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  ULIRGs:	
  IRAS	
  1	
  Jy	
  Sample,	
  med(z)	
  =	
  0.145	
  (Veilleux,	
  Kim,	
  &	
  Sanders	
  2002)	
  

  >	
  99%	
  are	
  major	
  mergers	
  of	
  gas	
  rich	
  spirals	
  
  LIRGs:	
  RBGS,	
  med(z)	
  =0.0082 	
   	
   	
   	
  	
  

(Sanders	
  et	
  al	
  2003,	
  Ishida	
  2004)	
  

  log(LIR)	
  >	
  11.5	
  	
  	
  
▪  strongly	
  interacting	
  major	
  mergers	
  (65%)	
  
▪  doubles	
  (18%)	
  
▪  minor	
  interactions	
  (18%)	
  

  log(LIR)	
  <	
  11.5	
  
▪  strongly	
  interacting	
  major	
  mergers	
  (36%)	
  
▪  doubles	
  (23%),	
  	
  
▪  minor	
  interactions	
  (15%)	
  
▪  high	
  luminosity	
  end	
  of	
  normal	
  star	
  forming	
  disks	
  (26%)	
  

Fraction	
  of	
  mergers	
  increases	
  systematically	
  with	
  LIR!	
  



  Are	
  mergers	
  necessary	
  to	
  produce	
  these	
  extreme	
  
luminosities?	
  

  Studies	
  at	
  high	
  redshift	
  have	
  been	
  limited	
  so	
  far	
  
  Small	
  samples	
  
  Uncertain	
  luminosities	
  
  Lack	
  of	
  rest-­‐frame	
  optical	
  imaging	
  

  Most	
  previous	
  studies	
  have	
  been	
  based	
  on	
  Spitzer	
  
24	
  µm	
  selection	
  
  Pre-­‐Herschel,	
  longer	
  wavelength	
  data	
  has	
  only	
  been	
  
available	
  for	
  small	
  numbers	
  of	
  objects	
  (e.g.,	
  Spitzer	
  
70/160	
  µm,	
  Submillimeter)	
  

  We	
  can	
  do	
  much	
  better	
  with	
  GOODS-­‐Herschel!	
  



The lesser role of starbursts for star formation at z = 2 3

Figure 1. Stellar mass – Star Formation Rate relation at 1.5 < z < 2.5. We use four main samples: the ”shallow” PACS-COSMOS sources
(red filled circles), the deeper PACS-GOODS South (cyan squares), the BzK-GOODS sample (black filled circles) and the BzK-COSMOS
sources (black dots). The solid black line indicates the main sequence (MS) for star-forming galaxies at z ∼ 2 defined by Daddi et al.
(2007), while the dotted and dashed lines mark the loci 10 and 4 times above the MS (along the SFR axis), respectively. The star indicates
the PACS source detected by Aztec at 1.1mm in the COSMOS field. In the smaller inset, we show the same information as in the main
panel, however here the stellar mass is presented as a function of the SSFR.

by the BzK-selected sample with UV-based SFRs. Still,
the PACS SFR-selection cut is visible at ∼ 60M!/yr,
and most BzK galaxies remain undetected below this
limit.
The PACS-GOODS sample also allows to populate the

region with excess SFRs above the MS, something harder
to do with UV-based SFRs due to obscuration. The com-
bination of such datasets is clearly ideal to obtain a sta-
tistical census of high-SFR galaxies as well as high SSFR
(see the insert of Fig. 1). Indeed, half of PACS-detected
sources over the COSMOS field, either do not have a BzK
counterpart, or their SFR is a factor ∼ 4 or more higher
than their UV-based SFR. We interpret this as evidence
that most of the SF activity in these galaxies is heavily
dust-obscured in the UV.
In order to investigate the frequency and relative role

