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A B S T R A C T 

We present a structural analysis of bulges in dual active galactic nuclei (AGNs) host galaxies. Dual AGNs arise in galaxy mergers 
where both supermassive black holes are actively accreting. The AGNs are typically embedded in compact bulges, which appear 
as luminous nuclei in optical images. Galaxy mergers can result in bulge growth, often via star formation. The bulges can be 
discy (pseudo-bulges), classical bulges, or belong to elliptical galaxies. Using Sloan Digital Sky Survey Data Release 18 gri 
images and GALFIT modelling, we performed 2D decomposition for 131 dual AGNs bulges (comprising 61 galaxy pairs and 3 

galaxy triplets) identified in the GOTHIC survey. We derived Sérsic indices, luminosities, masses, and scale lengths of the bulges. 
Most bulges (105/131) are classical, with Sérsic indices lying between n = 2 and n = 8. Among these, 64 per cent are elliptical 
galaxies, while the remainder are classical bulges in disc galaxies. Only ∼20 per cent of the sample exhibits pseudo-bulges. 
Bulge masses span 1 . 5 × 109 M � to 1 . 4 × 1012 M�, with the most massive systems being ellipticals. Galaxy-type matching 

shows that elliptical–elliptical and elliptical–disc mergers dominate over disc–disc mergers. At least one galaxy in two-thirds of 
the dual AGN systems is elliptical and only ∼30 per cent involve two disc galaxies. Although our sample is limited, our results 
suggest that dual AGNs preferentially occur in evolved, red, quenched systems, which typically form via major mergers. They 

are predominantly hosted in classical bulges or elliptical galaxies rather than star-forming disc galaxies. 

Key words: galaxies: active – galaxies: bulges – galaxies: evolution – galaxies: interactions – galaxies: nuclei – galaxies: struc- 
ture. 
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 I N T RO D U C T I O N  

alaxy mergers are important for the hierarchical growth of galaxies
nd the formation of structure in our Universe (S. D. White & C. S.
renk 1991 ). As the merging galaxies come closer, the gravitational

orques generated by their interaction affect their stellar and gas
istributions, resulting in increased star formation and the growth
f stellar mass (P. F. Hopkins et al. 2009 , 2010 ). Studies show that
as-rich major mergers or wet mergers can have star formation rates
SFRs) that are ∼100 times that before the interaction. Such enhanced
FRs are often found in starburst galaxies or ultraluminous infrared
alaxies (ULIRGs; J. C. Mihos & L. Hernquist 1996 ; T. J. Cox et al.
004 ; F. Li et al. 2025 ). The merger-induced SFR is the highest for
imilar galaxy mass ratios, as observed in ULIRGs (S. Nandi, M.
as & K. S. Dwarakanath 2021 ), and drops rapidly with increasing
alaxy mass ratios (T. J. Cox et al. 2008 ). If the galaxies are gas-poor,
hen there is little or no associated star formation, and the merger is
alled a dry merger. The ensuing bulge or central spheroidal growth
 E-mail: ncp.sudo@gmail.com (CPN); mousumi@iiap.res.in (MD) 

g  

o  

Published by Oxford University Press on behalf of Royal Astronomical Societ
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
n the merger remnant arises from merger-accreted stars from the
ompanion galaxies (L. Quilley & V. de Lapparent 2022 ), especially
n the case of minor mergers (J. Zavala et al. 2012 ). 

The enhanced nuclear gas inflow and star formation activity can
rigger mass accretion onto the supermassive black holes (SMBHs),
n which case the nuclei become active galactic nuclei (AGNs; A.
. Schechter et al. 2025 ). When both nuclear SMBHs start accreting
ass, they will form an AGN pair, or in other words, a dual AGN

K. Rubinur, M. Das & P. Kharb 2019 ; K. Rubinur et al. 2021 ).
lthough the initial detection of dual AGN was serendipitous (S.
omossa et al. 2003 ), recent surveys have found large samples of
ual AGN (Y.-W. Zhang et al. 2021 ; A. Bhattacharya et al. 2023 ). A
ew triple AGNs have also been detected (R. W. Pfeifle et al. 2019 ;
. Yadav et al. 2021 ; S. Keshri et al. 2025 ). However, dual AGNs are
till rare and triple AGNs are even rarer. In the literature, dual AGNs
re generally defined as close mergers with AGN separations ∼1–
0 kpc, whereas binary AGNs have nuclei separations < 100 pc (e.g.
. Rubinur, M. Das & P. Kharb 2018 ; A. De Rosa et al. 2019 ). Since
alaxy mergers are often associated with star formation, the nature
f nuclei in close mergers can have different combinations, such as
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tar-forming pairs (SF–SF), mixed pairs (SF–AGN), or dual AGN 

A. Bhattacharya et al. 2023 ). Since the discovery of gravitational 
aves from merging black holes (B. P. Abbott et al. 2016 ), there has
een a growing interest in detecting and studying dual and binary 
GNs (P. Kharb, D. V. Lal & D. Merritt 2017 ; M. Bailes et al.
021 ; S. Mondal et al. 2024 ). This is because inspiralling SMBHs at
eparations < 1 pc will give rise to nHz and mHz gravitational waves 
S. Burke-Spolaor et al. 2019 ), and so AGN pairs are a means to
tudy the formation of binary SMBHs (H. Padmanabhan & A. Loeb 
024 ). A good example of a binary SMBH system in a very late stage
f merging is OJ 287, but very little is known about its host galaxy
M. J. Valtonen et al. 2022 , 2025 ). 

