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Binary systems of supermassive black holes are promising sources of low-frequency gravitational
waves (GWs) and bright electromagnetic emission. Pulsar timing array GW searches for individual
binaries have been limited to only a few candidate systems due to computational demands, which
get worse as more pulsars are added. By modeling the GW signal using only components from when
the GW passes the Earth (rather than also each pulsar), we find constraints on the binary’s total
mass and GW frequency that are similar to a full signal analysis, yet ∼ 70 times more efficient.

Introduction.—All major pulsar timing array (PTA)
collaborations [1–6] have now reported evidence for a
stochastic background of gravitational waves [7–10]. This
was achieved by measuring coherent deviation in the ar-
rival time of pulsar signals which are correlated among
all pulsars with a quasi-quadrupolar pattern (i.e., the
Hellings & Downs curve [11]). The most likely origin of
this background is a population of supermassive black-
hole binaries (SMBHBs) [12, 13]. These systems natu-
rally form in galaxy mergers [14], and at the final stages
of their evolution become promising PTA sources [15, 16].

Strong GW signals from massive and relatively nearby
SMBHBs can be resolved on top of the GW background.
This may occur as early as the next few years [17–21].
PTAs will detect SMBHBs thousands of years before co-
alescence (∼ 104 years for an equal-mass binary with
109M⊙ and period of a few years), which likely show
no evolution over the baseline of timing observations
(∼ decades). Recent PTA datasets have provided up-
per limits on the GW strain from individual SMBHBs
[22–29], including stringent mass-ratio limits on tenta-
tive SMBHBs in nearby galaxies [30, 31]. Furthermore,
SMBHBs may reach the GW regime embedded in gas-
rich environments [32]. Therefore, in addition to GWs,
they likely produce bright electromagnetic (EM) emis-
sion [33, 34], making them excellent targets for multi-
messenger observations [35, 36]. Combined EM+GW
searches are very advantageous as they improve the GW
upper limits [37, 38], boost the GW detection probability
[39], and can significantly improve parameter estimation
[40, 41]. Since EM observations provide very precise loca-
tions and redshifts, multi-messenger searches are by de-
fault targeted towards specific galaxies of interest. This
has important implications on the PTA GW data anal-
ysis, since the sky location and luminosity distance can
be fixed, unlike the typical PTA searches which are all-
sky and use a broad, weakly-informative prior for the
distance.
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In this Letter, we address a major limitation of cur-
rent approaches to targeted PTA GW searches; namely,
the scaling of the parameter space with the pulsar ar-
ray size, and the associated computational complexity.
Timing deviations induced by GWs from a SMBHB in-
clude two components: (1) the Earth term, which is com-
mon in all pulsars (up to directional sensitivity factors)
[e.g., 42]; and (2) the pulsar terms, which are different in
each pulsar, reflecting the GW phase upon passing each
one. Modeling the pulsar term is crucial for localizing
the source [42, 43], but makes these searches complicated
and computationally expensive, because, in addition to
the standard binary parameters, they also search over
multiple parameters for each pulsar (pulsar distance and
pulsar-term GW phase) [44]. Hence, the number of pa-
rameters needed to fully model a single SMBHB signal
scales linearly with the number of pulsars in the array.
Given that (i) current searches of this variety can take
approximately weeks on modern CPU architectures1; (ii)
pulsars are being added every year to data sets; and (iii)
in the future we may want to target multiple candidates
simultaneously, strategies are needed to bypass current
limitations and, at minimum, provide a rapid first as-
sessment of GW candidate viability.
Indeed, for targeted searches, in which the candidate

source location is determined by EM data, we find
that modeling only the Earth term offers a significantly
simpler and more computationally efficient alternative
while retaining the most valuable information for multi-
messenger assessment. This will be extremely crucial
both for GW follow-ups targeting the flood of EM can-
didates in the era of the Legacy Survey of Space and
Time (LSST) of the Vera Rubin Observatory [34, 46–48],
and for following-up the hundreds or thousands of po-
tential host galaxies within the large localization volume
of a GW-triggered detection [49]. Here, we use realistic
binary simulations and compare the parameter estima-
tion and computational efficiency of Bayesian analyses

1 Although efforts are being made to speed this up [45].

mailto:maria.charisi@nanograv.org


2

that model the full signal likelihood versus ones that ne-
glect the pulsar terms. The output of our simulations
can be found in https://github.com/mariacharisi/
Earth-Term-MMA.git.

