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We report a giant red central disk galaxy in the XMM-LSS north region. The region is covered with a rich variety of multi-band
photometric and spectroscopic observations. Using the photometric data of the Canada-France-Hawaii Telescope Legacy Survey
(CFHTLS) and spectroscopic observation of the baryon oscillation spectroscopic survey (BOSS), we find that the galaxy has a
stellar mass of ∼1011.6 M⊙. The galaxy has a red color and has an old stellar population, and thus its star formation has stopped.
With the photometric image data of the Hyper Suprime-Cam (HSC) Subaru Strategic Program, we demonstrate that its luminosity
profile is perfectly described by a Sérsic form with n=1.22 consistent with that of a disk. We also analyze its environment based
on the VIMOS Public Extragalactic Redshift Survey (VIPERS) photometric catalog, and find that its close neighbors are all less
massive, indicating that our observed galaxy is sitting at the center of its dark matter host halo. Existence of such a giant red central
disk galaxy seriously challenges the current standard paradigm of galaxy formation, as there is no known physical mechanism
to explain the quenching of its star formation. This conclusion is supported by state-of-the-art hydrodynamical simulations of
galaxy formation.
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1 Introduction

Galaxies are usually classified into ellipticals and spirals ac-
cording to their morphology. Elliptical galaxies, by defi-
nition, have regular elliptical shapes of stellar distribution.
They have very little ongoing star formation, and thus they
are red in color and old in stellar age. In contrast, spiral
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galaxies have disk shapes of stellar distribution, though a sig-
nificant fraction of them possess bulges at their centers. There
is usually ongoing star formation in spiral galaxies, so they
look blue in color and have young stellar populations [1].

These properties of galaxies can be well understood in the
standard paradigm of hierarchical structure formation [2-4].
In theory, cosmic structures grow by gravitational instability
from the initial tiny quantum fluctuations generated during
the inflationary epoch. Dark Matter (DM) halos, which are
defined as dark matter objects with density about 200 times
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of the critical density of the Universe, are formed through
accreting surrounding smaller DM halos and diffuse matter
including DM and gas. The gas, when accreted into a halo,
is heated by shocks [5]. The hot gas cools by radiating its
energy, and the cold gas spirals into the halo center to form
a disk (spiral) galaxy. With the growth of a halo, surround-
ing galaxies can also be accreted into the halo and become
its satellites. Because of dynamical friction, some satellite
galaxies, especially relatively massive ones, spiral into the
center and coalesce with the centra galaxy [6,7]. A merger of
a central disk galaxy with a satellite of comparable mass (say,
a mass ratio ≥ 0.2) may significantly change its internal struc-
ture, either producing an elliptical galaxy or a disk galaxy
with a significant bulge [8-10]. Based on the observed rela-
tion between black hole (BH) mass and bulge mass [11], we
expect there are supermassive black holes (SMBHs) within
elliptical galaxies or bulges. The strong energy output and/or
material outflow produced by an SMBH can heat and/or blow
out the surrounding cold gas, thus suppressing the gas reser-
voir from which stars form and making the host galaxy look
red. Current hydrodynamical simulations of galaxies that
have incorporated these (and other) physical processes have
successfully reproduced a wide range of observed properties
of galaxies including the stellar mass, morphology, color, and
stellar age [12, 13].

Massive galaxies with stellar mass larger than 1011.0M⊙ are
expected to form in DM halos of group and cluster mass [14].
Because of frequent mergers happening in such rich environ-
ments, one expects that most such massive galaxies are red
ellipticals with significant amounts of bulge. Only in rare
cases where little merger happened in the past, no bulge and
thus no BH will form. The central galaxy may keep form-
ing stars, thus becoming a blue disk galaxy. In any case, one
would not expect to form a central red disk galaxy in a mas-
sive DM halo, as there is no mechanism to stop gas cooling
and star formation if no bulge (thus no SMBH) has formed.

2 Properties of the galaxy

In this paper, we report a massive red central disk galaxy
SDSS J022248.95-045914.9 with stellar mass reaching
1011.6M⊙. The details of the galaxy are shown in Table 1.
The z-band image from the deep field of HyperSuprime-Cam
Subaru Strategic Program (HSC-SSP) [15], u∗-band image
from CFHT Large Area U-band Deep Survey (CLAUDS)
[16], and u∗-z color map of the galaxy are shown in Figure 1.
The galaxy was discovered during our study of physical
properties of massive galaxies in the CMASS sample of the
baryon oscillation spectroscopic survey (BOSS) [17] in the
XMM-LSS region [18]. We perform spectral energy distri-

bution (SED) fitting on multi-band data of the galaxy from
FUV to Ks collected by Moutard et al. [19] using the Le
PHARE [20, 21]. We use the stellar population synthesis
models of BC03 [22] with the Chabrier [23] initial mass func-
tion (IMF) and a delayed star formation history. We obtain a
stellar mass M∗ = 1011.64M⊙ and a specific star formation
rate (sSFR) 10−11.38 yr−1 and the rest-frame NUV-r color is
5.3 based on the SED fitting. As the BOSS survey has taken
a spectrum for the galaxy, we show it in Figure 2. From the