During mergers, as the individual SMBHs spiral towards the centre 
f mass, they will still be surrounded by a significant number of
losely bound stars and thus be embedded in compact bulges or
pheroids. In optical or X-ray images, these bulges will appear as
right nuclei (M. Das et al. 2018 ), and some may host dual AGN,
epending on the SMBH accretion rates (M. Koss et al. 2012 ; G. Giri
t al. 2022 ). Although dual AGN properties have been extensively 
tudied using multiwavelength observations, not much is known 
bout their host bulges. Are they all classical bulges that are spherical
n shape, or do they have oval or boxy morphology? For example, if
he host galaxies are disc galaxies, the SMBHs may be embedded in
ulges that are more discy, since their stellar mass may have grown
ia gas accreted along the galaxy plane during mergers (J. Zavala 
t al. 2012 ). Alternatively, the bulges may be boxy or peanut-shaped if
hey evolved from bar instabilities or disc thickening (S. Ghosh et al.
024 ). It is also possible that they have grown through a combination
f both processes (J. Méndez-Abreu et al. 2014 ); both processes are
art of the secular evolution of galaxy discs (J. Kormendy & R. C.
ennicutt 2004 ). 
In dry mergers, the merging galaxies are usually elliptical or 

enticular, and the SMBHs will be embedded in extended spheroidal 
ulges. So understanding the bulge–disc morphology of large sam- 
les of merging galaxies can reveal the nature of the merging galaxies
s well as predict the possible outcome of the merger, i.e. is an
lliptical merging pair or a disc galaxy pair more likely to form
 dual AGN? Or are dual AGN more likely to be found in mixed
isc–elliptical merging pairs? Also important is that AGNs are 
nown to evolve with their bulges, and their coevolution leads to the
ell-known correlation between the nuclear velocity dispersion (or 
ulge luminosities), with SMBH mass ( M–σ relation; C. Marsden 
t al. 2020 ). Hence, deriving bulge morphologies in dual AGN is
nother way of understanding AGN–bulge coevolution in different 
nvironments. Finally, bulge evolution in merging galaxies is an 
mportant part of the larger picture of galaxy evolution. Thus, there 
re a plethora of reasons for understanding the nature of bulges in
ual AGN as well as in merging galaxies. 
Bulges are broadly of two types, classical bulges and pseudo- 

ulges (D. B. Fisher & N. Drory 2016 ). Classical bulges are
ispersion-dominated stellar systems and appear as compact, bright 
pheroids in galaxy centres, whereas pseudo-bulges have a relatively 
tronger disc component and appear as oval or boxy in shape (V. P.
ebattista et al. 2004 ; A. Kumar, M. Das & S. K. Kataria 2021 ).
lassical bulges are formed in early epochs due to the monolithic 
ollapse of gas clouds, and continue to grow through mergers (O. 
. Eggen, D. Lynden-Bell & A. R. Sandage 1962 ; A. Brooks &
. Christensen 2016 ), whereas pseudo-bulges are formed via secular 
volution of galaxy discs (J. Kormendy & D. B. Fisher 2008 ). Bulges
an be quantitatively analysed using the Sérsic index value n (A. W.
raham & S. P. Driver 2005 ). Pseudo-bulges have a Sérsic index
alue n < 2, while classical bulges have values n > 2 (D. A. Gadotti
009 ). Studies show that bulges are closely related to their host
alaxies; the discs of pseudo-bulge host galaxies are younger and 
ave more star formation compared to the discs associated with 
lassical bulges (K. Vaghmare, S. Barway & A. Kembhavi 2013 ; J.
u et al. 2024a ). Also, the fraction of pseudo-bulges increase at lower

edshifts as the bulge to disc fraction evolves with time (A. Kumar &
. K. Kataria 2022 ). In general the effect of mergers on bulges also
epends on redshifts, as merger rates were higher at early epochs
C. R. Bridge, R. G. Carlberg & M. Sullivan 2010 ; S. Sachdeva, K.
aha & H. P. Singh 2017 ). 
In this paper, we focus on deriving the bulges and host galaxy

ypes of dual AGN. Our main aims are the following. (i) Determine
he Sérsic indices of the dual AGN bulges using the bulge–disc
ecomposition program GALFIT . (ii) Hence, determine the nature 
f the host galaxies of the dual AGN. (iii) Derive bulge masses and
ulge mass ratios. (iv) Determine whether dual AGNs are more likely
o be found in elliptical galaxy pairs, disc galaxy pairs, or mixed
lliptical–disc pairs. This is an important question as it addresses 
he probability of finding SMBH pairs in early-type galaxies or disc
alaxies. The paper is organized as follows. Section 2 describes 
he sample and outlines the two-dimensional decomposition of 
he galaxies. Section 3 presents the results of the decomposition. 
ection 4 discusses these results. A summary is provided in Section 5 .
hroughout this paper, a flat � CDM ( � cold dark matter) cosmology

s used with H0 = 70 km s−1 Mpc−1 , �m 

= 0 . 3, and �� 

= 1 − �m 

.

