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Abstract. We present a study of the star formation re&&R for a sample of 16 distant galaxies detected by ISOCAM at

15 um in the CFRS030800 and CFRS140662 fields. Their high quality and intermediate resolution YEDRS spectra

have allowed a proper correction of the Balmer emission lines from the underlying absorption. Extinction estimates using the
HB/Hy and the Hy/HB Balmer decrement are in excellent agreement, providing a robust measurement of the instaf@Reous
based on the extinction-correctedrHuminosity. Star formation has also been estimated exploiting the correlations between

IR luminosity and those at MIR and radio wavelengths. Our study shows that the relationship betweenSk&astimates

follow two distinct regimes: (1) for galaxies witBFRg below~100 M./yr, the SFRdeduced from it measurements is a good
approximation of the globa&FRand (2) for galaxies near ULIRG regime. The corrected3$FRunderstimated th8FRby a

factor of 1.5 to 2. Our analyses suggest that heavily extincted regions completely hidden in optical bands (such as those found
in Arp 220) contribute less than 20% of the global budget of star formation ap-tt.
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1. Introduction derived accurate fluxes for Balmer emission lineg,(Hy)

In the last f tst ¢ d a bett derst fter removal of the underlying stellar absorption. Extinction
n the fast few years, greal steps toward a better understancing,, ;o using observe@iy ratios were used to correct

of the distant Universe have been made using a panchL%- luminosities and deriveSFR,, consistent withSFRs.

matic approach. The mid IR windows opened by the cam : . .
. ... _Inese objects present strong metallic and Balmer absorption
ISOCAM (Cesarsky et al. 1996) have lead to the 'dem'f'cﬁgﬁes combined with intense emission lines, which indicate

Eonkof thedgaIaX|es Iret_s,ponfS|(tj)letfor tTe _bu"f[hOft the lmfrare articularly complex star formation history (Hammer et al.
ackground, a poputation of dusty galaxies that evolves v 01). It is unclear if these properties are shared by the whole

rapidly in number (Elbaz et al. 1999, 2002). Luminous Infrare laxy population at intermediate redshifts. Indeed., a10.4,

. 1 .
Galaxies (LIRGsLir 2 10" Lo) detected by ISO are mamly.an important fraction of the galaxy population was identified

duss(t)y igaorbl\l/ljrsts (Fta}dda e;a{:.) 20_03) W':E.h Iar.ggostigz/orm?tlgg Balmer-strong galaxies with emission, in the field (Hammer
(>50- ofyr) triggered by interactions;-30-40% o gt al. 1997) and in galaxy clusters (Poggianti et al. 1999).

detected galaxies show optical signs of interaction (Flores
et al. 1999). Rigopoulou et al. (2000, hereafter RO0) using the

. . Here we present a preliminary study of 16 LIRGs out of a

VLT studied the near IR spectra of a few LIRGs and claimed
. . le of VLT FHT. Th -
that theSFRmeasured from IR luminosity (hereaft8FRR) sample of 90 observed at and C ¢ data are de

is at least 3 times higher than that based an IHminosity scribed in Sect Section 3 summarizes théedint tec

(hereafterSFR,,). However, this claim is iected by large nigues used for the data analysis. The determination @&

uncertainties on th8FRy,, in the absence of proper extinctiorf| discussed in Sects. 4 and 5. Throughout this paper we adopt

— 1 -1 _ — —
correction. Extinction for such heavily dust-shrouded objects — S0kms™Mpc™andgo = 05 (Qu = 1.2 = 0).
is very important, and only accurate estimates of the extinction
can confirm the ROO claim. Recently, Hammer et al. (2002) Observations and sample selection

have analyzed intermediate resolution YEDRS spectra ) ) ) )
(R = 35 A at rest) of 3 compact LIRGS a ~ 0.6. They Deep MIR data were obtained in a region 0f4 B3 sq. arcmin
centered on the CFRS03000 field, using ISOCAM broad-

Send gprint requests toH. Flores, band filters LW3 (12—-18&m, centered at 14.3m) and LW2
e-mail:hector. flores@obspm. fr (5-8um, centered at 6.7pm) for a total integration time per
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sky position of 23 and 15 min, respectively. The reduction of IR
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data was done using the standard method described by Fadda
et al. (2001), resulting in a catalog of detected sources which
will be published in a subsequent paper.

