astrophysical models, each one combined with
the two scenarios for the redshift measurement accuracy) to use as mock data for the MCMC
analysis presented in the following section. The six selected MBHB catalogs are plotted in
Fig. 12.

11Notice that although the nominal mission lifetime is 4 years (with possible extensions), the duty cycle
is only 75% of the total nominal time. It would be interesting to adjust our analysis to properly take into
account how frequently data gaps occur: we leave a dedicated study of this point to a future work.
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Constraints on cosmology

GW observations:       , Mc,zDL
EM observations: z

Belgacem+(2019); see also Schutz (1986), Holz & Hughes (2005)

Constraints on cosmological 
expansion (time-dep. DE)

Figure 14. As in Fig. 13, for the scenario (2) (“optimistic”) for the error on the luminosity distance.

�⌦M/⌦M = 14.7%; using our CMB+BAO+SNe dataset we get instead �H0/H0 = 0.7%
and �⌦M/⌦M = 2.1%; combining CMB+BAO+SNe+standard sirens we get

�H0

H0

= 0.7% ,
�⌦M

⌦M

= 2.0% . (5.3)

Therefore, from MBH binaries at LISA, we do not find a significant improvement on the
accuracy on H0, compared to current results from CMB+BAO+SNe. It should however be
observed that the measurement from standard sirens is still useful because it has completely
di↵erent systematic errors from that obtained with CMB, BAO and SNe.

These results should be compared with those found in [35]. To perform the comparison,
we should however note that the best results quoted in [35] referred to a LISA configuration
with 5 Gm arms, and with all other design specifications to their most optimistic possible
choices, while our results use the current LISA configuration with 2.5 Gm arms, given in [11].
The corresponding LISA sensitivity curve used in our study is quite di↵erent and generally
gives worse results. For example the number of standard sirens used in our analysis is roughly
half the number used in the 2016 paper [35].

Furthermore, at the methodological level there are some di↵erences between our analysis
and that in [35]. First, as discussed above, to generate our catalogs we have scattered the

– 43 –

Figure 15. The 1� and 2� contours of the two-dimensional likelihood in the (⌦M , w0) plane in
wCDM, with the contribution from CMB+BAO+SNe (red), the contribution from LISA standard
sirens (gray) and the overall combined contours (blue), in the scenario (1) (“realistic”) for the error
on the luminosity distance. Upper left: heavy no-delay (“hnd”) scenario; Upper right: “hQ3” scenario;
lower panel: “pop III” scenario.

the (⌦M , w0) plane, displaying the combined contribution from CMB + BAO + SNe (red),
and the total combined result (blue), for the 3 ⇥ 2 scenarios considered.

Even in the most optimistic scenario that we have considered, we learn from the plots
that LISA standard sirens alone do not give any significant constraint on w0, and, when
combined to CMB+BAO+SNe data, they only induce a very marginal improvement. From
the corresponding one-dimensional likelihoods, from CMB+BAO+SNe only, we find that w0

can be reconstructed with the accuracy �w0 = 0.045. Combining CMB+BAO+SNe with
standard sirens, in the “optimistic hnd” scenario we get

�w0 = 0.044 , (5.4)

so the improvement due to SMBH standard sirens is quite negligible. Basically the same
results are obtained in all other scenarios considered.

These results significantly degrade the estimates presented in [35]. As discussed in
section 5.1, the di↵erence is due to the use of the updated sensitivity curve of LISA, the
more realistic assumptions in the construction of the catalogs and estimates of the errors,
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Abstract

We propose a space-based interferometer surveying the gravitational wave (GW) sky in the milli-Hz to
µ-Hz frequency range. By the 2040s’, the µ-Hz frequency band, bracketed in between the Laser Interfer-
ometer Space Antenna (LISA) and pulsar timing arrays, will constitute the largest gap in the coverage of
the astrophysically relevant GW spectrum. Yet many outstanding questions related to astrophysics and
cosmology are best answered by GW observations in this band. We show that a µ-Hz GW detector will
be a truly overarching observatory for the scientific community at large, greatly extending the potential
of LISA. Conceived to detect massive black hole binaries from their early inspiral with high signal-to-
noise ratio, and low-frequency stellar binaries in the Galaxy, this instrument will be a cornerstone for
multimessenger astronomy from the solar neighbourhood to the high-redshift Universe.

