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G A L A X Y  F O R M AT I O N  I N  T H E  F I R S T  3  G Y R S  
W I T H  W I D E  F I E L D  LY M A N - A L P H A  S U R V E Y S *

Huygens fellow

* W I T H  T H E  I N T  A N D  W H T



When and how did the first stars and galaxies form? 



History of cosmic star formation peaks at z~2: 11 Gyr ago

S TA R  F O R M AT I O N  H I S T O RY  O F  
T H E  U N I V E R S E

R. Bouwens

Khostovan+2015



At z>2.3: normal optical emission line diagnostics 
~impossible, hard to measure accurate SFR, metallicity, etc

R. Bouwens

Khostovan+2015

First 2 Gyr

S TA R  F O R M AT I O N  H I S T O RY  O F  
T H E  U N I V E R S E

Lyman-break technique



+ 1216 Å redshifts into optical at z > 2 

+ intrinsically most luminous emission 
line in star-forming HII regions 

- line-resonance leads to scattering: 
(tau=1 at NH ~1014 cm-2) 
 > not all galaxies emit observable Lya  
 > neutral hydrogen spreads Lya light

LY M A N - A L P H A  I S  O U R  B E S T  
S P E C T R O S C O P I C  T O O L  AT  Z > 2 . 3



THE NARROW-BAND TECHNIQUE
directly targets galaxies with redshifted Lyman-alpha 
(1216Å) at z=2.2, 3.1, 4.8, 5.7, 6.6, 7.7, 8.8

Lyman-alpha typically traces young OB stars,  
low metallicity (low dust), hot sources 
Ouchi+2008,2010; Konno+2014; Matthee+2014,2015; Murayama+2008 
Nilsson+2007; Hu+2011; Malhotra&Rhoads2000,2004; Hayes+2010, +++

sources that can be followed up easily



from the “epoch of galaxy formation”

T I M E  T R AV E L L I N G  W I T H  LY M A N - A L P H A



to the end of the dark ages

T I M E  T R AV E L L I N G  W I T H  LY M A N - A L P H A



and beyond

T I M E  T R AV E L L I N G  W I T H  LY M A N - A L P H A



Before going: where are we actually going to travel to?

HST Deep fields may not be the best place to go…



HST Deep fields may not be the best place to go to.. 

HUDF

10,000 galaxies z>3 (e.g. Bouwens+2015), but only handful of bright objects at z>6

CANDELS+ERS+BoRG (~all HST deep fields)



Pencil-beam surveys may give a biased view of galaxy formation   

HUDF



Our approach: wide fields from the ground



Our typical coverage

~20 times larger than combined HST fields, ~2 magnitudes shallower

COSMOS/UltraVISTA 
UDS/XMM-LS 
SA22/CFHTLS 
Boötes/NDWFS

 find bright targets



First stop: the peak of star formation history (z=2, 
11 billion years ago) 

Our last chance of calibrating Lyman-alpha directly

C A LY M H A



C A LY M H A :  M AT C H E D  ( N A R R O W ) - B A N D  T E C H N I Q U E   

z=2.2:  
NB392 gets Lyα, NBJ [OII], NBH [OIII], NBK Hα
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Lyα filter designed to match Hα

Similar technique: Sobral+2012, Nakajima+2012, Hayes+2010

772 Hα emitters at z=2.23 from HiZELS (NBK imaging) 

SFR 5-250 Msun/yr 

Mass 108.5-12 Msun 

wide range of 
environments
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Figure 2. On sky distribution of all NB392 detections, showing the masked regions and highlighting the di↵erences in depth of some of
the pointings. Our coverage in UDS and COSMOS is shown to scale. On top we show the H↵ emitters at z = 2.23 from Sobral et al.
(2013) and our Ly↵ emitters at z = 2.23 after selecting line emitters at z = 2.23 out of all NB392 emitters. We find that both Ly↵ and
H↵ emitters seem to trace the same structures, albeit with some important di↵erences, including the strong over-density in the COSMOS
field. We also show the field of view of WFC/INT.

improves strongly up to seeing 1.8 00 for COSMOS P4 (see
Matthee et al. 2016). Other fields reach a higher depth by
including frames up to a higher seeing of 2 ”. We therefore
use these and reject individual frames with seeing higher
than 200 (see Table 1).

