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Gravitational waves from supermassive black hole binaries in light
of the NANOGrav 15-year data
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The NANOGrav and other pulsar timing arrays (PTAs) have recently announced evidence for nHz
gravitational waves (GWs) that may originate from supermassive black hole (SMBH) binaries. The spectral
index of the GW signal differs from that predicted for binary evolution by GW emission alone, and we show
that environmental effects such as dynamical friction with gas, stars, and dark matter improve the
consistency of the SMBH binary model with the PTA data. We comment on the possible implications of
environmental effects for PTA observations of fluctuations in the GW frequency spectrum and

measurements of GWs at higher frequencies.
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Introduction. Several ongoing pulsar timing array (PTA)
projects—the North American Nanohertz Observatory for
Gravitational Waves (NANOGrav), the European PTA,
the Parkes PTA, and the Chinese PTA—have recently
released their latest data [1-4]. Most importantly, the
NANOGrav Collaboration has found evidence [5] in
NANOGrav 15-year (NG15) data for the Hellings-
Downs quadrupolar correlation [6] (see also [4,7,8])—a
key characteristic of gravitational waves (GWs)—in
the common-spectrum process observed previously by
them [9] and other PTAs [10-12]. This is a landmark in
GW astronomy, of significance comparable to the first
indirect detection of GWs emitted by binary pulsars [13]
and the first direct observation of GW emissions from
stellar-mass black hole (BH) binaries [14]. This discovery
of a nHz stochastic GW background opens a new window
on astrophysical processes that were previously unob-
served. We assume here that the origin of the PTA signal
is a population of supermassive black hole (SMBH)
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binaries (see also [15,16]) and explore the astrophysical
implications of this possibility.1

Accretion around SMBHs drives active galactic nuclei
(AGNs) and is thought to play a role in the formation of
SMBH binaries [59,60]. At an early stage, the binary
evolution is driven by dynamical friction with gas, stars,
and dark matter [61]. However, a prerequisite for SMBH
mergers is the formation of tightly bound binaries that can
radiate GWs efficiently. It is not yet understood how this
stage of SMBH binary evolution is reached, an issue
commonly known as the “final parsec problem” [61]. If
the binaries can overcome it, an important source of
evolution at subparsec scales is energy loss via GW
emission until it is the main driver of the evolution close
to merging. SMBH binaries driven only by GW emission
are naively expected to produce an almost flat background
with a spectral index y = 13/3 [62]. The recent NG15
data [S5] on GWs, although compatible with this value at the
99% CL, prefer a lower value of y. This hints that the GWs
may be emitted by SMBH binaries that are experiencing
additional energy loss via environmental effects, which

'Numerous interpretations of the NANOGrav 12.5-year
data [9] based on cosmological sources have been put forward,
including cosmic strings and domain walls [17-27], first-order
phase transitions [28-37], and primordial fluctuations [38-57].
Many of these models with a spectral slope y > 13/3 are
disfavored by the current data [58], for instance, cosmic strings
or primordial black hole seeds for SMBHs.
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might be related to whatever dynamics overcomes the final
parsec problem.

In this Letter, we follow [63] in using the extended Press-
Schechter (EPS) formalism to estimate the SMBH binary
formation and merger rates. We go beyond [63] by
including scatter in the SMBH-halo mass relation and by
modifying the evolution of the SMBH binaries to include
energy loss via environmental effects as well as GWs. Our
analysis improves existing SMBH interpretations [15] of
the NG15 data by accurately modeling the long-tailed
statistical fluctuations in the GW spectrum without relying
on Gaussian approximations. We find that the best fit to the
NGI15 data [5] is given by a phenomenological model of
SMBH binary evolution that includes environmental
energy loss, with a log-likelihood difference of 10 com-
pared to purely GW-driven evolution, and hence is favored
by more than 2¢. Within this framework, we find that the
efficiency for the production of SMBH mergers pgy is
probably quite high and close to the maximal allowed
value. These results provide important constraints on
astrophysical scenarios for the interlinked dynamics of
SMBHs and their host galaxies, and suggest promising
rates for observing mergers of lower-mass BHs in detectors
sensitive to GWs with higher frequencies.

