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ABSTRACT

Double-peaked narrow emission lines in active galactic nucleus (AGN) spectra can be produced by
AGN outflows, rotation, or dual AGNs, which are AGN pairs in ongoing galaxy mergers. Consequently,
double-peaked narrow AGN emission lines are useful tracers of the coevolution of galaxies and their
supermassive black holes, as driven by AGN feedback and AGN fueling. We investigate this concept
further with follow-up optical longslit observations of a sample of 95 Sloan Digital Sky Survey (SDSS)
galaxies that have double-peaked narrow AGN emission lines. Based on a kinematic analysis of the
longslit spectra, we confirm previous work that finds that the majority of double-peaked narrow AGN
emission lines are associated with outflows. We also find that eight of the galaxies have companion
galaxies with line-of-sight velocity separations < 500 km s~! and physical separations < 30 kpc.
Since we find evidence of AGNs in both galaxies, all eight of these systems are compelling dual AGN
candidates. Galaxies with double-peaked narrow AGN emission lines occur in such galaxy mergers at
least twice as often as typical active galaxies. Finally, we conclude that at least 3% of SDSS galaxies
with double-peaked narrow AGN emission lines are found in galaxy mergers where both galaxies are

resolved in SDSS imaging.

Subject headings: galaxies: active — galaxies: interactions — galaxies: nuclei

1. INTRODUCTION

Observational correlations between galaxies and their
central supermassive black holes (e.g., Magorrian et al.
[1998; |Gebhardt et al.|2000; Marconi & Hunt[2003) in-
dicate that supermassive black holes and galaxies are
coupled as they evolve. Active galactic nuclei (AGNS)
play an important role in this coevolution. AGNs sig-
nal that supermassive black holes are growing in mass
by accreting gas from the host galaxy, and
argues that the luminous AGN phase is when supermas-
sive black holes build up most of their mass. Several
subsequent studies have reaffirmed this argument (e.g.,

Yu & Tremaine|[2002} [Marconi et al.[2004; [Hopkins et al.|
2007)).

Galaxy mergers are a significant triggering mechanism
for this supermassive black hole growth, because they
drive inflows of gas towards the nucleus due to gravita-
tional torques (e.g., Sanders et al.[1988). Ongoing galaxy
mergers also bring together pairs of supermassive black
holes. Inflows of gas onto these black holes create dual
AGNs if both black holes are active and offset AGNs if
one black hole is active (Koss et al|[2012; |[Comerford &|
\Greene|[2014; Barrows et al.2016). Galaxy mergers also
trigger bursts of star formation (e.g., Barnes & Hernquist|
1991

Then, star formation driven and AGN driven outflows
disperse the remaining gas in the merged galaxy sys-
tems, preventing the galaxies from becoming too massive
(e.g., King  [2003; [Di Matteo et al|[2005; |Croton et al|
12006; [Fabian||2012). This feedback effect regulates both

L=

star formation and the growth of supermassive black
holes, and helps merger remnants evolve to red, quies-
cent galaxies.

Both supermassive black hole mass growth in galaxy
mergers and AGN outflows can be traced by galaxy spec-
tra with AGN emission lines that are double-peaked.
In recent years, double-peaked narrow emission lines
in AGN host galaxies have been studied as a popula-
tion. Several hundred double-peaked narrow emission
lines have been identified in spectroscopic surveys (Gerke
et al.|2007; |Comerford et al.|[2009a; [Wang et al.|2009; [ Xu
& Komossa)2009; |Liu et al[2010b; [Smith et al.[2010; |Ge
et al|2012; Barrows et al.|2013; |Comerford et al.[2013),
with the largest samples found in the Sloan Digital Sky
Survey (SDSS). These double-peaked line profiles can be
produced by a variety of physical processes, including
dual AGNs, AGN outflows, and disk rotation. Conse-
quently, follow-up observations are required to determine
the nature of double-peaked narrow emission lines.

These follow-up observations have included high-
resolution imaging to determine if multiple stellar bulges
are present (e.g., [Rosario et al|2011} |[Shangguan et al.|
, as expected in the galaxy merger scenario for dual
AGNs. Spatially resolved spectroscopy (e.g., |Comerford
et al.||2009b} [2012} |Greene et al.2012; Nevin et al.[[2016)
is complementary in that it can be used to constrain the
kinematics of the narrow-line region (NLR) gas associ-
ated with the double peaks. In fact, many studies have
combined imaging and spatially resolved spectroscopy to
build a clearer picture of the sources of the double-peaked
narrow emission lines (e.g., Liu et al|2010a; McGurk
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TABLE 1
SUMMARY OF OBSERVATIONS
SDSS Designation Telescope/Instrument Spectral ~ BPT Emission ~ Observation  PAgps,1 (°) PAgps,2 (°) Exp.
Resolution Lines Covered Date (UT) Time (s)
SDSS J000656.85+154847.9 MMT/Blue Channel 3800 Hg, [O III 2010 Nov 6 44.4 134.4 1080
SDSS J010750.48—005352.9  Gemini/GMOS-S(1x1) 2100 Hg, O 111 2010 Nov 22 52.0 142.0 3600
2010 Dec 13

SDSS J011659.59—102539.1 ___MM1T/Blue Channel 3800 Hp, 1O 111 2010 Nov_ 5 288 1188 1080
SDSS J011802.94—082647.2  MM'l'/Blue Channel 3300 HE, [0 111 2010 Nov 5 42.3 132.3 1260

NOTE. — We observed each galaxy at two position angles, PAgps,1 and PAgps,2 (given in degrees East of North), and the exposure time given is
for each position angle.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and.
content.)

et al[2011} [Shen et al|[2011} [Barrows et al|[2012}
et al2012} [McGurk et al.|2015)).

