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ABSTRACT

TheHerschel Space Observatory enables us to accurately measure thadidlmoutput of starburst galaxies and active galactidai(AGN) by
directly sampling the peak of their far-infrared (IR) ennigs Here we examine whether the spectral energy distah§8ED) and dust temperature
of galaxies have strongly evolved over the last 80 % of thedaddke Universe. We discuss possible consequences for teemeation of star-
formation rates (SFR) and any evidence for a major chandeeiin $tar-formation properties. We ubkerschel deep extragalactic surveys from
100 to 50Qum to compute total IR luminosities in galaxies down to thetist levels, using PACS and SPIRE in the GOODS-North fididP(Bnd
HerMES key programs). An extension to fainter luminosiieedone by stacking images on 2¢h prior positions. We show that measurements
in the SPIRE bands can be used belowdfatistical confusion limit if information at higher spatial resolutiés used, e.g. at 24m, to identify
"isolated” galaxies whose flux is not boosted by bright nbigis.

Below z~1.5, mid-IR extrapolations are correct for star-formindag@s with a dispersion of only 40% (0.15 dex), therefomaikir to z~0
galaxies, over three decades in luminosity below the regifétra-luminous IR galaxies (ULIRGs,4>10" Lg). This narrow distribution is
puzzling when considering the range of physical procedsstscbuld have féected the SED of these galaxies. Extrapolations from onéyafn
the 16Qum, 250um or 350um bands alone tend to overestimate the total IR luminosttys Thay be explained by the lack of far-IR constraints
around and above150um (rest-frame) before Herschel on those templates. We alsothat the dust temperature of luminous IR galaxies
(LIRGS, Lir>10" L) aroundz~1 is mildly colder by 10-15 % than their local analogs and u@@®6 for ULIRGs atz~1.6 (using a single
modified blackbody-fit to the peak far-IR emission with an ssniity index of3=1.5). Abovez=1.5, distant galaxies are found to exhibit a
substantially larger mid- over far-IR ratio, which couldhair result from stronger broad emission lines or warm daosticuum heated by a
hidden AGN. Two thirds of the AGNSs identified in the field with@easured redshift exhibit the same behavior as purelyfataning galaxies.
Hence a large fraction of AGNs harbor coeval star formattoreay high SFR and in conditions similar to purely star-fargngalaxies.
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1. Introduction most of the energy from star formation (SF) and active galac-
Th hani h ¢ L laxi tic nuclei (AGN) is absorbed by dust (and gas) and re-radiate
€ mechanisms _t at govern star formation in galaxies alginfrared wavelengths. ISO and Spitzer studies have stbege

poorly understood: recent 9V|dgnce points to relatlveépgy— that luminous IR galaxies (LIRGS, 1%L r/Lo>10) domi-
state growth rather than episodic, merger—driven staruesth 1,5, global SF ar~1 (Chary & Elbaz 2001 - hereafter CEO1
a tight link between galaxy mass and star-formation ratéX(SF| o Fjoch et al. 2005 Magnelli et al. 2009), while submr,n
Noeske et al. 2007, Elbaz et al. 2007, Daddi et al. 2007). TQ.@q gpjitzer data demonstrate that ultra-luminous IR gedaxi
large degree, these uncertainties arise beca_luse obeesbi (ULIRGS, Lir>10' L) are equally important @-2 (Papovich
date have only been sensitive to a small fraction of the betem, | 200’7 C_aputi et al. 2007, Daddi et al. 2007, Magnelilet
ric energy emerging from dusty star formation. Athigh reffsh 5449 2010). Until the launch of théerschel Space Observatory
(Pilbratt et al. 2010), these analyses relied strongly dostsun-
tial extrapolation from the mid-IR or sub-mm or on even more
uncertain corrections of the UV luminosity (Buat et al. 2009

* Herschel is an ESA space observatory with science instrtepeo-
vided by European-led Principal Investigator consortia &ith impor-
tant participation from NASA.
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Daddi et al. 2007). Our aim is to determine how accurate thegeove 3@:m (rest-frame), among which 140 are "clean” star-
extrapolations are and search for evidence of a major charigeming galaxies, 55 are "non-clean” and 27 show the sigeatu
in the IR properties of galaxies with increasing redshifing of an AGN. AGNs were identified from eitherl[0.5-8.0 keV]

the combined power of the PACS (Poglitsch et al. 2010) and3x10*? ergs s?, a hardness ratio (ratio of the counts in the 2-8
SPIRE (Grifin et al. 2010) instruments. Due to théeets of k- keV to 0.5-2 keV passbands) higher than 0.8, N.0?2 cm™2, or

