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ABSTRACT

] 13 Sep 2011

key program, and examine the infrared (IR) 3—@® spectral energy distributions (SEDs) of galaxies at D< 2.5, supplemented by a local
reference sample fronRAS ISO, Spitzerand AKARIdata. We determine the projected star formation densifiexcal galaxies from their radio
and mid-IR continuum sizes.

We find that the ratio of total IR luminosity to rest-frames8 luminosity, IR8 (=L{%/Ls), follows a Gaussian distribution centered d&®8=4
(0=1.6) and defines an IR main sequence for star-forming gaariependent of redshift and luminosity. Outliers fronsthiain sequence
produce a tail skewed toward higher valuedR8. This minority population €20 %) is shown to consist of starbursts with compact progecte
star formation densitie$R8 can be used to separate galaxies with normal and extenddesnod star formation from compact starbursts with
high-R8, high projected IR surface brightne&xG3x10'° L kpc?) and a high specific star formation rate (i.e., starbur§ts.rest-frame, UV-
2700 A size of these distant starbursts is typically half #fanain sequence galaxies, supporting the correlatiowdsst star formation density
and starburst activity that is measured for the local sample

Locally, luminous and ultraluminous IR galaxies, (U)LIR@S%>10"L,), are systematically in the starburst mode, whereas masardi
(U)LIRGSs form stars in the “normal” main sequence mode. Tdusfusion between two modes of star formation is the caugbeofo-called
“mid-IR excess” population of galaxies foundztl.5 by previous studies. Main sequence galaxies have spralggyclic aromatic hydrocarbon
(PAH) emission line features, a broad far-IR bump resultinogh a combination of dust temperaturdgs~15 — 50 K), and anféective Tqus~31

K, as derived from the peak wavelength of their infrared SBBlaxies in the starburst regime instead exhibit weak PAtivatent widths and

a sharper far-IR bump with arffective Tqus~40 K. Finally, we present evidence that the mid-to-far IR &sitn of X-ray active galactic nuclei
(AGN) is predominantly produced by star formation and ttsatdidate dusty AGNs with a power-law emission in the midyBtematically occur

in compact, dusty starbursts. After correcting for tifee of starbursts olR8, we identify new candidates for extremely obscured AGNSs.

O We present the deepest 100 to M0 far-infrared observations obtained with tHerschelSpace Observatory as part of the GOOBISfschel
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1. Introduction larger atz~1, i.e.,~ 8 Gyr ago, when LIRGs were responsible
. . for most of the cosmic SFR density per unit co-moving volume
It is now ‘.Ne” established that85% of the baryon mass (see e.g., Chary & Elbaz 2001 — hgrgafter CEO1, Le Fgloch etal.
<|\:/Iontar|]neq n pzeggggda{l St?rs formeﬂ alz&2.5 ((jsehe, .9, 2005, Magnelli et al. 2009). Earlier in the pastzaP, sub-mm
archesini et al. 2009 and references therein) and that emsst , , yg s ephservations revealed that the contribution to the cos-
ergy radiated during this epoch by newly formed stars was-heg,;- seR density of even more active objects, the ultralumino
ily obscured _by_ dust. To un_derstan_d how present-day ga1a>_<|ge galaxies (ULIRGsLgr>10" L), was as important as for
were made, it is therefore imperative to accurately det®emi, \pGq (chapman et al. 2005, Papovich et al. 2007, Caputi et al
the bolometric output of dust, hence the total IR Iumlnosn)éoo7 Daddi et al. 2007a Mabnelli et al. 2009 201’1) Howeve
tot ; - : ) . , . , .
LIR,_lntegrated from 8 to 10Q@m. In the past, this key_ infor- one of these studies used rest-frame far-IR measuremeénts o
mation on the actual star formation rate (SFR) experienged g y;iqa| galaxies at wavelengths where the IR spectratgy
.d'sttﬁm g%lalges v(\j/as %ete_:lr_nln?d by ebxtrapolatlnbg obsens?t distribution (SED) of star-forming galaxies is known to Rea
in the mid-IR and sub-millimeter (sub-mm) or by correcting, best, they relied on stacking of far-IR data from indivadiy
their UV luminosities for extinction. These extrapolatoim- undetected sources.
le_ed thaﬁ?the Inumbelr_IdRe(r;snyiL&e[ unL|t colrglc;vmg vo7ll(J)m_e of lu- With the launch of théderschelSpace Observatory (Pilbratt
minous IR galaxies ( S, 1bir/Lo<107) was 70 times et al. 2010), it has now become possible to measure the ®tal |

* Herschelis an ESA space observatory with science instrumentdminosity of distant galaxies directly. Using shallowarschel
provided by European-led Principal Investigator consaatid with im-  data than the present study, Elbaz et al. (2010) showed xhat e
portant participation from NASA. trapolations ofL{2' from the mid-IR (24:m passband), which
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was done under the assumption that the IR SEDs of star-farmicompact “starbursts” (SB) is analogous to the recent finding
galaxies remained the same at all epochs, were correct betows regimes of star formation in the Schmidt-Kennicutt (SK)
z<1.3, with an uncertainty of only 0.15 dex. However, the exaw, with MS galaxies following the classical SK relation ieh
tension of this assumption to (U)LIRGs &t1.3, in large part the SFR of SB galaxies is an order of magnitude greater than
relying on stacking, failed by a factor 3-5 typically (Elbaz expected from their projected gas surface density (Daddl.et
al. 2010, Nordon et al. 2010). This finding confirmed the pa2010, Genzel et al. 2010). To separate these two star-fammat
discovery of a so-called “mid-IR excess” population of gé#¢a modes, the GOODS3Herschelobservations of distant galaxies
(Daddi et al. 2007a, Papovich et al. 2007, Magnelli et al.1201 are supplemented by a reference sample of local galaxieg usi
the 8um rest-frame emission af2 (U)LIRGs was excessively a compilation of data frofRAS AKAR|, Spitzer SDSS and ra-
strong compared to the IR SED of local galaxies with equivaledio observations.
luminosities when deriving|% from the radio continuum at 1.4 ~ The GOODSHerschelobservations and catalogs are pre-
GHz, from stacked measurements fr@pitzerMIPS 70um, or sented in Sectioh]2. The main limitation of thierschelcata-
from the UV luminosity corrected for extinction. logs, the confusion limit, and a “clean index” identifyingLsces
Various causes have been invoked to explain this “mid-IRith robust photometry are discussed in Seci. 2.3. The fagd-
excess” population(i) an evolution of the IR SEDs of galax-low-redshift galaxy samples are introduced in Sedtion &togr
ies; (ii) the presence of an active galactic nucleus (AGN) heatith a description of the method used to compute total IR fumi
ing dust to temperatures of a few 100 K; @) limitations in nosities, stellar masses and photometric redshifts. ThaadR
local libraries of template SEDs, i.e., thecorrection éfect on sequence is presented in Secfibn 4 where the so-calledIfnid-
distant galaxies probing regimes where the SEDs were not azeess problem” is addressed and a solution proposed ungng t
curately calibrated. Evidence pointing toward an impdrtate  IR8 bolometric correction factor. This parameter, whichegtin
played by obscured AGN to explain these discrepancies {poihe same rest-frame wavelengths independent of galaxipifeds
(ii)) came from the stacking dChandraX-ray images at the is used to separate star-forming galaxies in two modes: a mai
positions of the most luminous~2 BzK galaxies (Daddi et sequence and a starburst mode. In the following secti&®&sis
al. 2007a). The most luminous of these distant galaxies westgown to correlate closely with the IR surface brightnesscke
detected in both the soft (0.5-2 keV) and hard (2—7 keV) Xvith the projected star formation density, and with thelsiest
ray channels ofChandraand exhibited a flux ratio typical of intensity, that we quantify here with a parameter named-‘sta
heavily obscuredNy>10? cm2) or even Compton thick AGN burstiness”, for local (Sectidd 5) and distant (Seclibn &pg-
(Ny>107* cm?). Surprisingly, however, a high fraction of theies. It is shown that galaxies exhibiting enhant8 values are
same objects, when observed in mid-IR spectroscopy with thedergoing a compact starburst phase. The universalitR®f
SpitzerIR spectrograph (IRS), were found to possess intenggmong main sequence star-forming galaxies is used to peoduc
polycyclic aromatic hydrocarbon (PAH, Léger & Puget 1984 prototypical IR SED for galaxies in the main sequence mode
Puget & Léger 1989, Allamandola et al. 1989) broad linesiwibof star formation in Sectidnl 7. We combiBgitzerandHerschel
equivalent widths strongly dominating over the hot to warmstd photometry in many passbands for galaxies at @ < 2.5 to
continuum (Rigby et al. 2008, Farrah et al. 2008, Murphy et alerive composite SEDs for both main sequence and starburst
2009, Fadda et al. 2010, Takagi et al. 2010). Deeper Chaihdra galaxies. Finally, galaxies exhibiting an AGN signature dis-
servations have since showed that onB5 % of thez~2 BzK- cussed in Sectionl 8, where we present a technique to identify
selected mid-IR galaxies hosted heavily obscured AGN,dbe robscured AGN candidates that would be unrecognized by previ
being otherwise composed of relatively unobscured AGNs ands methods.
star-forming galaxies (Alexander et al. 2011). This would i  We use below a cosmology withy=70 kms*Mpc, Qy =
stead favor point§) or (iii) above. 0.3, Q, = 0.7 and we assume a Salpeter initial mass function
In this paper, we present the deepest 100 to/sBGar-IR  (IMF, Salpeter 1955) when deriving SFRs and stellar masses.
observations obtained with théerschelSpace Observatory as
part of the GOODSHerschelOpen Time Key Program with the
PACS (Poglitsch et al. 2010) and SPIRE (@Griet al. 2010) in- 2. GOODS-Herscheldata and catalogs
struments. Thanks to the unique poweHgfrschelto determine
the bolometric output of star-forming galaxies, we demiaist
that incorrect extrapolations &f% from 24um observations at The sample of high-redshift galaxies analyzed here cansist
z21.5, and the associated claim for a “mid-IR excess” populef galaxies observed in the two Great Observatories Origins
tion, do not indicate a drastic evolution of infrared SEDsr n Deep Survey (GOODS) fields in the Northern and Southern
the ubiquity of warm AGN-heated dust dominating the mid-IRemispheres. Observations with therschelSpace Observatory
emission. Instead, we show that therB bolometric correction were obtained as part of the open time key program GOODS-
factor (R8=L{%/Lg) is universal in the range<¥<2.5, hence Herschel(PI D.Elbaz), for a total time of 361.3 hours. PACS
defining an IR "main sequence” (MS). We show that past incosbservations at 100 and 16 cover the whole GOODS-north
rect extrapolations resulted from the confusion betwedsxgzs field of 10x16 and part of GOODS-south, i.e., K10 (but
with extended star formation and those with compact statbur reaching the largest depths oves4 arcmirf). When consider-
which exhibit notably dferent infrared SEDs. ing the total observing times of 124 hours in GOODS-N and
We present evidence that this IR main sequence is direcf96.3 hours in GOODS-S (including 2.6 and 5 hours of over-
related to the redshift dependent SFR — M* relation (Noeske leeads), the PACS GOODBHerschelobservations reach a total
al. 2007, Elbaz et al. 2007, Daddi et al. 2007a, 2009, Pamneltegration time per sky position of 2.4 hours in GOODS-N and
et al. 2009, Magdis et al. 2010a, Gonzalez et al. 2011) andois15.1 hours in GOODS-S, i.e., 6.3 times longer. Due to the
able to separate galaxies between those experiencingmatior larger beam size and observing configuration, the SPIRE-obse
mode of extended star formation and starbursts with compaations of GOODS-N cover a field of 900 arcriihence largely
projected star formation densities. This distinction edw a encompassing the central’«Q6’, for a total observing time of
majority of “main sequence” (MS) galaxies and a minority 081.1 hours and an integration time per sky position of 16.8%.0

2.1. Observations
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Fig. 1. Postage stamp images of the same55region of the GOODS—-north field ranging from gu® (upper-left) to 50@m
(bottom-right).Upper panelfive Spitzerimages (85cm telescope diameter) obtained with IRAC at 8d68um, the IRS peak-up
array at 16m and MIPS at 24 and 70n (from upper-left to upper-rightBottom panelfive Herschelimages (3.5m telescope
diameter) obtained with PACS at 100 and 180and SPIRE at 250, 350 and 5@® (from bottom-left to bottom-right).

(10xi5’) at 10Qum (blue) 16Qum (green) and 250m (red). ] ] )

North is up and east is left. Fig. 3. Composite three color image of the GOODS—south field
(10x10) at 24um (blue), 10Qum (green) and 160m (red).
North is up and east is left.

2.2. Catalogs

. . . 2.2.1. Source extraction
Fig.[d shows a montage of images (eatk®) from Spitzer

IRAC at 3.6um to SPIRE at 50pm. This illustrates the impact Flux densities and their associated uncertainties weraircéd

of the increasing beam size as a function of wavelength: threm point source fitting using 24m prior positions. For the
number of sources that are clearly visible at each wavetendargest passbands of SPIRE (i.e., 350 and /58] the 24um
increases when going from the longest to the shortest wayeiors are much too numerous and would lead to an over-
lengths (with the exception of the 7@ image, which comes deblending of the actual sources. Hence, we defined pridhs wi
from Spitzerand notHersche). Composite three color imagesthe following procedure. For PACS-10éh, we used MIPS-

of GOODS—N at 100-160-2%M and GOODS-S at 24-100-24um priors down to the @ limit and imposing a minimum flux
160um are shown in Fig§.]2 and 3. density of 2QuJy. For PACS-16@m and SPIRE-250m, we re-
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depths of the GOODSHerschelobservations are always lim-

""""" D S ited by confusion, i.e., (2) and (3) are always stronger {1an
mﬁ; bl e e 4 Global confusion limits have been determined for PACS @ert
F " 1000 et al. 2011) and SPIRE (Nguyen et al. 2010). However these
- 5 ] global definitions assume no a priori knowledge on the local
2 orb cpT et LY L*‘Ri —~ projected densities of sources, as if e.g., B@0sources were
E E S 4100 ‘¢ distributed in an independent manner with respect to shorte
S W ke 2 wavelengths such as the 250 and pgB0ones, or even down
S 1oL 1 « to24um. Moreover, the flux limit associated to source blending,
o e g lm ot 310 @ (3), is often artificially set to be the flux density above whic
F 1. SPIRE (250 um, 5.7 mJy) ] 10 % of the sources are blended, even though statisticakstud
m“’;k;/f;, izz:zg gzg u. ;-mejn;w such as the present one, COI_JfEbad higher fractions as long as
i TIPS ( 24 . 20my) the photometric uncertainty is well controlled. Actual ebs-
NE 0 MIPS (70 pm, 2 may) ] tions instead demonstrate that shorter wavelengths dddsov
10 o T S ST P LT . a good proxy for the density field of longer wavelengths (see
redshift Fig.[1). Hence we define ther3(or 507) sensitivity limits of the

