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Abstract. An infrared imaging survey in narrow band filtersl. Introduction

::ozug(jzé.lcﬁ;nwhh?sﬁ/ Ig'ﬁ:\it ég;ﬁgﬂﬁiﬁﬁ;ﬁ;ﬂgg ﬁr?:}ae)ge:pelérjowledge of both the global star formation history of the Uni-
trosc_o i.call With ISAAC at the ESO VLT, The survev reache e s€ and the nature of individual star forming galaxies at high
a Iimitﬁﬂg Iir):e flux of ~ 5x10-17 erg cmé s and c{)vered redshift are essential to our understanding of galaxy formation

100 arcmift including the Hubble Deeb Field South (HDFSfmd evolution. Out to z- 1 the star formation rate density is
g P bserved to have increased substantially. The most commonly

WFPCZ and STIS f|eIQS. This IS the Iargest spectroscoplcaﬂé/ferenced study, based on star formation rates inferred from
conﬂrmed san_1ple C.)f high redshift gala_><|es selecte_d _by narr?lyl\é rest frame UV continua of CFRS galaxies, yields a fastor
band infrared imaging. None of the objects falls within the af- increase, equivalent to luminosity evqutio,n of (1@)illy
eas of the deep HST images but some are visible in the WF ' . . )

o ; : al. 1996). At higher redshifts, the major breakthrough came
flanking fields and the ESO Imaging Survey (EIS) Deep mag\%lth the d;tectiog of large numbers o# the so—calledg Lyman
of HDFS. Only one of the objects observed by HST appeaés

. . : reak Galaxies atz3. These objects are recognizable in deep
to be an interacting system. Absence of [Np548,6584 line LJV-visible broadband images by their absence of continuum

_emi_ssion in the spectra iS. (_:onsistent with them being high i(.)lt]x due to absorption at wavelengths shorter than the Lyman
Ization gnd/qr low metallicity sys_tems.lfThe observed V(.e'OC' fmit. In a seminal contribution to the field, Madau et al (1996)
dispersions imply masses of typically 18 and a rotation combined star formation rates derived from the UV continua of

curve obtained for one galaxy yields an inclination correctc? ese galaxies with those at lower redshifts to produce a plot

rotational velocity of~ 140kms™! at 3 kpc which is within . . S

the range of nea?/by disk galaxies.The alfsolute B magnitudeocf)lstf'ir formation rate density (SFRD) VErsus z which |mpl_|ed a

this galaxy lies 3 magnitudes above the local Tully-Fisher relg?glll(naetzatj 22 irzglﬁlc\)/;troezc; tl ?e?g'c?#g%?fﬁ'\f d('); argr?]ssﬁlsh

tionship. Star formation rates of the individual galaxies deriv RN L versions IS diag whi
ake into account extinction, however, yield both higher values

from the Hx fluxes are 20-35 M yr—! without any correction )
for extinction whereas SFRs derived from the rest frame Uﬁthe SFRD gnd suggest that it may actually be rather flat from
— 1 to possibly beyond = 4 (Steidel et al. 1999).

continuum fluxes of the same galaxies are up to a factor of & L
: . L . . We present here the results of a programme whose objectives
lower - consistent with lower extinction todd Comparison with

the HST NICMOS grism 4 survey of Yan et al. (1999) reveals\ c¢ to establish a §ample of star fo.rmmg galaxies ai. 2
both for spectroscopic follow-up studies and to determine the

little or no evolution in the K luminosity function betweenz e - .
1.3and 2.2. The inferred star formation rate density of 0.12 MSFRD' Because of the difficulty of finding and spectroscopically

Mpc—3yr—1 is also equal to that most recently estimated frortgn;cnr?r:imhneg gfa E;f;ﬁ;;?g rii?rzkr‘g:j";r;h: \i/rl]Slb:rf(;/\L/;:dOPt; dthe
the UV continuum fluxes of galaxies atz3-4.5 by Steidel et q ging i

al. (1999). Spectroscopy coveringgHind [Oll]A\4959,5007 S“.;"I‘?g’efglrsfr:;‘:aedm:nst:”e"’;trfelzétz.' :fﬁﬁ;%{fg‘;tf” acer
is planned to gain further insight into the extinction and met W' : v 9 v inuumt

abundance in these galaxies. itis more directly re!ated tq the youngest hot stars, and hence the
current star formation activity, and is expected to suffer lower

xtinction. The extinction can also be estimated by measuring

Key words: galaxies: evolution — galaxies: distances and reﬁ{ . .
; o . . e Balmer decrement. Spectroscopic measurementswof H
shifts — galaxies: formation — galaxies: starburst — cosmologsy.

early Universe €lected CFRS galaxies (Glazebrook et al. 1998)akd H3 in

Lyman Break galaxies (Pettini et al. 1998) and results presented
here doin fact yield SFRs which are a factor of a few higher than
* Based on observations collected at the European Southern obdgrived from the UV continuum without extinction correction.