Table 1 Physical properties of SDSS 022248.95-045914.9

Properties Value

RA (◦) 35.703888

DEC (◦) −4.987444

Redshift 0.76

Rest-frame NUV-r (mag) 5.3

sSFR (yr−1) 10−11.38

M∗ (M⊙) (SED) 1011.64±0.10

M∗ (M⊙) (PCAa)) 1011.67±0.17

Sérsic index 1.22 ± 0.06

Axis ratio b/a 0.85

Half-light radius Re (kpc) 8.81

NUV (mag) 26.9

u (mag) 24.7

g (mag) 22.8

r (mag) 21.3

i (mag) 20.0

z (mag) 19.5

Ks (mag) 18.4

a) From Wisconsin group [24].

* *

Figure 1 (Color online) HSC z-band image (a), CLAUDS u∗-band im-
age (b) and u∗-z color magnitude map (c) of the galaxy. Physical length of
15 kpc corresponds to 1.977 arcsec and the FWHM of the seeing in the z and
u∗ images is 0.822 and 1.046 arcsec.

Flux
Best fit

Å

Figure 2 (Color online) Blue line shows the original spectrum from BOSS
and red line is the best fitting model. Typical emission lines are shown via
vertical black lines. Wavelength is in rest-frame.
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figure, we can easily see the best fitting spectrum is typical
for an old stellar population: there is no visible emission line
and the D4000 break is about 1.9. The stellar mass released
by the Wisconsin group [24] using principal component anal-
ysis method based on the spectrum is 1011.67±0.17M⊙, which
is in good agreement with the stellar mass obtained by our
SED fitting. From both the photometry and the spectrum, we
can conclude that the galaxy is very massive and its star for-
mation has been quenched. These are the typical features of
a massive elliptical galaxy.

However, our analysis of the surface brightness profile for
the galaxy surprisingly shows that it is a disk galaxy. The ra-
dial luminosity distribution of a galaxy can be described by
the Sérsic form [25]:

I(R) = Ie exp
{
− bn

[( R
Re

)1/n
− 1
]}
, (1)

where bn satisfies

γ(2n; bn) =
1
2
Γ(2n). (2)

Ie is the intensity at the half-light radius Re, and n, called
the Sérsic index, describes the compactness of a luminosity
profile. Γ and γ are respectively the Gamma function and
lower incomplete Gamma function. Generally speaking, disk
galaxies have exponential profiles with n=1, and ellipticals
follow the de Vaucouleurs profiles with n=4. We take the
z band photometric image from the public data release 2 of
HSC-SSP [15]. We fit the image with the Sérsic form in 2D
using galfit [26] with the point spread function (PSF) taken
into account. The best-fitting Sérsic profile of the galaxy is
shown in Figure 3, which describes the observed radial lumi-
nosity profile well. The Sérsic index is n=1.22 ± 0.06, which
indicates the galaxy is a disk galaxy. This is consistent with
the visual appearance, which does not show any significant
bulge component. To directly measure the bulge/disk ratio,
we also performed a two-component fitting on the galaxy, us-
ing an exponential plus de Vaucouleurs profile. The fitting re-
sults do not indicate any bulge component, and we can set an
upper limit that the bulge contains less than 1/15 of the stel-
lar light of the galaxy. In fact, the luminosity profile is indeed
well described by the exponential profile with n=1 (green dot
line in Figure 3).

As we will discuss below, the environment effects, such as
the ram pressure and/or tidal stripping may help disk galax-
ies quench their star formation. It is therefore vital to check
whether the galaxy is a central or satellite galaxy. We use
the photometric catalog of the second public data release
(PDR-2) of the VIMOS Public Extragalactic Redshift Survey
(VIPERS) [19]. This catalog contains all sources brighter
than 22.5 mag in the i band in the W1 field which covers the

