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Abstract

Accreting supermassive black holes (SMBHs) in galaxy mergers with separations <1kpc are crucial for
understanding SMBH growth, galaxy evolution, and SMBH binary evolution. Despite their importance, few are
known, and most have been discovered serendipitously. In this work, we develop and test a method to
systematically preselect advanced mergers likely to contain unresolved subkiloparsec nuclear substructure and
dual active galactic nucleus (AGN) candidates for follow-up spectroscopy. By exploiting the survey area and
astrometric precision of the Wide-field Infrared Survey Explorer (WISE) and the Sloan Digital Sky Survey
(SDSS), we identify 46 advanced mergers that have red WISE colors (W; — W, > 0.5) indicative of accretion
activity and significant subarcsecond offsets between their optical and infrared coordinates. We conduct high-
resolution adaptive optics observations with the Keck Near Infrared Camera 2 in the K, band (2.124 pm,
AN = 0.351 pum) to search for unresolved substructure suggested by these offsets. We find that 20/46 (43.5%) of
the sample show substructure tracing the SDSS/WISE offset. When restricted to detections of compact nuclear
components with separations <3 kpc, we achieve a detection rate of 34.8%, a higher yield than previous
preselection techniques, such as double-peaked [O III] or hard-X-ray selection. These results demonstrate that the
SDSS/WISE offset method provides an efficient pathway for identifying late-stage mergers and dual-AGN
candidates for spectroscopic confirmation. Archival optical Hubble Space Telescope imaging reveals that
substructure identified with Keck is often missed in the optical or erroneously identified, due to partial
obscuration, underscoring the importance of infrared studies of late-stage mergers.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Galaxy mergers (608); Interacting galaxies
(802); Adaptive optics (2281); Infrared astronomy (786); Infrared telescopes (794)

1. Introduction evolution of their host galaxies. During the late stages of a
merger, when the two galactic nuclei reach subkiloparsec
separations, gravitational torques efficiently drive gas inflows
toward the nuclear regions, triggering intense star formation
and accretion onto the central SMBHs (S. Van Wassenhove
et al. 2012; P. R. Capelo et al. 2015, 2017; L. Blecha et al.
2018; N. Chen et al. 2023a). At these separations, both

SMBHs are theoretically expected to be actively accreting,

Galaxy mergers play a fundamental role in shaping the
growth of supermassive black holes (SMBHs) and the
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forming a dual active galactic nucleus (AGN; L. Blecha et al.
2018). Dual AGNs trace a critical phase of SMBH growth
and represent the immediate progenitors of bound SMBH
binaries, which ultimately merge and generate low-frequency
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gravitational waves (D. Merritt & M. Milosavljevi¢ 2005).
Constraining the occurrence and properties of mergers at
subkiloparsec separations is therefore essential for under-
standing SMBH growth, galaxy evolution, and SMBH binary
formation.

Despite their importance, dual accreting SMBHs remain
extremely rare observationally, with most systems discovered
serendipitously. Due to the angular resolution limits of the
available search techniques, the current sample of confirmed
systems is heavily biased toward nuclear separations >1 kpc
(A. De Rosa et al. 2019; R. W. Pfeifle et al. 2025, and
references therein). Only a small number of dual AGNs are
known at projected separations below 10 kpc (e.g., S. Bianchi
et al. 2008; H. Fu et al. 2011b; M. Koss et al. 2012; X. Liu
et al. 2013; J. M. Comerford et al. 2015; F. Miiller-Sanchez
et al. 2015; S. Satyapal et al. 2017; M. Hou et al. 2019;
R. W. Pfeifle et al. 2019b), and only a handful have been
identified at subkiloparsec separations (e.g., S. Komossa et al.
2003; V. U et al. 2013; F. Miiller-Sanchez et al. 2015;
K. Iwasawa et al. 2018; K. T. Voggel et al. 2022; M. J. Koss
et al. 2023). With such a small and heterogeneously selected
sample, the frequency and properties of dual AGNs at
separations <1 kpc remain poorly constrained (R. W. Pfeifle
et al. 2025). These constraints are critical for improving
predictions of the SMBH merger rates detectable by pulsar
timing array experiments such as NANOGrav (G. Agazie
et al. 2023). In particular, the efficiency of dynamical friction
at separations between ~1 kpc and ~0.1 kpc plays a key role
in setting SMBH merger timescales (L. Z. Kelley et al. 2017;
K. Li et al. 2021, 2022).

Detecting late-stage mergers at subkiloparsec separations is,
however, observationally challenging. The spatial resolution
required to directly resolve such systems is beyond the reach
of large-area optical surveys such as the Sloan Digital Sky
Survey (SDSS; K. N. Abazajian et al. 2009), which are seeing-
limited. Even very long baseline interferometry (VLBI) is
incapable of directly identifying SMBH binaries at parsec and
subparsec separations in large samples. As a result, the dual-
AGN population at separations below ~1 kpc remains
statistically unconstrained.

To overcome these spatial-resolution limitations, a variety
of indirect techniques have been developed to identify closely
separated late-stage mergers and potential dual AGNs. One
widely used approach relies on the detection of double-peaked
[O 1] A5007 emission in SDSS spectra, which has been
proposed as a signature of the orbital motion of kiloparsec-
scale dual SMBHs (e.g., J.-M. Wang et al. 2009; X. Liu et al.
2010b; K. L. Smith et al. 2010; J.-Q. Ge et al. 2012; Y. Lyu &
X. Liu 2016; J. M. Comerford et al. 2018; D. C. Kim et al.
2020; D. Maschmann et al. 2020). However, high-spatial-
resolution follow-up studies have shown that only a small
fraction (~2%) of such systems host bona fide dual AGNs,
with the majority of double-peaked profiles arising from
outflows or rotating narrowline regions associated with single
AGNs (e.g., X. Liu et al. 2010a, 2013; D. J. Rosario et al.
2010; J. M. Comerford et al. 2011, 2013, 2015; H. Fu
et al. 2011a, 2011b, 2012; Y. Shen et al. 2013; R. C. McGurk
et al. 2015; F. Miiller-Sanchez et al. 2015).

A complementary strategy exploits Gaia’s high-precision
astrometry to search for unresolved dual AGNs through
“varstrometry,” in which variability-induced shifts in the
photocenter signal the presence of multiple accreting sources
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(e.g., Y. Shen et al. 2019; H.-C. Hwang et al. 2020; Y.-C. Chen
et al. 2022, 2023b; F. Mannucci et al. 2023; H.-C. Wang et al.
2023; E. Schwartzman et al. 2024; A. Uppal et al. 2024).
While theoretically capable of resolving pair separations down
to ~10 pc (H.-C. Hwang et al. 2020), in practice this method
has only identified kiloparsec-scale confirmed dual AGNs.
Additionally, this method is limited by its sensitivity to optical
obscuration and depends strongly on parameters such as flux
ratios, variability amplitudes, and projected separations.
Another Gaia-based approach is the Gaia Multi-Peak (GMP)
method, which uses multiple peaks in the Gaia window data to
identify candidate dual AGNs, and is expected to be most
effective at identifying systems with projected separations
larger than a few kiloparsecs (F. Mannucci et al. 2023).
Enhanced obscuration is both theoretically predicted and
observationally common in late-stage mergers (P. F. Hopkins
& L. Hernquist 2006; G. F. Snyder et al. 2013; S. Satyapal
et al. 2014; C. Ricci et al. 2017; L. Blecha et al. 2018;
E. Treister et al. 2018), further reducing the completeness of
optical astrometric techniques.

An alternative and complementary approach is to exploit the
all-sky coverage of the Wide-field Infrared Survey Explorer
(WISE; E. L. Wright et al. 2010) to identify obscured AGNs in
merging systems. Importantly, simulations predict that red
mid-infrared (MIR) AGN colors in mergers emerge preferen-
tially in the late stages of the interaction, when nuclear
separations have decreased to scales where dual AGNs are
most likely to be triggered (L. Blecha et al. 2018). In earlier
merger phases, enhanced star formation dominates the MIR
emission and dilutes the AGN contribution, preventing such
systems from satisfying MIR AGN color criteria. This picture
is supported observationally by Chandra follow-up studies,
which show that MIR-selected AGNs in mergers are
preferentially late-stage systems, including confirmed and
candidate dual AGNs (S. Satyapal et al. 2017; R. W. Pfeifle
et al. 2019a, 2019b).

In this work, we combine MIR AGN color selection with
subarcsecond astrometric offsets between optical and infrared
centroids measured by SDSS and WISE to develop a
systematic preselection strategy for identifying late-stage
mergers likely to host unresolved subkiloparsec nuclear
substructure. Although neither SDSS nor WISE can directly
resolve nuclei separated by less than ~1'5, their astrometric
precision enables the detection of positional offsets that trace
unresolved structure in merging systems. We refer to these
positional discrepancies as SDSS/WISE offsets. Using this
approach, we identify a sample of 194 nearby (z < 0.244)
highly disturbed mergers with MIR colors indicative of
accretion activity and significant SDSS/WISE offsets.

We present high-resolution adaptive optics (AO) imaging of
46 such systems obtained with the Keck Near Infrared
Camera 2 (NIRC2)* in the K, band. The goal of this paper
is to test the effectiveness of the SDSS/WISE offset method
by quantifying how often it successfully identifies unresolved
subkiloparsec substructure in late-stage mergers. While the
ultimate scientific motivation of this work is to enable the
discovery of closely separated dual AGNs, confirmation of
AGN multiplicity requires spatially resolved spectroscopy and
is beyond the scope of this paper. Such follow-up will be
presented in future work.

2 hitps: / /www2.keck.hawaii.edu /inst /nirc2/
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Figure 1. Selection steps used to construct the SDSS/WISE merger parent
sample. Starting from Galaxy Zoo DR1 and CatWISE2020, we select highly
disturbed mergers with red WISE colors, reliable WISE photometry, and
significant SDSS/WISE positional offsets (0.15 < offset < 1'5). The final
parent sample contains 194 systems for which the observed SDSS/WISE
angular offset corresponds to a projected physical separation <1 kpc,
computed individually using each galaxy’s redshift. The parent sample spans
0.0002 < z < 0.2438.

This paper is organized as follows. In Section 2, we
describe the sample selection and SDSS/WISE offset
methodology. Section 3 presents the Keck/NIRC2 observa-
tions and data reduction. In Section 4, we analyze the NIRC2
images and evaluate the performance of the offset selection
technique. We summarize our conclusions in Section 5.
Throughout this paper, we assume a ACDM cosmology with
Hy = 70kms™ ' Mpc™', Qy = 0.3, and Q, = 0.7.

2. Sample Selection

The goal of this work is to test whether SDSS/WISE
astrometric offsets in disturbed galaxy mergers reliably trace
unresolved near-infrared (NIR) substructure associated with
late-stage mergers and potential dual-AGN hosts. To do so, we
construct a hierarchical set of samples drawn from a common
parent population and observed with different datasets, each
designed to robustly test the reliability of the offset selection
method in identifying subarcsecond substructure unresolved
by both SDSS and WISE. In this section, we describe: (i) the
construction of the parent merger sample; (ii) the primary
Keck AO sample used for high-resolution validation; (iii) an
expanded-offset sample incorporating UKIRT Infrared Deep
Sky Survey (UKIDSS) imaging to test offset behavior and
establish its reliability over a wider range of angular
separations; and (iv) comparison samples used to assess the
role of merger status and astrometric offsets in identifying
subarcsecond substructure identified in Keck AO data. A
schematic overview of the selection steps is shown in Figure 1.

Vazquez et al.

The general properties of our primary Keck AO sample are
listed in Table I, and a summary of all samples and their
relationships is provided in Table 2.

2.1. Parent Merger Sample and Primary Keck AO Merger
Sample

We begin by constructing a parent sample of likely galaxy
mergers using the Galaxy Zoo DR1 catalog (C. J. Lintott et al.
2008), which provides visual classifications of morphologi-
cally disturbed systems. The full sequence of selection steps is
summarized schematically in Figure 1. We crossmatch all
Galaxy Zoo targets with the CatWISE2020 catalog (F. Maro-
cco et al. 2021) using a 1.5 matching radius, where the Galaxy
Zoo positions are derived from SDSS DR7. To ensure that the
SDSS/WISE positional offsets probe the late-stage merger
regime that remains largely unexplored observationally, we
require the angular SDSS/WISE offsets for each system to
correspond to projected physical separations <1 kpc.

From this matched catalog, we select systems satisfying the
following criteria:

1. a high likelihood of being a merger, based on the Galaxy
Zoo’s weighted merger vote fraction parameter,
fm» wWhere f,,, > 0.4 indicates a system is a strong merger
candidate (D. W. Darg et al. 2010);

2. red MIR colors (W; — W, > 0.5), indicative of accretion
activity in mergers (L. Blecha et al. 2018);

3. robust CatWISE2020 detections with W; < 15; and

4. significant SDSS/WISE positional offsets in the range
0:15 < offset <1'5.

The upper limit of the offset range corresponds to the
approximate spatial resolution of SDSS, while the lower limit
is set by the minimum detectable offset between SDSS DR7
and CatWISE2020, which depends on both the astrometric and
centroiding uncertainties of each survey. The reported SDSS
DR?7 statistical and systematic per-coordinate uncertainties are
~45 mas and ~20 mas, respectively (K. N. Abazajian et al.
2009), giving ospss.asom. ~ 49 mas when combined in
quadrature. For CatWISE2020, F. Marocco et al. (2021) report
an astrometric floor of /50 mas and systematic offsets of ~ 46
and ~ 32mas in R.A. and decl., respectively, resulting in
OWISE,astrom. ~ 90 mas.

We estimate the upper limits of the centroiding uncertainties
as 0.685 x FWHM/signal-to-noise ratio (SNR), appropriate
for seeing-limited observations with a Moffat point-spread
function (PSF; L. R. King 1983; T. Fritz et al. 2010; M. Vakili
& D. W. Hogg 2016). Adopting an SDSS FWHM of 1'5
(K. N. Abazajian et al. 2009) and a sample median r-band SNR
of 53 gives ospss.cent. & 19 mas, and a WISE FWHM of 6"
(D. Stern et al. 2012) and a sample median W; SNR of 43
gives OwisEcent. ~ 96 mas. Combining the astrometric and
centroiding uncertainties in quadrature yields total positional
uncertainties of ospss ~ 53 mas and owisg ~ 131 mas,
resulting in a combined total uncertainty of ospss,wise ~ 142
mas. We therefore adopt a conservative minimum offset
threshold of 150 mas to ensure the offsets are significant and
resolvable with Keck AO imaging.

