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Fig. 2.— Two dimensional velocity fields for the sixteen galaxies in our KMOS sample. The contours denote the dynamics of the best-fit
two dimensional disk model. From these velocity fields, thirteen galaxies have dynamics that resemble rotating systems, and we extract
one dimensional rotation curves (shown as insets for each galaxy) extracted from the dynamical center and position angle from the best-fit
dynamical model. In these plots, the error bars for the velocities are derived from the formal 1σ uncertainty in the velocity arising from
the Gaussian profile fits to the Hα emission. The final three galaxies in this plot do not resemble rotating systems.

the moment map as a function of angle is extracted and
decomposed into its Fourier series which have coefficients
kn at each radii (see ? for more details).
We therefore measure the velocity field and velocity

dispersion asymmetry for all of the galaxies in our sam-
ple, defining the velocity asymmetry (KV) and the ve-
locity dispersion asymmetry (Kσ) as in ?. For an ideal
disk, the values of Kv and Kσ will be zero. In con-
trast, in a merging system, strong deviations from the
idealised case causes large values of Kv and Kσ (which
can reach Kv ∼Kσ ∼ 10 for very disturbed systems).For

the KMOS galaxies in our sample, we measure the veloc-
ity and velocity dispersion asymmetry and report their
values in Table 1, (NBJ-CFHT 1724, 1713 and 1793 have
too few independent spatial resolution elements across
the galaxy so we omit these from the kinemetry analy-
sis). Although the errors bars on KTOT are large (these
errors are found by bootstrap resampling for the errors in
the velocities, velocity dispersions and dynamical centers
of each galaxy), the average Ktot =0.40± 0.07 suggests
that the majority of these galaxies are dominated by disk-
like dynamics (indeed, twelve of the thirteen galaxies in

The nature and evolution of star-forming galaxies
over the last 11Gyrs with a robust, homogeneous selection



How (and driven by which 
mechanisms) 

!
do galaxies form and evolve? 

• Morphological 
change? • Star formation

• “Quenching”
?

• Dynamics
??



Probing Star Formation
• Individual stars or star-forming 

regions impossible to resolve 
outside ~Local Universe 

• SF inferred from signatures of 
blue, massive, bright stars (as 
these are short lived) 

• Then use Initial Mass Function 
(IMF) to predict all the others 
(usual cut-off 0.1-100 Mo)

lower mass



Star formation Tracers
Massive newly born stars => strong UV and 
only for a short time 

But... UV highly affected by extinction (up 
to 3 mag!). Can (and does) miss a huge 
part of the population

UV

Absorbed UV light is re-emitted 
1) Ionizing photons... thus emission-lines can be 
used! 
2) Dust re-emits in the Far-infrared thermally 
3) Radio/Far-infrared correlation + Supernova 
events => Use radio as well 
but... different extinctions, biases, timescales

2 Star-forming Galaxies and Star Formation 9

Fig. 10: The spectral energy distribution of a typical star-forming galaxy (left) and the evolution with redshift (right). The interstellar dust
absorbs the UV light from young stars and radiates like a blackbody in the mid-infrared, with that radiation being typically strong enough to be
detected and measured.

bolometric luminosity of the star-formation burst. In such a limiting case, the FIR luminosity is an excellent SFR
tracer, providing a calorimetric measure of the SFR. Such conditions roughly hold, at least in the dense circum-
nuclear starbursts that power many IR-luminous galaxies, though the physics become more complex when dealing
with disks of normal galaxies. In fact, the FIR spectra of galaxies contain both a warm component associated with
dust around star-forming regions (� ⇥ = 60 µm) and a cooler, infrared cirrus component at longer wavelengths
which is associated with more extended dust heated by the interstellar radiation field. In blue galaxies, both spectral
components may be dominated by young stars. However, for red galaxies, where the composite stellar continuum
drops off steeply in the blue, dust heating from the visible spectra of older stars may be important.

The relation between the global FIR emission and the consequent SFR has been a controversial subject. On
one hand, it is true that for late-type galaxies, where dust heating from young stars is expected to dominate the 40
to 120 µm emission, the FIR luminosity correlates well with other SFR tracers such as the UV continuum and H�

luminosities (Buat & Xu, 1996). On the other hand though, early-type galaxies often exhibit high FIR luminosities,
but much cooler, cirrus-dominated emission.

Fig. 11: The optical versus infrared view of M81 and a star-formating region showing how dust extinction can alter the view of the same
exact objects.



Star formation Activity
• Combining all tracers doesn’t really help...
• Dust dependence + selection biases + sensitivity + etc.

Critical era => important to constrain!

Huge scatter! 
>0.5 dex

Hopkins 2004



Stellar Mass Assembly

• Stellar mass 
density evolution

• Marchesini et al. 2009

• Stellar Mass function

• Ilbert et al. 2010

• Muzzin et al. 2013



Combining both...
• Selection effects?

• Completeness?

• Hopkins & Beacom 2006

• Hopkins 2004

• IMF? • Missing Mass?

• Different tracers? Biases?



A good (single) star-formation tracer that can be 
applied from z=0 up to z~3 (with current instrum.) 

Well calibrated + sensitive 
!

!

 Able to uniformly select large samples 

Different epochs + Large areas + Best-studied 
fields
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Hα (+NB)
Sensitive, good selection 

Well-calibrated 

Traditionally for Local Universe 

Narrow-band technique

• And traced up to z ~ 3

• Now with Wide Field near-infrared cameras: 
can be done over large areas

emission-linenarrow-bandbroad-band



Oteo, Sobral et al. 
in prep.

At z~2.3Selection really 
matters 

!
Lyman-break 

selection: misses 
~65-70% of star-
forming galaxies! 
(metal-rich, dusty) 

!
LAEs: miss ~80% 

of star-forming 
galaxies 

!
HAEs get ~100% 

down to the Ha flux 
limit they sample

See also Hayashi et 
al. 2013 for [OII]



HiZELS

Narrow-band Filters target Hα at 
z=(0.2), 0.4, 0.8, 0.84, 1.47, 2.23 

Same reduction+analysis

• Deep & Panoramic 
extragalactic survey, narrow-
band imaging (NB921, NBJ, NBH, 
NBK) over ~ 5-10 deg2

The High Redshift Emission Line Survey
(+Deep NBH + Subar-HiZELS + HAWK-I)

• Other lines (simultaneously; 
Sobral+09a,b,Sobral+12,13a,b, 
Matthee+14)

Sobral et al. 2013a

(Geach+08,Sobral+09,12,13a)

~80 Nights UKIRT+Subaru
+VLT+CFHT+INT

2 J. Matthee et al.

Figure 1. Figure illustrating the narrow-band technique. In red the trans-
mission profile for the narrow-band filter is shown, while blue shows the
profile for the broadband filter. An emission line (for example H↵) is red-
shifted into the narrow-band filter. The source will be brighter in the narrow-
band than in the broad-band, so when these magnitudes are substracted, the
emission line is found. The redshift can be determined by other means, for
example photometric redshift and colour-colour selection.

small range of wavelengths, they can be used to look at a small
slice of redshifts and therefore a well-known comoving volume.)
Spectroscopic follow-up of high redshift candidates is a priori
easier for candidates detected by the narrow-band technique, as
these candidates will have strong emission lines. Strong emission
lines require less exposure time to robustly measure the redshift
and are easier to confirm.
The narrow-band technique has been successful in identifying
Lyman-↵ emitters at redshifts z ⇠ 4 � 7 (e.g. Hu et al. (1999);
Rhoads et al. (2000); Hu et al. (2002); Malhotra & Rhoads (2002);
?); Rhoads et al. (2003); Hu et al. (2004); Malhotra & Rhoads
(2004); Rhoads et al. (2004); ?); Iye et al. (2006); Kashikawa et al.
(2006); Shimasaku et al. (2006); Ouchi et al. (2008); Finkelstein
et al. (2009); Ota et al. (2010); Hibon et al. (2011)). Recent studies
led to candidate Lyman-↵ emitters at redshifts z = 7.7, but none
of these has been spectroscopically confirmed yet (Tilvi et al.
(2010); Hibon et al. (2010); Krug et al. (2012)). Up to at least a
redshift of z ⇠ 6 these studies find that the Luminosity Function
is remarkably constant. There are evidences for evolution at
z ⇠ 6� 8, but these samples are small because of relatively small
probed comoving volumes and hence they are severely affected by
cosmic variance.
Until now some attempts (Willis & Courbin (2005); Cuby et al.
(2007); Willis et al. (2008); Sobral et al. (2009)) were made to
detect Lyman-↵ at a redshift of 8.8, but all were unsuccessful
because they weren’t deep enough or had too small observed areas
or a combination of both. Information of galaxies at z ⇠ 9 would
be extremely useful for models of galaxy evolution, because light
with redshift 8.8 has been emitted when the universe was only 550
million years old. It is thus likely that the light will be sent by one

of the first galaxies in the universe, which might be very different
from galaxies in our own neighbourhood. The properties of such
galaxies would provide strong tests to the best models of galaxy
formation and evolution.

Currently the most distant spectroscopically confirmed galaxy
is at a redshift of 7.213 Ono et al. (2012), which is a Lyman-↵
emitter selected with the narrow-band technique using the Subaru
telescope. Another previous record holder was IOK-1 with a
redshift of 6.96. This one was detected in 2006 also using the
narrow-band technique, looking for Lyman-↵ in the NB973 band
Iye et al. (2006). Mortlock et al. (2011) found a quasar at a
spectroscopic redshift of 7.085, which is the most distant quasar
detected so far. (It shows that blackholes of mass 2 ⇥ 109 M�
already existed when the Universe was only 700 million years
old.) ? detected a Gamma Ray Burst (GRB) with a redshift of 8.2,
but this signal has vanished since then as the GRB dimmed. Using
the Lyman Break method candidate galaxies have been found at
very high redshifts (z ⇠ 7) (e.g. Bouwens et al. (2011); ?); Oesch
et al. (2012); McLure et al. (2012)) and even z ⇠ 10 (Ellis et al.
(2013); Oesch et al. (2013); Bouwens et al. (2013)), but all of these
are too faint to confirm spectroscopically. Lehnert et al. (2010)
claimed the spectroscopic detection of a 8.6 Lyman-↵ line of a
Lyman break galaxy in the Hubble Ultra Deep Field. But while
doing follow-up, Bunker et al. (2013) were unable to reproduce
the detection with two independent sets of observations, leading to
the conclusion that it was likely an artefact. Brammer et al. (2013)
found a tentative Lyman-↵ emission line at z = 12.12 using the
HST WFC3 grism, but this is only a 2.7� detection and the authors
caution for the possibility of this being at a lower redshift because
of a high EW of the emission line.
This history motivates the search for the most luminous high red-
shift sources, as they will be much more suitable for spectroscopic
follow-up.

Unfortunately in near-infrared wavelengths there is signifi-
cant foreground emission due to OH molecules in the Earth’s
atmosphere. Some transparant OH windows exist at wavelengths
where the atmosphere is transparant to radiation. It is possible to
observe near infrared radiation in these windows very effectively
and several filters have been developed for this purpose.

Lyman-↵ radiation is emitted by gaseous regions around
young stars. The stars ionize the gas and hydrogen recombination
leads to the emission of Lyman-↵. For a single burst of star
formation this leads to an equivalenth width EW(Ly-↵) of ⇠ 0 -
300 (for a normal initial mass function and metallicities in range
of 0.2 - 1.0 Z

sun

) and quickly drops to zero after about 10-1000
million years Verhamme et al. (2008). Other sources with strong
UV emission are quasars and active galactic nuclei (AGN). This
emission comes from a heated accretion disk around a central
massive black hole. Around these accretion disks Lyman-↵ haloes
are found Weidinger et al. (2005). Equivalenth widths for AGN
can reach to EW(Ly-↵) > 150 Charlot & Fall (1993). Lyman-↵
emission can also originate from cold accretion. Once gas accretes
onto dark matter haloes when forming galaxies, it can be cooled by
emitting Lyman-↵ photons, especially when it has a temperature
of T ⇠ 104 � 105 K Faucher-Giguère et al. (2010).

Galaxies at a redshift of 8.8 would be probes for the study
of the changes in the intergalactic medium, as this is near the era

c� 2009 RAS, MNRAS 000, 1–9

emission-linenarrow-bandbroad-band

• >1000 galaxies 
per NB slice



NBH HỬNB921[OII]

Subaru joins UKIRT 
to “walk through 

the desert”

Double-NB survey
Sobral+12

The first HỬ-[OII] large double-blind survey at high-z 
Sobral et al. 2012

without any need for colour or photometric redshift selections

400 Ha+[OII] / night!

See Hayashi, Sobral et al. 2013: [OII] SFRs at z=1.5
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z=2.23 : [OII] (NBJ), [OIII] (NBH), Hử (NBK)
z=1.47 : [OII] (NB921), HỮ (NBJ), Hử (NBH)

z=0.84 : [OIII] (NB921), Hử (NBJ)

Filters combined to improve selection: double/triple 
line detections
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2 sq deg:  COSMOS + UDS
Hα emitters in HiZELS Prior to HiZELS: 

~10 sources



z’
J H

K

NBJ

N
B9
21 NBH NBK

H2

Right now: Full HiZELS (UKIDSS DXS fields) + CFHT (SA22):
z=0.8: 6000   z=1.47: 1200 and z=2.23: 1500

2 sq deg:  COSMOS + UDS

along with 1000s of other z~0.1-9 emission line 
selected galaxies

z=0.4: 1122    z=0.8: 637   z=1.47: 515 and z=2.23: 807

Hα emitters in HiZELS Prior to HiZELS: 
~10 sources
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Sobral et al. 2013a

Hα Luminosity function: last 11 Gyrs



Salpeter IMF

Sobral et al. 2013a Fully self-consistent SFH of the Universe



Sobral+13a

Hα Star formation History

Strong decline with time 
!
!

log10(SFRD) = -2.1/(1+z)



Stellar Mass density 
evolution assembly

Star formation history 
prediction matches 

observations

Sobral+13a

Hα Star formation History

Strong decline with time 
!
!

log10(SFRD) = -2.1/(1+z)

Universe will only gain 5% 
more stellar mass density



Stellar Mass density 
evolution assembly

Star formation history 
prediction matches 

observations

Sobral+13a

Hα Star formation History

Strong decline with time 
!
!

log10(SFRD) = -2.1/(1+z)

Universe will only gain 5% 
more stellar mass density

What are the main drivers? 
!

What’s evolving?
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Equally selected 
“Slices” with >1000 

star-forming galaxies in 
multiple environments 

and with a range of 
properties

Size + merger evolution: Stott+13a!
Metallicity evolution + FMR: Stott+13b,14!
[OII]-Ha at high-z: Hayashi+13,Sobral+12!
Dust properties: Garn+10,S+12,Ibar+13!

Clustering: Geach+08,13, Sobral+10

Dynamics: e.g. Swinbank+12a,b, Sobral+13b!
Lyman-alpha at z>7: Sobral+09b,Matthee+14

Environment vs Mass: e.g. Sobral+11, Koyama+13!
AGN vs SF: Garn+10, Lehmer+13, Kohn+

Catalogues are public!!
Check out the latest results:!



Does the empirical SFR-
dust extinction 

dependence hold at z~1.5? 
!

No! Offset of ~0.5 mag 

Local relations (extinction corrections as a function of 
observed luminosity) over-predict dust-corrections at high 

redshift

Dust extinction-SFR in the last 9 Gyrs
Sobral et al. (2012)

SDSS

see also Domínguez et al. 2013

Star-forming galaxies at 
higher-z are NOT dustier than 
local ones at the same SFR 

z~0 z~1.5



Garn & Best 2010: Stellar Mass correlates 
with dust extinction (z~0) 

!
Valid up to z~1.5-2! (Sobral+12; 

discovery further confirmed by e.g. Kashino+14, 
Ibar+13, Price+13 + many others in many different 

samples)

Extinction-Mass z~0-1.5

Sobral et al. 2012

FIR derived AHa = 0.9-1.2 mag

AHa~1

Ibar et al. 2013

z=1.47

z=1.47

FIR/Ha
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Sobral et al. (2014) 
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z=2.23 (This Study)

SFR function: 11Gyr evolution
Chabrier IMFỬ = -1.6



SFR function: Strong SFR*evolution
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Sobral+14, MNRAS

“Typical” Star 
formation rate



SFR function: Strong SFR*evolution
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Sobral et al. (2014) 

SF History - No “Downsizing”!!

Decline at all masses
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The SFR v.s. M∗ relation since z ∼ 2 11

Figure 9. The distribution of M∗ (left), SFR (middle), and offsets from
the main sequence of field galaxies (right) at each redshift. The shaded his-
tograms show the results for HiZELS sample, while the hatched histograms
show the results for cluster (Rc < 2 Mpc) galaxies. The vertical dotted
lines in the left and middle panels show the M∗ or SFR cut we applied for
each redshift sample, while the dotted lines in the right-hand panels show
the location of the zero-offset. The actual difference between cluster and
field galaxies is always small (<∼0.1–0.2 dex at maximum), but we note that
a statistical test suggests that the two distributions may be different for our
z = 2.2 sample in the sense that the cluster galaxies have higher M∗ and
higher SFR (see text).

of the SFR–M∗ relation with environment could be explained if
the environmental quenching is a rapid process (see e.g. Muzzin et
al. 2012). That is, the environment instantly shuts down the star-
formation activity of galaxies once the environmental effects are
switched on, so that declined star-formation is not observed (be-
cause our galaxy samples are selected with Hα). Therefore a naive
interpretation of our result would be that the major environment
quenching mechanisms are always fast-acting in the history of the
Universe since z ∼ 2.

An important, but unexplored issue is the contribution of
AGNs. While most of our Hα-selected galaxies are likely to be
powered by star formation (see § 2.3), there still remains a possi-
bility that the AGN contribution could be dependent upon redshift,
mass, and environment. For example, Popesso et al. (2011) carried
out a detailed FIR study of the star forming activity of galaxies at
z ∼ 1 using Herschel data. They find that, while overall the SSFR–
M∗ relation does not depend on environment, the reversal of the
SFR–density relation could be produced by very massive galaxy
population. They also noted that the inclusion of AGNs into the
analysis could also lead to an apparent reversal of the SFR–density
relation. Therefore, more detailed studies of individual galaxies
(including spectroscopy) are clearly needed to unveil the role of
AGNs, as a future step of this study.

Another caveat on our result concerns the prediction of dust
extinction correction. We applied the empirical correction based on
the AHα–M∗ correlation established for local galaxies (see § 2.3),
which has a large intrinsic scatter (Garn & Best 2010). The relation
is reported to be unchanged out to z ∼ 1.5 (Garn et al. 2010; So-
bral et al. 2012), but as we showed in § 3.3 for the z = 0.4 galaxy
sample, the dust attenuation in star-forming galaxies may be de-

Figure 10. The redshift evolution of the (Hα-derived) SSFR at M∗ =
1010M⊙ derived from the best-fitted SFR–M∗ relation for cluster (red
squares) and field (black circles) galaxies. The error-bars incorporate the
standard deviation around their best-fit SFR–M∗relation (see Fig. 8), and
the maximum environmental uncertainty in AHα (0.5 mag; see Fig. 7). The
dotted lines are the evolutionary tracks following ∝ (1+ z)2, ∝ (1+ z)3,
and ∝ (1+z)4, to guide the eye. The local data point is derived by adopting
z = 0 in the equation of Whitaker et al. (2012).

pendent upon the environment. In other words, the mode of star
formation in galaxies could be affected by environment, leading
us to underestimate the dust extinction effect in high-density envi-
ronment if we rely on the M∗-dependent correction. We note that
the environmental dependence of “dustiness” of distant galaxies is
still under debate. For example, Patel et al. (2011) used galaxies
in a z ∼ 0.8 cluster field to show that the dust extinction (AV

from SED fitting) decreases with increasing galaxy number den-
sity. On the other hand, Garn et al. (2010) showed that there is
very little environmental variations in dust extinction (AHα) by
comparing IR-derived SFR with Hα-based SFRs for Hα-selected
galaxy sample at a similar redshift. Our current analysis suggests
an even different trend for z = 0.4 star-forming galaxies; galax-
ies residing in high-density environment tend to be dustier by ∼0.5
mag than normal field star-forming galaxies. This may be a similar
phenomenon suggested by Rawle et al. (2012), who find galaxies
with “warm dust” in a z ∼ 0.3 cluster environment using Her-
schel data. They suggest that these warm dust galaxies could be
originated by cool dust stripping by environmental effects in clus-
ter environments (note that the stripping preferentially remove gas
from outskirt of a galaxy). However, all these studies clearly suffer
from sample size (and different definisions of star-forming galax-
ies and/or environment). Studying the environmental dependence
of the galaxy dust properties is an important key for understanding
the role of environment more precisely.

In this pioneering work, we performed a comparison of the
SFR–M∗ relation between cluster and field galaxies using the
largest Hα-selected galaxy samples ever available. The most im-
portant message from this study is that the SFR–M∗ relation is in-
dependent of the environment, as far as we use Hα-based SFRs
(with M∗-dependent extinction correction). We caution again that
any environmental trend might be apparently washed out by apply-

c⃝ 0000 RAS, MNRAS 000, 000–000

Koyama et al. 2013

Evolution of SFR* (SSFR) same in fields and clusters since z=2.23

Decline at ALL environments!!!



M*=1011Mo

SFR*(T)=10(4.23/T+0.37) Mo/yr
T, Gyrs

Strong SFR* evolution

Little evolution

Sobral et al. (2014) 

13x decrease over last 11 Gyrs
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H↵ survey of merging clusters 5

Figure 3. Eight examples of bright, extended H↵ emitters found in the proximity of the radio relics in the ‘sausage’ cluster. Some examples show very
disturbed, multi-tailed, asymmetric H↵ morphologies. Very few such examples were found in the ‘toothbrush’ cluster. Within each group, the image to the
left is the BB image, the central one is the NB and the right image is the BB subtracted from the NB. All images are on the same spatial scale. The red bar
indicates a scale of 20 arcsec, equivalent to 64 kpc at the redshift of the ‘sausage’ cluster. The circle in the emission-line image for the top-left emitter masks
out an artifact created around an imperfectly NB-BB subtracted bright star. The images are for illustration purposes only as the subtraction, colour palette and
contrast were chosen specifically to emphasise the distribution of ionised gas in the galaxies.

colour significance ⌃ is defined by:

⌃ =
10�0.4(mBB�mNB)

10�0.4(ZPAB�mNB)
p

⇡r2 (�2
NB + �2

BB)
, (1)

where ZPAB is the zero-point in magnitudes, mNB and mBB are
the NB and BB magnitudes, respectively, r is the radius of the aper-
ture in pixels, �NB and �BB are the rms noise levels in the NB and
BB images, respectively. The ⌃ parameter is a signal-to-noise type
of measurement that calculates the significance of the excess based
on the RMS scatter of the intrinsic magnitudes at the faint end.

The EW is directly related to the BB � NB colour through
the emission line flux. The NB or BB flux fNB,BB depend on the
magnitude by:

fNB,BB =
c

�2
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where c is the speed of light and �NB and �BB are the central effec-
tive wavelengths of the two filters. The line flux can then be derived
as:
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where ��NB and ��BB are the widths of the NB and BB filters.

The EW is then:

EW = ��NB
fNB � fBB

fBB � fNB (��NB/��BB)
(4)

= ���BB

1�
�
�2
NB/�

2
BB

�
10�0.4(mBB�mNB)

1� (��BB/��NB) (�2
NB/�

2
BB) 10

�0.4(mBB�mNB)
.

