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ABSTRACT

We present an analysis of the deepdetschelimages in four major extragalactic fields GOODS—North, G@3Bouth, UDS, and
COSMOS obtained within the GOODBerscheland CANDELS-Herschelkey programs. The star formation picture provided by
a total of 10 497 individual far-infrared detections is sleppented by the stacking analysis of a mass complete sarhp 861
star-forming galaxies from thidubble Space Telescof@dST) H band-selected catalogs of the CANDELS survey and from tvepde
ground-baseds band-selected catalogs in the GOOD®¥th and the COSMOS-wide field to obtain one of the most accurade an
unbiased understanding to date of the stellar mass grovethtiog cosmic history.

We show, for the first time, that stacking also provides a poweool to determine the dispersion of a physical coriielatand
describe our method called “scatter stacking”, which magdsgly generalized to other experiments.

The combination of direct UV and far-infrared UV-reproaeddight provides a complete census on the star formati@s (@FRs),
allowing us to demonstrate that galaxieszat 4 to 0 of all stellar massed\W,) follow a universal scaling law, the so-called main
sequence of star-forming galaxies. We find a universal elodmear slope of the log(SFR)—-logy(M.) relation, with evidence for

a flattening of the main sequence at high masses{lby/M) > 10.5) that becomes less prominent with increasing redshift and
almost vanishes by~ 2. This flattening may be due to the parallel stellar growtfjugéscent bulges in star-forming galaxies, which
mostly happens over the same redshift range. Within the sedgnence, we measure a nonvarying SFR dispersiorBoief: at a
fixed redshift and stellar mass, about 68% of star-formirigxges form stars at a universal rate within a factor 2. Thec#jt SFR
(sSFR= SFR/M.,) of star-forming galaxies is found to continuously increé®mz = 0 to 4.

Finally we discuss the implications of our findings on thensmsSFR history and on the origin of present-day stars: niuaa two-
thirds of present-day stars must have formed in a regime mtend by the “main sequence” mode. As a consequence we denclu
that, although omnipresent in the distant Universe, gatagygers had little impact in shaping the global star fororatiistory over
the last 125 billion years.

Key words. Galaxies: evolution — Galaxies: active — Galaxies: statbuinfrared: galaxies — Methods: statistical

* Herschelis an ESA space observatory with science instruments pr:(L)'- Introduction

vided by European-led Principal Investigator consortid aith impor-  Most extremely star-forming galaxies in the local Univease
tant participation from NASA. heavily dust obscured and show undeniable signs of an ongo-
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ing major merger, however such objects are relatively rare ( plenish the gas reservoirs of these galaxies in some wagelLar
mus et al. 1987; Sanders & Mirahel 1996). They have been himlume numerical simulations (Dekel et ial. 2009a) have show
torically classified as Luminous and Ultra Luminous InfraRethat streams of cold gas from the intergalactic medium c&n fu
Galaxies, LIRGs and ULIRGs, based on their bolometric itfill this role, allowing galaxies to keep forming stars atdadigh
frared luminosity over the wavelength range 8-1060 by but steady rates. Since the amount of gas accreted throagé th
Lir > 10 L, and> 10'2L,, respectively. However, they make‘cold flows” is directly linked to the matter density of thetém-

up for only 2% of the integral of the local IR luminosity fuimn, galactic medium, this also provides a qualitative explimmafior
the remaining fraction mainly produced by more typicalagetl the gradual decline of the SFR from= 3 to the present day
galaxies (Sanders & Mirabel 1996). (e.g., Davé et al. 2011).

More recently, studies at higher redshift showed that the ;g \whole picture relies on the existence of the main se-
LIRGs were the dominant population at= 1 (Chary & El- q,ence. However, actual observations of the SAReorrela-
baz 2001; Le Floc'h et aI_. 2005).’ replaced by ULIRGZ &t 2 o a7 > 2 rely mostly on ultraviolet-derived star formation
(Magnelli etall 2013). This was first interpreted as an ias®g  ates which need to be corrected by large factors to acdount
contribution of gas-rich galaxy mergers to the global stamia- st extinction (Calzetti et &l. 1994; Madau et al. 1998; keu
tion activity of the Universe, in qualitative agreementwihe o 5[1990; Steidel et al. 1999). These corrections, perorus-

predicted and observed increase of the major merger r@e (&g the UV continuum slopg and assuming an extinction law,

Patton et al. 1997; Le Fevre etial. 2000; Conselice et al. 2003, \,ncertain and still debated. Although dust-correcteRsS

The discovery of the correlation between star formatio@ ragre aple to match more robust estimators on average in the lo-
(SFR) and stellar mas$A;), also called the “main sequence” ofcy| Universe (Calzetii et al. 1994; Meurer etlal. 1999) and be
star-forming galaxies (Noeske etlal. 2007) at0 (Brinchmann yond (e.g., Pannella et al, 2009; Overzier et al. 2011; Rueig
etal2004)z ~ 1 (Noeske et al. 2007; Elbaz et@al. 20023 2 ot 51[2014), it has been shown for example that these caomect
(Daddi et all 2007; Pannella et al. 2009; Rodighiero et al120 ¢annot recover the full star formation rate of the most acti-
Whitaker et al. 20127 = 34 (Daddi et al. 2009; Magdis et al.jects (Goldader et dl. 2002; Buat et/al. 2005; Elbaz &t al1200
2010; Heinis et al. 2013; Pannella etal. 2014) and even B0 Rogighiero et al 2011; Wuyts et 4l 2011; Penner et al. 2012;
7 (e.g;, Stark et aI.‘2009; Bouwens et al. 41012; Stark et dl320 oteq et all 2013; Rodighiero et l. 2014). More recentlyesalv
Gonzalez et al. 2014; Salmon et'al. 2014; Steinhardt et dEP0 gy dies have pointed toward an evolution of the calibratien
suggested instead a radically new paradigm. The tightriéSs0 yyeen the UV slope and UV attenuation as a function of retshif
_correlatlon is indeed not consistent with frequent ra_r1dun$lb possibly due to changes in the ISM properties (e.g., Paanell
induced by processes like major mergers of gas-rich gaaxig 51 [2014: Castellano et &l. 2014) or even as a functionf en
and favors more stable star formation histories (Noeské. et @nment (Koyama et dl. 2013). Itis therefore possible tisatgs
2007). . . _ UV-based SFR estimates modifies the normalization of the mai

Furthermore, systematic studies of the dust propertielseof kequence, arfor its dispersion. In particular, it could be that the
“average galaxy"” at dierent redshifts show that LIRGsat 1 tight scatter of the main sequence observed at high redstft
and ULIRGs atz = 2 bear close resemblance to normal stagoyuwens et al. 2012; Salmon etlal, 2014) is not real but induce
forming galaxies az = 0. In particular, in spite of having starpy the use of such SFRs, thereby questioning the very existen
formation rates (SFRs) higher by orders of magnitude, ey &f 3 main sequence at these epochs. Indeed, a small scater is

pear to share similar star-forming region sizes (Rujopakéal. ey ingredient without which the main sequence loses itsmea
2011), polycyclic aromatic hydrocarbon (PAH) emissiorein ing.

equivalent widths (Pope et al. 2008; Fadda et al. 2010; Elbaz .
etal.2011; Nordon et al. 2012), | to far-infrared (FIR) lumi- Infrareq te[escopes allow us to measure the bqlometrlc In-
nosity (Lrir) ratios (Diaz-Santos et al. 2013), and universal Fif@aréd luminosity of a galaxyl(z), a robust star formation tracer
spectral energy distributions (SEDs) (Elbaz et al. 2011lyo (Kennicuti1998). Unfortunately, they typically providbserva-
outliers above the SFR4, correlation (usually called “star- tions of_substantlally poorer quality (both in angular leton
bursts”, Elbaz et al. 2011) show signs offdrent dust proper- and typical depth) compared to optical surveys. The laurich o
ties: more compact geometry (Rujopakarn et al. 2011), esxmeestheSpltzerspace telescope (Werner etial. 2_004)was a huge step
IR8 = Li/Lg,m (Elbaz et al 2011), [@] deficit (Diaz-Santos forward, as it allowed us to detect for the first ime moddyate

et al.[2018), increasedfective dust temperature (Elbaz et alUMinous objects at high redshifts & 3) in the mid-infrared
2011; Magnelii et al, 207.4), and PAH deficit (Nordon etal. 201 (MIR) thanks to the MIPS instrument (Rieke etlal. 2004). Iswa

Murata et al 2014), indicating that these starburst gataare S9ON followed by theHerschelspace telescope (Pilbratt et al.

the true analogs of local LIRGs and ULIRGs. In this paradigrdQ10), which provided better constraints on the spectruthef

the properties of galaxies are no longer most closely relage dUSt émission by observing in the FIR with the PACS (Podiitsc

their rest-frame bolometric luminosities, but rather teittex- ©t &l.2010) and SPIRE instruments (& et al.2010).

cess SFR compared to that of the main sequence. Nevertheless only the most luminous star-forming objects
This could mean that starburst galaxies are actually tregje can be detected at high redshifts, yielding strongly SFRdula

by major mergers, but that the precise mechanism that fhels samples (Elbaz et al. 2011). In particular, most galaxiksbiy

remaining vast majority of “normal” galaxies is not yet unde detected with these instrumentszat 3 are very luminous star-

stood. Measurements of galactic gas reservoirs yield gas frbursts, making it dficult to study the properties of “normal”

tions evolving from about 10% in the local Universe (Lerogalaxies at these epochs. So far only a handful of studies hav

et al.[2008) up to 60% a ~ 3 (Tacconi et al. 2010; Daddi probed in a relatively complete manner the Universe at 3

et al.[2010; Geach et al. 2011; Magdis etlal. 2012; Saintongéh IR facilities (e.g., Heinis et al. 2014; Pannella et2014)

et al.[201B; Santini et al. 2014; Genzel etlal. 2014, Béthermand most of what we know about normal galaxiez at 3 is

et al. 2014, submitted). Compared to the observed SFRmhis currently based on UV light alone (Daddi etlal. 2009; Starkl et

plies gas-consumption timescales that are much shortettiiea [2009; Bouwens et al. 2012; Stark etlal. 2013; Gonzalez et al.

typical duty cycle of most galaxies. It is thus necessaryeto 12014; Salmon et al. 2014).
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Here we take advantage of the deepest data ever takeduction was delayed compared to the other fields and there
with Herschelin the Great Observatories Origins Deep Sumwas no available catalog when we started this work. We theis us
vey (GOODS, PI: D. Elbaz), covering the GOODS—North arttie ground-base#s-band catalog presented in Pannella et al.
GOODS-South fields, and the Cosmic Assembly Near-Infrarg2D14), which is constructed from the deep CFHT WIRCKM
Deep Extragalactic Legacy Survey (CANDELS, PI: M. E. Dickband observations of Wang et al. (2010). This catalog costai
inson) covering a fraction of the Ultra-Deep Su¥¢yDS) and 20 photometric bands from the NUV to IRAGu8n and was built
Cosmic Evolution Survey (COSMOS) fields, to infer stricteusing Skrtracror (Bertin & Arnouts 1996) in dual image mode,
constraints on the existence and relevance of the main sequavith the Ks-band image as the detection image. Fluxes are mea-
in the young Universe up ta = 4. To do so, we first con- sured within a 2 aperture on all images, and thgext of vary-
struct a mass-selected sample with known photometric rigslshing point spread function (PSF) ajdr seeing is accounted for
and stellar masses and then isolate star-forming galaxtegw using PSF-matching corrections. Per-object aperturectons
it. We bin this sample in redshift and stellar mass and stattktotal are provided by the ratio of tHR.UX_AUTO as given by
the Herschelimages. This allows us to infer their averalge, SExtractor and the aperturiés-band flux. This results in a8’
and thus their SFRs. We then present a new technique we ealfjular resolution catalog of 79 003 sources and-difditing
“scatter stacking” to measure the dispersion around theagee magnitude oKg= 24.5.
stacked SFR, taking nondetected galaxies into accourdll¥iin TheKs-band image extends ove2® ded, but only the cen-
we cross-match our sample wikterschelcatalogs to study in- tral area is covered bgpitzerandHerschel We therefore only
dividually detected galaxies. keep the sources that fall inside the coverage of those two in

In the following, we assume ACDM cosmology withHy =  struments, i.e., 15 284 objects in 168 arcmWe also remove
70 kms™Mpct, Qu = 0.3, Q5 = 0.7 and a Salpetet (1955)stars identified either from the SEractor flag CLASS_STAR for
initial mass function (IMF), to derive both star formaticates bright enough objectd{;< 20), or using théBzK color-color di-
and stellar masses. All magnitudes are quoted in the ABisysteagram (Daddi et al. 2004). Our final sample consists of 14 828
such thatMag = 23.9 - 2.5log,; (S, [1Jy]). galaxies, 12 317 of which are brighter than thelBniting mag-

nitude, with 3 775 spectroscopic redshifts.
i The Herschelimages in both PACS and SPIRE were ob-
2. Sample and observations tained as part of the GOODSerschelprogram (Elbaz et al.

We use the ultra-deepH-band catalogs provided by the2011). The source catalog blerscheland SpitzerMIPS 24um

CANDELS-HST t Groain et al. 2011: Koek t glre taken from the public GOODS&erschel DR1. Herschel

2011) in three of g]aemc'(M\lrg%lESeﬁ;ds narﬁeI;eGSnowgeSr_esoi CS and SPIRE 25@m flux densities are extracted using PSF

(GS-Guo et al.2013), UDS (Galamefz etlal. 2013), and CO ting at the position of MIPS priors, themselves extradted

MOS (Nayyeri et al. in prep.). With the GOODS-North (GNiR_AC priors._SPIRE 35am and_SOQ_zm flux densities are ob-

CANDELS catalog not being finalized at the time of writingtfi'”ed_lpﬁ’_ bundlngda redducedlgngr_llst out OJ t?e_l %BﬁEcljbetelc-t

we fall back to a ground-basd€i-band catalog. To extend our ggls:L) ;;g;ozcgslir&]pgsgg di Og]%n:s%rﬁeld%?elc'tligns %a?f eta

sample to rarer and brighter objects, we also take advant%ﬁ’%r{y,gACS band or 5c in SPIRE, following Elbaz et(TaI

of the much wider area provided by th&-band imaging in : ' -

the COSMOS field acquired as part of the UltraVISTA preg041) that we could cross-match to tHe-band catalog using

gram (UVISTA). In the following, we will refer to this field as tN€ir IRAC positions.

“COSMOS UltraVISTA’, while the deeper but smaller region

obser\(ed by CANDELS will be called “COSMOS CAN_DELS”.2_2_ GOODS-South, UDS, & COSMOS CANDELS

Using either theH or theKs as the selection band will intro-

duce potentially dferent selectionféects. In practice, these two!n GOODS-South, UDS and COSMOS CANDELS we use

bands are siiciently close in wavelengths that one does not ej€ dficial CANDELS catalogs presented, respectively, in Guo

pect major diferences to arise: if anything, the-band catalogs ‘13t28|7-2[§01321 &I/GFSIOO 121I114), Galametz et i'i-gé:??gi?’)_r(ﬂﬁfs

are potentially more likely to be mass-complete, since tihisd . ) anSEs ayyeriet ad. (Irll_prep-) (verdS|on : hé)STml-?/

will probe the rest-frame optical up to higher redshiftswdger bullt using SErracTor In dual Image mode, using t

these catalogs are ground based, and lack both angulanred®®nd image as the detection image to extract the photomietry a

tion and depth when compared to thST Hband data. It is the otherHSTbands. The ground-based aSgitzerphotome-

thus necessary to carefully estimate the mass completiavess try is obtained with TFIT (Laidler et al. 2007). THeST pho-

of each catalog, and only consider mass-complete regintagintometry was measured using tREUX_ISO from SExtractor

following analysis. and corrected to total magnitudes using eitherRheX_BEST

All these fields were selected for having among the dee-FLUX_AUTO measured in théi band, while the ground-based

estHerschelobservations, which are at the heart of the prese#ftdSpitzemphotometry is already “total” by construction. These

study, along with high-quality, multi-wavelength photanyein catalogs gather 16 photometric bands in GOODS-South, 19 in

the UV to NIR. The respective depths of each catalog aredliste DS, and 27 in COSMOS, ranging from theband to IRAC

in Table[1. We next present the details of the photometry afigm, for a total of 34 930 (respectively 35 932 and 38 601)

source extraction of each field. sources, 1 767 (respectively 575 and 1 175) of which have a
spectroscopic redshift. Thé-band exposure in the fields is quite
heterogeneous, therdimiting magnitude ranging from 24 to

2.1. GOODS-North 29.7 in GOODS-South, 27 to 276 in UDS, and 27 to 278 in

GOODS—North is one of the fields targeted by the CANDELSCOSMOS, but it always goes much deeper than the available

HSTprogram, and the last to be observed. Consequently, the dd@nd-based photometry. These extreme depths can also be-
come a problem, especially when dealing with sources so fain

1 This field is also known as the Subary XMM Deep Survey (SXxD3hat they are significantly detected in tHSTimages only. The
field. SED of these objects is so poorly constrained that we cannot
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Table 1. Catalog depths for each field.

