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ABSTRACT

We use the recent statistics of dual active galactic nuclei (AGN) in the James Webb Space Telescope (JWST) data at z ~ 3.4 to
address two aspects of the feedback and evolution scenarios of supermassive black hole binaries. We find that the JWST data provide
evidence for the members of a binary BH being ‘lit’ at the same time, rather than independently — a scenario which is consistent with
gas-rich mergers being responsible for concurrent AGN activity. This conclusion is supported by the recent NANOGrav Pulsar Timing
Array (PTA) measurements, whose upper limits on the stochastic gravitational wave strain amplitude lie below those expected from
extrapolating the dual AGN fraction. The results indicate either a ‘stalling’ of the binaries at the separations probed by NANOGrav,

or rapid gas-driven inspirals.
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1. Introduction

Galaxy mergers are expected to trigger accretion of gas into cen-
tral supermassive black holes (SMBHs) of galaxies, forming pairs
of active galactic nuclei (AGN). Studying the fraction of AGN
in pairs, known as dual or binary AGN, can thus shed light on
SMBH evolution. It is currently unclear whether the mergers of
SMBHs trigger AGN activity, leading to the simultaneous ‘shin-
ing’ of the BH as dual AGN (Urrutia et al. 2008; Koss et al. 2010,
2018; Ellison et al. 2011; Schawinski et al. 2012; Treister et al.
2012; Satyapal et al. 2014; Villforth et al. 2014; Glikman et al.
2015, 2018; Fan et al. 2016a; Weston et al. 2017; Barrows et al.
2018; Goulding et al. 2018; Onoue et al. 2018; Kocevski et al.
2015; Silverman et al. 2011; Cisternas et al. 2011; Mechtley et al.
2016), as opposed to ‘offset” AGN in which each BH shines sep-
arately. If SMBHs are not powered simultaneously by mergers
(e.g., Ventou et al. 2017; Aird et al. 2019), the fraction of dual
AGN is expected to be below 2% of all AGN. From the few hun-
dred dual AGN thus far identified in the literature, the studies of
Shen et al. (2023) and Silverman et al. (2022) out to z ~ 4.5 and
z > 1.5 found dual fractions of 0.26% and 6.2 x 10~*%, respec-
tively. This has thus far been consistent with simulations (e.g.,
Van Wassenhove et al. 2012) that predict a maximum of 4% dual
AGN candidates across 0 < z < 4 (separated by scales of the order
of a few parsecs to kiloparsecs).

Recently, the James Webb Space Telescope (JWST) found
a ‘surprisingly high’ fraction of dual AGN in the high-redshift
Universe at z ~ 3—4 (Perna et al. 2023a). This complements
the existing sample of dual and multiple AGN at high red-
shifts (z ~ 1-3; Mannucci et al. 2022; Ciurlo et al. 2023;
Perna et al. 2023b). A BH pair of a slightly lower mass (107 M)
has recently been discovered as an offset AGN by JWST
(Ubler et al. 2023). Concurrently, the NANOGrav Pulsar Timing

Array (PTA) 15year and the European PTA results found 30
evidence for a stochastic gravitational wave (GW) background,
likely originating from the mergers of SMBHBs over a range of
redshifts (EPTA Collaboration 2023; Agazie et al. 2023).

In this Letter, we use the JWST dual AGN findings, in com-
bination with analytical techniques and the recent NANOGrav
PTA results to investigate two aspects of the evolution mecha-
nisms of SMBHs!': (i) the ‘final parsec’ problem, in which bina-
ries are stalled by the lack of stars of gas in their vicinity (e.g.,
Milosavljevi¢ & Merritt 2003) or the opposite effect — that is,
gas-rich mergers in which coalescence proceeds too rapidly to be
detectable in low-frequency GW searches (e.g., Kocsis & Sesana
2011); and (ii) whether the two members of a dual AGN pair shine
independently or at the same time, which, in turn, is related to
the possibility of AGN being triggered by gas-rich BH mergers
(Treister et al. 2012; Fan et al. 2016b; Goulding et al. 2018).