The W; < 15 magnitude cut ensures high-reliability
CatWISE2020 detections, for which the completeness and
positional accuracy exceed ~98% (F. Marocco et al. 2021),
and minimizes spurious offsets arising from low-SNR centroid
measurements. The requirement for red WISE colors further
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Observed with Keck AO Imaging

Table 1
General Properties of the Primary Keck AO Merger Sample, Consisting of 46 Advanced Mergers Selected from the SDSS/WISE Offset Parent Sample and
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SDSS Name Name R.A. Decl. W, — W, Offset z EB—-V) Optical Class Morph.
(deg) (deg) (mag) (arcsec) (mag)
J001707.95+011506.3 4.283 1.252 1.014 0.511 0.106 1.021 AGN 1
J010942.21-004417.4 17.426 —0.738 0.713 0.443 0.089 0.486 Comp. 1
J013720.02+005722.2 24.333 0.956 0.514 0.280 0.198 0.832 Comp. 3
J015028.40+130858.4 27.618 13.150 1.258 0.275 0.147 0.299 SF 2
J033037.40-003304.0 52.656 —0.551 0.552 0.169 0.147 0.470 N/A 0
J082312.61+275139.8 125.803 27.861 0.972 0.294 0.168 0.659 Comp. 2
J083824.00+-254516.3 NGC 2623 129.600 25.755 0.718 0912 0.018 1.190 AGN 0
J084344.98+-354942.0 130.937 35.828 0.709 0.387 0.054 0.438 AGN 0
J090025.37+390353.7 IRAS 0857243915 135.106 39.065 2.293 0.510 0.058 0.858 Comp. 0
J091529.62+090601.5 138.873 9.100 1.439 0.431 0.143 0.662 AGN 3
J093314.80+-630945.0 143.312 63.163 0.822 0.167 0.118 0.564 AGN 1
J093551.60+612111.3 UGC 5101 143.965 61.353 1.695 0.318 0.040 1.418 AGN 0
J101653.824-002857.0 154.224 0.483 1.082 0.275 0.116 0.185 AGN 2
J101833.644+-361326.6 154.640 36.224 0.663 0.189 0.054 0.496 AGN 0
J105705.40+580437.4 VII Zw 353 164.273 58.077 0.606 0.308 0.140 0.064 Comp. 0
J110213.01+645924.8 165.554 64.990 1.193 0.276 0.078 0.742 AGN 1
J111519.98+542316.7* MCG +09-19-015 NED02 168.833 54.388 0.790 0.294 0.070 0.671 AGN 0
J120149.75-015327.5 180.457 —1.891 0.574 0.316 0.091 0.499 AGN 0
J120408.82+132117.0 UGC 7043 181.037 13.355 0.546 0.486 0.076 0.744 AGN 1
J121522.774+414620.9 183.845 41.773 0.901 0.321 0.196 0.271 AGN 0
J123915.404-531414.6 189.814 53.237 0.599 0.306 0.202 0.396 AGN 1
J124046.40+273353.6" KUG 1238+278A 190.193 27.565 1.103 0.315 0.057 0.889 Comp. 0
J124117.64+273252.3 190.324 27.548 0.598 0411 0.140 0.685 Comp. 2
J124136.224+-614043.4 190.401 61.679 0.746 0.259 0.135 0.538 AGN 2
J124406.61+652925.2 191.028 65.490 0.794 0.537 0.107 0.612 AGN 0
J131517.26+442425.5¢ MRK 248 198.822 44.407 1.142 0.689 0.036 0.580 Comp. 1
J131535.06+620728.6° UGC 8335B 198.896 62.125 0.762 0.585 0.031 0.659 Comp. 3
J131701.414+004509.7 199.256 0.753 0.682 0.187 0.138 0.479 AGN 0
J132035.40+340821.5¢ UGC 8387 200.148 34.139 0.687 1.209 0.023 1.265 Comp. 1
J133032.00-003613.5 VIII Zw 318 202.634 —0.604 0.578 0.300 0.054 0.585 AGN 3
J134442.164+555313.5° MRK 273 206.176 55.887 1.165 0.799 0.037 1.031 AGN 1
J134651.82+371231.0 206.716 37.209 0.692 0.230 0.215 0.440 AGN 3
J135255.674-252859.6 KUG 13504257 208.232 25.483 0.686 0.198 0.064 0.276 SF 0
J135429.05+132757.2* 208.621 13.466 1.016 0.184 0.063 0.117 AGN 0
J135646.104102609.0° 209.192 10.436 1.347 0.258 0.123 0.213 AGN 1
J142742.68+050318.4 216.928 5.055 0.764 0.400 0.159 0.571 AGN 0
J150517.88+080912.7 226.325 8.154 0.923 0.194 0.039 0.779 Comp. 2
J151747.474+-334740.4 229.448 33.795 0.704 0.494 0.119 0.493 AGN 0
J151806.13+424445.0 VV 705 NEDO1 229.526 42.746 0.629 0.500 0.040 0.891 Comp. 2
J151907.33+520606.0 SBS 15174522 229.781 52.102 1.066 0.332 0.138 0.705 AGN 0
J152659.44+4-355837.0 IRAS 1525043609 231.748 35.977 1.437 0.376 0.055 0.452 Comp. 2
J153142.104+-051801.6 232.925 5.300 0.617 0.232 0.123 N/A Comp. 0
J153954.78+-272758.7 234.978 27.466 0.847 0.267 0.119 0.723 AGN 0
J161708.95+222627.9 244.287 22.441 0.872 0.672 0.066 0.484 AGN 0
J163115.52+235257.5* 247.815 23.883 0.736 0.168 0.059 0.521 AGN 0
J165306.55+262638.0 253.277 26.444 1.087 0.261 0.119 0.340 AGN 0

Notes. These targets form the core dataset used to evaluate whether SDSS/WISE astrometric offsets reliably trace unresolved NIR substructure at subkiloparsec
scales. Optical classifications are based on the BPT criteria of L. J. Kewley et al. (2001) and G. Kauffmann et al. (2003b). The “Morph.” column indicates NIR
morphology as defined in Section 4.1—(0) a single nucleus; (1) dual nuclei; (2) a compact secondary source consistent with an SF region; or (3) prominent spiral
arms or tidal features. The superscripts indicate archival Keck observations from previous programs.

 Koss (H230N2L, H208N2L).
® Djorgovski (C304N2L).

¢ Urry (Y076).

4 Ryder (2229).

€ Max (UO63N2L).

enhances the likelihood that the systems host dust-heated
nuclear emission, which may be associated with obscured
AGN activity. While MIR color selection alone is not
sufficient to uniquely identify AGNs—particularly at the
relatively inclusive threshold adopted here (W; — W, > 0.5),

where contamination from star-forming (SF) galaxies is expected
(D. Stern et al. 2012; R. J. Assef et al. 2013, 2018)—the color
cut serves as an efficient preselection for dusty, late-stage
mergers. When combined with the SDSS/WISE positional
offset criterion, this approach preferentially selects systems with
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Table 2

Summary of Samples Analyzed in This Work and Their Roles in Testing the SDSS/WISE Offset Method
Sample Name Imaging Merger Offset Range® N HST Imaging Substructure” Major®
Primary and Extended Merger Samples
Primary Keck AO Merger Sample® Keck AO fn > 04 015 < Agr < 1'5 46 16 (35%) 20 (43%) 10 (22%)
Expanded Keck AO Merger Sample Keck AO fn>04 0715 < Agge < 6" 53 18 (34%) 25 (47%)
UKIDSS Merger Sample UKIDSS fn > 04 0.8 < Ay < 6 61 6 (10%) 46 (75%)
Comparison Samples
Keck Nonmerger Comparison Sample® Keck AO fn <04 015 < Aggr < 1'5 40 13 (33%) 10 (25%) 7 (18%)
Keck Nonoffset Comparison Sample Keck AO fn>04 Ao < 015 11 0 (0%) 1 (9%) 0 (0%)

Notes. All samples satisfy W; < 15 and W; — W, > 0.5. The Primary Keck AO Merger Sample is the core dataset used to quantify unresolved NIR substructure at
projected separations <1 kpc. The Expanded Keck AO Merger Sample, a superset of the Primary Keck AO Merger Sample, extends the offset range to 6” and is used
to test whether the offset—substructure connection persists beyond the subkiloparsec regime. The UKIDSS Merger Sample uses UKIDSS imaging (with reliable
absolute astrometry) to verify whether SDSS/WISE offsets trace resolved NIR structure over a wider range of separations. Comparison samples modify either the
merger classification or the offset requirement while keeping the MIR selection fixed. Note that the Expanded Keck AO Merger Sample includes the 46 targets in the

Primary Keck AO Merger Sample
& Ay denotes the SDSS /WISE astrometric offset.
See Section 4.1 for the definition of substructure.

¢ The fraction of systems with nuclear K,-band flux ratios consistent with major mergers (Section 3.1); reported only for samples with Keck AO imaging.

4sDSS /WISE offsets correspond to projected physical separations <1 kpc.

unresolved and potentially obscured nuclear structure that are
strong candidates for hosting accreting SMBHs.

Applying these criteria yields 355 highly disturbed mergers
with red MIR colors and statistically significant optical-infrared
centroid offsets. From this set, we define the SDSS/WISE
merger parent population by selecting systems with projected
SDSS/WISE physical separations <1 kpc, computed on a per-
object basis from their redshifts, resulting in 194 merger
systems  spanning a redshift range of  0.0002-
0.2438. These offsets are measurable because both SDSS and
CatWISE2020 provide high astrometric precision, even when
the nuclei themselves remain unresolved. In such cases,
positional discrepancies between the optical and infrared
centroids can arise from unresolved dual nuclei, compact
nuclear star clusters, or obscured accreting SMBHs, making this
parent population an ideal starting point for testing whether
SDSS/WISE offsets trace previously unresolved substructure.

From this parent population, we select targets suitable for
Keck AO observations based on the availability of nearby tip—
tilt stars with R-band magnitudes <19 and angular separations
<30”. This results in 36 systems observed with Keck/NIRC2
as part of this program. We additionally identify 10 mergers in
the Keck archive that satisfy the same parent-sample selection
criteria, yielding a total Primary Keck AO Merger Sample of
46 systems. These systems form the core sample used to
directly test whether SDSS/WISE positional offsets trace
previously unresolved NIR substructure at subkiloparsec
scales.

We note that the inclusion of archival Keck targets may
introduce modest selection biases, as archival observations can
preferentially target systems with distinctive morphologies or
enhanced nuclear activity. However, all archival targets satisfy
the same parent-sample selection criteria and therefore provide
a consistent extension of the primary sample for evaluating the
offset selection methodology.

Galaxies in our sample are classified as AGNs or SF
galaxies based on their optical narrow emission-line ratios,
using the Baldwin—Philips-Terlevich (BPT) diagram

(J. A. Baldwin et al. 1981). Classifications follow the criteria
of G. Kauffmann et al. (2003b, Ky3) and L. J. Kewley et al.
(2001, Ky7) applied to emission-line fluxes from the MPA-JHU
DR8 Catalog (G. Kauffmann et al. 2003a; J. Brinchmann et al.
2004; C. A. Tremonti et al. 2004). Only spectra with SNRs
greater than 5 in the relevant narrow lines are classified with
the BPT diagram. We also use the three-band AGN color cut
from T. H. Jarrett et al. (2011) to identify MIR AGNs in the
sample. The general properties of our Primary Keck AO
sample are listed in Table 1.

The Primary Keck AO Merger Sample consists of local
galaxies, with a median redshift of 0.098 (corresponding to
1” = 1.813 kpc). In Figure 2, we show the optical narrowline
ratios of the sample on the BPT diagram. Of the 46 targets, 29
lie in the AGN region, 14 in the composite region, and 2 in the
SF region; one target is excluded, due to having SNR <5 in at
least one required emission line. In Figure 3, we show the MIR
colors of the sample (W; — W, versus W, — W3), with 19
targets falling within the stringent AGN wedge defined by
T. H. Jarrett et al. (2011).

In both Figures 2 and 3, we include the optical line ratios
and MIR colors of the general population of highly disturbed
Galaxy Zoo mergers (f,, > 0.4; D. W. Darg et al. 2010) as
background contours. These figures serve two purposes. First,
they demonstrate that the SDSS/WISE offset-selected sample
occupies a distinct region of optical and MIR diagnostic space
compared to the general merger population, as expected given
the MIR AGN preselection. Specifically, 93.5% of the target
sample lies in the AGN or composite regions of the BPT
diagram, compared to 58.8% of the general merger population,
and 41% of the targets fall within the MIR AGN wedge
compared to only 1.92% of all Galaxy Zoo mergers. Second,
these figures establish the diagnostic context for interpreting
the substructure results presented in Section 4, where we
examine how the incidence and properties of resolved NIR
substructure depend on optical and MIR classification.

We additionally show the distribution of color excess,
E(B — V), for the Primary Keck AO Merger Sample in Figure 4,
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Figure 2. BPT diagram for the Primary Keck AO Merger Sample (46 systems
with SDSS/WISE offsets <1.5), shown relative to the general population of
highly disturbed Galaxy Zoo mergers (f,, > 0.4; shaded contours). Narrow
emission-line ratios are drawn from the MPA-JHU DRS catalog (G. Kauffm-
ann et al. 2003a; J. Brinchmann et al. 2004; C. A. Tremonti et al. 2004). The
crimson squares denote systems for which Keck AO imaging reveals
previously unresolved NIR substructure, while the blue points indicate
systems with no detected substructure. The empirical SF demarcation from
G. Kauffmann et al. (2003b) (dashed line) and the theoretical maximum
starburst boundary from L. J. Kewley et al. (2001) (dashed—dotted line) are
shown for reference; galaxies between these curves are classified as composite
systems. This figure demonstrates that the SDSS/WISE offset-selected sample
is preferentially composed of AGN and composite classifications compared to
the general merger population, as expected given the MIR AGN selection. The
substructure classifications are shown here to provide diagnostic context for
the sample and to illustrate where systems with and without detected
substructure reside in optical emission-line parameter space. The definition of
substructure and its relationship to the SDSS/WISE offsets are presented in
Section 4.1. One target (J033037) is excluded due to insufficient SNR (<5) in
the required emission lines.

separating systems with and without detected substructure (see
Section 4). This figure is included to assess whether the success
of the SDSS/WISE offset method is driven primarily by
extinction effects, and to demonstrate that substructure is
identified across a broad range of obscuration rather than only
in the most highly reddened systems.

A crossmatch with the Big Multi-AGN Catalog (the Big
MAC; R. W. Pfeifle et al. 2025) reveals that the 46 targets in
the Primary Keck AO Merger Sample (SDSS/WISE offsets
<1'5) include 13 previously identified candidate dual AGNs
and 2 confirmed dual AGNs. However, only one of the
confirmed systems has a nuclear separation small enough to
plausibly correspond to the SDSS /WISE offset measured here;
the second confirmed system has a much larger separation and
is unlikely to drive the observed offset. Candidate or confirmed
dual AGNs with very large separations are typically resolved
galaxy pairs in which the SDSS/WISE offset traces sub-
structure within one of the merging galaxies rather than the
separation between the two galaxies themselves. Such systems
may potentially host more than two accreting nuclei.

