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ABSTRACT

The KMOS Redshift One Spectroscopic Survey (KROSS) is an ESOguaranteed time
survey of 795 typical star-forming galaxies in the redshiftrangez = 0.8−1.0with the KMOS
instrument on the VLT. In this paper we present resolved kinematics and star formation rates
for 584z ∼ 1 galaxies. This constitutes the largest near-infrared Integral Field Unit survey
of galaxies atz ∼ 1 to date. We demonstrate the success of our selection criteria with 90%
of our targets found to beHα emitters, of which 81% are spatially resolved. The fraction
of the resolved KROSS sample with dynamics dominated by ordered rotation is found to be
83 ± 5%. However, when compared with local samples these are turbulent discs with high
gas to baryonic mass fractions,∼ 35%, and the majority are consistent with being marginally
unstable (ToomreQ ∼ 1). There is no strong correlation between galaxy averaged velocity
dispersion and the total star formation rate, suggesting that feedback from star formation is
not the origin of the elevated turbulence. We postulate thatit is the ubiquity of high (likely
molecular) gas fractions and the associated gravitationalinstabilities that drive the elevated
star-formation rates in these typicalz ∼ 1 galaxies, leading to the ten-fold enhanced star-
formation rate density. Finally, by comparing the gas masses obtained from inverting the star-
formation law with the dynamical and stellar masses, we infer an average dark matter to
total mass fraction within2.2 re (9.5 kpc) of 65 ± 12%, in agreement with the results from
hydrodynamic simulations of galaxy formation.

Key words: galaxies: evolution – galaxies: kinematics and dynamics

1 INTRODUCTION

The star-formation rate density (SFRD) of the Universe peaks in
the redshift rangez = 1 − 3 (Lilly et al. 1996; Madau et al. 1996;
Hopkins & Beacom 2006; Sobral et al. 2013a). At this epoch the

∗ E-mail: john.stott@physics.ox.ac.uk

average star formation rate (SFR) in galaxies was an order ofmag-
nitude higher than is observed locally. A major goal of galaxy evo-
lution studies is to understand the conditions that occurred to enable
this intense period of activity, during which the majority of the stars
in the Universe were formed.

Great advances have been made in charting the peak of star
forming activity using multi-wavelength imaging and spectroscopy
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to obtain global properties of the galaxies at this epoch, e.g. the
sizes, morphologies, SFRs, metallicities and gas content etc. of
these galaxies (e.g. Doherty et al. 2004, 2006; Erb et al. 2006a,b;
Kassin et al. 2007, 2012; Buitrago et al. 2008; Dunne et al. 2009;
Peng et al. 2010; Geach et al. 2011; van Dokkum et al. 2011;
Bell et al. 2005, 2012; Stott et al. 2013b,a; Sobral et al. 2014).

To truly understand what drives this activity we need to re-
solve and study the processes that take place within the galaxies
themselves. Instruments using Integral Field Units (IFUs), such
as the Spectrograph for INtegral Field Observations in the Near
Infrared (SINFONI) on the Very Large Telescope (VLT), provide
spatially resolved spectroscopy of galaxies, with each spatial pixel
(spaxel) having its own spectrum. This has been successfully em-
ployed by a number of groups to resolve relatively small sam-
ples of up to 100 galaxies on a time consuming one-by-one ba-
sis (e.g. Smith et al. 2004; Genzel et al. 2006, 2008; Shapiroet al.
2008; Förster Schreiber et al. 2009 [Spectroscopic Imaging sur-
vey in the Near-infrared with SINFONI, (SINS)]; Gnerucci etal.
2011; Troncoso et al. 2014 [Assessing the Mass-Abundances red-
shift (Z) Evolution (AMAZE) and Lyman-break galaxies Stellar
population and Dynamics (LSD)]; Queyrel et al. 2012; Epinatet al.
2012; Contini et al. 2012 [Mass Assembly Survey with SINFONI
in VVDS (MASSIV)]; Swinbank et al. 2012b,a [SINFONI ob-
servations of High-Z Emission Line Survey (SHiZELS) galax-
ies]; Law et al. 2009; Wright et al. 2009). Other studies havefo-
cussed on IFU observations of small samples of gravitation-
ally lensed galaxies (e.g. Swinbank et al. 2006; Jones et al.2010;
Livermore et al. 2015). By studying the kinematics and resolved
star formation, surveys such as these have provided tantalising re-
sults on the internal processes of galaxies atz & 1. However, al-
though these samples cover a range in SFR and stellar mass, due to
observational constraints (with the exception of the smallnumbers
of lensed galaxies), the massive and highly star-forming galaxies
tend to be over represented compared to the general star-forming
population at a given redshift.

