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ABSTRACT

Context. Luminous Compact Galaxies (LCGIYlg < —20,Ry;, < 4.5kpc andEW,(OII) >15A) constitute one of the most rapidly evolving
galaxy populations over the las8 Gyr history of the universe. Due to their inherently contfszes, any detailed quantitative analysis of their
morphologies has proved to belitiult in the past. Hence, the morphologies and thereby tta tmuinterparts of these enigmatic sources have
been hotly debated.

Aims. Our aim is to use the high angular resolution, deep, mulddd8T/ACS imaging data, from the H3ACS GOODS survey, to study the
guantitative morphology of a complete sample of LCGs in #ushift range ® < z< 1.2.

Methods. We have derived structural parameters for a representsdiviple of 39 LCGs selected from the GOODS-S HTS field, using
full 2-dimensional surface brightness profile fitting of th&laxy images in each of the four filters availatBzsy — Zgsap COlor maps are
constructed for the sample to aid in the morphological diassion. We then use the rest frame B band bulge flux fradfig)i) to determine
the morphological class of galaxies which are well fit by egeubisk two dimensional structure. Mergers were essentidbyiified visually
by the presence of multiple maxima of comparable intensithé rest frame B band images, aided by the color maps tagissh them from
HIl regions. We also make use of the Spitzep@vsource catalog of sources in the CDFS to derive the dust emdéd star formation rates
(SFR) for some of the sample LCGs

Results. We derive the following morphological mix for our sample nférmediate redshift LCGs:

Mergers:~36%, Disk dominateds22%, S0:~20%, Early types>7%, Irr/tadpole:~15%. We establish that our sample LCGs are intermediate
mass objects with stellar mass ranging fro#< Logio(M/My) < 10.96, with a median mass &fog,o(M/My) = 10.32. We also derive SFR
values ranging from a few te 65 My/year as expected for this class of objects. We find that LCGsuatt for~26% of theMg < —20 galaxy
population in the redshift range®< z < 1.2. We estimate a factor11 fall in the comoving number density of blue LCGs from réftsh
0.5 < z < 1.2 to the current epoch, even though this number is subjectrtge luncertainities given the small sample size at zerdiieds
available from the literature.

Conclusions. The strong redshift evolution exhibited by LCGs, and thé flaat a significant fraction of LCGs are in merging systeragns to
indicate that LCGs might be an important phase in the hibieatevolution of galaxies. We envisage that some of the £ @@t are classified
as merging systems, might go on to rebuild their disks ant/evnto disk galaxies in the local universe.
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1. Introduction sources, which were otherwise believed to be QSO candidates

Hubble Space Telescope (HST) follow up observations (Koo

Understanding the true nature of Luminous Compact Galaxies . .
et al.[1994) of these compact narrow emission line galaxies

(LCGs) s one of the outstanding problems in observatioxral_e(CN ELGs) gave typical half light radii 0f0.65 arcsec. The ob-

tragalactic astronomy. LCGs constitute one of the mosﬂtapl_ servations also provided evidence for exponential ligbfifas

evolving galaxy popl_JIanons at |n_termed|ate redSh.'ftSthW' for these objects (as opposed ¢ profiles). Using high reso-
upto a factor~10 fall in the comoving number density from ution spectroscopy from HIRES on the Keck, Koo et[al. (1995)
a redshift of~1 to the present epoch (Phillips et al. 199%' ' "'

reported that these CNELGs have roughly Gaussian profile,

Werk et al.2004). They were first reported by Koo and Krorrw]arrow emission lines with velocity widths ranging between

(1988) as possible blue compact galaxies due to the Presence oo 157 .mst They suggested that these CNELGs might

of strong narrow emission lines in the spectra of point-likge the progenitors of local spheroidal galaxies by fadi 6

4-5 mags.
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Guzman et al.[{1997) and Phillips et al. (1997) identifiepling becomes specially important for compact sources agch
a large population of such compact galaxies, defined as tho€#Gs with typicalr,,, < 0.5arcsec, for which the whole ex-
with half-light radiir;,, < 0.5arcsec and high surface brighttended emission (eg. disk) may be sampled by just a few pixels
ness within half light radiugqgi4 < 22.2 mag arcseé) in the of the WFPC2. This in turn allows us to classify galaxy mor-
flanking fields of the Hubble Deep Field (HDF). Using higiphology on the basis of their luminosity profile, even for eom
resolution Keck spectroscopy, they determined the enrissipact sources. In addition to this, the large area coveragfeeof
line profiles to be roughly Gaussian with velocity widthsgan GOODS survey provides a large enough sample of LCGs to
ing fromo ~ 35kms? to 150 kms!. However, they stated derive robust statistics of their properties.
that most compact galaxies at moderate redshifts yieldiel i  This paper is organized as follows: In Section 2, we briefly
morphological information even in HJWFPC2 images. They describe our sample and in Section 3 present the methodol-
reported about/3 of the galaxies in their sample to be consisagy of our morphological classification and basic results. |
tent with being young star forming HIl galaxies. Section 4 we describe the use of data at other wavelengths
Guzman et al[(1998) found in HANFPC images of five available in theChandra Deep Field SoufCDFS). In Section
CNELGs the presence of blue high surface brightness knétsve provide individual description for each of the 39 LCGs.
surrounded by a ffuse “exponential like” component. Theln Section 6, we calculate the evolution in number density of
knots were identified as the location of the current star 5srmLCGs from intermediate redshifts to the current epoch. @ur r
tion due to their bluer colors, whereas th&ae exponential sults are discussed in Section 7 and our conclusions summa-
like component was interpreted to be an older underlying pafized in Section 8. Throughout this paper we adopt a cosmol-
ulation. ogy with Hg=70 km sec! Mpc™?, Qy =0.3 andQ, =0.7 un-
More recently Hammer et al. (2001) have used VLT speless specially stated.
tra of LCGs to argue in favour of their being the progenitors
of present day spiral bulges, with tidally pulled in gas friom
teracting systems fueling high rates of star formatiorylte® 5 The pata
in the completion of the bulge formation and beginning of the
disk formation. We have used in our work:
Hammer et al.[(2005) have used multiwavelength observa-
tions of 195, z> 0.4 intermediate mass galaxies to propose & The publicly available version v1.0 of the reduced, cali-
scenario in which a majority of intermediate mass spiral&eha  brated, stacked and mosaiced images of the CDFS acquired
experienced their last major merger event (leading to tee di with HST and ACS as part of th&reat Observatories
ruption of the disk) within the last 8 Gyr. The merger scemari  Origins Deep Survey\GOODS (Giavalisco et &l. 2004).
seems obvious since the merger rate was about 10 times mor2.affhe publicly available SExtractor (Bertin and Arnouts
z~1thanitis today (Le Fevre et al. 2000). This merger phase is [1996) based version rl.1 of the ACS multi-band source cat-
followed by enhanced star formation due to the merging, whic  alogs as released by the GOODS team.
is termed as the LCG phase, and a subsequent inside-out 3e-Spectroscopic redshifts taken from the publicly avadab
building of the disk leading finally to the formation of grand redshift catalog of the Vimos VLT Deep Survey wWhbs
design spirals that we see today. Hence the LCGs are being(Le Fevre et al. 2004), and
proposed as a phase in the evolutionary history of galaries4. The near-IR J & Ks band imaging data from the

the hierarchical scenario of galaxy formation. ESO GOODSEIS Release Version 1.0 (Vandame et al.,
Noeske et al[(2006) have analyzed the morphologies of 26 in preparation) which was obtained as part of the GOODS
Luminous Compact Blue Galaxies (LCBGS) in the H&CTS using the ISAAC instrument mounted at the Antu Unit

Ultra Deep Field at z 0.2 - 1.3. They concluded that the ma- Telescope of the VLT at ESO’s Paranal Observatory, Chile.
jority of high z LCBGs are smalll galaxies that will evolvednt  This data release includes 21 fully reduced VISRAC
small disk galaxies and low mass spheroidals in the local uni fields in J and Ks bands, covering 131 arctniof the
verse. However, the sample selection of Noeske et al. ieslud GOODSCDFS region.
galaxies as faint aMg < -18.5 and, as per their own opinion, The near-IR data, along with the four band HST imag-
is not fully comparable with the sample selection criteradn ing data, combined with the spectroscopic redshifts men-
Hammer et al[{2001) (which might favor progenitors of large tioned above, were used to derive the rest frame B band
local galaxies), making any comparison of their resultbeat absolute magnitudddg of the galaxies. A detailed discus-
uncertain. sion of how the K-corrections were estimated and and how
In this paper we have made use of the high resolution im- we finally arrived at the absolute magnitudes is provided in
ages provided by the Advanced Camera for Surveys (ACS) Appendix A of this paper.
on board the HST to determine the quantitative morphology
of intermediate redshift LCGs using the public data from the; We have not applied anv exolicit quality cut on the VDS red-
HST/ACS GOODS survey (Giavalisco etal. 2_004)' The UNIqUitts. However duzpto the r)équifemer?t of t)t/1e presence oe@ib-
advantage provided by the GOODS survey is that ACS imagg, [ine for an LCG, we have a sample of objects with very sobu
ing (as opposed to WFPC2 imaging) with it's improved drizedshift measurements, witt2/3 of the objects having redshift with
zled pixel scale of 0.03 arcsfpixel is a factor of-2 better than better than 95% confidence, and all but 2 objects having itsisith
the typical drizzled pixel scale of WFPC2. This better sanbetter than 75% confidence.
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2.1. Sample selection Redshift and My distribution for our sample

10 T T T T T T T T T T

In order to select a sample of Luminous Compact Galaxies, we 8 5 | | | E
have used the three criteria defined by Hammer et al. (2001) . ]

First, we apply a luminosity criterion, selectingonlygala & 6 -
ies with Mg(AB) < -20. In addition to justifying the class g i b A
as Luminous this also ensures that there isfsiently large = B ]
signal-to-noise ratio (SNR) in the observed images to ahow 2 H H_ﬁ -
detailed bulge-disk decomposition of galaxies even in the-h 0 EL L ! Iy Il:
est redshift bin. 0.6 0.8 1 1.2

Second, a compactness criterion was applied using a com- Redshift
pactness parameter .

om, = my(4.5kpc)- my(13.5kpc)< 0.75 (1) B .
6 —

This ensures thadt leasthalf the flux is contained withinan & .
aperture of radius 4.5 kpc. The size of the apertures used by g 4 [~ -
are taken to be equivalent to those of Hammer et al., after coe | 1
recting for the diferent cosmology. This correctionis appliedat < [ -
the median redshift of our galaxy sample. One importaifiedi E HERE L ‘ HF 1
ence is that we have used elliptical instead of circulartapes _22 _215 _21 _205 —20

for the galaxies, using the THETMAGE and ELLIPTICITY Absolute magnitude M,

parameters of SExtractor to generate unique ellipticattes

for each object. Hence, we are using the most flexible ap€&ig. 1. The histogram of the redshift and the absolBtband
tures possible which allow for all possible isophotal slsapenagnitude distribution for our LCG sample.

and do not make any assumptions regarding the shapes of the

isophotes to be expected. Tragliusof the aperture mentioned

above is therefore understood to mean the length of the sefie magnitude-size plane and plotted our 39 LCGs on the same
major axis of the ellipse. graph. This is shown in Fid.] 2. Our galaxies occupy a region

Third, we include only those galaxies with known [Olljon the bottom left of the graph as expected by high surface
13727 emission, with rest frame equivalent widVip[O11] >  brightness objects. In this region of the magnitude-size@|
15A]. This requirement of the presence of [O13727 line in the GOODS survey iat least90% complefg This proves that
the observed spectrum puts a lower limit on the redshift ofoxir sample is not biased by incompleteness issues.
~0.5 for a galaxy in our sample, as the minimum observed
frame wavelength in the VVDS is5600 A. We have also put
an upper redshift cutbof z=1.2 as there are few sources be-
yond this redshift in our catalog and incompleteness besome
a serious issue at higher redshifts. 20

Applying these three selection criteria to the GOODS- )
S HSTACS field yields a sample of 39 Luminous Compact -~ ¢ 51
Galaxies. This accounts fer26% of theMg < —20 galaxy :
population in the redshift range®< z < 1.2.

