Astron. Astrophys. 343, 389-398 (1999) ASTRONOMY
AND
ASTROPHYSICS

Deep Galaxy survey at 6.7pm with the ISO satellite*

H. Flores!, F. Hammer!, F.X. Déser€, C. Césarsky?, T. Thuan, D. Crampton®, S. Eale$, O. Le Fevre', S.J. Lilly”,
A. Omont®, and D. ElbaZ

Observatoire de Meudon, DAEC and URA 173, ass@ti CNRS eh I'Universite Paris 7, F-92195 Meudon Cedex, France
Institut d’Astrophysique Spatiale, Orsay, France

Service d'Astrophysique, CEA, France

University of Virginia, USA

Dominion Astrophysical Observatory, HIA, National Research Council of Canada, V8X 4M6, Canada

University of Cardiff, UK

Department of Astronomy, University of Toronto, Toronto, Canada

Institute d’Astrophysique de Paris, France

[C S e A

Received 5 January 1998 / Accepted 7 September 1998

Abstract. Deep 6.7xm mid-IR ISOCAM observations were lished that mid-IR emission from the interstellar medium and
obtained from the Canada-France Redshift Survey (CFR8)m nearby star forming galaxies is dominated by emission
1415+52 field with the Infrared Space Observatory. The identiom Very Small grains and polycyclic aromatic hydrocarbon
fication of the sources with optical counterparts is describedrimlecules (PAHs) which have fluctuating temperatures under
detail, and a classification scheme is devised which dependssorgle photon absorption, whereas classical grains are in thermal
the S/N of the detection and the inverse probability of chanegquilibrium and emit atlonger wavelengths (Helou 1986). How-
coincidence. 83% of the 54 ISOCAM sources are identified witlver, the precise nature of PAHs remains open (Pugeédet
I4p <23.5 counterparts. Th@ — K)ap colors, radio prop- 1989). Differences in mid-IR features among various galaxies
erties, spectrophotometric properties and frequency of nuclean be attributed to differing amounts of dust, broad emission in-
activity of these counterparts differ on average from those wfrpreted as due to PAHs or Unidentified Infrared Bands (UIBs)
typical CFRS galaxies. CFRS spectra are available for 21 a#rriers. The PAH and very small grains appear to be responsi-
the sources which have k < 22.5 (including 7 stars). Most ble for~30% of the total IR emission in normal galaxies, butin
of the strongest sources are stars or AGN. Among the noaetive galactic nuclei, the mid-IR emission is believed to arise
stellar counterparts with spectra, 40% are AGNs, and 53% &m@m a dusty torus around the active nucleus where PAHs are
galaxies that display star formation activity and/or significantestroyed (Edelson & Malkan 1986, Roche et al. 1991, Helou
contributions of A stars. The ISOCAM sources also display &t al., 1991).
IR excess, even when compared with heavily-reddened local In order to study the mid-IR emission from high redshift
starburst galaxies. An upper limit of 30% of extragalactic IS@alaxies, deep I1SO (Infrared Space Observatory, Kessler et al.
sources could be at> 1 of the 44S¢ 75,,,, > 150uJy sources 1996) observations were made of the CFRS field at 1415+52.
which are non-stellar (7 "spectroscopic” and 3 "photometridZxtensive spectroscopic argl, V, I and K photometric data
stars excluded). already exist (Lilly et al. 1995a,b) for galaxies in this field,
as well as data from a deeps(y. > 16 pJy) radio survey
Key words: galaxies: active — galaxies: evolution — galaxiesty Fomalont et al. (1991). The high spatial resolution in the
statistics — infrared: galaxies micro-scanning mode, combined with the good sensitivity of
CAM (Césarsky et al. 1996) allows mid-IR maps of high redshift
field galaxies to be made for the first time. Even so, precise
identification of faint ISO sources with such galaxies is difficult,
owing to their faintness and to the inherent uncertainties in the
Very little is known about the mid-IR (5 A < 40um) source positions.
properties of distant galaxies, wavelengths which should probe The layout of this paper is as follows: Sect. 2 presents the ob-
their dust content and star formation activity. IRAS data estagervational and data reduction strategy; Sect. 3 gives a descrip-

: . . ion of the catalogue, astrometry and identification of optical
Send offprint requests 1¢1. Flores, Observatoire de Paris, F-9219§ 9 y . P

counterparts. In Sect. 4 the photometric and spectrophotomet-
Meudon Cedex, France

* Based on observations with ISO, an ESA project with instrumedt$ prOpertleS of the I1SO (_)b]eCFS, ar? discussed. Sect. 5 sum-
funded by ESA Member States (especially the countries: France, GER(12€S the. results of the 'd?m'f'_cat'on procedure aﬂd, f'naHYa
many, the Netherlands and the United Kingdom) with the participati@¥ conclusions about the faint mid-IR sources are discussed in
of ISAS and NASA. Sect. 6.