To spatially resolve and confirm dual AGNs in any
of the double-peaked emission line systems, observations
are required in either the radio (e.g., Rosario et al.|2010;
Fu et al.|2011; Tingay & Wayth|2011; [Muller-Sanchez|
et al|[2015; |Shangguan et al.|[2016; [Liu et al.|[2018]) or
the X-ray (e.g., |Comerford et al]2011} [Liu et al[[2013b}
|Comerford et al[[2015)). As a result of all of these mul-
tiwavelength follow-up campaigns, a picture is emerging
where the majority of double-peaked emission lines are
produced by the kinematics of AGN outflows. A uniform
study of a large sample of objects is needed to solidify
these conclusions.

In this paper we present and analyze follow-up observa-
tions for 95 galaxies in the SDSS that have double-peaked
narrow AGN emission lines in their spectra, which makes
this the largest sample of such galaxies yet published in a
follow-up observational paper. We have obtained follow-
up optical longlist spectroscopy for each galaxy, which
we use to kinematically classify the source of the double-
peaked emission line profile in each galaxy. Using our
optical longlist spectroscopy and existing imaging, we
also identify eight galaxies that are in mergers and we
analyze the role that they play in the larger framework
of merger-driven galaxy evolution.

This paper is organized as follows. In Section [2] we
present the sample of 95 galaxies with double-peaked
AGN emission lines in their SDSS spectra. Section
discusses our analysis of the optical longslit spectra and
optical and near-infrared imaging, and our identification
of galaxy pairs, including eight dual AGN candidates.
In Section [ we describe our results, including kine-
matic classifications of each galaxy and the nature of the
link between galaxy mergers and double-peaked emission
lines. Finally, Section [5| summarizes our conclusions.

We assume a Hubble constant Hy = 70 km s~ Mpc™1,
Q. = 0.3, and Q5 = 0.7 throughout, and all distances
are given in physical (not comoving) units.

2. THE SAMPLE

Our parent sample consists of SDSS AGNs with
double-peaked [O III] A5007 emission lines in[Wang et al.
(2009), [Liu et al| (2010b)), and [Smith et al.| (2010). Our
previous work addressed the z < 0.1 galaxies (Nevin
2016)), and here we focus on the z > 0.1 galax-
ies. There are 261 double-peaked AGNs at z > 0.1, and
we obtained optical longslit observations for 95 of them.
The observed galaxies have redshifts 0.10 < z < 0.69

and r-band magnitudes 15.4 < r < 21.2. The systems
we observed are representative of the full z > 0.1 catalog
(Figure|l]), as the Kolmogorov-Smirnov probabilities are
96% (94%) that the redshifts (r-band magnitudes) of the
95 observed AGNs and the parent sample of 261 AGNs
were derived from the same distribution.

3. OBSERVATIONS AND ANALYSIS
3.1.

Of the 95 z > 0.1 galaxies in our sample, we previously
observed 54 of them with the Kast Spectrograph at Lick
Observatory (3 m telescope, pixel size 0778;
the Double Spectrograph (DBSP) at Palo-
mar Observatory (5 m telescope, pixel size 0747 for the
red detector and 0739 for the blue detector;
, and the Blue Channel Spectrograph at MMT Ob-
servatory (6.5 m telescope, pixel size 0”/29;
@. We used 1200 lines mm~! gratings, and slit
widths of 175, 1”5, and 1” for the Lick, Palomar, and
MMT observations, respectively.

In addition, we obtained optical longslit observations of
41 more z > 0.1 double-peaked AGNs with GMOS-North
on the Gemini Observatory North 8 m telescope (pixel
size (/073 for 1 x 1 pixel binning and 07145 for 1 x 2
pixel binning; [Allington-Smith et al.|[2002; [Hook et al.
, GMOS-South on the Gemini Observatory South
8 m telescope (pixel size 07073 for 1 x 1 pixel binning
and 07146 for 1 x 2 pixel binning), LRIS on the Keck I

10 m telescope (pixel size 07135; 1995), and

Observations

DEIMOS on the Keck IT 10 m telescope (pixel size 07119
[Faber et al.[2003).

We observed 20 objects with Gemini/GMOS-N and 11
objects with Gemini/GMOS-S, and with both telescopes
we used a 600 lines mm~! grating and 1” slit width.
We observed 9 objects with Keck/LRIS; 4 of them were
observed with the red and blue cameras simultaneously,
and 5 were observed with the blue camera only because
the red camera was broken. We used a 1200 lines mm ™!
grating for the red camera and a 600 lines mm™"! grating
for the blue camera, and a 1" slit width. We observed
one object with Keck/DEIMOS, using a 1200 lines mm~!
grating and 1” slit width.

Table [l summarizes the observations. We observed
each target with two different slit position angles. Typi-
cally, we observed with the slit oriented along the isopho-
tal position angle of the major axis of the object in SDSS
r-band photometry and again with the slit at the corre-
sponding orthogonal position angle. In some cases we
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F1G. 1.— Distributions of redshifts (left) and r-band magnitudes (right) for the full sample of 261 double-peaked AGNs in SDSS at z > 0.1
(black solid histogram) and the observed sample of 95 double-peaked AGNs (red dashed histogram). Both populations are consistent with
being drawn from the same redshift distribution and r-band magnitude distribution.

deviated from this approach due to guide star require-
ments or mechanical constraints on the rotation of the
telescope.

The data were reduced following standard procedures
in IRAF and IDL (see|Tody|[1993} |Comerford et al.[|2012;
Cooper et al.|2012).

3.2. Analysis of [O III] \5007 Kinematics

[O III] A5007 is a strong emission line that is an ex-
cellent tracer of the extent and kinematics of ionized
gas in the NLR, and has been used in many studies of
AGN photoionization and outflows (e.g., [Schmitt et al.
2003; |Greene et al.|2014; [Sun et al.[2017). Here, we mea-
sure kinematic parameters of the observed [O III] A5007
emission in each galaxy following the approach presented
in|Nevin et al.[(2016]), who analyzed a sample of 71 galax-
ies with double-peaked AGN emission lines at z < 0.1
that were selected from the same catalogs of double-
peaked AGNs in SDSS that we use here (Section [2)).
The |[Nevin et al.| (2016) sample does not overlap with
the sample presented here. The full details of the kine-
matic analyses are given in [Nevin et al.| (2016), and we
summarize the approach below.