GW Signals and Simulations— The timing deviations,
s, induced by a binary can be written as s(t, Ω̂) =

F+(Ω̂)∆s+(t) + F×(Ω̂)∆s×(t), where Ω̂ is the GW unit
position vector, +,× refer to the GW polarization, F+,×

are the antenna pattern functions that describe the re-
sponse of an Earth–pulsar system to the GW signal, and

∆s+,×(t) = s+,×(t)− s+,×(tp) (1)

is the difference between the Earth and the pulsar term,
which depends on the binary parameters, pulsar distance
L, pulsar-term GW phase, and tp = t−L(1− Ω̂ · p̂) with
p̂ the unit position vector of the pulsar. For a derivation
of the full signal and PTA likelihood see [25, 28].

Following the framework developed in Pol et al. [50],
we simulate timing data for a PTA with near-future
sensitivity. The simulated data have a baseline of 20
years, (roughly the expected timeline for detection of
GWs from individually resolved binaries [17–21]), but
otherwise resemble the NANOGrav’s 12.5-year dataset
[51] in terms of number of pulsars, observational sam-
pling, TOA uncertainties etc. We also simulate intrin-
sic red noise for each pulsar according to its measured
characteristics in the NANOGrav 12.5-year dataset. For
the extrapolated data, we keep the observational prop-
erties similar to the 12.5-year dataset (see [50] for de-
tails). This represents a conservative choice for the fu-
ture PTA sensitivity, since the number of pulsars will
certainly increase. We inject one circular SMBHB sig-
nal into each of these simulated PTA datasets, randomly
drawing the binary parameters from uniform distribu-
tions in the following ranges: sky location, θ : [0, π],
and ϕ : [0, 2π]; distance, log10(D/Mpc) : [1, 3]; total bi-
nary mass, log10(Mtot/M⊙) : [9, 10]; binary mass ratio,
log10 q : [−1, 0]; GW frequency, log10(f/Hz) : [−9,−7.5];
orbital inclination angle, cos ι : [−1, 1]; initial Earth-term
phase, Φ0 : [0, 2π]; and GW polarization angle, ψ : [0, π].
The simulated timing deviations include the pulsar terms
with pulsar distances from Verbiest et al. [52], and allow
for frequency evolution between the Earth and pulsar
terms but not within the timing baseline of the data. We
simulate 1, 500 binary signals, and compute the signal-
to-noise ratio (S/N) for each. We exclude realizations
with S/N < 5 and S/N >15, since our goal is to test our
analysis approximation in moderate signal regimes where
any biases would show, yet not so strong as to be unreal-
istic for PTAs. This leaves 342 injected-binary datasets
remaining in the sample.

For each simulated dataset, we perform Bayesian
analyses using the enterprise PTA software [44], and
PTMCMCSampler [53] to sample the posterior distribution
of the parameter space, employing uniform priors with
ranges like above. We exclude high frequency binaries
from our simulations, because they are rare and unlikely
to be detected due to limited sensitivity at higher fre-
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FIG. 1. Posterior distributions of the total mass and GW
frequency. The ETerm and PTerm analyses are shown with
orange dashed and blue solid lines, respectively, with green
dashed lines showing the injected values. The shaded regions
in the 1D posteriors show the 68% credible intervals.