1. Introduction
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CFRS14.0335 ularly well adapted to our observational strategy i.e. coadding
the eleven images, without redundancy within each image. Spe-
cial attention was paid to possible error propagation in the flux
20 20 values. Finally, to further detect and eliminate relatively weak
(S/N ~ 3) spurious sources, the data were also reduced with the

13 13 CIA PRETI software (Aussel et al. 1997 and Starck et al. 1998)
10 10 and compared with the initial results. However latter software
is less adapted to our data since we have generated several im-
5 5 ages the micro scanning technique, and glitch removing is more
& & difficult. It is beyond the scope of this paper to compare the two
0 5 10 15 =20 0o 5 10 15 =20 data reduction procedures in order to estimate the photometric

accuracy, and this question is addressed elsewhere (Desert et

al., 1998). On the other hand, sources which have not recovered

20 20 with PRETI software will not be further considered (Sect. 2.1)
2 =2 Individual images were carefully registered with each other

IR I in order to optimize the image quality of the brightest compact
10 10 objects (mostly stars). However, this registration is limited by
the presence of glitches (defaults and cosmic rays). In order
5 5 to obtain the best possible accuracy, an iterative procedure was
a a adopted in which shifts were determined from the average of the
o 5 10 15 20 o 5 10 15 =20 3-5 highest S/N sources in each of the 11 individual images and

_ _ _ the composite image, the frames were then offset and combined
Fig. 1. Charts of 24"x24” showmg the changes in the contou_rs cat_fsto form a new composite image, and the procedure repeated
of an ISOCAM LW2 source (a bright star) resulting from the iterativg, .o.q times. As demonstrated in Fig. 1, this results in a significant
registration procedure. The first iteration is at top left, the last is at .
bottom right. !mprovement of the shapes and FWHM ofthe sources. The final

image (Fig. 2) of the whole ISO field has a resolution equivalent

to a median FWHM-11" (calculated with DAOPHOT under

The nature of 6.75m sources and their energy distributiodRAF).
from UV to radio wavelengths will be fully discussed in a forth-  The precise location of the ISOCAM image relative to deep
coming paper (Flores et al. 1998), which will also present t&-RSB, V, andI images of the 1415+52 field was determined
15um data. from the six brightest ISOCAM LW?2 sources (5 stars and the z
= 0.216 galaxy CFRS14.1157).

Fig. 3 shows the 5-8.5 micron flux distribution corrected
for aperture effects<1.4, for details, see &sert et al. 1998 and

A 13’ x 13 region centered on the CFRS 1415+52 field wdgferences therein).Atthe S/N4 limit, our number counts (21
observed with 1SO in a raster pattern such that a constant B 100 arcmif)) are comparable to those of the Deep ISOCAM
posure time per pixel was achieved over the wholex1@0  Survey ¢ 0.22 counts per arcmitfor sources with a flux- 250
CFRS field. Given the small size of this field, it was decided toly, Cesarsky et al. 1998, in prep.). The validity of detection
go as deep as possible with ISOCAM at 6.5 partly so that at S/N > 4 is confirmed by studies in Lockman-Hole Deep
the results could be used as a possible template for the ISOCAMrvey(@sarsky et al. 1998, in prep.), which show that sources
Central Program for deep surveys&rsky et al. 1996), as wellwith S/N > 4 in individual frames are confirmed in 95% of
as for other large surveys. cases, in the final integrated image (SA\LO)

Eleven individual images were taken in the micro scanning
AOT mode (CAMOL1, a raster of44 with 8 or 12 readouts per 3 1. |SO source catalogue
step ) with the ISOCAM LW channel (6per pixel) and the
LW?2 filter ( 5-8.5:m), leading to a total integration time of Classifications and verification of the source detections were
600 sec pixet!. The micro scanning mode provides the begpade on the basis of S/N and the repeatability of the detections
spatial resolution through superposition of images. The saffidhree independent combinations of the 11 individual images
pixel of the sky was placed in different parts of the camera (for details about the source detection, repeatability and classi-
order to minimize and detect any systematic effects. The midiéation, see Bsert et al. 1998). The repeatability test is based
scanning AOT technique also allows an accurate flat-field ifa0 the redundancy factor, which is the number of times that the
age to be generated and yields a pixel size’& ih the final SKy pixel was seen by different pixels on the camera. The soft-
integrated image. The detection and removal of transients ¥ built three independent projection subrasters, and for each
glitches, integration of images, absolute flux calibration, af@urce candidate the flux and error are measured at the same
source detection were carried out using the method descrifi@gition in each subrasters. The quality factor is based on flux
by Désert et al. (1998). This method has been found to be parfigeéasurements and varies from the best confidence index (=4)

2. Observations and data reduction
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Fig. 2.left. The left side shows the final combined image obtained ay@ri7&ith ISO of the whole 10'x10’ CFRS 1415+52 field with a scale

of 1.8/per pixel. The image has a median resolution of FWAHIML”. righ This diag ram shows the distributions of the sources which have
successfully passed our test procedure (see text). The sources with®Bake represented by a single circle. Sources with>S#4\ 6 and 8 are
represented by 2, 3 and 4 concentric open c ircles, respectively. Comparison of both frames provides an estimation of the noise along the map.