 SAMPLE  A N D  ANALYSI S  

.1 GOTHIC sample 

ur sample is drawn from our previous study of galaxy mergers,
here we detected pairs of galaxy nuclei in an automated way using
 novel algorithm called GOTHIC (A. Bhattacharya et al. 2023 ). After
pplying the algorithm to a sample of one million galaxies derived
rom Sloan Digital Sky Survey (SDSS) Data Release 16, we obtained
 confirmed sample of 681 close nuclei pairs. Furthermore, to classify
he type of nuclear activity in the host galaxy nuclei, we applied
he AGN diagnostic plot of Baldwin–Phillips–Telverich (BPT; J. 
. Baldwin, M. M. Phillips & R. Terlevich 1981 ). Using the BPT
lot, we derived a sample of 159 dual AGNs, which also included
wo triplets and one quadruplet system of galaxies. We used this
ample of dual AGN in this study. The systems in this study are
xamples of binary galaxies that have evolved further into very close
erging systems. How nuclear activity arises in the early stages of

eparate pairs of galaxies should have a bearing on the activity when
he merger has happened, as discussed in G. Byrd & M. Valtonen
 2001 ). 

.2 2D image decomposition of galaxies 

ulge–disc decomposition was carried out using the GALFIT software 
ackage (C. Y. Peng et al. 2002 ) to investigate bulge properties in
 sample of dual AGN. Imaging data were retrieved from SDSS
ata Release 18 (DR18), which provides calibrated FITS images 

or the target galaxies. A 200 × 200 pixels cut-out centred on one
ucleus was extracted for each system. As the FITS images are in
nits of nanomaggies (NMGY) per pixel, a conversion to counts 
er pixel, required by GALFIT , was applied using the NMGY scaling
actor provided in the FITS headers. Although SDSS DR18 provides 
ky-subtracted images with near-zero background levels, GALFIT 

equires a non-zero sky value for numerical stability. To satisfy this
ondition, a constant offset of 1000 counts was added to all pixels,
MNRAS 544, 4208–4216 (2025)
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Figure 1. An example to show the result obtained from GALFIT (ObjID: 
1237668271362211975). 
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nd the same value was specified as the sky level in the GALFIT

nput. This modification significantly improved the convergence and
obustness of the fitting procedure. A point spread function (PSF)
mage was constructed from a nearby unsaturated star in the same
eld and provided to GALFIT to account for PSF convolution during

he modelling process. Foreground stars and background sources
ccasionally introduced poor fits and inflated reduced chi-squared
 χ2 

ν ) values. Mask images were created to exclude these objects and
ere incorporated into the GALFIT input via the feedme files. Galaxies
ith angular sizes comparable to the PSF were excluded to ensure

eliable structural measurements. A minimum size criterion of twice
he PSF full width at half-maximum (FWHM) was adopted, resulting
n a refined sample of 104 dual AGN systems from an initial set of
59. 
Initial parameter estimates for all the sample galaxies were

btained from the SDSS ‘photoObj’ catalogue. To ensure reliable
tructural fitting, the FWHM of PSF (PSF-FWHM) was compared
ith the de Vaucouleurs radius (deVRad) in each of the five bands.
alaxies with deVRad < 2 × PSF-FWHM were excluded from the

nalysis. After applying this criterion, a final sample of 104 merging
alaxies was selected for GALFIT modelling. 

Estimation of initial parameters, such as total magnitude, scale ra-
ius, axis ratio, and position angle, was obtained from the ‘photoObj’
atalogue using the ‘deVMag’, ‘deVRad’, ‘deVAB’, and ‘deVPhi’
atalogue parameters, respectively, for each band. These values were
sed as input in the feedme files to fit a Sérsic profile to the bulge
omponent. In most cases, parameters were left free to vary during
tting to allow convergence on the optimal model. However, in a
ew instances, parameters were fixed to achieve a stable solution.
iven that the initial guesses were close to the expected values, it
as assumed that GALFIT would converge with minimal iterations.
he Sérsic index was initially set to 1 for all galaxies and allowed

o vary during the fitting process. In cases where optical imaging
uggested the presence of a disc, an exponential component was
ncluded in the model. An initial parameter set for the exponential
isc was adopted and used in the fitting process when applicable. The
orresponding parameters from the photoObj catalogue ‘expMag’,
expRad’, ‘expAB’, and ‘expPhi’ were provided as inputs in the
feedme’ file. GALFIT was initially executed for all sources to obtain
n rms sky estimate, which was subsequently fixed as the sky
ackground value in the corresponding feedme file. Fixing the sky
arameter reduced the number of free parameters and, consequently,
he number of fitting iterations. In cases with nearby contaminating
ources, a custom mask was manually generated and supplied as
mask.fits’. For some cases, for fitting purposes, an additional Sérsic
omponent was included to model their contribution when there is
n extended source nearby. 