11 . . . .
vatories on La Silla and Paranal, Chile. Also based on data from Egr _spectroscoplc follow-up, narrow band filter |mag|ng also
ESO Imaging Survey and HST archives. provides the advantage that the wavelength of the redshifted H
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line can be selected to fall in a clean region between the for&sable 1. The SOFI survey fields

of OH sky lines which hampers near infrared spectroscopy. The

highest redshift accessibleds 2.5 beyond which the W line  Field  A(um) z Az  Flux® Area® Vol°

is redshifted out of the clean part of the K band window and tRgrpc2 209  2.18 003 48 189 1426

sensitivity of groundbased observations falls dramatically deerpc2 2.12  2.23 0.043 6.2 20.3 2194

to the increasing thermal background. STIS 2.09 2.18 0.03 9 18 1356
At lower redshifts, the K| luminosity function atz = 0 STIS 212 2.23 0.043 8 19 2055

has been measured by Gallego et al. (1995) and~&®.2 by Blank 2.09 2.18 0.03 12 20.6 1557

Tresse & Maddox (1998). A spectroscopic grism survey far Ha 3 fux limit in units of 10-7

at z = 0.6-1.8 has also been conducted with NICMOS on the, grcmir?

HST and has yielded the ddluminosity function and SFRD ¢ co-moving Mpé

corresponding to a mean redshiftefl.3 (Yan et al. 1999). In

principle, therefore, it is now possible to trace the star formation ] ] ) )

history fram z = 0 to 2.5using Hx emission alone. ture of thgse objects and derive .the star format!on r:?lte density
Although the advent of large formatinfrared arrays has ma@ikZ = 2-2 in Sect. 4 and summarize our conclusions in Sect. 5.

high z Hx surveys feasible, the tradeoff between sensitivity and Mainly for ease of comparison with published results we

area coverage remains a critical issue and one which is dep&:€ adopted a cosmology withy & 50 km s! Mpc~! and g

dent on the scientific aim. The largest area survey to date Fe?-> throughout.

mains that of Thompson et al. (1996) who targeted emission at

the redshifts of selected quasars over a total area of 276 &cnin Observations

to a3o flux limit of ~ 3.5x10716 ergs! cm~2. Only one can- .

didate object ez = 2.43 was detected and later confirmed speg-1- Infrared imaging survey

troscopically by Beckwith et al. (1998). Several surveys ha¥oF|, the infrared imager/spectrometer at the ESO NTT tele-
subsequently gone deeper over smaller areas and have detegiggle (Moorwood et al. 1998) was used in August 1998 to con-
more candidates but predominantly associated with targeted @fct the narrow-band filter search fonkemitting galaxies at
sorption line systems which are not representative of the SFRIL 2 2. This instrument is equipped with a 1024x1024 pixel
onlarge scales (Mannuccietal. 1998, Teplitz etal. 1998, van g@jckwell ‘Hawaii’ array detector which covers a field of view
Werf et al. 2000). These surveys have been mostly conducighearly 5x5 arcmin on the sky with pixels of 0/2@ its large
in the K band to target z 2 galaxies and, to our knowledgefield imaging mode. Three survey fields of this size were se-
none of the candidates has yet been confirmed spectroscopicglbted - one each centred on (but larger than) the WFPC2 and
Most recently, however, deep 2.4fh imaging of the Hubble sT|S fieldsinthe Hubble Deep Field South and one on an anony-
Deep Field North has been used to measuteititwo and mous field abous0° away which was selected to be devoid of
[O1l1] AA4959,5007in another two galaxies with known spectrgyight objects on the DSS. The nominal J2000 field centers were
scopic redshifts (Iwamuro et al. 2000). Their deep’drfage \WFPC2: 22 32 56.2, -60 33 02.7; STIS: 22 33 37.7, -60 33 29
reached &o flux limit of 3.4x10~'" ergcm ™" and the lines  and Blank: 20 50 00, -67 50 00. Al three fields were observed
are identified as H in two of the objects and [OII§5007 in  jn hoth a 1% FWHM filter centred at 2.Q8n, in a region of low
the other two. OH background emission, and the broad-band Ks (2rfil-

The project described here started with an infrared imagy. The STIS and WFPC?2 fields were additionally observed in
ing survey in narrow band filters around 2uh conducted with 5 1 .39 filter centred at 2.3am.
SOFI (Moorwood et al. 1998) at the ESO NTT telescope. It A|l images were taken using the ‘autojitter’ mode with the
reached 8 flux limits of ~ 5-12 x 107" ergenT?s™" over a  telescope being offset by random amounts of up totgaween
total area ot~ 100 sg. arcmin including the WFPC2 and STI§hdividual exposures of typically 6x30s and 6x10s in the nar-
fields in the Hubble Deep Field South (Williams et al. 2000}ow and broadband Ks filters respectively. Total exposures were
Apart from the slightly higher redshift quasar in the STIS field_ghrs in the narrow ans 1hr in the Ks filter yielding 3 line
there are no known redshift ‘markers’ close to our target reflgx detection limits of 5—12x10L7 ergs ! cm2 in the differ-
shift and we therefore believe our results to be representativegt fields. The seeing was close t6fbr all the observations.
the field galaxy population at~ 2.2. Spectroscopic confirma- alowing for losses at the field edges due to the jitter technique
tion of most of the best candidate emission line objects obtainggk survey covered 40 sq. arcmin (4200 Mpo-moving) at z
subsequently with ISAAC at the VLT (Moorwood et al. 1999} 2 24 and 60 sg. arcmin (4500 Mpco-moving) az = 2.18.

has demonstrated the validity of the survey technique and alg|e[1 summarizes the flux limits, areas and volumes surveyed
provided additional insight into the nature of the galaxies dgrthe SOF] fields.

tected.
We describe here both the imaging and spectroscopic obser-
vations in Sect. 2; present the results, together with additiorfaf- 'SAAC spectroscopy
groundbased and HST data, in Sect. 3; discuss the possible|ffared spectra around 2.im of all 8 candidate H emitters
detected at> 30 plus 3 with s/n in the range 2—-3 were ob-

ergent 257!



