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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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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) A selection that can be replicated but not so robust/simple 

4) Simple selection that can be replicated across cosmic time

Understanding (and minimising/eliminating!) selection biases/
limitations is extremely important
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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.
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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 (single) star-formation tracer that can be 
applied with current instrumentation 
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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

• MW SFRs up to z~2.5!



Oteo, Sobral et al. 
submitted

At z~2.3

See also Hayashi et al. 
2013 for [OII]

Selection 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
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Selection really 
matters 

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



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



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

In DEEP2006
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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
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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, Mobasher et al. 2015

Ali Khostovan

Go see his 
poster!

See also Tomoko Suzuki’s talk 



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
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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
[OII]+[OIII] LFs to z~5: Khostovan+15

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, Sobral+15c

Catalogues are public!

Check out the latest results:



Sobral et al. (2014) 

0.1 0.3 1.0 3.0 10.0 30.0 100 300 1000
SFR (M⊙ yr−1)

-6.0
-5.5
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0

lo
g(
Φ
(M
pc

−
3 ))

z=0.0 (Bothwell et al.)
Sobral et al. (2013)
z=0.40 (This Study)
z=0.84 (This Study)
z=1.47 (This Study)
z=2.23 (This Study)

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-
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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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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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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 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
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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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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. 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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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



Sobral et al. (2013b),  
ApJ, 779, 139

First Science results 
from KMOS

CF-HiZELS (Sobral et al. 2015a)
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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
+11

z~0.8

NB Hα-selected z~0.8 + KMOS
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A sample of hundreds of H↵-selected galaxies

Using H↵ narrow-band imaging over very
large areas through the HiZELS survey [4], we
have obtained samples of thousands of galaxies
selected in a consistent way since z⇠2.5 until
today. Here we present the structural analysis
of the CALIFA DR2 sample together with the
KMOS followed-up sample.

GALFIT: a parametric galaxy fitting code

GALFIT [3] is a public available 2D parametric
image-fitting algorithm designed to study the
structural components of galaxies using well-
known parametrized models from the litera-
ture. For the purpose of this work single Sér-
sic profiles were applied. Masking of bright
neighbours and proper PSFs were taken into ac-
count during the fitting process. Highly irregu-
lar galaxies are excluded from the final sample.

From left to right the input image, the best-fit model from
GALFIT and the residual image for an HiZELS galaxy.

FERENGI: to artificially redshift galaxies

The Full and Efficient Redshifting of Ensembles
of Nearby Galaxy Images code is intended to
explore and evaluate the effects of cosmological
redshift on various properties of galaxies (e.g.
size/shape measurements) taking into account
that these are prone to resolution and bandpass
issues [1]. The artificially redshifted galaxy im-
ages help us to address the biases and systemat-
ics of the parent sample and to build a coherent
vision of the galaxies’ structural evolution.

From the left to right the original SDSS g-band image and
the redshifted COSMOS F814W at z=0.84 and z=2.23.

Does the host galaxy morphology play a role?

Is there a correlation between galaxy morphol-
ogy and its Ly↵ escape fraction? Does it evolve
with cosmic time?

The Calar Alto legacy integral field area survey

Being one of the best local IFU surveys, CAL-
IFA was designed to obtain spatially resolved
spectroscopy of a diameter selected sample of
⇠600 galaxies. The 2nd Data Release [2] con-
tains data for ⇠200 sources spanning redshifts
between 0.005 and 0.03, which enable us to
characterize observationally a wide range of
properties such as stellar masses, ionization
conditions and morphological types.

Three typical velocity maps from the CALIFA website [7].

The evolution of sizes and Sérsic indices from the peak of the star-formation history till today

Can we study the relation of both local and high redshift samples to establish the basis for a full
comparison between local and farther IFU surveys?

Left: Mass distribution of our samples. The vertical dotted line is the mass cut applied to all subse-
quent plots. Right: (r � i) colours of the galaxies. The CALIFA sample is on average redder, which
is explained by higher masses

Left: Mass-size diagram for the median values of each sample. Sizes are larger for the most massive
samples. Right: Mass-Sérsic plot for the median values of each sample. Galaxies have steeper
profiles as we move towards local massive galaxies.

Left: Size evolution of star-forming galaxies. Apart from the local sample, the other redshift bins
are consistent with no size evolution (as seen in [6]), although a small downward trend is present
in the median values. Right: Same as left but for the median Sérsic indexes. In both figures the
triangles correspond galaxies with log10(M) > 10.5.

hzi re,g [kpc] ng re,r [kpc] nr re,i [kpc] ni

0.017 8.5± 2.3 2.7± 1.5 8.9± 3.1 3.2± 1.5 8.8± 2.9 3.3± 1.5
0.40 8.6± 5.0 1.6± 1.3 7.8± 4.5 3.1± 1.8 8.2± 5.0 2.7± 1.8
0.84 9.1± 8.6 2.3± 2.0 8.9± 8.5 3.9± 2.6 8.9± 8.5 3.4± 2.6
1.47 9.1± 8.7 3.1± 2.7 8.4± 7.9 2.5± 2.0 5.0± 4.7 3.4± 2.2
2.23 9.0± 8.6 3.2± 2.6 7.4± 7.0 3.2± 2.6 7.8± 7.3 1.7± 1.4

Table with median values for the effective radius and Sérsic index for the artificially redshifted galaxies from SDSS
gri-bands. Minor differences are found, also the bluer bands give larger sizes.

The KMOS redshift one spectroscopic survey

KROSS is a large programme at VLT that aims
to resolve spatially the dynamics, metal con-
tent and star formation of 1000 galaxies at z⇠1.
With such a large sample, one will be able to
compare different bins of stellar mass, star for-
mations, rotational speeds and quantify trends
from galaxy scaling relations and investigate
the role of nature and nurture in galaxy evolu-
tion since z⇠2.5.star formation rate density

Examples of H-↵ velocity maps shown in [5].
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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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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
[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

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

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

Check out the latest results:



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