galaxy we study. The Ks band magnitudes from the VIDEO
observation [27] are also available in the region around the
galaxy. We consider a field of view of comoving radius 1 Mpc
around the galaxy, which corresponds to θ = 0.02081◦ in the
sky using the cosmological parameters from the Planck satel-
lite [28]. We use the photometric redshifts zph to search for
the neighbors. Since the error of zph is typically about 0.05
for galaxies with i < 22.5 mag and Ks < 22.0 mag [19],
we plot all the galaxies of Ks ≤ 21.0 mag within a cylin-
der of radius θ and length ∆zph = 0.4 centered on redshift
zs = 0.76 of the red disk galaxy. As shown in Figure 4, there
are 8 neighbor galaxies, all of which are at least 1.2 mag
fainter than our red disk (Ks = 18.4 mag), which confirms
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Figure 3 (Color online) Radial profile of the z-band image and models of
the galaxy. Red dots with error bars are the data from HSC z band. The blue
solid line shows the profile of the best fitting Sérsic model. Parameters from
the best fitting model are: integrated magnitude: z = (19.64 ± 0.01) mag; ef-
fective radius: Re = (1.035 ± 0.020) arcsec; axis ratio: b/a = 0.850 ± 0.010;
position angle: PA = (−78.46±3.87) deg; Sérsic index: n =1.22±0.06. The
green dotted line shows the best fitting exponential function.
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Figure 4 (Color online) Galaxies of Ks < 21 mag within |∆zph | = 0.2 in the
sky area of a comoving radius 1 Mpc centered on the red disk galaxy. Colors
of the dots reflect the Ks band magnitude of the neighbor galaxies.



K. Xu, et al. Sci. China-Phys. Mech. Astron. July (2021) Vol. 64 No. 7 279811-4

that the red disk galaxy is a central galaxy. Since the Ks lu-
minosity is approximately proportional to the stellar mass, we
also find that the existence of 8 satellites with the stellar mass
larger than 1/10 of the central red disk’s stellar mass is fully
consistent with the observed conditional stellar mass function
[29].

Thus, the galaxy we find is very likely a massive central
red disk. But it is challenging to explain its formation in cur-
rent theories of galaxy formation. According to the halo mass
and stellar mass relation [14], we expect the galaxy is at the
center of a host halo of mass about 5× 1014M⊙. As described
in the beginning, such a galaxy should find it hard to maintain
its disk structure since frequent merging is inevitable with
other spiraling-in galaxies in the rich environment (cluster of
galaxies). Even for a rare galaxy with very little merging
in its recent past, one would expect ongoing star formation
activities unless there is enough feedback from the central
SMBH. However, as we have not detected the bulge compo-
nent at the center of the red disk, we would expect that the
feedback from the SMBH is not an efficient way to quench
the whole galaxy. This qualitative reasoning is verified by
state-of-the-art hydrodynamical simulations that implement
the physical processes we have described. We have searched
for massive red disks (NUV-r > 4.5 or sSFR < 10−11 yr−1)
of M∗ > 1011.3M⊙ and n < 1.5 (in rest-frame r band) in the
Illustris-1 simulation [30, 31] at zs = 0.5, but we found a null
result. To test the sensitivity to the details of simulations, we
have also inspected the Illustris TNG100-1 [32] simulation at
zs = 0 1), and no massive red disk is found either.

3 Discussion and conclusion

It is interesting to point out that a few studies of red spiral
galaxies have appeared recently in the literature. Red disks
with smaller mass (∼ 1010.0M⊙) are found at intermediate lo-
cal densities such as the infall regions of clusters [33, 34].
The tidal force and/or gas ram pressure in such intermediate
density environments could be strong enough to destroy the
cold gas reservoir, but still too weak to affect the disk struc-
tures. Statistical studies of nearby massive red disks (1010.5-
1011.0M⊙) show larger bulge/total mass ratios than their blue
counterparts [35, 36]. Various quenching mechanisms have
been theoretically proposed to quench a massive galaxy with-
out AGN feedback such as halo quenching [5] and angular-
momentum quenching [37], which should be investigated fur-
ther. In other studies, relations beyond the standard scaling
rules are proposed to explain the existence of massive red

disks. For example, some studies show that massive disks
may exist in smaller halos comparing to other galaxies with
the same stellar mass [38]. Gas is exhausted by star forma-
tion in these galaxies and no quenching mechanism is needed
to explain their red color. Moreover, deviations from the BH-
bulge mass and the DM-baryon mass relations have also been
proposed [39, 40]. Compared to the red galaxies found in the
above studies, the galaxy reported in this paper has the high-
est redshift and, more importantly, the largest mass, making
it much harder to explain its quenching.

In conclusion, we find a giant red central disk. The ex-
istence of this galaxy challenges current theories of galaxy
formation, as there is no known physical mechanism to stop
its star formation. Since there are some rare cases whereby
mergers, which may cause very low Sérsic indices, can not
be distinguished from imaging data alone [18], we plan to
confirm the galaxy’s disk with kinematic data from Integral
Field Unit (IFU) observations. Meanwhile, we will search
the whole HSC wide field for massive red disks and employ
statistical analyses to check whether their properties deviate
from standard scaling laws or not.
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