GOODSHerschelcatalogs as the flux densities above which at

Fig.4. GOODS-Herschel detection limits (from Table[]1) least 68 % of the sources can be extracted with a photometric
and total IR luminosities of theHerschel sources as a accuracy better than 33 % on the basis of Monte Carlo simula-

function of redshift (filled dots: spectroscopic, open dotéions and we use the positions of 24 sources as priors to ex-
photometric). The right axis is the SFR derived frontfactsources from PSF fitting. Individual sources arelatted a
SFR[Moyr-1=1.72x10"1%L[L o] (Kennicutt 1998a). These “clean” flag depending on the underlying density field as afin
limits were computed assuming the local library of templa@ Sect[2.8.
SEDs of CEO1. For comparison, ti8pitzerMIPS-24um de- Flux uncertainties were derived in two independent ways.
tection limit is represented as well as the knee of the tdRal IFirst (i), we added artificial sources into the ré#rschelim-
luminosity function, as derived by Magnelli et al. (200912). ages and applied the source extraction procedure. Thiggsoc
was repeated a large number of times (Monte Carlo — MC — sim-
ulations). Secondii), we measured the local noise level at the
stricted the 24m priors to the & (30uJy) limit (reducing the position of each source on the residual images produced afte
number of priors by about 35%). For SPIRE-350 and @0 subtracting sources detected above the detection thoksHu
we kept only the 24m priors for sources with &/ ratio greater first technique gives a noise level for a given flux densityrave
than 2 at 25@m. These criteria were chosen from Monte Carlaged over the whole map, while the second one provides a local
simulations (see Se¢f.Z.2.2) to avoid using too many pti@s noise estimate. In the MC simulations, we define the8r 50)
would result in subdividing flux densities artificially, vipro- sensitivity limits in all bands as the flux densities abovéchia
ducing residual maps (after PSF subtracting the sourcgbteri photometric accuracy better than 33 % (or 20 %) is achieved fo
than the detection limit) with no obvious sources remaining at least 68 % of the sources in the faintest flux density birin(as
Fig.[4 can be used to infer the reliability of ti&pitzer Magnelli et al. 2009, 2011).
MIPS 24um images of the two GOODS fields for identifying  Techniqu€i) provides a statistical noise level attributed for a
potential blending issues witHerschel It shows that the 20Jy  given flux density which accounts for all three noise compisie
depth at 24:im (30) reaches fainter sources than any of theutis independent of local variations of the noise. Theolgisim
Herschelbands, down to the confusion level and up to a redf the output - input flux densities of the MC simulations éwis
shift of z~3. The technique used to estimate total IR luminosi Gaussian shape whasaswas used to define the typical lim-
ties for theHerschelsources is discussed in Se&ct]3.2. Hence tligng depths of thederschelcatalogs listed in Col.(3) of Tablé 1.
positions of 24:m sources can be used to perform robust PSHI GOODS-Herschelimages (except the PACS—100 image
fitting source detection and flux measurements orHbéeschel in GOODS-N) reach thed confusion level, i.e., the flux den-
maps. We validated thefieiency of this technique by checkingsity for which the photometric accuracy is better than 33 ¥ fo
that no sources remain in the residual images after subigactat least 68 % of the sources is more than three times higher tha
the detected sources or by independently extracting ssuse the instrumental noise level.
ing a blind source extraction technique (Starfinder: Dioéial. In techniqug(ii), only the noise components (1) and (2) are
2000). Although it is the case that mdserschelsources have taken into account, since the objects participating in thiedt
a 24um counterpart, a few 24m-dropout galaxies were found,component (source blending) have been subtracted to peoduc
i.e., galaxies detected byerschelbut not at 24im. This will be  the residual images. However, imperfect subtraction of sy
the subject of a companion paper (Magdis et al. 2011). Bs&thejue to local blending, may inflate the local residuals in tipms
objects represent less than 1 % of Hierschelsources. after source subtraction. In the PACS images and catalogs, b
technigues result in very similar noise levels. A statadtlonit-
ing depth was computed by convolving the residual imagds wit
the PACS beam at each wavelength and measuringntseof
The noise in thélerschelcatalogs results from the combined efthe distribution of individual pixels. This method resulta the
fects of (1) instrumentalféects+ photon noise, (2) backgroundsame depths as in techniq(ipand listed in Col.(3) of Tablel 1.
fluctuations due to the presence of sources below the datectinstead, for the SPIRE data, local noise estimates in theuals
threshold (photometric confusion noise, see Dole et a2d8) maps were found to be systematically lower than those medsur
blending due to neighboring sources, above the detectiestth with technique(i). On average, sources with a SPIRE flux den-
old (source density contribution to the confusion noisepdth sity corresponding to the detection threshold of i the MC
PACS and SPIRE images (except at 180in GOODS-N), the simulations are found to present a local signal-to-noitie f

2.2.2. Limiting depths of the catalogs and flux uncertainties
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Table 1. Depths of the GOOD3Herschelcatalog& in the GOODS—north and south fields.

GOODS-north

GOODS-south

Pl FWHM Depth All sources Cleam z Depth All sources Cleam z
(ﬂm) (”) Nb N;pec % Zspec % Zall Nb % Zsp Nb ngec % Zspec % Zall Nb %Zsp
1) (2) 3 (O ) (6) (I ©) (10 (11) (12 (13) (14) (15) (16)
3.6 1.69 17pdy 24476 3489 14 55 - - 20y 13791 2933 21 99 - -
4.5 1.6% 24uJy 19957 3445 17 63 - - 3By 10203 2808 28 99 - -
5.8 1.1 129uJy 8182 2648 32 76 - — 130y 4005 1943 49 100 - -

8 2.0 15QJdy 6020 2324 39 84 - - 134y 3519 1760 50 100 - -
16 4.0 3uly 1297 870 67 90 - - 52y 883 571 65 83 - -
24 5.7 2Jy 2575 1284 50 91 - - 20y 2063 1054 51 81 - -
70 18.0 2.4 mly 150 118 79 83 94 98 3.1mJy 456 77 17 100 50 1
100 6.7 1.1mJy 1095 693 63 93 959 72 0.8 mJy 531 375 71 91 485 7
160 11.0 2.7 mly 781 517 66 94 355 77 2.4mly 296 216 73 90 170 8
250 181 57mly 374 251 67 94 194 80 - - - - - - -
350 249 7.2mly 173 114 66 94 91 78 - - - - - - -
500 36.6 9 mJy 24 11 46 9% 11 73 - - - - - - -
All - - 1263 776 61 89 990 72 - 555 385 69 91 498 41

Notes.Column definitionsCol.(1) central wavelength of the passband; Col.(2) fulitwihalf maximum (FWHM) of the point spread function
(PSF) in the passband. In the shortest bands, the FWHM itelinbly the under-sampling of the PSF; Col.(3) depth of theyevat that wavelength,
i.e., flux density of the faintest sources of the catalog. déyths listed in the table correspond to theliBnit. Due to local noise variations in the
maps, some sources with slightly fainter flux densities neglthove this signal-to-noise threshold; Col.(4) total benof point sources above the
3-o limit. For theHerschelPACS and SPIRE passbands, we list the number of sourcefiglnsing a PSF-fitting based @pitzerMIPS 24um
prior positions, themselves resulting frddpitzerIRAC 3.6um priors; Col.(5) number of sources identified with an optaaunterpart having a
spectroscopic redshift; Col.(6) fraction of sources withogtical counterpart having a spectroscopic redshift;(@pfraction of sources with an
optical counterpart having either a spectroscopic or agshetric redshift; Col.(8) number of sources used in thegarestudy, i.e., sources which
are both “clean” (not polluted by bright neighbors as diseasin Secf_2]3) and for which a redshift either photomedrispectroscopic was
measured; Col.(9) fraction of the sources listed in coluB)rf@r which a spectroscopic redshift was determined. Ci3.to (16) for GOODS—
south are defined as Cols.(3) to (9) for GOODS—north.

@ The characteristics of the GOODISerschelPACS 100, 16@m and SPIRE 250, 350 and 506 images and catalogs are given in the bottom
part of the table. The SPIRE images extend oveéx30 but we restricted the present analysis, hence also the nuofilseurces given in the
table, to the same field as the one covered with the PACS bartti®ahe sources with a 24n counterpart. The upper part of the table lists the
characteristics of th8pitzerlRAC 3.6, 4.5, 5.8, &m, IRS peakup array 18m and MIPS 24, 7@¢m images and catalogs.

®) The depth of the SPIRE catalogs given here applies only teithesample of “clean” galaxies, located in isolated areas@bed by the density
maps obtained from the shorter wavelengths starting at2ésee Secl._2]13). This explains why they are much lower thastatistical confusion
limits as listed by Nguyen et al. (2010) of 29, 31 and 34 mJdy.¢& confusion limits).

5 in the residual maps. For SPIRE sources, this implies tleat RACS or MIPS—24m fall in the SPIRE beam. Following this
consider only sources above the bmit in the residual maps, recipe, Hwang et al. (2010a) defined a “clean index” that was
to be consistent with thes3limit resulting from the MC simula- attributed to all individualHerscheldetections under the fol-
tions. lowing conditions: a 50Qm source is flagged as “clean” if its
Due to local noise variations in the maps, there can be smaflum prior has at most one bright neighbor in BgitzerMIPS
numbers of sources with flux densities slightly fainter thiaa 24um band (where “bright” means anf>50% of the central
nominal detection limits, which explains the presence afses 24um source) within 20 (1.1xFWHM of Herschelat 25Qum)
below the horizontal lines in Fig] 5. and no bright neighbor in each one of the shokerschelpass-
bands, i.e., at 100, 160, 250, 350 and pA0within 1.IxFWHM
of Herschelin these passbands (see Tdble 1). As a result, we
only kept 11 clean sources at 5@ for which we consider that
The main source of uncertainty, in the SPIRE images in p&rtic}ttgtra tﬁgoéﬂrgﬁé?b'grﬂaz:ﬁ;;gr\}feCéﬁ?r'ggng?ggmﬁse IerS:SCgln'(t:e of
!ar, comes from the high sour_ce_density relative to the bépm S bright neighbors at sHorter wavelengths As a resuIF: tha-nu
l.e., the so-called confusion limit (see Condon 1974). Assg ber of 35Qum detections is an order of magnitude larger than

that this limit applies equally at all positions of the sk en - S . :
etal. (2010) esFt)iFr)nated(ihat %/he rooFr) below which SPIgEu}!ymurcat 50Qum. This "local confusion limit” was empirically defined

: . after visually inspecting the data for all individual soesdut a
may not be extracted is 30 mJy, corresponding ta%ens CON- o) N ; . , o
fusion limits of 29, 31 and 34 mJyeam for beams of 1871 more detailed investigation of this quality flag using siatidns

, : of the actual GOODS sources both spatially and in redshift co
24.9'and 36.8 FV\‘/‘HM at 250, 35.0 aqd SQﬂn regpectlvely. . firms its robustness (Leiton et al. 2011, in prep.). For gakx

However, this “global confusion limit” is defined assumingq, -\ hich this “clean index” condition is not met in some band
no a priori knowledge on the prOJe_cted density map of the u[]hphysical jumps in the IR SED are observed. This may lead to
derlying galaxy populaﬂon. Iflone mste.ad assumes thattsho wrong estimates of the dust temperature for example, sydtem
wavelengths, at a higher spatial resolution, can be useeftoed ;.-\ “sifting it to colder values, since source blendintpets

the local galaxy density at a given galaxy position, thenca “| ;
AL 4 X ! referentially the longest wavelengths.
cal confusion limit” can be defined. In practice, this medrat t P Y g 9

not all SPIRE sources are located at a place where sevegatbri

2.3. Local confusion limit and “clean index”
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Fig. 5. Distribution of the 'clean’ GOODSHerschelandSpitzerMIPS 24um flux densities as a function of redshift (spectroscopic—
filled and photometric—open symbols). Non “clean” galax@sse Sec{_2]3) are not represented. The averaged@pths of the
surveys listed in Tablel 1 are shown with horizontal line® (@ashed lines at 100 and @@ represent the shallower GOODS-N
depths). Due to local noise variations, some 8eurces can be detected below these typical limiting flusities. Sources above
z~3 are not represented due to redshift uncertainties.

With the sensitivity limits of GOODSHersche] Fig. [4 shifts and stellar mass estimates are determined from PEGAS
shows that below a redshift @3 the shortest wavelengths argFioc & Rocca-Volmerange 1999) are were produced using nine
always deeper than the longest ones, hence one can take adseenarios for the star formation history (see Le Borgne &daec
tage of these higher resolution images to better consthtan Molmerange 2002) with various star-formatiofii@encies and
confusion limit at local, instead of global, scales. Moregwe infall timescales, ranging from a pure starburst to an atroos-
note that the fluxes in e.g., the SPIRE bands are not independ&uous star-formation rate, aged between 1 Myrand 13 G0 (2
of those measured in the gm and 10Q:m passbands. Theyages). There is no constraint on the formation redshift.t€he
even follow a tight correlation (see Elbaz et al. 2010 and thwates are required to be younger than the age of the Uniagrse
present analysis), again in the redshift range of interest,h.e., any redshift.
z~0-2.5. Hence it is possible to map the density of IR sources The redshift distributions of the sources individually de-
and to flag sources in relatively isolated areas, with resfgec tected in each of thelerschelbands, as well as at 24n with
similarly bright or brighter IR sources. If the “clean indeid  Spitzer are presented in Fill 5 for both fields. This illustrates the
not reject diciently problematic measurements, this would reelative power of these bands to detect sources as a furaftion
sult in an increase of the dispersion in the figures presentedredshift. While the 50@m band samples sources at all redshifts
this paper. Since we will show that these dispersions are quirom z=0 to 4, it only provides a handful of objects: 24 galaxies
small already, if this iect was corrected, it would only rein-in total within the 10x15' size of the GOODS—N field, with only
force our results. Typically, half of theerschelsources detected 11 flagged as clean, 73 % of which have a spectroscopic rédshif
at 2>160um survive this criterion (see Tallé 1). determination. In comparison, more than a thousand soarees

detected in the 10@m band, the vast majority being flagged as
) ) clean and 72 % having a spectroscopic redshift.