(5)

The observed EW relates to the intrinsic EW0 at emission via the
redshift z:

EW0 = EW/ (1 + z) . (6)

Because the NB filters do not fall at the centre of the BB filter
there is a positive systematic offset of the colour excess (BB�NB).
For the ‘sausage’, a constant median offset provides a good de-
scription of the data. For the ‘toothbrush’, we fit a linear regression
to the non-saturated magnitudes at the bright end (NB magnitudes
between 14.5 and 18.5) to correct the NB magnitudes and conse-
quently the colour excess. The slope for the ‘toothbrush’ cluster is
caused by the non-central location of its associated NB filter inside
the BB filter. That means more red galaxies have a stronger positive
colour excess and may be selected as emitters. The NB magnitudes,
and the excess colour consequently, were corrected by �0.167 for
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Figure 6. Giant Meterwave Radio Telescope 323 MHz radio images in grey intensity. Left: ‘Sausage’ FOV. Right: ‘Toothbrush’ FOV. The figure also shows the
FOV of the two fields with masked areas in white. Circular masked areas are masked bright stars. The red circles show the position of the line emitters detected
in the narrow band study. The filled circles indicate the location of the extended emitters (sizes greater than 4 arcsec), likely to be H↵ emitters. Note the some
source markers are overlapping. The arc-sectors define the areas around the radio relics which were considered for producing relic luminosity functions. The
cluster centres are defined to be at the location of the black crosses. Left: The Northern relic was captured by a section between the solid red and the dashed
blue circles, bound by the dashed green lines. The Southern relic area was defined between the solid red and the dashed blue circles and the solid yellow radii.
Right: The Northern relic was captured by a section between the solid red and the dashed blue circles, bound by the dashed green lines. The Southern relic
area was defined between the solid red and dotted purple circles and the solid yellow radii.

perfect TH (Fig. 1), bright emitters will be detected in the wings of
the filter profile as fainter sources. In order to estimate the magni-
tude of this bias effect, we performed a series of simulations based
on the method of Sobral et al. (2009, 2012). This entails select-
ing emitters using a perfect TH filter and computing a first pass
LF. Simulated H↵ emitters are generated using the resulting best-fit
Schechter function. This population is then folded through the true
filter profile and the resulting LF is compared with the idealised
one to study the rate of recovery of emitters.

3.7 Survey limits

Down to a 30% completeness limit, our LFs probe down to
1040.6 erg s�1 for the ‘sausage’ and 1040.4 erg s�1 for the ‘tooth-
brush’. By using the relationship derived by Kennicutt (1998) cor-
rected for the initial mass function from Chabrier (2003), we can
obtain a limiting star formation rate of our survey of 0.17 and 0.11
M� yr�1 for the ‘sausage’ and the ‘toothbrush’, respectively. Our
datasets become saturated at magnitude 14.5, which means we can
probe up to luminosities of 1043.2 erg s�1.

We should note that comparison to NB H↵ surveys of blank
fields such as COSMOS or the UKIDSS Ultra Deep Survey Field
can be challenging. These studies have been carried out with wide-
aperture telescopes using long individual integration times de-
signed to target high-redshift Ly↵. This means the data becomes
saturated at magnitudes brighter 1041.0⇠41.5 erg s�1 and that bright
H↵ emitters can be missed (e.g. Shioya et al. 2008; Drake et al.
2013). These results are biased against high luminosities, which
leads their fits to underpredict the high-luminosity behaviour of the
LF. Therefore, luminosity functions derived from lower luminosity

data cannot be easily translated to our luminosity coverage. This
strengthens the importance of using smaller-diameter telescope for
NB studies and/or short individual exposures that are not severely
saturated at moderate magnitudes.

3.8 H↵ luminosity function

We bin the data based on their luminosity to build LFs. We use the
entire sample of H↵ emitters, after applying all the relevant correc-
tions (statistical removal of other line emitters, volume, complete-
ness and filter profile corrections), to obtain a robust luminosity
function of the field-of-view of the two clusters. We fit the data
with a Schechter function (Schechter 1976) of the form:

�(L)dL = �⇤
✓

L

L⇤

◆↵

e�(L/L⇤)d

✓
L

L⇤

◆
. (11)

We combine the two datasets to obtain an average field-wide
LF down to a limiting luminosity of > 1040.5 erg s�1 (limit-
ing SFR of 0.14). In the fit, we consider sources with line fluxes
above the 30% completeness limit. We note that extended sources,
likely to be at the redshift of the clusters, were assigned a weight
of 1. For other line emitters, because of the ambiguity in the na-
ture of the line/feature (H↵, H�+[OIII], 4000 Å break galaxies or
[OII]), the H↵ fractions derived in §3.1 are applied (to recover the
correct statistical number of H↵ emitters). We first kept all three
parameters free and, via a �2 minimisation scheme, found that
the best description of the data is given by a faint-end slope of
↵ = �1.2+0.2

�0.3. This value is placed between the results of Drake
et al. (2013) (�1.03+0.17

�0.15) and Shioya et al. (2008) (�1.35+0.11
�0.13)

at similar redshift. Ly et al. (2007) obtain an even steeper value of

c� 0000 RAS, MNRAS 000, 000–000

10 A. Stroe et al.

Figure 7. Luminosity function for the two clusters. Left: Luminosity functions using emitters from the entire FOV. The best-fitting parameters of the LFs are
given in Table 4. We combined the data for the two clusters to obtain an average field-of-view wide LF. Overplotted is the LF derived by Shioya et al. (2008)
for redshift 0.24. Right: The H↵ LF for the regions projected around the ‘sausage’ and the ‘toothbrush’ cluster relics. The regions used are defined in Fig. 6.
Overplotted is the average field-of-view LF derived in the present work. An upper limit of detection is shown for the ‘toothbrush’ cluster, corresponding to 1

source per bin. A fit was produced to describe the ‘sausage’ emitters nearby the two relics by fixing the L⇤ and ↵ parameters to the value of the average LF
and varying only �⇤, as this produces a very good fit to the data.

Table 4. Schechter fit parameters according to equation 11 for the ‘sausage’ and the ‘toothbrush’ clusters at redshift ⇠ 0.2. The data for the two fields
was combined and fitted separately with a Schechter function for comparison. All errors represent 1� uncertainties estimates on the fitted parameters. The
uncertainty in ↵ was obtained by keeping all parameters free and minimising the �2 of the fit. We then fixed ↵, and refitted the Schechter functions with
log �⇤ and logL⇤ as free parameters. The errors on log �⇤ and logL⇤ are 1� uncertainties determined from Schechter with two free parameters. For the fit
on the H↵ emitters located around the relic area within the ‘sausage’ cluster, we fixed both ↵ and logL⇤ and varied the normalisation. The fit from Shioya
et al. (2008) derived for a blank field at a similar redshift is given as reference (after being uncorrected for ‘extragalactic’ H↵ dust extinction). The last column
gives the number of emitters employed in building the LFs. The first value tabulates extended emitters likely to be at the redshift of the clusters, while the
second value gives the number of other sources, which could be H↵ or other, higher-redshift line emitters. For this second group of sources, a fraction was
applied to account for the actual percentage we expect to be H↵ at the redshift of the cluster (see eq. 7 and 8).

Field ↵ log �⇤
logL⇤ Number of H↵

Mpc�3 erg s�1 (extended+other)

‘Sausage’ �1.2 �2.33+0.11
�0.11 41.73+0.08

�0.06 33 + 16

‘Toothbrush’ �1.2 �2.82+0.16
�0.31 41.77+0.91

�0.21 12 + 18

Combined �1.2+0.2
�0.3 �2.57+0.09

�0.09 41.72+0.11
�0.07 45 + 50

‘Sausage’ relic area �1.2 �1.77+0.09
�0.09 41.72 13 + 2

Shioya et al. (2008) �1.35+0.11
�0.13 �2.65+0.27

�0.38 41.57+0.38
�0.23

↵ = �1.7 ± 0.1. Values obtained by Shioya et al. (2008) for the
COSMOS blank field at a similar redshift of ⇠ 0.24 are given for
reference (see also: Dale et al. 2010; Drake et al. 2013). One can
immediately notice that the average field-wide LF matches the field
data points obtained by Shioya et al. (2008). This is expected, since
by combining two distinct datasets we minimise the effects of cos-
mic variance, as well as the contribution of the cluster environment
to the overall shape of the luminosity function. Note the differences
at the bright end: these are likely driven by Shioya’s data being sat-
urated at these luminosities (see §3.7). We do not observe changes
in the faint-end slope ↵, although there are hints of flattening com-
pared to the canonical �1.35. To confirm this point, we also inspect
LFs derived from the field outside the cluster areas (top and right
CCDs, resulting in 69 emitters or 18 H↵-likely for the ‘sausage’
and 77 or 15 H↵ for the ‘toothbrush’) and conclude that the LFs

move in the direction of matching the Shioya et al. (2008) field LF,
as is expected from cosmic variance.

We then fix ↵ to �1.2 and vary only the normalisation and
L⇤. We fit the data for two cluster field-of-views with Schechter
functions down to an observed H↵ luminosity of > 1040.6 erg s�1

for the ‘sausage’ and > 1040.4 erg s�1 for the ‘toothbrush’. For this
step, we use all emitters found across the entire field mapped by the
WFC as shown in Fig. 6. We obtain LFs for each cluster field-of-
view by using �2 minimisation with two free parameters (�⇤ and
L⇤). The results with 1� uncertainties are summarised in Table 4
and seen in Figure 7 (left panel). Errors of data points are Pois-
sonian. The overall normalisation of the ‘sausage’ field LF (�⇤) is
significantly higher than the field LF, while the ‘toothbrush’ seems
to be underdense as compared to Shioya et al. (2008) fit. Neverthe-
less, such differences are expected due to cosmic variance.

c� 0000 RAS, MNRAS 000, 000–000

Distribution of emitters
● 323 MHz radio intensity in gray, line emitters in red circles, extended Hα emitters in filled 

red circles
● Cores devoid of line emitters
● Many extended Hα emitters around the relic areas in the Sausage cluster
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Shock-induced Star-formation + AGN activity? 
Major cluster merger mass of~3x1015 Mo

~10x higher 
Merger of massive clusters



Oteo, Sobral et al. 
in prep.

At z~2.3Selection really 
matters 

!
Lyman-break 

selection: misses 
~65-70% of star-
forming galaxies! 
(metal-rich, dusty) 

!
LAEs: miss ~80% 

of star-forming 
galaxies 

!
HAEs get ~100% 

down to the Ha flux 
limit they sample

See also Hayashi et 
al. 2013 for [OII]



UV selection 
!

BzK Selection 
!

LAE and HAE 
selections

Selection 
makes all the 

difference

Oteo, Sobral et al. in prep.

At z~2.3



UV selection: 
metal-poor

Ha selection: 
only slightly sub-

solar

z~1.5-2.23

Same masses

Selection Matters:

Swinbank+12a
Stott+13b



z=0.84 + z=1.47 HaStott, Sobral et al. 2013b

Subaru FMOS



Stott, Sobral et al. 2013b

HiZELS “Fundamental” Mass-Metallicity-SFR relation
FMOS/Subaru

z=0.8-1.5



With the Hubble Space Telescope: 
What do distant star-forming galaxies look like?



Morphologies: ACS+CANDELS

Disk-like/Non-mergers 
~75%

Mergers/Irregulars   
~25%

Mergers ~ 
20-30% up to 

z=2.23

Hα Star-forming galaxies since z=2.23

Sizes (M*): 
3.6+-0.2 kpc

Sobral+09a, Stott+13a



Galaxy Dynamics at z~0.8-2.2

e.g. SINFONI / VLT Hα-selected targets are ideal
Integral Field Units, IFUs

Large areas (+ 4-5 
fields): easy to find NGS

Known Hα fluxes

Very efficient combination to get 
sub-kpc resolution

LFs from a 10 deg2 NB survey 3

Table 1. Observation log for the narrow-band observations conducted with the lowOH2 filter on CFHT/WIRCam. A total of 80 pointings, numbered from 0
to 79, were obtained with WIRCam, in order to survey a total area of about 10 deg2. The seeing in all observations was in the range 0.5–0.700.

Field ID R.A. Dec. Int. time Dates of observations 3� limit
(J2000) (J2000) (ks/pixel) (AB, 00)

0-28 22 18 00 to 22 22 00 � 00 04 00 to +00 06 24 1.0 20–30 Sept, 1–18 Oct, 6 Dec 2011, 4 Oct - 3 Nov 2012 22.6
29-53 22 14 00 to 22 18 00 � 00 04 00 to +00 06 24 1.0 4-31 Oct, 1-3 Nov 2012 22.5
54-79 22 10 00 to 22 14 00 � 00 04 00 to +00 06 24 0.8 20 Sept - 6 Dec 2011, 4 Oct - 3 Nov 2012 22.5

Figure 1. Surveyed area in the SA22 and comparison with other surveys.
Narrow-band J is this research. For H↵ emitters at z = 0.81, the surveyed
area roughly corresponds to a box with ⇠ 60 ⇥ 95 Mpc. The Figure also
shows (in grey) all narrow-band detections matched to J and in green the
location of all line emitters, irrespectively of redshift. The overlapping re-
gions with CFHTLS W4 (ugriz), UKIDDS DXS (J,K), VVDS and VIPERS
(spectro-z) are also shown.

(Sobral et al. 2009a, 2013a). Briefly, we start by median combin-
ing the dark frames to produce master darks and then use them to
dark subtract the individual science frames. We obtain first-pass flat
fields by median combining jittered science frames, and use those
to flatten the data. We then run SEXTRACTOR on the first-pass flat-
ten frames to produce individual masks. We use those to mask out
all individual sources, and, excluding each frame that is being flat-
tened, we produce a final flat field and flatten the frame. We then
use SCAMP2 (Bertin 2006) to fit a World Coordinate System (WCS)
by matching sources detected in individual reduced science images
with the 2MASS catalogue. We also use SCAMP to correct for dis-
tortions across the field of view by fitting a third order polynomial.
Frames are also normalised to the same zeropoint by computing the
ratio between the expected flux/magnitude from 2MASS(Skrutskie
et al. 2006) and that found in our data. For both steps we use on
average ⇠ 75 stars per individual frame and the astrometric so-
lution has an average rms of ⇠ 0.1500. Finally, the individual re-
duced frames from the four cameras are median combined using
SWARP3 (Bertin et al. 2002), to get stacked reduced data for the

2 http://www.astromatic.net/software/scamp
3 http://www.astromatic.net/software/swarp

entire field. For the broadband J (and K) we use UKIDSS-DXS-
DR104 (Lawrence et al. 2007).

2.3 Source Extraction and Survey Limits

We obtain the magnitude zeropoint (ZP) by comparing the magni-
tudes of the sources in the 2MASS catalogue and in our data, ex-
cluding the faintest (J > 17, low S/N in 2MASS) and the brightest
(J < 12, saturated in our data) sources. In order to simplify the
analysis, and once accurate ZPs are determined for each stacked
image, we set all ZPs to 25, including the broad-band images. The
3� AB-magnitude limit for the survey is 22.5, corresponding to an
emission line flux limit of 8⇥ 10

�17 erg s�1 cm�2.

3 SELECTION OF EMITTERS

Sources were extracted using SEXTRACTOR (?) on both NB and
BB images, using 200 apertures. Once catalogs with sources in the
narrowband and in the broadband are made, they are matched using
a sky algorithm with a maximum separation of 100. Narrowband
sources with no matching broadband source are very likely to be
spurious, but they are kept in the catalogue and assigned a J upper
limit.

We note that the central wavelength of the narrowband
is not perfectly in the centre of the broadband (J), but rather
at the blue end of J (see also, e.g. Sobral et al. 2013a). Here
we correct for this effect using CFHTLS z-band, which is the
closest band on the blue side of J. Our colour correction is given by:

J �NBJ = (J �NBJ)0 � 0.04(z0
AB

� J
AB

) + 0.05.

For sources with no z band available (8%, either because they
are too faint in z or because they are masked in CFHTLS), we ap-
ply the average correction obtained for all the sources which have
reliable z detections.

3.1 Emission line candidates

In order to robustly select sources that show a real colour excess of
the narrowband over the broadband, instead of just random scatter
or uncertainty in the measurements, two criteria are used. First, the
parameter ⌃ (Bunker et al. 1995) is used to quantify the real excess
compared to an excess due to random scatter. This means that the
difference between counts in the narrowband and the broadband
must be higher than the total error times the uncertainty parameter
⌃:

c
NBJ � c

J

> ⌃�. (1)

4 http://surveys.roe.ac.uk/wsa/
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Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel shows the Hα emission line flux. The
contours denote a star-formation surface density of ΣSF =0.1M⊙ yr−1 kpc−2. The central two panels show the velocity field and line-
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).

(2008) and define the velocity asymmetry (KV) as the aver-
age of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the ide-
alised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

model disks, we recover KTot,disk=0.30±0.03 compared to
KTot,merger=2±1 for the mergers.

For the galaxies in our sample, we measure the velocity
and velocity dispersion asymmetry, (SHiZELS4 & 12 have
too few independent spatial resolution elements across the
galaxy so we omit these from the kinemetry analysis). First,
we note that Krajnović et al. (2006) show that an incor-
rect choice of centre induces artificial power in the derived

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 3. continued...

kinemetry coefficients. We therefore allow the dynamical
center to vary over the range allowed by the family of best-
fit two dimensional models and measure the kinemetry in
each case. We also perturb the velocity and dispersion maps
by the errors on each pixel and re-measure the asymme-
try, reporting the velocity and dispersion asymmetries, (KV

and Kσ respectively) along with their errors in Table 2. The
total asymmetry, KTot can be used to crudely differentiate
disks from mergers using the limit KTot ∼0.5. For the galax-
ies in our sample, five have asymmetries that meet the disk
(D) criteria, whilst two more have asymmetries that indi-
cate mergers (M), and the final two are compact (C). Hence,
the fraction of moderate star-forming systems with ionised
gas in rotating systems, ∼55%, is consistent with that found
from other surveys focussing on similar systems (e.g. Förster
Schreiber et al. 2009; Jones et al. 2010b; Wisnioski et al.
2011). In Fig. 4 we show the one-dimensional rotation curves
and line of sight velocity curves for the six galaxies in our
sample whose dynamics resemble rotation and overlay the
best-fit one dimensional kinematic models. We also include

in the plot the kinematics for SHiZELS 14 which displays
a velocity gradient of 480±40 kms across 12 kpc, but whose
dynamics are not well described by rotation.

3.1 The Tully-Fisher Relation

We can use our results to investigate how the disk scaling
relations for the galaxies in our sample compare to galaxy
disks at z = 0. The relation between the rest-frame B-band
luminosity and rotational velocity (MB versus vasym) and
that between the total stellar-mass and rotational velocity
(M⋆ versus vasym) define the baryonic and stellar mass Tully-
Fisher relations (Tully & Fisher 1977). The first of these re-
lations has a strong contribution from the short-term star-
formation acitvity whilst the second is a better proxy for
the integrated star-formation history. Indeed the latter re-
lationship may reflect how rotationally-supported galaxies
formed, perhaps suggesting the presence of self-regulating
processes for star-formation in galactic disks. The slope, in-
tercept and scatter of the Tully-Fisher relations and their

c⃝ 0000 RAS, MNRAS 000, 000–000

~5 hours of VLT time
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Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel shows the Hα emission line flux. The
contours denote a star-formation surface density of ΣSF =0.1M⊙ yr−1 kpc−2. The central two panels show the velocity field and line-
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).

(2008) and define the velocity asymmetry (KV) as the aver-
age of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the ide-
alised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

model disks, we recover KTot,disk=0.30±0.03 compared to
KTot,merger=2±1 for the mergers.

For the galaxies in our sample, we measure the velocity
and velocity dispersion asymmetry, (SHiZELS4 & 12 have
too few independent spatial resolution elements across the
galaxy so we omit these from the kinemetry analysis). First,
we note that Krajnović et al. (2006) show that an incor-
rect choice of centre induces artificial power in the derived
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kinemetry coefficients. We therefore allow the dynamical
center to vary over the range allowed by the family of best-
fit two dimensional models and measure the kinemetry in
each case. We also perturb the velocity and dispersion maps
by the errors on each pixel and re-measure the asymme-
try, reporting the velocity and dispersion asymmetries, (KV

and Kσ respectively) along with their errors in Table 2. The
total asymmetry, KTot can be used to crudely differentiate
disks from mergers using the limit KTot ∼0.5. For the galax-
ies in our sample, five have asymmetries that meet the disk
(D) criteria, whilst two more have asymmetries that indi-
cate mergers (M), and the final two are compact (C). Hence,
the fraction of moderate star-forming systems with ionised
gas in rotating systems, ∼55%, is consistent with that found
from other surveys focussing on similar systems (e.g. Förster
Schreiber et al. 2009; Jones et al. 2010b; Wisnioski et al.
2011). In Fig. 4 we show the one-dimensional rotation curves
and line of sight velocity curves for the six galaxies in our
sample whose dynamics resemble rotation and overlay the
best-fit one dimensional kinematic models. We also include

in the plot the kinematics for SHiZELS 14 which displays
a velocity gradient of 480±40 kms across 12 kpc, but whose
dynamics are not well described by rotation.

3.1 The Tully-Fisher Relation

We can use our results to investigate how the disk scaling
relations for the galaxies in our sample compare to galaxy
disks at z = 0. The relation between the rest-frame B-band
luminosity and rotational velocity (MB versus vasym) and
that between the total stellar-mass and rotational velocity
(M⋆ versus vasym) define the baryonic and stellar mass Tully-
Fisher relations (Tully & Fisher 1977). The first of these re-
lations has a strong contribution from the short-term star-
formation acitvity whilst the second is a better proxy for
the integrated star-formation history. Indeed the latter re-
lationship may reflect how rotationally-supported galaxies
formed, perhaps suggesting the presence of self-regulating
processes for star-formation in galactic disks. The slope, in-
tercept and scatter of the Tully-Fisher relations and their

c⃝ 0000 RAS, MNRAS 000, 000–000

~10 hours of VLT time



Galaxy Dynamics at z~0.8-2.2
From AO IFU observationsSwinbank al. 2012a,bThe Dynamics and Metallicity Gradients of Star-Forming Galaxies at z = 0.84–2.23 7

Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel shows the Hα emission line flux. The
contours denote a star-formation surface density of ΣSF =0.1M⊙ yr−1 kpc−2. The central two panels show the velocity field and line-
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).

(2008) and define the velocity asymmetry (KV) as the aver-
age of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the ide-
alised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

model disks, we recover KTot,disk=0.30±0.03 compared to
KTot,merger=2±1 for the mergers.

For the galaxies in our sample, we measure the velocity
and velocity dispersion asymmetry, (SHiZELS4 & 12 have
too few independent spatial resolution elements across the
galaxy so we omit these from the kinemetry analysis). First,
we note that Krajnović et al. (2006) show that an incor-
rect choice of centre induces artificial power in the derived
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kinemetry coefficients. We therefore allow the dynamical
center to vary over the range allowed by the family of best-
fit two dimensional models and measure the kinemetry in
each case. We also perturb the velocity and dispersion maps
by the errors on each pixel and re-measure the asymme-
try, reporting the velocity and dispersion asymmetries, (KV

and Kσ respectively) along with their errors in Table 2. The
total asymmetry, KTot can be used to crudely differentiate
disks from mergers using the limit KTot ∼0.5. For the galax-
ies in our sample, five have asymmetries that meet the disk
(D) criteria, whilst two more have asymmetries that indi-
cate mergers (M), and the final two are compact (C). Hence,
the fraction of moderate star-forming systems with ionised
gas in rotating systems, ∼55%, is consistent with that found
from other surveys focussing on similar systems (e.g. Förster
Schreiber et al. 2009; Jones et al. 2010b; Wisnioski et al.
2011). In Fig. 4 we show the one-dimensional rotation curves
and line of sight velocity curves for the six galaxies in our
sample whose dynamics resemble rotation and overlay the
best-fit one dimensional kinematic models. We also include

in the plot the kinematics for SHiZELS 14 which displays
a velocity gradient of 480±40 kms across 12 kpc, but whose
dynamics are not well described by rotation.

