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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
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How (and driven by which mechanisms) 
do galaxies form and evolve? 

Dark Matter (large scale) Stars (visible light) Gas (hot and cold)

Hopkins et al. 2014Boylan-Kolchin et al. (2009)



Many ways to use the “golden era” 
telescopes/instrumentation

1) Take whatever is there (very complicated/biased selection) 

2) Pick a certain selection that is easy/simple/robust but can’t be 
replicated across cosmic time 

3) Simple, well-understood selection that can be replicated 
across cosmic time

Understanding (and minimising/eliminating!) selection biases/
limitations is extremely important

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

Sobral+13b: first KMOS 
Science results



Many ways to use the “golden era” 
telescopes/instrumentation

• Lots of amazing “follow-up” machines: but we need 
groundbreaking, large-area, sensitive survey machines

• We need to survey with the best possible selection(s) and 
apply them in the same way across cosmic times

• No point in having S/N~zillion and getting “perfect” 
measurements if we are “selection-limited”! (Why would 
we want a perfect measurement of a biased sample?)

From the “golden era” of follow-up 
machines to the “Platinum era” 



A good, well-understood selection that can be applied 
with current instrumentation 

Well calibrated + sensitive + resulting in a representative 
population of galaxies 

 Able to uniformly select large samples 

Different epochs + Large areas + Best-studied fields

What we need:



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

• MW SFRs up to z~2.5!



See also Hayashi et al. 
2013 for [OII]

Oteo, Sobral et al. 
submitted

At z~2.3Selection really 
matters 

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

(+ systematics) 

LAEs: miss ~80% 
of star-forming 

galaxies 

HAEs get ~100% 
down to the Ha 
flux limit they 

sample

HAEs
LBGs

“dusty”

Ha by far the best 
SF *selector*



See also Hayashi et al. 
2013 for [OII]

Oteo, Sobral et al. 
submitted

At z~2.3Selection really 
matters 

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

(+ systematics) 

LAEs: miss ~80% 
of star-forming 

galaxies 

HAEs get ~100% 
down to the Ha 
flux limit they 

sample

Go see poster #4 and talk 
to Iván!



Selection really 
matters 

Selecting Star-forming 
galaxies: Hα selected 
samples recover the 
wide range of Star-
forming galaxies + 
Get robust SFRs 

Oteo, Sobral et al. submitted



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,
14,15a,c;Matthee+14,Khostovan+15)

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
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z=2.23 : Lyử (NBU) [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
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2 sq deg:  COSMOS + UDS

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

Sobral et al. 2013: (catalogues fully public!):
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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

Sobral et al. 2015a

Sobral et al. 2013: (catalogues fully public!):
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Why we need large, multiple volumes!
Typical areas 1 deg2 10 deg2

Errors < 20%With *real* data

Sobral et al. 2015a
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Sobral et al. 2015a
Predictions for EUCLID!



Sobral et al. 2013a

Hα Luminosity function: last 11 Gyrs



Salpeter IMF

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



H�+[OIII] and [OII] LFs out to z ⇠ 5 17

Figure 11. Our [OII] dust & AGN corrected SFRD evolution with the [OII] studies of Bayliss et al. (2011); Ciardullo et al. (2013)
and Sobral et al. (2013), along with the results of this paper, that are used to fit the parametrization of Madau & Dickinson (2014).
The best fit is shown as the dashed line (dodger blue) and is only based on [OII] measurements. We also include an extrapolation to
higher-z (dashed-dotted turquoise line), as we don’t constrain this part of redshift space but can extrapolate based on our fit. The 1-�
region is highlighted in moccasin filled regions around the fit. The stacked radio study of Karim et al. (2011) and the H↵ study of Sobral
et al. (2013) are also shown as a comparison and is in agreement with our measurements. Our compilation of SFRD measurements (in
gray) are a combination of our compilation and that of Hopkins & Beacom (2006), Madau & Dickinson (2014) and Gunawardhana et al.
(2013). We reproduce the SFRD evolution history of the universe based primarily on [OII] studies with the peak of star-formation history
occurring at z ⇠ 2. We also include the fits of Hopkins & Beacom (2006) (IMF corrected to Salpeter) and that of Madau & Dickinson
(2014). We find that the Hopkins & Beacom (2006) fit reasonably matches our SFRD fit, while the Madau & Dickinson (2014) fits well
until z > 2. This is mostly because the Madau & Dickinson (2014) fit is driven by the z > 5 UV measurements (which are not backed
by spectroscopy), for which we do not include in our fit.