Figure[1 shows the distribution of the redshift and the ab- ©
soluteB band magnitude of the LCG sample. Table 1 lists the < I
three parameters that have been used in the selectioriamiter « 0.5
for each galaxy, along with their redshift. The ID given ifd-co [
umn (1) is used by us throughout this paper, and the GOODS  0.0L N
ID given in column (2) is as listed in the r1.1 of the ACS multi- 20 2 24 26 28

arcsec

1.0f

band GOODS source catalogs. Zmag(AB)
2.2. Completeness of the LCG sample Fig.2. F850LP magnitudes and half light radiRy(,) of our

39 LCGs shown in comparison with the completeness curves

In a flux limited survey like GOODS, one has to be careful tg; the GOODS survey as depicted on the magnitude-size
avoid bias caused by incompleteness of the sample, esigecigiane. The percentage completeness is marked on the individ
when one is working with faint objects. Since we are workingy) curves. The completeness curves are plotted in inteofal

with intrinsically luminous and compact sources, they ate €104 and were kindly provided by Harry Ferguson.
pected to be high surface brightness objects free of sudminc

pleteness biases. In order to demonstrate this, we usedtfie ¢ 2 |n order to see how the completeness curves were estimafed, r
pleteness curves published by the GOODS team as depictedooBiavalisco et al[{2004)
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Table 1. The LCG sample guantitative morphological classification of galaxiesn@et
al.[2002, Simard et &l. 2002).

Our GOODS it (MB ) (r?m? ) E\No([glll The intensity profile of the bulge is modeled with the Sersic

ID ID Redshi Mag. Mag. .

) ) @) @ ®) ) law (Sersi¢ 1968),
004260  J033211.97-275033.9  0.983  -20.73  0.72 35.39 r\un
904604  J033212.62-275105.6  0.990  -20.38 051 29.38 X(r) = ZeeXF{—2.30$n[(—) - 1” (2)
004680  J033212.78-275012.8  0.964  -20.86  0.64 70.19 le
005632  J033214.68-274337.1  0.976  -20.04  0.48 107.80 . . . . )
905083  J033215.36-274506.9  0.860  -20.74  0.49 49.41  With re being the half light radius;e the surface brightness at
o07047 0317 28o7Si6s 1112 s12s  ose  za73 'eandnbeingthe sersicindex.
907361  J033217.77-274714.9 0731  -2017  0.60 19.30 The disk is modeled as an exponential function
007794  J033218.52-275508.3  1.144  -21.44  0.58 4677 (Freemai 1970)
008243  J033210.32-274514.0  0.726  -20.35  0.73 43.56 '
909015  J033220.70-275501.7  1.039  -20.25  0.46 49.15 r
909093  J033220.86-275405.1  0.968  -20.32  0.62 95.48 (r) = Zoexd——] 3)
909429  J033221.43-274901.8  0.737  -20.81  0.69 33.67 r
010413  J033223.03-275452.3  0.655  -21.30  0.54 18.38 , . . .
911747  J033225.20-275100.1  0.840  -20.73  0.47 s1.07  With ¥g being the central surface brightness anthe e-folding
911780  J033225.26-274524.0  0.664  -20.88  0.60 2071 gcale length
911843  J033225.35-274502.8  0.973  -20.49  0.34 67.75 : ) . .
912744  J033226.61-275001.9  0.690  -20.42  0.60 59.31 The model galaxy is then constructed as a linear combi-
013482  J033227.62-274144.9  0.664  -20.69  0.28 45.17 ;
014038 1033798 489748266 0667 9017 043 006 nAtion of these two components plus other_free pa_rgmeters
915400  J033230.43-275140.4 0764  -2008  0.67 99.46 such as the sky background valuek@),, in pixel position
gigi% jgggggigggggggi g-ggg :gg-ég 8-23 g‘l’-% (x,y), which is assumed to be constant across the galaxy im-
916866  J033232.61-275316.7  0.987  -20.06  0.64 29.44 age, the ellipticitiesspuge and egisk of the bulge and the disk
gigé‘g jgggggg-%j;i%g-i é-ggg :g(l)-gg g-gg ;%-2‘2‘ isophotes respectively and their position anglgge andéyisk.
919595  J033236.74-275206.9 ~ 0.785  -20.40  0.49 4914 The SExtractor based photometric catalog of our sources pro
gggjgg jggggggggggggg; i-ggg ggig 8-‘7‘3 gggg vided us with valuable starting values for parameters sisch a
922675  J033241.88-274853.9  0.666  -20.31  0.54 27.08  Sky background, half light radii of the objects and theiipeit-
ggg;gf jggggjg-gg:g;gfgg-g g-gg‘l) :gg-‘l)g 8-;“2’ ggzg ity and position angles etc. This analytic model of the gglax
923085  J033242.73-275159.2 1122  -21.12 050 4724 then convolved with the PSF of the observation and compared
ggig;‘; jggggjg-gg:g;jg‘l‘gé é-g;g :gg-gg 8-252’ gg-ﬁ with the observed galaxy image. The values of the free param-
926109  J033249.53-274630.0 0522  -2013  0.47 2064  eters are determined iteratively by minimizing the reduggg
926217  J033249.87-275129.0  0.767  -20.25  0.64 28.37 :
007305  J033217.68-274208.9  1.185  -20.76  0.45 ssg2 definedasusual,
014895  J033229.71-274507.2  0.736  -20.16  0.56 43.32 )

, 1 & (galaxy, — modeky)
2 sm, is the aperture magnitudeffiirence given in Eqid 1 in section 2.1 Xred = N_ Z O 2 P (4)
dof 47 y=1 Xy’

whereNgor is the number of degrees of freedogalaxy y and
mode},, are the counts in the pixel (x,y) of the galaxy and the
model image respectively;yy is the noise in the pixel (x,y)
and nx,ny are the number of pixels in the galaxy image in the x
Using the HSTACS GOODS images, quantitative two dimenand y direction respectively.

sional bulge-disk decomposition has been carried out te@ler  Special attention is paid in arriving at a reliable noise slod
the structural parameters of the galaxies which are thed usg, for use in Eq[4. In case of the HBACS GOODS fields,

to quantify their morphologies. Information derived frohet the noise characteristics of the science images are stared i
color maps is also used in the morphological classification. the form of weight mapsy,, which are images produced as
part of the data reduction process callilzzling (Fruchter

& Hook[1997;2002), which give a measure of the background
plus instrumental noise per pixel in the science data. Simee
We used the softwamgalfit (Peng et al. 2002) to carry out two-GOODS images are mosaics consisting of fiedent number
dimensional modeling for our sample of 39 LCGs in each of overlapping pointings at fferent areas, theffiective expo-

the four HSTACS filters to obtain their structural parametersure time varies across the field leading to varialepthacross
Galfit models the galaxy image as a linear combination oftlae field. The weight maps take into account this variatiosh an
bulge and a disk, using a well established analytic model felnould provide a faithful estimation of the inverse var@nc
each of the two components. An important caveat in this aﬁ,fa-iy) per pixel. However, the interpolations introduced by
proach is the underlying assumption that a galaxy can berepdrizzling result in correlations between pixels in the drizzled
sented as a linear combination of simple, smooth analyticfu science images. The weight maps are normalized to show the
tions. Real galaxies are known to be much more complex, witkpected noise per pixel that the images would have in the ab-
the presence of spiral arms, bars and central point soutces gence of these correlations. Therefore, the appargpthat
Despite these reservations, galaxy fitting algorithms teen one measures in the science image is smaller than that gjven b
demonstrated to be successful in the past for the purposethe (1/wyy)Y/?,because the apparent, is suppressed by the

3. Morphologies of LCGs

3.1. Structural parameters
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effects of these correlations. This necessitates the use of a ptot (which are explained on the basis of tled haloeffect be-
rective factor when deriving the, , from the weight mapssyy low), the Ry, of the PSF stars is stable to within 5%. This is

such that: because of the extremely stable detelciptical system fiered
1 by HST/ACS which yields almost identical PSF even for two
oxy = F X (5) images taken at fferent epochs or for two fierent exposures
VWxy (as in GOODS). In addition, the lack of an atmosphere takes

where F depends upon the drizzling parameters SCALE @¥yay a major source of variability in the PSF from one epoch

and PIXFRAC (p) (see Fruchter & Hook 1897:2002). For th® another seen from the ground.

GOODS dataset,=9.6 for all the four filters, whereas=40.8

for F435W, F606W and F775 filters, ané-@.7 for F850LP

filter (Anton Koekemoer, private communication). Using the

prescription given in Casertano et al. (2000), we derivelaeva

of F=0.61 for the F850LP filter and+0.56 for the other three

filters. These derived values of F, in conjunction with Eh. 5

and the supplied weight maps provided the noise model for our

sample of galaxies. A more detailed discussion on weight map

conventions and noise correlation in drizzling can be found 21

Casertano et al._(2000). 275 26
We have determined the sky background using SExtractor

and held it fixed at this value during the minimization. Alhet 5299

parameters likee, rq, N, position angle etc. were allowed to

be free in the fitting process, so that galfit can explore tlle fu

range of parameter space to find the global minimum and is not DEC(degrees)

pulled into a local minimum due to constraints put in by hand.

Once the best fit galaxy model has been obtained, we cal-
culate thebulge fractionB/T, defined as: Fig. 3. The variation of half-light radius(in units of ACS pixels)

of stars with RA and DEC across the GOODS-S field in the
F850LP filter. This plot uses60 stars spread across the field.

PSF variation across the CDFS in the z-band

R1/2 (in pixels) 3.05

295
29
2.85
28
2.75

PSF half light radius

53.09

RA(degrees)
53.19

E _ fluXouige
T fluXeuige+ fluXgisk

(6)

where thefluxpuge & fluxaisk are calculated by integrating the, One important point to consider while interpreting Hig. 3
i that whatever variation of PSF is seen in this figure is due

semi-major axis using the best fit parameters obtained by the combined féects of both spatial variation of the PSF,

fit. This bulge fraction BT is found to be broadly correlatedP!Us any otherfact_ors such as tieel halo(Sirianni et all 2005,
with the traditional Hubble type of a galaxy in the sense &mat Gilliland and Riess 2002)ffect in the F850LP band ACS PSF

gwhich depends on the color of the star. In fact, we find that all
rpf the “peaks” that are seen in Fig. 3 belong to stars that are
extremely red, and therefore the red halo might be resplensib

In the above scheme, an accurate estimation of the PSﬁc}l'éthe'r Iar_geRl/g rather than any spatial variatfiin .
crucial to the robust determination of the derived struatpe- Ex_tenswe_ tests were cz_;\rne_d out to rule out the possibility
rameters of a galaxy. In our work, the star closest to a giv8hVvariations in the determination of the structural partere
galaxy is used to determine the PSF for the purpose of bul@t-dalaxies due to the use offférent stars as the PSF. For a
disk decomposition. Stars are the most pristine charaetioh SaMPle 0~450 galaxies in the CDFS, we used galfit in batch
of the PSF in any given observation, as they have gone throdﬂﬂde to derive the struptural parameters arid Btio twice
the same optics as well as the reduction pipeline as the p%r_each g_alaxy. In the first run, we used the star nearestto th
gram galaxies. Only bright (non saturated) and well behav@@l@xy being modeled as the PSF. In the second run, we used
stars, free of neighbours and other contamination were ased® Second nearest star to the galaxy as the PSF, everything
candidate PSF stars in our work. A master list of such stdfS€ rémaining the same as in the firstkun Fig.[4 we show
was prepared by visually examining all candidate starsén tfhe histogram of the dﬁerepce between tth ratio obtalped .
GOODS field and rejecting any unsuitable star based on {Rehe tWO_ ca_Lses._As IS eV|d_ent from_the flgur(_e, the es_tlmatlon
basic criterion outlined above. This yielde@0 stars scattered of B/T ratio is quite robust irrespective of which star is used
all across the CDFS which could be used to determine the P&, (e PSF. About 70% of the sources have th¢lr #lue

from among-~400 candidate stars. 3 For a more detailed discussion of the red haffe@ on the

We looked for the variation of the PSF half-light radius with-gs | p pSE stars used by us and how we dealt with it, see Append
RA/DEC for the~60 PSF stars that we had shortlisted. A "surg

face plot” of the PSF half light radius variation is shown in ¢ The median distance from the sample galaxy to the nearest PSF
Fig.[3. The PSF is seen to be extremely constant across ¢t is 48 arcsec while the median distance to the secongsteRBF
GOODS-S field of view. Barring a couple of "peaks” in thestar is 80 arcsec.

early type galaxy has a high/Bratio and a late type spiral ha:
a low value. It is this ratio that we use for characterizing t
morphology of our galaxy sample.




