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ABSTRACT

We examine the magnitude and size evolution of bulgeless (discs with no-bulge or
pseudo-bulge) galaxies up to z~0.9 in rest-frame B-band. Their evolution is compared
to that of normal-discs (or discs with classical-bulge). The study is done for luminous
sources (Mp<-20) in two equal-volume redshift-bins (0.4<2<0.77 and 0.77<z<1.0)
and a local range (0.02<z<0.05). The mean surface-brightness, fiz, from 2,cq,=0.89
t0 Zmean=0.04, shows a dimming of 0.79 mag arcsec 2 for bulgeless galaxies and 1.16
mag arcsec” 2 for normal-discs. The characteristic magnitude, M}, shows an increase
of 0.55-mag for bulgeless galaxies and 0.95-mag for normal-discs. Both dimming and
faintness observed since z~0.9 is more pronounced for the normal-discs by ~0.4-mag.
The size-distribution is log-normal and both bulgeless and normal-discs show a slight
increase in the mean value, Alog(R.)~0.11, from z,ean=0.89 t0 Zmean=0.04. The
proportion of bulgeless galaxies in the full disc sample undergoes a considerable decline
with decrease in redshift. This along with the larger dimming and faintness seen for
normal-discs suggests that some fraction of the bulgeless sources switch to the normal-
disc morphology with time. To ascertain the validity of studying morphology in the
optical, the properties of the galaxies observed in both rest-frame B and I-band are
compared. The common sample is more luminous in the Iband but the sizes are
larger in the B-band for more than 74% of the sources. The variation in the sersic-
index values of the galaxies in the two rest-bands is minor enough to have any affect
on the morphological classification.

Key words: galaxies: bulges — galaxies: evolution — galaxies: luminosity function —

galaxies: structure.

1 INTRODUCTION

The Cold Dark Matter Model based on structure forma-
tion through hierarchical clustering given bym
(1978) and [Fall & Efstathiou (1980) is the most acceptable
scenario of disc formation. Gas (baryons) falling inside the
spinning halo of dark-matter, acquires the same distribution
of specific angular-momentum as the halo and conserves it
while it cools and collapses which leads to the formation of
disc inside the halo.

However, as the haloes grow hierarchically, mergers give
rise to dynamical friction which leads to the loss of angular-
momentum in these baryons (or formed stars). Additionally,
the continuous accretion of intergalactic debris displaces
stars from their disc orbits. These stars, which lose their
angular momentum due to mergers and accretion, then sink
to the centre of galaxies which leads to the formation of cen-

* Based on observations obtained with the NASA/ESA Hubble
Space Telescope, which is operated by the Association of Uni-
versities for Research in Astronomy, Inc.(AURA) under NASA
contract NAS 5-26555

trally concentrated stellar distribution supported by random
motion (Governato et all m; Brook et al M)

This centrally concentrated stellar distribution, with an
amorphous smooth appearance, is defined as the bulge of
the disc galaxy (Wyse, Gilmore & Franx m; MM)
The bulge’s size compared with the size of the disc is one
of the main classification criteria along the spiral sequence
from early Sa to Sd, Sm and Im types (f & Bedke
). Bulges are, thus, a natural outcome of disc formation
in the ACDM scenario (Peebles & Nusser [2010). This is well
reflected by the fact that no simulation based on the ACDM
paradigm has been able to produce a single galaxy without
bulge as yet (Dutton [2009; [Scannapieco et all2009).

However, the presence of a large number of giant bulge-
less galaxies in the universe challenges this picture of galaxy
formation (Kormendy & Kgnnigm;ﬂ QM; Kormendy et al]
M) The fragile thin disc of stars surviving mergers and
accretion without any evidence of merger-built-bulges is po-
tentially catastrophic for the Lambda CDM model
12006; [Governato et all [2010; Benson [2010).

The situation gets acute when we realize that many
small bulges which were thought to be merger remnants, are
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found to be pseudo bulges. They are called pseudo-bulges as
they have a high ratio of ordered-motion to random-motion
and are understood to form mainly due to the secular evolu-

tion of isolated galaxy discs dKQrmﬁndMnnmLﬂlZQ_OA])

In terms of cosmology, discs with pseudo-bulges are consid-
ered as pure-disc or bulgeless (Kormendy et al] M) The
term ”bulgeless”, thus, refers to disc galaxies which do not
have a bulge or which support a pseudo-bulge.

Understanding the formation and evolution of bulgeless
galaxies is one of the most challenging problems facing us.
To that end, in this paper, we have examined the magni-
tude and size evolution of bulgeless galaxies in the past ~8
Gyrs. Their evolution is compared to that of normal-disc
galaxies. ”Normal-disc” galaxies refer to disc galaxies with
classical bulge, these discs are easily formed by models based
on standard cosmology.

The study is done in Chandra Deep Field-South for the
rest-frame B-band (0.37-0.49 pm) in two equal volume red-
shift bins (0.4<z<0.77 and 0.77<z<1.0). The images from
the Great Observatories Origins Deep Survey obtained us-
ing Advanced Camera for Surveys on the Hubble Space Tele-
scope (HST) (Giavalisco et alll2004) are combined with the
spectrophotometric redshifts from COMBO-17
2004).

The study of the distribution of galaxies with re-
spect to luminosity, size, morphological-type and the
correlation among them is crucial to our understand-
ing of the formation and evolution of galaxy population
(M @) The correlation for discs has previ-
ously been explored (Roche et al] m; Lilly et al] M;
Simard et aljm; Ravindranath et al“m; Barden et al]
2005; Melbourne et all [2007; [Kanwar et all 2008), but the
studies have come out with conflicting results.

Roche et all (1997) found that the mean half-light-
radius of spiral galaxies has increased with time by ~25%
since z~1.2. (@) found that the size function of
large discs is approximately constant to z~1 and discs are 0.8
mag brighter at z=0.7. Adding to that, Roche et al| (1998)
found that the mean rest-frame blue-band surface-brightness
for all morphological types increases by 0.95 mag up to
Zmean=0.9. However, |Simard et al] @QQQ) concluded that
no discernible evolution remains in the surface-brightness
of disc-dominated galaxies once a limit of Mp<-19 is put
on the sample. They emphasized that the evolution seen
by previous studies is due to selection-effects in which low-
luminosity galaxies at lower redshifts are compared with
high-luminosity ones at higher redshifts.