Field Ared NIR (50) 24um 100um  160um  250um  350um  500um
Wy () mdy () mly () mly(5) mly(5) mdy(5)
GN 168 arcmif Ke< 24.5 21 11 27 7.3 7.8 13
GS 184 arcmih  H < 27.4-297 20 Q8 24 7.0 75 13
uDS 202arcmih H < 27.1-276 40 17 39 10 11 13
COSMOS
-CANDELS 208arcmil H < 27.4-278 27-40 15 31 11 14 14
-UVISTA 1.6 ded Ks< 234 27-40 46 9.9 — — —

@ This is the sky coverage of our sample, and may be smallerttieanominal area of the detection image.

robustly identify them as galaxies, or compute accurateégho2.3. COSMOS UltraVISTA

metric redshifts. To solve this issue, one would like to drdep . :

sources that have aficient wavelength coverage, e.g., imposOnly a small region of the COSMOS field has been observed

ing a significant detection in at least ten UV to NIR bands, bitithinthe CANDELS program. For the remaining area, we have

this would introduce complex selectioffects. Here we decide t0 rely on ground-based photometry. To this end, we consider

to only keep sources that have Bhband magnitude brighter two differentKs-band catalogs, both based on the UltraVISTA

than 26. This ensures that the median number of UV to NIRR1 (McCracken et al. 2012).

bands for each source (along with the 16th and 84th peresptil ~ The first catalog, presented in Muzzin et al. (2013b), istbuil

is 113, 16*3 and 213, respectively, as compared 639132  using SEtractor in dual image mode, with th&s-band im-

and 187 when using the whole catalogs. age as detection image. The photometry in the other bands is

y . __extracted using PSF-matched images degraded to a common

As for GOODS-North, we remove stars using a Comt_"n?ésolution of~ 1.1” and an aperture of.2’, except for the

tion of morphology andBzK classification, and end up withg,; ; ;
) : pitzetbands andsALEX Here, an alternative cleaning method
18 364 (respectively 21 552 and 24 396) galaxies WMith 26  i';sed, where nearby sources are first subtracted usingsfie P

in 184 arcmift (respectively 202 arcmirand 208 arcmif). convolvedKs-band profiles §* band forGALEX), then the pho-

In both UDS and COSMOS, theerschelPACS and SPIRE tometry of the central source is measured inside an apesfure
images were taken as part of the CANDEI®+rschelprogram, 3”. In both cases, aperture fluxes are corrected to total using
and are slightly shallower than those in the two GOODS field&ie ratio of FLUX_AUTO and aperturé{s-band flux. In the end,
The MIPS 24um images, however, are clearly shallower, sindde catalog contains 30 photometric bands ranging f@REX
they reach a noise level of approximately; 4y (1), as com- FUV to IRAC 8um (we did not use the 24m photometry),
pared to the 2@Jy in GOODS. In COSMOS, however, the MIPSor a total of 262 615 objects and ar3imiting magnitude of
map contains a “deep” region (Sanders et al. 2007) that sovg= 23.4. As for the CANDELS fields, stars are excluded us-
roughly half of the COSMOS CANDELS area with a depth ahg a combination of morphological arBkzK classification, re-
about 3QuJy. sulting in a final number of 249 823 galaxies withiré Hed,

In those two fields, sources are extracted with the same p}g-s 509 of which are brighter than therlimiting magnitude,
cedure as in GOODS—North (Inami et al. in prep). These c?ﬂ'—th 5 532 having spectroscopic red_shlfts. )
alogs provide, respectively, 2 461 and 2 585 MIPS sources as | h€ sécond catalog, presented in Iibert et al. (2013), ig ver
well as 730 and 1 23Blerscheldetections within théiSTcov- Similarin that, apart from missingALEXandSubaru g, it uses
erage. Since the IRAC priors used in the source extractiorecoth® same raw images and was also built withxB&cror. The

directly from the CANDELS catalog, no cross-matching has gytference lies mostly in the extractionlof IRA(; fluxes. Here,
be performed. and for IRAC only, SETracTor is used in dual image mode,

. ) with the Subaru tband image as the detection image. Since the
The Herschelimages in GOODS-South come from thregRAC photometry was not released along with the rest of the

separate programs. The PACS images are the result of the cgRltometry, we could not directly check the consistencyhef t
bined observation of both GOODBerscheland PEP (Lutz wyo catalogs, nor use this photometry to derive accuraixgal

et al..2011), while SPIRE images were obtained as part of thg)perties. Nevertheless, the photometric catalog conitbsay
HerMES program (Oliver et al. 2012). The PACS fluxes aigt of photometric redshifts and stellar masses that we san u
taken from the public PEP DR1 catalog (Magnelli et al. 2013}« 5 consistency check. These were built using a much more ex-
and were extracted using the same procedure as in GOORQensive but private set of spectroscopic redshifts, andrare
North. For the SPIRE fluxes, we downloaded the 'nd'V'duékpected to be of higher quality. A direct comparison of the t
level-2 data products covering the full ECDFS from Herschel ,hotometric redshift estimations shows a constant relstatter
ESA archive and reduced them following the same procedure g8 404, pelowz = 2. At higher redshifts, the scatter increases to
the other sets of SPIRE data used in GOODS and CANDEL$g94, pecause of the ambiguity between the Balmer and Lyman
Herschel This catalog provides 1 875 MIPS and 1 @3&rschel preaks. This ambiguity arises because of the poor wavdiengt
detections within thé-ISTcov_erage,_whlch were cross matCheE'overage caused by the shallow depths of these surveys, but i
to the CANDELS catalog using their IRAC positions. takes place in a redshift regime where our results are mostly
based on the deeper, and therefore more robust, CANDELS data
We also checked that redoing our analysis with lIbert et aht-

2 http://www.cosmos. esa.int/web/herschel/science-archive|alog yielded very similar results in the mass-completemesi.
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Finally, while theSpitzeMIPS imaging is the same as that irof the stellar mass estimate with the redugéaf the fit, only
COSMOS CANDELS, thederschelPACS images in this wide keeping galaxies for which? < 10.
field were taken as part of the PEP program, at substanttadly s
lower depth (Lutz et al. 2011). THepitzerMIPS andHerschel S .
PACS photometry are taken from the public PEP DR1 caal 0&.5. Rest-frame luminosities and star formation rates
itself based on the MIPS catalog of Le Floc’h etal. (200994 Star formation rates are typically computed by measurirg th
ing 37 544 MIPS and 9 387 PACS detections successfully croight of young OB stars, which emit the bulk of their light imet
matched to the firsks band catalog. UV. However this UV light is most of the time largely absorbed
by the interstellar dust, and re-emitted in the IR as theratih-
tion. To obtain the total SFR of a galaxy, it is therefore rsseey
to combine the light from both the UV and the IR.

Photometric redshifts (photn-and stellar masses are derived Rest-frame luminosities in the FUV (1500 4), V, andJ
using the procedure described in Pannella et al. (2014flgri bands are computed witBAZYby convolving the best-fit SED
photozs are computed using EABY(Brammer et al._2008) in model from the stellar mass fit with the filter response curves
its standard setup. Global photometric zero points arestetju The FUV luminosity is then converted into SkRcorrectedor
iteratively by comparing the photzs to the available spectro-dust attenuation using the formula from Daddi etlal. (20Dd),
scopic redshifts (sper); and minimizing the dference between B 10

the two. We emphasize that, although part of these adju$$me$1FRJV =217x 10 Loy [Lo]- @

are due to photometric calibration issues, they also catgin  The infrared luminosity.r is computed following the proce-
from defects in the adopted SED template library. To estmajyre of Elbaz et all (2011). We fit téerscheflux densities with

the quality of the computed phois; we request that thedds  cE01 templates, and computg; from the best-fit template. In
computed by EAZY, which is the estimated probability tha thihis procedure, photometric points below;38 rest-frame are
true redshift lies withinAz = 0.2 x (1 + Znoy) (Benitez 2000), not used in the fit since this is a domain that is potentialijdo
pe larger than @. A more stringent set of criteria is .adopteqhated by active galactic nuclei (AGN) torus emission, antthyo
in COSMOS CANDELS, because of the lower quality of thetar formation (e.g., Mullaney et &l. 2011). We come backis t
photometric catalog. To prevent contamination of our s@mpksye in section 216. This IR luminosity is, in turn, coneerinto

from issues in the photometry, we prefer to be more consgst-reprocessed SFR using the formula from Kennicuttd)l99
vative and only keepdds > 0.98 and impose that thg? of

the fit be less than 100 to remove catastrophic fits. The n&-Rg = 1.72x 107 Lz [Lo] . 2)

dian Az = |Zphot — Zsped/ (1 + Zsped IS respectively %, 32%, o

1.8%, 20%, and 08% in GOODS—North, GOODS-South, UDS The total SFR is finally computed as the sum of gFRnd

CANDELS, COSMOS CANDELS, and COSMOS UltraVISTA.SFRr. The above two relations are derived assuming a Salpeter

We stress however that the representativeness of thisem;cur(1955) IMF and assume that the SFR remained constant over the

also depends on the spectroscopic sample. In COSMOS Ultréaat 100 Myr. o )

ISTA, for example, we only have spes-for the brightest ob- A substa_ntlal number of galaxies in this sample (50% in the

jects, hence those that have the best photometry. Fainter SANDELS fields, 75% in COSMOS UltraVISTA) are detected

more uncertain sources thus do not contribute to the acgur&Y SpitzerMIPS but not byHerschel Although for these galax-

measurement, which is why the measured value is so lowyl,asiS We only have a single photometric point in the MIR, we can

although we use these spesio calibrate our photas, we do Still infer accurate monochromatic SFRs using the origlnal

not use them afterwards in this study. The achieved precisfio calibration of the CEO1 library. This calibration is valigh to

our photozs is high enough for our purposes, and the selectign< 1.5, as shown in Elbaz et al. (2011), hence we only use

functions of all spectroscopic surveys we gather here ang v&/IPS-derived SFRs for sources not detectedHgyschelover

different, if not unknown. To avoid introducing any incontrolthis redshift range. Although there exist other calibmasidhat

lable systematic, we therefore decide to consistently hegop  are applicable to higher redshifts (e.g., Elbaz et al. 20uyts

zs for all our sample. et al.[2011), we do not know how they would impact the mea-
Stellar masses are derived using FESKriek et al.[2009), surement of the scatter of the main sequence. We therefere pr

adopting Salpetef (1955) INIFthe Bruzual & Charlot (2003) fer not to use them and discard the;24 measurements above

: : . = 1.5. Galaxies not detected in the MIR & 1.5) or FIR
stellar population synthesis model and assuming that &ixga z e )
ies follow delayed exponentially decliniigtar formation his- have no individual SFR estimates and are only used for stack-

- ; 2 2 ; ing. When working with detections alone (section 4.6), titis
E)ng S <(§F <Hsl)6 gz;\/rranljwstsrgzee)(c:irk]) éigm&agégl}net)ég(fé/rz)isv;ﬁ]nin iously leads to an SFR selected sample and is taken intaiatco

the Calzetti et alL(2000) law, with a grid ranging fra¥a = 0 to Y estimating the SFR completeness.

4. Metallicity is kept fixed and equal @,. We assess the quality SFI—%?(IJ% tt?]ir(laRéanng;?':iaczllz;?etshtehztug??:(:noglrsgskt)l:enﬁgez;(gé by

5 ) old stars that trace the total stellar mass content ratlzer tine
, ttp://www.mpe.mpg. de/1r/Research/PEP/DRI star formation activity (e.g., Salim et al. 2009). Becaukéhe
. EEED'ZCOSQ'ggogllceicom/g/iazy‘Phl‘:t‘/’}fAST — relatively low luminosity of these stars, this will mostéily be
p: astro.berkeley.edu/~mariska . m H ; H H H F
- : - an issue for massive galaxies with low star formation atstivi
6 Using another IMF would systematically shift both ddr and SFRs . : . - -
by approximately the same amount, and therefore would fiettthe i.e., typically quiescent gala_mes (see, e.g., Appefdix We_we
shape of the main sequence. we analyze such cases). Since we remove t.hese g.algmes from
7 Other star formation histories were considered, in paaicwith a OUr sample, we should not bé&fected by this bias. This is also
constant or exponentially declining SFR. Selecting allagiis from confirmed by the excellent agreement of IR based SFR estmate
z> 0.3t0z < 5, no systematicfiset is found, while the scatter evolveswith those obtained from the radio emission (e.g., Pane¢id
mildly from 0.12 dex atM, = 1 x 10° M, to 0.08 atM, = 3x 10"*M,. [2014), the latter not beingfacted by the light of old stars.

2.4. Photometric redshifts and stellar masses
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2.6. A mass-complete sample of star-forming galaxies galaxies that are red because of their old stellar popula@md
those that are red because of dust extinction.
To this end, Williams et al! (2009) devised the/J selec-

Table 2. Number of object in our sample per field. tion, based on the corresponding color-color diagram ihtoed

in Wuyts et al. (2007). It uses tHg — V color, similar to the
Field All galaxie§  SP Spec# Herschel uU- rr:‘rom the sﬁandaLd coll(orr;magnitgde dcjagram, but colmhbinehs

it to theV — J color to break the age—dust degeneracy. Althoug
gg 65%;% i3653% 222(;55 %377 the bimo_dality stands out clearly_ on this dia_g_ram, the loofus
UDS 7 455 6372 504 654 thg passive cloud has bgen conflrme_d by Williams et _al. (2009)
COSMOS using a sample of massive _ga_IaX|es in the range<0z < 1.2

with little or no [On] line emission, while the active cloud falls
-CANDELS 7580 6 599 811 976

on the Bruzual & Charlot (2003) evolutionary track for a ggla
with constant SFR. One can then draw a dividing line thatgmss
between those two clouds to separate one population from the
@ Number of galaxies in our mass-complete NIR sample, réther. We use the following definition, at all redshifts atellar
moving stars, spurious sources, and requigpitzerandHer- masses:

schelcoverage® Final subsample of good quality galaxies clas-

sified as star-forming with the)\V J criterion (see sectioin 2.6). { U-v > 13,

-UVISTA 58 202 39375 3736 7 053

© Subsample of galaxies with a spectroscopic redshift (vafiuiescent ¢ V-J < 186, ®3)
ous sources, see catalog papers for referen€eSubsample of U-V > 088x(V-J)+049.

g_ala.xlles W'th. a detection in anyerschelband, requinng- 3o - Thjg definition difers by only 01 magnitude compared to that
significance in PACS or 5o in SPIRE (following Elbaz et al. o yilliams et al. {2009). Rest-frame colors can shafisets of
2011). similar order from one catalog to another, because of phetom
ric coverage and uncertainties in the zero-point corrastitt is

We finalize our sample by selecting actively star-forminghus common to adopt slightly fiiérent definitions to account
galaxies. Indeed, the observation of a correlation betweass for these fects (see e.g., Cardamone et al. 2010; Whitaker et al.
and SFR only applies to galaxies that are still forming stansl [2017; Brammer et al. 20/11; Strazzullo et(al. 2013; Viero et al
not to quiescent galaxies. The latter are not evolving amgm@013; Muzzin et al. 2013b). In COSMOS UltraVISTA, we fol-
and pile up at high stellar masses with little to no deteetalgns  |ow the definition given by Muzzin et al. (2013b).
of star formation. Nevertheless, they can still show residi The corresponding diagram in bins of mass and redshift for
emission due to the warm inter stellar medium (ISM). This-cathe CANDELS fields is shown in Fi§l 1. Here we also overplot
not be properly accounted for with the CEO1 library, and bél the location of the galaxies detectedgrsche] because of the
misinterpreted as an SFR tracer. detection limit of the surveys, the vast majoritytéérschelde-