Throughout this work, we distinguish between systems for
which Keck AO imaging reveals previously unresolved NIR
substructure and those for which no such substructure is
detected. These classifications are shown throughout the
figures in this section, to provide context for the physical
and diagnostic properties of the sample. The identification and
quantitative definition of substructure is presented in
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Figure 3. WISE MIR color—color diagram (W; — W, versus W, — W3) for
the 46 targets in the Primary Keck AO Merger Sample, shown relative to the
parent population of highly disturbed Galaxy Zoo mergers (f,, > 0.4; shaded
contours). The blue circles denote targets without detected NIR substructure,
while the crimson squares indicate targets for which substructure is identified
in Keck AO imaging (see Section 4.1). The red dotted horizontal line shows
the MIR-color-selection criterion (W; — W, > 0.5) used to construct the
sample, which preferentially selects systems likely to host accreting SMBHs
(L. Blecha et al. 2018). The dashed gray box outlines the stringent MIR AGN
selection wedge defined by T. H. Jarrett et al. (2011). This figure serves two
purposes. First, it demonstrates that the SDSS/WISE offset-selected sample
occupies a distinct region of MIR diagnostic space compared to the general
merger population, consistent with the MIR AGN preselection criteria.
Second, by identifying which targets contain resolved NIR substructure, this
figure provides the MIR classification context needed to interpret the
substructure detection rates presented in Section 4.1, enabling assessment of
how substructure incidence depends on MIR AGN diagnostics. One target
(J152659) is not included due to the absence of a reliable W5 measurement.
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Figure 4. Distribution of optical extinction, parameterized by the color excess
E(B — V), for the Primary Keck AO Merger Sample. Extinction values
are drawn from the MPA-JHU DRS8 Catalog (G. Kauffmann et al. 2003a;
J. Brinchmann et al. 2004; C. A. Tremonti et al. 2004). The gray histogram
shows the full sample, while the blue hatched bins and crimson hatched bins
indicate systems without and with detected NIR substructure in the Keck AO
imaging, respectively (see Section 4.1). This figure characterizes the extinction
properties of the offset-selected merger sample and shows where systems with
and without detected substructure reside in extinction space. The implications
of these distributions for substructure detection and their relationship to
SDSS/WISE positional offsets are discussed in Section 4.1.
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Section 4.1, where we assess whether the detected substructure
spatially corresponds to the SDSS/WISE positional offsets
and evaluate the effectiveness of the offset selection method.
Here, the substructure classifications are shown for reference
only, to illustrate how the targets populate optical and MIR
diagnostic space prior to the detailed structural analysis.

2.2. Expanded-offset Sample and UKIDSS Imaging

The Primary Keck AO Merger Sample described in
Section 2.1 is restricted to SDSS/WISE offsets <1.5
corresponding to projected separations <1 kpc. Although this
regime is the primary focus of this work, it is important to
validate this selection technique by exploring its reliability in
tracing substructure across broader angular separations and
identifying the limit of its robustness at smaller scales. In
addition, the small field of view (FOV) of the NIRC2 images
and the absence of reference stars from most Keck frames
prevent direct absolute astrometric registration of the Keck
images to the SDSS and WISE coordinate systems (Wide
Camera FOV: 40”7 x 40”; Narrow Camera FOV: 10”7 x 10").
As a result, while the Keck imaging reveals substructure, it is
not possible to directly verify whether the detected compo-
nents correspond spatially to the SDSS or WISE centroids.

To address this limitation and independently test the
reliability of the SDSS/WISE offset selection method and
explore its dependence on offset size, we constructed an
expanded-offset sample extending to larger angular separa-
tions of 0/15 < offset <6”, corresponding to the angular
resolution limit of the highest-resolution band (W;) in WISE.
Applying the same Galaxy Zoo merger classification
(f,, > 0.4), MIR color selection (W; — W, > 0.5), and
magnitude cut (W; < 15) described in Section 2.1, this
expanded selection yields 540 merger systems.

We then identified 61 merger systems within this expanded-
offset sample with publicly available NIR imaging from
UKIDSS (A. Lawrence et al. 2007). Unlike the Keck AO data,
the UKIDSS images provide reliable World Coordinate
System (WCS) solutions, enabling direct comparison between
the SDSS and WISE centroids and the NIR emission. Because
the angular resolution of UKIDSS (~0'8) is sufficient to
resolve sources corresponding to larger SDSS/WISE offsets,
these data provide an independent means of verifying whether
the positional offsets correspond to physically distinct
emission components. An example UKIDSS image with
SDSS and WISE positions overlaid is shown in Figure 5.

In addition, we identified seven targets within the expanded-
offset sample that have Keck AO imaging, which are included
in the Expanded Keck AO Sample described in Table 2.
Together, the UKIDSS and expanded Keck samples enable
validation of the offset selection method across a broader
range of angular separations and provide an independent check
on whether SDSS/WISE offsets trace physically distinct NIR
emission components.

2.3. Comparison Samples

To evaluate whether the SDSS/WISE offset selection and
merger classification independently contribute to the detection
of substructure, we constructed two comparison samples
drawn from the same Galaxy Zoo—CatWISE2020 parent
population.
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CatWISE2020
SDSS

Figure 5. Example UKIDSS K-band image of J131012.68+001809.3 from the
UKIDSS Merger Sample. The UKIDSS imaging provides accurate absolute
astrometry, enabling the direct overlay of the SDSS (blue cross) and WISE
(red cross) centroid positions. The 47914 offset between these centroids
corresponds to distinct NIR emission components, separated by 47961,
resolved by UKIDSS but unresolved by WISE. This figure demonstrates that
SDSS/WISE astrometric offsets trace physically distinct merger-driven
substructure.

2.3.1. Nonmerger Comparison Sample

First, we constructed a sample of galaxies with significant
SDSS/WISE offsets that are not classified as mergers. This
sample was generated using the same selection criteria
described in Section 2.1, except that we required a low merger
vote fraction (f;, < 0.4). This selection yields 5815 nonmerger
galaxies with red MIR colors, reliable CatWISE detections,
and significant SDSS/WISE offsets corresponding to pro-
jected separations <1 kpc.

From this sample, we identified 40 systems with archival
Keck AO imaging, forming the Keck Nonmerger Comparison
Sample. This sample allows us to assess whether SDSS/WISE
offsets alone, independent of merger status, are sufficient to
produce detectable substructure.

We compare the optical emission-line classifications, MIR
colors, and optical extinctions of this sample with those of the
Primary Keck AO Merger Sample in Figures 6, 7, and 8,
respectively. These figures, which are analogous to Figures 2,
3, and 4, allow direct comparisons of the BPT classifications,
WISE colors, and optical extinction distributions of offset-
selected galaxies with and without merger signatures. This
comparison shows that the Keck Nonmerger Comparison
Sample spans a similar range of AGN and composite
classifications, MIR colors, and optical extinctions as the
Primary Keck AO Merger Sample, indicating that the two
samples have comparable optical and MIR properties, despite
their different merger classifications.

To verify that the Keck Nonmerger Comparison Sample is
well matched to the Primary Keck AO Merger Sample, we
statistically compare the distributions of the SDSS/WISE
offset, redshift, W; — W,, W, magnitude, optical extinction,
BPT classification, and Jarrett AGN classification. A two-
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Figure 6. BPT diagram for the Keck Nonmerger Comparison Sample (40
galaxies with SDSS/WISE offsets but no merger classification, f;,, < 0.4),
shown relative to the general population of Galaxy Zoo mergers (f,, > 0.4;
shaded contours). The crimson squares denote systems for which Keck AO
imaging reveals NIR substructure, while the blue points indicate systems with
no detected substructure. The empirical SF demarcation from G. Kauffmann
et al. (2003b) (dashed line) and the theoretical maximum starburst boundary
from L. J. Kewley et al. (2001) (dashed—dotted line) are shown for reference.
This figure demonstrates that the Keck Nonmerger Comparison Sample spans
a similar range of optical spectroscopic classifications as the Primary Keck AO
Merger Sample, allowing us to assess whether SDSS/WISE offsets alone,
independent of merger status, are associated with unresolved NIR
substructure.
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Figure 7. WISE color—color diagram for the Keck Nonmerger Comparison
Sample, shown relative to the parent Galaxy Zoo merger population (f,, > 0.4;
shaded contours). The crimson squares denote systems with detected NIR
substructure, and the blue points indicate systems without detected
substructure. The horizontal dashed line marks the W; — W, > 0.5 AGN
color selection threshold (L. Blecha et al. 2018), and the dashed box indicates
the AGN selection wedge from T. H. Jarrett et al. (2011). This figure shows
that the Keck Nonmerger Comparison Sample occupies a similar region of
MIR color space as the Primary Keck AO Merger Sample, enabling a direct
test of whether SDSS/WISE positional offsets alone can identify systems with
unresolved NIR substructure.

sample Kolmogorov—Smirnov (KS) test indicates no statisti-
cally significant difference between the two samples
(p > 0.05; see Appendix Al for the distributions and specific
values) in the SDSS/WISE offset, redshift, W; — W,, W
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Figure 8. Distribution of optical extinction, parameterized by the color excess
E(B — V), for the Keck Nonmerger Comparison Sample. Extinction values are
drawn from the MPA-JHU DR8 Catalog (G. Kauffmann et al. 2003a;
J. Brinchmann et al. 2004; C. A. Tremonti et al. 2004). The gray histogram
shows the full sample, while the blue hatched bins and crimson hatched bins
indicate systems without and with detected NIR substructure in archival Keck
AO imaging, respectively (see Section 4.1). This figure provides a direct
comparison to the Primary Keck AO Merger Sample by characterizing the
extinction properties of nonmergers with SDSS/WISE positional offsets. The
implications for substructure detection and the role of astrometric offsets are
discussed in Section 4.1.

magnitude, and optical extinction. To further compare the
optical and MIR properties of the samples, we conduct a
chi-square test on the BPT classifications and Fisher’s exact
test on the fraction of Jarrett AGNs in each sample. We find no
statistically significant difference in the distribution of the BPT
classifications (AGN, composite, and SF; )(2(2) = 2.033,
p = 0.362) and Jarrett AGN classifications (p = 0.281) for
these two samples. These statistical comparisons demonstrate
that the Keck Nonmerger Comparison Sample is well matched
to the Primary Keck AO Merger Sample in its optical and MIR
properties, ensuring that differences in the substructure
detection fraction cannot be attributed to systematic differ-
ences in the underlying sample properties or selection criteria.

2.3.2. Nonoffset Merger Comparison Sample

Second, we constructed a comparison sample of mergers
that satisfy all selection criteria, except for the SDSS/WISE
offset requirement. Applying the Galaxy Zoo merger classi-
fication, MIR color selection, and magnitude cut, but requiring
SDSS/WISE offsets <0.15, yields 50 merger systems with no
statistically significant SDSS/WISE offset.

Of these, 11 systems have archival Keck AO imaging and
form the Keck Nonoffset Comparison Sample. This sample
enables us to test whether substructure detection is specifically
associated with SDSS/WISE positional offsets, rather than
being a generic property of late-stage mergers.

Together, these comparison samples provide independent
tests of the relative roles of merger status and astrometric
offsets in identifying unresolved NIR substructure. A summary
of all samples and their hierarchical relationships is provided
in Table 2.
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3. Observations and Data Reduction
3.1. Keck AO Observations

We observed a total of 40 targets (36 targets from the
Primary Keck AO Merger Sample and 4 additional targets
from the Expanded Keck AO Sample) using the Keck II
Telescope and the NIRC2 NIR camera (PI: K.Matthews;
P. Wizinowich et al. 2000; M. A. van Dam et al. 2006;
P. L. Wizinowich et al. 2006). Observations were conducted
over three nights between UT 2021 September 19 and UT
2022 March 19, using Laser Guide Star and Natural Guide Star
Adaptive Optics (LGSAO and NGSAO, respectively).

Images were obtained in the K, filter (\. = 2.124 um,
AX = 0.351 pm). Most targets were observed with the Narrow
Camera (FOV: 10”7 x 10”; pixel scale: 0.009942 pixel ),
while eight targets were observed with the Wide Camera
(FOV: 40" x 40"; pixel scale: 07039686 pixel'). The total
exposure times ranged from 900 s to 1620 s per target under
photometric conditions with natural seeing between 0.5 and
1.0 (see Appendix B).

A three-point dither pattern was used for all observations.
Tip-tilt stars were observed contemporaneously with each
science target to monitor AO performance and characterize the
instantaneous PSF. The average PSF FWHM was 0.07 for the
Narrow Camera and 0'13 for the Wide Camera. Flat fields,
dark frames, and photometric standard stars were obtained for
calibration.

3.2. Data Reduction

The data reduction followed standard NIRC2 procedures,
including dark subtraction, flat-field correction, bad-pixel
masking, sky subtraction, and geometric distortion correction
using the most recent distortion solution (M. Service et al.
2016). Individual dithered frames were aligned using the
centroid of the brightest nuclear component and median-
combined to produce the final science images. Flux calibration
was performed using standard stars observed on the same
nights.

3.3. Identification of Compact Sources and Aperture
Photometry

Because the targets are advanced mergers with disturbed
morphologies, strong tidal features, and diffuse stellar
emission, conventional two-dimensional surface-brightness-
profile fitting using Sérsic or PSF-decomposition techniques
was not feasible. The limited NIRC2 FOV further prevented
robust modeling of the extended host galaxy light.

Instead, we identified compact emission sources visually in
the AO images and measured their photometric properties
using aperture photometry, following the established techni-
ques used in imaging studies of merging galaxies and as
described below (e.g., M. Troncoso et al. 2025). This approach
is well suited for identifying compact, unresolved nuclear
components in crowded or morphologically complex systems.

To minimize cross-contamination between closely separated
sources, we adopted a small circular aperture with radius equal
to 1.25 times the FWHM of the PSF, as measured from the tip—
tilt star observed contemporaneously with each science target.
Larger apertures were tested but resulted in significant
blending between nearby sources in several systems (e.g.,
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the two southwest sources in J150517; see Figure C18),
preventing reliable isolation of individual components.

Because this aperture does not enclose the full PSF, aperture
corrections were applied using a curve-of-growth analysis
derived from the corresponding tip-tilt star. The tip-tilt star
provides an empirical measurement of the instantaneous AO
PSF, including both the diffraction-limited core and extended
halo. For each observation, we measured the fraction of flux
enclosed within the adopted aperture radius and applied the
corresponding correction factor to estimate the total flux of
each compact source.

This method provides a uniform methodology for obtaining
total flux estimates for compact, unresolved sources in the
sample, while avoiding aperture overlap between neighboring
components. However, because of the complex morphologies
of merging systems, overlapping stellar emission or diffuse
light from foreground substructure may contribute to the
measured flux in some cases. Therefore, the fluxes and flux
ratios reported here should be interpreted as approximate
indicators of the relative prominences of compact nuclear
components rather than precise measurements of stellar mass.

To quantify the incidence of substructure, we define a
substructure detection as the presence of a secondary source of
emission in the Keck AO imaging that is distinct from the
primary nuclear component, unresolved in SDSS imaging, and
exceeds a flux ratio threshold of ficondary/fprimary > 0.1. We
adopt this conservative threshold from the similar criterion of
M. J. Koss et al. (2018). To assess whether the Keck
observations are sensitive enough to reliably detect secondary
sources at the adopted flux ratio threshold, we estimate the
minimum detectable flux ratio for each image as the 5c
background noise relative to the primary nucleus flux. We find
that a flux ratio of 0.1 is detectable in all Keck AO images
across all samples, with the least sensitive image reaching a
minimum detectable flux ratio of 0.0515, well below the
adopted threshold. We therefore consider all Keck AO samples
presented in this work to be complete to the adopted flux ratio
threshold of ficcondary/fprimary > 0.1.

Following standard practice in IR studies of galaxy mergers,
we use the K-band flux ratio as an approximate proxy for the
stellar mass ratio, adopting the conventional threshold of 4:1
(flux ratio >0.25) to distinguish between major and minor
mergers (e.g., A. Toomre & J. Toomre 1972; H. M. Hernadnd-
ez-Toledo et al. 2005; C. J. Conselice 2006; M. Troncoso
et al. 2025). This major-merger classification is applied only to
systems with clearly resolved compact nuclei and is intended
to provide an empirical basis for comparison with previous
studies, but should not be interpreted as a precise stellar mass
measurement. We note that the flux ratios of the major mergers
are consistent with those obtained by applying a human-guided
aperture selection, as was done in the study by M. Troncoso
et al. (2025).