A.F.M. Moorwood et al.: Kk emitting galaxiestaz = 2.2 11

tained with ISAAC (Moorwood et al. 1999) at the ESO VLT i
June/July 1999. Observations were made using the SW Rao
well 1024x1024 pixel Hawaii array and the medium resolutic:
grating whose resolving power x slit width product is abot
2500 at the wavelengths observed. As the seeing was typici¥i
only around 1-1.5the 2’ slit was in fact used in all cases ex
cept for the simultaneous observation of two galaxies with t
1” slit when the seeing was around 0.@he target galaxies
were acquired using the imaging mode of ISAAC. Because
their faintness, advantage was taken of the lorip <t to ac-

curately centre the targets by angular offsetting relative to t ;‘*
nearby brighter objects in the field. In each case, the first skse
was to centre the two reference objects in the slit. Using *
telescope rotator, the field was then rotated by the meas a_f;
angular offset of the target galaxy relative to the line betwe &
the two reference objects in the SOFI images to avoid err¢af
due to uncertainties in the exact scale. The telescope was oh
offset to centre one of the reference objects as well as the tar¥#:
galaxy in the slit. This technique facilitates location of the fair;
object spectrum in the 2D sky subtracted frames and provi
a check on the telescope tracking and flexure during the
servations. In two cases, it was actually possible to centre t

observation comprised four 15min on-chip integrations with t
object moved between exposures by 5-albng the slit in an
ABBA sequence. Fil1 shows the reduced 2D, sky subtractgmas sz i i :
spectrum of 338.165—60.518 plus the reference galaxy above

obtained by spatially shifting the A-B and B-A frames by thE!9- 1. Sky subtracted 2D ISAAC spectrum of 338.165-60.518 and the
offset and then averaging. This yields a positive object spectr reference galaxy above. Emission is only detected at the position of the

llj-m line in the programme galaxy whereas the reference galaxy is much

and 2 negative ones of half the amplitude on either side. TlBﬁghter in the continuum. Note the positive and 2 negative images due

technique not only yields good sky subtraction but also allow$he sky subtraction technique used and the increased shot noise at
faint lines to be distinguished from cosmetic detector effecige position of the OH sky lines.

which only yield a positive and one negative spectrum.1D spec-

tral traces integrated over the spatial extent of the objects were

extracted using standard MIDAS routines. Flux calibration hggdates in fact were found in this field due to the lower flux limit

been derived from observations of the standard star HD216QQéhieved relative to the others and/or possibly clustering effects.
made W|th bOth thelland 2/ S|itS Wh|Ch y|e|ded Closely Sim”ar A|th0ugh the 209”“ f||ter Corresponds toHat the hlghest

fluxes. redshift of several absorption systems along the line of sight to

the STIS quasar no candidates were actually detected in this
3. Results filter/field combination implying that our data are not affected
3.1. SOFI survey by clustering associated with this object.

Table2 lists the candidates detected&o plus those with
Fig.[2 shows the narrow 2.08n (upper) and Ks broad bandlower s/n ratios for which ISAAC spectra were obtained. Also
SOFI images centred on the WFPC2 field as an exampigven are the Ks magnitudes and:Htine fluxes measured both
Squares identify the & emitting candidates subsequently cornin the narrow band filter and from the spectra. Agreement be-
firmed spectroscopically. Catalogues of the objects in alltiveen the photometric and spectroscopic line fluxes is actually
survey fields were made using SExtractor (Bertin & Arnoutsxcellent if account is taken of the fact that the largest discrepan-
1996).Candidate line emitting objects were then selected on ties are due to those lines which did not fall close to the central
basis of their excess narrow versus broad band flux in platavelength of the narrow band filter.
of m,,-m; vs m,,. Fig3 is the plot for the WFPC 2.Q8m
field showing the loci for flux excess at the 1,2 anrdl8vel as 3.2. Colours and morphology
well as the limits on equivalent width. Due to the area coverage
and depth reached the large number of galaxies detected inMmst, but not all, of our candidates fall in the ESO SUSI2/SOFI
tal means that theumpetshaped region occupied by non-line€ElS Deep fields (http://www.eso.org/sciencel/eis/). Complete
emitting galaxies is well defined by the data. Several candidatédBVRIJHKs photometry is available for a few and the most
exhibiting excess emission are clearly visible. Most of the caimeresting result is that 3 of thedHemitting galaxies show
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= o[ ; ; v v ¢/ Table 2. SOFI candidate/confirmedddemitters
§ -60°83p . 3 i Vol 2 Caeed
;é % i ; e Field  A(wm) Object Ks s/n* HaP
a ‘ b 5 WFPC 2.09  338.165-60.518 21.7 5  7.8/9
sqth S . > . 338.191-60.521 — 4 7.6/9
7o 338.193-60.527 — 2.8 4.4/<5
: . » 338.196—60.529 21.2 5 7.7/10
w Pt W 338.287-60.555 20.7 5 8.1/9
35’ : . . . 338.288-60.577 21.4 2.1 3.3/8
W P . Sgernt] 338.290-60.572 21.3 2.6 4.6/ <5
0" 2gm S 22740° WFPC 2.12  338.300-60.539 — 3.2 7.3/<5
Right Ascension [J2000.0] STIS 2.12 338.366—60.547 21.2 5 14.6/13
. . 338.382—60.523 20.5 3.4 8.9/<5
Fig. 2.2.09um narrow (upper panel) and Ks broad band band images 338.407-60.558° 14.8 600 960/—
centred on the WFPC2 field. Field is 8xBith N atthe topand Et0 11, v 909 306.300-67.863 — 5 2/ < 5

