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

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

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

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

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

Same reduction+analysis
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band imaging (NB921, NBJ, NBH, 
NBK) over ~ 5-10 deg2
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Matthee+14)
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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
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Hα Star formation History

Strong decline with 
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SFR function: Strong SFR*evolution
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SFR function: Strong SFR*evolution
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Galaxy Dynamics at z~0.8-2.2

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

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

Known H-alpha fluxes

Very efficient combination to get 
sub-kpc resolution

LFs from a 10 deg2 NB survey 3

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

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

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

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

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

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

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

2.3 Source Extraction and Survey Limits

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

�17 erg s�1 cm�2.

3 SELECTION OF EMITTERS

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

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

J �NBJ = (J �NBJ)0 � 0.04(z0
AB

� J
AB

) + 0.05.

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

3.1 Emission line candidates

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

c
NBJ � c

J

> ⌃�. (1)

4 http://surveys.roe.ac.uk/wsa/

c� 2013 RAS, MNRAS 000, 1–9



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

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

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

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

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

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

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

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

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

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

3.1 The Tully-Fisher Relation

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

c⃝ 0000 RAS, MNRAS 000, 000–000

~5 hours of VLT time



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

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

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

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

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

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

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
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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
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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
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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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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. 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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Fig 6: The red fraction in SDSS as functions of stellar mass and environment. 
 
 
with the values p1 to p4 given in Table 2, plotted at intervals of 
0.2 dex in m and ȡ.   

The separation of the effects of mass and environment is  
naturally not perfect but holds over two orders of magnitude in 
both mass and environmental density, with local deviations 
from the horizontal lines that are comparable to the observa-
tional uncertainties. The limited excursions of the data show 
that deviations from this simple separable behavior in m and ȡ 
are rather small, equivalent to no more than r0.2 dex in either 
variable, a tenth or less of the overall range of each parameter. 

In other words, the differential effect of the environment on 
the red-blue mix of galaxies in SDSS is independent of galactic 
stellar mass, and vice versa. This good empirical separability of 
mass and environment means that we can write the red fraction 
in terms of ڙm and ڙȡ, by either of the first two equations, which 
reduce to the third: 

   

    (6) 
 

with ڙm independent of ȡ and with ڙȡ independent of m. This 
implies a simple symmetry to the fred(ȡ, m) surface, which is  
illustrated in Fig 6.     

Since ڙȡ is zero in the lowest density regions (i.e. the voids), 
this separability means that ڙm(m) is easily interpreted as the red 
fraction in these lowest density regions. Likewise, ڙȡ(ȡ) is the  

 

 
Fig 7: As for Figure 5, but for the zCOSMOS sample at 0.3 < z < 0.6. 

 
 
red fraction for very low mass galaxies, for which ڙm is by con-
struction zero. 

By inserting the two fitted relations (5) into (6), we recover  
 

     (7) 
 

which was previously proposed by Baldry et al. (2006) as one 
of two empirical fitting functions for the fred(ȡ, m) surface in 
SDSS. 

The clear separability of the effects of environment and mass, 
when parameterized in this way, suggests that there are two  
distinct processes at work. We will henceforth refer to these as 
"environment-quenching" and "mass-quenching" to reflect their 
(independent) effects on fred across the (ȡ, m) plane. These two 
quenching processes will be governed by rates (i.e. the proba-
bility of being quenched per galaxy per unit time) of Ȝȡ and Ȝm 
respectively.   

The distinction between the two effects will be even more 
clearly seen when we consider how, observationally, ڙm and ڙȡ 
depend on cosmic epoch. For this we turn to our zCOSMOS 
sample in the next Section. 

 
 

4.3 How the environment-quenching operates 
 

4.3.1 The empirical signature of environment-quenching 
 
Fig 7 shows the equivalent plots of ڙm and ڙȡ from the  

fred (U,m)  Hm (m,m0)� HU (U,U0) 1�Hm (m,m0)> @
 HU (U,U0) � Hm (m,m0) 1�HU (U,U0)> @
 HU � Hm �HUHm

fred (U,m)  1� exp � U / p1� �p2 � m / p3� �p4� �

SDSS (Peng+10)z~0

The fraction of (non-merging) star-forming galaxies declines 
with both mass and environment

Sobral et al. 2011z~1

At z~1: Similar to z~0 / SDSS
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What about their dynamics?

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

SFR-Mass relation also 
~the same in different 

environments

(For “extreme” environmental 
effects see e.g. Stroe et al. 2014)
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Galaxy Dynamics at z~0.8-2.2
From AO IFU observationsSwinbank al. 2012aThe Dynamics and Metallicity Gradients of Star-Forming Galaxies at z = 0.84–2.23 7

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

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

metry, KTot is K2
Tot=K2

V+K2
σ) and for our mock sample of

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

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

c⃝ 0000 RAS, MNRAS 000, 000–000

8 Swinbank et al.

Figure 3. continued...