(2013), we apply the AH↵

⇠ 1.0 mag to all four [OII] SFRD
measurements. We find that the measurements overesti-
mated the H↵ measurements of Sobral et al. (2013) and the
radio-stacked measurements of Karim et al. (2011), which is
impervious to dust extinction. The level of overestimation
is such that our z = 1.47 SFRD measurement and z = 2.23
SFRD measurement was ⇠ 0.4 dex above the SFRD mea-
surements of Sobral et al. (2013) and Karim et al. (2011).
When using the Hayashi et al. (2013) dust extinction coef-
ficient, we find that our SFRD measurements are perfectly
matched with Sobral et al. (2013) and Karim et al. (2011),
as seen in figure 11.

We apply the Calzetti Correction (Calzetti et al. 2000)

such that:

A[OII]

AH↵

=
k([OII])
k(H↵)

(8)

where k([OII]) = 5.86 and k(H↵) = 3.31, resulting in
A[OII] = 0.62 mag. We calibrate all the measurements to the
same [OII] SFR calibration of Kennicutt (1998). All mea-
surements hereinafter include AGN corrections as discussed
in section 4.1.

Figure 11 shows our dust-corrected and AGN-corrected
[OII] SFRD measurements. We also include a large com-
pilation of studies from the literature which is a combi-
nation of the compilations of Hopkins & Beacom (2006),
Madau & Dickinson (2014), Gunawardhana et al. (2013),
and our own compilation as a comparison (appendix B). We

c� 2015 RAS, MNRAS 000, 1–21

H�+[OIII] and [OII] LFs out to z ⇠ 5 13

Figure 9. Left: Presented are the [OII] Luminosity Functions along with those from the literature. We find that the evolution from the
low-z studies of Gallego et al. (2002) and Ciardullo et al. (2013) to our z = 4.7 LFs is quite strong and clear. We find agreement between
the z = 1.85 LF of Bayliss et al. (2011) and our z = 2.23 LF. We also find that our z = 1.47 LF is in agreement with the HiZELS
[OII] study of Sobral et al. (2012) and the Subaru Deep Survey study of Ly et al. (2007). Top Right: The evolution in the normalization
of the LF. We find that �

?

has been decreasing from z ⇠ 1.47 to z ⇠ 3.3 and then by z ⇠ 4.7 it flattens out. Although this evolution
is somewhat poor when considering the range in the error bars for our z = 3.3 and z = 4.7 [OII] measurements. Bottom Right: The
Evolution of L

?

. We find a perfect, clear evolution in L
?

all the way to z ⇠ 3 and then a flattening by z ⇠ 5.

son of their observed luminosity function to our z ⇠ 0.8 LF
by taking their binned data points and directly comparing
them to our binned data and found that they are in perfect
agreement. The di↵erence is that Ly et al. (2007) omitted
the brightest bins as it is susceptible to poor statistics (e.g.,
⇠ 1 source per bin & large error bars). Our binned data
include a larger number of emitters for the bright-end in
comparison to Ly et al. (2007), which allows us to properly
constrain this part of the LF without omitting any bins. Al-
though it should be noted that our results are based on a
larger comoving volume such that the results of Ly et al.
(2007) is based on a comoving volume 8 times smaller and
covering a single field making their results probe to cosmic
variance (see ?).

Figure 8 shows the evolution of L
?

along with the re-
sults from other studies. There is a strong trend in which
L

?

is increasing from z = 0 � 2.23 and then flattens. This
trend is supported by Ly et al. (2007), Pirzkal et al. (2013),
and Colbert et al. (2013). As discussed above, we see a no-
table di↵erence between the L

?

for our z = 0.84 and the

z ⇠ 0.83 measurement of Ly et al. (2007). If this discrep-
ancy is ignored and we compare the Ly et al. (2007) overall,
along with the measurement of Pirzkal et al. (2013), we still
see that the low-z measurements are pointing in the same
strong evolution that have measured at the high-z regime.
The agreement between our measurements and that of the
[OIII] grism spectroscopy study of Colbert et al. (2013) also
enhances the strength of our data and results, as discussed
above.