1 Introduction: the GW landscape post-LISA

As we enter the era of gravitational wave (GW) astrophysics, the Universe unfolds by revealing the most
extreme and energetic events abiding the laws of gravity. In the first and second observing runs, the Laser
Interferometer Gravitational-wave Observatory (LIGO) and Virgo detected cosmic whispers from several
colliding black hole binaries (BHBs, [3, 8]) and from a neutron star (NS) binary (NSB, [5]), this latter
accompanied by spectacular electromagnetic (EM) emission visible at all wavelengths [7]. We now know
that BHBs form in great numbers and routinely merge along the cosmic history, and that their dynamics
in the strong field is consistent (within measurement errors) with general relativity (GR) [4]. We know
that colliding NSs are the engines of short gamma-ray bursts, they give rise to radioactive decay powered
kilonovae, and they pollute the interstellar medium with heavy elements (e.g. [235, 252]). In short, GWs
broke onto the stage, bringing the promise of revolutionizing our understanding of astrophysics, cosmology
and fundamental physics [45].

This revolution will be completed in the next two decades, when observatories on the ground and in
space will survey the GW Universe across the frequency spectrum, from the kilo-Hz down to the nano-Hz.
In the 0.3–104 Hz window, third-generation (3G) ground-based detectors, such as the Einstein Telescope
(ET, [201]) and Cosmic Explorer (CE, [209]), will detect millions of stellar-origin CO binaries (BHBs,
NSBs, and NS-BH binaries) out to z > 10. At 10�4

< f < 0.1 Hz, the Laser Interferometer Space
Antenna (LISA, [15]) will: observe the coalescence of massive black hole (MBH) binaries (MBHBs) in the
mass range 3 ⇥ 103 < M < 107 M� everywhere in the Universe; probe the population of double white
dwarfs (DWDs) in the Galaxy; capture COs slowly inspiralling onto MBHs, mapping out their geometric
structure; pierce through the cosmic microwave background (CMB) to probe the physics of the early Universe
[14, 23, 34, 66, 152, 157, 246]. At even lower frequencies, pulsar timing arrays (PTAs, [265]) and the square
kilometre array (SKA, [89]) will probe the 10�9

< f < 10�7 Hz window, unveiling the adiabatic inspiral of
the most massive BHs in the Universe, inhabiting the cores of the most massive galaxies at z < 1 [141, 204].
The panorama will be completed by advanced polarization experiments such as the Probe of Inflation and
Cosmic Origins (PICO, [128]) and the Cosmic Origins Explorer (COrE, [255]), attempting to probe the
B-mode polarization imprinted by a relic stochastic GW background (SGWB) of cosmological origin onto
the CMB.

In parallel, new advanced facilities capturing EM radiation in all bands will be operational on the ground
and in space. Thirty-meter class optical telescopes, such as the Extremely Large Telescope (ELT, [118]) and
Thirty Meter Telescope (TMT, [217]), will reveal the assembly of the first galaxies out to z > 10; the next
generation of X-ray missions, like the ESA L2 Advanced Telescope for High Energy Astrophysics (Athena,
[185]) and the proposed NASA Lynx [112], will probe the emergence of the first quasars; the James Webb
Space Telescope (JWST, [111]) and the Wide Field Infrared Survey Telescope (WFIRST, [240]) will pierce
through the first billion years of galaxy formation, and will potentially unveil the nature of dark energy; the
SKA itself will probe the ionization history of the Universe with 21cm tomography. Light and gravity will
work together to unveil the intimate nature of ultradense dark matter (DM) in NSB mergers, multimessenger
observations of NSBs will o↵er a new way to measure the geometry of the Universe, perhaps we will catch
EM signals from merging MBHBs out to moderate redshifts, gaining new insights into the galaxy and MBH
assembly processes as well as the interplay between dynamic gravity and relativistic plasma.