10 —

Among the 40 LIRGs galaxies with known redshift (from
the Canada France Redshift Survey, Hammer et al. 1995)
we have randomly selected 14 galaxies which were observed
together using the VJFORSZMXU (runs 66.A-0599(A),
68.A-0298(A)) and 2 additional objects observed with the
CFHT/MOS (run 98IF65A). The 8 distant LIRGZ (> 0.6)
were pre-selected to avoid contamination of their near IR red-
shifted Hx line by strong OH sky emission. The sample is rep-
resentative of LIRGs in the CFRS03600 field. Optical VLT 0
observations were done in service mode during periods 66 and o
68 using two diferents FORS2 set-ups (R600 and 1600 grisms,

3 h eachR ~ 1300) with a slit width of 1.5 arcsec. CFHT data 2
were obtained in two dierent runs in 1998 and 2000, using

the standard MOS setup (R300 grism and 1.5 arcsec slit, 4 h,

R = 660). Near IR spectra of four galaxies were collected f{9: 1. Combined VLT FORSISAAC spectra, after masking sky
runs 66.A-0599(A) and 69.B-0301(A) with the infrared Speéa_mlssmn lines, and smoothing the continuum of both galaxies (see

trometer VLTISAAC. For the near IR observations we used th'é|amme|r etal. 2001; Gruel et al., in preparation). Zooms in the cen-

. . . - tér shows details of our spectr@N > 5 per resolution element in the
medium resolution gratings ~ 3000 and a 2 slit, for a total continuum), including the underlying Balmer absorption. Lower panel

of 1 h of integration time nodding along the slit (ABBA cONnqws combined near IR spectra.
figuration). Targets were first acquired using a reference star

at a distance of "1 with a 1-2 min exposure in thés-band.

For four objects, we used VIISAAC archive data (Program 4. Extinction and  SFR from H «, H5 and Hy Balmer

63.0-0270(A)). These galaxies were observed using the sam@mission lines

instrumental setup. Data reduction and extraction of optical aﬂ%dian resolution VLT spectra (FORSSAAC) allowed us to

near-IR spectra were performed using a set of IRAF procedurﬁgasure three Balmer emission lines/(H3 and Hy) for dis-
developed by our team, which allowed us to reconstruct simltg—

. nt LIRGs. Extinctions were derived from both thg/Hy
taneously the spectra and the sky counts of the objects. and the Hy/HB Balmer ratios using a standard extinction law

(Fitzpatrick 1999). Table 1 lists the correspondikgand the
associated error bars. Relative errors dughtband data analy-

sis methodology have been quadratically added, and hence the
final error bars correspond to more thana drror. The ex-
tinction factor of LIRGs averages ty ~ 2.8 atz ~ 0.7,
Figure 1 shows the median optical (VIFORS) and the near & value much larger thaAy = 1.12 obtained by Kennicutt

IR VLT spectra (VLTISAAC) of the 8 distant LIRGs. The (1992) for normal spiral galaxies gy = 0.57 derived by
spectra were flux-calibrated using standard stars for both o#llagher et al. (1989) for irregular galaxies. Figure 2 shows
cal and near IR spectra. Broadband filter imagéso(l bands the excellent correlation between extinction estimates from the
for FORS spectra) band for ISAAC spectra) were used td18/Hy and the Hy/Hp ratios. SFRwere calculated using the
compute the spectroscopic aperture corrections. To check génction-corrected H line (Hg in the case of galaxy 03.0495)
validity of the relative aperture corrections, we produced begtegrated flux following the methods of Kennicutt (1998). The
fit models of both spectra and photometry using populati@@rrelation displayed in Fig. 2a is valid over a wide range of
synthesis models (Bruzual & Charlot 1993) appropriately coiedshifts and luminosity. We give in this paper the most accu-
rected for extinction. This procedure has provided an indepéate evaluation oBFRof starbursts and LIRGS done up to now
dant test of the spectral calibration and of possible errors@h the basis of Balmer lines. Having reached the limits of the
aperture corrections. The uncertainty related to our derived d&iethod, we evaluate the validity of its application in ascertain-
ibration is well below 15%. The underlying Balmer absorptiofig actualSFRs in dusty galaxies.

lines were estimated after synthetizing the galaxy continuum

from 3730 A to 5000 A, including major metallic lines ands  sep gerived from multi-wavelength

the high order absorption Balmer lines tiiezted by emission.
Synthetic spectra were produced from combinations of 4 stars
from B to K type, selected from Jacoby et al. (1984), appré- major fraction of the ionising photons related to star forma-
priately chosen to best fit the continuum and absorption litien was reprocessed by dust in dust-enshrouded galaxies suct
spectra (see details in Hammer et al. 2001; Gruel Ph.D. Thesisthe LIRGs studied here. The IR luminosity (8—1Q00)
2002). may also provide a good estimate of t8ER We estimated

F,[10"8 ergs/cm?/s/A]

‘
\
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3. Data analysis procedure

correlations
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Table 1. Extinctions andSFRof distant LIRGs and nearby galaxies detected by 1SO.