As the sample consists of merging galaxies, each system contains
ultiple nuclei, necessitating a multicomponent fitting approach. An

nitial fit was performed using one Sérsic component per galaxy, each
epresenting a bulge. Thus, every system includes at least two Sérsic
omponents. In cases where the fit was inadequate or a disc was
isibly present, an additional exponential component was included
o account for the disc. These sources, therefore, include both Sérsic
nd disc components in the final model. 

GALFIT produced satisfactory fits, with acceptable χ2 /ν values,
or 69 out of 104 sources (Fig. 1 ). For the remaining objects, poor
esidual images indicated model inadequacies. In several cases,
ALFIT failed to converge and terminated upon reaching the max-

mum number of iterations, resulting in no output model. The fitting
rocedure employed a Sérsic profile for the bulge and an exponential
rofile for the disc. However, certain disc morphologies exhibited
NRAS 544, 4208–4216 (2025)
omplex features that this combination could not adequately capture.
everal challenges were encountered during the fitting process,

eading to the exclusion of a subset of sources from further analysis.

(i) In some cases, GALFIT did not converge owing to insufficient
ignal-to-noise ratio in one or both galaxies, making extracting
eliable structural parameters unfeasible. 

(ii) In other cases, the fitting process was not merely affected by
ontamination from neighbouring sources but failed significantly, re-
ulting in spurious magnitudes and associated parameters. Moreover,
ystems exhibiting tidal disruption or pronounced morphological
isturbances consistently produced unreliable fits, as such features
eviate substantially from the assumptions inherent in axisymmetric
odels. 
(iii) For some galaxies, PSF information and initial fitting pa-

ameters from SDSS were unavailable, preventing the generation of
uitable GALFIT feedme files. Where possible, manual estimates were
sed in conjunction with available PSFs, but these fits were found to
e unreliable and the sources were subsequently excluded. 
(iv) Several systems initially appeared as single sources but

ere classified as multiple components by SDSS, complicating the
odelling. 
(v) In some cases, closely spaced nuclei led to confusion during

tting, with model functions attempting to fit neighbouring compo-
ents, resulting in poor residuals. 
(vi) Two disc galaxies exhibited intersecting structures and highly

iffuse, non-uniform light profiles, which could not be reliably fitted.

After excluding these problematic cases, the sample was reduced
rom 104 to 69 nuclear pairs used for further analysis. The output of
ALFIT is total magnitudes, effective radii, and Sérsic index for the
ulge, along with total magnitudes and scale lengths for the disc in
ach band. The magnitudes in the g and r bands were used to obtain
olours for the bulge and disc. 

Magnitudes were corrected for Galactic extinction, and K -
orrections were also applied to derive the ( g − r) colours of bulges
n the sample galaxies (D. J. Schlegel, D. P. Finkbeiner & M. Davis
998 ; I. V. Chilingarian, A.-L. Melchior & I. Y. Zolotukhin 2010 ;
. V. Chilingarian & I. Y. Zolotukhin 2012 ). Five bulges exhibited
nphysical negative ( g − r) colours, inconsistent with the expected
bsence of young stellar populations in these systems. These were
ttributed to fitting errors in the magnitude estimates and were
xcluded from the analysis. The final sample comprises 64 reliable
ulge pairs; this included 61 dual AGN systems and three confirmed
riplets (including dual AGN), yielding a total of 131 bulges. The
erived colours and applied corrections are listed in Table 1 . 
For one of the sources in the 61 pairs, there is a third source

ying in between (ObjID 1237661812274233474). Although SDSS
as classified this source as a GALAXY, there is no spectroscopic
ata available for the source, and hence no redshift. So we are unable
o do further analysis for this source. However, this source had to



Bulges of dual AGN galaxies 4211

MNRAS 544, 4208–4216 (2025)

Ta
bl

e 
1.
 

T
he

 
co

lo
ur
 
va

lu
es
 
as
 
ob

ta
in

ed
 
fr

om
 
G

A
L

FI
T
 
ou

tp
ut
 
w

ith
 
fu

rt
he

r c
or

re
ct

io
ns

 
su

ch
 
as
 
ex

tin
ct

io
n 

co
rr

ec
tio

n 
an

d 
K
 -c

or
re

ct
io

n.
 