% criteria, but only the subgroup of 23 sources with SNt are

considered to be secure detections. The 54 sources are listed
in Tables 1 and 2. The first two sections of Table 1 contain 21
ISO sources (catalogad & 2) that have secure optical identi-
fications. The 24 sources in the lower half of Table 1 and the 9
sources in Table 2 have less secure or no optical identifications,
respectively.

15 -

3. Catalogue and identification of counterparts
3.1. Astrometry

To derive accurate positions of the ISO sources is limited by (a)
the large pixel size (§ of the initial image, (b) the size of the
diffraction disk (2 to 3), and (c) errors in the data reduction
7 1 procedure (including those due to distortion corrections). The

600

Flux(udy)

800

1000

] astrometric accuracy of the CFRS galaxies in 1415+52 field is

0’15 relative to radio positions (Hammer et al. 1995). The over-
all centering of the ISOCAM field was based on the positions

of the 5 brightest stars and the bright CFRS14.1157 source. The
Fig. 3.The 5-8.5 micron flux distribution of the ISOCAM sources. Thgagiting differences between the optical and ISO positions for
“secure” identifications listed in catalogues 1 and 2 are shown in tgﬂ sources with counterparts (see next section) are shown in
black shaded area. Fig. 4. All but 9 of the sources are within a radius equivalent
to one pixel (6) in the original ISOCAM data. From compari-
to the worse confidence level (=0, see egs. 7 to 11 &fdlt son of the positions of optical and ISOCAM LW2 sources, the
et al.,1998). We have considered only sources with confidenmedian difference is-4”2.
level higher than 3, which means that the final source flux and
source fluxes in subrasters are withia 8 o in the case of 4),
whereo is the error value of the final flux source.
The final catalogued sources were also all detected in e have first compared the 6% frame with pJy radio
image which was reduced by the second independent analgsigrces (Fomalont et al, 1991), and have calculated the proba-
(using PRETI). Altogether, 54 sources with SAN3 met these bility of a pure coincidence, assuming Poisson statistics:

3.2. Optical counterparts
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Table 1.Optical counterparts of ISOCAM LW2 sources.

ISO CFRS b4 lag Vas K3p d? P*  Flux’> Error
| Catalogue 1: Objects with S/N 4 & 0.02> P(d,I) |
001 14.1157 0.220 20.54 22.45 - 1.971.210°°* 613. 44.
004 14.0098 star 16.44 14.66 - 2.08 0.0000583 601. 57.
007 14.1400 star 1561 16.13 - 3.73 0.0004195 329. 35.
017 14.0138 star 15.77 16.80 15.43 4.08 0.0005019 267. 35.
023 14.0335 star 14.77 17.98 - 1.45 0.0000284 299. 37.
031 14.1265 star 1560 17.63 14.87 1.41 0.0000600 312. 32.
035 14.9025 0.155 18.38 19.15 - 1.48.2107° * 173. 33.
108 14.1134 star 16.45 18.47 - 1.53 0.0001570 199. 36.
163 14.0198 1.603 20.04 20.21 19.86 1.79 0.0051602 156. 33.
209 14.0685 star 17.19 17.93 17.23 458 0.0031149 155. 31.
223 14.0836 — 1591 17.17 - 3.96 0.0004729 164. 37.
315 149154 0.812 21.57 23.06 — 3.5M.4107** 164. 33.
366 14.0051 — 17.55 18.76 - 1.57 0.0003665 139. 32.
| Catalogue 2: Objects with S/N 4 & 0.317> P(d,I) > 0.02
114 14.0112 — 23.53 2486 20.61 2.96 0.1421836 151. 34.
130 14.1565 — 20.98 23.29 19.38 6.91 0.0741998 174. 38.
136 14.1042 0.875 21.49 23.38 19.79 493 0.0831932 126. 31.
242 14.9907 — 2295 1941 - 4,77 0.1646952 192. 36.
276 14.0972 0.674 21.17 21.99 20.34 3.05 0.0326979 137. 32.
297 14.1567 0479 19.79 20.04 18.62 5.46 0.0215114 189. 36.
465 14.1129 — 21.05 2235 20.30 10.11 0.3059948 148. 34.
477 14.0287 — 22.29 2419 19.98 2.77 0.0588822 164. 32.
| Catalogue 4: Objects with#S/N > 3 & P(d, I) > 0.02 |
097 14.1139 0.660 20.20 2149 18.92 0.55.210°* 115. 34.
178 14.1329 0.375 2060 1952 - 9.42.2107°*  109. 33.
187 14.0573 0.010 16.90 17.09 17.53 3.33.21074 124. 32.
188 14.0667 — 20.17 19.48 18.92 9.091.210%* 131. 40.
196 14.1080 0.066 20.34 20.68 - 1.38 0.0030702 112. 37.
403 14.1303 0.985 19.97 19.88 19.25 2.28.21074* 113. 34.
461 14.0861 — 23.02 23,52 20.23 9.51 0.0000640 107. 35.
| Catalogue 5: Objects with#S/N > 3 & 0.317> P(d,I) > 0.02 |
032 14.1598 — 19.84 21.00 — 6.32 0.0287157 173. 47.
055 14.1561 — 19.55 20.06 - 10.83 0.0819987 213. 59.
064 14.1563 — 22.78 23.56 - 5.84 0.2364296 201. 55.
189 14.0896 — 22.40 23.06 - 496 0.1768200 103. 33.
189 14.0876 — 23.57 24.53 - 4.47 0.2951362 103. 33.
215 14.1534 — 23.46 23.86 - 2.05 0.0709211 113. 35.
221 14.1517 — 22.92 22.93 — 6.73 0.3010899 127. 42.
228 14.1330 — 20.74 20.95 - 4.16 0.0275558 113. 35.
241 14.0400 — 21.42 2257 20.56 7.65 0.1887201 116. 38.
285 14.1491 0.602 21.75 23.85 — 6.12 0.1252796 112. 34.
313 14.0497 0.797 21.69 22.79 20.59 6.16 0.1268137 122. 34.
331 14.0956 — 22.88 2341 20.73 490 0.1729592 112. 37.
334 14.1615 — 20.89 22.04 19.64 8.91 0.1203090 101. 33.
334 14.1602 — 21.19 2190 20.05 6.81 0.1527288 101. 33.
363 14.1002 — 21.10 21.44 - 7.61 0.1869484 107. 35.
379 14.1444 0.742 22.25 23.88 20.13 4.24 0.1325431 118. 35.
419 14.0019 — 23.15 23.42 - 2.80 0.1282332 130. 35.
444  14.1609 — 18.93 20.83 18.30 8.95 0.0260458 133. 35.
454  14.0224 — 2257 23.58 - 521 0.1932082 115. 34.