of galaxies on and off the MS, we have derived the num-

ber density distribution of galaxies in four stellar mass
bins as a function of their SSFR (see Fig. 2). We assume
no redshift incompleteness for the BzK galaxies over the
1.5 < z < 2.5 range (see, e.g., McCracken et al. 2010),
whereas for PACS galaxies the flux limits imply different
SFR limits as a function of redshifts. Therefore, 1/Vmax
corrections were computed with the same templates used
to derive the IR luminosities. This procedure implicitly
assumes no strong evolution of the number density of
the population in the probed redshift range. This is con-
firmed by the average V/Vmax being 0.504 ± 0.023 and
0.56± 0.05, for the COSMOS- and GOODS-PACS sam-
ples, respectively. The SSFR distributions from the four
samples agree within the errors (Poisson) in the regions
of overlap, providing an important cross-check of the so-
lidity of our approach.
In absence of a clear bimodality in Fig. 1, the distri-
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of star-forming galaxies in a given redshift domain. This defi-
nition has become possible since the recent discovery that star-
forming galaxies follow a tight correlation between their SFR
and M∗ with a typical dispersion of 0.3 dex over a large range
of redshifts: z∼ 0 (Brinchmann et al. 2004), z∼ 1 (Noeske et al.
2007; Elbaz et al. 2007), z∼ 2 (Daddi et al. 2007a; Pannella et al.
2009), z ∼ 3 (Magdis et al. 2010a), z∼ 4 (Daddi et al. 2009; Lee
et al. 2011) and even up to z ∼ 7 (Gonzalez et al. 2011).

6.1. Evolution of the specific SFR with cosmic time
and definition of main sequence versus starburst
galaxies

In the following, we assume that the slope of the SFR – M∗ re-
lation is equal to 1 at all redshifts, hence that the specific SFR,
sSFR (=SFR/M∗), is independent of stellar mass at fixed red-
shift. A small departure from this value would not strongly af-
fect our conclusions and the same logic may be applied for a
different slope. At z∼ 0, our local reference sample is well fitted
by a constant sSFR (see Fig. 16-left), although the best-fitting
slope is 0.77 (Elbaz et al. 2007). At z∼ 1± 0.3, Elbaz et al.
(2007) find a slope of 0.9 but we checked that the dispersion
of the data allows a nearly equally good fit with a slope of 1. At
z∼ 2, Pannella et al. (2009) find a slope of 0.95 consistent with
the value obtained by Daddi et al. (2007a) in the same redshift
range. Lyman-break galaxies at z∼ 3 (Magdis et al. 2010a) and
z∼ 4 (Daddi et al. 2009) are also consistent with a slope of unity.
From a different perspective, Peng et al. (2010a) argue that a
slope of unity is required to keep an invariant Schechter func-
tion for the stellar mass function of star-forming galaxies from
z∼ 0 to 1 as observed from COSMOS data, while non-zero val-
ues would result in a change of the faint-end slope of the mass
function that would be inconsistent with the observations.

However, the slope of the SFR – M∗ relation is sensitive to
the technique used to select the sample of star-forming galaxies.
Karim et al. (2011) find two different slopes depending on the
selection of their sample: a slope lower than 1 for a mildly star-
forming sample, and a slope of unity when selecting more ac-
tively star-forming galaxies (see their Fig. 13). Using shallower
Herschel data than the present observations, Rodighiero et al.
(2010) found a slope lower than unity.

Assuming that the slope of the SFR – M∗ relation remains
equal to 1 at all redshifts, a main sequence mode of star for-
mation can be defined by the median sSFR in a given redshift
interval, sSFRMS(z). The starburstiness, described in Eq. (10),
measures the offset relative to this typical sSFR. Since at any
redshift – at least in the redshift range of interest here, i.e.,
z< 3 – most galaxies belong to the main sequence in SFR –
M∗, we assume that the median sSFR measured within a given
redshift interval is a good proxy to the sSFRMS(z) defining the
MS. Galaxies detected with Herschel follow the trend shown
with open circles in Fig. 18 (blue for GOODS–N and black
for GOODS–S). We have performed the analysis independently
for both GOODS fields in order to check the impact of cosmic
variance on our result. To correct for incompleteness, we per-
formed stacking measurements as for Fig. 6 but in redshift in-
tervals. The stacking was done on the PACS-100µm images us-
ing the 24 µm sources as a list of prior positions. The resulting
values (blue upward triangles for GOODS–N and black down-
ward triangles for GOODS–S) were computed by weighting de-
tections and stacking measurements by the number of sources
used in both samples per redshift interval. The SFR was derived
from Ltot