3. High- and low-redshift galaxy samples Table[] also lists the characteristics of the other IR cgglo

. that we use in the present study. The GOCEpgzedRAC cata-
3.1. The GOODS-Herschelgalaxy sample logs were created using SExtractor (Bertin & Arnouts 19686),
Both GOODS fields have been subject to intensive follow-upcting sources in a weighted combination of the 3.6 ang.5
campaigns, resulting in a spectroscopic redshift compéte images, with matched-aperture photometry in the four IRAC
greater than 70 % for thelerschelsources (Tablg]1). We usebands, using appropriate aperture corrections to total e
a compilation of 3630 and 3018 spectroscopic redshifts f8pitzer24um and 7Qum catalogs (Magnelli et al. 2011) use
GOODS-N (Cohen et al. 2000, Wirth et al. 2004, Barger, Cowitata from theSpitzer GOODS and FIDEL programs (Pl: M.
& Wang 2008, and Stern et al. in prep.) and GOODS-S (LUickinson). Sources detected in the IRAC images are used as
Fevre et al. 2004, Mignoli et al. 2005, Vanzella et al. 200@yiors to extract the 2dm fluxes, and then in turn a subset of
Popesso et al. 2009, Balestra et al. 2010, Silverman et &0,20those 24:m sources are used as priors to extract fluxes ahv.0
and Xia et al. 2010) respectively. Photometric redshiftbstel- The 16um data comes fror8pitzerlRS peak-up array imaging
lar masses are computed in both fields from U-band to IRACeplitz et al. 2011); here again, Afh catalog fluxes are ex-
4.5um photometric data using Z-PEG (Le Borgne & Roccaracted using IRAC priors. In this study, we make particuise
Volmerange 2002). The templates used for both photomettic r of the Spitzerdata to quantify the redshift dependence of the IR
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SEDs while minimizing mid-infrared k-corrections by measu Table 2. Number of galaxies and total IR luminosity range of the
ing the rest-frame 8m emission of galaxies a+0, 1 and 2 from local galaxy samples.
their observed fluxes in the IRACg8n, IRS-16um and MIPS-

24um passbands. Tallé 1 also gives the spectroscopigé%o Cocal (2 (3 @ l0g10(Lir/Lo)

and photometrie- spectroscopic (%) completeness of the IR samples Nb Rgo FEE <10 10-11 11-12 >12
catalogs from 3.6 to 50@m within the fiducial GOODS area. As  I1SO 150 11 0 36 56 14 45
noted previously, the SPIRE images of GOODS-N cover a widerAKARI 287 47 0 63 164 55 9
field, but here we do not count the sources detected outside thSpitzer 211 58 211 0 44 154 13
regular GOODS area. Total 648 116 211 99 264 223 67

Known AGN were excluded from the sample and will be disgptes column (2) total number of objects for each local sample;
cussed separately in Sectioh 8. Xaytical AGN were iden- col.(3) number of galaxies with a radio continuum (1.4 GHzp ®sti-
tified from one of the following criterial x[0.5-8.0 keV]>  mate; Col.(4) number of galaxies for which a fraction of exted emis-
3x10* ergs s?, a hardness ratio (ratio of the counts in the 2-8on (FEE) was measured (Diaz-Santos et al. 2010), iagtjén of the
keV to 0.5-2 keV passbands) higher than 0.8,NL0°2cm2, or  mid-IR continuum at 13.2m more extended than tf&pitzefIRS res-
broaghigh-ionization AGN emission lines (Bauer et al. 2004)lution of 36" (see SecLl5).

We also excluded power-law AGN, i.e., galaxies showing a ris

ing continuum emission in the IRAC bands due to hot dust radi- o T
ation (see definition in Sedd 8). as a proxy for the derivation of the 8 — 10@@ luminosity, in-

stead of the actual integral over the IR SED. TRASflux densi-
ties F12,m, Fasum, Fegqum andFiogm in Eq. are in Jy. Both tech-
3.2. Total infrared luminosities nigues give equivalent total IR luminosities within 5%, ben
again the dominant cause of discrepancy in the comparison is
Total IR Iuminosities,Lﬁ'erC“e! for GOODS-Herschelgalaxies related to flux uncertainties.
were determined by allowing the normalization of the CE®i-te
plate SEDs to vary and choosing the one that minimizeg#tiie
to theHerschelmeasured flux densities. At the highest redshif
considered in the present analysis«(2.5), theHerschellOOum  The local galaxy reference sample that we use in this paper co
passband samples rest-frame mid-IR wavelengths. HencegitQs of galaxies detected with thefrared Space Observatory
avoid mixing galaxies with and without direct far-IR deteoss, (1SQ), AKAR| and Spitzer Their rest-frame gm luminosities
we require at least one photometric measurement at wawengind total IR luminosities are compared to those of the GOODS—
longer than 3@m in the rest-frame. This excludes a few higiHerschelgalaxies. Galaxies with direct IRAC+8n measure-
redshift galaxies detected only at @@. Total IR luminosities, ments fromSpitzerare supplemented with galaxies wit§O
Ligersehe} were integrated from 8 to 10@@n on the best-fitting 6.75,m and AKARI 9um photometry, for which pseudo-IRAC
normalized CEO1 SED. When only one or tWerschelmea- g,m Juminosities)s, were computed using the IR SED of M82
surements are available above,#0, the degeneracy of the fit (Forster Schreiber et al. 2001, Elbaz et al. 2002). [B@and
being large, we use the standard CEOQ1 technique, i.e., we Bg€aR|samples span a wide range of relatively low luminosity
the SED with the closest |UminOSity from the CEO1 IIbrarnyIt ga|axieS, together with a Samp|e of ULlRGS, while MIzer
out allowing any renormalization. sample contains a quite complete sample of local LIRGs (see
In order to quantify the impact of the choice of a given set dfable2).
SEDs to fit theHerschelmeasurements and determiggrsche!
we have repeated the same exercise with another SED libr
from Dale & Helou (2002, DHO2). The ratio of tHg/e'schelval-
ues derived with one or the other family of SEDs has a medianpfie mid-IR luminosities of this sample of 150 galaxies de-
1 and a dispersion of 12%-rms. The uncertainty in the determgtribed in CE01 and Elbaz et al. (2002) were obtained from
nation ofL{esc"®lis therefore dominated by the actual error baigieasurements taken witBO. The sample includes 110 galaxies
on theHerschelflux measurements rather than by the choice @foser than 300 Mpc and spanning a wide range of mid-IR lumi-
the SED library. In order to account for the latter source of U nosities estimated from ISOCAM-LW2 (5-8:, centered at
certainty, we have generated a series of 100 realizatiotiseof 6.75,m) and 41 ULIRGs, at distances 80 to 900 Mpc, with mid-
Herschelflux measurements assuming a Gaussian distributigR luminosities determined with the PHOT-S spectrograph of
within their error bars and determined 100 value&{#f**"®lby |SOPHOT (Rigopoulou et al. 1999). We refer to CEO1 for a dis-
fitting those realizations independently. The fihﬁ;rscr‘e'asso- cussion of the conversion of the PHOT-S spectra into braoadiba
ciated to a given galaxy is the median of the 100 Monte Carieminosities equivalent to the LW?2 filter. Pseudo-IRA@I8 lu-
estimates and its error bar is the rms around the median. Thigosities,Lg, were estimated by first convolving the ISOCAM
procedure was repeated for each individual galaxy. CVF spectrum of M82 (Forster Schreiber et al. 2001, Elbaz et
Since we will compare the distant GOODSerschelgalax-  al- 2002) to the ISOCAM-LW2 and IRAC+#m bandpasses and
ies to a reference sample of local galaxies for wHithis es- then normalizing the resulting luminosities to the obserke
timated fromIRASmeasurements alone, as a consistency che®#0sity for each of the 150 galaxies, in order to deriverthgi
we computed the total IR luminosity that we would obtain fopince both filters are wide and largely overlapping, the eonv

the GOODSHerschelgalaxies if we had used Eg. 1 (taken fron$ion depends very little on the exact shape of the spectreah us

Sanders & Mirabel 1996), for the conversion and we checked that indeed using the CEO1
SEDs (for example) instead of that for M82 would make negli-
gible differences with respect to the actual dispersion of galaxies

Lir/Lo = 4nDZ, [m] [1.8 X 1014(FIR[Wm‘2])] /3.826x 107° . in theL|¥ — Lg diagram. Total IR luminositie4,%, were derived

1 ;
whereF IR = 1348F 15,m + 5.16F 25,m + 2.58F 60um + F10qum » ( )from the fourlRASband measurements using Eb. 1.

33 Local galaxy reference sample

grgl Local ISOgalaxy sample
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3.3.2. Local AKARIgalaxy sample not afected by the presenfdsence of emission lines such as
PAHs. For the multiple systems unresolved by IRAS, Diaz-

Galaxies with mid-infrared (8m) measurements fromKARI Santos et al. (2010) distributed the total IR luminositywestn
were cross-matched with tHRASFaint Sources Catalog ver. alaxies proportionally to theBpitzefMIPS—24um fluxes. Due

2 (FSC-2; Moshir, Kopman & Conrow 1992) and with spectr 0 this redistribution of the luminosity, there are now 44agées
scopic redshifts from the Sloan Digital Sky Survey Data Bste with IR luminosities less than 16 L@yi’n our sample. A(qued to

7 (SDSS DRY; Abazajian et al. 2009) supplemented by a pie oo ormal star-forming galaxies, the present samphyfina

tometric sample of galaxies with redshifts available in like cludes 154 LIRGs and 13 ULIRGs (with B&L1%YL , <4x 10"
19/ <4x10").
erature (Hwang et al. 2010b). For baRASand AKARI we IRAC-8um luminosities for these galaxies are from Mazzarella

consider only the sources with reliable flux densftiéstotal of : ; _-

287 galaxies have @m flux densities_from thdKAR/Infrared ter:ealégrjafrseps);msg(l—:‘ell%trrr:azslaeAsSvSve;ﬁddggxsgrgzgczﬁstﬁm_
Camera (IRC, Onakaetal. 2007.) Point Source Cz_ita_log (PSC sities into stellar masses (excluding remnants) using-a u
1.0, Ishihara et al. 2010) reaching a detection limit of 5¢/m ng a mass-to-light ratiof./Lx<=0.7 Mo/Lk o computed from
(50) with a uniform distribution over the whole sky and CIOSG?’EGASE 2 (Fioc & Rocca-Volmerange 1997 1999) assuming a
than~450 Mpc ¢<0.1). As in Secf._3.3]1, pseudo-IRAG:B lu- Salpeter IMF and an age of 12 Gyr '

minosities g, were computed by convolving the ISOCAM CVF '
spectrum of M82 with theAKARFHRC 9um bandpass to esti-
mate the conversion factor between the IR@rRBand IRAC— 4. Universality of IR8 (=Lir/Lg): an IR main sequence
8um luminosities assuming the same IR SED for all galaxies.

The efective wavelength of thAKARI9um passband is 8/8n  4.1. The mid-infrared excess problem

(Ishihara et al. 2010), not far from that of the IRAG#® filter Before the launch oHersche) the derivation ofLl%, hence

(7.9um, Fazio et al. 2004). i i -
Total IR luminosities were computed from the folRAS glso of the SFR, of distant galaxies had to rely on extrapola

. ons from either mid-IR or sub-mm photometry. While there
pands using E([.Jl' ThteothC#m measurements were not useq . many reasons why extrapolations from the mid-IR could be
in the computation ot 2. Far-IR measurements were suppl

. e\7\/rong (evolution in metallicity, geometry of star formatioe-
mented with theAKARVFar-Infrared Surveyor (FIS; Kawada e[gions, evolution of the relative contributions of broad ssion

al. 2007) a_II-sky survey Bright Source Catalogue (BSC V‘éﬂ)l lines and continuum), it was instead found that they work-rel
that contains 427 071 sources, with measured flux densmeqigmy well up toz~1.5. Using shalloweHerscheldata than the
65, 90, 140 and 160m. We used the supplementary far-IR mea: o :

surements for 16 % of the sample for which there is n@rh2 apresent study, Elbaz et al. (2010) compakifi estimated from

nor 25um reliable measurement from IRAS. We checked t erschelPACS and SPIRE, “.llzé_the total IR luminosity ex-
consistency of these IR estimates fréxKARI with those ob- rapolated from the observé&pitzemid-IR 24um flux density —
tained fromlIRASalone and found thatKARIluminosities were and found that they agreed within a dispersion of only 0.5 de

: .The CEO1 technique used to extrapolbfg attributes a single
0, 0,
ks)illsttheism]?t(l:(;gl’ly lower by 10 %. We corrected those 16 % gagaxi SED per total IR luminosity. Hence a given 2 flux den-

sity is attributed the|% of the SED that would yield the same
flux 24um flux density at that redshift.

3.3.3. Local Spitzergalaxy sample StackingSpitzerMIPS-70um measurements at prior posi-
tions defined by 24m sources in specific redshift intervals,

A sample of 202IRAS sources, consisting of 291 individ-lvIagnelli et al. (2009) found that the rest-frame, @4/(1+2)

ual galaxies (some blended I&ASresolution), were observed o : ;
with the IR spectrograph (IRS) on-boaBgpitzeras part of the &nodsgglenrqic%;zasﬁm'S]%SlgeESmW tzrfhrl?ierljic]f(l)); cglr;s):is;;natt;v ith
Great Observatories All-sky LIRG Survey project (GOALS; 9 due for g ; .
Armus et al. 2009). The sources were drawn from IRAS AIt_houghthe_?sz passband probes the mid-IR rgglmefor rec_i-
Revised Bright Galaxy Sample (RBGS: Sanders et al. 20 ifts z>0.8, it presents the advantage of sampling the contin-

d i let b o of svst 0.088 m IR emission of distant galaxies without beirfeated by
and represent a complete sub-sample of systems (0.088) 0 1 ytentially uncertain contribution of PAHS, contrapythat
with IR luminosities originally defined to be in the rang

. t 24um. At z>1.5 however, extrapolations from gd measure-
1 3 L , p
ETng LGdglz‘gf aﬁli';GLG.TLhethOIAI\IIiSI sa_mplgt_lnclufdﬁ]s 200, ents using local SED templates were found to systematicall
. San dorived Usi S.thQEAOSa ummostl |esd0E isysbverestimate the 7@m measurements (Magnelli et al. 2011).
ems were derived using measurements and £q. (Se%his mid-IR excess, first identified by comparingf with radio,
Armus et al. 2009 for fyrther detalls_, on thl_s; calculation). IPS-70um and 16Qim stacking (Daddi et al. 2007a, Papovich

| Uf;ggsthDei sg)esctrnz%[l ma;geis (Z)gtla(')n?r? Wlthrthdetﬁhort-lqw rgo t al. 2007, Magnelli et al. 2011) has recently been confirmed
gfetr?e Iigh,t ra%iélt:d iastﬁearﬁi(d—lR gonﬁﬁiﬂrﬁ at i;}% of a with Herschelby Nordon et al. (2010) on a small sampleze®
sub-sample of 211 individual galaxies (closer than 350 Mec) galaxies detected with PACS and by stacking PACS images on

which data were available at the time of publication and sesir 24um priors (Elbaz et al. 2010, Nordon et al. 2010).

could be detected. We use these size estimates in our aniadysi Here, thanks to the unique depth of the GOOBIBkschel
garding the link be.tween star formation compactness anltﬂs?/e images, we are able_to comp:iufé to Ly foramuch Iarger num-
ratio. This fraction of extended emission (FEE) is directly ber of galaxies than in Elbaz et al. (2010) and, more impdigian

S T 4 X for direct detections at>1.5. In the left-hand part of Figl 6, we
lated to the spatial distribution of the star formation e and show that the mid-IR excess problem is not artificially proek

presents the advantage of being measured in a wavelengié ra&/ imperfections that could result from the indirect stacki