First, we fit a Gaussian to the stellar continuum along
the spatial position axis of each longslit spectrum, and
measure the full width at half maximum of the spatial
extent of the continuum (FWHM_ent). For each spatial
row of the longslit spectrum that is within FWHM_ gy,
we determine how many Gaussians are required to best
fit the [O III] A5007 emission. To determine the number
of Gaussians required for the fit, we use the Akaike Infor-
mation Criterion (AIC), which is a least squares statis-
tic that penalizes extra free parameters (Akaike||1974)).
The fraction of the spatial rows of the longslit spectrum
within FWHM_ ¢ that are best fit by more than two
Gaussians is used in our kinematic classification of the
galaxies (Section [4.1)).

Then, we measure the spatial extent of the
[O IIT] A5007 emission. For each spatial row of the
longslit spectrum, we use the AIC to determine whether
the [O III] A5007 spectrum is better fit by a line (rep-
resenting the background; 2 free parameters) or by a
Gaussian and a line (representing an emission line and
the background; 5 free parameters in total). We define

the spatial extent of the [O III] Ab007 emission as the
spatial extent along the slit for which each spatial row’s
spectrum is best fit by a Gaussian and a line. For each
row of the longslit spectrum that is within this spatial
extent, we fit the [O III] A5007 emission line first with
one Gaussian, and then with two Gaussians. For the
single-Gaussian fit, we measure the line-of-sight velocity
difference between the central velocity of the Gaussian
fit and the systemic velocity of the galaxy in each row,
and we report the highest measured line-of-sight velocity
difference V,.. We also measure the dispersion of each
component of the double Gaussian fit in each row, and
we report the highest measured dispersions o1 and 0.
Further, we determine the position angle of the maxi-
mum extent of [O III] A5007 on the sky, by measuring the
spatial positions of [O III] A5007 along each slit position
angle as in |Comerford et al.| (2012)). We compare this to
PA 441, the isophotal position angle of the major axis of
the galaxy from SDSS r-band photometry. If PA oy =

PAg. to within 20° error (Nevin et al.|[2016)), then we
classify the [O III] A5007 emission as aligned with the
plane of the galaxy.

Finally, we measure the asymmetry A of the
[O III] A5007 emission line profile in each longslit spec-
trum, following the approach of [Whittle| (1985) and |Liu
et al.| (2013a)), and where positive asymmetry values in-
dicate redshifted emission-line wings and negative asym-
metry values indicate blueshifted emission-line wings.
We consider the asymmetries measured from the two po-
sition angle observations, and we report the A that has
the larger absolute value. Then, we define an emission
line profile as symmetric if the absolute value of its asym-
metry falls below the 95% confidence interval around the
mean asymmetry of the sample. Consequently, symmet-
ric profiles are defined by |A| < 0.19, as in Nevin et al.
(2016).

The kinematic parameters are given in Table [2] and
these are the parameters that we will use to kinemati-
cally classify the source of the double-peaked emission
lines in each galaxy. As described in Section the
main classifications are rotation dominated, outflow, and
ambiguous.
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TABLE 2
KINEMATIC CLASSIFICATIONS OF THE 95 GALAXIES
SDSS Name PAg,s  Num. Rows Fit Single Gauss Double Gauss Double Gauss PAgj,) PAjomy A Kinematic
by > 2 Gaussians Vi [km s71] oy [km s7!] o2 [km s71] Classification
J0006+1548  44.4 4/11 —231.5T201 23271376 173.07535 444 172.64£3.9 0.08 Ambiguous
134.4 4/11 —241.9%55%1  168.4777 70 172.71572 0.11
J0107—0053  52.0 22/43 305.6723-1 271.2135-0 22247139 520  176.6+3.8 -0.35 Ambiguous
142.0 16/41 380.91%7-2 353272246 367.671208 -0.55
JO116—1025  28.8 10/13 337750 275.0775:2 106.61775-2 118.8 117.04+2.6 0.19 Rotation Dominated
118.8 4/13 —-185.277%4 260.875%," 258.5155°% -0.27 + Disturbance
J0118-0826  42.3 9/15 -310.5%g5%% 21827 50" 338.2721%! 423  25.7+£34 0.18 Rotation Dominated
132.3 4/13 —206.4T1387  220.31298.1 331.3722:0 0.06 4 Obscuration
NoTE. — Column 1: Galaxy name. Column 2: Observed position angle, in degrees East of North. Column 3: Number of spatial rows of emission

in the longslit spectrum that are best fit by > 2 Gaussians within the FWHM of the continuum. Column 4: Line-of-sight velocity difference between
the velocity derived from a single-Gaussian fit to the emission line profile and the systemic velocity of the galaxy. Columns 5 and 6: Dispersion of
each component of a double-Gaussian fit to the emission line profile. Column 7: Position angle of the major axis of the galaxy in r-band, in degrees
East of North. Column 8: Position angle of the maximum extent of [O 111] A5007 on the sky, in degrees East of North. Column 9: Asymmetry of the
emission line profile, where positive asymmetry values indicate redshifted emission-line wings and negative asymmetry values indicate blueshifted
emission-line wings. Column 10: Kinematic classification of the galaxy.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and

content.)

3.3. Analysis of Galaxy Pairs

We searched the 95 galaxies for those with compan-
ion galaxies that have line-of-sight velocity separations
|Av| < 500 km s~! and projected physical separations
Az < 30 kpc, where Section [3.3.1] and Section de-
scribe how Av and Az are measured, respectively. We
selected the |Av| < 500 km s~! and Az < 30 kpc criteria
to match those of [Ellison et al.| (2008]), for ease of later
comparison.