T

he
 
co

lo
ur
 
va

lu
es
 
ob

ta
in

ed
 
fr

om
 
th

es
e 

co
rr

ec
te

d 
m

ag
ni

tu
de

s 
an

d 
th

e 
co

rr
es

po
nd

in
g 

st
el

la
r 

m
as

s 
w

er
e 

ca
lc

ul
at

ed
 
us

in
g 

th
e 

m
et

ho
d 

m
en

tio
ne

d 
in
 
th

e 
te

xt
.a
 

B
an

d 
va

lu
es
 

E
x 

co
rr

. 
K
 -c

or
r. 

( g
 
−

r
) 

M
as

s 
( ×

10
11
 

M
 �

) 
O

bj
ID

 
B

ul
ge

 
D

is
c 

B
ul

ge
 

D
is

c 
B

ul
ge

 
D

is
c 

B
ul

ge
 

D
is

c 
B

ul
ge

 
D

is
c 

g 
r 

g 
r 

g 
r 

g 
r 

g 
r 

g 
r 

12
37

65
07

62
39

49
59

89
0 

16
.3

5 
15

.3
6 

...
 

...
 

16
.2

7 
15

.3
1 

...
 

...
 

16
.0

6 
15

.2
3 

...
 

...
 

0.
83

3 
...
 

4.
27

7 
...
 

12
37

65
07

62
39

49
59

89
1 

17
.4

6 
16

.6
2 

...
 

...
 

17
.3

8 
16

.5
7 

...
 

...
 

17
.2

0 
16

.5
0 

...
 

...
 

0.
70

5 
...
 

0.
97

3 
...
 

12
37

65
12

52
01

81
51

48
7 

16
.7

5 
15

.8
 

...
 

...
 

16
.6

2 
15

.7
1 

...
 

...
 

16
.4

3 
15

.6
4 

...
 

...
 

0.
79

4 
...
 

2.
35

5 
...
 

12
37

65
12

52
01

81
51

48
4 

16
.2

8 
15

.2
6 

...
 

...
 

16
.1

5 
15

.1
7 

...
 

...
 

15
.9

6 
15

.1
0 

...
 

...
 

0.
86

0 
...
 

4.
22

4 
...
 

12
37

65
26

00
11

03
83

32
8 

18
.1

7 
17

.3
6 

...
 

...
 

18
.0

1 
17

.2
5 

...
 

...
 

17
.8

3 
17

.2
3 

...
 

...
 

0.
59

6 
...
 

1.
49

9 
...
 

12
37

65
26

00
11

03
83

32
7 

18
.8

1 
17

.9
 

...
 

...
 

18
.6

5 
17

.7
9 

...
 

...
 

18
.3

8 
17

.7
3 

...
 

...
 

0.
65

3 
...
 

1.
38

3 
...
 

12
37

65
34

41
37

44
53

92
5 

20
.0

6 
18

.5
4 

16
.4

1 
15

.6
 

19
.9

6 
18

.4
7 

16
.3

1 
15

.5
3 

20
.1

0 
18

.4
9 

16
.1

6 
15

.4
7 

1.
60

9 
0.

68
8 

0.
96

0 
1.

86
0 

12
37

65
34

41
37

44
53

92
4 

17
.2

7 
16

.3
7 

...
 

...
 

17
.1

7 
16

.3
0 

...
 

...
 

17
.0

0 
16

.2
4 

...
 

...
 

0.
76

8 
...
 

1.
09

2 
...
 

12
37

65
43

82
51

62
40

48
9 

18
.4

3 
17

.1
3 

17
.4

9 
16

.4
7 

18
.3

0 
17

.0
4 

17
.3

6 
16

.3
8 

17
.9

1 
16

.9
0 

17
.0

4 
16

.2
7 

1.
00

8 
0.

76
9 

3.
60

1 
3.

10
2 

12
37

65
43

82
51

62
40

49
0 

18
.8

1 
17

.7
5 

...
 

...
 

18
.6

8 
17

.6
6 

...
 

...
 

18
.3

5 
17

.5
5 

...
 

...
 

0.
80

1 
...
 

1.
24

7 
...
 

a
 

T
hi

s 
is
 
a 

sa
m

pl
e 

ta
bl

e 
w

ith
 
lim

ite
d 

el
em

en
ts

, a
nd

 
th

e 
en

tir
e 

ta
bl

e 
is
 
av

ai
la

bl
e 

in
 
el

ec
tr

on
ic
 
fo

rm
at

. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/4208/8325203 by Indian Institute of Astrophysics user on 31 D
ecem

ber 2025



4212 C. P. Nehal et al.

M

Figure 2. The bulge mass distribution of all the nuclei in the sample. Note 
that in the sample, 73 were elliptical galaxies and had no disc, whereas 59 
were disc galaxies with bulges. 

Figure 3. Mosaic of bulge mass and bulge type where bulge mass 1 . 21 ×
1011 M � separates the high- and low-mass bulges. 
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e fitted in GALFIT in order to fit the neighbouring sources. Hence,
able 1 contains this source with a footnote on why data columns are
issing for the source. So the table contains 132 data rows, while

ur study sample has 131 sources. 

