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ABSTRACT

We have carried out two extremely deep surveys with SPIRE& abtthe two cameras drderschel, at 250um, close to the peak of the far-infrared
background. We have used the results to investigate thatéwolof the rest-frame 250m luminosity function out t@ = 2. We find evidence for
strong evolution out t@ ~ 1 but evidence for at most weak evolution beyond this retlsBifir results suggest that a significant part of the stars
and metals in the universe today were formed atl.4 in spiral galaxies.

Key words. Galaxies: evoluton — Galaxies: formation — Galaxies: hggishift — Submillimetre: galaxies

1. Introduction significant fraction of the FIRB at wavelengths where itsrgge
. . . density is at a maximum. In this letter, using the first daterfr
The discovery that approximately half the energy ever tadia e Herschel Multi-tiered Extragalactic Survey (HerMESyer
by galaxies is recel\_/ed on Earth in the fa_lr-mfrared quelbalgt al., in prep), we investigate the evolution implied by ée
(Puget et al. 1996; Fixsen et al. 1998) implies that galaxiest igience of the FIRB by measuring the evolution of the galaxy
show strong evolution that is hidden from optical teleSDﬁJminosity function at 25Qm. We everywhere assume a stan-
(G_lspert, Lagache & Puget 2000). A decade ago, deep SUrve¥sy concordance cosmolog®iy = 0.28, Qs = 0.72 Ho =
with the SCUBA camera on the James Clerk Maxwell Telescopg m 1 Mpc L.
resolved much of the far-infrared background (FIRB) at 860
into individual sources (Barger et al. 1998; Hughes et a#8)9
These sources are mostly extremely luminous dust-ensbdoud The data
galaxies at z> 2 (Chapman et al. 2005) with an average im-
plied star-formation rate (if the ultimate source of thergyds The images that we analyse in this letter were taken af2%0
star formation) 0400 M, year?! (Coppin et al. 2006), much with the SPIRE instrument oHerschel, whose in-orbit perfor-
greater than the star-formation rates in galaxies like @ur.o ~ mance and scientific capabilities are described irffi@ret al.
However, the energy density in the FIRB at 8§40 is ~30 (2010). The calibration methods and accuracy of SPIRE are de
times less than at 200m where the FIRB is at a maximum,Scribed by Swinyward et al. (2010). The three images coosist
and both the spectral shape of the FIRB and statisticalksta@ Shallow image of the Lockman Hole (LH) and deep images
ing’ analyses (Dole et al. 2006; Pascale et al. 2009) impdy thof the northern field of the Great Observatories Origins Deep
much of the FIRB is actually produced by sources at lower re§urvey (GOODS-North) and of a field within the Lockman Hole
shift (Gispert et al. 2000; Dole et al. 2006; Pascale et 80920 (LH-North). For the latter two images the dominant source of
The launch of the Herschel Space Observatory (Pilbratt.et &pise is confusion due to numerous faint sources, which8s 5.
2010) in May 2009 has given us the opportunity to resolveraJy beam* at 250um (Nguyen et al. 2010).
To measure robust fluxes for sources close to the confusion
* Herschel is an ESA space observatory with science instrumeni@Vvel, we have developed a source-extraction techniqueigha

provided by European-led Principal Investigator consaatid with im- based on the assumption that sources detected gir5@ith
portant participation from NASA. SPIRE will also be detected in deep observations \8jitzer
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Fig. 1. Fraction of sources recovered by the source-extractigqyy. 2. The histogram shows the distribution of 2# flux den-
method as a function of flux density for GOODS-North (dashedjity for the 5015 24¢m sources in th&pitzer catalogue used in
LH-North (dot-dashed) and the LH (dotted). The verticaén the source extraction for LH-North. The red line shows the di
show the flux limits we have used for the samples from the thrgghution of 24um flux density for the sample of 276 250
fields (Table 1). sources found using our source-extraction method.

