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Abstract 

Dust-obscured galaxies (DOGs) with extremely red optical-to-infrared colors are often associated with intense 
st�burst and active galac?c nucleus_ (AGN) activity. Studying DOGs can provide insights into the processes that
dnve the growth of g�ax1es a�d thetr central supermassive black boles. However, the general DOG population is 
heter�geneous, sp�g a wide r�nge of evolutionary stages, and has X-ray obscuring column densities (Nw 
cove�g lo� to high levels. In this work, we focus on seven high Eddington ratio DOGs (log >.Edd > -0.5) to 
exarrune theu X-ray obscuration properties using new and archival X-ray observations. We confirm ~that these 
syst_ems are generally heavily obscured, with six out of seven having NH 2: 1023 cm-2 and three out of seven
h�vmg NH 2: 1024 cm-2. Based o� the observed similarity with the rare Hot DOG population, we argue that both
high->.Edd DOGs and Hot DOGs hkely trace the postrnerger phase, during which AGNs are enshrouded by large 
columns of dust-rich material. 
Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Galaxy evolution (594); AGN host 
galaxies (2017) 

1. Introduction

Within the coevolution framework of supermassive black 
holes (SMBHs) and their host galaxies (e.g., D. B. Sanders 
et al. 1988; P. F. Hopkins et al. 2006, 2008; D. M. Alexander 
& R. C. Hickox 2012), major mergers of gas-rich galaxies can 
trigger intense starburst activity and drive material toward the 
central SMBHs, fueling accretion. The peak activity of both 
SMBH accretion and star formation occurs during dust­
enshrouded, heavily obscured phases, with the (obscured) 
SMBH accretion approaching the Eddington limit (e.g., 
D. Narayanan et al. 2010; E. Treister et al. 2010; G. B. Lansbury
et al. 2015; F. Vito et al. 2018). Subsequently, radiation-driven
outflows from near the central SMBH sweep away the
obscuring material (in a ''blow-out" phase; e.g., P. F. Hopkins
& M. Elvis 2010; A. C. Fabian 2012 and references therein),
allowing the SMBH to manifest as an unobscured active galactic
nucleus (AGN).

Hot dust-obscured galaxies (Hot DOGs) and dust-obscured 
galaxies (DOGs) have been suggested to represent key 
postrnerger evolutionary phases. Both are selected observa­
tionally for their extremely red optical and/or infrared (IR) 
colors (A. Dey et al. 2008; P. R. M. Eisenhardt et al. 2012; 
J. Wu et al. 2012, 2018; Y. Toba & T. Nagao 2016; Y. Toba
et al. 2017), potentially representing the peak phase of SMBH
accretion, AGN obscuration, and host star formation in the
coevolution framework. Hot DOGs are detected by the Wide­
field Infrared Survey Explorer (WISE) at 12 and 22 µm, but
nearly undetected at 3.4 and 4.6 J.tm (P. R. M. Eisenhardt et al.
2012; J. Wu et al. 2012). They are a rare population with a sky
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surface density of approximately one candidate per 30 deg2 

and are thought to be primarily powered by deeply buried, 
massive SMBHs with high Eddington ratios (>.Edd). Their 
extreme optical/IR colors are thought to result from emission 
by hot dust, reaching temperatures up to 100s of K, heated by 
central SMBHs (e.g., C.-W. Tsai et al. 2015; J. Wu et al. 2018; 
G. Li et al. 2024).

DOGs are typically selected with 24 /.till fluxes /24 1,rn �
0.3 mJy and R-band to 24 /.till colors (R - [24Dvega � 14 (A. Dey
et al. 2008). Y. Toba & T. Nagao (2016) additionally applied a
criterion of h2 1,rn � 3.8 mJy and i - [22] � 7 to select IR-bright 
DOGs, which tend to have larger AGN contributions. DOGs are 
generally less extreme, characterized by less-massive SMBHs 
and larger host-galaxy contributions, and they have smaller 
intrinsic 2-10 ke V luminosities (Lx) compared to the rarer Hot 
DOGs. Compared to Hot DOGs, DOGs are more common and 
representative in the Universe. Numerically, the surface number 
density of DOGs on the sky can reach >- 300 deg-2 in deep fields 
(e.g., A. Dey et al. 2008; Z. Yu et al. 2024), but the surface 
number density of Hot DOGs is 4 orders of magnitude lower 
(>- 0.03 deg-2; P. R. M. Eisenhardt et al. 2012; J. Wu et al. 2012). 

X-ray observations provide unique insights into the nature
of (Hot) DOGs. One of the primary advantages of X-rays is 
their high penetration power, which enables the direct 
identification of AGNs buried in large column densities (NH) 
of obscuring material. Studies have found that Hot DOGs 
exhibit high Lx with nearly Compton-thick obscuration 
(D. Stem et al. 2014; R. J. Assef et al. 2016, 2020; C. Ricci 
et al. 2017a; F. Vito et al. 2018; L. Zappacosta et al. 2018). 
Notably, F. Vito et al. (2018) concluded that Hot DOGs 
occupy a distinct region in the NH-Lx plane, characterized by 
much higher NH than luminous red type 1 quasars, which are 
thought to be transitioning from a heavily obscured phase to an 
unobscured blue-quasar phase. 
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H o w e v er, t h e  X-r a y o bs c ur ati o n of  D O Gs s p a ns a  wi d er N H