SMBH background with environmental effects. The mean
of the GW energy density spectrum generated by a
population of SMBH binaries can be estimated as [62]

1 dpgw 1 /
Qaw(f) =— =— [ di
W)= dn "
where D; denotes the source luminosity distance,
dEgw/d In f, gives the energy emitted by the source
per logarithmic frequency interval, and f,=(1+42z)f
denotes the frequency in the source frame, i.e., at the time

of emission. The differential BH merger rate in the observer
frame is

14z dEgw
4zD*d In f,’

(1)
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where M denotes the binary chirp mass, # its symmetric
mass ratio, V. the comoving volume, and Rppy the
comoving BH merger rate density. It is given by

dR),
dM,dM,
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where m , are the masses of the merging BHs, M , are the
masses of their host halos, R, is the halo merger rate that we
estimate with the EPS formalism [64—66], and pgy <1
combines the SMBH occupation fraction in galaxies with
the efficiency for the BHs to merge following the merging
of their host halos. For simplicity, we assume a constant
value for ppy, which we treat as a free parameter to be

determined by fitting the NG15 data. As the GW back-
ground arises from a relatively narrow range of SMBH
masses and redshifts, we expect that extending the para-
metrization by letting pgy vary would have a minor effect
on our conclusions. The halo mass-SMBH mass relation
is encoded in p,. that is the probability distribution of the
SMBH mass.” We model the spread in the mass relation with
a log-normal distribution:

n(m/m)?
O e BT

with log;o(m/Mgy) = 8.95 + 1.4log,o(M,/10""M ) and
o = 1.1 following the fit to observations of inactive galaxies
in [67,68], and relate the stellar mass M, to the halo mass
M4, using the fit provided in [69]. The effect of using the fit
to AGN and not including the scatter is discussed in the
Supplementary Material [70].

The GW spectrum from an inspiraling binary is
determined by its orbital evolution, and following
NANOGrav [5] we assume circular binaries. The eccen-
tricity of the orbits (considered, e.g., in [78]) would affect
the GW spectrum by introducing higher harmonics,
increasing the total power emitted in GWs, and modifying
the frequency spectral index [79]. However, big eccen-
tricities e > 0.9 would lead to an attenuation of the back-
ground due to the acceleration of the binary inspiral [80].

The binary may lose energy through a combination of
GW emission and dissipative environmental effects:

E = _EGW - Eenva (5)

where the dot denotes differentiation with respect to time.
This energy loss causes orbital decay and growth in the
orbital frequency. SMBH binaries are thought to go through
several stages as they harden, starting with dynamical
friction, followed by hardening due to close stellar encoun-
ters with stars populating the so-called “loss-cone”
orbits [81], and finally, dissipation caused by viscous drag
due to circumbinary gas disks [61]. The crossing of the
final parsec is determined mostly by these last two effects,
with the latter being the dissipation mechanism that is
commonly thought to remain active after the GW emission
has become significant (see, e.g., [§2-84]), thus leading to
faster binary hardening compared to the GW-only case.
The impact of the gas is not fully established;
e.g., [85,86] argue that accretion from circumbinary disks
might have quite the opposite effect; instead of hardening
the binary, it might lead to the expansion of the orbit. More
recent work predicts, however, inspiraling for more realistic
cooler, thinner disks [87], nonzero eccentricities [88], and
unequal masses [89]. Any slowing of the infall of binaries
contributing in the low-frequency bins would worsen the