CFRS... z | Mg A[HB/HY]* AlHa/HB? SFR,,  Flux,  Ap® SFR, SFR;  SFR;
3.0422 0.7154 21.21-2145  2.73% 3.119% 482 266+13% 1.5 1488297 2181+580

3.0523 0.6530 21.31-2119 2093 229830 455  700+£50" 1.0 1015775 1082+302 123.0
30570 0.6480 22.07 -2038 1733 20353 1.87  221+58 1.4 34823 3591192

31242 0.7687 21.69 -2121 28323 30252 6.11  310+94° 1.0 1243'3% 1103+664

31309 0.6170 20.62-2176 25735 2378 7.90  421+£70" 13 75821 1926+300 279.5
3.1349  0.6155 20.87-2142 25633} 27947 439  255+247 22 1132737 1440+345

3.1540  0.6890 21.04-2152 3028 310322 411  470+£80" 1.0 1601'}3% 2664+536 282.7
3.9003  0.6189 20.77-2151 241588 244208 441  48.6123 1.0 7153 757+247

3.0365 0.2180 19.19-20.09 - 17512 038  651+60 2.6 14735 132:18

3.0495 0.2612 19.43-2030  1373; - 037  73£04" 27 26053 146+38 389
3.0828  0.3307 22.44-1825 1143 1.842%¢ 019  37+03" 38 3275  275x77

3.0949  0.0327 17.48-1755 - 3515% 0.05 2030+130" 2.6 47'32°  09:0.1 0.7
3.1014  0.1961 18.42-20.87 - 186155 1.25  350+50" 46 1243  71+19

31299  0.1760 18.59-20.49 - Q9635 099 820+100 25 56  154x15

31311  0.1800 19.56-19.41 - 25872 031 676+40" 18 1502 55£13 9.7
14.1117 0.1900 20.79 —1898 - 041957 0.60 210+15 54 2258 33+15

—1In Cols. (3) and (4) band magnitude anB absolute magnitude afeB system magnitudes.

2 Extinction in magnitude at 5500 A, including the lower and upper v&IBERIN Mo/yr from Maggo absolute magnitudé. He integrated flux
in units of 107 [erggcn?/s/A]. 9 Aperture correction of H emission line¢ SFRin M/yr after correction for aperture and errorbdrBerived
from HgB flux measured in the VLT spectréRecovered from VLISAAC archive." VLT, FORS or ISAAC spectrd. CFHT/MOS spectra.
115 um no-secure source cataldgR SFRdeducted from MIR relationship iM./yr. ' IR SFRdeducted from radio-IR relationship My/yr.

the SFRusing a set of SED templates from the STARDUST Itorrection can lead to major errors. It assumes that the fraction
model (Chanial et al., in preparation) and the relationship founéithe emission line light sampled by the slit equals that of the
by Elbaz et al. (2002) between the MIR and the IR luminositgontinuum light derived from broad band photometry, which
For a few objects detected at radio wavelengths we have ateald be wrong. However, our extinction estimate from the
derived the IR luminosity from the radio-FIR correlation (sekl3/Hy ratio does not depend on such assumptions and agrees
Condon 1992). All three methods produce results consistevell with our estimate from the &/Hg ratio. Moreover, for the
within the error bars which are dominated by the uncertainti8slistant galaxies, the aperture correction is generally close to
in the MIR photometry and the scatter of MIR (or radio)- IRL, and so we believe that uncertainties related to aperture cor-
relationship.SFRhas been computed assuming the formula oéction are marginal. IR luminosities have been estimated by
Kennicutt (1998), and allowing a direct comparison with outl) using the correlation between MIR and far-IR luminosities
derivation of theSFRfrom Balmer emission lines, since bothand (2) using the correlation between radio and far-IR lumi-
calculations assumed a Salpeter (1995) IMF with mass limitssities. A good agreement is found between the two methods.
from 0.1 to 100M,,. Despite the large error bars on individuaFRs, we find a
remarquable trend in the relationship between the &R
estimates: (1) for starbursts wiBFRr below 90-130M/yr,
SFRestimates based oneHuminosities, properly corrected,
Extinction dfects potentially a large fraction of cosmologicaagree well withSFRg, in agreement with analyses of local
sources and their consequences have been the subjecgamxies with lowSFRs (Buat et al. 2002; Rosa-Gonzalez et al.
long debate in observational cosmology. Here, we study2802); (2) at larger IR luminosities,Hemission lines under-
representative sample of dust-enshrouded starbursts, whigtimate theSFRby factors up to 2.5 a88FRr = 250 M/yr;

at moderate redshifts, can be extensively studied by spe®)y few objects show properties discrepant from the empirical
troscopy, at MIR and at radio wavelengths. We have comparegationship betwee$FRy, and SFRr which could be due

the instantaneouSFRrelated to the optical nebular emissiono their individual star formation history: for example, if the
(SFRu4,) to the SFRestimated from the MIR emission meastar formation was rapidly decreasing (increasing), one would
sured by ISO , and, when available, from the radio emiSSiQﬂ(pectSFRR larger (smaller) tharSFRy,. Our result is in
These two methods give compatible results, which we denetecellent agreement with the recent study of the IRAS sources
by (SFRRr). Ha luminosities have been properly corrected foietected by the SDSS (Hopkins et al. 2003, see their Fig. 15)
(1) extinction (using Balmer decrement ratio); (2) absorptidn the local universe. However it substantiallyffdis from

line contamination (using moderate resolution spectroscopiat of Franceschini et al (2003, hereafter F03), who have
and (3) aperture (using photometric measurements). Aperture