Before we stack we normalise images to the same zero-
point and point spread function (PSF) match images. We
then mask regions in the final stacks which are too noisy,
are contaminated by bright stars, and where the S/N is sig-
nificantly below the average (e.g. gaps between detectors).
Figure 2 presents all the NB392 sources detected after mask-
ing.

2.3 Photometric Calibration and survey depth

Our NB392 filter is contained between the u and B bands
in the very blue region of the optical. In principle one could
simply use a combination of these filters and photometry of
several stars in order to calibrate the NB392 data. However,
the wavelength range covered by our filter probes the strong
CaHK absorption feature, which can vary significantly de-
pending on stellar type and its metallicity. Thus, the blind
use of stars would introduce significant problems and scat-
ter due to the strong CaHK absorption features, apart from
steep continuum. In order to solve this potential problem,
we use spectroscopically confirmed galaxies with redshifts

between z = 0.01�1.5 without any features in our region of
interest, which provide flat, robust calibrators (see Matthee
et al. 2016). We assure this is the case, by selecting only
galaxies with a flat continuum, i.e., u�B ⇡ 0 color. We then
calibrate the NB392 data using u with those flat sources in
the blue as a first order calibration. We then correct for any
potential dependence of excess on u�B colours (red sources
can lead to fake excess sources; see Matthee et al. 2016) by
again selecting spectroscopically confirmed galaxies which
have no features in at the observed 3920 Å.

After calibration, we investigate the final stacked im-
ages to study their depths. We do this by placing 100,000
random 300 apertures in each of the frames (resulting from
combining di↵erent independent cameras per pointing). We
check that the distribution peaks at 0, consistent with a very
good sky subtraction, and we then measure the standard de-
viation (1�), which we transform to a magnitude limit (1�).
We find that the deepest images are found in COSMOS P4,
reaching 25.0 (3�). The average depth over our entire COS-
MOS coverage is 24.2±0.4 (3�). In UDS, the average depth
is similar to COSMOS, but with a lower dispersion as only
one WFC pointing was targeted 24.2± 0.2 (3�).

MNRAS 000, 1–17 (2016)

C A LY M H A :  O B S E R VAT I O N S  O V E R V I E W  
~40 dedicated nights at the INT on La Palma, May 2013-January 2015 
 
 

Lya line-flux limit:  
~4x10-17 erg/s/cm2  

Typical seeing in U band 2”   
2.5m telescope



588 HAEs are covered by NB392 observations.  
Only 17 are directly detected as LAE. 5 of these are X-ray AGN. 
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H A - LYA  E M I T T E R S  AT  Z = 2 . 2  

> only ~5% of SFGs are LAEs if you select on ~L* Hα



Fraction of produced Lya light that we observe in 3” aperture 

for typical star-forming galaxies: fesc,Lya = 1.6+-0.5 %
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Lya selected — highly biased
Ha selected



C O R R E L AT I O N S  W I T H  G A L A X Y  P R O P E RT I E S :  
B I M O D A L  R E L AT I O N S  ( ! )
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RED and massive LAEs exist (even without AGN)



LY M A N - A L P H A  S E L E C T E D  G A L A X I E S

188 LAEs, typically not detected in Hα: much lower SFR  
stack of LAEs: fesc,Lya = 37+-7 %:  
fesc,Lya increases with lower Luminosity/higher EW
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Sobral, Matthee, et al. 2016, arXiv: 1609.05897
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Hα/UV is not as extended as Lyα, indicative of resonant scattering? 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~3000 hours NB392    ~80 hours     ~1500 hours
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E X T E N D E D  E M I S S I O N  D R I V E S  LYA  E S C A P E
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I N D I R E C T  E S T I M AT E :  E V O L U T I O N  O F  F E S C , LYA

Hayes et al. 2011, ApJ, 730, 8

Ra
tio

 L
ya

/U
V 

em
is

si
vi

ty



T H E  P R O D U C T I O N  E F F I C I E N C Y  O F  I O N I Z I N G  P H O T O N S
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log(ξion)~24.8 Hz/erg
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Redshift evolution of ξion
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Canonical values