We found that eight galaxies with double-peaked AGN
emission lines have companion galaxies within |Av| <
500 km s~! and Az < 30 kpc (Figure . Five of the
galaxies have SDSS spectra that are classified as Type
1 AGNs (SDSS J0952+2552, SDSS J11574+0816, SDSS
J1248-0257, SDSS J1541+4-2036, SDSS J1610+1308) and
three have SDSS spectra that are classified as Type
2 AGNs (SDSS J1245+3723, SDSS J1301—0058, SDSS
J1323+0308).

As a further test of whether two galaxies in a pair are
indeed related, we can neglect the |Av| cutoff and es-
timate the probability of the chance projection of two
unassociated galaxies on the sky. We carry out this cal-
culation for the galaxy pairs (SDSS J1157+0816, SDSS
J1245+3723, SDSS J13234-0308) where both galaxies are
detected in the SDSS photometric catalog, which has a
limiting r-band magnitude of 22.0 (Alam et al|2015).
The larger separation pairs have greater probabilities of
being chance projections of unrelated galaxies, and this
subsample does include the largest separation pair (SDSS
J1323+0308, with a separation of 28.5 kpc). The faintest
galaxy in each pair has an r-band magnitude of (19.66,
20.41, 19.29) for (SDSS J115740816, SDSS J1245+3723,
SDSS J1323+0308), respectively. For each galaxy pair,
we calculate the surface density SDSS galaxies out to this
r-band magnitude limit. For the example of the faintest
galaxy in our pair sample, the r = 20.41 galaxy SDSS
J1245+4-3723, the surface density out to r = 20.41 is 209
galaxies deg™2. We calculate the probability of chance
alignment for each galaxy pair using the surface density,
redshift, and the solid angle subtended by the galaxy

pair separation that we measured (Table . We find
that the probability of chance alignment is (2 x 1074,
1 x 1074, 9 x 107%) for the galaxy pair systems (SDSS
J115740816, SDSS J12454-3723, SDSS J13234-0308), re-
spectively. Consequently, the probability is 0.001 that
there are one or more chance projections in this subsam-
ple. The likelier scenario is that the galaxies in these
pairs are in fact associated with one another.

The subsections that follow focus on the longslit spec-
tra and the images of these eight merging galaxy sys-
tems. We note that many other galaxies in our sample
of 95 galaxies have companions within 30 kpc that were
resolved with near-infrared imaging (Rosario et al.|[2011}
Fu et al.|[2012; [McGurk et al|[2015]), but since the com-
panions do not have spectroscopic redshifts they cannot
yet be confirmed as associated with the primary galaxies.

3.3.1. Longslit Spectral Analysis

Here we determine the redshifts and emission line
fluxes for the galaxies and their companions. We note
that for SDSS J1301—0058, the slit is slightly misaligned
with the companion because the longslit observations
were taken before the image revealing the companion was
published (Figure[2)). Since the 1” slit covered the center
of the companion, the derived redshifts and emission line
fluxes for the companion are still appropriate to use.

Using the longslit spectra, we extracted the redshifts
of the galaxies with double-peaked AGN emission lines
and the redshifts of the companion galaxies. We used
a penalized pixel-fitting software (pPXF; |Cappellari &
Emsellem|2004)) to simultaneously fit emission-line and
absorption-line templates to the observed spectra, where
we masked the telluric A-band absorption. This yielded
the absorption-line redshifts zppacny and zecompanion,
which enabled us to measure the line-of-sight velocity
difference Av = vppaeN — Vcompanion- Table [3] shows
the redshifts and the line-of-sight velocity differences.

We also used Baldwin-Phillips-Terlevich (BPT) emis-
sion line diagnostics (Baldwin et al.||1981}; [Kewley et al.
2006) to identify the source of any ionized emission
present in the companion galaxy. To do so, we fit Gaus-
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sians to the Hg, [O III] A5007, He, and [N II] A6584
emission lines to determine their fluxes. The resultant
BPT classifications are given in Table

We found two companions with Seyfert line flux ra-
tios, and one with composite line flux ratios. For
five of the companions, the wavelength ranges of the
longslit observations only covered HS and [O III] A5007
(Table , preventing us from completing the full BPT
diagnostic. For these galaxies, we conservatively used
[O III] A5007/HB > 3 to distinguish Seyferts from other
line-emitting galaxies (e.g., [Yan et al.2006; |Comerford
et al.|2009a)) and all five galaxies met this Seyfert crite-
rion. As we discuss in Section [4.2] none of these compan-
ions should be considered as confirmed AGNs without
radio or X-ray detections.

It is important to note that a typical NLR can be
spatially extended up to ~ 10 kpc (e.g., |Sun et al.
2017), and that many of the galaxy pairs have separa-
tions that are less than 10 kpc (SDSS J09524-2552, SDSS
J1157+0816, SDSS J1245+3723, SDSS J1248-0257,
SDSS J1301-0058, SDSS J1610+1308). Consequently,
emission from the AGN in the primary galaxy could spa-
tially overlap with the companion galaxy and produce
Seyfert-like line flux ratios that are not in fact associ-
ated with an AGN located in the companion galaxy. For
this reason, we cannot confirm any galaxy pair as hosting
dual AGNs with these longslit data alone.

3.3.2. Imaging Analysis

We also measured the spatial separation between each
galaxy and its companion, using the SDSS z band im-
age (central wavelength 8932 A) since it is dominated
by stellar continuum. We ran Source Extractor (Bertin
& Arnouts||1996) with a detection threshold of 50 above
the background to determine each galaxy’s centroid, and
then we used the pixel scale to convert the pixel sep-
aration into arcseconds. Two of the galaxies were im-
aged with the Hubble Space Telescope (HST) and three
were imaged with the NIRC2 near-infrared camera on the
Keck II telescope, and for these five galaxies we used the
spatial separations measured from those data (Rosario
et al.|2011; |[Fu et al.[[2012; |Comerford et al.2015)). Ta-
ble [3[ reports the spatial separation between each galaxy
and its companion.