This study was supported by |[Ravindranath et all
(Im)7 who found that for the high central surface-
brightness limit 4% <20.6 mag arcsec™2, no significant evo-
lution is seen in the mean B-band surface-brightness. Both
these studies found a handful of luminous, high surface-
brightness galaxies in the highest redshift-bin with a wide
range of color and bulge-fractions.

Later, Barden et all (2005) found a brightening of ~1
mag arcsec 2 for disc galaxies in the rest-frame V-band by
z~1 for My <-20. They observed that the previous attempts,
with high surface brightness limits, were selecting only those
local galaxies which would, in principle, be observed at high
redshift. This amounts to studying the very bright tail end
of galaxy distribution at all redshifts, and hence, evolu-
tion was not seen. This was supported by

M) They found a substantial dimming of luminosity,
AMp~1.5-mag, since z=1 for large and intermediate-sized
galaxies. Also, [Kanwar et all (2008) observed that for the
size-function of disc galaxies to remain constant since red-
shift 1.0, the disc galaxies need to go fainter by 1-1.5 mag
towards decreasing redshifts.

In this paper, the disc sample has been divided into
two groups, bulgeless and normal-discs. Kormendy-relation
along with the sersic-index criteria is used to make the divi-
sion. The magnitude, size and surface-brightness evolution
of the two morphological types is examined separately. The
major aim is to see if the bulgeless galaxies have evolved
any way differently from their counterparts with bulge. The
entire disc sample (0.4<z<1.0) has Mp<-20, taking care of
the accuracy limit of redshifts from COMBO-17 and the
imaging efficiency of the HST at the high redshift end. The
NYU-Value Added Galaxy Catalog (Blanton et all [20054)
is used to obtain a local sample (0.02<z<0.05) of bulgeless
and normal-disc galaxies in the rest-frame B-band. This is
viewed as a reference to the situation at the present epoch.

) argued that the surface-brightness pro-
file in optical light may not reliably trace the surface-density
profile in stellar mass. Also, I-band should study the surface-
density profile better as it will be relatively free of biases of
young stellar population and dust. To explore the differences
in surface-brightness and surface-density profile, the lumi-
nosity, size and morphology of the galaxies observed in rest-
frame B and I-band are compared. The rest-frame I-band
(0.78-0.85 pm) properties of the galaxies (for 0.4<z<1.0)
are obtained from the images from HST Wide Field Camera-
3 (WFC3) Early Release Science (ERS) programme in the
CDF-S in the near-IR filters (Windhorst et al![2011)

We consider a flat A-dominated universe with Q4 =0.73,
Q,,=0.27, H,=71 km sec ™! Mpc~!. In Section 2, the criteria
for selecting the sample and identifying the morphology are
described. In Section 3, surface-brightness evolution of the
sample is examined. In Section 4, luminosity evolution is
studied via luminosity-function and size evolution is studied
via log-normal-curves. In Section 5, properties of the galaxies
are compared in rest-frame B and Iband. A discussion of
the results and conclusions of the study are presented in
Section 6.

2 SAMPLE SELECTION AND IDENTIFYING
THE MORPHOLOGY

2.1 Sample selection

2.1.1 Obtaining catalogues

The images in V (F606W), ¢ (F775W) and z (F850LP) filters
of ACS (HST) are used to study GOODS CDF-S in rest-
frame B-band. The SExtractor software (Bertin & Arnoutd
) is used for source detection. The source detection
is based on the F850LP image. The postage stamp size
of the objects, to obtain cut-outs, is determined by using
the SExtractor output parameters, mainly KRON-RADIUS.
The sky background for each source is estimated by us-
ing the flux growth curve method on the whole image
masking out the neighbouring sources. Galfit
), which performs the two-dimensional modelling of the
surface-brightness distribution of the galaxies, is employed
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for extracting galaxy parameters. The SExtractor output
parameters (MAG-BEST, FLUX-RADIUS, etc) are given as
initial parameters to Galfit, which performs a sersic profile
fitting on all sources.

The sersic profile (Sérsic 1968) for the variation of
galaxy’s surface brightness from it’s centre is given as:

I(r) = I(0) exp(—2.303by, (1 /re) /™), (1)

where n is the sersic-index which controls the degree of cur-
vature of the profile. I;(0) is bulge central intensity and the
constant b, is chosen such that r. is half-light-radius for
every value of n.

Galfit uses the Levenberg-Marquardt algorithm to do
the sersic profile fitting. We obtain integrated magnitude,
half-light-radius, sersic-index and axis-ratio of the galaxies,
along with the associated errors. Only the sources with re-
duced x2-value of less than 5 are selected. Redshifts are then
obtained from the COMBO-17 survey in CDF-S
m) They are accurate to 1% in % at R<21. To obtain
the redshifts, RA and Dec were matched for a maximum dis-
tance of 0.00014 deg which corresponds to 0.5 arc-seconds.
This strikes a balance such that maximum number of sources
obtain a redshift and the cases of two neighbouring sources
getting the same redshift is reduced to minimal.

The catalogues obtained in V, i and z filters are av-
eraged and merged according to redshift-ranges to create
a rest-frame B-band catalog. It has 5103 sources in the
redshift-range 0.4 to 1.0. The images in near-IR filters, J
(F125W) and H (F160W) of WFC3 (HST) in the CDF-S
are used in a similar manner to obtain the properties in rest-
frame I-band. The source detection is based on the F160W
image. After obtaining the cut-outs and estimating the sky-
background, sersic component fitting is done on the sources.
The final catalog in the redshift-range 0.4 to 1.0 has 1109
sources. It is used in Section 5 to compare the morphology,
luminosity and sizes of the galaxies in the two rest-frame
bands.