6 A. Rawat et al.: Morphologies of Luminous Compact Galaxies

B/T difference histogram
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(B/M, — (B/T),

Fig. 4. The histogram of the dierence between the/Bratios ol
obtained by using the nearest and the 2nd nearest star to th
galaxy as the PSF.

-15 -10 -5 10 15

Fig.5. From top-left to bottom-right 3& 30 kpc F850LP im-
stable to within 10%. The sharp peak around zero means thge, Galfit Model image, Residual image and the B-z color map
the BT ratios obtained in the two run agree quite well, and thef the LCG 905632. North is up, East is to the left. The galaxy
symmetrical shape of the peak at zero points towards randname, redshift and morphological classification are irtéida
errors as the cause for any dispersion in tfie&lues obtained in the F850LP galaxy image. The horizontal bar at the bottom
in the two runs rather than any systematieet. right of the galaxy image indicates 1 arcsec. The intensiy-s

We conclude that the final value of Bis stable to within ing is the same (squareroot) in each of the three grayscale im
10% irrespective of which star is used as the PSF. Keepisg thges.
in mind, the star closest to a given galaxy is used as the PSF

for the purpose of bulge-disk decomposition of our sample of '
LCGs. The important thing to notice is that in Flig. 4, theeti- rameters of the program galaxy. At the bottom left, the nesid

ences in BT ratio that we obtain on using twoftérent PSFs is image is shown, W_h'Ch 'S theﬁﬂaarenc_e between the gala_xy m-
due to thecumulativeeffects of PSF variation due to all possi-age and the best fit model. The residual image is devoid of any
ble reasons such as spatial variation of the PSF, red fiaicte structures and consists solely of Poisson noise, which &lan
etc. Since the cumulative error in the derive/d‘IBati'o is shown ditional indication of the good quality of the fitting. Fikglthe .

to be within~10%, our results are stable to within this error irpottom right frame shows the B-z color map of the galaxy in

respective of the fact as to which particular factor corniiéis ABtmdagn:tude s_ﬁtem; a t?[!ue :c:(())rgés seden.Jth IS 6} d:Sk dt%m-
to the variation in the PSF. This should convince the redur t "2 o0 9aiaxy with a A ratio of 0.33 and a disk scale leng

our final results are insensitive to the choice of PSF star. "4~ .1161 0.02 kpc. . .
Figure[B shows the result of our quantitative bulge-disk Figurel shows a comparison between the azimuthally aver-

decomposition for one of the LCG sample galaxies at a re?ged radial surface brightness profile of the same LCG 905632
shift of 0.976. The upper left frame shows a 30 p80 kpc points_vvith error bars), and the _surface brightne_ss profilee
F850LP galaxy image with the galaxy name, redshift ar{H(.)del image produced by galfit (red smoo_th line), proqluped
morphological classification indicated. The upper riglainfie using the IRAH task ELLIPSE. The two profiles agree within

shows the best fit model image havix@e _1.093. Notice that errorbars, which serves as an additional test of the acgwfac
+71.093.

the galaxy in the neighbourhood of the primary target (northe fit.

east) is also being fitted simultaneously. In this work, weeha

taken the approach of fitting a single component sersic furg.2. Morphological classification

tion to all neighbouring objects withir5.0 arcsec of the pro- i ) .

gram galaxy. This approach, though more computation inteffe¢_nave carried out bulge-disk decomposition on all the 39
sive, gives vastly improved results compared to the tragii -CCS N our sample. The galaxies that are well fit by a
approach of masking the neighbouring objects in the frarﬂglgad|3k two-dimensional structure, are classified into three

(which does nothing to account for the flux contributed to thes \Rar is distributed by the National Optical Astronomy
program object by the extended wings of the neighbours} Tipservatories, which are operated by the Association ofdysities
effect can be particularly severe in case of bright neighboués Research in Astronomy, Inc. under cooperative agreémith the
and would lead to an inaccurate estimation of the strucpaal National Science Foundation.
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1-D profile comparision for 905632 galaxy Vs model

2 primarily due to the fact that at intermediate redshifte,liluer
T ‘ ‘ T T

filters are probing the UV region of galaxies which have non-
uniform and clumpy light distribution, making itficult to ob-
tain a meaningful fit.
o —— Model profile In addition to the three 'Hubble types’ mentioned above,
8 B an additional type, tadpgleregular (Irr) is included in our
| classification scheme to describe the objects without a clea
bulget+disk structure. A single nucleudiset from the “cen-
ter” of the image (i.e. having a one sided elongated light dis
tribution) prompted us to tag some objects as “tadpole”. We
designated a galaxy as irregular if it had a patchy, bluet ligh
distribution with no clear nucleus at all.
A quality factor running from 1 (secure fit) to 4 (fit failed)
] is used to give the confidence of the galfit fit. The quality flags
- were decided using the following guidelines:
1 Q=1: Perfect fit withy2,, < 1.3 and bulge mag errer 0.1 and
| disk mag errox 0.1 and fractional error in bulgefective ra-
diusre, disk scale lengthy and Sersic index & 10%
o8 | | Q=2: One or two of the above conditions are violated or the
0 05 1 1.5 presence of an AGN is indicated due to CXO X-ray detection
Semi Major Axis r (arcsec) which might complicate the bulge-disk fitting.
Q=3: More than two of the above conditions are violated or a
Fig. 6. A comparison of the azimuthally averaged F850LP bariid was overruled by visual inspection to classify the galazy
radial surface brightness profile of the galaxy 905632(jsoirirr/Tadpole.
with error bars), as compared to the surface brightnesdg@rof=4: The fit fails completely due to the presence of multi-
of the model image produced by galfit(red smooth line) prede nuclei or patchy light distribution and fits the brightctei
duced using the IRAF task ELLIPSE. rather than the underlying component, or if the galaxy is-cla
sified as a merger by visual inspection.
In some cases, the above quality flag had to be overruled
‘Hubble types’ mainly based on thest frameB bandB/T where one of the components is very weak (eg. 905983), re-
ratio: early types E (0.8 B/T <1), intermediate types SOsulting in large uncertainties in the determination of pagters
(0.4< B/T <0.8) and disk dominated S (0<0B/T <0.4). of the weaker component (bulge in case of 905983). This is in-
This segregation of galaxies intofidirent Hubble types baseddicative of the fact that there are not enough counts in tagat p
on their BT ratio is made using the criterion described bgicular component leading to large errorbars on the detezchi
Zheng et al.[(2004, 2005), even though we have grouped @arameters. In such a case, thd Batio has large fractional
galaxies more broadly in/B as compared to Zheng et al. Sincerrors, but it still provides a robust discrimination beémnea
our sample of LCGs range in redshift from 0.5 to 1.2, the relstilge dominated and a disk dominated system, and it is not
frame B band falls in dferent observed filter bandpasses, d@roper to tag it as a poor fit.
pending upon the redshift of the object. We made use of the We have used the method of elimination to classify a galaxy
multiband nature of the HSACS GOODS dataset to apply aas a merger. If a galaxy has afisciently smoothbrightness
morphological k-correctionWhat this means is that we use therofile allowing for a good fit to be obtained by galfit, it is sla
structural parameters from tiobserved framéand that corre- sified as ESQ'S depending on it's B ratio. If however galfit
sponds most closely to thiest frameB band, given the redshift fails to provide a good fit (as per the criteria given above), i
of the object. For this, the redshift range of the galaxiesthe is supposed that the brightness distribution of the galaxgo
observed frame filter used for obtaining the structural mea distorted to be put in either of the above three morpholdgica
ters are paired as: classes. It is at this point that we invoke the use of colosnap
0.5 <z< 0.6 (F6O6W); 06 < z< 0.85 (F775W); 085 < z< andor visual examination of ACS images to discriminate be-
1.2 (F850LP). Since the minimum redshift of a galaxy in oumween irregulars and mergers. Mergers were essentialhtiide
sample is~0.5, theobserved fram&435W fits were not used in fied visually by the presence of multiple maxima of compagabl
our classification scheme. The structural parametersraddaiintensity in the rest frame B band images. This was aideddy th
by galfit for galaxies which are well fit by bulgelisk two- use of color maps to distinguish multiple nuclei (generediy-
dimensional structure in F850LP, F775W and F606W bandsr) from Hll regions (generally bluer). A label is employted
are given in TablE]Z]3 ad 4 respectively. We find that gataxiielentify possible merging systems (§M2); see the footnotes
that have redshifts at the border between any two of the thieerTable[3 for details.
redshift bins described above have very comparable stalctu  Even though in the first run, galfit was used in automated
parameters in both the filters. We are unable to obtain accdmtch mode, the results were examined visually for obvious
able fits for some galaxies in the shorter wavelength filteese deficiencies such as badly fitted neighbours, or a badly fitted
though they have reasonable fits in the F850LP band. Thipimgram galaxy due to patchy light distribution or preseoice

. $ Galaxy profile

20
0
I

Surface Brightness (mag/arcsec?)
0 0
® N
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bright Hll regions in the galaxy. In many cases where bad fits Observed B-z Color Vs Redshift evolution
were obtained, a decision had to be made, for exampleasto [~ T T T T T T T T T T T T T
whether the patchy light distribution is due to the presesfce
HIl regions, or due to the presence of double nuclei. Galjit, b~
design, cannot provide the necessary information to itieati 65— —30 —
merger. Hence it is not sensitive to subtl&eliences between Late type / . 1
multiple nuclei and HIl regions (for example) and visual ex-i% L — —Young starburst R
amination is needed in such cases. In order to avoid indalidu 5
biases, in the classification of such objects, visual inspeof
the galaxy’s appearance in H#LS imaging and color distri-
bution were performed by two of the authors (A.R. and S.B.
independently. A final classification was made after disogss
any inconsistent cases. Table 5 lists the results of our hwerp
logical classification, including galaxy type (Col. 9), dita
factor (Col. 10) and merging type (Col. 12), and the indiatu
description for each object is given in Section 5.

FEarly type E

mag

SN
Basw— Zgsop ObseTVed co

3.3. The morphological mix of LCGs

We have derived the following morphological mix for our sam- 0 0 02 0.4 0.6 0.8 1 1.2

ple of intermediate redshift LCGs: Redshift

Mergers: ~36%, Disk dominated~22%, S0:~20%, Early

types:~7%, Irrjtadpole:~15%. Fig. 7. B-z observed color vs redshift evolution for three, Solar

The detailed results of our morphological classificatioa ametallicity, formed at redshi5.0 spectrophotometric galaxy
listed in Tabld b, and individual comments for each galaxy amodels assuming instantaneous burst (early type), exponen
given in Section 5. The significance of the relative fracsiof tially decaying SFR with an e-folding time scale of 1 Gyr (S0)
morphological types that we obtained is discussed in Se@tio and 7 Gyr (late type). A young starburst has also been plotted
for comparison, assuming a power law spettyax v=X. Our
sample LCGs are plotted usingfidirent symbols for dierent
morphological class, with Early Types (E) as red open ciicle

B-z color maps were produced for our entire sample of 33 as black diagonal crosses, Disk dominated (S) as blu star
LCGs. We directly used the F435W and F850LP v1.0 imagdg/Tadpole as blue open triangles and Mergers(¥®) as blue
which are astrometrically aligned with each other to an acclilled squares.
racy of better than a fraction of a pixel. 30 kp80 kpc cutouts
of these color maps and the associated F850LP grayscale im-
ages for each of the 39 LCGs are shown in Elg. 8.