Several methods exist to exclude quiescent galaxies. Tibetions have high SFRs. We therefore expect them to fahen t
most obvious is to select galaxies based on their specific SBW J “active” region. This is indeed the case for the vast major-
(sSFR= SFR/M,). Indeed, quiescent galaxies have very loity of these galaxies, even when the majority of optical sear
SFR by definition, and they are preferentially found at higlre quiescent as is the caseat 0.5 and logy(M./M) > 10.
M.. Therefore, they will have very low sSFR compared to staln total, only 5% of the galaxies in otiterschelsample are clas-
forming galaxies. This obviously relies on the very exisen sified as passive, and about a third of those have a prolyabilit
of the correlation between SFR amdl., and removing galax- larger than 20% to be misclassified because of uncertaiinties
ies with too low sSFR would artificially create the corratati their UV J colors. The statistics in COSMOS UltraVISTA are
even where it does not exist. On the other hand, selectiraxgalsimilar.
ies based on their SFR alone would destroy the correlatim e  The number of galaxies with reliable redshifts and stellar
where it exists (Rodighiero et al. 2011; Lee etlal. 2013)sIt masses (see section 2.4) that are classified with this dragra
therefore crucial that the selection does not apply diydotany as actively star-forming are reported in Table 2. These lage t
combination of SFR oM.. Furthermore, these methods requirgalaxies considered in the following analysis. As a cheak, w
that an accurate SFR is available for all galaxies, and thisalso analyze separately the quiescent galaxies in AppBidix
something we do not have since most galaxies are not defected Finally, we do not explicitly exclude known AGNs from
the mid- or far-IR. We must therefore select star-forminaga our sample. We expect AGNs to reside in massive star-forming
ies based on information that is available for all the galaxn galaxies (Kafmann et al._2003; Mullaney et al. 2012; Santini
our sample, i.e., involving optical photometry only. et al..2012; Juneau et al. 2013; Rosario et al. 2013). Whde th

There are several color-magnitude or color-color critdréd  most luminous optically unobscured AGNs may greatly pértur
are designed to accomplish this. Some, like BeK approach the optical photometry, and therefore the measurementdsf re
(Daddi et all 2004), are based on the observed photometry ahit and stellar mass, they will also degrade the qualityhef
are thus very simple to compute, but they also select a partiSED fitting because we have no AGN templates in our fitting li-
lar redshift range by construction. This is not desirabledior braries. This can produce an increagéchence selecting galax-
sample, and we thus need to use rest-frame magnitudes-Cdks with y> < 10 (see sectioh_2.4) helps remove some of these
magnitude diagrams (e.dJ, — r versusr-band magnitude as in objects. Also, their point-like morphology on the detentim-
Baldry et al.[2004) tend to wrongly classify some of the resige tends to make them look like stars, which are systemati-
galaxies as passive, while they could also be red becausgtof ltally removed from the sample. The more common moderate
dust attenuation. Since high mass galaxieEesuhe most from luminosity AGNs can still be fit properly with galaxy tempst
dust extinction (Pannella et al. 2009), it is thus likelyttbalor- (Salvato et al. 2011). Therefore, several AGNs do remairum o
magnitude selections would have a nontrividieet on our sam- sample without significantlyféecting the optical SED fitting and
ple. It is therefore important to use another color to digegte stellar masses. Still, obscured AGNs will emit some fractd
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Fig. 1. UV Jdiagrams in each bin of redshift (horizontally) and masstizally) of our CANDELS sample. The central value of theshift and
mass bins are shown at the top and on right-hand side of thefigspectively. The dividing line between active and pasgalaxies is shown as

a solid orange line on each plot, with passive galaxies émtah the top-left corner. We show in the background theidigton of sources from
the H-band catalogs in gray scale. We also overplot the positicGoorces detected witHerschelas blue contours or, when the source density
is too low, as individual blue open circles. On the top-le&ftreer of each plot, we give the fraction Bf band-selected galaxies that fall inside the
quiescent region, and on the bottom-right corner we shovirttation of Herschelsources that reside in the star-forming region.

their light in the IR through the emission of a dusty torus. TH2b!€3.109:(M./Mo) above which our samples are at least 90% com-
prevent pollution of our FIR measurements by the light ofsu®'€te. for each catalog.
dusty AGNs, we only use the photometry at rest-frame wave

lengths larger than 3@m, where the contribution of the AGN is  Catalog z=05 10 15 22 30 40
negligible (Mullaney et al. 2011). Indeed, while the most ex N 89 93 98 101 105 107
treme AGNs may fiect mid-to-far IR colors, such as 24-to- CANDEL S 83 87 90 94 99 103

70um color, their far-IR colors are indistinguishable from ttha COSMOS UVISTA 91 96 101 106 109 113
of star-forming galaxies (Hatziminaoglou et al. 2010). By r -

jecting the most problematic cases, and mitigating ag&iGat
contribution to the IR, we aim to remove severe contamimati
while retaining a high sample completeness.

@ These values are valid for GOODS-South, UDS, and COS-
fnos CANDELS, keeping all sources with < 26.

various bandsH, Ks, and IRAC channels 1 and 2) that this scat-
ter is minimal (014 dex) when probing the rest-frame7 im,

The last step before going through the analysis is to make sbut it reaches @ dex in the rest-frame UV (3500 A). While this
that, in each stellar mass bin we will work with, as few galawxalue is of course model dependent, it stresses the impartan
ies as possible are missed because of our selection criférga of having high-quality NIR photometry, especially tipitzer

fact that we built these samples by starting from an NIR seldRAC bands (observed 3+&n).

tion makes it much simpler to compute the corresponding mass To estimate the mass completeness, we decided to use an em-
completeness: the stellar mass of a galaxy at a given reédspifical approach, where we do not assume any functional form
is indeed well correlated with the luminosity in the selenti for the true mass function. Instead, we directly computete-
band (eitheH or Ks), as illustrated in Fid.]2, the scatter aroungleteness assuming that, at a given redshift, the stellasisa
the correlation being caused byfigrences of age, attenuationwell estimated by a power law of the luminosity (measured ei-
and to some extent flux uncertainties &adorrection. From our ther from the observe#i or K¢ band), i.e., M, = C L%, plus
sample, we can actually see by looking at this correlatidh wia Gaussian scatter in log space. We fit this power law and esti-

2.7. Completeness and mass functions
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2 estimate what would be their luminosity in the selectiondan
T 90% : : : : : : ; : by using the above relation and adding a Gaussian scatteeto t

2 50% ¢t s ] logarithm of the luminosity. The completeness is then categu

g as the fraction of galaxies that have a luminosity greatan the

© 12 limiting luminosity at the considered redshift. We consider

= ut catalogs as “complete” when the completeness reachessat lea

- 90%.

iﬁ 10} The same procedure is used on COSMOS UltraVISTA and
3 GOODS—-North separately, and the estimated completeness le
s o} els are all reported in Tablé 3. We compared the values ddtain

iy in GOODS—-North with those reported in Pannella etlal. (2014)
& gt where the completeness is estimated following Rodighiead. e

= ; (2010) using a stellar population model. The parameterhef t

7L model chosen in Pannella et al. (2014) are quite conseeyativ

7 8 9 10 11 12 8 9 10 11 12 and their method consistently yields mass limits that arawn
log;, M. [M,] log,, M. [M,] erage B dex higher than ours. In COSMOS UltraVISTA, we
obtain values similar to that of Muzzin et al. (2013a).
Fig. 2. Correlation between the stellar mass and the luminositpén t  Finally, we build stellar mass functions by simply counting
observed-framél band at 07 < z < 1.2 (left) and 35 < z< 5 (right) in  the number of galaxies in bins of redshift and stellar masses
the three CANDELS fields GOODS-South, UDS, and COSMOS. Qhe three CANDELS fields that afdd-band selected, and nor-
the bottom plots, the two horizontal orange lines show thgitipm of malize the counts by the volume that is probed. These raw mass
theH = 26 limiting magnitude az = Zyi, andz = Zna. The red line is fynctions are presented in FIg. 3 as dashed lines. Assurhirg t
the best-fit relation, and the dotted lines above and bel@wshe I ye counts follow a Schechter-like shape, i.e., rising wiffower
oo o aW (oward ow tclar mass, the ncompleténess o our semp
The top plots show the evolution of completeness (i.e., ﬁl'emated IS cIea_rIy \('S'ble' We then use the estimated Completeness (
fraction of detected objects) with stellar mass, and th&botal orange parjel in Fig[P) to correct the SteIIar_ mass functions. Hese,
line shows the 90% completeness level. limit ourselves to reasonable corrections of at most a faeto
in order not to introduce too much uncertainty in the extrapo
lation. The resulting mass functions are shown as solidline
. Fig.[3, with shaded areas showing the Poisson noise. The ob-
00 T " O 3 - '<'0'7' """" tained mass functions are in good agreement with thosedgirea
' ' ] published in the literature (e.g., libert etlal. 2013).

07<z<1.2 i
N 12<z<138 ]
18<z<25
3 10°F \\\ 2esisie E 3. Deriving statistical properties of star-forming
mg galaxies
i Because of the limitations of tHderschelsurveys (the result of
s 10°F E photometric or confusion noise), we cannot derive robudit in
5 ] vidual SFRs for all the sources in our sample (see seEfidn 2.5
i Indeed, the fraction of star-forming galaxies detectedh&RIR
@ 1 ranges from 80% aM, > 3 x 10'°M, andz < 1, to almost
e 10t 4 0% for M, < 10'°My, andz > 1. Abovez = 1, the com-
] pleteness in FIR detections reaches better than 60% onlyeabo
M., = 10"'M,, and up taz = 2.5. Below this mass and above that
redshift, the FIR completeness is lower than 20-30%.
10° L., ol s We overcome these limitations by stacking Hierschelim-
8 9 10 11 12 ages. Stacking is a powerful and routinely used technigae th

log,, M. [M_.] combines the signal of multiple sources at various posstiom
B the images, known from deeper surveys (see, e.g., Dole et al.
Fig. 3. Evolution of the star-forming galaxy stellar mass functieith .200()’ where it was first ap[_)lled t0_ FIR images). Thigetively
redshift in the three CANDELS fields GOODS—South, UDS, andsc01Créases the signal to noise ratio of the measurementy-allo
MOS for galaxies brighter thahl = 26. Raw, incomplete counts arel"d US to probe fainter fluxes than can be reached by the usual

shown as dashed lines, while solid lines show the correatedts. The Source extraction. The price to pay is that we lose inforomati
shaded areas correspond to Poissonian errors. about each individual source, and only recover statispicap-

erties of the considered sample. Commonly, this methoddd us

to determine the average flux density of a selected populafio
mate the amplitude of the scatter using the detected galsage objects. We will show in the following that it can also be used
shown in Fig[2. Using this model (red solid and dotted line$) obtain information on the fludistribution of the sample, i.e.,
and knowing the limiting luminosity in the selection band-(o not only its average flux, but also how much the stacked ssurce
ange horizontal lines), we can estimate how many galaxies agatter around this average value.
miss at a given stellar mass, using, e.g., a Monte Carlo simu- This scatter is crucial information. If we measure an averag
lation. At a given stellar mass, we generate a mock populaticorrelation between SFR amMd.,, as has been measured in sev-
of galaxies with uniform redshift distribution within thénband eral other studies at fierent redshifts, this correlation cannot be
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Fig. 5. Stack of 155 galaxies at= 3 and logy(M./My) = 113 in the
] ) . . . SPIRE 25Qum imagesL eft: mean flux imageRight: MAD dispersion
Fig. 4. Redshift and stellar mass bins chosen for stacking. Wealispl image. Measuring the dispersion is mordfidult than measuring the
each bin (from top to bottom) the total number of star-forgithor Ks-  flyx, since the signal is always fainter. 38% of these gatagie indi-
band galaxies that are stacked in the CANDELS fields, andrétwéién  vidually detected bydersche] and only 25% are detected in the SPIRE
of galaxies individually detected witHerschel The bins where we do 250,m channel.
not detect any stacked signal are shown with a gray backdroun

“ : _ able number of sources in each bin. We then go to the original
called a “sequence” if the sources show a large dispersmmar o 5chelimages of each field and extraltx N pixel cutouts
It . . _ around each source in the bin, thus building a pixel cube. We
Several studies have already measured this quantity. MoegkooseN = 41 for all Herschelbands, which is equivalent to
et al. (2007) and Elbaz et al. (2007)z¢ 1 reported a & dis- g {imes the full-width at half maximum (FWHM) of the PSF,
persion in IogO(SFR)_of_ around (B dex fromSpltz_erMIPS ob- andN = 61 for SpitzerMIPS (13x FWHM), as a substantial
servations of a flux-limited sample. &t= 2, Rodighiero et al. faction of theSpitzerflux is located in the first Airy ring. Since
(2012) reported @4 dex, using mostly UV-derived SFRs, whilgpe maps were reduced in a consistent way across all the CAN-
Whitaker et al.[(2012) reported3} dex fromSpitzerMIPS ob-  pg| g fields, we can safely merge together all the sources in a

servations. These two studies tested the consistencyioSRB i en bin allowing us to go deeper while mitigating théeets
estimator on average, but we do not know how they impact tg?cosmié variance.

measure of the dispersion. The variation found in these tuab s In parallel, we also stack the sources of the COSMOS UI-

les suggests that this is indeed an issue (see for eXampﬂ‘ig"hetraVISTA catalog in the wider but shallower FIR images. Thes
cussion in Speagle et al. 2()_14)._On the one hand, UV SFRs h ked values gre mostly used as consistency checistltw)p' e
to be corrected for dust extinction. If one assumes a single & ot grer any advantage over those obtained in the CANDELS

tinction law for the whole sample, one might artificially rex fields: the shallowerschelex ;
; . o : posure is roughly compensated by
the dispersion. On the other hand, MIPS2d atz = 2 probes .%he large area, but the mass completeness is much lower.

the rest-frame #m. While Elbaz et al.(2011) have shown that | In the literature, a commonly used method consists of stack-

correlates well with_ g, this same study also demonstrates thﬁl,;[ onlv the undetected sources on thsidualmans. after ex-
it misses a fraction of g that is proportional to the distance g only PS,

rom e mai seqence. T can s rave an impact on {110, "0UCES O e 8 e s ol Toe
measured dispersion. g g ,

Here we measure for the first time the SFR—main se- thus lowers the confusion noise for the faint sources, while

uence and its dispersion with a robust SFR tracer down to ptially introducing a bias that has to be corrected. Detec
q U P L X d stacked sources are then combined using a weighted aver-
very limits of the deepedterschelsurveys to constrain its exis-

. X age (as in, e.g., Magnelli et al. 2009). We prefer here ta trea
tence and relevance at higher redshifts and lower stellaseza both detected and undetected sources homogeneously in orde

not to introduce any systematic error tied to either the &etbp

3.1. Simulated images flux threshold or the details of the source extraction praced

] o ) _ Although simpler, this procedure nevertheless gives ateue-
All the methods described in this section have been extelysivsy|ts when applied to our simulated images. Indeed, theibont
tested to make sure that they are niée¢eted by systematic biasegjon of bright neighbors is a random process: although itdarc
or, if they are, to implement the necessary corrections. ¥e C that each source fiers from a varying level of contamination,
duct these tests on simulatetrschelimages that we set up tostatistically they are allfiected in the same way. In other words,
be as close as possible to the real images, in a statistits¢ se \yhen a sdicient number of sources are stacked, the contribu-
other words, we reproduce the number counts, the photamejfn of neighbors tends to average out to the same vajyen
noise, the confusion noise, and the source clustering. e a || pixels, which is the contribution of galaxies to the Casin-
rithms, the methodology, and the detailed results are testr fraRed Background (CIRB). But this is only true in the abgenc
fully in Appendix[B. of galaxy clustering (Béthermin et al. 2010). When galaxsies
clustered, there is an increased probability of finding g meor
close to each stacked galaxy (Chary & Pope 2010), sa4hat
will be larger toward the center of the stacked image. Kunezy
We divide our star-forming galaxy sample into logarithmied ski & Gawiser (2010) proposed an alternative stacking teghen
of stellar mass and redshift, as shown in Elg. 4, to have areas(implemented by Viero et al. 2013, in tlMSTACK code) that

