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The High Latitude Wide Area Survey with Roman, with its unprecedented combi-
nation of sensitivity, spatial resolution, area and NIR wavelength coverage, will rev-
olutionize the study of galactic-scale environments of SMBH pairs. This white paper
summarizes the science opportunities and technical requirements on the discovery
and characterization of SMBH pairs down to galactic scales (i.e., less than tens of
kpc) over broad ranges of redshift (1 < z < 7) and luminosity (Lbol ≳ 1042 erg s−1).

The hierarchical structure formation paradigm predicts the formation of pairs of super-
massive black holes in merging galaxies. When both (or one) members of the SMBH pair
are unobscured AGNs, the system can be identified as a dual (or offset) AGN. Quantifying
the abundance of these AGN pairs as functions of separation, redshift and host properties
is crucial for understanding SMBH formation and AGN fueling in the broad context of
galaxy formation. It is also a critical pathway to forecasting low-frequency (nHz-mHz)
gravitational waves from the coalescence of SMBHs, whose detection is imminent with
pulsar timing arrays and future space-based interferometers [14; 4; 26; 21]. Following
the merger of two galaxies, the two SMBHs within each of the galaxies will pair up and
eventually evolve into a gravitationally bound binary, separated by ≲ 10 parsec, via dy-
namical friction and other interactions with gas and stars [e.g., 1; 13; 25; 2; 39; 20; 24; 27].
Studying SMBH pairs (via their proxy, AGN pairs) at different evolutionary stages, e.g.,
from >tens of kpc separations to ≲10 pc scales of bound SMBH binaries, provides the
foundation to understand the dynamical formation of binary SMBHs [e.g., 9; 12; 36].

The scales from tens of kpc to tens of parsec (i.e., galactic scales) are of particular in-
terest. These scales correspond to the late stage of galaxy mergers, while the two SMBHs
are on their way to become a bound binary1. The observed frequency of pairs of AGNs
on these galactic-scales is essential for testing physical recipes for AGN fueling in cos-
mological simulations and for constraining how fast the BH pair forms a bound binary
[e.g., 38; 32; 11; 19; 35]. In addition, the ∼ kpc-scale SMBH pair frequency may provide
observational constraints on the physical nature of dark matter particles. For example,
in fuzzy dark matter [16], a form of dark matter that consists of extremely light scalar
particles with masses on the order of ∼10−22 eV, SMBH pairs would never get much closer
than ∼1 kpc because fuzzy dark matter fluctuations may inhibit the orbital decay and
inspiral at kpc scales, resulting in a pile-up of ∼ kpc dual AGNs [17].

Current Status and Challenges Cosmological hydrodynamical simulations now have
sufficient volume to probe dual/offset AGN populations at high redshift [3; 10; 33; 5; 37],
where mergers occur much more frequently than in the low-redshift universe. These
simulations have predicted populations of dual and offset AGNs from cosmic dawn to
low redshift, along with detailed properties of their host galaxies. Despite these recent
theoretical advances, there are still substantial variations in the modeling details in these
simulations and the forecasts differ among different work. There is also a serious mismatch
in the AGN luminosities from current simulations and observations, with the latter often

1A separate Roman white paper is dedicated to bound binary massive black holes with the High
Latitude Time Domain Survey [15].
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limited to the most luminous quasar population (Lbol ≳ 1045 erg s−1), which has poor
statistics even in the largest simulation volume currently available [5; 6].

On the observational side, there is a stark paucity of robustly confirmed ∼kpc-scale
dual or offset AGNs at z > 1, as highlighted in Fig. 1. The main observational hurdle
is the stringent requirements for spatial resolution and robust AGN identification. Kpc-
scale dual and offset AGN identification requires sub-arcsec resolution; the rareness of
AGNs in pairs requires wide-area searches. So far, ground-based wide-area imaging and
spectroscopic surveys have been highly inefficient in finding sub-arcsec dual/offset AGNs.

The all-sky Gaia data have recently been used to select candidate sub-arcsec dual/off-
set AGNs and lenses at z > 1 [18; 29; 23; 30; 22]. Yet, follow-up observations, typically
with HST resolution, are required to confirm the dual/offset AGN nature. It is a painstak-
ing process to rule out alternative scenarios, i.e., a gravitationally lensed AGN instead
of a genuine AGN pair [7; 8]. Steps from Gaia selection to HST/JWST follow-up for
confirmation are time consuming. As a result, unambiguously confirmed dual quasars at
z > 1.5 are currently limited to a handful of objects [8].