IR extrapolated from the PACS-100µm band photome-
try using the CE01 technique. The CE01 method works well for

Fig. 18. Redshift evolution of the median specific SFR (sSFR=
SFR/M∗) of star-forming galaxies. Values for individual GOODS–
Herschel galaxies are shown as grey points. Median sSFR values in red-
shift bins are shown with open circles (blue for GOODS–N and black
for GOODS–S). Values combining individual detections and stacking
measurements for undetected sources are shown with filled triangles
(blue upward for GOODS–N and black downward for GOODS–S). The
red solid line is the fit shown in Eq. (13), and the dashed lines are a fac-
tor 2 above and below this fit. Starbursts are defined as galaxies with
a sSFR> 2× sSFRMS (blue zone). The yellow zone shows the galaxies
with significantly lower sSFR values.

100µm measurements up to z∼ 3 as noted already in Elbaz et al.
(2010), and we confirm this agreement with the extended sam-
ple of detected sources in the present analysis (Sect. 7.3). The
trends found for both fields are in good agreement. The stacking
+ detection measurements for GOODS–N are slightly lower than
those obtained for GOODS–S which may result from a combi-
nation of cosmic variance and the fact that the GOODS–S image
is deeper.

The redshift evolution of sSFRMS(z) (Fig. 18), accounting
for both detections and stacked measurements, is well fitted by
Eq. (13),

sSFRMS [Gyr−1] = 26 × t−2.2
cosmic, (13)

where tcosmic is the cosmic time elapsed since the Big Bang in
Gyr. A starburst can be defined by its sSFR following Eq. (14),

sSFRSB [Gyr−1] > 52 × t−2.2
cosmic. (14)

The intensity of such starbursts, or “starburstiness”, is then de-
fined by the excess sSFR: RSB = sSFRSB/sSFRMS. Due to the
evolution observed with cosmic time, a galaxy with a sSFR twice
as large as the local MS value would be considered a starburst
today, but a galaxy with the same sSFR at z∼ 1 would be part of
the main sequence.

We have seen that for local galaxies, the starburstiness and
IR8 are correlated (see Fig. 17). The same exercise for distant
GOODS–Herschel galaxies, mixing galaxies of all luminosities
and redshifts, is shown in Fig. 19. Distant galaxies exhibit a
non negligible dispersion, but their sliding median, shown by
a thick grey line in Fig. 19, is coincident with the best fit re-
lation for local galaxies (solid and dashed blue lines). We find
that 80% of the galaxies which belong to the SFR – M∗ main se-
quence – with 0.5≤RSB≤2 – also belong to the main sequence in
IR8 – IR8MS = 4± 1.6 (Eq. (5)). Hence we confirm that the two
definitions of “main sequence galaxies” are similar and that on
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Elbaz	
  et	
  al.	
  2011	
  

Rodighiero	
  et	
  al.	
  2011	
  

What	
  is	
  the	
  role	
  of	
  mergers	
  
among	
  starbursts	
  and	
  
“main	
  sequence”	
  galaxies	
  
at	
  z~2?	
  



  A	
  match	
  made	
  
in	
  heaven!	
  