To determine the mass ratio of the merging galaxies,
we compared the luminosity of the galaxy with double-
peaked emission lines to the luminosity of its compan-
ion galaxy. We determined galaxy luminosities using the
SDSS z band images, except in the cases where HST
or NIRC2 images are available. For the SDSS z band
and HST images, we modeled the galaxies with Sérsic
profiles and a uniform sky background using GALFIT
V3.0 (Peng et al.[|2010). GALFIT outputs the integrated
magnitudes of the galaxies. Then, we converted the in-
tegrated magnitudes to luminosities and determined the
luminosity ratio. For the galaxies imaged with NIRC2,
we took the apparent magnitudes reported in |[Rosario
et al| (2011) and converted them to luminosities. The
luminosity ratios of the merging galaxies are given in Ta-
ble [4, where we denote the more luminous stellar bulge
with “1” and the less luminous stellar bulge with “2.”

4. RESULTS

4.1. Most Double Peaks Are Produced by Outflows

Here, we use the [O III] A5007 emission measurements
from Section to kinematically classify each galaxy
using the classification scheme of Nevin et al. (2016]).
The three main classifications are as follows.

Rotation Dominated. We classify a system as rotation
dominated if it has Keplerian rotation in the plane of
the galaxy, exhibited by V, < 400 km s~—!, o; < 500
km s7! o5 < 500 km s™!, and [O III] A5007 emission
that is aligned with the plane of the galaxy (e.g., [Os-
terbrock & Ferland 2006). If the emission line profile
is symmetric (J4] < 0.19), then we classify the system
as “Rotation Dominated + Obscuration” since dust ob-
scuring a rotating disk could explain a symmetric double-
peaked emission line profile (e.g., Smith et al.|2012). If
the emission line profile is asymmetric (|A| > 0.19), then
we classify the system as “Rotation Dominated + Dis-
turbance” since nuclear bars, spiral arms, dual AGNs,
or other dynamical disturbances could produce an asym-
metric double-peaked emission line profile (e.g., [Schoen-
makers et al.|1997; |Davies et al.[2009; |[Blecha et al.[2013)).

Outflow. For a system to be classified an outflow,
we apply the conservative criteria of V, > 400 km s—!,
o1 > 500 km s~ %, or oo > 500 km s~ ! (e.g., Das et al.
2006; Miiller-Sanchez et al.|2011; [Fischer et al.[[2013]).
Then, if more than half of the spatial rows of the longslit
spectra within FWHMc,,,¢ have [O III] A5007 emission
that is best fit by more than two Gaussians, we classify
the system as “Outflow Composite”. Otherwise, the sys-
tem is “Outflow”. The “Outflow Composite” class can
be explained by an outflow that includes many different
gas clouds with their own distinct velocities.

Ambiguous. If a galaxy fits neither the rotation domi-
nated nor the outflow classification, then it is ambiguous.
These are the systems with V,. < 400 km s~!, 0y < 500
km s7! o9 < 500 km s~!, and [O III] A5007 emission
that is not aligned with the plane of the galaxy. Possible
explanations for the emission line profiles of these galax-
ies include a counter-rotating disk, inflowing gas, weak
outflows, and dual AGNs.

Table 2] shows the results of our kinematic classifica-
tions. We find that the galaxies are classified as fol-
lows: 6% (6/95) are Rotation Dominated 4+ Obscuration,
9% (9/95) are Rotation Dominated + Disturbance, 21%
(20/95) are Outflows, 33% (31/95) are Outflow Compos-
ite, and 30% (29/95) are Ambiguous.

First, we consider the galaxies classified as Rotation
Dominated + Obscuration or Rotation Dominated -+
Disturbance. Simulations of the emission line profiles
of AGNs in galaxy mergers have shown that a Rotation
Dominated + Disturbance profile can be associated with
dual AGNs, where a rotating disk around one AGN is
disturbed by the second AGN (Blecha et al.[2013). In
contrast, dual AGNs are unlikely to produce the sym-
metry of the emission lines in the Rotation Dominated
+ Obscuration classification; instead, these symmetric
emission line profiles are most likely associated with ob-
scured rotating disks (e.g.,|Smith et al.[2012; Blecha et al.
2013)).

Next, we examine the galaxies classified as Outflow or
Outflow Composite. Outflow galaxies are the archetypal
outflows that have a single redshifted component and a
single blueshifted component, while Outflow Composite