For the normalization of the LF, we see an evolution
(figure 8) such that �

?

drops as redshift increase up to z ⇠ 2
and flattens after z ⇠ 3. This is consistent with the collection
of UV LFs (i.e., Oesch et al. 2010), while our determination
is based on a reliable H�+[OIII] sample. In comparison to
the other H�+[OIII] studies, we find that our measurements
are in agreement with the results of Colbert et al. (2013).

c� 2015 RAS, MNRAS 000, 1–21

[OII] Star-formation history of the 
Universe from z=0 to z~5

Khostovan, Sobral et al. 2015

Ali Khostovan

Also [OIII], [OII]: see also Sobral+15a



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?



z’
J H

K

NBJ

N
B9
21 NBH NBK

H2

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: Sobral+12,Hayashi+13
Dust properties: Garn+10,S+12,Ibar+13

Clustering: Sobral+10, Geach+08,13
[OII]+[OIII] LFs to z~5: Khostovan+15

Dynamics: Swinbank+12a,b, S+13b, Stott+14
Lyman-alpha at z>7: Sobral+09b,Matthee+14

Environment vs Mass: e.g. Sobral+11, Koyama+13, 
Darvish+14, Sobral+15b, Darvish+15, Stroe+14,15

AGN vs SF: Garn+10, Lehmer+13, Sobral+15d

Catalogues, Ha LFs: Sobral+12,13,15a 

Check out the latest results:



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

Discovered to be 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
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Sobral et al. (2014) 
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SFR function: 11Gyr evolution
Chabrier IMFỬ = -1.6



SFR function: Strong SFR*evolution
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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
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Figure 3: (A) Physical 3D distribution of galaxies for the LSS discussed in section 2 & 3. Points are color-labelled based on their
overdensity. Overdensity is estimated by the 3D Voronoi tessellation method using the spectroscopic data. Note the complexity
of structures including several groups, subgroups and thread-like features. (B) HST/ACS image of a galaxy located in a dense
region. (C) HST/ACS image of a galaxy located in a sparsely populated region. (D) The high resolution spectra of the galaxy
labelled (B). Note the strong Balmer absorptions and the lack of O[II], indicating a post-starburst galaxy. We can determine
exactly where the SF activity is being recently quenched using the Hδ feature, for example. (E) The high resolution spectra of
the galaxy labelled (C). Note the strong O[II] and Hγ lines. SFR can be determined using the O[II] line. (F) A portion of the 2D
spectra of a triple merging system, serendipitously found in our data set. Rotation curves can be determined for bright sources in
our data.
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Galaxy Dynamics at z~0.8-2.2
Swinbank, Sobral et al. 2012 Swinbank al. 2012b

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

(MNRAS/ApJ): 

- Star-forming clumps: scaled-
up version of local HII regions 

- Negative metallicity 
gradients: “inside-out” growth
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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
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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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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, Sobral et al. 2014

just 4 hours! (with overheads)

Karim
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NB Hα-selected z~0.8 + KMOS



Stott et al. 2015

z~1 KMOS

z~0
Stott, Sobral et al. 2013b

KROSS



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
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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%

References

Atek et al.  2010,  ApJ,  743,  121;  Atek et al.  2014,  A&A,  561,  17;  Best P., Smail I.,  Sobral D., et al.  2010,  arXiv:1003.5183 ; 

Bouwens  et  al.  2011,  ApJ,  737,  90;  Brammer  et  al.  2012,  ApJS,  200,  13;  Casey  C.,  Narayanan  D.,  Asantha  C.,  2014,  PR, 

arXiv:1402.1456; Charlot & Fall 1993, ApJ, 415, 580; Colbert et al. 2013, ApJ, 763, 145; Dunlop J. S., 2012, arXiv:1205.1543; 

Duval et al. 2014, A&A, 562, 19; Ellis R. S., 2008, Observations of the High Redshift Universe, 259, arXiv:0701.024; Ellis et al. 

