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Abstract. We present a quantitative study of the morphologyened by a large amount of dust, or passively evolving high-
of 41 Extremely Red Objects (EROs). The analysis is basede@lhipticals characterized by old stellar populatiops{ Gyr).
deep otical and near-infrared images from the Hubble Space The importance of assessing the ERO nature and determin-
Telescope public archive, and performed by fitting to eadg their space density is clear: the epoch of formation of mas-
galaxy image a PSF-convolved bi-dimensional model brigttive elliptical galaxies is a crucial test for the standard hier-
ness distribution. Relying both on the visual inspection of tlechical models for structure formation (e.g.: White & Rees
data and on the results of the fitting procedure, we are able tolti878; Kauffmann et al. 1993), which predict such objects to
termine the fraction of irregular and/or interacting EROs, and lave formed relatively late from the merging of smaller-size
identify those that more closely resemble local ellipticals. To thobjects (presumably disk galaxies). A large density of high red-
former class, whose members are probably high-redshift dushyft evolved ellipticals would imply severe revision to the hier-
starburst, belongs about 15% of the whole sample, whereasdhehical theories. The other relevant question is the global star
elliptical-like objects are between 50 and 80% of the total. formation history: calculations based on the observed rest frame
few galaxies, although characterized by a compact morpholotgy flux (e.g. Madau et al._ 1996; Connolly et al. 1997) might
are best fitted by an exponential distribution, more typical of I&e significantly underestimated, if a large fraction of the overall
cal spirals. Our data also suggest that irregular EROs are fowstalr formation at high redshift takes place in highly obscured
predominantly in the field, and that — on average — they testarburst galaxies (e.g. Steidel et al. 1999; Barger gt al.| 2000).
to be characterized by the reddest colors. Finally, we plot the One way to disentangle this ambiguity is provided, in some
rest-frame Kormendy Relation:{ vs. R.) for a sample of 6 cases, by near-infrared spectroscopy, in particular if the ERO
EROs with spectroscopic redshifts £ 1.3), and estimate its spectrum exhibits features revealing star-formation activity,
evolution with respect to the local relation. such as the redshifted Hine; this is the case, for example,
for the galaxy HR10 (Graham & Deéy 1996; Dey et[al. 1999).
Key words: galaxies: distances and redshifts — galaxies: ellipore recently, deep near-infrared spectroscopy allowed to clas-
tical and lenticular, cD — galaxies: evolution — galaxies: fundaify two more galaxies as likely starburst—although their spectra
mental parameters — galaxies: photometry lack of spectral features — from the amount of reddening required
to explain their overall spectral energy distribution (Cimatti etal.
1999). A different kind of test is provided by observations in the
submm waveband, which traces the thermal emission by dust in
1. Introduction the starbursts; this method was successful in the case of HR10

Among the variety of objects discovered so far at high-redshifcimatti et alL 1998; Dey et al. 1999) whose detection allowed

a special class is represented by the so called Extremely l;gédmn-ambiguous classification as a dust reddened starburst, a

Objects (EROs hereafter), characterized by moderately fariﬁ't;ult furtherly confirmed by the observation of its CO emis-

near-IR magnitudesi{ ~ 18 — 20), and extremely red optical- sion (Andreani et al. 2000). Other objects, first detected in the
infrared colors (e.gR — K > 5 s;ee for example Elston et a.submm, have afterwards turned out to be EROs (Smail et al.

1988; McCarthy etal. 1992; Hu & Ridgway 1994). The observe?99; Gear etal. 2000). _ _ .
colors and luminosities place this class of objects at 1, an When images of sufficient spatial resolution are available,

hypothesis confirmed in a few cases by a direct spectroscofvever. the most direct way to distinguish between the two

measurement of the redshift (Graham & Dey 1996; Spinrad&Sses is their morphology: elliptical galaxies are compact,
al.[1997; Stanford et al 1997 — S97 hereafter; Liu et al. :2000)_rﬂgularly-shaped objects, whereas we expect starburst galaxy

twofold interpretation of such observational properties is po& 00k much more irregular (in particular, if the starburst is
rdggered by a merger, or if a large amount of dust irregularly

sible: EROs can be either high-redshift starburst galaxies ré_ ; , i , ;
distributed is present in the galaxy). HR10, imaged by HST, is
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8 L I T T not restricted to the ERO population alone; in this perspective,
color-based selection criteria appear insufficient. Again, a dif-
ferent diagnostic tool (Franceschini et[al. 1998; Schade et al.
1999) is provided by a quantitative analysis of morphological
characteristics. A local elliptical galaxy is an evolved system
from the point of view of both its stellar population and its
internal dynamics; we may presume that, for some objects at
high-z, a residual small star formation activity (and in general
the overall stellar content of the galaxy) could affect the global
colors but leave the shape of the brightness distribution more or
less unchanged, so that such galaxies could be easily identified
on a morphological basis. Of course this kind of approach re-
quires imaging at high angular resolution, such as can only be
obtained by space observatories (namely, by the Hubble Space
Telescope — HST hereatfter).

As a first effort to investigate the morphology of EROs, we
present here a quantitative analysis carried out on deep HST
archive images both in the optical red and in the near infrared.
Our aim is to identify elliptical galaxies using their morpho-
logical characteristics, and establish their fractional abundance

V4 with respect to the overall ERO population, assuming that their
Fig. 1. The curves show th& — K andl — K expected colors for pas- surface bri_ghtness distrib_utionszab lLare similar to the ones
sively evolving ellipticals. The models assume an exponential decﬁpserved in the local universe. In particular, at the resolution
ing star formation rate (SFR) with e-folding time solar metallicity, Provided by HST, a first classification can be performed visu-
Salpeter IMF, and they are based on the 1997 release of the BruAlj between compact and irregular objects; among the former
& Charlot (1T993) spectral synthesis models. The assumed cosmolages, different distributions can then be distinguished by fitting
is Qo = 1 and Ho=50 km s ' Mpc™". The solid lines have = 0.1 different models to the data (for example, exponential and de
Gyr and Zormation =3,4,5. The dashed line has= 0.3 Gyr and Vaucouleurs profiles, typically associated to disk galaxies and
Ziormation =9. The dotted lines ak — K = 5 andl — K = 4 show g|lipticals respectively). To this purpose, we have implemented
the color thresholds that can be defined to select (_elliptical_ candidatesode for the analysis of the surface brightness distributions of
atz > 1. Redder color thresholds allow the selection of highel- ;1 gpjects as observed by HST, tested its accuracy on a large
lipticals (€.g./2 — K > 6 or [ — K > 4.5 correspond tar > 1.3). number of simulated galaxies, and applied it to a sample of 41

EROs.
consistently characterized by a clearly disturbed morphology This paper is organized as follows: we start describing our
(see Dey et al. 1999). sample and the data available for every galaxy, turning after-