⇠ion(EW), HAEs, Mstar ⇡ 109.2 M� & EW(z) Faisst+2016

⇠ion(EW), HAEs, Mstar ⇡ 109.8 M� & EW(z) Faisst+2016

⇠ion(EW), HAEs, Mstar ⇡ 109.2 M� & EW(z) Khostovan+2016

z = 2.2 HAEs, Garn&Best dust, Mstar ⇡ 109.2 M� (This study)

z = 2.2 HAEs, Garn&Best dust, Mstar ⇡ 109.8 M� (This study)

z = 2.2 LAEs, Garn&Best dust (This study)

z = 4 � 5 LBGs, Meurer-� dust (Bouwens+2016)

Combine trend ξion with EW(Hα) with redshift evolution of EW(Hα) 

>> in reionization era, log(ξion) ~ 25.2-25.4 Hz/erg

Matthee et al. 2016, arXiv: 1605.08782



Summary part 1: Calibrating Lyman-alpha

- for typical galaxies at z=2.2, the Lya escape fraction is low 

- Most Lyman-alpha emitters are young, low mass galaxies, but 
they can also be Lyman-alpha emitters at later stages in their 
evolution 

- Resonant scattering creates Lyman-alpha haloes around each star-
forming galaxy: to deep surface brightness limit, every galaxy is a 
Lyman-alpha emitter 

- the relative observed luminosity of Lyman-alpha w.r.t. UV 
increases with look-back time



Next stop: the end of reionization



How can we study reionization with galaxies? 



LY M A N - A L P H A  &  R E I O N I Z AT I O N

The observability of Lyman-alpha is affected by the presence  
of neutral hydrogen around galaxies

Dijkstra, 2015



S U B A R U  LY M A N - A L P H A  S U R V E Y S  



S U B A R U  LY M A N - A L P H A  S U R V E Y S  

z=5.7        z=6.6

Reionization completed     Reionization ongoing



z=5.7 LAE LF:       z=6.6 LAE LF: 
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Selection: EW0(Lya) > 25 Å & Lyman-break, 2” apertures 
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D I F F E R E N T  S U R V E Y  F I E L D S :  C O S M I C  VA R I A N C E  

Allows to study changes in Lya luminosities (due to reionization?) 



C O M B I N E D  Z = 5 . 7  L A E  L F  

Santos, Sobral & Matthee, 2016, arXiv: 1606.07435

alpha very steep: -2.3+-0.4 (consistent with Dressler+2015) 
(c.f. -1.9 UV LF Bouwens+2015; theoretically argued by Gronke+2015)
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Evolution of the Lya LF from z=5.7-6.6 and beyond 
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Number density evolves at the faint end, not at the bright end! 
> more neutral IGM scatters Lya out of line-of-sight? 
- No comparable wide survey z>7 yet.

Santos, Sobral & Matthee, 2016, arXiv: 1606.07435



Extended emission at z=5.7-6.6 

42.4 42.6 42.8 43.0 43.2 43.4 43.6
log10 L2 arcsec (erg s�1)

0.00

0.05

0.10

0.15

0.20

lo
g 1

0
(L

M
A

G
�

A
U

T
O

/L
2

ar
cs

ec
)

Median z = 6.6

Median z = 5.7

z = 5.7

z = 6.6

Similar to Momose+2014: median LAE in UDS more extended at z=6.6 
than at z=5.7

Momose+2014, MNRAS,442,110

Simple analysis: Mag-auto luminosity vs 2” aperture luminosity 
Faint LAEs become more extended at z=6.6! 

Santos, Sobral & Matthee, 2016, arXiv: 1606.07435



Observing patchy reionization? 

Matthee et al. 2015 MNRAS 451, 4919
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1. Faint LAEs are less abundant and more extended at z=6.6 
than at z=5.7  
2. Bright LAEs equally abundant and equally extended

Santos, Sobral & Matthee, 2016, arXiv: 1606.07435



Simulation by Paul Shapiro + 

Redshift z~5.5 (Universe 1 billion year old):  
almost completely ionised
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Simulation by Paul Shapiro + 

Redshift z~6.5 (Universe 0.8 billion year old):  
neutral bubbles appear
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Simulation by Paul Shapiro + 

Redshift z~7.3 (Universe 0.7 billion year old):  
more neutral bubbles appear
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z=5.7 Schechter fit (This work)
z=6.6 Matthee+2015 Schechter fit

z=5.7 (This work)
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z=7.3 Shibuya+2012
z=7.3 Konno+2014