Table 1. Field Statistics o .
function §3), we used the curves in Fig. 1 to correct for incom-

Field GOODS-North  LH-North  LH pleteness. All the sources above these flux limits are dedesit

Area (deg) 0.031 0.371 5.17 > 50.

Flux limit (mJy) 10 20 48 Fig. 1 does not account for any objects that are missing be-

go- stources _ %?é 2775 i% cause their 24«m flux density falls below the limit of th&pitzer
pectroscopic z i : _ rotismen

Photomatric 2 18 161 399 catalogue used in the cross-ID method. There are two argisme

that suggest this is not a serious problem. First, Rosebdain e
show that the number-density of 2@ sources in the cross-
ID catalogues agree well with the source counts determiged b
Oliver et al. (2010) down te:25 mJy in LH-North an&40 mJy
at 24um. This assumption was suggested by the recent studiet H. Second, they compare the results of using a shallow and
that concluded that galaxies detected in deep¥surveys with a deepSpitzer catalogue in several fields and conclude that us-
Spitzer produce most of the FIRB at 166n (Dole et al. 2006) ing the deeper catalogue does not produce a large incretise in
and at 250, 350 and 5@@n (Marsden et al. 2009). This approaciumber of 25Qzm sources found by the cross-ID method. Fig. 2
reduces theféective confusion noise by resolving some of thélustrates this clearly for the LH-North field. The figurecsts
confusing background into the sources detected air@4Our a histogram of the 24m flux densities of the sources in the in-
‘cross-1D method’ starts from a list of the 24n sources found putSpitzer catalogue, whereas the red line shows the:2vflux
in the field covered by the 250m image. By using a matrix densities of the objects found by the cross-ID method. Iris i
inversion technique, we then find the 2p0tfluxes at these po- portant to note that the 24m flux densities of the sources in
sitions that provide the best fit to the 2p6 image (Roseboom, the input catalogue are not used as information in the didss-
in prep). A problem with methods like this is that there can b@ethod, so the very fierent distributions for the input catalogue
a large number of degenerate solutions when the surfacsitgenand for the objects found by the cross-1D method is evidemat t
of sources in the input catalogue is large, as it is with thepdethe method is working well. The small number of objects with
Spitzer 24.um catalogues. We have addressed this problem faint 24um flux densities found by the cross-ID method, de-
iteratively reducing the number of sources in the inputlogize spite the very large number of faint 24n sources in the input
in order to find the list of input sources that provides thet besatalogue, strongly suggests that we are not missing aitjeat
fit to the 250xzm image. Full details of the method, its validahave too low 244m flux densities to be included in tt&pitzer
tion with simulations, and a comparison of the results witreo catalogues.
methods of source extraction are given in Roseboom et al. (in We have used the optical and near-infrared images for these
prep). fields to find the counterparts to the M sources. Table 1
Roseboom et al. (in prep) have assessed the completeneshofvs we have redshifts for all of the GOODS-North sources,
the cross-ID method by inserting artificial sources ontorted  either a spectroscopic redshift from the catalogue of Batjal.
images and then determining the fraction of these soureds tt2008) or, for 22% of the sources, a photometric redshifictvh
are detected by the source-extraction method. Fig. 1 shiwsvs e have estimated from the available multi-wavelength iesag
results for the three fields as a function of flux density. gsin(in typically nine optical and near-infrared bands — Raydhon
these curves to choose the flux limits, we have used the tibosset al., in prep). The situation for our other deep field is gelit
method to extract samples of sources from regions withii edess satisfactory, although we still have redshifts for 8&%he
field for which the opticdlR data is particularly good (Table sources, a mixture of spectroscopic redshifts and photienet
1). We accepted a lower completeness level at the flux limi&dshifts, mostly taken from an unpublished catalogue c€@w
for GOODS-North £50%) in order to get the maximum rangeand collaborators, which was produced from images in eight o
of luminosity at each redshift. When calculating the lunsityp tical and near-infrared bands. The data for LH is descrilned i

No z (%) 0 14 16
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two, we have only used the LH sample for the two low-redshift
intervals. We have not estimated the luminosity function:at2
because of the low number of sources above this redshift.