Due to the limited sizes and potential biases of thesez & 1
IFU studies it has been difficult to build a definitive pictureof
the internal properties of star-forming galaxies at this epoch. For
example, the fraction of disc-like galaxies at these redshifts is
found to be low (e.g.∼ 30%, Gnerucci et al. 2011) but this may
be because the highly star-forming galaxies probed in thesesur-
veys are more likely to be disturbed than the typical population at
that epoch (Stott et al. 2013b). It has also been demonstrated that
these gaseous discs atz & 1 are highly turbulent but how this
turbulence is maintained is unclear as while Green et al. (2014)
and Lehnert et al. (2013) suggest a strong link to star formation
driven feedback, the results of Genzel et al. (2011) imply that this
is not the case. The discs are also found to be marginally unsta-
ble to gravitational collapse with many dominated by clumpystar-
forming regions (Förster Schreiber et al. 2006; Genzel et al. 2011;
Swinbank et al. 2012a). The Tully Fisher relation (Tully & Fisher
1977) is also found to evolve for galaxies at progressively high red-
shifts, in that galaxies with the same rotation velocity in the dis-
tant Universe have lower stellar masses (e.g. Swinbank et al. 2006).
This suggests either higher gas fractions as measured directly by
Tacconi et al. (2010) or increased dark matter fractions or perhaps
even both. Current observations of galaxies atz & 1 have there-
fore demonstrated that the internal properties of the galaxies at the
peak epoch of star formation are indeed more extreme than their
local counterparts but have we so far only been probing extreme
examples?

With the advent of near-infrared multi-object IFUs such as

the K−band Multi Object Spectrograph (KMOS, Sharples et al.
2013), it is now possible to study large well-selected samples of
high redshift galaxies with much greater efficiency. KMOS allows
for simultaneous observations with up to 24 IFUs within a 7.2ar-
cminute diameter radius and is thus perfectly suited to sucha task.
The KMOS Redshift One Spectroscopic Survey (KROSS) is a Eu-
ropean Southern Observatory (ESO) guaranteed time survey un-
dertaken by a team predominantly at Durham University and the
University of Oxford, which has observed∼ 800 mass-selected
star-forming galaxies atz ∼ 1 (see also KMOS3D [Wisnioski et al.
2015] and the KMOS Science Verification programme KMOS-
HiZELS [Sobral et al. 2013b; Stott et al. 2014]). With an order of
magnitude increase in sample size compared to previous works,
KROSS can study the resolved properties of galaxies in statistically
significant sub-samples of parameter space, e.g. position within the
SFR-stellar mass plane.

To aid the comparison with theoretical models, the KROSS
selection is kept as simple as possible and is dominated by galax-
ies on and around the so called ‘main sequence’ of star forma-
tion (Noeske et al. 2007; Elbaz et al. 2011; Karim et al. 2011), the
locus in SFR vs. stellar mass space occupied by the majority of
star-forming galaxies at a given epoch. KROSS is designed totar-
get theHα emission line in these galaxies, which is an excel-
lent tracer of ongoing star formation, less affected by dustob-
scuration than bluer indicators such as the UV continuum and
[OII] emission line. We map theHα and [NII] emission within
the galaxies in order to measure the distribution of star forma-
tion and metallicity, the internal kinematics, and the roleof any
low-level active galactic nuclei (AGN) activity. KROSS is there-
fore the largest IFU-observed sample of typical star-forming galax-
ies at the closing stages of the peak in Universal star formation
(Madau & Dickinson 2014). KROSS is also an excellentz ∼ 1
counterpart to the latest local IFU surveys such as the Calar
Alto Legacy Integral Field Area Survey (CALIFA, Sánchez etal.
2012), Sydney-Australian-Astronomical-Observatory Multi-object
Integral-Field Spectrograph survey (SAMI, Fogarty et al. 2012)
and Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA, Bundy et al. 2015) which mapHα emission in galaxies
atz ∼ 0.1.

In this paper we describe the KROSS sample, consisting of
data taken in ESO periods 92, 93, 94 and 95 and use this to inves-
tigate the kinematic properties of the galaxies. We begin bydis-
cussing the sample selection, data reduction, and efficiency and
then move on to kinematic modelling of the galaxies (§2). This
yields the fraction of rotation and dispersion dominated galaxies
and their dynamical masses (§3.2 and§3.3). We then compare the
inferred dynamical masses to the stellar mass and the gas mass,
from inverting the star formation law, to obtain gas and darkmat-
ter fractions (§3.4). Finally, in§4 we discuss the stability of the
gaseous discs present in thez ∼ 1 star-forming population and
give our conclusions in§5. Our results are compared to the output
of the EAGLE hydrodynamic simulation.