quencies [17–21]. Similarly, we inject only high-mass
binaries, since PTAs are currently sensitive only to the
most massive systems [31] and to ensure high S/N, but
our conclusions should also hold for lower-mass binaries.
We perform two sets of analyses on each dataset:
(i) The full signal model, which includes the pulsar terms
(PTerm hereafter). This setup includes 6 binary param-
eters plus 90 pulsar parameters (pulsar distance, pulsar-
term GW phase for each). To effectively sample the
high-dimensional parameter space, we include dedicated
Markov chain Monte Carlo (MCMC) proposal distribu-
tions designed for PTA SMBHB analyses [25].
(ii) A simplified model, which includes the Earth term
but excludes all pulsar terms (ETerm hereafter). This
setup needs only 6 parameters describing the circular bi-
nary waveform, and does not use proposal distributions.
Since we consider targeted GW searches (e.g., as in
[37, 39, 40]) in both analyses the sky position and dis-
tance of the source are fixed to the injected value. We
also fix the per-pulsar red noise characteristics to injected
values, as this will not alter the generality of our results.

Results.— In Figure 1, we show an example of the
marginalized posterior probability distributions for the
total mass and GW frequency for a binary with S/N ∼ 9.
We see that both analyses successfully recover the in-
jected values within 68% credibility, and return sim-
ilar constraints on these parameters. Next, we sys-
tematically examine how well the injected values, Xin,
are recovered across all our simulated datasets, by cal-
culating the percentage errors of the posterior median
δX = (Xin − Xpost.,50)/Xin × 100%, where X is any of
the six binary parameters. In the top panel of Figure 2,
we show the distribution of the percentage error for each
binary parameter both with the ETerm (orange dashed
lines) and PTerm (blue solid lines) analyses. In Ta-
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TABLE I. Percentiles (16th, 50th and 84th) of the percent
error distributions, δX , and fraction of realizations, P10%, for
which the median is within 10% of the injected value for each
binary parameter and for each analysis.

PTerm ETerm PTerm ETerm
parameter δX [%] δX [%] P10% [%] P10% [%]
log10 f 0.00.2

−0.2 0.00.4
−0.4 99.7 97.4

log10Mtot 0.21.6
−0.9 −0.11.5

−1.4 100 100
log10 q −3.237.0

−203.4 1.540.0
−188.5 13.4 11.1

cos i 5.354.8
−59.2 30.283.2

−47.2 17.5 7.3
Φ0 2.941.2

−245.2 0.246.6
−255.0 11.7 12.3

ψ −2.841.9
−172.1 −3.146.1

−199.1 15.2 15.2

ble I, we show the 16th, 50th, and 84th percentiles of each
error distribution. We also report the percentage of real-
izations, P10%, for which the posterior median is within
10% of the injected value, i.e., |δX | < 10%.

Both methods successfully recover the GW frequency
and binary total mass, with narrow δX distributions
peaked around 0% and high P10% percentages. The
PTerm analysis slightly outperforms the ETerm analysis
in the case of the binary inclination, but even the PTerm
analysis does not provide tight constraints, as evidenced
by the wide distributions of δX and the relatively low
P10% percentages. Finally, the binary mass ratio, initial
Earth-term phase and GW polarization angle are poorly
constrained in both analyses (see the Discussion below).
We note that for multi-messenger observations, the incli-
nation and mass ratio may be independently constrained
by the EM signal [34, 36], and thus the simpler ETerm
analysis may be sufficient even for these parameters [41].

The above metric for parameter-estimation fidelity re-
lies on the posterior median, i.e., a point estimate, but
the shape of the posterior distribution contains more
information. We further compare the two analyses by
calculating the Kullback–Leibler divergence DKL, which
measures the difference in information content between
two distributions, a parameter’s prior and posterior in
our case (e.g., see [39] for a detailed description of this
metric). A high value of DKL shows more deviation of
the posterior from the prior (and thus higher gain of in-
formation from the data), while a value of zero signifies
identical distributions (i.e., the data did not update the
prior information). In Table II, we report the median of
the distribution of DKL ratios between the two analy-
ses, RKLX