r a n g e t h a n t h at of  H ot  D O Gs (G.  L a n z uisi et al. 2 0 0 9 ;
A.  C orr al et al. 2 0 1 6 ;  L.  A.  Ri g u c ci ni et al. 2 0 1 9 ;  N.  Crist ell o
et al. 2 0 2 4 ;  A.  K a y al  &  V. Si n g h 2 0 2 4 ;  Z.  Y u et al. 2 0 2 4 ).  T his
s u g g ests t h at t h e  D O G p o p ul ati o n  m a y b e h et er o g e n e o us,
p ot e nti all y c o v eri n g a  wi d e r a n g e of e v ol uti o n ar y st a g es, or
e v e n s o m eti m es b e e x pl ai n e d b y e pis o d es of st ar f or m ati o n, as
c o n cl u d e d i n  Z.  Y u et al. (2 0 2 4 ) b as e d o n a l ar g e s a m pl e of
w ell- c h ar a ct eri z e d  D O Gs.  Z.  Y u et al. (2 0 2 4 ) als o d e m o n-
str at e d t h at t h e g e n er al  D O G p o p ul ati o n is n ot pri m aril y dri v e n
b y  m aj or  m er g ers a n d t h at t y pi c al  A G N- c o nt ai ni n g  D O Gs ar e
a n al o g o us t o e xtr e m e t y p e 2  A G Ns i nst e a d of  H ot  D O Gs.
H o w e v er, F.  Z o u et al. (2 0 2 0 ) ar g u e d t h at hi g h- λ E d d D O Gs
n at ur all y t e n d t o b e cl os e t o t h e d ust- e ns hr o u d e d p h as e aft er
m aj or  m er g ers a n d, li k e  H ot  D O Gs, ar e li k el y h e a vil y
o bs c ur e d i n  X-r a ys.  W e n ot e t h at pr e vi o usl y i d e nti fi e d  D O G
s a m pl es r ar el y r e a c h N H ≳ 1 0 2 3. 5 c m − 2 , i m pl yi n g t h at
h e a vil y o bs c ur e d  D O Gs (i. e., t h e a n al o gs of  H ot  D O Gs) m a y
b e s e v er el y u n d err e pr es e nt e d.  T h e f e w r e p ort e d h e a vil y
o bs c ur e d  D O Gs (e. g.,  Y.  T o b a et al. 2 0 2 0 ; F.  Z o u et al.
2 0 2 0 ;  N.  Crist ell o et al. 2 0 2 4 ) i n d e e d als o h a v e hi g h λ E d d .

T o f urt h er c o nstr ai n t h e  X-r a y o bs c ur ati o n l e v els of
hi g h- λ E d d D O Gs,  w e c o m pil e s e v e n  D O Gs  wit h k n o w n hi g h
λ E d d v al u es t h at ar e c o m p ar a bl e t o t h os e of  H ot  D O Gs
(g e n er all y h a vi n g 0. 5 l o g 0. 5E d d ; e. g.,  G.  Li et al.
2 0 2 4 ) a n d t ar g et f o ur of t h e m  wit h  C h a n dr a o bs er v ati o ns i n
t his  w or k.  T h e d et ail e d s a m pl e s el e cti o n  will b e pr es e nt e d i n
S e cti o n 2 .  W e  will pr o b e if o ur s o ur c es ar e i n d e e d h e a vil y
o bs c ur e d, as h as b e e n s e e n f or  H ot  D O Gs, i n S e cti o n 3 .  W e
a d o pt a fl at Λ C D M c os m ol o g y  wit h H 0 = 7 0 k m s − 1 M p c − 1 ,
Ω Λ = 0. 7, a n d Ω M = 0. 3. F or si m pli cit y,  w e  will  writ e S D S S
J h h m mss.ss ± d d m mss.s as J h h m m ± d d m m i n t h e  m ai n t e xt.
W e  will us e L X a n d L X, o bs t o r e pr es e nt i ntri nsi c a n d o bs er v e d
(i. e.,  wit h o ut a bs or pti o n c orr e cti o ns) 2 − 1 0 k e V l u mi n ositi es,
r es p e cti v el y, u nl ess ot h er wis e n ot e d.  W e  will al w a ys a d o pt
c m − 2 a s t h e u nit of N H .

2. S a m pl e S el e cti o n

O ur s a m pl e is pri m aril y dr a w n fr o m t h e hi g h- λ E d d D O G
s a m pl e i n F.  Z o u et al. (2 0 2 0 ),  w hi c h i niti all y c a m e fr o m
Y.  T o b a  &  T.  N a g a o (2 0 1 6 ) a n d  Y.  T o b a et al. (2 0 1 7 ).  Y.  T o b a
et al. (2 0 1 7 ) s yst e m ati c all y s el e ct e d 3 6 I R- bri g ht  D O Gs  wit h
(i − [2 2 ])A B > 7, 2 2 µ m fl u x d e nsiti es a b o v e 3. 8  mJ y, a n d
cl e ar [O III] fr o m t h e Sl o a n  Di git al S k y S ur v e y (S D S S ).
A m o n g t h e m, F.  Z o u et al. (2 0 2 0 ) f urt h er s el e ct e d s o ur c es  wit h
br o a d  M g II or  H li n es a n d t ar g et e d 1 2  D O Gs  wit h  C y cl e 2 0
C h a n dr a s n a ps h ot o bs er v ati o ns (≈ 3 ks p er s o ur c e ).  T h e g o al of
s el e cti n g br o a d-li n e  D O Gs is t o  m e as ur e t h eir bl a c k h ol e
m ass es (M B H ) a n d, c o ns e q u e ntl y, λ E d d , b as e d o n t h eir br o a d-
li n e  wi dt hs, b y ass u mi n g a viri al e q uili bri u m i n t h e br o a d-li n e
r e gi o n.  M e as uri n g M B H al s o r e q uir es i ntri nsi c, d e a bs or b e d
A G N o pti c al or  U V l u mi n ositi es (e. g.,  Y. S h e n 2 0 1 3 ).  T h es e
w er e d eri v e d fr o m s p e ctr al e n er g y distri b uti o n (S E D ) fitti n g b y
r e c o v eri n g t h e d e a bs or b e d  A G N S E D c o m p o n e nts, as h as b e e n
d o n e i n F.  Z o u et al. (2 0 2 0 ), a n d s u c h t e c h ni q u es h a v e als o
b e e n i m pl e m e nt e d t o  m e as ur e M B H v al u es f or  H ot  D O Gs (e. g.,
G.  Li et al. 2 0 2 4 ). F.  Z o u et al. (2 0 2 0 ) s h o w e d t h at t h es e 1 2
D O Gs g e n er all y h a v e hi g h λ E d d a n d utili z e d  C y cl e 2 0  C h a n dr a
o bs er v ati o ns t o e x a mi n e t h eir b asi c  X-r a y o bs c ur ati o n pr o p er-
ti es.  All t hr e e t ar g ets  wit h λ E d d ∼ 0. 1  w er e  X-r a y- d et e ct e d, b ut
o nl y t hr e e o ut of ni n e s o ur c es  wit h λ E d d > 0. 1  w er e d et e ct e d.
At l e ast at f a c e v al u e, t h e l o w er d et e cti o n r at es at hi g h er λ E d d