3.1 The Tully-Fisher Relation

We can use our results to investigate how the disk scaling
relations for the galaxies in our sample compare to galaxy
disks at z = 0. The relation between the rest-frame B-band
luminosity and rotational velocity (MB versus vasym) and
that between the total stellar-mass and rotational velocity
(M⋆ versus vasym) define the baryonic and stellar mass Tully-
Fisher relations (Tully & Fisher 1977). The first of these re-
lations has a strong contribution from the short-term star-
formation acitvity whilst the second is a better proxy for
the integrated star-formation history. Indeed the latter re-
lationship may reflect how rotationally-supported galaxies
formed, perhaps suggesting the presence of self-regulating
processes for star-formation in galactic disks. The slope, in-
tercept and scatter of the Tully-Fisher relations and their
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2 The Star-Forming ISM at z = 0.84–2.23 from HiZELS

Fig. 1.— Hα intensity and kinematics of the SHiZELS galaxies in this paper. For each source, the left hand image shows the Hα emission
line map, the central image shows the Hα velocity field with the best-fit kinematic model overlaid as contours and the right-hand image
shows the line of sight velocity dispersion. At least six galaxies (SHiZELS 1, 7, 8, 9, 10, & 11), have dynamics that suggest that the ionised
gas is in a large, rotating disk as suggested by velocity field modelling and low kinemetry values (KTOT=0.20–0.49; Swinbank et al. 2012).
Two are compact (SHiZELS 4 & 12) and the dynamics of SHiZELS 14 are more complex which may suggest a merger.

time when they are assembling the bulk of their stel-
lar mass, and thus at a critical stage in their evolu-
tionary history. We use the data to explore the star-
formation distribution and intensity within the ISM, as
well as the properties of the star-forming regions. We
adopt a WMAP cosmology with ΩΛ=0.73, Ωm=0.27, and
H0=72km s−1 Mpc−1. In thic cosmology and at the me-
dian redshift of our survey, z=1.47, a spatial resolution
of 0.1′′ corresponds to a physical scale of 0.8 kpc. All
quoted magnitudes are on the AB system. For all of the
star-formation rates and stellar mass estimates, we use a
Chabrier IMF (Chabrier 2003).

2. OBSERVATIONS

Details of the target selection, observations and data-
reduction are given in Swinbank et al. (2012). Briefly, we
selected nine galaxies from the HiZELS survey with Hα
fluxes 0.7–1.6×10−16 erg s cm−2 (star-formation rates 1–
14M⊙ yr−1) which lie within 30′′ of bright (R<15) stars.
We performed natural guide star adaptive optics obser-
vations with the SINFONI IFU between 2009 September
10 and 2011 April 30 in ∼0.6′′ seeing and photometric
conditions and the exposure times were between 3.6 to
13.4 ks. At the three redshift slices of our nine targets,
z =0.84[2], z =1.47[6] and z =2.23[1] the Hα emission
line is redshifted to ∼1.21, 1.61 and 2.12µm and into
the J , H and K-bands respectively. The median strehl
achieved for our observations is 20% and the median en-
circled energy within 0.1′′ is 25% (the approximate spa-
tial resolution is 0.1′′ FWHM or 850pc at z =1.47 –
the median redshift of our survey). The observations
were reduced using the SINFONI esorex data reduc-
tion pipeline which extracts, flatfields, wavelength cali-
brates and forms the datacube for each exposure. The
final datacube for each galaxy was generated by aligning
the individual data-cubes and then combining the using
an average with a 3σ clip to reject cosmic rays. For flux
calibration, standard stars were observed each night ei-
ther immediately before or after the science exposures

and were reduced in an identical manner to the science
observations.

As Fig. 1 shows, all nine galaxies in our SINFONI-
HiZELS survey (SHiZELS) display strong Hα
emission, with a range of Hα luminosities of
L(Hα)∼1041.4−42.4 erg/s (star-formation rates of 1–
14M⊙ yr−1; Kennicutt 1998a). Fitting the Hα and
[Nii]λλ6548,6583 emission lines pixel-by-pixel using a χ2

minimisation procedure we construct intensity, velocity
and velocity dispersion maps of our sample and show
these in Fig. 1 (see Swinbank et al. 2012 for details).

3. ANALYSIS & DISCUSSION

For this sample, the ratio of dynamical-to-dispersion
support is v sin(i)/σ=0.3–3, with a median of 1.1±0.3,
which is consistent with similar measurements for both
AO and non-AO studies of star-forming galaxies at this
epoch (Förster Schreiber et al. 2009). As Swinbank
et al. (2012) show, the velocity fields and low kineme-
try values (KTOT=0.20–0.49) suggest that at least six
galaxies (SHiZELS 1, 7, 8, 9, 10, & 11) have dynam-
ics that suggest that the ionised gas is in large, rotat-
ing disks. We note that all galaxies show small-scale
deviations from the best-fit model, as indicated by the
typical r.m.s, σr.m.s.=30±10km s−1, with a range from
σr.m.s=15–70km s−1.

To investigate the star-formation intensity occuring
within the ISM, we begin by measuring the star-
formation surface density and velocity dispersion of each
pixel in the maps. First, we convert the Hα flux to
star-formation rate using the calibration from Kennicutt
(1998a), modified to a Chabrier IMF (Chabrier 2003 –
which results in a factor 1.7× lower star-formation rates
for a fixed Hα luminosity). To account for the dust atten-
tuation, we use the broad-band imaging to calculate the
rest-frame spectral energy distributin (SED), reddenning
and star-formation histories (Sobral et al. 2010). The av-
erage E(B-V) for our sample is AHα=0.91±0.21 (which
corresponds to Av=1.11±0.27). For each galaxy, we use
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Figure 6. Left:The evolution of the stellar mass Tully-Fisher relation. We baseline the evolution against the z=0 work from Pizagno et al.
(2005). The high-redshift points are compiled from the intermediate- and high- redshift (z ∼0.6 DEIMOS and z ∼1.3 DEIMOS)
observations from Miller et al. (2011) and Miller et al. (2012); the z=1 and z=2–3 cluster arc surveys from Swinbank et al. (2006) and
Jones et al. (2010b) with stellar masses from Richard et al. (2011); and the z ∼2–3.5 SINS and AMAZE surveys from Cresci et al. (2009)
and Gnerucci et al. (2011). The symbols show individual galaxies. The solid line denotes the correlation at z=0 from Pizagno et al.
(2005) (corrected to a Chabrier IMF). The dashed line is best-fitting zero point to the z=2 sample galaxies (for a fixed v2.2) which
shows an offset of of ∆M⋆,z=0 /M⋆ =2.0± 0.4 between z=0 and z=2.5. The dotted lines denote the Tully-Fisher at z=2 from the
numerical simulations from Crain et al. (2009) and (see also McCarthy et al. 2012), which predict evolution in both the zero-point and
slope. Here, we concentrate on the zero-point evolution, and note that the predicted evolution for a disk with circular velocity 100–
200 kms−1 is an increase in stellar mass of a factor 1.5–3× between z=2 and z=0 (equivalently, at high-redshift the maximum circular
velocity is greater for the same stellar mass which may be consistent with the galaxies being compact at high-redshift and larger at
low-redshift). Right: The evolution of the zero-point of the Tully-Fisher Relation. The symbols denote individual points (coded by the
survey), whilst the solid symbols denote the average in six redshift bins. We also overlay the redshift evolution of the zero-point of the
Tully-Fisher relation from the numerical model from Crain et al. (2009) as well as the semi-analytic models from Bower et al. (2006)
and Dutton et al. (2011) (DvdB). These galaxy formation models predict evolution in the zero-point of the Tully-Fisher relation out to
z ∼ 3 which is consistent with the observed trend given the large uncertainties in the latter.

ples may now be sufficiently large (with rotation curves well
enough sampled) that the scatter is intrinsic.

3.2 The Redshift Evolution of the Mass-to-Light

ratio

Another route to examine the evolution in the B-band and
stellar mass Tully-Fisher relations is to combine the offsets
and measure the evolution of the mean mass-to-light ratio
with redshift. We caution that the conversion of zero-point
offsets to offsets in mass-to-light assumes that star-forming
galaxies form a homologous family and that the evolution
is a manifestation of underlying relations between mass-to-
light ratio and other parameters, such as star-formation his-
tory, gas accretion and stellar feedback.

Under these assumptions, in Fig. 7 we show the evolu-
tion of the rest-frame B-band mass-to-light ratio. As ex-
pected from the zero-point Tully-Fisher offsets, this fig-
ure shows that the average mass to light ratio of star-
forming galaxies decreases strongly from z=0 up to
z=1 and then flattens. This behavior is consistent with
the previous demonstration that star-forming galaxies at
high-redshift have lower stellar masses and higher B-
band luminosities. The strongest evolution occurs up to
z ∼ 1, ∆M⋆ /LB =1.1± 0.2, consistent with previous studies

(Miller et al. 2011) (the fractional change in mass-to-light
ratio over this period is ∆(M/LB) / (M/LB)z=0 ∼ 3.5 be-
tween z=1.5 and z=0, with most of the evolution occuring
below z=1).

We note that we examined whether the evolution in
the mass-to-light ratio could be reproduced using simple
star-formation histories, ranging from i) a constant star-
formation rate (with a formation redshift, zf =4–8); or ii) a
set of exponentially decreasing star-formation rates with e-
folding times ranging from 0.25–10Gyr (and formation red-
shifts ranging from zf =2–10). However, using these simple
star-formation histories (adopting a Chabrier IMF with 0.5–
1 solar metallicities and the Padova (1994) stellar evolution
tracks), we are unable to find a acceptable fit with a sin-
gle star-formation history. This could be because the ”av-
erage” star-formation history is more complex than a sim-
ple star-formation model, or because the current low and
high-redshift data can not be linked by a simple evolution-
ary model. However, in Fig. 7 we also overlay the predicted
evolution of the B-band mass-to-light ratio from the semi-
analytic models of Bower et al. (2006) and Dutton et al.
(2011), both of which predict a sharp decline to z ∼ 1 and
then flattening to higher redshift, which provides a reason-
able match to the observations.

~50 hours of VLT time

Swinbank, Sobral et al. 2012

The Dynamics and Metallicity Gradients of Star-Forming Galaxies at z = 0.84–2.23 7

Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel shows the Hα emission line flux. The
contours denote a star-formation surface density of ΣSF =0.1M⊙ yr−1 kpc−2. The central two panels show the velocity field and line-
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).

(2008) and define the velocity asymmetry (KV) as the aver-
age of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the ide-
alised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

model disks, we recover KTot,disk=0.30±0.03 compared to
KTot,merger=2±1 for the mergers.

For the galaxies in our sample, we measure the velocity
and velocity dispersion asymmetry, (SHiZELS4 & 12 have
too few independent spatial resolution elements across the
galaxy so we omit these from the kinemetry analysis). First,
we note that Krajnović et al. (2006) show that an incor-
rect choice of centre induces artificial power in the derived
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contours denote a star-formation surface density of ΣSF =0.1M⊙ yr−1 kpc−2. The central two panels show the velocity field and line-
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).
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Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
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of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).
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Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the ide-
alised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-
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too few independent spatial resolution elements across the
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Figure 6. Left:The evolution of the stellar mass Tully-Fisher relation. We baseline the evolution against the z=0 work from Pizagno et al.
(2005). The high-redshift points are compiled from the intermediate- and high- redshift (z ∼0.6 DEIMOS and z ∼1.3 DEIMOS)
observations from Miller et al. (2011) and Miller et al. (2012); the z=1 and z=2–3 cluster arc surveys from Swinbank et al. (2006) and
Jones et al. (2010b) with stellar masses from Richard et al. (2011); and the z ∼2–3.5 SINS and AMAZE surveys from Cresci et al. (2009)
and Gnerucci et al. (2011). The symbols show individual galaxies. The solid line denotes the correlation at z=0 from Pizagno et al.
(2005) (corrected to a Chabrier IMF). The dashed line is best-fitting zero point to the z=2 sample galaxies (for a fixed v2.2) which
shows an offset of of ∆M⋆,z=0 /M⋆ =2.0± 0.4 between z=0 and z=2.5. The dotted lines denote the Tully-Fisher at z=2 from the
numerical simulations from Crain et al. (2009) and (see also McCarthy et al. 2012), which predict evolution in both the zero-point and
slope. Here, we concentrate on the zero-point evolution, and note that the predicted evolution for a disk with circular velocity 100–
200 kms−1 is an increase in stellar mass of a factor 1.5–3× between z=2 and z=0 (equivalently, at high-redshift the maximum circular
velocity is greater for the same stellar mass which may be consistent with the galaxies being compact at high-redshift and larger at
low-redshift). Right: The evolution of the zero-point of the Tully-Fisher Relation. The symbols denote individual points (coded by the
survey), whilst the solid symbols denote the average in six redshift bins. We also overlay the redshift evolution of the zero-point of the
Tully-Fisher relation from the numerical model from Crain et al. (2009) as well as the semi-analytic models from Bower et al. (2006)
and Dutton et al. (2011) (DvdB). These galaxy formation models predict evolution in the zero-point of the Tully-Fisher relation out to
z ∼ 3 which is consistent with the observed trend given the large uncertainties in the latter.

ples may now be sufficiently large (with rotation curves well
enough sampled) that the scatter is intrinsic.

3.2 The Redshift Evolution of the Mass-to-Light

ratio

Another route to examine the evolution in the B-band and
stellar mass Tully-Fisher relations is to combine the offsets
and measure the evolution of the mean mass-to-light ratio
with redshift. We caution that the conversion of zero-point
offsets to offsets in mass-to-light assumes that star-forming
galaxies form a homologous family and that the evolution
is a manifestation of underlying relations between mass-to-
light ratio and other parameters, such as star-formation his-
tory, gas accretion and stellar feedback.

Under these assumptions, in Fig. 7 we show the evolu-
tion of the rest-frame B-band mass-to-light ratio. As ex-
pected from the zero-point Tully-Fisher offsets, this fig-
ure shows that the average mass to light ratio of star-
forming galaxies decreases strongly from z=0 up to
z=1 and then flattens. This behavior is consistent with
the previous demonstration that star-forming galaxies at
high-redshift have lower stellar masses and higher B-
band luminosities. The strongest evolution occurs up to
z ∼ 1, ∆M⋆ /LB =1.1± 0.2, consistent with previous studies

(Miller et al. 2011) (the fractional change in mass-to-light
ratio over this period is ∆(M/LB) / (M/LB)z=0 ∼ 3.5 be-
tween z=1.5 and z=0, with most of the evolution occuring
below z=1).

We note that we examined whether the evolution in
the mass-to-light ratio could be reproduced using simple
star-formation histories, ranging from i) a constant star-
formation rate (with a formation redshift, zf =4–8); or ii) a
set of exponentially decreasing star-formation rates with e-
folding times ranging from 0.25–10Gyr (and formation red-
shifts ranging from zf =2–10). However, using these simple
star-formation histories (adopting a Chabrier IMF with 0.5–
1 solar metallicities and the Padova (1994) stellar evolution
tracks), we are unable to find a acceptable fit with a sin-
gle star-formation history. This could be because the ”av-
erage” star-formation history is more complex than a sim-
ple star-formation model, or because the current low and
high-redshift data can not be linked by a simple evolution-
ary model. However, in Fig. 7 we also overlay the predicted
evolution of the B-band mass-to-light ratio from the semi-
analytic models of Bower et al. (2006) and Dutton et al.
(2011), both of which predict a sharp decline to z ∼ 1 and
then flattening to higher redshift, which provides a reason-
able match to the observations.
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Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel shows the Hα emission line flux. The
contours denote a star-formation surface density of ΣSF =0.1M⊙ yr−1 kpc−2. The central two panels show the velocity field and line-
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).

(2008) and define the velocity asymmetry (KV) as the aver-
age of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the ide-
alised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

model disks, we recover KTot,disk=0.30±0.03 compared to
KTot,merger=2±1 for the mergers.

For the galaxies in our sample, we measure the velocity
and velocity dispersion asymmetry, (SHiZELS4 & 12 have
too few independent spatial resolution elements across the
galaxy so we omit these from the kinemetry analysis). First,
we note that Krajnović et al. (2006) show that an incor-
rect choice of centre induces artificial power in the derived
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Galaxy Dynamics at z~0.8-2.2
From AO IFU observationsSwinbank al. 2012aThe Dynamics and Metallicity Gradients of Star-Forming Galaxies at z = 0.84–2.23 7

Figure 3. Hα and dynamics maps of the SHiZELS targets. For each galaxy, the left hand panel shows the Hα emission line flux. The
contours denote a star-formation surface density of ΣSF =0.1M⊙ yr−1 kpc−2. The central two panels show the velocity field and line-
of-sight velocity dispersion profile (σ) respectively. The right hand panel shows the residual velocity field after subtracting the best-fit
kinematic model. The r.m.s. of the residuals is given in each panel (for SHiZELS 4&12 there are too few resolution elements across the
source to meaningfully attempt to fit disk models).

(2008) and define the velocity asymmetry (KV) as the aver-
age of the kn coefficients with n=2–5, normalised to the first
Cosine term in the Fourier series (which represents circular
motion); and the velocity dispersion asymmetry (Kσ) as the
average of the first five coefficients (n=1–5) also normalised
to the first Cosine term. For an ideal disk, Kv and Kσ will be
zero. In a merging system, strong deviations from the ide-
alised case causes large Kv and Kσ values, which can reach
Kv ∼Kσ ∼10 for very disturbed systems. The total asym-

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

model disks, we recover KTot,disk=0.30±0.03 compared to
KTot,merger=2±1 for the mergers.

For the galaxies in our sample, we measure the velocity
and velocity dispersion asymmetry, (SHiZELS4 & 12 have
too few independent spatial resolution elements across the
galaxy so we omit these from the kinemetry analysis). First,
we note that Krajnović et al. (2006) show that an incor-
rect choice of centre induces artificial power in the derived

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 3. continued...

kinemetry coefficients. We therefore allow the dynamical
center to vary over the range allowed by the family of best-
fit two dimensional models and measure the kinemetry in
each case. We also perturb the velocity and dispersion maps
by the errors on each pixel and re-measure the asymme-
try, reporting the velocity and dispersion asymmetries, (KV

and Kσ respectively) along with their errors in Table 2. The
total asymmetry, KTot can be used to crudely differentiate
disks from mergers using the limit KTot ∼0.5. For the galax-
ies in our sample, five have asymmetries that meet the disk
(D) criteria, whilst two more have asymmetries that indi-
cate mergers (M), and the final two are compact (C). Hence,
the fraction of moderate star-forming systems with ionised
gas in rotating systems, ∼55%, is consistent with that found
from other surveys focussing on similar systems (e.g. Förster
Schreiber et al. 2009; Jones et al. 2010b; Wisnioski et al.
2011). In Fig. 4 we show the one-dimensional rotation curves
and line of sight velocity curves for the six galaxies in our
sample whose dynamics resemble rotation and overlay the
best-fit one dimensional kinematic models. We also include

in the plot the kinematics for SHiZELS 14 which displays
a velocity gradient of 480±40 kms across 12 kpc, but whose
dynamics are not well described by rotation.

3.1 The Tully-Fisher Relation

We can use our results to investigate how the disk scaling
relations for the galaxies in our sample compare to galaxy
disks at z = 0. The relation between the rest-frame B-band
luminosity and rotational velocity (MB versus vasym) and
that between the total stellar-mass and rotational velocity
(M⋆ versus vasym) define the baryonic and stellar mass Tully-
Fisher relations (Tully & Fisher 1977). The first of these re-
lations has a strong contribution from the short-term star-
formation acitvity whilst the second is a better proxy for
the integrated star-formation history. Indeed the latter re-
lationship may reflect how rotationally-supported galaxies
formed, perhaps suggesting the presence of self-regulating
processes for star-formation in galactic disks. The slope, in-
tercept and scatter of the Tully-Fisher relations and their

c⃝ 0000 RAS, MNRAS 000, 000–000

~5 hours of VLT time
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4 The KMOS Kinematic Survey of z ∼ 1 Galaxies

Fig. 2.— Two dimensional velocity fields for the sixteen galaxies in our KMOS sample. The contours denote the dynamics of the best-fit
two dimensional disk model. From these velocity fields, thirteen galaxies have dynamics that resemble rotating systems, and we extract
one dimensional rotation curves (shown as insets for each galaxy) extracted from the dynamical center and position angle from the best-fit
dynamical model. In these plots, the error bars for the velocities are derived from the formal 1σ uncertainty in the velocity arising from
the Gaussian profile fits to the Hα emission. The final three galaxies in this plot do not resemble rotating systems.

the moment map as a function of angle is extracted and
decomposed into its Fourier series which have coefficients
kn at each radii (see ? for more details).
We therefore measure the velocity field and velocity

dispersion asymmetry for all of the galaxies in our sam-
ple, defining the velocity asymmetry (KV) and the ve-
locity dispersion asymmetry (Kσ) as in ?. For an ideal
disk, the values of Kv and Kσ will be zero. In con-
trast, in a merging system, strong deviations from the
idealised case causes large values of Kv and Kσ (which
can reach Kv ∼Kσ ∼ 10 for very disturbed systems).For

the KMOS galaxies in our sample, we measure the veloc-
ity and velocity dispersion asymmetry and report their
values in Table 1, (NBJ-CFHT 1724, 1713 and 1793 have
too few independent spatial resolution elements across
the galaxy so we omit these from the kinemetry analy-
sis). Although the errors bars on KTOT are large (these
errors are found by bootstrap resampling for the errors in
the velocities, velocity dispersions and dynamical centers
of each galaxy), the average Ktot =0.40± 0.07 suggests
that the majority of these galaxies are dominated by disk-
like dynamics (indeed, twelve of the thirteen galaxies in

2 hours of VLT time
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Fig. 2.— Two dimensional velocity fields for the sixteen galaxies in our KMOS sample. The contours denote the dynamics of the best-fit
two dimensional disk model. From these velocity fields, thirteen galaxies have dynamics that resemble rotating systems, and we extract
one dimensional rotation curves (shown as insets for each galaxy) extracted from the dynamical center and position angle from the best-fit
dynamical model. In these plots, the error bars for the velocities are derived from the formal 1σ uncertainty in the velocity arising from
the Gaussian profile fits to the Hα emission. The final three galaxies in this plot do not resemble rotating systems.

the moment map as a function of angle is extracted and
decomposed into its Fourier series which have coefficients
kn at each radii (see ? for more details).
We therefore measure the velocity field and velocity

dispersion asymmetry for all of the galaxies in our sam-
ple, defining the velocity asymmetry (KV) and the ve-
locity dispersion asymmetry (Kσ) as in ?. For an ideal
disk, the values of Kv and Kσ will be zero. In con-
trast, in a merging system, strong deviations from the
idealised case causes large values of Kv and Kσ (which
can reach Kv ∼Kσ ∼ 10 for very disturbed systems).For

the KMOS galaxies in our sample, we measure the veloc-
ity and velocity dispersion asymmetry and report their
values in Table 1, (NBJ-CFHT 1724, 1713 and 1793 have
too few independent spatial resolution elements across
the galaxy so we omit these from the kinemetry analy-
sis). Although the errors bars on KTOT are large (these
errors are found by bootstrap resampling for the errors in
the velocities, velocity dispersions and dynamical centers
of each galaxy), the average Ktot =0.40± 0.07 suggests
that the majority of these galaxies are dominated by disk-
like dynamics (indeed, twelve of the thirteen galaxies in

Metallicities

12+log(O/H) = 8.62 +-0.07 

KMOS galaxies z=0.81

Solar value: 8.66 +-0.07 

[NII]/Ha 
=0.32+-0.13

Rotation ~70-200 km/s
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Table 1. The details of the KMOS-HiZELS-SV2 sample. The CF-HiZELS galaxies are named CFHT-NBJ and the VVDS galaxies are numbered by our own

internal catalogue system. The v80 parameter is the inclination corrected rotation speed at r80 (r80 = 2.2re). The KMOS-HiZELS-SV1 sample data are

presented in Sobral et al. (2013b).

Galaxy R.A. Dec. z KAB re [NII]/Hα log(M⋆/M⊙) SFR v80 KTOT

(J2000) (kpc) (M⊙ yr−1) (km s−1)

CFHT-NBJ-C339 22:19:46.96 0:25:02.53 0.8135 20.12 3.0 10.6± 0.1 11.0 146. 0.5± 0.5
CFHT-NBJ-C343 22:19:48.65 0:21:28.44 0.8100 20.85 4.7 0.32± 0.13 10.5± 0.2 4.1 224. 0.3± 0.1
CFHT-NBJ-956 22:19:27.05 0:23:42.44 0.8095 21.43 4.5 0.15± 0.28 10.1± 0.2 4.1 231. 0.2± 0.1
CFHT-NBJ-1209 22:19:40.16 0:22:38.52 0.8085 21.76 10.4 0.13± 0.41 9.4± 0.1 5.4 219. 0.1± 0.7
CFHT-NBJ-1478 22:19:41.06 0:22:34.25 0.8105 22.10 3.9 9.9± 0.4 4.6 148. 5.1± 0.2
CFHT-NBJ-2044 22:19:34.37 0:23:00.46 0.8099 19.67 8.3 0.59± 0.16 11.0± 0.1 12.5 260. 0.2± 0.1
CFHT-NBJ-2048 22:19:51.67 0:21:00.90 0.8155 22.90 5.8 0.11± 0.36 8.8± 0.1 3.5 89. 0.3± 1.1
VVDS-432 22:19:46.70 0:21:35.44 0.8095 21.24 4.8 10.1± 0.2 1.2 144.