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

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

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

3.1 The Tully-Fisher Relation

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

c⃝ 0000 RAS, MNRAS 000, 000–000

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

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

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

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

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

2 hours of VLT time
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sSFRs = 0.2-1.1 Gyr-1Confirmed group at 
z=0.813 (13 galaxies)

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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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

Metallicities

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

KMOS galaxies z=0.81

Solar value: 8.66 +-0.07 

Group galaxies 
slightly more 

metal rich

but also 
more 

massive
[NII]/Ha 

=0.32+-0.13



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



Stott, Sobral et al. 2013b

HiZELS “Fundamental” Mass-Metallicity-SFR relation at z~1-2

z=0.8-1.5 KMOS galaxies 
sit nicely on the 

3D relation

Stott, Sobral et al. 2014, submitted



Agrees with z~1-2 TF

No difference 
field vs group

Evolution of the Tully Fisher relation?

Sobral+13b

With just ~2 hours of  
VLT time

“Easy” to build samples of ~1000

Small Evolution in ZP
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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

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

just 4 hours! (with overheads)

Karim
+11

z~0.8

NB Hα-selected z~0.8 + KMOS
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& the UK GTO survey team

PRELIMINARY	

UK GT program	


6.5N in P92	

245 targets in 13 masks	


95% detection	

74% resolved 



ALMA PdBI PdBI PdBI

Mgas = 1-3x1010Mo  (a=2)	

M* = 2-4x10Mo	

fgas ~30-50%	

Mgas / SFR ~ 1Gyr

CO follow-up well underway with PdBI and ALMA



Stott 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)?



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



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

- KMOS: Confirmed a rich group of star-forming galaxies at z=0.813 
with ~solar metallicities, typical SFRs, all disks. Group galaxies more 
massive & slightly lower sSFRs + higher Metallicity, but the same TF 
and mass-metallicity relations 
!
- KMOS CF-HiZELS: Metallicity gradients correlate with sSFR: 
FMR & explains discrepancies ?

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

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

just 4 hours! (with overheads)
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NB Hα-selected z~0.8 + KMOS
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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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Field ID R.A. Dec. Int. time Date Magnitude limit
(AB)

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

22 22 00
� 00 04 00 -
+ 00 06 24

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

22.0-22.4

0-28 22 18 00 -
22 22 00

� 00 04 00 -
+ 00 06 24

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

54-79 22 10 00 -
22 14 00

� 00 04 00 -
+ 00 06 24

0.8 20 Sept - 6 Dec 2011 21.8-22.2

54-79 22 10 00 -
22 14 00

� 00 04 00 -
+ 00 06 24

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

29-53 22 14 00 -
22 18 00

� 00 04 00 -
+ 00 06 24

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

22.2 - 22.5

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

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

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

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

• 1. Dark substraction

• 2. Create skyflat

• 3. Create mask for bad pixels

• 4. Improve skyflat

• 5. Match coordinate system

• 6. Stack individal frames

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

8



Geach et al. 2012

Exploring a wide range of 
local densities: same 

selection/survey

Sobral et al. 2013a

8 sigma

z=2.23

Cluster? Proto-cluster? How special 
are these galaxies? What are their 

dynamics?



CFHT/WIRcam survey



Source extraction

Potential line emitters

Select Hα emitters

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

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

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

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

3 Scientific results from HiZELS

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

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

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

Photo-zs + Colour-
colour selection

Which emission line?

Spectro-z confirmation

Double-line confirmation

NB selection: 
quantify excess
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Figure 3. The BPT diagram (Baldwin et al. 1981) for the z = 1.47
HiZELS-FMOS sources. The dashed line is the demarcation between star-

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

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

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

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

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

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

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

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

Garn et al. 2010).

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

3.2 Stellar mass, SFR and metallicity

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

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

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

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

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

N2 = log(f[NII]/fHα
) (1)

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

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

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

4 RESULTS

4.1 The Mass-Metallicity Relation

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

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

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

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

12 + log(O/H) = α(logM⋆) + β (4)

which yields α = 0.077±0.050 and β = 7.85±0.05. We compare
the HiZELS-FMOS fits to the: Kewley & Ellison (2008), z = 0.07;
Savaglio et al. (2005), z = 0.7; Erb et al. (2006), z = 2.2; and their
own z = 3.5 dataset, which appear to be progressively lower in
metallicity with increasing redshift. For consistency with our anal-
ysis, the masses are corrected to a Chabrier (2003) IMF and to the
Pettini & Pagel (2004) metallicity calibration, using the equations
from Pettini & Pagel (2004) and Maiolino et al. (2008). From this
we can see that our results are in remarkable agreement with the ‘lo-
cal’, z = 0.07 SDSS relation of Kewley & Ellison (2008), which
is very similar to the SDSS study of Tremonti et al. (2004). Our
results are therefore systematically higher in metallicity than the
z = 0.7 − 3.5 studies of Savaglio et al. (2005); Erb et al. (2006)
and Maiolino et al. (2008) showing no evolution in redshift for the
mass-metallicity relation of the star forming population.
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equivalent width above 50Å; (iv) the object must be visually confirmed as reliable, and not associated with
any cross-talk artefact. The left panel of Figure 1 shows these selection criteria for the NBJ observations
of the COSMOS-1 pointing. For more details on these selections, see Geach et al. (2008; hereafter G08)
or Sobral et al (2009a; hereafter S09a). S09a have shown that these criteria are very robust.