 RESU LTS  

he ( g − r) colour and i-band magnitudes were used to estimate the
ass-to-light (M/L) ratio and bulge mass following the prescription

f E. F. Bell et al. ( 2003 ). The relation 

log 10 (M / L ) = aλ + bλ × (colour) (1) 

as applied using appropriate coefficients based on the chosen colour
nd photometric band. The resulting bulge masses are listed in
able 1 , and their distribution is shown in Fig. 2 . Bulge masses span

he range 0 . 015 × 1011 M � to 1 . 376 × 1012 M �, with the majority
alling below 2 . 5 × 1011 M �. One outlier, with M = 1 . 10 × 1012 M �
ObjID 1237655692474515647), may correspond to an elliptical
alaxy rather than a bulge in a disc galaxy; this possibility is discussed
urther below. A median bulge mass of 1 . 21 × 1011 M � was adopted
o separate the sample into low- and high-mass bulges. A mosaic of
his division is presented in Fig. 3 . 

The distribution of bulge Sérsic indices in the g , r , and i bands
s shown in Fig. 4 , using uniform bins of width 0.5. The index
NRAS 544, 4208–4216 (2025)
anges and median values are as follows: g band: 0 . 15 ≤ n ≤ 8 . 56,
edian = 3.13; r band: 0 . 33 ≤ n ≤ 7 . 87, median = 3.17; and i band:
 . 43 ≤ n ≤ 9 . 95, median = 3.27. Adopting the conventional thresh-
ld of n = 2 to distinguish classical bulges ( n ≥ 2) from pseudo-
ulges ( n < 2; D. A. Gadotti 2009 ), we find that 70–80 per cent
f bulges in the sample have n ≥ 2, indicating a predominance of
lassical bulges. The distributions are similar across all bands, with
edder bands tending to yield slightly higher Sérsic indices. This
onsistency across bands suggests that the prevalence of classical
ulges is not an artefact of band-dependent effects. We further
xamined the relation between bulge type and bulge mass (Fig. 3 ),
hich shows that both the most massive bulges and a significant

raction of lower mass bulges exhibit classical bulge nature. 
The bulge mass and Sérsic index ( n ) serve as key morphological

ndicators. Two galaxy types are distinguished based on GALFIT

ecomposition: 

(i) Disc galaxies with bulges . As described in Section 2 , if the
ALFIT fitting required more than one Sérsic component, the second
as consistently modelled as an exponential profile representing a
isc. The bulge component is characterized by a Sérsic index n . 
(ii) Elliptical galaxies . These are well described by a single Sérsic

omponent and lack an associated disc. 

Table 2 summarizes the combinations of structural components
erived from GALFIT . Among the 131 bulges analysed, 58 are
ssociated with an exponential disc component and are classified
s disc galaxies. The remaining 73 lack a disc and are classified
s elliptical galaxies. The distribution of bulge and galaxy types is
resented in Table 3 . 
Of the 73 elliptical galaxies (∼64 per cent of the sample), 67 host

lassical bulges and 6 exhibit pseudo-bulge profiles. These pseudo-
ulge ellipticals may retain discy features due to past mergers, or
hey may be remnants of galaxies that lost their discs through tidal
tripping during mergers. Among the 58 disc galaxies, classical
ulges dominate, although a substantial number also host pseudo-
ulges. Overall, approximately 77 per cent of pseudo-bulges are
ssociated with disc galaxies, while only a small fraction reside
n systems without discs. 

The pairwise distribution of the Sérsic indices for the 60 merging
alaxies is shown in Fig. 5 . Triple systems are excluded for clarity,
s the focus is on dual AGN systems. The plot is divided into
our regions representing different bulge pair types. (i) Classical–
lassical (C–C) pairs, which include mergers of elliptical galaxies
r disc galaxies where both hosts have classical bulges. This region
ontains the largest number of bulges. (ii) Classical–pseudo (C–P)
airs, spanning two regions, include mergers between a classical
nd a pseudo-bulge host, either in disc or elliptical galaxies. In most
ases, the classical bulge is more massive. (iii) Pseudo–pseudo (P–P)
airs, forming the smallest group, and consist of mergers where both
osts have pseudo-bulges. Major mergers appear scattered across the
iagram, while minor mergers are more concentrated in the C–C
egion. The bulge and host galaxy classifications for each source are
isted in Table 2 . 

One of the key questions addressed in this work is whether
ual AGNs are more frequently hosted by mergers of elliptical
alaxies, disc galaxies, or mixed pairs. Table 2 summarizes the
orphological distribution of dual AGN host galaxies, classified

s elliptical–elliptical (E–E), disc–disc (D–D), and elliptical–disc
E–D) mergers. The respective counts are E–E = 24, D–D = 18,
nd E–D = 24. Two systems are identified as triplets involving D–
–E and D–D–E configurations and are therefore counted twice.
lthough the sample is neither complete nor statistically unbiased,
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Figure 4. Distribution of Sérsic Index observed over three bands: ‘ g ’, ‘ r ’, and ‘ i ’ from left to right. 