VVDS-503 22:19:51.16 0:25:42.21 0.9925 21.82 4.2 0.19± 0.21 9.4± 0.1 7.6 62.

VVDS-588 22:19:32.41 0:21:01.04 0.8770 20.90 2.2 10.1± 0.1 2.2 207. 0.5± 0.7
VVDS-888 22:19:38.00 0:20:07.41 0.8331 22.10 1.3 0.27± 0.15 9.7± 0.1 4.6 56. 0.4± 9.2
VVDS-942 22:19:39.44 0:25:29.30 0.8095 23.41 4.0 9.2± 0.4 1.6 132.

VVDS-944 22:19:39.73 0:24:02.45 0.8970 22.31 2.1 9.5± 0.2 2.3 258. 0.9± 0.3

Figure 1. The SFR plotted against stellar mass for the 29 resolved galaxies in the KMOS-HiZELS sample with the data points represented by their velocity

fields. Note, positions are approximate to avoid galaxy velocity fields from overlapping. The white dashed line represents the location of the ‘main sequence’

of star forming galaxies at z = 0.8 − 1.0 from Karim et al. (2011), demonstrating that our sample is typical for this epoch. The galaxies with downward

arrows represent those that have lower SFR than the range presented in the plot.

the radii: < 3, 3− 6 and 6− 9 kpc. In order to do this we first sub-
tract the best fitting dynamical disc model, found in §3.1, from the
data cube so that the Hα and [NII] emission lines are not broadened
or superimposed. We then sum the IFU spectra in each of these an-
nuli and fit the Hα 6563Å and [NII] 6583Å emission lines in the
resulting 1-D spectra with single Gaussian profiles in order to ex-
tract their total flux. For a detection we enforce 5σ and 2σ detection
thresholds over the continuum level for Hα and [NII] respectively
(following Stott et al. 2013a). Examples of the spectra in each an-
nuli for five galaxies from our sample are displayed in Fig. 2. To
calculate the metallicity gradient we use a χ2 minimisation to fit a

straight line to the metallicity as a function of galactocentric radius
and present the gradient values in Table 2. The metallicity gradient
fits are also displayed in Fig. 2 with the radius normalised to the ef-
fective radius of the galaxy for ease of comparison. In total we were
able to extract metallicity gradients for 18 of the KMOS-HiZELS
galaxies as the remainder had [NII] lines which were either too low
signal-to-noise or affected by the sky emission spectra.

The average value of the metallicity gradient for our sample is
∆Z
∆r

= −0.0003 ± 0.0075 dex kpc−1. There are six galaxies with
a > 2σ significance of having a non-zero metallicity gradient with
four of these having negative gradients and two positive. Therefore,

CF-HiZELS KMOS SAMPLE

Sobral et al. 2013b, Stott et al. 2014

just 4 hours! (with overheads)

Karim
+11

z~0.8

NB Hα-selected z~0.8 + KMOS



Stott, Sobral et al. 2014

Metallicity gradients 
for CF-HiZELS 
KMOS sample!
!
Agreement with 
SINFONI results 
(Swinbank+12a)

Mostly negative or 
flat, very few positive

Stay tuned…
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The KMOS survey of star-forming galaxies at z=1-2
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Ray Sharples, John Stott, Mark Swinbank, 
Richard Bower, Martin Bureau 

& the UK GTO survey team

PRELIMINARY	


UK GT program	



6.5N in P92	


245 targets in 13 masks	



95% detection	


74% resolved 



ALMA PdBI PdBI PdBI

Mgas = 1-3x1010Mo  (a=2)	


M* = 2-4x10Mo	


fgas ~30-50%	


Mgas / SFR ~ 1Gyr

CO follow-up well underway with ALMA and PdBI

Towards resolved (~sub-kpc) Ha + CO + dust maps 
and evolution from z~2 to z~0 for “typical” SFGs



deep15.oal.ul.pt
Join us now on Facebook + 

Twitter: @deepconf

http://deep15.oal.ul.pt


Most of claimed “evolution” with redshift is driven by: 
- The evolution of SFR* (typical SFR(z)) 
- Selection effects: selection really matters! Need to 
compare like with like!

last 11 Gyrs
- Hα selection z~0.2-2.2: Robust, self-consistent SFRH + 
Agreement with the stellar mass density growth 
!
- The bulk of the evolution over the last 11 Gyrs is in the 
typical SFR (SFR*) at all masses and all environments: 
factor ~13x !
- SINFONI w/ AO: Star-forming galaxies since z=2.23: ~75% 
“disks”, negative metallicity gradients, many show clumps

Conclusions:

- KMOS+Hα (NB) selection works extraordinarily well: resolved 
dynamics of typical SFGs in ~1-2 hours, 75+-8% disks, 50-275km/s
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We will also obtain the sufficient computer power to store, reduce and analyse the significant amount 

of data coming from our observing programs at the VLT, INT, CFHT, Subaru and ALMA. This requires 4 

new machines for office work, and 4 new laptops. We will also make all our catalogues, papers and results 

publicly available, and include all the necessary costs for that.

Travel  costs  are  calculated  based  on  recent  experience  by  the  PI  of  observing,  conference  and  

collaborative work visits/trips. It is expected that each team member will typically attend (and give talks on) 

2 conferences per year (average 1400 EUR per trip),  and be part of typically 2 observing runs per year  

(average 1500 EUR per trip). Due to the strong collaborations involved in the project, each team member  

will have, on average, an extended working visit per year (average 2100 EUR per visit). This adds up to  

30,000 EUR per year. Furthermore, we also include costs for our own meetings and conferences as we plan 

to  organise  2  international  meetings  for  the  International  community  in  Portugal  over  the  5  years 

(contributing 10,000 EUR for each one of them), and also to organise 1 more informal meeting per year with 

the project team and invited speakers/collaborators (6,000 EUR each).

Finally,  we include 25% (of direct  costs)  as overheads, and 1% of the total  for the audits  (sub-

contracting costs: 14,850 EUR).

For the above cost table, please indicate the % of working time the PI dedicates to the project  

over the period of the grant:

>90%
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Fig. 10 – A summary of the full set of narrow-band filters that will be used by the project to measure and understand 13 

billion years of galaxy formation and evolution. Filters include those already used for the very large Hα surveys (mostly 

in the red and infra-red), but also the new filter for pilot matched Lyα-Hα (already bought by the PI, see Fig. 3) and 

those to be used for large Lyα surveys at z>2, from the blue to the near-infrared.
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specifically for that and the filter was delivered to the INT in mid 2013 – see Fig. 3). This will allow us to 

unveil the nature of 1000s of Lyα emitters (and the range in their properties) in an unprecedented way. Most  

importantly, I will finally measure the escape fraction of Lyman-α as a function of multiple parameters (e.g. 

dust extinction, colour, stellar mass, SFR) and investigate an empirical, robust calibration for the Lyman-α 

line. This is of extreme importance, as most surveys at the highest redshifts rely on Lyman-α both to survey,  

but particularly to spectroscopically confirm candidates (e.g. Iye et al. 2006, Ono et al. 2012, Finkelstein et  

al. 2013). After completing the pilot survey, I will use CFHT/MegaPrime (OPTICON time + collaborators in 

Canada) to obtain and even deeper, matched Lyα-Hα to reach down to the lowest Lyα/Hα ratios and to search 

for very extended Lyα emission for Hα star-forming galaxies without clear Lyα emission.

Fig. 3 –  Left:  The double-narrow band technique,  here used to find double [OII]-Hα line emitters at  z=1.47. This 

technique is capable of obtaining clean and complete samples of z=1.47 line emitters (Sobral et al. 2012, 2013a) even 

without any other information. Right: I am applying the same technique for Lyα-Hα at z=2.23, to directly calibrate Lyα 

using Hα and to measure its escape fraction (which is currently highly uncertain). The M392 filter has already been 

bought by the PI and the pilot Lyα-Hα survey is already being conducted at the INT (see e.g. Fig. 5). A similar filter is 

also being built for the CFHT telescope (MegaPrime) which will be used to conduct an even deeper survey.

K3) Obtain a completely self-consistent set of very large-area Ly  α surveys in ~9 redshift/cosmic time   

slices from   z=2.23, (2.8 billion years after the Big Bang) to z=9 (~500 million years after the Big Bang),   

each populated by up to >1000s of Lyman-  α    emitters  .  These will  be the largest,  multi-cosmic epoch, 

narrow-band surveys, all undertaken in the same way (same reduction, selection). Because we already have  

pilot data (INT, CFHT, Subaru), our first results will be out way before e.g. Hyper Suprime-cam results. The 

samples (z=2.2, 2.4, 3.1, 4.3, 4.8, 5.7, 6.6, 7.1, 8.8; Fig.10) will include both AGN and star-forming galaxies,  

and also result in the largest samples of Lyman-α blobs (c.f. Matsuda et al. 2004) and of more typical LAEs. 

One of the main goals is to apply the knowledge from K2 to interpret and conduct these uniquely large 

surveys (K3), but also to find and confirm the most distant luminous galaxies (z=7.1 and z=8.8 surveys,  

where the number of sources will be low). With very large samples, spanning a range of luminosities and 

physical  properties,  and  over  different  large  areas  on  the  sky,  we  will  conduct  the  best  clustering 

measurements  ever  done  (across  cosmic  time),  and  look for  signatures  of  re-ionization,  e.g.  significant 

change in the clustering of Lyman-α emitters; this will be a major improvement over e.g. Ouchi et al. (2010).

Both the matched Lyα-Hα double-blind survey and the higher redshift Lyα surveys will be extremely large, 

>10,000 times larger than the typical ultra-deep fields, such as the HUDF with the NASA/ESA Hubble 

Space Telescope (e.g. Bouwens et al. 2011; Ellis et al. 2013), >20 times larger than e.g. Ouchi et al. (2008, 

2010) and even larger (and significantly deeper) than e.g. Matthee, Sobral et al.  (2014). I will  therefore  

derive by far the largest samples of the most distant galaxies and conduct detailed follow-up observations on  

the most luminous sources for the first time to unveil their nature and evolution (with e.g. MUSE/VLT). 
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view of the evolution of the early star-forming galaxies. Coupled with the knowledge of my very large,  

matched Lyα-Hα survey, my surveys will not only have the necessary statistics, but I will also have a strong 

handle on the potential biases, systematics and interpretation, for the first time. Such ideal combination will 

also  happen  in  timescales  which  are  significantly  shorter  than  any  other  survey  or  planned  surveys,  

particularly due to the fact that I am already conducting the pilot surveys (e.g. Fig. 5 & 6), with the bulk of  

such data already taken, and ready to be fully analysed (and then published) by the time the ERC grant starts.

Fig. 5 – Left: Hα emitters in the COSMOS field at z=2.23 (Sobral et al. 2013a). Right: First results from one of the first 

fields (out of 25, pilot sample is 25x larger) in the pilot Hα-Lyα double-blind survey that I am undertaking at the INT, 

clearly showing all line emitters detected by the custom-designed filter, and those that are also emitters in the NBK 

band, and thus robust Lyα-Hα emitters at z=2.23. The proposed deep and wide survey will build on the pilot survey 

(observations will be done by the time the ERC grant starts) and will assure >1000 double Hα-Lyα emitters at z=2.23.

Originality and innovative nature of the project

Targeting distant galaxies across cosmic time with the narrow-band imaging technique (and my double/triple 

narrow-band technique) I have mastered and improved is ideal, as it selects precisely and unambiguously the 

interesting (“typical”) systems/galaxies by using only a fraction of telescope time that would otherwise be 

needed. Longer, and more numerous observations compared to those I already completed (particularly at 

z>2), will allow me to further expand the sensitivity and volume of my work to provide significantly more 

detailed constraints on fundamental measurements (time for these have already been awarded both as PI and  

Co-I).  Furthermore,  the  range  of  detailed  follow-up  that  I  have  already  started,  together  with  my 

collaborators (using the best facilities on Earth and in space; e.g. KMOS/VLT, SINFONI/VLT, VIMOS/VLT,  

ALMA,  Herschel,  HST,  FMOS/Subaru),  will  allow  me  and  my  team  to  make  numerous  significant  

contributions to understand exactly when, how and through which mechanisms/physics galaxies form and 

evolve. These extensive high-quality data, and the close comparison with models/theory, will assure that 

state-of-the-art measurements are well interpreted and explained.

My results  are  already being  used  to  confront  the  most  sophisticated  models  of  galaxy  formation  and  

evolution (e.g. Lagos et al. 2013, Orsi et al. 2014), and my proposed research will allow for even more  

stringent constraints, thus resulting in a broader impact. Due to my large samples over different, wide areas,  

my results are also being used to make accurate forecasts for future, high-impact, Dark Energy missions such 

as EUCLID and WFIRST (e.g. Geach et al. 2010, Hirata et al. 2012, Colbert et al. 2013); the extension of my 

studies will provide even better measurements for these.

I am also leading the extension of the  Hα narrow-band technique to lower redshifts by building the first 

z~0.2 comparable  survey to z~1-2 surveys  (designed with the same selection  function;  all  time needed 
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specifically for that and the filter was delivered to the INT in mid 2013 – see Fig. 3). This will allow us to 

unveil the nature of 1000s of Lyα emitters (and the range in their properties) in an unprecedented way. Most  

importantly, I will finally measure the escape fraction of Lyman-α as a function of multiple parameters (e.g. 

dust extinction, colour, stellar mass, SFR) and investigate an empirical, robust calibration for the Lyman-α 

line. This is of extreme importance, as most surveys at the highest redshifts rely on Lyman-α both to survey,  

but particularly to spectroscopically confirm candidates (e.g. Iye et al. 2006, Ono et al. 2012, Finkelstein et  

al. 2013). After completing the pilot survey, I will use CFHT/MegaPrime (OPTICON time + collaborators in 

Canada) to obtain and even deeper, matched Lyα-Hα to reach down to the lowest Lyα/Hα ratios and to search 

for very extended Lyα emission for Hα star-forming galaxies without clear Lyα emission.

Fig. 3 –  Left:  The double-narrow band technique,  here used to find double [OII]-Hα line emitters at  z=1.47. This 

technique is capable of obtaining clean and complete samples of z=1.47 line emitters (Sobral et al. 2012, 2013a) even 

without any other information. Right: I am applying the same technique for Lyα-Hα at z=2.23, to directly calibrate Lyα 

using Hα and to measure its escape fraction (which is currently highly uncertain). The M392 filter has already been 

bought by the PI and the pilot Lyα-Hα survey is already being conducted at the INT (see e.g. Fig. 5). A similar filter is 

also being built for the CFHT telescope (MegaPrime) which will be used to conduct an even deeper survey.

K3) Obtain a completely self-consistent set of very large-area Ly  α surveys in ~9 redshift/cosmic time   

slices from   z=2.23, (2.8 billion years after the Big Bang) to z=9 (~500 million years after the Big Bang),   

each populated by up to >1000s of Lyman-  α    emitters  .  These will  be the largest,  multi-cosmic epoch, 

narrow-band surveys, all undertaken in the same way (same reduction, selection). Because we already have  

pilot data (INT, CFHT, Subaru), our first results will be out way before e.g. Hyper Suprime-cam results. The 

samples (z=2.2, 2.4, 3.1, 4.3, 4.8, 5.7, 6.6, 7.1, 8.8; Fig.10) will include both AGN and star-forming galaxies,  

and also result in the largest samples of Lyman-α blobs (c.f. Matsuda et al. 2004) and of more typical LAEs. 

One of the main goals is to apply the knowledge from K2 to interpret and conduct these uniquely large 

surveys (K3), but also to find and confirm the most distant luminous galaxies (z=7.1 and z=8.8 surveys,  

where the number of sources will be low). With very large samples, spanning a range of luminosities and 

physical  properties,  and  over  different  large  areas  on  the  sky,  we  will  conduct  the  best  clustering 

measurements  ever  done  (across  cosmic  time),  and  look for  signatures  of  re-ionization,  e.g.  significant 

change in the clustering of Lyman-α emitters; this will be a major improvement over e.g. Ouchi et al. (2010).

Both the matched Lyα-Hα double-blind survey and the higher redshift Lyα surveys will be extremely large, 

>10,000 times larger than the typical ultra-deep fields, such as the HUDF with the NASA/ESA Hubble 

Space Telescope (e.g. Bouwens et al. 2011; Ellis et al. 2013), >20 times larger than e.g. Ouchi et al. (2008, 

2010) and even larger (and significantly deeper) than e.g. Matthee, Sobral et al.  (2014). I will  therefore  

derive by far the largest samples of the most distant galaxies and conduct detailed follow-up observations on  

the most luminous sources for the first time to unveil their nature and evolution (with e.g. MUSE/VLT). 
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We will also obtain the sufficient computer power to store, reduce and analyse the significant amount 

of data coming from our observing programs at the VLT, INT, CFHT, Subaru and ALMA. This requires 4 

new machines for office work, and 4 new laptops. We will also make all our catalogues, papers and results 

publicly available, and include all the necessary costs for that.

Travel  costs  are  calculated  based  on  recent  experience  by  the  PI  of  observing,  conference  and  

collaborative work visits/trips. It is expected that each team member will typically attend (and give talks on) 

2 conferences per year (average 1400 EUR per trip),  and be part of typically 2 observing runs per year  

(average 1500 EUR per trip). Due to the strong collaborations involved in the project, each team member  

will have, on average, an extended working visit per year (average 2100 EUR per visit). This adds up to  

30,000 EUR per year. Furthermore, we also include costs for our own meetings and conferences as we plan 

to  organise  2  international  meetings  for  the  International  community  in  Portugal  over  the  5  years 

(contributing 10,000 EUR for each one of them), and also to organise 1 more informal meeting per year with 

the project team and invited speakers/collaborators (6,000 EUR each).

Finally,  we include 25% (of direct  costs)  as overheads, and 1% of the total  for the audits  (sub-

contracting costs: 14,850 EUR).

For the above cost table, please indicate the % of working time the PI dedicates to the project  

over the period of the grant:

>90%
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15

Probe to even earlier times

Lyα: Survey areas >20x 
larger than before

Calibrate Lyα at z=2.23





SA22

WIRCam/
LowOH2

Down to about 
1Mo/yr z=0.8

10 sq deg.

S+13b, Matthee+14

Searching for the most luminous Lyman-↵ emitters at z = 8.8 3

Figure 2. The surveyed area in the SSA22 field and comparison with other
surveys. Narrow-band J is this research. For Lyman-↵ emitters at z = 8.76,
the surveyed area roughly corresponds to ⇠ 40 ⇥ 60 Mpc. The overlap-
ping regions with CFHTLS W4 (ugriz), UKIDSS DXS (JK) and VVDS
(spectro-z) are shown. For comparison, the size of the Hubble Ultra Deep
Field is shown, demonstrating how large the survey area of this research is,
being ⇠ 3000 times the area of the HUDF.

using CFHT’s WIRCam (Puget et al. 2004). The SSA22 field is
the widest contiguous field for which a wealth of multi-wavelength
data is available, most importantly ugriz from CFHTLS and JK
from UKIDSS-DXS.

Our narrow-band filter is the LowOH2 filter (�
c

= 1.187µm,
�� = 0.01µm) which can detect Lyman-↵ emission (�

0

=
121.6nm) at z = 8.76± 0.04 in a comoving volume of 5.2⇥ 106

Mpc3. This is larger by at least an order of magnitude compared to
previous searches. Detailed information on the observations, data
reduction and general selection of emitters can be found in Sobral
et al. (2013c). In this paper we explore potential Lyman-↵ candi-
dates in the sample of emitters.

2.2 Source Extraction and Survey Limits

Across the 10 square degree narrow-band images, we detected
346,244 sources in total using SExtractor (Bertin & Arnouts 1996).
The 5� AB-magnitude limit for the survey is NB

J

= 22.6, corre-
sponding to an emission line flux limit of 7⇥10�17 erg s�1 cm�2.
This is obtained by measuring the average background rms of the
narrow-band images and converting this to a magnitude with a 200

aperture. This magnitude is converted to line-flux using the follow-
ing formula:

F
line

= ��
NBJ

f
NBJ � f

J

1� (��
NBJ /��

J

)
(1)

Here F
line

is the line-flux (also dubbed Lyman-↵ flux), ��
NBJ/J

are the widths of the narrow-band and broadband filter respectively,
while f

NBJ/J
are the respective flux densities.

3 SELECTION OF CANDIDATES

In order to identify Lyman-↵ candidates, we look for line-emitters
which show the characteristics of a high redshift source. Most im-
portantly the Lyman-break which should occur between the z and J

Figure 3. Colour-magnitude diagram for the NBJ sources. The dotted hori-
zontal line is for an EW of 30 Å, which corresponds to J�NB

J

> 0.3. The
3-⌃ curve is shown for the average depth of the survey. Emitters are shown
in red, as they have Equivalenth Widths > 30 Å and have a ⌃ > 3. The
final Lyman-↵ candidates are shown with a green star and show a typical
EW

0

of ⇠ 100 Å.

band, and a flat or blue J �K colour consistent with Lyman-↵ and
to exclude very dusty, lower redshift galaxies with strong breaks.
This resulted in the following criteria:

(i) Be selected as a line-emitter in Sobral et al. (2013c) (Section
3.1).

(ii) No detection (< 3�) in filters on the blue side of the J-band
(Section 3.2.1).

(iii) Reliable in all NB
J

, J and excess (Section 3.2.2)
(iv) No visible detection in the stack of all the bluer bands (Sec-

tion 3.2.2).
(v) J�K 6 0 and a photometric redshift consistent with z > 4

(Section 3.2.3).

3.1 Emission line candidates

Emitters were selected using two criteria which quantify the excess
the narrow-band has over the broadband. First the observed EW
should be larger than 30 Å, corresponding to a rest-frame Ly↵ EW
of 3 Å, second the ⌃ parameter, which quantifies the real excess
compared to excess caused by random scatter (Bunker et al. 1995),
should be larger than 3. More detailed information is found in So-
bral et al. (2013c). Using these criteria, out of the 346,244 NB

J

sources individually detected, 6315 emitters were selected.

3.2 Selecting Lyman-↵ candidates

3.2.1 Excluding lower redshift interlopers: optical broadband
photometry

A z ⇠ 9 source should be undetected (� < 3) in filters on the blue
side of the J-band, because the light at these wavelengths is ab-
sorbed by the IGM. This means that candidates must be undetected
in the u, g, r, i and z bands. Data in these broadbands is available
from the CFHT Legacy Survey (CFHTLS)1. Deep data in the J

1 http://www.cfht.hawaii.edu/Science/CFHTLS/
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Figure 1: Left: Our z>6 candidates (stars) and the 10 deg2 area covered by  our CFHT/WIRCam survey  in 
SA22 (thick blue line), which matches extremely  well to the deep optical and deep UKIDSS J and K surveys. 
The area of the HUDF is represented with false RA and Dec coordinates: our survey probes >3000 times 
such area. Right: Selection of narrow-band line emitters, showing all the detections, the emitters (red) and 
the Lyman-alpha candidates.

Figure 3: Left: Stacked Redshift probability  distribution for our different classes of candidates (see Matthee et 
al. 2014). Right: As shown in Matthee et al. (2014), but see also Faisst et al. (2014), spectroscopic follow-up is 
crucial to confirm the candidates, and even the best candidates can be found to either be at a different 
redshift, or be variable sources/supernovae. By  obtaining high-SN NIR spectra we will robustly address the 
nature of all candidates and quantify  the range and fraction of contaminants. We note that this is the only  way 
to robustly unveil the nature of these candidates.

  ugriz stack      Em. line           NBJ                  J                   K
C1231

F6782

A 10 deg2 Lyman-↵ survey at z = 8.8 3

redshift, as neighbouring sources will have larger overlapping ion-
ized spheres and therefore a higher fraction of escaped Ly↵ photons
(e.g. Ouchi et al. 2010).