! Flux quality flags are either “high” or “moderate” ftiRASsources Measurements, but instead takes place for individuallyated
and “high” for AKARIsources galaxies atz>1.5 and at high 24m flux densities, correspond-

2 httpy/www.ir.isas.jaxa.jfAKARI /ObservatiofP SGPubligRN/AKARIAG to L2>10' L. Although known AGN were not included
FIS.BSCV1_RN.pdf in the sample, unknown AGN may still remain. Indeed it has
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Fig. 6. Left: Comparison o2 (8—100Qum) as directly measured frohherscheI(L:f?ersc"e) with the value extrapolated from 24n

(L2CEY using the CEO1 technique. Only “clean” galaxies are represi (as defined in SeEiB.1). Galaxies with spectroscopic
and photometric redshifts (from both GOODS—north and gaardamarked with filled and open symbols respectively. Golange
from black ¢~0) to orange ~2.5), passing through greem~(l) and red £~2). The wavelength range sampled by the MIPS-
24um passband is shown in orange at the top of the figure wheredngared to the redshifted SED of M82. The dashed line
in the left-hand side panels is the one-to-one correlafitve. sliding median and 16th and 84th percentiles of theiligton are
shown with white dots connected with a solid line and greyezogspectively. Théottom panel shows the ratio of the actual
over extrapolated total IR luminositRight: Comparison ofL}!¢"s"®with Lg (rest-frame &m broadband) for “clean” galaxies.
The observed bandpasses used to estitngatee illustrated in the top of the figure and compared to thehiéiged SED of M82.
The sliding scale of the median and 68 % dispersion arourgdshown with a grey zone which is fitted by the solid and dashed
lines:1IR8=4.9 [-2.2+2.9]. Stacked measurements combined with detections vegldly number of objects per luminosity bin are
represented by large yellow open triangles (GOODS-soutide down, GOODS—north: upward). Thettom panel shows the
IR8 (=Ltersehef| g) ratio which is found to remain constant with luminosity aedshift.

been proposed that the mid-IR excess problem could be dueftd. Resolving the mid-IR excess problem: universality of IR8

the presence of unidentified AGNfFacted by strong extinction,

possibly Compton thick (Daddi et al. 2007b, see also Papovig/e have seen that extrapolationslgf from 24um measure-
etal. 2007). At these high redshifts, the re-processedtiadiof ments using the CE01 technique failzatl.5. We also find that

a buried AGN may dominate the mid-IR light measured in thesing the same technique with another set of template SEDs,
24m passband, while the far-IR emission probedHsrschel such as the DHO2 ones, fails in a similar way.

would be dominated by dust-reprocessed stellar light. édde : ; ; ;
. L We wish to test the main hypothesis on which the CEO1 tech-
studies of local dusty AGN have demonstrated that the|rr|:-0ntnique relies, namely, that IR SEDs do not evolve with redsif

_bu:ihon to Ehfe IR enlw\:s?ion Otf al g;i(l)%x%/ d|[|0ps rapidtI%/. above®0 that was the case, then a single SED could be used to derive the
in the rest-frame (Netzer et al. )- However, this exgiiam L of any galaxy whatever the rest-frame wavelength probed,

for the mid-IR excess problem was recently called into quegLR ; g :
. ) : : . s long as it falls in the dust reprocessed stellar light Vesagth
tion by mid-IR spectroscopy of-2 galaxies obtained using ther nge.glndeed, local galaxies gre observed to follg(])w tightes

SpitzerIRS spectrograph showing the presence of strong PA' ions between their mid-IR luminosities at 6.75, 12, Ty
emission lines where one would expect hot dust continuurs-em dLi° (see CEO1, Elbaz et al. 2002) as Well.as,witl% their SER
sion to dominate if this regime were dominated by a buried AG delﬁved from the Raline (Calietti et al. 2007) for thepitzer
(Murphy et al. 2009, Fadda et al. 2010) and by deeper Chan “Esbands at 8 and 2. This technique fails at>1.5, which

observations (Alexander et al. 2011). has until now been interpreted as evidence that distant IRSSE
are diferent from local ones. However, in order to properly test
the redshift evolution of the IR SEDs, it is necessary to carap
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O e ©

measurements in the same wavelength range for galaxies atal (g3 g 1T T T T T T T T T T T T T3

redshifts. For that purpose, we now compute the same r@stefr i ©
mid-IR luminosity, Lg (=vL,[8 um]), defined as the luminos- i
ity that would be measured in the IRACu8 passband in the
rest-frame. We choose this particular wavelength rangauser
it can be computed frora~0 to 2.5 with minimum extrapola-
tions using the IRAC-gm filter for nearby galaxiesz&0.5), the
IRS-16um peak-up array for intermediate redshifts aroand
(0.5<z<1.5) and the MIPS-24m passband a~2 (1.5¢z<2.5).
Even in these conditions, small k-corrections need to béiexpp
in order to calculaté_g for the same rest-frame passband. This&
was done using the mid-IR SED of M82 for all galaxies. We
verified that using other SEDs, such as the CEO1 or DHO2 tem-
plates, would altet g by factors that are small when compared
with the dispersion of the observédf — Lg relation. The re- 10
sults are shown in the right-hand part of Hig. 6. Surprisingl
when plotting galaxies at all redshifts and luminositieghie
same wavelength range, we no longer see a discrepancy lmetwee
galaxies above and belaev1.5. The sliding median of thdR8 10°
ratio, defined a$R8=L|%/Lg, — illustrated by white points con- I

1012__

Herschel

1011 L

0
nected with a solid grey line in the right-hand part of Eify. 6 — _<
remains flat and equal #16R8=4.9 [-2.2;+2.9] (solid and dashed §
lines in Fig[6-right) fromLg=10° to 5x10'* L, or equivalently
from Li%=5x10° to 3x10"2 L,. The 68 % dispersion around the _T
median is only+0.2 dex. o
In order to test possible selectiofiets on the galaxies used < !
to determine thdR8 ratio, we combinedHerscheldetections i : : : ' :
with stacked measurements on 24 prior positions. This was 0 0.5 1 1.5 2 2.5
done by defining intervals of luminosity ibg, e.g., from the redshift

16um band for sources arounrdl or 24um for sources around
z~2. In a givenLg interval, we determined the median of th}g‘

obtained for detections on one hand (white dots connectichwi
solid line in the right-hand part of Fig] 6) and on the othemdha

measured average PACS 10@ and 16Qum flux densities for . ; . .
the sources with nélerscheldetection by stacking sub-imagesSpeCt'Vely' Spectroscopic and photometric redshifts bosva

, ; ; ; " : ith filled and open dots respectiveBottom panel: IR8 ratio
of 60” on a side at their 2dm prior positions. These sub—lmage%vI ' 4 ’
were extracted from the residual images to avoid contaroimat =Li%"*"/Lg) as a function of redshift. The solid and dashed
by detections. The average stacked PACSifitand 16G:m horizontal black lines are the median and 16th and 84th per-
flux densities were converted into total IR luminositiesgghe centiles of the distribution (EQ.l 3), i.elR8=4.9 [-2.2, +2.9].

: .. The solid and dashed red lines show the detection limitsef th
CEOL1 library of template SEDs, selected based on luminasity X -
the median redshift of the galaxies in thatluminosity interval. GOODS-S and GOODS-N images abawd.5. The sliding

‘L an Lot median of the sources detectedHdgrschelis shown with black
\Izl)\fcfgu;odozrc:]soyrstlirgz&c g:traer\:vcr?e\;]vrzjesri]ngetrr:\grgIIEROflr??mtSIeate pen circles connected with a solid line. A weighted combina
for the extrapolation (see also Elbaz et al. 2010) . Both PA on of detectl_ons with stacl_<ed measurements (as m[H:lg.dG an
bands gave consistent values fd§. The two values obtained as described in Sed. 4.2) is shown with open yellow triamgle

for LiY from detected and stacked undetected sources were tf(wté%th fields combined).

combined according to a weight depending on the number of

sources in each group within thig interval and on the signal-

to-noise ratio of these measurements (quadratically);derdto jects. In the bottom panel of Figl 7, we show the redshift evol
avoid giving the same weight to both measurements if theg haion of thelR8 ratio. It is flat up taz~2 and then, due to the shal-
the same number of sources but verffatient 3N ratios. The lower detection limit oHerschelcompared t&pitzer24um, it
resultingLi% — Lg relation is shown with yellow open trianglesis slightly larger than the typical value, since only gaéesvith
separately for each GOODS field. Since the g60and 16Qum  high LI%/Lg can be detected Hyterschel

gave similar results, we only present in the right-hand pért Hence, we do not see a mid-IR excess when comparing sys-
Fig.[@ the result obtained from the 106 band. Again, the typ- tematically L[> to 8um rest-frame data. In particular, if AGN
ical IR8 ratio appears to be flat, independent of both luminogrere playing a more important role at1.5 than at lower red-

ity and redshift. The range of luminosities probed by GOODSshifts, we would expect to see a chang#R8 at this redshift cut-
Herschelvaries as a function of redshift as shown in the uppeff contrary to what is actually observed. The cause for the mid-
panel of Fig[¥, where we represent the distribution of ttal IR discrepancy is therefore not specific to galaxies:atl.5, but
luminosities measured withlerschelas a function of redshift is instead due to the templates used to represend ULIRGs.

for the galaxies classified as “clean” (Sé&dt. 2). This is duéhé Locally, galaxies withL[2' > 10'? L, are very rare, most prob-
combination of limited volume at low redshifts — limitingeth ably because galaxies today are relatively gas-poor caedpar
ability to detect rare luminous objects — and depth at high reto those at high redshift. Moreover, they have infrared SEDs
shifts — limiting the ability to detect distant low lumindgiob- that are not typical of star-forming galaxies in generat)ud-

Fig.7. Upper panel: Distribution of total IR luminosities
(Litersehe) of the GOODSHerschelalaxies classified as “clean”
as a function of redshift. The solid and dashed red lineshare t
detection limits of the GOODS-S and GOODS-N images re-
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S0 DA S ) e ) 1) e R percentiles around the median of the GOOBISrschelsample
; 3 (solid and dashed lines in Fig. 6).
" ] The median of both samples are very similar (see [EQk. 3,2),

. . . | IRgocal= 48 [-1.7,+6.4] )
10°F o WAE e E

AR ] IRGECODSHerschel_ 49 [-22 +29] ®)

'S 1 Note, however, the large upper limit of the 68 % dispersion in
10"k : A | Eq.[2, which is mainly due to the elevatéf8 values of the

E S R ] local ULIRGS, as seen in the left-hand panel of Eig. 9. The me-
N ] dians of both samples are shifted to higher values becauke of
v 1 asymmetric tails of galaxies with large valuesiBB, as shown

I Y 12"M82 in the right-hand part of Fig.]9 where we compare kR8 dis-
10"k S . tribution for the locall SO+AKARI galaxies (upper panel) with

. . ‘-'-z”. 3 that of the GOODSHerschelgalaxies (lower panel). Both dis-
LV 1 tributions present the same properties: they can be fitted by
I . | Gaussian and a tail of highR8 values. The central values and
L T T widths o~ of the Gaussian distributions are very similar for both
1(90 : i . ' ' E samples (Eq§]4,5),

L (Lo)

. e IR8°?(center Gaussiary 3.9 [0 = 1.25] (4)

. . . b PN
10k - LIS . ee o . A‘ 4 .
0 3 DY AR E |RGECODSHerschelcanter Gaussian) 4.0 [o = 1.6], (5)

IR8 = Lg"/Lg

again reinforcing the interpretation that the distant giaks be-
TE E have very similarly to local galaxies. If the IR SED of gakesi
'8 . o » " - were diferent at low and high redshift, then one would not ex-
10 10 10 10 10 pect them to have the same distribution$R8.

Ls (Lo) Hence we do not find evidence forfidirent IR SEDs in dis-

Fig. 8. L@[IRAS] versusLs for local galaxies including only the tant galaxies. Instead, we find that local and distant getaaie

ISO sample of galaxies used to build the CEOL1 library of tenﬁptth.gi?.tribmedt in wo quitle vg/glcl;de;i?hed relgimeS: ahigmsi
plate SEDs and converted from 6 /% to 8um using the SED Istribution containing nearty o ofthe galaxies, whitare

of M82. The light blue line shows the position of the CE01 SE@ UniversalR8 ratio of ~4, and a sub-population 620 % of
templates, built to follow two power laws in thé®' — Lg relation galaxies with largetR8 values. The exact proportion of this sub-
' " population is not absolutely determined from this analysigsce

it depends on the flux limit used to define the local reference
. . . i .. sample, while the distant sample mixes together galaxias-sp
ing those of most distant ULIRGs. The majority of high-réiéfsh ing' 5 |arge range of redshifts and luminosities. Neveess!
galaxies, even ultraluminous ones, share the same IR fil@pefihe opjects in the highR8 tail remain a minority at both low

as do local, normal, star-forming galaxies with lower tétahi-  3nq high redshift compared with those in the Gaussian blistri
nosities. Galaxies with SEDs like those of local ULIRGS d3EX tjgp.

at high redshift, but they do not dominate high redshift UGKR In the following, we call the dominant population “main se-
by number as they do in the present day. quence” galaxies, since they follow a Universal trendl#+-Lg
valid at all redshifts and luminosities. We also justifystishoice
in the next sections by showing that this population alstoved
a main sequence in SFRM,, while galaxies with an excess
Fig.[8 shows the original|¥-Lg data that were used to buildIR8 ratio systematically exhibit an excess SSEBERM.). In
the CEOL1 library of template SEDs. The solid line in the figurthe local sample, ULIRGs are clearly members of the second
shows the relation traced by the SED templates. Origintdy, population whereas-2 ULIRGS mostly belong to the Gaussian
mid-IR luminosity was computed from the ISOCAM-LW?2 filterdistribution, hence are main sequence galaxies. It is theréhe
at 6.75um, Le 7, which we convert here thg using the SED of weight of both populations that has changed with time antl tha
M82. The conversion was validated by a sub-sample of gadaxis at the origin of the mid-IR excess problem. The CE01 SED
for which we have measurements with both ISOCAM—-LW2 arlibrary, illustrated by a blue line in FigEl 8 afdl 9, reachak v
IRAC-8um. While the trend followed by the CEO1 templates ises ofIR8 that are more than five times larger than the typical
consistent with the GOODS+erschelgalaxies belowg ~10'°  value for main sequence galaxies. This leads to an overastim
Lo, there is a break above this luminosity threshold that was ref L\ when the SED templates for local ULIRGs are used to
quired to fit the local ULIRGs in this diagram. extrapolate from 24m photometry for main sequence galaxies
In Fig.[3-left, we supplement the original locE8O sam- atz~2. Note, however, that it is not necessary to call for a new
ple with the 287AKARIgalaxies introduced in Se€f._3.B.2. Withphysics for the IR SED of these galaxies that would justify, e
this larger sample, we see galaxies extending the low lusitino stronger PAH equivalent widths, since most of the distaRG&$
trend beyond the threshold b ~10'° L, with a flatIR8 ratio. and ULIRGs belong to the same main sequence as local normal
This trend is similar to the one found for the GOOD+schel star-forming galaxies. It is well-known that local (U)LIRGre
galaxies (background larger orange symbols as i Fig. 6)tend experiencing a starburst phase, with compact star formatio
extended local sample is well contained within the 16th afttl 8 gions, triggered in most cases by major mergers (see egy#\r