For what concerns the total number density of EROs aM@rds to discuss in detail the techniques developed for the final
their link with passively evolving ellipticals, the works by Cowiesteps of the data reduction, and for the data analysis; the dis-
et al. [1994) and Hu & Ridgway (1994) suggest that at mos€#ssion of the resulting parameters and a morphological clas-
fraction of the present day ellipticals-(10%) could have its Sification of the sample are carried out in Sedts. 6[dnd 7; the
progenitors among EROs, but at present the question is far frégficlusions follow in Sedtl 8.
being settled. Thompson et al. (1999) and Barger et al. (1999),
for examp!e, raise this estirnate by a factor &; B.erit.ez etal. 2. The sample
(1999) claim that the density of luminous galaxies is compara-
ble with the local value up te ~ 2; Eisenhardt et al_(2000), We selected a sample of candidate high-redshift ellipticals from
finally, argue that the fraction of red galaxieszat> 1 might a collection of EROs with published optical-infrared colors. We
be significantly higher than previously thought, and consistamistricted our choice to the galaxies for which deep imagesin the
with a pure luminosity evolution scenario. Finally, Daddi et ated or near-infrared photometric bands were available from the
(2000) recently showed that EROs are strongly clustered ad8T archive — in particular observed by WFPC2 or NICMOS;
that such a clustering can explain the origin of the previougughly speaking, for objects at> 1 these two instruments
discrepant results on the surface density of 1 elliptical can- map respectively the UV and optical rest-frame spectral regions
didates as due to strong field-to-field variations. It has also besfrthe emitted radiation. Four of the sample galaxies are in the
noted that even a small amount of star formation would driv¢ubble Deep Field South (HDFS), and were studied byiféen
a high-redshift elliptical galaxies towards bluer colors, so that al. [1999).
it would be missed by a sample selection based on photometric All the selected objects havie— K > 4 and/orR — K >
properties only (for example, see Schade et al. 1999). The prépsuch thresholds are appropriate to select candidate elliptical
lem of identifying high-redshift evolved galaxies, therefore, igalaxies at about > 1, as shown in Fid.]1, where we plot the
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theoretical evolution of the observer-frame colors, as a function The relative shifts between two different exposures of the
of z, for typical stellar populations that we may expect to findame field have been evaluated measuring the position of the
in elliptical galaxies. peak in the cross-correlation of the two images. We have subse-
The resulting set comprises 63 galaxies, but 22 of them apeently aligned all the frames using the DRIZZLE task (Fruchter
either hardly visible or not detected at all in the final reduce®d Hook [1998), preserving the original scale in the output im-
images (see the next section), and have therefore been excluatges. We have chosen not to resample the data on a smaller
from the following analysis; these galaxies are listed in Table &ale, since this yields an actual improvement of the spatial res-
The final sample of 41 EROs is listed instead in Table 1, togett@ution in the final combined image only if the frames to be
with some relevant information on each object; colors &hd combined are shifted by non integer amounts, and if such shifts
magnitudes from the literature are reported in Table 3. Khe sample homogeneously the sub-pixel scale, which usually does
band magnitudes span rather homogeneously the range betwestimappen for our data. Also, as we will explain in the next sec-
18 and 21, whereas the typical colors are R — K < 7and tion, we compare our data with model distributions convolved
4<1—-K<5H.5. with a theoretical PSF, and the effects of the resampling on the
Clearly, the sample was not selected according to any fixe&F are rather difficult to quantify. In the end, a better accuracy
limit in total flux or surface brightness, but it rather comprisdsa the evaluation of the PSF shape more than compensates a
objects observed in different passbands and with different sgssible little loss in spatial resolution. The shifted frames are
sitivitied: as a consequence, it cannot be considerd completeatbined in a following stage, rather than by DRIZZLE itself,
any flux level. On the other hand, the selection is based only wnachieve a more efficient cosmic-ray rejection. In the case of
the availability of deep HST images, so that we do not expdabe HDFS, the public F160W image has been used, without any
any particular bias to be present; we also note that, in spite offiisther processing.
incompleteness, the size of this sample is unprecedented for thisUsing the ELLIPSE task in IRAF, aradial surface brightness
class of objects. Finally, since we are mainly interested in tpeofile has been extracted for all the galaxies except one very
structural characteristic of these objects, rather than in their irregular object (number 21 in Tablé 1). The final images of
trinsic photometric properties, the lack of information about thbe sample galaxies are shown in Fig. 2 on a logarithmic scale,
redshift of most of the selected galaxies (9 spectroscopic antb§ether with the respective radial brightness profiles. The map
photometric redshifts are available from the literature) does raftobject 21 is shown in Fi§]3: we identify the ERO with the
represent a major problem. The surface brightness distributioregular object in the center of the map, but we do not exclude
of local elliptical galaxies exhibits little shape variation fromhat the two close components observed may be part of a single
the near ultraviolet to the near infrared so that similar passivehteracting system.
evolving galaxies at = 1 ~ 1.5 can be easily identified with
our kind of analysis and with the photometric bands available.
The possible effects of the different wavelength coverage of the

WFPC2 and NICMOS images are discussed in Sect. 6.3. A model brightness distribution has been fitted to each object,
using a modified version of the code described in Moriondo et
al. (1998). Such a code was originally implemented to analyze
the brightness distribution of nearby spiral galaxies by fitting to

We have started our analysis from the pipeline-reduced H#¥ data a bi-dimensional two-component model (disk+bulge),
datasets retrieved directly from the archive. Typically, for ea@@nvolved with a gaussian PSF.

field, the observations consist of a sequence of frames slightly

shifted with respect to each other (shifts range from a few pixeis1 . The point spread function

to afew tenths), often strongly affected (in particular the WFPC2 ) ) N )
ones) by cosmic ray hits. To obtain a single frame per object ahg® Main changes introduced to make the fitting code suit-
to remove at the same time cosmic rays and residual bad pix@fé for the WFPC2 and NICMOS data concern the convolu-
we have performed a few further reduction steps to align afi@n of the model galaxy with the PSF, which is not axisim-
combine the images available for each field; a few tests carrf@§tric and subject to significant changes from one point to
out on field stars have shown that the procedure adoptec®f9ther in the field. In other words, the gaussian approxima-
this purpose, outlined below, does not significantly degrade t#h is no longer accurate enough, and the PSF needs to be
quality of the PSF in the output images, even in the case '§Presented by a full bi-dimensional image. The model PSF
relatively large shifts. All the steps have been performed usiMgre computed using the TinyTim code (Krist & Hook 1997,

routines from the IRAF-STSDAS data-reduction packages. NttP://www.stsci.edu/ftp/software/tinytim/). Such a theoretical
PSFs proved to be accurate within about 15%, when compared

1 In Tables[l and2 we report the limiting senstivity for the sinwith observed stars and considering the average residuals in the

gle frames, measured as the surface brightness (mag afsec INNer 5 x 5 pixels. The accuracy achieved by TinyTim is not
a 3o level on the single pixel; we estimated it ag., = ZP — Worse than what could be obtained using stars in the field; this

—2.5 log(3 opix) + 5log s, whereo,;, is the measured noise on thels mainly due to the variation of the PSF shape across the field
single pixel ands is the image scale in arcsec pixél of view (differences up to 20%, even in the central pixels, are

Fitting the surface brightness distributions

3. Data reduction and analysis
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Table 1. The final sample (Lanzetta et al. 1998)