2013,  ApJ,  763,  7;  Garn T., Sobral D., Best P. N., Geach J. E., Smail I.,  et al.,  2010,  MNRAS,  402,  2017;  Geach et al.  2010 

MNRAS, 402, 1330; Geach J. E., Sobral D., Hickox R. C., Wake D. A., Smail I., et al., 2012, MNRAS, 426, 679; Finkelstein et al. 

2013, Nature, 502, 524; Hayes et al. 2010, Nature, 464, 562; Hill et al. 2008, ASPC, 399, 115; Hirata et al. 2012, arXiv:1204.5151; 

Hopkins  2004,  ApJ,  615,  209;  Hopkins A. M., Beacom J.  F.,  2006,  ApJ,  651,  142;  Hopkins et  al.  2014,  MNRAS,  in press, 

arXiv:1311.2073;  Hu et al.  2004,  AJ,  127,  563;  Ibar E., Sobral D., Best P. N., Ivison R. J., Smail I., Arumugam V., et al.  2013, 

MNRAS, 434, 3218; Iye et al. 2006, Nature, 443, 186; Karim et al. 2011, ApJ, 730, 61; Kohn S., Sobral D., et al. 2014, MNRAS, 

submitted; Koyama et al. 2013, MNRAS, 434, 423; Lagos et al. 2014, MNRAS, in press, arXiv:1310.4178; Lilly S. J., Le Fevre 

O., Hammer F., Crampton D., 1996, ApJL, 460, L1; Madau & Dickinson 2014, arXiv:1403.0007; Mathee, J., Sobral D., et al. 2014, 

MNRAS, in press, arXiv:1402.6697; Matsuda et al. 2004, ApJ, 128, 569; Nilsson et al. 2009, A&A, 498, 13; Ono et al. 2012, ApJ, 

744, 83; Orsi et al. 2014, MNRAS, submitted, arXiv:1402.5145; Ouchi et al. 2008, ApJS, 176, 301; Ouchi et al. 2010, ApJ, 723, 

869; Peng et al. 2010, ApJ, 721, 193; Peng Y.-j., Lilly S. J., Renzini A., Carollo M., 2012, ApJ, 757, 4; Robertson B. E., Ellis R. S., 

Dunlop J. S., McLure R. J., Stark D. P., 2010, Nature, 468, 49; Smail et al. 1997, ApJ, 490, L5; Smit R., Bouwens R. J., Franx M., 

Illingworth G. D., et al. 2012, ApJ, 756, 14; Sobral et al. 2009a, MNRAS, 398, 75; Sobral et al. 2009b, MNRAS, 398, L68 ; Sobral 

et al. 2010, MNRAS, 404, 1551; Sobral et al. 2011, MNRAS, 411, 675; Sobral et al. 2012, MNRAS, 420, 1926; Sobral et al. 2013a, 

MNRAS, 428, 1128; Sobral et al. 2013b, ApJ, 779, 139; Sobral et al. 2014a, MNRAS, 437, 3516; Sobral et al. 2014b, MNRAS, 

submitted;  Stott J. P., Sobral D., Smail I., Bower R., Best P. N., Geach J. E.,  2013a,  MNRAS,  430,  1158;  Stott J. P., Sobral D., 

Bower R., Smail I., et al. 2013b, MNRAS, 436, 1130; Stott J. P., Sobral D., et al., 2014, MNRAS, in press; Swinbank A. M., Smail 

I., Sobral D., Theuns T., Best P. N., Geach J. E., 2012, ApJ, 760, 130; Swinbank A. M., Sobral D., Smail I., Geach J. E., et al. 2012, 

MNRAS,  426,  935; Tacconi et al.  2010,  Nature,  463,  781; van Dokkum et al.  2011,  ApJ,  743,  15; Verhamme et al.  2012,  A&A, 

546, 12; Vogelsberger et al. 2013, MNRAS, 436, 3031; Whitacker et al. 2012, ApJ, 754, L29.

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.

15

Probe to even earlier times
Calibrate Lyα at z=2.23
Survey areas >20x larger 
than before
Find and *Study* the 
most distant galaxies!

All filters designed, bought and delivered 
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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). 

4

A 5 deg2 deep double-blind matched Lyα-Hα survey z=2.23

55 night survey in total. 
Finished on Jan 28 2015

Escape fraction of star-forming 
galaxies (Lyα): ~4+-2% (consistent 
with Hayes+)
Wide range of properties of matched Lyα-Hα emitters:

Masses: ~109 or 1011 Mo  SFRs: ~5-200 Msun/yr  
Dust: ~0 to 2 mags   Mostly Blue but also Red!