6 Comerford et al.
TABLE 3
GALAXIES WITH DOUBLE-PEAKED AGN EMISSION LINES AND COMPANION GALAXIES WITHIN |Av| < 500 KM S~ AND Az < 30 KPC
SDSS Name ZDPAGN Zcompanion vppAagN—  Distance to  Distance to Companion System
VUcompanion Companion  Companion BPT Classification
(km s~1) @) (kpe) Classification
J0952+2552 0.33887 + 0.00030  0.33888 + 0.00199 —3+130 1.00+£0.01¢ 4.824+0.05 Seyfert Candidate Dual AGNs
J1157+0816 0.20133 +0.00042  0.20201 £ 0.00385 —170£262 2.52+0.01 8.35+£0.01 Seyfert Candidate Dual AGNs
J1245+3723 0.27910 £ 0.00062 0.27836 % 0.00125 1734+ 162 1.38 +0.01 5.83 £0.02 Composite Candidate Dual AGNs
J1248—-0257 0.48675 + 0.00161  0.48774 & 0.00145 —199 £ 333 0.53° 3.2 Seyfert Candidate Dual AGNs
J1301-0058 0.24544 + 0.00030  0.24514 + 0.00137 724109 1.40° 5.4 Seyfert Candidate Dual AGNs
J1323+0308 0.26953 £+ 0.00114  0.26978 4+ 0.00121 —59 4278 6.90 + 0.01 28.46 +0.02 Seyfert Candidate Dual AGNs
J1541+2036 0.50795 + 0.00137  0.50851 & 0.00131 —112+£281 2.00° 12.2 Seyfert Candidate Dual AGNs
J1610+1308 0.22868 + 0.00021  0.22925 + 0.00053 —138 £ 61 2.35b 8.6 Seyfert Candidate Dual AGNs
NoTE. — DPAGN denotes double-peaked AGN.
® measured from HST/WFC3/F160W imaging (Comerford et al.|[2015)
® measured from NIRC2 imaging (Rosario et al. 2011))
¢ measured from HST/ACS/F550M imaging (Fu et al.|[2012)
TABLE 4
PROPERTIES OF THE MERGING GALAXY SYSTEMS
SDSS Name Galaxy: Galaxyso Merger Ratio log(Lyol,1/ log(fedd,1/
(Lx,1/ L 2) Lyo1,2 fEdd,2
J0952+2552 DPAGN: companion 2.0+0.18% 0.15 —0.15
J115740816 companion: DPAGN 1.5+0.24 —1.16 —1.34
J1245+4-3723 DPAGN: companion 2.2+0.31 1.22 0.88
J1248—-0257 companion: DPAGN 1.4 40.11° —0.85 —1.00
J1301—-0058 DPAGN: companion 3.0 +0.28¢ 0.63 0.15
J1323+0308 DPAGN: companion 5.6 £0.73 2.20 1.45
J154142036 DPAGN: companion 3.0+ 0.33° 2.12 1.64
J1610+1308 DPAGN: companion 48.3 4+ 5.2° 1.97 0.28
NoTE. — Galaxy; is the more luminous galaxy and Galaxys is the less luminous galaxy. The errors on Luo1,1/Lbol,2 and fedd,1/fedd,2 are 0.54
dex.

® measured from HST/WFC3/F160W imaging (Comerford et al.|[2015)
® measured from NIRC2 imaging (Rosario et al. 2011)
¢ measured from HST/ACS/F550M imaging

galaxies have evidence of three or more emission knots
that are moving at distinct velocities. This complex
structure can be due to, e.g., outflowing gas shocking as
it encounters the interstellar medium, or multiple differ-
ent outflows (e.g., (Cecil et al.|2002; Crenshaw & Kraemer
20055 |Comerford et al.[2017]). We note that the number of
galaxies classified as Outflow Composite is a lower limit,
since higher signal-to-noise follow-up spectra may reveal
additional Gaussian components that transform an Out-
flow classification into an Outflow Composite classifica-
tion. Therefore, we do not draw a significant distinction
between Outflow and Outflow Composite classifications
here.

Finally, the Ambiguous galaxies have the most com-
plicated kinematic structures. They likely contain some
combination of less energetic outflows, inflows, rotation,
and possibly dual AGNs, although with the longslit data
alone we cannot distinguish these individual contribu-
tions to the emission line profiles.

When we consider only the galaxies with unambiguous
classifications, we find that 77119% of SDSS galaxies at
z > 0.1 with double-peaked narrow AGN emission lines
are explained by outflows and 23ﬂ3% are explained by
rotation, where the error bars present the 95% binomial
confidence intervals. These results are consistent, within
the confidence intervals, with the results of [Nevin et al.

(2016) for their sample of 71 SDSS galaxies at z < 0.1
with double-peaked narrow AGN emission lines. Other
studies, which do not use the same kinematic classifica-
tions, also find that the majority of double-peaked emis-
sion lines are produced by NLR gas kinematics (e.g.,
Shen et al|2011; [Fu et al.[2012). We conclude that most
double-peaked narrow AGN emission lines are produced
by outflows.

4.2. FEight Dual AGN Candidates

Seven of the galaxies with double-peaked AGN emis-
sion lines have companion galaxies that are classified as
Seyferts, and one has a companion that is classified as
composite. Although the Seyfert-like line flux ratios in
each galaxy pair suggests the presence of dual AGNs,
there may be a single ionizing source (a single AGN) pro-
ducing the emission features in both galaxies (e.g., Moran
et al.|[1992). As a result, these eight merging galaxy sys-
tems are candidate dual AGNs. Follow-up high resolu-
tion X-ray or radio observations are necessary to resolve
whether two AGNs are present and whether the systems
indeed host dual AGNs.

Of these eight dual AGN candidates, four (SDSS
J09524-2552, SDSS J1245+3723, SDSS J1248—0257, and
SDSS J1301—0058) have a companion galaxy located
within the 175 radius SDSS fiber. These systems are
kinematically classified as outflow (SDSS J0952+2552) or
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F1c. 2.— Imaging and spectra of the eight galaxies with double-peaked AGN emission lines that have companion galaxies within |[Av| < 500
km s~! and Az < 30 kpc. Left: Images of the galaxies, from HST, SDSS, or NIRC2. The dashed green lines show the orientations of
the two longslit positions. In all images, north is up and east is left. Right: Segments of the two-dimensional long-slit spectra, and
the one-dimensional spectra extracted for each galaxy and its companion. The one-dimensional spectra are normalized by dividing each
spectrum by the mean of the continuum flux, and the red curves show the fits to the data. The telluric A-band absorption is masked during

the spectral fits, as shown by the grey bands.

ambiguous (SDSS J1245+43723, SDSS J1248—0257, and
SDSS J1301—0058). However, because both galaxies are
located within the SDSS fiber, the motion of dual AGNs
could contribute to the double-peaked emission lines in
these systems. The case of dual AGNs where one AGN is
driving an outflow and the other AGN is relatively faint
could be classified as an outflow, while dual AGNs com-
bined with rotation, inflows, weak outflows, and other
kinematic disturbances could be classified as ambiguous
(Nevin et al|2016). There is no clean kinematic clas-
sification category for dual AGNs, since the kinematics
alone are insufficient to confirm dual AGNs.

For the other four dual AGN candidates, the galaxy
pair separations are too large for dual AGNs (where there
is one central AGN in each galaxy) to contribute to the
double peaks in the SDSS spectra.