m a y s u g g est t h at hi g h- λ E d d D O Gs ar e  m or e o bs c ur e d.
H o w e v er, t h e s h ort  C h a n dr a e x p os ur es i n F.  Z o u et al.
(2 0 2 0 ) hi n d er e d  m or e eff e cti v e c o nstr ai nts o n t h e  X-r a y
a bs or pti o n c ol u m ns of hi g h- λ E d d D O Gs.

T o f urt h er i m pr o v e t h e c o nstr ai nts o n hi g h- λ E d d D O Gs,  w e
c o n d u ct e d f oll o w- u p  X-r a y o bs er v ati o ns  wit h l o n g er e x p os ur e.
Gi v e n o ur a v ail a bl e f oll o w- u p r es o ur c es,  w e f o c us o n t h e si x
D O Gs  wit h t h e hi g h er h alf of λ E d d i n t h e s a m pl e of F.  Z o u
et al. (2 0 2 0 ) (l o g 0. 5E d d ), as t h e y ar e  m or e r e pr es e nt a-
ti v e of t h e e xtr e m e hi g h-λ E d d D O G p o p ul ati o n.  As s h o w n i n
G.  Li et al. (2 0 2 4 ), t h e λ E d d of  H ot  D O Gs is  m ai nl y distri b ut e d
a cr oss 0. 5 l o g 0. 5E d d (s e e t h eir Fi g ur es 6 a n d 7 ), a n d
t h us  D O Gs b el o w l o g 0. 5E d d i n F.  Z o u et al. (2 0 2 0 ) ar e
n ot f or m all y hi g h- λ E d d D O Gs  wit h λ E d d c o m p ar a bl e t o  H ot
D O Gs.  B esi d es,  w e d o n ot h a v e n e w o bs er v ati o ns of t h es e
l o w er-λ E d d D O Gs a n d t h us d o n ot h a v e eff e cti v e c o nstr ai nts o n
t h eir N H .  T h er ef or e, t h e r e m ai ni n g  D O Gs  wit h l o w er λ E d d i n
F.  Z o u et al. (2 0 2 0 ) will n ot b e dis c uss e d i n t his  w or k.

W e h a v e o bt ai n e d a 6 8 ks f oll o w- u p  X M M- N e wt o n
o bs er v ati o n f or t h e bri g ht est  X-r a y s o ur c e i n t h e s a m pl e,
J 1 3 2 4 ∫ 4 5 0 1, c o n fir mi n g its h e a vil y o bs c ur e d n at ur e  wit h

= +Nl o g 2 3. 4 3H 0. 1 3
0. 0 9 (N.  Crist ell o et al. 2 0 2 4 ). I n t his  w or k,  w e

o bt ai n e d l o n g er  C y cl e 2 5  C h a n dr a e x p os ur es (≈ 1 5 ks p er
s o ur c e ) f or t h e f o ur f ai nt er s o ur c es,  w h er e t h e e x p os ur es ar e s et
t o e ns ur e t h at e v e n if t h es e s o ur c es ar e u n d et e ct e d, t h e
c orr es p o n di n g  X-r a y u p p er li mits ar e s uf fi ci e ntl y ti g ht e n o u g h
t o c o n fir m t h e h e a vil y o bs c ur e d n at ur e.  T his  w or k pr es e nts t h e
n e w  C h a n dr a o bs er v ati o ns a n d c o m bi n es t h es e n e wl y o bs er v e d
s o ur c es  wit h t h e ar c hi v al o n es t o pr o vi d e c o nstr ai nts o n t h e
X-r a y o bs c ur ati o n l e v els of hi g h- λ E d d D O Gs.

B esi d es t h e si x hi g h- λ E d d D O Gs fr o m F.  Z o u et al. (2 0 2 0 ),  w e
als o s u p pl e m e nt t h e s a m pl e  wit h t h e si n gl e s o ur c e, J 0 8 2 5 ∫ 3 0 0 2,
r e p ort e d i n  Y.  T o b a et al. (2 0 2 0 ).  T his  D O G  w as als o d eri v e d
fr o m t h e i niti al I R- bri g ht  D O G s a m pl e i n  Y.  T o b a  &  T.  N a g a o
(2 0 1 6 ) a n d o bs er v e d b y  X M M- N e wt o n a n d  N u S T A R, s h o wi n g a
C o m pt o n-t hi c k =  ×+N 1. 0 1 0 c mH 0. 4

0. 8 2 4 2 .  Y.  T o b a et al.
(2 0 2 0 ) esti m at e d its M B H b as e d o n t h e s c ali n g r el ati o n b et w e e n
M B H a n d h ost- g al a x y st ell ar  m ass,  w hi c h pl a c es J 0 8 2 5 ∫ 3 0 0 2 t o
als o b e a hi g h- λ E d d D O G  wit h λ E d d = 0. 7.  Alt h o u g h t his λ E d d

m e as ur e m e nt is i n dir e ct,  w e i n cl u d e t his s o ur c e f or c o m pl et e n ess.
W e n ot e t h at e x pli citl y r e p ort e d hi g h- λ E d d D O Gs ar e r ar e b e c a us e
it is g e n er all y c h all e n gi n g t o c o n fir m t h eir hi g h λ E d d .  W e i n cl u d e
b ot h s a m pl es fr o m  Y.  T o b a et al. (2 0 2 0 ) a n d F.  Z o u et al. (2 0 2 0 )
t o r e pr es e nt t h e b est k n o wl e d g e  w e h a v e r e g ar di n g t his
p o p ul ati o n.  R e m o vi n g J 0 8 2 5 ∫ 3 0 0 2 o ut of o ur s a m pl e  w o ul d
n ot  m at eri all y aff e ct o ur o v er all c o n cl usi o ns i n S e cti o n 4 .