2. Relevant equations

We use the formalism developed for the analysis of GW from
mergers of SMBHBs (Padmanabhan & Loeb 2020, 2023). It
uses the merger rate of dark matter halos per unit redshift (z)
and the halo mass fraction (£), as formulated by Fakhouri et al.
(2010),

dnpao M, \* £\
dzde _A(1012M®) fﬂex"[(é)

! The relationship between the JWST SMBH and the PTA data was
recently discussed in the context of primordial black holes in Guo et al.
(2023).
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and it was fitted to the results of simulations over redshifts z =
0-20, primary halo masses My, = 10'°~10'> M, and mass ratios
107> < & < 1. The best-fitting parameter values are found to be
a =0.133,8=-1.995, y; = 0.263, n = 0.0993, A = 0.0104,
and £ = 9.72 x 1073, To obtain the merger rates of BHs hosted
by the dark matter haloes, we use the empirically constrained
BH-halo mass relation (e.g., Wyithe & Loeb 2002),

M, )”3‘l (AUth2

y/6
1+ 272 2
1072 M, 822 ) (1+2"7, (2)

Mgy = tho(

in which log,,e¢ = -502 and vy = 453 (eg.,
Padmanabhan & Loeb 2020). This relation is fitted to match the
tight power-law correlation between the masses of BHs and their
host galaxies in the local Universe (Ferrarese 2002) and general-
ized to higher redshifts assuming a BH mass that scales with the
circular velocity of the halo, v. g as Mgy o« v” 0 (Barkana & Loeb
2001; Haehnelt et al. 1998). This framework has been found
to reproduce the data on the luminosity function of quasars
(Wyithe & Loeb 2002; Volonteri et al. 2003). Substitution of the
BH-halo mass relation into the dark matter halo merger rate,
Eq. (1), leads to the expected number of BH mergers as a func-
tion of redshift and mass ratio:

M a
1fbh(1012M )

q 3nly
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dn BH,mrg
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Here, fi, denotes the fraction of dark matter haloes occupied by
BHs; ¢ is the BH mass ratio and is related to & as ¢ = &3,
Gly) = €73, and A; = (3/y)A. This can be used to derive the
number of BH mergers expected per unit comoving volume as

dnBH,mrg
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dzdgdlog,y Men
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where dny/dlog,, M, is the dark matter halo mass function (fol-

lowing, e.g., Sheth & Tormen 2002) and My(Mpy) denotes the
dark matter halo mass as a function of BH mass, by inverting
Eq. (2). An integration over the relevant g and z ranges then gives
the total number of SMBHBs expected per unit comoving vol-
ume and logarithmic mass interval:

dngus
d IOglo MBH

Gmax dnBH mre
dzd 5
fmm f qu dg dlogy, Mgy’ )

Zmin

¢BuB(MBH, 2) =

If the separation between the BH pair is explicitly taken into
account, the merger abundance is given by integrating Eq. (4)
over the relevant time interval, converted to redshift

dnBH,mrg

‘max dz
M, = dg—tse I dodloo. Mo’
¢BuB(MsH, @) f qd[ sep(@) dz dg dlog,y Mu

Gmin

(6)

where #.,(a) is the binary decay time at separation a. For exam-
ple, if the binaries are separated by a distance at which GWs
are the main mode of decay, the separation time is given by
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fsep(agr), which for BH masses M and M, is given by the fol-
lowing (Peters 1964):

5 4

5 r
- % . @)
256 G3M1M2(M1 + M>)

tsep(agr) =

The scale a,, denotes the radius at which the emission of GWs
takes over as the dominant channel of coalescence, defined by

dgr = Alln A"y, ®)
Here,
0.4
M, M, + M, (O’)
A=9285 —_— —
> (Mz) ( 2M; ) e/ ®
and
M2 o -2
=28 ( ) 10
“h (108 MQ) 200kms—1) P¢ (19)
is the hardening scale of the binary (Merritt 2000;

Kulkarni & Loeb 2012). In both expressions above, o denotes
the velocity dispersion of the primary BH’s host galaxy, related
to its BH mass by (Tremaine et al. 2002)

1/4.02
M
L ) (11)

= 208kms™! [—L
7 ms (1.56><108M®

For the values of BH mass and separation considered in the
following sections, the timescale in Eq. (7) is of the order of
~100 Myr.