1D R.A. (J2000) Dec. Ref. Field Name Instrum. Filter Exp. t.  fuim
(¢)) 2) 3) () (3) (6) U] ®) (9 (10)
01 03:57:29.99  +01:09:57.2  [1] SSA4 (28,19) WFPC2 F814W 12700 24.8
02 +41:30:39.3  [2] 4C41.17 #8 WEFPC2 F702W 21600 24.5
03 06:50:53.65 +41:30:15.6 [2] 4041.17 #16 WFPC2  F702W 21600 25.4
04  08:48:30.79  +44:53:34.8 [3] CIGJ0848+4453  #237 NICMOS F160W 11200 25.0
05  08:48:32.42 +44:53:35.1 [3] CIGJ0848+4453  #65 NICMOS F160W 11200 25.0
06  08:48:32.99 +44:53:46.6 [3] CIGJ0848+4453  #142 NICMOS F160W 11200 25.0
07  08:48:35.99 +44:53:36.1 [3] CIGJ0848+4453  #70 NICMOS F160W 11200 25.0
08 08:48:36.16 ~ +44:54:17.3 3] CIGJ0848+4453  #108 NICMOS F160W 11200 25.0
09 08:48:36.24  +44:53:55.4 3] CIGJ0848+4453  #135 NICMOS F160W 11200 25.0
10 09:05:30.55 +34:08:09.1 [4] B2 0902+34 Galaxy A WFPC2  F814W 5000 23.8
11 10:19:32.85 +05:34:35.8  [5] MG 101940535  Object D  WFPC2  F814W 4700 24.0
12 12:15:45.54  —00:35:11.7  [6] QS01213-0017 WEFPC2 F814W 4500 24.1
13 12:15:46.57 —00:35:02.2  [6] QS01213-0017 WEFPC2 F814W 4500 24.1
14 12:15:47.38  —00:34:45.2  [6] QS01213-0017 WEFPC2 F814W 4500 24.1
15 12:15:50.82  —00:34:31.4  [6] QS01213-0017 R7 WEFPC2 F814W 4500 24.1
16 12:15:51.41  —00:34:31.4  [6] QS01213-0017 WEFPC2 F814W 4500 24.1
17 12:15:53.10 —00:34:43.8  [6] QS01213-0017 WFPC2  F814W 4500 24.1
18 12:15:52.17  —00:35:04.5  [6] QS01213-0017 WFPC2  F814W 4500 24.1
19 12:15:52.16 —00:33:58.7  [6] QS01213-0017 R10 WFPC2  F814W 4500 24.1
20 13:12:03.99  +42:44:41.5 [7] SSA13 #144 WFPC2  F814W 15300 24.9
21 13:12:03.90 +42:44:45.1 [7] SSA13 #143 WFPC2  F814W 15300 24.9
22 13:12:13.69  +42:44:16.6 [7] SSA13 #79 WFPC2  F814W 15600 25.0
23 13:12:13.10 +42:44:41.5 [1] SSA13 (34,2) WFPC2  F814W 15600 23.8
24 13:12:14.11  +42:43:55.9 [7] SSA13 #77 WFPC2  F814W 15600 25.0
25 13:12:14.49  +42:45:15.0 [1] SSA13 K10 WFPC2  F814W 15600 25.0
26 13:12:16.74  +42:45:08.7 [1] SSA13 K8 WFPC2  F814W 15600 25.0
27 13:12:15.91  +42:44:43.0 [1] SSA13 (4,3) WFPC2  F814W 15600 25.0
28 13:12:24.15  +43:43:57.9 [7] SSA13 #138 WFPC2  F814W 15300 25.0
29 16:44:57.06  +46:26:01.8 [8] PC1643+4631 HR14 WFPC2  F814W 5300 23.9
30 16:45:02.38  +46:26:25.1 [§] PC1643+4631 HR10 WFPC2  F814W 5300 23.9

31 20:27:59.43 —21:40:48.9 [9] MRC2025-218 Object a ~ NICMOS F160W 10259 23.0
32 20:28:00.12 —21:40:57.4 [9] MRC2025-218 Object ¢~ NICMOS F160W 10259 23.0

33 22:17:32.90  +00:14:47.0 [7] SSA22 #107 WFPC2 F814W 24000 24.7
34 22:17:33.25 4+00:14:26.9 [1] SSA22 (23,-35) WFPC2 F814W 24000 24.7
35  22:17:33.41 400:15:04.1 [1] SSA22 (21,0) WFPC2 F814W 24000 24.7
36 22:17:33.75  +00:15:29.8 [1] SSA22 (-33,27) WEFPC2 F814W 24000 24.7
37 22:17:41.06  +00:15:01.2 [1] SSA22 #34 WEFPC2 F814W 14800 24.8
38 —60:38:30.3 [10] HDFS ET4 NICMOS F160W 128441 25.6
39 :51. —60:39:09.8 [10] HDFS ET3 NICMOS F160W 128441 25.6
40 22:32:52.82  —60:39:11.2 [10] HDFS ET2 NICMOS F160W 128441 25.6
41 22:32:55.46 —60:38:32.4 [10] HDFS ET1 NICMOS F160W 128441 25.6

Notes to Table 1.

Col. 4: references for the single objects. [1] Cowie et al. 1994 ; [2] Graham et al. 1994; [3] Stanford et al. 1997; [4] Eisenhardt &
Dickinson 1992; [5] Dey et al. 1995; [6] Liu et al. 2000; [7] Cowie et al. 1996; [8] Hu & Ridgeway 1994; [9] McCarthy et al. 1992,
Cimatti et al. 1999; [10] Benitez et al. 1999. Col. 6: Object name in the reference of Col. 4, or the coordinates in the published
finding chart. Col. 7: The plate scale for the WFPC2 data is 0.0996 arcsec/pix, except for objects 2 and 23 (0.0455); for objects
from 4 to 9 the scale is 0.2, for objects 31 and 32 it is 0.075, as well as for objects from 38 to 40. Col. 9: Exposure time in
seconds. Col. 10: limiting surface brightness (AB mag arcesc™?), computed for the single pixel at a 3—o level.

easily observed), coupled to the fact that it is usually difficudt.2. The model
for WFPC2 images — almost impossible for the NICMOS On(?Eisecause we want to identify elliptical galaxies, and given the
—to find a star in the neighbourhood of each object. A further : . P 9 ! 9

2 o ._small size of the sample objects, we have considered only one-
advantage offered by TinyTim is the possibilty of computin

an oversampled PSF, which greatly improves the accuracy 81?] Eggir: rg(l)a(lj?(lass W[}?g?ggtzmr:ﬁgiggt tZI(I::pl‘t(I)Crltt)rlle(L;bggl
the model convolution. This is particularly true in the case get+disk galaxies). ! P

WFPC2 data, where the image scale undersamples the PS S_:égorlr;gels;;’l;trlbutlon I? ev}%r)//nf;t Iisngl?gir,]]er?}l:zegai);pgp er:UaI
few tests have shown that in this case a good convolution of the <) Xplan ' 9

model can be obtained only if it is performed on a finer gri?zxponentlal distributions{ = 1) and of a de Vaucouleurs one

The convolved model is then rebinned to the proper scale aa@:trﬁ.e-frfr;itR/zr:LTr?;i;Sb(r)if i?ﬁh fit ljat;]eetgiztigigg\;e;zﬁiﬁ
compared to the data. In the case of the HDFS, since the reduceg . ) gNiNG&sD s .
frames have been resampled by DRIZZLE, we have choser® OI'[S center coordinates; the apparent ellipticity and position
use a PSF derived directly from the stars in' the field angle are held fixed since they can be determined more reliably

The convolution is performed as the inverse Fourier trarfégm the e_Illpse f'ttmg routine. The shape indexls also fixed,
every fit, to an integer value ranging from 1 to 6, due to the

) I
f f th f th f f th I - i . .
tﬁremPgFt L?Si%rozu;:;; Iioﬁr?elrre'l(':rtz;rrg?()srr%rr;ls(:)rit:wﬁ mode ar}gct that, at the low signal-to-noise rati§ (V) typical of our

' g 9 ' data, the fitting routine is not able to obtain a reliable estimate
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Table 2. Objects too faint for surface brightness analysis