correction and sensitivity limitations from source corndus few  broad/ high-ionization AGN emission lines (Bauer et al. 2004).
individual galaxies are detected in &lerschel bands, hence the We then computed total IR luminosities from a single pasghan

need to determine the robustness of extrapolations of Btal L}, using the CEO01 technique, i.e. a fixed SED was attributed to

luminosities from one or more bands in the mid or far IR. everyLgr and chosen to best fit the observed:Z#measurement
We will use below a cosmology withlg=70 kmsMpc™,  atthe redshift of the sourcefg"m). We used the same technique
Qu =03,Q4 =07. to extrapolatd i, for each one of the PACS or SPIRE passbands

at 10Qum, 160um, 250um and 35Q:m. Only 10 galaxies with a
redshift were detected in one of the PACS bands and gu500
For comparison, we computelql’R with the libraries of DH02
The sample consists of galaxies observed in the GOODS-Noatid Lagache et al. (2004, LDP04). For DH02, a single SED was
field within the PER and HerME®& (Oliver et al., in prep.) attributed to a giver, after correlating the luminosity to the
guaranteed time key programs. Measurements of the PACS-180100um ratio (see Marcillac et al. 2006).
160um (PEP) and SPIRE-250, 350, 50f (HerMES) flux den- The analysis was extended below the PACS detection limits
sities and $N ratios were obtained from point source fitting orby stacking the PACS-16dm images at the positions of 24n
24um priors by S.Berta, B.Magnelli (PEP, Berta et al. 201Gources (on residual images after PSF-subtracting the PACS
Magnelli et al. 2010) and I.Roseboom (HerMES, Roseboom ®jurces above the @4imit). Dust temperatures were computed
al., in prep.) respectively. as in Hwang et al. (in prep.), i.e. we used a modified black-
Within a field of 10x15, which has coverage with Spitzerbody fit with ag=1.5 emissivity index to the galaxies for which
and HST-ACS, there are a total of 146824 sources which Herschel measurements exist on both sides of the peak far-IR
meet the reliability criterion of AN>5 and k4>20uJy (see emission. Error bars ongls; were derived in the same way as
Magnelli et al. 2009). 95.6% of them either have a spectrpr L}/ersche!
scopic (67.2 %, Cohen et al. 2000, Wirth et al. 2004, Bargat. et
2008) or photometric (28.3 %, from Le Borgne et al. 2009) red-
shift. Herschel detects a third of them (493 galaxies) in at leas}, Results and discussion
one of the PACS or SPIRE passbands. PACS measurements are ) o )
used down to the 3- limits of 3mJy and 5.7mJy at 1Q0n and The direct comparison of the 8-10@® luminosities derived
160um respectively. Both PACS passbands lie above the cdfm the 24um band alonel([from 24.m]) and fromHerschel
fusion limit (Berta et al. 2010). We use SPIRE measuremer@gove 3Qum (rest-frame,L;2[Herschel]) shows a remarkable
down to the 5 limits of the prior catalog of 4.4mJy, 4.8mJyconsistency over a redshift range »#0-1.5 and over three
and 7.6mJy at 250m, 350um and 50Q«m respectively. We note decades in luminosity up to ULIRGs (FIg. 1). The median trend
that these measurements lie below the SPIRE confusion lirffitled black circles and plain line) remains within 10 % ogth
of 5.8mJy, 6.3mJy, 6.8mJy &-(Nguyen et al. 2010). However, 0One-to-one correlation and the envelope including 68 % ef th
this limit is a spatially averaged statistical limit whichrwsiders galaxies above and below the median (grey zone) has a width
that galaxies are homogeneously distributed in the fieldemad of +0.15 dex (40 %), which is similar to the dispersion mea-
all affected in the same way by close neighbors. Here we takéred locally (see CEO1). Note a cloud of galaxies with an ex-
advantage of the higher spatial resolution at lower waygten cess far-IR emission mostly composed of objects that weéidgg
(24um and PACS bands) to flag galaxies more "isolated” tha&$ "non-clean”, i.e. with close bright neighbors (open sgtap
others for which SPIRE flux densities can potentially be morehe largest excess is found for galaxies with SPIRE measure-
robust. To do this, we require at least one detection in one B€nts only (and at least two SPIRE fluxes, light grey open cir-
the PACS bands for all galaxies studied here and flag as "tledfes), suggesting that their SPIRE fluxes are boosted by clos
galaxies those sources which have at most one bright neighBgighbors. Very few "clean” galaxies lie outside the 0.1% dis-
within 20” (close to the full width half maximum, FWHM, of persion, which suggests that SPIRE flux densities can beettus
the centralHerschel wavelength of 25@m) with F,,>50% of €even at very faint levels, i.e. below the statistical coidnsimit.
the central 24m source. The tight correlation remains even after combining deteti
Below, all IR luminosities are extrapolated to the 8—1060 vyith stacked measurements in bins ofi2d derived luminosi-
range, i.eLik is the total IR luminosity estimated from only oneties (large open squares), except abeve.5 (red symbols).
passband at. The reference total IR luminosity!%[Herschel], The tight correlation betweeh2' as derived from 24m
was determined from the best fit of at least two photometria-meandHerschel belowz=1.5, which extends over three decades in
surements above 30n (rest-frame), using the whole library ofluminosity, is puzzling because galaxies have stronglyveeb
SED templates from CEO1 independently of their luminosifg. over the last 9 billion years (70 % of the Universe age) during
did the same computation with the full Dale & Helou (2002Which most present-day stars formed (gas mass fractiorglmet
DHO02) library of template SEDs and found that bafff agreed licity, compactness, dynamical status, e.g. mergers dsipuz-
within 12 %, with a median ratio of 1. Error bars &t were Zling to see that AGNs follow a similar trend as star-forming
obtained by randomly selecting flux densities in terschel 9alaxies (open triangles in lower panel of Fiy. 1). We not th
bands within their associated error bars and fitting theninaga®@mong the AGNs with a redshift (either spectro- or photorinet