3. Implications of recent data

Next, we combine the formalism developed above with recent
results from JWST to address two salient issues: (i) whether the
two AGN in a binary or dual system are activated together or
independently; and (ii) the possibility of a ‘final parsec’ stall or
fast, gas-rich mergers, both of which decrease the strain observed
by recent low-frequency GW searches compared to expectations.

3.1. Results from JWST

The JWST reported the serendipitous discovery (Perna et al.
2023a) of a triple AGN, three confirmed and one candidate dual
AGN (centred at z ~ 3.4, covering the range z ~ 3.1-3.7).
The AGN are located in the GOODS-S and COSMOS fields,
and part of a larger 17 AGN sample at 2 < z < 6 targeted
by the JWST Galaxy Assembly with NIRSpec IFS (GA-NIFS)
program. The Perna et al. (2023a) sample probes SMBHs with
bolometric luminosities 10*°~10* ergs~!, corresponding to a
median BH mass of ~10® M, (and a range Mgy ~ 107-10° M)
for Eddington ratios of the order of 0.1-1. We consider the AGN-
A and AGN-B in addition to COS1638-A and COS1638-B as
fiducial cases. In the latter pair, one of the SMBH has a mea-
sured BH mass of M5¢, = (4 + 1) X 10® My, which we use
as a fiducial value. The stellar (galaxy) masses cover the range
108-10"! M, and we use a value of Mgy ~ 1094 M, (~10M§§'_I)

for the discussion here, corresponding to that of AGN-B2. The

2 The stellar masses of the COS1638 AGN pair are both tentative esti-
mates. A large scatter in the measured stellar masses of some of the
objects is reported in the literature (Weaver et al. 2022; Jin et al. 2018),
due to photometric contamination and non-thermal emission precluding
mass estimates based on the spectral energy distribution.
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Fig. 1. Expected abundance of BH mergers, evaluated using Eq. (5) with
Az = 0.7, gmin = 0.1, and gmax = 1 (solid blue line). Also shown is the
AGN bolometric luminosity function at z ~ 3.4 plotted for two different
values of the Eddington ratio n = 0.1 and = 1 (dashed and dotted blue
lines, respectively). The fiducial BH mass probed by the JWST dual
AGN sample is shown by the vertical dashed red line.

separation between the SMBHs ranges from 4.7-28 kpc, with a
median value ~8 kpc which we adopt here. Assuming the same
value of Mgy /Mg, for both AGN of the dual systems, the ratio
of BH masses is estimated to lie in the ¢ > 0.63—-0.8 range for
the fiducial cases (we adopt a median mass ratio g > 0.74). For
completeness, we also quote results for a mass ratio g = 0.1.

The results suggest a 20-30% dual AGN fraction in
the population, much higher than the maximum fraction of
1-5% predicted by simulations (Van Wassenhove et al. 2012;
Maiolino et al. 2023; De Rosa et al. 2019) at these separations.