We use a cosmology withΩΛ = 0.73, Ωm = 0.27, and
H0 = 70 km s−1 Mpc−1. We note that1′′ corresponds to 7.8 kpc at
z = 0.85, the median redshift of the confirmedHα emitting galax-
ies presented in this paper. All quoted magnitudes are on theAB
system and we use a Chabrier (2003) IMF throughout.
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2 THE SAMPLE & DATA

2.1 Sample and target selection

The KROSS survey is designed to study typical star-forming galax-
ies atz = 1. We target these galaxies in the spectral range contain-
ing the redshiftedHα 6563Å nebular emission line to obtain a mea-
sure of their ongoing star formation. The majority of the KROSS
galaxies are selected to be those with known spectroscopic redshifts
from various surveys, while the remainder (∼ 25%) are knownHα
emitters from the HiZELS narrow-band survey (Sobral et al. 2013a,
2015). Table 1 lists the observed fields: UDS (UKIDSS [United
Kingdom Infrared Telescope Deep Sky Survey] Ultra-Deep Sur-
vey); ECDFS (ExtendedChandraDeep Field South); COSMOS
(Cosmological Evolution Survey); and SA22, and the spectroscopic
and narrow-band surveys used for each.

The spectroscopic sample of galaxies in the redshift range
z = 0.8 − 1.0, placesHα in the J−band window that lies be-
tween two strong atmospheric absorption features. These spec-
troscopic catalogues are: MUSYC (Multiwavelength Survey by
Yale-Chile, Cardamone et al. 2010 and references therein),a sam-
ple of ∼ 4, 000 galaxies from several surveys withzAB . 24.5
(for the largest sub-sample, Balestra et al. 2010); UDS (Smail et al.
2008, Bradshaw et al. 2013, McLure et al. 2013,, Akiyama et al.,
in prep and Simpson et al., in prep), a sample of& 4, 000 galax-
ies, withKAB < 24 but with a significant AGN fraction which
we remove with flagging (see§2.3 for a discussion of the KROSS
AGN fraction); VIPERS (VIMOS [VIsible MultiObject Spectro-
graph] Public Extragalactic Redshift Survey, Garilli et al. 2014 and
Guzzo et al. 2014), a survey of 100,000 galaxies withIAB < 22.5;
VVDS (VIMOS VLT Deep Survey, Le Fèvre et al. 2005, 2013 and
Garilli et al. 2008), a survey of 100,000 galaxies withIAB < 22.5,
50,000 withIAB < 24 and 1,000 withIAB < 26; and finally
zCOSMOS (the spectroscopic component of COSMOS, Lilly et al.
2007), which is a survey of 28,000 galaxies withIAB < 22.5.

The majority of the sample in the combined KROSS spectro-
scopic parent catalogue are selected to be brighter than a magnitude
limit of KAB = 22.5. At redshiftz = 0.8−1.0 thisK−band limit
corresponds to a stellar mass limit oflog(M⋆[M⊙]) = 9.3 ± 0.5
(see stellar mass calculation§3.1). This limit was set by the feasibil-
ity simulations of the predicted sensitivity of KMOS we performed
before the observing programme began, which assumed that the ex-
tendedHα emission followed the broad band galaxy photometry.
We found that to guarantee resolvedHα in ∼ 80% of our galax-
ies in typical Paranal seeing conditions (0.6′′ − 0.8′′) and at our
preferred on source integration time of 2-3 hours, we neededto se-
lect galaxies with seeing deconvolved broad-band half-light radii
of at least∼ 0.5′′ (∼ 4 kpc), which on average corresponds to the
magnitude/mass limit ofKAB = 22.5, log(M⋆[M⊙]) = 9.3± 0.5
(Stott et al. 2013b). We note that other than this magnitude selec-
tion no formal size cut is applied to the sample.

The HiZELS galaxies are drawn from Sobral et al. (2013a)
and Sobral et al. (2015). These represent narrow-bandHα emitters
at eitherz = 0.84 (UDS and COSMOS fields) orz = 0.81 (SA22
field, CF-HiZELS, Sobral et al. 2015). The HiZELS galaxies are
Hα emitters (typical flux,FHα > 10−16erg cm−2 s−1) with
AGN removed and are therefore likely to be extended (Sobral et al.
2013b; Stott et al. 2014). The nature of this HiZELS selection
means that these galaxies are SFR selected unlike the spectroscopic
surveys which are magnitude, and therefore approximately stellar
mass, limited. The wavelengths of the HiZELS narrow-band filters
avoid regions of strong sky emission lines. We note that78% of the

HiZELS galaxies targeted are brighter than our nominalK−band
limit (KAB < 22.5)