A total of 222 galaxies have two photometric measuremeri® 83 % of all AGNs in the field), 70 % are detected at.24
(arrows) and 31 % in at least one therschel bands (open tri-

1 www.mpe.mpg.dér/ResearchPEP angles). While it may be understood that at low redshiftacke
2 hermes.sussex.ac.uk at large wavelengths, the warm dust continuum heated by the

2. Sample and method
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Fig. 1. LiX[Herschel] versu{2[24 um] for galaxies with atleast . _ _ _
2 Herschel detections and no AGN signature (filled dots in upp€rig. 2. Redshift evolution ofLir derived from monochromatic
panel) and AGNs detected at 2¢h and in at least onelerschel  mesurements at 24n, 100um, 160um, 250um and 35Qum
passband (open triangles in lower panel). Bafh cover 8— over Li™"[>30um] (filled dots: clean, open dots: non clean
1000um. (Upper panel) "clean” (filled dots) and "non-clean” galaxies). Only 10 "clean” galaxies have a %00 measure-
(open circles: grey, no PACS detection; black, 1 PACS dietect ment. Black triangles: AGNs. Lines: median ratios for local
galaxies. Plain line, black dots and grey zone: median afrcleSEDs (CEOQL: plain, DHO2: dashed, LDP04: dotted line). Upper
sample and 68 % envelope@.15 dex rms). Stacking measurePanel: SEDs of M82 (starburst) and NGC 1068 (type 1l AGN)
ments per 24m luminosity bins: present study (open squares}nd MIPS 24:m filter atz=0.25,0.9,1.4,2.
Nordon et al. (2010) foz = 1.5 — 2.5 galaxies (orange trian-
gles). Orange open stars: Daddi et al. (2007, based on UV cor-
rected for extinction)(Lower panel) 24um AGNSs detected in .o ntered on the 7,7m PAH complex. The discrepancy could ei-
pneHerscheI band (open tnangles_) or witHerschel upper lim- ther be explained by a larger PAH emission in distant ULIRGs
its (vertical arrows). Black open circles and dashed litecked - jngtead by the hot dust heated by a buried AGN. We note
values combined with detections weighted with source numbehowever, that part of this discrepancy could be due to uairert
local SEDs templates (Takeuchi et al. 2005, Buat et al. 2009)
Fig.[2, we followL;,, over L[ for eachHerschel band and for
AGN remains negligible at 2dm (quasar spectra drop beyondhe 24um one. Again, AGNs (black open triangles) follow the
~20um which Netzer et al. 2007 interpret as the signature ofsame pattern as purely star-forming galaxies (which mayde
minimum temperature o200 K), the star-formation activity in heavily obscured AGNs) and "clean” galaxies (filled cirglase
AGNs could have been associated to more compact geometriess dispersed than "non-clean” ones (open circles). Tirepo
e.g. due to a merger, and presenteffiedént IR signatures. But in Fig.[2 were computed using the CE01 SEDs. In order to see
whether IR galaxies harbor an AGN or not, their star-foromati the efect of using SEDs from DHO2 or LDP04, we materialized
activity produces a similar radiation pattern suggestimgmjor their median ratio and 68 % dispersion by dashed (DH02) and
differences in the coeval activity of star formation with respedotted (LDPO04) lines with error bars.
to purely star-forming galaxies. The combination of stagkand We note that the CEOQ1 templates provide the tfrom
detections (weighted by number of sources, large operesiinl 24;m, 100um and 16Q:m while DHO2 is better in the SPIRE
Fig.[d-bottom) confirms the same trend as for the star-fogmimands. However, monochromatic derivations of IR lumiriesit
galaxies. from the 16Qum, 250um or 35Qum values alone tend to over-
Above z=1.5, Herschel confirms that the mid-IR overesti- estimate the tru&[2 with all three libraries of template SEDs
matesL{% by factors of about 2-3 for the detected ULIRGshelow z~1-1.5 (e.g. factors of 1.25, 1.8 and 3 with CEO01 at
but up to 5-7 when stacking is combined to detections (se€0.3). This enhanced emission above ABOwith respect to
Nordon et al. 2010, orange triangles in upper panel of[Hig. Bxisting templates suggests a colder dust temperatureptiean
This confirms the claim from previous works based on Spitzeously inferred due to the lack of constraints beféterschel
70um stacking or UV corrected for extinction (Daddi et alat these far-IR wavelengths (see below and Rowan-Robiivson,
2007, Papovich et al. 2007, Magnelli et al. 2010), but alsB prprep.). To assess the evolution of far-IR color temperatwieh
vides a way to revise local IR SEDs accordingly. The uppeepanmedshift, we selected all galaxies within a decade in lurgino
of Fig.[2 shows the region of the mid-IR SED that is sampled bty (L ;r=10'**~10">® L), i.e. ~LIRGs, which span a redshift
the 24um Spitzer passband as a function of redshift. It is cleaange of 0.52z<1.5 (Fig[3). Tustwas measured assuming a sin-
that the mid-IR excess luminosities are found when the fiter gle modified blackbody-fit to their peak far-IR emission wait
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<Ioé;(gL.R)‘>=‘ 114 6 1.9 12.1 by factors of 1.25, 1.8 and 3 respectively with e.g. the CEE0i-t
E ‘ ] plates, due to the lack of constraints on those templates #Rf
wavalengths around and above150um prior toHerschel. We