3.4. Archival NIRC2 Imaging

In addition to our observations, we identified 13 targets with
publicly available NIRC2 imaging. These archival data were
precalibrated using standard procedures including dark sub-
traction, flat-field correction, bad-pixel masking, and geo-
metric distortion correction. We aligned and combined the
archival frames following the same procedures described
above.
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Figure 9. (a). Keck/NIRC2 and SDSS cutout images of the Primary Keck AO Merger Sample. The systems are divided into four subfigures according to their
observed NIR morphology: (a) systems with two compact nuclei (i.e. apparent dual-nucleus systems); (b) systems that contain compact secondary sources whose
morphologies are consistent with SF regions rather than distinct nuclear components; (c) systems with morphological features consistent with spiral arms or tidal
tails; and (d) single-nucleus systems. In each subfigure the top panel shows the Keck/NIRC2 AO K,-band cutout images and the bottom panel shows the
corresponding SDSS gri color cutout images of the same targets. The white squares indicate the FOVs of the Keck /NIRC2 images. Images are oriented with north up
and east to the left. Systems in panels (a) and (b) are arranged in order of increasing projected nuclear separation, while systems in panels (c) and (d) are arranged in
order of increasing redshift. Although J124136 exhibits apparent substructure, it does not satisfy our adopted flux-ratio threshold and is therefore not classified as a
substructure detection. More detailed descriptions of individual targets are provided in Appendix C.

Because flux calibration information was not available for
all archival observations, we do not report absolute calibrated
fluxes for these systems. However, these images provide
valuable structural information, and the flux ratios are
independent of absolute flux calibration and are included in
the substructure analysis presented in Section 4.1.

4. Results
4.1. Identification and Properties of Substructure

In Figures 9(a)-(d), we present the Keck/NIRC2 AO
images of the Primary Keck AO Merger Sample, grouped
according to their observed NIR morphology, including
systems with apparent dual nuclei, compact secondary sources,
spiral arms or tidal features, and those dominated by a single
compact nucleus (see Appendix C for descriptions of
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individual targets). We note that this grouping is visual and
qualitative in nature. These high-resolution images reveal
intricate nuclear structure that is unresolved in SDSS imaging,
with many systems containing two or more compact sources of
emission separated by projected distances of <1 kpc.

As defined in Section 3.3, a substructure detection in our
sample requires a secondary source exceeding a flux ratio
threshold of ficcondary/fprimary > 0.1 relative to the primary
central nucleus. We note that this detection criterion is applied
independently of the morphological classifications defined
above. For example, some of the systems with prominent
spiral arms or tidal features contain secondary emission
meeting our criteria for substructure (i.e., J091529, J131534,
and J134651), while others in the same group do not (JO13720
and J122031). For each system with detected substructure, we
identify a substructure pair consisting of the primary nucleus



THE ASTROPHYSICAL JOURNAL, 1006:251 (30pp), 2026 August 1

.

J150517 J124117

J151806 J015028

“:! []

150517 124117

J151806 J015028

Vazquez et al.

J101653

J082312 J124136

5 kpc

fa)

J152659 J101653

1082312 124136

Figure 9. (Continued.)

and the brightest secondary compact source. The selection of
eligible secondary sources is guided by the SDSS/WISE
positional offset: for systems with offsets <1'5, the offset
necessarily corresponds to structure unresolved in SDSS
imaging, while systems with larger offsets may include
sources that are marginally resolved in SDSS but remain
unresolved by WISE.

The photometric measurements, separations, and flux ratios
of the substructure pairs are listed in Table 3 (see Section 3.3
for details of the photometric methodology). The detected
substructure pairs span angular separations of 0.19-1725,
corresponding to projected physical separations of 176 pc to
3.85 kpc. The distribution of substructure pair separations is
shown in Figure 10. This figure illustrates the range of nuclear
separations probed by the SDSS/WISE offset selection
method and demonstrates that a substantial fraction of the
detected substructure corresponds to compact nuclear pairs at
subkiloparsec scales.

Of the 46 mergers in the Primary Keck AO Merger Sample,
10 systems exhibit dual compact nuclei separated by <4 kpc
with flux ratios greater than 0.25, consistent with the mass
ratio criterion for a major merger (approximately 4:1),
assuming that the K-band flux traces stellar mass (see
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Section 3.3 for details). While detailed surface-brightness
modeling is required to obtain precise stellar mass ratios, these
flux ratios indicate that many of the detected compact sources
are consistent with candidate merging galaxy nuclei.

In some systems, diffuse or asymmetric emission may also
contribute to the observed SDSS/WISE positional offset. We
emphasize that imaging alone cannot definitively determine
whether the detected compact sources correspond to galaxy
nuclei, star clusters, or AGNs. Follow-up spectroscopy or
multiwavelength observations are required to establish their
physical nature.

4.2. Substructure Detection Rates

Our analysis of the reduced and calibrated NIRC2
observations shows that 20 of the 46 systems (43.5%) in the
Primary Keck AO Merger Sample (SDSS/WISE offset <1.5)
exhibit substructure. Among the systems with detected
substructure, 10 are optically classified as AGNs, 9 as
composite systems, and 1 as SF, based on their SDSS
emission-line classifications (Table 1). Figures 2 and 3 show
the locations of these systems in optical emission-line
diagnostic space and MIR color space, respectively. Within
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the Primary Keck AO Merger Sample, substructure is detected
in 34% (10/29) of optically classified AGNs, 64% (9/14) of
composite systems, and 50% (1/2) of SF galaxies. Using MIR
selection criteria, substructure is detected in 42% (8/19) of the
Jarrett AGNSs. Although the absolute numbers of substructure
detections in AGNs and composite systems are similar, there is
a higher detection fraction in composite targets.

Substructure detection is also strongly associated with red
MIR colors. In particular, 89% (8/9) of systems with
W, — W3 > 4.2 contain substructure. Figure 4 shows the
distribution of optical extinction, parameterized by E(B — V)
from the MPA-JHU catalog, for systems with and without
detected substructure. Substructure is detected across the full
range of extinction values in the sample; however, the
detection fraction increases from 36% at lower extinction to
52% for systems with E(B — V) > 0.6, indicating that highly
obscured systems are particularly likely to host unresolved
nuclear substructure.

To investigate how the detection rate depends on offset size,
we also analyzed the Expanded Keck AO Merger Sample,
which includes mergers with SDSS /WISE offsets extending to
6”. Combining this sample with the UKIDSS Merger Sample,
we identify substructure in an additional 51 systems. Across
the full set of mergers with Keck AO and UKIDSS imaging,
substructure is detected in 71 of 114 systems, corresponding to
an overall detection rate of 62%. This higher detection rate
reflects the inclusion of systems with larger offsets, for which
the separation between nuclear components is more readily
resolved.

4.3. Robustness of the SDSS/WISE Offset Method across Offset
Magnitudes

A key question is whether the SDSS/WISE offset selection
method remains reliable at the smallest offsets considered in
this work, where astrometric uncertainties could potentially
dominate over true physical separations. If the observed offsets
were primarily driven by astrometric noise rather than genuine
substructure, the success rate of detecting substructure in high-
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resolution imaging would be expected to decrease system-
atically toward smaller SDSS/WISE offsets.

To assess whether the SDSS/WISE offset method remains
reliable across the full offset range, we measured the
substructure detection rate as a function of SDSS/WISE
offset using the combined sample of mergers with high-
resolution NIR imaging, including the Primary Keck AO
Merger Sample (0.15 < offset <1.5), the additional mergers
in the Expanded Keck AO Merger Sample, and the UKIDSS
Merger Sample (Section 2.3). These samples together span the
full offset range of 0.15 < offset <6” and provide a uniform
test of the method across both subkiloparsec and larger
projected separations.

We find no dependence on the substructure detection rate as
a function of offset over the full range of offsets. In Figure 11,
we show the substructure detection rate computed in eight bins
spanning the subarcsecond range of offsets. In each bin, the
detection rate is defined as the fraction of targets in which
high-resolution imaging reveals nuclear substructure relative
to the total number of targets in that offset interval. The error
bars correspond to binomial statistics and represent the 90%
confidence interval (CI).

We find no statistically significant decline in the detection
rate toward smaller offsets. Instead, the detection rate remains
approximately constant across the full range of SDSS/WISE
offsets probed, including the smallest offsets, where astro-
metric uncertainties would be expected to have the greatest
impact.

This result suggests that the effectiveness of the SDSS/
WISE offset selection method does not degrade at small
offsets and may suggest that the observed offsets are driven by
genuine unresolved nuclear substructure rather than random
astrometric errors. We emphasize, however, that this analysis
is not conclusive, as a robust assessment of the contribution of
astrometric uncertainties would require a comparison to
simulations or mock catalogs. Nevertheless, the SDSS/WISE
offset method remains reliable for identifying subkiloparsec
nuclear pairs across the full offset range considered in
this work.
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4.4. Geometric Relationship between SDSS/WISE Offsets and
Nuclear Substructure

A key test of the SDSS/WISE offset selection method is
whether the measured positional offsets trace the geometry of
the underlying nuclear substructure identified in high-resolu-
tion NIR imaging. If the SDSS and WISE centroids are
displaced due to unresolved multiple sources of emission, the
magnitude and orientation of the SDSS/WISE offset should
correlate with the separation and position angle (PA) of the
substructure pair.

Directly overlaying the SDSS and WISE coordinates on the
Keck NIRC2 images is not possible, because the NIRC2
images lack absolute astrometric registration. Instead, we test
whether the relative geometry of the SDSS/WISE offsets is
statistically correlated with the geometry of the substructure
identified in the imaging.

This analysis was conducted on the 71 targets with detected
substructure drawn from the combined sample of mergers with
high-resolution NIR imaging, including the Primary Keck AO
Merger Sample, the additional systems in the Expanded Keck
AO Merger Sample, and the UKIDSS Merger Sample,
spanning SDSS/WISE offsets of 0.15 < offset <6”. For
each target, we identified a substructure pair, as defined in
Section 4.1, and measured its angular separation and PA.
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For the Keck AO imaging, the lack of absolute astrometric
registration prevents identifying which component corre-
sponds directly to the SDSS or WISE centroid. To account
for this ambiguity, we computed the SDSS/WISE offset PA in
both possible directions and adopted the value that minimized
the difference relative to the substructure pair PA. For the
UKIDSS imaging, which has accurate absolute astrometry, we
defined the substructure pair as the sources nearest to the
SDSS and WISE coordinates, respectively.

Figure 12 compares the SDSS/WISE positional offsets to
the measured substructure separations and PAs. We find strong
correlations between the offset magnitude and substructure
separation (Spearman rank correlation: p = 0.864, p ~ 0) and
between the offset PA and substructure PA (Spearman rank
correlation: p = 0.871, p ~ 0).

The strong correlation in PA demonstrates that the SDSS/
WISE offsets reliably trace the orientation of the underlying
nuclear substructure. The offset magnitudes are systematically
smaller than the substructure separations, as expected, because
the measured centroid shift depends on the relative brightness
of the emission components. When both sources contribute
significantly to the MIR emission, the WISE centroids are
displaced toward the flux-weighted midpoint between them. A
similar effect occurs for the SDSS centroid in systems with
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Table 3
Photometric Measurements of Nuclear Substructure Pairs in the Primary Keck AO Merger Sample

Photometric Properties of Substructure Pairs in the Primary Keck AO Merger Sample

(e)) (@) 3 “ (&) (6) )
Target Offset Separation Separation Kp Flux Flux Ratio® Morph.
(arcsec) (arcsec) (kpc) (mJ}’) (fprimary/fs‘ecnndary)
J001707.95+011506.3 5.630 + 1.591 1
0.511 0.986 1.910 1.826 + 0.516 3.083
J010942.21-004417.4 0.076 £+ 0.001 1
0.443 1.129 1.871 0.052 + 0.0004 1.474
J015028.40+130858.4 0.118 + 0.052 2
0.275 0.329 0.843 0.052 + 0.025
J082312.614+-275139.8 0.115 £+ 0.005 2
0.294 0.564 1.617 0.014 £+ 0.001
J091529.62+090601.5 0.050 £+ 0.001 3
0.431 0.917 2.300 0.011 £+ 0.0003
J093314.80+630945.0 0.060 £+ 0.001 1
0.167 0.190 0.405 0.045 £+ 0.001 1.323
J101653.82+-002857.0 4.041 + 0.085 2
0.275 0.350 0.737 0.073 £ 0.015
J110213.01+645924.8 0.982 £+ 0.020 1
0.276 0.357 0.524 0.573 = 0.012 1.713
J120408.82+132117.0 0.063 £+ 0.001 1
0.486 0.740 1.070 0.059 £ 0.001 1.074
J123915.40+531414.6° 0.306 1.161 3.855 1.163 1
J124117.64+273252.3 0.018 £ 0.0003 2
0.411 0.266 0.655 0.019 £+ 0.0003
J131517.26+442425.5° 0.689 0.711 0.503 3.225 1
J131534.00+620728.6 0.585 0.287 0.177 3
J132035.404-340821.5" 1.209 0.784 0.365 1.324 1
J134442.16+555313.5° 0.799 1.035 0.767 2.430 1
J134651.82+371231.0 0.318 £+ 0.002 3
0.230 0.633 2.209 0.041 £+ 0.0003
J135646.104102609.0° 0.258 1.253 2.771 2.501 1
J150517.88+080912.7 0.309 + 0.003 2
0.194 0.347 0.270 0.079 £+ 0.001
J151806.13+-424445.0 0.950 + 0.016 2
0.500 1.083 0.863 0.128 £+ 0.002
J152659.44+4-355837.0 0.531 £+ 0.048 2
0.376 0.631 0.677 0.145 £+ 0.013

Notes. Column (1): target identifier. Column (2): SDSS/WISE positional offset. Columns (3)-(4): angular and physical separation between nuclear components.
Column (5): Kp flux density. Column (6): flux ratio. Column (7): NIR morphology as defined in Section 4.1—(0) single nucleus; (1) dual nuclei; (2) compact
secondary source consistent with an SF region; and (3) prominent spiral arms or tidal features.

? Flux ratios are reported only for systems with compact, well-resolved nuclear components and those consistent with major mergers (mass ratio <4: 1), where
aperture-corrected photometry is reliable (Section 3.3). Flux ratios are omitted for systems where photometry may be affected by extended emission, blending, or

uncertain aperture corrections.

b Archival Keck observations lack absolute flux calibration; only separations and flux ratios are reported. This table demonstrates that a subset of SDSS/WISE
offset-selected mergers contain compact nuclear pairs with flux ratios consistent with major mergers.

separations smaller than ~1"5, where the components remain
unresolved.

These results provide direct geometric validation that the
SDSS/WISE offsets are physically associated with unresolved
nuclear substructure and reliably trace both its orientation and
characteristic spatial scale.

4.5. Comparison Sample Results and Validation of Selection
Criteria

To isolate the relative roles of merger classification and
SDSS/WISE positional offsets in driving substructure detec-
tion, we analyzed two comparison samples described in
Section 2.3: (i) the Keck Nonmerger Comparison Sample,
consisting of galaxies with significant SDSS/WISE offsets but
no merger classification; and (ii) the Keck Nonoffset
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Comparison Sample, consisting of mergers that satisfy all
selection criteria except the SDSS/WISE offset requirement.
Throughout this section, detection rates are reported with 95%
binomial Cls estimated using the Jeffreys method, and
statistical differences are assessed with Fisher’s exact tests.