D R.A. (J2000) Dec. Ref. Field Name Instrum. Filter Exp. t.  fim
(1 (2 ®3) ) (5) (6) (7 ®) 9) (10)
42 03:57:34.40  +01:10:06.5 [1] SSA4 (-35,28) WFPC2 F814W 12700 23.8
43 12:15:46.86  —00:34:45.4  [2] QS01213-0017 WFPC2 F814W 4500 24.1
44 12:15:47.43  —00:34:38.4  [2] QS0O1213-0017 WFPC2 F814W 4500 24.1
45 12:15:48.04  —00:34:35.6  [2] QS0O1213-0017 R6 WFPC2 F814W 4500 24.1
46 12:15:48.13  —00:34:51.9 2] QS0O1213-0017 WFPC2 F814W 4500 24.1
47 12:15:50.88  —00:34:00.7 [2] QS01213-0017 WFPC2 F814W 4500 24.1
48 12:15:51.56  —00:34:13.8  [2] QS01213-0017 WFPC2 F814W 4500 24.1
49 12:15:51.86  —00:34:20.6  [2] QS01213-0017 WFPC2 F814W 4500 24.1
50 12:15:51.87  —00:34:54.1  [2] QS01213-0017 WFPC2 F814W 4500 24.1
51 21:07:13.07 +23:31:19.6 [3] 4C23.56 #14 WFPC2  F675W+Pol. 6600
52 21:07:13.18  +23:31:12.5 [3] 4C23.56 #16 WFPC2  F675W+Pol. 6600
53 21:07:13.95  +23:32:08.0  [3] 4C23.56 #35 WFPC2 F675W+Pol. 6600
54 21:07:15.29  +23:31:20.2  [3] 4C23.56 #68 WFPC2  F675W+Pol. 6600
55 21:07:15.46  +23:31:37.8  [3] 4C23.56 #70 WFPC2  F675W+Pol. 6600
56 21:07:15.99  +23:31:12.7 [3] 4C23.56 #86 WFPC2 F675W+Pol. 6600
57  21:07:16.09 +23:31:23.1 [3] 4C23.56 #92 WFPC2 F675W+Pol. 6600
58  21:07:16.27 +23:32:04.3 [3] 4C23.56 #98 WFPC2  F675W+Pol. 6600
59  21:07:16.44 +23:31:12.6 [3] 4023.56 #102 WFPC2 F675W+Pol. 6600
60 21:07:16.48 +23:31:45.9 [3] 4C23.56 #105 WFPC2  F675W+Pol. 6600
61  13:12:19.36  +42:45:09.0 [1] SSA13 (-33,27) WFPC2 F814W 15600 25.0
62 13:12:17.58  +42:45:04.9 [1] SSA13 (-14,23) WFPC2 F814W 15600 25.0
63 22:17:33.06  +00:14:59.8  [1] SSA22 (26,-4) WFPC2 F814W 24000 24.7

Notes to Table 2. All fields are at the scale of the Wide Field camera, except the one pertaining to object n. 42, imaged by the
Planetary Camera. Columns are as in Table 1. Col. 4: references for the single objects. [1] Cowie et al. 1994 ; [2] Liu et al. 2000;
[3] Knopp & Chambers 1997. Col 10: we do not compute a limiting surface brightness for the galaxies from reference [3], since
they were observed in a filter4+polarimeter configuration.

for bothn and the other parameters at the same time. The bestNoise has been added to the simulations at a level typical
value of the shape indexfor each galaxy is determined insteador our data, both on the pixel scale and at smaller spatial fre-
a posteriori, by choosing the leagtresulting from the different quencies. The resulting images have been finally fitted using
fits. The accuracy of the final best-fit parameters, including our code, allowing for some error in the estimate of the PSF
has been assesed using a large set of simulated galaxies,attusing different trial values for, as in the case of the real
will be discussed in the next section. galaxies.

The fits are performed inside a circular region centered on In Fig.[4 we show the region covered by the synthetic objects
the galaxy; its radius is chosen, using the radial brightness piothe R.-1.. plane, represented in instrumental units (pixels and
file, as the one af/N = 1 for the ellipse-averaged intensity.counts per pixel respectively), one panel for each value,of
The background level is estimated on blank sky regions cldsem 1 to 4. The dotted contours map théN, evaluated theo-
to the source; its uncertainty turns out to be dominated, in mastically, considering the total flux inside the isophotal radius at
cases, by fluctuations on scales of order 10 pixels or more, diy&V = 1 on the single pixel. These values do not account for
to a non-perfect image flattening. the effect of the PSF, and are therefore less reliable at low sur-

face brightness levels and for sizes of the order of the PSF width
] ) ] . (say,log(R.) ~ 0). For this reason, the detection limits for our
5. Simulations of faint galaxies data have been deduced a posteriori from the simulations, and

To establish the accuracy that can be attained by the fits f§f represented by the dashed lines in the lower right corners
all the relevant parameters, we have tested our code on a |G plots. Such limits appear to depend-grthis is partly

set of simulated galaxies. We have chosen model distributigilained by the fact that, at fixed effective radius and surface
spanning the same range in effective radius and total flux -QHgNtNess, there is a slight increasesgiv with increasing:.
terms of instrumental units —as our sample galaxies, and a rahigavever, the greatest contribution (about 80%) is due to the
of values (from 1 to 5) for the shape index. Since most of tfée€per central peak that characterizes the largstributions,
objects considered have been imaged with the wide field caf@king them more visible in the background noise.

era of WFPC2, we have convolved the test distributions with a

typical wide-field PSF. In this case, the plate-scale is the oge1. Disentangling the = 1 andn = 4 distributions

which mostly undersamples the PSF itself, yielding the worst ] ) o
conditions for the retrieval of the correct parameters’ value. Virstcheck can be carried outassuming thatall elliptical galax-

expect therefore the uncertainties derived from our simulatici§$ are characterized by a de Vaucouleurs brightness distribution
to be basically correct for the WFPC2, and conservative edfi.= 4); we can consider this as a first order classification, since
mates for the other types of data: a few simulations carried §lga"Py ellipticals show in fact a variety of shapes, that can be

with the characteristic sampling of the Planetary Camera and¥@ntified by different values of the exponential inderang-
NICMOS show that this is indeed the case. ing from about 2 to 10 and higher (see for example Caon et
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@ F 1 3 gy s 1 For objects n. 5 and 30 a satis-
. F 1 iwm 1 i " o Eal 1 factoryfitcould not be obtained.
o b ‘I't ™ A ‘ ‘ ‘ ; ] ‘ e Magnitudes are computed in the
6 4 2 o 2 -4 6 0 1 2 2 0 -2 o 0.2 0.4 06 0.8
Radiug (aresec) ) Radius (arcaec) AB System_
al.[1993, or Khosroshahi et al._2000). If we restrict our test 1, = (1.37 & 0.30)n¢ue + (—0.41 4+ 0.35) . (1)

the simulations withm = 1 andn = 4 only, we find that the

correct value of can be retrieved, on the basis ofaestima- This effect depends only slightly on the choice of the PSF; it is
tor, for the whole parameter space explored. Such a simplifiggbbably due to the fact that, increasingt fixed total flux, the
classification, therefore, is possible for all of our objects.  peak of the distribution gets sharper, and its wings fainter and
wider, but these differences tend to be concealed by the effect of
5.2. Systematic errors the PSF on one hand, and by the backgroud noise on the other.
Similar trends can be investigated also f&y and i.: we
In the following step we assigned to every galaxy its best-fitfind that, for both quantities, small values (i.e. those approach-
value, choosing from 1 to 6, and compare the derived paramet@gsrespectively the pixel scale and the background noise level)
with the original ones. We can start our analysis of the resujisd to be slightly overestimated, and large values tend to be un-

by looking for systematic trends. Starting with our estimates fggrestimated. The behaviour is very similar for all thealues,
the indexn, if we plot the average measured values vs. the tryg that we can adopt average corrections:

ones (Figl®), we actually observe a tendence for the higlser
to be underestimated; in particular we find log(Rirue) = (1.15 £ 0.05) log(Robs) + (—0.09 £ 0.03) . (2)
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Prue = (1.11 £ 0.03) ftobs + (0.19 £ 0.08) . (3) plane;in this plot the dots in each panel represent the estimated

location of our simulated galaxies for the different values of
Since these latter corrections are significant at a Bvel, The accuracy with which can be retrieved — without applying
whereas EqJ1 is significant only atdl, and since applying Eq[1 —is quantified by the size of each dot, as explained in the
Eq[1 to the estimatea’s would lead to non-integer values forcaption.
this parameter, we choose to correct oRlyand . and leave We find that the correct value ofis retrieved in most cases
n unchanged, keeping in mind thatvalues greater than twofor then = 1 andn = 2 models; the error for the = 3
might be somewhat underestimated. andn = 4 ones is more typically 1 in large portions of the
plane, partly due to the systematic effect described previously.
As a consequence, exponentials are almost always recognized
as such, so that if the best fitis for 1, the distribution is cer-
We turn now to examine how accurately the relevant paramettaily non-exponential. As expected, for all values iow flux
are retrieved in the various regions of the parameters’ spageg low surface brightness objects tend to be affected by larger
starting with the shape index Fig.[8 shows again th&.-u. errors. The main conclusion, however, is that relying on these