4.3. Origin of the “mid-IR excess” discrepancy
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F|g 9. Left: LiATIRAS] versusLg for local ISO andAKARI galaxies (filled blue dots). The GOODBerschelgalaxies are shown

in the background with lighter orange symbols (same poistim &ig.[6) together with their median (black solid line) ®1%
dispersion (black dashed lines). The light blue line shdwesldécus traced by the CEO01 SED libraRight: Histogram of thd R8
ratios for the local galaxy sample (blue, upper panel) an@BGS-Herschelsample (orange, bottom panel). The solid curves show
Gaussians fit to the distributions. The vertical grey limeBdate the median (solid) and 68 % dispersion (dashedhé&dfiull samples
(asin EqsL3,12).

et al. 1987, Sanders et al. 1988, Murphy et al. 1996, Veilleuxation compactness indicat@z, andIR8, the far-IR over mid-
Kim & Sanders 2002 for ULIRGs and Ishida 2004 for LIRGS)IR luminosity ratio. In the present study, the term “compass”
This leads us to the investigation of the role of compactpess is used to refer to the overall size of the starburst and ntite¢o
sented in the next section. Indeed, if local ULIRGs are knowacal clumpiness of the various star formation regions chvlwe
to form stars in compact regions and are found to be atypicannot measure in most cases.
in terms ofIR8, then it would be logical to expect that distant  An extension of the Chanial et al. analysis to the brighter IR
ULIRGs instead are less compact, perhaps as a result of thgfhinosity range of (U)LIRGS has become possible thanks to
higher gas fractions. Note also that galaxies with an exid@8s the work of Diaz-Santos et al. (2010). They uspitzefIRS
ratio are found at all luminosities and redshifts and areomby  data to derive the fraction of extended emission of the mid-
a characteristic of ULIRGs. IR continuum of the GOALS galaxy sample (Secf_3.3.3) at
13.2um.

5. IR8 as a tracer of star formation compactness
and “starburstiness” in local galaxies 5.1. Determination of the projected star formation density

The size and compactness of the star formation regionsa&xgals.1.1. Radio/Far-IR projected surface brightness

ies is a key parameter that caffext the IR SED of galaxies.

Chanial et al. (2007) showed that the dust temperatugg)T Due to the limited angular resolution of far-IR data, we fest
estimated from théRAS60 over 10:m flux ratio, R(6¢100), timate the sizes of star formation regions from radio imgdip

is very sensitive to the spatial scale over which most of fie Icross-matching the local galaxy sample with existing radio-
light is produced. It is known that there is a rough correlatf tinuum surveys and then convert them into far-IR sizes uaing
R(60/100), hence Jis; with LI (Soifer et al. 1987): locally, the correlation determined from a small sample of galaxieslveso
most luminous galaxies are warmer. This relation has rgcenin both wavelength domains as in Chanial et al. (2007).

been established withAKARlandHerschelin the local and dis- The IRAS-6Qum and VLA radio continuum (RC, 20 cm)
tant Universe (Hwang et al. 2010a). Locally, where galag@s azimuthally averaged surface brightness profiles of a sauwipl
be spatially resolved in the far-IR or radio, Chanial et 20q7) 22 nearby spiral galaxies was fitted by a combination of expo-
showed that the dispersion in thgs — Tqust relation was signif- nential and Gaussian functions by Mayya & Rengarayan (1997)
icantly reduced by replacingir by the IR surface brightness, The angular resolutions of the G and 20 cm maps used in
Y r. We extend this analysis to the relation between this star fehat study was about’,1so we deconvolved their synthesized
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light radius correlation. Fig.11. Comparison of the two compactness indicat®g:

(=LI%/(2xnR&,)), the IR surface brightness, and 138r@ com-
profiles by a 1beam and derived the intrinsic half-light radjir Pactness (percentage of unresol&gpitzefIRS light at 13.2um,
(at 60um) and ke. The half-light radii estimates at both wavePiaz-Santos et al. 2010).
lengths are strongly correlated (Fig] 10); a logarithmiebtor
fit to the data is given in E{J 6:
VSGs) heated by the UV continuum of young and massive stars,
rr = (0.86+ 0.05) rrc (6) and hence traces regions of dust-obscured star formatistead
of measuring the half-light radius of the sources at thisewav
length, Diaz-Santos et al. (2010) calculated their foactf ex-
tended emission, or FEE, which they defined as the fraction of
lightin a galaxy that does not arise from its spatially uoiesd
of star-forming galaxies are known to present a tight catieh central component. Conversely, the compactness of a soance
be defined as the percentage of light that is unresolvedjghat

(Yun et al. 2001, de Jong et al. 1985, Helou, Soifer & Rowarj- - ; :
Robinson 1985): the radio emission is predominantly preducr-:loox(1 FEE). The angular resolution 8itze/IRS at 13.2im

by the synchrotron radiation of supernova remnants andite b'> .~ 3.6" which, at the median distance of the sample used in
y y P this work, 91 Mpc, results in a spatial resolution of 1.7 kpc.

of the far-IR emission is due to UV light from young and mas- In the following, we consider galaxies as “compact” if their
sive stars reprocessed by interstellar dust. Hence, wedmns&glzﬂm compactness is greater than 60%. With this definition,

this size estimate to be a good proxy for the global size of t k .
star formation regions of galaxies. This is obviously anragp Ve find that 55% (11/211) of the GOALS galaxies are compact.
Interestingly, while it is true that the fraction of galagishow-

imation, since this does not account for the clumpinessan-gr . compact star formation (i.e., compact hot dust emidsion
ularity of the region, but this is the best that we can do with'9 P o P

existing datasets. creases with increasirigy (hence also with SFR), the compact
Our local galaxy sample was cross-matched with the NRARPPUIAtoN is not systematically associated with the marsti

VLA Sky Survey (NVSS, Condon et al. 1998) and the Fair‘[ious sources. Onthe contr.ary,.g.alames W!th compact,smam-:fo

Images of the Radio Sky at Twenty-cm (FIRST, Becker, Whi on can be found at all luminosities (see Figure 4 of DianBs

& Helfand 1995), both obtained with the VLA at 20 cm. A totaPt al. 2010).

of 11, 47 and 58 galaxies have radio sizes in 80, AKARI

Hence in the following, we estimate the far-IR sizes of tee st
formation regions of our local galaxy sample from their cadi
continuum half-light radius using EQl 6. The existence afhsu
correlation is not surprising, since the radio and far-IRssion

andSpitzerlocal galaxy samples (see Table 2). 5.1.3. Identification of the galaxies with compact star
We computed the IR surface brightness usingEg. 7, formation
S = Lir/2 @) In order to check whether both star formation compactnetis in
IR r2 =’ cators are consistent, we used the 58 galaxies from the GOALS

sample for which we can determine ba&ik from the radio sizes
where the IR luminosity is divided by 2 sincg fis the far-IR  (Sect[5.111) and a 13.2n compactness (SeEf. 5.11.2). The com-
(60um) half-light radius, which is derived from the 20 cm radigarison of both compactness indicators shows a correlediin
measurements using Eg. 6. a dispersion 0£~0.45 dex (Fig[CIll). The critical threshold of
60 % in the 13.22zm compactness above which we classify galax-
ies as compact correspondsig~3x10' L, kpc2. Hence, we
hereafter classify as compact the galaxies for whigh»3x10'°
Using the low spectral resolution staring mode of the, kpc2. This threshold is more than two orders of magnitude
SpitzefIRS, Diaz-Santos et al. (2010) measured the spatial dawer than typical upper limits for star formation on smib¢€)
tent of the mid-IR continuum emission at 1342 for 211 lo- scales (see Soifer et al. 2001). We note that if it were not av-
cal (U)LIRGs of the GOALS sample (see section 2.2.3). Theraged on large scales, the local star formation surfacsitgien
13.2um emission probes the warm dust (very small grainspuld be much higher in many of these sources.

5.1.2. Mid-IR compactness
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Fig. 12. Distribution of IR sizes (half-light radius) of 119 lo-
cal galaxies as derived from their 1.4 GHz radio continuum us
ing Eq.[6. Galaxies with an IR surface brightness greater tha o Y I T R R
Tir=3x10% L, kpc?, i.e., compact galaxies, are in blue, while 108 10° 10 oM 102
extended galaxies are in red. The vertical dashed line atekic e = (Le/2)/(MRe) [Lo kpc 2]

the typical resolution of1.7 kpc of the mid-IR compactness at R R R © P

13.2um estimated by Diaz-Santos et al. (2010). Fig.13. Dependence of IR8 (=L9/L[8xm]) with Eg

(=LI%/(2x7R&,)), the IR surface brightness. Galaxies to the

In Fig.[12, we present the distribution of far-IR sizes of exight of the vertical dotted line are considered to be corhpac
tended (red) and compact (blue) galaxies, estimated fralio rastar-forming galaxies¥g>3x10% L, kpc?). Galaxies above
20 cm imaging using Eq.]6. The median far-IR sizes of conthe horizontal dotted line exhibitR8 ratio that is two times
pact and extended galaxies are 0.5 kpc and 1.8 kpc resggctiviarger than that of main sequence galaxies, which follow the
The typical spatial resolution reached at 1@12 i.e., 1.7 kpc, GaussiarR8 distribution shown in Fid.19). The sliding median
is close to the typical size of extended galaxies and is Bignis shown with open blue dots. It is fitted by the solid line id re
icantly larger than the median size for compact galaxiess Thand its 16th and 84th percentiles are fitted with the dashed re
contributes to the relatively high dispersion seen in[Elfy With lines (see Ed.8).
a linear resolution 0f0.2 kpc at the average distance of the
GOALS sample, the radio estimator is therefore a finer discri
inant of compact galaxies when good quality radio data exist

EXTENDED :  COMPACT

. S " galaxies, withZr>3x10' Lokpc2, systematically present an
ra dilg g:]% f(l)gozvrlr?g\;v;ltvr? rl:;edig?igl;t(i:grznﬁyag?fier?: t'ﬂg'c?g.);’té'%xcess inIR8, whereas nearly all galaxies with extended star
A, o projecteds, mation exhibit a 'normallR8, i.e., within the Gaussian dis-
IR surface brightness;r (.zLIR/(ZXHRIZR))'.For galaxies With iy ion of Fig.[9. This is illustrated in Fig. 14, reprodng the
a mez_isure_d radio siz&g is computed using Edl6, Wh”‘? fo.r IR8-1.8 diagram for local galaxies of Figl 9, this time including
galaxies with a 13.2m compactness estimate but no radio sizg o o S sample. The sub-sample of galaxies with measured
we use the relation presented in Fig] 11. IR surface brightnesses are represented with large symiitis
blue and red marking galaxies with extended and compact star
5.2. IR8, a star formation compactness indicator formation respectively, i.e%r lower and greater thanx3 0
o ) ) Lokpc 2. Galaxies with compact star formation systematically
The IR8 ratio is compared to the IR surface brightn@sg, in  |ie above the typical range dR8 values. The trend can be ex-
Fig.[13. The number of galaxies presented in this figure @elar tended to the local ULIRGs with no size measurement, since
than in Fig[11 because we include sources with no radio Sifey are known to experience compact starbursts driven by ma
estimate as we_II. We find th8R8 is correlated witlt g for local jor mergers (Armus et al. 1987, Sanders et al. 1988, Murphy et
galaxies following Ed. 18, al. 1996, Veilleux, Kim & Sanders 2002).
IR8 = 0.22 [-0.05, +0.06] x 515 , 8) Very interestingly, t_heteroportipn of galaxies with compac
star formation rises wit 2 following a path very similar to
whereX is in Lo kpc2. HencelR8 is a good proxy for the the proportion of galaxies wittR8>8 (Fig.[15), the 68 % upper
projected IR surface brightness of local galaxies. Gatawigh limit of the GOODS-Herschelgalaxies (E.13). HencéR8 can
strongIR8 ratios are also those which harbor the highest stdre considered as a good proxy of the star formation compsgtne
formation compactness. of local galaxies. This can be very useful for galaxies with n
We showed in Fig. 1 that galaxies having more than 60 fadio size measurement.
of their 13.2um emission unresolved [8pitzerIRS, defined as In comparison, the fraction of exce$R8 sources within
compact star-forming galaxies by Diaz-Santos et al. (2q&®- the GOODSHerschelsample remains low (around 20 %, see
sented an IR surface brightnessX%>3x10'" Lo,kpc?. This Fig. [@-right and Fig[®) and never reaches such high propor-
threshold is illustrated in Fig._13 by a vertical dotted line tions as seen in local ULIRGs. Due to thierscheldetection
crosses the best-fitting relation of Hd. 8I&8=8, i.e., twice limit, however, only ULIRGs are individually detected &t2.
the central value of the Gaussian distribution of main seqee The IR8 parameter is found to be biased towards high values in
galaxies (Fig[® and Edl 4). As a result, compact star-fogmithese galaxies which are responsible for the increase icotme
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pactness fraction in thderschelsample at the highest redshifts
from 20 to 40 %.

Globally, this analysis suggests that compact sources have
been a minor fraction of star-forming galaxies at all epobtis
locally, due to the low gas content of galaxies, compactcsir
make the dominant population of ULIRGs. Extending the anal-
ysis of local galaxies to the distant ones, this also sugghst
compact star formation takes place at all luminosities lmetsd
not dominate the majority of distant ULIRGs. Conversel\gkn
ing the compactness and mid-IR luminosity of a galaxy, ong ma
optimize the determination of its total IR luminosity fromdn
IR observations alone. This is discussed in Séct. 7.

Finally, we have assumed in this section that the compact-
ness measured either from the radio or from the mid-IR centin
uum is associated with star formation. We discuss the role of
AGN in Sect[8, but we can already note that when an AGN
contributes to the IR emission of a galaxy, it does so maitly a
wavelengths shorter than gth (Netzer et al. 2007, Mullaney et
al. 2011a). If AGN were contributing to the infrared emissio
they would tend to boodtg relative toL}g‘, therefore reducing
IR8. Instead, we see that an increasing compactness corgsspon
to an increase ihR8 as well. This reinforces the idea that we are
dealing here with star formation compactness and noffiatte
produced by the presence of an active nucleus. In the next sec
tion, we show that compact star-forming galaxies are gdligera
experiencing a starburst phase.