Yet, the foreseeable achievements of the coming two decades of exploration of the Cosmos will inevitably
leave unanswered questions and bring new challenges. In the context of the Voyage 2050 program, we explore
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Summary
• In 2040s, multi-messenger astronomy will allow us to explore 

the hidden nature of massive BHs both at low & high redshifts

• Coincident GW+EM observations of merging binary BHs will be 
achievable only when space-based GW detectors and X-ray/IR 
space telescopes (or 30m-class telescopes) are available

• The strategies to maximize the synergy crossing the fields are 
still under debate (even in ideal situations, not clear…)

• A big fraction of the above questions would also be solved by 
detection of GW sources in ~µHz (between LISA and PTAs)The GW View of Massive Black Holes
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Figure 1: Lines of constant SNR as a func-
tion of redshift (cosmic time) and source-
frame binary mass MB for the LISA observa-
tory. The MBHs are not spinning and have
mass ratio q = 0.5. Overlaid is an illustra-
tion of evolutionary tracks ending with the
formation of a MBH at z ⇠ 3. Black dots and
arrows represent the MBHs and their spins,
respectively. MBHs are embedded in galac-
tic halos (white-yellow circles) and experience
episodes of accretion (black lines) and merg-
ers. Black stars refer to the most distant
long Gamma-Ray Burst, quasar and galaxy
detected so far.

0.01 (0.1) in several LISA events, and the spin misalignment relative to the orbital angular
momentum will be determined to within 10 degrees or better [2]. Individual spins prior to
the merger encode information on whether accretion, which shaped both the MBH mass
and spin evolution, was coherent (leading to spins close to maximal and small misalignment
angles) or chaotic (leading to lower average spins and random spin orientations over the BH
life cycle) [22, 23, 24]. This will give us the unprecedented opportunity to reconstruct the
MBH cosmic history from GW observations alone [25]. Moreover, by measuring the angle
between BH spins and the angular momentum, crucial information will be gathered about
the interaction between the MBHs and their gaseous environment and about whether the
binary evolution is driven by the gas. In particular, gas can exert dissipative torques on
the BH spins, potentially aligning them with the gas angular momentum. This also has
crucial implications for the fate of the BH produced by the merger, which could be imparted
a large GW recoil velocity in the presence of large spin orbit misalignment prior to merger
[26, 27, 28, 29, 30, 31].

As illustrated in Figure 1, GWs from MBHs are incredibly strong, and the advantage of
this fact cannot be understated. At cosmic noon, right when galaxy mergers are rife, MBH
mergers become extraordinarily loud, which enables precise measurements of the source
parameters over 12 billion years of cosmic time. Intrinsic masses will be determined with
errors of 0.1%� 1% for both BHs, and the two spins with an absolute uncertainty as small
as 0.01, in the best case. Observing the signal from coalescing 106�7 M� MBHs at z ⇠ 2 is
also of paramount importance. Those will be detected with high SNR to alert observatories
across the whole EM spectrum, at least hours before the merger proper[13]. With a sky
localization that continues to improve as the accumulated SNR increases, MBH mergers will
be localized from within 10 deg2 (with LSST) to 0.4 deg2 (with Athena), and even down to
arcmin2 at merger, for those rare and loud MBH coalescences below z < 1. The science with
contemporaneous EM and GW observations is spectacular, enabling to detect the EM chirp
from the mini-discs around the individual MBHs [32], the hot coronal and/or jet emission in
the violently changing dynamical spacetime [33, 34, 35, 36, 37].
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Fig. 6.— Maximum eccentricity ẽmax (bottom) and position of
the outer edge of the cavity rc (top), as a function of mass ratio q.