We also made use of the integratdaservedolors of these
galaxies by comparing them with the color-redshift evainti spectrophotometrigalaxy classification scheme in which the
curves as predicted by Bruzual-Charlot stellar populasypm galaxies designated by us atSH are generally redder and lie
thesis code GALAXEV 2003 (Bruzual and Chailot 1993;2003)oser to the Early type or SO curve, than those designated as
for different galaxy types. We have shown in Fiy. 7 three diflisk dominatetmergerdrr. Every one of the galaxies classified
ferent evolution models, all for galaxies with Solar metity —as disk dominated (S) by us is redder than the late type model
formed at redshift5.0: an instantaneous burst corresponding airve. This might be due to thefect of dust reddening. Also,
early types, an exponentially decaying SFR with an e-fg/dirsome of them can be early type spirals, which are expected to
time scale of 1 Gyr corresponding to SO, and another withbg redder than the late type curve. Most LCGs are seen to be
time scale of 7 Gyr corresponding to late types. The e-fgidiiedder than what is expected of a young starburst which &rblu
timescales for dferent Hubble types are the same as those ugbdn a typical late type galaxy (as shown). This might be due t
by Zheng et al.[(2004). The redshift evolution of their B-z otthe presence of an older underlying stellar population t&bes
served color is plotted along with the known B-z color and retished by Hammer et al. (2001). Also, one must remember that
shift of the 39 LCGs segregated by their morphological class our B-z observed color for individual LCGs are not corrected
young starburst has also been shown for comparison, asgunfii dust extinction, where as the Bruzual and Charlot gener-
a power law spectrur, o v~1. ated curves are dust free models. The high rate of detection i

In Fig.[@ many LCGs lie close to the curve for late typ#id-IR Spitzer (339 LCGs are detected in Spitzer-20% de-
galaxies. It is also seen that most galaxies classified agerger tection rate) indicates that these are dust enshrouddulissts
are close to the late type curve (i.e. they are bluer), assggpowhere the UV light from young (B stars is being reprocessed
to E/SO classified galaxies which are much redder (even thoughthe dust and is being emitted in mid-IR. This might help to
there is a lot of scatter). Hence, our classification actscasge explain the redder than expected colors for some of the LCGs

in our sample.

3.4. Color maps
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4. Input from other wavelengths ness ratio (HR) for these galaxies as given by Giacconi et al.
se2r002) is listed in Tablg]5. These are mainly provided for the
reader who might want to distinguish between Type 1 and Type

}[’i\/gr\]/?;ggt(ggg;d; };ﬂgglicfﬂ?titsi?é::t:g% Z]c?if/sitesétmcuanSmE'd . 2 AGNSs, although such a distinction was not necessary for our
P y ete. work (see Zheng W. et al. 2004). Interestingly, we find thht al

CDFS is one of the most data rich regions on the sky, we ha%eé 4 LCGs with X-ray emission ar¢80 type galaxies. Two of
access to public data on objects in this region at variOU$waYh ’
lengths such as radio, X-ray and mid-infrared. The results

our analysis in these wavelength bands are given below.

We have looked for the detection of our sample LCGs in oth

ese LCGs show clear blue point like nucleus in the colosmap
(?—'ig.[E), while in the other two cases, the AGN might be ob-
scured. We also noticed that 3 of these X-ray detected LCGs
are detected by Spitzer MIPS (see next section). This is not
4.1. Radio emission from LCGs surprising given the known AGN contribution to mid-infrdre

. surveys (Fadda et al. 2002).
Koekemoer et al! (2006) have prepared a comprehensive cat- ys ( )

alog of all radio sources in an area aRHed covering the
CDFS to a limiting () sensitivity of~14uJy at 14 GHz us- 4.3. Spitzer MIPS detection and SFR for LCGs

ing the Australia Telescope Compact Array (ATCA). Afonsqhe GOODS Spitzer Legacy program observations cover two

et al. [2006) have published optical and X-ray identificagio fi , S
e : . . ields on the sky. One of these fields (GOODS-N) coincides
of faint radio sources in the GOODS-CDFS ACS field. Fror\r,1vith the Hubble Deep Field North, while the other (GOODS-

this catalog we f_|nd thf'ﬂ iny 1 out Of.39 LCGs OT our samé) coincides with the Chandra Deep Field South.
ple had any radio emission. The radio flux of this sole de- . .
tected galaxy 906961 is 79y (see individual description of We made use of the public data made available as part
this alg ');ySect'on 5') 'I?h); ts elm Vi grl'm'mtlp\ll at of The Great Observatories Origins Deep Sury&0OO0ODS),
IS galaxy| ' - IS pu upper limit-dt4uJy Spitzer Legacy Data Products, Third Data Release (DR3). In

1.4 GHz for the radio flux from the other 38 LCGs in our sam-" .. : .
: . - . addition to other data products, this release consists @f th
ple. Assuming a power law radio spectrum o« v=¢, with a

X S . .. . "best-dfort” reductions of 24 micron data for the southern
spectral indexr = 0.5 (which is typically used as the dIVIdIngGOODS field taken with the Multiband Imaging Photometry
line between steep and flat spectrum radio sources), and u

38 Spitzer (MIPS), and a 24 micron v0.91 source list of all
the highest redshift for our LCG sample=(z2), puts a strict . ' . ' .
upper limit of ~10% erg sect on the 14 GHz luminosity for sources brighter than f0y. Dickinson et al.[(2006) describe

the 38 non-detected LCGs. Since the VDS spectrum does the[Sp|tzerobservat|ons, Qata reduct|on§, and the data products.
T ary et al.[(2006) explain the preparation of the MIPS oatal
have enough spectral coverage to discriminate between A

T . . n detail.
and starbursts using line ratios, we decided to use X—ra)goand

radio detection as a sign of AGN activity, so as to make sugg We performed a simple positional cross correlation of our
that our LCG sample does notfer from any serious AGN galaxy sample with the v0.91 MIPS source list with a toler-

contamination. The limit that we derived for the4d GHz lu- ance radius of 3 arcsec, which was chosen keeping in mind

inosity rul ¢ dio loud AGN taminati f the ~ 5arcsec PSF of the Spitzer MIPS observations. This
;n;anpSI:ey rules out any radio fou contamination o Ou)r/ielded 24um fluxes for 8 of the 39 LCGs. It was found that the

It must be mentioned here that the beam size of the AT aximum separation between the HST-Spitzer counterparts i

radio survey was rather broad at@ &rcses 6.95 arcsec. Since se of a true match was of the order-dl.5 arcsec. Visual
Urvey S ’ : ~~ examination of the images was employed to ensure a one-to-
the typical size of our galaxies is of the order-df arcsec, this

restricts the usefulness of this radio catalog for our psepo one correspondence betw_een the HST and the Spitzer sources.
The other 31 LCGs for which no counterpart was found in the

Spitzer MIPS catalog, have an upper limit of/89 for their

4.2. CXO X-ray detection 24um fluxes. We calculated the infra-red luminositigg for

the 8 galaxies using the approximations given in Chary and

Flbaz (2001), using theest framel2 and 15um luminosi-

ties, which were in turn determined using theutd MIPS
luxes. We used the approximation of i for galaxies with

8% < z< 0.8 and that of 12m for galaxieswithB<z< 1.2

%]:) calculate the IR luminosity. The IR luminosities obtaine
sing the two approximations agree to within 0.1 dex. We also

alculated the upper limits for the infra-red luminositigs for

Giacconi et al.[(2002) have published a X-ray source c
alog obtained from the-1Msec exposure of th€handra
Deep Field SoutlfCDFS), using the Advanced CCD Imagin
Spectrometer (ACIS) on the Chandra X-ray Observatory,
well as their optical counterparts.

We used a very simple prescription of looking for potenti
X-ray counterparts for our sample of 39 galaxies by seag:hie

for X-ray sources within a 6 arcsec se_arch radius of the BIOGr o other 31 LCGs with no counterparts in SpithéiPS cata-
galaxy using the NASA Extragalactic Database (_NED). Ea,‘? 9. These values for thiar are listed in Tablgl5.

pot_enual X-ray cou_nterpart was then f:hecked V|§ually YSIN ~ Kennicutt (1998) has transformed the IR luminosity of
optical counterpart image cutouts published by Giaccoal.et young (age< 1CPyr) starburst galaxies to a star formation

(2002). te (SFR). He gi imate estimate of the dust-
This simple method resulted in X-ray emission being co r?lshgoude?('j Sﬁﬁglves an approximate estimate ot the dus
firmed from four of the 39 LCGs. All four X-ray sources are

confirmed to be AGN by Zheng W. et al. (2004). The hard- o(Moyr™) = .71 x 10720 1x(Lo) @)
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Using this relation, we obtain SFRs varying from 20 905632 This is a relatively featureless disk galaxy. The col-
65Moyr~t for our sample LCGs with 24n MIPS fluxes, ormap shows that the core is bluer compared to the outer
which is the range expected for galaxies of this class (eg. edges of the galaxy. Also the OIl emission line is very
Hammer et al. 2001). For the objects which have no detection strong at 107.8A. However, there is no detectable X-
in SpitzefMIPS catalog, this method yielded an upper limit on ray/radio emission from this galaxy as described in the text.
their SFR. These values are listed in TdHle 5. Also there are no signs of nuclear activity, hence there are
In order to be able to better constrain the SFR of those no indications for an AGN.
objects that are not detected in the SpitleBPS catalog, we 905983 This looks like a face on spiral galaxy. The spiral arms
used their rest frame UV continuum flux to derive an estimate are easily visible in the summed image as well as in the gal-
of the SFR. This method assumes that the rest frame UV flux fitresiduals, especially in the shorter wavelength fitsgBtri
that is observed for the objects is directly emitted by thB O  HIl regions can be seen embedded inside the spiral arms in
type stars in a starburst and there is no dust extinction (seeB and V band images. The colormap shows that the spiral
Kennicutt{ 1998 for details). Since galaxies are dusty, the U  arms are bluer than the rest of the galaxy.
flux undergoes varying amount of extinction, and hence tB86961 This has the appearance of an early type galaxy with
SFR yielded by this method is to be treated as a lower limit. a distinct blue point like core as shown by the color map.
Hence the SFR derived by this method are listed as lower lim- A satisfactory bulge-disk decomposition could not be ob-
its in Table[5. tained due to the presence of the strong point source at the
center. This galaxy has X-ray detection by the CXO with a
HR of -0.55, and radio detection wit, =79,y at 1.4Ghz.
A Spitzer MIPS flux density of 158@Jy at 24:m gives it
Stellar masses for our sample LCGs were calculated on the ba-anLigr=7 x 10''L,, putting it in the category of Luminous
sis of their absolute K band magnitudes, corrected for thepr  Infra Red Galaxies (LIRGSs). All the evidence points to the
ence of red supergiant stars, using the empirical reldtipns  presence of an AGN.
of Bell et al. [2008). A variation of the Salpeter Initial Mas 907047 This galaxy is an ongoing merger and morphologi-
Function (Salpeter 1955), calletlet Salpeter IMF was used  cal classification was not possible. At least two nuclei are
as explained in Bell et al. and the values were calculated in clearly seen in the summed image, and the colormap shows
a consistent manner as in Hammer et[al. (2005). The derived the galaxy to be rather blue.
values of stellar mass for our sample are listed in Thble 5. 967305 These are actually two merging galaxies with a sep-
derive the values of stellar mass using a classical Salpdter aration of about 0.35arcsec. The fit failed. There are two
it is necessary to add 0.15 dex to the stellar mass valuesllist distinct nuclei plus a halo that connects the two galaxies.
in Table[®. Accuracy is better than 0.1-0.2 dex as it has been The nuclei are bluer than the halo.
shown to correlate particularly well (for rotating disksjthwv 907361 This is an early type bulge dominated galaxy. The
log(Vmay at z=0.6 by Flores et al[ (2006). galaxy is extremely red with a rest framd ¢ B)g = 1.65
mag. The galaxy disappears in the B band.
907794 This galaxy is compact, isolated and featureless. The
fit quality is very good and the appearance is that of an
In Fig.[8, color map stamps (right) of the 39 LCGs are shown, E/SO galaxy with red color as shown by the color map. The
along withF850LP imaging graylevel stamps (left). The color  inferred rest framey — B)o = 1.34 magnitude. This galaxy
bar in each color map stamp shows the B-z color range from has a Spitzer MIP$,,=104uJy at 24:m yielding al jg=2x
0 to 4, except for objects ID 904604, 907361 and 909015 10"'L, making it a LIRG. The SFR for this galaxy is 35
where it ranges from 0 to 6. A description of each target Mo/year.
is presented below. The FITS files of all our 39 LCGs iR08243 A linearedge on galaxy with a bright nucleus quite
each of the four filters can be downloaded from the follow- offset from the center of the galaxy. The nucleus and the
ing url lhttp7/www.iucaa.ernet.ir-rawajlcg1.html. They are ~ northern part of the galaxy are bluer than the rest of the

far more informative than the postscript versions depibter. galaxy. This is designated a tadpole.
909015 This is a point source with the morphology undeter-