While existing statistics from Gaia are starting to constrain the galactic-scale dual
quasar frequency as a function of separation (Fig. 2), the mismatch between the AGN
luminosities in observations and simulations prevents a fair comparison. It is anticipated
that treasury extragalactic HST/JWST programs will push these searches to faint AGN
luminosities [e.g., 34], but to ensure statistics, deep and wide area searches are necessary.

Enter Roman Without doubt, Roman will transform the landscape of dual/offset AGN
research with its High Latitude Wide Area Survey. In order to significantly improve ob-
served pair statistics, to extend to lower AGN luminosities matching simulations, and to
explore the diversity in SMBH and host properties, it is necessary to carry out searches
with deep, wide-area surveys at sub-arcsec resolution. Upcoming wide-field space mis-
sions, including Euclid [28, to be launched in∼ 2023], the Chinese Space Station Telescope
[CSST, 40, to be launched in ∼ 2024], and Roman [31, to be launched before ∼ 2027],
will provide the perfect combination to conduct systematic searches of dual/offset AGNs
across cosmic time. All three missions will carry out a wide-field imaging survey in multi-
ple filters with ∼ 0.05− 0.2” resolution and depths of ∼ 25− 28 AB mag, with additional
spectroscopic capabilities. The combined photometric data cover a broad wavelength
range across UV-optical-near-infrared. These data can be used to efficiently select candi-
date AGN pairs based on photometric colors and spectroscopic information, down to the
diffraction limit of these space telescopes.

In particular, the deep and high-resolution IR imaging from Roman will provide the
most crucial component to test the lensing scenario for high-redshift double quasars. Op-
tical imaging with HST resolution is insensitive to detect a potential z > 1 lens galaxy
[29] and the solution is to use near-IR imaging [8]; on the other hand, JWST would be
too expensive to cover wide areas. In addition, the capability of detecting the host galaxy
in deep IR imaging and measuring sub-arcsec offset of point sources within will enable
the systematic discovery of single offset AGNs in high-redshift mergers. Host galaxy mea-
surements will also allow a detailed look at the populations of dual and offset AGNs in
different types of galaxies, shedding light on AGN fueling and recoiling SMBHs. With
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combined data sets from these upcoming space-based surveys, we will conclusively mea-
sure the abundances of galactic-scale quasar and AGN pairs, offset AGNs, and sub-arcsec
lensed quasars across most of the cosmic history, with unprecedented statistics and cov-
erage of the parameter space of SMBHs and host galaxies. In turn, these data will deliver
an observational consensus on the formation and evolution of SMBH pairs in galactic
environments.

Technical Aspects This science case rests on the High Latitude Wide Area Survey
(HLWA) with Roman’s Wide Field Instrument. The current baseline design of the HLWA
survey will cover > 1700 deg2 in 4 NIR bands (0.93–2.00µm), reaching a 5σ imaging
depth of ∼ 26 − 27 in Y JH and F184. This sensitivity and area coverage will probe
AGN luminosities down to Lbol ≳ 1042 erg s−1 at z > 1 (i.e., a factor of 104 fainter
than luminous SDSS quasars) and uncover more than ∼ 10 million AGNs over 1 <
z < 7 (the exact number is unknown without actual measurements of the AGN LF
at the Roman magnitude limit). While theoretical uncertainties are still large, recent
simulations generally predict a galactic-scale dual AGN fraction of ∼ 1% among all AGNs
with Lbol > 1043 erg s−1 at z > 1, and ten times more abundant single offset AGNs in
galaxy mergers [10]. Thus we expect > 105 (> 106) dual (offset) AGNs on galactic scales
from the HLWA survey. These sample sizes linearly scale with the survey area, assuming
fixed depth. These unprecedented statistics are sufficient to bin the dual/offset AGN
sample in pair separation, redshift, AGN luminosity and host galaxy types, allowing us
to disentangle different physical mechanisms that drive the formation and evolution of
SMBH pairs.