= DKLX
(PTerm)/DKLX

(ETerm). Based on
this ratio, we see that both analyses perform similarly
for the GW frequency and binary total mass, with the
PTerm returning on average 2% higher DKL values for
both parameters, consistent with our findings above. On
the other hand, DKL is ∼ 25 times higher in the PTerm
analysis for the mass ratio. This is driven by a large
fraction of realizations (∼ 65%) for which the posterior
is almost identical to the prior (with DKL < 1) in the
ETerm analysis. For the remaining parameters, DKL is
on average higher for the ETerm analysis (again see the

TABLE II. Median values for the distributions over simu-
lations of the 68% credible interval ratio, R∆X , the KL Di-
vergence ratio, RKL, and the auto-correlation length ratio,
RL. The last two columns show the P68 and P95 values
(ETerm|PTerm), i.e. the value for the ETerm analysis shown
on the left and the respective value for PTerm on the right.

parameter RKL RL P68 P95

log10 f 1.02 24.7 67|71 88|94
log10Mtot 1.02 60.5 67|61 92|89
log10 q 24.53 134.2 68|63 94|91
cos i 0.92 30.7 68|76 89|97
Φ0 0.28 16.2 65|68 85|95
ψ 0.39 27.2 65|70 82|95

Discussion for more on this).
As a final test of the fidelity of the ETerm analysis

for parameter estimation, we quantify potential biases
using a p–p test. We assess the fraction of our simulated
binary datasets for which the injected value falls within a
given p% credible interval, Pp, where unbiased coverage
would return Pp = p. In Table II, we show the P68

and P95 values for both analyses. Both analyses perform
similarly providing unbiased parameter estimation, with
P68 and P95 close to the expected values (within 3σ),
with the exception of P95 for the initial phase and the
GW polarization angle in the ETerm analysis. Since the
searched signal in the ETerm analysis does not match
the injected waveform, such deviations from the unbiased
estimation are expected. Despite this, the bias is not
significant, especially since some of these parameters may
be independently constrained by the EM signal [34, 36]
and are not important for finding potential host galaxies.
Finally, we compare both methods in terms of com-

putational efficiency. For this, we calculate the auto-
correlation length LX for each parameter X, which quan-
tifies how often independent samples are drawn in the
MCMC chains. In the bottom panel of Figure 2, we show
the distributions of LX for the ETerm and PTerm analy-
ses. Note that we thinned the chains by a factor of 10 and
LX is calculated in the final chains. In Table II, we report
the median of the ratio of autocorrelation lengths be-
tween the two analyses RL = LX(PTerm)/LX(ETerm).
We see that, depending on the parameter, the PTerm
analysis requires between ∼16 to 135 times more steps
to draw independent samples. Finally, in order to en-
sure overall convergence in the analysis, every parameter
needs to have enough independent samples, and thus the
total length of the MCMC chain is determined by the
chain with the longest LX . In order to compare the ef-
ficiency of the two analyses, we calculate the maximum
LX among the 6 binary parameter chains, Lmax, and
then calculate the ratio of the maxima for the two anal-
yses RLmax = Lmax(PTerm)/Lmax(ETerm). This pro-
vides an estimate of how much longer the PTerm analysis
must be run in order to collect the same number of inde-
pendent samples. The 16th, 50th, and 84th percentiles of
the RLmax distribution are 68.6235.08.5 . Therefore, we con-
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FIG. 2. Comparison of the ETerm (orange dashed lines) and PTerm (blue solid lines) analyses in terms of parameter estimation
(top) and computational efficiency (bottom). The top panel shows the distribution of percent error, δX [%] of the posterior
median with respect to the injected value with vertical grey lines delineating 0%. The bottom panel shows the distribution of
autocorrelation length Lx of the MCMC chains.

clude that the ETerm analysis requires ∼70 times fewer
steps and thus is ∼70 times more efficient. We also com-
pare the memory and CPU requirements of the above
runs. On average, the PTerm analysis takes ∼58 CPU
hours to complete on an AMD Zen processor, requires
∼1.8GB of memory and ∼0.5GB of disk space to store
the output chains. Compared to the ETerm, it is ∼8
times more memory intensive, takes ∼7 times longer to
complete and requires >5 times more disk space. Beyond
these quantitative comparisons, the ETerm is overall sig-
nificantly simpler and easier to set up, e.g. it does not
require highly-tuned MCMC proposal distributions.