4.5.1. Keck Nonmerger Comparison Sample

The Keck Nonmerger Comparison Sample consists of 40
galaxies with low merger vote fractions (f,, < 0.4), red WISE
colors (W; — W, > 0.5), W; < 15, SDSS/WISE positional
offsets in the range 0'15 < offset <1'5, and archival NIRC2
imaging. Over the redshift range of the sample, these offsets
correspond to projected physical separations <1 kpc.

Within this sample, 10 of the 40 systems exhibit unresolved
NIR substructure detected in Keck AO imaging, corresponding
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Primary Keck AO Merger Sample with detected NIR substructure. The red
bars indicate the subset of 10 systems with flux ratios consistent with a major
merger (fiecondary/fprimary > 0.25; see Section 4.1), while the blue bars
correspond to the remaining 10 targets with substructure that do not meet the
major-merger criteria. This figure quantifies the spatial scale of the nuclear
substructure revealed by Keck AO imaging and demonstrates that the SDSS/
WISE offset selection method identifies compact nuclear pairs across a range
of separations from ~0.2 to ~1.25 (176 pc—3.85 kpc), including systems
consistent with major mergers.
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Figure 11. Substructure detection rate as a function of SDSS/WISE positional
offset for mergers with high-resolution NIR imaging, including the Primary
Keck AO Merger Sample. The sample is divided into eight bins in offset,
where the detection rate in each bin is defined as the fraction of systems in
which Keck AO imaging reveals unresolved NIR substructure. The error bars
represent 90% binomial CIs. This figure evaluates whether the SDSS/WISE
offset selection method remains reliable at small offsets, where astrometric
noise could potentially dominate. The absence of a systematic decline in
detection rate toward smaller offsets may suggest that the observed SDSS/
WISE offsets are associated with genuine nuclear substructure rather than
being solely driven by astrometric uncertainties.

0.8 0.9

to a substructure detection rate of 25% (95% CI: 13.6%—
39.8%). Of these, 7 systems have nuclear flux ratios > 0.25,
consistent with major mergers under the assumption that the
K-band flux traces stellar mass.

Although the detection rate in the Keck nonmerger
offset sample is lower than that in the Primary Keck AO
Merger sample (43.5%; 95% CI. 29.9%-57.8%), this differ-
ence is not statistically significant according to Fisher’s exact
test (p = 0.112). The absence of a statistically significant
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Figure 12. Comparison between the SDSS/WISE offsets and the nuclear
substructure geometry for the combined sample of mergers with detected
substructure, including the Primary Keck AO Merger Sample, Expanded Keck
AO Merger Sample, and UKIDSS Merger Sample. Top: angular separation of
the SDSS/WISE positional offset versus the measured separation of the
substructure pair. Bottom: PA of the SDSS/WISE positional offset versus the
PA of the substructure pair. Spearman rank correlation coefficients (p) and
corresponding p-values are shown in each panel. The strong correlations
demonstrate that the SDSS/WISE positional offsets reliably trace both the
orientation and characteristic spatial scale of the underlying nuclear
substructure, providing direct geometric validation of the SDSS/WISE offset
selection method.

difference in detection rate between these two offset-selected
samples suggests that the merger selection step alone does not
significantly modify the substructure detection rate. Given that
both of these samples are selected to exhibit SDSS/WISE
offsets, this result is consistent with the interpretation that the
SDSS/WISE offset is more closely associated with higher
substructure detection fractions than the merger selection,
which appears to play a secondary role.

The detection of substructure, including systems consistent
with major mergers, in galaxies not morphologically classified
as mergers suggests that the SDSS/WISE offset method is
capable of identifying nuclear pairs in systems where merger
signatures are not readily apparent in SDSS imaging. This
result is consistent with previous studies showing that late-
stage mergers can lack clear morphological signatures at
optical wavelengths (e.g., M. J. Koss et al. 2018).

4.5.2. Keck Nonoffset Comparison Sample

To further assess whether SDSS/WISE positional offsets
are necessary for identifying unresolved substructure, we also
examined the Keck Nonoffset Comparison Sample, consisting
of 11 merger systems (f,, > 0.4) with red WISE colors
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(W; — W, > 0.5), W; < 15, archival NIRC2 imaging, and no
statistically significant SDSS/WISE positional offset (<015).

Within this sample, only 1 of 11 systems exhibits detectable
substructure, corresponding to a detection rate of 9% (95% CI:
1.0%-35.3%). The detected system has a flux ratio of 0.185,
below the major-merger threshold.

A comparison of this detection rate to that of the Primary
Keck AO Merger Sample shows a statistically significant
difference (p = 0.041), indicating a significant difference in
detection fractions between offset-selected and nonoffset
samples. When compared to the Keck Nonmerger Comparison
Sample, however, the difference in detection rates is not
statistically significant (p = 0.418), consistent with a weaker
dependence of detection rates on merger selection alone. We
note that the Keck Nonoffset Comparison Sample is limited in
sample size and statistical power, as reflected by its broad CI,
and emphasize that larger samples will be required to further
quantify the relative contributions of merger classification and
positional offsets to substructure detection.

Taken together with Section 4.5.1, these results suggest that
the substructure detection rates do not show a strong
dependence on merger selection alone, but rather are more
closely related to the presence or absence of SDSS/WISE
offsets. This reinforces the interpretation that the SDSS/WISE
offsets are strongly associated with the substructure detected in
the samples we present. However, we emphasize that the
combination of merger classification and SDSS/WISE offset
selection yields the highest detection efficiency for unresolved
NIR substructure.

4.6. Role of Optical Obscuration in Producing SDSS/WISE
Positional Offsets

To investigate the physical origin of the SDSS/WISE
positional offsets and assess the role of dust obscuration, we
examine archival Hubble Space Telescope (HST) optical
imaging for targets in the Primary Keck AO Merger Sample.
Of the 46 mergers with SDSS/WISE offsets <175, 16 have
publicly available HST observations obtained with the WFC3
(FOV: 162" x 162"; pixel scale: 0.04 pixel '), WFPC2
(FOV: 35" x 35"; pixel scale: 07046 pixel '), or Advanced
Camera for Surveys (ACS; FOV: 202" x 202”; pixel scale:
0705 pixel ') cameras.

These high-resolution optical images allow a direct
comparison between the optical and NIR nuclear morphology.
We find that the optical nuclear regions are frequently more
complex and fragmented than their IR counterparts, often
exhibiting prominent dust lanes and patchy obscuration.
Nuclear dust structures are commonly observed in nearby
AGNs and merging systems (e.g., M. A. Malkan et al. 1998;
L. K. Hunt & M. A. Malkan 2004).

In several targets without detected NIR substructure in the
Keck imaging, the HST images reveal significant nuclear
obscuration that can plausibly explain the observed SDSS/
WISE positional offsets. In these systems, the SDSS centroid
is likely biased toward regions of unobscured optical emission,
rather than tracing the true location of the nuclear IR emission.
As a result, dust obscuration can produce positional offsets
even in the absence of multiple resolved IR nuclei. Examples
of such systems are shown in Figure 13, where the SDSS/
WISE offsets are aligned with nuclear dust lanes and obscured
regions.
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Conversely, several targets with confirmed NIR substructure
also exhibit strong nuclear obscuration in the optical HST
images. In these systems, one of the NIR nuclei is partially or
completely obscured at optical wavelengths. Examples are
shown in Figure 14, where the SDSS/WISE positional offset
is consistent with one IR nucleus being heavily obscured in the
optical. This suggests that optical obscuration can contribute to
the observed positional offset even when multiple genuine
nuclei are present.

To further quantify the effect of obscuration, we identified
18 mergers from the Expanded Keck AO Merger Sample
(0'15 < offset <6”) that have both Keck and HST imaging.
For each system, we counted the number of nuclear sources
detected in the NIR and optical images and computed the ratio
of IR to optical nuclear components.

Figure 15 shows the distribution of these ratios, separated by
merger stage based on nuclear separation (above and below 3
kpc). We find that early-stage mergers (nuclear separations >3
kpc) more frequently exhibit ratios near unity, indicating
similar nuclear structures in the optical and IR. In contrast,
late-stage mergers more commonly exhibit fewer detected IR
nuclei relative to apparent optical sources, consistent with
stronger nuclear obscuration.

In many cases, dust lanes fragment the optical emission,
producing apparent multiple optical components that do not
correspond to distinct IR nuclei. Conversely, genuine IR nuclei
may be entirely obscured at optical wavelengths. These results
demonstrate that optical imaging alone may either miss
genuine nuclear components or misidentify obscured
structures.

These findings provide important physical context for
interpreting SDSS/WISE positional offsets. Optical obscura-
tion can shift the SDSS centroid away from the true IR
nucleus, producing measurable positional offsets. However, IR
surveys such as UKIDSS and WISE are less affected by dust
obscuration. As shown in Figure 16, offsets measured between
IR surveys are more reliably associated with genuine dual
nuclear components. This highlights the importance of NIR
observations for identifying obscured nuclear substructure in
studies of late-stage galaxy mergers.

4.7. Comparison to Other Works

To assess the effectiveness of our SDSS/WISE offset
selection technique in identifying late-stage mergers with
compact nuclear substructure, we compare our substructure
detection fraction with previous high-resolution NIR imaging
studies of advanced mergers conducted with Keck AO and
HST. To enable a consistent comparison across samples, we
adopt a primary—secondary flux ratio threshold of >0.1 and
restrict the analysis to projected nuclear separations <3 kpc.
We apply the flux ratio threshold only to compact nuclear
components identified in the NIR images, excluding diffuse
tidal features or ambiguous substructure. This threshold is
directly comparable to the criteria used by M. J. Koss et al.
(2018), who classified counterparts within 2.5 mag of the
primary nucleus, corresponding to a flux ratio of ~0.1. We
restrict the comparison to separations <3 kpc, because the
NIRC2 FOV limits our access to larger separations, ensuring
that all samples are compared over a common and well-
sampled physical separation range.

Under these criteria, our Primary Keck AO Merger Sample
yields a substructure fraction of 34.8%, substantially higher
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Figure 13. Examples of targets with no substructure whose SDSS /WISE offsets are likely caused by partial obscuration of their optical emission. For each target, we
include the corresponding HST and Keck images. In the top right of each HST and Keck image, we include a representation of the SDSS/WISE offset that shows the
orientation and length of the offset for that particular system. The targets of the top row—1J083824 ((a) HST Program No. 9735) and J135429 ((b) HST Program No.
13513)—are from the Primary Keck AO Merger Sample, and the targets of the bottom row—1J100654 ((c) HST Program No. 12754, Keck Program ID C2210L) and
J165315 ((d) HST Program No. 13728, Keck Program ID H230N2L)—are from the Keck Nonmerger Comparison Sample.

than reported in samples selected using alternative approaches. In
comparison, the Swift Burst Alert Telescope (BAT) hard-X-ray-
selected obscured AGN sample of M. J. Koss et al. (2018),
observed with Keck AO and HST NICMOS imaging, shows a
substructure fraction of 17.6%. Similarly, the AO study of
double-peaked [O 1] AGNs by H. Fu et al. (2011a), which used
GALFIT decomposition of NIR images to identify multiple
nuclei, yields a substructure fraction of 8%. We also include the
(ultra)luminous infrared galaxy ((U)LIRG) sample of S. Haan
et al. (2011), based on HST NICMOS imaging of IR-luminous
mergers, which shows a substructure fraction of 4.2% over the
same separation range. These comparison samples span a range
of selection methods, including hard-X-ray emission, optical
emission-line kinematics, and IR luminosity, providing a broad
context for evaluating the effectiveness of the SDSS/WISE offset
selection technique.

We note, however, that this comparison carries important
caveats. While M. J. Koss et al. (2018) employed a flux ratio
threshold equivalent to the one adopted here, and H. Fu et al.
(2011a) measured nuclear flux ratios using GALFIT decom-
position of AO images, the photometric methodologies differ
among studies. In our work, flux ratios are derived using
aperture photometry centered on clearly resolved compact
nuclei in NIR images. In contrast, other studies employ two-
dimensional surface-brightness modeling or morphological
classifications to identify nuclear counterparts. For the S. Haan
et al. (2011) ULIRG sample, individual nuclear flux ratios are
not published, preventing us from applying an identical flux
ratio threshold; therefore, all morphologically identified
nuclear pairs in their sample are included in our comparison.
These methodological differences may introduce systematic
uncertainties into the absolute substructure fractions. However,
by restricting our analysis to compact nuclear components with
flux ratios >0.1 and separations <3 kpc, we minimize
differences in classification and ensure that the comparison
focuses on physically comparable nuclear pairs.

Despite these limitations, the trend across all samples is
suggestive. As shown in Figure 17, the SDSS/WISE-selected
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Primary Keck AO Merger Sample exhibits the highest
substructure fraction at the smallest projected separations
(<0.5 kpc and <1 kpc), where the effects of dust obscuration
and nuclear coalescence are expected to be strongest. Unlike
hard-X-ray-selected or emission-line-based selection methods,
which depend on detecting radiative signatures from poten-
tially obscured AGN activity, the SDSS/WISE offset
technique is sensitive to centroid shifts caused by unresolved,
spatially distinct sources of emission, allowing it to identify
compact nuclear pairs even when they are heavily obscured or
unresolved in individual surveys. Because late-stage mergers
are expected to contain closely separated, heavily obscured
nuclei whose emission contributes differently at optical and IR
wavelengths, centroid offsets between SDSS and WISE can
potentially provide a direct observational signature of this
phase, allowing the identification of compact nuclear pairs that
trace the final stages of galaxy and SMBH coalescence.

While differences in photometric methodology, sample
selection, and observational sensitivity prevent a strictly
uniform comparison, the consistently higher substructure
fraction observed in the SDSS/WISE-selected sample sug-
gests that astrometric offset selection provides a powerful and
complementary approach for identifying late-stage mergers
containing closely separated nuclear components, particularly
at subkiloparsec separations where other selection methods
may be incomplete.

5. Summary and Conclusions

The goal of this work was to test a novel selection technique
that leverages the astrometric precision of SDSS and WISE to
identify unresolved nuclear substructure in late-stage, MIR-
color-selected mergers using positional offsets between these
two surveys. These systems probe a critical and poorly
explored phase of galaxy evolution, where nuclear separations
fall below ~1 kpc and the central SMBHs are expected to form
gravitationally bound pairs and eventually merge. Such
systems are particularly important for understanding BH
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Figure 14. Examples of mergers with confirmed NIR substructure in Keck AO imaging but with one nucleus obscured or undetected in HST optical images. The
SDSS/WISE positional offsets are consistent with one IR nucleus being partially obscured at optical wavelengths, demonstrating that dust obscuration contributes to

the observed offsets.
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Figure 15. The distribution of the ratio of the number of apparent nuclear
sources detected in the NIR (Keck NIRC2) to those detected in the optical
(HST), separated based on merger separation (above and below 3 kpc) for
targets in the Expanded Keck AO Merger Sample (53 systems) with both
NIRC2 and HST imaging. This ratio quantifies the relative completeness of the
optical and NIR observations in identifying nuclear components. Ratios above
unity indicate systems in which one or more nucleus detected in the NIR are
obscured or unresolved in the optical, while ratios near or below unity indicate
similar or greater numbers of optical sources. This figure tests whether optical
imaging alone reliably identifies nuclear components across different merger
stages. Example systems J131534 and J131517 are shown to illustrate cases
with ratios above and below unity, respectively.

growth, merger-driven fueling, and the formation of binary
SMBHs, which are key targets for future gravitational-wave
observatories such as LISA (P. Amaro-Seoane et al. 2017,
M. Colpi et al. 2024).