Some entries for the B-band catalog are shown in Ta-
ble 1. Integrated-magnitude (m), half-light-radius (in pixels)
(re), sersic-index (n), axis-ratio (ar) and the errors associ-
ated are as found from the sersic-component fitting. The
redshift (z) and the error associated is from the COMBO-
17 survey columns (MC-z and e-MC-z). Both B and I-band
catalogues are made available with the on-line version.

2.1.2  Applying limits

In the B-band catalog, the sources with more than 30% er-
ror in radius (2:>0.3) and sersic-index (22>0.3) are re-
moved. Also, to remove spurious sources, the conditions
0.3<r.<300 (pixels) and 0.1<n<8.0 are applied. This re-
duces the number of sources in the rest-frame B-band
to 4124 for the redshift range 0.4-1.0. The integrated-
apparent-magnitude and half-light-radius (pixels) are con-
verted into absolute-magnitude and half-light-radius (Kpc)
as per the redshift and cosmology considered. The rela-
tions used for these conversions are explained in Section 3.
The absolute-magnitudes obtained are comparable with the
absolute-magnitudes obtainable from the COMBO-17 sur-
vey (Im ) for the rest-frame B-band.

The redshift-magnitude distribution in 0.4-1.0 z-range
for galaxies with Mp>-20 and Mp<-20 is shown in Fig. 1.

The plot with Mp>-20 shows that galaxies with lower lumi-
nosity are not seen at high redshift ranges at all. The dashed
line made at z=0.77 separates the full redshift range (0.4-
1.0) into two equal comoving-volume bins. The plot with
Mp<-20 shows that the number of galaxies in the two bins
is almost same. The magnitude limit for reliable redshift
from COMBO-17 is mz~23.5. For our upper redshift limit
of z=1.0, this corresponds to Mp~-20. Based on the depth
of HST imaging, and the redshift accuracy limit of COMBO-
17, a magnitude cut of -20 is applied on the sample. We ob-
tain 727 sources in the rest-frame B-band (0.4<z<1.0) with
Mp<-20.

2.2 Identifying the morphology
2.2.1 Sersic-index

The sersic-index (Sérsic, 1968) is considered an elegant tool
to determine morphology. The smaller the value of n, the less
centrally concentrated the profile and shallower the logarith-
mic slope at small radii ). The sersic-index
value n=2.5 is considered an efficient separator of early-type
(n>2.5) and late-type (n<2.5) galaxies, through simulations
and visual verifications [2007; lvan der Wel
m) We have, thus, used the criteria to obtain 496 late-
type or disc dominated (n<2.5) galaxies in the rest-frame
B-band (0.4<z<1.0) with Mp<-20.

To obtain a sample of bulgeless galaxies, we need
to separate discs with no-bulge or pseudo-bulge from our
disc dominated sample. Previous studies
2007; [Fisher & Droryll2008; |Shen et all[2003) have found the
sersic-index limit values ranging from 1.5 to 2.2 to separate
the bulgeless sample.

To determine the sersic-index limit, the entire sam-
ple of the rest-frame B-band (i.e. without the magnitude
cut, 4124 sources) was divided into three sersic-index ranges
(0.8>np, 0.8<np<1.7, 1.7<np) with each range getting al-
most equal number of sources. For each index range, 0.5-
mag size absolute-magnitude bins were created and mean
half-light-radius (ReB,m ) was found for each bin. The distri-
bution of these means against the absolute-magnitude bins
for different sersic-index ranges is shown on a log scale in
Fig. 2.

The findings support those of (M), such
that the sersic-index value of 1.7 indeed seems to separate
the galaxies into two groups which follow different Rep-Mg
relations, independent of n. The cut, thus, appears to sepa-
rate galaxies which follow an exponential surface-brightness
profile (Sb/Sc) from those which do not. The second plot
(Fig. 2) however shows that the scatter is quite large.

2.2.2  Kormendy-relation

To ascertain the separation of bulgeless galaxies, Kormendy-
relation is applied in addition to the sersic-index crite-
ria. [Gadotti M) suggested that the Kormendy-relation
which is followed by elliptical galaxies can be used to sepa-
rate pseudo-bulge (or bulgeless) galaxies. The pseudo-bulge
galaxies will show themselves as outliers to the relation.
Galaxies with 2.8<np<4.5 from the 727 sources
(0.4<z<1.0, Mp<-20) were selected as ellipticals
i [2007). The equation obtained from
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Table 1. The B-band catalog in the 0.4-1.0 redshift-range (for few sources)

1D m m-err Te Te-€IT n n-err ar ar-err RA Dec z Z-err
10135 23.1481 0.0032 12.6368 0.0673 0.4707 0.0053 0.859 0.0037  53.0851141  -27.7289909  0.521641  0.0364272
10154 24.9811 0.0104 10.8213 0.1491 0.5772 0.0312 0.1489 0.0035 53.0852279  -27.7538798  0.597967  0.178344
10150  25.2588  0.0322  4.9653 0.2884 2.9811 0.2465 0.3941 0.0178  53.085196 -27.826633 0.453996  0.368795
10170  23.0068  0.0158  27.1952  0.7499 3.5955 0.0642 0.2823 0.0026 53.0853214 -27.7923126  0.581040  0.0443867
10241 23.9253  0.0061  9.6979 0.0914 1.1951 0.018 0.2245 0.0019 53.0857339  -27.895439 0.478985  0.0578052
10263  24.3276  0.0156  11.5209 0.2698 1.3609 0.0416 0.2807 0.0047 53.0858755  -27.7059257  0.498965  0.0333549
10290  26.4758 0.0483  7.6923 0.5101 1.0127 0.1378 0.2892 0.0161  53.0860538  -27.7855397  0.526688  0.368991
10486  22.4624 0.0029 18.0997 0.0751 0.7076  0.0055 0.3485 0.001 53.0873424  -27.7430061  0.520664  0.0321240
10624  23.9292  0.0054 10.5075  0.085 0.7559  0.014 0.3075  0.002 53.0881005  -27.7530047  0.515495  0.0351864
10707  20.9032 0.0146 63.1796 1.7937 7.8752  0.069 0.7586  0.0024  53.0886768  -27.7432276  0.451917  0.0412592