completely cleared, and significant gas is able to flow past
the secondary onto a dense circumprimary disk, and the
accretion rate onto the primary has risen relative to the
q = 0.05 case, and is slightly larger than that of the
primary (see first panel of Figure 9). This likely marks
the beginning of a threshold in mass ratio qcrit below
which the torque from the secondary is no longer able to
effectively clear an entire hollow central cavity and the
morphology becomes more similar to that of a disk with
an annular gap. Extrapolating the results of Figure 7
to smaller mass ratios, (Ṁ2/M2)/(Ṁ1/M1) may quickly
drop below 1, although more simulations are required to
verify this prediction. The value of qcrit is likely highly
dependent on the disk thickness as it depends on gas
flowing past the secondary without becoming gravita-
tionally bound. Consequently, our value of qcrit ∼ 0.026
should not be interpreted as a robust result applicable
to all circumbinary disks. Nevertheless, this transition is
important, because it may separate binaries into two cat-
egories: 1) large mass ratio binaries with q > qcrit which
are being further driven toward equal mass by enhanced
accretion onto the secondary, and 2) small mass ratio
binaries with q < qcrit which may be further decreas-
ing in mass ratio. This may lead to a bimodal binary
mass-ratio distribution, with separate peaks at q = 1
and below qcrit.
In spite of the time-variability of the “mini-disks”, we

can compare the time-averaged density profiles with an-
alytic estimates of disk sizes based on perterbative cal-
culations of disk truncation due to Lindblad resonances
(Artymowicz & Lubow 1994). In Figure 8, we plot the
time-averaged surface density profiles of the inner cav-
ity region for the q = 0.11 and q = 0.43 cases (note
that these are referred to as µ ≡ q/(q + 1) = 0.1 and
µ ≡ q/(q + 1) = 0.3 in Artymowicz & Lubow 1994).
We mark the analytic estimate of circumprimary and
circumsecondary disk radii in cyan. In both cases, we
find agreement with the analytic estimates, although we
find that the circumprimary disk in the q = 0.11 case
is strongly perturbed by the nonaxisymmetric accretion
streams.

Fig. 7.— Plot of (Ṁ2/M2)/(Ṁ1/M1) vs BH mass ratio q. This
quantity is > 1 when q is increasing, and < 1 when q is decreas-
ing. For each case we find (Ṁ2/M2)/(Ṁ1/M1) > 1, indicating that
mass ratios are always increasing with time. However, extrapolat-
ing the downward turn seen at small q, it is possible that there
exists a threshold at small q, below which q decreases with time.

Fig. 8.— Time-averaged surface density Σ/Σ0. Cyan circles in-
dicate the predictions of Artymowicz & Lubow (1994) for the size
of the circumprimary and circumsecondary disks. Top figure is for
a binary with q = 0.11 (µ ≡ q/(q + 1) = 0.1). Bottom figure is for
a binary with q = 0.43 (µ ≡ q/(q + 1) = 0.3)

In Figure 9, we plot the accretion rate onto each BH
vs. time, as well as the Lomb-Scargle periodogram of the
accretion rate for each mass ratio. We find many features
in common with previous simulations in which the inner
cavity at r = a is excised from the grid and the total
accretion rate is calculated through the inner bound-
ary (MacFadyen & Milosavljević 2008; D’Orazio et al.
2012). For example, we find that significant periodicity
in the accretion rate emerges for mass ratios q ! 0.1, with
peaks in the periodogram at ω/ωbin = 1 and ω/ωbin = 2,