3.2. The stacking procedure
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Fig. 6. Stacked SEDs of our star-forming mass-selected sampléasrobredshift (horizontally) and stellar mass (vertigallStacked points are

shown as empty circles, and the best-fit CEOL template isslaswthe solid red curve. Gray data points were not used intthedause they are

probing rest-frame wavelengths below;38. The data points have been corrected for the contribufigalaxy clustering (see Tadle B.2). In the
bins where the signal is too low (typicalty 50-), we plot 3 upper limits as downward triangles.

should get rid of most of this bias, and that consists of siamd- should not introduce significant biases. Lastly, we arer@sted
ously fitting for the flux of all sources within a given voluniee(, in themodeof the main sequence, which is not strictly speaking
in a given redshift bin). It is however less versatile, angém- the mean SFR we measure. We calibrated tifemince between
ticular it is not capable of measuring flux dispersions. Béthin  those two quantities with our simulations, and in all thedat

et al. (2014, submitted) also show that is caffesufrom biases ing we refer to the SFR of the main sequence as the mode of
coming from the incompleteness of the input catalog. the distribution. For example, for a log-normal distriloutiof

The next step is to reduce each cube into a single imageby’ 0.3dex, this diference is about @ dex. o
combining the pixels together. There are several ways thidpt ~ T0 measure the stacked flux, we choose to use PSF fitting
the two most common being to compute the mean or the m@_a" the stacked bands. In all f|6|ds, we use the same PSFs as
dian flux of all the cutouts in a given pixel. The advantage #fose used to extract the photometry of individual objesmts
the mean stacking is that it is a linear operation, thus ome c@Pply the corresponding aperture corrections. This me#ssd
exactly understand and quantify its biases (e.g., Bétireetal. SUMes that the stacked image is a linear combination of: j-a u
2010). More specifically, it can be shown that the mean sthck®'m background; and 2) the PSF of the instrument, since none
value corresponds to the covariance between the input sou?E0our sources is spatially resolved. The measured flux is the
catalog and the map (Marsden etlal. 2009). Median stackiftained as the best-fit normalization factor applied toRB&
on the other hand, has the nice property of naturally filgerighat minimizes the residuals. In practice, we simultangofits
out bright neighbors and catastrophic outliers and thudyres both th_e flux. and the background within a fixed aperture Wholse
cleaner flux measurements. On the down side, we show in Apdius is 09 times the FWHM of the PSF. The advantage of this
pendix(B.1 that this measurement is systematically biasea jchoice is that although we use less information in the fit, the
nontrivial way (see also White et al. 2007). Correcting tist background computed this way is more local, and the flux mea-
bias requires some assumptions about the stacked fluxbdistrisurement is more robust against source clustering. Indbed,
tion, e.g., the dispersion. Since this is a quantity we wanmea- amplitude of the clustering is a continuous function of dagu
sure, we prefer to use mean over median stacking. An exarhpléligtance: although a fraction of clustered sources wilMathin
a mean stacked cutout from the SPIRE 25'0images is shown & radius that is much smaller than the FWHM of the PSF and will

in Fig.[3 (left). However, in two bins at low masses and high re Pias our measurements no matter what, the rest will gensigate
shifts ¢ = 1.5 and log(M./My) = 9.75, as well ag = 3.0 and nal over a scale that is larger than the PSF itself, suchttialli
|oglo(|\/|*/|\/|®) — 1025), the mean stacked fluxes have Signa| 1@ resolved. EStImatlng the baCkg_rOUnd Wlthln_ a small amert
noise ratios that are too low and thus cannot be used, wtele ¥l therefore remove the contribution of clustering cogifrom
median stacked fluxes are still robustly measured. To exdand the largest scales.

measurement of the main sequence SFR, we allow ourselves toWe quantify the expected amount of flux boosting due to
use the median stacked fluxes in these particular bins ohig. Tsource physical clustering using our simulated maps. We &no

is actually a regime where we expect the median stacking st mAppendiXB.2 that it is mostly a function of beam size, i.bere
closely measure the mean flux (see AppemdiX B.1), hence tisisio dfect in the PACS bands but it can boost the SPIRE fluxes
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by up to 25% at 50pm. We also compare our flux extractionwe build efective SED8 in each bin, shown in Fid]6. We fit
method to other standard approaches and show that it doegheHerschelphotometry with CEO1 templates, leaving the nor-
duces the clustering bias by a factor d§ 10 25, while also pro- malization of each template free and keeping only the bgst-fi
ducing less noisy flux measurements. The value®k@-WHM and obtain the meahg. As for the individual detections, we do
was chosen to get the lowest clustering amplitudes and flux urot use the photometry probing rest-frame wavelengthsabelo
certainties. 30um (see section 2.5). The MIPS 2 photometry is used as
To obtain an estimate of the error on this measure, we aB@heck only. Converting the measureg to SFRr with the
compute the standard deviatiofges of the residual image (i.e., Kennicutt (1998) relation and adding the mean observed,$FR
the stacked image minus the fitted source) and multiply itiey t(non-dust-corrected contribution), we obtain the meaal BFR

PSF error scaling factor in each bin.
PR -1/2 . . . . .
OIMG = ORES X (|p2| _ N_) i (4) 3.3. Measuring flux dispersion with scatter stacking
pixX

To measure the flux dispersion, we introduce a new method.

whereNp is the number of pixels that are used in the|ft,is The idea is to come back to the pixel cube and builtisper-
the sum of all the pixels of the PSF model within the chosem-ap&ionimage by measuring the scatter of each pixel around its av-
ture, andP?| the sum of the squares of these pixels. This is ttage value. Stacked pixels away from the center measure the
formal error on the linear fit performed to extract the flue(i. background fluctuations (the combination of photometris@o
the square root of the diagonal element corresponding tB®ke and random contribution from nearby sources), while pikels
in the covariance matrix), assuming that all pixels afecied the central region show enhanced dispersion due to fluxdeter
by a similar uncorrelated Gaussian error of amplitugigs In  geneities in the stacked population, as in Fig. 5. In padicu
practice, since the PSFs that we use are all sampled by pudh@ll the stacked sources had the same flux, the dispersign ma
the same number of pixels (approximately two times the Nstquvould be flat.
sampling), this factor is always close t&@livided by the value ~ Again, this can be achieved inftérent ways. Computing
of the central pixel of the PSF. Intuitively, this comes frdme the standard deviation of pixels is the most straightfodaago-
fact that the error on the measured flux is the combinatiohef toroach, but it stfers from similar issues as mean stacking with
error on all the pixels that enter in the fit, weighted by thepkm respect to bright neighbor contamination, in a more amglifie
tude of the PSF. It is thus naturally lower than the error oa omanner because pixels are combined in quadrature. Ouraimul
single pixel. In other words, using PSF fitting on these statk tions also show that this method is not able to reliably mesasu
lows for measuring fluxes that are twice as faint as thoserdda high dispersion values. We thus use the median absolute devi
when using only the central pixel of the image. Simple apertuation (MAD), which is more #ective in filtering out outliers

. 2 while providing the same information.
photometry yieldsraper = ores X (\/ Noix + Npix /Nbg) /1P, The MAD is formally defined as the half-width of the range
where Ny is the number of pixels used to estimate the backiat is centered on the median fl¢&) and contains 50% of the
ground (e.g., within an annulus around the sourcép{fis sufi- whole sample. In other words
ciently large & Npix), this error is lower than that obtain with our 1
PSF fitting technique because the background is estimatied in¢ ((S) + MAD) — ¢ (¢S) - MAD) = =, (5)
pendently of the flux. The price to pay is that this backgroisnd
not local, hence the aperture flux will be most sensitive tscl
tering. Finally, if there is no clustering, PSF fitting wilivg the
lowest errors of all methods, provided the full PSF is usetthén
fit. The optimal strategy is therefore always to use PSF gmnsuming that fluxes follow a Gaussian distribution in Jg(§),

varying the aperture within which the fit is performed degegd i S
on the presence of clustering. i.e., a log-normal distribution it$. There are two reasons that

To be conservative, we compute an alternative error eseim&{s“fy this ch0|ce:_ 1) it allows for direct comparison of rou
using bootstrapping: we randomly discard half of the S(mrc(!‘;neasured dispersions to the data from literature that quote

stack the remaining ones, measure the stacked flux, andtreﬁ%%hni?éd %%\Qar?,%réseg fl(?rs(dse':s?i;b?r?d :%;()Rg'(;}gtrm)iltgﬁgi;u;h
this procedure 100 times. The ertogs is then computed as the 9 9

. : L regimes where we can actually detect individual sources, (se
standard deviation of the measured flux in these 100 reialirat - 7
L . . e.g., Rodighiero et al. 2011; Sargent el al. 2012; Gladdeat e
divided by V2, since we only work with half of the parent SaM>013; Guo et al. 2013, and also section 4.6). For this fanfily o

whereg is the cumulative probability distribution function of the
flux.

To interpret this value in terms of more common dispersion
indicators, we will convert the MAD to a log-dispersionas-

ple. Using our simulated images, we show in AppendiX B.3 thgt Hributi

accurate error estimates are obtained by keeping the m.';n(imqfS ributions,

error betweerryg andogs. For the SPIRE bands, however, 1 Ioglo(%)

the same simulations show that both error estimates arersyst#(S) = 5 erfc e | (6)
atically underestimated and need to be corrected by a fattor 20

~ 1.7. We demonstrate in Appendix B.3 that this comes fromhere erfc is the complementary error function. In this ¢heee
the fact that the error budged in the SPIRE bands is mostly g&nno analytical solution to Edl 5, but it can be solved numeri
erated by the random contribution of nearby sources ratfaer t cally. It turns out that one can relate the MAD af®) directly

!nsltrumlental O'i Sthgt r]'?f;st% Itn Eh,és Ca.seh’bthe errodr t?]n eacxﬁl_pl 8 These SEDs ardfective in the sense that they are not necessarily the
IS largely correlated wi atorits neighbors, an € SED of the average galaxy in the sample: they are potentatigdened
sumptions do not hold. _ by the range of redshifts and dust temperatures of the galarithe

We apply the above procedure to all the redshift and stellgicked samples. In practice, we checked that the broagidoimto the
mass bins of Fid.]4 and stack all the MIR to FIR images, froradshift distribution is negligible, and the photometrynisl! fitted by
MIPS 24umto SPIRE 50@m. Using the measured mean fluxesstandard galaxy templates, as can be seen ifiFig. 6.
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Fig. 7. Median absolute deviation (MAD) computed by solving El. 5

numerically for a log-normal distribution ¢fS) = 1 as a function of

the chosenr. The solid line is the best-fit of EJ 7 to the numerical

solutions, and the dashed line is the one-to-one correlatio

0.6 T ]
to o (see FiglJrvia the following equation, which was fit on the [
output of the numerical analy8igfor o € [0.05, 1.0] dex): - | } |
o
MAD 1.552 v 04 } F
= — M 2 ¢ I
(S) 1+ 0.66302 o L L ] ]
©
with a maximum absolute error of less tha®D This relation = I | ’ #f% 7
can, in turn, be inverted to obtain Defining the “normalized” =, 0.2 R . ;;@ ¢
median absolute deviation NMAB MAD / (S), and only keep- - I @T o® s l . ]
ing the positive solution of E§J 7, we obtain i 15«1‘{ ﬂﬁf ]
L e -4
> 00L vl T . ?l
1N NMAD 0.1 1.0
o=twmao |17 \! ( 0.953 ) ' ® P!
rest peak

Therefore, measuring the MAD allows us to obtain the inkjg 9. Dispersion of the ratid.r/vL, as a function of wavelength in
trinsic log-normal flux dispersionr of the stacked sample. Tobins of redshift and for the fivelerschelbands in the four CANDELS
do so, we perform PSF fitting on the squared images (since tiels. The wavelength is normalized here to the “peak” wewglh,
dispersion combines quadratically with background noise) where the FIR SED inL, reaches its maximum (calibrated from our
fit a constant background noise plus the square of the PSFstasked SEDs, Fifl 6). THag is computed by fitting all the available
all the pixels within a fixed radius of.6 x FWHM. Here we Herschelband_s (we_ require a_minimum of three) together with CEO1
do not use the same® x FWHM cut as for the flux extrac- femplates, WhlllefLV.IS the flux in a singleHerschelband converted to
tion, since the MAD does not fully preserve the shape of tﬁ%S't'fra;ne luminosity. Open S{)mbc"s den?te mgasulretr)ndm;euLy_
PSF when its pixels are low in signal to noise (see below). \&%mes rom MIPS 2¢m. Error bars come from simple bootstrapping.

. > . e contribution of photometric errors was statisticatiynoved. The
thus_restram ourselve_s to a more ce_ntral_reglon to prev@ngb (o4 jine shows a fit to the data points to guide the eye.
dominated by these faint pixels. Again, this value was chaose
ing the simulated maps in order to produce the least biasgd an
least uncertain measurements.

Even then, the dispersion measured with this method is ) ) )
slightly biased toward higher values, but this bias can tangu e apply our scatter stacking technique to measure thereispe
tified and corrected in a self-consistent way with no pridoin Sion on the resulting mock flux cube, and compare étjie. We
mation using Monte Carlo simulations. For each source in tHepeat this procedure for fiiérent values obruc (from 0.1 to
stack, we extract another cutout at a random position in tye. m0.7 dex), and derive the relation between the intrinsic and-mea
We then place a fake source at the center of each random cutduted dispersion. Examples are shown in Eig. 8. To average ou
whose flux follows a log-normal distribution of widthyc, and the measurement error, we repeat this procedure 20 times for

with a mean flux equal to that measured for the real sourc€3ch value ofryc. In practice, this correction is mostly negli-
gible, except for the lowest measured mass bins at any fedshi

9 This analysis was performed witMathematica where it reaches up taDdex.

Article number, page 12 630



C. Schreiber et al.: Theerschelview of the dominant mode of galaxy growth franx 4 to the present day

3.4. SFRdispersion from scatter stacking

The procedure described in the previous section allows us to oo rrer e

measure the log-normélx dispersion, while we are interested 3.0 =e= 03<z<07 !
in the dispersion in SFR. . . o vl f
The first step is to obtain the lgglLr) dispersionrg. Us- I =—0=— 1.8<z<25

log,, SFR [M_/yr]

ing detected sources, we observe that the dispersigiof a 2.5 =0= 25<2<35

population of galaxies having the same flux at a given redshif = z;ﬁif'o ]
depends on the rest-frame wavelength probed, as illudtiate - 1
Fig.[9. The data points in this figure are produced by looking a 2.0 ]
multiple bins of redshift, and measuring the scatter of threes [ ]
lation betweerl g, measured by fitting all available FIR bands, - ]
and the flux in eachlerschelband converted to rest-frame lumi- 15T ]
nosity (vL,). By spanning a range of redshift, the fiderschel [ ]
bands will probe a varying range of rest-frame wavelengths, i 1
lowing us to observe the behavior of the; scatter with rest- 1.0f .
frame wavelength. The smaller dispersions are found at wave I ]

lengths close to the peak of the SED, in which case the disper- o5k
sion drops as low as.@5 dex. This is due to galaxies showing a T
variety of dfective dust emissivities and temperatures that both C e ]
influence the shape of the FIR SED, respectively longward and 95 10.0 10.5 11.0 11.5
shortward of the peak. log.. M. [M_]

Therefore, to obtainr, we simply measure the flux disper- 910 M- 1Mo
sion of theHerschelband that is the closest to the peak. We thus
first measure the peak wavelenglax from the stacked SEDs Fig. 10. Evolution of the average SFR of star-forming galaxies with
(Fig.[8), and interpolate the measured log-normal flux dispénass and redshift. Our results from stacking are shown asazbfilled

sions atlpeak By construction, this also tends to seleteirschel circles, the colors corresponding to théfeient redshifts as indicated
measurements with the highest signal to noise ratio. in the legend. We complement these measurements by stasliditg

) . o . bins of mass (see text) for visualization purposes only ttebgrasp
On_e then has to_ combine the dlsperSI_oerl with that in the mass dependence of the SFR. In the background, we shaghss |
Luv, since we combine both tracers to derive the total SFR. This,, curves our best-fit relation for the main sequencel{Eq. 9

is not straightforward, as the two quantities are not indepat
(i.e., at fixed SFR, more attenuated objects will have hidgher

and lowerLyy). In particular, we see on individual detectionga| uncertainties on both these quantities, but this doetake
that the dispersion of SFR SFRr + SFRyv is actuallylower  systematic errors coming from the library or gaps in the pho-
than that of SFig alone. tometry into account. Intuitively, one can expect thesersrto