Notes to Table 1

* Radiosource for which probability has been calculated from radio counts.

! Some of these redshifts are not from the original CFRS catalogues or were subsequently changed after further analyses: the redshift for CFRS
14.1157 was reportedsa = 1.13 by Hammer et al. (1995), and the redshift for 14.1042 was gs/err®.7217 by Lilly et al. (1995b). There

is still some uncertainty in both of these. “Redshifts” for the seven stars (denoted by “ star ") were determined from additionat spéctra
indicates that the redshift is unknown.

2« _~indicates that no observation is available (spectroscopy or K imagery)

3 Distance in arcsec between ISO source position and optical counterpBrobability on non-coincidence. 3 Flux in uJy (aperture of 9).
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1 For all the other sources without radio counterpart we have
10 . b used thel 4 5 band counts. All optical sources within"12f an

I ] ISOCAM LW?2 source have been considered. Assuming Poisson
statistics, the probability density of a pure coincidence between
AP N ] an ISOCAM and optical source is:

Lo 3 Voo ] Prob(d,I4p) = 1 — e~"Uan)md® )

I; | where d is the angular distance between the ISO object and the
\ . o ] optical source in degrees anding) is the integrated density
I N ® 4 ] of galaxies at magnitude 745 from the analysis by Lilly et al.
5 F R L7 : (1995c). Fig. 5 shows the relationship between the S/N of the
I T ] ISOCAM observation and the probability (P) that the optical
source is projected by pure coincidence.
ol 1 We are aware that possible non gaussian positional un-
° ] certainties related to extended emission, source confusion and
e residuals can affect our probability calculations for low S/N

sources. As shown in Fig. 6, some sources present asymmetric

shapes, and for few of them, only a part of the ISOCAM source
Fig. 4. Distances between 1SO sources and their optical counterpaftgerlaps the optical counterpart. Indeed the final noise structure
The six sources used to determine the relative ISO and optical figddfar from being gaussian, due to possible glitch residuals, and
centers are indicated by circled points. Full dots indicate sources witie ISOCAM position has not been corrected for possible image
S/N > 4, open dots, sources with>-8/N> 3. distortions. To calibrate our probabilities in an empirical way,
we have applied a random match control test to the ISO field by
rotating it by 90, 180 and 270 degrees relative to the optical im-
age. Only 2:1 of the 54 ISOCAM sources are found randomly
associated to an optical counterpaftsf <22.5 and R0.02),
which should be compared to the 22 .02 counterparts dis-
played in Table 1, this strengthens our probability calculations.
: Non gaussian cannot affect our probability calculations by more
than a factor 2.