the left. The squares identifiy theaHemitting candidates confirmed

spectroscopically.  detection significance in imaging survey

> 107" ergent? s in NB filter/spectra
¢ quasar in STIS field

extremely red U-B coloursX2 mag.) which are presumably
due to Lyman forest absorption at the survey redshift of 2.felds  (http://www.stsci.edu/ftp/science/hdfsouth/hdfs.html).
This provides support for the dddetections but also implies The F814W image of 338.287—60.555 shown in [Hig.5 is of
that these objects could have been detected in a photometacticular interest and suggests that this is an interacting system
redshift survey. Images of 338.196—60.529 are shown i Figwith 2 or 3 components withinz 1” (8 kpc). This object is
Note that the galaxy is visible in the B to | bands but not U areiso the most diffuse of the sample in the infrared narrow
is bright in the NB 2.09:m filter whereas it is not detected inband and spectral images. It appears to be the only such case
the NB 2.12um filter and only barely in Ks. within our sample. The F814W image of 338.288-60.577
All of the candidate line emitting objects in our Bxhages shown in Figl6 is also of interest as this object is the only
fall outside the smaller deep HDFS fields observed with WFP®®2e in which we see a rotation curve inkHThe HST image
and STIS although some were observed in the WFPC2 flankstgpws a single galaxy whose major axis is roughly N-S in
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Fig. 4. Images of a 20x20region centred on 338.196-60.529. The U,B,V,I images were obtained in the EIS Deep programme and the J, Ks
NB 2.09:m and NB 2.12:m images in the present work. Note that the object at the centre is well detected in B to | but not U and, relative to
the other objects in the field, is much brighter in the NB2u@®than the Ks filter and undetected in the NB 212 filter. This appearance

is characteristic of a galaxy at z=2.18 suffering Lyman forest absorption in the U band and with a strong, redshétas$ion line falling

within the NB 2.09um filter.

which case it is within about 20of the slit orientation used.  The first and most important conclusion from the spectra is
The other objects for which F814W images are availablthat most of the objects detected>ato in our imaging survey
338.165-60.518, 338.191-60.521,338.196—60.529 show dwactually exhibit an emission line at the correct wavelength.
particularly interesting morphological structure but their fluxds is important to stress this as very few of the infrared objects
allow the comparison made below of SFRs derived from tlietected by this technique previously have been spectroscop-
rest frame UV continuum anddd ically confirmed. In principle, a problem of identification re-
mains as only a single line appears in the spectra. On the other
hand, this eliminates the most serious alternativedaich is

[Olll] AA4959,5007. The 4959/5007 ratio of the [OlIl] doublet
Spectra of the 6 objects (the STIS quasar has been excluded).33 so both lines should be visible at the s/n achieved.The
showing a clear emission line at the expected wavelength ardy other serious possibility is [OIN3727 but this is both in-
shown in Fig[Y. The ratio of spectroscopically confirmed to terinsically fainter than K and the objects would have to be
tal Ho candidates as a function of their s/nin the imaging survey = = 4.6. This is also a doublet with almost equally intense
are 5/6 at> 40, 5/8 at>30; and 1/3 a 30. In the last group, components although they would only be marginally resolvable
although only detected ab2n the survey, the spectroscopicallyin our spectra. A marginal detection of redhifted [ONE007
measured flux of 338.288—60.577 turned out to be higher labtained in a short H band spectrum of 338.366—60.547 is also
cause its redshift places the line away from the centre of the Bnsistent with the line at 2;Am being H.

filter. This object was also observed under the best seeing condi-If, as appears most likely, the detected lines are allthen
tions (~0.6") with the 1’ slit and is the only one which exhibitsit is of interest that [NIIAN\6548,6584, whose expected posi-

a clear rotation curve. For the other two sfr8 sources it ap- tions are marked on Figl 7 are not detected. The [NH]/id-
pears that the flux sensitivity reached in the spectra might haieshows wide variations with galaxy type, ionization degree,
been insufficient even if these objects are real. This illustrataisundance etc. The most commonly used diagnostic diagram
the difficulty of establishing completeness at the survey limfior emission line galaxies is the plot of [OINPO07/H3 versus

Non confirmation of 306.300—67.536, the brightest of those d&Hi] A6584/H.. Based on this diagram in Gallego et al. (1997),
tected at> 4o is potentially the most surprising except that itow [N11] A6584/Hx ratios are characteristic of high ionization,
was not detected in the Ks filter and therefore may be spuriolegsy metallicity systems. For a sample of Lyman Break galaxies
In the case of non-detections there also remain the possibiliteeg ~ 3 observed with NIRSPEC and ISAAC (Pettini 2000) the
of poor centering or that the line is coincident in position witfOl1I] A\5007/H3 ratios are typically> 3 which corresponds to

an atmospheric OH line. the same part of the diagram and would imply [NBp84/Hx

3.3. ISAAC spectroscopy
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Table 3. Derived quantities from ISAAC spectra.

