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ABSTRACT

We present Chandra ACIS-S X-ray imaging spectroscopy for �ve dual active galactic nucleus (AGN)
candidates. Our targets were drawn from a sample of 1286 [O III]-selected AGN pairs systematically
selected from the Sloan Digital Sky Survey Seventh Data Release. Each of the targets contains two

nuclei separated by �3{9 kpc in projection, both of which are optically classi�ed as Type 2 (obscured)
AGNs based on diagnostic ratios of the narrow emission lines. Combined with independent, empiri-
cal star formation rate estimates based on the host-galaxy stellar continua, the new Chandra X-ray
observations allow us to evaluate the dual-AGN hypothesis for each merging system. We con�rm

two (SDSS J0907+5203 and SDSS J1544+0446) of the �ve targets as bona-�de dual AGNs. For the
other three targets, the existing data are consistent with the dual-AGN scenario, but we cannot rule
out the possibility of stellar/shock heating and/or one AGN ionizing both gaseous components in the

merger. The average X-ray-to-[O III] luminosity ratio in our targets seems to be systematically smaller
than that observed in single AGNs but is higher than that seen in dual AGNs selected from AGNs
with double-peaked narrow emission lines. We suggest that the systematically smaller X-ray-to-[O III]

luminosity ratio observed in dual AGNs than in single AGNs is due to a high nuclear gas column likely
from strong merger-induced in
ows. Unlike double-peaked-[O III]-selected dual AGNs, the new sample
selected from resolved galaxy pairs are not subject to the orientation bias caused by the double-peak
line-of-sight velocity splitting selection, which also contributes to lowering the X-ray-to-[O III] luminos-

ity ratio.

Keywords: black hole physics { galaxies: active { galaxies: interactions { galaxies: nuclei { galaxies:
Seyfert { X-rays: galaxies

1. INTRODUCTION

The observed growth of structures suggests that merg-
ers of galaxies, and by extension, their central supermas-
sive black holes (SMBHs; Kormendy & Richstone 1995;
Ferrarese & Ford 2005), should be common through-
out most of cosmic history. The �nal coalescence of
merging SMBHs would produce low-frequency gravita-
tional waves (GWs; e.g., Colpi & Dotti 2011), providing
a \standard siren" for cosmology (Hughes 2009) and a
direct testbed for strong-�eld General Relativity (Cen-
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trella et al. 2010). Unlike LIGO's stellar mass black
holes (Abbott et al. 2016) whose detection is still limited
to the relatively nearby universe, merging SMBHs would

be detectable close to the edge of the observable universe
(Cornish & Robson 2018). They are being hunted cur-
rently by pulsar timing arrays for the more massive, low-
redshift population (e.g., Arzoumanian et al. 2018), and
in the future by space-borne experiments for the less
massive, high-redshift population (e.g., Amaro-Seoane
et al. 2017).
While the GWs from merging SMBHs are yet to be

detected, it is useful to study their progenitors { pairs
of SMBHs selected by their electromagnetic signatures
from accreting materials from the surroundings. These
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so-called \dual active galactic nuclei (AGNs)" are AGN
pairs in merging galaxies with typical separations of a
few kiloparsecs (Gerke et al. 2007; Comerford et al. 2009;
Xu & Komossa 2009). Dual AGNs and AGN pairs in
general provide an exciting prospect for understanding
massive black hole growth and their merger rates in
galaxies in the era of multi-messenger astronomy (e.g.,
Bhowmick et al. 2019). The �rst concrete evidence for
dual AGNs was a serendipitous discovery by Chandra
in NGC 6240 (Komossa et al. 2003), a z = 0:02 merg-
ing ultra-luminous infrared galaxy (ULIRG), which con-
tains two X-ray nuclei separated by � 100 (� 0:7 kpc) in
projection. Until recently only a handful of other se-
cure cases were known in the X-rays (e.g., 3C 75 (Hud-
son et al. 2006), Mrk 463 (Bianchi et al. 2008; Treister
et al. 2018), Mrk 266 (Brassington et al. 2007; Maz-
zarella et al. 2012), and Mrk 739 (Koss et al. 2011); but
see also Arp 299 (Ballo et al. 2004) for a candidate), all
of which were con�rmed by Chandra.

The past decade has seen signi�cant progress in �nd-
ing concrete evidence for dual AGNs at z < 0:5 thanks to
systematic searches using large surveys combined with
dedicated follow ups, in particular in the X-rays, mid-

IR, and radio (e.g., Green et al. 2010; Fabbiano et al.
2011; Liu et al. 2013; Comerford et al. 2015; Kocevski
et al. 2015; Fu et al. 2015; Gatti et al. 2016; Koss et al.

2016; Satyapal et al. 2017; Ellison et al. 2017; Fu et al.
2018; De Rosa et al. 2018; Liu et al. 2018; Vignali et al.
2018; Pfei
e et al. 2019). Liu et al. (2011) identi�ed

a sample of 1286 [O III]-selected, spatially resolved AGN
pairs from the Sloan Digital Sky Survey (SDSS) Seventh
Data Release (DR7; Abazajian et al. 2009). Among the
1286 pairs, 94 have projected nuclear separation rp < 10

kpc, making them the largest sample of [O III]-selected
dual AGN candidates. Each of these galaxies contains
two nuclei separated by a few arcsec, both of which have

individual SDSS spectra. Due to the �nite size of SDSS
�bers (i.e., �ber collisions), two objects separated by
< 55" cannot both be spectroscopically observed unless
being on overlapping plates. We have corrected for this
spectroscopic incompleteness when calculating the fre-
quency of dual AGNs (Liu et al. 2011). Based on the
SDSS spectra, both nuclei in the candidates are opti-
cally classi�ed as Type 2 (i.e., obscured) AGNs accord-
ing to diagnostic ionization ratios of narrow emission
lines (Baldwin et al. 1981; Veilleux & Osterbrock 1987;

Kewley et al. 2001). However, optical diagnostic line ra-
tios only represent indirect evidence for dual AGNs; they
cannot conclusively rule out alternative scenarios for the
nature of the ionizing sources such as stellar/shock heat-
ing, and/or a pair of merging galaxy components ionized
by a single active nucleus.

It is generally thought that the X-ray band can pro-
vide more direct evidence for nuclear activity. In partic-
ular, hard X-rays (de�ned here as 2-10 keV) are trans-
parent to column densities of NH . 1024 cm�2, while
Compton-thick AGNs can be revealed at energies &10
keV (LaMassa et al. 2011; Lansbury et al. 2015; Nardini
2017).
We here present a new Chandra ACIS-S X-ray imag-

ing of �ve dual AGN candidates drawn from the parent
sample of 94 closely separated, dual AGN candidates
(Figure 1). Figure 2 shows their optical and X-ray im-
ages. Chandra 's high image quality (FWHM . 100) and
its capability of moderate spectral resolution imaging
spectroscopy in the X-rays make it ideal for assessing
the dual-AGN hypothesis. Unlike previous Chandra 's
searches for dual AGNs in galaxy pairs hosting single
AGNs (e.g., Teng et al. 2012), we target merging galax-

ies where both nuclei are [O III]-selected AGNs.
The paper is organized as follows. Section 2 describes

the target selection and their optical properties. Section

3 presents the new Chandra ACIS-S X-ray observations,
data reduction, and data analysis. Section 4 shows the
results on the X-ray luminosities and spectral proper-

ties, the X-ray contribution from star formation, and
the nature of the nuclear ionizing sources. Finally, we
discuss the implications of our results in Section 5 and
summarize the main conclusions in Section 6. Through-

out this paper, we assume a concordance cosmology with

m = 0:3, 
� = 0:7, and H0 = 70 km s

�1 Mpc�1, and
use the AB magnitude system (Oke 1974).