  Rest-­‐frame	
  
optical	
  imaging	
  
for	
  z~2	
  galaxies	
  

  Ideal	
  for	
  probing	
  
structure	
  of	
  
high-­‐z	
  ULIRGs	
  



Disk Spheroid Irregular

MergerInteraction



  Focus	
  on	
  all	
  ULIRGs	
  with	
  
z=1.5-­‐3	
  in	
  GOODS-­‐S	
  

  51	
  ULIRGs	
  with	
  
CANDELS	
  imaging	
  

  <log(LIR)>	
  ~	
  12.26	
  

  <z>	
  ~	
  2.2	
  

  Additional	
  74	
  LIRGs	
  	
  	
  
over	
  this	
  z	
  range	
  



  Selected	
  ~	
  300	
  comparison	
  galaxies	
  
  Roughly	
  matched	
  to	
  redshift	
  and	
  H	
  magnitude	
  

  Slightly	
  fainter	
  
  Randomized	
  and	
  classified	
   	
   	
   	
  	
  	
  	
  
ULIRGs	
  +	
  comparison	
  
  Visual	
  classification	
  scheme	
  
  Classified	
  by	
  me	
  +	
  3-­‐5	
  other	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
classifiers	
  

  Analyzed	
  agreement	
  



Merger+Int+Irr	
  



  COSMOS	
  70	
  µm	
  
  277	
  sources	
  0.8	
  <	
  z	
  <	
  1.2	
  
  Log(LIR)	
  =	
  	
  11.3	
  -­‐	
  12.9	
  

  GOODS-­‐Herschel	
  
  North+South	
  
  100/160	
  µm	
  
  Smaller	
  area,	
  significantly	
  

deeper	
  	
  
  293	
  sources	
  w/	
  0.8	
  <	
  z	
  <	
  1.2	
  
  Log(LIR)	
  =	
  10.6	
  –	
  12.4	
  

  Classified	
  using	
  ACS	
  
imaging	
  









“Main	
  Sequence”	
  
Non-­‐interacting	
  disks:	
  	
  58%	
  
Interactions	
  &	
  Mergers:	
  28%	
  



Starbursts	
  
Non-­‐interacting	
  disks:	
  	
  23%	
  
Interactions	
  &	
  Mergers:	
  65%	
  





  Morphologies	
  of	
  z~2	
  ULIRGs	
  span	
  a	
  wide	
  range	
  
  ‘Disks’	
  make	
  up	
  a	
  significant	
  fraction	
  (many	
  irregular)	
  
▪  40%	
  non-­‐interacting,	
  60%	
  total	
  

  ~45%	
  are	
  mergers	
  or	
  interactions	
  
  Additional	
  ~25%	
  are	
  irregular	
  (minor	
  mergers?)	
  
  Comparable	
  to	
  fractions	
  at	
  z~1,	
  slightly	
  lower	
  
  More	
  likely	
  to	
  be	
  interacting	
  pairs	
  than	
  advanced	
  mergers	
  
	
  z~2	
  ULIRGs	
  more	
  like	
  z~0	
  LIRGs	
  

  Most	
  (U)LIRGs	
  on	
  the	
  main	
  sequence	
  are	
  disks	
  (58%)	
  
  BUT	
  significant	
  (28%)	
  number	
  are	
  mergers	
  

  Most	
  starbursts	
  are	
  mergers/interactions	
  (65%)	
  
  Enhanced	
  role	
  of	
  minor	
  mergers?	
  









  Aim	
  to	
  classify	
  all	
  galaxies	
  in	
  CANDELS	
  down	
  
to	
  H<24.5	
  
  All	
  redshifts	
  
  Primarily	
  based	
  on	
  H	
  but	
  including	
  J	
  and	
  ACS	
  bands	
  
  Thousands	
  of	
  galaxies!	
  

  Detailed	
  classification	
  scheme	
  

  42	
  classifiers	
  so	
  far!	
  
  Goal	
  of	
  3-­‐5	
  classifiers	
  per	
  object	
  



ULIRGs	
  
WFC3	
  H-­‐band	
  



ULIRGs	
  
WFC3	
  H-­‐band	
  



ULIRGs	
  
WFC3	
  H-­‐band	
  