In order to find the most luminous Ly↵ emitters in the epoch
of reionization which would be suitable for spectroscopic follow-
up, we have undertaken the widest area search with a near infrared
narrow-band filter to date. This paper is organised in the follow-
ing way. §2 presents the details of the observations, and describes
the data reduction, calibrations and source extraction. §3 presents
the criteria for sources being selected as Ly↵ candidates and the
results from the narrow-band search. §4 presents the spectroscopic
follow-up observations and results. §5 discusses the results such as
constraints on the Ly↵ z = 8.8 luminosity function, and our sur-
vey is compared to past and future surveys. Finally, §6 outlines the
conclusions. A H

0

= 70 km s�1 Mpc�1, ⌦
M

= 0.3 and ⌦
⇤

= 0.7
cosmology is used and all magnitudes are in the AB system, except
if noted otherwise.

2 NARROW-BAND OBSERVATIONS AND DATA
REDUCTION

During September-December 2011 and October-November 2012,
we obtained medium depth narrow-band J photometry (NB

J

=
22.2, 5�, F

lim

= 7 ⇥ 10�17 erg s�1 cm�2) over a 10 deg2 area in
the SSA22 field using CFHT’s WIRCam (Puget et al. 2004) with
a typical seeing of 0.600. The SSA22 field is the widest contiguous
field for which a wealth of multi-wavelength data is available, most
importantly ugriz from CFHTLS-Wide and JK from UKIDSS-
DXS, see Fig. 2.

We use the LowOH2 filter (�
c

= 1.187µm, �� = 0.01µm)
which can detect Ly↵ emission (�

0

= 121.6nm) at z = 8.76±0.04
in a comoving volume of 4.7 ⇥ 106 Mpc3. This is larger by at
least half an order of magnitude compared to the largest previous
survey. Detailed information on the observations, data reduction
and general selection of emitters can be found in Sobral et al. (in
prep.), but see also Sobral et al. (2013b). In this paper we explore
potential Ly↵ candidates in the sample of emitters.

2.1 Source Extraction and Survey Limits

We use SExtractor (Bertin & Arnouts 1996) and detect ⇠ 350, 000
sources across the 10 deg2 narrow-band coverage. The 5� AB-
magnitude limit for the survey is NB

J

= 22.2, corresponding to
an emission line flux limit of 7⇥10�17 erg s�1 cm�2. This limit is
computed by measuring the average background rms of the narrow-
band images in empty 200 diameter apertures, which is the aperture
we use throughout the paper for all measurements. We note that
because we use random aperture measurements, the rms that we
measure already accounts for correlations in the noise. The limiting
magnitude is converted to line-flux using the following formula:

F
line

= ��
NBJ

f
NBJ � f

J

1� (��
NBJ /��

J

)
(1)

Here F
line

is the line-flux (also called Ly↵ flux), ��
NBJ and ��

J

(��
J

= 0.158µm) are the widths of the narrow-band and broad-
band filter respectively, while f

NBJ and f
J

are the respective flux
densities.

Figure 2. The surveyed area in the SSA22 field and overlap with other sur-
veys. In grey we show all detected NB

J

sources, where white stars indicate
the positions of the brightest stars (J < 10.5). NB

J

represents the area
of the survey presented here. For Ly↵ emitters at z = 8.76, the surveyed
area roughly corresponds to ⇠ 40 ⇥ 60 Mpc, with a depth of ⇠ 180 Mpc
comoving. Our Ly↵ candidates are shown as green stars. The overlapping
regions with CFHTLS W4 (ugriz), UKIDSS DXS (JK) (Lawrence et al.
2007) and VVDS (spectro-z) (Le Fèvre et al. 2005) are shown. For compar-
ison, we also plot the size of the Hubble Ultra Deep Field, which is ⇠ 3000
times smaller than the area of this survey.

3 NARROW-BAND SELECTION OF CANDIDATES

In order to identify Ly↵ candidates, we look for line-emitters which
show the characteristics of a z > 7 source. These should have a
Lyman-break, which should occur between the z and J band, and
a flat or blue J � K colour to exclude very dusty, lower redshift
galaxies with strong breaks (e.g. the 4000 Å break). In practice, we
use the following criteria:

(i) Be selected as a line-emitter in Sobral et al. (in prep.) (as
described in §3.1 below).

(ii) No detection in filters on the blue side of the J-band (see
§3.2.1).

(iii) No visible detection in the stack of all optical bands (see
§3.2.2).

(iv) Reliable excess between NB
J

and J (see §3.2.3).
(v) J�K 6 0 and a photometric redshift consistent with z > 4

(see §3.2.4).

3.1 Emission line candidates

Emitters were selected using two criteria which quantify the ex-
cess the narrow-band has over the broadband. Firstly, the observed
EW should be larger than 30 Å, corresponding to a rest-frame Ly↵
EW of 3 Å. Secondly, the ⌃ parameter (Eq. 2), which quantifies
the significance of the narrow-band excess compared to the noise
(Bunker et al. 1995), should be larger than 3 (similar to Sobral et al.
(2013a)).

⌃ =
1� 10�0.4(J�NBJ )

10�0.4(ZP�NBJ )

p
⇡r2

ap

(�2

NBJ
+ �2

J

)
(2)

Where ZP is the zeropoint of the photometry (25), r
ap

is the radius
of the apertures in pixels and � the RMS per pixel in each band. In
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Figure 3. Colour-magnitude diagram for the NB
J

sources. The J�NB
J

colour is corrected using the z-band to compensate for the fact that the
NB

J

filter is not in the center of the broadband, see Sobral et al. (in prep.)
for more details. The dotted horizontal line is for an observed EW of 30
Å, which corresponds to J�NB

J

> 0.3. The ⌃ = 3 curve is shown for
the average depth of the survey. Emitters are shown in red, as they have
Equivalent Widths > 30 Å and have a ⌃ > 3. The final Ly↵ candidates
are shown with a green star and show a typical rest-frame EW (EW

0

) of
⇠ 100 Å. The full sample of emitters is presented in Sobral et al. (in prep.).

case of non-detections in J , the detection limit was assigned. More
detailed information of the procedure and the full sample of emit-
ters will be presented in Sobral et al. (in prep). Using these criteria,
out of the ⇠ 350, 000 NB

J

sources individually detected, 6315
emitters were selected (see Fig. 3). This is after removing 2285
spurious sources and artefacts from bright stars by visual checks.

3.2 Selecting Ly↵ candidates at z = 8.8

3.2.1 Excluding lower redshift interlopers: optical broadband
photometry

A z ⇠ 9 source should be undetected in filters on the blue side
of the J-band, because the light at these wavelengths is absorbed
by the IGM. This means that candidates must be undetected in the
u, g, r, i and z bands. Data in these broadbands is available from
the CFHT Legacy Survey (CFHTLS)1. Deep data in the J and K
bands is available from UKIDSS-DXS-DR102 (J

AB

⇠ 23.4, limit
measured by the artificial star test). Two catalogues with sources
in the optical bands of the CFHTLS were used. The first catalogue
was the public CFHTLS-T0007 catalogue, in which sources were
detected in the gri-stack. The second catalogue (Kim et al. in prep)
contains 859,774 sources with photometric redshifts. It used J-
band images from UKIDSS-DXS-DR10 for the detection on im-
ages. This catalogue is called the SSA22 catalogue and has depths
of (u,g,r,i,z,J ,K) = (25.2, 25.5, 25.0, 24.8, 23.9, 23.4, 22.9). For
the optical these depths are taken from the public CFHTLS cata-
logue and correspond to 80% completeness, for JK these are 90%
completeness (Kim et al. in prep).

The line-emitters were matched to the CFHTLS and SSA22
catalogues with a maximum 100 separation on the sky using TOPCAT
(Taylor 2005). A list with candidates that followed the first criterion
was made by clearing sources with magnitudes brighter than the

1 http://www.cfht.hawaii.edu/Science/CFHTLS/
2 http://www.ukidss.org/

Step Number

Line-emitters 6315
No optical detection 302
No detection in optical stack 40
Believable excess, NB

J

, J detections 25
Max number of Ly↵ candidates 13
With robust constraints 2

Fraction of H�/[OIII] 0.36
Fraction of [OII] 0.23
Fraction of z ⇠ 3� 6 emission lines 0.13
Fraction of z < 0.8 emission lines 0.18
Fraction of Ly↵ candidates 0.10

Table 1. Number of candidate Ly↵ emitters at z = 8.8 after each step and
fractions of lower redshift interlopers out of the 302 sources without optical
detection.

limits in one or more of the optical bands. After this first criterion,
302 candidates remained.

3.2.2 Visual check: optical stack

For line-emitters that passed the first criterion, thumbnails were
made of the stack of the optical bands ugriz. This is necessary
to reject sources which have flux in the optical which is too faint to
be detected in a single band, but that will be revealed in the stack
as it has an estimated depth of ⇠ 27 AB. Using the stack, sources
with a detection in the optical (on the blue side of J) were identi-
fied and ruled out as z = 8.8 LAE. After this step, 40 candidates
remained. Most of the candidates which were lost in this step are
lower redshift contaminants such as [OII] at z = 2.2, see Sobral et
al. (in prep.). This is confirmed by their very red J �K colours.

3.2.3 Visual check narrow-band, broadband and excess

Thumbnails are also made from the UKIRT J and K images and
of the narrow-band image itself (see Fig A.1 and A.2 in the ap-
pendix and e.g. Fig. 5). Sources are then visually checked again
in all bands. By comparing the broadband and narrow-band image,
we were able to confirm if the source demonstrates a true narrow-
band excess, instead of an excess caused by a boosted background.
We also check whether the narrow-band flux density is consistent
with that of the broadband J , because the broadband includes the
narrow-band wavelength coverage. After all these visual checks 25
candidates remained, as 15 were marked as spurious or unreliable.

3.2.4 Photometric redshifts

Self-consistent photometry for the candidates was made by run-
ning SExtractor in dual-image mode on the thumbnails, using the
narrow-band image as the detection image. In the case of non-
detections by SExtractor in any of the other bands, the limit-
ing magnitudes of the catalogue (see §3.2.1) were assigned. Us-
ing this consistent set of fluxes of the candidates in different
wavelengths, we were able to derive a photometric redshift us-
ing EAZY3(Brammer, van Dokkum & Coppi 2008). Unfortunately
EAZY doesn’t have a template for strong Ly↵ emission, therefore

3 http://www.astro.yale.edu/eazy/
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Figure 4. Top panel: Stacked redshift-�2 distribution for the three samples. Bottom panel: Stacked Spectral Energy Distribution of: (left, green) our robust Ly↵
candidates (z

phot

= 8.7), (centre, blue) the other Ly↵ candidates (z
phot

= 7.2) and (right, red) the dominant lower redshift interlopers (z
phot

= 2.1). For
the interlopers the fits clearly prefer a dusty, red galaxy solution. In the top panel, dashed grey shows the redshift-�2 distribution of the most robust candidates
for running EAZY without adding the Ly↵ flux. The degeneracy between the [OII] and high redshift solution can clearly be seen in all three subsets. For the
Ly↵ candidates the high redshift solution is preferred.

we create supplementary templates where we added this emission
line to existing templates.

Some candidates at this point show a red J � K colour and
potentially very faint detections (below the 1-� limit) in the r, i or
z band and are also not visible in the optical stack, indicating that
these sources are likely very dusty lower redshift line-emitters. The
emission line detected is in this case likely [OII] at z = 2.2 and
the break between z and J the 4000 Å break, which can mimic
the Lyman break. From the 25 candidates for which we obtained
an SED, 12 were marked as lower redshift contaminants. This left
13 candidates, which couldn’t be further rejected without follow-up
observations. We divide these candidates in different groups below.

3.2.5 Different types of candidates

The candidates can be ordered in three different groups: i) candi-
dates with detections in NB

J

, J and K, ii) candidates with NB
J

and J detections and iii) candidates with only strong NB
J

detec-
tions. The measured magnitudes and computed quantities for indi-

vidual candidates can be seen in Table A.1 in the appendix, which
also shows how the candidates are grouped. The first group con-
tains the two most robust sources with detections in J (> 5�),
best constrained iz � J break, robust blue J �K colours and best
constrained SED, see Fig. 5 and Fig. 4. The second group consists
of three candidates with both NB

J

and J , while the third group
consists of 10 possible candidates with weak SED constraints and
fainter JK detections (see Fig. 4). Thumbnails for all candidates
are shown in Fig. A.1 and Fig. A.2.

3.2.6 Statistical likelihood

In order to further investigate our selection, we stacked the thumb-
nails in all bands for the two robust candidates with best con-
strained broadband photometry, the 11 other candidates and the
dominant lower redshift interlopers with individual photometric
redshift of ⇠ 2. We measured the stacks with the narrow-band im-
age as detection image and ran EAZY to compute photometric red-
shifts. As can be seen in Fig. 4, red and dusty galaxy templates are

c� 2013 RAS, MNRAS 000, 1–13

A 10 deg2 Lyman-↵ survey at z = 8.8 9

Table 2. Narrow-band Ly↵ surveys at z > 7.

Reference Area Depth z No. LAE Field
(arcmin2) (1042 erg s�1)

Ota et al. 2010 4680 9.2 7 3 SXDS
Tilvi et al. 2010 784 4 7.7 4 LALA Cetus
Hibon et al. 2010 400 6 7.7 7 CFHT-LS D1
Hibon et al. 2011 465 ⇠ 1 6.96 6 COSMOS
Clément et al. 2012 169 ⇠ 2 7.7 0 Bullet, GOODS-S, CFHT-LS D4
Krug et al. 2012 760 5.5 7.7 4 COSMOS

Willis & Courbin 2005 6.25 20 ⇠ 9 0 HDF South
Willis et al. 2008 12 10 ⇠ 9 0 Abell 1689, 1835, 114
Cuby et al. 2007 31 13 8.8 0 GOODS
Sobral et al. 2009b 5040 63 8.96 0 COSMOS, UDS
This paper 32400 63 8.76 0 SSA22

Figure 7. Constraint on the Ly↵ at z ⇠ 9 luminosity function of this paper compared to LFs at lower redshifts, a scaled LF extrapolation and optimistic fitted
upper limit LF. The thick blue line shows the new constraint, drawn from the non-detections in our survey (after spectroscopic follow-up). The new constraint
improves previous ones by a factor of five. The thick green line is an optimistic fitted Schechter function based on our observations and earlier observations at
z = 7.7, while the magenta line shows a fitted power law. The red line is an extrapolation from luminosity functions at lower redshift. The green area marks
the region where we expect to observe LAEs, where there is a higher chance in the darker region. Also shown are the points from lower redshift narrow-band
searches. We plot the point of the depth of the finished VISTA NB118 GTO survey (Milvang-Jensen et al. 2013) and make a realistic estimate of what the
depth will be of the ongoing UltraVista NB118 survey (McCracken et al. 2012).
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Figure 6. SINFONI IFU spectra from the five observed candidates (red).
For illustrative reasons a constant is added to all fluxes except C1231. The
bottom row (blue) shows how our emission lines should have looked based
on the narrow-band estimated flux. The dashed vertical lines represent the
width of the narrow-band filter.

candidates, we extract a one-dimensional spectrum from the dat-
acube, collapsed over a region with diameter of 1.200 centered at the
position of the narrow-band source, and show these in Fig. 6. These
spectra have a noise of 0.7� 1.1 ⇥ 10�18 erg s�1 cm�2 Å�1 over
the wavelength range 1.182 � 1.192µm (the approximate range
of the narrow-band filter) and so a 3� detection limit for a line
of width FWHM = 250 km s�1 (typical for z ⇠ 7 LAEs of Ouchi
et al. 2010) of 1⇥ 10�17 erg s�1 cm�2. As Fig. 6 shows, none of
the Ly↵ candidates are detected in emission by SINFONI, despite
the flux limit of our narrow-band survey which should have yield
> 7� detections in all cases had emission lines been present. We
also search for emission lines in the central 5⇥500 coverage, but find
nothing above 2�. We must conclude that, although the two most
robust candidates can still be real Lyman-break galaxies based on
their broadband magnitudes, they are excluded as luminous Ly↵
emitters at z = 8.8. The others observed candidates are excluded
as well. As these are the ones that resemble other candidates in the
literature, their nature needs to be investigated (see §4.2). This has
significant implications for other surveys.

One thing to note is that lower redshift line-emitters drawn
from the same sub-sample (with similar excess significance and
estimated line fluxes) were followed up with KMOS (Sobral et al.
2013b) and that strong emission lines were found in all of them.

4.2 Contaminations to high-z narrow-band searches:
spurious sources, variability & equatorial objects

This section gives an explanation for none of the candidates be-
ing confirmed. To do this we again look at the different groups of
candidates.

i) We observed both candidates in the first group with the
strongest NB

J

, J and K photometry. The most likely explana-
tion, given the relatively low ⌃, but robust J and K (and given

that the observations span different times), is that the excess is be-
ing boosted by noise. To estimate this, we look at the number of
sources which are not selected as line-emitters, but fulfil the cri-
teria of having no ugriz and a blue J � K colour and have reli-
able J and K detections, just as the two robust candidates in this
group. From this number (306) we can compute that when looking
at 3⌃ excess sources, we can expect 0.41 of these to have an excess
by chance. The probability of getting both a 3.72 ⌃ and a 3.03 ⌃
source amongst the 306 is 1.1%, this is low, but still possible.

ii) We observed the most robust candidate with only NB
J

and
J detections, and argue that, next to the possibility of the sources
also being a statistical fluke, these sources are prone to variabil-
ity. The time difference between the observations in J and NB

J

is
of order 1 � 2 years. Because candidates are selected as having a
narrow-band excess, variable sources which appear to be more lu-
minous at the time when the narrow-band observations are taken
than at the time when the broad-band observations are taken, lead
to a false narrow-band excess. A rough estimate of variability is
made by counting the number of sources with a very significant
negative excess (⌃ < -7 and EW<-40 Å,) and excluding stars. We
investigate whether any of these negative excess sources (300 in
total) is caused by variability. By careful visual inspection of these
sources (to determine whether the negative excess is real) we con-
clude that a fraction of 81 % of these negative line emitters is a vari-
able source. The other negative excess sources are binary stars or
extended objects selected as two different sources in one of the fil-
ters by SExtractor. So in total a fraction of 7⇥10�4 (0.81⇥ 300

350000

)
of the line emitters is a variable source. This means that we can
expect 4.4 line-emitters to be variable, possibly explaining the non-
detection of our 3 Ly↵ candidates of this type.

iii) The candidates which only rely on a narrow-band detection
have the chance of being a random noise spike, especially given
that we observed a very wide area. We can get an estimate of the
number of spurious sources in our survey by computing the total
number of independent PSFs across the whole field. With a me-
dian seeing of 0.600 (Sobral et al. in prep) and an effective area of
9 deg2, we have 3.2 ⇥ 108 PSFs. We computed local noise esti-
mates around the candidates by taking the standard deviation from
the counts in 1,000,000 200 diameter apertures randomly distributed
in ⇠ 1.7 arcmin2 around the candidates, masking stars and other
bright objects (NB

J

< 20), see Table A1 in the Appendix. For
the candidates in the third group, their median �-detection is 5.44,
based on the local noise. Using the number of PSFs, a total number
of 8.5 spurious noise spikes is expected at this significance, which
can explain the spectroscopic non-detection of the 8 candidates in
this group. We have done a visual analysis to remove clearly spu-
rious sources, such as those near stars or in noisy regions, but this
analysis might have missed these random noise peaks. Also, as the
SSA22 field is equatorial, there is a slight chance that we observe
small solar system objects in our narrow-band and this could also
contaminate searches in other equatorial fields.

5 THE LYA LUMINOSITY FUNCTION

5.1 Volume corrections

By assuming a top-hat filter profile, the comoving volume is 4.7⇥
106 Mpc3, as our survey covered 9.0 deg2, which is the area where
the 10 deg2 NB

J

survey overlaps with both the UKIDSS J and
CFHTLS ugriz surveys. The comoving volume must be corrected
by including the dependency of the comoving volume on the lumi-
nosity, caused by the filter not being a perfect top-hat (e.g Sobral
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Figure 2: Left: Lyman-alpha luminosity  function at z~7.7 and our current constraint at z~8.8 (Matthee et al. 
2014). Right: Thumbnails of 2 candidates showing (left to right): ugriz stack, line emission (narrow-band, 
continuum subtracted: NBJ-J), narrow  band J (NBJ), J and K. Our observations will allow us to confirm or 
refute the candidates, but also to characterize the contaminants.



z=8.8

Matthee, Sobral et al. 2014



Lehnert et al. 2010 
~15 hours, VLT

very low S/N....

The big advantage for spectroscopic follow-up is that they will 
*not* look like this:

(see Bunker et al. 2013)



They will look like this!
In ~ couple of 

hours



Figure 1: Left: Our z>6 candidates (stars) and the 10 deg2 area covered by  our CFHT/WIRCam survey  in 
SA22 (thick blue line), which matches extremely  well to the deep optical and deep UKIDSS J and K surveys. 
The area of the HUDF is represented with false RA and Dec coordinates: our survey probes >3000 times 
such area. Right: Selection of narrow-band line emitters, showing all the detections, the emitters (red) and 
the Lyman-alpha candidates.

Figure 3: Left: Stacked Redshift probability  distribution for our different classes of candidates (see Matthee et 
al. 2014). Right: As shown in Matthee et al. (2014), but see also Faisst et al. (2014), spectroscopic follow-up is 
crucial to confirm the candidates, and even the best candidates can be found to either be at a different 
redshift, or be variable sources/supernovae. By  obtaining high-SN NIR spectra we will robustly address the 
nature of all candidates and quantify  the range and fraction of contaminants. We note that this is the only  way 
to robustly unveil the nature of these candidates.

  ugriz stack      Em. line           NBJ                  J                   K
C1231

F6782
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redshift, as neighbouring sources will have larger overlapping ion-
ized spheres and therefore a higher fraction of escaped Ly↵ photons
(e.g. Ouchi et al. 2010).

In order to find the most luminous Ly↵ emitters in the epoch
of reionization which would be suitable for spectroscopic follow-
up, we have undertaken the widest area search with a near infrared
narrow-band filter to date. This paper is organised in the follow-
ing way. §2 presents the details of the observations, and describes
the data reduction, calibrations and source extraction. §3 presents
the criteria for sources being selected as Ly↵ candidates and the
results from the narrow-band search. §4 presents the spectroscopic
follow-up observations and results. §5 discusses the results such as
constraints on the Ly↵ z = 8.8 luminosity function, and our sur-
vey is compared to past and future surveys. Finally, §6 outlines the
conclusions. A H

0

= 70 km s�1 Mpc�1, ⌦
M

= 0.3 and ⌦
⇤

= 0.7
cosmology is used and all magnitudes are in the AB system, except
if noted otherwise.

2 NARROW-BAND OBSERVATIONS AND DATA
REDUCTION

During September-December 2011 and October-November 2012,
we obtained medium depth narrow-band J photometry (NB

J

=
22.2, 5�, F

lim

= 7 ⇥ 10�17 erg s�1 cm�2) over a 10 deg2 area in
the SSA22 field using CFHT’s WIRCam (Puget et al. 2004) with
a typical seeing of 0.600. The SSA22 field is the widest contiguous
field for which a wealth of multi-wavelength data is available, most
importantly ugriz from CFHTLS-Wide and JK from UKIDSS-
DXS, see Fig. 2.

We use the LowOH2 filter (�
c

= 1.187µm, �� = 0.01µm)
which can detect Ly↵ emission (�

0

= 121.6nm) at z = 8.76±0.04
in a comoving volume of 4.7 ⇥ 106 Mpc3. This is larger by at
least half an order of magnitude compared to the largest previous
survey. Detailed information on the observations, data reduction
and general selection of emitters can be found in Sobral et al. (in
prep.), but see also Sobral et al. (2013b). In this paper we explore
potential Ly↵ candidates in the sample of emitters.