Field Source z Slit(") He* L(Ha)® SFR(Mg/yr) FWHM(obs.)® ,°
WFPC209 338.165—60.518 2.183 2 9+0.5 3.066 24.2 479 175
338.191-60.521 2.185 2 9+1.2 3.07 24.3 151 —
338.196—60.529 2.178 2 10£1 3.39 26.8 202 -
338.287—60.555 2.188 2 9+£0.7 3.08 24.3 350 > 108
338.288—60.577 2.192 1 8+05 275 21.74 301 117
STIS212  338.366—60.547 2.221 2 13+1.7 4.61 36.42 273 > 50
210 " ergem 257! b10*%ergs? kms?

ig. 6.WFPC2 HDFS flanking field F814W image of 338.288-60.577.

Fig. 5.WFPC2 HDFS flanking field F814W image of338.287—60.55£§ o
cale is in arcsec..

Scale is in arcsec..

< 0.1ifthese objects are of similar nature. Absence of the [N rf]Ha =1.1mag fOf nearby Sp_ifa|S (Kennicutt 1983) but ingreases
lines in our relatively low s/n spectra is therefore not partict® = 540 mag. in Ultraluminous Infrared Galaxies which are
larly surprising and can actually be taken as evidence for Relieved to harbour the most powerful starbursts (Genzel et al.

high ionization degree and/or low metal abundances which istg98). Unfortunately, spectra aroundshivhich would allow
be expected at this redshift. an estimate of the extinction from the Balmer decrement could

not be obtained within the available telescope time. For some

of our objects, however, we have been able to extract | band
4. Discussion fluxes from HST (WFPC2 F814W) observations of the HDFS
flanking fields and EIS Deep images obtained with the ESO
NTT. The flux conversions used were as given in the respec-
Star formation rates for the spectroscopically confirmed galaie file headers. As the wavelength corresponds: 8500A
ies have been computed using the formula SFR{#) = inthe rest frame it is possible for these galaxies to compute the
7.9x10°42 L(Ha)(erg s 1) from Kennicutt (1998) which is ap- SFR also from their rest frame UV continua using the analogous
propriate for continuous star formation and a Salpeter IMF eformula SFR = 1.4x10%8 L(1500—28003)(erg s 'Hz~!) from
tending from 0.1-100M. The values of 20—-35 M/yr, reported Kennicutt (1998) which is based on the same model assump-
in Table3, are higher than found in the disks of late type spirdlens. This is done in Tabld 4 where it can be seen that the SFRs
but lower than in the most extreme nearby starburst galaxies.desluced from k4 are higher on average by a factar2. For
no extinction correction has been applied to thefldxes, how- the two Hy emitting objects detected in HDFN, lwamuro et al.
ever, the actual values could be higher. The canonical valu¢2800) also derive SFRs which are almost a factor of 2 higher

4.1. Star formation rates
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ies. The tick marks under the redshift la-

bels show the expected positions of the

S S S T ) N [NII](6548,6584/:\) lines assuming the de-
2.06 2.08 2.10 2.12 2.14 tected line is k.

than those estimated from the UV continuum. Although theffable 4. Comparison of SFRs fromddand UV continuum
are considerable uncertainties in these numbers they do sup-

port the expectation, based on the wavelength dependenc8wice » Lb, SFRS, SFR§, R(H./uv)
dust eXtinCtion, that extinction to the UV continuum is highe§38_191_60.521 2(E) 46 6.5 24.3 3.7

than to Hv. They are also roughly consistent with the extinctiogss.196-60.529 2.8(W) 6.5 9.1 26.8 3.0
correction at this redshift most recently adopted in deriving tB88.287—60.555 10.3(W) 23.8 33.3 24.3 0.7
SFRD from the UV continua of Lyman break galaxies (SteideBs.288-60.577 5.2(W) 11.9 16.7 21.74 1.3

et al. 1999). It is worth noting, however, that therldmission 338.366-60.547 3.1(E) 20 28 36 1.3

cquld actually §uffer higher ex.tinction if the youngest sta_rs arg 19 ergem2s1A~! (E-EIS, W-WFPC2)

still more heavily enshrpuded in d.ust than those responsible fof s ergs 'Hz ! at~ 25004

the bulk of the UV continuum. This appears not to be the casgy .y

The fact that these galaxies are detected in the rest frame UV

continuum also argues against very high absolute extinction val-

ues although the possibility remains that a substantial fracti8hthe detected emission lines are resolved and their estimated

of the star formation activity could be obscured to both the Uglocity dispersions given in TaHE_B range upt@00 kms !
continuum and . with a mean valuex 80kms™'. This value is similar to that

found frominfrared spectroscopy of Lyman Break galaxies (Pet-
tini 2000). Applying the formula in Devereux et al. (1987) the
implied mass within the central few kpc is typicallyl0'°M .