5.3. Mapping the parameter space
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results we can define a region (the one above the dotted lifiey, the method provides anyway a useful check on our find-
where exponential distributions can be reliably distinguishéags; indeed, we find that our estimates for the uncertainty of
from the others: this is the locus where both exponentials andare broadly consistent with the ones evaluated theoretically
n = 2 distributions are recognized as such, and largdistri- for a 90% confidence level. In particular, the Avni method con-
butions are affected at most by an error of 1. A comparison wiims that in the area above the dotted line, exponential and
Fig.[ shows that the limit roughly spas§N values between non-exponential distributions can be reliably distinguished.

10 and 80. We have checked this result using the theoretical A mapping of the parameter space, analogous to the one
approach described in Aviii (1976): when one or more paranpetted in Fig[®, has been produced also to estimate the uncer-
ters are evaluated viay@ minimization, the method allows to tainties onR, and ., corrected according to E@$. 2 drid 3. An
assign a confidence level to each parameter relying on the vartersting result is that the derived errors are relatively indepen-
ations of they? around the minimum in the parameter spaceent of the estimate af, in the sense that a wrong estimate
Although the computations are exact only in the case of lineairthe shape index does not necessarily mean larger errors for
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R, and .. Most likely, whereas the choice afis influenced what can be achieved by fitting an ellipse-averaged profile to

mainly by the accuracy of the PSF, the estimateRo&ndy.. the galaxies.

are more strictly related to the quality of the fit a whole; in other To summarize, we have tested our fitting code on a large

words, if a wrongr may compensate for the effect of a wronget of simulated galaxies, and assessed the accuracy that can be

PSF, a good estimate fét, andu, can be achieved anyway, asattained for the various relevant parameters in the region of the

long as the quality of the fit is good. parameters’ space covered by the real data. In the next section,
For what concerns the values of the ellipticity and positicthe results presented so far will be used to estimate the errors

angle (that are fixed a priori), we find that the typical errors assan the parameters derived for each galaxy.

ciated to their estimates do not affect significantly the accuracy

of the output parameters (center coordinates, effective radius

and surface brightness), nor the choice of the hestlue. We 6. Results

estimate the typical errors on the ellipticity to be around 0.%,

and from 5 to 10 degrees for the position angles. The cente

coordinates are usually determined with great accuracd.§  The first classification that can be carried out for our sample is

pixels): due to the asymmetries in the psf, this is better thpatween compact, isolated objects, and galaxies that are clearly

iL. Irregular and compact objects
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undergoing an interaction or exhibit an irregular, diffuse shape.
The easiest way to do this is by visual inspection, since all our
objects are well resolved. We find 35 compact galaxies out of 41, §
or 85% of the sample. The ERO HR10 (Hu & Ridgway 1994;2 . [~ ]
Graham & Dey 1996) is included in the subsample of irregular = 8
objects. We have attempted to recognize in each of theseirregu- | i
lar objects a brighter component, such as could be expected in a
merging system, and obtain a fit of its brightness distribution af-
ter a proper masking of the surrounding areas. This was notpos- | Ll |
sible for object 21, object 5, and object 30 (HR 10): in the case) -
of object 21, as we mentioned in Sé&dt. 3, the surface brightness 1
distribution is too diffuse to isolate a major component; object -
5is compact, but its nucleus has a rather irregular shape, prob- |
ably due to the superposition of two or more close and equally
bright components; in object 30, a brighter component can be
easily recognized, but we did not obtain a satisfactory fit to it -
brightness distribution. A radial brightness profile was anyway
extracted for object 5 and object 30, as shown in[Big. 2. A few r O g | 1 ‘
more galaxies are close to other objects that, however, are not

disturbing their morphology: in these cases a proper masking

was also applied, as indicated in Table 3, to avoid any problég. 3. We identify object n. 21 with the one in the center of the map
with the fitting procedure. (the filter is F814W). We did not obtain a fit for this galaxy due to its
disturbed morphology, and to the closeness of a bright companion.

2. 0. -2.

6.2. Structural parameters ) )
ies (@ = 4 £ 1), the other two being best represented by an

The best-fit profiles are plotted in Fid. 2, the best-fit parametejs_ 9 4 0.5 andn = 3 + 1 profile respectively. For what con-
for each object are shown in Tafile 3, while Q. 7 shows th@rns the integrated fluxes, the average difference isO@D5
estimated location in th&..-.. plane of all our sample galaxiesmagnitudes, whereas our effective radii are 088.25 times

with different symbols for each instrumental configuration. Th@e ones by Beitez et al., on average. We conclude that the
encircled symbols correspond to the 3 galaxies classified asjfferences between the two works are not relevant, and char-
regular/interacting for which we could obtain afit, after maskingeterized by only a modest scatter in the measured quantities.
the lower flux companion: since for these objects we considegcellent agreement is then found, in the case of object 39, with
only a fraction of the total flux, they are typically placed in thene results by Stiavelli et al. (1998): although our best fit for this
lower part of the plot. Effective radii and surface brightnesses &&laxy is withn = 3, both our effective radius and our total flux
plotted in instrumental units (pixels and counts/pixel), to alloyre coincident with the Stiavelli et al. values, derived adopting
a direct comparison with Fifl] 6. Thecoordinates of the data g ge Vvaucouleurs’ distribution.

points, however, are not exactly the values determined by the fit, Fig[8 shows again the.- R. plane in standard units (arcsec,
since each galaxy has been scaled to the noise level adopteg{gg arcsec?), with a different symbol for each filter; the dotted
the simulations by applying a proper shift along the brightnegse represents the slope of constant flux, at fixed shape index

axis. The uncertainties listed in Table 3 are evaluated by interpp-The plot illustrates the limits in size and surface brightness
lating the results from the simulations at the locations of the rglthe sample in the HST filters.

galaxiesinthe parameters’ space; we repariekrors for all the

parameters except when its integer value is retrived correctly, . ) .

we assign to this quantity a formal error of 0.5, otherwise ttfe3- The shape indexand the fraction of ellipticals

integer value reported corresponds to the largest possible eNgé evaluated previously, through visual inspection, the fraction

As we mentioned in the previous section, we have checkegfirregular objects, concluding that they constitute only a mi-

using a theoretical approach — that the estimated errora fopority of our ERO sample. For what concerns the shape of the

roughly correspond to a 90% confidence level. In a few casgsst-fit distributions, we performed two types of classifications.