Simulation by Paul Shapiro + 

Redshift z~8.5 (Universe 0.6 billion year old):  
the earliest ionised bubbles (?)
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z=7.7, Oesch et al. 2015



T H E  P R O P E RT I E S  O F  L U M I N O U S  
L A E S  AT  Z = 6 . 6
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T H E  B E N E F I T  O F  H AV I N G  B R I G H T  
S O U R C E S …



CR7 and the team of luminous z=6.6 LAEs 

Himiko: Ouchi+2009,2013  
CR7, MASOSA: Sobral+2015 
COLA1: Hu+2016 
VR7: Matthee+2015 & in prep

CR7
MASOSA

COLA1

Himiko

`VR7’

Sobral, Matthee et al. 2015 ApJ, 808, 139



Luminous LAEs show a lot of diversity! 

- Lya sizes 

T H E  N AT U R E  O F  L U M I N O U S  L A E S  

COSMOS >L* LAEs

NB816 
z=5.7 

NB921 
z=6.6



Luminous LAEs show a lot of diversity! 

- Lya sizes 

- UV magnitudes 

T H E  N AT U R E  O F  L U M I N O U S  L A E S  

CR7 Himiko MASOSA

Bouwens+2015



T H E  C O S M O S  R E D S H I F T  7  G A L A X Y  

The most luminous Lyman-alpha emitter known at z=6.6



Selected as LAE, but already known in 2011 in Ilbert+ catalog and Bowler+2012 
(but as brown dwarf/unreliable LBG z~6) 

Detailed properties of CR7 
4 The most luminous z = 6.6 Ly↵ emitters: PopIII?

BVI
CR7

MASOSA

z NB921 Y J YJHK 3.6 μm 4.5 μm

FIG. 2.— Thumbnails of both luminous Ly↵ emitters in the optical to MIR from left to right. Each thumbnail is 8 ⇥ 800, corresponding to ⇠ 43 ⇥ 43 kpc at
z ⇠ 6.6. Note that while for MASOSA the Ly↵ emission line is detected by the NB921 filter at full transmission, for CR7 the Ly↵ is only detected at ⇠ 50%
transmission. Therefore, the NB921 only captures ⇠ 50% of the Ly↵ flux: the real flux is ⇠ 2⇥ larger.

TABLE 2
A SUMMARY OF OUR RESULTS FOR CR7 AND HIMIKO. THESE INCLUDE
BOTH THE SPECTROSCOPIC MEASUREMENTS, BUT ALSO PHOTOMETRY.
IN ORDER TO PROVIDE AN EASY COMPARISON, WE ALSO PROVIDE THE
MEASUREMENTS FOR HIMIKO, THE OTHER LUMINOUS SOURCE IN THE

MATTHEE ET AL. (2015) SAMPLE. FOR HIMIKO, THE SUPERSCRIPT
LABELS REFER TO: 1: MEASUREMENT FROM OUCHI ET AL. (2013). 2:

MEASUREMENT BY MATTHEE ET AL. (2015) BASED ON OWN UDS
REDUCTION. 3: MEASUREMENT FROM BOWLER ET AL. (2014) SINCE
THE Y DATA WAS NOT AVAILABLE BEFORE ULTRAVISTA AND THE H

DATA IS SIGNIFICANTLY IMPROVED.