The CALYMHA survey (CAlibrating LYMan-α with Hα)
Sobral, Matthee, 
Oteo et al.Custom-made narrow-band filter



- narrow-band selects redshifted 1216 Å emission (optical at z>2) 

- Lyα emitted by young galaxies (high EW) 
- Lyα absorbed in more neutral IGM (test for re-ionisation)

Lyman-α as a tool to study young 
galaxies and re-ionisation



Ouchi et al. 2010 
  0.9 deg2 in UDS 

- NB magnitude < 26

Lyman-α Luminosity function z~3-6 
roughly constant -> “decline” at z>6?

Poorly or never 
studied at all!



Ouchi et al. 2010 
  0.9 deg2 in UDS 

- NB magnitude < 26

factor 30!

Lyman-α Luminosity function z~3-6 
roughly constant -> “decline” at z>6?



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
See also: Oesch+2015



Some highlights of the 
z=6.6 survey (~800 
Myr after Big Bang), 1 
of 10 different “time 
slices” 

Subaru survey 
(PI: Sobral) 



Results: 
99 LAEs in UDS 
15 LAEs in COSMOS 
2 LAEs in SA22-Deep 
18 LAEs in SA22-Wide 

“Himiko”

Ouchi et al. 2009, 2013 
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Even brighter!



Results: 
99 LAEs in UDS 
15 LAEs in COSMOS 
2 LAEs in SA22-Deep 
18 LAEs in SA22-Wide 

“Himiko”

Even brighter!

EVEN BRIGHTER!!



The Ly↵ luminosity function at z = 6.6 11
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Figure 4. Number counts in our three fields, compared to the bins from
Ouchi et al. (2010). The bins are only corrected for completeness. The
SA22-Wide bins are corrected for contamination from variable sources and
supernovae, empirically calibrated in COSMOS. Note the good agreement
between measurements from all fields, although some variance is found
which is likely due to cosmic variance.

sources and we can furthermore check our line-flux completeness
procedure (see above) and see how the two compare.
We produce small cutouts (5” ⇥ 5”) around CR7, Himiko and
MASOSA and add them to 100 random positions per pointing in
SA22, excluding masked regions. After this, we run SEXTRACTOR
with identical settings as used on the original images and compute
the fraction of our input sources which is detected. We repeat this
a 1000 times per image and use the average recovered fraction
as detection completeness. On average, we find a detection com-
pleteness of 44 %, with a standard deviation of 20 % in different
pointings. The detection completeness is highest for MASOSA, 64
%, around the average for CR7, 43 %, and lowest for Himiko, 27
%. This is because the first source is not extended, while the other
two are extended and therefore have lower surface brightnesses.
Note that we do not exclude pixel positions with actual sources
or regions with a slightly lower signal to noise, which both
decreases the completeness. The average detection completeness
is remarkably similar to our estimated line-flux completeness
(which is 46 % for the average line-flux of the three sources). The
large variation in detection completeness between the different
sources, which have almost the same 2” magnitude, highlights
the need for a completeness based on line-flux, instead of detection.

4.2 Number densities

We show our number densities in Fig. 4 and compare with the num-
ber densities from Ouchi et al. (2010) (purple circles), which is
based majorly on UDS. Our UDS points agree with those of Ouchi
et al. (2010), while the SA22-Deep and COSMOS bins (which are
spectroscopically confirmed) converge at brighter luminosities and
are also consistent with Ouchi et al. (2010). Our SA22-Wide num-
ber densities are more uncertain, since there is no spectroscopic
confirmation yet and the photometric constraints are weaker than
in the other fields. However, even if there are still some contami-
nants, these further highlight a departure from a Schechter function
(already indicated by our spectroscopically confirmed sample) at
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z=6.6 UDS - filter corrected
z=6.6 Ouchi+10 data
z=6.6 fit without Himiko (Ouchi+10)
z=6.6 fit Himiko with Ouchi+10 data
z=6.6 Fit - fiducial
z=6.6 Fit - filter corrected
Gronke+2015 model, EW freeze

