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Abstract

Pulsar timing arrays (PTAs) are on the verge of detecting low-frequency gravitational waves (GWs)
from supermassive black hole binaries (SMBHBs). With continued observations of a large sample
of millisecond pulsars, PTAs will reach this major milestone within the next decade. Already,
SMBHB candidates are being identified by electromagnetic surveys in ever-increasing numbers;
upcoming surveys will enhance our ability to detect and verify candidates, and will be instrumental
in identifying the host galaxies of GW sources. Multi-messenger (GW and electromagnetic) obser-
vations of SMBHBs will revolutionize our understanding of the co-evolution of SMBHs with their
host galaxies, the dynamical interactions between binaries and their galactic environments, and the
fundamental physics of accretion. Multi-messenger observations can also make SMBHBs ‘standard
sirens’ for cosmological distance measurements out to z ~ 0.5. LIGO has already ushered in break-
through insights in our knowledge of black holes. The multi-messenger detection of SMBHBs with
PTAs will be a breakthrough in the years 2020-2030 and beyond, and prepare us for LISA to help
complete our views of black hole demographics and evolution at higher redshifts.



1 Multi-Messenger Science with Pulsar Timing Arrays
Supermassive black holes (SMBHs) reside in the nuclei of massive galaxies [I]. Galaxy
mergers deliver two SMBHs, along with massive inflows of gas, to the center of post-merger
galaxies [2]. Gravitationally bound SMBH binaries (SMBHBs) can then form, and eventually
emit gravitational waves (GWs). If sufficient gas remains, it can power bright active galactic
nuclei (AGNs) [3| 4], observable across the electromagnetic (EM) spectrum.

In the coming decade, Pulsar Timing Arrays (PTAs) [5HI], like NANOGrav [10], will
likely detect GWs in the nano-Hertz frequency band, confirming the existence of SMBHBs
[11H13]. The expected signals are: (1) Continuous Gravitational Waves (CGWs) from
individual, massive (108 — 10! M) and relatively nearby (redshifts z < 0:5) binaries, and
(2) a stochastic Gravitational Wave Background (GWB) from the superposition of
many unresolved SMBHBs [14721]E] At the same time, upcoming wide-field, time-domain
(e.g., LSST), and multi-epoch spectroscopic (e.g., SDSS-V, DESI) surveys will discover an
unprecedented number of SMBHB candidates.

As emphasized by the choice of thematic areas for Astro2020, and the ten NSF Big Ideas,
the coming decade promises revolutions in multi-messenger astrophysics. In this white paper,
we discuss the astrophysics that is uniquely addressed with the detection of EM and nano-
Hertz GW signals from SMBHBSEI In particular, we address four fundamental questions:
Q1. How do SMBHBs interact with their environments? SMBHBs evolve towards

the GW regime through complex interactions with the galactic cores, e.g., stellar scat-
terings [23], 24], interactions with nuclear gas [25], 26], and triple SMBH interactions
from subsequent mergers [27H30]. The detection of the GWB will strongly constrain
these physical processes, since each mechanism affects the shape of the GWB spectrum.

Q2. How does accretion in the presence of a SMIBHB shape its EM signatures?
Dynamical processes in the circumbinary disk induce a unique structure, which affects
the resulting EM emission [31H33]. However, AGNs with a single SMBH may mimic
these signatures, making EM detections of sub-parsec binaries ambiguous [34] [35].
Multi-messenger detections of SMBHBs will illuminate the origin of the EM counter-
parts, allowing for direct comparisons against typical AGN.

Q3. How do SMBHs co-evolve with their host galaxies? SMBH-galaxy scaling laws,
like the M— * relation, indicate that SMBHs evolve symbiotically with their hosts [36].
PTA upper limits on the GWB already constrain these scalings [37], which will become
more stringent with a GWB detection. Mass measurements directly from CGWs will
test and calibrate EM-based methods, while also assessing potential biases in SMBH-
host scaling laws, which may be significant [38-40].

Q4. How can binaries be used as cosmological probes? If the host galaxy of a
SMBHB is identified, we can measure its redshift via spectroscopy and the luminos-
ity distance from the GW signal, turning SMBHBs into standard sirens [41], 42], as
LIGO did with the detection of a NS merger [43]. The LISA mission [44] can use mas-
sive binaries as standard sirens to even higher precisions and redshifts [45H47]. PTAs
will contribute independent siren measurements, will establish the procedure for LISA
follow-up strategies, and tune rate predictions in the LISA band.

11t is unclear if the GWB will be detected first [T1], or both types of signals contemporaneously [13], 22].
2See Holley-Bockelmann et al. for a discussion of mHz-GW science with higher-z, lower-mass sources.
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