t‘ frontiers ‘ Frontiers in Astronomy and Space Sciences

@ Check for updates

OPEN ACCESS

EDITED BY
Murray Brightman,

California Institute of Technology,
United States

REVIEWED BY

Roberto Serafinelli,

Astronomical Observatory of Rome (INAF),
Italy

Erika Maria Benitez,

National Autonomous University of Mexico,
Mexico

*CORRESPONDENCE
Ryan W. Pfeifle,
ryan.w.pfeifle@nasa.gov

RECEIVED 29 September 2023
ACCEPTED 02 February 2024
PUBLISHED 20 May 2024

CITATION

Pfeifle RW, Boorman PG, Weaver KA,
Buchner J, Civano F, Madsen K, Stern D,
Torres-Alba N, Nardini E, Ricci C, Marchesi S,
Ballantyne DR, Sicilian D, Chen C-T,
Kammoun E, Hickox RC, Garcia JA and
Mallick L (2024), The high energy X-ray probe
(HEX-P): the future of hard X-ray dual AGN
science.

Front. Astron. Space Sci. 11:1304652.

doi: 10.3389/fspas.2024.1304652

COPYRIGHT

© 2024 Pfeifle, Boorman, Weaver, Buchner,
Civano, Madsen, Stern, Torres-Alba, Nardini,
Ricci, Marchesi, Ballantyne, Sicilian, Chen,
Kammoun, Hickox, Garcia and Mallick. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Astronomy and Space Sciences

Type Original Research
PUBLISHED 20 May 2024
pol 10.3389/fspas.2024.1304652

The high energy X-ray probe
(HEX-P): the future of hard X-ray
dual AGN science

Ryan W. Pfeifle*?*, Peter G. Boorman®, Kimberly A. Weaver’,
Johannes Buchner?, Francesca Civano?, Kristin Madsen®,
Daniel Stern®, Nuria Torres-Alba®, Emanuele Nardini’,
Claudio Ricci®®*°, Stefano Marchesi®**?, D. R. Ballantyne®,
Dominic Sicilian'*, Chien-Ting Chen®?¢, Elias Kammoun*"8,
Ryan C. Hickox', Javier A. Garcia'® and Labani Mallick*?*#

X-ray Astrophysics Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD, United States,
2NASA Postdoctoral Program Fellow, Oak Ridge Associated Universities, NASA NPP Program, Oak
Ridge, TN, United States, *Cahill Center for Astrophysics, California Institute of Technology, Pasadena,
CA, United States, “Max Planck Institute for Extraterrestrial Physics, Garching, Germany, *Jet
Propulsion Laboratory, California Institute of Technology, Pasadena, CA, United States, °Department
of Physics and Astronomy, Clemson University, Clemson, SC, United States, /INAF—Osservatorio
Astrofisico di Arcetri, Firenze, Italy, ®Instituto de Estudios Astrofisicos, Facultad de Ingenieria y
Ciencias, Universidad Diego Portales, Santiago, Chile, °Kavli Institute for Astronomy and Astrophysics,
Peking University, Beijing, China, *°George Mason University, Department of Physics and Astronomy,
MS3F3, Fairfax, VA, United States, "Dipartimento di Fisica e Astronomia (DIFA) Augusto Righi,
Universita di Bologna, Firenze, Italy, “INAF—Osservatorio di Astrofisico e Scienza dello Spazio (OAS),
Bologna, Italy, *Center for Relativistic Astrophysics, School of Physics, George Institute of
Technology, Atlanta, GA, United States, **Department of Physics, University of Miami, Coral Gables, FL,
United States, **Science and Technology Institute, Universities Space Research Association, Huntsville,
AL, United States, **Astrophysics Office, NASA Marshall Space Flight Center, Huntsville, AL, United
States, YUMR5277 Institut de Recherche en Astrophysique et Planétologie (IRAP), CNRS, UPS, CNES,
Université de Toulouse, Toulouse, France, **Dipartimento di Matematica e Fisica, Universita Roma Tre,
Rome, ltaly, *Department of Physics and Astronomy, Dartmouth College, Hanover, NH, United States,
29CITA National Fellow, University of Manitoba, Winnipeg, MB, Canada, *Canadian Institute for
Theoretical Astrophysics, University of Toronto, Toronto, ON, Canada

Afundamental goal of modern-day astrophysics is to understand the connection
between supermassive black hole (SMBH) growth and galaxy evolution. Merging
galaxies offer one of the most dramatic channels for galaxy evolution known,
capable of driving inflows of gas into galactic nuclei, potentially fueling both
star formation and central SMBH activity. Dual active galactic nuclei (dual
AGNs) in late-stage mergers with nuclear pair separations <10kpc are thus
ideal candidates to study SMBH growth along the merger sequence since
they coincide with the most transformative period for galaxies. However,
dual AGNs can be extremely difficult to confirm and study. Hard X-ray
(>10keV) studies offer a relatively contamination-free tool for probing the
dense obscuring environments predicted to surround the majority of dual
AGN in late-stage mergers. To date, only a handful of the brightest and
closest systems have been studied at these energies due to the demanding
instrumental requirements involved. We demonstrate the unique capabilities
of HEX-P to spatially resolve the soft and - for the first time - hard X-ray
counterparts of closely-separated (~2" - 5") dual AGNs in the local Universe. By
incorporating physically-motivated obscuration models, we reproduce realistic
broadband X-ray spectra expected for deeply embedded accreting SMBHs.
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Hard X-ray spatially resolved observations of dual AGNs—accessible only to HEX-
P—will hence transform our understanding of dual AGN in the nearby Universe.
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1 Introduction

It has long been known that galaxy interactions and mergers
give rise to gravitational torques that can transform the structure
and composition of the constituent galaxies (e.g., Toomre and
Toomre, 1972). These torques can funnel vast quantities of gas
into the central nuclei of the galaxies (e.g., Barnes and Hernquist,
1991; Barnes and Hernquist, 1996), creating reservoirs that can
then fuel star formation as well as the central supermassive black
holes (SMBHs), which ignite as active galactic nuclei (AGNs)
(Hopkins et al., 2006; Hopkins et al., 2008). A natural product
of galaxy mergers are dual AGNs, that is, synchronized SMBH
growth in both galaxies (Van Wassenhove et al., 2012). Simulations
of galaxy mergers predict that the growth of the central SMBHs is
better synchronized in the latest stages of the merger sequence, when
the central nuclei are separated by < 10 kpc (Van Wassenhove et al.,
2012; Capelo et al.,, 2015; Blecha et al., 2018), though dual AGNs
can be found across the full merger sequence, from separations
below 1kpc (e.g., Komossaetal, 2003; Kossetal, 2023) and
up to ~50kpc or more (Liuetal, 2011; Kossetal, 2012;
De Rosa et al., 2018; De Rosa et al., 2023), and the synchronized
activation of a dual AGN is a strong function of progenitor mass
ratios, morphological types, gas masses, and radiative feedback
(e.g., Callegarietal, 2009; 2011; Van Wassenhove etal.,, 2012;
Capelo et al., 2015; Blecha et al., 2018; Li et al., 2021). Dual AGNs
represent a potentially important phase of SMBH growth: they
are predicted to be heavily obscured across the merger sequence
(Blecha etal., 2018) and in late-stage mergers they are expected
to coincide with the most obscured and expeditious growth of
the two SMBHs (Capelo etal.,, 2015; Blechaetal., 2018). These
predictions find support in observations showing that, relative to
mass- and redshift-matched control galaxies, the AGN fraction in
galaxy mergers increases with decreasing nuclear pair separation
(Ellison et al., 2011; Satyapal et al., 2014; Weston et al., 2017), where
the increase in AGN fraction is most dramatic when selecting
AGNs based on mid-IR colors (Satyapal et al., 2014; Weston et al.,
2017). A large fraction of known dual AGNs show evidence for
heavy obscuration (see Section 5.2 in Pfeifle et al., 2023) which
is consistent with theoretical predictions, but such evidence is
admittedly still relatively circumstantial and may depend upon
selection method; statistically complete studies of dual AGNs are
still needed. Nonetheless, with additional evidence of dramatic
AGN feedback in known dual AGNs (Miiller-Sdnchez et al., 2018),
dual AGNs in late-stage mergers may represent one of the most
transformative phases of the entire merger sequence for both the
SMBHs and their hosts. Dual AGNs also represent the observational
forerunner to gravitationally-bound binary SMBHys, the inspiral and
coalescence of which will emit the most titanic of gravitational wave
signals (GW); GWs emitted during the inspiral and coalescence
of higher redshift, intermediate-mass SMBH binaries (total binary
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mass of 10°~10” M,) will be accessible to future space-based GW
facilities (e.g., LISA, Amaro-Seoane etal, 2023, which will be
sensitive these mHz frequencies). These expectations are bolstered
by the recent detection of a nHz frequency GW background by
Pulsar Timing Arrays (Agazie et al., 2023), the origin of which is
most likely attributable to a population of SMBH binaries.