Here, we comment on each dual AGN candidate
individually and compare to other analyses published
in the literature. We note that these published anal-
yses sometimes define dual AGNs as those that are
responsible for the double-peaked emission in the SDSS

spectrum, whereas our definition of dual AGNs includes
AGN pairs with separations < 30 kpc, regardless of
whether they contribute to the double peaks.

SDSS J0952+4-2552 (candidate dual AGNs). The
two stellar bulges seen in the HST/F160W image are
also seen in near-infrared laser guide star adaptive
optics H-band imaging with the NIRC2 near-infrared
camera on the Keck II telescope (Rosario et al|[2011)
and in H-band imaging with the OH-Suppressing
Infrared Imaging Spectrograph (OSIRIS) on the Keck IT
telescope (Fu et al|[2012). While previous studies have
classified this system as confirmed dual AGNs (McGurk
et al||2011; Fu et al|2012; McGurk et al|[2015)), we
classify it as candidate dual AGNs because of the need
for X-ray or radio confirmation of two AGNs with such
a small separation (1700).

SDSS J115740816 (candidate dual AGNs). The
galaxy with the double-peaked AGN emission lines has
two companions visible in the SDSS imaging: one to
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the northeast, and one to the southwest. These three
sources are also seen in NIRC2 K’-band imaging (Fu
et al.|[2012). The galaxy with the double-peaked AGN
emission lines and the southwest companion have similar
redshifts (Table |3), but the northeast companion’s con-
tinuum was too faint in our longslit spectrum to extract
a redshift. We cannot confirm whether it is associated
with the other two galaxies, although in the SDSS
image all three galaxies appear to be related (Figure [2)).
McGurk et al. (2015) classified the [O III] A5007 peaks
in SDSS J115740816 as unresolved structure with a
range of possible explanations, including dual AGNs,
NLR kinematics, and small-scale outflows.

SDSS J1245+43723 (candidate dual AGNs). The
longslit spectra show continuous emission connecting
the two galaxies, and the SDSS image also shows that
the companion galaxy has an elongated morphology
(Figure [2). This suggests that the two galaxies may
already be interacting. No other studies have published
follow-up observations for this object, so it has no
previous classifications.

SDSS J1248-0257 (candidate dual AGNs). NIRC2
H-band and K’-band imaging of this system reveal
the companion galaxy (Rosario et al.||2011; [Fu et al.
2012). |Fu et al. (2012) classified this system as having
an extended NLR.

SDSS J1301—-0058 (candidate dual AGNs). A
companion galaxy is seen in HST/ACS/F550M imaging
(Fu et al.[2012), and the companion’s elongated tidal tail
suggests that the two galaxies are already interacting.
Fu et al| (2012)) classified this system as having an
unresolved NLR.

SDSS J1323+0308 (candidate dual AGNs). The
SDSS image shows tidal debris in the system, and the
longslit spectrum shows ionized gas forming a bridge
between the two galaxies (Figure. No other studies
have published follow-up observations for this object, so
it has no previous classifications.

SDSS J1541+4-2036 (candidate dual AGNs). The
companion galaxy is seen in NIRC2 H-band and
K’-band imaging (Rosario et al.2011; [Fu et al.[2012)).
Fu et al| (2012)) classified this system as having an
unresolved NLR.

SDSS J1610+41308 (candidate dual AGNs). The
galaxy with the double-peaked AGN emission lines
has a companion that is found in NIRC2 H-band and
K’-band imaging (Rosario et al.2011; [Fu et al.|[2012)),
and a stream of ionized gas connects the galaxy with the
double-peaked AGN emission lines to the companion
(Figure [2). McGurk et al] (2015) classified the double
peaks in [O III] A5007 as being produced by outflows,
and this complicated system may include both outflows
and dual AGNs.

4.3. Double-peaked AGN Emission Lines Are
Preferentially Associated with Mergers

Many previous studies have explored the relative AGN
fractions in merging and isolated galaxies, as a means of
constraining the importance of different AGN triggering
mechanisms (e.g., [Ellison et al.|[2011} [Silverman et al.
2011} [Koss et al|2012; [Liu et al.|2012; |Satyapal et al.
2014; |[Fu et al.|2018). Here, we also examine the fraction
of AGNs in galaxy mergers, but specifically for AGNs
that exhibit double-peaked emission lines in their spec-
tra.

Of the eight merging galaxy systems that we find,
three of them have both merging galaxies resolved in
SDSS imaging (SDSS J115740816, SDSS J1245+3723,
SDSS J13234-0308). Consequently, we find that at least
3.2739% (3/95) of SDSS galaxies with double-peaked
AGN emission lines are in galaxy mergers (defined by
|Av| < 500 km s~1 and Az < 30 kpc) that are resolvable
in SDSS imaging. This is a lower limit, given that the
necessary spectroscopic redshifts do no exist for all of the
galaxies that have another galaxy located within 30 kpc.
Our lower limit is ~ 2 times higher than the 1.7153%
of all SDSS AGNs that are in galaxy mergers, defined
with the same |Av| and Az cutoffs, and with the same
range of galaxy stellar masses (the Kolmogorov-Smirnov
probability is 72% that the masses were derived from the
same distribution; |[Ellison et al.|[2008)).

The actual fraction of galaxies with double-peaked
AGN emission lines that are associated with galaxy
mergers is likely much higher. Studies using 0”1 reso-
lution imaging have found that 29J_r2% of SDSS galax-
ies with double-peaked AGN emission lines have another
galaxy located within the 3" SDSS fiber (Fu et al.|2012).

Next, we examine whether our eight merging galaxy
systems are in major or minor mergers. If we define
major mergers as mass ratios less than 4:1 and minor
mergers as mass ratios greater than 4:1, then we find six
major mergers and two minor mergers. Since the SDSS
photometric catalog has a limiting r-band magnitude of
22.0, we cannot detect the faintest companion galaxies
in our sample. Consequently, we are underestimating
the number of minor mergers.