Figure 5. Luminosity function at z = 6.6: comparison of number densities
and fits with and without filter profile correction. We compare our number
densities in UDS with those of Ouchi et al. (2010), which are largely based
on the UDS field as well. We show that our red hexagons (before correcting
for the filter profile) agree well with the green squares from Ouchi et al.
(2010), whose fit to the data is shown as a solid green line. The dashed green
line shows our fit to their total data (fixing ↵ = �1.5 in Eq. 5, and including
the brightest bin), which differs significantly from their published fit. The fit
to our data (↵ fixed to �1.5; dashed red line) again agrees well, indicating
that our results are similar. The effect of the filter profile correction is shown
by comparing the blue hexagons with the red hexagons. The effect is that the
number density of bright line-emitters is higher, while the number density
of faint line-emitter is slightly lower. The blue line shows the fit to the bins
after correcting for the filter profile, which again highlights the effect of
the correction. The grey line shows a model prediction by Gronke et al.
(2015) which is based on the LBG LF and a Ly↵ EW distribution, frozen
at z = 6.0. It is remarkable that there it agrees well with the blue curve,
despite not being a fit.

Luminosity bin Number density correction factor
42.5 0.99
42.7 1.07
42.9 1.18
43.1 1.32
43.3 1.51
43.5 1.77
43.7 2.08
43.9 2.79

Table 5. Correction factors for the number densities at z = 6.6. These
corrections are made for the bias arising from the observations through the
filter profile not being a top-hat. Because of the filter profile, luminous LAEs
can be observed as faint LAEs, meaning that their real number densities are
higher than observed. This is particularly important for when comparing
narrow-band LAE searches with IFU based LAE searches.

high luminosities and indicate that the observed Ly↵ luminosity
function at z = 6.6 can be fitted by a powerlaw (e.g. the pentagons
in Fig. 4). The powerlaw fit is:

log10(
�

Mpc

�3 ) = 68.38 � 1.68 log10(
LLy↵

erg s

�1
)

Since we have only two sources in SA22-Deep and since this
agrees very well UDS and COSMOS, we will include them when
we refer to the UDS+COSMOS sample in the remainder of the
text. We will also refer to the SA22-Wide results as SA22.

c
� 2015 RAS, MNRAS 000, 1–20

z=6.6

Lyman-α emitters 12.9 Gyrs ago: 
number counts Matthee, Sobral et al. 2015

(Our Study)
(Our Study)

(Our Study)
(Our Study)

Euclid will see these!

Much more numerous than thought!!!

But what are they?

factor > 100x higher!!



So are they like this?

Are they real LAEs?

In ~ couple of 
hours



So are they like this?

Are they real LAEs?

In ~ couple of 
hours



NB expected

Raw Single 
exposure, no 
reduction!

Lya CR7!!

Lambda going 
up this way

Spectroscopic confirmation with 
Keck/DEIMOS15 min, z=6.6

Spectroscopic confirmation 
with VLT/X-SHOOTER + FORS2

DDT time, PI: Sobral



1190 1200 1210 1220
Restframe Wavelength (Å)
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Most luminous 
ever found: 3 times 

more luminous 
than Himiko!

Sobral et al. 2015c.
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No evidence for AGN
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EW = 80 A
FWHM = 150 km/s

CR7: X-SHOOTER: 2 hours Anything interesting to explain J excess?
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HeII 1640!

FWHM= 130 km/s

HeII/Lya = 0.27+-0.09

CR7: X-SHOOTER: 2 hours

Sobral et al. 2015c
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>>> DDT time 
on SINFONI/VLT 
to fully confirm

HeII 1640!

FWHM= 130 km/s
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PI: Sobral



1620 1625 1630 1635 1640 1645 1650
Restframe Wavelength (Å)
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HeII 1640A in 2D!

~6 sigma!

HeII EW0>70 A

HeII FWHM0= 
130 km/s

HeII/Lya = 0.3

CR7: X-SHOOTER: 2 hours Sobral, Matthee, Darvish et al. 2015
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Apart from bright narrow Lyα and HeII1640: no 
other emission lines detected

HeII/Lyα=0.3
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“Looks” like it
“Moves” like it
“Smells” like it

No lines except 
Lyα and HeII
Narrow Lyα and 
narrow HeII

“Talks” like it



?