2. TARGET SELECTION AND OPTICAL

PROPERTIES

Our targets are drawn from a parent sample of 1286
spectroscopic AGN pairs with rp < 100 kpc and line-

of-sight velocity o�sets < 600 km s�1 selected from a
heterogenous sample of 138,070 optical AGNs from the
SDSS DR7. The optical AGN sample consists of 129,277
Type 2 (i.e., narrow-line) AGNs, 5,564 Type 1 (i.e.,
broad-line) AGNs, 3,117 Type 1 quasars, and 112 Type
2 quasars (Liu et al. 2011). The parent AGN pair sam-
ple is dominated by Type 2 AGNs whose optical narrow

emission-line ratios are characteristic of Seyferts, LIN-
ERs, and/or AGN-H II composites.
From the parent AGN pair sample, we select kpc-scale

dual AGN candidates by �rst requiring rp < 10 kpc. We
further select systems in which both nuclei have high
enough [O III] 
uxes to expect at least 50 hard (2-10
keV) X-ray counts in 15 ks for the weaker component
(see details below). We additionally exclude systems
with existing Chandra observations to avoid duplicate
observations (e.g., Mrk 266). For systems with simi-
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Fi g u r e 1. [ O I I I] fl u x v s. p r oj e c t e d s e p a r a ti o n r p f o r o u r fi v e
t a r g e t p ai r s a n d p a r e nt s a m pl e of 1 2 8 6 A G N p ai r s ( Li u e t al.
2 0 1 1 ) i n r e d t ri a n gl e s a n d bl a c k d o t s, r e s p e c ti v el y. O u r fi v e
t a r g e t s a r e s el e c t e d b y r e q ui ri n g r p < 1 0 k p c a n d b o t h n u cl ei
h a v e s u ffi ci e ntl y hi g h [ O I I I] fl u x e s. T h e v e r ti c al d a s h e d li n e
m a r k s t h e p o si ti o n of r p = 1 0 k p c.

l ar [ O I I I] fl u x e s, t ar g et s w hi c h ar e cl a s si fi e d a s S e yf ert s
b a s e d o n t h e B P T di a gr a m ar e pri oriti z e d o v er t h o s e
t h at ar e cl a s si fi e d a s A G N- H I I c o m p o sit e s t o m a xi mi z e
t h e pr o b a bilit y of X-r a y d et e cti o n s. T h er ef or e, o ur fi n al
t ar g et s a m pl e c o n si st s of fi v e d u al A G N c a n di d at e s. T h e

di stri b uti o n of o ur s a m pl e i s s h o w n i n Fi g ur e 1 . T a bl e s
1 a n d 2 li st t h eir b a si c p h ot o m etri c a n d s p e ctr o s c o pi c
p r o p erti e s. T h e st ell ar v el o cit y di s p er si o n w a s m e a s ur e d
b y fitti n g t h e h o st- g al a x y st ell ar c o nti n u u m u si n g t h e
p e n ali z e d Pi x el- Fitti n g ( p P X F) m et h o d ( C a p p ell ari &
E m s ell e m 2 0 0 4 ) ( s e e t h e A p p e n di x f or d et ail s). T h e t o-
t al st ell ar m a s s w a s gi v e n b y t h e M P A- J H U D R 7 c at al o g
f r o m fitti n g t h e p h ot o m etr y (K a u ff m a n n et al. 2 0 0 3 a ;
S ali m et al. 2 0 0 7 ). Fi g ur e 3 s h o w s t h e n arr o w e mi s si o n-
li n e r ati o s m e a s ur e d fr o m t h e S D S S s p e ctr a s u btr a ct e d

f or st ell ar c o nti n u a u si n g t h e p P X F fit s. It ill u str at e s
t h at t h e n u cl ei i n o ur t ar g et s ar e o pti c all y cl a s si fi e d a s
T y p e 2 S e yf ert s, LI N E R s, or A G N- H I I c o m p o sit e s.

3. O B S E R V A TI O N S, D A T A R E D U C TI O N, A N D
D A T A A N A L Y SI S

3. 1. C h a n d r a A CI S X- r a y I m a gi n g S p e ct r o s c o p y

We o b s er v e d t h e fi v e d u al- A G N c a n di d at e s wit h t h e
A CI S- S o n b o ar d t h e C h a n d r a X-r a y O b s er v at or y b e-
t w e e n 2 0 1 2 D e c e m b er a n d 2 0 1 3 A pril ( Pr o gr a m G O-
1 4 7 0 0 2 6 4, PI: X. Li u). All t ar g et s w er e o b s er v e d o n- a xi s
o n t h e S 3 c hi p, 5. 2 t o 1 5. 0 a w a y fr o m t h e ai m p oi nt.

E a c h t ar g et w a s o b s er v e d f or 1 5 k s ( T a bl e 3 ). T h e e x p o-
s ur e ti m e w a s s et t o o bt ai n ∼ 5 0 c o u nt s i n t h e 2 – 1 0 k e V
r a n g e fr o m t h e [ O I I I] w e a k er n u cl e u s i n e a c h m er g er, al-
t h o u g h t h e e sti m at e w a s t o o o pti mi sti c. We e sti m at e d
t h e X-r a y c o u nt s fr o m t h e [ O I I I] l u mi n o sit y f or e a c h n u-
cl e u s ( c orr e ct e d f or [ O I I I] e mi s si o n d u e t o st ar f or m ati o n
i n A G N- H I I c o m p o sit e s ( K a u ff m a n n & H e c k m a n 2 0 0 9 )),
a s s u mi n g a n e m piri c al c orr el ati o n b et w e e n t h e 2 – 1 0 k e V
( u n a b s or b e d) a n d [ O I I I] l u mi n o siti e s. M e a s ur e m e nt s of
L 2 − 1 0 k e V / L [ O I I I] f or o pti c all y s el e ct e d T y p e 2 A G N s
s p a n a wi d e r a n g e ( M ul c h a e y et al. 1 9 9 4 ; H e c k m a n et al.
2 0 0 5 ; P a n e s s a et al. 2 0 0 6 ), wit h v al u e s fr o m a f e w t o a
f e w h u n dr e d. F or t h e b a s eli n e a s s u m pti o n, w e a d o pt e d
t h e m e a n c ali br ati o n of P a n e s s a et al. (2 0 0 6 ) gi v e n b y,

l o g
L 2 − 1 0 k e V

er g s − 1
= ( 1 .2 2 ± 0 .0 6) l o g

L [ O I I I]

er g s − 1
+( − 7 .3 4 ± 2 .5 3) ,

( 1)

w h er e t h e [ O I I I] l u mi n o siti e s h a v e b e e n c orr e ct e d f or
t h e G al a cti c a n d i ntri n si c N L R e xti n cti o n b y u si n g t h e
B al m er d e cr e m e nt m et h o d vi a H α / H β r ati o. We a c-

c o u nt e d f or s y st e m ati c u n c ert ai nti e s u si n g t h e H e c k-
m a n et al. (2 0 0 5 ) r el ati o n b a s e d o n o pti c all y s el e ct e d
( si n gl e) T y p e 2 A G N s.  A n X-r a y p o w er-l a w s p e c-
tr u m w a s a s s u m e d wit h a n a b s or bi n g c ol u m n d e n sit y

N H = 1 0 2 2 c m − 2 (t y pi c al f or o ur t ar g et s f or w hi c h
e n o u g h c o u nt s w er e d et e ct e d f or s p e ctr al a n al y si s ( s e e
b el o w) a n d f or T y p e 2 S e yf ert s; B a s s a ni et al. 1 9 9 9 ) a n d

a p h ot o n i n d e x Γ = 1 .7 (t y pi c al f or u n a b s or b e d S e yf ert s;
Gr e e n et al. 2 0 0 9 ).

We r e pr o c e s s e d t h e d at a u si n g CI A O v 4. 8 a n d t h e
c orr e s p o n di n g c ali br ati o n fil e s f oll o wi n g st a n d ar d pr o-

c e d ur e 1 . We e x a mi n e d t h e li g ht c ur v e of e a c h o b s er-
v ati o n a n d f o u n d n o ti m e i nt er v al of hi g h b a c k gr o u n d.
We pr o d u c e d c o u nt s a n d e x p o s ur e m a p s wit h t h e ori gi-

n al pi x el s c al e ( 0 . 4 9 2 pi x el − 1 ) i n t h e 0. 5 – 2 k e V ( S ), 2 – 8
k e V ( H ), a n d 0. 5 – 8 k e V ( F ) b a n d s. T h e e x p o s ur e m a p s
w er e w ei g ht e d b y t h e a b o v e fi d u ci al i n ci d e nt s p e ctr u m.