Despite this presumed importance, dual AGNs have remained
relatively elusive, and a variety of selection strategies have
been pursued to uncover them: optical spectroscopic emission
line ratios Liuetal. (2011), double-peaked emission lines (e.g.,
Zhou et al., 2004; Wang et al., 2009; Liu et al., 2010; Smith et al,,
2010; Comerford et al,, 2011; Comerford etal., 2012; Geetal.,
2012), infrared colors (Imanishi and Saito, 2014; Satyapal et al.,
2017; Ellisonetal., 2017; Pfeifleetal., 2019b; Pfeifle et al.,
2019a; Imanishietal., 2020; Barrows etal, 2023), hard X-ray
selection (Kossetal, 2012), and most recently varstrometry
(Hwang et al., 2020; Shen etal., 2021; Schwartzman etal., 2023)
and Gaia multi-source strategies (Shen et al., 2019; Mannucci et al.,
2022; Ciurlo etal., 2023). Serendipitous (e.g., Komossa etal.,
2003; Guainazzi et al., 2005; Piconcelli et al., 2010) and follow-
up X-ray observations (Bianchietal, 2008; Comerford etal,
2011; Kossetal., 2012; Liuetal, 2013; Comerford etal., 2015;
Satyapal etal., 2017; Pfeifleetal., 2019b; Pfeifleetal., 2019a;
Hou et al.,, 2019; Gross etal.,, 2019; Houetal.,, 2020; Hou et al.,
2023) are a common method by which dual AGNs are confirmed,
particularly in cases where dual AGNs cannot be selected through
common optical diagnostics (e.g., NGC 6240, Komossa etal.,
2003). These investigations have revealed a prevalence of high
column densities in the known population of dual AGNs (e.g.,
Komossa et al., 2003; Bianchi et al., 2008; Piconcelli et al., 2010;
Ptak et al., 2015; Nardini, 2017; De Rosa et al., 2018; Pfeifle et al.,
2019b; Pfeifle et al., 2019a; De Rosa et al.,, 2023); see discussion
in Pfeifle et al. (2023). Radio imaging is also an effective method
of selecting (Fu et al,, 2015a) as well as confirming (e.g., Fu et al.,
2011; Freyetal, 2012; Fuetal, 2015b; Miiller-Sanchez et al.,
2015; Rubinur et al., 2019; Rubinur et al., 2021; Gross et al., 2023)
or rejecting dual AGN candidates (e.g., Gabanyietal, 2014;
Gabdnyi et al., 2016; Fu etal., 2015b; Miiller-Sanchez et al., 2015;
Rubinur et al.,, 2019). Radio emission is insensitive to the line-of-
sight obscuration and therefore radio observations are not biased
against the detection of heavily obscured dual AGNs, though
confirmation and characterization via radio imaging is not always
unambiguous (e.g., Miiller-Sanchez et al., 2015; Veres et al., 2021)
and does require that one or both AGNs be emitting in the radio,
which is not always the case (e.g., Gabdnyi et al., 2016).

While Chandra and XMM-Newton have been used effectively
in the past to identify, confirm, and/or characterize dual AGN
systems, their soft X-ray bandpasses (0.5-10keV) bias them
against detecting and properly characterizing the X-ray spectral
properties and the circumnuclear obscurers in heavily obscured
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dual AGNs with column densities Ny > 5x 102-10** cm™, as
predicted (Hopkins et al., 2008; Capelo et al., 2015; Capelo et al.,
2017; Blechaetal, 2018) and observed (e.g., Komossa etal.,
2003; Balloetal., 2004; Bianchietal.,, 2008; Mazzarella et al.,
2012; Koss et al.,, 2016; De Rosa et al., 2018; Iwasawa et al., 2018;
Pfeifle et al., 2019a; Iwasawa et al., 2020; Guainazzietal., 2021;
De Rosa etal., 2023), particularly in late-stage mergers (e.g.,
Riccietal.,, 2017; Riccietal, 2021). In fact, this is a particular
concern in LIRGs and ULIRGs; though the statistics are small,
a higher fraction of dual AGNs were identified among the lower
IR luminosity GOALS sample (Torres-Alba et al., 2018) than the
brighter IR luminosity sample (Iwasawa etal., 2011), which can
possibly be interpreted as the dual AGNs in the high luminosity
sample being too obscured for XMM-Newton or Chandra to detect
and too close together to be resolved by NuSTAR (Torres-Alba et al.,
2018). Hard X-ray bandpasses (>10 keV), on the other hand, provide
access to harder X-ray features, such as Compton reflection, that are
vital for providing accurate constraints on the X-ray properties
of heavily obscured AGNs. NuSTAR, with its sensitivity over the
3-78 keV bandpass, has detected and studied the hard X-ray dual
AGN counterparts (when present) in Arp 299 (though only one
of the dual AGNs was detected, Ptak et al., 2015, but see Section 5
below), ESO 509-1G066 (Kosec et al., 2017), MCG+04-48-002/NGC
6921 (Koss et al., 2016), and NGC 833/NGC 835 Oda et al. (2018),
all of which are local, relatively bright, and have separations large
enough for NuSTAR to spatially resolve (~16" —91”, though at
16" the two sources would appear as a convolved, elongated
single source). However, hard X-ray observations of dual AGNs
with NuSTAR are relatively uncommon (only about 15 NuSTAR
observations of dual AGNs and candidates have been published
previously in the literature; see also Section 5.3 in Pfeifle et al., 2023),
and most dual AGN studies performed with NuSTAR suffer from
non-detections due to NuSTAR’s sensitivity limit (e.g., Ptak et al.,
2015; Ricci et al., 2017; Inaba et al., 2022; Pfeifle et al., 2023) and/or
convolved sources due to NuSTAR’s angular resolution (half power
diameter ~58", 18" FWHM; Nardini, 2017; Yamada et al., 2018;
2018; Pfeifle etal.,, 2019a; 2020;
Pfeifle et al., 2023). This requires a great deal of care and caution

Iwasawa et al., Iwasawa et al.,
when performing the spectroscopic analysis and interpreting the
results (e.g., the case of NGC 6240, Nardini, 2017). To usher in
revolutionary advances in hard X-ray dual AGN science, new
facilities with higher spatial resolution and greater sensitivity at
hard X-ray energies (>10 keV) are required.