Ad(arcsec)

Aa(arcsec)

15— T T

Cat.#1 Cat.#2 I Cat.#3 |

10

S /N

As illustrated in Fig. 5, six catalogues were constructed which
contain identifications of varying degrees of confidence (from 1
P YO — highest, ® 6 — noidentification) according to their probability
***** ST e o (P) and S/N ratio. Table 1 lists the identifications of ISO sources
Cat 46 | in four of the catalogues (in decreasing confidence level in each
] successive catalogue). The ISOCAM LW2 sources and their
Ll associated optical sources are listed in colarh@ 2. Column
® 4 N 2 * 0 (3) gives the redshift if available. In the redshift column , “star”
Log(P(d,1)) indicates that the object has been identified spectroscopically as

. . . , star“ —" indicates that no redshift is available. Columns (4)
Fig. 5. Relationship between the S/N of the ISOCAM detection an . .
g b E) and (6) give thd 45, Vap and K 45 magnitudesgq “ — "

the probability (P) that the identification is purely by chance. The lines’ - : : .
show the location of the six catalogues described in Tables 1 and 2ndicates that no photometry is available); column (7) lists the
angular distance (in arcsec) between the ISOCAM source and

optical counterparts; column (8) gives the associated probability
P(d,Ssqpm.) =1 — e_”(SSGHz)T"d27 1) thattheidentification is spurious; and columns (9) and (10) give

the flux at 5-8.5:m and the error (inJy).
where d is the angular distance between the ISOCAM LW3 The 21 sources listed in catalogues 1 and 2 are considered
source and the radio source in degrees and n is the integrdtetiave secure identifications since they are relatively strong
density of radiosources at flu¥scr. ( N*(Sscr=) = 83520 sources (S/N-4) and have arelatively low probability of chance
Ssai). Six ISOCAM LW?2 sources are thus identified (seeoincidence. All but two of the counterparts haug; < 22.5,
Table 1) with their optical counterparts derived from Hammehe limit of the CFRS spectroscopic survey, and spectra are
et al (1995). available for 13 of these counterparts.

|
|
|
|
|
l ] 3.3. Source catalogs
|
|
.\
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Table 2. ISOCAM LW?2 sources without optical counterparts. Thos:

sources above the line are in catalogue 3 (S/M) and those below =" s o
comprise catalogue 6 (4 S/N > 3). - |5 st
1SO ‘ Q2000 ‘ 52000 ‘ Flux Error 10 H:- 18
096 14 18 4.2 52 26 277 166 41 of 14.0573 5 141080 } st 14.905
375 14 17 513 52 31 99 141 34 o o
113 14 18 6.1 52 28 84 137 36 i

119 14 17 417 52 34 564 128 38

195 14 17 284 52 29 555 101 33 . f
257 14 17 337 52 33 222 113 35 15 @
333 14 18 163 52 34 550 108 33 10 ]
369 14 18 190 52 31 337 115 34
380 14 18 6.7 52 25 297 183 47 i 14.1329

a

20 s

[] ; .

The 24 sources in the supplementary catalogues 4 and’ ; : j
are identifications with lower S/N sources{8/N> 3). Infive  ®[. 14 1491 14.1199

cases in the “least secure” catalogue 5, more than one opti ¢
counterpart is listed as possibly being associated with an ISt i
CAM source. In most cases, the more probable counterpart®
optically brighter than, or as bright as, the alternate, providin:s} *
additional evidence that it is the likely counterpart. In the fol
lowing analysis we use only the “best” optical identifications
(i.e., those with the lowest probability of chance coincidence °| 14.1444
but all counterparts with a probability within a factor two of the °; E
smallest probability are retained in Table 1 for reference. Statis
tically, 1.5 out of the 18 sources in catalogue 5 are expected =
be purely chance coincidences. As well as having fainter mic*® ! Q
IR fluxes, the optical counterparts of these 24 sources are als
fainter optically on average (8 are fainter thary = 22.5).
Fig. 6 shows the superposition of ISOCAM LW?2 source 14-1{]4? °| 14.1303 : _14.01¢8
contours and the optical counterparts of 14 extragalactic sourc M & 74 15 8% 8 & 7 b 88 B & W an o
(from catalogues 1,28 & 5) with known redshifts. The optical
image was extracted from a compodite- V' + I image centered
at the ISO position.

1d 15 20

-]

Fig. 6. Charts of images (24x24") centered on the ISOCAM LW2
sources with known redshifts from catalogues 1,2, 4 and 5. ISOCAM
. LW2 contours> 3o are overlaid. Glitch residuals combined with the
Among the 54 ISOCAM LW2 sources with S/N 3, 9 large ISOCAM pixel size, can create apparently (and artificially) ex-

were not identified to the limit of our combinefl + V' + I tended sources. This complicates in some cases, the identification of
image. Unfortunately, we hav& band images for only a smallthe optical counterpart.