2Compared to Eq. (5) of Ref. [63], the normalization of p. is
absorbed into ppy.
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SMBH fit, whereas extra dissipation improves it, as we
show below.
The characteristic timescales for the above processes are

tenv = |E|/Eenvv (6)

where 7= (5/256)(xf,) 83 M™/3 denotes the coales-
cence time of the binary assuming GW emission alone.
The effective timescale for the binary evolution is then
14k = tgly + 12k, Since the binding energy of the binary is
E = —(zf,)?3 M3 /2, where f, is the frequency of the
emitted GW, it follows that

dinf, 3 fow
= (1
dt 2 tGW < + ’ (7)

env

tow = |E|/Egw = 4,

and thus,

dEgw _dEgw dt 1 (af,M
dinf, dr dlnf, 31+ tgw/len

(8)

When fgw < te,y, We obtain the usual spectrum for
GW-driven coalescence. As the PTAs observe only a
narrow range of frequencies, environmentally driven decay
can be approximated by

feny ( fr >051+112 In f./fows...

fow

: 9)
GW

where fgw denotes a reference frequency above which GW
emission becomes dominant, and «,, are coefficients series
expansion of In 7., /fgw in In f,. At leading order, we can
drop a,,-; terms and define a; = a, so that the environ-
mental effects are parametrized by a power-law dependence
on the orbital frequency (cf. [90-93]) and choose’

Faw(M.n.2) = frer <L)_ﬁ, (10)

10°M,,

where f ., @ > 0 are phenomenological parameters that we
constrain with the NG15 data (we note that 7., increases
with f, if a > 8/3). Depending on the environmental
mechanism for orbital decay, the range f = 0.2-0.8 has
been considered in the literature [90,91,93]. Following
Ref. [93], we fix f = 0.4. As the signal is generated by
binaries in a relatively narrow BH mass range, we expect
our results to be only weakly dependent on f.

Analysis. As reported by NANOGrav, a power-law fit of the
form Qgw = A(f/fy:)>™" excludes the y = 13/3 scaling
naively expected for a background of SMBH binaries
whose evolution is driven by GW emission at the

This parametrization of the environmental effects does not
account for the ratio between the masses of the components of the
binary. However, the majority of the binaries are expected to have
mass ratios close to unity [63]. An analogous power-law model
was used in the NANOGrav analysis [5].
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FIG. 1. The best-fit GW energy density for GW-driven binaries

(left) and GW and environmentally driven effects (right), com-
pared to the best power-law fit to the NG15 data (orange). The
mean energy densities (1) are shown as full lines, and the most
probable values as dashed lines, and in each case one random
realization is shown in red and the 95% CL ranges are shaded.
The gray curve shows the NG15 upper limit on signals from
individually resolvable binaries [94].

95% CL.* However, as shown in Fig. 1, due to the
stochastic nature of the signal, the power law fails to
capture many of its properties, and it could differ signifi-
cantly from any one particular realization of the back-
ground. Moreover, due to the environmental effects, even
the mean GW background is not a simple power law.
Therefore, we use the full information provided in [5] for
the probability distribution functions at each frequency bin
P4 (Q, f;) represented by the orange “violins” in Fig. 6 of
Supplementary Material [70].

Following [63], we generate Monte Carlo realizations of
the stochastic GW background using the same frequency
binning as the NANOGrav Collaboration, f;. A realization
of the SMBH background in a specific frequency bin is
given by

N(

~

1 )

T n(fia/f))

where éb = {M,z,n, f} denotes the parameters of a
binary, and N(f;) is drawn from a Poisson distribution

determined by the expected number of binaries N(f;) =

1

Qaw(f)) Qly(6h), (1)

»
Il

1

f re(fifin) dAdz contributing to each bin. The contribution
fe(fifi
from an individual binary emitting at some frequency is

M p 7 1 +z dEgw
Q 0,) = . 12
aw (/. 0p) D2y, di (12)

To decrease the computation time, rather than generating
realizations of the binary population, we instead generate
values of Qgw(f;) directly. Assuming that there are no
correlations between the frequency bins, i.e., no binaries
cross between bins during the period of observation, the