At this early stage of the HerMES project, we do not have
large numbers of measurements of the spectral energybdistri
tions (SED) of individual galaxies. We have therefore mdude t
assumption that all galaxies have the same SED, which we have
taken to be a grey body with a dust-emissivity index of 1.5 and
a temperature of 26 K, the average of the SEDs found for the
galaxies detected at the same wavelength by the Balloomebor
Large-Aperture Sub-millimeter Telescope (BLAST; Dye et al
2009). If the typical temperature of the dust in a SPIRE galax
does change systematically with redshift, this will hatielief-

Fig. 3. Redshift histograms for GOODS-North (continuous) anfiéct on the shape of a galaxy SED.at- 100um and thus on
LH-North (dashed). The values in the histogram for LH-Nortthe luminosity functions at z 1 but it might have a significant
have been scaled to the number of sources found in GOORFect on the luminosity functions at higher redshift.

North. We have estimated the luminosity function using the esti-
mator of Page and Carrera (2000), which is not only the ideal
estimator in general but is particularly well-suited taiations
where source confusion is an issue (Eales et al. 2009). br ea
source, we used the curves in Fig. 1 to estimate a correc®n f
tor, Ci, which is the reciprocal of the completeness at the flux
density of the source. Our estimate of the value of the lumi-
nosity function in a bin of the luminosity-redshift planetigen

> Ci/V, where the sum is over the galaxies in this bin &id

the accessible volume in this bin averaged over the widthef t
bin in luminosity. We have combined the data for th&etient

\ HerMES fields by adopting the ‘coherent volume’ approach of

v Avni and Bahcall (1980). Our estimate of the luminosity func
tion in a bin is thery, C;/ >, V, where the sum in the numerator
is now over all galaxies in the three fields in that bin and the
sum in the denominator is the sum of the accessible volunres fo
the three fields. The fractional error on the luminosity fimtis
then VN/N, in whichN is the uncorrected number of galaxies in
that bin in the three fields. This error does not include tfiece
of cosmic variance, which we will consider in a later paper.

Fig. 4 shows our estimates of the luminosity function in the
six redshift intervals and the HerMES estimate of the logadit
nosity function (Vaccari et al. 2010), which was estimatgedro
two fields covering 14.7 dédincluding our LH area) and agrees
reassuringly with our estimate in the lowest redshift slitee
_ . ) . - luminosity function shows steady evolution out te=21, in the
Fig.4. Luminosity function at 25Qum in six redshift slices: ¢opse that the space-density of the most luminous sourads gr
00 <z < 02—red; 02 < z < 0.4—green; 0 < z < 08— 5y increases with redshift. This agrees well with theletion
dark blue; 08 < z < 1.2—light blue; 12 < z < 1.6—purple; s the Juminosity function determined from the BLAST result
16 < z < 2.0—yellow. The black diamonds show the eslitggjes et al. 2009). There is evidence in Fig. 4 for at moskwea
mate of the local 25@sm luminosity function from Vaccari et ¢\o1ution at > 1.
al. (2010). There are a number of possible systematic errors that could
affect our results. One of the nice properties of the cross-I1D
method is that simulations suggest it is relatively immumthe
effect of flux boosting due to source confusion and Eddington
bias (Roseboom et al., in prep). A second possible problem is