portion of the field, so it is not possible to determine whether
all sources are visible in the near-IR and what their colors are. )
The positions and fluxes of the 9 “non-identified” ISO sourcés Optical properties of ISO counterparts
are listed in Table 2. 4.1. Photometry
In summary, 45 of the 54 ISOCAM LW?2 sources (83%)

were identified with galaxies and stars on compaBite V + I The photometric properties of the identified optical counterparts
images {45 < 23.5) of the CFRS1415+52 field. 21 of theseire illustrated in Figs. 7, 8 and 9. Fig. 7 shows that the less se-
have secure identifications with optical counterparts (includifre counterparts are fainter In 5 on average than the secure
7 stars). As shown below, some of the visible-light properties &punterparts. In addition to the 17% of ISOCAM LW2 sources
the 24 less secure counterparts add considerable support to fhéi have no obvious optical counterparts, the counterparts for
identifications. In addition to the 7 spectroscopically confirmedother 18% are fainter than the limity@¢ = 22.5) of CFRS
stars, three other sources have profiles of compact sources (sé@ctroscopy, and hence some of these may be &t Eig. 8
QSO's, etc) on ouf band image, so that 10 of the 45 may beompares théV — I) 45 distribution of all the secure and less
stars (although the three could also be QSOs, from B,V anggcure extragalactic identifications (lower panel) with the same
band images and colors). distribution for all CFRS galaxiesl{.6 < Iap < 22.5) (Up-

per panel). This diagram shows that ISOCAM LW2 and CFRS
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Fig. 7. The distribution off 4 5 for all ISOCAM LW2 sources with op- Fig. 9. The distribution of I — K) 4 5 for sources identified with extra-
tical counterparts. The black shaded area denotes secure identificatigitactic objects compared with that for all CFRS galaxies (top panel).
from catalogues 1 and 2.

7 stars, generally M or K stars). Several methods were used
to classify the objects through their spectra and other proper-
ties: diagnostic diagrams (using £Hgs, Orrr/Hg, Ha, Srr/Ha,
N;;/H, ratios), radio properties (Hammer et al. 1995), star for-
mation rate (Q;3727A equivalent widths) and the Balmer index
D(3550 — 3850) defined ag, (3750-3950)f,(3450-3650) at
rest (see Hammer et al. 1997) The latter is an indicator of recent
star formation, and is very well correlated to the eluiva-
lent width. Large values of D(3556 3850) (> 0.18) indicate
a significant contribution of the A star population (such objects
are classified asS' + A’), suggesting a major burst of star for-
mation some 0.5 Gyr ago. Altogether, we find: eight- A
galaxies (Balmer index, D(35560 3850)> 0.18 and/or detec-
tion of W(Hs) < —5A, absorption), one starburst (diagnostic
diagram), four QSO and Seyfert 1 galaxies (from their contin-
uum flux and broad lines) and two Seyfert 2 galaxies (based on
the diagnostic diagrams).
Fig. 8. The distribution of(V — I) 45 for all ISO sources identified ~ The spectra, divided according to the above classifications,
with extragalactic sources compared with that for all CFRS galaxigase shown in Fig. 10 and relevant data for these sources are
(top panel) listed in Table 3. The optical counterparts of the eight less secure
(cataloguse 4 & 5)ISOCAM sources include a large fraction (6
of 8) of S + A galaxies. Our confidence in the reliability of the
sources have the same medi@— I)45 ~ 1), which corre- identifications is strengthened by the fact that five of them are
sponds to the color of an Sbc in the redshift rangenfro= 0.3 to  also detected either at radio wavelength or atrh&with S/N>
1. Fig. 9 shows that the median of the— K) 45 histogram of 4 (Flores et al. 1998, submitted).
the ISOCAM sources identified with known galaxies is 0.5 mag As shown in Fig. 11, the median redshift of the 15 extra-
redder than that of CFRS galaxies, whiclifs— K) 5 ~ 1.3 galactic sources is 2 0.60, close to the average CFRS value
mag. Five of the sources (114, 331, 379, 461, 477) are ultra-(#uis is not too surprising since our spectroscopic sample of
(with (I — K) jonnson > 3). One of these istaz = 0.7, but the ISOCAM sources has the same optical flux limit as the CFRS).
other four are possible high redshift objects. The two most distant objects are QSOs at¥ and 1.6 (Schade
et al. 1995). The latter has the highest redshift in this CFRS
field. Most of the strongest sources with secure identifications
(catalogus 1 & 2) are AGNYQSO and Seyfert).
Spectra for 22 of the 45 optical counterparts of our ISOCAM
LW2 sources are available in the CFRS database (including

(V71>AB

4.2. Spectra
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Fig. 10.Spectral classification of the galaxy spectra from their continuum and line properties. From top left, the first four are QSO and Seyfert 1,
the next two are Seyfert 2, the next 8 are classifie as A, and the last one (bottom right) as a starburst galaxy.