To evaluate the effectiveness of this method, we conducted
high-resolution AO imaging of the Primary Keck AO Merger
Sample, consisting of 46 Galaxy Zoo mergers with red WISE
colors (W; — W, > 0.5; L. Blecha et al. 2018) and significant
SDSS/WISE positional offsets (0’15 < offset <1'5). Our
primary objective was to determine whether this offset-based
selection reliably identifies mergers containing compact
nuclear substructure at subkiloparsec scales.

The results of our analysis are summarized as follows:

1. A high substructure detection rate in the Primary Keck
AO Merger Sample. We detect unresolved NIR sub-
structure in 20 of the 46 targets (43.5%) in the Primary
Keck AO Merger Sample. This demonstrates that SDSS/

18

UKIDSS

Figure 16. SDSS and Keck NIRC2 images of JO01707—a system from the
Primary Keck AO Merger Sample with subarcsecond offsets between its
SDSS, UKIDSS, and WISE nuclear coordinates. The SDSS image shows the
SDSS (blue), WISE (red), and UKIDSS (green) coordinates overlaid. At the
top right of the NIRC2 image, we include representations of the SDSS/WISE
and UKIDSS /WISE offsets corresponding to their sizes and orientations. The
Keck NIRC2 image reveals dual NIR nuclei unresolved in SDSS. Both offsets
trace the orientations of the dual nuclei, demonstrating that astrometric offsets
between surveys can identify unresolved nuclear structure. Because UKIDSS
operates at NIR wavelengths and provides accurate absolute astrometry, its
centroid is less affected by dust obscuration than SDSS, strengthening the
interpretation that the observed offsets reflect genuine nuclear substructure
rather than obscuration-induced centroid shifts, highlighting the importance of
IR observations for revealing compact nuclear components in late-stage galaxy
mergers.

WISE positional offsets provide an efficient method for
identifying mergers containing compact nuclear compo-
nents unresolved in optical imaging. When restricting the
analysis to compact nuclear components with flux ratios
greater than 0.1 and separations below 3 kpc, consistent
with criteria used in previous studies, our SDSS/WISE-
selected sample exhibits a substructure fraction of 34.8%,
substantially higher than reported for hard-X-ray-selected
AGNs (M. J. Koss et al. 2018), double-peaked [O III]
emitters (H. Fu et al. 2011a), and ULIRGs (S. Haan et al.
2011). This comparison suggests that astrometric offset
selection is particularly effective at identifying compact
nuclear pairs at the smallest separations.

2. SDSS/WISE offsets reliably trace genuine nuclear
substructure. Although the limited FOV of the NIRC2
images prevents direct absolute astrometric registration,
we find a strong correlation between both the PAs and
magnitudes of the SDSS/WISE offsets and the
separations and orientations of the substructure pairs
detected in the Keck imaging. Furthermore, the
detection rate of substructure does not decline toward
smaller offsets, suggesting that the observed offsets are
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Figure 17. Fractions of targets with compact nuclear substructure detected in
high-resolution NIR imaging from this work and from M. J. Koss et al. (2018),
H. Fu et al. (2011a), and S. Haan et al. (2011), shown as a function of
projected nuclear separation. To ensure a consistent comparison, only compact
nuclear components with flux ratios >0.1 and separations <3 kpc are included
for all samples where such measurements are available. For the S. Haan et al.
(2011) sample, individual nuclear flux ratios are not published, and all
morphologically identified nuclear pairs within this separation range are
included. The error bars denote lo binomial CIs. Despite differences in
selection techniques and photometric methodologies, the SDSS/WISE offset-
selected merger sample exhibits a higher fraction of compact nuclear
substructure at separations below 1 kpc, suggesting that the offset method is
effective at identifying the most compact and obscured merger phases.

not dominated by astrometric noise but instead reflect
genuine nuclear substructure over the full range of
offsets explored. However, we emphasize that a
definitive assessment of the contribution from astro-
metric uncertainties requires a comparison to simula-
tions or mock catalogs, which is beyond the scope of
this work.

3. Optical obscuration contributes to SDSS/WISE posi-
tional offsets. For targets for which no NIR substructure
is detected, archival HST optical imaging reveals that
many SDSS/WISE offsets arise from partial obscuration
of the nuclear region. Dust lanes and obscured emission
bias the SDSS optical centroid away from the true
nucleus, while the IR WISE centroid more accurately
traces embedded emission. In several systems, nuclear
components visible in the IR are partially or completely
absent in optical imaging, demonstrating that optical
surveys alone can fail to identify closely separated nuclei
in heavily obscured mergers.

4. Substructure is preferentially associated with highly
obscured systems. Targets containing NIR substructure
exhibit systematically higher extinction values, as
measured by E(B — V), compared to systems without
detected substructure. This trend supports a physical
picture in which the latest merger stages are character-
ized by high obscuration, which both facilitates nuclear
inflows and obscures nuclear components at optical
wavelengths.

5. Comparison samples confirm the importance of both
merger classification and astrometric offset selection. We
constructed a Keck Nonmerger Comparison Sample of
40 galaxies selected using identical WISE color,
magnitude, and SDSS/WISE offset criteria, but not
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classified as mergers by Galaxy Zoo. We detect
substructure in 25% of these systems, demonstrating
that SDSS/WISE offsets alone can reveal unresolved
nuclear components even in systems lacking clear
morphological merger signatures in optical imaging. To
isolate the role of the offset requirement itself, we also
constructed a Nonoffset Merger Comparison Sample
consisting of mergers with identical WISE color and
magnitude criteria but negligible SDSS/WISE offsets
(<0!15). Only one system in this sample exhibits
substructure, demonstrating that the offset requirement
significantly enhances the efficiency of identifying
unresolved nuclear components.

6. Substructure is preferentially found in systems with
signatures of nuclear activity. Targets containing sub-
structure are preferentially associated with AGN or
composite classifications based on optical emission-line
diagnostics and exhibit redder MIR colors indicative of
obscured nuclear activity. In particular, 89% of targets
with W, — W3 > 4.2 exhibit NIR substructure,
consistent with expectations that late-stage mergers are
characterized by both enhanced accretion and obscured
star formation activity.

The combined optical and IR observations presented in this
work demonstrate that large-area optical surveys alone are not
sufficient for identifying compact nuclear pairs in heavily
obscured mergers. IR imaging is essential for probing this
critical stage of galaxy evolution. Future IR missions,
including the Nancy Grace Roman Space Telescope, will
enable this astrometric offset technique to be applied over
much larger volumes and to lower-mass systems, providing
powerful new constraints on the late stages of galaxy mergers
and the formation of binary SMBHs.

Follow-up spatially resolved spectroscopy is required to
determine the nature of the individual nuclear components and
confirm the presence of dual AGNs. Follow-up OH-Suppres-
sing Infrared Imaging Spectrograph (OSIRIS) K-band Integral
Field Spectroscopy (IFS) observations of a subset of the
sample will be presented by M. McDonald et al. 2026, in
preparation. Regardless of whether all systems host dual
AGNs, identifying closely separated nuclei in late-stage
mergers provides crucial insight into BH growth, galaxy
evolution, and the processes leading to gravitational-wave
emission.
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Appendix A
Comparison of Sample Properties between Primary Keck
AO Merger Sample and Keck Nonmerger Comparison
Sample

Here we compare the distributions of SDSS/WISE offset,
redshift, optical extinction, Wy, and W-W, for the Primary
Keck AO Merger Sample and the Keck Nonmerger Compar-
ison Sample in Figure Al. Two-sample KS tests show no
statistically significant differences between the samples in
these properties, indicating that the two samples are well
matched in the observational properties relevant to our sample
selection criteria.
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Figure Al. Comparisons of the SDSS/WISE offset (top left), redshift (top middle), E(B — V) (top right), W, (bottom left), and W; — W, (bottom right)
distributions for the Primary Keck AO Merger Sample (46 systems) and the Keck Nonmerger Comparison Sample (40 systems with archival Keck AO imaging). KS
tests show no statistically significant differences between the two samples in the parameters relevant to our sample selection. This suggests that differences in
substructure detection rates may not be due to systematic differences in these parameters. The KS statistic (D) and corresponding p-value for each comparison are
listed in the legend.

Appendix B
Summary of NIRC2 Observations

Table 4 summarizes the observing conditions for the 36
nonarchival targets in the Primary Keck AO Merger Sample
observed with NIRC2 in the K, band.

Table 4
Summary of the NIRC2 K,-band Observations of the 36 Nonarchival Targets in the Primary Keck AO Merger Sample
SDSS Name Observation Date texp Airmass Seeing PSF
(UT) (s) (arcsec) (arcsec)

Narrow Camera Observations (07009952 pixfl)

J015028.40+130858.4 2021-09-19 2940 1.01 0.5 0.097
J082312.61+275139.8 2022-03-18 900 1.03 0.7 0.038
J083824.00+254516.3 2022-03-19 900 1.08 1.0 0.071
J084344.98+354942.0 2022-03-19 900 1.08 1.0 0.048
J090025.37+390353.7 2022-03-19 900 1.07 1.0 0.052
J091529.62+090601.5 2022-03-19 900 1.02 1.0 0.046
J093314.80+630945.0 2022-03-18 900 1.38 0.7 0.049
J093551.60+612111.3 2022-03-19 900 1.33 1.0 0.102
J101653.82+002857.0 2022-03-19 900 1.06 1.0 0.083
J101833.64+361326.6 2022-03-18 900 1.16 1.0 0.078
J105705.40+580437.4 2022-03-19 900 1.30 1.0 0.074
J110213.01+645924.8 2022-03-18 900 1.46 0.7 0.049
J120149.75-015327.5 2022-03-18 900 1.22 0.7 0.052
J120408.82+132117.0 2022-03-19 2100 1.11 1.0 0.052
J121522.77+414620.9 2022-03-18 900 1.16 0.7 0.046
J124117.64+273252.3 2022-03-18 900 1.10 0.7 0.049
J124136.22+-614043.4 2022-03-18 900 1.36 0.7 0.127
J124406.61+652925.2 2022-03-19 900 1.43 1.0 0.151
J131701.414+004509.7 2022-03-18 600 1.10 0.7 0.071
J133032.00-003613.5 2022-03-18 900 1.09 0.6 0.044
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Table 4
(Continued)
SDSS Name Observation Date texp Airmass Seeing PSF
(UT) (s) (arcsec) (arcsec)
J134651.82+-371231.0 2022-03-18 900 1.05 0.6 0.088
J135255.67+252859.6 2022-03-18 900 1.00 0.6 0.055
J142742.68+050318.4 2022-03-19 900 1.03 1.0 0.090
J150517.884-080912.7 2022-03-18 900 1.03 0.6 0.064
J151747.474+-334740.4 2022-03-19 900 1.03 1.0 0.041
J151806.13+4-424445.0 2022-03-18 900 1.09 0.6 0.049
J151907.334-520606.0 2022-03-19 900 1.19 1.0 0.051
J152659.444-355837.0 2022-03-19 900 1.04 1.0 0.081
J153142.104+-051801.6 2022-03-19 900 1.07 1.0 0.120
J153954.78+4-272758.7 2022-03-19 900 1.04 1.0 0.056
J161708.95+222627.9 2022-03-18 900 1.00 0.6 0.052
J165306.55+-262638.0 2022-03-18 900 1.01 0.6 0.049
Wide Camera Observations (07039686 pix ')
J001707.95+011506.3 2021-09-19 1080 1.09 0.5 0.190
J010942.21-004417.4 2021-09-19 330 1.09 0.5 0.376
J013720.024+-005722.2 2021-09-19 1140 1.07 0.5 0.108
J033037.40-003304.0 2021-09-19 1140 1.09 0.5 0.179

Note. The PSF column corresponds to the FWHM of the tip—tilt stars aquired immediately before each science exposure.

Appendix C
Substructure Targets

In the following section, we present the results and analysis
for all 20 targets with substructure detected with NIRC2
imaging. In Figures C1-C20, we show for each target its SDSS
gri image, NIRC2 image, and, when available, its UKIDSS
YHK image and/or HST image; for targets with HST
observations in multiple filters, we show a three-color image.
Each image is aligned with north pointing up and east to the
left. For each SDSS and UKIDSS image, we include a white
scale bar—corresponding to 5”—in the top left and overlay the
system’s SDSS coordinate in blue and WISE coordinate in red.
We also include a magenta square in either /both the SDSS and
UKIDSS images corresponding to the size and location of the
Keck image cutout and HST image cutout, when available. In
each NIRC2 and HST image, we include a white scale bar—
corresponding to 1”—in the top left and a visual representation
of the SDSS/WISE offset in the top right, corresponding to the
distance between the SDSS (blue) and WISE (red) coordinates
and their orientation relative to each other. We do not present
the locations of the SDSS and WISE coordinates in these
images because there are no stars within the FOVs of the
images and thus we are unable to spatially map between
detector pixels and sky coordinates.

C.1. J001707+011506

NIRC2 imaging of JO01707 reveals that it contains clear
dual nuclei separated by 0986 or 1.910kpc with a PA of
99°51. In both SDSS and UKIDSS, these nuclei are blended
into a single apparent nucleus elongated along the direction of
the two nuclei. The host galaxy exhibits bipolar tidal tails
extending out to ~12.4kpc in the north and ~5.6 kpc in the
south. The SDSS/WISE offset detected in this target has a
separation of 0.511 and a PA of 108.6°. The SDSS/WISE
offset detected in this merger system clearly corresponds to the
dual nuclei, as the PAs of the SDSS/WISE offset and nuclear
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pair are very similar, although the separation of the nuclei is
underpredicted by the SDSS/WISE offset (see Section 4.4;
ASep. = 0.475 and APA = 9.09). The host galaxy of this
object is optically classified as a Ky;-type AGN in the MPA-
JHU catalog. Additionally, it lies within the AGN classifica-
tion of our BPT diagram and within the Jarrett AGN region of
our WISE color—color diagram, suggesting it is a candidate
dual AGN.

C.2. J010942-004417

J010942 appears to be a highly disturbed galaxy undergoing
a merger with a companion 10” or 16.57 kpc to the southwest.
JO10942 appears to contain a single elongated nucleus in both
SDSS and UKIDSS, whereas the companion contains two
semiresolved nuclei. High-resolution NIRC2 imaging of this
target reveals two nuclei and confirms the presence of two
nuclei in the companion. Inspection of SDSS DR16 spectra of
JO10942 and its companion reveals a velocity difference of
~70 kms™', suggesting that they are associated with each
other, although higher-resolution spectroscopic follow-up is
required for confirmation (M. McDonald et al. 2026, in
preparation). The two nuclei in J010942 are separated by
17129 or 1.871kpc, with a PA of 246.3. The SDSS/WISE
offset detected in the target has a separation of 0.443 and a PA
of 225°, which underpredicts the separation of the dual nuclei
(see Section 4.4) but more closely follows the orientation of
the nuclei (i.e., ASep. = 0.686 and APA = 21.30). Compar-
ison between the SDSS and UKIDSS cutout images of this
target shows that the apparent nuclei of the optical and NIR
emission of this target are clearly offset from each other and
thus driving the SDSS/WISE offset. However, high-resolution
optical imaging is required to determine whether this
discrepancy is caused by partial obscuration or an inherent
difference in the emission properties of the two nuclei. The
host galaxy of J010942 is optically classified as a Kps-type
AGN in the MPA-JHU catalog. Additionally, it lies within
the composite classification of our BPT diagram and outside
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Figure C1. The images provided above are described at the beginning of
Appendix C.