F oll o wi n g t h e s o ur c e d et e cti o n pr o c e d ur e d et ail e d i n
W a n g (2 0 0 4 ) a n d H o u et al. (2 0 1 7 ), w e d et e ct X-r a y
s o ur c e s i n t h e S , H a n d F b a n d s i n e a c h i m a g e. Wit h
a l o c al f al s e d et e cti o n pr o b a bilit y P ≤ 1 0 − 6 ( e m pir-
i c all y yi el di n g ∼ 0. 1 f al s e d et e cti o n p er fi el d), w e d e-
t e ct e d a t ot al of 1 2 4 s o ur c e s i n t h e fi el d- of- vi e w c o v-
er e d b y t h e S 3 a n d S 2 C C D s.  F or e a c h d et e ct e d
s o ur c e, w e d eri v e d b a c k gr o u n d- s u btr a ct e d a n d e x p o s ur e
m a p- c orr e ct e d c o u nt r at e s i n e a c h i n di vi d u al b a n d fr o m
wit hi n t h e 9 0 % e n cl o s e d- e n er g y r a di u s ( E E R), t a ki n g
i nt o a c c o u nt t h e p o siti o n- d e p e n d e nt p oi nt- s pr e a d f u n c-
ti o n a n d t h e l o c al b a c k gr o u n d.

1 ht t p: / / c x c. h a r v a r d. e d u / ci a o /
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J0907+5203
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J0805+2818

5.6 kpc (2."4)
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a

J1330-0036
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J1058+3144

4.1 kpc (2."9)
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J1544+0446

3.4 kpc (4."1)

b

a

Figure 2. SDSS gri-color composite, Chandra 0.5{8 keV, 0.5{2 keV, and 2{8 keV images of the �ve [O III]-selected dual-AGN
candidates. Each panel is 5000 � 5000. North is up and east is to the left. The targets are ordered with decreasing projected
separation (as labeled, with angular distance in parenthesis) from top to bottom. Magenta circles denote positions of the optical
nuclei whereas green circles represent the 90% EER of the detected X-ray sources. Table 1 lists their basic properties.
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Table 1. [O III]-Selected Dual AGN Candidates with New Chandra ACIS-S X-ray Observations.

Full Name Name Redshift rp Plate Fiber ID MJD mr �� logMBH logM�

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

J090714.45+520343.4 J0907+5203a 0.0596 8.9 553 208 51999 16.27 177 7.9 10.6

J090714.61+520350.7 J0907+5203b 0.0602 8.9 552 603 51992 16.95 132 7.4 10.3

J080523.29+281815.8 J0805+2818a 0.1284 5.6 929 570 52581 15.99 316 9.0 11.2

J080523.40+281814.1 J0805+2818b 0.1286 5.6 930 285 52618 18.18 169 7.8 9.8

J133031.75�003611.9 J1330�0036a 0.0542 4.4 298 264 51955 18.36 72 6.2 8.8

J133032.00�003613.5 J1330�0036b 0.0542 4.4 297 61 51959 15.17 153 7.6 10.7

J105842.44+314457.6 J1058+3144a 0.0728 4.1 1990 342 53472 17.27 101 6.9 10.0

J105842.58+314459.8 J1058+3144b 0.0723 4.1 2026 17 53711 15.79 159 7.7 10.9

J154403.45+044607.5 J1544+0446a 0.0420 3.4 2950 278 54559 17.82 153 7.6 9.8

J154403.67+044610.1 J1544+0446b 0.0416 3.4 1836 586 54567 14.21 201 8.1 11.1

Note|(1) SDSS names with J2000 coordinates given in the form of \hhmmss.ss+ddmmss.s"; (2) Abbreviated Name,
a and b for each dual AGN candidate are ordered with R.A.; (3) Spectroscopic redshift from the SDSS DR7; (4)
Projected physical separation of dual AGN in each pair, in units of kpc; (5)-(7) SDSS spectroscopic plate number,
�ber ID, and Modi�ed Julian Date; (8) SDSS r-band model magnitude; (9) Stellar velocity dispersion provided in the
MPA-JHU DR7 catalog, in units of km s�1; (10) Black hole mass estimate inferred from �� assuming the MBH-��
relation of G�ultekin et al. (2009), in units of M�; (11) Total stellar mass from �ts to the photometry provided in
the MPA-JHU DR7 catalog (Salim et al. 2007), in units of M�.

Table 2. Optical Emission-line Properties of the Five [O III]-Selected Dual AGN Candidates.

Name H� H� [O III] [N II] [S II] [O I]
[O III]
H�

[N II]
H�

[S II]
H�

[O I]
H�

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

J0907+5203a 98:8� 70:9 361:6� 81:5 632:4� 141:8 213:0� 81:5 172:8� 80:2 69:1� 67:4 6:4� 4:8 0:6� 0:3 0:5� 0:2 0:2� 0:2
J0907+5203b 130:9� 29:9 581:7� 40:6 492:3� 49:1 348:1� 36:3 296:2� 33:2 98:0� 25:6 3:8� 0:9 0:6� 0:1 0:5� 0:1 0:2� 0:0
J0805+2818a 390:0� 102:2 1578:6� 180:2 3808:5� 266:3 1023:7� 161:4 554:2� 135:7 249:4� 72:6 9:8� 2:6 0:6� 0:1 0:4� 0:1 0:2� 0:0
J0805+2818b 52:7� 43:0 150:4� 40:2 360:1� 103:3 201:1� 60:3 74:6� 70:1 29:3� 40:2 6:8� 5:9 1:3� 0:5 0:5� 0:5 0:2� 0:3
J1330�0036a 111:6� 8:2 398:8� 49:3 264:2� 12:2 182:0� 10:2 146:1� 56:9 28:5� 46:9 2:4� 0:2 0:5� 0:1 0:4� 0:1 0:1� 0:1
J1330�0036b 367:6� 144:1 1568:2� 227:7 1120:1� 251:0 1426:4� 218:5 539:2� 151:3 110:7� 106:9 3:0� 1:4 0:9� 0:2 0:3� 0:1 0:1� 0:1
J1058+3144a 129:7� 15:3 377:3� 50:1 228:2� 30:0 239:2� 20:8 132:9� 51:0 25:9� 38:8 1:8� 0:3 0:6� 0:1 0:4� 0:1 0:1� 0:1
J1058+3144b 238:7� 83:8 921:0� 127:2 759:7� 145:9 762:2� 117:9 316:4� 85:6 64:2� 62:1 3:2� 1:3 0:8� 0:2 0:3� 0:1 0:1� 0:1
J1544+0446a 46:1� 38:5 209:1� 40:6 153:7� 57:7 613:8� 68:4 238:2� 54:4 97:9� 44:9 3:3� 3:1 2:9� 0:7 1:1� 0:3 0:5� 0:2
J1544+0446b 165:8� 62:6 749:4� 122:0 285:9� 85:7 643:3� 105:5 364:2� 86:3 105:7� 65:9 1:7� 0:8 0:9� 0:2 0:5� 0:1 0:1� 0:1

Note|(2)-(7) Optical emission-line 
uxes and 1� uncertainties in units of 10�17 erg s�1 cm�2 ; (8)-(11) Optical diagnostic emission-line ratios and 1� uncertainties
estimated from error propagation.
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Fi g u r e 3. O p ti c al di a g n o s ti c e mi s si o n-li n e r a ti o s ( B al d wi n e t al. 1 9 8 1 ; Veill e u x & O s t e r b r o c k 1 9 8 7 ) of t h e 1 0 n u cl ei i n o u r
fi v e d u al A G N c a n di d a t e s ( c ol o r e d s oli d s y m b ol s ) a n d of t h e t w o n u cl ei i n M r k 2 6 6 ( r e d c r o s s e s ). G r a y s c al e s i n di c a t e n u m b e r
d e n si ti e s of S D S S D R 4 e mi s si o n-li n e g al a xi e s ( K a u ff m a n n e t al. 2 0 0 3 b ). T h e d a s h e d c u r v e d e n o t e s t h e e m pi ri c al s e p a r a ti o n
b e t w e e n H I I r e gi o n s a n d A G N s ( K a u ff m a n n e t al. 2 0 0 3 b ), t h e s oli d c u r v e di s pl a y s t h e t h e o r e ti c al “ s t a r b u r s t li mi t ” ( K e wl e y e t al.
2 0 0 1 ), a n d t h e s oli d li n e r e p r e s e nt s t h e e m pi ri c al di vi si o n b e t w e e n S e yf e r t s a n d LI N E R s ( K e wl e y e t al. 2 0 0 6 ). P u r e s t a r-f o r mi n g
( “ S F ” ) g al a xi e s li e b el o w t h e d a s h e d c u r v e, A G N- d o mi n a t e d o bj e c t s ( S e yf e r t s a b o v e a n d LI N E R s b el o w t h e s oli d li n e ) li e a b o v e
t h e s oli d c u r v e, a n d A G N- H I I c o m p o si t e s li e i n b e t w e e n.