2.1 Source Extraction and Survey Limits

We use SExtractor (Bertin & Arnouts 1996) and detect ⇠ 350, 000
sources across the 10 deg2 narrow-band coverage. The 5� AB-
magnitude limit for the survey is NB

J

= 22.2, corresponding to
an emission line flux limit of 7⇥10�17 erg s�1 cm�2. This limit is
computed by measuring the average background rms of the narrow-
band images in empty 200 diameter apertures, which is the aperture
we use throughout the paper for all measurements. We note that
because we use random aperture measurements, the rms that we
measure already accounts for correlations in the noise. The limiting
magnitude is converted to line-flux using the following formula:

F
line

= ��
NBJ

f
NBJ � f

J

1� (��
NBJ /��

J

)
(1)

Here F
line

is the line-flux (also called Ly↵ flux), ��
NBJ and ��

J

(��
J

= 0.158µm) are the widths of the narrow-band and broad-
band filter respectively, while f

NBJ and f
J

are the respective flux
densities.

Figure 2. The surveyed area in the SSA22 field and overlap with other sur-
veys. In grey we show all detected NB

J

sources, where white stars indicate
the positions of the brightest stars (J < 10.5). NB

J

represents the area
of the survey presented here. For Ly↵ emitters at z = 8.76, the surveyed
area roughly corresponds to ⇠ 40 ⇥ 60 Mpc, with a depth of ⇠ 180 Mpc
comoving. Our Ly↵ candidates are shown as green stars. The overlapping
regions with CFHTLS W4 (ugriz), UKIDSS DXS (JK) (Lawrence et al.
2007) and VVDS (spectro-z) (Le Fèvre et al. 2005) are shown. For compar-
ison, we also plot the size of the Hubble Ultra Deep Field, which is ⇠ 3000
times smaller than the area of this survey.

3 NARROW-BAND SELECTION OF CANDIDATES

In order to identify Ly↵ candidates, we look for line-emitters which
show the characteristics of a z > 7 source. These should have a
Lyman-break, which should occur between the z and J band, and
a flat or blue J � K colour to exclude very dusty, lower redshift
galaxies with strong breaks (e.g. the 4000 Å break). In practice, we
use the following criteria:

(i) Be selected as a line-emitter in Sobral et al. (in prep.) (as
described in §3.1 below).

(ii) No detection in filters on the blue side of the J-band (see
§3.2.1).

(iii) No visible detection in the stack of all optical bands (see
§3.2.2).

(iv) Reliable excess between NB
J

and J (see §3.2.3).
(v) J�K 6 0 and a photometric redshift consistent with z > 4

(see §3.2.4).

3.1 Emission line candidates

Emitters were selected using two criteria which quantify the ex-
cess the narrow-band has over the broadband. Firstly, the observed
EW should be larger than 30 Å, corresponding to a rest-frame Ly↵
EW of 3 Å. Secondly, the ⌃ parameter (Eq. 2), which quantifies
the significance of the narrow-band excess compared to the noise
(Bunker et al. 1995), should be larger than 3 (similar to Sobral et al.
(2013a)).

⌃ =
1� 10�0.4(J�NBJ )

10�0.4(ZP�NBJ )

p
⇡r2

ap

(�2

NBJ
+ �2

J

)
(2)

Where ZP is the zeropoint of the photometry (25), r
ap

is the radius
of the apertures in pixels and � the RMS per pixel in each band. In
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Figure 3. Colour-magnitude diagram for the NB
J

sources. The J�NB
J

colour is corrected using the z-band to compensate for the fact that the
NB

J

filter is not in the center of the broadband, see Sobral et al. (in prep.)
for more details. The dotted horizontal line is for an observed EW of 30
Å, which corresponds to J�NB

J

> 0.3. The ⌃ = 3 curve is shown for
the average depth of the survey. Emitters are shown in red, as they have
Equivalent Widths > 30 Å and have a ⌃ > 3. The final Ly↵ candidates
are shown with a green star and show a typical rest-frame EW (EW

0

) of
⇠ 100 Å. The full sample of emitters is presented in Sobral et al. (in prep.).

case of non-detections in J , the detection limit was assigned. More
detailed information of the procedure and the full sample of emit-
ters will be presented in Sobral et al. (in prep). Using these criteria,
out of the ⇠ 350, 000 NB

J

sources individually detected, 6315
emitters were selected (see Fig. 3). This is after removing 2285
spurious sources and artefacts from bright stars by visual checks.

3.2 Selecting Ly↵ candidates at z = 8.8

3.2.1 Excluding lower redshift interlopers: optical broadband
photometry

A z ⇠ 9 source should be undetected in filters on the blue side
of the J-band, because the light at these wavelengths is absorbed
by the IGM. This means that candidates must be undetected in the
u, g, r, i and z bands. Data in these broadbands is available from
the CFHT Legacy Survey (CFHTLS)1. Deep data in the J and K
bands is available from UKIDSS-DXS-DR102 (J

AB

⇠ 23.4, limit
measured by the artificial star test). Two catalogues with sources
in the optical bands of the CFHTLS were used. The first catalogue
was the public CFHTLS-T0007 catalogue, in which sources were
detected in the gri-stack. The second catalogue (Kim et al. in prep)
contains 859,774 sources with photometric redshifts. It used J-
band images from UKIDSS-DXS-DR10 for the detection on im-
ages. This catalogue is called the SSA22 catalogue and has depths
of (u,g,r,i,z,J ,K) = (25.2, 25.5, 25.0, 24.8, 23.9, 23.4, 22.9). For
the optical these depths are taken from the public CFHTLS cata-
logue and correspond to 80% completeness, for JK these are 90%
completeness (Kim et al. in prep).

The line-emitters were matched to the CFHTLS and SSA22
catalogues with a maximum 100 separation on the sky using TOPCAT
(Taylor 2005). A list with candidates that followed the first criterion
was made by clearing sources with magnitudes brighter than the

1 http://www.cfht.hawaii.edu/Science/CFHTLS/
2 http://www.ukidss.org/

Step Number

Line-emitters 6315
No optical detection 302
No detection in optical stack 40
Believable excess, NB

J

, J detections 25
Max number of Ly↵ candidates 13
With robust constraints 2

Fraction of H�/[OIII] 0.36
Fraction of [OII] 0.23
Fraction of z ⇠ 3� 6 emission lines 0.13
Fraction of z < 0.8 emission lines 0.18
Fraction of Ly↵ candidates 0.10

Table 1. Number of candidate Ly↵ emitters at z = 8.8 after each step and
fractions of lower redshift interlopers out of the 302 sources without optical
detection.

limits in one or more of the optical bands. After this first criterion,
302 candidates remained.

3.2.2 Visual check: optical stack

For line-emitters that passed the first criterion, thumbnails were
made of the stack of the optical bands ugriz. This is necessary
to reject sources which have flux in the optical which is too faint to
be detected in a single band, but that will be revealed in the stack
as it has an estimated depth of ⇠ 27 AB. Using the stack, sources
with a detection in the optical (on the blue side of J) were identi-
fied and ruled out as z = 8.8 LAE. After this step, 40 candidates
remained. Most of the candidates which were lost in this step are
lower redshift contaminants such as [OII] at z = 2.2, see Sobral et
al. (in prep.). This is confirmed by their very red J �K colours.

3.2.3 Visual check narrow-band, broadband and excess

Thumbnails are also made from the UKIRT J and K images and
of the narrow-band image itself (see Fig A.1 and A.2 in the ap-
pendix and e.g. Fig. 5). Sources are then visually checked again
in all bands. By comparing the broadband and narrow-band image,
we were able to confirm if the source demonstrates a true narrow-
band excess, instead of an excess caused by a boosted background.
We also check whether the narrow-band flux density is consistent
with that of the broadband J , because the broadband includes the
narrow-band wavelength coverage. After all these visual checks 25
candidates remained, as 15 were marked as spurious or unreliable.

3.2.4 Photometric redshifts

Self-consistent photometry for the candidates was made by run-
ning SExtractor in dual-image mode on the thumbnails, using the
narrow-band image as the detection image. In the case of non-
detections by SExtractor in any of the other bands, the limit-
ing magnitudes of the catalogue (see §3.2.1) were assigned. Us-
ing this consistent set of fluxes of the candidates in different
wavelengths, we were able to derive a photometric redshift us-
ing EAZY3(Brammer, van Dokkum & Coppi 2008). Unfortunately
EAZY doesn’t have a template for strong Ly↵ emission, therefore

3 http://www.astro.yale.edu/eazy/
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Figure 4. Top panel: Stacked redshift-�2 distribution for the three samples. Bottom panel: Stacked Spectral Energy Distribution of: (left, green) our robust Ly↵
candidates (z

phot

= 8.7), (centre, blue) the other Ly↵ candidates (z
phot

= 7.2) and (right, red) the dominant lower redshift interlopers (z
phot

= 2.1). For
the interlopers the fits clearly prefer a dusty, red galaxy solution. In the top panel, dashed grey shows the redshift-�2 distribution of the most robust candidates
for running EAZY without adding the Ly↵ flux. The degeneracy between the [OII] and high redshift solution can clearly be seen in all three subsets. For the
Ly↵ candidates the high redshift solution is preferred.

we create supplementary templates where we added this emission
line to existing templates.

Some candidates at this point show a red J � K colour and
potentially very faint detections (below the 1-� limit) in the r, i or
z band and are also not visible in the optical stack, indicating that
these sources are likely very dusty lower redshift line-emitters. The
emission line detected is in this case likely [OII] at z = 2.2 and
the break between z and J the 4000 Å break, which can mimic
the Lyman break. From the 25 candidates for which we obtained
an SED, 12 were marked as lower redshift contaminants. This left
13 candidates, which couldn’t be further rejected without follow-up
observations. We divide these candidates in different groups below.

3.2.5 Different types of candidates

The candidates can be ordered in three different groups: i) candi-
dates with detections in NB

J

, J and K, ii) candidates with NB
J

and J detections and iii) candidates with only strong NB
J

detec-
tions. The measured magnitudes and computed quantities for indi-

vidual candidates can be seen in Table A.1 in the appendix, which
also shows how the candidates are grouped. The first group con-
tains the two most robust sources with detections in J (> 5�),
best constrained iz � J break, robust blue J �K colours and best
constrained SED, see Fig. 5 and Fig. 4. The second group consists
of three candidates with both NB

J

and J , while the third group
consists of 10 possible candidates with weak SED constraints and
fainter JK detections (see Fig. 4). Thumbnails for all candidates
are shown in Fig. A.1 and Fig. A.2.

3.2.6 Statistical likelihood

In order to further investigate our selection, we stacked the thumb-
nails in all bands for the two robust candidates with best con-
strained broadband photometry, the 11 other candidates and the
dominant lower redshift interlopers with individual photometric
redshift of ⇠ 2. We measured the stacks with the narrow-band im-
age as detection image and ran EAZY to compute photometric red-
shifts. As can be seen in Fig. 4, red and dusty galaxy templates are

c� 2013 RAS, MNRAS 000, 1–13

A 10 deg2 Lyman-↵ survey at z = 8.8 9

Table 2. Narrow-band Ly↵ surveys at z > 7.

Reference Area Depth z No. LAE Field
(arcmin2) (1042 erg s�1)

Ota et al. 2010 4680 9.2 7 3 SXDS
Tilvi et al. 2010 784 4 7.7 4 LALA Cetus
Hibon et al. 2010 400 6 7.7 7 CFHT-LS D1
Hibon et al. 2011 465 ⇠ 1 6.96 6 COSMOS
Clément et al. 2012 169 ⇠ 2 7.7 0 Bullet, GOODS-S, CFHT-LS D4
Krug et al. 2012 760 5.5 7.7 4 COSMOS

Willis & Courbin 2005 6.25 20 ⇠ 9 0 HDF South
Willis et al. 2008 12 10 ⇠ 9 0 Abell 1689, 1835, 114
Cuby et al. 2007 31 13 8.8 0 GOODS
Sobral et al. 2009b 5040 63 8.96 0 COSMOS, UDS
This paper 32400 63 8.76 0 SSA22

Figure 7. Constraint on the Ly↵ at z ⇠ 9 luminosity function of this paper compared to LFs at lower redshifts, a scaled LF extrapolation and optimistic fitted
upper limit LF. The thick blue line shows the new constraint, drawn from the non-detections in our survey (after spectroscopic follow-up). The new constraint
improves previous ones by a factor of five. The thick green line is an optimistic fitted Schechter function based on our observations and earlier observations at
z = 7.7, while the magenta line shows a fitted power law. The red line is an extrapolation from luminosity functions at lower redshift. The green area marks
the region where we expect to observe LAEs, where there is a higher chance in the darker region. Also shown are the points from lower redshift narrow-band
searches. We plot the point of the depth of the finished VISTA NB118 GTO survey (Milvang-Jensen et al. 2013) and make a realistic estimate of what the
depth will be of the ongoing UltraVista NB118 survey (McCracken et al. 2012).
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Figure 6. SINFONI IFU spectra from the five observed candidates (red).
For illustrative reasons a constant is added to all fluxes except C1231. The
bottom row (blue) shows how our emission lines should have looked based
on the narrow-band estimated flux. The dashed vertical lines represent the
width of the narrow-band filter.

candidates, we extract a one-dimensional spectrum from the dat-
acube, collapsed over a region with diameter of 1.200 centered at the
position of the narrow-band source, and show these in Fig. 6. These
spectra have a noise of 0.7� 1.1 ⇥ 10�18 erg s�1 cm�2 Å�1 over
the wavelength range 1.182 � 1.192µm (the approximate range
of the narrow-band filter) and so a 3� detection limit for a line
of width FWHM = 250 km s�1 (typical for z ⇠ 7 LAEs of Ouchi
et al. 2010) of 1⇥ 10�17 erg s�1 cm�2. As Fig. 6 shows, none of
the Ly↵ candidates are detected in emission by SINFONI, despite
the flux limit of our narrow-band survey which should have yield
> 7� detections in all cases had emission lines been present. We
also search for emission lines in the central 5⇥500 coverage, but find
nothing above 2�. We must conclude that, although the two most
robust candidates can still be real Lyman-break galaxies based on
their broadband magnitudes, they are excluded as luminous Ly↵
emitters at z = 8.8. The others observed candidates are excluded
as well. As these are the ones that resemble other candidates in the
literature, their nature needs to be investigated (see §4.2). This has
significant implications for other surveys.

One thing to note is that lower redshift line-emitters drawn
from the same sub-sample (with similar excess significance and
estimated line fluxes) were followed up with KMOS (Sobral et al.
2013b) and that strong emission lines were found in all of them.

4.2 Contaminations to high-z narrow-band searches:
spurious sources, variability & equatorial objects

This section gives an explanation for none of the candidates be-
ing confirmed. To do this we again look at the different groups of
candidates.

i) We observed both candidates in the first group with the
strongest NB

J

, J and K photometry. The most likely explana-
tion, given the relatively low ⌃, but robust J and K (and given

that the observations span different times), is that the excess is be-
ing boosted by noise. To estimate this, we look at the number of
sources which are not selected as line-emitters, but fulfil the cri-
teria of having no ugriz and a blue J � K colour and have reli-
able J and K detections, just as the two robust candidates in this
group. From this number (306) we can compute that when looking
at 3⌃ excess sources, we can expect 0.41 of these to have an excess
by chance. The probability of getting both a 3.72 ⌃ and a 3.03 ⌃
source amongst the 306 is 1.1%, this is low, but still possible.

ii) We observed the most robust candidate with only NB
J

and
J detections, and argue that, next to the possibility of the sources
also being a statistical fluke, these sources are prone to variabil-
ity. The time difference between the observations in J and NB

J

is
of order 1 � 2 years. Because candidates are selected as having a
narrow-band excess, variable sources which appear to be more lu-
minous at the time when the narrow-band observations are taken
than at the time when the broad-band observations are taken, lead
to a false narrow-band excess. A rough estimate of variability is
made by counting the number of sources with a very significant
negative excess (⌃ < -7 and EW<-40 Å,) and excluding stars. We
investigate whether any of these negative excess sources (300 in
total) is caused by variability. By careful visual inspection of these
sources (to determine whether the negative excess is real) we con-
clude that a fraction of 81 % of these negative line emitters is a vari-
able source. The other negative excess sources are binary stars or
extended objects selected as two different sources in one of the fil-
ters by SExtractor. So in total a fraction of 7⇥10�4 (0.81⇥ 300

350000

)
of the line emitters is a variable source. This means that we can
expect 4.4 line-emitters to be variable, possibly explaining the non-
detection of our 3 Ly↵ candidates of this type.

iii) The candidates which only rely on a narrow-band detection
have the chance of being a random noise spike, especially given
that we observed a very wide area. We can get an estimate of the
number of spurious sources in our survey by computing the total
number of independent PSFs across the whole field. With a me-
dian seeing of 0.600 (Sobral et al. in prep) and an effective area of
9 deg2, we have 3.2 ⇥ 108 PSFs. We computed local noise esti-
mates around the candidates by taking the standard deviation from
the counts in 1,000,000 200 diameter apertures randomly distributed
in ⇠ 1.7 arcmin2 around the candidates, masking stars and other
bright objects (NB

J

< 20), see Table A1 in the Appendix. For
the candidates in the third group, their median �-detection is 5.44,
based on the local noise. Using the number of PSFs, a total number
of 8.5 spurious noise spikes is expected at this significance, which
can explain the spectroscopic non-detection of the 8 candidates in
this group. We have done a visual analysis to remove clearly spu-
rious sources, such as those near stars or in noisy regions, but this
analysis might have missed these random noise peaks. Also, as the
SSA22 field is equatorial, there is a slight chance that we observe
small solar system objects in our narrow-band and this could also
contaminate searches in other equatorial fields.

5 THE LYA LUMINOSITY FUNCTION

5.1 Volume corrections

By assuming a top-hat filter profile, the comoving volume is 4.7⇥
106 Mpc3, as our survey covered 9.0 deg2, which is the area where
the 10 deg2 NB

J

survey overlaps with both the UKIDSS J and
CFHTLS ugriz surveys. The comoving volume must be corrected
by including the dependency of the comoving volume on the lumi-
nosity, caused by the filter not being a perfect top-hat (e.g Sobral
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Figure 2: Left: Lyman-alpha luminosity  function at z~7.7 and our current constraint at z~8.8 (Matthee et al. 
2014). Right: Thumbnails of 2 candidates showing (left to right): ugriz stack, line emission (narrow-band, 
continuum subtracted: NBJ-J), narrow  band J (NBJ), J and K. Our observations will allow us to confirm or 
refute the candidates, but also to characterize the contaminants.

Matthee et al. 2014

SINFONI/VLT

5 best candidates: 
1 hour per source

All shown not to be 
at z=8.8

And now the little 
follow-up of other 

“candidates” is 
showing the same 
(e.g. Faisst et al. 

2014)



Figure 1: Left: Our z>6 candidates (stars) and the 10 deg2 area covered by  our CFHT/WIRCam survey  in 
SA22 (thick blue line), which matches extremely  well to the deep optical and deep UKIDSS J and K surveys. 
The area of the HUDF is represented with false RA and Dec coordinates: our survey probes >3000 times 
such area. Right: Selection of narrow-band line emitters, showing all the detections, the emitters (red) and 
the Lyman-alpha candidates.

Figure 3: Left: Stacked Redshift probability  distribution for our different classes of candidates (see Matthee et 
al. 2014). Right: As shown in Matthee et al. (2014), but see also Faisst et al. (2014), spectroscopic follow-up is 
crucial to confirm the candidates, and even the best candidates can be found to either be at a different 
redshift, or be variable sources/supernovae. By  obtaining high-SN NIR spectra we will robustly address the 
nature of all candidates and quantify  the range and fraction of contaminants. We note that this is the only  way 
to robustly unveil the nature of these candidates.

  ugriz stack      Em. line           NBJ                  J                   K
C1231

F6782
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redshift, as neighbouring sources will have larger overlapping ion-
ized spheres and therefore a higher fraction of escaped Ly↵ photons
(e.g. Ouchi et al. 2010).

In order to find the most luminous Ly↵ emitters in the epoch
of reionization which would be suitable for spectroscopic follow-
up, we have undertaken the widest area search with a near infrared
narrow-band filter to date. This paper is organised in the follow-
ing way. §2 presents the details of the observations, and describes
the data reduction, calibrations and source extraction. §3 presents
the criteria for sources being selected as Ly↵ candidates and the
results from the narrow-band search. §4 presents the spectroscopic
follow-up observations and results. §5 discusses the results such as
constraints on the Ly↵ z = 8.8 luminosity function, and our sur-
vey is compared to past and future surveys. Finally, §6 outlines the
conclusions. A H

0

= 70 km s�1 Mpc�1, ⌦
M

= 0.3 and ⌦
⇤

= 0.7
cosmology is used and all magnitudes are in the AB system, except
if noted otherwise.

2 NARROW-BAND OBSERVATIONS AND DATA
REDUCTION

During September-December 2011 and October-November 2012,
we obtained medium depth narrow-band J photometry (NB

J

=
22.2, 5�, F

lim

= 7 ⇥ 10�17 erg s�1 cm�2) over a 10 deg2 area in
the SSA22 field using CFHT’s WIRCam (Puget et al. 2004) with
a typical seeing of 0.600. The SSA22 field is the widest contiguous
field for which a wealth of multi-wavelength data is available, most
importantly ugriz from CFHTLS-Wide and JK from UKIDSS-
DXS, see Fig. 2.

We use the LowOH2 filter (�
c

= 1.187µm, �� = 0.01µm)
which can detect Ly↵ emission (�

0

= 121.6nm) at z = 8.76±0.04
in a comoving volume of 4.7 ⇥ 106 Mpc3. This is larger by at
least half an order of magnitude compared to the largest previous
survey. Detailed information on the observations, data reduction
and general selection of emitters can be found in Sobral et al. (in
prep.), but see also Sobral et al. (2013b). In this paper we explore
potential Ly↵ candidates in the sample of emitters.

2.1 Source Extraction and Survey Limits

We use SExtractor (Bertin & Arnouts 1996) and detect ⇠ 350, 000
sources across the 10 deg2 narrow-band coverage. The 5� AB-
magnitude limit for the survey is NB

J

= 22.2, corresponding to
an emission line flux limit of 7⇥10�17 erg s�1 cm�2. This limit is
computed by measuring the average background rms of the narrow-
band images in empty 200 diameter apertures, which is the aperture
we use throughout the paper for all measurements. We note that
because we use random aperture measurements, the rms that we
measure already accounts for correlations in the noise. The limiting
magnitude is converted to line-flux using the following formula:

F
line

= ��
NBJ

f
NBJ � f

J

1� (��
NBJ /��

J

)
(1)

Here F
line

is the line-flux (also called Ly↵ flux), ��
NBJ and ��

J

(��
J

= 0.158µm) are the widths of the narrow-band and broad-
band filter respectively, while f

NBJ and f
J

are the respective flux
densities.

Figure 2. The surveyed area in the SSA22 field and overlap with other sur-
veys. In grey we show all detected NB

J

sources, where white stars indicate
the positions of the brightest stars (J < 10.5). NB

J

represents the area
of the survey presented here. For Ly↵ emitters at z = 8.76, the surveyed
area roughly corresponds to ⇠ 40 ⇥ 60 Mpc, with a depth of ⇠ 180 Mpc
comoving. Our Ly↵ candidates are shown as green stars. The overlapping
regions with CFHTLS W4 (ugriz), UKIDSS DXS (JK) (Lawrence et al.
2007) and VVDS (spectro-z) (Le Fèvre et al. 2005) are shown. For compar-
ison, we also plot the size of the Hubble Ultra Deep Field, which is ⇠ 3000
times smaller than the area of this survey.

3 NARROW-BAND SELECTION OF CANDIDATES

In order to identify Ly↵ candidates, we look for line-emitters which
show the characteristics of a z > 7 source. These should have a
Lyman-break, which should occur between the z and J band, and
a flat or blue J � K colour to exclude very dusty, lower redshift
galaxies with strong breaks (e.g. the 4000 Å break). In practice, we
use the following criteria:

(i) Be selected as a line-emitter in Sobral et al. (in prep.) (as
described in §3.1 below).

(ii) No detection in filters on the blue side of the J-band (see
§3.2.1).

(iii) No visible detection in the stack of all optical bands (see
§3.2.2).

