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How do galaxies past the peak of the 
SFR history evolve?

Bouwens et al. 2014



Can low-metallicity stellar populations 
reionise the Universe?

Bouwens et al. 2014



IRACHST

Rest-frame UV Optical

SED modeling at z>4

(See talk by Silvio Lorenzoni on LBG/SED selection techniques)



HST imaging gives UV 
luminosity + color 

(estimate of dust) = SFR

IRACHST

Rest-frame UV Optical

SED modeling at z>4



IRACHST

Rest-frame UV Optical

Spitzer/IRAC needed 
for measuring stellar 

masses

SED modeling at z>4



IRACHST

Rest-frame UV Optical

Spitzer/IRAC needed 
for measuring stellar 

masses

Challenging:
EW = EW0 * (1+z)
No spectroscopy until 
JWST! 

SED modeling at z>4



Schaerer & de Barros. 2009

Nebular emission lines: 
Two degenerate solutions

Continuum only Continuum+emission lines

Old ages, high masses Young/bursty galaxies

z~6



Spitzer
IRAC
bands

z~5 z~6



Evidence for high-EW lines at z~5

Rasappu, RS et al. 2015

EW0(Hα+NII) ~ 600-700 Å

See also Shim+2011, Stark+2012



Stacking of sources ‘hides’ emission lines

Important next step: collecting samples of very high redshift 
galaxies with individual IRAC detections



The CLASH survey

25 strong lensing clusters:  
Relatively high signal-to-noise 
allows for individual 
detections in the 3.6 and 4.5 
micron bands 

Full 16-band coverage from 
HST: important to get 
accurate photometric 
redshifts 



Smit et al. 2014

Selection of bright 
(H<26), lensed 

sources at 
6.6<zphot<7.0



Smit et al. 2014

Huang et al. 2015

zLyα = 6.76



>50% of our 
z~6.6-7.0 lensed 
sample shows 

EW([OIII]+Hβ) 
>1000Å

Smit et al. 2014



Mean properties of z~6.8 galaxies
0.5 dex offset in stellar mass estimate between 

contaminated and ‘clean’ measurement



Deep Spitzer-programs on 
CANDELS fields

IRAC Ultra Deep Field (IUDF, Labbé et al. 2013)

Spitzer Extended Deep Survey (SEDS, Ashby et al. 2013)

Spitzer-CANDELS Survey (S-CANDELS, Ashby et al. 2015)

Field-galaxies now have similar S/N  
Spitzer/IRAC photometry compared to 

magnification boosted sources in CLASH



Searching for 
line emitting 
galaxies in 
CANDELS

Smit et al. 2015



Searching for 
line emitting 
galaxies in 
CANDELS [3.6] [4.5] [3.6] [4.5]

Smit et al. 2015



z~6.5 z~6.8 z~7.1

Emission line signatures Hα, [OIII]

Smit et al. 2015



Smit et al. 2015

Blue IRAC galaxies 
in the full 

CANDLES data-set



Ubiquitous high EWs
Nearly all sources show 
EW([OIII]+Hβ) >1000Å

Extreme emitters are 
common: we select the 
50% most extreme [OIII] 
emitters at z~6.8

Open question: what is the 
source of ionising photons 
to generate >1000Å EW?



Origin of high-EW [OIII]

AGN

Top-heavy IMF

Wolf-Rayet stars

Binary stars/stellar rotation

Finkelstein et al. 2013

‘normal’ stellar populations 
do not predict  

EW([OIII]) >1000Å

Suggested solutions:



Detections CIII], CIV, HeII
Recent studies reveil high EW 
(~5-10 Å) UV lines are 
common in lensed sources 
z~2-4 → representative of the 
z>~7 galaxy population 
(see talk by Anna Feltre) 

Strong lensing can provide 
spatial information as well as 
high S/N line profile 
information



Smit et al. in prep

MUSE spectroscopy: a strongly 
lensed arc at z~5 

RCS 0224-002

V,I,Lyα 



Spatial distribution of CIV
We can resolve star-forming 
regions with ~300 pc 
resolution and find extended 
CIV emission over ~4 massive 
star-forming clumps 

CIV follows the spatial 
distribution of [OII], with 
zCIV~zOII~4.875 and 
σCIV~σOII~50 km/s

Smit et al. in prep

~2 kpc



[OII]

Spatial distribution of CIV
We can resolve star-forming 
regions with ~300 pc 
resolution and find extended 
CIV emission over ~4 massive 
star-forming clumps 

CIV follows the spatial 
distribution of [OII], with 
zCIV~zOII~4.875 and 
σCIV~σOII~50 km/s

Smit et al. in prep



Hot stars?
Extremely young stellar 
populations can (nearly) 
reproduce the observed C IV 
EWs from the nebular regions

Stellar synthesis models 
predict, even for low 
metallicity (0.1Z⊙), that the  
P-Cygni profile by stellar 
winds produced by >50M⊙ 
stars dominate the output



AGN

Top-heavy IMF

Wolf-Rayet stars

Binary stars/stellar rotation

Origin of high-EW nebular lines
What is a most likely 

scenario for high-EW CIV 
in the RCS 0224 z~5 arc?

Suggested solutions:

???



AGN

Top-heavy IMF

Wolf-Rayet stars

Binary stars/stellar rotation

Origin of high-EW nebular lines
What is a most likely 

scenario for high-EW CIV 
in the RCS 0224 z~5 arc?

Suggested solutions:
Open question:

Can (extremely) low 
metallicity stellar 

populations produce 
>47.9 eV photons, but 

no stellar winds?

???



Take home messages
1. Both in CLASH & CANDELS we find ‘extreme’ 

nebular emission a common feature in z~7 galaxies

2. Nebular light can dominate the Spitzer/IRAC flux - 
correcting for this contribution is challenging, since 
the source of ionising photons is yet unknown

3. Rest-frame UV spectroscopy can give a more 
detailed insight into the peculiar stellar populations 
of typical high-redshift low metallicity star-forming 
galaxies



Between z=3.8 and z=5.0 Hα 
can be derived from Spitzer/
IRAC photometry  
→ Hα based SFRs on 10 Myr 
timescales

A useful check:
Hα at z~4



A useful check:
Hα at z~4

With the simple IRX-β relation 
and assuming Av,neb=Av,stars we 
can find reasonable agreement 
between UV and Hα SFRs