T a bl e 3. C h a n d r a O b s e r v a ti o n s of t h e Fi v e [ O I I I]- S el e c t e d D u al A G N T a r g e t s.

N a m e  O b sI D  E x p.  C o u nt s  C R  C R 1  C R 2  H R  Γ  N H

( 1 ) ( 2 ) ( 3 ) ( 4 ) ( 5 ) ( 6 ) ( 7 ) ( 8 ) ( 9 ) ( 1 0 )

J 0 9 0 7 + 5 2 0 3 a 1 4 9 6 5 1 4. 5 3 3. 9 2 .7 6 ± 0 .4 4 0 .3 3 ± 0 .1 5 2 .4 3 ± 0 .4 2 0 .7 6 + 0 .1 2
− 0 .1 0 - -

J 0 9 0 7 + 5 2 0 3 b * 1 4 9 6 5 1 4. 5 1 0 8. 9 7 .6 3 ± 0 .7 3 1 .5 7 ± 0 .3 2 6 .0 6 ± 0 .6 6 0 .5 6 + 0 .0 8
− 0 .0 7 1 .4 3 + 0 .8 4

− 0 .7 5 2 .6 + 1 .5
− 1 .1

J 0 8 0 5 + 2 8 1 8 a 1 4 9 6 4 1 4. 0 2 8. 9 2 .0 4 ± 0 .3 8 1 .1 6 ± 0 .2 8 0 .8 9 ± 0 .2 6 − 0 .1 7 + 0 .1 8
− 0 .1 9 - -

J 0 8 0 5 + 2 8 1 8 b 1 4 9 6 4 1 4. 0 < 1 2. 4 < 0. 8 7 < 0. 8 8 < 0. 4 5 - - -

J 1 3 3 0 − 0 0 3 6 a 1 4 9 6 7 1 4. 9 < 8. 4 < 0. 5 7 < 0. 4 3 < 0. 5 9 - - -

J 1 3 3 0 − 0 0 3 6 b 1 4 9 6 7 1 4. 9 1 5. 9 1 .0 5 ± 0 .2 7 0 .5 7 ± 0 .1 9 0 .4 8 ± 0 .1 8 − 0 .1 3 + 0 .2 7
− 0 .2 8 - -

J 1 0 5 8 + 3 1 4 4 a 1 4 9 6 6 1 4. 5 < 1 2. 1 < 0. 8 1 < 0. 7 2 < 0. 5 7 - - -

J 1 0 5 8 + 3 1 4 4 b * 1 4 9 6 6 1 4. 5 7 9. 8 5 .9 9 ± 0 .6 6 0 .2 6 ± 0 .1 3 5 .7 3 ± 0 .6 4 0 .9 1 + 0 .0 5
− 0 .0 4 1 .1 3 + 1 .6 4

− 1 .5 0 6 .4 + 6 .3
− 4 .5

J 1 5 4 4 + 0 4 4 6 a 1 4 9 6 8 1 4. 9 5. 8 0 .3 8 ± 0 .1 6 0 .3 2 ± 0 .1 4 < 0. 5 8 − 0 .6 2 + 0 .0 9
− 0 .3 8 - -

J 1 5 4 4 + 0 4 4 6 b * 1 4 9 6 8 1 4. 9 4 9. 9 3 .9 3 ± 0 .5 2 0 .4 5 ± 0 .1 7 3 .4 8 ± 0 .4 9 0 .7 6 + 0 .1 0
− 0 .0 8 1 .6 6 + 1 .4 7

− 1 .3 5 3 .9 + 3 .2
− 2 .7

N o t e — * r e p r e s e nt t h e t a r g e t s wi t h s u ffi ci e nt n e t c o u nt s f o r s p e c t r al a n al y si s ( s e e S e c ti o n 3. 2 ). ( 2 ) C h a n d r a o b s e r v a ti o n
I D; ( 3 ) C h a n d r a e ff e c ti v e e x p o s u r e, i n u ni t s of k s; ( 4 ) O b s e r v e d n e t c o u nt s i n 0. 5- 8 k e V b a n d; ( 5 )- ( 7 ) O b s e r v e d c o u nt
r a t e i n 0. 5- 8 ( F ), 0. 5- 2 ( S ) a n d 2- 8 ( H ) k e V b a n d s, i n u ni t s of 1 0 − 3 c o u nt s s − 1 ; ( 8 ) H a r d n e s s r a ti o, d e fi n e d a s H R
= ( H − S ) / ( H + S ); ( 9 ) B e s t- fi t t e d p h o t o n i n d e x of a p o w e r-l a w m o d el; ( 1 0 ) B e s t- fi t t e d i nt ri n si c c ol u m n d e n si t y of a
p o w e r-l a w m o d el, i n u ni t s of 1 0 2 2 c m − 2 .

Fi g ur e 2 s h o w s t h e A CI S i m a g e s of t h e fi v e t ar g et s
i n t h e F , S a n d H b a n d s. T a bl e 3 s u m m ari z e s t h e X-
r a y m e a s ur e m e nt s. Gi v e n t h e l o w c o u nt l e v el s, w e d o
n ot a p pl y a n y s m o ot hi n g t o a v oi d artif a ct s. A s w e will
s h o w i n S e cti o n 4. 1 , o ur t ar g et s ar e si g ni fi c a ntl y w e a k er

h ar d X-r a y e mitt er s t h a n t h o s e pr e di ct e d fr o m b ot h t h e
P a n e s s a et al. (2 0 0 6 ) a n d H e c k m a n et al. (2 0 0 5 ) r el ati o n s
b a s e d o n si n gl e o pti c all y s el e ct e d A G N s, r e s ulti n g i n f ar
f e w er c o u nt s t h a n e x p e ct e d. S e v e n of t h e t e n n u cl ei i n

o ur t ar g et s w er e d et e ct e d i n t h e F - b a n d. Si x n u cl ei w er e
d et e ct e d i n b ot h S a n d H b a n d s, w h er e a s o n e n u cl e u s
( J 1 5 4 4 + 0 4 4 6 a) w a s d et e ct e d i n t h e S b a n d o nl y. T hr e e
n u cl ei ( J 0 8 0 5 + 2 8 1 8 b, J 1 3 3 0 − 0 0 3 6 a a n d J 1 0 5 8 + 3 1 4 4 a)
w er e u n d et e ct e d i n t h e X-r a y s.

3. 2. S p e ct r al A n al y si s a n d H a r d n e s s R ati o

T hr e e of t h e s e v e n X-r a y d et e ct e d n u cl ei h a v e s u ffi-
ci e nt n et c o u nt s ( ≥ 5 0) f or s p e ctr al a n al y si s. F or t h e s e

n u cl ei, w e e xtr a ct e d s p e ctr a fr o m wit hi n t h e 9 0 % E E R of
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each source of interest using the CIAO tool specextract
and built the Response Matrix Files (RMFs) and An-
cillary Response Files (ARFs); the corresponding back-
ground spectrum was extracted typically between two
to �ve times the 90% EER. For nucleus J1544+0446b,
with the other X-ray detected nucleus located in the
background extraction region given the small projected
nuclear separation (4.100), we further removed the 90%
EER of this other nucleus from the background to elim-
inate its contamination. We �t each spectrum with an
absorbed power-law model. Due to the low net counts,
we adopted the C-statistic (a Poisson log-likelihood
function, taking into account the known Poisson back-
ground, pstat in XSpec) for the spectral �tting (Cash
1979). Figure 4 shows the �tted spectra. Table 3 lists
the spectral �tting results. The best-�t power-law spec-
tral index and the absorption column density are con-
sistent with Type-2 AGN for all three nuclei.
For the other four X-ray detected AGNs with < 50

net counts, we estimate their spectral properties using
hardness ratios (HR). The hardness ratio is de�ned as

HR � H �S
H + S

; (2)

where H and S are the number of counts in the hard and
soft X-ray bands, respectively. We adopt the Bayesian
Estimation of Hardness Ratios (BEHR; Park et al. 2006)

to measure the HRs and their uncertainties, which is
appropriate for the low count regime. Table 3 lists the
HR results.
For the three sources without X-ray detection and one

nucleus (J1544+0446a) without X-ray detection in H
band, we estimate the X-ray net counts 3� upper limit
using the CIAO tool aprate.