6. Discussion and conclusions
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T to the fact that FO3 have not corrected fuxes for underlying
’ absorption, leading to a systematic underestimatesoétdis-
sion flux. Moreover 2 of these objects (HDFS25, 55) present a
low SN for the Hx line (see ROO, Fig. 1).
Using bothSFRs, we have estimated an empirical polyno-

mial relationshipSFRr = SFRy,x (A x SFRy, + 1), where
A = 3.1189 x 10°® (which fits at best the points in Fig. 2b,
weighted according to the error bars). Applying our empirical
relationship to the. g estimated by Flores et al. (1999) on field
galaxies, one can derive in principle the: Himinosity density
N T T corresponding to the IR luminosity densityzag 1 (note that
1 2 3 4 this result is insensitive to a change of cosmological constants).

A (Ha/HB) [mag] The Hx star formation density corresponds to 83% to 89% of
the IR star formation density, for the Flores et al. lower and up-
per limit, respectively. This suggest that galaxies that dominate
the cosmic star formation densitya 1 are not ULIRGs, but
correspond to the much more abundant population of LIRGs
and starbursts. To determine tBER MIR fluxes which can
be measured rapidly by satellites (ISO, SIRTF) give, at least
for the intrinsically bright IR galaxies, more accurate estimates
than cumbersome optical and NIR spectroscopy. However, the
detailed spectra provide useful information on metal abun-
dances and on the evolutionary history of the galaxies, as we
will show in subsequent papers.
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Fig. 2. a) Upper panel:this plot shows the strong correlation that ex-

ists between the extinction estimated using the twiedgnts Balmer Reaferences

ratios (H3/Hy and Hy/Hg). b) Bottom panel:comparison of the two

SFRs, using MIR luminosities and Balmer emission line luminositieguat, V., Boselli, A., & Gavazzi, G. 2002, A&A, 383, 801

Full line representSFRg = (2-1-0.5)x SFR;,. The dashed-line rep- Cesarsky, C. J., Abergel, A., Agnese, P., et al. 1996, A&A, 315, 32

resents a polynomial (best) fit to the poin&FRg = SFRy.x (1+ax Elbaz, D., Cesarsky, C. J., Fadda, D., et al. 1999, A&A, 351, L37

SFRy,), wherea = 3.1189 x 10°%). SFR;, underestimates the global Elbaz, D., Cesarsky, C. J., Chanial, P., et al. 2002, A&A, 384, 848

SFRfor values larger thar100 My/yr. Fadda, D., Elbaz, D., Duc, P.-A., et al. 2000, A&A, 361, 827
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studied similar sources in the HDFS. In F03, Flg 8, IR amd |'~:|c)|'esl H., Hammer, F., Thuan, T. X., et al. 1999, ApJ, 517, 148

estimates of th&FRare similar for LIRGs and ULIRGs, while Franceschini, A. 2003, A&A, 403, 501

for most of the less luminous IR galaxies, infrared observ&allagher, J., Hunter, D. A., Bushouse, H. 1989, AJ, 98, 806

tions provide larger values of tIf8FRs. Into the above resultsHammer, F., Flores, H., Lilly, S. J., et al. 1997, ApJ, 481, 49

are somewhat in contradiction our and the Hopkins et &lammer, F., Cruel, N., Thuan, T. X., et al. 2001, ApJ, 550, 570

studies. FO3's Table 5 displays extinction correc&fR,, Hopkins, A. M., etal. 2003dstro-ph/0306621]

values for 11 objects. For 7 of them, they have estimatd@coPy: G- H. Hunter, D. A, & Christian, C. A. 1984, ApJS, 56, 257

dust extinction from the stellar continuum on the basis of tfg""icutt, R. C. 1998, Ann. rev. Astr. Ap., 36, 189
rest-frameV — K colors or on the comparison betweem H ennicutt, R. C. 1992, ApJ, 388, 310

f fl S I i h Poggianti, B. M., Smail, I., Dressler, A., et al. 1999, ApJ, 518, 576
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extinction, because it is stronglyfacted by the various andrgsa-Gonalez, D., Terlevich, E., & Terlevich, R. 2002, MNRAS,
complex star formation histories. For the 4 remaining objects 332, 283

(HDFS25, 27, 53 and 55), the discrepancy might be related