To address this issue, we choose to work directly on “SFRcrease the dispersion, but this would be true only if the tr
stacks”. First, we use our observed FIR SEDs to detive error was purely random. It could be that our SED fitting tech-
monochromatic conversion factors for all bands in each of onigue is too simplistic in assuming a universal IMF, metat
redshift and stellar mass bins. Second, in each stackedvein,and SFH functional form for all galaxies, and as such eraags p
convertall cutouts to SRRunits, using the aforementioned conof the diversity of the population. This could in tutiecreasehe
version factor and the Kennicultt (1998) relation. Third, adkl measured dispersion (See discussion in Reddy et al 20_1@) |

to each individual cutout an additional amount of SFR eqoal therefore important to keep in mind that our measuremereds t
the non-dust-corrected SBR, as a centered PSF. Finally, tao the adopted modeling of stellar mass.

correct for the smearing due to the width of the redshift and

mass bins, we also use our observed relation between mass,

redshift, and SFR (given below in Egl 9) and normalize each

cutout to the reference mass and redshift of the sample bggdd™

SFRus(Zef. M..rer) — SFRus(z M.). This last step is a small 4 1 The SFRof main-sequence galaxies

correction: it reduces the measured dispersion by or@@ €

0.03 dex. The first results we present concern the evolution of the main
We stack these cutouts and again run the dispersion measaestuence with redshift, as well as its dependence on stediss.

ment procedure, including the bias correction. Interpodathe In sectiof 4.2 we start by describing the redshift evolutbthe

measured dispersions in the fiierschelbands atlpeax as de- sSFR= SFR/M., and we then address the mass dependence of

scribed earlier, we obtaimsrr. As expected, the ffierence be- the slope of the main sequence in secfioh 4.3.

tween the flux dispersion at the peak of the SED and the SFR dis- These results are summarized in [Eigl 10 where, for the sake

persion is marginal, except for the lowest mass bins whearnit of visualization, we also run our full stacking procedurestid-

reach 005 dex. This is mainly caused by the increasing contribing bins of mass, i.e., defining a fine grid bf. and select-

tion of the escaping UV light to the total SFR, as $EBFR,y  ing galaxies within mass bins of constant logarithmic width

approaches unity in these bins. 0.3dex. The data points are not independent anymore, since a
A remaining bias that we do not account for in this studsingle galaxy is included in the stacked sample of multigigh-

is the impact of errors on the phots-and stellar masses. Asboring points, but this allows us to better grasp the evotutf

pointed out in section 2.4, the measured few percent acgorac the main sequence with mass. These “sliding averages” of the

the photozs only applies to the bright sources, and we do n&FR are displayed as solid colored lines, while the points ob

know the reliability of the fainter sources. We measureigtiat tained with regular mass bins are shown as filled circles.

Results
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Fig. 11. Evolution of the average sSFR of star-forming galaxies wethshift.L eft: comparison of our results M. = 2 x 10" M,, (red curve) to
published values in the literature (filled and open symb@iiled symbols compile various results that were derivedfmass-complete samples
with SFRs computed either from the IR (Daddi et al. 2007; Keext al! 2007; Elbaz et al. 2007; Magdis et al. 2010; Reddy. 204.2; Heinis
et al[2014; Magnelli et al. 2014; Pannella el al. 2014) orr#uto (Pannella et &l. 2009, 2014). When possible, these mscaled to a common
stellar mass of % 10* M, using the corresponding published SRR~elations. Results from stacking have been correctedy dex to reach
the mode of the main sequence (see discussion in séctionChah symbols show results from the literature that makeofilee Lyman break
selection technique (LBGs) and where the SFRs are obtainedthe UV light alone (Daddi et al. 2009; Stark et al. 2009120Gonzalez et al.
2014; Salmon et al. 20114). These samples are mostly compbggdaxies of much lower stellar mass, typicallxd0® M, so the extrapolation
to 10 M,, is more uncertain. We therefore simply quote the publistedes. The gray arrow shows how the open symbols would mawe if
were to apply a mass correction assumingzke4 main sequence slope of Bouwens etlal. (2012). When negedata from the literature have
been converted to a Salpeter IMEght: same figure showing our other stacked mass bins witaréint colors.

By fitting these points (filled circles only), we parametriz2013; Gonzalez et al. 2014) seem to be in better agreement, bu
the SFR of main-sequence galaxies with the following foamulit is important to keep in mind that these studies mostly oz

definingr = log,4(1 + 2 andm = log; o(M../10° M): relatively low mass galaxies, i.e., typicallx30° M. Therefore
the quoted sSFR values only formally apply to galaxies is thi
l0g;o(SFRus[Mo/yr]) =m-mp +apr range, i.e., to galaxies a factor of 10 to 100 times less wassi

(9) than those in our sample. Extrapolating their measuremntents
match the mass range we are working with requires that we know

with my = 05+ 0.07,a = 15+ 0.15,a = 0.3+ 008, theslope ofthe sSFR# relation. In their study, Bouwens et al.

m = 03603 anda, = 25+ 0.6. The choice of this (2012) measured this slope frol. = 10° to 101°M, atz = 4

parametrization is phys|ca”y motivated: we want to e)dpyc and found it tO be around0.27. ASSUm|ng that this holds for

describe the two regimes seen in Figl 10 and explored in m@lkmasses, this means that we should reduce the sSFR by about

detail in Sectio@?)’ name'y a Sequence of Slope unity th%é- deX to be able to Compé}l‘e |_t d|reCt|y to our I’esult. Th|S IS

normalization increases with redshift (first terms), andertd- illustrated by the gray arrow in Fig.JL1.

ing” that vanishes both at low masses and high redshift$ (las

term). The precise functional form however is arbitrary amas

chosen as the simplest expression that accurately repesde Previous observations of the sSFR “plateau” (Daddi et al.
bending behavior. This SFR W|Il_be used in the following as #009) could be the consequence of two key issues. Firsg-sele
reference for the locus of the main sequence. tion effects: these studies are based either on Lyman break galax-
ies (LBGs) or rest-frame FUV-selected samples that, wieis |
prone to lower redshift contaminants, are likely to misshhig
attenuated and thus highly star-forming galaxies. Our $auBsp
mass-complete, so we do notffar from such biases. Second,
We show in Fig[Ill the evolution of sSFR (SFR/M.) as a failure of dust extinction correction: UV-based SFR estisa
function of both redshift and stellar mass. Our resultsaB are are plagued by uncertainties in dust attenuation. Mostiessud
in good agreement with previous estimates from the liteeaturely on observed correlations between UV SED features astd du
showing the dramatic increase of the SSFR with redshifz At attenuation that are calibrated in the local Universe, ascthe
4, we still measure a rising sSFR, reaching 5&yie., a mass IRX-grelation (Meurer et al. 1999). Recent studies tend to show
doubling timescale of only 200 Myr. that these correlations are not universal and evolve withtit,

At this redshift, however, our measurement is substamptiajpossibly due to subsolar metallicity (Castellano et al.4)QI5M
higher than UV-based estimates (Daddi et al. 2009; Stark et@nditions, or dust geometry (Oteo etlal. 2013; Pannelld.et a
2009). More recent results (Bouwens etlal. 2012; Stark et |2014).

—a; [max(@m-m — & r)]2 s

4.2. Redshift evolution of the SSFR the importance of
sample selection and dust correction
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4.3. Mass evolution of the SFRand varying slope of the main
sequence

0.5 T T T T T T T T T T T T | T T T T

Itis also worth noting the dependence of the SFR on stellasma E E
from Fig.[10. Low mass bing\{. < 3x10'°M,) are well fit with 0.4F T =
a slope of unity. Many studies have reporteffatient values of E 1«%\—% E
this slope, ranging from.@ to unity (Brinchmann et al. 2004; E ¥ I J{ E
Noeske et al. 2007; Elbaz et Al. 2007; Daddi ef al. 2007; San- 03 F g AT
tini et al.[2008; Pannella et al. 2009; Rodighiero et al. 3011 E T : E
A slope of unity can be interpreted as a signature of the unive 5 02F ‘ =
sality of the star formation process, since it implies a tamts ° E E
star formation timescale = 1/sSFR at all stellar masses, with E &—#2=05 3
M.(t) ~ expt/7). As suggested by Peng et al. (2010), it is also 0.1F ¢ 2=1.0 E
a necessary ingredient for explaining the observed shapeé-in 3 ;;;g 3
ance of the stellar mass function of star-forming galaxies. 0.0FE 223.0 3

We find however that the SFR of the highest mass bin £ E Hopkins+14 E
2 x 10" M) falls systematically below the value expected for R T T
a linear relation, #ectively lowering the high mass slope of the '
SFR-M, relation to 08 at high redshift, down to an almost flat 9.5 10.0 10.5 11.0 11.5
relation atz = 0.5. Other studies obtain similar “broken” shapes log,, M, [M,]

for the SFR-M., sequence (Rodighiero et al. 2010; Whitaker

et al..2012; Magne_lll et al_. 2014). Our results are also ITYVeEig. 12. Evolution of the logo(SFR) dispersion as a function of both
good agreement with Whitaker et &l. (2014), who used a vegfishift and stellar mass. Each color is showingfEedént redshift bin.
similar approach, albeit only using MIPS a2#h for stacking.  Filled symbols show the result of scatter stacking, whilerogym-
The reason for this bending of the slope is still unknowibols show the dispersion estimated from individdakrscheldetections
Abramson et al| (2014) showed that the relation betweenige dabove the main sequence (see text). The open symbols haveliitied
massMgisk and SFR has a slope close to one with no sign 8P by Q1 dex in mass for clarity. Errqrs are from bootstrappin_g in al
bending a ~ 0, suggesting that the bulge plays little to no roléases. We compare these to the typical scatter of the SFHe inu-
in star formation. We will investigate if this explanatioaltis at Merical simulation of Hopkins et al. (2014) shown as a solitpfe
higher redshifts in a forthcoming paper. line

undetected sources below the sequence into account. i spit
of this difference, the values obtained are in very good agree-
ment with the stacked values. There is a tendency for thdse to
We present in Fig_12 the evolution of the measured SFR dgightly higher by 003 dex on average, and this could be due to
persionoser as a function of both redshift and stellar massincertainties in the individual SFR measurements. We caiecl
We show our measurements only from stackiteyschelbands. that the SFR distributions must be quite symmetric. This-how
SpitzerMIPS is more sensitive and thus allows measuremer@é¢er does not rule out a “starburst” tail, i.e., a subpoparaof
down to lower stellar masses, but it is less robust as an S#R irgalaxies with an excess of star formation. Indeed, sinmgadi
cator. This is mostly an issueat 2, where the 24m is probing log-normal distribution oRsg with a dispersion of (8 dex and
the rest-frame gm. Elbaz et al[(2011) have shown that then8 adding 3% more sources with an excess SFR@®tex (follow-
luminosity Lg correlates very well with. iz (0.2 dex scatter), ex- ing Sargent et al. 2012) gives a global dispersion meastuitéd w
cept for starburst galaxies. Inferring SFR fromré thus has the MAD of 0.309 dex, while the 68th percentile of tReg > 1 tail
tendency to erase part of the starburst populatifiactvely re- is 0.319 dex, a dterence of only @1 dex, which is well within
ducing the observed SFR dispersion. We checked that outgestie uncertainties.
are nevertheless in good agreement between MIP&larathe)
with MIPS derived dispersions being smaller on average ly o
0.03+ 0.02 dex.

As a sanity check, we also show an estimationogfr Probably the most striking feature of Fig.112 is thaier re-
from individual Herscheldetections. We select all galaxies irmains fairly constant over a large fraction of the parameter
our Herschelsample that fall in a given bin of redshift andspace we explore, only increasing for the lowest redshifiid
mass, and compute theiffset from the main sequené&g = at high stellar masses. This increase is most likely cauged b
SFR/SFRys, where SFRs is the average SFR of “main se-the same phenomenon that bends the sequence at high stellar
guence” galaxies given in Efl 9. Following Elbaz et lal. (A011mass (see sectidn 4.2, e.g., a substantial population gebul
we call this quantity the “starburstiness”. Because of #nress dominated objects that blur the correlation). On averates;
tivity of Hersche] this sample is almost never complete, and &chelstacking thus givesser = 0.30702dex, with a random
biased toward high values &sg: since this sample is SFR se-error of Q01 dex, and can be considered almost constant. Doing
lected, all the galaxies at low mass are starbursts. To @ai@ the same analysis in COSMOS UltraVISTA consistently yields
pleteness issues, we remove the galaxies thatRaye: 1, i.e., oser = 0.337053dex, with a random error of.01 dex, showing
galaxies that are below the main sequence, and computetine &at this result is not tied to specifics of our ingdtband cata-
percentile of the resultinBsg distribution. By construction, this logs.
value does not need to be corrected for the width of the rédshi More importantly, this value of @ dex means that, at a given
and mass bins. However, it is only probing thgperpart of the stellar mass, 68% of actively star-forming galaxies haeesdime
SFR-M., correlation, while the stacked measurements also taRER within a factor of two. This confirms the existence of the

4.4. Mass evolution of the SFR dispersion around the main
sequence

.41, Implications for the existence of the main sequence
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Fig. 13. Evolution of the cosmic star formation rate dengityr with  Fig. 14. Contribution to the totabsrr (purple dotted line in Fig. 13) as a
redshift. The orange dash-dotted line traces the SFR geimitrred function of redshift for the various sub-samples of Eig. B&ckground
from individual SpitzerMIPS (for z < 1.5) andHerscheldetections colors represent how galaxies off@rent stellar masses contribute to
alone. The solid purple line represents the contributionstaicked the totalpsgr (from top to bottom: log,(M./My) = 112, 108, 102
sources with significant signal-(50), and the dotted line is the ex-and 98), lighter colors indicating regions whepger is extrapolated.
trapolation of the stacked SFR down kb, = 3 x 10° M, assuming The colored lines are defined as in Fig] 13: the solid purple $hows
constant sSFR and using the mass functions of[Hig. 3. Thexdgiree the contribution of stacked sources with significant sigtia green
shows the fraction gbsgr in regimes where we have probed the exigsine shows the contribution of galaxies in the regimes wheeehave
tence of the main sequence. The lines are slighflyet in redshift for probed the existence of the main sequence, and the oramgés lihe
clarity. Light shaded regions in the background show theasmonding contribution of individually detected FIR sources.