In this paper, we discuss the feasibility of hard X-ray dual
AGN science with the High Energy X-ray Probe (HEX-P) mission
concept. The current mission design for HEX-P is described
in Section 2. In Section 3 we describe our HEX-P imaging and
spectroscopic simulations, generated using the soxs (ZuHone et al.,
2023) and SIXTE (Dauser et al., 2019) software packages. We outline
the potential for resolving hard and soft X-ray signatures from
dual AGNs with HEX-P using the instrument and facility design
described in Section 4.1, the feasibility of using nested sampling and
Bayesian statistical source detection techniques to probe closely-
separated hard X-ray sources in Section 4.1, and we compare these
results to what is currently possible with NuSTAR in Section 4.2. In
Section 5, we examine simulated hard X-ray imaging and spectra
for the dual AGN in Arp 299 as a test case for HEX-P dual AGN
science, wherein we use physically-motivated obscuration models
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and Bayesian fitting techniques to constrain the line-of-sight column
densities, photon indices, and other spectroscopic parameters of
the AGNs. We discuss the issue of spectral contamination for
closely separated sources in Section 6. In Section 7 we briefly outline
synergies with upcoming ground-based and space-based facilities.
We provide concluding remarks in Section 8.

2 Mission design

The HEX-P (Madsen etal,, 2023) is a probe-class mission
concept that offers sensitive broad-band spectral coverage
(0.2-80 keV) with exceptional spectral, timing, and angular
capabilities (see Madsen et al., 2023, for further details). It features
two high-energy telescopes (HETs) that focus hard X-rays, and one
low-energy telescope (LET) that focuses lower energy X-rays.

The LET consists of a segmented mirror assembly coated with
Ir on monocrystalline silicon that achieves a half power diameter
(HPD) of 3.5”, and a low-energy DEPFET detector, of the same
type as the Wide Field Imager (WFL; Meidinger et al., 2020) onboard
Athena (Nandra et al., 2013). Ithas 512 x 512 pixels that cover a field
of view of 11.3" x 11.3'. Tt has an effective passband of 0.2-25 keV,
and a full frame readout time of 2 ms, which can be operated
in a 128 and 64 channel window mode for higher count-rates to
mitigate pile-up and faster readout. Pile-up effects remain below an
acceptable limit of ~1% for a flux up to ~100 mCrab (2-10 keV) in
the smallest window configuration. Excising the core of the PSE, a
common practice in X-ray astronomy, will allow for observations
of brighter sources, with a typical loss of up to ~60% of the total
photon counts.

The HET consists of two co-aligned telescopes and detector
modules. The optics are made of Ni-electroformed full shell mirror
substrates, leveraging the heritage of XMM-Newton (Jansen et al.,
2001), and coated with Pt/C and W/Si multilayers for an effective
passband of 2-80 keV. The high-energy detectors are of the same
type as flown on NuSTAR (Harrison et al., 2013), and they consist
of 16 CZT sensors per focal plane, tiled 4 x 4, for a total of 128 x
128 pixel spanning a field of view slightly larger than for the LET,
13.4'x13.4'.

The broad X-ray passband and superior sensitivity (minimum
detectable 10-20 keV flux Fy 501y = 1.4x 107 P ergcm™s™! in
1 Ms; see Table2 in Madsen et al., 2023) will provide a unique
opportunity to study dual AGNs and galaxy mergers across a
wide range of energies, luminosity ratios, pair separations, and
dynamical regimes.

All the simulations presented here were produced with a set
of response files that represent the observatory performance based
on current best estimates as of Spring 2023 (see Madsen et al.,
2023). The effective area is derived from ray-tracing calculations for
the mirror design including obscuration by all known structures.
The detector responses are based on simulations performed by the
respective hardware groups, with an optical blocking filter for the
LET and a Be window and thermal insulation for the HET. The LET
background was derived from a GEANT4 simulation (Eraerds et al.,
2021) of the WFI instrument, and the HET backgrounds was
derived from a GEANT4 simulation of the NuSTAR instrument.
Both simulations adopt the L1 orbit for HEX-P.
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3 Simulating dual AGNs using SOXS
and SIXTE

To simulate HEX-P observations of dual AGNs, we rely upon
two software suites: 1) the SIMULATED OBSERVATIONS OF X-RAY
SOURCES (soxs, ZuHone et al., 2023) suite, to create the SIMulated
inPUT (SIMPUT) files that store the spatial and spectral models
used for the simulations, and 2) the SIMULATION OF X-RAY
TELESCOPES (SIXTE, Dauser et al. (2019)) suite, which was used to
generate the actual simulated observations.

Each simulation includes two AGNs represented as point source
spatial models (hereafter AGN 1 and AGN 2), and we produced
simulations for a variety of separations, ranging from 50" down
to 20" in increments of 10” as well as from 20” down to 0” in
increments of 2" . Here, the 0” case represents the “null” expectation
of what a single source would look like at the combined flux
level of the AGNs in our simulations and it is included for visual
comparison purposes. For illustrative purposes in this work, we also
include simulations of AGNs separated by 15", 5", 3", and 1”. We
use the following components to develop the spectral models for
the AGNs: 1) an absorbed power law (I'=1.8) that accounts for
photoelectric absorption and Compton scattering; 2) reprocessed
emission from a torus (BORUS, Balokovi¢ et al. (2018), which self
consistently accounts for absorption, fluorescence, and Compton
scattering for a toroidal distribution of obscuring gas); 3) two soft
X-ray thermal components (APEC) to model emission due to star
formation, motivated by the common presence of soft thermal
components in many dual AGNs and candidate systems (see, e.g.,
Section 5.4in Pfeifle et al. (2023)); 4) a power law to model Thomson
scattering (0.5%). This AGN spectroscopic model is described
in XSPEC as:

thabs x (borus + ztbabs x cabs x cuto ffpl + const

x cuto ffpl+ apec + apec)

Each AGN spectrum is simulated at a redshift of z=0.05
(Dy, =222.3Mpc). We assume an approximately edge-on torus
viewing angle of 0., = 70° and a covering factor of C = 85%;
the former assumption was a conservative choice that satisfied
our fundamental requirement that the sight line be obscured but
not grazing the torus, while the latter assumption is motivated
by the expectation that mergers should result in heavily obscured
AGNs with high covering factors (Ricci et al., 2017). AGNs 1 and
2 have observed (uncorrected for intrinsic absorption) 2-10 keV
fluxes normalized to 1.0x107" and 5.0x107'*ergecm™s7",
respectively. For each choice of separation, we run the spectral
model of each AGN over a small list of line-of-sight column
densities, log (Nyj/cm?) =22,23,24 (for simplicity we assume
the average torus column density and the line-of-sight column
density are equal); we therefore end up with nine SIMPUT
files for each separation, where each SIMPUT file probes a
separate pairing in terms of obscuration; i.e., one Compton-
thick pair (N a2 = 10** cm™), four Compton-thick and
Compton-thin pairs (Nyj ; o5 = 10** em ™ and Ny o, = 102 em ™,
Nyjorz=10"%em™  and Ny, ,,=10%cm™), and four
Compton-thin-Compton-thin ~ pairs  (Nyj 4pa2 = 102 em™,
Nujorz=102em™  and Ny, o, =102 cm™, Ny .40
= 10* cm™2). soxs is then used to convolve the spatial and spectral
models to produce the SIMPUT files for each AGN pairing.
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Each SIMPUT file generated above was fed to SIXTE in order
to generate the HEX-P HET and LET event files. For each AGN
pairing, we assumed a 50 ks exposure (which could be the typical
exposure time in the HEX-P wide area survey, and is also similar in
length to archival NuSTAR observations of dual AGNs, i.e., ~20 —
60 ks) and generated event files for HET 1, HET 2, an effective (co-
added) 2-camera HET event file, and a LET event file using the v7
HEX-P response files (see Madsen et al., 2023). Science images were
generated for all three HEX-P cameras using the IMGEV command
and spectra were extracted using the MAKESPEC command from
10” apertures (unless stated otherwise in the text) centered on the
AGN positions. We performed the same set of commands in SIXTE
for the analogous NuSTAR simulated imaging using the NuSTAR
response files' and a background file derived from the COSMOS
field (Civano et al., 2015).