5.3. IR8, a starburst indicator

In the previous section, we have seen that High values were

local galaxy sample (ISOAKAR|, SpitzerGOALS). Galaxies Systematically found in galaxies with compact star formatie-
with compact mid-IR (more than 60% of the light emitted@ions. We now show that these galaxies are experiencing-a sta

at 13.2um within the resolution element of 3§ and radio Purst phase. In the following, a star-forming galaxy is ¢dns
(Z1r23%10' L) light distributions are marked with large filled€7€d to be experiencing a starburst phase if its “current' $R
red dots. Here the solid and dashed lines present the mettian vice or more stronger than its “averaged past SFEERR>),
68 % dispersion around the Gaussian distribution as defimed-£-» if its birthrate parametér=SFR'<SFR> (Kennicutt 1983)
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is greater than 2. HereSFR>=M,/tga, Wheretg, is the age of
the galaxy. Alternatively, a star-forming galaxy may be cledi

as a starburst if the time it would take to produce its cursgsit

lar mass, hence its stellar mass doubling timeseakdefined in
Eq.[9,

7[Gyr] = M, [My] / SFR[M,, Gyr] = 1/sSFRGyr ], (9)

is small when compared to its age. Both definitions are equiva
lent if one assumes that galaxies at a given epoch have simila
ages.

In recent years, a tight correlation between SFR ipdhas
been discovered which defines a typical specific SFR, (SSFR
= SFRM,), for “normal star-forming galaxies” as opposed to
“starburst galaxies”. This relation evolves with redshHitit a
tight correlation between SFR ard. is observed at all red-
shifts fromz~0 to 7 (Brinchmann et al. 2004, Noeske et al. 2007,
Elbaz et al. 2007, Daddi et al. 20074a, 2009, Pannella et 8B,20
Magdis et al. 2010a, Gonzalez et al. 2011). Hence, we use the
sSFR definition of a starburst since it can be applied at ak4o

Fig. 15. Fractions of compact local galaxies (black line), locg?ack times. In the present section, we consider only locat st

galaxies withlR8>8 (blue dashed line) and GOODSerschel forming galaxies. The SFRM. relation for localAKARIgalax-
galaxies withIR8>8 (red dash-dotted line) as a function of tol€s is shown in the left-hand part of Fg.]16. The best fit t thi

tal IR luminosity. The median redshift of the GOOD%erschel 1 . !
and is indicated by labels in grey alongstant SSFR0.25 Gyr ™~ or 7~4 Gyr (Eq[®). Local galaxies with

galaxies varies witth %,
the red dash-dotted line.

relation is a one-to-one correlation (0.26 dex—rms), henoen-

compact star formation (large red dots), as defined in theipre
ous section, are systematically found to have higher sSER, i
< 1 Gyr, than that of normal star-forming galaxies.
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Fig. 16.Left: SFR —M., correlation az~0. Galaxies classified as compact are marked with large fildcdots. Solid line: fit to
the main sequence SFRE relation: SFR-M, /[4x10° M,]. Dotted lines: 16th and 84th percentiles of the distribataround the
sliding median (0.26 dexRight: Relation of the sSFR and IR surface brightness of galaxiewliich a radio size was estimated.
The vertical dashed line illustrates the threshold abovielwbalaxies have been classified as compact. The solid asttedaed
lines are a fit to the sliding median of the relation (Ed. 11J &s 68 % dispersion.

Since there is a continuous distribution of galaxies raggin
from the normal mode of star formation, with-4 Gyr, to ex- To0E T t
treme starbursts, that can double their stellar masses- 50 f ay
Myr, we quantify the intensity of a starburst by the paramete i
Rsg, which measures the excess in sSSFR of a star-forming galaxy
(which we label its “starburstiness”), as defined in[EG. 10:

(10)

o
T

starburstiness

Rsg = SSFRSSFRys = tvs/T  [> 2 for starbursts]

where the subscript MS indicates the typical value for main
sequence galaxies at the redshift of the galaxy in quesfion.
starburst is defined to be a galaxy wisg>2. 75% of the
galaxies with compact star formatiol§>3x10" L, kpc?) I
haveRsg>2, hence are also in a starburst mode, and 93 % of M.
them haveRsg>1. Conversely, 79% of the starburst galaxies 0.1
are “compact”. Globally, starburst galaxies with sSER2 x 1 10
<sSFR- have a mediart;g~1.6x10" L, kpc?, hence more
than 5 times higher than the critical IR surface brightnéswva
which galaxies are compact. The size of their star-forming rFig. 17.Rsg=sSFRSSFRys versudR8 (=L}%/Lsg) for z~0 galax-
gions is typically 2.3 times smaller than that of galaxieshwi ies (AKARIand GOALS samples). The red line is the best fit
SSFRys. (plain) and its 0.3 dex dispersion (dashed).

The sSFR andr are correlated with a 0.2 dex dispersion
(Fig. [18-right) following Eq[Ill, where sSFR is in Gyrand

Reg=SSFR/SSFRys

T

compactness
—_—

L Lo

100

iR in Lokpe™: The dispersion in this relation is 0.3 dex. Hence we find that i
_ _ 4 0.33 is mostly compact starbursting galaxies that present eajlgi
SSFR=181[-066+1.05]x 107 x X (11) strongIR8 bolometric correction factors, although there is not

Both parameters measure specific quantities related toffRe Sa& sharp separation of both regimes, but instead a contindum o

the sSFR is measured per unit stellar mass, whids related values.

to the SFR (derived frorhj%) per unit area. Note, however, that

it was not obvious priori that these quantities should be corre-

lated, since the stellar mass of most galaxies is dominatéieb 6. IR8 as a tracer of star formation compactness

old stellar population, whereas the IR (or radio) size usatkt and “starburstiness” in distant galaxies

rive Xjr measures the spatial distribution of young and massive _ ) i

stars. In the previous section, we have defined two modes of star for-
Because the starburstiness and tR8 ratio are both en- mation:

hanced in compact star-forming galaxies, they are alsetzded

as shown by Fig17. The fit to this correlation is given in[E%. 1 — @normal mode that we called the infrared main sequence, in
which galaxies present a univer$BB bolometric correction
Rss = (IR8/4)+2 (12)

factor and a moderate star formation compactrggsand
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break galaxies at~3 (Magdis et al. 2010a) and-4 (Daddi et

2.2 1.6 al. 2009) are also consistent with a slope of unity. Fronfiedi

1  ent perspective, Peng et al. (2010a) argue that a slope tf uni
is required to keep an invariant Schechter function for thkes
mass function of star-forming galaxies fr@¥0 to 1 as observed
from COSMOS data, while non-zero values would result in a
change of the faint-end slope of the mass function that wbald
inconsistent with the observations.

However, the slope of the SFRM, relation is sensitive to
the technigue used to select the sample of star-formingigsla
Karim et al. (2011) find two dferent slopes depending on the
selection of their sample: a slope lower than 1 for a mildarst
forming sample, and a slope of unity when selecting more ac-

E 1 tively star-forming galaxies (see their Fig.13). Using Ikiveer

.01 | OO AP RTOO Herscheldata than the present observations, Rodighiero et al.
0 0.5 1 1.5 2 2.5 3 (2010) found a slope lower than unity.
redshift Assuming that the slope of the SFRM; relation remains
, i i i . equal to 1 at all redshifts, a main sequence mode of star forma
Fig. 18. Redshift evolution of the median specific SFRjqn can be defined by the median sSFR in a given redshift in-
(SSFR=SFRM.,) of star-forming galaxies. Values for individualieya), sSFRs(2). The starburstiness, described in Eg. 10, mea-
GOODSHerschelgalaxies are shown as grey points. Mediagres the fiset relative to this typical SSFR. Since at any redshift
SSFR values in redshift bins are shown with open circlese(blu 4t |east in the redshift range of interest here, €3 — most
for GOODS-N and black for GOODS-S). Values combinggjaxies belong to the main sequence in SFR.>-we assume
ing individual detections and stacking measurements fdeun {hat the median SSFR measured within a given redshift iaterv
tected sources are shown with filled triangles (blue upward fis 5 good proxy to the sSKR(2) defining the MS. Galaxies de-
GOODS-N and black downward for GOODS-S). The red solid teq withHerschelfollow the trend shown with open circles in
line is the fit shown in EJ._13, and the dashed lines are a qug_@ (blue for GOODS—N and black for GOODS—S). We have
tor 2 above and below this fit. Starbursts are defined as g@laxharformed the analysis independently for both GOODS fields
with & SSFR2xsSFRys (blue zone). The yellow zone shows they, order to check the impact of cosmic variance on our result.
galaxies with significantly lower sSFR values. To correct for incompleteness, we performed stacking nreasu
ments as for Fig.16 but in redshift intervals. The stacking wa
e on the PACS-1Q@dn images using the 24m sources as a
{Of prior positions. The resulting values (blue upwaridrt-
s for GOODS-N and black downward triangles for GOODS—
S) were computed by weighting detections and stacking mea-
Galaxies with an enhancéR8 ratio were systematically found surements by the number of sources used in both samples per
to be forming their stars in the starburst mode and to showredshift interval. The SFR was derived frolfy extrapolated
strong star formation compactnesgr>3x10 Lokpc?). In - from the PACS-10@m band photometry using the CEO1 tech-
order to separate these two modes of star formation in distamue. The CEO1 method works well for 106 measurements
galaxies as well, we first need to define the typical sSFR op toz~3 as noted already in Elbaz et al. (2010), and we confirm
star-forming galaxies in a given redshift domain. This definthis agreement with the extended sample of detected sources
tion has become possible since the recent discovery that sta the present analysis (SeCf17.3). The trends found foh bot
forming galaxies follow a tight correlation between theFRS fields are in good agreement. The stackindetection measure-
and M, with a typical dispersion of 0.3 dex over a large rangments for GOODS-N are slightly lower than those obtained for
of redshifts:z~0 (Brinchmann et al. 2004%~1 (Noeske et al. GOODS-S which may result from a combination of cosmic vari-
2007, Elbaz et al. 200722 (Daddi et al. 2007a, Pannella et alance and the fact that the GOODS-S image is deeper.
2009),z~3 (Magdis et al. 2010ag~4 (Daddi et al. 2009, Lee et  The redshift evolution of sSRR(2) (Fig.[18), accounting

cosmic time (Gyr)
3.3

— a starburst mode, identified by an excess SFR per unit ste
mass, hence sSFR, as compared to the typical SSFR of lTé
local galaxies. gle

al. 2011) and even up -7 (Gonzalez et al. 2011). for both detections and stacked measurements, is well fitged
Eq.[13,
6.1. Evolution of the specific SFR with cosmic time and SS FRus [Gyr™] = 26x t;05 ., (13)

definition of main sequence versus starburst galaxies
wheretqosmic IS the cosmic time elapsed since the Big Bang in

In the following, we assume that the slope of the SFRlte- Gyr. A starburst can be defined by its sSFR following[Eq. 14,

lation is equal to 1 at all redshifts, hence that the specHR,S
sSFR €SFRM.), is independent of stellar mass at fixed redss FRg [Gyr '] > 52 22 . (14)

shift. A small departure from this value would not strongfieat

our conclusions and the same logic may be applied foffardi The intensity of such starbursts, or “starburstiness’héntde-

ent slope. Atz~0, our local reference sample is well fitted by dined by the excess sSSFRgg=SSFRg/sSFRys. Due to the evo-
constant sSFR (see Flg.]16-left), although the best-fitloge lution observed with cosmic time, a galaxy with a sSSFR twige a

is 0.77 (Elbaz et al. 2007). A~1+0.3, Elbaz et al. (2007) find large as the local MS value would be considered a starburst to
a slope of 0.9 but we checked that the dispersion of the data@dy, but a galaxy with the same sSFReat would be part of the
lows a nearly equally good fit with a slope of 1. At2, Pannella main sequence.

et al. (2009) find a slope of 0.95 consistent with the value ob- We have seen that for local galaxies, the starburstiness and
tained by Daddi et al. (2007a) in the same redshift range drym IR8 are correlated (see Fig.]17). The same exercise for distant
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Fig. 19.Rsg=sSFRsSFR;s versusiR8 (=L;%/Ls) for the distant
GOODS-Herschelgalaxies. The green lines show the range of
values occupied by main sequence galaxies (68 % dispersion)
in sSSFR (horizontal linesRsg=1+1) and IR8 (vertical lines;
IR8ys=4+1.6, see Ed.]5). The thick grey line show the sliding
median for the GOODSHerschelgalaxies. The diagonal blue
lines are the best fit (solid) and 68 % dispersion (dashedpfor

cal galaxies as in Fig._17. Large open dots show the posifion o
sub-mm galaxies from Menendez-Delmestre et al. (2009) and
Pope et al. (2008a).

Fig. 20. Stacked images (5o0n a side) centered on main se-
guence left column and starburstright columr) galaxy posi-
GOODSHerschelgalaxies, mixing galaxies of all luminositiestions. Typical MS galaxies are selected to h&g=1+0.1 and
and redshifts, is shown in Fig.119. Distant galaxies exfsliobn SB galaxiesRsg>3. Each image results from the stacking of
negIig_ible_disr_)ersionz but @he_ir sliding median, sh<_)wn hy_iak HST-ACS images in the B (4350A), V (6060 A) and | (7750 A)
grey line in Flg.IZL':Q, is coincident W|th_ the best fit relatioor f p5nds corresponding to the rest-frame U\-a700A atz=0.7
local galaxies (solid and dashed blue lines). (first line), z=1.2 (second line) and=1.8 (third line) respec-
We find that 80 % of the galaxies which belong to the SFRely.
— M. main sequence — with ORsg<2 — also belong to the
main sequence ifR8 — | RSMS:A'J‘—TLG. (EqL5). Hence we CON- Table 3. UV — 2700 A half-light radii of distant main sequence
firm that the two definitions of “main sequence galaxies ag g starburst galaxies
similar and that on average they represent the same galgxy po '
ulation. We note also that even though there is a tail toward

stronger starburstiness and compactness, i.e., incréggemd Redshift Main Sequence R >2$tar|gur§;

IR8, this regime of parameter space is only sparsely populated 07 5.2 kpc 355 Kpc 535 Kpc
in the GOODSHerschelsample, which suggests that analogs 1.2 4.4 kpc 3.3kpc 2.5kpc
to the local compact starbursts predominantly produced &y m 1.8 3.0 kpc 2.5kpc  2.0kpc

jor mergers remain a minority among the distant galaxy papul
tion. Finally, we see that sub-mm galaxies (large openesrai
Fig.[19) also follow the same trend.