W e s u m m ari z e t h e pr o p erti es of o ur s o ur c es i n  T a bl e 1 .  T h e
X-r a y pr o p erti es ar e eit h er fr o m t h e lit er at ur e (t h e l ast t hr e e
r o ws of t h e t a bl e) or  will b e d eri v e d i n S e cti o n 3. 2 (t h e first
f o ur r o ws of t h e t a bl e). F or s o ur c es ot h er t h a n J 0 8 2 5∫ 3 0 0 2,
t h e M B H a n d λ E d d ar e fr o m  T a bl e 4 i n F.  Z o u et al. (2 0 2 0 ) a n d
ar e all d eri v e d fr o m br o a d  M g II li n es. F or J 0 8 2 5∫ 3 0 0 2, its
M B H i s b as e d o n t h e s c al e d h ost st ell ar  m ass, as r e p ort e d i n
S e cti o n 3. 3 of  Y.  T o b a et al. (2 0 2 0 ).

Alt h o u g h t h e st atisti c al λ E d d u n c ert ai nti es  m a y n ot all o w a
fir m c o n cl usi o n o n >l o g 0. 5E d d f or i n di vi d u al s o ur c es,
t h e y ar e s uf fi ci e ntl y s m all t o pr o v e t h at o ur s a m pl e as a  w h ol e
c a n r e pr es e nt hi g h- λ E d d D O Gs. If a d o pti n g 0. 5 d e x as t h e
n o mi n al u n c ert ai nt y f or J 0 8 2 5 ∫ 3 0 0 2’s l o g E d d , t h e u n c er-
t ai nt y of t h e  w ei g ht e d arit h m eti c  m e a n l o g E d d of o ur s a m pl e
w o ul d b e o nl y 0. 0 6.  H o w e v er, s yst e m ati c u n c ert ai nti es ar e n ot
dir e ctl y c o nsi d er e d h er e a n d  m a y b e  m or e pr o mi n e nt.  T h e

2

T h e  As t r o p h ysi c a l J o u r n a l 9 9 0: 9 4 (8 p p ), 2 0 2 5 S e pt e m b er 1 0 Z o u et al.



m ost r el e v a nt u n c ert ai nt y is t h e vi a bilit y of usi n g br o a d li n es t o
i nf er M B H f or  D O Gs. I n f a ct, t h e ori gi n of t h e br o a d li n es i n
s u c h h e a vil y  X-r a y o bs c ur e d s yst e ms h as b e e n u n d er
c o nti n u o us i n v esti g ati o n.  R el e v a ntl y, it is n ot u n c o m m o n f or
H ot  D O Gs t o s h o w br o a d li n es (C.- W.  Ts ai et al. 2 0 1 8 ; J.  W u
et al. 2 0 1 8 ;  L. Fi n n ert y et al. 2 0 2 0 ;  H.  D. J u n et al. 2 0 2 0 ;  G.  Li
et al. 2 0 2 4 ).  T h e br o a d li n es of s o m e  H ot  D O Gs ar e s u g g est e d
t o b e p ot e nti all y fr o m o ut fl o ws i nst e a d of t h e br o a d-li n e r e gi o n
(e. g.,  L. Fi n n ert y et al. 2 0 2 0 ;  H.  D. J u n et al. 2 0 2 0 ).  H o w e v er,
f oll o w- u p st u di es of a s u b p o p ul ati o n of  H ot  D O Gs t h at s h o w
si g ni fi c a nt e x c ess bl u e e missi o n (R. J.  Ass ef et al.
2 0 1 6 , 2 0 2 0 , 2 0 2 2 ) r e v e al e d t h at t h e bl u e e missi o n a n d
ass o ci at e d br o a d li n es s h o ul d b e t h e s c att er e d li g ht fr o m
c e ntr al  A G Ns b as e d o n, f or e x a m pl e,  m ulti w a v el e n gt h a n d
p ol ari m etr y o bs er v ati o ns.  G.  Li et al. (2 0 2 4 ) f urt h er ar g u e d
t h at f or g e n er al  H ot  D O Gs, t h eir br o a d li n es  m a y als o b e
m ai nl y s c att er e d e missi o n, a n d h e n c e t h es e br o a d li n es c a n b e
us e d t o esti m at e M B H . F or o ur  D O Gs s p e ci fi c all y, F.  Z o u et al.
(2 0 2 0 ) s h o w e d t h at t h eir br o a d  M g II li n e pr o fil es ar e g e n er all y
diff er e nt fr o m t h e o ut fl o w [O III] pr o fil es (s e e t h eir S e cti o n 5. 2
f or  m or e dis c ussi o n).  T h er ef or e, t h e br o a d li n es of o ur s o ur c es
ar e hi g hl y li k el y als o fr o m s c att er e d e missi o n fr o m t h e br o a d-
li n e r e gi o ns.  N e v ert h el ess, a n o ut fl o w ori gi n c a n n ot b e
d et er mi nisti c all y r ul e d o ut, a n d t his is a f u n d a m e nt al c a v e at
f or n ot o nl y o ur  D O Gs b ut als o all t h e  H ot  D O Gs a n d r el e v a nt
w or ks i n g e n er al.