the linear-fit to the surface-brightness and log-size data of
these ellipticals is the Kormendy-relation. The relation is
obtained separately for the two equal volume redshift-bins
(0.4<z<0.77 and 0.77<z<1.0), to account for evolution,
if any. They are shown as solid lines in the two plots of
Fig. 3. The two dashed lines are as obtained from the
430 values of the zero-point with fixed slope. Only disc
dominated (np<2.5) sources have been shown. The discs
with pseudo-bulge are outliers in the two plots (found below
the lower line) i.e. they follow the relations:

fre. > 19.36 +2.92 x log(Re.), V0.4 < 2 <0.77 (2)

fie.s > 19.32 + 2.92 % log(Re.), V0.77 < z < 1.0 (3)

2.2.3 Division and bulge-total ratio

More than 85% of the galaxies in the lower bin (0.4-0.77)
and more than 80% of the galaxies in the higher bin (0.77-
1.0) which are found to have pseudo-bulges (or no bulges)
according to these relations, have np<1.7. The two criteria
are thus complementary to each other. Only those galaxies
which satisfy both criteria, i.e. have sersic-index less than
1.7 and are outliers to the Kormendy-relation, are chosen to
be bulgeless (i.e. these discs either have no-bulge or have a
pseudo-bulge). They are marked as solid squares in Fig. 3.

The rest of the discs, which either do not follow the
relations mentioned above or have 1.7<np<2.5, are normal-
discs i.e. disc galaxies with classical-bulge component. They
are marked as open circles in Fig. 3. This sample is selected
alongside for comparison.

To be able to comment on the bulge-total ratio of
the sample, we need to know the Petrosian-concentration
(r90/750) since it is considered a good predictor of the ratio
(Gadotti 2009; [Lackner & Gunnl [2012).

[Blanton et. all (2003H) calculated the Petrosian inverse
concentration (rs0/790) dependence on the sersic-index, for
different values of axis-ratios. Our bulgeless sample has
sersic-index, n, less than 1.7 and axis-ratio, b/a, is less than
0.6 for more than 90% of the sample. Thus according to
Blanton et all (20031) (see their Fig. 5), the Petrosian in-
verse concentration (rso/r90) is more than 0.36 for our bul-
geless sample.

The bulge-total ratio scales linearly with the Petrosian
concentration. For rs50/r90>0.36 and b/a<0.6, the bulge-
total ratio is found to be less than 0.3 (or 30%) for our bul-

geless sample (Fig. 5 of [Blanton et all (2003H)). The bulge-

total ratio is evidently less than 0.2 for most of the bulgeless
sources as the average values of sersic-index and axis-ratio
of the sample are both quite lower than their upper limits
of 1.7 and 0.6 respectively.

Out of the 496 disc dominated galaxies with Mp<-20
and 0.4<z<1.0 in the rest-frame B-band, 186 are found to
be bulgeless and 310 are normal-discs.

2.3 Local sample

The New York University-Value Added Galaxy Catalog
(NYU-VAGC) maintained for the study of galaxy formation
and evolution (Blanton et al!l20054) is used to obtain a local
sample for reference. The NYU-VAGC is a catalog of local
galaxies based on a set of publicly released surveys matched
to the Sloan Digital Sky Survey (SDSS) Data Release 2
(Abazajian et all M) It has a specially prepared cata-
log for low-redshift galaxies (0.0033<z<0.05) (Blanton et al
2005H).

We use the g and r-band data to create a rest-frame
B-band catalog. The magnitudes are galactic-extinction cor-

rected (IS_(;h_lgggi,_EmkbﬂngMém and K-corrected
(Blanton et al J uXBj to the rest-frame band passes. We
use the relations given by [Fukugita et all (1996) to ob-
tain absolute-magnitudes in rest-frame B-band. The sersic
half-light-radii of the g and r-band are converted from arc-
seconds to Kpc according to their redshift. The relations
given by Barden et all (lZQ_Oﬂ)7 that were found using the
) data to account for the radial color gradi-
ents, are used to obtain half-light-radii in the rest-frame
B-band. There were a large number of sources with neg-
ligible values of the parameters (r.<0.1 arc-seconds) in the
highly local redshift-range (0.0033<z<0.02) of the catalog.
We obtain 43,919 sources in the rest-frame B-band in the
redshift-range 0.02<z<0.05. The magnitude cut of Mp<-20,
reduces the number of sources substantially. The final cata-
log is of 764 galaxies in rest-frame B-band, in the redshift-
range 0.02<z<0.05 with Mp<-20. A sample of bulgeless
and normal-discs is then obtained using sersic-index and
Kormendy-relation criteria.

We thus have samples of bright (Mp<-20), bulgeless
and normal-disc galaxies, in two equal volume redshift bins
(0.4<2<0.77 and 0.77<z<1.0), and in a local redshift-range
(0.02<2<0.05) for rest-frame B-band. This adds up to a to-
tal of 597 galaxies, of which 211 are bulgeless and 386 are
normal-discs.

ong
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Figure 1. The redshift-magnitude distribution is shown in 0.4-1.0
z-range for M p<-20 and M p>-20. The distribution for Mp>-20
shows that the low-luminosity galaxies are not observed at high
redshifts. The dashed line at z=0.77 separates the redshift range
(0.4-1.0) into two equal volume redshift bins. The distribution for
Mp<-20 shows that the number of sources are almost equal in
the two bins.