solb & E also note that the dust temperatureet-1.5 LIRGs — estimated

: I . ] from a modified blackbody-fit with an emissivity index@$1.5

: P ] —is~35 K, hence about 10-15 % colder than their local analogs
rys R S and 20 % colder for ULIRGS a-1.6.

- ] At z>1.5, IR SEDs are substantiallyftérent from local ones
] as suggested by previous studies (Daddi et al. 2007, Pdpevic
E al. 2007, Magnelli et al. 2010).k derived from 24:m alone
] is overestimated by a factor 2-3 in the ULIRGs detected with
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; LA I ] Herschel and up to~7 from stacking (Nordon et al. 2010).
20F . og(le) 1 About a third of the AGNs with a redshift are detected with
: B Herschel and an extra 40 % at 24n alone, allowing us to ex-
rok L ‘ 13 123 tend our study from stacking to 70 % of the AGNs. We find that
0 05 ; - ) belowz~1.5, AGNs exhibit a similar f&/L}esch®lratio than star-
redshift forming galaxies of similar |z and that their dust temperature is

similar to that of purely star-forming galaxies. This sugtgehat
Fig.3. Taust Vversus redshift for galaxies withtheir IR emission is dominated by star formation, hence $tat
11.Xlog(Lir/Le)<12.3. Filled circles: “clean” galaxies, and AGN activity happen concomitantly in these galaxiessTh
median in black with 68 % envelope. Triangles: AGNs, mediaesult confirms that a large fraction of AGNs do harbor ingens
in black. Error bars on disfrom Monte Carlo in Herschel error star formation activity of several 10 or 100 solar masseygar
bars (see Hwang et al., in prep.). Empty circles: medigr: T in conditions similar to purely star-forming galaxies (siso
of local galaxies (computed with the same technique i.e. MBBhao et al 2010, Hatziminaoglou et al. 2010).
with 8=1.5, see Hwang et al., in prep.) for the median lqg)L Through deeper observations down to the g@0confusion
in each z bin (values in upper x-axis) again with associa8&¥6 limit with the GOODSHerschel key program (P.l.: D. Elbaz),
envelope. we will be able to study the SED of galaxies to fainter luminos

ties and higher redshifts than undertaken in this paper.
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