We useHST-ACS images in th8 (4350 A),V (6060 A) and
| (7750 A) bands to sample the same rest-frame UV wavelength
of ~2700A atz=0.7, 1.2 and 1.8 respectively. MS galaxies are
We have shown that local galaxies with hifjj values also ex- selected to hav®sg=1+0.1 (Eq[I0) whereas SB galaxies are
hibit high IR8 ratios. We do not have IR or radio size estimatedefined as galaxies witRsg>2. We also tested a stricter def-
for the distant galaxy population, but we can use the higb-resnition for starburstsRsg>3 to avoid contamination from MS
lution HST-ACS images to study the spatial distribution of thgalaxies (Tablgl3). The result of the stackindt8TACS sub-
rest-frame UV light in the populations of MS and SB galaxies. images is shown in Fi§.20 for MS (left column) and SB galaxies
has been suggested that distant (U)LIRGs at4<2.5 (Daddi with Rsg>3 (right column). It is clear that the sizes of the star-
et al. 2007a) and a3 (Magdis et al. 2010b) are not opticallybursts are more compact than those of the main sequence galax
thick since the SFR derived from the UV after correcting for e ies. The half-light radius of each stacked image was medsure
tinction using the Calzetti et al. (2000) law is consisteithdhe with GALFIT (Peng et al. 2010b) and is listed in Table 3.
SFR derived from radio stacking measurements at theseiftsdsh  These sizes are consistent with those obtained by Fergtison e
(see also Nordon et al. 2010). al. (2004). SB galaxies typically exhibit half-light radfiat are

6.2. Star formation compactness of distant galaxies
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two times smaller than those of MS galaxies, implying prigdc range of dust temperatures around #eative value 0~30 K,

star formation densities that are 4 times larger. We verifidl and strong PAH features in emission. Instead, the typicSHER

this was not due to a mass selectidfeet by matching the stel- for SB galaxies (Fid._21-right) presents a narrower far-ip

lar masses in both samples and obtained similar resuleh peaking around~70-8Qum, corresponding to arfective dust
with larger uncertainties. These sizes are larger thanatio+ temperature of40 K, and weak PAH emission lines. We note
derived IR half-light radii of the local sample of MS (1.8 Rpc however, that these prototypical IR SEDs result from the-com
and SB (0.5 kpc) galaxies. However, since the distant galalsination of 267 and 111 galaxies for the MS and SB modes,
sample has a fferent mass and luminosity selection than thaespectively. They therefore should be considered as geera
of the local reference sample, we cannot directly compagie thSEDs, acknowledging that there is a continuous transitiom f
sizes. However, the fierence in theelative sizes among the one to the other with increasin&8 or star-formation compact-
high-redshift galaxies confirms that star formation inaligistar- ness. In the next Section, we provide a model fit to these SEDs
bursts is more concentrated than that in distant main segueto better describe their properties.

galaxies. This, again, is strong evidence for a greateremnc

tration of star formation in galaxies with higher specificR&F . )

Since we have seen that SSFR aR8 are correlated (Fig_19), 7.2. SED Qecompos:tlon of main sequence and starburst

this implies that in distant galaxies, like in local oneslagées galaxies

with strongIR8 ratios are likely to be compact starbursts. In order to interpret the physical nature of the MS and SB SEDs
This result is consistent with the work of Rujopakarn et ajjerived in the previous section, we adopt a simple phenomeno
(2011), who measured IR luminosity surface densities fstait logical approach. We decompose the two classes of SEDs with
(U)LIRGS similar to tho_se found in _Iocal normal star-formin the linear combination of two templates, shown in Fig. 23: (1
gala?qes. However, we find that this is the case for most bUt N® “star-forming regiof component including it regions and
all high redshift (U)LIRGs. Compact starbursts do existhie t tne surrounding photo-dissociation region (labeled Sij, @)
distant Universe, even among (U)LIRGs, but they are not thegjguse ISM (interstellar medium) component accounting for
dominant population. the quiescent regions (labeled ISM). The luminosity rafithe
two components controls tH&8 parameter. This SED decom-
position is not unique and the two components used here &re no
rigorously associated with physical regions of the galaxie
The SED of each sub-component is given by the model of
7.1. Medium resolution IR SED for main sequence (IR8~ 4)  Galliano et al. (2011, in prep.; also presented by Galantedk e
and starburst (IR8> 8) galaxies 2009). This model adopts the Galactic dust properties okdub
i Dwek & Arendt (2004). To account for the diversity of phydica
At z<2.5 — where we can estimate the rest-fralefrom congitions within a galaxy, we combine the emission of ggain
SpitzerIRAC, IRS and MIPS photometry as well as reliableyposed to dierent starlight intensitie) (normalized to the
Lir from Herschelmeasurements at rest-frame30um —the gq|5r neighborhood value of 2x 105 Wm2). We assume,
IR8 (=Lr/Le) ratio follows a Gaussian distribution centered ofy|jowing Dale et al. (2001), that the mass fraction of dust e
IR8~4 (EqL5, Figl®), with a tail skewed toward higher values fQfosed 10 a given starlight intensity follows a power-landgm
compact starbursts. Th|§ defines two populations of smflg @): dMausy/dU o« U=2. The two cutdrs areUmin andUpin + AU.
galaxies or, more precisely, two modes of star formatioe: thye fit the two SEDs simultaneously, varying only the luminos-
MS and SB modes. Galaxies in the MS mode form the Gaussigiatio of the two components. We add a stellar continuum to
part of thel R8 distribution and present typical SSFR values (i.&¢ the short wavelengths (see Galametz et al. 2009 for a igescr
Rsg~1) while SB exhibit strongerR8 values (see Figl 9) and atjon). This component is a minor correction. In summary, the
stronger “starburstinessRgg>2). free parameters for the fit are:
IR8 is universal among MS galaxies of all luminosities and
redshifts. This suggests that these galaxies share a connon_ the starlight intensity distribution parametets Umin and
SED. In the local Universe, the rest-frarhey, Las, Leo, Lioo AU) of each sub-component;
from IRASandL;s from ISOCAM were also found to be nearly _ the PAH mass fraction and charge of each sub-component;
directly proportional toLi2' (see CEO1 and Elbaz et al. 2002), _ the |uminosity ratio of the two components for the main se-
hence reinforcing this idea. To produce the typical IR SED of qguence and for the starburst;
MS and SB galaxies, we ukecorrection as a spectroscopic tool. _ the contribution of the stellar continuum (negligible Here
We separate MS and SB galaxies by tH&B ratios:IR8=4+2
for MS galaxies (as in Eq]5) arl®8>8 (hence>20- away from The fits are shown with solid black lines in Fig]21 while the
the MS) for SB galaxies. We then normalize the individual IRerived templates that we used for the decomposition anersho
SEDs by a factor 18/L{% so that all galaxies are normalizedn blue and red lines in Fi§22. The most relevant parameters
to the same reference luminosity b{ﬁf:loll Lo. The resultis summarized in Tablg 4. Theliffuse ISM component has colder
shown with light grey dots in the left-hand part of Higl 21 k% dust and a larger PAH mass fraction than tk&f-forming re-
galaxies and in the right-hand part of Hig] 21 for SB galaxiegion” SED.
A sliding median was computed in wavelength intervals which  The main diferences between galaxies in the MS and SB
always encompass 25 galaxies (blue points for MS in Fig. R1- modes are:
left and red points for SB in Fig. 21-right). As a result, thgital

7. Toward a universal IR SED for Main Sequence
and Starburst galaxies

MS and SB IR SEDs have affective resolution of/A1=25and - the dfective Ty s;Of galaxies in the SB mode is warmer than
10 respectively, nearly homogeneously distributed in \eangth that of MS galaxies, i.e+40 K versus~31 K;
from 3 to 35Qqum. — the contribution of dfuse ISM emission to the SB SED

The typical MS IR SED in the left-hand part of FI[g.]21 has is negligible (8 %), consistent with the strong compactness
a broad far-IR bump centered around®0, suggesting a wide seen both for local starbursts (in radio and mid-IR imaging,
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Fig. 21.Composite spectral energy distribution of the typical msgiguence galaxyeft, IR8=4+2, see Ed.]5) and starbursight;
IR8>8, i.e., above &). Light grey dots: individual GOODSHerschelgalaxies normalized th|% = 10! Lo. The large filled
symbols with error bars are the median and associated airtgrof the MS (left figure, blue dots) and SB (right figureq dots)
galaxies computed in intervals of wavelengths defined tdaaiorma fixed number of 285 galaxies. The uncertainty on the median
values is derived from the 16th and 84th percentiles arobeadrtedian divided by the square root of the number of galaXies
model fit to each SED is shown with a solid black line while tippasing SED (MS or SB) is shown with a dotted black line for
comparison.

— the stronger contribution of PAH lines to the broadband mid-
IR emission in the MS SED is the main cause for thigeat
ence inlR8 ratios between the two populations.

Templates
1_ L T L

Galaxies are distributed continuously between the MS arid va
ous degrees of SB strength, hence this decomposition tpodni
can be used in the future to produce SEDs suitable for ranges
of IR8 or sSFR values, in the form of a new library of tem-
plate SEDs. We note, however, that this decomposition of the
typical MS and SB SEDs is not unique. For example, the SB
SED is very similar to the CEOQ1 template for a local galaxyhwit
Lir = 6 x 10'* L, galaxy in the local Universe, which turns out
to be close to the observed median luminosity of the starburs
Instead, the MS SED is closer to the CEQ1 SED foxa@ L,
galaxy in the local Universe.

We note also that a direct fit of the Rayleigh-Jeans portions
of both SEDs would favor anfiective emissivity index gb=1.5
for the MS and3=2 for the SB. However, this is a degenerate
0.01 ILA i il ol problem. Indeed, thefiactive emissivity indey3 is not neces-
10 100 1000 Sarily equal to the intrinsig of the grains. A temperature dis-
tribution of grains having an intrinsig = 2 would flatten the
sub-mm SED and can give affectiveg of ~ 1.5, as it is the

: . . case for our star-forming region. Finally, it is also not gibfe
Fig. 22. Components used in the fit of Flg.lZIhese two com- 4" jisentangle some potential contribution from an AGN; par
ponents have been constrained by the simultaneous fit ofithe i

SEDs (Fig[2ll). The main sequence and starburst SEDs areJﬁlélarly for the SB SED. Indeed, AGN are known to be ubig-

linear compostion of th WO cOmponents. The luminasic us in LIRGs (lwasawa et al. 2011) and ULIRGs (Nardini et
Inéar Composition of these two components. The luminasky o, 5010 and they may contribute in part to the mid-IR con-
tio of these components controls IR8.

tinuum, mostly in SB SEDSs, since those are both more compact
and exhibit lower PAH equivalent widths than they do MS galax
ies. However, even if AGN may contribute to some fraction of
the light in these galaxies, they cannot dominate both imfue
see Secf.]5) and for high redshift analogs (in the rest-frarard far-IR regimes since we find evidence that PAHs dominate
UV, see Secf 612); around &m in both MS and SB galaxy types, even if they are
— the MS SED requires a wider distribution of dust temperatronger in the MS SED. The higR8 values measured for SBs
tures, typically ranging from 15 to 50 K; also suggest that star formation dominates the IR emission i

VLI//LIR
o
-

Star forming
regions
Diffuse ISM

Wavelength [um]
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Table 4. Main parameters relative to the SED decomposition.
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these galaxies. In Se¢ll 8 we present a technique to search fo 01 ‘ ‘ ‘ ‘
hidden AGN activity in the GOODSHerschelgalaxies. 0 0.5 1 15 5 55

redshift

Fig. 23. Ratio of the extrapolated_{;) over Herscheltotal IR
luminosity as a function of redshift, for all clean GOODS-
Herschelgalaxies.L, is computed by normalizing the main

' . . sequence SED to the broadband photometric measurement at
Now that we have defined a typical IR SED for main sequenge 1o 5 passhands used for the extrapolation are, from the

galaxies, this SED may be used to extrapolate the total IR b to bottom, Spitzer MIPS—24um, Herschel PACS—10Qm
minosity of galaxies for which only one measurement existg. 160um HeréchelSPIRE—ZSth & 350um. Lig=LHerschelis
Ideally, one would need to know the value I8 or equiva- e red using the full set éferschelmeasurements at rest-
lently the starburstines®se, of.a galaxy, to know whether 10 ¢ me wavelengthg>30um to normalize the main sequence
use the MS or SB SED. But this would require to already kno&gp ang by integrating over 81001, Black triangles: AGN.
the actual SFR of a galaxy, which is what we are looking for. A e soid lines with error bars are the sliding median and the

alternative technique would consist in qsing _th.e star fd"'"’“'?‘ 16th and 84th percentiles around it. Upper panel: SED of M82
compactness of a galaxy, Bjr, to determine if it is in the main and MIPS 24:m filter atz=0.25, 0.9, 1.4, 2.

sequence or starburst mode.

7.3. Derivation of total IR luminosities from monochromatic
measurements

Assuming that all galaxies share the same MS SED, 51 . .
. i .4. Interpretation of the connection between compactness,
Fig.[Z3 we compare the total IR luminosity that can be extrap- starburstiness and IR8

olated from a single passband using the main sequence IR SED
(L) with the value (%) measured from an SED fit to galax-At fixed redshift, a normal galaxy forms stars at a rate prepor
ies with “clean”Herscheldetections in several bandpasses (se@nal to its gas mass divided by the free-fall time, as exged
Sect[Z.B). Both luminosities agree with an average uniogyta in Eq.[15,
of ~35% whenL, is extrapolated from 24m and~20 % when
0.5
L, is derived from one of the 100 to 3fth wavelengths. This S_FR"C Mgas/ Tiree-fall © Mgas Pgasstars (15)
is remarkable since we only used a single IR SED to extrap8inCeTireefall 1/ 1/Gpgas:stars.

late LY, for all galaxies. The MS SED r job than o .
ateLyg for all galaxies. The MS SED does a better job tha tgdgone assumes that the free-fall time is dominated by the gas

ensity, then it follows that the right term of the equatispio-
portional topl> as in the Schmidt-Kennicutt relation and close
to the value of 1.4 found by Kennicutt (1998b) for projected g
and SFR densities. However the role of stars (in the frde-fal
time) may not be negligible in some conditions and may partly
Finally, we note that these extrapolations work nearlgxplain why including them in the relation may reduce the ob-
equally well for X-ray AGN (black open triangles in FIg.]123) o served dispersion, as proposed by Shi et al. (2011).
average, although the dispersion s slightly larger foséhgalax- If, instead, we consider separately the roles played by the
ies. This suggests that star formation dominates the IRstonis density and gas mass in £qJ 15, we may interpret that SB galax-
in the hosts of typical AGN in deep-field X-ray surveys. We-dises form stars moreffciently as a result of a greatpgasstars
cuss the properties of AGN in detail in Sddt. 8. hence shortetsee ta, Possibly due to a merger. In the case of

CEOL1 technique (see Fig.3 in Elbaz et al. 2010), which over
timatesL|y from 24um measurements at1.5 as well as from
SPIRE 250 and 35@m measurements ak1.3. Note however
that individual galaxies do present a wide range of IR SEDK wi
different dust temperatures.
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more distant galaxies, a galaxy with a similar stellar masis wgalaxies remains similar to that found for star-formingegés
naturally possess a higher gas fraction, and hence gas orasguUpper panel of Fig.24). This is consistent with Figl 23, rehe

its stellar mass, which will resultin a greater sSSFR. Inftfésme- we showed that extrapolations of the total IR luminosityniro
work, where the dference of sSSFR with redshift comes from any single photometric measurement between the observed 24
greater gas mass content in the past, but with similar gas dem 350um passbands were nearly as accurate for AGN as for
sities, it is natural that MS galaxies exhibit simild®8 values star-forming galaxies with no X-ray or optical AGN signagsar

and share a common prototypical IR SED. In the case of a SB, However, we have seen in Set. 6 that compact starbursts
where the density is increased (e.g., by a mergen)|R@eratio have largerlR8 ratios than do normal star-forming galaxies.
is very sensitive to the geometry of the young stellar pamria Hence it is possible that two mechanisms act in opposite ways
(see, e.g., Galliano, Dwek & Chanial 2008, in particularithesome contribution from the hot dust heated by an AGN to the
Fig.6). Increasing the compactness of the young stellaul@ep mjd-IR light may be counterbalanced by the presence of a star
tion, henceZir, in the case of SB would increase the radiatiogyrst that increases the far-IR over mid-IR ratio. To teist plos-

field and push the photo-dissociation region farther awagreh sipility, we correct for the fect of starbursts ohR8 in the next
molecules such as PAHs can survive and emit their light. TRection.

equivalent width of PAHs would then be reduced and the contri
bution of continuum emission increased, resulting in gne&8
values. 8.2. Correction of the effect of starbursts on IR8

We showed that a starburst induces an enhancement of tHe far-

8. Unveiling dusty AGN within starburst galaxies emission at fixed gm luminosity, whereas an AGN may induce
) ) an increase of the /@n luminosity at fixed far-IR luminosity.