Despite the fact that most spectra were obtained witf glig  This of course assumes that the line widths are related to the
(FWHM = 213kms!) and the relatively low s/n ratios somemass and not due to the kinematics of the gas e.g winds.

4.2. Dynamics
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'-'1‘ i AL TR, .-:,‘:- 10 (AB) which corresponds to a rest frame absolute B magnitude
i Pl sl T T 130 of Mp = -22.4. For its FWHM Hh velocity of ~240kms'!
37 el e L i | 126 this is about 3 magnitudes brighter than expected for a nearby
1',': 3 LR o galaxy falling on the Tully-Fisher relation (unless the full ro-
_ 1 . AT i.':'rl ot 110  tation curve extends over 1000 kms* and only flattens at a
= W ¥ T .: R R g radius> 12 kpc which is highly unlikely). A similar result has
.§ of 'l( ; mﬂill_.'u, e A 10 & been obtained for Lyman Break galaxies at 3 (Pettini 2000).
e ' LN LT pl Lt % Qualitatively, it is of course to be expected that these highly ac-
R [ S ' e el St 1710 2 tive star forming galaxies exhibit enhanced B luminosity to mass
dp ! _..a.' | T ! '-.'.- -.I I 1 20 ratios. It is nevertheless interesting that these first quantitative
3t 4 Haug ) lipm ko estimates yield values similar to the total increase in the SFRD
L1 “-J:I' Jrih, Bta e L 150 out to these redshifts.
PR ) L, L o [
2.09 2.005 21 -200 0 200 4.3. Hx luminosity function
Wavelength [um] v [km s7!]

Gallego etal. (1995) have shown that the ldminosity function

Fig.8. The left Re_mel S the 2D spectrum of 338.288-60.57 whogg galaxies in the local universe is well fitted by a Schechter
line emission is ‘tilted’ relative to the dispersion direction due to th

galaxy rotation. The right panel is the rotation curve obtained by fittir@ncnon of the form
Gaussians to the spectra at each spatial position along the slit. o(L)dL = ¢*(L/L*)a67L/L*d(L/L*) )

. _ with a = —1.3,¢* = 6.3 x10*Mpc™® and L* = 1.4 x10?

The clearest evidence that we are actually observing rgly o1
atively massive systems is provided by the observations 019 They computed the volume density of galaxigtog L) per
338.288-60.577 which were made with thé dlit when the Mpc? per 0.4 interval of log L(kk) where
seeing was< 0.6, Its HST | band image shown in F[d. 6 shows
this galaxy to be extended 1” in the N-S direction and aligned ®(logL)(dlogL) /0.4 = ¢(L)dL 2
within ~10° with the slit. Assuming an effective extent of 6kpc -
along the major axis the mass implied by the measured velodity/higher redshifts in the range 0.6-1.8, Yan et al. (1999)
dispersion of 117 kms! is ~ 2 x 10:°M®. Of more signifi- find that the K luminosity function of galaxies detected in their
cance in this case, however, is the clear tilt of thellde which HST NICMOS grism survey is also well fitted with a function
we attribute to ordered rotation. Although the s/n ratio is lod#aving the same form but with
thisis clearly evidentin the 2D spectral image which is shown i _3 _3 . 49 1
Fig.[d together with the corresponding rotation curve obtainéé = L7107 Mpe " and L™ = 7x10 ergs (3)
by fitting Gaussian profiles to the emission at each spatial po- Between: = 0 and~ 1 therefore the density ofddemitting
sition along the slit. The fact that the line is tilted is robust. Yajaxies increases by a factor 2.7 anHa) by a factor 5.
appears in spectra reduced from each half of the data set infigs total star formation rate density thus increases by a factor
pendently and in a separate spectrum obtained withtf&i2 of 135 Although this is comparable to that deduced from the
on another night. The details of the extracted rotation curve 8¢ continua of CFRS galaxies (Lilly et al. 1996) the true ratio
clearly somewhat uncertain due to the low s/n ratio. In particyyst actually be larger as the Gallego et al. results have been
lar, the reality of the flattening observed on the positive velocifrected for extinction derived from the Balmer decrements
side would need to be confirmed by higher s/n observatioRgsereas those of Yan et al. have not.
The basic information of interest, however, is the observed p-p For comparison we have estimated the co-moving volume
velocity spread of 24730kms~" over a distance of 0:60r gensity of H emitting galaxies foundta = 2.2 in our survey.
~ 6kpc. The intrinsic value increases to 278 kms™ after Fqor each candidate galaxy in Table 2 we have computed the
correction for the inclination fol = 64+5° deduced from the maximum co-moving volume /... in which it could have been
aspectratio a/b = 2.1).3 in the | band image after correctiongetected by summing the survey volumes for which the required

of 138t15kms™! at r~ 3 kpc which may also be the terminall (H4) = 0.4 we then computed

velocity if the observed flattening is real. This is comparable to
what is seen in nearby disk galaxies whose 21 cm HI rotatigi/ogL) = Z 1/ Vinas (4)
curves tend to flatten at velocities in the range 100-300km s
at radii of 1-5kpc (Begeman et al. 1991). On this evidence, For each bin the statistical errors were also computed as the
therefore, it appears that well developed, massive systems wageare roots of the variance i.e the sum of the squares of the
already in place at z 2. inverse volumes.