1o statistical errors. We compare these to the literature datign of
Madau & Dickinson|(2014), shown as open triangles, withrthebt-fit
plotted as a solid gray line.

main sequence of star-forming galaxies for all of the steliass
range probed here and upzae= 3, i.e., over more than 80% of 10°
the history of the universe. A more illustrative picture figg/n
later in Fig[16, and we discuss the implication of this firgpiim

sectiorf 5.11.

i

i

4.5. Contribution of the main sequence to the cosmic SFR
density

Using our stacked SFRs, we can infer the contribution of @fich 10° stacked

our stacked bins to the cosmic star formation rate depsity — I‘ﬁi;‘j’jgl'\"s
(Lilly et al. 1996; Madau et al. 1996). To this end, we use the M&D+14
stellar mass functions described in secfiod 2.7 and extatpo 10°

our results to obtain a prediction for the tojaler, assuming

a main-sequence slope of unity for low mass galaxies, and in-
tegrating the mass functions down kb, = 3 x 10°M,, (i.e., z

~ 0.03M*). The results of this analysis are presented in [Figs. 13

and[I4, and compared to the literature compilation of Mad@&iy. 15. Predicted evolution of the cosmic stellar mass densitwith
& Dickinson (2014) (where luminosity functions are intefge redshift. The lines show the inferred mass density by egtedimg our

down to Q03L*, and should thus match our measurements stacked SFRs down thl, = 3 x 10° M, and out toz = 6 using the
first order). trend from Madau & Dickinsor_(2014) and integrating as a fiamcof

. . . . time. Stellar lifetimes are accounted for, and the massaifastrem-
We also infer the total stellar mass dengilyby integrating nants is included ip, (see text). Colors are the same as in Eig. 13:

PsSFrRAS A function of time. At each time step, we create a N solig purple line shows the contribution of stacked sesiwith sig-
population of stars whose total mass is givendayr, and let pjsicant signal, the green line shows the contribution ofgigs in the
it evolve with time. We account for stellar mass loss using thegimes where we have probed the existence of the main seejuamd
Salpeter|(1955) IMF to model the population, allowing stars the orange line is the contribution of individually detetfR sources.
evolve and die assuming the stellar lifetimes of Bressarl. et @haded regions in the background show the correspondirsgatistical
(1993) for solar metallicity. As stars die, some of the nvaiie errors. We compare these results to the literature coripilaf Madau
left in the form of stellar remnants that are traditionallyaain- & Dickinson (2014) shown as open triangles.

cluded inp., i.e., neutron stars and white dwarfs. We parametrize
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the masses of these remnants following Prantzos & Silk (1998.6.2. “Starburstiness” distributions
The contribution of these remnants continuously rises tirtie o .
to reach about 12% at= 0. The result is presented in FigJ15. Although the depth of thélerschelsurveys is limited, there is

One can see from these figures that individdatschelde- still a lot to be learned from the individually detected sms, in

; X articular for the bright starburst galaxies. Now that weeha
tections in the ultra-deep GOODS and CANDELS surveys (dr- L -
ange dash-dotted line) unveil about 50% of the star formatiiood definition of the main sequence, we can study these-galax

= N s in more detail. Rodighiero et al. (2011) have used simila
b\ljdrgfrt] b(ilo&/vzhi?t f nbUI Ierssbthdar;] 1r0%tr§ﬂ = 4. Iln )E?tal,ha‘r)tg bdata in COSMOS and found that the distribution of star-forgni
overine reds ange probed here, these galaxies na Ulaxies on andfbthe main sequence is bimodal: a population
49% of the mass of present day stars, and are thus to be

sidered as major actors in the stellar mass build up in the URi normal star-forming galaxies shapes the main sequertte wi
verse Stackinjg (purple line) allows us to go much geepmesi Qlog—normal distribution of sSSFR at a given mass, while et
we reach almost 100% of the tojader at z < 2, and accounts smaller population of “starbursts” boosts the high sSFRtau

o X heir work was restricted ta = 2 because of th8zK selec-
for 83% of the mass of present day stars. Extrapolating our q n, so we want to extend it here to a mass-complete sample

fg;Vﬁt'gnuSS}r? 'C;‘r’]":rbztsetl_lﬁr mag?ﬁaléiﬂg&t%eic%ﬁ?)riu(gms over wider range of redshifts to see what we can learn abeut th
= g bsrFr =20 starburst population.

we obtain an estimate of the total amount of star formation in ) o .
In Fig.[17 we show the distributions of “starburstineBsp,

the Universe (purple dotted line). Integrating itzo= 0 gives , .
p.(z = 0) = (53 + 0.1) x 18M, Mpc, consistent with the defined as the ratio between the actual SFR of each galaxy and

value reported by Cole et al. (2001) and Bell et al. (2003 (05" Fus: the SFR they would have if they were exactly follow-
: g o Ing the main sequence defined in E§. 9. We analyze these dis-
error estimate being purely statistical). S X . ,
. . _tributions in the same bins that were used for stacking, tkema
Although the range in redshift and stellar mass over whighe comparison simpler. Since the CANDELS fields have a rel-
we are able to probe the existence of the main sequence is 'HHVer similar depth, we group them together into a singée d
ited, it nevertheless accounts for 66% of the mass of pre&nt iipution (blue curve), and following Rodighiero et &l. @)

stars. This number climbs up to 73% if we take other studigs, eep the COSMOS UltraVISTA sources apart (orange curve)
that have observed a tight correlation downzte: 0 (Brinch-  \yhere the catalog is mass-complete.

mann et al. 20(.'4) into account. We show in the next sectidn_ tha As was the case for the stellar mass functions discussed in
starburst galaxies make up about 15% of the SFR budget 'nsa&:tio@, these distributions areted by completeness is-

the redshift and mass bins that we probe with individual (detesues. To correct this, we use a procedure very similar tased
tions, and that the remaining fraction is accounted for bygle

population of “main sequence” galaxies. Subtracting t1&é for the mass functions. We assume that the fotabf a galaxy at

a given redshift is well modeled from the rest-frame monoehr
from the above 73%, we can say that at Iegst 62% Of. the m tic luminosity in eachHerschelband by a power law plus a
of present day stars was formed by galaxies belongmg to esussian scatter in logarithmic space. In each bin of rédsid
main sequence. In other words, whatever physical phenome%

shapes the main sequence is the dominant mode of star form ellar mass, we select galaxies that are detected in atheae
. gglaxies q 4herschebands, it this power law and measure the dispersion as

in Fig.[2. In this case, this dispersion is mainly due tdetences
in dust temperature, and is found to be minimal at the peak of
the FIR emission (see Figl 9). Then, for eatdrschelband, in
each redshift and mass bin, we then generate a mock populatio
of 10 000 galaxies with uniform redshift and mass distributi
4.6.1. An overview of the main sequence within the bin and attribute a starburstiness with unifonralp
ability to each mock galaxy. We multiply this starburstisdsy
We summarize the previous results in Hig] 16. Here we shile SFRys of the galaxy computed from its redshift and mass,
the distribution of individually detected galaxies on tHeRSM,  subtract the average observed Sz this bin (we assume no
plane at various redshifts. The locus of our stacked SFRigl (sscatter in SFBy for simplicity), convert the remaining SER
blue lines) may not appear to coincide with the average of thgo Lig, and finally thelLr into monochromatic luminosity in
detections because of the SFR detection limit, symbolized the consideretierscheband, adding a random logarithmic scat-
the horizontal dashed line. We discuss later on (in [Ei§). k&) tter whose amplitude is given by the dispersion measureitearl
distribution of these detected sources and confirm thatdoés The completeness is then given as the fraction of mock gedaxi
and the detections are in perfect agreement. with simulated monochromatic luminosity larger than teiti

We also show for reference tize= 0 sample taken from the ing luminosity at the corresponding redshift.
Sloan Digital Sky Survey (SDSS DR4, Brinchmann et al. 2004) Since we include in our sample all sources provided that they
as presented in Elbaz et al. (2007). In this data set, agtstat- are detected in at least oRerscheband, we then take the max-
forming galaxies are selected according to their rest-ftdmV  imum completeness among all bands. In figl 17, raw incom-
colors only (i.e., what is usually referred to as the “blusucl”), plete counts are shown as light curves in the background, and
and SFRs are estimated from the dust-correctediné. These corrected counts are shown as darker lines. Error barssitedic
differences of observables and sample selection are likely toR@isson noise and for clarity are only shown for the CANDELS
fect the shape of the main sequence. In particular, it is thest  counts.
the bending at high mass is less pronounced in the SDSS sampleln all fields, the lowRsg counts atz < 1.2 come from MIPS
and this is likely due to the selection. Therefore, the cairpaderived SFRs. Since the MIPS imaging in COSMOS UltraV-
son of thisz = 0 data set with our own sample should be don&TA is only half as deep as the deepest CANDELS fields (see
with caution. This nevertheless resembles our own resuite q section2.B and Tablgl 1), the two curves probe almost similar
closely and allows us to paint a consistent picture from0 to  ranges oRsg. At z > 1.2 (i.e., starting from the bin & = 1.5)
z=3. MIPS is not used any more, and thetdience in depth of the

4.6. Quantification of the role of starburst galaxies and the
surprising absence of evolution of the population
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Fig. 16. Compilation of both detections and stacking results on fRe-$1. plane for the CANDELS fields. The top left panel shows the ltesu
obtained with the Sloan Digital Sky Survey (SDSS) in the lafiverse, as presented in Elbaz etlal. (2007), while eabkesyuent panel displays
our result for increasing redshifts. The blue line showsaerage stacked SFR (sectionl4.2), and the green lines ahdvieelow show thed
dispersion obtained with scatter stacking (sediioh 4.4}hBf these were performed on sliding bins of mass for the sékisualization, and for
this figure only. The SFR detection limit of each sample isdated with a solid orange line. We also show the sliding medind percentiles of
the SDSS distribution with purple and yellow lines, respwety, to emphasize that both the SFR tracer and the samigletiom are diferent (see
text). This correlation, observed in the local Universegjgroduced as a gray line on each panel. The density of chdividetections is shown in
gray scale in the background, except for the two highesthifidsns where we show the individual galaxies as gray filterdles.

Herschelsurveys becomes quite obvious. Reassuringly, we S8ER is at least a factotsg above the main sequence. Following
very good agreement between the two data sets where they oRedighiero et al.[(2011), we chooXeg = 4. However, to make
lap. sure that our results are ndtected by this somewhat abritrary
choice, we also do this analysis wiXgg = 3 and 25. By lower-
ing this threshold, the number of objects increases anddlis-s
4.6.3. Evolution of the fraction of starbursts tics become more robust, at the price of having a higher numbe
of nonstarburst contaminants scattering from the mainesgcg
From these distributions, we can derive interesting siedils We could have overcome this problem by fitting the observed
properties of our star-forming galaxy sample. In particulacounts, decomposing the total SFR distribution as comioun fr
Rodighiero et al. (2011) reported that only 2 to 3% of the galatwo populations: a main-sequence component and a starburst
ies in theirz = 2 sample were in a “starburst” mode, with awomponent, as was done in Sargent etlal. (2012). While such
SFR increased by more than a factor 4 (& @ex) compared to a deconvolution provides a more physical definition of ar‘sta
the main sequence (i.6Rsg > 4). Using our data set, we areburst”, it is also dependent on the model one choses to tescri
able to measure this fraction atfldirent redshifts and look for the starburst population. Also, except in a few low reddbiifs,
an evolution of this population. To do so, we select in each reour data do not probe a wide enough range to be able to robustly
shift bin all star-forming galaxies more massive thanl®°M, perform this decomposition. We therefore choose this smpl
(this mass threshold is chosen to avoid SFR completenessaigproach of a fixedRsg threshold for now, and will come back
sues), and compute the fraction of objects for which the vlaske

Article number, page 18 ¢80



C. Schreiber et al.: Theerschelview of the dominant mode of galaxy growth franx 4 to the present day

2
10 z=0.5 z=1.0 z=1.5 z=2.2 z=3.0
5 M, =11.3 M, =11.3 M, =11.3 M, =11.3 M, =11.3
107°F ¥ ¥ ¥ ¥ E
10“F il T‘M i | ¥ ‘Mjﬁ H'fﬁL ¥ akh’ ¥ ’th ¥ E
! T R L
s 1 1 1 1 ]
10 l , "ﬁ k
T ks B e T I e S et s L]
z=0.5 z=1.0 =15 =22 z = 3.0
107 " M, = 10.8 Py M, = 10.8 M, = 10.8 M, = 10.8 M, = 10.8

107 ‘z=05‘ e ‘z=:‘1m(‘5 i ‘z=1m$‘ o ‘z=22‘ ‘ ‘Z=:::3:::(‘j
3 #1 M.=10.3 1., M,=10.3 M, =10.3 M, =10.3 M, =10.3

N 107F iy ¥ 5 ¥ ¥ ¥ 3
s k!
= 1
X 10°F JT ¥ T, ¥ ¥ ¥ 3
S ! i ¥ I
A I
= 10°F ¥ ¥ 3 l ¥ N
Z |
ERR g s st o b —
© z=0 z=1 z=1

. ’\HM*=98 M. = 9.8 m=o0gf t 0 1 21 0 1 2

——

| el PN \\\\\‘77\ ol | \77 L ol i \7
107 T ©z=05f z2=10

. M. =9.3 m=03t © 1 2
10°F ¥ 1
10} W B

1

10°F + 1
10° ; ;

log,y Reg = l0og,, SFR / SFRy,¢

Fig. 17. StarburstinessRsg = SFR/SFRys) histograms of individuaHerscheland SpitzerMIPS (for z < 1.2) detections in each of our redshift
and stellar mass bins. The blue and orange lines correspoathe ounts in the CANDELS and COSMOS 2 8éiglds, respectively. We also
show the incomplete counts in light colors in the backgrourtte green curve shows our best-fit to the combined datarsetsahe same for

all bins except for the normalization, which is set by the snfamiction. The black vertical line shows the locus of themsgquence. Error bars
indicate Poissonian noise.

to the decomposition later. The results are presented iniIBig 4.6.4. Quantifying the contribution of starbursts to the total

Betweenz = 0.5 andz = 4 and forXsg = 4, we measure a SFRbudget

roughly constant value ranging between 2 and 4%, and no clear

trend with redshift emerges. We discuss the implicatiorhaf t We now normalize the counts by the integral of the stellaramas

fact in sectiol 5.2. function in all bins and, supported by our findings on the con-
stant width of the main sequence (Fig] 12) and on a constant
starburst fraction (Fidg._18), we assume thatfag distribution
does not vary. With this same assumption of an unvaryingidist
bution, Sargent et al. (2012) managed to reconstruct thertiR |
nosity function at various redshifts. With the increasedistics,
we are now able to perform a two-component decomposition of
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Fig. 18. Evolution of the observed “starburst’ fraction with redshi -1 0 1 2
where starbursts galaxies are defined as having an SFR exhbyat log,, Reg = 109,y SFR/ SFR,¢

least a factoiXsg compared to the SFR on the main sequence. Our re-

sults are shown foKsg = 4, 3 and %5 as diamonds (black, gray, andFig. 19. Combined starburstinesBdg) distributions from Fig[_1l7 nor-

white, respectively), slightly fiset in redshift for clarity. Only points malized to the total number of star-forming galaxies in ebich The

where the starburst sample is complete are shown, and ersrape green line shows our best-fit model from Eg] 10, and the blukaan

estimated using bootstrapping. We also show the value widdry ange lines show the contributions of main sequence andussadnalax-

Rodighiero et al.[(2011) a = 2 as a filled red star, which was ob-ies, respectively. The residuals of the fit are shown at tipeofothe

tained withXsg = 4. These figures are compared qualitatively to thiégure.

observed pair fraction reported by Kartaltepe etial. (2@&79pen blue

triangles, and the range of major merger fractions predibyeHopkins

et al. (2010a) is shown with dashed purple lines. It is clieat, tboth in

observations and simulations, the merger fraction evadigrsificantly

faster than the observed starburst fraction, the latteanging almost

constant regardless of the precise definition of what isarbsirst”. ) ) )
the measured values should be used with caution. The inte-
grated contribution of the starburst population is howevell

the whole distribution. We thus fit all the counts simultamgly constrained (Sargent et al. 2012). Taking these numbeesat f

with a double log-normal distribution following Sargentat value, we reach a similar conclusion as Rodighiero et alL120

(2012). The chosen parametrization for the fit is and Sargent et al. (2012), i.e., that starbursts are rarbappkn
5 in only about 3% of galaxies at a given instant. However, they
dre(X) = 1 - fsg — fmiss ex [_'0910(X/X0) } form stars on average 5 times faster than their main-sequence
S8 V271 ous 20ms2 counterparts, and thus contribute<0l15% of the SFR budget.
f log, o(x/ Bsg)? Itis wo_rth noting that the bimodality, if any, is not clea_lrap_—
4B exp[_u , (10) parentin our data, and the hidltss counts can also be fit with
V2rnose 20sp? a single power law (with a slope close-+&). While our goal is

h q the widths of th . r@Ot to demonstrate the validity of this bimodal decomponiti
wheréovs andosg are the widins of thé main sequence ang, \yant to stress that the absence of a “gap” in the distdbuti

starburst distributions, respectivelfgg is the fraction of star-
; Vs BB 2 ween th ks of the twi mponen not rul h
bursts, andBsg is the median multiplicative SFR boost of Stargﬁ;og; r:y;fo?r?:sisso the two components does not rule out the

burst galaxies. We also introdudg;ss as the fraction of star-
forming galaxies that are neither “main sequence” nor “star

burst” galaxies (e.g., “green valley” galaxies), agdhe median  The main-sequence distribution, on the other hand, is very

Rsg of main-sequence galaxies. By construction, the latter tWs|| constrained and both its average and the measutgd

parameters should be close to 0 and 1, respectively, bulae alare in agreement with the stacked value. The fact fhat is

them to vary to check for the consistency between the detesti ¢|gse to zero means that we are able to recover esseraibihe

and the stacks. o _ star-forming galaxies with this model. More precisely,litte
The result is shown in Fig. 19. Leaving all parameters freg, another population of star-forming galaxies, we can sily w

the fit of the starburst population is highly uncertain, sodee 709 probability that it can only make up for less than 2% of the
cided to fixosg = owms, and fit the logarithm of the counts.qqunts.