3 SURFACE-BRIGHTNESS DISTRIBUTION
AND EVOLUTION

3.1 Intrinsic values

The absolute-magnitude of the galaxies in rest-frame B-
band, Mg, is calculated from their apparent-magnitude, m,
using the relation:

MB:m—5>kloglo(DL>f<105)—K7 (4)

where Dy, is the luminosity-distance in Mpc, calculated us-
ing redshift of the galaxies as per chosen cosmology. K is
the K-correction term to account for the fact that the band
in which apparent magnitude is measured is different from
the rest-frame band. The sign convention is according to
968). The K-correction depends on the
object’s SED ) For a power-law contin-

uum, it is given by the relation:

Keont = —2.5 % (1 + Oéu) * lOgm(l —+ Z)7 (5)
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Figure 2. The distribution of the means of the half-light-radii
in different magnitude bins is shown on a log-scale for galaxies
belonging to different ranges of sersic-index. The data points for
np>1.7 follow a separate relation as they represent galaxies with
bulge. The standard-deviations associated with the mean values
are also shown for the three sersic ranges which show that the
scatter is quite large.

where a,, is the slope of the continuum with canonical value

of -0.5 (Richards et al![2006). Thus the overall equation be-

comes:

Mp =m — 5 xlogio(Dr * 10°) + 2.5 % logio(v/(1 + 2))  (6)

From the sersic-catalogues, we have the half-light-radius
of the galaxies in pixels. The pixels are converted into arc-
seconds according to the plate-scale of the telescope, and are
then converted into radians. The intrinsic half-light radius
(or effective-radius) in rest-frame B-band, Rep, within which
half of the total intensity of the galaxy is contained (see
Eqn. 1), is then computed (in Kpc) using:

Rep = D4 %1000  AO, (7)

where D4 is the angular-diameter-distance in Mpc calcu-
lated using redshift of the galaxies as per chosen cosmology
and AO is the radians covered on detector.

The intrinsic surface-brightness, in mag arcsec™ 2, is
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Figure 3. The surface-brightness and log-size distribution of the
disc dominated galaxies is shown in the two redshift ranges. The
Kormendy-relation, obtained for the elliptical sources, is shown
as the solid-line. The dashed lines mark the +30 scatter associ-
ated with the zero-point value, obtained for a fixed slope. The
outliers, i.e. those lying below the lower dashed-line, are selected
as bulgeless if they also have np<1.7 (marked as solid squares).
The rest of the sources are selected as normal-discs (marked as
open circles).

thus calculated using the relation:
uB = Mp + 5 * logioRen + 38.568, (8)

where Mp is in mag and the constant term accounts for the
fact that R.p is in Kpc.

3.2 Magnitude-size distribution

The absolute-magnitude and half-light-radius distribution
of the bulgeless and normal-disc galaxies in the three red-
shift bins (0.77<z<1.0, 0.4<z<0.77 and 0.02<z<0.05) is
shown in Fig. 4. The solid line is the Freeman’s relation
) drawn using the constant surface-brightness
value (21.65 mag arcsec™?). For the disc-sample as a whole,
the scatter is almost same on both sides of the solid line.
However, the bulgeless sources populate the upper part and
the normal-discs populate the lower part of the constant

surface-brightness line. The bulgeless seem to support larger
sizes as compared to the normal-discs and there is a deficit
of bulgeless sources at low magnitudes (high luminosities).

3.3 Surface-brightness distribution

The surface-brightness distribution of bulgeless and normal-
disc galaxies in the three redshift bins (0.77<z<1.0,
0.4<2<0.77 and 0.02<2<0.05) is shown in Fig. 5. Lines pass-
ing through the mean surface-brightness (fiz) values of bul-
geless and normal-discs sources in the higher z-range plot,
are drawn as it is in the lower ranges plots. The solid-dot in-
dicates the mean of bulgeless sources, in each redshift-range,
while the open-circle indicates the mean of normal-discs. A
shift towards higher i (or lower brightness) can be seen for
both the morphological types. In the local (0.02-0.05) plot,
it is evident that the shift is more for the normal-discs than
for the bulgeless.

3.4 Surface-brightness evolution

The mean values of the surface-brightness of bulgeless and
normal-discs for the three redshift-ranges are summarized
in Table 2. For the bulgeless galaxies, the dimming is of
0.17 mag arcsec™2 from higher (0.77-1.0) to lower (0.4-0.77)
redshift-range. From there to the local (0.02-0.05) redshift-
range, there is a 0.63 mag arcsec”? dimming. The over-
all evolution from zmean=0.89 t0 Zmearn=0.04, for bulgeless
galaxies in rest-frame B-band is of 0.79 mag arcsec™ 2.

For the normal-discs, the dimming from higher (0.77-
1.0) to lower (0.4-0.77) redshift-range is of 0.35 mag
arcsec 2. From lower (0.4-0.77) to the local (0.02-0.05)
redshift-range, there is a 0.81 mag arcsec™> dimming.
The overall evolution from zmean=0.89 t0 Zmean=0.04, for
normal-discs in rest-frame B-band is of 1.16 mag arcsec™ 2.

The surface-brightness dimming seen for normal-discs
(1.16 mag arcsec™?) is more than that seen for the bulgeless
galaxies (0.79 mag arcsec™?) by ~0.4 mag.

For the disc sample as a whole (Table 2), the overall
dimming from Zmean=0.89 t0 Zmean=0.04 is of 0.86 mag
arcsec”2. The above deductions show that the contribution
to the dimming is more from the normal-discs than from the
bulgeless sources.

3.5 Space-density and proportion

The number and comoving-volume of the two morphological
types is also mentioned in the table for different z-ranges.
The comoving volume is found according to the redshift-
range probed and cosmology used. Bulgeless sources in the
local redshift-range have a very small space-density as com-
pared to the other two redshift-ranges. Also, the proportion
of bulgeless galaxies in the full disc sample declines with
decreasing redshift. For high-z bin (0.77-1.0), 39.7% of the
discs are bulgeless, for low-z bin (0.4-0.77), it reduces to
34.7% and for local-z bin (0.02-0.05), it further reduces to
24.8%.