904260 This is a possible ongoing merger. Spiral arms are dis- mined. The object is red as seen from the color map. The
cernible in one of the constituent galaxies, specially @Bh integrated B-z color is-5 magnitudes. Also, with #g of
band image. The nucleus of the other member is extremely only -20.25, it is unlikely to be a quasar. Since this is a non-
blue indicating star formation. The colormap also shows the detection in Spitzer MIPS, it has an upper limit of 81y at
spiral arms to be bluer than the rest of the galaxy. 24um. Perhaps this is a star misidentified by VVDS.

904604 This is a featureless edge on disk galaxy. It practicalB09093 This galaxy is shaped like a tadpole. There is an inten-
drops out of the blue filter and is hence quite a red object sity maximum located towards the head of the tadpole (due
with a rest framely — B)o = 1.47 mag. south-west), ismotat the center of the galaxy. The fit is un-

904680 This object has two nuclei which becomes apparentin reliable due to the peculiar morphology. Again, the head of
the shorter wavelength images as well as in the color map. the tadpole is bluer than the rest of the galaxy.

Both the nuclei are bluer compared to the surrounding ar€89429 This is a possible ongoing merger. At least two nuclei
This is possibly an ongoing merger. are distinctly visible in the i-band image. The nucleus at

4.4. Stellar masses of our sample LCGs

5. Individual description
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the northern part of the system is blue, whereas the other member is very blue as seen in the colormap as well as the
nucleus is red. The fit failed. B band image.

910413 This galaxy is shaped like an elongated tadpole. Tv815400 This is a flocculent spiral galaxy seen edge on as con-

distinct intensity maxima are clearly seen. Both the maxima firmed by the fit. The color map shows blue colors on the
are bluer than the rest of the galaxy. The fit is unreliable. outer edges of the disk, which might be indicative of inside-
This might be an ongoing merger M2. This galaxy has a out disk formation.

Spitzer MIPSf,,=248uJy at 24im, Lir = 1.6 x 10*'L,, 916137 This is a linear and flocculent galaxy. The light dis-
making it a LIRG with a SFR of 2¥l./year. tribution is patchy and the center is not obvious. The fit to

911747 This is a possible ongoing merger system M2. Two thisirregular galaxy is unreliable. The north-east sidihef

intensity maxima are distinctly seen in the z band image, galaxy is bluer compared to the other parts of the galaxy as
embedded in an elongated structure(visible in the summed seen in the color map. The summed image shows a more
image), which might be the tidal tail. Interestingly, one of robust structure of the galaxy.

the maxima is blue while the other is red. The fit failed. 916446 This system is a possible ongoing merger. There is a

911780 This looks like an edge on disk dominated galaxy. The
B band image looks like a tadpole and is markediiget
with respect to the z band image. This is obvious from the
color map, which shows that the blue region fiset from

strong peak at the south-east side and a very faint peak at
north-west side as seen in the i band image. There is some
saturation in the pixels in the B band image, hence we have
to disregard the color map for this galaxy. The fit failed.

the center of the galaxy. This might be a result of dust 816866 This is an intermediate type galaxy (S0). The nucleus

tenuation in the B band or alternativel{f @enter star for-
mation.

911843 A double nucleus is suspected in this system. The
galaxy is shaped like a kidney. The north-west part of the

is slightly offset from the center of the galaxy. The col-
ormap shows that the south-west side is bluer than the rest
of the galaxy. This galaxy is the host galaxy for the type la
SN 2002ga (Strolger et al. 2004).

galaxy is brighter and bluer than the rest of the galaxy. TH848147 This system is an ongoing merger M1. The two nu-

brighter part is in fact composed of two nuclei which are

clei are distinctly visible in both B band and z band. The fit

barely resolved and are extremely blue with the rest frame failed. The colormap shows that the south-east side nucleus

(U - B)o = 0.49 magnitude. In some pixels the B-z color is

is blue, and the north-west side nucleus is redder. This sys-

negative, but this could partly be a consequence of the ACS tem has a Spitzer MIPS detection wiffy = 2060uJy at

z band red leak which transfers z band flux away from the

24um giving it anLigr = 3.9 x 10"'L,, making it a LIRG

center of bright nuclei and makes the center look bluer than with a SFR of 6 My/year.
it really is (see Appendix B for details). This is a possibl@19573 Thisis an isolated galaxy with a suspected AGN due to

merger system. The fit failed.

912744 A face on disk galaxy with spiral arms clearly dis-
cernible in the summed image. There is a very bright and
blue HIl region on the south-west side. The patchy light
distribution due to the presence of Hll regions as well as
the spiral arms make it flicult to obtain a meaningful fit.
The colormap clearly shows the Hll region to be bluer than
the rest of the galaxy.

913482 Thisis a compact, isolated and featurelegFgalaxy
with an AGN at the center. The core is point like and bluer
than the outer regions of the galaxy. The fit is unreliable

the presence of a bright point like nucleus. The fit suggests
this to be an SO galaxy, but is unreliable due to suspected
AGN activity. The colormap shows that the south side of
the galaxy is redder. This might be indicative d¢f-oenter
star formation in the north side of this galaxy. The inten-
sity maximum in the z band isfiset from the center of the
galaxy. This galaxy is an CXO X-ray source with HR
0.40, and has a Spitzer MIPS detection wigh= 88.8 uJy

at 24um, giving it anL ;g = 5.9 x 10'°L,. Due to the sus-
pected AGN activity, our prescription for calculating the
SFR gives ampper limitof 10My/year.

up due to the presence of the central point source. A ¥19595 This seems to be a disk galaxy with evidence of patchy

sual examination of the VVDS spectra of this galaxy con-
firms that this is a type 2 AGN. This galaxy is a X-ray

source with HR-0.52, as well as a Spitzer MIPS source
with f,, = 4120uJy at 24um andL g = 2.7 x 10'*L, mak-

ing it a LIRG. Since this is an AGN, our prescription for

calculating the SFR only gives aipper limitof 46M/year.

star formation as seen in the color map as well as in the B
band image. At least four prominent star formation Hll re-
gions can be seen in the B band image. The fit is unreliable
due to the patchy nature of this galaxy. The z band image
shows a single nucleus, hence the data does not suggest a
recent merger.

914038 The morphology of this galaxy is knotty and it is prob920435 Galfit suggests this to be an S0. The color map shows

ably a merger system M2. Double nuclei is suspected at the double nuclei (both are blue). The double nucleus is also
south-east corner of the galaxy evident from the i band im- seen in the B band image, but in the z band, the second
age. The color map shows a blue region on the south-west nucleus disappears. This might be due to the presence of a
side of the galaxy. This galaxy is a Spitzer MIPS source dust patch which causes attenuation in the B band but not
with f,, = 1800uJy at 24um andL g = 1.2 x 10'L, mak- in the z band. Otherwise the galaxy is isolated with no signs
ing it a LIRG with a SFR of 2M/year. of interactiorimerger. Designated an SO.

914895 This is most probably an ongoing merger. There 821406 The fit is excellent and this is designated to be a disk

possibly an underlying disk galaxy with another galaxy galaxy. It is an edge on disk galaxy with a low surface
merging with it (due north). The nucleus of the secondary brightness extension whose reason is not clear. The whole
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galaxy is blue in color. The disky nature of the galaxy ibe careful in comparing this number density with other pub-
most clear in the summed image. lished work because of theftBrent sample selection criterion

922675 The galaxy is elongated. There is only one nuclewnployed by dferent groups for choosing LCGs, especially in
with a light distribution that is somewhat elongated to orthe absolute magnitude cuffoWith this caveat in mind, this
side of the nucleus. The "tail” is bluer than the nucleus efumber is comparable to the value reported by Phillips et al.
the galaxy. The fit is excellent and the galaxy is designat€®97) as 1.210°3Mpc~2 in the redshift range.@ < z < 1.0
to be a SO. with an absolute magnitude ciit@f Mg < —20.

922733 There is probable evidence for two nuclei specially in  In order to look for evolution, we must compare our number
the summed image. The fit failed. This object is shaped likiensity with the known number density of such sources in the
an elongated chain with multiple (two) peaks in intensityocal universe. Werk et all_(2004) have published the number
This is possibly a merging system. The whole chain is bluensity of local luminous compabluegalaxies (LCBGs) to be
in color. 3.2x 10*Mpc23 for Hg = 70 km sec* Mpc™t and an absolute

922761 The z band image of this galaxy is irregular with nenagnitude cutfi of Mg < —19.12. If we restrict their sample to
obvious center. The fit is unreliable. The color map is bluanly objects withMg < —20 to agree with our sample selection
throughout but is patchy with no obvious central intensitgriterion, we get a number density a#ik 10~* Mpc~2, with the
maximum. This is a blue irregular galaxy. caveat that the Werk et al. sampleffeus from small number

923085 An irregular galaxy with multiple intensity maximastatistics (only 5 objects) at such an absolute magnitutifcu
seen specially in the summed image. The fit is unreliable. When we similarly restrict our sample to rest frafBe-
There is a red patch at the core of the galaxy(dust?) sii-< 0.6 to yield only blue LCGs in the redshift ranges0<
rounded by a relatively blue region. This galaxy has a< 1.2, we are left with 33 of our 39 objects. This yields a
Spitzer MIPS detection witl,, = 84.4uJy at 24im giv- comoving number density of37x 10-3Mpc~3. A comparison
ing itanLgr = 1.6 x 10'*L, making it a LIRG with a SFR with the number density of LCBGs in the local universe yields
of 26My/year. afactor~11 fall in the comoving number density for blue LCGs

923926 Very compact, isolated and featureless galaxy. Thikom intermediate redshifts to the current epoch. The Baiss
galaxy has CXO X-ray detection with a HR of 0.12 whicterror on this number will be around 50% which is mainly
might be indicative of AGN activity, even though there ardominated by the small sample size at redshift zero. With thi
no discernible signs of point like activity from visual ex-caveat of large errorbars, we still get a constraint on timelyer
amination of the galaxy image. It is designated SO but tldensity evolution of blue LCGs which is consistent with earl
fit is unreliable due to the possible presence of the AGplblished results.
activity. The galaxy as a whole is red with a rest frame
(U - B)g = 1.22 mag. . .