‘As a consistency check, we repeated our analysis for a
power-law ansatz and reproduced the posteriors reported by
NANOGrav [5].
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statistical properties of Qgw(f) can be inferred from the
distribution of QU (f.8,), which is given by’

_ dr
f,Gf)oc/d/l‘dlnfr

and depends only on the parameters of the merger rate and

PO(Q sQ-0l). (13)

binary evolution 6, = (ppy, &, f, frer)-

Finally, the distribution P(Q|f;, éf) of the total GW
energy density (11) in each bin is estimated by dividing
the signal into two pieces: the signal from the strongest
sources and the rest (see the Supplementary Material [70] for
details). The first component is modeled using a Monte Carlo
approach simulating 4 x 103 realizations of the signal from
these strong sources using single event distributions (13).
The rest of the signal follows a narrow Gaussian distribution
and can be simply modeled by its average. The probability
distribution of Qg (f ;) possesses a long tail which it inherits
from P(.° Such long tails are expensive to resolve with the
Monte Carlo approach, so we use P!) to construct the large Q
tail analytically. This improves the statistical modeling of
Qcw(f;) at large amplitudes for which a single source is
expected to dominate the signal. We represent the probability
distributions of Q with and without the environmental effects
for the best-fit parameter values in Fig. 6 of Supplementary
Material [70] by the green and blue violins.

Our approach provides an accurate and fast’ way
of resolving the distribution P(Q|f;,6;) of spectral fluc-
tuations in each frequency bin. This makes it feasible to
perform accurate scans over a wide range of model

parameters éf, and is thus a step forward from earlier

analyses that relied on Gaussian process interpolation for

SMBH population synthesis [15] or a relatively small

number of realizations of the full SMBH population [78].
The likelihood of a given model 0 is

176 <[] [ @ Paas(FiQ)P(@IFG)). (14

where the effective number of variables of éf depends on
the hypothesis made for the population: If the energy loss
due to GW emission dominates—corresponding to very
slow environmental energy loss (f.,, — oo)—the only
parameter is pgy, Whereas environmental energy loss is

The binary inclination can be exactly accounted for by
including the inclination-angle-dependent prefactor in Q(C:\)N and
integrating over the inclination angle in P(!), We have checked that
including the inclination angle in P()) has a negligible effect, and

thus we use the inclination angle averaged Qg@v

®It asymptotes to P(Q|f, 0r) ~ ~2as Q — oo, thus implying a
divergent variance [63]. .

"It takes O(1) seconds per bin to compute P(Q|f;, ;) on an
Apple M1 Pro 8-core processor.
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FIG. 2. The NGI15 data on the energy density of GWs Qg
(shown in orange) compared with the best fit assuming energy
loss by GWs only (shown in blue), and the best fit including also
energy loss by the environmental effects (shown in green). The
posteriors for the parameters of the fits are shown in Fig. 3.

characterized by two additional parameters, f..; and a.
Finally, to compare the fits, we define the likelihood ratio

- maxafl(éf|H1)

_“=——. (15)
maxafl(9f|H2)

Results. We see in Fig. 2 that the NG15 data (shown in
orange) are better fitted by the model including environ-
mental effects (shown in green) than by the model where
binaries evolve purely by emitting GWs (shown in blue). In
particular, the fit including environmental energy loss
captures better the dip in the lowest frequency bin at
f =2 nHz, whereas the GW-driven model has to balance
the tilt by lowering the overall merging efficiency. We note
that suppression of the signal at low frequencies is expected
also when the binaries are eccentric [95].

We find that the best-fit value of the merging efficiency in
the case of purely GW-driven binaries is pgy = 0.0770:%,
where the uncertainties are reported at the 68% CL. For the
model including environmental effects, the fit prefers
largervalues of ppy. In this case, we show in Fig. 3 the
two-dimensional marginalized projections of the three-
dimensional parameter space featuring the 68%, 95%,
and 99% CL regions with different shades of green and
the best fit as a white dot. The marginalized distributions of
the three parameters are also shown. The best-fit values are
Py = 0.84, a = 2.0, and f,; ~ 34 nHz. We note, how-
ever, that there are significant correlations between the
parameters, and the marginalized probability distributions
are broad and asymmetric. The preferred value of « is
consistent with previous model estimates and the value
a = 8/3 for which 7,,, would be frequency independent.
The central value of f . corresponds to the apparent break
in the spectral index seen in Fig. 6 of Supplementary
Material [70].