Table 2. A table representing the merging galaxy pairs. The combinations are galaxy type (ellipticals or discy), bulge 
type (classical or pseudo), and mass ratio (major merger if mass ratios < 3, minor merger for values > 3).a 

No. ObjID Exp disc Disc combination Sersic index Bulge type Bulge pair Stellar mass Mass ratio 

1 1237650762394959890 No Elip–Elip 5.87 Classical C–C 4.277 4.396 
1 1237650762394959891 No 5.5 Classical 0.973 
2 1237651252018151487 No Elip–Elip 5.55 Classical C–C 2.355 1.793 
2 1237651252018151484 No 4.48 Classical 4.224 
3 1237652600110383328 No Elip–Elip 4.58 Classical C–P 1.499 1.084 
3 1237652600110383327 No 0.98 Pseudo 1.383 
4 1237653441374453925 Yes Disc–Elip 1.03 Pseudo C–P 2.820 2.582 
4 1237653441374453924 No 3.76 Classical 1.092 
5 1237654382516240489 Yes Disc–Elip 4.14 Classical C–C 6.702 5.377 
5 1237654382516240490 No 7.79 Classical 1.247 

a This is a sample table with limited elements, and the entire table is available in electronic format. 

Table 3. Bulge type versus disc presence. 

Classical bulge Pseudo-bulge Total 

No disc 67 6 73 
With disc 38 20 58 
Total 105 26 131 
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he results suggest that dual AGNs are more commonly associated 
ith elliptical (E–E) and mixed (E–D) mergers than with disc–disc 

D–D) systems. This is consistent with the expectation that dual 
GNs are associated with galaxies that have undergone mergers, 

ince elliptical galaxies preferentially reside in denser environments 
elative to disc galaxies (A. Dressler 1980 ). A similar trend is evident
n the colour–magnitude plot of the GOTHIC sample (A. Bhattacharya 
t al. 2023 ), where dual AGNs predominantly occupy the red, evolved 
alaxy population in the plot. 

Using GALFIT -derived scale radii, the bulge sizes of the 131 
uclei are compared. For disc galaxies, this corresponds to the bulge 
ffective radius ( Re ), while for ellipticals it represents the overall 
alaxy scale radius. Fig. 7 (a) shows that ellipticals exhibit Re values 
xtending up to 21 kpc, whereas disc galaxies have Re < 6 kpc,
hich may correspond to a bar embedded within a faint disc or a
iscy elliptical galaxy. Overall, the plot highlights a clear dichotomy 
etween the scale lengths of discs and those of elliptical galaxies. 

In this study, we consider mergers with galaxy mass ratios ≤3 to 
e major mergers and those with mass ratios > 3 as minor mergers.
his threshold was chosen as a value close to the 1:1 ratio would
e more accurate as a major merger candidate and is also consistent
ith the numerical studies on mergers in the nearby universe (C. J.
onselice 2006 ). Fig. 7 (b) shows the distribution of major mergers
nd minor mergers. One source appears to have a very large mass
atio (ObsID 1237655502962688659). For this source, one galaxy 
ppears to be embedded inside the disc of the companion galaxy,
hich appears to be relatively large. But overall our results indicate

hat ∼60 per cent of dual AGNs are associated with major mergers.
f we assume major mergers to have galaxy mass ratios ≤4, then the
raction of dual AGNs in major mergers become even larger. 

Finally, the bulge-to-total stellar mass ratio (B/T) was estimated 
or the sample of 58 disc galaxies. The distribution of B/T values,
long with the bulge-to-disc ratio (B/D) as a function of total stellar
ass, is presented in Fig. 7 (c). The B/T values range from ∼0.1

o 0.95. Systems with B/T > 0.6 are bulge dominated, exhibiting
aint stellar discs. Such galaxies may correspond to S0 types or giant
ow surface brightness (GLSB) galaxies, both known to host diffuse 
tellar discs. As GLSB galaxies are typically isolated, the high B/T
alues are likely associated with S0 galaxies in the sample. 

 DI SCUSSI ON  

he structural and morphological analysis of dual AGN host galaxies 
ffers important insights into the conditions conducive to forming 
nd detecting SMBH pairs. Our results reveal a strong preference 
or dual AGN to reside in systems with classical bulges, typically
haracterized by high Sérsic indices ( n > 2) and elevated bulge
asses. This preference is closely tied to the evolutionary history 

f their host galaxies, with major mergers playing a central role in
haping the stellar and dynamical environments favourable for dual 
GN activity. In the following paragraphs, we examine the key trends 
merging from our study and place them in the broader context of
GN triggering mechanisms and SMBH binary formation. 
Our structural analysis reveals that dual AGNs are predominantly 

osted by galaxies with Sérsic indices n > 2, indicating the presence
MNRAS 544, 4208–4216 (2025)
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Figure 5. The three plots from left to right show, respectively, the pairing of Sérsic index in merging samples, where n1 and n2 correspond to the Sérsic index 
of the heavier and lighter bulge mass nuclei, respectively. The size of the scatter points depends inversely on the bulge mass ratio, where a lower bulge mass ratio 
(1 < M1 /M2 < 3), which is the major merger sample, is indicated in red, and the higher bulge mass ratio (M1 /M2 ≥ 3), which is the minor merger sample, is 
represented as blue. 