(iv) Reliable excess between NB
J

and J (see §3.2.3).
(v) J�K 6 0 and a photometric redshift consistent with z > 4

(see §3.2.4).

3.1 Emission line candidates

Emitters were selected using two criteria which quantify the ex-
cess the narrow-band has over the broadband. Firstly, the observed
EW should be larger than 30 Å, corresponding to a rest-frame Ly↵
EW of 3 Å. Secondly, the ⌃ parameter (Eq. 2), which quantifies
the significance of the narrow-band excess compared to the noise
(Bunker et al. 1995), should be larger than 3 (similar to Sobral et al.
(2013a)).

⌃ =
1� 10�0.4(J�NBJ )

10�0.4(ZP�NBJ )

p
⇡r2

ap

(�2

NBJ
+ �2

J

)
(2)

Where ZP is the zeropoint of the photometry (25), r
ap

is the radius
of the apertures in pixels and � the RMS per pixel in each band. In
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Figure 3. Colour-magnitude diagram for the NB
J

sources. The J�NB
J

colour is corrected using the z-band to compensate for the fact that the
NB

J

filter is not in the center of the broadband, see Sobral et al. (in prep.)
for more details. The dotted horizontal line is for an observed EW of 30
Å, which corresponds to J�NB

J

> 0.3. The ⌃ = 3 curve is shown for
the average depth of the survey. Emitters are shown in red, as they have
Equivalent Widths > 30 Å and have a ⌃ > 3. The final Ly↵ candidates
are shown with a green star and show a typical rest-frame EW (EW

0

) of
⇠ 100 Å. The full sample of emitters is presented in Sobral et al. (in prep.).

case of non-detections in J , the detection limit was assigned. More
detailed information of the procedure and the full sample of emit-
ters will be presented in Sobral et al. (in prep). Using these criteria,
out of the ⇠ 350, 000 NB

J

sources individually detected, 6315
emitters were selected (see Fig. 3). This is after removing 2285
spurious sources and artefacts from bright stars by visual checks.

3.2 Selecting Ly↵ candidates at z = 8.8

3.2.1 Excluding lower redshift interlopers: optical broadband
photometry

A z ⇠ 9 source should be undetected in filters on the blue side
of the J-band, because the light at these wavelengths is absorbed
by the IGM. This means that candidates must be undetected in the
u, g, r, i and z bands. Data in these broadbands is available from
the CFHT Legacy Survey (CFHTLS)1. Deep data in the J and K
bands is available from UKIDSS-DXS-DR102 (J

AB

⇠ 23.4, limit
measured by the artificial star test). Two catalogues with sources
in the optical bands of the CFHTLS were used. The first catalogue
was the public CFHTLS-T0007 catalogue, in which sources were
detected in the gri-stack. The second catalogue (Kim et al. in prep)
contains 859,774 sources with photometric redshifts. It used J-
band images from UKIDSS-DXS-DR10 for the detection on im-
ages. This catalogue is called the SSA22 catalogue and has depths
of (u,g,r,i,z,J ,K) = (25.2, 25.5, 25.0, 24.8, 23.9, 23.4, 22.9). For
the optical these depths are taken from the public CFHTLS cata-
logue and correspond to 80% completeness, for JK these are 90%
completeness (Kim et al. in prep).

The line-emitters were matched to the CFHTLS and SSA22
catalogues with a maximum 100 separation on the sky using TOPCAT
(Taylor 2005). A list with candidates that followed the first criterion
was made by clearing sources with magnitudes brighter than the

1 http://www.cfht.hawaii.edu/Science/CFHTLS/
2 http://www.ukidss.org/

Step Number

Line-emitters 6315
No optical detection 302
No detection in optical stack 40
Believable excess, NB

J

, J detections 25
Max number of Ly↵ candidates 13
With robust constraints 2

Fraction of H�/[OIII] 0.36
Fraction of [OII] 0.23
Fraction of z ⇠ 3� 6 emission lines 0.13
Fraction of z < 0.8 emission lines 0.18
Fraction of Ly↵ candidates 0.10

Table 1. Number of candidate Ly↵ emitters at z = 8.8 after each step and
fractions of lower redshift interlopers out of the 302 sources without optical
detection.

limits in one or more of the optical bands. After this first criterion,
302 candidates remained.

3.2.2 Visual check: optical stack

For line-emitters that passed the first criterion, thumbnails were
made of the stack of the optical bands ugriz. This is necessary
to reject sources which have flux in the optical which is too faint to
be detected in a single band, but that will be revealed in the stack
as it has an estimated depth of ⇠ 27 AB. Using the stack, sources
with a detection in the optical (on the blue side of J) were identi-
fied and ruled out as z = 8.8 LAE. After this step, 40 candidates
remained. Most of the candidates which were lost in this step are
lower redshift contaminants such as [OII] at z = 2.2, see Sobral et
al. (in prep.). This is confirmed by their very red J �K colours.

3.2.3 Visual check narrow-band, broadband and excess

Thumbnails are also made from the UKIRT J and K images and
of the narrow-band image itself (see Fig A.1 and A.2 in the ap-
pendix and e.g. Fig. 5). Sources are then visually checked again
in all bands. By comparing the broadband and narrow-band image,
we were able to confirm if the source demonstrates a true narrow-
band excess, instead of an excess caused by a boosted background.
We also check whether the narrow-band flux density is consistent
with that of the broadband J , because the broadband includes the
narrow-band wavelength coverage. After all these visual checks 25
candidates remained, as 15 were marked as spurious or unreliable.

3.2.4 Photometric redshifts

Self-consistent photometry for the candidates was made by run-
ning SExtractor in dual-image mode on the thumbnails, using the
narrow-band image as the detection image. In the case of non-
detections by SExtractor in any of the other bands, the limit-
ing magnitudes of the catalogue (see §3.2.1) were assigned. Us-
ing this consistent set of fluxes of the candidates in different
wavelengths, we were able to derive a photometric redshift us-
ing EAZY3(Brammer, van Dokkum & Coppi 2008). Unfortunately
EAZY doesn’t have a template for strong Ly↵ emission, therefore

3 http://www.astro.yale.edu/eazy/
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Figure 4. Top panel: Stacked redshift-�2 distribution for the three samples. Bottom panel: Stacked Spectral Energy Distribution of: (left, green) our robust Ly↵
candidates (z

phot

= 8.7), (centre, blue) the other Ly↵ candidates (z
phot

= 7.2) and (right, red) the dominant lower redshift interlopers (z
phot

= 2.1). For
the interlopers the fits clearly prefer a dusty, red galaxy solution. In the top panel, dashed grey shows the redshift-�2 distribution of the most robust candidates
for running EAZY without adding the Ly↵ flux. The degeneracy between the [OII] and high redshift solution can clearly be seen in all three subsets. For the
Ly↵ candidates the high redshift solution is preferred.

we create supplementary templates where we added this emission
line to existing templates.

Some candidates at this point show a red J � K colour and
potentially very faint detections (below the 1-� limit) in the r, i or
z band and are also not visible in the optical stack, indicating that
these sources are likely very dusty lower redshift line-emitters. The
emission line detected is in this case likely [OII] at z = 2.2 and
the break between z and J the 4000 Å break, which can mimic
the Lyman break. From the 25 candidates for which we obtained
an SED, 12 were marked as lower redshift contaminants. This left
13 candidates, which couldn’t be further rejected without follow-up
observations. We divide these candidates in different groups below.

3.2.5 Different types of candidates

The candidates can be ordered in three different groups: i) candi-
dates with detections in NB

J

, J and K, ii) candidates with NB
J

and J detections and iii) candidates with only strong NB
J

detec-
tions. The measured magnitudes and computed quantities for indi-

vidual candidates can be seen in Table A.1 in the appendix, which
also shows how the candidates are grouped. The first group con-
tains the two most robust sources with detections in J (> 5�),
best constrained iz � J break, robust blue J �K colours and best
constrained SED, see Fig. 5 and Fig. 4. The second group consists
of three candidates with both NB

J

and J , while the third group
consists of 10 possible candidates with weak SED constraints and
fainter JK detections (see Fig. 4). Thumbnails for all candidates
are shown in Fig. A.1 and Fig. A.2.

3.2.6 Statistical likelihood

In order to further investigate our selection, we stacked the thumb-
nails in all bands for the two robust candidates with best con-
strained broadband photometry, the 11 other candidates and the
dominant lower redshift interlopers with individual photometric
redshift of ⇠ 2. We measured the stacks with the narrow-band im-
age as detection image and ran EAZY to compute photometric red-
shifts. As can be seen in Fig. 4, red and dusty galaxy templates are
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Table 2. Narrow-band Ly↵ surveys at z > 7.

Reference Area Depth z No. LAE Field
(arcmin2) (1042 erg s�1)

Ota et al. 2010 4680 9.2 7 3 SXDS
Tilvi et al. 2010 784 4 7.7 4 LALA Cetus
Hibon et al. 2010 400 6 7.7 7 CFHT-LS D1
Hibon et al. 2011 465 ⇠ 1 6.96 6 COSMOS
Clément et al. 2012 169 ⇠ 2 7.7 0 Bullet, GOODS-S, CFHT-LS D4
Krug et al. 2012 760 5.5 7.7 4 COSMOS

Willis & Courbin 2005 6.25 20 ⇠ 9 0 HDF South
Willis et al. 2008 12 10 ⇠ 9 0 Abell 1689, 1835, 114
Cuby et al. 2007 31 13 8.8 0 GOODS
Sobral et al. 2009b 5040 63 8.96 0 COSMOS, UDS
This paper 32400 63 8.76 0 SSA22

Figure 7. Constraint on the Ly↵ at z ⇠ 9 luminosity function of this paper compared to LFs at lower redshifts, a scaled LF extrapolation and optimistic fitted
upper limit LF. The thick blue line shows the new constraint, drawn from the non-detections in our survey (after spectroscopic follow-up). The new constraint
improves previous ones by a factor of five. The thick green line is an optimistic fitted Schechter function based on our observations and earlier observations at
z = 7.7, while the magenta line shows a fitted power law. The red line is an extrapolation from luminosity functions at lower redshift. The green area marks
the region where we expect to observe LAEs, where there is a higher chance in the darker region. Also shown are the points from lower redshift narrow-band
searches. We plot the point of the depth of the finished VISTA NB118 GTO survey (Milvang-Jensen et al. 2013) and make a realistic estimate of what the
depth will be of the ongoing UltraVista NB118 survey (McCracken et al. 2012).
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Figure 6. SINFONI IFU spectra from the five observed candidates (red).
For illustrative reasons a constant is added to all fluxes except C1231. The
bottom row (blue) shows how our emission lines should have looked based
on the narrow-band estimated flux. The dashed vertical lines represent the
width of the narrow-band filter.

candidates, we extract a one-dimensional spectrum from the dat-
acube, collapsed over a region with diameter of 1.200 centered at the
position of the narrow-band source, and show these in Fig. 6. These
spectra have a noise of 0.7� 1.1 ⇥ 10�18 erg s�1 cm�2 Å�1 over
the wavelength range 1.182 � 1.192µm (the approximate range
of the narrow-band filter) and so a 3� detection limit for a line
of width FWHM = 250 km s�1 (typical for z ⇠ 7 LAEs of Ouchi
et al. 2010) of 1⇥ 10�17 erg s�1 cm�2. As Fig. 6 shows, none of
the Ly↵ candidates are detected in emission by SINFONI, despite
the flux limit of our narrow-band survey which should have yield
> 7� detections in all cases had emission lines been present. We
also search for emission lines in the central 5⇥500 coverage, but find
nothing above 2�. We must conclude that, although the two most
robust candidates can still be real Lyman-break galaxies based on
their broadband magnitudes, they are excluded as luminous Ly↵
emitters at z = 8.8. The others observed candidates are excluded
as well. As these are the ones that resemble other candidates in the
literature, their nature needs to be investigated (see §4.2). This has
significant implications for other surveys.

One thing to note is that lower redshift line-emitters drawn
from the same sub-sample (with similar excess significance and
estimated line fluxes) were followed up with KMOS (Sobral et al.
2013b) and that strong emission lines were found in all of them.

4.2 Contaminations to high-z narrow-band searches:
spurious sources, variability & equatorial objects

This section gives an explanation for none of the candidates be-
ing confirmed. To do this we again look at the different groups of
candidates.

i) We observed both candidates in the first group with the
strongest NB

J

, J and K photometry. The most likely explana-
tion, given the relatively low ⌃, but robust J and K (and given

that the observations span different times), is that the excess is be-
ing boosted by noise. To estimate this, we look at the number of
sources which are not selected as line-emitters, but fulfil the cri-
teria of having no ugriz and a blue J � K colour and have reli-
able J and K detections, just as the two robust candidates in this
group. From this number (306) we can compute that when looking
at 3⌃ excess sources, we can expect 0.41 of these to have an excess
by chance. The probability of getting both a 3.72 ⌃ and a 3.03 ⌃
source amongst the 306 is 1.1%, this is low, but still possible.

ii) We observed the most robust candidate with only NB
J

and
J detections, and argue that, next to the possibility of the sources
also being a statistical fluke, these sources are prone to variabil-
ity. The time difference between the observations in J and NB

J

is
of order 1 � 2 years. Because candidates are selected as having a
narrow-band excess, variable sources which appear to be more lu-
minous at the time when the narrow-band observations are taken
than at the time when the broad-band observations are taken, lead
to a false narrow-band excess. A rough estimate of variability is
made by counting the number of sources with a very significant
negative excess (⌃ < -7 and EW<-40 Å,) and excluding stars. We
investigate whether any of these negative excess sources (300 in
total) is caused by variability. By careful visual inspection of these
sources (to determine whether the negative excess is real) we con-
clude that a fraction of 81 % of these negative line emitters is a vari-
able source. The other negative excess sources are binary stars or
extended objects selected as two different sources in one of the fil-
ters by SExtractor. So in total a fraction of 7⇥10�4 (0.81⇥ 300

350000

)
of the line emitters is a variable source. This means that we can
expect 4.4 line-emitters to be variable, possibly explaining the non-
detection of our 3 Ly↵ candidates of this type.

iii) The candidates which only rely on a narrow-band detection
have the chance of being a random noise spike, especially given
that we observed a very wide area. We can get an estimate of the
number of spurious sources in our survey by computing the total
number of independent PSFs across the whole field. With a me-
dian seeing of 0.600 (Sobral et al. in prep) and an effective area of
9 deg2, we have 3.2 ⇥ 108 PSFs. We computed local noise esti-
mates around the candidates by taking the standard deviation from
the counts in 1,000,000 200 diameter apertures randomly distributed
in ⇠ 1.7 arcmin2 around the candidates, masking stars and other
bright objects (NB

J

< 20), see Table A1 in the Appendix. For
the candidates in the third group, their median �-detection is 5.44,
based on the local noise. Using the number of PSFs, a total number
of 8.5 spurious noise spikes is expected at this significance, which
can explain the spectroscopic non-detection of the 8 candidates in
this group. We have done a visual analysis to remove clearly spu-
rious sources, such as those near stars or in noisy regions, but this
analysis might have missed these random noise peaks. Also, as the
SSA22 field is equatorial, there is a slight chance that we observe
small solar system objects in our narrow-band and this could also
contaminate searches in other equatorial fields.

5 THE LYA LUMINOSITY FUNCTION

5.1 Volume corrections

By assuming a top-hat filter profile, the comoving volume is 4.7⇥
106 Mpc3, as our survey covered 9.0 deg2, which is the area where
the 10 deg2 NB

J

survey overlaps with both the UKIDSS J and
CFHTLS ugriz surveys. The comoving volume must be corrected
by including the dependency of the comoving volume on the lumi-
nosity, caused by the filter not being a perfect top-hat (e.g Sobral

c� 2013 RAS, MNRAS 000, 1–13

Figure 2: Left: Lyman-alpha luminosity  function at z~7.7 and our current constraint at z~8.8 (Matthee et al. 
2014). Right: Thumbnails of 2 candidates showing (left to right): ugriz stack, line emission (narrow-band, 
continuum subtracted: NBJ-J), narrow  band J (NBJ), J and K. Our observations will allow us to confirm or 
refute the candidates, but also to characterize the contaminants.

Matthee et al. 2014

SINFONI/VLT

5 best candidates: 
1 hour per source

All shown not to be 
at z=8.8

And now the little 
follow-up of other 

“candidates” is 
showing the same 
(e.g. Faisst et al. 

2014)

Take home 
message: 

Spectroscopic 
follow-up is 

absolutely crucial!!!



Most of claimed “evolution” with redshift is driven by: 
- The evolution of SFR* (typical SFR(z)) 
- Selection effects + not comparing like with like

last 11 Gyrs

- Hα selection z~0.2-2.2: Robust, self-consistent SFRH + 
Agreement with the stellar mass density growth 
!
- The bulk of the evolution over the last 11 Gyrs is in the 
typical SFR (SFR*) at all masses: factor ~13x !
- SINFONI w/ AO: Star-forming galaxies since z=2.23: ~75% 
“disks”, negative metallicity gradients, many show clumps

Conclusions:

- KMOS+Hα (NB) selection works extraordinarily well: resolved 
dynamics of typical SFGs in ~1-2 hours, 75+-8% disks, 50-275km/s



Field ID R.A. Dec. Int. time Date Magnitude limit
(AB)

(J2000) (J2000) (ks)
0-28 22 18 00 -

22 22 00
� 00 04 00 -
+ 00 06 24

0.8 20, 22, 23, 25, 27, 30 Sept, 1, 2, 5,
6, 11-13, 16, 18 Oct, 6 Dec 2011

22.0-22.4

0-28 22 18 00 -
22 22 00

� 00 04 00 -
+ 00 06 24

0.2 4 Oct - 3 Nov 2012 22.1-22.6 (after
additional)

54-79 22 10 00 -
22 14 00

� 00 04 00 -
+ 00 06 24

0.8 20 Sept - 6 Dec 2011 21.8-22.2

54-79 22 10 00 -
22 14 00

� 00 04 00 -
+ 00 06 24

0.2 4 Oct - 3 Nov 2012 22.0-22.4 (after
additional)

29-53 22 14 00 -
22 18 00

� 00 04 00 -
+ 00 06 24

1.0 4, 7, 13, 15, 28, 30, 31 Oct, 1-3
Nov 2012

22.2 - 22.5

Table 2.1: Observation log for the NBJ (LowOH2) observations on CFHT WIRCam.

Emission line �0 z Volume
(nm) 106 Mpc3deg�2

Lyman-↵ 121.6 8.76 ± 0.04 0.52
H↵ 652.3 0.81 ± 0.01 0.13
OII 372.7 2.18 ± 0.02 0.36
OIII 500.7 1.37 ± 0.01 0.20
H� 486.1 1.44 ± 0.01 0.21

Table 2.2: Redshifts at which the LowOH-2 filter (�c = 1187 nm, �� = 10 nm), targets emission lines.

• 1. Dark substraction

• 2. Create skyflat

• 3. Create mask for bad pixels

• 4. Improve skyflat

• 5. Match coordinate system

• 6. Stack individal frames

1. Dark exposures measure the intrinsic noise of the detector (so called dark current) and
therefore the first step is to substract the dark exposures from the raw exposures. For each field
ten individual exposures were made in a jitter pattern with small (but certainly not negligible)
di↵erence in the pointings. WIRCam has four camera’s and the following steps are done for each
camera (and each field) seperately.
2. To create first pass skyflat, which is made to correct for the di↵erent sensitivities across the
detectors and to detect bad and warm pixels, ten exposures of di↵erent pointings taken at roughly
the same time are used. This meant that for the fields which had ten valid exposures in the 2011
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CFHT/WIRcam survey
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Sobral Part B2 XGAL-REV 

We will also obtain the sufficient computer power to store, reduce and analyse the significant amount 

of data coming from our observing programs at the VLT, INT, CFHT, Subaru and ALMA. This requires 4 

new machines for office work, and 4 new laptops. We will also make all our catalogues, papers and results 

publicly available, and include all the necessary costs for that.

Travel  costs  are  calculated  based  on  recent  experience  by  the  PI  of  observing,  conference  and  

collaborative work visits/trips. It is expected that each team member will typically attend (and give talks on) 

2 conferences per year (average 1400 EUR per trip),  and be part of typically 2 observing runs per year  

(average 1500 EUR per trip). Due to the strong collaborations involved in the project, each team member  

will have, on average, an extended working visit per year (average 2100 EUR per visit). This adds up to  

30,000 EUR per year. Furthermore, we also include costs for our own meetings and conferences as we plan 

to  organise  2  international  meetings  for  the  International  community  in  Portugal  over  the  5  years 

(contributing 10,000 EUR for each one of them), and also to organise 1 more informal meeting per year with 

the project team and invited speakers/collaborators (6,000 EUR each).

Finally,  we include 25% (of direct  costs)  as overheads, and 1% of the total  for the audits  (sub-

contracting costs: 14,850 EUR).

For the above cost table, please indicate the % of working time the PI dedicates to the project  

over the period of the grant:

>90%
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Fig. 10 – A summary of the full set of narrow-band filters that will be used by the project to measure and understand 13 

billion years of galaxy formation and evolution. Filters include those already used for the very large Hα surveys (mostly 

in the red and infra-red), but also the new filter for pilot matched Lyα-Hα (already bought by the PI, see Fig. 3) and 

those to be used for large Lyα surveys at z>2, from the blue to the near-infrared.
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Source extraction

Potential line emitters

Select Hα emitters

Samples >90-95% complete, 
<5-10% contamination

equivalent width above 50Å; (iv) the object must be visually confirmed as reliable, and not associated with
any cross-talk artefact. The left panel of Figure 1 shows these selection criteria for the NBJ observations
of the COSMOS-1 pointing. For more details on these selections, see Geach et al. (2008; hereafter G08)
or Sobral et al (2009a; hereafter S09a). S09a have shown that these criteria are very robust.

Our observations identify approximately 800, 350 and 300 narrow-band emitters per pointing (0.8
sq. deg.) in the NBJ , NBH , and H2(S1) observations, respectively. Photometric redshifts and colour
selections are then used to identify which of the emission line galaxies are H�. We are able to successfully
recover relatively clean H� samples, since strong contaminating emission lines are sufficiently well spread
in wavelength from H� that photometric redshifts do not have to be very precise: ⇤z/z � 0.5 – more
details can be found in G08, S09a, Sobral et al. (2010c), and Geach et al. (2010). In the NBJ observations,
photometric redshifts indicate that over half of the detected emitters are indeed H� emitters at z = 0.84,
with a significant fraction of the remainder being H⇥ or [OIII] emitters at z � 1.4 (see middle panel of
Figure 1). Archival spectroscopic redshifts for over 100 of the emitters confirm the high completeness and
reliability of the photometric selection (Figure 1, right panel; see also S09a). In the COSMOS and UDS
fields, photometric redshifts provide a similar level of accuracy for selecting H� emitters at z = 1.47 from
the NBH observations (see Sobral et al. 2010c), and approximately half of the narrow-band emitters are
associated with H�. The H2(S1) observations suffer considerably more contamination from lower redshift
emitters (e.g. Paschen and Brackett series; see G08), but are producing around 90 candidate z = 2.23
sources per field.

Fig. 1. Left: A colour-magnitude plot demonstrating the selection of narrow-band excess sources (adopted from
S09a). All > 3-⇤ detections in the NBJ image are plotted and the curves represent � significances of 5, 3, 2.5 and
2, respectively. The dashed line represents an equivalent width cut of 50Å. All selected narrow-band emitters are
plotted in black, while candidate H� emitters (selected using photometric redshifts) are plotted in red. Middle: The
distribution of photometric redshifts of the NBJ excess sources, showing clear peaks for H� at z = 0.84 and H⇥ or
[OIII] at z � 1.4. Right: a comparison between photometric and archival spectroscopic redshifts, demonstrating
the reliability of the sample.