924881 This galaxy has extensions at low surface brightnegé Discussion
levels. The nucleus isftset from the center of the galaxy.As reported by earlier workers in this field (Guzman et al.Z,99
The fit is reasonable and this is designated to be an E tygammer et al. 2001), by their very nature LCGs are so compact
galaxy. The colormap shows the center of the galaxy to Bt they yield little morphological information at inteemiiate
bluer compared to the rest of the galaxy. redshifts, even using H3WFPC2 images. Some noteworthy

926109 A simple visual examination of the B band image corexceptions are the HST followup observations of CNELGs by
firms that this is an ongoing merger. There are at least fdgoo et al. (1994), who found evidence for exponential light
intensity maxima (star forming regions) with no tendencprofiles for these objects. Also, Guzman et al. (1998) used
to form any regular pattern. These star forming regions albts T/WFPC2 images of five CNELGs to reveal the presence
show up in the color map. The fit failed. of blue high surface brightness knots surrounded byffast

926217 This is an isolated lenticular galaxy. The fit is excel*exponential like” component. The knots were identifiedrses t
lent. The core of the galaxy is redder than the rest of thecation of the current star formation and th&dse exponen-
galaxy. There is some indication of a faint outer disk in thigal like component was interpreted to be an older undeglyin
summed image, but that is not confirmed. This is designateadpulation.
as a lenticular. In this work, we have performed quantitative morphologi-

cal analysis of a sample of 39 LCGs using full 2 dimensional

surface brightness profile fitting of the galaxy images. Tée-b
efit that we have, which was not available to our predeces-

As has been widely reported, LCGs constitute a very rapiddprs, is the technological advancemefiiered in the shape of

evolving galaxy population in the intermediate redshifitga ACS on board the HST. One of the advantagfered by the

(Phillips et al[ 1997, Werk et &l. 2004). In order to verifysth ACS imaging is the improved pixel scale of 0.05 ar¢peel

we derived a rough estimate of the comoving number densitywifich is a factor o~2 better than the pixel scale of WFPC2,

LCGs in the redshift range® < z < 1.2. After correcting for while at the same time having a larger footprint on the sky,

spectroscopic incompleteness using published valuesrgéfa which makes it ideal for large surveys. This better sambiag

Sampling Rate (TSR) by llbert et al. (2004), we get a valuwmmmes specially important for compact sources such as LCGs

of 1.86x 10~*Mpc~3. Assuming a Poisson distribution yieldswhose typicalr;, < 0.5arcsec, in which case the whole ex-

a 1o error of ~15% for our sample of 39 galaxies. We mustended emission (eg. disk) may be sampled by just a few pix-

6. Number density evolution



A. Rawat et al.: Morphologies of Luminous Compact Galaxies 31

els. This advantage of ACS has been fully leveraged by the We find a small but significant22% of the LCGs to be disk
HST/ACS GOODS survey which has the unique combinatiatominated systems. The median disk scale length for the disk
of depth, finer sampling of 0.03 arcgpixel and large area cov- dominated LCGs is found to be2.3 kpc. Interestingly, the col-
erage which yields a large enough sample of LCGs to do meanmaps for some of these disk dominated LCGs (eg. 905983,
ingful statistical analysis. There have been other surwdysh 912744, 915400, 919595) show blue colors on the outer re-
have some (but not all) of these three qualities, e.g. thebléubgions of the disk which might be indicative of inside-outldis
Deep Field (Williams et al. 1996) was deeper than GOODS Hatrmation as suggested by Hammer et al. (2005). However,
with an area coverage of only5% of GOODS. GEMS (Rix et equally interesting is the fact that none of these galax&®h
al.[2004) has larger area coverage than GOODS and the santetection in Spitzer. This still allows for a SFR of several
pixel scale but is rather shallow (depth of single orbit)eThMy/year (see Tablgl5). However, the final fate of these LCGs
HST/ACS Ultra Deep Field (Beckwith et dl. 2006) is muctwill depend on when the star formation is quenched. Given the
deeper than GOODS, but with area coverage which is mustellar masses that these objects have already assembhiled by
smaller (although see Noeske et al. (2006), who derive a réarmediate redshifts, these disk dominated LCGs are etlyden
sonable sample size of LCBGs by using photometric redshifte progenitors of intermediate mass disk galaxies in the lo
and a less stringent absolute magnitude futds < —185). cal universe, as has been previously suggested by Phitlgds e
Using the ratio of UDF area to GOODS area and our sample ¢£997).
lection criteria for selecting LCGs, we would have gotaskemp  Another relevant input which will have a strong influence
of ~3 LCGs in the HSTACS UDF. on the final form of the descendants of these intermediate red
In this study, we find that LCGs constitute a significarghift LCGs, is the evolution with redshift of the merger rate
~26% of theMg < —20 galaxy population in the redshift rangeof galaxies, regarding which there has been wide debatesin th
0.5 < z < 1.2. We derive SFR values ranging from a few teommunity. Parameterizing the fraction of galaxies emgsin
~ 65 Mg/year as expected for this class of objects. We estaberger systems at any given redshiffé® = f(0)(1+ 2%, the
lish that our sample LCGs are intermediate mass objects wigported values af vary from 0< a < 4 (Le Fevre et al. 2000,
stellar mass ranging from#4 < log,,(M/M;) < 10.96, with a Patton et al. 2002, Conselice etlal. 2003, Lin €t al. 2004 dgun
median mass of lag(M/My) = 10.32. We also obtain a factoret al.[2004, Bell et al._2006, Lotz et al. 2006). Even though
~11 fall in the comoving number density of blue LCGs fronthe value of the slope is still debatable, the merger rate es-
this redshift range to the current epoch, but this numbarls s timates are in reasonable agreement at least around redshif
ject to large uncertainities given the small sample sizesad z 0.5-0.6 (see Bell et al. 2006). A large valuecotvould imply
redshift available from the literature. This implies thaGs that the merger rate of galaxies was higher at higher retdshif
constitute one of the most rapidly evolving galaxy popolasi We have performed a calculation, along the lines of that per-
at intermediate redshifts. A plausible reason for the rajgid formed by Le Fevre et al. (2000), using the HEBTS GOODS
cline in the number densities seems to be the extinguisHingdataset and found a rapid evolution in pair fraction of giax
the star formation and the associated fading, as pointedyoutwith redshift out to 1.2 (Rawat et al. in preparation). Even
earlier workers (see Koo et al. 1995, Guzman et al. 1998). T#wugh this debate is far from settled, our work seems to in-
eventual quenching of the starburst might result from supelicate that a large fraction df* galaxies in the local universe
novae driven galactic winds which might remove any residuadust have undergone a major merger, possibly triggeringva ne
gas from the galaxy (Guzman etlal. 1996). However, the natimarst of star formation within the last 8 Gyr. In the preseathkv
of the descendants of these intermediate redshift LCGgleill we find that a large fraction~36%) of the LCGs are in merg-
pend in a major way on the timing of thigienchingand the ing systems, even though only aboy@rt of these are obvious
possibility of subsequent bursts of star formation. It hasrb mergers (M1). These mergers have been identified essgntiall
proposed (Koo et al. 1995, Guzman et al. 1996) that CNEL@®@isually by the presence of multiple maxima of comparable in
should fade within a few Gyr. by as much as 4-7 magnitudesnsity in the rest frame B band images. This was furtherhide
in the rest framéVg to resemble today’s spheroidals. Howevehy the use of color maps to distinguish multiple nuclei (gen-
one must be careful in comparing the CNELGs with our LCGsrally redder) from HIl regions (generally bluer). Our défin
A simple look at the stellar masses derived by us for our satien of merger is not directly comparable to those reportged b
ple of LCGs (Tabléb), make it clear why such a comparisiather workers such as Lotz et gl._ (2006) who use a quantita-
is incompatible. CNELGs are mostly low mass systems, witlve definition to pick up merging systems. Despite this edye
M ~ 10°M, (Guzman et al. 1996), whereas our LCGs are quitair obvious merger fraction (M1)(12%) is quite compara-
massive systems, with some of them having masses compaia-to the typical merger fraction reported for the genegdfi
ble to that of the Milky Way already in place by intermediatgalaxies by Lotz et all (2006), who find the fraction of gadexi
redshifts. Since they already have masses well in excebabf with Mg < —20.5 that are in merging systems to b&% at
expected for dwarf galaxies, we can safely rule out the pdssi intermediate redshifts. If we also include our possiblegeer
ity of these LCGs evolving into dwarf spheroidals in the locaystems, this is evidence in support of an unusually higlyarer
universe. Given the stellar masses that these objects have arate for LCGs, and points towards a dynamic evolutionary his
termediate redshift, and the high star formation ratesweat tory of LCGs in the intermediate redshift range. It is plélesi
derive for these objects, they are clearly progenitors tdrin that LCGs might represent a transient, starbursting (pbssi
mediate mass objects in the local universe, out of whig8% merging) phase in the evolution of a galaxy. In that case, the
are spirals in the current epoch (Hammer et al. 2005). observed decline in the number density of LCGs froual 20
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the current epoch can be naturally explained in terms of threthis luminosity range, over the redshift range under @bns
decline in the merger rate of galaxies over the same redslifation. This result will become stronger, as the errorbars
range (Rawat et dl. in preparation). This is in agreemertt withe fe,so evolution with redshift improve with larger surveys
the scenario suggested by Hammer et[al. (2005) in which thecoming available.
LCGs are just the merger phase in the hierarchical growth of a If we combine all the evidence listed above, we envisage
galaxy. that it is plausible that some of the LCGs that are undergo-
The eventual fate of the LCGs undergoing merger is stilg mergers at intermediate redshifts might go on to form a
an open issue. Hammer et al. (2005) had suggested that tlésk from gas left over from the merger event, by the time they
must be a mechanism at work that rebuilds the disk in a galaeyolve to the current epoch.
after a major merger event, perhaps fueled by infalling gis|  Puech et al (2006) have recently reported on the morpho-
over after the merger. They had argued that if the fate ofyevdogical mix of a sample of 17 intermediate redshift LCGs gsin
LCG is to end up as an early type galaxy, it will overprodudbe technique of mapping the velocity field of a galaxy wité th
the number of early types in the local universe (see Tabldritegral Field Unit (IFU) spectrograph FLAMESIRAFFE on
in Hammer et al._2005). In this scenario, we can envisage thia¢ VLT. They report a figure 0£18% galaxies being consis-
some of the LCGs that are seen in merger phase will go ontémt with rotating disks compared to th&2% in this work.
form a disk as they evolve to=D. Recent work on numerical Furthermore, they report thaB82% of the LCGs in their sam-
simulations of galaxy mergers (Robertson et al. 2005) aidie ple have perturbed or complex kinematics, with roughly half
that gas rich mergers at high redshift can lead to the foonatiof them being probable mergers, a number which again agrees
of rotationally supported disks in merger remnants if femkb with our result designating36% of the LCGs as merging sys-
mechanisms limit the conversion of gas into stars. Thisighs rtems. The techniques applied by Puech et al. are entirgrdi
merger driven disk galaxy formation at high redshifts degen ent from ours:
ates into merger driven elliptical galaxy formation at lowed- a) They probe ionised gas, whereas we probe stellar mass,
shifts, as star formation depletes the available gas anésnak) They use ground based spectroscopy while we use space
gas rich mergers less likely. based imaging.
Another support for this scenario comes from the new strifthe fact that we get results that are comparable gives us in-
gent constraints being put on the evolution of early typexal creased confidence in our results.
ies (ETGs) since ~ 1 by Cimatti et al.[(2006). They have  Noeske et al[(2006) have recently reported on the morphol-
proposed that at every redshift, there is a critical lumityqer ogy of LCGs from the Hubble Ultra Deep Field in the redshift
mass) threshold above which virtually all ETGs seem to be aknge 0.2 to 1.3. They find typical scale lengths of the ex¢dnd
ready in place. This is also known as the downsizing scenatomponents to bg 2 kpc, and conclude that these objects will
Now, given the fact that our sample LCGs are intermediaggolve into small disk galaxies and low mass spheroidal-or ir
mass objects with a mass rangé®< Logo(M/My) < 10.96 regular galaxies in the local universe. However, their dareg-
(see Tabl€ls), this does not seem to favor their evolutiom irlection criteria are not fully compatible with those of Hamm
early types at the current epoch, simply because most of #tel. (2001), which we have used in this work, and which might
ETGs in this mass range were already in place latest by int&avor progenitors of larger local galaxies. We find that thee m
mediate redshifts (see Fig. 2 in Cimatti et al. 2006). dian disk scale length for the disk dominated LCGs in our work
Interestingly, Lotz et al[(2006) have claimed a large faés ~2.3kpc (see Tablel5). These LCGs are intermediate mass
tor ~2.5 increase in the number density of early typgS(FSa objects and given the limits on their SFR of a fédy/year, are
from redshift 1.1 to 0.3 for a volume limited sample of likely to be the progenitors of intermediate mass disk gakax
Mg < —20.5. However, a simple look at their Table 2 shows the local universe.
that most of theievolutioncomes from the highest redshift bin,
with the lower redshift data consistent with little or no kwvo
tion out to a redshift of1. Their result is in fact similar to the
result published by Smith et all. (2005), who find the fractitbn An effort was made to obtain quantitative morphological pa-
early type galaxies to remain constant withsp = 0.4+ 0.1 rameters for a representative sample of 39 intermediaghitd
till z ~ 1 in the low density regions. This is also consisterf0.5 < z < 1.2) luminous compact galaxies (LCGs) and to clas-
with Cimatti et all(2006) result that most of the massive (Isify them based on their rest frame B band morphology and B-z
minous) ETGs are already in place by intermediate redshift®lor maps using multiband imaging data from the HSJIS
Now, given the fact that LCGs constitute onll/4 of the field GOODS survey. The main result that we obtain for their mor-
galaxy population witiMg < —20, it is entirely possible that a phological mix is as follows: Mergers:36%, Disk dominated:
large fraction of LCGs might still evolve into ETGs by the €ur~22%, S0:~20%, Early types~7%, Irr/tadpole:~15%.
rent epoch, without upsetting the constdats, fraction con- We find that LCGs constitute26% of theMg < -20
straint discussed above within their quoted errorbarse@en galaxy population in the redshift ranges0< z < 1.2. We
though we cannotule outan evolutionary scenario of inter-also obtain a factor11 fall in the comoving number density of
mediate redshift LCGs evolving into early types in the caotreblue LCGs from the redshift range®< z < 1.2 to the current
epoch (given the uncertainties of the early type fractiaslev epoch, using published values for the comoving number den-
tion with redshift), the current results on ETG fraction kevo sity of blue LCGs in the local universe (Werk et[al. 2004). We
tion do not seem to encourage a large scale evolution intosE Té€stablish that our sample LCGs are intermediate mass sbject