Discussion.— Searches for individually-resolved super-
massive black-hole binaries are among the most compli-
cated and computationally expensive PTA analyses. So
far, they have only been possible for a small number of
targets [31, 37, 38]. The problem will be exacerbated in
future PTA datasets, since the higher number of pulsars
will inevitably increase the dimensionality of the param-
eter space, and in turn the computational demands.

Currently, it is intractable to perform a systematic
campaign of targeted searches for all SMBHB candidates
identified in time-domain surveys (∼ 250 systems) [36],
and soon the vast photometric dataset of the Rubin Ob-
servatory will potentially uncover thousands of SMBHB
candidates [46–48]. Similarly, the first PTA detection of
an individually-resolved binary—with its poor localiza-
tion of potentially hundreds of square degrees—will al-
low for many potential host galaxies in its error volume
[49]. Targeted multi-messenger follow-ups of EM identi-
fied candidates or promising host-galaxy candidates re-
quire efficient and reliable alternatives to the traditional
pipeline. This led to the recent development of QuickCW

[45], which delivers an accelerated Bayesian analysis by
restructuring the exploration of the likelihood function.

Here we present a simpler possibility, which will enable
systematic large-scale multi-messenger studies of SMB-
HBs, or rapid first assessments of candidates to determine
their worthiness of a full pipeline follow-up. Our com-
prehensive comparison of targeted GW searches demon-
strates that the simplified and significantly more effi-
cient ETerm analysis can provide comparable constraints
with the more complex and computationally demanding
PTerm analysis. Both searches return similar constraints
on the total mass and GW frequency of the binary, with
the posterior median being within 10% of the injected
value for the vast majority of realizations (over 97% for
both analyses and both parameters). The remaining pa-
rameters are not particularly well constrained in either
analysis, but the PTerm analysis performs slightly better
for the orbital inclination. This is not a major limitation
because the inclination and mass ratio may be indepen-
dently constrained from the EM data for the case of EM
candidates [36], while they are less important for host
galaxy identification. Finally, neither analysis presents
significant bias in the parameter recovery.

As mentioned, the initial Earth-term phase and GW
polarization angle are not well constrained in either anal-
ysis. These two parameters are degenerate, because sig-
nals with (Φ0, ψ) and (Φ0+π, ψ+π/2) produce identical
TOA deviations, which may result in bimodal 2-D pos-
terior distributions in these parameters. Such posteriors
are observed in the PTerm analysis, but less often in the
ETerm analysis. The tuned MCMC proposal distribu-
tions employed in the former likely force the sampler to
more aggressively explore these parameters, whereas in
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the minimally-tuned ETerm analysis the sampler may
get stuck in one of the modes. The bimodality of poste-
riors in the PTerm analysis can explain the lower DKL

values; the ETerm posteriors are more peaked and thus
deviate more from the uniform prior distributions. Sim-
ilarly, the inability to capture the bimodality of the pos-
terions can explain the slight deviations in the p–p test
for these parameters in the ETerm analysis.

Finally, we note that while we performed realistic sim-
ulations of near-future PTA sensitivity based on the
NANOGrav 12.5-year dataset, we only injected GW sig-
nals from single resolvable binaries. Such binaries will be
detected after the GW background [17–21], evidence for
which is already present in current datasets [7–10]. In
future simulations, we will also explore the modifications
needed (if any) for the implementation of our technique
in the presence of a stochastic GW background, and in
the presence of signals from other resolvable binaries.