The change in morphology for some fraction of the bul-
geless galaxies, as we approach the present epoch, may ex-
plain the considerable decline in their space-density and the
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Table 2. The mean surface-brightness in rest-frame B-band

Redshift Disc No. of Comoving  Surface-brightness
range type sources  volume op, o(fig)

z Mpc? mag arcsec”
0.77-1.0 bulgeless 110 7.529e+4 21.788, 0.599
0.4-0.77 bulgeless 76 7.307e+4 21.959, 0.614
0.02-0.05  bulgeless 25 1.9256e+6  22.586, 0.627
0.77-1.0 normal 167 7.529e+4 20.359, 0.893
0.4-0.77 normal 143 7.307e+4 20.713, 1.011
0.02-0.05  normal 76 1.9256e+6  21.518, 0.573
0.77-1.0 full-disc 277 7.529e+4 20.929, 1.055
0.4-0.77 full-disc 219 7.307e+4 21.147, 1.072
0.02-0.05  full-disc 101 1.9256e+6  21.785, 0.746

decrease in their proportion with respect to the full disc sam-
ple. It can also be the probable reason for the larger amount
of dimming seen in normal-discs as compared to the bulge-
less galaxies.

4 LUMINOSITY-FUNCTION AND
SIZE-DISTRIBUTION

4.1 Luminosity-function

Luminosity-function, ¢(L), for a set of galaxies gives the
number density of such galaxies per luminosity interval. It
has been used in almost every large redshift survey to deter-
mine the evolutionary relation for galaxies. [Willmer M)
and [Johnstorl (M) have explored the relative merits of
different methods that are used to employ this function to
understand the data.

The Schechter’s form of luminosity-function (M
1976) is,

(L)AL = ¢" (L)(L/L")" exp(~L/L")dL, ()

where L* is the characteristic luminosity at which the func-
tion exhibits a rapid change from power-law to exponential-
law. « is the slope for the power-law and ¢ is the normaliza-
tion. The form parametrized in terms of absolute-magnitude
is shown:

logiod(M) = logiod™ + log10(0.4 * 2.303)
+04(a+1)(M" = M) (10)
— 10047 =2D) y9 303,

where ¢(M) is the number of galaxies per Mpc® having
absolute-magnitude M. M™ is the characteristic magnitude
and log10(¢™) is the normalization.

The normalization, logio(¢™), has been calculated and
fixed for both bulgeless and normal-discs for the three z-
ranges. To compute the value, the log of number of sources
per unit comoving-volume is found in each magnitude bin
and mean is calculated.

The power-law slope gives random values if the number
of sources in the higher magnitude bin is less.
M) found that a=-1.3 adequately describes the sources
in rest-frame B-band and provides a good description of the
data even in highest redshift bins (near z=1). Thus, the fixed
value of a=-1.3 is used in the analysis.

In Fig. 6, the density-distribution of bulgeless and

normal-discs is shown in the three redshift ranges (0.77-1.0,
0.4-0.77, 0.02-0.05). Errors are computed assuming Poisson-
distribution at each value. Using the two fixed parameters,
a and logio(¢™), the characteristic magnitude, Mp, is ob-
tained from the Levenberg-Marquardt algorithm. The al-
gorithm provides a numerical solution to the problem of
minimizing a function, over a space of parameters of the
function. The function fitted for both morphological types
in the three redshift-ranges is shown with solid-lines for the
bulgeless and dashed-lines for the normal-discs.

The parameter values obtained in the two z-ranges and
the local z-range are given in Table 3. A slight decrease
is seen in the value of Mp, from higher to lower z-range,
though an increase is expected. The decrease of this kind
can also be seen in the values found by [Willmer et al! (2006)
from z~0.9 to z~0.7. From zmean=0.89 t0 Zmean=0.04, the
change in characteristic magnitude, AMJ, is 0.55-mag for
bulgeless sources and 0.95-mag for normal-discs.

Thus, decrease in luminosity with time is ~0.4-mag
more for normal-discs as compared to the bulgeless sources.
This adds to the observation that the dimming in surface-
brightness is also found to be 0.4-mag more for the normal-
discs (in Section 3).

4.2 Size distribution

The size evolution of galaxies with redshift serves as an im-
portant constraint on the models of galaxy evolution. The
size-distribution of bulgeless and normal-discs is shown for
the three redshift-ranges (Fig. 7). The mean, log,,(RcB),
and standard-deviation (std.dev.), o(log,q(Rer)), values of
the logarithm of sizes for bulgeless and normal-disc galaxies
is given in Table 4. These parameters (mean, std.dev. and
total-number) are employed to fit a log-normal curve on the
distribution of sizes.

The curves provide a good fit which shows that both
bulgeless and normal-disc galaxies show log-normal distri-
bution of sizes at all redshift ranges. This is in concordance
with the hierarchical growth model expectations. Lines pass-
ing through the mean values of bulgeless and normal-discs
sources in the higher z-range plot, are drawn as it is for
the lower z-range plot (Fig. 7). The solid-dot indicates the
mean value of bulgeless sources, in each range, while the
mean value of discs is indicated using open-circle. A shift
towards larger log,,(Rep) is apparent for both the morpho-
logical types.

The increase in the mean value, Alog,,(Rer), can be
seen from Table 4. For the bulgeless galaxies, there is an
overall increase of 0.114 from Zmean=0.89 t0 Zmearn=0.04,
in rest-frame B-band. For the normal-discs, the increase is
of 0.117, almost same as that seen for the bulgeless ones.
Thus, the evolution of sizes with redshift is quite similar for
bulgeless and normal-disc galaxies.