We obtainoys = 0.31+ 0.02dex, fsg = 3.3% + 1.5%, Bsg =
5.3+ 0.4, fmiss = 0%+ 2%, andxy = 0.87 + 0.04.

These numbers depend heavily on the chosen parametriza-Last but not least, the accuracy of the fit in all the bins (as
tion of the starburst population. For example, not imposirgiown in Fig[1F) confirms the validity of our hypothesis of a
osg = oms would change the values &g considerably, hence universalRsg distribution.
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5. Discussion et al.|2011, and references therein) and numerical sinonigti
. . _ _ . (e.g., Somerville et al. 2008; Hopkins et lal. 2010a) preditt
5.1. Connection of the main-sequence dispersion with increase of the major merger rate with increasing redsyift;
feedback processes cally proportional to (1 2)™. Although the slopen of the evo-

lution of the merger fraction is quite uncertain (see discusin
Kampczyk et al. 2007), it is always found to be positive, iagg
fromm =~ 0 up tom =~ 6. For example, Kartaltepe et &l. (2007)
analyzed the fraction of close pairs fram= 0 toz = 1.2, and
foundm = 3.1 + 0.1. Theirz = 0 value of 07% =+ 0.1% is com-
Jparable to our observed starburst fraction viigs = 4, however

urally broaden the distribution of SFR. On the other hand, tﬁ?trgpoiaggzg tglgo;e_lfatlon @ ='dz W.OUItd p(;et?]ICt a pa|r_fra|ct_|on |
scatter may also be due to one or more missing variablesawcﬁ abou 6 (20% if we consider instead the numerical simula

age, metallicity, geometry, or environment. For examp on of Hopkins et al. 2010a). If all or a constant fractiortludse
o ai 2010) fo,und using,2¢4n baeed SFR.S at~ 1. that the pairs do lead to gas-rich major mergers, this would have & hug

dispersion of the main sequence could artificially be reduoe impact on the number of starburst, at odds with our obsemai

about 015 dex by introducing the rest-franke— V color as well On the other hand, Perret et al. (2014) ran several numerical
as z-band clumpiness as extra variables. This also shows tF ulz_itlons of mergers af= 2 clumpy gala>_<|es, and found little
most of the observed scatter of the main sequence is phys a{lwo impact of the merger on star formation when compared to

0 . rgeron. par
and not due to measurement errors ISolated galaxies. Their point is that lay= 2 star formation is
Hopkins et al.|(2014) have com .uted the expected scatteratl)r ady fairly active in isolated galaxies and actuallyseldo
P -12014) : -ompu P . a saturation point due to feedback processes. When the merge
SFH from a set of numerical simulations, and found it to be

: r?appens, it therefore cannot increase the total SFR by a larg
strong function of haI(_) mass, and thus of stella_r mass. F.meO amount because star formation is already at its maximum. So
Ing abundanc_e match!ng using thilt—Mnayo relation, one finds even if mergers were more frequent in the past, they were also
Lheagégegoﬁ;;g'gbﬁev?g?ﬂgnﬂ%g;(e:aslgzf(%\airla:?sdsogsrtfgge'\r/l)y%?s éficient at triggering bursts of star formation, and this could
about 01 dex atM, > 10"M., rising up to 04 dex as stellar explain why we are not seeing a huge increase in the number of

mass decreases down 10810, They also find that this evo- starburst galaxies. This goes in the same direction as Htse

lution is coming predominantly from the rising importande 0of Hopkins et al.[(2010b) who found in their simulations that
stellar feedback, and not from merging or global gravitaio merger-driven bursts contribute to the same fraction (S6)16f

instabilities. Intuitivelv. the smaller the galaxy. the rasensi- the IR luminosity function at all redshifts, but it does ngpkin
e o Y, . gaiaxy, . why the fraction of such bursts remains constant over time.
tive it is to the impact of stellar winds and super novae, sithe

h teristic lenath | hich th h deite Although the most extreme starburst events are unambigu-
characteristic fength scale over which tnese phenomendlten )y, 4ssociated with major mergers in the local Universg (e
heat and blow away the gas is more or less constant. Sina® theh, <ot 217 1987), another interpretation of our resultthis
are other components that add up to the total scatter in SR (qh \ !

environment, metallicity, etc.), this prediction shoulidonsid- - < situation may be derent at earlier epochs, and that some
ored as a Iovx}er limit y, etc.), P other phenomena may be responsible for such bursts of star fo

mation, such as large scale dynamical instabilities (&gkel
The predicted values of Hopkins et al. (2014) are shown gg,| 2009h). g y (@gk

the purple line in Fig12. The dependence of their predictio
stellar mass is clear, yet we seem to measure a constant value _
Even though there are other sources of scatter at play, itdvo6. Conclusions

be a strange conspiracy for them to exactly counterbaldree . .
evolution of the scatter within the SFH to maintain a constal' ¢ have put together a catalog of star-forming galaxiesithat
mass-complete abovex210'° M, and extends up ta = 4, us-

main-sequence scatter (see however Sparrelet al. 2014j-Our X . )
terpretation is thus the following. ing the deep UV to NIR observations in the CANDELS fields.

. . S . By stacking theHerschelimages at the positions of these galax-
Stellar feedback is a necessary ingredient in numerical S'[@i, using bins of mass and redshift, we measured their geera
ulations. Without it, galaxies would consume their gas tfic e

ientl d with th t of infall th . star formation rates in a dust-unbiased way. We then deaved
crl]en_ Y, an IWI 1the z(ijr_noun hO inta I|r:jg gfijs ey :jecelum_ hI" new technique called “scatter stacking” to measure theesdat
the inter-galactic medium, they would end up today With &g 4r0und the average stacked value. We also analyzedsourc
tremely high stellar masses that are not observed. rEaé

strength of the stellar feedback is poorly constrainet, isaisu- individually detected on thelerschelimages to study the SFR

X : distribution in more detail over a more limited range of teifts
ally considered as a free parameter and fine-tuned to repeody 4 «tallar mass
the local stellar mass density. However, our observatiboss ; ; i
. > S ’ ; We observe a continuously rising sSER SFR/M.. up to
that it cannot be arbitrarily high. Other processes can beide y g R P

q ither d h f o f galaxi z = 4, with no clear sign of a saturation or plateau at the high-
ered to either decrease the star formatiitiency of galaxies, g redshifts. Previous observations of this type of stturare
or reduce the amount of infalling gas they receive (e.g.,06&b

mostly based on LBG samples that lack observations in the FIR
Bournaud 2014). to reliably constrain the dust extinction. Earlier resalts likely
due to a combination of selectiofffects and biases in the dust
5.2. Connection between starbursts and mergers extinction correction. It is therefore mandatory to havessia
complete samples and rest-frame MIR or FIR data to provide
We have shown in sectidn 4.6 that the starburst populatinatis reliable constraints on the star formation activity of ety star-
evolving, both in relative numbers and SFR excess with i@spérming galaxies.
to the main sequence. This is intriguing in many aspectshBot We find that the slope of the SFRk: relation is close to
observations (Le Févre et al. 2000; Kartaltepe et al. 200%z L unity, except for high mass galaxied( > 10'%°M,), where the

The nonevolution of the main-sequence dispersion, asitescr
in sectiorf 4.4, is intriguing. Indeed, this dispersion ceginate

from several completely fferent processes. On the one han
the scatter within the star formation history (SFH) of iridiv
ual galaxies, i.e., bursts of star formation due to minor ajan
merging and feedback from AGNs or supernova winds, will n
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slope is shallower. Furthermore, the high mass slope ivexpl lower than those available with the deepdstschelsurveys. As
from ~ 0.8 at high redshifts down to almost 0 at~ 0.5. One for the low mass galaxies, substantial progress is likelyap-
possible explanation is the increasing contribution otthige to  pen in a few years thanks to the exceptional MIR capabildfes
the stellar mass of these galaxies, while the star formaties the James Webb Space TelescOp&/'ST).
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nected to the expected strength of stellar feedback. Sfate-
the-art numerical simulations indeed predict that steféead-
back generates additional scatter in the star formaticoties
of galaxies, a scatter whose amplitude is strongly antitared
with halo mass and thus galaxy mass. Our observations grovigiramson, L. Ek-, Kelson, D. DI., Dressler, A., etal. 2014, Af8b, L36

; ; ; ; _ Armus, L., Heckman, T., & Miley, G. 1987, AJ, 94, 831
Eser(“! CO?tStra'”tSJm numerical 5|muflat|ons_ where s||tééadw Baldry, I. K., Glazebrook, K., Brinkmann, J., et al. 2004,JA600, 681
ack Is often used as arfieient star formation regulator. Wege| €. F., Mcintosh, D. H., Katz, N., & Weinberg, M. D. 2008pJS, 149, 289

show here that it cannot be arbitrarily high. Benitez, N. 2000, ApJ, 536, 571

Refining the above analysis with individuderscheldetec- Bertin, E. & Amouts, S. 1996, AZAS, 117, 393

: . . éthermin, M., Dole, H., Cousin, M., & Bavouzet, N. 2010, A&B16, 43
tions, we look for starburst galaxies whose SFRs are system cthermin, M. Le Floch, E.. llbert. O.. et al, 2012, AGA, BA58

cally larger than those of main-sequence galaxies. In aggaeé pBouché, N., Dekel, A., Genzel, R., et al. 2010, ApJ, 718, 1001
with Sargent et al/ (2012) and extending their analysisgiéi  Bouwens, R. J., lllingworth, G. D., Oesch, P. A, et al. 204@), 754, 83
redshifts and more complete samples, we find that the fractigfammer, G. B., van Dokkum, P. G., & Coppi, P. 2008, ApJ, 6883

of these starburst galaxies does not evolve with time. Thésq E;g;nsgﬁrf'FBéé\é\t/trc‘)'tik_egeﬁe'ﬁi’ an 8'? g'ﬂfgg?g f'g"ggt ﬂgz%g‘]éf;g’ 24

tions the usual interpretation of starburst as the consexguef Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004, M\§R 351, 1151
triggering by major mergers. Several studies, both of satimhs  Bruzual, G. & Charlot, S. 2003, MNRAS, 344, 1000
and observations, indeed show that the fraction of mergass vg“at' V., Iglesias-Paramo, J., Seibert, M., et al. 2005, 409, L51

. . . . o alzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 5882
substantially higher in the past. An alternative explaai that cajzeri D', Kinney, A. L., & Storchi-Bergmann, T. 1994, Ag29, 582
mergers may be lesstient at creating bursts of star formatiorcardamone, C. N., Urry, C. M., Schawinski, K., et al. 2010JAf21, L38
within high redshift galaxies. Castellano, M., Sommariva, V., Fontana, A., et al. 2014, A&86, 19

We have pusheHerschelas far as possible to study the mairgﬂgg' S' g Eg’;é AD '2281001* Aﬁ%’/fgi?gz 10031731

sequence of star-forming galaxies, but it is still necesadig Cole, ., Norberg. P., Baugh, C. M., et al, 2001, MNRAS, 355, 2
deeper than that, i.e., probing higher redshifts or lowella@at Conselice, C. J., Bershady, M. A., Dickinson, M., & Papoyich2003, AJ, 126,
masses. Most of what we know at present about the high redshif(ljéifif“E Bournaud, F., Walter, F., et l, 2010, Ap, 715, 68
Universe ¢ > 4) comes from rest-frame UV-based studies, argl, ;' £ Cimat, A", Renzini, A., et al. 2004, Apd, 617674
we have shown her(_e that dust extinction plays an importd@t r@addi, E., Dannerbauer, H., Stern, D., et al. 2009, ApJ, 6947
even at these redshifts. Therefore it will be necessarypioes Daddi, E., Dickinson, M., Morrison, G., etal. 2007, ApJ, 6166
these epochs of the Universe with an independent and moregg‘gi '}' 'gir;':‘égg'rnK-\'(&lgf’gF:”ge'ge; %ogéiorlxlla{tmnggimem
bust SFR tracer to conflrm the pioneering results obtamm Whekel A. Sari. R., & Ceverino, D. 2009b, ApJ” 703, 785
the UV light alone. Probing lower stellar masses will also hsfaz-Santos, T., Armus, L., Charmandaris, V., et al. 2018],A74, 68
an important challenge since, owing to their small sizew; |dPole, H., Lagache, G., Puget, J., et al. 2006, A&A, 451, 417
mass M. < 3 x 10°M,) galaxies are probably most sensitivggfrf"i S Dunne, L. Clements, D et 2l 2010, P22 19
to smaller scale physics, e.g., stellar or AGN feedback. Elbaz, D., Daddi, E., Le Borgne, D., et al. 2007, A&A, 468, 33

Valuable insights already come from the study of lensetbaz, D., Dickinson, M., Hwang, H. S., et al. 2011, A&A, 5339
galaxies. This technique allows us to observe galaxiestarou Eﬁ%&;' JD-MY%?'B IBLanzgu%Ch:’zc(;ﬁ 4€t ﬁlNéOAls?' £4P131176119§ 425
order of magnltude_ fainter th.an the nominal instrument g pt Galametz, A., Grazian, A, Fontana, A., et al. 2013, ApJ8, 20
either by chance in blank f_|e_lds (e.g.: thierschel ATLAS,  Geach, J. E., Smail, I, Moran, S. M., et al. 2011, ApJ, 73@ L1
Eales et al. 2010), or by explicitly targeting large galakysters Genzel, R., Tacconi, L. J., Lutz, D., et al. 2014, ArXiv eftsi, 1409.1171
(e.g., the Herschel Lensing Survey, Egami ef al. 12010).38tu®§gg§g' ’J\"-DD-"\?eeunr“é?rb A-'HDJS(S;'SQ AT-v,a‘ aé'ti(l)lzgé(?zﬂnﬁdf 651
ing these regimes on statistically relevant samples ankl @it 55,4167, V., Bouwens, R.. llingworth, G., et al. 2014, A,m&ﬁldi’ 24
dust-unbiased SFR tracer will only be possible with a new geifiin, M. J., Abergel, A., Abreu, A., et al. 2010, A&A, 518, L3
eration of instruments. The most promising candidate alsbl Grogin, N. A., Kocevski, D. D., Faber, S. M, etal. 2011, Ap187, 35
today for the high redshift Universe is certainly the Ataeanﬁ;g’ir*;ihigglg%'ézd ﬁoﬁ]‘:'z- Zsﬁséﬁspjj 7A78'e fil 2012AA518, 133
Large Millimeteysubmillimeter Array (ALMA), and interest- yeinis, s., Buat, V.., Béthermin, M., et al. 2013, MNRAS, 42813
ing science is already on its way. In particular, we are nomeinis, S., Buat, V., Béthermin, M., et al. 2014, MNRAS, 43268
waiting for the completion of Cycle 2 observations targgtn EOpllz!ns, E. E Eundvy.g., g[ot%n, Ig., e: all. ggigam/?\lpéAsﬂﬂm

_ nf_ _ H H opKins, P. F., Keres, D., Onoroe, J., et al. , »

mass-complete sample_ pf= 4 star for”_“”g galaxies down _tO Hopkins, P. F., Younger, J. D., Hayward, C. C., Narayanan&Hernquist, L.
l09;0(M./M¢) = 10.7. With only a few minutes of on-source in-  2010n, MNRAS, 402, 1693
tegration, these data will allow us to probe SFRs about fiiesi Iibert, O., McCracken, H. J., Le Févre, O., et al. 2013, A&AF555
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Appendix A: The UV J selection

To further test the reliability of théJVJ selection technique,
we have separately stacked the galaxies classified as gotesc
The result is presented in Fig._A.1. On this plot we show what
the location of the quiescent galaxies would be on the SFR—
M. plane assuming thatl their IR luminosity is coming from
star formation. This is certainly wrong because in these-mas
sive galaxies dust is mostly heated by old stars, so the SFR we
derive is actually an upper limit on the true star formatien a
tivity of these galaxies. However, even with this naive assu
tion, the derived SFRs are an order of magnitude lower thain th
of the star-forming sample. We also observe that thiective
dust temperature, inferred from the wavelength at whiclFke
emission peaks, is lower and this is expected if dust is iddee
mainly heated by less massive stars.