8. Conclusions
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with stellar mass ranging from#4 < log,o(M/My) < 10.96, Fadda, D., Flores, H., Hasinger, G., et al. 2002, A&A, 3838 83
with a median mass of lgg(M/M,) = 10.32. We also derive Flores, H., Hammer, F., Puech. M., et al. 2006, A&A, 455, 107
SFR values ranging from a few te 65 My/year as expected Freeman, K. C., 1970, ApJ, 160, 811
We find that the median disk scale length for the disk dom- ¢Dp|'ﬁa“°“5t ofpgD;%;aéILlI’:nage Processing XX, ed. Andrew G.
inated LCGs in our work is-2.3kpc. Some of the disk domi- eschey, asTo- =3
P . . Fruchter, A., Hook, R. N., 2002, PASP, Volume 114, Issue TH2,
nated LCGs show blue colors on the outer regions of the disks ', =5 astro- 8808087
which might be indicative of inside-out dlsk format.|0n aYSU carjand, C. A. Pisano, D. J. Williams, J. P. Guzman, R., &
gested by Hammer et al. (2005). These disk dominated LCGS castander, F. J. 2004, ApJ, 615, 689
are intermediate mass objects, and given the star formati®@cconi, R., zirm, A., Wang, J., et al. 2002, ApJS, 139, 369
rates that we derive for these objects, they are clearlygnisg Giavalisco, M., Ferguson, H. C., Koekemoer, A. M., et al.208pJ,
tors of intermediate mass disk galaxies in the local une&ers 600, L93
We also establish that we cannote outan evolutionary Gilliland, R. L. & Riess, A. G. 2002, HST Calibration Worksho
scenario comprising of intermediate redshift LCGs evajvin  STScl 2002, p61, ed. Arribas, S., Koekemoer, A., & Whitmore,
into early types in the current epoch, given the typical €erro B-\
bars on the early type fraction evolution available frorarie ©uzman, R., Koo, D. C., Faber, S. M., et al. 1996, ApJ, 460, L5
ture. Despite this, we note that the current results on E&6 fr SUZman. R., Gallego, J., Koo, D. C., etal. 1997, ApJ, 489, 55
. . . Guzman, R., Jangren, A., Koo, D. C., et al. 1998, ApJ, 493, L1
tion evolution, do not seem to encourage a large scale éwnlut
. . . . . . Hammer, F., Gruel, N., Thuan, T. X, Flores, H., & Infante, 1002,
into ETGs in this luminosity range, over the redshift range u ApJ, 550, 570
der cplnS|derat|on.. We envisage that some of the L.CGs tha.t A8nmer, F., Flores, H., Elbaz, D., H., Zheng, X. Z., LiangCY, &
classified as merging systems, mightgo onto rebuild theksdi  cesarsky, C. 2005, A&A, 430, 115
and evolve into disk galaxies in the local universe. Hammer, F., 2005, in "When UV meets IR: a History of Star
) Formation”, XXVth Moriond Astrophysics Meeting, ed. D. BEib
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Zheng, X. Z., Hammer, F., Flores, H., et al. 2004, A&A, 421784 Having compiled the list of all the objects in the CDFS hav-
Zheng, X. Z., Hammer, F., Flores, H., et al. 2005, A&A, 435750  ing photometry in 6 bands plus spectroscopic redshifts from
the VVDS as mentioned above, we derived the absolute mag-
nitudes for those objects as follows.
The transformation equation relatingserved fram@ho-
tometry withrest frameabsolute magnitudesiis...
We have used the technique of fitting template galaxy spectru _
to a set of photometric datapoints for each galaxy to obten t Mg = Mg + DM(2) + ka(2) + Ae ®)
spectral energy distribution (SED) of the object, whichtteen where,
be used for deriving the K-correction. Obviously, as in taeee Mg : apparent magnitude in B band
of any fitting procedure, the greater the number of photaimetMs : absolute magnitude in B band
datapoints, the better we will be able to constrain the galaRM(2) : distance modulus
SED. Hence, in addition to using the four band HSTS pho- kg(2) : the K-correction in B band
tometric catalog for the GOODSDFS sources, we obtain twoAs : Galactic extinction correction in B band
more photometric datapoints using the JK& imaging data ~ For the purpose of fitting template galaxy spectra, we used
from the ESO GOODIS release. SExtractor based photon& code developed by Hammer et al. (2001). To derive ab-
etry for the J &K fields was performed by us using the photcsolute magnitude at a giverest-framewavelengthires, we
metric zeropoints provided as part of the GOGEIS release: consider twoobservedrame wavelengthgopg & Aobe, such
v1.0. The photometric catalogs for the J atgband in this thatdoba/(1+ 2) & Aobe/(1 + 2) encloses the rest-framies,
field have~8000 sources each. Theffdirential number counts where z is the redshift of the object. To this set of galaxy ob-
for sources in th& band is given in Fid]9. served frame magnitudes, we fit a galaxy spectral template de
In the absence of detailed completeness curves foKtherived from stellar population synthesis models (Bruzuad an
band source catalog, thefidgirential number counts can be use@harlot 1993;2003). For our fitting purpose, we used an ex-
as a useful indicator for the completeness oflfidand cata- ponentially decreasing SFR model with e-folding timesadle
log. As we can see from Fifil 9 the number counts are steadily= 0.5 Gyr. We then vary the age of this model to optimize
rising till Ks ~24 magnitude, and it starts to tapé¥ for fainter the fit to observed frame magnitudes. The template has been
magnitudes. Hence we can assume thatkgéand catalog optimized to minimize the residuals between the actualyala
suffers from incompleteness for sources fainter tian~24 magnitudes and the galaxy magnitudes reconstructed frem th
magnitude. Since in our analysis work, we are only intecestgalaxy SED fit. We then use an interpolation to calculate the
in galaxies having spectroscopic redshifts from the VVDS suflux atthe given rest-framées. This code then uses a specified
vey, all of which havd g < 24, we will not miss any object in cosmology to calculate the distance modulus and outputthe a
theKs band, unless it has an extremely unusually blue color ®lute magnitudes directly. We used a d€DM cosmology
(I -Kg) <0. with Q,=0.3 andQ,=0.7 andHy = 70 km sec Mpc.
We used the Galactic extinction maps published by
Schlegel et al.[(1998) to estimate the Galactic extinction i
log N(m) Vs m plot for GOODS/EIS Ks band each of the four HS/ACS photometric bands for the CDFS.
° I Frrr ‘ Since the CDFS is a high Galactic latitude field, we found
i ] that the extinction values were quite small; being of theeord
- ° o 1 of photometric accuracy of our catalog i.e1-2%. Hence
] we decided not to use these extinction values for our final
u estimation of the absolute magnitudes.

Appendix A: Determination of absolute magnitudes
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s i Appendix B: Red Haloin the HST/ACS F850L P PSF

r ) It has been well documented and reported that at redder wave-
- $ 1 lengths, all HSTACS CCD detectors ster from an extended
| halo due to scattered light (Sirianni et lal. 2005, Gillilzamtd
Riess 2002). Thisféect is particularly severe in the F850LP fil-
ter and depends upon the color of the PSF star being observed.
i % i This happens due to the fact that the CCD becomes more trans-
parent to photons of longer wavelength. This means that for
- ] a redder star, the scattering of light into the halo is more se
i vere compared to a bluer star. This variation of the PSF with
S N R R E R R B the color of the PSF star can be quite large and can potentiall
16 18 R0 22 R4 26 affect the structural parameters that we derive for our sample
Ks magnitude galaxies.
In order to check for this possibility, we plotted the F850LP
Fig. 9. Ks band number counts for the VLT GOOJESS filter half light radiusRy, of the PSF stars used by us against

w
I
o
|

Log N (galaxies/deg?/1.0 mag)
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the B-z color of the PSF star. This is shown in [Eig. 10Qf&rent
symbols have been used for faint,(> 185) and bright {n, <
185) stars using an arbitrary definition of what constitutes a
bright star.

B-z color Vs r, ,(zband) of 64 PSF stars in CDFS

4
oL o m,=18.5 1
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B—z color of PSF star

Fig. 10. Variation of half light radiusR;;» of the PSF stars (in
the F850LP filter) used by us against the B-z color of the PSF
stars. Diferent symbols have been used for faim; & 185)

and bright (n, < 185) stars using an arbitrary definition of
what constitutes aright star. Notice that at a given color, the
brighter stars tend to have largey» (even though there is a
considerable amount of scatter).

Notice in Fig.[10 that at a given color, the brighter stars
tend to have largeRy». Also notice the small gradient towards
increasingRy,, for redder stars. However, it is seen that even
though there is a general trend for redder stars to havetlgligh
largerRy», this dfect is< 5%. The only catastrophically large
Ri/2 is seen in relatively bright stars. From Higl 10 we see that
only four stars in our whole sample show this anomolous be-
haviour. We also find that all of the “peaks” that we had seen
in Fig.[3 belong to these same red and bright PSF stars. Once
these four rogue stars were identified, there were remowed fr
our list of PSF stars and were not used in any of our analysis.
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Table 2. Galfit results in F850LP band for those LCGs which are well fit by bulljsk two-dimensional structure.