The expected dual AGN fraction can be calculated by using
the AGN bolometric luminosity function measured at z ~ 3.4
(from a comprehensive set of surveys covering z ~ 0-7;
Shen et al. 2020), and comparing it to the abundance of BH
mergers, given by Eq. (5). These two quantities are plotted in
Fig. 1 for two fiducial values of the Eddington ratio = L/Lgqq,
used to convert the bolometric luminosity of the AGN to the BH
mass via Lgga(Mpn) = 1.3 X 103 Mgy. As can be seen, the num-
ber of shining BH at a given epoch is a couple of orders of mag-
nitude lower than the number of BH mergers. This is expected
because the merger abundance as calculated from Eq. (1) is com-
parable to the BH abundance since there are order unity merg-
ers per BH (Fakhouri et al. 2010). The ratio of AGN to all BH
mergers is therefore comparable to the fraction of AGN to all
BH. The latter is found to be close to the ratio of the typical
AGN lifetime, 7 ~ 100 Myr, to the Hubble time, ficive = fQ/tH
(e.g., Padmanabhan & Loeb 2023), which advocates that each
halo merges, on average, roughly once per Hubble time (e.g.,
Dong et al. 2022; Genel et al. 2009).

3.2. Do members of BH binaries shine independently or at
the same time?

It is currently unknown whether AGN activity is triggered by
mergers, with the variance in observations attributed to differ-
ences in sample selections and biases. If the dual AGN members

1.0
—_—z = 3.4, Az = 0.7, quin = 0.74
" - z=23.4,Az = 0.7, gin = 0.1
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Fig. 2. Theoretically expected fraction of BHs in mergers, as a func-
tion of the primary BH mass at z ~ 3.4. The SMBHB abundances are
evaluated for two values of the minimum mass ratio (g, = 0.1,0.74),
both independently of separation: Eq. (5) with Az = 0.7 (dashed and
solid blue lines) and at the GW decay-dominated separation, given by
Eq. (6) with a = ag, (dot-dashed and dotted blue lines). Overplotted as
the green-shaded band is the dual AGN fraction measured by JWST.
The dashed red line shows the typical BH mass of the JWST sample.

are assumed to shine ‘together’, or if the AGN activity is trig-
gered by mergers, then the merging BH and dual AGN fractions
should be comparable. On the other hand, if the AGN activity is
non-simultaneous, then the dual AGN fraction should be much
lower than the fraction of BHs in mergers, that is, less than ~1%
(D’Orazio & Charisi 2023; Van Wassenhove et al. 2012).

We compare the theoretical predictions with the results
from JWST in Fig. 2. The fraction of BHs in merg-
ers, computed independently of separation, is given by
¢suB (Mpu, 2)/¢su(Msu, 2), and that as a function of separation
by ¢sus(Mpu, @)/ ¢su(Mph, z). In both of the above cases, the
BH mass function ¢pp(MpHy, z) is defined as follows:

dngy
Mgy,2) = ——m8
¢u(MpH, 2) dlog,o Mon
dn, dlo Mh
= fopt S0 | (12)
dlog,, My |dlog,, Meu

The fraction of BH in mergers, evaluated at z ~ 3.4 (both using
Eq. (5) with Az = 0.7, and Eq. (6) with a = ag,), each for two
values of gnin = 0.1,0.74, and gm.,x = 1, is plotted in Fig. 2.
The integral with gni, = 0.74 corresponds to the JWST sam-
ple, while that with g, = 0.1 corresponds to the full g range
expected, since more extreme-mass ratio inspirals, with g < 0.1,
are depleted due to the long dynamical friction timescales for
small subhaloes in big haloes (Garrison-Kimmel et al. 2017;
Wetzel & White 2010).

If the BH are assumed to proceed to ag without delay, the
merger fraction for both cases, gmi, = 0.74 and g, = 0.1 (dot-
ted and dot-dashed blue lines, respectively) is comparable to, or
lower than, the JWST dual AGN fraction (shown by the green-
shaded bar) for the masses within the range probed by JWST.
This describes a scenario in which both AGN shine together,
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thus offering evidence in favour of AGN activity being triggered
by mergers that proceed to coalescence via GW emission. The
fraction of BHs in mergers — independently of separation — over
the redshift range probed by JWST is below the dual AGN frac-
tion for gmin = 0.74 (solid blue line), but it goes above it for
Gmin = 0.1 (dashed blue line). This implies that if the same frac-
tion (20-30%) of dual AGN were to be found in an expanded
sample covering the range gmin = 0.1, the scenario of the AGN
shining together would be disfavoured.