4 Hard X-ray imaging results for dual
AGNs

4.1 HEX-P HET and LET imaging of dual
AGNs

We show a subset of our dual AGN simulation suite in Figure 1
and Figure 2 for the 0.2-25keV LET and (co-added two-camera)
2-80 keV HET imaging, respectively, with each panel representing
a distinct pair separation, ranging from 50” down to 0" in 10" or
5" intervals. AGN 1 (centered in the field of view) is clearly seen in
the center of each panel, while AGN 2 can be seen moving closer in
from the left with each successive panel. These images clearly show
the two AGNGs are distinguishable by eye down to ~5” in both the
HET and LET; we include a finer grid of separations in Figure 9
with separations ranging from 5” down to 1” in 1” intervals, which
demonstrates that the AGNs can be distinguished by eye even down
to ~4” in HET imaging and ~3” in LET imaging.

Probing dual AGNs with HEX-P down to separations <5”
is a particularly important task, as dual AGNs are predicted
to experience the peak of their merger-driven luminosities and
obscuration in late-stage mergers (Capelo et al., 2015; Blecha et al.,
2018) when the nuclei of the galaxies are separated by < 10kpc
(<10.2" at z=0.05). HEX-P’s access to X-ray energies beyond
10 keV will be vital to constraining the intrinsic luminosities and
distinct column densities along the line-of-sight to each AGN
in a merging system, an impossibility with NuSTAR for all but
the nearest and brightest (Nardini, 2017) and/or most widely-
separated dual AGNs known (e.g., Ptak et al. (2015); Kosec et al.
(2017); Odaetal. (2018)). Furthermore, broadband coverage is
fundamental not only to detect obscured AGN, but also to accurately
characterize the properties of their obscurers, including line-of-
sight column densities, covering factors, and obscurer geometries;
broadband hard X-ray coverage with NuSTAR, for example, has
led to dramatic refinements in AGN column density estimates
compared to constraints derived from only soft X-ray or joint
soft and ultra-hard X-ray coverage (e.g., Marchesietal. (2018);
Marchesi et al. (2019). Here we discuss the possibility of probing

1 https://www.nustar.caltech.edu/page/response_files
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This 8-panel figure shows the LET 0.2-25 keV 50 ks images (1-pixel smoothing). Panels represent angular separations ranging from 50” down to 0”.
The two AGNs are distinguishable by eye down to 5" and can be identified using Bayesian detection methods (see Section 4.1) down to separations of
~2".The "null” case of 0" (representing a single AGN at the combined flux level of our sources) is included for visual comparison. The AGNs have
observed 2-10 keV fluxes of 1.0 x 1073 and 5.0 x 1074 erg cm™ s7*. These panels display the case in which both AGNs are Compton-thick, though the
Compton-thick/Compton-thin and Compton-thin/Compton-thin cases show similar X-ray morphologies.
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This 8-panel figure shows the effective 2-camera HET 2-80 keV, 50 ks images (1-pixel smoothing). As in Figure 1, panels represent angular separations
ranging from 50” down to 0”. The two AGNs are distinguishable by eye down to 5” and can be identified using Bayesian detection methods (see
Section 4.1 down to separations of ~2”. The AGNs have observed 2-10 keV fluxes of 1.0 x 107 and 5.0 x 1074 erg cm™ s7%. These panels display the
case in which both AGNs are Compton-thick, though the Compton-thick/Compton-thin and Compton-thin/Compton-thin cases show similar X-ray
morphologies
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dual AGNs with separations 1" <r, <5" in the hard X-rays with
HEX-P.

We analyse each simulated event file with a single and double
point source model, with wide, uninformative priors on the location
and the total counts of each point source, I. The first point source
is assumed to be located near the image centre +10px. Both models
also include a background count rate, B, that is constant across the
image and left free during the fit. A standard Poisson likelihood
is used, with the symmetric PSF model PSF(Ar) extracted from
simulations:

HieeventsM (xi’yi |x"yc’ L B)

L o
e” M(x,ylx..y,.1,B) dx dy

For the single point source model,

M (x,ylx,y,1,B) = Ix PSF(\/(xi -x)+(y, —yc)2) +B

while for the two point source model there are two centres and
intensities.

The Akaike Information Criterion (AIC; Akaike, 1974) of the
two models is compared to determine whether the single or double
source model is preferred. In order for this comparison to take
place, we first calibrated our detection algorithm using simulations
of convolved X-ray sources, where we simulated two co-spatial X-
ray sources with identical fluxes to those in our AGN simulations
described in Section 3. We simulated 100 cases of convolved sources
for the LET as well as for the HET, ran the detection algorithm on
each case, and recorded the resulting AIC values. This calibration
set the baseline for an acceptable AIC threshold to differentiate
between a single and dual source case. We are able to detect X-ray
point sources in both the LET 0.2-25 keV bandpass and the HET
2-80 keV bandpass down to separations of 2. This result comes
with the caveat that this detection routine is a proof-of-concept and
the results are subject to change based on the exposure time and
the fluxes of the sources: all else being equal, we cannot necessarily
differentiate between multiple sources at 2" or 3" separations for
lower exposure times; alternatively, we can probe down to closer
pair separations (<2”) for higher flux levels (a more rigorous
examination is left to future works). Nonetheless, this is essentially
an order-of-magnitude improvement over current capabilities with
NuSTAR. An additional caveat with this analysis is that these
simulations deal strictly with on-axis observations of dual AGNs:
at off-axis angles, the minimum separation at which dual AGNs
are resolvable by HEX-P is expected to increase as the effective
area and/or PSF changes across the LET (11.3'x11.3') and HET
(13.7'x13.7") fields of view. Therefore, dual AGNs observed off-axis
either in single, pointed observations or as a part of large surveys
may be convolved rather than resolved at smaller pair separations.

While dual AGNs are predicted to be heavily obscured in
late-stage mergers (Blecha et al., 2018), there are cases of heavily
obscured dual AGNs in widely-separated merging pairs of galaxies
(Koss et al., 2012; De Rosa et al., 2018; De Rosa et al., 2023). Given
that dual AGNs are also predicted to become heavily obscured
after only the second pericenter passage (Blecha et al., 2018), and
that AGNs are expected to flicker on and off across the merger
sequence (e.g., the AGN duty cycle « the merger timescale
Schawinski et al., 2015; Goulding et al., 2019), HEX-P may reveal
multi-modal distributions of heavily obscured AGNs across the
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merger sequence, rather than only during the latest stages of the
merger sequence.