5 COMPARISON BETWEEN REST-FRAME B
AND I-BAND

For the 0.4-1.0 redshift-range we obtained 4124 galaxies in
the rest-frame B-band. There were only 727 sources out of
this sample which were found to have Mp<-20. For this red-
shift range (0.4-1.0), a catalog of 1109 galaxies was obtained
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Table 3. The luminosity-function parameters for B-band

Redshift Disc log100™ o My

range type (computed)  (fixed) (computed)
0.77-1.0 bulgeless  -3.23 -1.3 -20.9940.06
0.4-0.77 bulgeless  -3.43 -1.3 -21.0240.23
0.02-0.05  bulgeless -4.27 -1.3 -20.4440.09
0.77-1.0 normal -3.36 -1.3 -22.07£0.19
0.4-0.77 normal -3.59 -1.3 -22.384+0.21
0.02-0.05 normal -4.65 -1.3 -21.1240.02
Table 4. The size-distribution parameters for B-band
Redshift Disc Mean Std.Dev.  in-Kpc
range type logo (Rep) o Rep
0.77-0.4 bulgeless  0.709 0.141 5.117
0.4-0.77 bulgeless  0.748 0.144 5.598
0.02-0.05  bulgeless 0.823 0.125 6.653
0.77-1.0 normal 0.523 0.218 3.334
0.4-0.77 normal 0.615 0.234 4.121
0.02-0.05 normal 0.640 0.127 4.365
0.77-0.4 full-disc 0.597 0.212 3.96
0.4-0.77 full-disc 0.661 0.217 4.58
0.02-0.05  full-disc 0.686 0.149 4.85

in the rest-frame I-band. The two catalogues in rest-frame B
and I-band are matched using RA and Dec, with a maximum
distance of 0.5 arc-seconds. We obtain a common sample of
174 galaxies (0.4<z<1.0, Mp<-20). This is used to compare
the absolute-magnitude, half-light-radius and sersic-index of
the galaxies in the two bands.

All the galaxies (172 out of 174) are brighter in the I-
band. The half-light-radius is larger in the B-band for ~75%
of the galaxies. The sersic-index is higher in the I-band for
~T73% of the galaxies, as is evident from Fig. 8. The argu-
ment that the bulge component shows itself more promi-
nently in the I-band and the disc structure is visible in full
length in the B-band, supports these statistics.

Even for those galaxies which have a lower sersic-index
in the I-band, the half-light radius is larger in the B-band
for most of them (88%). These discs seem to be supporting
a young stellar bulge.

The sersic-indices of the galaxies in the two rest-bands is
compared in Fig. 9. It is seen that the values are quite com-
parable. Though the sersic-index is higher in the I-band, the
difference is minor enough to not affect the morphological
classification. The dashed lines marking np=1.7 and n;=1.7
show that for most of the galaxies with sersic-index less than
1.7 in B-band, it is less than 1.7 in the I-band as well. Thus,
the stellar density is almost tracking the mass density in
galaxies, which makes it quite reasonable to measure and
understand morphology in the optical band.

The distribution of the color of the common set of galax-
ies with redshift is shown (Fig. 10). For the galaxies which
are bulgeless in the B-band, 62% are found to be bluest
(Mp-Mi;<1). The percentage reduces to ~50% for the galax-
ies with-bulge. For the small number of galaxies which are
reddest (Mp-M;>2), total 9 in number, only 2 of them are
bulgeless. Thus, the bulgeless population is slightly bluer
than the population with bulge.

Fig. 11 and Fig. 12 show the images of some of the
galaxies from the common set. These galaxies are bulgeless
in the B-band. The upper row shows the images in rest-frame
B-band (observed in zband), and the lower row shows the
same sources in the rest-frame I-band (observed in H-band).
The galaxies belong to the 0.8-1.0 redshift-range. The three
galaxies shown in Fig. 11 have R.gp<R.r while those shown
in Fig. 12 have Rep>Rcr. The bulge seems more prominent
and the structure seems smoother in the I-band.

6 DISCUSSION AND CONCLUSIONS

The presence of bulgeless discs in the universe pose a prob-
lem for the structure formation scenario given by ACDM
cosmology in which mergers and accretions play a major
role. Examining the surface-brightness, luminosity and size
evolution of such bulgeless galaxies vis-a-vis normal-disc
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Figure 8. The ratio of sizes, difference of absolute-magnitudes
and ratio of sersic-indices of the galaxies in B and I-band are used
to find the correlation among the values in the two bands. All the
galaxies (172 out of 174) have (Mp-M1)>0. Most of the galaxies
(~75%) have (Rep/Rer)>1 as seen in the first plot. The second-
plot shows that (np/nr)<1 for most (~73%) of the galaxies.

galaxies can help understand the reasons for their presence
and survival with time. We have studied the evolution of
bright (Mp<-20) bulgeless and normal-disc galaxies in the
rest-frame B-band in three redshift ranges (0.02<z<0.05,
0.4<2<0.77, 0.77<z<1.0).

In the magnitude-size distribution plots, it is seen that
the sizes are larger for the bulgeless galaxies as compared
to the normal-discs. Though the bulgeless sources support
larger sizes, the population is confined to low luminosi-
ties. With decreasing redshifts, this pattern becomes more
pronounced. Overall it suggests that the average surface-
brightness is lower for the bulgeless galaxies. In the surface-
brightness distribution, it is seen that this is indeed the case.
The discs with bulge are brighter than the bulgeless ones by
more than 1-mag at all redshift-ranges.

In the surface-brightness evolution, it is seen that the
dimming observed for normal-discs is ~0.4-mag more than
that seen for the bulgeless galaxies. While for the bulge-
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Figure 9. The distribution of sersic-indices of the galaxies in B
and I-band is shown for the common sample. For the galaxies
with np<1.7, most of them (~73%) have n;<1.7 also.
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Figure 10. The distribution of the magnitude-difference of galax-
ies with redshift is shown for the common sample. More than 62%
of the bulgeless galaxies are found to be bluest (Mp-M;<1). Red-
dest (Mp-M;>2) of the galaxies are with-bulge and observed at
lower redshifts (0.4-0.6).

less galaxies the dimming, from 2meqan=0.89 t0 zZmean=0.04,
is of 0.79 mag arcsec™2, for normal-discs it is of 1.16 mag
arcsec” 2. For the disc sample as a whole, the overall dim-
ming over the same range is of 0.86 mag arcsec” 2. Thus, the
contribution to the dimming seen for the entire disc sam-
ple is more from the normal-discs than from the bulgeless
sources.