UKIDSS

Figure C2. The images provided above are described at the beginning of
Appendix C.

the Jarrett AGN region of our WISE color—color diagram,
which may suggest that these two nuclei are not dual AGNs
but rather a single AGN and a non-AGN (i.e., an inactive
SMBH or SF region).

C.3. J015028+130858

JO15028 is a merger system with a galaxy pair in the east
and west of the SDSS cutout image; only the western galaxy is
visible in UKIDSS, separated by 3.742 or 9.60 kpc. We detect
an SDSS/WISE offset in this western galaxy, with a
separation of 0/275 and a PA of 6235, and thus consider it
to be the target galaxy for this analysis. High-resolution
NIRC2 imaging of the target reveals three sources of
significant NIR emission in the central nuclear region, forming
a triangle with a bright southern source and two dimmer
sources to the northeast and northwest. Inspection of the
archival HST WFC3 imaging of this target (Program No.
12310; F390W, F475W, and F850LP) reveals that the brightest
source in the NIR is not visible at optical wavelengths, most
likely due to obscuration from dust. Based on the orientation of
the substructure in the NIR and optical, it can also be seen that
there is a fourth source of emission seen in the HST image that
corresponds to the region between the two northern sources in
the NIRC2 image. The orientation of the SDSS/WISE offset
visually suggests that the WISE coordinate is tracing the
position of the bright southern source of NIR emission and the
SDSS coordinate is tracing the unobscured optical emission in
the north, creating the SDSS/WISE offset we detect. Our
comparison of the separation and PA of the SDSS/WISE
offset with the substructure in this target yielded very similar
separations but a significant difference in PA (ie.,
ASep. = 0.054 and APA = 106.8). This is due to the fact
that the substructure pair is defined based on the brightest
secondary source of NIR emission, which in this case is not
necessarily the brightest secondary source of optical emission.
The host galaxy of JO15028 is optically classified as an
Soc-type AGN in the MPA-JHU catalog. Additionally, it lies
within the SF classification of our BPT diagram and outside
the Jarrett AGN region of our WISE color—color diagram,

23

Vazquez et al.

1
2.57 Kpc

»

UKIDSS

Figure C3. The images provided above are described at the beginning of
Appendix C.

I
2.87 Kpc

UKIDSS

Figure C4. The images provided above are described at the beginning of
Appendix C.

which may suggest that the compact sources of emission in
this target are SF regions rather than galaxy nuclei or AGNs.

C.4. J082312+275140

NIRC2 imaging of J082312 reveals three potential nuclei
connected by an arc of emission. There is a clear primary
nucleus and two secondary nuclei, northwest from the primary
at a distance of 0.56 and north from the primary at a distance
of 1106, with PAs of 3317030 and 2.440, respectively. The host
galaxy, as seen in SDSS, exhibits a tidal tail that extends out to
~25 kpc and curves toward the west, but in UKIDSS it is a
point source. The HST WFPC2 imaging survey conducted by
K. D. Borne et al. (1999) included F814w observations of
J082312. The same arc of emission and broad tidal tail can be
seen in the HST image, but only two of the three nuclei are
visible with a pair separation of ~1”, indicating that the
northwestern nucleus is obscured. The northwestern nucleus is
the brightest of the secondary nuclei, thus we identify the
primary and this secondary nucleus as the substructure pair in
this target. The SDSS/WISE coordinate offset has a separation
of 0.294 and a PA of 199.741. Although the orientation of the
SDSS/WISE offset does not seem to trace that of the
substructure pair, it appears to have a similar orientation to
that of the more separated secondary. The host galaxy of this
object is optically classified as a Kos-type AGN in the MPA-
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Figure C5. The images provided above are described at the beginning of
Appendix C.

Figure C6. The images provided above are described at the beginning of
Appendix C.

JHU catalog. Additionally, it lies within the composite
classification of our BPT diagram and outside the Jarrett
AGN region of our WISE color—color diagram.

C.5. J091529+090601

J091529 is a close galaxy pair separated by 3.344 and 8.392
kpc; the nuclei of both galaxies are resolved in the SDSS,
UKIDSS, and NIRC2 images. The high-resolution NIRC2
imaging of this target reveals previously unresolved substruc-
ture near the primary central nucleus of the eastern galaxy.
Surrounding this nucleus, we can see faint emission consistent
with bipolar tidal tails curving into the north and southwest,
most likely generated by the ongoing galaxy merger. There is
one faint secondary source of emission within a 1.5 radius of
the primary central nucleus of the eastern galaxy. This
substructure lies at a distance of 0.917 or 2.300 kpc southwest
from the primary, with a PA of 205.302. Although this
substructure does not appear to be a secondary nucleus, it does
seem to trace the SDSS/WISE offset. The SDSS/WISE offset
underpredicts the separation of the substructure, as expected
(see Section 4.4), with a separation of 0’431, but the PA of
205.880 is very similar to that of the substructure pair. We note
that there is another SDSS/WISE offset detected in this
merger system, with a separation of 3066 between the SDSS
coordinate of the eastern galaxy and the WISE coordinate that
coincides with the position of the western galaxy. Since this
offset is resolvable by SDSS and UKIDSS and corresponds to
a secondary galaxy resolvable by SDSS, we do not consider it
a detection of substructure in the target galaxy. The host
galaxy of this object is optically classified as a Ky;-type AGN
in the MPA-JHU catalog. Additionally, it lies within the
AGN classification of our BPT diagram and within the Jarrett
AGN region of our WISE color—color diagram.

C.6. J093314+630945

JO93314 is an advanced merger system that appears to
contain a single nucleus with multiple tidal tails in its SDSS
image. The tidal tails extend in opposite directions without
much curvature out to distances of ~30 kpc and ~15 kpc. The
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Figure C7. The images provided above are described at the beginning of
Appendix C.

NIRC2 imaging reveals two apparent nuclei at a separation of
0:190 or 0.405 kpc, with a PA of 316.231. The separation and
PA of the SDSS/WISE offset detected in this target are 0.167
and 311.876, respectively. It is clear that our offset selection
detected unresolved dual nuclei in this system, but it is also
closely traced by the actual separation and PA between these
nuclei (i.e., ASep. = 0,023 and APA = 4.355). The host
galaxy of this object is optically classified as a Ko -type AGN
in the MPA-JHU catalog. Additionally, it lies within the
AGN classification of our BPT diagram and within the Jarrett
AGN region of our WISE color—color diagram, suggesting this
may be a candidate dual-AGN system.

C.7. J101653+002856

J101653 is a close galaxy pair separated by 2.26 or 4.76 kpc,
with the nuclei of both galaxies resolved in SDSS and
UKIDSS. This target has been previously identified as an
elliptical galaxy within a disturbed precoalescence system
(. C. S. Pierce et al. 2023). The detected SDSS/WISE offset
is in the northwestern galaxy of this pair. The NIRC2 imaging
of the northwestern galaxy reveals a third source of emission
very close to its primary central nucleus. The separation
between this close pair is 0.350 or 0.737 kpc, with a PA of
25.195. The separation and PA of the SDSS/WISE offset are
0.275 and 17251, respectively. The size and PA of the SDSS/
WISE offset are similar to those of the substructure pair,
although with less accuracy than other targets in this sample.
Additionally, we note that based on the orientation of the
offset, it appears that the WISE coordinate corresponds to the
primary central nucleus and the SDSS coordinate corresponds
to the secondary nucleus. This may suggest that the primary
nucleus is obscured, but higher-resolution optical imaging is
required to confirm this. The host galaxy of this object is
optically classified as a Kpy-type AGN in the MPA-JHU
catalog. Additionally, it lies within the AGN classification of
our BPT diagram and within the Jarrett AGN region of our
WISE color—color diagram.

C.8. J110213+645925

J110213 is a candidate dual-AGN system containing clear
subkiloparsec dual nuclei with a separation of 0.357 or
0.524kpc and a PA of 70.923. This is a late-stage merging
system with one apparent nucleus detected in SDSS. One
prominent tidal tail extends 17.5 out to the east and curves
toward the north and back into the center of the galaxy,
forming a closed loop. D. Zhao et al. (2019) imaged this target
with the HST WFC3 camera (F105W and F438W), classifying
it as a type 2 quasar within a merging system. Upon inspection
of the HST images, two nuclei are visible, with an apparent
dust lane between them. However, these nuclei have much
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Figure C8. The images provided above are described at the beginning of
Appendix C.

Figure C9. The images provided above are described at the beginning of
Appendix C.

more irregular shapes than those seen in our Keck image, and
the separation of the apparent nuclei in the optical F438W
image is ~0.67. It is possible that the dust lane is partially
obscuring one of the nuclei in the optical image, causing this
discrepancy. If we assume the western nucleus is the same
source in both the NIRC2 and HST image, then the location of
the eastern nucleus (in the NIRC2 image) coincides with the
dust lane. Furthermore, we note that based on the orientation
of the SDSS/WISE offset, the WISE coordinate coincides
with the obscured eastern nucleus and the Galaxy Zoo position
coincides with the western nucleus. An obscuration of the
eastern nucleus would best account for the orientation and
positioning of the offset, since the eastern nucleus would only
be detected in WISE. Additionally, the separation and PA of
the SDSS/WISE offset in J110213 are 0'276 and 32363,
respectively, which are similar to the separation and PA of the
dual nuclei. The host galaxy of this object is optically
classified as a Kp-type AGN in the MPA-JHU catalog.
Additionally, it lies within the AGN classification of our BPT
diagram and within the Jarrett AGN region of our WISE
color—color diagram, making this a strong candidate dual-
AGN system.

C.9. J120408+132116

J120408 is a candidate dual-AGN system containing two
clear nuclei at a separation of 0.740 or 1.070 kpc and a PA of
219:846. SDSS imaging of this target shows an elongated
galaxy with one apparent optical nucleus and a highly
extended (>10") tidal tail extending to the northeast. The
SDSS/WISE offset for this target has a separation of 0.486
and a PA of 173.630. This does not trace the observed
properties of the dual nuclei well, but nonetheless it was able
to detect them within an apparent single-nuclei system. The
host galaxy of this object is optically classified as a Ky;-type
AGN in the MPA-JHU catalog. Additionally, it lies within the
AGN classification of our BPT diagram and outside the Jarrett
AGN region of our WISE color—color diagram.
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Figure C10. The images provided above are described at the beginning of
Appendix C.

C.10. J123915+531414

J123915 is one of the targets in the Primary Keck AO
Merger Sample that has publicly available NIRC2 imaging
available in the Keck archive (see Section 3.4). H. Fu et al.
(2011a) conducted Keck LGSAO observations of this target
with the NIRC2 Wide-Field Camera (FOV: 40” x 40”; pixel
scale: 07039686 pixelfl) in the K, filter, as part of an
observing program searching for kiloparsec-scale dual AGNs
in double-peaked [OIIl] AGNs. Additionally, this target was
included in HST F438W and F814W observations of AGNs
with double-peaked narrow emission lines presented in
J. M. Comerford et al. (2015), where they identify J123915
as a candidate dual AGN. The SDSS imaging of this target
shows a galaxy with an unresolved and elongated bright
central nucleus, with a nearby galaxy in the northeast likely to
be unassociated (Av ~ 14,800 km s~ l). In both the NIRC2 and
HST imaging, we see clear dual nuclei at a separation of 17161
or 3.855 kpc and a PA of 213.349, as measured in the NIRC2
image. In the HST image, there is a clear dust lane appearing
to encircle and partially obscuring the southwestern nucleus.
The SDSS/WISE offset detected in this system has a
separation of 07306 and a PA of 183.300, poorly tracing the
orientation and separation of the two nuclei (ie.,
ASep. = 0.855 and APA = 30.049). The SDSS/WISE offset
may be tracing the obscuring dust lane, with the SDSS
coordinate coinciding with the region between the two nuclei,
but above the obscuring dust and the WISE coordinate
coinciding with the region between the two nuclei obscured
by the dust lane. Interestingly, J. M. Comerford et al. (2015)
show that the double-peaked emission lines seen in J123915
correspond to two [OTII] A5007 emission components
separated by 0.39, which is similar to the separation of the
SDSS/WISE offset we detect. The host galaxy of this object is
optically classified as a Ky-type AGN in the MPA-JHU
catalog. Additionally, it lies within the AGN classification of
our BPT diagram and outside the Jarrett AGN region of our
WISE color—color diagram.

C.11. J124117+273251

J124117 is the northeastern galaxy in a close galaxy pair
separated by 2.44 or 6kpc, in which we detect a coordinate
offset. Both galaxies are visible in the NIRC2 imaging, with
the galaxy of interest (northeast) containing a complex nuclear
region with multiple compact sources of emission within the
central arcsecond of the galaxy. The galaxy pair can be seen in
SDSS and UKIDSS, but the substructure in J124117 is
unresolved in both surveys. The resolved substructure does not
appear to be clear nuclei, such as those in J110213 or J120408;
the emission seems more consistent with extended nuclear
emission that is partially obscured by a dust lane. Although
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Figure C11. The images provided above are described at the beginning of
Appendix C.
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Figure C12. The images provided above are described at the beginning of
Appendix C.

this target does not contain clear dual nuclei, it does contain
subarcsecond structure that seems to be traced by the offset
measurement. The SDSS/WISE offset detected in this system
has a separation of 0'411 and a PA of 158.881. Within the
nuclear region of the primary galaxy, we see two prominent
“blobs” forming a substructure pair, with a separation of 0.266
or 0.655kpc and a PA of 193.076. The orientation of the
SDSS/WISE offset does not appear to trace that of the
candidate pair very well, but it may be that the SDSS
coordinate is biased toward the more extended emission in the
galaxy (in the northwest) and the WISE coordinate is more
accurately detecting the bright nuclear emission in the south.
The host galaxy of this object is optically classified as a
Kos-type AGN in the MPA-JHU catalog. Additionally, it lies
within the composite classification of our BPT diagram and
outside the Jarrett AGN region of our WISE color—color
diagram.

C.12. J131517+442425

J131517 is one of the targets in the Primary Keck AO
Merger Sample that has publicly available NIRC2 imaging in
the Keck archive (see Section 3.4). Keck LGSAO observations
of this target were conducted with the NIRC2 Wide-Field
Camera (FOV: 40" x 40”; pixel scale: 0.039686 pixel ') in
the K, filter as part of Keck observing program Y076 in 2022.
Additionally, this target was included in the HST F814W
observations of Swift/BAT AGNs presented in M. Kim et al.
(2021). In the SDSS cutout image, we see that this target is
part of an early-stage merger system at a separation of 36.438
or 25.744 kpc, with the eastern galaxy being the galaxy in
which we detect an SDSS/WISE offset. The high-resolution
NIRC?2 imaging reveals clear dual nuclei separated by 0.711 or
0.503 kpc and a PA of 2447142. The SDSS /WISE offset, with
a separation of 0'689 and a PA of 243.980, very closely traces
the orientation of the nuclear pair (i.e., ASep. = 0.022 and
APA = 0.162). Inspection of the HST F814W image of
J131517 reveals that the eastern nucleus of this pair is almost
entirely obscured by a dust lane, which appears to be causing
the significant offset between the WISE and SDSS nuclear
coordinates. Furthermore, the orientation of the SDSS/WISE
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Figure C13. The images provided above are described at the beginning of
Appendix C.

offset suggests that the WISE coordinate coincides with the
optically obscured eastern nucleus and the SDSS coordinate
coincides with the unobscured western nucleus. The host
galaxy of this object is optically classified as a Ko3-type AGN
in the MPA-JHU catalog. Additionally, it lies within the
composite classification of our BPT diagram and within the
Jarrett AGN region of our WISE color—color diagram.