4.2 A substantial improvement over
NuSTAR

In an analogous fashion to the HEX-P simulated event files
displayed in Figures I, 2, we have used identical input models,
exposure times, and separations to develop NuSTAR dual AGN
imaging that incorporates the NuSTAR background derived from
the COSMOS field (Civano etal.,, 2015). Figure 3 displays these
simulated NuSTAR images (where the color scale matches that of
the HET imaging in Figure 2), in which the positions of the AGNs
are denoted with black crosses; AGN 1 can be seen in a few (but
not all) of the panels above the background while AGN 2 is virtually
imperceptible in almost every panel. This figure clearly illustrates
that - at these realistic observed 2-10 keV flux levels of 1 x 10713 and
5x 107 erg cm™ s™' —NuSTAR cannot reliably identify dual AGNs
in these pairings; it is important to note that dual AGNs separated
by ~20” and 0” are essentially indistinguishable, emphasizing that
NuSTAR cannot be used to reliably resolve <20” dual AGNs. HEX-
P, on the other hand, can spatially resolve each AGN in both the
HET and LET imaging down to separations of ~5” (and ~2” when
rigorous detection algorithms are used; see Section 4.1); this is a
substantial improvement over NuSTAR and emphasizes that the
future of hard X-ray dual AGN science relies critically upon access
to facilities such as HEX-P.

4.3 A substantial improvement over soft
X-ray missions

In Figure 4 we display a simulated 50 ks Chandra 2-8 keV image
alongside the 2-25keV LET and 2-80 keV HET imaging for the
case where the AGNs are separated by 10”. While Chandra can
clearly resolve two X-ray cores emitted by the AGNs at >2 keV,
the detections are obviously limited to energies <8keV. To offer a
quantitative comparison between Chandra and HEX-P, we extracted
(background subtracted) counts for each AGN in the Chandra, LET,
and HET imaging. The AGNs are detected with 175+ 14 counts
(AGN 1) and 67 +9 counts (AGN 2) in the 2-8 keV Chandra band
when using 3" extraction apertures (~100% EEF); it is important to
note that most dual AGNs and candidates are observed for <30 ks,
so with a more realistic exposure time these sources would only
have been detected with <100 and <40 counts. Contrasting this
with the detections in LET, we detect 215 + 16 and 129 + 13 counts
in the LET 2-25keV band for the two AGNs when using 3.5"
extraction apertures (~50% EEF). At this separation, the two AGNs
begin to severely contaminate one another in the HET imaging when
using 8.5” (50% EEF) apertures, so we instead excise only the inner
3.5" of each hard X-ray source (20%-25% EEF): we find the two
AGNs are detected in the HET with 278 +17 and 189 + 14 counts
in the 2-80 keV band; these comparisons demonstrate that, given
the same exposure time, HEX-P offers comparable, if not superior,
photometric analyses on top of access to the hard X-rays.

To compare the spectroscopic capabilities of HEX-P to Chandra,
we extracted the spectrum of the weaker of the two AGNs (AGN
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FIGURE 3

markers are included to denote the positions of the two AGNs.

This 8-panel figure shows simulated two-camera 3-78 keV FPMA + B 50 ks imaging with NuSTAR (smoothed by 1-pixel) for the same suite of dual
AGNs described in Section 3. The suite of AGNs range in separation from 50” down to 0”; the scale bar in the bottom right corner of each panel
indicates an angular scale of 10”. These panels use the same scaling as in Figure 1 for the HEX-P HET 2-80 keV imaging. The primary AGN can be seen
above the background in some panels, but the weaker secondary AGN is essentially imperceptible above the background in all of the panels. Black

Chandra HEX-P'LET

o+ Jor.

2.0-8.0 keV

2:0-25.0 keV

FIGURE 4

respectively.

This four-panel figure shows a comparison between simulated Chandra, HEX-P LET, and HEX-P HET imaging and spectroscopy. The three X-ray
imaging panels show the Chandra 2-8 keV, HEX-P LET 2-25 keV, and HEX-P HET 2-180 keV energy bands. The fourth panel displays the extracted
Chandra (green), HEX-P LET (orange), and HET (blue) spectra for AGN 2 (the weaker of the two AGNs, see Section 3), binned at 3. The black solid,
dashed, and dash-dotted lines show the result of fitting a simple phenomenological power law model to the HEX-P HET, LET, and Chandra spectra,

AGN 2, HEX-P HET
AGN 2, HEX-P LET
AGN 2, Chandra
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2) from the Chandra and HEX-P images using a 3" aperture for
the Chandra image, a 3.5" aperture for LET, and a 3.5" aperture
in HET; these apertures represent the ~100%, ~50%, and 22% EEF
for each instrument. This comparison therefore represents the “best-
case” scenario for a Chandra exposure, a “standard case” for a
LET exposure, and a “poor case” scenario for HET. The spectra
(Chandra: green points, LET: orange points, HET: blue points) are
shown in the fourth panel of Figure 4 and binned at 30 per bin
for visualization purposes. Only LET and HET can access energies
beyond 10 keV, where HET can reach out even to 80 keV. The
Compton-hump beyond 10keV is a spectral feature critical for
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accurate constraints on the line-of-sight absorbing columns (e.g.,
Boorman et al. (2023)), and it is clearly accessible to the HET. The
Fe Ka emission line is another crucial spectral imprint of cold
reflection, and a simple fit using a phenomenological power law
model reveals that the addition of a Gaussian emission line to
account for Fe Ka does not statistically improve the fit to the
simulated Chandra spectrum, but it does statistically improve the
fit to the LET spectrum. Thus, this case study illustrates clearly
that HEX-P can simultaneously access two AGN reflection features
important for accurate column density constraints that would, in
this case, be inaccessible to soft X-ray missions. It is important to
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note, too, that while soft X-ray missions can in principle detect
the Fe Ka emission line, intrinsic parameter estimations (including
column density determination) can still be degenerate when using
the Fe Ka emission line alone (e.g., LaMassa et al. (2017)) without
harder X-ray features, whereas constraints that use the Fe Ka line
and the Compton-hump in tandem offer clearer and more reliable
constraints (e.g., LaMassaetal. (2019)). Without simultaneous
access to these X-ray spectral features, soft X-ray missions will
continue to be at a disadvantage when it comes to answering
open questions related to dual AGN obscuration and fueling in
the X-rays.

4.4 Hard X-ray dual AGN science as a
function of redshift

Current hard X-ray facilities (e.g., NuSTAR) limit the study
of distinct AGNs within dual AGN pairings to only the nearest,
brightest, and/or more widely-separated systems. Here we illustrate
the imaging capabilities of HEX-P as a function of redshift for
different pair separations. Figure 5 shows the distribution of angular
separations for optical dual AGN candidates from Liu et al. (2011)
as a function of redshift out to z~ 0.3. The overlaid black dash-
dotted line indicates the angular resolution of NuSTAR (18" FWHM,
58" HPD, Harrison etal., 2013), while the red dashed, dash-
dotted, and dotted curves indicate nuclear pair separations of 30,
20, and 10 kpc. Overlaid on this figure, we have also plotted the
corresponding HEX-P 2-10 keV luminosity limits (vertical dotted,
black lines) as a function of redshift, informed by the limiting flux
of 3.8x 107 ergcm™s™! for a 50ks exposure; the vast majority
of dual AGNs have 2-10 keV luminosities < 10* erg s7L. Therefore,
z=0.3 is an approximate redshift limit for dual AGN studies
with HEX-P. Even late-stage mergers (< 10 kpc) become virtually
inaccessible to NuSTAR already by z=0.025, and more widely
separated pairs (~30kpc) become inaccessible by only z = 0.09.
HEX-P, on the other hand, thanks to resolving separations of
~5" (possibly even ~2"), can distinguish AGNs in late-stage
mergers out to redshifts of z~ 0.1 (or even z~ 0.2 with Bayesian
analyses, Section 4.1) and can access distinct AGNs in ~30kpc-
separated duals out to z~0.3. Though distinct AGNs within
late-stage mergers will not be probed beyond z ~ 0.1-0.2, HEX-
P will be able to probe the “gross” X-ray properties of these
systemsz; even when unresolved, HEX-P is required to probe the
Compton hump and understand the circumstances of the nuclear
environment properly, which cannot be done using soft X-ray,
optical, near-IR, or radio observations. HEX-P will probe distinct
AGNs in early-stage mergers well beyond z~ 0.1 and aid in our
understanding of dual AGN activation and obscuration across the
merger sequence.