Em. Line CR7 MASOSA Himiko
z
spec

6.6 6.56 6.54
Ly↵ (EW

obs

) 1000 1000 100
Ly↵ (EW

int

) 1000 1000 100
Ly↵ (Lum) 1000 1000 100
HeII (EW) 1000 — —

CIV < 1.5 — —
CI] < 1.5 — —

NeV < 1.5 — —
Band CR7 MASOSA Himiko
BV I > 28 > 28 > 28.71

z 25.35± 0.20 26.28± 0.37 25.86± 0.201

NB921 2” 23.70± 0.04 23.84± 0.04 23.95± 0.022

NB921 auto 23.24± 0.03 23.81± 0.03 23.55± 0.051

Y 24.92± 0.13 > 26.35 25.0± 0.353

J 24.62± 0.10 > 26.15 25.03± 0.251

H 25.08± 0.14 > 25.85 25.5± 0.353

K 25.15± 0.15 > 25.65 24.77± 0.291

3.6µm 23.86± 0.17 > 25.6 23.69± 0.091

4.5µm 24.52± 0.61 > 25.1 24.28± 0.191

In both the VLT (FORS2 or X-SHOOTER) and Keck
(DEIMOS) spectra for the two targets, we detect the very
strong Ly↵ line (Figure 3) in emission, and no continuum ei-
ther directly red-ward or blue-ward of Ly↵. The very clear
asymmetric profiles, leaves no doubts about them being Ly↵
and about the secure redshift (Figure 3). Particularly for CR7,
the extremely high S/N > 200ZZZ (ZZZZZ) at Ly↵, despite
the very modest exposure time for such a high-redshift galaxy,
clearly reveals this source is unique. MASOSA is much more
compact, and its nature is likely similar to other metal-poor
Lyman-↵ emitters (Nagao et al. 2008; Ono et al. 2010, 2012;
Matthee et al. 2015). However, given the very high EW and
no continuum detection, MASOSA is likely extremely metal-
poor.

Based on Ly↵, we obtain redshifts of z = 6.604 for CR7
and z = 6.541 for MASOSA. The redshift determination
yields the same answer for both our data-sets: X-SHOOTER

and DEIMOS, for CR7 and FORS2 and DEIMOS, for MA-
SOSA. It is worth nothing that for CR7, we find that the Ly↵
emission line is detected by the NB921 in a lower transmis-
sion region of the filter profile (⇠ 50% of peak transmission).
Therefore, the Ly↵ luminosity of the source is twice as large
as estimated from the photometric NB921 estimate, making
the source even more luminous.

3.2. Spectral line measurements
By fitting a Gaussian, we measure the EW and the flux of

each line, which we then use to compute the luminosity.
For MASOSA, we find no other line in the optical spectrum,

and also find no continuum at any wavelength probed. For
CR7, we find no continuum either directly blue-ward or red-
ward of Ly↵ in the optical spectrum (both in X-SHOOTER
and DEIMOS). However, we make a continuum detection
(very compact) in the rest-frame 931-1016 Åfor CR7, with
clear absorption features corresponding to the Ly↵ forest.
The reddest wavelength for which we can see continuum di-
rectly from the spectra corresponds to Ly↵ at z = 5.3: for
higher redshifts the flux is consistent with zero for our spec-
tra. This clear continuum detection at wavelengths slightly
redder than the Lyman-limit, but then disappearing for longer
wavelengths, can be explained by a combination of a very
blue continuum and an average increase of the neutral frac-
tion along the line of sight towards higher redshift, similar
to the Gunn-Peterson trough observed in quasar spectra (e.g.
Becker et al. 2001).

For CR7, our X-SHOOTER NIR spectrum allows us to look
for continuum and any other emission line. We find a very
strong (FLUX ZZZZ) and narrow (ZZZZ FWHM) HeII1640
emission line at z = 6.6XX (ZZZ sigma). The flux of this
line (ZZZZZ) is consistent with explaining the J band excess
we see in the photometry.

3.3. NIR Spectra: HeII and no other lines
We explore our X-SHOOTER NIR spectra to look for any

other emission lines in the spectrum of CR7. The photome-
try reveals a clear J band excess, which could potentially be
explained by strong emission lines. We mask all regions for
which the error spectrum is too large, including the strongest
OH lines. We then inspect the spectrum for any strong emis-
sion lines. We find a strong emission line at ZZZZZZZ (see
Figure 4). We find no other emission lines in the spectum
(Figure 4). The emission line found, at z = 6.6, corresponds
to 1640A, and thus we associate with HeII. Given the strong
line flux, and the level of continuum estimated from e.g. Y
and H bands, the line flux we measure is sufficient to explain



6  S I G M A  H E I I 1 6 4 0  E M I S S I O N  L I N E
FWHM=130+-30 km/s 
EW0=80+-20 Å 
HeII/Lya =0.23+-0.10

Sobral, Matthee et al. 2015 ApJ, 808, 139

Very hard ionising source: similar to other LBGs with CIII], CIV emission
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SINFONI: 3 hours

HeII 1640A in 2D!

~6 sigma!