Figure 6. Pie diagrams from left to right. (a) The extreme left shows the different types of bulge combinations. (b) The centre shows the fraction of different 
merger types. (c) The extreme right shows the major versus minor merger numbers. 

Figure 7. From left to right. (a) The distribution of bulge scale radius Re in disc galaxies or the galaxy scale radii of elliptical galaxies. (b) The distribution of 
total galaxy mass ratios for the sample. Note that there are two outliers having mass ratios ∼10 and ∼30. (c) The ratio of bulge to total galaxy mass for the 58 
disc galaxies in our sample, where the median value is shown with a dashed vertical line. 
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f classical bulges that are typically found in elliptical or bulge-
ominated disc galaxies. As shown in Fig. 4 , the median Sérsic
ndex across all wavebands exceeds 2. So classical bulges are notably
revalent among dual AGN host galaxies. Classical bulges also
xhibit higher bulge masses (Figs 2 and 3 ). Assuming that the
stablished M–σ relation observed in AGN host galaxies is valid
or the bulges of dual AGNs (N. J. McConnell & C.-P. Ma 2013 ),
NRAS 544, 4208–4216 (2025)
ur results suggest that the merging process leads to the growth of
MBHs as well. It also suggests that SMBH binaries preferentially
eside in merger remnants with n > 2. 

Dual AGNs are also more commonly found in elliptical pairs
r elliptical–disc pairs. Based on Sérsic model fits, systems with a
ingle high-Sérsic component are classified as ellipticals, while those
ith two components are identified as bulge–disc systems. Assuming
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his classification, approximately two-thirds of the sample contain 
lassical bulges in both galaxies (Fig. 6 ). Also, 94 per cent of dual
GNs host at least one such bulge (Figs 5 and 6 ). As mentioned
arlier, classical bulges are generally formed from the monolithic 
ollapse of galaxies at early epochs or via the major mergers of
alaxies. They are characterized by redder, older stellar populations, 
n contrast to pseudo-bulges that are formed via secular processes 
nd are relatively bluer in colour (J. Hu et al. 2024b ). This trend
s consistent with previous findings (A. Bhattacharya et al. 2023 ), 
hich show that dual AGNs preferentially occupy the red sequence 

n colour–magnitude space. 
Pseudo-bulges are rare among dual AGN hosts, and systems 

omprising two pseudo-bulges are exceptionally uncommon (Fig. 6 ). 
his further reinforces the link between classical bulge formation via 
ergers and the occurrence of dual AGNs, as opposed to dual AGNs

n pseudo-bulges formed through secular evolution. 
Finally, dual AGNs are predominantly associated with major 
ergers, with typical stellar mass ratios ≤3, as seen in the final 

anel of Fig. 6 . This result is consistent with earlier observational
tudies (A. Stemo et al. 2021 ) and suggests that major mergers play
 key role not only in AGNs triggering but also in the formation of
MBH binaries. These findings have important implications for the 

dentification and characterization of SMBH binaries in forthcoming 
ow-redshift surveys. 

 C O N C L U S I O N S  

n this study, we investigate the structural properties, host galaxy 
orphologies, and bulge classifications of dual AGN systems in the 

OTHIC sample, based on two-dimensional decompositions of SDSS 

maging. Our main results are as follows: 

(i) The bulge masses of dual AGN host galaxies span 1 . 5 × 109 M
o 1 . 4 × 1012 M�, with the most massive bulges corresponding to
lliptical galaxies. 

(ii) Sérsic indices in the g , r , and i bands indicate that 80 per cent
105/131) of bulges are classical. Of these, 64 per cent (67) are found
n elliptical galaxies, while 36 per cent (38) reside in disc galaxies.
he remaining 20 per cent (26) are pseudo-bulges with significant 
iscy components. 
(iii) Host morphologies reveal that dual AGNs are more frequently 

ound in elliptical–elliptical (E–E) and elliptical–disc (E–D) mergers 
han in disc–disc (D–D) mergers. Approximately two-thirds of the 
ystems include at least one elliptical galaxy, while only 30 per cent
nvolve two disc galaxies. This suggests a preference for red, evolved 
osts over star-forming systems. 
(iv) Nearly 60 per cent of dual AGNs are associated with major 
ergers. Combined with their prevalence in red, quiescent galaxies, 

his supports the interpretation that dual AGNs predominantly reside 
n quenched environments with low star formation activity. 

These findings suggest that dual AGNs predominantly arise from 

ajor mergers and are preferentially hosted by massive, evolved 
ystems – either classical bulges in discs or elliptical galaxies –
onsistent with merger-driven evolutionary pathways. 
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