4. RESULTS

4.1. X-ray Luminosities

X-ray emission provides the most direct evidence for
nuclear activity. The 2{10 keV hard X-ray band is trans-
parent to column densities of NH . 1024 cm�2. To infer
X-ray luminosity, we assume a simple absorbed power-
law model. For the three nuclei with enough counts
for X-ray spectral analysis, we adopt the best-�t col-
umn density and photon index given in Table 3. For the
other seven nuclei without enough counts or without X-
ray detection, we assume a photon index of 1.7 and an
absorption column density NH = 10

22 cm�2. In Table

4 we list the unabsorbed/intrinsic X-ray luminosity or
upper limit of each nucleus in the total, soft, and hard
bands, respectively.
The adopted single absorbed power-law model is most

likely too simple for the X-ray spectra of obscured
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Figure 4. Spectra modeling for three X-ray detected nuclei
with > 50 net counts. The spectra have been grouped to
achieved a signal-to-noise ratio of 3. The �tted model is an
absorbed power law. The best-�t photon index and intrinsic
column density are listed in Table 3. For each nucleus the
lower panel shows the sigma of residuals.

AGNs, in which thermal emission from starburst com-
ponents and/or scattered nuclear emission are often
present (e.g., Turner et al. 1997a,b). However, the low
counts of our detections do not allow us to test more re-
alistic models. In addition, our estimates of the intrinsic
absorbing column may not necessarily re
ect the true
values in cases of patchy obscuration and/or signi�cant
scattering o� of an ionized medium in Compton-thick
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(i.e., NH � 1024 cm�2 or larger) AGNs [which repre-
sent about half of the local Type 2 Seyfert population
(Risaliti et al. 1999)], as observed in NGC 6240 (e.g.,
Vignati et al. 1999; Ptak et al. 2003) and in NGC 1068
(e.g., Matt et al. 1997; Guainazzi et al. 1999), although,
again, the quality of our data do not allow us to robustly
test these possibilities.
The seven X-ray detected nuclei have estimated un-

absorbed 0.5{8 keV luminosities ranging from 3:1 �
1040 erg s�1 to 4:1 � 1042 erg s�1. One nucleus
J1544+0446a is not detected in the hard band, and
the remaining six hard X-ray detected nuclei have esti-
mated unabsorbed 2{10 keV luminosities ranging from
9:0� 1040 erg s�1 to 4:0� 1042 erg s�1. Figure 5 shows
the comparison of [O III] luminosities (both observed
and extinction-corrected) and 2{10 keV X-ray luminosi-
ties (both observed and unabsorbed). The estimated
upper limits for the four hard X-ray undetected nuclei
range from 6:5 � 1040 erg s�1 to 5:1 � 1041 erg s�1 in
2{10 keV. These luminosity estimates are comparable
to or smaller than those of the previously known X-ray
con�rmed dual AGNs (e.g., Komossa et al. 2003; Ballo
et al. 2004; Hudson et al. 2006; Bianchi et al. 2008;

Mazzarella et al. 2012; Koss et al. 2011).

4.2. X-ray Contribution from Nuclear Starburst

The estimated intrinsic hard X-ray luminosities of our

targets are close to or below � 1042 ergs s�1 { the char-
acteristic upper limit for the most luminous star-forming
galaxies (e.g., Zezas et al. 2001). Hence it is possible
that much or all of the luminosity is due to star for-

mation. X-ray spectral shape o�ers another diagnostic
to discriminate between AGN and starburst scenarios.
However, the uncertainties of our spectral estimates are

too large to draw �rm conclusions for the majority of
the nuclei.
We use independent star formation rate (SFR) esti-

mates to test the AGN scenario for each nucleus. To
estimate the expected X-ray emission due to star forma-
tion within similar apertures used to perform our X-ray
extraction (typically a radius of 200), we use the SDSS
�ber SFR given by the MPA-JHU DR7 catalog (Salim
et al. 2007). For galaxies classi�ed as AGNs or compos-
ites according to the optical BTP diagram, which are
the case for our targets, the SFRs are estimated by con-
structing the likelihood distribution of the speci�c SFR
as a function of the 4000 �A break Dn(4000) based on the
star-forming sample (Brinchmann et al. 2004) multiplied

by the stellar mass.
To derive X-ray luminosites from the �ber SFRs, we

adopt the empirical calibration of Ranalli et al. (2003,
see also Grimm et al. 2003) based on 23 nearby star-

forming galaxies, which is given by

LSF0:5�2 keV = 4:5� 1039
SFR

M� yr�1
erg s�1; (3)

LSF2�10 keV = 5:0� 1039
SFR

M� yr�1
erg s�1; (4)

with an rms scatter of 0.27 dex and 0.29 dex. In Ta-
ble 4 we list the �ber SFR estimates and the derived
LSF0:5�2 keV and L

SF
2�10 keV estimates for each nucleus. Fig-

ure 6 compares the expected X-ray luminosities due to
star formation against the observed X-ray luminosities
in the soft and hard bands. In both bands, the predicted
X-ray contribution from star formation for the majority
of our targets' nuclei is below the observed X-ray lumi-
nosity, suggesting an additional excitation source from
the AGN. We caution, however, that there are signi�-
cant systematic uncertainties of our estimates of the ex-
pected X-ray luminosities due to star-formation-related
processes (e.g., uncertainties in the IMF, extinction cor-

rection; Liu et al. 2013).
We also test the contribution to hard X-ray luminos-

ity from low-mass X-ray binaries, which is proportional

to stellar mass (M�). Based on the LX �M� relations
from Gilfanov (2004) or Lehmer et al. (2010), the es-
timated contribution from stellar mass enclosed in the

SDSS �ber is negligible compared to the contribution
from star forming activity (typically < 10% and never
exceeding 30%).

4.3. Results on Individual Targets

4.3.1. SDSS J0907+5203

Both galaxies in the merger are optically classi�ed as
Type 2 Seyferts (Figure 3). Both nuclei were detected
in both soft and hard X-ray bands. The northern galaxy
(J0907+5203b) has enough counts for X-ray spectral
analysis, which suggests moderate nuclear obscuration,
with an estimated column density of NH�2:6+1:5�1:1 �
1022 cm�2. The spatial pro�les of the two nuclear X-

ray sources are consistent with the AGN scenarios for
both galaxies. For both galaxies, the expected star-
formation-induced X-ray luminosities are too low to ex-
plain the observed values in both soft and hard X-ray
bands (Figure 6), consistent with the dual AGN sce-
nario.

4.3.2. SDSS J0805+2818

The NW nucleus (J0805+2818a) in the merger is op-
tically classi�ed as a Type 2 Seyfert whereas the SE
nucleus (J0805+2818b) a Type 2 Seyfert or a LINER
(Figure 3). Only the NW nucleus was detected in both
soft and hard X-ray bands; the SE nucleus was detected

in neither. The host galaxy of the SE nucleus shows
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Fi g u r e 5. H a r d X- r a y l u mi n o si ti e s v s. [ O I I I] l u mi n o si ti e s. L ef t p a n el: o b s e r v e d 2- 1 0 k e V l u mi n o si t y v s. o b s e r v e d [ O I I I]
l u mi n o si t y. F o r c o m p a ri s o n, h a r d X- r a y s el e c t e d A G N s, [ O I I I] b ri g ht A G N s (H e c k m a n e t al. 2 0 0 5 ), o p ti c all y s el e c t e d T y p e 2
q u a s a r s ( P t a k e t al. 2 0 0 6 ) a n d d o u bl e- p e a k e d [ O I I I]- s el e c t e d d u al A G N s a m pl e of Li u e t al. ( 2 0 1 3 ) a r e s h o w n i n s k y bl u e s q u a r e s
( T y p e 1 s a s fill e d a n d T y p e 2 s a s o p e n ), g r e y ci r cl e s ( T y p e 1 s a s fill e d a n d T y p e 2 s a s o p e n ), g r e y o p e n u p w a r d t ri a n gl e s a n d
y ell o w h o u r gl a s s e s, r e s p e c ti v el y. T h e m e a n r el a ti o n f o r h a r d X- r a y s el e c t e d A G N s ( b o t h T y p e 1 a n d T y p e 2 ) a n d o p ti c all y
s el e c t e d T y p e 1 A G N s ( H e c k m a n e t al. 2 0 0 5 ), o p ti c all y s el e c t e d T y p e 2 A G N s ( H e c k m a n e t al. 2 0 0 5 ) a n d d o u bl e- p e a k e d [ O I I I]-
s el e c t e d d u al A G N s ( Li u e t al. 2 0 1 3 ) a r e s h o w n i n bl u e d a s h e d- d o t t e d- d o t t e d, g r e y d a s h e d a n d y ell o w d o t t e d li n e s. Ri g ht p a n el:
u n a b s o r b e d 2- 1 0 k e V l u mi n o si t y v s. e x ti n c ti o n- c o r r e c t e d [ O I I I] l u mi n o si t y. F o r c o m p a ri s o n, n e a r b y o p ti c all y s el e c t e d S e yf e r t
g al a xi e s ( P a n e s s a e t al. 2 0 0 6 ) a r e s h o w n i n g r e y ci r cl e s. T h e g r e y d a s h e d- d o t t e d li n e i s t h e m e a n r el a ti o n f o r mi x e d S e yf e r t s i n
n e a r b y g al a xi e s ( P a n e s s a e t al. 2 0 0 6 ) a n d t h e y ell o w d o t t e d li n e i s t h a t f o r d o u bl e- p e a k e d [ O I I I] s el e c t e d d u al A G N s (Li u e t al.
2 0 1 3 ).