C.13. J131534+620728

J131534 is one of the targets in the Primary Keck AO
Merger Sample that has publicly available NIRC2 imaging in
the Keck archive (see Section 3.4). Keck LGSAO observations
of this target were conducted with the NIRC2 Wide-Field
Camera (FOV: 40" x 40"; pixel scale: 07039686 pixel ') in
the K, (\. = 2.146 um) filter as part of Keck observing
program Z229 in 2017. Additionally, this target was included
in the Great Observatories All-Sky LIRG Survey (GOALS)
HST sample (L. Armus et al. 2009), where it was imaged with
ACS/WEFC using the F435W and F814W filters (GO program
10592; PI: A. Evans). In the SDSS image, we see that this
target is part of an early-stage merger system at a separation of
35" or 21.553 kpc, with the eastern galaxy being the galaxy in
which we detect an SDSS/WISE offset. The eastern galaxy
has two prominent tidal tails: one extending 24.6 kpc to the
southeast and the other connecting the two galaxies. In the
NIRC2 imaging of this target, we see that there is a single
bright central nucleus or AGN surrounded by many sources of
faint secondary emission or substructure. Based on the criteria
laid out in Section 4.1, the substructure pair we identify in this
target for comparison with the SDSS/WISE offset consists of
the central nucleus and a small source of emission north of the
nucleus at a separation of 0.287 or 0.177kpc and a PA of
343.328. The SDSS/WISE offset, with a separation of 0.585
and a PA of 290428, does not appear to trace the substructure
pair we define, but comparison between the HST and Keck
imaging reveals that the SDSS/WISE offset reflects a
difference in the NIR and optical emission of J131517 rather
than real substructure revealed by NIR imaging. The HST
image shows that there is a significant amount of dust
obscuring the western half of the optical nuclear emission. By
identifying matching sources of secondary emission visible in
both the Keck and HST images, we find that the central NIR
nucleus is likely spatially coincident with the large dust cloud
in the western region of the optical nuclear emission and not
the bright optical emission we see. This suggests that the
SDSS/WISE offset we detect is caused by the central nucleus
or AGN being obscured by dust and thus biasing the SDSS
coordinate away from the true location of the AGN. The host
galaxy of this object is optically classified as a Koz-type AGN
in the MPA-JHU catalog. Additionally, it lies within the
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Figure C14. The images provided above are described at the beginning of
Appendix C. Note that this target does not have a UKIDSS Y-band cutout
image available, thus the UKIDSS three-color image is comprised of K-band,
H-band, and J-band images.

composite classification of our BPT diagram and outside the
Jarrett AGN region of our WISE color—color diagram.

C.14. J132035+340822

J132035 is one of the targets in the Primary Keck AO
Merger Sample that has publicly available NIRC2 imaging in
the Keck archive (see Section 3.4). Keck LGSAO observations
of this target were conducted with the NIRC2 Wide-Field
Camera (FOV: 40" x 40”; pixel scale: 0.039686 pixel ') in
the K (. = 2.146um) filter as part of Keck observing program
7229 in 2017. Additionally, this target was included in the
GOALS HST sample (L. Armus et al. 2009), where it was
imaged with ACS/WFC using the F435W and F814W filters
(GO program 10592; PI: A. Evans). The SDSS and UKIDSS
imaging of this target shows it is a highly disturbed late-stage
merger with a bright and elongated central nucleus. An
extended tidal tail stretching toward the northwest is visible in
both the optical and IR. Additionally, outside the FOV of the
SDSS image, there are two perpendicular tidal tails, one
extending 23 kpc to the southeast and the other 29 kpc to the
southwest. NIRC2 imaging of J132035 reveals dual nuclei
separated by 0.784 or 0.365kpc and a PA of 329.747.
C. Romero-Caiiizales et al. (2017) confirmed the AGN nature
of the central nucleus in J132035, reporting the presence of a
parsec-scale jet based on high-resolution VLBI observations.
The secondary nucleus located to the northwest of the central
nucleus has not been confirmed as an AGN. The SDSS/WISE
offset detected in the nucleus of J132035 has a separation of
17209 and a PA of 306.487, which overpredicts the separation
of the dual nuclei but has a similar orientation. The high-
resolution optical HST imaging of J132035 shows that both
nuclei are heavily obscured by a large dust lane visible in the
SDSS image and reveals an additional bright source of optical
emission in the southeast of the HST image. It is likely that the
partial obscuration of the nuclear region in J132035 is driving
the SDSS/WISE offset we detect. The host galaxy of this
object is optically classified as a Kys-type AGN in the MPA-
JHU catalog. Additionally, it lies within the composite
classification of our BPT diagram and outside the Jarrett
AGN region of our WISE color—color diagram.
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Figure C15. The images provided above are described at the beginning of
Appendix C.

C.15. J134442+555313

J134442 is one of the targets in the Primary Keck AO
Merger Sample that has publicly available NIRC2 imaging in
the Keck archive (see Section 3.4). This target is a ULIRG and
late-stage merger system with a very extended optical tidal tail
stretching 40 kpc to the south in the SDSS image. V. U et al.
(2013) conducted Keck LGSAO observations of this target
with the NIRC2 Narrow-Field Camera (FOV: 10” x 10”; pixel
scale: 0.009942 pixel ') in the H (\, = 1.633um) and K,
filters. Here, we show the K, filter image, which reveals two
nuclei: a nucleus surrounded by a rotating gaseous disk in the
northeast and a prominent nucleus in the southwest at a
separation of 17035 or 0.767kpc and a PA of 211.969.
J134442 was confirmed to be a dual-AGN system by K. Iwa-
sawa et al. (2018), with follow-up NuSTAR observations that
are best explained by a dual-AGN system. Additionally, this
target was included in the GOALS HST sample (L. Armus
et al. 2009), where it was imaged with ACS/WFC using the
F435W and F814W filters (GO program 10592; PI: A. Evans).
The optical HST imaging of J134442 shows a much more
disturbed morphology and significant obscuration, with the
northeast AGN appearing partially obscured and the southwest
AGN being completely obscured. The SDSS/WISE offset
detected in this system roughly traces the separation and
orientation of the dual-AGN system with a separation of 0/799
and a PA of 232468 (ie., ASep. = 07236 and
APA = 20.499). Due to the relative orientation of the
SDSS/WISE offset, we can see that the WISE coordinate
likely coincides with the obscured southwestern AGN and the
SDSS with the northeastern AGN, showing that the SDSS/
WISE offset is likely caused by the obscuration of the optical
emission of the southwestern AGN. Additionally, due to the
partial obscuration of the optical emission from the north-
eastern AGN, it is likely that the SDSS coordinate is not
accurate to the position of the AGN and is thus causing the
discrepancy between the PA of the SDSS/WISE offset and
dual-AGN system. The host galaxy of this object is optically
classified as a Ky -type AGN in the MPA-JHU catalog.
Additionally, it lies within the AGN classification of our BPT
diagram and within the Jarrett AGN region of our WISE
color—color diagram.

C.16. J134651+371231

J134651 appears to be a postmerger system with an
extended tidal tail extending 5.5 or 19.19 kpc to the northeast.
The NIRC2 imaging reveals substructure in the form of
apparent spiral arms in the northeast and southwest. In the
northeast arm, we identify concentrated emission as the
brightest secondary source of emission, forming a substructure
pair with the central primary central nucleus with a separation
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Figure C16. The images provided above are described at the beginning of
Appendix C.
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Figure C17. The images provided above are described at the beginning of
Appendix C.

of 0'633 or 2.209 kpc and a PA of 63.589. The SDSS/WISE
offset detected in this system has a separation of 0.230 and a
PA of 76.457, which underpredicts the separation of the
substructure, as expected (see Section 4.4), but appears
accurate to the orientation of the spiral arm relative to the
central nucleus. The host galaxy of this object is optically
classified as a Ky-type AGN in the MPA-JHU catalog.
Additionally, it lies within the AGN classification of our BPT
diagram and outside the Jarrett AGN region of our WISE
color—color diagram.

C.17. J135646+102608

J135646 is one of the targets in the Primary Keck AO
Merger Sample that has publicly available NIRC2 imaging in
the Keck archive (see Section 3.4). H. Fu et al. (2011a)
conducted Keck LGSAO observations of this target with the
NIRC2 Wide-Field Camera (FOV: 40" x 40”; pixel scale:
0039686 pixel ') in the K, filter, as part of an observing
program searching for kiloparsec-scale dual AGNs in double-
peaked [O IIT] AGNs. Additionally, this target was included in
the HST F438W and F814W observations of AGNs with
double-peaked narrow emission lines presented in J. M. Com-
erford et al. (2015), where they identify J135646 as a candidate
dual AGN. J135646 exhibits bipolar extended emission
stretching ~15 kpc to the north and ~12kpc to the south in
SDSS but not in UKIDSS. Closer observations of this
extended emission have found that it is likely to be a
~20 kpc scale outflow being driven by radiative feedback from
an AGN in J135646 (e.g., J. E. Greene et al. 2012). The
NIRC2 imaging of this target reveals a very bright northern
nucleus and a dimmer southern nucleus forming a clear
nuclear pair at a separation of 1.253 or 2.771 kpc and a PA of
185.403. The HST imaging of J135646 similarly shows two
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Figure C18. The images provided above are described at the beginning of
Appendix C.

nuclei, although the optical emission of both nuclei is
significantly broken up and distorted by the outflow identified
by J. E. Greene et al. (2012). The SDSS/WISE offset detected
in this system has a separation of 0'258 and a PA of 203.430,
which is not accurate to the orientation of the dual nuclei we
see in the NIRC2 and HST imaging. Based on the location of
the SDSS and WISE coordinates in the SDSS and UKIDSS
cutout images, it is likely that the offset corresponds to the
immediate vicinity of the northern nucleus. Assuming this, it is
likely that the SDSS/WISE offset is tracing the complex
optical emission of the outflow near the northern nucleus, with
the WISE coordinate corresponding to the nucleus and the
SDSS coordinate corresponding to the outflow. The host
galaxy of this object is optically classified as a Kyi-type AGN
in the MPA-JHU catalog. Additionally, it lies within the
AGN classification of our BPT diagram and within the Jarrett
AGN region of our WISE color—color diagram.

C.18. J150517+080912

J1505 is a late-stage merger system with significant tidal
features and an elongated nucleus. In its SDSS image, we see
two tidal tails: one extending southward out to 11kpc, and a
western tail curving northward with an approximate length of
13 kpc. Additionally, there is a highly curved tail of emission
coming out of the western side of the nucleus looping back
into the galaxy toward the south, and another curved tail
coming out of the northern side of the nucleus. The NIRC2
image of this target shows multiple sources of secondary
emission at subarcsecond separations from the central primary
nucleus. The brightest of the secondaries lies at a separation of
0.347 or 0.269 kpc and a PA of 218.893, southeast from the
primary nucleus. The SDSS/WISE offset separation and PA
are 0.194 and 290.978, which do not appear to be significantly
correlated to the orientation of the substructure pair. There is a
dimmer secondary in the image, which is separated from the
primary nucleus by 07797 and has a PA of 282.239, which
appears to be more consistent with the offset orientation. The
host galaxy of this object is optically classified as a Kys-type
AGN in the MPA-JHU catalog. Additionally, it lies within
the composite classification of our BPT diagram and outside
the Jarrett AGN region of our WISE color—color diagram.

C.19. J151806+424444

J151806 is an extensively studied target also known as VV
705. The SDSS image shows that this is clearly a merging
system that appears to have gone through its first pass,
indicated by its very prominent tidal tails and bridge of
emission between the two galaxies. This is a previously
identified candidate dual AGN at a separation of 5.8 kpc,
based on the detection of X-ray emission in both nuclei
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Figure C19. The images provided above are described at the beginning of
Appendix C.

Figure C20. The images provided above are described at the beginning of
Appendix C.

(see J. M. Comerford et al. 2022; L. He et al. 2023). This target
is also included in the GOALS HST sample (L. Armus et al.
2009), where it was imaged with ACS/WFC using the F435W
and F814W filters (GO program 10592; PI: A. Evans). With
our NIRC2 imaging, we target the northwest galaxy, in which
we detect an SDSS/WISE offset with a separation of 0500
and a PA of 168.679. In the high-resolution NIRC2 imaging of
this target, we see a bright central primary nucleus and four
additional secondary sources of emission in the immediate
nuclear region of the galaxy. Of the four secondaries, the
brightest lies 17083 or 0.863 kpc in the southeast from the
primary, with a PA of 156.010. Together with the central
primary nucleus, this forms the substructure pair in J151806.
In the HST images of this target, we can see significant
obscuration throughout the host galaxy, but the same
substructure can still be seen in the optical. The PA of the
substructure pair is very similar to that of the SDSS/WISE
offset, suggesting that the detected offset is accurately tracing
the substructure in this system. The host galaxy of this object
is optically classified as a Kyz;-type AGN in the MPA-JHU
catalog. Additionally, it lies within the composite classification
of our BPT diagram and outside the Jarrett AGN region of our
WISE color—color diagram.

C.20. J152659+355837

J152659 is an advanced merger system with tidal tails in the
southwest and east connected by an arc of emission with an
approximate radius of 12”7 or 13 kpc. In the NIRC2 image, we
can see multiple sources of substructure within the nuclear
region of this target that were unresolved in SDSS. There is a
prominent bright primary nucleus in the center of the galaxy,
and we identify nine different secondary sources of NIR
emission. The brightest of these secondaries lies 0.631 or
0.677 kpc away from the primary nucleus, with a PA of
127.543. The SDSS/WISE offset that we detect in this system
has a separation of 0/376 and a PA of 145.649, which is
relatively similar to the orientation of the substructure pair.
J152659 has been studied extensively in the past at multiple
wavelengths and lower resolutions, with some identifying the
same substructure seen in the NIRC2 image. N. Z. Scoville
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et al. (2000) present HST NICMOS imaging of this galaxy at
1.1 pm, 1.6 pum, and 2.2 yum and identify the same pair of
candidate nuclei. N. Z. Scoville et al. (2000) do not classify the
secondary source as a nucleus or SF region, though it is noted
that the NIR colors of the secondary source are very red.
Additionally, this target was included in the GOALS HST
sample (L. Armus et al. 2009), where it was imaged with
ACS/WEFC using the F435W and F814W filters (GO program
10592; PI: A. Evans). The same sources of secondary NIR
emission can be seen in the optical HST imaging, except for
the primary central nucleus, where it is significantly obscured.
When analyzed in conjunction with the orientation of the
SDSS/WISE offset, it appears that the WISE coordinate traces
the location of the primary nucleus and the SDSS coordinate
the unobscured secondary. The host galaxy of this object is
optically classified as a Kyz-type AGN in the MPA-JHU
catalog. Additionally, it lies within the composite classification
of our BPT diagram but is not included in the WISE color—
color diagram, due to it not having a listed W5 magnitude.
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