3 Scientific results from HiZELS

3.1 The H� luminosity function and the cosmic star-formation rate density

HiZELS has already resulted in by far the largest and deepest survey of emission line selected star-
forming galaxies at each of the three targeted redshifts, and has greatly improved determinations of the
H� luminosity function. It has produced the first reliable H� LF at z = 2.23 (G08; Geach et al. 2010),
as well as providing the first statistically significant samples at redshifts 0.84 (S09a) and 1.47 (Sobral et
al. 2010c). The luminosity functions are derived after correcting the observations for: (i) contamination
of the emission line flux by the nearby [NII] line (using the relation between the flux ratio f[NII]/fH�

and the total measured equivalent width; cf S09a); (ii) extinction of the H� emission line, taken to be
the canonical value of 1 magnitude (but see Section 3.5 for more details on this); (iii) the detection
completeness of faint galaxies, and the selection completeness for detected galaxies with faint emission
lines (evaluated through Monte-Carlo simulations); (iv) filter profile effects, due to the filter not being a
perfect top-hat (again, evaluated through Monte-Carlo simulations). For more details see G08 and S09a.

Photo-zs + Colour-
colour selection

Which emission line?

Spectro-z confirmation

Double-line confirmation

NB selection: 
quantify excess



VLT/HAWK-I: 3 nights

Subaru/Suprime-cam: 5 nights 
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UKIRT/WFCAM: 25 nights 

COSMOS + UDS 2 deg2Observations

2.3. OBSERVATION TECHNIQUES

Figure 2.2: WFCAM schematic representation of its focal plane with the 4 cameras. Each paw-print probes

an area of about 0.2 square degrees.

for broad-band data-sets (the vast majority of non-HiZELS observations) and performed relatively

badly for narrow-band data-sets (although one should note that the CASU performance in reducing

narrow-band imaging has improved greatly since 2007-08).

2.3 Observation Techniques

Observations conducted with WFCAM on UKIRT follow a basic procedure, in order to maximize its

scientific use. However, some steps are specific to each Science program.

When conducting infra-red observations from the ground, one needs to be aware of the brightness

of the sky. Obviously, sky subtraction is fundamental to obtain the data, but it is particularly di�cult

(when compared to the visible), as sky emission is both strong (orders of magnitude brighter than

typical sources) and highly variable.

In order to be able to build flat frames, to perform a good sky subtraction, minimize artifacts

and the e↵ect of cosmic rays, many short exposures of the same sky region are obtained, and these

are jittered (i.e. they cover slightly di↵erent regions of the sky, with small o↵sets). This jittering

procedure (one can think of many di↵erent ways of doing this, from a simple A-B-A-B to many (⇠ 10

or more) di↵erent positions in the sky with a ⇠few arcsec o↵sets in both X and Y) for conducting

near-IR imaging is very e↵ective in minimizing most of the problems one has to deal with imaging,

and particularly in the near-IR.

Specific to HiZELS is the need to obtain imaging in two filters per band: a broad- and a narrow-
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UKIDSS UDS 

RA = 02 18 00,  Dec = -05 00 00 

Subaru Optical

Spitzer

UKIRT near-IR

Aztec + Scuba

Figure 2.6: UDS Coverage and comparison with other fields.

Near-infrared data is available from WFCAM on UKIRT (J⇠ 23.7, 5�, AB) and from WIRCAM (H

and K ⇠ 24, 5�, AB). The field has deep IRAC data in the four bands, reaching ⇠ 24AB in the

3.6µm band. X-ray, radio and submillimetre data has also been obtained in the field, together with

a very large spectroscopic survey (zCOSMOS, Lilly et al. 2009), targeting over 20 000 galaxies.
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• Emission-line ratios (optical spectroscopy)+ X-rays+ radio+ mid-infrared 
colours+ SED fitting: ~10% of Hα emitters at z=0.84 are AGN.

The Nature of H� Emitters at z=0.84 11

allow a direct comparison between results. It should be noted that
some degeneracy will still remain between L⇥ and ⇧⇥ values. Fig-
ure 7 shows a strong evolution in L⇥, increasing by at least an or-
der of magnitude from the local Universe (Gallego et al. 1995) to
z = 2.23 (Geach et al. 2008). The evolution of ⇧⇥ is somewhat
different: while it appears to increase from z = 0 up to z = 0.84
(this work and Villar et al. 2008) by one order of magnitude, it
would then need to fall at z > 1 to be consistent with the higher
redshift data of Yan et al. (1999) and Geach et al. (2008). Note that
the increased value of ⇧⇥ at z = 0.84 does not arise just due to the
degeneracy between ⇧⇥ and L⇥: a value of ⇧⇥ = 10�2.7 Mpc�3

for the current data-set can be strongly rejected, having a proba-
bility < 10�6. The evolution of L⇥ and ⇧⇥ is therefore revealing
important details of the evolution of the H� luminosity function:
from z ⌅ 0 to z ⌅ 1 it seems to be driven by an increase in the
number density of both bright and faint emitters, with an increasing
population of bright emitters at higher redshift then being responsi-
ble for a stronger evolution in L⇥. These results are also consistent
with studies done using 24 µm data (e.g. Caputi et al. 2007). The
evolutionary trends do not change if � is fixed at a higher value
(� = �1.65 for example).

4.2 The star formation rate density at z = 0.84

4.2.1 AGN contamination

The H� luminosity function previously derived used all the H�
emitters from the survey, and while most of such sources are likely
to be star-forming galaxies, some of these can also be AGN. Spec-
tra from z-COSMOS DR2 were used to explored this. A visual in-
spection of the 93 available spectra was done to confirm additional
emission lines ([OII] 3727, [OIII] 5007 and H⇥) and the assigned
redshift. The line fluxes were then measured using an IDL script.
Although the comparison of those lines with the H� line fluxes is
influenced by many factors (e.g. H�/[NII] ratio, exact location of
the H� line within the filter profile, fraction of emission line light
falling into z-COSMOS slit) it is noteworthy that both the mean
ratio of H�/[OII] 3727 = 2.27 and the ratio of H�/H⇥ = 4.16 are
consistent with an H� extinction of ⌅ 1 mag or slightly higher.

In order to estimate the AGN contamination, the
[OII] 3727/H⇥ and [OIII] 5007/H⇥ line ratios were used; these
have been widely used to separate AGN from star-forming galaxies
(e.g. Rola et al. 1997). Only spectra with all lines being detected
at S/N > 3.0 were used, which results in a sample of 28 galaxies,
mainly due to the low S/N at longer wavelengths where [OIII] 5007
and H⇥ are found. Figure 8 shows data-points for the line ratios,
while the curves represent maximum line ratios for a star-forming
galaxy (from OB stars with effective temperatures of 60000 K and
50000 K). From the sample of 28 H� emitters, 23 seem to be clear
star-forming galaxies, while 3 are likely to be AGN contaminants.
A ⌅ 15% AGN contamination is thus estimated, consistent with
that found in other H� studies. The AGN are found to have H�
fluxes typical of the rest of the sample.

4.2.2 Star formation rate density

The observed H� luminosity function can be used to estimate the
average star formation rate density, ⌅SFR, at z = 0.84. To do this,
the standard calibration of Kennicutt (1998) is used to convert the
extinction-corrected H� luminosity to a star formation rate:

SFR(M⇤year�1) = 7.9⇥ 10�42 LH� (ergs�1). (9)

Figure 8. Line ratios from the z-COSMOS spectra of the z = 0.845 H�
sample. These show that the great majority of the sample is composed of
star-forming galaxies (82%), as expected, with 11% showing evidence for
being AGN contaminants and 7% being unclassified. The red curves repre-
sent the maximum line ratios for a star-forming galaxy (from OB stars with
effective temperatures of 60000 K (solid line) and 50000 K (dashed line)).

This assumes continuous star formation, Case B recombination at
Te = 104 K and a Salpeter initial mass function ranging from
0.1–100 M⇤. All measurements of ⌅SFR include a correction of
15% for AGN contamination and an extinction correction AH� =
1 mag, except where the authors only presented their own extinc-
tion corrected luminosity function.

In §4.1.5 a significant evolution in the observed H� lumi-
nosity function was observed. The left panel of Figure 9 shows
how this translates into an evolution in ⌅SFR as a function of red-
shift, for luminosity functions which have been integrated down to
LH� > 1041.5erg s�1 (the limit of this survey). The measurement
at z = 0.84 presented in this study (0.15± 0.02 M⇤ yr�1 Mpc�3)
demonstrates a strong rise in ⌅SFR, when compared to the local
Universe (Gallego et al. 1995; Pérez-González et al. 2003; Ly et
al. 2007) and low redshift measurements (e.g. Tresse & Maddox
1998; Sullivan et al. 2001; Dale et al. 2008; Morioka et al. 2008;
Westra & Jones 2008; Shioya et al. 2008; Sumiyoshi et al. 2009),
as suggested by other smaller surveys done at similar redshifts (e.g.
Tresse et al. 2002; Villar et al. 2008). This rise seems to be slightly
steeper than ⌅SFR ⌅ (1 + z)4. When compared to higher redshift
(e.g. Geach et al. 2008), the observations also support a flattening
in ⌅SFR around z ⌅ 1, up to at least z = 2.23. A rise and subse-
quent flattening of the star formation rate density out to z ⌅ 2 has
therefore been accurately measured using a single star formation
tracer. Cosmic evolution of dust reddening corrections may alter
the results slightly but would have to be very strong to change the
overall conclusions.

Figure 9 also presents the same evolution, but now integrating
the entire luminosity function. Caution should be used in interpret-
ing this figure as it involves extrapolating all the luminosity func-
tions and it is critically dependent on the assumed faint-end slope.
For this study, for example, ⌅SFR = 0.37± 0.18 M⇤ yr�1 Mpc�3

using the measured value of � = �1.65, but if one adopts � =
�1.35, ⌅SFR is reduced to 0.28±0.08 M⇤ yr�1 Mpc�3. Measure-
ments obtained from a set of other star-formation indicators com-
piled by Hopkins (2004) are also shown for comparison (corrected
by a common extinction factor consistent with the H� extinction
correction applied here). This confirms the same rise seen using

c� 2009 RAS, MNRAS 000, 1–16

Garn et al. 2010
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Figure 3. The BPT diagram (Baldwin et al. 1981) for the z = 1.47
HiZELS-FMOS sources. The dashed line is the demarcation between star-

bursts and AGN from Kewley et al. (2001). The filled black squares repre-

sent galaxies with all four emission lines i.e. Hα, Hβ, [NII] and [OIII], the

upper limits (arrows) represent those with three lines that are missing either

[OIII] or [NII]. The filled red circles are those missing Hβ for which we

have estimated Hβ through the Hα flux, assuming AHα = 1 (see §3.1).

The typical error is shown in the top left corner of the plot. This demon-

strates that the fraction of HiZELS galaxies that occupy the same region of

the BPT diagram as AGN is ∼ 10%, in agreement with other studies (e.g.

Garn et al. 2010).

tent of each individual galaxy and the potential AGN identified are
only a small fraction of the total, which lie very close to the Kewley
et al. (2001) line, we do not exclude them from our analysis.

3.2 Stellar mass, SFR and metallicity

To assess the presence of the Fundamental Metallicity Relation at
z ∼ 0.84 − 1.47 we need to obtain reliable estimates of the mass,
star formation rate and metallicity for the galaxies in the HiZELS-
FMOS sample. The stellar masses are computed by fitting SEDs to
the rest-frame UV, optical and near-infrared data available (FUV ,
NUV , U , B, g, V , R, i, I , z, Y , J , H , K, 3.6µm, 4.5µm, 5.8µm,
8.0µm collated in Sobral et al. 2013, see references therein), fol-
lowing Sobral et al. (2011) and the reader is referred to that pa-
per for more details. The SED templates are generated with the
Bruzual & Charlot (2003) package using Charlot & Bruzual (2007,
unpublished) models, a Chabrier (2003) IMF, and an exponentially
declining star formation history with the form e−t/τ , with τ in the
range 0.1 Gyrs to 10 Gyrs. The SEDs were generated for a logarith-
mic grid of 200 ages (from 0.1 Myr to the maximum age at each
redshift being studied). Dust extinction was applied to the templates
using the Calzetti et al. (2000) law with E(B − V ) in the range 0
to 0.5 (in steps of 0.05), roughly corresponding to AHα ∼ 0 − 2.
The models are generated with different metallicities, including so-
lar; the reader is referred to Sobral et al. (2011) and Sobral et al.
(in prep.) for further details. For each source, the stellar mass is
computed as the median of stellar masses of the solutions which lie
within 1σ of the best fit.

The star formation rates for the HiZELS-FMOS sample are
calculated from the aperture-corrected FMOS Hα luminosity and
the relation of Kennicutt (1998) corrected to a Chabrier (2003) IMF
[SFR(M⊙yr

−1) = 4.4 × 10−42LHα(erg s
−1)], assuming a dust

extinction AHα = 1mag (see §3.1 for Balmer decrement analysis
and Sobral et al. 2013).

The gas phase abundance of Oxygen [12+ log(O/H)] for the
sample can be estimated from the ratio of the [NII] to Hα lines
(Alloin et al. 1979; Denicoló et al. 2002; Kewley & Dopita 2002).
This is often referred to as the N2 method, where

N2 = log(f[NII]/fHα
) (1)

The median value of N2 for our sample (including the upper
limits) is 0.34±0.03. To convert from N2 to Oxygen abundance we
use the conversion of Pettini & Pagel (2004), which is appropriate
for high redshift star-forming galaxies, where:

12 + log(O/H) = 8.9 + 0.57 log(N2) (2)

The median metallicity of the HiZELS-FMOS sample, for
those with detected [NII], is found to be 12+ log(O/H) = 8.71±
0.03 which is in agreement with the Solar value of 8.66 ± 0.05
(Asplund et al. 2004). If we include the 44 non-detections of [NII]
not affected by the OH sky lines (the 30% of non-detections dis-
cussed in §2.3), then this median metallicity drops by 0.08 dex to
12+log(O/H) = 8.63±0.02. These values are in agreement with
the z = 1.47 and z = 0.84 Hα emitter stacks featured in Fig. 2,
where 12+log(O/H) = 8.64±0.02 and 8.69±0.02 respectively.

4 RESULTS

4.1 The Mass-Metallicity Relation

The mass-metallicity relation for our combined sample of z = 0.84
and z = 1.47 HiZELS-FMOS galaxies is plotted in Fig 4, along
with similar studies for comparison. We plot the median metallic-
ity values for the sample (including the upper-limits from the [NII]
non-detections, see §2.3) in bins of mass with their associated stan-
dard errors. The HIZELS-FMOS mass and metallicity values from
Fig. 4 are presented in Table 1. We include a fit to the HiZELS-
FMOS data and the upper limits of the form:

12 + log(O/H) = −0.0864 (logM⋆ − logM0)
2 +K0 (3)

as used by Maiolino et al. (2008) to describe the mass-metallicity
relations in their study of z ∼ 0.1−3.5 galaxies (although we note
that in their paper they use a Salpeter (1955) IMF and their own
metallicity calibration). The best fit values are logM0 = 10.29 ±

0.31 and K0 = 8.64 ± 0.03. We also perform a linear fit to our
data of the form:

12 + log(O/H) = α(logM⋆) + β (4)

which yields α = 0.077±0.050 and β = 7.85±0.05. We compare
the HiZELS-FMOS fits to the: Kewley & Ellison (2008), z = 0.07;
Savaglio et al. (2005), z = 0.7; Erb et al. (2006), z = 2.2; and their
own z = 3.5 dataset, which appear to be progressively lower in
metallicity with increasing redshift. For consistency with our anal-
ysis, the masses are corrected to a Chabrier (2003) IMF and to the
Pettini & Pagel (2004) metallicity calibration, using the equations
from Pettini & Pagel (2004) and Maiolino et al. (2008). From this
we can see that our results are in remarkable agreement with the ‘lo-
cal’, z = 0.07 SDSS relation of Kewley & Ellison (2008), which
is very similar to the SDSS study of Tremonti et al. (2004). Our
results are therefore systematically higher in metallicity than the
z = 0.7 − 3.5 studies of Savaglio et al. (2005); Erb et al. (2006)
and Maiolino et al. (2008) showing no evolution in redshift for the
mass-metallicity relation of the star forming population.
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The role of the Environment
• A very wide range of environments - from the fields to a super-

cluster (Sobral et al. 2011)                              

• UKIDSS UDS z=0.84 • COSMOS z=0.84

10th nearest neighbour density maps
X-rays



The role of the Environment
• Use high quality photo-zs to estimate distance to 10th nearest neighbour 

>> use spect-z to estimate completeness and contamination >> compute 
corrected local densities

“Calibrate” 
environments in a 

reliable way using the 
accurate clustering 

analysis and real-space 
correlation lengths of 

field, groups and 
clusters

Sobral et al. 2011
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Environment at z~1 Sobral et al. (2011)
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z=0.84

Mass and/or environment?
Sobral et al. 2011

Stellar mass sets colours 
of star-forming galaxies, 

NOT environment

Merger fraction of star-forming 
galaxies depends mostly on 

environment, not mass

at z~1
Fields Groups Clusters Fields Groups

Clusters



z~2.3
Hß/[OIII]

z=1.47
Hα

z=2.23
Hα

z~3.3
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The Hα + [OII] view

Strong evolution can also be seen using fully consistent measurements 
of the [OII] luminosity function up to z~1.8

Sobral+11b

• Detailed evolution of the Hα LF: strong L* evolution to z~2.3

First self-consistent measurement of evolution up to z~2.3



~1x105 Mpc3 
~2x105 Mpc3 
~8x105 Mpc3 
~7x105 Mpc3

Volumes (UDS + COSMOS)
0.01 
1.5 
3.0 
3.5

Limit SFRRedshift
0.401±0.010 
0.845±0.015 
1.466±0.016 
2.231±0.016

z’
J H

K

NBJ

N
B9
21 NBH NBK

H2

~16 kpc apertures z=0.4-2.23

z=0.4-2.23 (Ha+[NII])

54.70



NB selection: 
quantify excess

Source extraction

Potential line emitters

Select Hα emitters

Samples >90% reliable 
>90% complete

equivalent width above 50Å; (iv) the object must be visually confirmed as reliable, and not associated with
any cross-talk artefact. The left panel of Figure 1 shows these selection criteria for the NBJ observations
of the COSMOS-1 pointing. For more details on these selections, see Geach et al. (2008; hereafter G08)
or Sobral et al (2009a; hereafter S09a). S09a have shown that these criteria are very robust.

Our observations identify approximately 800, 350 and 300 narrow-band emitters per pointing (0.8
sq. deg.) in the NBJ , NBH , and H2(S1) observations, respectively. Photometric redshifts and colour
selections are then used to identify which of the emission line galaxies are H�. We are able to successfully
recover relatively clean H� samples, since strong contaminating emission lines are sufficiently well spread
in wavelength from H� that photometric redshifts do not have to be very precise: ⇤z/z � 0.5 – more
details can be found in G08, S09a, Sobral et al. (2010c), and Geach et al. (2010). In the NBJ observations,
photometric redshifts indicate that over half of the detected emitters are indeed H� emitters at z = 0.84,
with a significant fraction of the remainder being H⇥ or [OIII] emitters at z � 1.4 (see middle panel of
Figure 1). Archival spectroscopic redshifts for over 100 of the emitters confirm the high completeness and
reliability of the photometric selection (Figure 1, right panel; see also S09a). In the COSMOS and UDS
fields, photometric redshifts provide a similar level of accuracy for selecting H� emitters at z = 1.47 from
the NBH observations (see Sobral et al. 2010c), and approximately half of the narrow-band emitters are
associated with H�. The H2(S1) observations suffer considerably more contamination from lower redshift
emitters (e.g. Paschen and Brackett series; see G08), but are producing around 90 candidate z = 2.23
sources per field.

Fig. 1. Left: A colour-magnitude plot demonstrating the selection of narrow-band excess sources (adopted from
S09a). All > 3-⇤ detections in the NBJ image are plotted and the curves represent � significances of 5, 3, 2.5 and
2, respectively. The dashed line represents an equivalent width cut of 50Å. All selected narrow-band emitters are
plotted in black, while candidate H� emitters (selected using photometric redshifts) are plotted in red. Middle: The
distribution of photometric redshifts of the NBJ excess sources, showing clear peaks for H� at z = 0.84 and H⇥ or
[OIII] at z � 1.4. Right: a comparison between photometric and archival spectroscopic redshifts, demonstrating
the reliability of the sample.

3 Scientific results from HiZELS

3.1 The H� luminosity function and the cosmic star-formation rate density

HiZELS has already resulted in by far the largest and deepest survey of emission line selected star-
forming galaxies at each of the three targeted redshifts, and has greatly improved determinations of the
H� luminosity function. It has produced the first reliable H� LF at z = 2.23 (G08; Geach et al. 2010),
as well as providing the first statistically significant samples at redshifts 0.84 (S09a) and 1.47 (Sobral et
al. 2010c). The luminosity functions are derived after correcting the observations for: (i) contamination
of the emission line flux by the nearby [NII] line (using the relation between the flux ratio f[NII]/fH�

and the total measured equivalent width; cf S09a); (ii) extinction of the H� emission line, taken to be
the canonical value of 1 magnitude (but see Section 3.5 for more details on this); (iii) the detection
completeness of faint galaxies, and the selection completeness for detected galaxies with faint emission
lines (evaluated through Monte-Carlo simulations); (iv) filter profile effects, due to the filter not being a
perfect top-hat (again, evaluated through Monte-Carlo simulations). For more details see G08 and S09a.

Photo-zs + Colour-
colour selection

Which emission line?
Probing well-studied fields is fundamental!

Spectro-z confirmation

Double-line confirmation



Sobral et al. (2
012a) fro

m [OII]/H
a

Garn & Best (2010) (Balmer dec.)

Sobral et al. (2012a) (using [OII]/Ha)

Stellar Mass correlates with 
dust extinction in the local 

Universe - (see Garn & Best 
2010)

Simpler way to predict 
dust extinction with 

observables: optical/UV 
colours - empirical 

relations valid at z~0-1.5 
(Sobral et al. 2012)

Ha/FIR

Ha/FIR



Little evolution in rest-frame R sizes for Star 
forming galaxies since z=2.23

Stott et al. 2013

~Same sizes down to same SFR/SFR*



z=0.1

z=1.47

z=0 to 1.5: median ~1 mag 
extinction at H-alpha

Dust extinction over ~9 Gyrs: evolution?

SDSS



Up to z=2.2:
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Up to z=2.2:

Faint-end Slope Ử:

Environment sets the faint-end 
slope of the Hα LF: 

!
-steep α~-2 for the lowest densities	



!
- shallow α~-1 for highest densities	



Poor field

Groups/Clusters

Sobral et al. 2011
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Strong Evolution: Typical SFR (SFR*) reduces by 1/10 

Many statistical properties remain “unchanged”: Dust 
“extinction”, Mass function (M*,alpha) 

Environmental + Mass trends are the same (last ~9 Gyrs) 

Same Dark Matter halo masses host the same L/L* 
galaxies 

What changes? => Concentration of dark matter haloes. 
Same mass haloes are much more concentrated at high-
z: factor 10 increase and SFH?

A simple view: 11 Gyrs of SFGs



SFR function and its evolution since 
z=2.23

More sophisticated dust extinction 
corrections

Compare with the evolution of the Stellar 
Mass Function of Star-forming galaxies



Garn & Best 2010: Stellar Mass 
correlates with dust extinction in 

the local Universe 
!

Relation holds up to z~1.5-2

Extinction-Mass z~0-1.5

Sobral et al. 2012

FIR derived AHa = 0.9-1.2 mag

AHa~1

Ibar et al. 2013

z=1.47

z=1.47

FIR/Ha
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Full SFG population
SFGs 1010.0−11.5M⊙

SFGs 109.3−10.0M⊙

SFGs 108.7−9.3M⊙

SFGs < 108.3M⊙

Sobral et al. (13B) 

SF History - Full population and 4 mass bins

Decline at all masses



DM Halo/SF “efficiency”

But what exactly drives this??? Gas? Structure? 
Feedback?



Clustering of Hα emitters

Sobral et al. 2010

Clustering depends on Hα luminosity; galaxies with higher SFRs are 
more clustered

High Hα luminosityLow Hα luminosity

z=2.23

z=0.84

z=0.24Clustering-Hα relations at 
3 very different epochs...

Same DM Halo mass: 
much more efficient at 

High-z



Sobral et al. 2010

Using the Luminosity evolution (L*) 
measured before...

Scaling Hα luminosities 
by the break of the Hα  

luminosity function 
recovers a single 

relation, independent 
of time across the bulk 

of the age of the 
Universe 

Clustering-Hα

L* evo