Summary.— With realistic simulations that emulate
near-future PTA sensitivity, we compared the perfor-
mance of targeted GW searches using a full signal anal-
ysis, PTerm, and a simpler and faster ETerm approxi-
mation, which neglects the pulsar terms. This collapses
the parameter space that must be searched over by twice
the number of pulsars, which for modern PTAs is ≳ 50.
We found that the ETerm analysis provides similar con-
straints on the binary total mass and GW frequency—
the most important properties for multi-messenger as-
sessment—and is ∼70 times more efficient as a result of

the collapsed search-space dimensionality. This analysis
acceleration empowers the rigorous targeted examination
of large samples of candidate SMBHB systems, many of
which have already been found, and many more of which
are promised by the advent of new time-domain surveys
like LSST. This method can also be applied to selected
promising host galaxies in the large error volume of the
first individually resolved binary detected by PTAs.
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M. Giustini, M. Guainazzi, Z. Haiman, N. Herrera Ruiz,
R. Herrero-Illana, K. Iwasawa, S. Komossa, D. Lena,
N. Loiseau, M. Perez-Torres, E. Piconcelli, and M. Volon-

https://doi.org/10.3847/2041-8213/acdac6
https://arxiv.org/abs/2306.16213
https://doi.org/10.48550/arXiv.2306.16214
https://doi.org/10.48550/arXiv.2306.16214
https://arxiv.org/abs/2306.16214
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.3847/2041-8213/acdd02
https://arxiv.org/abs/2306.16215
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.1088/1674-4527/acdfa5
https://arxiv.org/abs/2306.16216
https://doi.org/10.1086/183954
https://doi.org/10.3847/2041-8213/ace18b
https://doi.org/10.3847/2041-8213/ace18b
https://arxiv.org/abs/2306.16220
https://doi.org/10.48550/arXiv.2306.16227
https://arxiv.org/abs/2306.16227


7

teri, The quest for dual and binary supermassive black
holes: A multi-messenger view, New A Rev. 86, 101525
(2019), arXiv:2001.06293 [astro-ph.GA].

[15] S. Burke-Spolaor, S. R. Taylor, M. Charisi, T. Dolch,
J. S. Hazboun, A. M. Holgado, L. Z. Kelley, T. J. W.
Lazio, D. R. Madison, N. McMann, C. M. F. Min-
garelli, A. Rasskazov, X. Siemens, J. J. Simon, and
T. L. Smith, The astrophysics of nanohertz gravitational
waves, A&A Rev. 27, 5 (2019), arXiv:1811.08826 [astro-
ph.HE].

[16] S. R. Taylor, The Nanohertz Gravitational Wave As-
tronomer, arXiv e-prints , arXiv:2105.13270 (2021),
arXiv:2105.13270 [astro-ph.HE].

[17] P. A. Rosado, A. Sesana, and J. Gair, Expected prop-
erties of the first gravitational wave signal detected
with pulsar timing arrays, MNRAS 451, 2417 (2015),
arXiv:1503.04803 [astro-ph.HE].

[18] C. M. F. Mingarelli, T. J. W. Lazio, A. Sesana, J. E.
Greene, J. A. Ellis, C.-P. Ma, S. Croft, S. Burke-Spolaor,
and S. R. Taylor, The local nanohertz gravitational-wave
landscape from supermassive black hole binaries, Na-
ture Astronomy 1, 886 (2017), arXiv:1708.03491 [astro-
ph.GA].

[19] L. Z. Kelley, L. Blecha, L. Hernquist, A. Sesana, and S. R.
Taylor, Single sources in the low-frequency gravitational
wave sky: properties and time to detection by pulsar tim-
ing arrays, MNRAS 477, 964 (2018), arXiv:1711.00075
[astro-ph.HE].