2 Selected presumably in the soft X-rays with Chandra, via high-
resolution radio imaging, space-based high-resolution optical or near-
IR spectroscopy (e.g., Hubble Space Telescope or JWST), or via
ground-based adaptive-optics-assisted optical or near-IR observations.
However, some fraction of dual AGNs will be missed at optical
wavelengths (e.g., Koss et al,, 2012) and require the detection of distinct

X-ray AGNs for unambiguous confirmation.
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5 A test case for HEX-P: Arp 299

One illustrative case study for examining the effectiveness
of HEX-P over NuSTAR, in terms of spectroscopic and imaging
constraints, is Arp 299, a local (44 Mpc, or z~0.01) dual
AGN comprising an X-ray bright and heavily obscured AGN
in the southwest nucleus (Arp 299-B, detected by Chandra and
NuSTAR, Ballo etal. (2004); Ptak etal. (2015)) and an AGN in
the northeast nucleus (Arp 299-A) identified as a flat spectrum
radio source (Pérez-Torres etal., 2010), and tentatively identified
via mid-IR SEDs (Alonso-Herrero etal., 2013) and ionized Fe
Ka emission (Ballo et al., 2004). As reported by Ptak et al. (2015),
Arp 299-B is detected by NuSTAR with a hard X-ray flux of
Fio-sokev = 3-5%x 1072 erg cm™ 57!, while Arp 299-A is dominated
by X-ray binaries below 10 keV and contains no hard X-ray emitting
AGN above a 10-30 keV limit of <3.5x 107" ergcm™ s™'. Here
we demonstrate that HEX-P would not only clearly detect both of
the reported AGNs in Arp 299 in the 0.2-80 keV band but would
spatially resolve the AGNs in both HET and LET imaging.

Our input models are informed by the model choices and
spectral fitting results in Ptak et al. (2015). Specifically, we adopt the
following model to describe the spectrum of each nucleus:

thabs x (borus + ztbabs x cabs x zcuto ffpl + zcuto ffpl)

where we have used the BORUS02 model (Balokovic et al., 2018)
rather than MYTorus, which was used by Ptaketal. (2015).
This model incorporates host galaxy absorption (TBABS), reflected
emission (BORUS02), an absorbed intrinsic power law that accounts
for photoelectric absorption and Compton scattering, and a cut-
off power law to account for soft X-ray emission from X-ray
binaries. For Arp 299-B, we assume I'=1.95, Ny =4x 10** cm™2
(for simplicity we assume the average torus column density
and the line-of-sight column density are equal), covering factor
€08 (Bypen) = 0.85, and we normalize the 10-30keV emission
to 3.5%x 10712 erg cm™2 s7!. For Arp299-A, we assume ['=1.8,
Ny = 5x10% cm™ (since it is likely an unobscured, low luminosity
AGN, e.g., Ptak et al. (2015)), and covering factor cos (6,,) = 0.5;
while (Ptaketal., 2015) placed an upper limit of <3.5x 107!
ergem™ s on the 10-30 keV flux of Arp 299-A (<10% of the
observed flux of Arp 299-B), we conservatively assume that Arp
299-A (here, AGN 2) exhibits an observed 10-30keV flux of
7x10 " ergem™ 57! (i.e. 2% of the 10-30 keV observed flux of
Arp 299-B). For both AGNs 1 and 2, we assume I'=1.8 and a
cutoff energy of 7 keV for the power law component driven by X-
ray binaries; for simplicity, we assume these components contribute
equally to the total 2-10 keV XRB-driven flux (8.1 x 107** erg cm™
s7!) found by Ptak et al. (2015), and we therefore normalize both
components to 4.05x 107 ergcm™ s7! in the 2-10keV band.
For our spatial models, we adopt the positions given in Table 1 of
Ptak et al. (2015). We once again simulated these AGNs using SOXs
for SIMPUT file creation and sIXTE for event file and spectroscopic
data product creation.

We show the simulated HEX-P LET and HET images in Figure 6
juxtaposed with the tricolor optical ugz imaging from the Dark
Energy Camera Legacy Survey (DeCaLs) Legacy Viewer® and

3 https://www.legacysurvey.org/viewer
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FIGURE 5

Redshift vs. angular separation. We have plotted the sample of optical dual AGN candidates from Liu et al. (2011) at z < 0.3. Markers are color coded
according to the projected separation of the pair (given on the auxiliary axis). Red dashed, dash dotted, and dotted lines indicate projected separations
of 30, 20, and 10 kpc. The grey, shaded region indicates the HET angular resolution limits when examining sources visually by eye (~5") and when
using Bayesian detection algorithms (~2”, see Section 4.1); the hashed and shaded region similarly indicates the LET angular resolution limits (~3" by
eye, ~2" using Bayesian detection routines). The angular resolution limits derived via the Bayesian detection algorithm in Section 4.1 are subject to
change based upon the exposure time and source fluxes; here they refer specifically to the 50 ks exposure time and source fluxes listed in Section 3.
NuSTAR's angular resolution limit (18" PSF, Harrison et al., 2013) is denoted with a dashed-dotted black line. Vertical, dotted lines denote the observed
2-10 keV AGN luminosity that corresponds to the HEX-P flux sensitivity limit of 3.8 x 107 erg cm™ s in a 50 ks exposure (signal-to-noise of 5).

0.20 0.30

simulated NuSTAR FPM imaging. Each row in Figure 6 represents a
distinct energy band: 2-10 keV (top row), 10-25 keV (middle row),
and 25-80 keV (bottom row; the NuSTAR imaging corresponds
to 25-78 keV here). At 21" separation, the soft (<10keV) X-ray
components in the NuSTAR imaging were spatially blended, and
above 10 keV the secondary nucleus is not detected by NuSTAR
(see Figure 6 in Ptak et al., 2015). However, HEX-P clearly resolves
the two nuclei in both the LET and HET imaging and detects the
simulated low luminosity AGN in Arp 299-A at energies beyond
10 keV. Note, Arp 299-A is not seen in the HET 25-80 keV imaging;
this is due to the AGN emitting mostly at softer X-ray energies and
is not due to the HET PSF.

To demonstrate HEX-P’s spectroscopic capabilities, we fit LET
and HET spectra extracted with 8” and 18" radius apertures,
respectively. These aperture choices represent an enclosed energy
fraction (EEF) of ~100% and naturally suffer from cross-
contamination; in practice, aperture sizes that represent only
50%-60% EEF are more commonly used when extracting X-
ray spectra and would suffer from less cross-contamination,
but our aperture choices provide an additional test for HEX-P’s
spectroscopic capabilities in discerning the properties of the distinct
AGNs when spectral contamination is present. Arp 299 represents
a prime example in which the LET spectra will be uncontaminated
while each HET spectrum will contain contributions from both
AGNs, which are separated by 21”. Here we show how the LET can
be used to improve the reliability of HET spectral fitting.

We perform the fitting of our simulated Arp 299 HEX-P spectra
using v2.9 of the Bayesian X-ray Analysis (BXA; Buchner et al,

Frontiers in Astronomy and Space Sciences

2014a; Buchner, 2021a) software package, which connects PyXspec
(Arnaud, 1996) to the nested sampling (Skilling, 2004; Buchner,
2023) algorithm MLFriends (Buchner et al., 2014b; Buchner, 2019)
implemented in UltraNest (Buchner, 2021b). Our reasoning for
using nested sampling here is two-fold. First, the global parameter
exploration enables the traversal of high dimensionality parameter
spaces in an efficient manner that is minimally affected by local
minima. Second, the pre-defined convergence criteria for nested
sampling ensures our fitting process is devoid of biases that can be
imposed when fitting of simulated data is not performed in a blind
manner (see, e.g., Kammoun et al., 2022).