(7 out of 38, 2 of which classified as irregular) the thoretical es- A first order classification was performed by Comparing the

timate exceeds the one derived from the simulations; for thegg|ts assuming that each galaxy can be properly described by

galaxies the uncertainties reported are the thoretical ones. gijther an exponential distribution (= 1) or a de Vaucouleurs
The 4 HDFS galaxies (38-41) were studied by Benet one , = 4). To do that, we considered only the simulations

al. (1999) with a technique very similar to ours (a best fit t9ejonging to these two classes, as we have seen in the previ-

the brightness profiles with a de Vaucouleurs’ law), so that thejis section that the true value can be retrieved for all the

and our results can be easily compared. We find that a de VgHtaxies in the sample. The resulting number of de Vaucouleurs
couleurs law is the best fit to the data for two of these galagstributions is then 21 out of 41 (51%).
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lations, and the estimatefl/ N ratio. The
different panels show the results for differ-
ent values ofn, from 1 to 4. Each panel
represents th&.-u. plane in instrumental
units (pixels and counts per pixel). The re-
gion covered by our simulations, including
the area occupied by the sample EROs, lies
above the solid line; its slope is at constant
total flux. The level marked by the dotted
horizontal segment is the noise level of the
background at &, whereas the dashed lines
in the lower right corner represent the detec-

H
A ;L Fig.4. The region covered by the simu-
~ tion limits for then = 1, 2, 3, 4 distributions

Log [R, (pix)]

Best n (measured)
T
L

| |
2 4

Best n (real)

Fig.5. The trend of measured vs. realfor the simulated galaxies.
values larger than 2 tend to be underestimated.

0 0.5 1 1.5 0 0.5 1 1.5

in the respective panels. The dotted contours
map the estimated/N at the values indi-
cated by the labels.

from the whole set of fits performed: 25/41 (61%). In particular,
four galaxies previously catalogued as exponentials are now fit-
ted better by am = 2 distribution, whereas the other 10 objects
with n = 1 have their best fits confirmed. As we discussed pre-
viously, for the galaxies placed above the dotted line in[Fig. 7
we can reliably distinguish between= 1 andn # 1, whereas

at fainter fluxes: > 1 distributions may be mistaken for ex-
ponentials. This “high-signal” subsample, therefore, provides a
particularly accurate estimate of the fraction of likely ellipticals
which, in this case, is even larger, amounting to 81% (21 out of
26).

As mentioned in Sect. 2, for > 1, the WFPC2 and NIC-
MOS images cover the rest-frame UV and the optical spectral
regions respectively. As it is well known that the galaxy mor-
phology depends strongly on the wavelength (e.g. Kuchinski
et al.F.2000 and references therein), one may argue if this can
have effects on our results. In this respect, we can envisage three
cases. First, if a galaxy is a passively evolving elliptical, then its
morphology does not depend ar(e.g. Kuchinski et al. 2000)
and it would be classified as elliptical both in WFPC2 and in
NICMOS images. Second, if a galaxy is irregular, then it would
be reliably classified as such both in WFPC2 and in NICMOS
images (e.g. HR10; Graham & Déy 1996; Dey etlal. 1999).

A more detailed classification was made leavinfree to Finally, there could be cases of elliptical galaxies with a disk
vary among the integer values = 1,2,3,4,5,6. Using this component having = 1 if observed in the optical (WFPC2)

approach, the relative abundance of non-exponentials @)

andn > 2 if observed in the near-IR (e.g. spheroidal galaxies

is slightly higher if we choose the bestvalue for each galaxy With a disk component becoming more prominent in the rest-
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can relibly distinguish between = 1 and
Log [R. (pix)] n > 1 distributions.
frame UV). Our analysis does not allow to investigate if such 0 [~ H
latter cases are present in our sample because no NICMOS im- g
ages are available for the 9 objects with= 1 observed with L. . i
WFPC2. -1 N
To summarize, we conclude that the galaxies that can be | . 1
reliably classified as ellipticals amount to-580% of the total g . ]
sample of 41 EROs. Although our sample isincomplete, we no@efz -e . i
that our results are in good agreement with those of Stiavelli& [ i : * o i
Treu (2000) based on@mpletesample of NICMOS-selected § r coy ., 4 L, O 1
EROs. S _alL s ea, |
Such a high fraction of ellipticals strengthens the scenarig | o Dty il
proposed by Daddi et al._(2000) who suggested that, because + - N Tl g
of their strong clustering, EROs are likely to be dominated b§ e + ]
ellipticals rather than dusty starbursts. 3 © —
7. Discussion r | L | L]
0 0.5 1 1.5

7.1. Field and cluster objects
) Log [R, (pix)]

Since our sample includes galaxies both from the field and frqg%. 7. The location of our sample galaxies in the-R. plane: the

a cluster environment, we can investigate the eventual diffgb-"

. Rits are counts per pixel and pixels respectively. Different symbols
ences between these two subsamples. Following the con respond to different instruments and/or detectors: filled circles for

sions of the authors, we will consider as cluster members {)R=MOS camera 3 open circles for NICMOS camera 2; filled squares
objects previously studied by Liu et al. {2000) and S97, amgt the HDFS galaxies; open triangles for Wide Field data; filled trian-
assume the rest of the sample to be representative of the EJR§3 for Planetary camera data. The encircled points are those classified
field population; the two subsamples include 14 and 27 objeetsirregular/interacting in Tablé 3. The other symbols are as ifiFig. 6.
respectively.
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Table 3.Photometric and structural parameters

The morphology of extremely red objects

ID n R. e € M ZP R-K I-K K  Notes
(1) (2) (3) (4) (5) (6) (7 (8) 9 (10)  (11)
01 2(20) 0.16(0.01) 23.81(0.59) 0.7 26.13 (0.06) 22.10 4.9 203 C
02 5(1.0) 1.07(0.29) 2655 (0.53) 0.2 23.14 (0.23) 2272 6.16 1841 C
03 3(1.0) 0.29(0.03) 2444 (0.03) 02 2416 (0.02) 2270 6.16 1841 C
04 1(0.5) 0.29(0.02) 21.37(0.10) 0.3 21.72 (0.01) 22.85 5.19 19.53 CM
05 5.86 1811 I
06 2(0.5) 0.14 (0.02) 19.59 (0.02) 0.3 21.16 (0.02) 22.85 5.94 1890 C
07 4(1.0) 1.10(0.13) 22.96 (0.28) 0.2 19.61 (0.10) 22.85 6.09 1814 C
08 5(1.0) 0.79 (0.08) 2290 (0.25) 0.2 20.15 (0.08) 22.85 5.87 1847 CM
09 4(1.0) 0.68(0.07) 23.09 (0.20) 0.2 20.71 (0.08) 22.85 6.24 18.86 C
10 1(0.5) 0.35(0.02) 23.54(0.21) 0.4 23.65 (0.04) 2210 6.1 183 CM
11 4(3.0) 074 (0.12) 2647 (0.02) 0.3 2411 (0.02) 2210 >7 M
12 2(20) 0.11(0.01) 2250 (0.04) 04 2476 (0.03) 22.08 >6 C
13 2(0.5) 020 (0.02) 23.20 (0.25) 0.5 24.36 (0.01) 22.08 5~6 C
14 3(1.0) 029 (0.04) 23.34(0.21) 0.3 2318 (0.13) 22.08 5~6 c
15 2(05) 036 (0.02) 2433 (0.32) 0.1 23.64 (0.04) 2210 5.84 1804 C
16 1(1.0) 0.10 (0.02) 22.56 (0.32) 0.1 24.99 (0.01) 2210 5~6 c
17 3(1.0) 033 (0.01) 2240 (0.23) 0.3 21.93(0.02) 2210 5~6 C
18 1(05) 024 (0.02) 23.37 (0.21) 0.3 2419 (0.01) 2210 5~6 ¢
19 4(1.0) 0.39 (0.06) 24.06 (0.21) 0.4 2325 (0.14) 2210 6.26 1819 C
20 2(05) 0.0 (0.01) 2215 (0.41) 0.2 24.39 (0.06) 22.10 47 195 C
21 4.7 193 I
22 1(05) 045 (0.03) 24.12(0.25) 0.6 24.14 (0.05) 22.04 6.2 193 C
23 2(2.0) 0.10(0.02) 23.88 (0.47) 0.3 26.28 (0.01) 22.05 49 206 C
24 2(05) 0.11(0.01) 2251 (0.01) 04 2477 (0.01) 22.04 47 200 C
25 1(1.0) 0.14 (0.02) 23.85 (0.39) 0.2 25.72 (0.02) 22.04 5.1 199 C
26 1(0.5) 0.25(0.04) 2551 (0.16) 0.1 2591 (0.16) 22.04 49 197 CM
27 1(1.0) 022 (0.04) 2586 (0.07) 0.2 26.65(0.05) 22.14 48 207 C
28 4(1.0) 0.0 (0.10) 26.28 (0.02) 0.2 24.24 (0.02) 22.10 48 194 C
20 1(20) 0.14 (0.02) 23.61 (0.37) 0.2 25.46 (0.02) 22.09 6.2 187 C
30 6.5 1842 1
31 5(L.0) 0.51(0.09) 2153 (0.09) 0.3 19.89 (0.06) 23.11 5.1 179 C
32 3(1.0) 0.53(0.08) 21.68(0.02) 0.2 20.05(0.02) 2311 5.1 181 C
33 5(1.0) 042 (0.11) 24.82 (0.27) 0.2 23.45 (0.25) 22.14 45 188 C
34 1(0.5) 040 (0.02) 25.00 (0.27) 0.3 2470 (0.04) 22.14 7.7 203 M
35 3(2.0) 0.11(0.03) 23.82(0.37) 02 2546 (0.22) 22.14 45 202 C
36 1(1.0) 0.8 (0.03) 24.91 (0.45) 0.1 26.07 (0.12) 22.14 5.1 204 C
37 2(2.0) 0.27(0.06) 25.07 (0.10) 0.3 25.24 (0.06) 22.10 46 19.6 IM
38 4(1.0) 047 (0.10) 24.60 (0.33) 0.3 23.25 (0.18) 22.85 8.2 7.6 21.06 C
39 3(1.0) 0.6 (0.01) 19.93 (0.08) 0.6 21.81 (0.03) 22.85 6.7 4.9 19.55 C
40 2(0.5) 0.28 (0.02) 24.23 (0.33) 0.5 24.63 (0.07) 22.85 5.1 43 2233 CM
41 4(1.0) 027 (0.03) 20.98 (0.20) 0.6 21.37 (0.08) 22.85 5.3 41 1897 CM