T a bl e 4. X- r a y L u mi n o si t y of t h e Fi v e [ O I I I]- S el e c t e d D u al A G N T a r g e t s.

N a m e l o g L X , 0 .5 − 8 l o gL X, 0 .5 − 2 l o gL X , 2 − 1 0 l o gL X , 2 − 1 0 ,o b s l o gL [ O I I I],o b s l o gL [ O I I I],c o r S F R l o g L S F
0 .5 − 2 l o gL S F

2 − 1 0

( 1 ) ( 2 ) ( 3 ) ( 4 ) ( 5 ) ( 6 ) ( 7 ) ( 8 ) ( 9 ) ( 1 0 )

J 0 9 0 7 + 5 2 0 3 a 4 1 .6 7 + 0 .0 8
− 0 .0 6 4 0 .6 8 + 0 .2 6

− 0 .1 6 4 1 .7 5 + 0 .0 8
− 0 .0 7 4 1 .7 1 + 0 .0 8

− 0 .0 7 4 0 .7 6 + 0 .0 9
− 0 .1 1 4 0 .9 4 + 0 .0 9

− 0 .1 1 0 .5 9 + 1 .6 1
− 0 .5 2 3 9 .4 2 + 0 .5 7

− 0 .9 4 3 9 .4 7 + 0 .5 7
− 0 .9 4

J 0 9 0 7 + 5 2 0 3 b * 4 2 .3 5 + 0 .0 4
− 0 .0 4 4 1 .8 9 + 0 .1 0

− 0 .0 8 4 2 .2 7 + 0 .0 5
− 0 .0 4 4 2 .2 0 + 0 .0 5

− 0 .0 4 4 0 .6 6 + 0 .0 4
− 0 .0 5 4 0 .9 8 + 0 .0 4

− 0 .0 5 1 .2 8 + 2 .9 5
− 0 .9 4 3 9 .7 6 + 0 .5 2

− 0 .5 8 3 9 .8 1 + 0 .5 2
− 0 .5 8

J 0 8 0 5 + 2 8 1 8 a 4 2 .2 4 + 0 .0 9
− 0 .0 7 4 1 .9 2 + 0 .1 2

− 0 .0 9 4 2 .0 1 + 0 .1 5
− 0 .1 1 4 1 .9 7 + 0 .1 5

− 0 .1 1 4 2 .2 7 + 0 .0 3
− 0 .0 3 4 2 .5 3 + 0 .0 3

− 0 .0 3 1 1 .6 8 + 1 5 .9 0
− 6 .9 5 4 0 .7 2 + 0 .3 7

− 0 .3 9 4 0 .7 7 + 0 .3 7
− 0 .3 9

J 0 8 0 5 + 2 8 1 8 b < 4 1 .8 7 < 4 1 .8 1 < 4 1 .7 1 < 4 1 .6 8 4 1 .2 5 + 0 .1 1
− 0 .1 5 4 1 .2 5 + 0 .1 1

− 0 .1 5 2 .2 4 + 3 .3 1
− 1 .3 8 4 0 .0 0 + 0 .3 9

− 0 .4 1 4 0 .0 5 + 0 .3 9
− 0 .4 1

J 1 3 3 0 − 0 0 3 6 a < 4 0 .9 0 < 4 0 .7 1 < 4 1 .0 5 < 4 1 .0 1 4 0 .2 9 + 0 .0 2
− 0 .0 2 4 0 .4 5 + 0 .0 2

− 0 .0 2 0 .3 5 + 0 .4 9
− 0 .2 1 3 9 .2 0 + 0 .3 8

− 0 .3 9 3 9 .2 4 + 0 .3 8
− 0 .3 9

J 1 3 3 0 − 0 0 3 6 b 4 1 .1 6 + 0 .1 3
− 0 .1 0 4 0 .8 4 + 0 .1 8

− 0 .1 3 4 0 .9 6 + 0 .2 1
− 0 .1 4 4 0 .9 2 + 0 .2 1

− 0 .1 4 4 0 .9 2 + 0 .0 9
− 0 .1 1 4 1 .2 1 + 0 .0 9

− 0 .1 1 3 .9 8 + 6 .6 9
− 2 .5 7 4 0 .2 5 + 0 .4 3

− 0 .4 5 4 0 .3 0 + 0 .4 3
− 0 .4 5

J 1 0 5 8 + 3 1 4 4 a < 4 1 .3 2 < 4 1 .2 0 < 4 1 .3 0 < 4 1 .2 6 4 0 .5 0 + 0 .0 5
− 0 .0 6 4 0 .5 1 + 0 .0 5

− 0 .0 6 1 .9 5 + 2 .7 3
− 1 .1 9 3 9 .9 4 + 0 .3 8

− 0 .4 1 3 9 .9 9 + 0 .3 8
− 0 .4 1

J 1 0 5 8 + 3 1 4 4 b * 4 2 .6 1 + 0 .0 5
− 0 .0 5 4 2 .1 2 + 0 .3 1

− 0 .1 8 4 2 .6 1 + 0 .0 5
− 0 .0 5 4 2 .4 7 + 0 .0 5

− 0 .0 5 4 1 .0 2 + 0 .0 8
− 0 .0 9 4 1 .2 4 + 0 .0 8

− 0 .0 9 2 .4 4 + 5 .3 3
− 1 .7 5 4 0 .0 4 + 0 .5 0

− 0 .5 5 4 0 .0 9 + 0 .5 0
− 0 .5 5

J 1 5 4 4 + 0 4 4 6 a 4 0 .4 9 + 0 .2 4
− 0 .1 5 4 0 .3 5 + 0 .2 6

− 0 .1 6 < 4 0 .8 1 < 4 0 .7 7 3 9 .8 2 + 0 .1 4
− 0 .2 0 4 0 .1 6 + 0 .1 4

− 0 .2 0 0 .3 7 + 1 .0 9
− 0 .3 4 3 9 .2 2 + 0 .5 9

− 1 .0 7 3 9 .2 7 + 0 .5 9
− 1 .0 7

J 1 5 4 4 + 0 4 4 6 b * 4 1 .8 7 + 0 .0 6
− 0 .0 5 4 1 .4 3 + 0 .2 1

− 0 .1 4 4 1 .7 5 + 0 .0 7
− 0 .0 6 4 1 .6 3 + 0 .0 7

− 0 .0 6 4 0 .0 8 + 0 .1 1
− 0 .1 5 4 0 .4 2 + 0 .1 1

− 0 .1 5 0 .9 1 + 2 .2 7
− 0 .7 2 3 9 .6 1 + 0 .5 4

− 0 .6 8 3 9 .6 6 + 0 .5 4
− 0 .6 8

N o t e — ( 2 )- ( 4 ) U n a b s o r b e d l u mi n o si t y i n 0. 5- 8 ( F ), 0. 5- 2 ( S ) a n d 2- 1 0 k e V b a n d s. T h e l u mi n o si t y of t a r g e t s wi t h * a r e d e ri v e d f r o m t h e fi t t e d s p e c t r u m,
w hil e t h e o t h e r s a r e c o n v e r t e d b y a s s u mi n g a n a b s o r b e d p o w e r-l a w wi t h a p h o t o n i n d e x of 1. 7 a n d a n a b s o r p ti o n c ol u m n d e n si t y N H = 1 0 2 2 c m − 2 ; ( 5 )
O b s e r v e d l u mi n o si t y i n 2- 1 0 k e V b a n d s; ( 6 )- ( 7 ) O b s e r v e d a n d e x ti n c ti o n- c o r r e c t e d [ O I I I ] l u mi n o si t y; ( 8 ) Fi b e r s t a r f o r m a ti o n r a t e i n u ni t s of M y r − 1