3.3. Evidence in favour of the final parsec problem or
gas-rich mergers

There is substantial uncertainty as to the evolution of SMB-
HBs after the hardening radius (a,). The BH may stall at
this radius for ~10'"yr or more (known as the final parsec
problem) due to depletion of low-mass stars from the vicin-
ity (Milosavljevi¢ & Merritt 2003; Merritt 2000). On the other
hand, the final merging phase could be accelerated by the pres-
ence of gas or stars in the neighbourhood (Tiede et al. 2020;
Armitage & Natarajan 2005; Haiman et al. 2009).

We can use the previous results in combination with the mea-
surements of the cumulative GW background from all binary
BHs to address both possibilities. For this, we calculate the
expected GW strain power spectrum for a BH population as
a function of the observed frequency fus, assuming only GW
drive the evolution (e.g., Phinney 2001),

471- _ ‘max "Tmax Mimax
he(fobs) = a2 (7 obs) 4/3f f f
¢ Gmin Zmin Muin

dzd dnBH,mrg (G/V[ch)s/3
T8z dg dlog,, Mpn (1+27

dlog,, Mgy (13)
in which dngy mre/dz dg dlog,, Mgy follows Eq. (5) and the
integral is performed over the BH population bracketed by a
range of mass, ¢, and redshift. In the above equation, M.,
denotes the chirp mass, which is defined by

Mo = (M M2)*P [(M + My)'P (14)

in the rest frame of the binary.

The strain power spectrum calculated with the fiducial model
parameters, integrated over the redshift range {0, 7}, g range
Gmin = 0.1, gmax = 1, and Mgy = {10, 10'%} M,, is shown in
Fig. 3 as the dotted red line. Overplotted are the measured upper
limits of the NANOGrav strain power spectrum (Agazie et al.
2023, solid blue error bars). If the dual AGN fraction measured
by JWST (Perna et al. 2023a) is assumed to be representative of
the general BH population, there is an increase in the predicted
strain, given by the square root of the ratio of the median JWST
AGN fraction (green-shaded band in Fig. 2) to the solid (or dot-
ted) blue line in that figure. The strain thus enhanced is plotted
as the solid red line in Fig. 3°.

The gap between the predicted results and observed upper
limits offers evidence for the depletion of the SMBHBs at the
largest separations. This argues in favour of either (a) a final
parsec-like problem causing the stalling of AGN, or (b) predom-
inantly gas-rich mergers, which decrease the number of binaries
observable by the PTA by shrinking the timescale needed for the

3 The enhancement assumes that the ratio of the dual AGN fraction
to that of the BH mergers is independent of the g range under consid-
eration, and hence the hike is uniformly applied over the whole range.
This assumption can be refined with larger samples of dual AGN in the
future, covering lower g, values.
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Fig. 3. Predicted strain versus frequency of the GW background with the
fiducial model parameters, assuming circular binary evolution purely
by GW emission (dotted red line), compared to the NANOGrav upper
limits (Agazie et al. 2023). Also plotted is the expected strain implied
by the JWST results, over all z, assuming dual AGN are (driven by)
SMBHBs and proceed to coalescence via GW emission (solid red line).

BH to merge (Kocsis & Sesana 2011). The latter scenario is fur-
ther supported by the dual AGN shining together, enabled by the
large reservoir of gas feeding both BHs.