5. Summary of ISO identifications ity of the identifications is provided by the properties of their

. . ical nterparts:
A total of 54 mid-IR sources were detected in a deep survey%)t cal counterparts

the CFRS 1415+52 field with ISOCAM. The reliability of the — In the CFRS 1415+52 field, there are only 25 radio-sources
detections of these predominantly very faint sources has beenwith Ssgy. > 16pJy (Hammer et al. 1995) and 34 1SO-
strengthened through comparison of the results of two com- CAM sources withSe 75,,m» > 150pJy which are identified
pletely independent analyses of the data. The counts giB\75  with | 45 <22.5 galaxies (out of atotal 8600 |45 < 22.5
are in a very good agreement with those of the Deep ISOCAM objects). Based only on optical-IR astrometry six ISOCAM
Survey (Lockman-Hole Survey) which4s0.22 counts per sq.  sources are associated with radiosources, and the cumula-
arcmin forSg.75,.m > 250pJy. Further support for the reliabil-  tive probability of finding 6 or more radiosources in this
sample by chance is only 0.0037.



Table 3.1ISOCAM LW2 galaxies with spectra.

H. Flores et al.: Deep Galaxy survey at 6undwith the ISO satellite

CFRS z c Mz W%, S Type
14.0573 0.010 4 -16.79 - 19 Seyfertl
141080 0.066 4 -—-17.17 — - S+ A
149025 0.155 1 -20.34 - 30 Seyfert2
14.1157 0.220 1 -18.55 - 77  Seyfert2
141329 0375 5 -21.41 15.0 171 S+ A
14.1567 0.479 1 -22.31 - —  Seyfert1
14.1491 0.602 5 -—-20.25 59.0 - S+A
141139 0.660 4 —22.27 19.0 141 S+ A
14.0972 0674 1 -2150 40.0 —  Starburst
14.1444 0.742 5 -—-20.47 17.0 - S+A
14.0497 0.797 5 -21.28 29.0 - S+A
149154 0812 1 -2141 390 55 S+A4
141042 0.875 2 -21.11 27.0 - S+A
14.1303 0.985 4 —-23.48 - 78 QSO
14.0198 1.603 1 -24.72 - - QSO

Notes to Table 3:

(1) “Confidence catalogue” number.
(2) Rest frame equivalent width of Oll iR,
(3) Si.agm- fluxin pdy.

Fig. 11. The redshift histogram of the 15 identifications with spectr?g
from the CFRS database. The black shaded area represents
from catalogues 1 and 2. The two highest redshift objects are QS
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Fig. 12. Redshift distribution of the/F,, ratio for 14 extragalactic
sources. Full dots represent secure ISOCAM sources (SMNopen
dotsthose which are less secure. Are also displayed curves derived from
redshifted local templates (from Schmitt et al. 1998; SBH: reddened
starburst).

Clearly, the ISOCAM LW2 sources have different average prop-
erties than arandom sample of CFRS galaxies, giving additional
confidence in our detections, even down 50 u.Jy.

6. Discussion: the nature of the 6.7B8m sources

Atotal of 5456 75,.m > 150uJy were detected in the 1& 10
field. Of these, 9 could not be identified with any optical coun-
terparts to the limit of our optical images s ~ 23.5); two
sources with S/N~4 and seven more with S/I¥ 3 remain
unidentified. Of the remaining 45, there are 21 “secure identi-
fications” (catalogue 1 & 2). Optical spectra are available for
14 of these showing that 7 are stars (mostly K and M) and 5 out
of the 6 remaining sources display AGN or starburst activity.
bi I‘(I:%ISS, most of the strongest extragalactic sources with secure
OJ entifications are AGNs. The mid-IR flux in AGN host galax-
ies is believed to come directly or indirectly from the hot dust
in the inner regions of a torus around the active nucleus. Two of
the “secure identifications” havgy g > 22.5, the limit of the
CFRS spectroscopic survey.

— Among the 15 galaxies with spectra, 6 (40%) are found to Analysis of the properties (photometric, spectroscopic, ra-
be AGNSs, even though only 7% of CFRS galaxies are AGiNo) for all sources with optical counterparts indicates that a
(Hammer et al. 1997).

— Ofthe star—forming galaxies, 7 out of 8 have a Balmer indéa be the correct identifications. There are 45 identified sources
larger than the median value of CFRS galaxies, possibiytotal and 7 are spectroscopically confirmed stars, leaving 38
implying a relationship between the presence of dust apdssible extragalactic sources (although 3 of these have stellar
the A-star population. Also dusty galaxies present largprofiles). Ten of these havkyp > 22.5 and are fainter than
color indices (Flores et al., 1998)

— The ISO galaxies have a medigh— K) 4 5 color whichis remaining 28 counterparts. As Table 3 indicates, 53% are classi-
0.5 mag redder than randomly-selected CFRS galaxies diedl asS + A, showing evidence of an A star population and star
5 of them have a very red — K) color.

large fraction of even the “less secure” counterparts are likely

the CFRS survey limit, but spectra are available for 14 of the

formation activity, indicative of significant star formatien0.5
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Gyr ago. Detection af + A galaxies in the mid-IR is supported  Perhaps the most intriguing object in our ISO sample is

by preliminary results from ISOCAM LW3 1&m data (Flores CFRS14.1157, which is the brightest non-stellar object in our

et al. 1998). LW2 image. It is likely to be a heavily absorbed AGN at z
The average ratio between the eneng¥() at6.75/(1+z) = 0.216. Further observations of this source are warranted.