gi v e n b y t h e M P A- J H U D R 7 c a t al o g i nf e r r e d f r o m D n ( 4 0 0 0 ); ( 9 )- ( 1 0 ) 0. 5- 2 ( S ) a n d 2- 1 0 k e V b a n d s X- r a y l u mi n o si ti e s d u e t o s t a r f o r m a ti o n.
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Figure 6. X-ray luminosities vs. the expected contribution from star-formation-related processes. Left panel for soft band and
right panel for hard band. The solid line shows the equality relation. Also shown for comparison (in yellow hourglasses) are the
double-peaked [O III]-selected dual AGN sample of Liu et al. (2013).
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strong Balmer absorption features in the SDSS spec-
trum characteristic of post-starburst galaxies (Figure 7).
For the NW nucleus, both the spatial pro�le of the X-
ray source and the comparison between the observed to
the expected star-formation-induced X-ray luminosities
(Figure 6) are consistent with the AGN scenario. For
the SE nucleus, on the other hand, the upper limits of
the X-ray luminosities (Figure 6) are still consistent with
the presence of an additional AGN, although the possi-
bility that one AGN in the NW nucleus ionizes gas in
both galaxies cannot be ruled out.

4.3.3. SDSS J1330�0036

The NW nucleus (J1330�0036a) in the merger is op-
tically classi�ed as an H II/AGN composite whereas the
SE nucleus (J1330�0036b) a Type 2 Seyfert (Figure3).
Only the SE nucleus was detected in both soft and hard
X-ray bands; the NW nucleus was not detected in ei-

ther. The host galaxy of the NW nucleus shows strong
Balmer absorption features in the SDSS spectrum char-
acteristic of post-starburst galaxies (Figure 7). For the

SE nucleus, the observed X-ray luminosities are similar
to those expected from star-formation-induced X-ray lu-
minosities (Figure 6), although an additional AGN com-
ponent cannot be ruled out given signi�cant uncertain-

ties in the estimates. For the NW nucleus, on the other
hand, the upper limits of the X-ray luminosities (Figure
6) are still consistent with the presence of an additional

AGN, although the possibility that one AGN in the SE
nucleus ionizes gas in both galaxies cannot be ruled out.

4.3.4. SDSS J1058+3144

The SW nucleus (J1058+3144a) in the merger is op-

tically classi�ed as an H II/AGN composite whereas the
NE nucleus (J1058+3144b) a Type 2 Seyfert (Figure 3).
Only the NE nucleus was detected in both soft and hard
X-ray bands; the SW nucleus was not detected in either.
The NE nucleus has enough counts for X-ray spectral
analysis, which suggests moderate nuclear obscuration,
with an estimated column density of NH�6:4+6:3�4:5�1022
cm�2. For the NE nucleus, both the spatial pro�le of the
X-ray source and the comparison between the observed
to the expected star-formation-induced X-ray luminosi-
ties (Figure 6) are consistent with the AGN scenario.
For the SW nucleus, on the other hand, the upper limits
of the X-ray luminosities (Figure 6) are still consistent
with the presence of an additional AGN, although the

possibility that one AGN in the NE nucleus ionizes gas
in both galaxies cannot be ruled out.

4.3.5. SDSS J1544+0446

The SW nucleus (J1544+0446a) in the merger is op-
tically classi�ed as a LINER whereas the NE nucleus

(J1544+0446b) a LINER, Type 2 Seyfert or compos-
ite (Figure 3). The NE nucleus was detected in both
soft and hard X-ray bands; the SW nucleus was de-
tected only in the soft X-ray band. The NE nucleus has
enough counts for X-ray spectral analysis, which sug-
gests moderate nuclear obscuration, with an estimated
column density of NH�3:9+3:2�2:7�1022 cm�2. For the NE
nucleus, both the spatial pro�le of the X-ray source and
the comparison between the observed to the expected
star-formation-induced X-ray luminosities (Figure 6) are
consistent with the AGN scenario. An additional AGN
component is likely also for the SW nucleus because
the observed soft X-ray luminosity is signi�cantly larger
than that expected from star-formation-related activity,
despite signi�cant uncertainties.

It is noteworthy that those target galaxies without X-
ray detection tend to have a blue color in the composite

SDSS image (Figure 2). These seem to be relatively
small galaxies with young stellar populations. One pos-
sibility is that the X-ray emission from these galaxies is

dominated by star formation and they are more likely to
host a dwarf SMBH which is harder to detect. Whether
this is a de�nitive trend can only be answered with a

sizable sample of close pairs.
In summary, the new Chandra X-ray observa-

tions support the dual-AGN scenario for two of our
�ve [O III]-selected targets (SDSS J0907+5203 and

SDSS J1544+0446). For the other three targets
(SDSS J0805+2818, SDSS J1330�0036, and SDSS
J1058+3144), the existing data are still consistent with

the dual-AGN scenario, although the possibility of only
one AGN ionizing both components in the mergers can-
not be ruled out.

5. DISCUSSION

5.1. Systematically Smaller X-ray-to-[O III]-luminosity
Ratio in Dual AGNs than in Single AGNs

Figure 5 shows the relation between the hard X-ray
luminosity and the [O III] luminosity for each nucleus in
our targets. We compare the X-ray-to-[O III]-luminosity
ratio of our new targets studied in this work to those ob-
served in both single AGNs and dual AGNs systemati-
cally selected from double-peaked [O III] emission lines
Liu et al. (2010a, see also Wang et al. 2009; Smith
et al. 2010; Ge et al. 2012; Lyu & Liu 2016; Yuan
et al. 2016). We examine both the relation between
the observed hard X-ray luminosity LX;2�10 keV;observed
and the observed [O III] luminosity L[O III];observed, and
that between the unabsorbed hard X-ray luminosity
LX;2�10 keV;unabsorbed and the extinction-corrected [O III]
luminosity L[O III];extinction�corrected. We use the appro-
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priate comparison samples for the two cases separately,
because usually either the observed or the corrected lu-
minosity is available in any given literature sample.
For the LX;2�10 keV;observed-L[O III];observed relation

(left panel of Figure 5), the comparison samples in-
clude 47 hard X-ray (3{20 keV) selected local AGNs
and 55 optically selected local [O III]-bright AGNs (Xu
et al. 1999; Whittle 1992) studied by Heckman et al.
(2005), and 8 optically selected Type 2 quasars from
Ptak et al. (2006) at redshifts z�0.3{0.8. Heckman
et al. (2005) showed that single, optically selected Type
2 AGNs (the grey dashed line) have systematically lower
LX;2�10 keV;observed (by an average of 1.0 dex) at a given
L[O III];observed than hard X-ray selected AGNs (both
Type 1 and Type 2) and optically selected Type 1 AGNs
(the blue dashed-dotted-dotted line), as expected for
heavily absorbed AGNs (see also Mulchaey et al. 1994;
Panessa et al. 2006). Liu et al. (2013) has shown that
the four dual AGNs (individually as the yellow stand-

ing glasses and collectively as the yellow dotted line)
selected from the parent sample of Type 2 AGNs with
double-peaked [O III] emission lines (Liu et al. 2010b)
have systematically smaller LX=L[O III] (observed) ra-

tios (by � 0:8� 0:2 dex on average) than even optically
selected single Type 2 AGNs. Our new targets seem
to have X-ray-to-[O III]-luminosity ratios that are on

average in between that observed in single, optically
selected Type 2 AGNs and that observed in the dual
AGNs selected from double-peaked [O III] emission lines

(with some ambiguities and uncertainties due to the
upper limits of several measurements).
A similar trend is also seen in the LX;2�10 keV;unabsorbed-

L[O III];extinction�corrected relation as shown in the right

panel of Figure 5). Again, our new targets seem to
have X-ray-to-[O III]-luminosity ratios that are on aver-
age in between that observed in single AGNs (the grey

dashed-dotted line) and that observed in dual AGNs
selected from double-peaked [O III] emission lines (the
yellow dotted line). The comparison sample of single
AGNs includes 47 Palomar Seyfert galaxies (optically
selected Type 1 and Type 2 Seyferts drawn from the
Palomar survey of nearby galaxies by Ho et al. 1995)
from Panessa et al. (2006). Panessa et al. (2006) has
demonstrated that after properly accounting for absorp-
tion correction (including for Compton-thick sources),
optically selected Type 1 and Type 2 Seyferts follow the

same LX;2�10 keV;unabsorbed-L[O III];extinction�corrected re-
lation. In particular, optically selected Type 2 Seyferts,
which were signi�cantly X-ray weaker than Type 1
Seyferts, also obey the same relation, after the \Comp-
ton thick" luminosity correction. Liu et al. (2013) has
shown that after correction for gas absorption and dust

extinction, the unabsorbed hard X-ray luminosities of
double-peaked-[O III]-selected dual AGNs appear to be
� 2:4 � 0:3 dex smaller (at logL[O III] of 42.0) than
those expected from the Panessa et al. (2006) relation,
logLX = 1:22logL[O III]�7:34, although the absorption
correction of dual AGNs may have been signi�cantly
underestimated.