8.1. The IR8 bolometric correction factor for X-ray and The enhancement 6R8 in the presence of a starburst is propor-
power-law AGN tional to its intensity, as measured by the starburstirfRgs(see

It is known that AGN can heat the dust that surrounds thefid-[14 and Figl TI9). Hence it can be corrected by normalizing
to temperatures of several hundreds of Kelvin and produced B8 PY Rss, i.e., replacingR8 by IR8/Rsg.
spectrum that can dominate the mid-IR emission of a galaxy, The de-boostedR8 ratios galaxies with known AGN
but which typically falls df steeply at wavelengths longer tharare shown in the lower panels of Fig.124 (open triangles).
20um (Netzer et al. 2007; see also Mullaney et al. 2011a). AGNterestingly, we find that the two AGN populations behave di
can therefore make quite a significant contribution to thesemferently. ThelR8 ratios of X-rayoptical AGN (from which we
sion around &m. In this study, we have identified AGN using allhave excluded power-law AGN) remain centered on the region
available criteria and have excluded them from most aspdctsof star-forming galaxies. The fraction of AGN falling beldthe
the analysis up to this point. Only highly obscured and umiide lower limit of main sequence star-forming galaxies incesas
fied AGN may still be presentin the sample that we used to cafrpm 11 % to 22 % but the same happens above the upper limit,
out thelR8 analysis. which illustrates that this is just a result of the enhandsfet-
Before trying to define techniques to identify those hiddegion produced when correcting ®sg. This suggests that the
AGN, we should examine the properties of known and wellR emission of X-ray AGN is predominantly powered by star
recognized AGN in the GOODS$#erscheldata. We divide the formation (as also confirmed by Mullaney et al. 2001b).
known AGN into two populations (defined in Selct.]3.1): the X- The case of the power-law AGN is veryfidirent. The frac-
ray/optical AGN and the infrared power-law AGN. The reasotion of galaxies falling below the lower limit ilR8 of MS star-
for this separation is that infrared power-law sourcesaalye forming galaxies rises from 33 % (already three times higher
show evidence that part of their mid-IR emission is powengd bhan for the X-ray AGN) to 70 % after dividing bigsg. Hence
an AGN, since they have been identified as galaxies withm@gisithe majority of the power-law AGN show evidence for a8
mid-infrared continuum from 3.6 to/&n. We used the criteria excess, but this excess mid-infrared emission was disgjige
given in EqL16, taken from Le Floc’h et al. (in prep.; techréq the presence of a concurrent starburst.

similar to that from Ivison et al. 2004 and Pope et al. 2008b fo 9 important conclusions can be derived from this obser-
sub-mm galaxies): vation:

SO LT i ok (16) 1. most of the IR emission f law X-fagtical
S, [24um] S,[8um] . most of the IR emission from non-power-law X-fagtica
Ioglo( S[8um ) < 364x |0910(SV[4‘5ﬂm]) +015 AGN appears to be powered by dust heated by stars. Hence
X-ray/optical AGN that also meet the infrared power-law criterig their IR luminosities may be used to derive SFRs;
are gou?]ted as power-law sources in the following discassio 2 the bulk of power-law AGN host both an obscured AGN and
Surprisingly, AGN of both types exhiblR8 ratios that are & compact starburst.
centered on the median of star-forming galaxies (upperlpafe
Fig.[22), i.e.IR8~4.9 (Eq[B). This behavior may be understood The second point suggests that there is a physical link be-
for the non-power-law X-rgipptical AGN, since there is no ev-tween both activities, the obscured AGN and the starburstes
idence that high amounts of radiation from the AGN heats thkey take place at the same time. It makes sense that infrared
surrounding dust in these galaxies. Hence for those galaitie power-law AGN are associated with both compact starburets a
is the star formation that is most probably responsible fithb obscured active nuclei since compactness is required batkt
the 8um and far-IR emission. plain the excess sSFR of these galaxies as well as their dust
The situation is dterent for power-law AGN, however. In obscuration. We note that the power-law criterion has nehbe
this case, we know, by definition, that a hot dust continuum éemonstrated to be a perfect tracer of dusty AGNs, hence some
present that exceeds the stellar continuum emission at-wawéthe galaxies selected by this criterion may just be pustdy-
lengths shorter than@n. Still, thelR8 ratios observed for theseforming galaxies.
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Fig. 24. Left: IR8=LI%/Lg ratio as a function okg for X-ray/optical AGN excluding power-law AGNUpper panel:As-measured
IR8 ratios of the X-rajoptical AGN. They fall on the same sequence as star-formalgxies.Bottom panelThe same galaxies
after de-boosting theitR8 ratios for starburstiness. The galaxies present a sfighfferent configuration, but basically remain
centered on the trend of star-forming galaxies, suggettimgn these AGN the IR emission is dominated by star foromaRight:
IR8 ratio as a function okg for power-law AGN.Upper panel:As-measuredR8 ratios of the power-law AGN. They fall on the
same sequence as star-forming galaxies, like the Yopigal AGN at left.Bottom panelThe same galaxies after de-boosting
their IR8 ratios for starburstiness. A significant fraction of théagaes now fall systematically below the main sequetrR@ ratio,
showing that their @m emission is boosted by the hot dust heated by the AGN.

8.3. Searching for unknown obscured AGN was not identified from X-ray or optical signatures. These-ca
didate obscured AGN behave similarly to power-law AGN, but
We have seen in Se€f. 8.2 that the presence of a starburstt cdiaky were not identified as such because of the presenceasf a st
hide the signature of a dusty AGN ®R8, and that this could be burst. They are very good candidates for the missing Compton
corrected by normalizingR8 by Rsg. In Sect[8.R2, we applied Thick AGN needed to explain the peak emission of the cosmic
this correction only to known AGNs. We now consider the pos¢-ray background around 30 keV (Gilli, Comastri & Hasinger
sibility that galaxies with neither X-ray nor optical evitee of 2007).
an AGN may harbor a dust-obscured AGN whose signature is Finally, we applied this technique to a sample of sub-

masked by the co-existence of a starburst. millimeter galaxies (SMGs) from Menendez-Delmestre et al.
In the upper panel of Fig. 25 we present k8 ratios of (2009) and Pope et al. (2008a). The8 and Rsg values of
GOODSHerschelgalaxies as in the bottom panel of the rightthese galaxies are shown in Fig. 19. While most objects fol-
hand part of Fig.6. The central value and width of the Gaussitow the trend defined for local galaxies (albeit with a wids-di
distribution of main sequence galaxies (Aig. 9 and [Eg. 5) [i®rsion), 11 out of a total of 28 SMGs exhibit a starburssnes
shown with plain and dashed lines respectively. Only 2% @Rsg) higher than expected for theiR8. Hence if we correct
the galaxies fall below the lower limit of the IR main sequenc IR8 for starburstiness in these galaxies, we find evidence for
After correctinglR8 by Rsg, as in Sectl_812, we find that thethe presence of hidden AGN activity. The most extreme cases
fraction of galaxies falling below théR8=2.4 lower limit of are the SMGs known as “C1l”, “GN39a” and “GN39b” from
the main sequence is increased by a factor of 8, reaching 17R6pe et al. (2008a). C1, or SMM J1236@B21047,is &~2.002
whereas the number of sources above the main sequence waSKG which has the strongest mid-IR continuum and weakest
duced by 15%. Thefkect is stronger in (U)LIRGS, i.e., abovePAH emission lines in a sample of SMGs wilipitzenRS spec-
Lg~3x10'° L, where the fraction of galaxies beloMR8=2.4 troscopy analyzed by Pope et al. (2008a). Those authorpiete
reaches 25 %. These galaxies present a starburstinefisieo¢ this as evidence that 80 % of the mid-IR emission from this ob-
that would normally put them in the highR8 tail of the distri- ject arises from an AGN. It is undetected in the 2 Ms CDF-N
bution. Instead, they exhibit normal valued BB, and fall down data (Alexander et al. 2003), and its X-ray t@aré luminosity
to low values oflR8/Rsg. This suggests that part of theiuB ratio indicates that it hosts a Compton-thick AGN (Alexande
rest-frame radiation is powered by a dust-obscured AGN thettal. 2008). GN39a and GN39b are both classified as obscured
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IRAC—-8um IRS—=16um MIPS—24um

star-forming galaxies follow another scaling law: the SFRI—
relation, which measures the characteristic time to dottxe
stellar mass of a galaxy. At each cosmic epoch, one can iden-

100 F
E tify a typical sSFR for star-forming galaxies. This distinghes

a main sequence of “normal” star-forming galaxies from a mi-

nority population of starburst galaxies with elevated sSFR

Our analysis of the deep surveys carried out in the open time
key program GOODSHerschelallowed us to establish a third
scaling law for star-forming galaxies relating the totalllRni-
nosity of galaxieslr, hence their SFR, to the broadbangd8
luminosity, Lg. We showed that the n bolometric correction
factor, IR8=L r/Lg, exhibits a Gaussian distribution containing
the vast majority of star-forming galaxies both locally anu
to z~2.5, centered ohR8~4. This defines an IR main sequence
for star-forming galaxies. Outliers from this main sequepm-
duce a tail skewed toward higher valuedi88. We find that this
sub-population€20 %) is due to galaxies experiencing compact
star-formation in a starburst mode.

The projected star-formation densities of present-dagpgal
ies were estimated from their IR surface brightnesEgs, as
measured from the size of their radio md13.2um contin-
uum emission. For distant galaxies, we stacked rest-frakie U
2700 A images fronrdST-ACS in theB, V andl filters for galax-
ies located az~ 0.7, 1.2 and 1.8 respectively. We find that at
all times the projected star-formation density of galaxiethe
high-IR8 tail is more compactlr>3x10'° L kpc? at z~0)
than in galaxies belonging to the IR main sequence, which in-
cludes distant (U)LIRGs as well.

Using the more accurate SFRs derived frblerscheldata

- 1 tot : ; for galaxies at €z<3, we established the evolution of the typi-
Fig. 25. IRB=Lj/Lg,m ratio as a function oflg,n for star- ., specific SFR (sSFRSFRM.,) for star-forming galaxies. This

forming galaxies, excluding recognized X-fagtical AGN and I d . d burstingesl
infrared power-law AGN. The plain and dashed horizontadin allowed us to separate main sequence and starburstingelax
lihanks to a new parameter, labeled “starburstinesgg)(Rvhich

show the center and width of the Gaussian distribution ohmameasures the excess SSFR with respect to the SR rain
sequence galaxies (Fig. 9 and El. Bpper panel: position of P

the star-forming galaxies as measured. Most fall on the Saﬁ]eequence, I.e., B=SSFRSSFRys(2). We find that galaxies be-

; ; ) . ~longing to this main sequencedg=1+2) also belong to the one
sequence as local star-forming galaxiBsttom panel: posi- . . oAb
tion of the same galaxies after correcting theR8 ratio for defined by the Gaussian distribution I&®8, and that the com-

: : - - pact, star-forming galaxies that make up the hig8-tail fall
3%%[$Lxﬁﬂ?netshse(gprfrs Ea%SB)SBSZ’ whereRsg is consistent with systematically above the SFRM, relation, with strong star-

' burstiness (Bs>2-3). Indeed, we find th&R8 is strongly corre-
lated with Rsg in general. Hencé&R8 appears to be a good proxy
for identifying compact starbursts, most probably triggeby
erger events. In the present-day Universe, most (U)LIR&s a
und to be experiencing compact star-formation duringaa st
urst phase, which is not the case for most distant (U)LIRGs.
Most probably, the very high SFRs of local (U)LIRGs can only
be achieved during mergers, whereas distant galaxies a® mo
gas-rich and can sustain these large SFRs in other ways. As a
result of this diference, previous studies that have used local
The mode in which galaxies form their stars seems to follo@W)LIRG SED templates, with their large, starburstitiRf ra-
some fairly simple scaling laws. The Schmidt-Kennicutt,lavtios, to extrapolate from MIPS 24m photometry of galaxies at
which connects the surface densities of gas and star famatz > 1.5 have overestimated their total infrared luminosities and
in the local Universe (Kennicutt 1998b), has been recently eSFRs, resulting in the so-called “mid-IR excess” issue.
tended to the study of distant galaxies. Two star formatiodes Usingk-correction as a spectrophotometric tool for convert-
have thus been identified: so-called “normal” star formatamd ing broadband photometric measurements at various resishif
an accelerated mode, where the star formati@iciency (SFE) into a medium resolution IR SED, we were able to determine
is increased, probably due to the merger of two galaxies dDadhe prototypical IR SED of MS and SB galaxies with a resolu-
etal. 2010, Genzel et al. 2010). Theéfdrent SFEs of these twotion of 1/A1=25 and 10 respectively. The SED of MS galaxies
modes are diicult to recognize because of the observationptesents strong PAH emission line features, a broad fautRb
challenges associated with measuring the mass and deffisityesulting from a combination of emission from dust dfefient
molecular gas at high redshift. Indeed, the CO luminositidto temperatures ranging typically from 15 to 50 K, and &eative
conversion factor is poorly known and is based'é@0 J=1- dust temperature of 31 K, as derived from the peak wavelength
0 emission locally, while observations of distant galaxiely of the IR SED. Galaxies that inhabit the SB regime instead ex-
on higherd transitions (see, e.g., lvison et al. 2011). Similarihibit weak PAH equivalent widths and a sharper far-IR bump

IR8 = Lg"/Lg
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AGN based on their strong X-ray hardness ratios, althougin th
mid-IR spectra only show 10-40 % AGN contribution. Hence th?O
technique appears to béfieient even in the case of extreme sysp,
tems such as distant SMGs.

9. Discussion and conclusion
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