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

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

3 Scientific results from HiZELS

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

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

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

Photo-zs + Colour-
colour selection
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Probing well-studied fields is fundamental!
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Figure 8. Left: Fraction ofM20 identified mergers versus stellar mass for the four HiZELS redshift slices. Centre: Fraction ofM20 identified mergers versus
SFR for the four HiZELS redshift slices. From these plots we can see that the merger fraction depends on mass and perhaps SFR with the most massive and
most star-forming galaxies having the lowest merger fractions. Right: Fraction ofM20 identified mergers versus sSFR for galaxies with ENSFR > 0.2 for
the four HiZELS redshift slices. This suggests that major mergers can lead to galaxies having unusually high sSFR compared to the typical value at a given
mass and redshift.

Figure 9. Left: Merger rates for the HiZELS sample above a given mass against redshift. For comparison, we include merger rates derived from: close pairs
(Lin et al. 2008, Lin08L11); Gini/M20 (Lotz et al. 2008, Lotz08L11); and galaxy asymmetry, (Conselice et al. 2003, 2009; López-Sanjuan et al. 2009, labelled
C03, C09L11 and LS09L11 respectively). The L11 denotes that these merger rates were originally sourced from their respective papers but have been corrected
to the timescales calculated by Lotz et al. (2011) using the galaxy evolution models of Somerville et al. (2008). The samples of Lin08L11, Lotz08L11, C09L11
and LS09L11 are all atM⋆ > 1010M⊙ while C03 isM > 109M⊙. Right: The merger rates for HiZELS galaxies withM⋆ > 1010M⊙ above a given epoch
normalised star formation rate (ENSFR = SFR/SFR⋆(z)). The points are offset by ∆z for clarity. From these plots one can see that there is no evidence
for a significant evolution in merger rate when both the mass and the ENSFR of the galaxies are accounted for in the selection.

By defining the epoch-normalised star-formation rate
(ENSFR = SFR/SFR⋆(z)) we account for the increase in the
typical star-formation rate of galaxies with redshift. In §2 we
demonstrate that the number of galaxies above a given mass and
ENSFR does not evolve significantly over the 6Gyr from z = 0.4
to 2.23. We also note that the HiZELS sample has already been
shown to accurately trace the increase of the SFRD with redshift
and that there is no strong evolution in the normalisation of the Hα
luminosity function (Sobral et al. 2013). Taken, in combination
this means the increase in the SFRD with redshift is not due to an
increase in the number of star-forming galaxies of a given mass
but instead must result from an increase in the amount of star
formation in these galaxies. This can be described as an increase
in the average sSFR for star-forming galaxies (Rodighiero et al.

2010; Elbaz et al. 2011) without a significant increase in their
number density. Also, we note that the SFR⋆ (derived from L⋆

Hα)
evolves in the same way as the typical sSFR for star forming
galaxies (Elbaz et al. 2011), which implies that the luminosity of
the knee in the Hα luminosity function is evolving significantly
more rapidly than the characteristic mass of the stellar mass
function.

The size–mass relation for galaxies is assessed in §3.1. In
order to do this for a large sample we need to use wide-field
ground-based imaging. Hence we confirm that we can reliably re-
cover the galaxy size determined from the HST CANDELS imag-
ing by deconvolving the affect of atmospheric seeing from the
ground-based imaging. We find that the size–mass relation is sur-
prisingly constant out to z = 2.23, in agreement with the findings
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Morphologies: ACS+CANDELS

Disk-like/Non-mergers 
~75%

Mergers/Irregulars   
~25%

Mergers ~ 
20-30% up to 

z=2.23

Hα Star-forming galaxies since z=2.23

Sizes (M*): 
3.6+-0.2 kpc

Sobral+09a, Stott+13a



Morphology-SFR relation	


• Depends on SFR / H-alpha Luminosity 
• Disks/non-mergers completely dominate at SFR<SFR*, (L<L*) 
!

• Population “shift”~SFR*: Irr/mergers dominant (reaching 100%) 

Sobral et al. 2009a at z~1

SFR* SFR*



Mergers?
Stott et al. 2013a

Mergers responsible for ~20% SFRD since z=2.2 (S09)