5.2. Interpretation: Enhanced Nuclear Absorption
from Merger-induced Gas In
ows

Liu et al. (2013) has suggested that the observed X-
ray weak tendency in dual AGNs selected in Type 2
AGNs with double-peaked narrow [O III] lines is caused
by a combination of a higher nuclear gas column, which
may be induced by merger events, and an orientation
bias related to the double-peak narrow emission-line se-
lection. In contrast to the Liu et al. (2013) sample, our
targets are not subject to the orientation bias due to
the line-of-sight velocity splitting requirement caused by
the double-peaked [O III] selection. On the other hand,

our sample is likely to have a higher nuclear absorp-
tion from merger-induced gas in
ows than that in sin-
gle local AGNs, similar to the case of double-peaked-

[O III]-selected dual AGNs. Arising from the narrow-line
regions that are much further out, the [O III] emission
is less subject to nuclear gas absorption and dust ob-

scuration than the hard X-ray emission from the black
hole accretion disk corona, which would explain the sys-
tematically smaller hard-X-ray-to-[O III]-luminosity ra-
tios observed in dual than in single AGNs. The fact that

our targets seem to have hard-X-ray-to-[O III]-luminosity
ratios that are smaller than that seen in single AGNs
but larger than that observed in double-peaked-[O III]-

selected dual AGNs is consistent with the conclusion of
Liu et al. (2013) that a combination of two e�ects (i.e.,
both merger-enhanced absorption and obscuration and
an orientation selection bias) are at work for double-

peaked-[O III]-selected dual AGNs.

6. CONCLUSIONS

Dual AGNs are crucial to our understanding of the ac-
cretion and dynamical evolution of SMBHs in mergers,
the e�ects of merger-induced activity on galaxy evolu-
tion, and the initial conditions of close binary SMBHs.
Building on Chandra 's previous success on its unique
power in resolving dual AGNs, here we have studied the
X-ray properties of a sample of �ve optically selected
dual AGN candidates. Our targets were drawn from a
sample of 1286 [O III]-selected AGN pairs (both Type
1 and Type 2 sources) systematically selected from the

SDSS DR7. Each of the targets contains two nuclei sep-
arated by 3{9 kpc in projection, both of which are op-
tically classi�ed as Type 2 (obscured) AGNs based on
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diagnostic ratios of the optical narrow emission lines.
While being systematically selected from the largest
sample of dual AGN candidates, the optical classi�ca-
tion was inconclusive. Furthermore, because the double
nuclei are close (with physical projected separations of
a few kpc), there may be only one AGN ionizing both
galaxies, producing two optical emission-line nuclei. Ar-
guments based on the spatial distribution of ionization
parameters estimated from optical emission lines cannot
conclusively discriminate between the single- and dual-
AGN scenarios (e.g., Liu et al. 2010b). The new Chan-
dra ACIS-S X-ray imaging presented here helps solve the
problem by resolving and localizing the ionizing sources
directly in the X-rays. The X-ray con�rmation of a sys-
tematically selected sample also helps place the optically
inferred dual-AGN frequency on a �rmer ground (Liu
et al. 2011). Our main �ndings are summarized as the
following:

� Chandra 's superb spatial resolution and sensitiv-
ity in the X-rays allowed us to localize the ioniz-
ing sources and determine their X-ray properties.

Seven of the ten nuclei were detected in the full
0.5{8 keV band. Six were detected in both soft
(0.5{2 keV) and hard (2{8 keV) bands, whereas

one nucleus was detected in the soft band only.
Three nuclei were undetected in the X-rays (Table
3).

� The hard X-rays directly probe the accretion disk
corona of the accreting SMBHs, providing a more
robust estimate of the intrinsic AGN luminosity

than using [O III]�5007 luminosity as a surrogate.
In three of the ten nuclei we observed enough
counts to perform spectral �ttings to constrain the

X-ray spectral properties and absorption column
densities. We �t each X-ray spectrum with an
absorbed power-law model. The best-�t power-
law spectral indices and the absorption column
densities are consistent with them being Type 2
AGNs for all three nuclei. For the other four X-ray
detected nuclei, we have estimated their spectral
properties and luminosities using hardness ratios.
For the three sources without X-ray detection, we
estimate the X-ray net counts 3� upper limit using

the CIAO tool aprate (Section 3.2).

� Combined with independent star formation rate
estimates empirically calibrated based on the host-

galaxy stellar continua, the new Chandra X-ray
observations allowed us to evaluate the dual-AGN
hypothesis for each target. We have con�rmed
two (SDSS J0907+5203 and SDSS J1544+0446)

of the �ve targets as bona-�de dual AGNs. For
the other three targets, the existing data are con-
sistent with the dual-AGN scenario, but we can-
not conclusively rule out the possibility of stel-
lar and/or shock heating and/or one AGN ioniz-
ing both gaseous components in a merger (Section
4.3).

� The average X-ray-to-[O III] luminosity ratio in our
targets seems to be systematically smaller than
that observed in single AGNs but is higher than
that seen in dual AGNs selected from AGNs with
double-peaked narrow emission lines. We suggest
that the systematically smaller X-ray-to[O III] lu-
minosity ratio observed in dual AGNs than in sin-
gle AGNs is due to a high nuclear gas column
likely from strong merger-induced in
ows. Un-

like double-peaked-[O III]-selected dual AGNs, the
new sample selected from resolved galaxy pairs are
not subject to the orientation bias caused by the

double-peak line-of-sight velocity splitting selec-
tion, which also contributes to lowering the X-ray-
to-[O III] luminosity ratio (Figure 5).

Our sample size is still too small for a statistical anal-

ysis to compare with theoretical predictions from sim-
ulations in a meaningful way (e.g., Capelo et al. 2017;
Blecha et al. 2018; Rosas-Guevara et al. 2019; Solanes

et al. 2019). To put the conclusions on a �rm sta-
tistical ground, future wide-�eld, high-resolution, and
high-sensitivity X-ray telescopes (such as Lynx X-ray
Surveyor; The Lynx Team 2018) may detect thousands

of dual AGNs, which will be needed to fully under-
stand black hole growth in mergers and dual AGNs (e.g.,
Burke-Spolaor et al. 2018; Koss et al. 2019).
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APPENDIX

In this appendix, we present details of our spectral �t-
ting analysis to carefully measure the host-galaxy stel-
lar continuum and to model the emission-line 
uxes over
the host-subtracted spectrum. For the host galaxy spec-
tral �tting, we adopt the penalized Pixel-Fitting (pPXF)
method2 (Cappellari & Emsellem 2004). The method
works directly in the pixel space and uses the maximum
penalized likelihood formalism to extract as much infor-

mation as possible from the spectra while suppressing
the noise in the solution. After subtracting the host-
galaxy continuum using the pPXF best-�t solution, we
then model the emission-line-only spectrum using the

spectral �tting code qso�t3 (Shen et al. 2018). Figures
7 and 8 show the �tting results for all the 10 nuclei in
our targets.
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Figure 7. Spectral �tting results for the two nuclei in J0907+5203, J0805+2818 and J1330-0036 from top to bottom. For each
nucleus, the upper panel shows the best-�t model from the pPXF �t for the host-galaxy stellar continuum shown in red overlaid
on top of the SDSS spectrum shown in black. Also shown are the host-galaxy-subtracted emission-line spectrum in magenta,
the total model (i.e., host+emission line) in orange, and the total residual (i.e., data-model) in green. The bottom panels show
the best-�t model (in red) for the host-subtracted emission lines from the qso�t analysis overlaid on top of the data (in black).
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Figure 8. Same as Figure 7, but for J1058+3144 and J1544+0446.
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