pmand the visible energy (0.835/(14azn) is high, 2.14+-0.7on Deeper and more complete near-IR imaging and spectroscopy

average, for the 9 galaxies exhibiting star formation activity. It & a number of the optical counterparts and the unidentified

higher than the value estimated for a local starburst galaxy afseurces would also be of interest.

redshifting it to the median redshift (z=0.71) of our sample of

star forming galaxies, for whichwe finds, (LW?2) /vF, (I45)

=0.63. Fig. 12 shows the redshift distribution of this ratio, conficknowledgementsThe ISOCAM data presented in this paper were

pared to local templates (starburst, elliptical and QSOs fraalyzed using software developed by F.)ésBrt and “CIA" (a joint

Schmitt et al. 1997). Although several objects appears Com:g?\_/elopment by the ESA Astrophysics Division and the ISOCAM

. . . . S . . onsortium led by the ISOCAM P.l., C.é&3arsky, Direction des
ible with local galaxies, Fig. 6 indicates that Mid-IR to optic ciences de la Matiere, C.E.A., France). We thank D. Pelat for useful

qux. ra.tlo is not sufficient to determine the nature of the SOUrGfscussions about the identification procedure. We are grateful to the
emission. On the other hand, Some sources appear redder thaRee for suggestions and comments which help us to seriously
any kind of local templates. This does not seem related tQngrove the manuscript.
deficiency in our flux calibration at 6.7/ (stars do not show
the same excess when compared to Rayleigh-Jeans emission
distribution), and the excess is apparently higher than our ex-

: : ﬁ%ferences
pectations for photometric errors. Indeed there are several bright
ISOCAM sources (including the brightest one, CFRS14.115Fyssel H., Elbaz D., Starck J.,&arsky C.J, 1997, Colloque de
which present this red excess. From a purely statistical point Moriond.
of view, this is not unexpected, since the ISOCAM detectiof@sarsky C.J., Abergel A., Agnese P. et al, 199@ A, 315, L32.
correspond to the small fraction (5%) ofg < 22.5 galaxies Désert F. X., Puget J., Clements D. L., et al. 1998, A&A, submitted.
at0 < z < 1.6 which are the most extreme mid-IR emittersEdelson R., Malkan, M. 1986, ApJ, 308, 59

Flores H. et al. 1998, ApJ, submitted.

On the other hand this might indicate that several field galax||¢_e§malont EB. Windhorst R A Kristian J.A.. Kellerman K.I. 1991

up to z=1 have higher Mid-IR fluxes (related to PAH or to hot AJ, 102, 1258

dust) when compared to local galaxies. Hammer F., Crampton D., Lilly S., Le&vre O., Kenet T., 1995, MN-
Some of the unidentified sources and some of the sourcesras 276, 1085

with counterparts for which we do not yet have spectra m&ammer F., Flores H., Lilly S. et al., 1997, ApJ, 480

be at z> 1. The fact that a) many of the counterparts withowelou G., 1986, ApJL, 311, L33

spectra are fainter than average and b) that some of theseHsleu G., Ryter C, Soifer B. T., 1991, ApJ 376, 505

very red in(I — K) supports this possibility. On the other handilly S.J., Le Fevre O., Crampton D., Hammer F., Tresse L., 19953,

they may also simply be highly reddened. A crude estimate of ApJ, 455, 50.

the number of high zo > 1) mid-IR emitters can be made bytilly S-J., Hammer F., Le &vre O., Crampton D. 1995b, ApJ, 455, 75.
adding the following: Lilly S.J., Tresse L., Hammer F., Crampton D., Levfe O. 1995c,

ApJ, 455, 108.

— The one Spectroscopica"y COﬂfirmeﬂé S 225 extra- Kessler M.F., Steinz, J.A., Anderegg, M.E. et aI., 1986 A, 315,
galactic ISO source at> 1. Lar.

— The three (30%) of the ten 22551 45 < 23.5 ISO sources PugetJ., Bger, A., 1989, ARAA, 27, 161

. . . Puget J., Eger A., Boulanger, F., 1985, A&A, 142, L9
that are likely to be at > 1 (from the extrapolation by Lilly Ro?:he P.F.gAitken DK. ngith otal. 1991 MNRAS. 248. 606.

et aI._ 1995.(:) - Schade D., Crampton D., Hammer F., Levie O, Lilly S.J., 1995,
— All nine unidentified sources. MNRAS, 278, 95.
In other words, the maximum number of ISO sources whicty it H., Kinney A., Calzeti D., Storchi-Bergmann T., 1998, AJ,

114, 592.

could be at z 1is 14, or 30% of the 44,75 > 1507y Starck J.L., Aussel H., Cesarsky C.J., Elbaz D., 1998, A& A, submitted.
sources which are non-stellar (7 "spectroscopic” stars and 3

"stellar profile” objects excluded).
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