at we do not have redshifts for all the sources in LH and LH-

orth. If the incomplete redshift informatiorffacts each red-
shift bin equally, the luminosity functions will all be shgy
too low. However, if the incompleteness preferentiaffgats the
high-redshift bins, we will have under-estimated the sizthe
evolution. Another potential problem is the large numbeytud-
tometric redshifts in our analysis. We have used a MontdeCar
simulation to generate artificial samples based on a naiteal
We have estimated the rest-frame 2@@-luminosity function assumption, giving each source a photometric redshift aith
in six redshift intervals: @ < z < 0.2,02 < z < 04, 04 < accuracy equal to our least accurate redshifts, and thehthee
z<08,08<2<12,12<2<16,16 <z< 20.Because artificial samples to estimate the luminosity function ie #ix
the opticallR data is less sensitive for this field than the otheedshift slices. This analysis confirms that the large numolbe
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Rowan-Robinson et al. (2008) and Vaccari et al. (in pre. Fi
shows the redshift distributions for our two deep samplés T
differences between the two can probably be explained by ¢
mic variance as the result of the small area of the GOODSHNo
sample. The similarity of the distributions at high redshifg-
gests that the sources without redshifts in LH-North areonef-
erentially at high redshift.

3. Estimates of the luminosity function
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photometric redshifts does not generate spurious stroaly-ev o ]
tion. Finally, even if the dust in galaxies does not get syste 3 N 7
atically hotter with redshift, there will be a selectioffest in C ]
our results, since at high redshift we are sampling a lowstr re ‘S - .
frame wavelength, and the galaxies found in samples sedlecte o E n 7
at shorter wavelengths tend to contain hotter dust. Hezeof ‘g r ‘ ]
this selection fect is that we may have overestimated slightly =S ]
the luminosity functions at 2 1. = %k

o]
4. Discussion = /
On the assumption that the star-formation rate is propaatio C/
to the rest-frame 25@m luminosity, the lack of evidence for o L :
any strong evolution at z 1 is consistent with investigations © ! z >
that have concluded that the overall star-formation rateupé Redshift

comoving volume was approximately constant at 2 (Steidel ; ;
etal. 1999: Gispert et al. 2000; Hopkins 2004). We esti f Fig.5. An estimate of the total metals formed per cubic Mpc

in different redshift intervals using the method described in the
the GOODS-North catalogue that we have resolved% of th.e text. We have made the estimates from the redshift distabst

FIRB at 25Qum. Fig. 3 shows that the sources making up this 19l GOODS-North (red) and LH-North ;

) - - green) on the assumption
20% of the FIRB are at moderate redshft( 1). Although W€ that these redshift distributions represent the FIRB as@eavh
cannot say anything directly about the sources respongible

the missing 80% of the FIRB, the stacking analysis of Pascale

et al. (2009) from BLAST data suggests that the remainder of . .
the FIRB at this wavelength is also from sources at modera@ezoon butthe crucial advance tirérschel has made possible

redshift. IS that we can determine the cosmological importance ofethes

A revealing way to look at these early HerMES results igt;gﬁgf;’ in terms of the total masses of stars and metalsefbrm

to use the relationship between the production of metals ah

the baCkground radiation associated with this metal prOduA(\:knowledgefrmts SPIRE has been developed by a consortium of institutes led

tion (Peafoc_k 1993)' Using a value fqr the intggratgd FIRB Qy Cardif Univ. (UK) and including Univ. Lethbridge (Canada); NAOCHi@a);
14 nW sr+ (Fixsen et al. 1998), we obtain a relationship betwee&fa, LAM (France); IFSI, Univ. Padua (ltaly); IAC (Spain);tc&kholm

the mass of metals and the fractienpf the FIRB produced in Observatory (Sweden); Imperial College London, RAL, UCISSL, UKATC,
a particular redshift interval: Univ. Sussex (UK); Caltech, JPL, NHSC, Univ. Colorado (USH)is develop-
ment has been supported by national funding agencies: C8Aaz); NAOC

_3 (China); CEA, CNES, CNRS (France); ASI (Italy); MCINN (SpaiStockholm

Muetas = 9% 10°%(1 + 2) Mo Mpc™>. Observatory (Sweden); STFC (UK); and NASA (USA).

Fig. 5 shows the metals produced as a function of redshift on
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