3.  D at a a n d  R es ults

I n t his s e cti o n,  w e  will first pr es e nt t h e n e w  C h a n dr a
o bs er v ati o ns (S e cti o n 3. 1 ) a n d N H c o nstr ai nts (S e cti o n 3. 2 ) f or
f o ur s o ur c es i n o ur s a m pl e a n d t h e n c o m bi n e t h e m  wit h t h e
r e m ai ni n g t hr e e ar c hi v al s o ur c es i n o ur s a m pl e t o dis c uss t h e
i m pli c ati o ns f or hi g h-λ E d d D O Gs (S e cti o n 3. 3 ).

3. 1.  C h a n dr a  D at a  R e d u cti o n

T h e f o ur s o ur c es  wit h n e w  C h a n dr a  C y cl e 2 5 o bs er v ati o ns
als o h a v e  C y cl e 2 0 o bs er v ati o ns;  w e s u m m ari z e t h e m all i n
T a bl e 2 .  T h e d at a  w er e r e d u c e d usi n g C I A O 4. 1 6 a n d C A L D B
4. 1 1. 2.  W e first r u n t h e c h a n d r a _ r e p r o s cri pt  wit h t h e
o pti o n c h e c k _ v f _ p h a  =  y e s , si n c e o ur o bs er v ati o ns  w er e

t a k e n i n  V er y F ai nt  m o d e.  W e t h e n us e t h e f l u x i m a g e s cri pt
t o g e n er at e i m a g es  wit h  w ei g hts a c c or di n g t o a r e ds hift e d
a bs or b e d p o w er-l a w  m o d el,  w h er e t h e r e ds hift is s et t o t h e
k n o w n v al u e, t h e i ntri nsi c N H i s s et t o 1 02 4 c m − 2 , a n d t h e
p h ot o n i n d e x is s et t o Γ  = 2.  T h e  w ei g hti n g p ar a m et ers ar e
b as e d o n pri or esti m at es i n di c ati n g t h at o ur s o ur c es ar e hi g hl y
o bs c ur e d.  T h eir e x a ct v al u es ar e n ot criti c al, a n d alt eri n g t h e m
d o es n ot aff e ct t h e r es ults.  W e f urt h er us e t h e s p e c e x t r a c t
s cri pt t o e xtr a ct  X-r a y s p e ctr a, gr o u p e d t o at l e ast o n e c o u nt
p er bi n, a n d r es p o ns e fil es  wit h 2 ″ cir c ul ar s o ur c e r e gi o ns a n d
a n n ul us b a c k gr o u n d r e gi o ns  wit h i n n er a n d o ut er r a dii of 1 0 ″

a n d 4 0 ″ c e nt er e d at t h e s o ur c e p ositi o n.  As s h o w n i n  T a bl e 2 ,
t h er e is n o a p p ar e nt c o u nt-r at e v ari a bilit y b et w e e n t h e  C y cl e
2 0 a n d  C y cl e 2 5 o bs er v ati o ns, a n d  w e  will j oi ntl y a n al y z e
t h e m h er e aft er.

T o ass ess  w h et h er t h e s o ur c es ar e d et e ct e d,  w e c al c ul at e t h e
bi n o mi al n o-s o ur c e pr o b a bilit y P B (P. S.  Br o os et al. 2 0 0 7 ;
M.  C.  W eiss k o pf et al. 2 0 0 7 ).  W e s et a d et e cti o n t hr es h ol d of
P B = 0. 0 1, s uit a bl e f or s o ur c es  wit h k n o w n l o c ati o ns.  B y
c o m bi ni n g d at a fr o m  C y cl e 2 0 a n d  C y cl e 2 5 o bs er v ati o ns,  w e
s u c c essf ull y d et e ct e d J 1 2 1 0 ∫ 6 1 0 5 (3 s o ur c e-r e gi o n c o u nts ) a n d
J 1 2 3 5∫ 4 8 2 7 (1 7 s o ur c e-r e gi o n c o u nts ),  wit h P B = 1 × 1 0 − 3 a n d
2 × 1 0 − 2 6 , r es p e cti v el y; J 1 0 4 2∫ 2 4 5 1 a n d J 1 5 1 3 ∫ 1 4 5 1 ar e n ot
d et e ct e d.

W e f urt h er c o nstr ai n t h e e x p e ct e d n et s o ur c e c o u nts  wit hi n
t h e s o ur c e a p ert ur es usi n g t h e  m et h o d d es cri b e d i n
A p p e n di x  A of  M.  C.  W eiss k o pf et al. (2 0 0 7 ).  T h e 6 8 %
c o n fi d e n c e i nt er v als f or t h e c o u nts of d et e ct e d s o ur c es a n d t h e
9 5 % u p p er li mits f or u n d et e ct e d s o ur c es ar e pr es e nt e d i n
T a bl e 2 .

3. 2. N H M e as ur e m e nts

W e c o n v ert t h e n et c o u nts t o L X, o bs u si n g a p o w er-l a w
m o d el  wit h Γ  = 1. 4 a n d t h e e xtr a ct e d  C h a n dr a r es p o ns e fil es.
Fi g ur e 1 ill ustr at es t h e c o m p aris o n b et w e e n L X, o bs a n d t h e
A G N 6 µ m l u mi n ositi es, L 6 µ m = ν L ν (6 µ m ), f or t h e e ntir e
s a m pl e.  T h e L 6 µ m v al u es  w er e esti m at e d b y  Y.  T o b a et al.
(2 0 2 0 ) a n d F.  Z o u et al. (2 0 2 0 ) b y d e c o m p osi n g t h e
c orr es p o n di n g S E Ds.  T h e t hr e e ar c hi v al s o ur c es (J 0 8 2 5
∫ 3 0 0 2, J 1 3 2 4 ∫ 4 5 0 1, a n d J 1 5 2 5 ∫ 1 2 3 4 ) h a v e r e p ort e d

T a bl e 1
S o ur c e Pr o p erti es

S D S S  N a m e z Ml o g B H l o g E d d Ll o g X, o b s Ll o g X Nl o g H

(M ⊙ ) (er g s − 1 ) (er g s − 1 ) (c m − 2 )
(1 ) (2 ) (3 ) (4 ) (5 ) (6 )