The resolving ability of the LET ensures negligible cross-
contamination in the spectral extraction of both sources.
However, despite the angular resolution of the HET being a
considerable improvement over NuSTAR (see Figure 2), some cross-
contamination remains (see also Figure 8). For this reason, we chose
to fit the simulated LET and HET spectra for both AGN 1 and
AGN 2 simultaneously whilst incorporating nuisance parameters
to describe the amount of flux contamination in each source.
Our spectral model thus includes the main spectral components
used to simulate the AGNSs, as well as a multiplicative factor to
each AGN component to account for the relative contamination
in each AGN HET spectrum. We manually set the cross-
contamination to zero for the LET spectra, since any contamination
is negligible, and assume that each HET spectrum contains 100%
of the AGN emission that the extraction region was centered
on and some fraction of the other AGN flux contaminating that
extraction region.
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The Arp 299 case study: optical ugz imaging from DeCalLs (left column), simulated LET and HET (2-camera) HEX-P imaging (middle two columns), and
simulated 3-78 keV NuSTAR imaging (right column) of Arp 299. The energy band or filter is indicated in the bottom left corner of each panel, while the
facility or image source resides in the top right corner of each panel. Each row indicates a distinct energy band: the top, middle, and bottom row
corresponds to 2-10 keV, 10-25 keV, and 25-80 keV (or 25-78 keV for NuSTAR), respectively. Scale bars in the bottom right corners indicate 20”. The
LET and HET images were simulated following the procedure in Section 5 and include spectral and spatial models for the X-ray binary populations and
the two AGNs in the merger system. For simplicity, we assume the X-ray binary populations are limited to the nuclei and model them as point sources
coincident with the nuclei rather than as extended sources. While the two AGNs cannot be clearly detected in the NuSTAR imaging (nor was Arp 299-A
detected above 10 keV by NuSTAR) (Ptak et al., 2015), the two AGNs can be clearly spatially resolved by both the LET and HET in the 2-10 keV and

10-25 keV bands.

We assigned log-uniform priors for all line-of-sight absorption
(10%2-10% cm™?2), cross-contamination factors (range of 0.001 to 1),
high-energy cut-offs and normalizations. We additionally created
custom cos-uniform priors (priors uniformly sampled over the angle
range in cosine units) for all variable obscurer geometric angles
(namely, the torus opening angle [0-84.3 degrees] and line-of-sight
inclination [60-87.1 degrees] for both AGNs). Finally, the AGN
photon indices were assigned Gaussian priors with mean 1.9 and
0.15 standard deviation and the X-ray binary photon index was
assigned a uniform prior.

Figure 7 presents the fit acquired with BXA using a total of
18 free parameters. Owing to the combined broadband, sensitive
coverage with the LET and HETS, we constrain the overall intrinsic
X-ray luminosities and line-of-sight obscuration (log [Ny;/cm 2]

= 24.60f8:81 for Arp-299B and log [Ny/cm™2] = 22.43[8:2;1 for
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Arp-299A) for both AGN well. These column densities also agree
within the errors with that found by Ptak et al. (2015) using the
real Chandra and NuSTAR observations, which we would expect
given that we used the results from Ptak etal. (2015) as inputs
for our simulated spectra. We additionally note that owing to
the simultaneous broadband coverage of the LET and HETs, the
spectral fit is additionally devoid of any variability concerns across
the full ~0.2-80keV passband. By using BXA, we additionally
recover the complex posterior degeneracies intricately associated
with various system parameters, e.g., torus covering factors/opening
angles (1og [, 1= 0.88"0%% for Arp-299B and log [Oopen]= 0.5409
for Arp-299A), photon index (T = 1.94:’8:(1)8 for Arp-299B and I' =
1.894_’3:}‘31 for Arp-299A), and intrinsic coronal normalisation, the
latter two of which are important when propagating uncertainties

into intrinsic luminosity estimates or Eddington ratios. These results
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FIGURE 7

Simulated HEX-P HET (2-camera, co-added) and LET spectra, and the best-fitting models for the simulated Arp 299-A and Arp 299-B sources. The left
panel shows the spectra unfolded with the best-fitting models while the right panel shows the contours for the best-fitting line-of-sight column
densities and unabsorbed 10-40 keV luminosity in units of erg s™*. Blue and orange data points and model curves correspond to the Arp 299-B and Arp
299-A, respectively. While we find a slightly harder power law slope for the X-ray binary power law component, we recover very similar values for the
AGN power law slopes and column densities to those used in the input models.

clearly demonstrate our ability to reliably recover the intrinsic
properties for each AGN despite the cross-contamination in the
HET imaging.

6 Spectroscopic fitting of dual AGNs

Simultaneous fitting of soft (Chandra and/or XMM-Newton)
and hard (NuSTAR) X-ray spectra has been successfully performed
in the past for a few closely separated dual AGN (e.g., NGC
6240, Mrk 273, Mrk 266, Nardini, 2017; Iwasawa etal., 2018;
Iwasawa et al., 2020). At these pair separations (~10" or lower),
careful modeling using tools like BXA (Buchner et al., 2014b, see
above) should be employed, as the spectra will be convolved at these
pair separations and will contain contributions from both AGNs. We
illustrate the level of flux contamination in Figure 8, which shows the
estimated HET flux for each AGN as a function of pair separation,
extracted from the co-added HET images using 18" radius apertures
(~100% EEF; diamonds) and 8.5" apertures (~50% EEF; squares) for
each AGN. As the pair separation decreases, the two AGNs naturally
contribute more to each other’s observed flux as a result of the ~17.5"
HPD of the HET. The large jump in the observed fluxes at angular
separations smaller than ~18" extracted from the 18" radius (~100%
EEF) apertures, particularly for the weaker AGN, is due to the
aperture size rather than the HET PSE. When 8.5” radius apertures
are used (~50% EEF), we find that spectral contamination appears
to be modest at separations of >12" and becomes more significant
at separations <12”, despite our ability to visually resolve the two
AGNsin the imaging. The LET, on the other hand, will offer relatively
contamination-free spectra down to closer pair separations (< 6”).
For this reason, it will become increasingly important at smaller
pair separations to fit LET and HET AGN spectra simultaneously,
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FIGURE 8

8-24 keV observed fluxes from AGN 1 and 2 (from our general suite of
simulations described in Section 3 and Section 4.1) as a function of
pair separation. Diamonds correspond to spectra extracted from
2-camera HET imaging using 18" radius apertures (~100% EEF), while
squares correspond to spectra extracted from 2-camera HET imaging
using 8.5"” radius apertures (~50% EEF); these spectra were fit in xsPec
using the same input spectral model used to simulate the data, where
only the normalizations were free to vary in order to recover the
observed flux. While the sharp increase in spectral contamination
(traced by the increasing flux of each AGN) at ~18” for the larger
apertures is due to our choice of aperture size, the sharp increase in
contamination observed at ~10” for the smaller apertures is more
likely due to the size of the HET PSF itself.
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FIGURE 9

This 8-panel figure highlights the HEX-P HET and LET imaging for pair separations ranging from 5” down to 1". With the exception of the choice of pair
separations, these panels are identical in design as Figures 1, 2. Here we can identify pairs of sources down to ~4” in the HET and ~3” in the LET by eye.
See Section 4.1 on algorithmically detecting even more closely separated sources in HEX-P imaging.

because the LET spectra will bolster the accuracy of the X-ray
spectral parameters derived from HET spectra.