HeII EW0>70 A

HeII FWHM0= 
130 km/s

HeII/Lya = 0.3

CR7: X-SHOOTER: 2 hours Sobral, Matthee, Darvish et al. 2015

Sobral et al. 2015c
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Velocity offset Lya-HeII 
120km/s

> Teff ~ 100,000K



N O  M E TA L  E M I S S I O N  L I N E S

No NV, CIV, CIII], other 
high excitation metal lines 
 
Lya/NV > 70  
HeII/OIII] >3 
HeII/CIII] > 2.5

1907 1909 1911 1913 1915
Restframe Wavelength (Å)
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CR7 Observed
HeII/CIII]∼ 0.5
HeII/CIII]∼ 1

HeII/CIII]∼ 2

Apart from bright narrow Lyα and HeII1640: no 
other emission lines detected

HeII/Lyα=0.3

Sobral et al. 2015c

“Looks” like it
“Moves” like it
“Smells” like it

No lines except 
Lyα and HeII
Narrow Lyα and 
narrow HeII

“Talks” like it

Metallicity must be very low: <1/200 Zsun  

Stark+2014, z~2: 
Helium typically fainter!  
HeII/CIII ~<0.5 
HeII/OIII] ~<1-1.5

Sobral, Matthee et al. 2015 ApJ, 808, 139



( A R C H I VA L )  H S T  V I E W  O F  C R 7

NB921 (Lyα) Subaru

CR7

F110W (YJ) HST F160W (H) HST

10 kpc

BC

10 kpc
A

BC

A

BC

A
10 kpc

Thanks Forster-Schreiber (PI HST data)! Sobral, Matthee et al. 2015 ApJ, 808, 139

β = -2.1

β = -1.9

β = -1.3

Bowler+2016: all luminous z~7 LBGs multiple components



C U R R E N T  D ATA  I S  F U L LY  C O N S I S T E N T  W I T H  P O P I I I - L I K E  C L U M P  
A + ” N O R M A L ” S T E L L A R  P O P  I N  B + C

Not a fit!



“waves of star-formation”

PopIII-like formation scenario:

Himiko: no HeII, nor metal lines: Zabl+2015



However, many theorists ‘prefer’ that CR7 is the first detection of a Direct 
Collapse Black Hole (DCBH)

Pallotini+2015, Agarwal+2015, Hartwig+2015, Smith+2016, Dijkstra+2016, Smidt+2016   
(but Visbal+2016 argue PopIII through similar mechanism) 



HST+Subaru image of CR7 Artist impression (Kornmesser, ESO)

Radiative feedback prevents fragmentation in clump A

DCBH formation scenario:

Pallotini+2015, Agarwal+2015, Hartwig+2015, Smith+2016, Dijkstra+2016, Smidt+2016   
(but Visbal+2016 argue PopIII through similar mechanism) 



HST+Subaru image of CR7 Artist impression (JM)

Radiative feedback prevents fragmentation in clump A

DCBH formation scenario:

Pallotini+2015, Agarwal+2015, Hartwig+2015, Smith+2016, Dijkstra+2016, Smidt+2016   
(but Visbal+2016 argue PopIII through similar mechanism) 



Ongoing ALMA+HST follow-up: metallicity of hot and warm ISM 

planned HST grism  
early 2017

X-

CLOUDY modelling 
blackbody, T=100,000K 
(motivated from Lya-HeII) 

Current constraint from X-SHOOTER: Z/Zsun<10-2.5 

HST grism early 2017 will give Z/Zsun<10-4 
metal poor DLAs: Cooke, Pettini & Jorgensen 2015

CR7



S U M M A RY

Faint LAEs are less abundant and more extended at z=6.6 than at z=5.7: 
patchy reionization? 

Bright LAEs show a surprisingly variety: compact vs extended Lya, multiple 
clumps, narrow FWHMs. 

COSMOS Redshift 7 hosts an extreme ionising source in low metallicity gas: 
PopIII stars or DCBH? Follow-up of CR7 and similar sources is ongoing. 

Sobral, Matthee et al. 2015 ApJ, 808, 139
Matthee, Sobral et al. 2015 MNRAS 451, 4919

Santos, Sobral & Matthee, 2016, arXiv: 1606.07435
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Future:  
- New survey into the reionization era:  
Y-NBS z=7.7 with VLT  

- The physical properties of LAEs 
Spectroscopy of 100s LAEs at z=3-6 

WHT/AF2+WYFFOS