338.288-60.577 was also observed with SOFI in the EIS The results are shown in Fig. 9 where the filled squares are
deep survey and has an apparent H band magnitude of 24r84n the present work and the curves are the Schechter function
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fits to the luminosity functions at z=0 and-z1.3 given by el I
Gallego et al. (1995) and Yan et al. (1999).

The candidates found in our survey occupy a relatively lim- I ]
ited range in Kk luminosity - limited at the lower end by sen- 2 b -
sitivity and at the higher by area coverage. The narrow band L ]
imaging technique used to find our sources is also subject to
an equivalent width threshold which increases with decreas-
ing source flux. Estimated from the photometry, the actugl re§t
frame EWs of our detected sources are in the range 50A70%
whereas about 30% of the galaxies in the Gallego sample hage
EWs < 50A. At the high luminosities detectable in our survey,
however, the EW distribution can be expected to be shifted to
higher values in which case this selection effect is expected to I
have a relatively small effect. -5

It is of interest that our value for the highest luminosity bin I
is somewhat low relative to the~z 1.3 curve and could indicate
a deficiency in extremely high star formation rate galaxies. As [ . . . . . . . . 1 .. AT VA
discussed above, such an effect may be expected if the extinc- 415 42 425 43 435 44
tion increases with SFR as found in nearby starburst galaxies.
The density for the lowest luminosity bin is probably too low
due toincompleteness. The nominal co-moving survey voluntgsg. 9. Ha luminosity functions. The filled squares are from this work
given in TablglL are for a redshift range corresponding to tRgd correspond to the assumption that all survey candidates detected
FWHM of the narrow band filters. As the filters have closer @ = 3 o are real. The curves are the best fit Schechter functions to
Gaussian than rectangular shapes, however, the flux limits [j¢-date of Yan etal. (1999) atz 1(solid) and those of Gallego et al.
pend on redshift within the passband. Itis not possible to corré%?%) atz=0 (dashed).
the imaging data directly for this because the line wavelengths
and hence true fluxes are not knoapriori. Estimates of this our result with that of Yan et al. is consistent with either no or
effect have been made, therefore, using the measured transiigy modest evolution in the ¢dluminosity function between
sion curves of the narrow-band filters. For the 2.@9filterthe - ~ 1.3 and 2.2.
nominal Az corresponding to the FWHM is 0.03. For the flux
limit reached in the WFPC field the effectivez for 30 detec-
tions decreases from 0.038 to 0.027 for objects with logdXH
=43 to 42.4 but falls to 0.0085 at log L¢r) = 42.2. For the The total Hyv luminosity density at z= 2.2 can be estimated by
2.12um filter, with a nominalAz =0.043, the effective valuesintegrating the Schechter function
on the same field decrease from 0.06 to 0.027 in the range log
L(Ha) =43 to 42.4 and is essentially 0 at 42.2. For these fields,, (Ha) = /¢(L)LdL =¢*"L'T(2+a) =1.3¢"L" (5)
therefore the conclusion is that errors in the volume densities
are relatively small for log L(ld) > 42.4 but can be large at ~ As we cannot improve on the fit provided by the curve of
lower luminosities. Yan et al. we use this to obtainJ.(He) = 1.55x10° ergs™!.

As not all candidates in the survey have been spectrosc@p-convert this to a star formation rate density we then use
ically confirmed it is also possible that the plotted points atge relation SFR(Myr—1) = 7.9x10%2L(Ha)(ergs!) from
actually too high. As a check, therefore, we have computed s@@nnicutt (1998) which yields a SFRD = 0.12:Mr~*. This is,
arately the volume density of the spectroscopically confirmegicourse, identical to the Yan et al. value at¥ and the implied
candidates in the WFPC2.09 field. As all of these objects ha’{/@tness of the SFRD vs z curve in this range is independent of
log L(Ha) in the range 42.4-42.6, the effective co-moving volextinction as no correction has been applied in either case. It
ume expected is very close to the nominal one adopted bageg interest to note that our value of the SFRD is also almost
simply onthe FWHM of the NBffilter. As objects withlog L(r)  identical to that derived by Steidel et al. (1999) from extinction
=42.4 are brighter than the flux limit in this field the detectiongorrected UV continuum measurements of galaxies&-24.5.
at this luminosity should also be complete. In fact the volumgnis direct comparison is not strictly fair as Steidel et al. (1999)
density oflogh =-2.5 (+0.17,-0.25) obtained is a factor 2 higheinposed a cut-off at 0.1*Lwhich could lead to a factar 2
than the value of -2.8 (+0.14,-.22) derived from the compleigderestimate in the total SFRD. On the other hand, correction
imaging survey. This is actually not surprising given that thgr extinction would also lead to some increase in our value. It
field is the deepest and appears to contain a small group or cigsmportant to stress here, however, that agreement at this level
ter. Despite that, the magnitude of the effect is actually only remarkable enough given the small size of our sample, issues

at the level of the quoted statistical uncertainties. Within thegecompleteness and the large uncertainties in the shape of the
uncertainties, our overall conclusion is that the comparison &fopted luminosity function.