J 1 0 4 2 4 1. 1 0 ∫ 2 4 5 1 0 7. 0 1. 0 2 6 8. 8 0 ± 0. 1 5 − 0. 4 8 ± 0. 1 6 ∼ 4 2. 8 +4 4. 4 0. 4
0. 3 > 2 4. 0

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

0. 8 +2 3. 3 0. 9
1. 6

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

0. 1 ∼ 2 2. 5

J 1 5 1 3 5 4. 4 8 ∫ 1 4 5 1 2 5. 2 0. 8 8 2 8. 1 5 ± 0. 1 2 − 0. 3 3 ± 0. 1 6 ∼ 4 2. 5 +4 4. 1 0. 5
0. 3 > 2 3. 9

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

0. 3

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

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

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

0. 3 +2 3. 2 0. 3
0. 3

N ot es. (2 ) R e ds hifts.  All q u ot e d r e ds hifts ar e s p e ctr os c o pi c, e x c e pt f or J 0 8 2 5 ∫ 3 0 0 2,  w hi c h o nl y h as a p h ot o m etri c r e ds hift. (3 ) Bl a c k h ol e  m ass es. (4 ) E d di n gt o n
r ati os. (5 ) 2 − 1 0 k e V l u mi n ositi es  wit h o ut a bs or pti o n c orr e cti o ns. (6 ) I ntri nsi c (u n a bs or b e d ) 2 − 1 0 k e V l u mi n ositi es. F or J 1 0 4 2 ∫ 2 4 5 1, J 1 2 1 0 ∫ 6 1 0 5, a n d J 1 5 1 3

∫ 1 4 5 1, t h es e  m e as ur e m e nts ar e pri m aril y s et b y t h e pri or i nst e a d of t h e  X-r a y d at a. (7 ) I ntri nsi c li n e- of-si g ht h y dr o g e n- e q ui v al e nt c ol u m n d e nsiti es.  T h e c o n fi d e n c e

i nt er v als of t h e  m e as ur e d v al u es r e pr es e nt 6 8 % l e v els,  w hil e t h e li mits ar e at a 9 5 % l e v el.
a X-r a y  m e as ur e m e nts f or J 0 8 2 5 ∫ 3 0 0 2, J 1 3 2 4 ∫ 4 5 0 1, a n d J 1 5 2 5 ∫ 1 2 3 4 ar e fr o m  Y.  T o b a et al. (2 0 2 0 ),  N.  Crist ell o et al. (2 0 2 4 ), a n d F.  Z o u et al. (2 0 2 0 ),

r es p e cti v el y.
b T h e M B H of J 0 8 2 5 ∫ 3 0 0 2 is esti m at e d b as e d o n t h e s c ali n g r el ati o n b et w e e n M B H a n d t h e h ost st ell ar  m ass.  T h er ef or e, its M B H a n d λ E d d h a v e n o mi n al u n c ert ai nti es

of ≈ 0. 5 d e x fr o m t h e s c ali n g r el ati o n.

3

T h e  As t r o p h ysi c a l J o u r n a l 9 9 0: 9 4 (8 p p ), 2 0 2 5 S e pt e m b er 1 0 Z o u et al.
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c ol ors ar e a b o v e t h e  A G N  mi d-I R c ol or s el e cti o n crit eri o n,
W 1 − W 2 � 0. 8, i n  D. St er n et al. (2 0 1 2 ), a n d ar e e x p e ct e d t o
b e fr o m  A G N S E Ds b e c a us e  A G Ns ar e  m u c h r e d d er t h a n
g al a xi es i n t h e  mi d-I R. Fi g ur e 3 i n F.  Z o u et al. (2 0 2 0 ) als o
s h o w e d t h at str o n g  A G N c o m p o n e nts ar e pr es e nt i n t h e
mi d-I R.

Wit h t h e li mit e d n u m b er of c o u nts,  w e c a n n ot si m ult a-
n e o usl y c o nstr ai n L X a n d N H f or t h e n e wl y o bs er v e d s o ur c es.
T h er ef or e,  w e f o c us o n  m e as uri n g N H u n d er t h e ass u m pti o n
t h at o ur s o ur c es f oll o w t h e L X − L 6 µ m r el ati o n  wit hi n a
r e as o n a bl e s c att er.  T h e s p e ctr al a n al ys es ar e c o n d u ct e d  wit h
B a y e s i a n  X - R a y  A n a l y s i s  ( B X A ; J.  B u c h n er et al.
2 0 1 4 ) a n d S h e r p a (A. Si e mi gi n o ws k a et al. 2 0 2 4 ); t h e
s p e ctr a ar e  m o d el e d  wit h p h a b s × ( b o r u s 0 1 + z p h a b s × -
c a b s × c u t o f f p l ) ,  w h er e p h a b s r e pr es e nts t h e  G al a cti c
a bs or pti o n, b o r u s 0 1 is t h e r e pr o c ess e d s p h eri c al t or us
e missi o n  m o d el of  M.  B al o k o vi ć et al. (2 0 1 8 ), z p h a b s × -
c a b s m o d els t h e s o ur c e i ntri nsi c a bs or pti o n  wit h  C o m pt o n-
s c att eri n g l oss es, a n d c u t o f f p l m o d els t h e  X-r a y c o n-
ti n u u m. Si n c e o ur s o ur c es  m a y b e i n t h e d ust- e ns hr o u d e d
p h as e, it is a p pr o pri at e t o a d o pt a c o v eri n g f a ct or of u nit y f or
t h e b o r u s 0 1 m o d el.  N ot e t h at t h e b o r u s 0 1 c o m p o n e nt o nl y
b e c o m es i m p ort a nt  w h e n N H ≫ 1 0 2 4 c m − 2 , a n d t h us its
d et ail e d g e o m etr y h as littl e i m p a ct o n t h e q u alit ati v e i nf er e n c e
of t h e h e a v y- o bs c ur ati o n n at ur e of o ur s o ur c es.  W e fi x t h e
a v er a g e N H of t h e t or us t o 1 0 2 4 c m − 2 a n d us e t h e i nf err e d N H

v al u es of z p h a b s a n d c a b s t o r e pr es e nt t h e li n e- of-si g ht N H .
W e fi x t h e c u t o f f p l p o w er-l a w i n d e x a n d c ut- off e n er g y t o
Γ  = 2 a n d 5 0 0 k e V, r es p e cti v el y.  T h e t w o fr e e p ar a m et ers of
t h e  m o d el ar e t h us N H a n d L X .  W e a d o pt a fl at pri or f or li n e- of-
si g ht Nl o g H wit hi n N2 0 l o g 2 6H a n d a n or m al pri or f or