Appendix B: Tests of our methods on simulated
images

To test all of these procedures, we build a set of simulated im
ages. We design these to be as close as possible to the rgalima
in a statistical sense, i.e., the same photometric and confusion
noise, and the same number counts.

To do so, we start from our observeldband catalogs, know-
ing redshifts and stellar masses for all the galaxies. Usinge-
sults from stackingHerschelimages, we can attribute an SFR
to each of these galaxies. We then add a random amount of
star formation, following a log-normal distribution of gisrsion
0.3 dex. We also put 2% of our sourcesstarburstmode, where
their SFR is increased by®dex. Next, we assign an FIR SED
to each galaxy following the observed trends with redskmiét (
mass dependence) and excess SFR (Magnellilet al. 2014). Star
burst galaxies are also given warmer SEDs.

From these simulated source catalogs, we generate a list of
fluxes in allHerschelbands. Given noise maps (either modeled
from RMS maps assuming Gaussian noise, or constructed from
the diference between observing blocks), we build simulated
images by placing each source as a PSF centered on its sky posi
tion, with a Gaussian uncertainty ofi®” and a maximum fiset
of 0.9”. We randomly reposition the sources inside the fields us-
ing uniform distributions in right ascension and declioatito
probe multiple realizations of confusion. These simuldtad
ages have pixel distribution, &(D) plots, very close to the ob-
served images, and are thus good tools to study our methods.
An example is shown in Fi@, Bl.1 for the GOODS-South field at
100um.
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Fig. A.1. Same as Fid._16, this time also showing the locatiob/WfJ passive galaxies. In each panel, the blue line shows thageetacked
SFR (sectio 4]2), and the green lines above and below shiethispersion obtained with scatter stacking. The orangezbotal line shows
the detection limit oHerschelin SFR. The red line shows the stacked SFRIMJ passive galaxies, naively assuming that all the IR lightesm
from star formation. This is a conservative upper limit,cginn these galaxies dust is predominantly heated by old,stad the fective dust
temperature inferred from the FIR SED is much colder tharabtively star-forming galaxies of comparable mass.

We produce 400 sets of simulated catalogs and images, etiit means that if we compute the median of our noisy stacked
with a different realization of photometric noise, confusion noismage and subtract the median value of the noise, we do not ex-
and SFR. We then run our full stacking procedure on eachgusarctly recover the median flux density. We will call thigezt the
the same setup as for the real images (i.e., using the sast@ftednoise biasn what follows. White et al| (2007) show that this bias
and mass bins), to test the reliability of our flux extractéord arises when: 1) the signal to noise ratio of stacked sousdewj
the accuracy of the reported errors. and 2) the distribution of flux is skewed toward either faint o
bright sources. The latter is indeed true in our simulatigince
we used a log-normal distribution for the SFR. Correcting fo
this dfect is not trivial, as it requires knowledge of the real flux

For each of the 400 realizations we compare the measured ?f_igribution. Indeed, Fid. BI3 shows the amplitude of thiasb

. : - . different log-normal flux dispersions, the highest dispersions
densities using both mean and median stacking to the expe . X . ; -
mean and median flux densities, respectively. The resuéts BFod_ucmg the hlghest blases. White et aI: (‘!0.07) a_rguetllhat
shown in Fig[B.? for the PACS 1Qfn band. The other bandsMedian stacked flux is still a useful quantity, since it isuatly
show similar behavior. a gopd measure of the_eanof the Q|str|bgt|on, but _thI_S is only
Although less noisy, median fluxes are biased toward hig true in the limit of low s_lgn.al to noise ratios. In their fl(staarn-
values (at most by a factor 2 here). This is because the :_.\t‘ﬂi?é, a double normal distribution, the measured mediarhesac

S ; " e X e true mean for SNR 0.1, but correctly measures the true
dian is not a linear operation, so it is not true in generat thf%edian for SNR> 3

(a+ by = (a) + (b), where(.) denotes the median. In particular,

Appendix B.1: Mean and median stacked fluxes
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real image simulated image

Fig. B.1. RealHerschelPACS 10Qum image (left) and one of our simulations (right). The greegion shows the extent of the PACS coverage,
while the red region shows tltéubble ACS coverage, i.e., the extent of our input catalog. The mages are shown here with the same color bar.

Table B.1. Ratio of theLr values obtained from median and mean
stacking using the same sample on the kaischelimages.

10_ T T TTTTIT T T TTTTIT T |||||||| T ||||||l
C 0=0.1 ]
o 0=0.2 T
a - a=0.2 7 l0g;o(M./Ms) z=05 10 15 2.2 30 4.0
g L 0=g.5 | 112 0.79 095 084 088 082 086
e 0=0.6 10.8 0.63 090 092 094 077 —
s L 7=08 ] 10.2 084 098 090 097 — —
3 9.8 089 091 — — —
5 —

To see how thisfiiects the measurddr in practice, we list
0.01 0.10 1.00 10.00  100.00 in Table[B.1 the ratio of the median to mean measurgdin
input flux [arbitrary] each stacked bin, as measured on the real images. We showed in
sectiorf 4.4 that the dispersionlik is about 03 dex. Therefore,
Fig. B.3. Monte Carlo analysis showing evidence for a systematic bi@§suming a log-normal distribution, we would theoretica-
in median stacking. These values have been obtained by ¢omgpue-  pect the ratio of the median to mehj to be close to 0'8. Itis,
dians of log-normally distributed values in the presenceSatissian however, clear from TableB.1 that this is not the case inprac
noise of fixed amplitudest.oise = 1 in these arbitrary flux units, so thattice: the median is usually (but not always) much closer & th
the input flux is also th&/N). mean than expected for a noiseless situation. Theref@enth
dian stacked fluxes are often not measuring the median fluxes o
the mean fluxes, but something in between. Since correating f
bias requires assumptions on the flux distribution, veégp
en possible) to use the more noisy but unbiased mean fluxes
for this study.

Of course these values depend on the distribution itself, ?i“i
is shown in Fig[BB. In particular, for a log-normal distrib W
tion with 0.3 dex scatter, the mean is reached for SNR0.4,
and the median for SNR 3. Theoretically, the dierence be-
tween the mean and the median for a log-normal distribuBonApnendix B.2: Clustering correction

log(10)c?/2 dex. In our simulations, the typical 10 flux dis-

persion within a stacking bin is 0.45+ 0.1 dex, which yields a Among our 400 random realizations, the measured mean fluxes

factor~ 1.7j8:g, in agreement with the maximum observed biaslo not show any systematic bias. However these simulations d
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Fig. B.2. Comparison of measured stacked flux densities from the abediimages with the real flux densities that were put intd 08:m map
(the other wavelengths behave the same). The stacked somete binned in redshift and mass using exactly the sameabitisose that were
used to analyze the real imageft: mean stacked flux densitigsght: median stacked flux densities. Each point shows the m&§asny Sinput
among all the 400 realizations, while error bars show thé a6d 84th percentiles of the distribution. Filled circledicate measurements that
are individually significant at 50- on average, i.e., those we would actually use, while operesiindicate measurements<abo- to illustrate
the trend. On each plot, gray circles show the values ollaiith the other method (i.e., median and mean) for the sakiéreft comparison. It
is clear that mean fluxes are more noisy, while median fluxbibia systematic bias.

Table B.2. Clustering bias in simulatederschelimages. SPIRE bands to be mordfacted than PACS bands. Since the

same beam at flerent redshifts corresponds tdfdrent proper

Method 10Qum 160um 250um  350um  500um distances, low redshift measuremets (0.5) should be less af-

fected. However, because of the flatness of the relationdeatw
7% 9% 12% 12% 19% '

A 0%17g, 3% gy, 8%Tgy, 13%Tige 25%igy,  redshift and proper distance far> 0.5, this should not have a

B 0%8%  3%13% 19917 339427% 58%431%  strong impact for most of our sample. Indeed, we do not oleserv
o +8%0 o +110/z o +140/Z o +1go/§ o +220/Z any significant trend with redshift in our simulations. Nertd

¢ 0% 70 Hlgy 14% gy 22% 140 39% 53y was found with stellar mass either, hence we averaged tise clu

tering signal over all stacked bins for a given band, andnte¢pe

5?/§rage measured boost in Table]B.2 (“method A") along with

6

These values were obtained by computing the ratio of medsu
mean stacked fluxes to the expected mean fluxes in simul
images using our flux extraction method (see sedfioh 3.2).

dian stacked fluxes ardfacted the same way, after removin
the noise bias described in AppendixB.1. We also show the 1
and 84th percentiles of the bias distribution. The methods a

A, using our own qux_extractlon procedure_ secfio B2using Table B.3. Ratio of theLrs obtained after and before applying cluster-
the full PSF; ancC, using only the central pixel. ing corrections listed in Tab[e B.2.

16th and 84th percentiles. Although we limited this gsial
fluxes measured at better tham, She scatter in the measured
ias is compatible with being only caused by uncertainties i
Lix extraction.

not take the flux boosting caused by source physical clustefpg, (M,/M) z=05 10 15 22 30 40
ing into account, because we assigned random positiongto tt

sources in our catalog. To test th@eet of clustering, we regen- 1(])% 832 18; 82(7) 883 ggé Q75
erate a new set of 200 simulations, this time using the ret@alp 10'2 0'99 098 096 099 094 _
positions of the sources and only varying the photometriseno 9 8 0'99 095 078 _

and the SFRs of the sources.

If galaxies are significantly clustered in the image, thex th
measured fluxes will be boosted by the amount of light from
clustered galaxies that falls inside the beam. Since thenlséze Although negligible in PACS, thisfiect can reach 30% in
here is almost a linear function of the wavelength, we expesPIRE 50Qum data. Here we correct for this bias by simply de-
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boosting the real measured fluxes by the factors listed imeTathe median naturally filters out bright neighbors, henceicaty
B.2, band by band. The neffect on the total measurdgg is the impact of confusion noise.
reported in TablEBI3. The results are the same for the PACS 70 andiité®and.

By construction, these corrections are specific to our flux ekherefore, keeping the maximum error betweeic andogs
traction method. By limiting the fitting area to pixels wheéhe ensures that one has an accurate error measurement inesl cas
PSF relative amplitude is larger than 10%, we absorb partfof the PACS bands.
the large scale clustering into the background level. If vezen The SPIRE fluxes on the other hand show a substantially dif-
to use the full PSF to measure the fluxes, we would measurteeent behavior. We reproduce the same figures in[Fid. Bi§, th
larger clustering signal (see section3.2). We have reaeted all time for the SPIRE 350m band. Here, and except for the high-
the fluxes by fitting the full PSF, and we indeed measure largest mass bin, the errors are systematically underestintgted
biases. These are tabulated in Tdblg B.2 as “method B”. An &etor of ~ 1.7, regardless of the estimator used. We therefore
ternative to PSF fitting that is lesffacted by clustering consistsuse this factor to correct all our measured SPIRE errorsdsgh
of setting the mean of the flux map to zero before stacking ahihs.
then only using the central pixel of the stacked cutout (Béth  We believe this underestimation of the error is dieet of
min et al/2012). Because of clustering, tiBeetive PSF of the confusion noise. Indeed, it is clear when looking at thekstdc
stacked sources will be broadened, and using the real PSF tonfaps at these wavelengths (e.g., Elg. 5) that there is aasiladt
this efective PSF will result in some additional boosting. Ther@amount of large scale noise coming from the contributiorhef t
fore, by only using the central pixel, one can getrid of tiifie&. neighboring bright sources. The main issue with this naisleat
We show in Tablé Bl2 as “method C” how the figures changigs spatially correlated. This violates one of the assuomstthat
using this alternative method. Indeed the measured bapistin were made when deriving the error estimation of [Eg. 4, which
smaller than when using the full PSF, and is consistent wailh t may thus give wrong results. The reason why only the SPIRE
reported by Béthermin et al. (2014, submitted), but our wethbands areféected is because the noise budget here is (by design)
is even lessféected thanks to the use of a local background. completely dominated by confusion. This is clear from Eigll B
(left): when putting little to no instrumental noisays; on the
simulated maps, the total errot,; on the flux measurements is
completely dominated by the confusion noisgys (blue line),

We now study the reliability of our error estimates on thelstal and it is only by adding instrumental noise of at least 10 mJy
fluxes. We compute the fierence between the observed and-€., ten times more than what is present in the real mags) th
input flux for each realizationAS. We then compute the me-the image becomes noise dominated. By fitting
dian (AS), which is essentially the value plotted in Fig. B.2,
i.e., it is nonzero mostly for median stacked fluxes. We subs, = ,ldgonf+0%st, (B.1)
tract this median dierence fromAS, and compute the scatter
o of the resulting quantity using median absolute deviati@n, we obtaino¢ns = 4.6 mJy. This value depends on the model we
o = 1.48xMAD(AS—(AS)). We show in Fig. B.b the histogramsused to generate the simulated fluxes, but it is in relatigetyd
of (AS—(AS))/o for the mean and median stacked PACS 400 agreement with already published estimates from the titeza
fluxes in each stacked bin. By construction, these disidhat (e.g., Nguyen et al. 2010, who predicions = 6 mJy).
are well described by a Gaussian of width unity (black curve)  We then show in Fig_Bl4 (right) that the error underestima-
We have two error estimates at our disposal. The fifgie, tion in the SPIRE bands, here quantified by the ratjorug,
is obtained by measuring the RMS of the residual image (aftgses away when the image is clearly noise dominated, meaning
the stacked fluxes have been fitted and subtracted), and muiat this issue is indeed caused by confusion and the piegert
plying this value by the PSF error factor (see[Hq. 4). Theséco of the noise that it generates.
oBs, IS obtained by bootstrapping, i.e., repeatedly stackal§ h
of the parent sample and measuring the standard deviatibe of
resulting flux distribution (again, see section]3.2). Eattihese
method provides a fferent estimation of the error on the flux
measurement, and we want to test their accuracy.
In Fig.[B.3, we show as red and blue lines the predicted error
distribution according teryg andogs, respectively. When the
predicted distribution is too narrow or too broad compaceithée
observed distribution (black curve), this means that ttienased
error is respectively too low or too high.
For median stacked fluxes, it appears thgg is accurate in
all cases. It tends to slightly overestimate the true ernosame
occasions, but not by a large amount. On the other hapg
dramatically underestimates the error when the measgyiid
of stacked sources is high (or the number of stacked sousces i
low).
The situation for mean stacked fluxes is quitdetent. The
behavior ofoyg is the same, butgs show the completely op-
posite trend, i.e., it underestimates the error at low digeoise
and high number of stacked sources. This may be caused by the
fact that bootstrapping will almost always produce the seame
fusion noise, since it uses the same sources. The reasorhishy t
issue does not arise for median stacked fluxes might be becaus

Appendix B.3: Error estimates
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Fig. B.4. True erroro- on the stacked flux measurements as a function of the insttain&hite noise levetrng that is put on the image (here
normalized to a “PSF” noise in mJy, i.e., the error on the fleasurement of a point source in the absence of confusionjjeWerated multiple
simulations of the 250m maps using varying levels of white noise, and compufieom the diference between the measured fluxes and their
expected valued. eft: evolution of the average total noise per sourgg = o X VNgack WhereNgack is the number of stacked sources. This is
the total error when extracting the flux of a single sourcehemap. When the instrumental noise (red line) is high, itidates the error budget
over the confusion noise. However, when reaching too loweslthe measured total noise is dominated by the confusisBdiq: (blue line).

We fit this evolution asr2, = o2, + o2, (orange line) to obtaibrcons = 4.6 MJy. The red circle marks the instrumental noise leveltregdn

the real mapsRight: comparison between the estimated error from the stackuasighc and the true erros-. The points show the median of
o/owe, and the error bars are showing the 16th and 84th perceafitee distribution. The green horizontal line is the lingoeffect agreement,
and the blue vertical line marks the confusion noise at@2B0The red circle marks the instrumental noise level reaghétk real maps.
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Fig. B.5. Normalized distribution of4S — (AS))/o of the mean (top) and median (bottom) stacked PACSt0fluxes in each stacked bin. The
black, blue, and red curves show Gaussians of widthsd/o- andoye /o, respectively. The estimation of the true signal to noisie k& the flux

measurement is displayed in dark red, while the average euoflstacked sources is shown in dark blue. .
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Fig. B.6. Same as Fid§. Bl5 for SPIRE 3af.
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