edge-on (cos i ¼ 0), circular, M1 ¼ 106 M⊙, M2 ¼ 3×
105 M⊙ binary at z ¼ 1, with the chirp df=dt computed
from the lowest-order PN (quadrupole) term. The corre-
sponding EM light curve is shown assuming a spectral
slope α ¼ −1, modulated by relativistic Doppler boost at
order v=c. We have furthermore assumed that the secon-
dary BH out-accretes the primary, and is twice as luminous,
based on the simulation results in [26]. Note that if the
spectral slope α remains constant, the EM Doppler modu-
lation amplitude (v=c ∝ f1=3) increases less steeply with
frequency than the GW strain amplitude (∝ f2=3). In
principle, a few spectra, taken during the inspiral, could
determine any evolution of α). The figure highlights in blue
the 387 cycles available for EM chirp measurement in x
rays, and possibly in other bands (see Table I).
Figure 3 zooms in on the GW and EM chirp signals of

the binary in Fig. 2, to show the few cycles around a look-
back time of 32 days (when the binary is first localized
on the sky to 10 deg2) and around 2.5 days (when the
circumprimary disk is tidally stripped down to 10 Rg1). In
this figure, we have included the effect of gravitational
lensing of whichever BH is behind the other, using the
standard formula for lensing magnification to order
v=c, μ ¼ ðx2 þ 2Þ=½x

ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 4

p
&, where x≡ θ=θE is the

angular distance between the two BHs on the sky,
θ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða sin θÞ2 þ ða cos θ cos iÞ2

p
d−1A , measured in units

of the Einstein radius of the BH in the front, θE ≈
2ðRgiaÞ1=2d−1A . Note that the effect is asymmetric; to show

this asymmetry, we have assumed a small 10° tilt of the
orbital plane away from edge-on (i ¼ 80 deg).
Figure 3 shows several features of the correspondence

between the time-domain GW chirp and the EM light
curve. First, in this example of a nearly edge-on binary,
the GW is linearly polarized (hþ only, h× ≈ 0). The maxima
of the GW strain correspond to the phase when the binary’s
axis is aligned with the line of sight. The Doppler modu-
lation ΔF=F ¼ ð3þ αÞvjj=c at this phase vanishes; how-
ever, this also coincides with the maximum lensing
magnification. The Einstein radius for the primary is larger,
causing a more pronounced brightening when the secondary
is being lensed (marked by the left vertical dashed line), but
the lensing of the primary is still visible (vertical dashed line
on the right). The minima of the GW strain alternate to
sample the maxima and minima of the underlying Doppler
modulation of the EM light curve (shown as the three vertical
dotted lines).
Clearly, the shape of the EM light curve will depend on the

inclination and mass ratio (see also [57]). Larger inclinations
would eliminate the lensing effect, but leave the phase of the
EM chirp the same. On the other hand, the GW strain would
acquire a cross-component (h× ≠ 0) which is π=2 out of
phasewith the plus (hþ) component. Thus, comparing the EM
and GW phases amounts to an independent measurement of
the orbital inclination. Note that in our examples, the binary
separation is ≳20Rg, but for smaller separations, additional

FIG. 2. The time-domain GW chirp and the EM light curve for
anM1 ¼ 106 M⊙,M2 ¼ 3 × 105 M⊙, circular, edge-on binary at
z ¼ 1. For clarity, the EM light curve shows only the Doppler
modulation and excludes lensing effects. The part of the signal
shown in blue marks the ≈400 cycles available for EM chirp
measurement in x rays, and possibly in other bands. For this
fiducial binary, the mean x-ray flux is Fx ¼ 0.05LEdd=4πd2L ¼
2 × 10−15 erg s−1 cm−2.

FIG. 3. Zooming in on the GW and EM chirp signals of the
binary in Fig. 2 to show the few cycles around a look-back time of
32 days (when the binary is first localized on the sky to 10 deg2)
and around 2.5 days (when the circumprimary disk is tidally
stripped down to 10 Rg1). The bottom panel assumes a tilt of the
orbital plane 10° away from edge-on, to illustrate the asymmetric
lensing of the primary and the secondary (the sharp peaks marked
by the vertical dashed lines). Vertical dotted lines mark minima of
the GW chirp, corresponding to alternative minima and maxima
of the EM signal.
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