Ll o g X c e nt er e d at t h e L 6 µ m - pr e di ct e d v al u es.  T h e st a n d ar d
d e vi ati o n (≈ 0. 5 d e x ) of t h e Ll o g X pri or a c c o u nts f or t h e
i ntri nsi c s c att er of t h e L X − L 6 µ m r el ati o n (0. 4 d e x ) a n d t h e
L 6 µ m u n c ert ai nti es.  N ot e t h at  w e ar e n ot pl a ci n g t h e ass u m e d
L X e x a ctl y o n t h e L X − L 6 µ m r el ati o n; i nst e a d, t h e pri or
dis p ersi o n still all o ws L X t o d e vi at e a w a y b y 1 d e x  wit hi n
t h e 2σ r a n g e of t h e pri or.

W e d eli b er at el y a d o pt e d a p h ysi c all y  m oti v at e d,  w e a kl y
i nf or m ati v e pri or f or L X b e c a us e, as  m e nti o n e d e arli er,  w e
w o ul d li k e t o  m e as ur e h o w  m u c h t h e o bs c ur ati o n l e v el n e e ds
t o r e a c h t o e x pl ai n t h e l o w L X, o bs if o ur s o ur c es f oll o w t h e
L X − L 6 µ m r el ati o n  wit hi n a r e as o n a bl e s c att er.  T his is a b ot h
n e c ess ar y a n d r e as o n a bl e ass u m pti o n.  T h e n e c essit y is b as e d
o n t h e f a ct t h at o ur s o ur c es ar e li mit e d i n c o u nts, a n d t h us it is
i nf e asi bl e t o si m ult a n e o usl y c o nstr ai n L X a n d N H f or at l e ast
J 1 0 4 2 ∫ 2 4 5 1, J 1 2 1 0 ∫ 6 1 0 5, a n d J 1 5 1 3 ∫ 1 4 5 1,  w hi c h h a v e l ess
t h a n t hr e e c o u nts e a c h.  W e c a n o nl y c o nstr ai n o n e of t h es e t w o
p ar a m et ers (or t h eir li mits ) aft er ass u mi n g t h e ot h er o n e.  O ur
a d o pt e d ass u m pti o n is als o r e as o n a bl e.  W e h a v e v eri fi e d t h at
b ot h  D O G s a m pl es i n  A.  C orr al et al. (2 0 1 6 ) a n d  Z.  Y u et al.
(2 0 2 4 ) ar e i n g o o d c o nsist e n c y  wit h o ur pri ors, as c a n b e
vis u all y s e e n i n Fi g ur e 1 :  B ot h s a m pl es h a v e a dis p ersi o n of
0. 3 8 d e x ar o u n d t h e e x p e ct e d L X − L 6 µ m r el ati o n i n  D. St er n
(2 0 1 5 ) a n d a  m u c h s m all er  m e di a n offs et.  B esi d es, as s h o w n i n
Fi g ur e 1 , t h e i ntri nsi c L X of f o ur o ut of s e v e n s o ur c es i n o ur
s a m pl e ar e i n g o o d c o nsist e n c y  wit h t h e L X − L 6 µ m r el ati o n.  As
dis c uss e d e arli er i n t his s e cti o n, pr e vi o us  w or ks als o r e p ort e d
t h at b ot h  D O Gs a n d  H ot  D O Gs, eit h er i n di vi d u all y or as a
s a m pl e, ar e n ot t o o f ar fr o m t h e L X − L 6 µ m r el ati o n (e. g.,
C.  Ri c ci et al. 2 0 1 7 a ; F.  Vit o et al. 2 0 1 8 ;  L.  Z a p p a c ost a et al.

2 0 1 8 ;  Y.  T o b a et al. 2 0 2 0 ;  N.  Crist ell o et al. 2 0 2 4 ;  Z.  Y u
et al. 2 0 2 4 ).

T h e s a m pli n g of t h e p ost eri or pr o b a bilit y distri b uti o ns is
c o n d u ct e d  wit h B X A ,  w hi c h h as i nt er n all y i m pl e m e nt e d t h e
n est e d s a m pli n g  M o nt e  C arl o al g orit h m i n t h e U l t r a N e s t
p a c k a g e, as pr es e nt e d i n J.  B u c h n er (2 0 2 1 ).  W e i nt e gr at e o ut
L X a n d s h o w t h e s a m pl e d  m ar gi n al li n e- of-si g ht N H p ost eri or
distri b uti o ns i n Fi g ur e 2 .  T h e N H p ost eri or of J 1 2 3 5 ∫ 4 8 2 7 h as
a n a p p ar e nt p e a k at Nl o g 2 3. 3H .  T h e p ost eri ors of J 1 0 4 2
∫ 2 4 5 1 a n d J 1 5 1 3 ∫ 1 4 5 1 ar e s m all at l o w N H a n d r e a c h
pl at e a us at hi g h N H , a n d t h us  w e c a n c o nstr ai n t h eir N H l o w er
li mits. I n c o ntr ast, J 1 2 3 5∫ 4 8 2 7 h as a n N H u p p er li mit.  T h e
A p p e n di x als o s h o ws t h at t h e p ost eri ors ar e g e n er all y r o b ust
a g ai nst r e as o n a bl e c h a n g es of t h e pri or.  T h es e N H m e as ur e-
m e nts ar e r e p ort e d i n  T a bl e 1 t o g et h er  wit h t h e ot h er t hr e e
hi g h- λ E d d D O Gs (J 0 8 2 5 ∫ 3 0 0 2, J 1 3 2 4 ∫ 4 5 0 1, a n d J 1 5 2 5
∫ 1 2 3 4 ) fr o m  Y.  T o b a et al. (2 0 2 0 ), F.  Z o u et al. (2 0 2 0 ), a n d
N.  Crist ell o et al. (2 0 2 4 ).  T h e  X-r a y s p e ctr a of t h es e lit er at ur e-
r e p ort e d  D O Gs g e n er all y h a v e  m u c h hi g h er c o nstr ai ni n g
p o w er, a n d t h us t h eir  m e as ur e m e nts  will r e m ai n si mil ar n o
m att er if  w e a p pl y t h e Ll o g X pri or t o t h eir d at a.  T a bl e 1
i n di c at es t h at  m ost of o ur s o ur c es ar e h e a vil y o bs c ur e d,
p ot e nti all y r e a c hi n g a  C o m pt o n-t hi c k l e v el.