[20] S. R. Taylor, R. van Haasteren, and A. Sesana, From
bright binaries to bumpy backgrounds: Mapping re-
alistic gravitational wave skies with pulsar-timing ar-
rays, Phys. Rev. D 102, 084039 (2020), arXiv:2006.04810
[astro-ph.IM].
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Casey-Clyde, M. Charisi, S. Chatterjee, S. Chen, J. M.
Cordes, N. J. Cornish, F. Crawford, H. T. Cromartie,
M. E. Decesar, P. B. Demorest, T. Dolch, B. Drachler,
J. A. Ellis, E. C. Ferrara, W. Fiore, E. Fonseca, G. E.
Freedman, N. Garver-Daniels, P. A. Gentile, J. Glaser,
D. C. Good, K. Gültekin, J. S. Hazboun, R. J. Jennings,
A. D. Johnson, M. L. Jones, A. R. Kaiser, D. L. Kaplan,
L. Z. Kelley, J. S. Key, N. Laal, M. T. Lam, W. G. Lamb,
T. J. W. Lazio, N. Lewandowska, T. Liu, D. R. Lorimer,
J. Luo, R. S. Lynch, D. R. Madison, A. McEwen, M. A.
McLaughlin, C. M. F. Mingarelli, C. Ng, D. J. Nice,
S. K. Ocker, K. D. Olum, T. T. Pennucci, N. S. Pol,
S. M. Ransom, P. S. Ray, J. D. Romano, B. J. Shapiro-
Albert, X. Siemens, J. Simon, M. Siwek, R. Spiewak,
I. H. Stairs, D. R. Stinebring, K. Stovall, J. K. Swiggum,
J. Sydnor, S. R. Taylor, J. E. Turner, M. Vallisneri, S. J.
Vigeland, H. M. Wahl, G. Walsh, C. A. Witt, O. Young,
and Nanograv Collaboration, The NANOGrav 12.5 yr
Data Set: Bayesian Limits on Gravitational Waves from
Individual Supermassive Black Hole Binaries, ApJ 951,
L28 (2023), arXiv:2301.03608 [astro-ph.GA].

[29] J. Antoniadis, P. Arumugam, S. Arumugam, S. Babak,
M. Bagchi, A. S. Bak Nielsen, C. G. Bassa, A. Bathula,
A. Berthereau, M. Bonetti, E. Bortolas, P. R. Brook,
M. Burgay, R. N. Caballero, A. Chalumeau, D. J. Cham-
pion, S. Chanlaridis, S. Chen, I. Cognard, S. Dan-
dapat, D. Deb, S. Desai, G. Desvignes, N. Dhanda-
Batra, C. Dwivedi, M. Falxa, I. Ferranti, R. D. Ferd-
man, A. Franchini, J. R. Gair, B. Goncharov, A. Gopaku-
mar, E. Graikou, J. M. Grießmeier, L. Guillemot, Y. J.
Guo, Y. Gupta, S. Hisano, H. Hu, F. Iraci, D. Izquierdo-
Villalba, J. Jang, J. Jawor, G. H. Janssen, A. Jessner,
B. C. Joshi, F. Kareem, R. Karuppusamy, E. F. Keane,
M. J. Keith, D. Kharbanda, T. Kikunaga, N. Kolhe,
M. Kramer, M. A. Krishnakumar, K. Lackeos, K. J. Lee,
K. Liu, Y. Liu, A. G. Lyne, J. W. McKee, Y. Maan, R. A.

Main, S. Manzini, M. B. Mickaliger, I. C. Nitu, K. No-
bleson, A. K. Paladi, A. Parthasarathy, B. B. P. Perera,
D. Perrodin, A. Petiteau, N. K. Porayko, A. Possenti,
T. Prabu, H. Quelquejay Leclere, P. Rana, A. Samaj-
dar, S. A. Sanidas, A. Sesana, G. Shaifullah, J. Singha,
L. Speri, R. Spiewak, A. Srivastava, B. W. Stappers,
M. Surnis, S. C. Susarla, A. Susobhanan, K. Taka-
hashi, P. Tarafdar, G. Theureau, C. Tiburzi, E. van
der Wateren, A. Vecchio, V. Venkatraman Krishnan,
J. P. W. Verbiest, J. Wang, L. Wang, and Z. Wu,
The second data release from the European Pulsar
Timing Array IV. Search for continuous gravitational
wave signals, arXiv e-prints , arXiv:2306.16226 (2023),
arXiv:2306.16226 [astro-ph.HE].