Simard et all (1999) applied a magnitude cut of Mp<-
19 and found that there is no significant evolution in
the surface-brightness of disc galaxies. [Ravindranath et al.
(2004) confirmed that no discernible evolution remains in
the surface-brightness of disc-dominated galaxies once se-
lection effects are removed. However, [Barden et all (2005)
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Figure 11. The images of galaxies from the common-set that
are bulgeless in the B-band. The upper row shows the images in
rest-frame B-band, and the lower row shows the same galaxies in
rest-frame I-band. The galaxies are face-on and have R.p<R.;.
The images in I-band show them with a smoother structure and
a more prominent bulge.

Figure 12. The images of galaxies from the common-set that
are bulgeless in the B-band. The upper row shows the images in
rest-frame B-band, and the lower row shows the same galaxies in
rest-frame I-band. The galaxies are edge-on and have R.p>R.;.
The images in I-band show them with a smoother structure and
a more prominent bulge.

found a brightening of ~1 mag arcsec 2 in disc galaxies by
z~1 for My <-20. They emphasized that the lack of evo-
lution in earlier studies is due to the hard lower surface-
brightness cut that leads to the removal of substantial num-
bers of galaxies in the low-redshift bins. We have applied
the magnitude cut Mp<-20, according to the redshift and
imaging limits. The results are in agreement with significant
evolution, as for the whole disc sample, dimming of ~0.9-
mag is seen up to z~0.9. It is an added fact that the dimming
is largely from normal discs i.e. discs with bulge.

The proportion of bulgeless galaxies in the full disc sam-
ple declines with decreasing redshift. For high-z bin (0.77-
1.0), 39.7% of the discs are bulgeless, for low-z bin (0.4-0.77),
it reduces to 34.7% and for local-z bin (0.02-0.05), it further
reduces to 24.8%. The change in morphology for some frac-
tion of the bulgeless galaxies as we approach the present
epoch may explain the considerable decline in their space-
density and the decrease in their proportion with respect to
the full disc sample.

It can also be the probable reason for the larger amount

of dimming seen in normal-discs as compared to the bul-
geless galaxies. If the bulgeless ones, which are less bright
than the normal-discs, switch over to the normal-disc sam-
ple with time, the normal-disc sample is expected to show
a larger amount of dimming. To be able to substantiate the
argument, the luminosity and size evolution of the two mor-
phological types needs to be understood.

To examine luminosity evolution, the Schechter’s func-
tion form is fitted on the density-distribution of bulgeless
and normal-disc galaxies in the three redshift-ranges. The in-
crease in characteristic-magnitude, Mg, for bulgeless galax-
ies from zmean=0.89 t0 Zmean=0.04, is of 0.55-mag. For the
normal-discs, the increase is of 0.95-mag, that is 0.4-mag
more than that seen for bulgeless galaxies. The difference
in the luminosity evolution of bulgeless and normal-discs is
similar to the difference in their surface-brightness evolu-
tion. The faintness and dimming, with time, observed in the
case of normal-discs is ~0.4-mag more than the faintness
and dimming observed in the case of bulgeless galaxies.

In the size evolution, it is seen that the sizes show
a log-normal distribution for both bulgeless and normal-
disc galaxies in the three redshift-ranges. This is in con-
cordance with the hierarchical growth model expectations
and has earlier been observed for disc dominated sample as
a whole (Shen et all 2003; [Ravindranath et al) [2004). The
increase in the mean value, Alog;(ReB), from zmearn=0.89
t0 Zmean=0.04, is of 0.114 for the bulgeless galaxies. For the
normal-discs, the increase is of 0.117. The evolution of sizes
with redshift is almost same for bulgeless and normal-disc
galaxies. The bulgeless thus seem to be witnessing the same
amount of accretion as the normal-discs.

In addition to studying the evolution, the magnitude,
size and sersic-index values of the galaxies in rest-frame B
and I-band (for 0.4<z<1.0) are compared. It is argued that
the surface-brightness profile observed in rest-frame B-band
may not reliably trace the surface-density profile in stellar-
mass. Also, for the surface-density profile, I-band should be
a better choice being freer of biases of young stellar popu-
lation and dust. Thus, to explore the differences in surface-
brightness and surface-density profile, comparisons with the
properties in rest-frame I-band are made.

For most of the galaxies, sersic-index is slightly higher
in the I-band and half-light-radius is larger in the B-band.
The argument that the bulge component shows itself more
prominently in the I-band and the disc structure is visible
in full length in the B-band supports these findings.

Though the sersic-index for the galaxies is higher in
the I-band, the variation is minor enough to not affect the
morphological classification. It reflects that the stellar den-
sity is almost tracking the mass density in galaxies. Thus,
it is quite reasonable to measure and understand morphol-
ogy in the optical band. The bulgeless galaxies are found
to be slightly bluer (Mp-M;<1) as compared to the galax-
ies with-bulge. This is expected because of the absence of
bulges which are mostly populated with older stars.

The major conclusions of the comparative study of bul-
geless and normal-disc galaxies done in the optical over three
redshift ranges have been that with decreasing redshift

(i) the dimming and faintness observed for normal-discs
is more than that for bulgeless galaxies,
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(ii) there is a decrease in the proportion of bulgeless
galaxies in the full disc sample,

(iii) the increase in sizes for both morphological types is
found to be almost similar.

The stated outcomes support the argument that a fraction
of the bulgeless galaxies witnessed bulge formation with
time and switched to the normal-disc sample. It has been
found, through theoretical models, that minor mergers and
accretion leads to bulge growth in discs as the stellar con-
tent of the satellite simply gets added to the bulge of the
primary (Steinmetz & Navarrd [2002; Khochfar & Silk 2006;
[Parry, Eke & Frenk[2009). The fact that the rest of the bul-
geless population remains intact even after being subjected
to similar conditions, needs to be understood.

As a next step, it is intended to bring more clarity to the
difference in evolution of bulgeless and normal-disc galaxies.
The asymmetry and clumpiness of stellar light, along with
it’s concentration, helps analyze the merger and accretion

history of galaxies ) We shall thus know if

the continuous accretion has been responsible for the bulge
growth in a fraction of bulgeless galaxies with time. Also, the
fraction and numbers can be matched with existing results
to ascertain the findings.
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