Notes to Table 3.
Col. 2: best—fit shape index n. Col. 3: effective radius in arcsec. Col. 4: effective surface brightness in mag arcsec™2 (AB system).
Col. 5: apparent ellipticity. Col. 6: total magnitude. Cols. 8, 9: published colors, in the Vega system. For objects 12-19, the
reported colors are R — K; following Steidel & Hamilton 1993, and assuming R — I = 1.5, we have R = R + 0.18. For objects
31-32 we report the published colors from Cimatti et al. 1999 and Daddi et al. (in preparation), which are different from the ones
previously measured by McCarthy et al. 1992. For objects 38-41, the reported colors are converted to the Vega photometric
system from the estimates (in the AB system) by Lanzetta et al. 1998; we have assumed (R— K)vega = (R— F222M)ap +1.48.
Otherwise, the colors are extracted from the references in Table 1. Col 10: published K magnitudes, in the Vega system. No
values are available for objects 11-14 and 16-18. For objects 29, 30 K’ magnitudes are reported. For objects 38-41, the reported
values are converted to the Vega photometric system from the estimates (in the AB system) by Lanzetta et al. 1998; we have
assumed Kvega = Kap — 1.76. Col. 11: morphological classification. C = compact; I = irregular/interacting; M = masked.

Table 4.ERO morphology: a summary

Whole sample Total Irr. Expr(=1) El. (n=4)
All 41 6 (15%) 14 (34%) 21 (51%)
Cluster 14 1 (7%) 5 (36%) 8 (57%)
Field 27 5(19%) 9 (33%) 13 (48%)
High signal Total Irr. Exp..4f=1) El.(n>2)
All 26 1(4%) 4 (15%) 21 (81%)
Cluster 11 0(0%) 2 (18%) 9 (82%)
Field 15 1(7%) 2(13%) 12 (80%)

The most remarkable difference between them is that most
of the galaxies classified as irregular (5 out of 6) belong to the
field population. On the other hand, the only irregular cluster
object (n. 5 in Tabl€]l) is neither diffuse nor characterized by
two interacting components, but is rather a compact galaxy with
an irregular core; also, its spectrum does not exhibit features
typical of ongoing star formation (S97; again, one example of an
apparently “old” object that does not resemble local ellipticals).
We conclude that, if some starburst galaxies are present among
the EROs, they are not likely to be found in clusters. Considering
only the field population, the fraction of irregular galaxiesis only
slightly increased (19%) with respect to our previous estimate.

For what concerns the fraction of non-exponential profiles,
it is roughly the same for the two subsamples, again close to
80% for the high-signal objects.
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Fig.8. The location of our sample galaxies in the-R. plane; the Frig 9. Medianl — K colors for the different morphological classes;
units are mag arcsé¢ and arcsec respectively. In this plot differenthe,, — o point corresponds to the irregular objects of the sample. The
symbols for the data points correspond to different filters: filled circlegyizontal dotted line is the average- K color for then > 2 galaxies.

for F160W, open triangles for F814W, open squares for F702W. Thgegular galaxies are characterized, on average, by the reddest colors.
encircled points are those classified as irregular/interacting in [hble 3.

The slope of the dotted line is at constant flux.

could be tested by a better characterization of the stellar content
of these exponential objects.
In Table'4 we report a summary of the sample statistics. In

f[he upper half ofthe.table we consi_derthe whole sample, divid;%_ Morphology and colors
into irregular galaxies, exponentials, and de Vaucouleurs. In
the lower half we consider only the high-signal subsample, fov Fig.[d we plot the mediah— K colors, computed for the dif-
which we distinguish betweemn= 1 andn > 1. ferent morphological classes introduced: irregular objects (cor-
responding to the. = 0 point), exponential distributions, and
the ones witm > 1. To include the galaxies with onlig — K
available, we adopted a col&— I = 1.5 to converttheR — K
As we have seen, some of our galaxies appear to be compadbr into/ — K. The adopted? — I = 1.5 is an average value
exponentials (see also Stiavelli & Treu 2000). of course, thesgtimated for elliptical galaxies using the synthetic spectral-
objects cannot be classified as typical bright ellipticals if we us@ergy distributions of Bruzual & Charlot (1997) for a set of
the local objects as a reference; on the other hand, the regutassively evolving models dt < z < 2 (see the caption of
ity of their surface brightness distributions tends to exclude théy. 1). Since theR — I color depends strongly on where the
hypothesis of heavily reddened objects. The existence of tABO0A break falls, the adopte — I = 1.5 has an associated
subclass, therefore, implies that the ERO population is appancertainty oft-0.3 mag.
ently more composite than previously thought, a conclusion also The dotted line represents the averdge K for n > 2
emerging from the work by Liu et al. (2000), Stiavelli & Treugalaxies. Although each morphological bin is characterized by
(2000) and Corbin et al. (2000). The possibility that such objeasignificant scatter, there seems to be atendence for the irregular
are undergoing an intermediate post-merging phase that eveotjects to be characterized by the most extreme colors, with an
ally ends upinan elliptical galaxy is in contrast with the simplestveragel — K exceeding the mean color of likely ellipticals
monolithic collapse model, in whidll ellipticals are formed at (n > 2) by about 1 magnitude. Inverting the argument, we find
high redshift. Its implications in the framework of the differenthat among the 6 reddest ERO5{ —K > 5.5) only one
scenarios for galaxy formation certainly deserve further, moeghibits the typical morphology of an elliptical galaxy.
detailed investigation. At the same time, we cannot exclude that The adopted? — I = 1.5 is most likely appropriate for
some ongoing star formation, suitably distributed throughohigh redshift ellipticals, but might be somewhat overestimated
the galaxy, might transform an elliptical-like bringhtness dider possible starburst galaxies; thus, if we adopt a smaller/
tribution into one of the kind observed. Again, this hypothesfsr theirregular objects, the difference between them and the rest

7.2. Red exponential galaxies



40 G. Moriondo et al.: The morphology of extremely red objects

of the sample is furtherly increased. This result does not change ‘ ‘ 8

also if we consider only the field subsample, and it is broadly

consistent with the recent findings that the EROs detected in thg 4
submm show the reddest colors (Cimatti efal. 1998; Dey et al.