A previous study of galaxy pairs in SDSS, which used a
similar pair definition (|Av| < 350 km s™! and Az < 35
kpc), explored the relative numbers of major and minor
merger galaxy pairs that are detectable in SDSS (Lambas
et al[2012). Using the same mass ratio cutoff as we use
between major and minor mergers (4:1), they find that
major merger galaxy pairs are twice as common as minor
merger galaxy pairs in SDSS. While this is not indicative
of the true mass ratio trend for galaxy mergers (where
the minor merger rate is ~ 3 times larger than the major
merger rate; |[Lotz et al.|2011)), it accounts for bias in the
SDSS selection and offers a more accurate comparison
for our sample. For the subset of our galaxy pairs where
both galaxies are resolved in SDSS imaging, our results
(two major mergers and one minor merger) are consistent
with those of the general galaxy pair population in SDSS
(Lambas et al.[2012)).

In six of the dual AGN candidates the more luminous
AGN is in the more massive stellar bulge, and in two of
the dual AGN candidates the more luminous AGN is in
the less massive stellar bulge. This fits with phenomeno-
logical models of dual AGNs that find that 60 — 70% of
dual AGNs have the more luminous AGN in the more
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massive stellar bulge (Yu et al|2011) and simulations
that find that the distinction of more luminous AGN
switches between stellar bulges during the course of the
galaxy merger (Van Wassenhove et al.|2012).

4.4. The More Massive Black Hole Typically Accretes
with o Higher Eddington Ratio

Of the two AGNs in each dual AGN candidate system,
we determine which AGN is accreting at a higher rate us-
ing the Eddington ratio fg4q = Lboi/LEdqd- The bolomet-
ric luminosity Ly, is determined from the [O III] A5007
luminosity (Heckman et al.| |2004; with a scatter of
0.38 dex), while the Eddington luminosity is Lgqq =
ArcGMppmy/or, where Mpy is the black hole mass,
m,, is the mass of a proton, and or is the Thomson scat-
tering cross section.

If the more luminous stellar bulge in the merging sys-
tem is “1” and the less luminous stellar bulge is “2”, then
Lioi,1/Lvot,2 = (fEdd,1/fEdd2)(MBr1/MpH,2). Assum-
ing that the black hole mass traces the host stellar bulge
luminosity (Marconi & Hunt||2003; McLure & Dunlop
2004; |Graham||2007)), then Mpg1/Mpr2 = Li1/Ls2
and fraa1/feaa2 = (Lx2/Lsx1)(Lboi,1/Lbot,2).  Using
this approach, we estimate frdq,1/frdd,2 for each dual
AGN candidate (Table [4).

We find that three of the dual AGN candidates have
fEad,1/fEaa2 < 1, and five have fradq1/fraaz > 1.
This implies that the more massive supermassive black
hole in a dual AGN system typically accretes with a
higher Eddington ratio than the less massive super-
massive black holes in a dual AGN system. Simu-
lations of galaxy mergers find that the less massive
black hole accretes with a higher Eddington ratio un-
til the less massive black hole’s host galaxy is stripped
of its gas (Van Wassenhove et al.[[2012; |Steinborn et al.
2016), which implies that in the five systems with
fEdd,l/fEdd,Q > 1 (SDSS J1245+3723, SDSS J1301-
0058, SDSS J1323+0308, SDSS J1541+2036, SDSS
J1610+1308), the less massive galaxy in the merger may
have depleted its gas reservoir. Follow-up observations of
the gas contents of the galaxies would confirm whether
this is the case.

5. CONCLUSIONS

We obtained optical longslit observations of 95 galax-
ies at z > 0.1 with double-peaked narrow AGN emission
lines in their SDSS spectra. The data were taken at
Lick Observatory, Palomar Observatory, MMT Observa-
tory, Gemini Observatory, and Keck Observatory. Using
the longslit data, we kinematically classified each galaxy
as rotation dominated, outflow, or ambiguous. We also
searched the SDSS images (as well as HST and NIRC2
images, where available) for possible companions to these
galaxies, and we analyzed the longslit spectra to deter-
mine the redshifts and optical line flux ratios of the galax-
ies and their companions.

Our main results are summarized below.

1. Most double-peaked narrow AGN emission lines
are produced by outflows. Using the kinematics of the
[O III] A5007 emission lines in our longslit spectra, we
classify the 95 double-peaked systems as follows: 55%

outflows, 15% rotation dominated, and 30% ambiguous.
Although dual AGNs could contribute to the observed
emission line profiles, we cannot identify dual AGNs from
the gas kinematics alone.

2. We found eight galaxies that have companion galax-
ies with line-of-sight velocity separations |Av| < 500 km
s~ and projected physical separations Az < 30 kpc.
Based on the line flux ratios of the optical emission lines
detected in each companion galaxy, all eight systems are
dual AGN candidates. Three of these merging galaxy
systems are resolved in SDSS imaging, while five required
high spatial resolution near-infrared imaging (with HST
or NTRC2) to resolve the companion galaxies.

3. Active galaxies with double-peaked narrow emis-
sion lines in their spectra are found in galaxy mergers
at least twice as often as active galaxies in general are
found in galaxy mergers. At least 3% of SDSS galax-
ies with double-peaked narrow AGN emission lines are
in galaxy mergers where both galaxies are resolved by
SDSS imaging.

4. In five of the dual AGN candidates, the more mas-
sive of the two supermassive black holes accretes gas with
the higher Eddington ratio. Since simulations of galaxy
mergers show that the less massive black hole accretes
with a higher Eddington ratio until the less massive black
hole’s host galaxy loses its gas, this suggests that in these
five systems the less massive galaxy may have already
been tidally stripped of its gas.

The eight candidate dual AGNs presented here could
be confirmed as dual AGNs via the detection of two AGN
emission sources, using high spatial resolution X-ray or
radio observations. Radio observations would also reveal
any radio jets associated with the AGN outflows.
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