The model that includes environmental effects gives a
larger best-fit likelihood but also has more parameters,
namely, (pgy, @, frr). The likelihood ratio with respect to
the best fit for the purely GW-driven binaries (i.e., the limit

L021302-4
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FIG. 3. Fit of the SMBH binary model with environmental
effects parametrized by f.;, @, and ppy to the NGI15 data [5],
for p=2/5.

fref = 0) corresponds to Ay> ~—210g%m = 11. In a
Gaussian approximation, since the difference in the number
of degrees of freedom between the hypotheses is 2, the
model including environmental effects is favored over the
model with pure GW evolution at the 26 CL.

We note that the lower bound on Qgy in the eighth bin at
f = 16 nHz is relatively high. Large upward fluctuations
are a feature of the long-tailed distribution of the GW
spectra from SMBHs [63] and are not penalized heavily in a
likelihood analysis. Relatively nearby SMBH binaries can
generate such peaks. Specifically, the best fits for the GW-
only and GW + environment models shown in Fig. 1
predict that 0.44 and 0.85 SMBH binaries are expected
to be resolved with the current NANOGrav sensitivity,
respectively. Intriguingly, we find that in both cases the
individually resolvable binaries are most likely to be
found in the 4-7 nHz frequency range, which coincides
with a potential monochromatic GW signal seen by
NANOGrav [94] and EPTA [96].

Discussion. The PTA results open an exciting new way to
probe the environments of SMBH binaries. We show in
Fig. 4 the effective timescales for the evolution of the
binaries that best fit the NG15 data. We see that at the
smallest radii, the binaries evolve by emitting GWs,
whereas at larger distances the binary timescales are close
to being flat. This suggests that at these distances the main
mechanism driving binary evolution is viscous drag.
Simulations show that in this regime the combination with
other effects, e.g., loss-cone scattering as well as GW
emission, leads to a distribution that is close to flat,

103
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1072 0.1
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FIG. 4. Effective timescales 7. for fits to the NG15 data shown
as functions of the separations at which binaries are emitting
GWs in the NANOGrav band (1-30 nHz), and for chirp masses
Me(103,10")My, which is the range found in [63] to
dominate the stochastic GW background. The dashed lines are
for energy loss by GWs alone, and the shaded regions are those
favored at the 68% CL for a combination of energy loss by
environmental effects and GWs. The two lower lines are
computed with @ < 4 and a < 6 as priors.

although the uncertainties are large. In general, we find
that the phenomenological fit is consistent with the
expected evolution of binaries in galactic environments.

As discussed in [63], although there are large uncer-
tainties, extrapolation of the model predicts that GWs from
mergers of lower-mass BHs should be observable in the
higher frequency ranges where the LISA mission [97] and
proposed atom interferometers such as AION [98] and
AEDGE [99] are most sensitive, as well as other projects
targeting the dHz frequency band [100,101]. LISA would
be most sensitive to mergers of BHs with masses
(10°,10")M, and AEDGE to the (10, 10°)M, mass
range. Observations of binaries of such intermediate-mass
BHs could cast light on the mechanism for the assembly of
SMBHs as well as probe strong gravity in a range beyond
the reach of terrestrial laser interferometers. To the extent
that the results of this Letter suggest a high merger
efficiency pgy ~ 0.5, the merger rates might be greater
than was estimated in [63], improving the prospects for
seeing inspiraling intermediate-mass BH binaries by LISA
and AEDGE to O(10°) and by km-scale terrestrial atom
interferometers to O(10).
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