1999; Smail et al. 1999; Gear etial. 2D00). A possible connection | ; 1 S ;
— to be confirmed by further, more detailed investigations — jsp.2 - | 1
therefore suggested between morphology, submmemission,and | ]
optical/infrared colors (in particular — K): high z ellipticals L :
and starburst might in fact exhibit a different behaviour with. o — /|
respect to each of the three parameters.

cou
1
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7.4. The distribution ofy
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We can consider the subsample of galaxies whose best shape [ T
indexn is > 2 as a set of likely high= ellipticals. For these o | ! P
objects we can compare the distribution observednfavith |
the results found for local samples of elliptical galaxies. Caon

et al. [1993) determined a non-integer indexor a sample 0 —

of local early-type galaxies in the Virgo cluster, so we have ) 4 6 8
considered the galaxies from their sample witha;; > 1.5, Shape index n

and rebinned them in the range 2-8. More recently, the same

kind of distribution was derived by Khosroshahi et &I (200dy9- 10. Top panel: The distribution of the shape indeserived from

or sample o elipicl gl nhe Coma custr, W1 527, ok e ek S ) ot o
. In t.he top panel of F'?ﬂo we pIot.our dISFrIbUtlon for th(lai tributions dyerived by Caon et 8. (1993) (dotted line), andpby Khos-

high-signal subsample with no correction applied to the deriv hahi et al (2000) (dashed line).

n values (thick solid line). The dotted line is the same distri- )

bution, corrected for the systematic effect described in Bect. 5

(Eq.). In the bottom panel we plot the distributions for thikely to reside in a cluster environment, and all of them are

Virgo cluster and the Coma cluster. Quite surprising, the tv@pproximately at = 1.3. As a consequence, they make up a

“local” histograms appear rather different, with the Virgo disparticularly homogeneus set, well suited to pinpoint a particular

tribution extended up to large values, and clearly peaked atime in the luminosity evolution of cluster ellipticals. Four more

n = 2, and the Coma distribution characterized by a peak andélhiptical candidates (the ones in the HDFS) have photometric

upper cutoff at, = 4. Due to this diversity a comparison withredshifts measured, but the two estimates available (Chen et al.

our data is rather difficult; we just note that our “highdis- [1998; Benitez et al. 1999) are quite discrepant and they have

tribution looks somewhat intermediate between the two, beihgen excluded from the following analysis.

quite flat betweem = 2 andn = 5, and confined to thisrange. ~ We have used the 6 spectroscopic redshifts to derive the rest-

Without attempting any deeper comparison, we limit ourselvé@me parameters of the relative galaxies, following the prescrip-

to consider this result as consistent with our claim that we dfens outlined in Z99; in particular, the observed F814W and

actually looking at a population of elliptical galaxies. H160W surface brightnesses have been corrected for the cos-

mological dimming, and transformed to the rest-frathband.

The corrections (Pozzetti, private communication) are evaluated

for different cosmologies and spectral templates, using the mod-

Scaling relations represent a powerful tool to investigate the evals described in Pozzetti et al. (1998). The observed luminosities

lution of galaxies at high redshift; in the case of elliptical galaxtave been corrected for the Galactic extinction using the results

ies, the Kormendy Relation between effective surface brightndgsSchlegel et al (1998). In Fig.1L1 we plot the rest-frame Ko-

and radius is relatively easy to build for a sample of ellipticalsmendy Relation for the 6 selected galaxies, derived adopting

when a detailed analysis of the brightness distributions and Ao = 50, ¢o = 0.05, and a single stellar population model with

accurate measure of the redshifts are available. Previous stutieshift of formatiore; = 5. As a local reference, the solid line

of this kind (for example Fasano etfal. 1998; Ziegler et al. 1999the relation reported by Z99 for the whole sample studied by

— 799 hereafter; Roche et al. 1998) observed, as expectedJ@rgensen et al. (1995):

increase of the rest-frame surface brightness with redshift, but

the type of evolution implied (passive or partially active) is ndte

yet well constrained by the models. . An upwards shift of the data points with respect to the local
For 6 of ourn > 2 compact ga]ames a Spectroscopic Mege|ation is evident: a line with the same slope fitted to the data
from S97 and 2 from Liu et al. 2000). All these galaxies arg yalue as low as 1.1 can be obtained by choosing a different

7.5. The Kormendy relation

= 3.46 (+1.17, —0.73)Re + 19.46 (+-0.33, —0.55).  (4)
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i ‘ 7 simulated galaxies. We have then used this code to fit model
brightness distributions to a sample of 41 EROs, imaged by
AN HST in the optical or near-infrared wide-band filters, in order
18 = + 1 toidentify a set of highz elliptical candidates on a morpholog-
SN ical basis. The main results of this work can be summarized as
RN follows.
B b a) We have determined the fraction of irregular objects
among the EROs of our sample, amounting to about 15%. These
N galaxies are the favourite candidates to be the hosts of dusty star-
" bursts.
b) Considering the whole sample, the galaxies characterized
S by a brightness distribution typical of local ellipticals are at least
- -4 50%. This estimate is based on a simple distinction between
e irregular/exponentials and de Vaucouleurs profiles; a more ac-
r NDRT8Y ) 2951 E . . . .
o 12758 curate analysis, allowing for different values of the shape index
22 I N — n,Yyields a higher fraction of ellipticals (70-80%).
N ¢) We find that a rather small fraction of EROs (830%) is
‘ | \\ made up of compact objects who_se. brightne;s distributions do
05 | ‘ not re.semble the ones of Ioca[ elliptical galaxies, but are better
log [R.(kpc)] described by a pure exponept|al law.
) d) Our data suggest that irregular EROs are found predom-
Fig. 11. The B-band, rest-frame Kormendy Relation for a subsamplaantly in the field, and that they are characterized — on average
of “cluster” EROs at ~ 1.3. The rest-frame parameters are evaluated py the reddest colors.
assumingHo = 50 km s* Mpc™! andgo = 0.05. The solid line e) We have determined the rest-frame Kormendy relation
re_presents the_local relation; the dotted line is the_ be_st fit _to t_he dq@. a subsample of 6 cluster ellipticals, at redshiftl.3. The
with the slope fixed at the local value; the dashed line is a fit with bofly iy tyrns out to be brighter than the local one, at fixed size,
parameter§ free. The typical uncertainty on the data points is s.howr|1J|n:L 4 mag in the3 band
the upper right corner of the plot. v 9 ) .
Inthe near future, we plan to extend this work to larger, com-
plete samples of high redshift galaxies, in particular devoting
local template (see Z99 for the details), or increasing the adoptrg efforts to obtain a reliable picture of the whole population
value ofgy up to 0.5. The best fit with both parameters freef high-redshift ellipticals.
(dashed line) is

i, (B mag)
[av]
(@]
\
Ve
[ ]
N
\
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