Log LHa(erg/s)

4.4. Star formation rate density
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5. Conclusions rived from the UV continuum flux of Lyman Break galaxies

— A2.1pumnarrow band imaging survey conducted with SOFI

at z = 3—4.5 by Steidel et al. (1999).

— Additional spectroscopy covering M and
[OlIl] A4959,5007 is now planned in order to mea-
sure the extinction and estimate the metal abundances in
these systems.

atthe ESO NTT has yielded about 10 candidatedthitting
galaxies with fluxes down to a few x 10" ergcnr2s—!
over an area of 100 arcnfinwhich includes the HDFS
WFPC2 and STIS fields.

Based on HST WFPC2 observations of the HDFS flanking:knowledgementswe are grateful to Max Pettini and Lin Yan for
fields only one of these objects appears to be an interagétpful discussions.

ing system with 3 components withia 10kpc. Three ob-
jects appearing in EIS Deep images of the HDFS exhihit
extremely red U-B colours, consistent with Lyman fore teferences

absorption at the target redshifto= 2.2 Beckwith S.V.W., Thompson D., Mannucci F., Djorgovski S.G., 1998,
Six ofthe best candidates have been confirmed spectroscopi-ApJ 504, 107

cally using ISAAC at the ESO VLT. Although only a singleBegeman K.G., Broeils A.H., Sanders R.H., 1991, MNRAS 249, 523
emission line is seen in each case its only plausible id?frtin E., Arouts S., 1996, A&AS 117, 393

tification is Ha. Absence of the [NI\\6548,6584 lines is Devereux N.A., Becklin E'E',’ Scoville N., 1987, ApJ 312, 529
consistent with the high [O111]/H ratios observed on higher G2/1€90 J., Zamorano J., Arag-Salamanca A., Rego M., 1995, ApJ

redshift Lyman Break galaxies and indicative ofhighionizaéa”iZi’JLlZamoranoJ Rego M., Vitores A.G., 1997, ApJ 475, 502

tion and/or low metallicity systems. This is the largest safso ;e R Lutz D.. Sturm E.. et al.. 1998 ApJ 498, 579

ple of spectroscopically confirmed, high redshift, galaxig§jazeprook K., Blake C., Economou F., Lilly S., Colless M., 1999,
selected by narrow band infrared imaging. MNRAS 306, 843

Star formation rates derived from thexHluxes are in the |wamuro F., Motohara K., Maihara T., et al., 2000, PASJ in press,
range 20-35Nb/yr without extinction correction and are,  astro-ph/0001050

on average, a facter 2 higher than those derived from the<ennicutt R.C., 1983, ApJ 272, 54

UV continua of the same galaxies. Kennicutt R.C., 1998, ARA&A 36, 189

The velocity dispersions 100kms! are similar to those Lilly S.J., Le Fevre O., Hammer F., Crampton D., 1996, ApJ 460, L1
measured in Lyman Break galaxies and imply massi@dau P., Ferguson H.C., Dickinson M.E., et al., 1996, MNRAS 283,
~10'°M® provided they are related to mass and not windﬁ[ 1388

More direct evidence that these are relatively well develope n:s;goi" I_Tlhlompson D., Beckwith S.V.W., Williger G.M., 1998,

systems is provided by a rotation curve obtained for ofg,,yo0q A F.M., Cuby J.G., Lidman C., 1998, The Messenger 91, 9
galaxy V_Vh'Ch yields a r_otat.lonal velocity of _140 kms’ Moorwood A.F.M., Cuby J.G., Ballester P, etal., 1999, The Messenger
at a radius of 3 kpc which is comparable with nearby disk g5 1

galaxies. The absolute B magnitude of this galaxyi8 Pettini M., Kellog M., Steidel C., et al., 1998, ApJ 508, 539
magnitudes brighter than expected from the local Tullyrettini M., 2000, Phil. Trans. R. Soc. London, Ser. A in press (astro-
Fisher relationship. ph/0001075)

Although sampling only a narrow range around log h{H Steidel C.C., Adelberger K.L., Giavalisco M., Dickinson M., Pettini
~42.6, comparison of our data with the results of the H_ M., 1999, ApJ 519, 1

NICMOS grism survey conducted by Yan et al. (1999) imtePlitz H.l., Malkan M., McLean 1.S., 1998, ApJ 506, 519

ply little or no evolution in the K luminosity function and | °MPson D., Mannucci F-, Beckwith S.V.W., 1996, AJ 112, 1794

. . Tresse L., Maddox S.J., 1998, ApJ 495, 691
giSC;ZOf the Star Formation Rate Density betweerlz3 van der Werf P.P., Moorwood A.F.M., Bremer M.N., 2000, A&A in

) B B press
Our best estimate of 0.12Myr~'Mpc~? for the SFRD at \yjjiams R.E., Baum S., Bergeron L.E., et al., 2000, AJ in press

z=2.2is, withinthe statistical uncertainties, equal to that d@an L., McCarthy P.J., Freudling W., et al., 1999, ApJ 519, L47
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