We remark that the first possibility above, in which the BHs
stall prior to coalescence, also has implications for the effect we
considered in the previous section, namely the possibility of the
AGN shining together. Specifically, if the binaries are assumed
to stall before they reach the required distance for dominance
of GW emission, the dynamical friction timescale can reach
(Volonteri et al. 2020; Binney & Tremaine 2008)

a \{ Mgy \' o 1
tar = 0.67G ( )_
“ yr(4kpc) (IOSM@) 100kms-!/ InA

where A = 1 + Mgy /Mpn and Mg, is the (stellar) mass of the
galaxy. With a ~ 8kpc, Mpy = 4 x 108 My, o = 200kms™!,
and Mg, = 10 Mgy (the fiducial values of the Perna et al. 2023a
sample adopted in Sect. 3.1), we find 74 = 0.71 Gyr. This, when
used in place of fp(ag) in Eq. (7), corresponds to about a fac-
tor ~2 increase in the dotted curve in Fig. 2 (for g, = 0.74,
with tgep(ag) = 445 Myr). For the range of masses probed by the
JWST observations, the scenario of AGN shining together is still
favoured. In the extreme case of all the BHs in the observable
range being stalled by dynamical friction (gmin = 0.1, feep(agr) =
68 Myr), this scenario may be disfavoured.

(15)

4. Discussion

We have used the recent JWST dual AGN statistics along with
the measurements of the GW strain from the NANOGrav 15
year dataset to address two aspects of SMBH evolution. If the
SMBHSs proceed to coalescence without delay, the fraction of
dual AGN data measured by JWST is consistent with a scenario
in which the AGN are triggered simultaneously by a SMBHB
merger, leading to their concurrent activity. Such a merger, if
driven by a gas reservoir feeding both BHs, leads to a reduction
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in the signal observable with pulsar timing arrays, as compared
to the case when the binary evolves purely by GW emission.

The probability of observing a binary BH as an AGN at a
given separation a scales as N = t,p(a)/tq, where tq is the life-
time of the quasar (Foord et al. 2023; De Rosa et al. 2019). The
inverse of this quantity N~! gives the proportion of AGN concur-
rent with mergers at a given separation (which is, in turn, con-
nected to the AGN being triggered by the merger). The duration
of the merging phase when the BHs are separated by distances
for which the GW emission is the dominant channel for decay,
fed by the gas reservoir, is comparable to the quasar lifetime,
both found to be of the order of 100 Myr for the range of masses
and mass ratios considered here.

Calculations similar to the ones in Fig. 2 at z ~ 0 also
lend support to the AGN shining together, where it is found
that about 20-60% of AGN with primary BH masses ~10° M,
may be duals (Koss et al. 2012). This is, in turn, consistent with
the paradigm of both AGN in the pair being fed from the same
gas reservoir. Given that the fraction of gas-rich, ‘wet’ merg-
ers increases with redshift, these results are expected to hold out
to higher redshifts as well. The bulk of the signal probed by
NANOGrav is expected to arise from SMBHs at low redshifts
7z < 1 (Agazie et al. 2023). Noting that the BH merger rate is
greater at 7 ~ 3 than z ~ 1, we expect that a similar dual AGN
fraction (~20-30%) at z < 1 will imply a greater hike in the GW
strain than predicted by the solid red curve of Fig. 3.

There is some model dependence in the calculation of the
amplitude of the GW strain. Some models based on BH-
bulge mass observations (Bernardi et al. 2010) lie below the
NANOGrav signal (e.g., Sato-Polito et al. 2023) at large sep-
arations. When the enhancement (by factors of a few) arising
from the JWST dual AGN fraction is incorporated, most sce-
narios overproduce the signal compared to NANOGrav. The
JWST data thus provide evidence for depletion of SMBHBs or
a greater proportion of gas-rich mergers — which are believed
to be responsible for AGN activity — attenuating the PTA signal
due to the rapid shrinking of their orbits (Kocsis & Sesana 2011;
Haiman et al. 2009; Armitage & Natarajan 2005). Deviations
from circular orbits, as assumed throughout the present calcu-
lations, may also arise from wet mergers (e.g., Sobolenko et al.
2021). Future PTA data, in combination with larger samples of
dual and binary AGN expected with, for example, X-ray facili-
ties (Foord et al. 2023), will help narrow down the possibilities
and improve our understanding of BH evolution and feedback
mechanisms.
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