ID Bulge Madt Bulgere Bulge n Disk mag Diskrqg Xfed B/T
(pixelsp (pixelsp
904604  23.680.02 1.920.03 1.210.08 22.820.01 10.560.15 1.063 0.380.01
905632 24.040.08 2.56:0.31 4.290.43 23.290.03 4.840.07 1.093 0.380.03
905983 24.580.23 19.5212.92 12.033.70 21.920.00 8.0@:0.06 1.129 0.080.02
907361  21.620.01 5.860.11 2.7%0.04 23.420.07 17.331.13 1.259  0.840.07
907794  22.760.11 2.620.52 4.640.70 23.530.19  8.0%:0.46 1.099  0.6%0.09
908243  24.0% 0.04 3.650.11 0.82:0.05 22.2%0.01 10.460.07 1.168 0.180.01
909093 23.1@ 0.02 8.16:0.07 0.530.02 23.760.04 11.330.41 1.093 0.650.02
911780 22.720.02 7.44:0.05 0.730.01 21.490.00 11.2%0.06 1.185 0.240.00
913482  22.040.00 1.61:0.01 0.980.01 21.830.00  6.640.05 1.111  0.480.00
915400 23.580.42 51.3%73.45 17.698.14 22.250.01 10.240.08 1.260  0.280.01
916137  23.220.03 14.440.12 0.26:0.01 23.730.05  6.830.17 1.094  0.680.02
916866 23.7%0.05 11.880.30 0.7%0.03 23.320.03 5.76:0.09 1.137 0.420.03
919573 22.180.05 8.680.90 7.430.35 22.250.03 10.820.13 1.131 0.580.03
919595 - - - - - -
920435  23.830.02 3.36:0.03 0.0%0.06 23.7%20.01  4.380.14 1.116  0.420.01
921406 23.420.08 7.030.55 2.030.12 22.610.04 9.9@:0.12 1.125 0.310.03
922675 22.7%0.02 17.140.27 1.140.02 22.440.01 4.8%0.03 1.089 0.440.01
922761 24.380.05 8.86:0.17 0.230.03 23.050.02 7.64:0.10 1.095 0.240.01
923085  22.7@0.01 8.250.08 0.930.02 24.7%0.04  3.5%0.14 1.212  0.8%0.01
923926  22.580.02 3.3%0.19 7.760.77 23.220.05 1.920.02 1.113  0.640.02
924881 22.580.01 6.030.15 2.990.07 23.930.03 2.020.05 1.167 0.7#0.01
926217 22.7@0.05 11.091.03 5.480.27 22.8@0.03 8.2%0.12 1.097 0.520.03

2 Integrated Bulgiisk magnitude given byalfit.
b 1pixel = 0.03 arcsec

Table 3. Galfitresults in F775W band for those LCGs which are well fit by budjsk two-dimensional structure. The columns
are the same as in Taljle 2.

ID Bulge Mag Bulgere Bulge n Disk mag Disky Xﬁed B/T
(pixels) (pixels)
904604  24.6%0.04 1.83:0.07 1.3%0.14 23.9%0.01 10.430.33 1.088 0.380.01
905632  24.240.06 2.7%0.23 3.290.27 23.9%40.04 4.36:0.09 1.132  0.440.03
905983  24.730.30  19.0817.34  15.7#5.67  22.19:0.00 8.330.05 1.200  0.080.02
907361 22.260.03 5.240.17 2.5@:0.05 23.760.10 14.451.43 1.322 0.800.04
907794 - - — - - -
908243  24.450.03 3.520.09 1.0%0.05 22.430.01 10.850.07 1.195 0.180.00
909093  23.420.02 11.8#0.23 1.43:0.04 23.820.02 3.920.06 1.195 0.620.01
911780  22.810.01 7.120.04 0.76:0.01 21.7@0.00 11.1€0.05 1.295 0.260.00
913482 22.280.00 1.740.01 1.050.01 22.220.00 7.080.06 1.221 0.480.00
915400 25.020.34 7.5@:6.83 11.234.06 22.4%0.01 11.030.07 1.333 0.080.01
916137  23.680.04 13.920.10 0.22:0.01 24.2%0.07 7.520.18 1.124  0.680.03
916866 - - - - -
919573 22.180.08 41.4810.85 17.9£1.39 22.680.02 9.380.10 1.172 0.620.05
919595 24.530.01 8.592.31 0.05:0.04 22.320.00 7.66:0.04 1.182 0.120.00
920435 24.260.03 4.991.02 0.020.03 24.140.02 2.530.04 1.143 0.490.02
921406  24.530.12 5.510.74 2.620.29 22.740.02 9.680.09 1.186  0.160.02
922675  22.780.01 17.640.22 1.13%0.02 22.660.01 4.86:0.03 1.142  0.4¥0.01
922761 24.810.03 8.7%0.13 0.130.03 23.280.01 8.380.09 1.124  0.2@0.01
923085 23.440.01 10.050.08 0.4@:0.01 25.66:0.04 2.840.15 1.248 0.820.01
923926 23.260.04 6.421.44 10.441.89 23.840.05 1.7920.03 1.163 0.680.03
924881  22.810.01 5.940.17 3.490.09 24.180.03 2.13:0.04 1.277  0.780.01
926217  23.080.09 8.41:1.03 3.64:0.23 23.0@¢0.07 10.650.25 1.119  0.580.05




A. Rawat et al.: Morphologies of Luminous Compact Galaxies 91

Table 4. Galfitresults in F606W band for those LCGs which are well fit by budjsk two-dimensional structure. The columns
are the same as in Taljle 2

ID Bulge Mag Bulgere Bulge n Disk mag Disky X%ed B/T
(pixels) (pixels)
904604  26.320.05 1.990.12 0.910.25 25.580.03 12.240.81 1.316 0.340.02
905632  24.910.02 1.720.03 0.71:0.08 24.62:0.01 4.550.14 1.355  0.480.01

905983 - - - - - - -
907361 23.620.02  6.330.11  2.680.05 27.040.29 13.%3.07 1.408 0.960.21
907794 - - - - - - -
908243  23.650.06 28.623.88  6.630.42 23.4%0.01 9.5%0.06 1571  0.440.03
909093 - - - - - -

911780  23.220.01 7.240.04 0.880.01 22.560.00 11.660.05 1.616 0.340.00
913482  23.480.00 1.720.01 0.7&0.01 23.430.01 7.160.08 1.395  0.5%0.00
915400 - - - - - - -
916137 - - - - - - -
916866 - - - - - - -
919573  23.720.10  19.8%5.93  15.221.53  23.930.02 9.2@0.13 1.365  0.580.06
919595 - - - - - - -
920435  24.280.01 2.350.03 1.740.07 25.1%0.02 1.13:0.03 1.453  0.6920.01
921406  24.760.06 5.520.38 2.320.13 23.230.01 9.580.08 1.470 0.200.01
922675  23.320.01 17.130.15 0.980.01 23.3%0.01 5.0%0.03 1.398  0.490.01
922761  24.370.05  13.3%0.13 0.240.01 24.650.07 8.2@:0.15 1.316  0.560.03
923085  24.320.01 9.280.08 0.230.01 26.220.03 1.340.06 1.592  0.840.01
923926 - - - - - - -
924881  23.520.01 3.02:0.02 1.980.03 25.040.01 1.21:0.02 1.565 0.880.01
926217 - - - - - - -
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Table 5. Catalog of derived parameters for LCGs

Stellar Mas$ SFRp) __RestFrame B_

Our ID z Logo(M/Ms)  Lir(10%L,) (Moyr™) HR® B/T szed Type Q4 Ry(kpd®e  M1/M2f

(1) (2 (3) (4) (5) (6) (1) ® (10) (11) (12)
904260 0.983 10.32 <10.37 3.6 p<17 - - S 3 M2
904604  0.990 10.94 <10.59 0.1%xp<18 0.33:0.01 1.063 S 1 2.580.04
904680 0.964 10.28 <9.83 3.28p< 16 - - 4 M2
905632 0.976 10.23 <10.18 0.8 p<17 0.33:0.03 1.093 S 1 1.160.02
905983  0.860 10.36 <7.22 3.87%<p<12 0.080.02 1.129 S 2 1.880.01
906962 0.566 10.81 70.36 <120 -0.55%0.03 - - E -
907047 1.112 10.65 <14.49 33%p<24 - - 4 M1
907361 0.731 10.96 < 6.69 0.18& p<11 0.8:0.04 1.322 E 2
907794  1.144 10.92 20.82 35 048709 1.099 SO 1
908243 0.726 10.23 <6.57 241<p<11 0.13:0.00 1.195 Tad 3
909015 1.039 10.25 <12.07 0.2% p <20 - - 4
909093 0.968 9.71 <9.97 33%<p<17 0.65:0.02 1.093 Tad 3
909429 0.737 10.32 <6.81 448<p <11 - - 4 M2
910413 0.655 10.67 15.84 27 - - Tad 4 M2
911747  0.840 10.18 <6.79 48l<p<11 - - 4 M2
911780 0.664 10.38 <5.29 3.6%p<9 0.26:0.00 1.295 S 2 2.340.01
911843 0.973 9.75 <10.09 55k p<17 - - 4 M2
912744  0.690 10.40 <5.81 23lkkp<9 - - S 3
913482 0.664 10.71 27.17 <46 0.52:0.06 0.480.00 1.221 SO 3
914038 0.667 10.50 12.00 20 - - 4 M2
915400 0.764 10.42 <7.44 173 p<12 0.080.01 1.333 S 2 2.480.02
916137  0.980 10.33 <10.29 1.4 p <17 0.63:0.02 1.094 Irr 3
916446  0.839 10.10 <6.77 1.75<p<11 - - 4 M2
916866  0.987 10.22 <10.48 1.68& p <17 0.42-0.03 1.137 SO 2
918147  1.099 10.77 39.48 67 - - 4 M1
919573  0.665 10.61 5.89 <10 -0.4:0.03 0.6%0.05 1.172 SO 3
919595 0.785 10.24 <7.95 243<p <13 0.120.00 1.182 S 3
920435 1.034 9.44 <11.91 2.66< p <20 0.49-0.01 1.116 SO 2
921406  1.095 10.37 <13.89 5.2% p<23 0.3%0.03 1.125 S 1 2.480.03
922675 0.666 10.13 <5.32 27%p<9 0.47%#0.01 1.142 SO 1
922733  0.650 10.05 <5.01 224<p<8 - - 4 M2
922761 0.961 9.71 <9.77 2.56<p <16 0.24:0.01 1.095 Irr 3
923085 1.122 10.68 15.74 26 08701 1.212 Irr 3
923926 1.012 10.74 <11.23 117%<p<19 0.120.07 0.640.02 1.113 SO 3
924881  0.839 9.80 <6.77 295<p<11 0.780.01 1.277 E 2
926109 0.522 10.19 <2.95 1.55<p<5 - - 4 M1
926217 0.767 10.27 <7.50 184 p<12 0.5:0.05 1.119 SO 1
907305 1.185 10.11 <17.21 3.1 p<29 - - 4 M1
914895 0.736 10.09 <6.78 2.36<p <1l - - 4 M1

a Derived using a diet Salpeter IMF. In order to derive valugisg a classic Salpeter IMF, add 0.15 dex to the values |stee.
X-ray hardness ratio, defined as (H{8+S) where H and S are the counts in the hard and soft bands tieshec

Galaxy type —E: 0.8< B/T <1;S0: 0.4< B/T <0.8;S: 0.0< B/T <0.4;Irr: irregular;Tad: Tadpole.

Exponential disk scale length(kpc) for disk dominated gala
Merging? — M1: obvious merging; M2: possible merging.

b
Cc
4 Q quality factor — 1: secure; 2: possibly secure; 3: insecdrét failed.
e
f
9

This object could not be fitted properly due to the presenaesifong point source at the center.
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Fig. 8. Continued F850LP and the B-z color map images. For each target, the name aslifteate labeled at the top-left and
top-right in theF850LP image. Our morphological classification is indicated atlibtom-left of each image. The size of each
image is 3&30 kpc and the bar at the bottom-right of each image indicatearcsec. North is up, East is to the left. The intensity
scaling is the same (squareroot) in all the grayscale imagate the dynamic range is flierent for diferent objects owing to
the fact that the max or central intensity can b@edent for diterent objects. The color bar shows the B-z color range from O t
4 except for object ID 904604, 907361 and 909015 where iteafiggm O to 6. The blank in object ID 907305 is due to imaging
at the edge of the GOODS CDFS region.
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