No dust (no metals!)



POPIII cluster?
Sobral et al. 2015c

CR7

POPIII+ more normal stellar 
population(s)



Hubble can test it

Ok… Submit proposal 
and wait, right?

Prediction: multiple 
spatial components



Actually… in the field of 
view of another target!

WFC3!

Make your bet: Multiple 
component (s): right or wrong?



Actually… in the field of 
view of another target!

WFC3!



NB921 (Lyα) Subaru

CR7

F110W (YJ) HST F160W (H) HST
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PopIII wave?
Sobral+15c



0.43 cm per 0.13 arc sec

3.30769 cm per arcsec

5.410 kpc per arcsec

A
B

C

YJ Lyα H

CR7
5 kpc

PopIII wave?

… and the potential to 
find and study the most 
distant galaxies ever 
found at z~8.8 (current 
record: z=7.7)

Follow-up with HST WFC3 Grism 
+ ALMA needed to clearly reveal 
any traces of metals

Ideal first-light targets for JWST: 
confirm PopIII beyond any doubt 
from day 1!



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 
- Selection effects: selection really matters! Need to 
compare like with like! 
- SINFONI w/ AO: Star-forming galaxies since z=2.23: ~75% 
“disks”, negative metallicity gradients, many show clumps

Summary:

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

- Largest NB surveys: Hα, [OIII] & [OII]: many lessons learnt, 
Luminosity functions up to the highest luminosities/volumes



0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 2.25
Spectroscopic Redshift (z)

0

25

50

75

100

125

150
N

B
J

ex
ce

ss
So

ur
ce

s
Σ > 3
Σ > 4
Σ > 5

0.5L∗ L∗ 2L∗ 5L∗ 10L∗ 20L∗ 50L∗

LHα/L∗
Hα(z)

0

25

50

75

100

A
G

N
fr

ac
ti

on
of

H
α

em
it

te
rs Classified only

All sources in the sample
Stott et al. (2013)

4900 5200 5500 5900 6200 6500 6800
Restframe Wavelength (Å)
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EW HỬ rising with increasing redshift at all masses
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0.4

0.8

1.2

1.6

N
or

m
al

is
ed

Fl
ux

Cluster stack
Cluster Non Post-shock
Cluster Post-shock

-200 km s-1
NaD (0 km s-1)

-600 km s-1

3.5 cm per 4 arcmin  = 0.875 cm per arcmin  

100 kpc = 

Star-forming
Star-forming (+Outflow)
NL AGN
NL AGN (+Outflow)

Ha (NB, Stroe+15)
Spectroscopically confirmed

BL AGN

100 kpc 1 Mpc

Sobral et al. 2015b

Outflows, supernovae >> will lead to more red
+dead galaxies

Shock wave likely triggered star-formation

Keck + WHT 
spectra

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

Discovered to be 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
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Ibar et al. 2013
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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

Can we reconcile 
apparently discrepant 
results at z~1-2 
(negative vs positive 
metallicity gradients)?



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



Metallicity Gradients increase with increasing sSFR

Suggests high sSFRs may be driven by funnelling of 
“metal poor” gas into their centres

Results may help to explain the FMR (negative 
correlation between metallicity and SFR at fixed mass)

Stott, Sobral et al. 2014

Different sSFRs => lead to discrepancies



AGN 

• 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



6 J.P. Stott et al.

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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AGN 

• ~10 % z~0.8

• ~15 % z~1.47

• ~ Become dominant at L>2L* (H-alpha)

L* 2L*

15%

S+ in prep



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*
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Sobral Part B2 XGAL-REV 

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). 

4

A 5 deg2 deep double-blind matched Lyα-Hα survey z=2.23

55 night survey in total (but highly 
weathered out): Finished on Jan 28 2015

Escape fraction of star-forming 
galaxies (Lyα): ~4+-2% (consistent 
with Hayes+)
Wide range of properties of matched Lyα-Hα emitters:

Masses: ~109 or 1011 Mo  SFRs: ~5-200 Msun/yr  
Dust: ~0 to 2 mags   Mostly Blue but also Red!

The CALYMHA survey (CAlibrating LYMan-α with Hα)

PI: SobralCustom-made narrow-band filter
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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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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