While we do not require significant changes in the HLWA design to enable dual SMBH
science, we emphasize on the following technical requirements for Roman data processing
and policies: (1) To enable a complete coverage of pair statistics down to the ∼ 0.13”
resolution of Roman, it is important to deblend these close pairs (often within extended
host galaxies or mergers) efficiently and robustly. Although it is possible to quantify and
correct for the incompleteness of pair resolving, it is crucial for Roman to deliver the
best possible deblended photometry. A secondary requirement is that deblending should
retain a high success rate for pair contrasts of as low as 0.1 or 0.3 to reduce the bias
of preferentially selecting equal-flux pairs. (2) While the Roman grism spectroscopy will
undoubtedly be useful for our science, the nature of pair proximity and required spectral
sensitivity may limit the utility of these grism spectra beyond a redshift determination.
Instead, our science case will heavily rely on robust photometric identification of unob-
scured AGNs. As such, it is critical to combine NIR photometry from Roman with optical
photometry from other space-based wide-area imaging surveys.
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Figure 1: Current inventory of observed dual AGNs/quasars in the redshift-separation
space, along with predicted dual AGNs from the TNG50 simulation (pink points). The
black circles are candidate (a few are now confirmed) dual quasars selected using Gaia data.
Confirmed dual AGNs at sub-arcsec separations are sparse at z > 1.5. Figure adapted
from [7] and Puerto-Sanchez, Habouzit et al. in prep. Roman will directly resolve
pairs down to ∼ 0.1” separations and discover these small-scale systems on
industrial scales, and extend the search to redshifts of up to z ∼ 7.
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quasar fraction (among all quasars)
as a function of pair separation
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lensed quasars. The red and magenta
circles are predicted dual AGN frac-
tions for two luminosity thresholds,
which are fainter than the observed
quasar sample by at least one order of
magnitude. Figure adapted from [30].
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[25] M. Milosavljević and D. Merritt. Formation of Galactic Nuclei. ApJ, 563:34–62,
December 2001. doi: 10.1086/323830.

[26] Chiara M. F. Mingarelli and J. Andrew Casey-Clyde. Seeing the gravitational wave
universe. Science, 378(6620):592–593, November 2022. doi: 10.1126/science.abq1187.

[27] Go Ogiya, Oliver Hahn, Chiara M. F. Mingarelli, and Marta Volonteri. Accelerated
orbital decay of supermassive black hole binaries in merging nuclear star clusters.
MNRAS, 493(3):3676–3689, April 2020. doi: 10.1093/mnras/staa444.

[28] R. Scaramella, J. Amiaux, Y. Mellier, C. Burigana, C. S. Carvalho, J. C. Cuillan-
dre, A. Da Silva, A. Derosa, J. Dinis, E. Maiorano, M. Maris, I. Tereno, R. Lau-
reijs, T. Boenke, G. Buenadicha, X. Dupac, L. M. Gaspar Venancio, P. Gómez-
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[36] M. Volonteri, T. Bogdanović, M. Dotti, and M. Colpi. Massive Black Holes in Merging
Galaxies. IAU Focus Meeting, 29:285–291, 2016. doi: 10.1017/S1743921316005366.

[37] Marta Volonteri, Hugo Pfister, Ricarda Beckmann, Massimo Dotti, Yohan Dubois,
Warren Massonneau, Gibwa Musoke, and Michael Tremmel. Dual AGN in the
Horizon-AGN simulation and their link to galaxy and massive black hole merg-
ers, with an excursus on multiple AGN. MNRAS, 514(1):640–656, July 2022. doi:
10.1093/mnras/stac1217.

[38] Q. Yu, Y. Lu, R. Mohayaee, and J. Colin. The Low Frequency of Dual Active Galactic
Nuclei versus the High Merger Rate of Galaxies: A Phenomenological Model. ApJ,
738:92–+, September 2011. doi: 10.1088/0004-637X/738/1/92.

[39] Qingjuan Yu. Evolution of massive binary black holes. MNRAS, 331(4):935–958,
April 2002. doi: 10.1046/j.1365-8711.2002.05242.x.

[40] Hu Zhan. The wide-field multiband imaging and slitless spectroscopy survey to be
carried out by the survey space telescope of china manned space program. Chinese
Science Bulletin, 66(11):1290–1298, apr 2021. doi: 10.1360/tb-2021-0016. URL
https://doi.org/10.1360%2Ftb-2021-0016.

9

https://doi.org/10.1360%2Ftb-2021-0016