7 Synergies with upcoming facilities

Given that dual AGNs are predicted to exhibit extremely red
infrared colors (Blecha et al., 2018) in concert with high absorbing
columns (e.g., Capelo etal. (2015); Blecha et al. (2018)), infrared
observations are a natural choice to pair with hard and soft X-
ray imaging and spectroscopy from HEX-P. Euclid, the recently
launched ESA near-IR and optical imaging and spectroscopy
mission (Laureijs et al., 2011), will provide sub-arcsecond near-IR
and optical imaging and near-IR spectroscopy across approximately
one third of the sky by the time HEX-P launches in the early
2030s. By the very nature of its mission design, Euclid will
act as a new dual AGN survey facility, forming an enormous
archival sample of interacting and merging galaxies from which
promising near-IR dual AGNs can be selected and followed-up
with HEX-P. JWST will also offer unprecedented near- and mid-
IR imaging and spectroscopic observations of small samples of
dual AGNs (and candidates) found both within deep surveys (e.g.,
Comerford et al. (2009); Civano et al. (2010); Civano et al. (2012))
and through targeted observations, and will provide the opportunity
to probe not only heavily obscured AGNs but also heavily obscured
star formation in, for example, dual AGNs hosted by LIRGs and
ULIRGsS (e.g.; Komossa et al. (2003); Iwasawa et al. (2011); Torres-
Alba et al. (2018)). On the other hand, Extremely Large Telescopes
(ELTs)—expected to come online in the 2030s-will usher in vast
improvements in ground-based near-IR and optical spectroscopy
and imaging and will experience substantially lower observational
overheads and lower subscription rates than JWST. ELTs will
therefore be paramount for targeting large samples of dual AGNs
and may, like Euclid, represent the optimal dual AGN survey
facilities that can work in tandem with HEX-P. In the meantime,
high cadence, high resolution (<1” angular resolution) optical
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imaging with the upcoming Vera C. Rubin Observatory (Ivezic et al.,
2019)—in concert with presently available optical and near-IR data
from Euclid-will also aid in the development and preliminary
analyses of large samples of dual AGN candidates. The Nancy Grace
Roman Telescope (NGR), slated for launch in the 2030s, will operate
at infrared wavelengths with a FOV 100x larger than HST with
imaging sensitivity and PSF sizes superior to both HST and Euclid.
NGR’s combination of FOV and wavelength coverage will make it
an optimal facility for serendipitous dual AGN searches and studies
and will complement both Euclid and HEX-P. Another important
upcoming facility will be the ‘next-generation VLA (ngVLA, e.g.,
Burke-Spolaor et al. (2018)), which will boast 10x the sensitivity
of the Jansky VLA and ALMA with 30x longer baselines that will
enable 0.01”-0.001" resolution across the 1.2-116 GHz frequency
range. Since radio is also immune to obscuration, the ngVLA will
have the sensitivity and resolution to detect dual AGNs to z ~ 1, if
they are sufficiently luminous in the radio. HEX-P and the ngVLA
could work as separate follow-up facilities, or HEX-P could work
in tandem with the ngVLA to confirm dual AGNs and measure the
obscuring columns and try to constrain torus parameters (the latter
of which the ngVLA would not be able to do). A joint HEX-P/ngVLA
coverage strategy may be able to simultaneously circumvent X-ray
and radio selection biases. In a similar vein, HEX-P observations
in combination with ALMA 100-200 GHz continuum observations
(Riccietal., 2023) could offer unprecedented views to the most
heavily obscured dual AGNs. Due to the reduced opacities in these
ALMA bands, one can probe through very high column densities.

8 Conclusion

The HEX-P Probe-class mission concept combines high spatial
resolution X-ray imaging (~17.5” HPD HET, ~3.5"” HPD LET) and
broad spectral coverage (0.2-80 keV) with superior sensitivity to
faint fluxes than current facilities and will usher in revolutionary
new insights into dual AGN growth across the merger sequence.
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Hard X-ray imaging and spectroscopy is particularly important to
the field of dual AGN science, as these systems are expected to be
heavily obscured (e.g., Komossa et al. (2003); Bianchi et al. (2008);
Mazzarella et al. (2012); Capelo et al. (2015); Blecha et al. (2018);
Pfeifle et al. (2019b)), making optical and soft X-ray missions biased
against their detection and accurate analysis; HEX-P is the only
Probe mission concept that can fulfil this scientific need. In this
work, we have used a suite of dual AGN simulations - developed
using soxs (ZuHone et al., 2023) and SIXTE (Dauser et al., 2019) - to
demonstrate the following:

o Without the aid of specialized detection algorithms, the spatial
resolution of HEX-P LET and HET will allow us to resolve
dual AGNs down to ~3" and ~5", respectively (5" corresponds
to ~4.9kpc at z=0.05). NuSTAR, on the other hand, cannot
spatially resolve dual AGNs below ~18" (~17.9kpcatz = 0.05).

e With the aid of Bayesian detection algorithms like that
employed in this work, HEX-P will be able to confirm dual
AGNs down to separations of ~2” (~2.0kpc at z = 0.05) in
both HET and LET imaging. The exact spatial resolution limit
is determined by a combination of source flux levels and
observation exposure time.

e Given HEX-P’s spatial resolution for both the LET and HET,
HEX-P will have the capability to probe dual AGNs in late-
stage mergers (<10kpc) out to z ~ 0.1, and intermediate-stage
mergers (~30 kpc) out to redshifts of z ~ 0.3. This is a dramatic
improvement over NuSTAR, which cannot probe dual AGNs
with even 50 kpc separations beyond z ~ 0.25.

e HEX-P will enable distinct (relatively contamination free)
spectral analyses with the LET in the 0.2-25keV band
down to separations of ~6-8", while the HET will offer
relatively contamination free spectral analyses down to
separations of ~10" (assuming apertures encompassing
~50% EEF are employed). At small angular separations, this
contamination can be mitigated by fitting LET and HET spectra
simultaneously, and including model component constants that
account for spectral contamination.

HEX-P is poised to transform the landscape of dual AGN
science, offering one of the cleanest methods of AGN detection
that will be largely obscuration independent given the hard X-
ray bandpass and enhanced faint source sensitivity of the HET.
HEX-P will play a key role in uncovering heretofore unconfirmed
dual AGNs in candidate systems, determining the occupation
fraction of hard X-ray emitting and obscured dual AGNs in
known and currently unknown dual AGN populations, and
studying the fueling and obscuration levels of dual AGNs across
the merger sequence and as a function of AGN type in the
local Universe. Such observations will refine previously proposed
correlations between the projected pair separations of the AGNs
and their X-ray luminosities (Koss et al., 2012; Hou et al., 2020)
and column densities (Guainazzi et al., 2021). Bayesian detection
algorithms akin to BAYMAX (Foord et al.,, 2019; Foord et al., 2020;
Foord et al., 2021) will provide statistically powerful improvements
to the detectability of closely-separated sources, and such Bayesian
methods will provide more accurate constraints on the flux ratios
of close angular pairs and thereby improve the statistical priors
used during the spectral fitting process. Furthermore, with the high
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sensitivity and angular resolution of the LET, HEX-P will allow the
simultaneous examination of the host stellar populations via the
detection of hot star formation-driven components in the soft X-
rays, often observed in dual AGNs (see Section 5.4 in Pfeifle et al.
(2023)). Thus, HEX-P will also probe connections between the
properties of the host stellar populations and dual AGN activation
and obscuration.
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