T a bl e 1 pr es e nts t h e i nf err e d i ntri nsi c L X .  T h e  m e as ur e-
m e nts f or J 1 0 4 2 ∫ 2 4 5 1, J 1 2 1 0 ∫ 6 1 0 5, a n d J 1 5 1 3 ∫ 1 4 5 1 ar e
i n fl u e n c e d b y t h e pri or,  w hi c h is e vi d e nt fr o m t h e l ar g e
u n c ert ai nti es i n L X .  T h e i ntri nsi c L X v al u es of t h e r e m ai ni n g
s o ur c es b ett er r e fl e ct t h e  X-r a y d at a c o nstr ai nts.

3. 3. T h e N H − L X a n d N H − λ E d d Pl a n es

W e dis pl a y all of o ur s e v e n s o ur c es i n t h e N H − L X pl a n e i n
Fi g ur e 3 . F or c o m p aris o n,  w e als o pl ot r e d t y p e 1 q u as ars
(T.  Urr uti a et al. 2 0 0 5 ; S.  M art o c c hi a et al. 2 0 1 7 ;  G.  M o u ntr-
i c h as et al. 2 0 1 7 ;  A.  D.  G o ul di n g et al. 2 0 1 8 ;  G.  B.  L a ns b ur y
et al. 2 0 2 0 ),  H ot  D O Gs (D. St er n et al. 2 0 1 4 ;  R. J.  Ass ef et al.
2 0 1 6 ;  C.  Ri c ci et al. 2 0 1 7 a ; F.  Vit o et al. 2 0 1 8 ;  L.  Z a p p a c ost a
et al. 2 0 1 8 ), a n d  D O Gs (G.  L a n z uisi et al. 2 0 0 9 ;  A.  C orr al
et al. 2 0 1 6 ;  Z.  Y u et al. 2 0 2 4 ).  O ur s o ur c es h a v e L X v al u es
c o m p ar a bl e t o ot h er  D O Gs, b ut t h e y a p p e ar t o b e g e n er all y
m or e o bs c ur e d,  wit h si x o ut of s e v e n of o ur s a m pl es h a vi n g
N H ≳ 1 0 2 3 c m − 2 .  T hr e e of o ur s o ur c es —J 0 8 2 5∫ 3 0 0 2, J 1 0 4 2
∫ 2 4 5 1, a n d J 1 5 1 3 ∫ 1 4 5 1 —r esi d e i n t h e  C o m pt o n-t hi c k
r e gi m e, a r e gi o n t h at is l ar g el y u n o c c u pi e d b y ot h er  D O Gs.
S u c h a diff er e n c e als o e xists b et w e e n t h e hi g h er-l u mi n osit y
H ot  D O Gs v ers us r e d t y p e 1 q u as ars, s u g g esti n g t h e p ossi bl e
p h ysi c al li n k b et w e e n hi g h- λ E d d D O Gs a n d  H ot  D O Gs.

F urt h er m or e, t h e N H − λ E d d pl a n e als o s er v es as a us ef ul
di a gr a m r el e v a nt t o  A G N- dri v e n o ut fl o ws (e. g.,  W. Is hi b as hi
et al. 2 0 1 8 ).  R e c all t h at t h e cl assi c al  E d di n gt o n li mit is d e fi n e d
f or p ur e i o ni z e d h y dr o g e n a n d o nl y i n cl u d es t h e el e ctr o n
s c att eri n g cr oss s e cti o n.  R e al astr o n o mi c al s yst e ms, h o w e v er,
us u all y h a v e d ust y g as i nst e a d, a n d d usts h a v e a  m u c h hi g h er
o v er all a bs or pti o n cr oss s e cti o n c o m p ar e d t o g as.  A.  C. F a bi a n
et al. (2 0 0 6 ) i ntr o d u c e d t h e p hr as e “eff e cti v e E d di n gt o n li mit ”
t o a c c o u nt f or t h e d ust a bs or pti o n cr oss s e cti o n,  w h er e  A G Ns
wit h eff e cti v e  E d di n gt o n li mits a b o v e t h e u nit y ar e e x p e ct e d t o
g e n er at e o ut fl o ws.  As d et ail e d i n  W. Is hi b as hi et al. (2 0 1 8 ), t h e
eff e cti v e  E d di n gt o n li mit c a n b e e x pr ess e d as a f u n cti o n of
λ E d d a n d N H , a n d t h e c ur v e of a n eff e cti v e  E d di n gt o n li mit of
u nit y di vi d es t h e N H − λ E d d pl a n e i nt o a “f or bi d d e n r e gi o n ”
(als o k n o w n as t h e o ut fl o w r e gi o n ) a n d a n “ all o w e d r e gi o n ”
(e. g.,  D.  K a k k a d et al. 2 0 1 6 ;  C.  Ri c ci et al. 2 0 1 7 b ;  W. Is hi b as hi
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