[30] K. Schutz and C.-P. Ma, Constraints on individual su-
permassive black hole binaries from pulsar timing array
limits on continuous gravitational waves, MNRAS 459,
1737 (2016), arXiv:1510.08472 [astro-ph.GA].

[31] Z. Arzoumanian, P. T. Baker, A. Brazier, P. R. Brook,
S. Burke-Spolaor, B. Becsy, M. Charisi, S. Chatterjee,
J. M. Cordes, N. J. Cornish, F. Crawford, H. T. Cro-
martie, M. E. Decesar, P. B. Demorest, T. Dolch, R. D.
Elliott, J. A. Ellis, E. C. Ferrara, E. Fonseca, N. Garver-
Daniels, P. A. Gentile, D. C. Good, J. S. Hazboun,
K. Islo, R. J. Jennings, M. L. Jones, A. R. Kaiser, D. L.
Kaplan, L. Z. Kelley, J. S. Key, M. T. Lam, T. J. W.
Lazio, J. Luo, R. S. Lynch, C.-P. Ma, D. R. Madison,
M. A. McLaughlin, C. M. F. Mingarelli, C. Ng, D. J.
Nice, T. T. Pennucci, N. S. Pol, S. M. Ransom, P. S. Ray,
B. J. Shapiro-Albert, X. Siemens, J. Simon, R. Spiewak,
I. H. Stairs, D. R. Stinebring, K. Stovall, J. K. Swig-
gum, S. R. Taylor, M. Vallisneri, S. J. Vigeland, C. A.
Witt, and Nanograv Collaboration, The NANOGrav 11
yr Data Set: Limits on Supermassive Black Hole Bina-
ries in Galaxies within 500 Mpc, ApJ 914, 121 (2021),
arXiv:2101.02716 [astro-ph.GA].

[32] V. Springel, T. Di Matteo, and L. Hernquist, Black Holes
in Galaxy Mergers: The Formation of Red Elliptical
Galaxies, ApJ 620, L79 (2005), arXiv:astro-ph/0409436
[astro-ph].
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[45] B. Bécsy, N. J. Cornish, and M. C. Digman, Fast
Bayesian analysis of individual binaries in pulsar tim-
ing array data, Phys. Rev. D 105, 122003 (2022),
arXiv:2204.07160 [gr-qc].

[46] C. Xin and Z. Haiman, Ultra-short-period massive black
hole binary candidates in LSST as LISA ’verification
binaries’, MNRAS 506, 2408 (2021), arXiv:2105.00005
[astro-ph.HE].

[47] L. Z. Kelley, D. J. D’Orazio, and R. Di Stefano, Gravita-
tional self-lensing in populations of massive black hole
binaries, MNRAS 508, 2524 (2021), arXiv:2107.07522
[astro-ph.HE].

[48] C. A. Witt, M. Charisi, S. R. Taylor, and S. Burke-
Spolaor, Quasars with Periodic Variability: Capabilities
and Limitations of Bayesian Searches for Supermassive
Black Hole Binaries in Time-domain Surveys, ApJ 936,
89 (2022), arXiv:2110.07465 [astro-ph.GA].

[49] J. M. Goldstein, A. Sesana, A. M. Holgado, and J. Veitch,
Associating host galaxy candidates to massive black hole
binaries resolved by pulsar timing arrays, MNRAS 485,
248 (2019), arXiv:1812.02670 [astro-ph.IM].

[50] N. S. Pol, S. R. Taylor, L. Z. Kelley, S. J. Vigeland, J. Si-
mon, S. Chen, Z. Arzoumanian, P. T. Baker, B. Bécsy,
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