To prepare the observations of the KROSS targets we assigned
priority levels to the galaxies. As well as the magnitude/stellar mass
criteria we include anr − z colour diagnostic too, as these fil-
ters straddle the 4000̊A break at the redshift of our galaxies and
therefore provides a good discriminant of red and blue galaxies.
We assign the highest priority to those galaxies that are brighter
than theK−band limit (KAB < 22.5) and also bluer inr − z
colour than the typicalz ∼ 1 ‘red sequence’ of passive galax-
ies (i.e.r − z < 1.5). Lower priorities are assigned to galaxies
that are fainter thanKAB = 22.5 and/or have a red colour (i.e.
r−z > 1.5). Lower priority faint and red galaxies are still observed
because it is not usually possible to fill all of the arms of a KMOS
configuration with high priority galaxies, due to both target den-
sity and allowed arm positioning. The effect of down-weighting,
although not exclusion of, the red galaxies from the sample will re-
sult in the selection of fewer passive galaxies and potentially fewer
dusty starburst galaxies. It is difficult to observeHα in both of these
populations as the former have little or no ongoing star formation
and the latter have a strong dust attenuation. The down-weighting
of the passive galaxies will have no effect on our results as we
primarily target star-forming galaxies. The down-weighting of the
dusty starbursts may result in fewer disturbed, high specific star
formation rate (sSFR) galaxies. However, these galaxies are rare so
this is not a concern (Stott et al. 2013b).

A final down-weighting of priority is applied to galaxies that
would be strongly affected by night-sky emission lines. Forthis we
compare the predicted observedHα wavelengths from the galax-
ies’ known redshifts to those of the night-sky emission linecata-
logue published in Rousselot et al. (2000). From our experience in
Stott et al. (2013a), galaxies are given a lower priority if their red-
shiftedHα emission line is within500 kms−1 of strong OH lines,
which we define as those with a relative flux greater than 50 (inthe
Rousselot et al. (2000) catalogue).

In Fig. 1 we plot theK−band number counts and the distri-
bution of ther − z colour for KROSS, its combined parent cata-
logue and an estimate of the parent population based on the VISTA
(Visible and Infrared Survey Telescope for Astronomy) DeepEx-
tragalactic Observations (VIDEO) photometric redshift catalogue
(Jarvis et al. 2013). This figure shows that KROSS is representative
of its parent samples but brighter and with a lower proportion of red
galaxies than the parent galaxy population, reflecting the priorities
used for target selection. Fig. 1 also highlights the colourand mag-
nitude distributions of the HiZELS sample and demonstratesthat
they have a relatively flat distribution inKAB and therefore repre-
sent a higher proportion (43%) of the galaxies withKAB > 22.5.
This is because theHα selection of HiZELS includes many low
mass and therefore high sSFR galaxies. Fig. 2 is ther − z versus
K colour magnitude diagram for the KROSS targets and displays
the selection criteria.

2.2 Observations and data reduction techniques

The KMOS spectrograph consists of 24 integral field units (IFUs)
that patrol a 7.2 arcminute diameter field. Each IFU has an area of
2.8′′×2.8′′ with 0.2′′ ×0.2′′ spatial pixels. At the average redshift
of the KROSS targets (z = 0.85) 2.8′′ corresponds to∼ 22 kpc,
which is well matched to mapping the KROSS galaxy properties
out to several effective radii. The full parent sample of potential
KROSS targets consists of& 17, 000 z ∼ 1 star-forming galax-
ies (see Table 1) but we choose to observe pointings with target
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Table 1. A list of the extragalactic fields observed by KROSS and the parent catalogues from which we source our KMOS targets. Nmaster is the number of
galaxies in the spectroscopic (and narrow-band) master catalogue. Nobs is the number of galaxies observed. The individual fields with their KROSS catalogue
names are listed with their exposure times and average seeing.

Field z Surveys Nmaster Nobs Pointing Coordinates (J2000) Exp. Time (s) Seeing (”)

UDS 1, 2, 3 7168 209

udsf2 02:17:24.5 -05:13:13 1800 0.7
udsf7 02:16:54.4 -04:59:04 9000 0.5
udsf8 02:17:22.2 -05:01:06 9000 0.9
udsf9 02:17:48.2 -05:01:02 6000 0.6
udsf10 02:18:11.7 -05:00:04 9000 0.7
udsf11 02:18:36.2 -05:01:49 8400 1.2
udsf12 02:16:58.9 -04:46:42 5400 0.7
udsf13 02:17:55.8 -04:43:00 8400 0.5
udsf14 02:18:23.3 -04:46:12 9000 0.8
udsf16 02:18:00.2 -04:53:43 9000 0.5
udsf17 02:19:20.3 -04:51:58 9000 0.6
udsf18 02:19:26.2 -04:42:33 9000 0.9

ECDFS 4, 5 318 157

ecdfsf0 03:32:06.4 -27:52:19 6000 0.7
ecdfsf1 03:32:28.4 -27:53:29 9600 0.7
ecdfsf1B 03:32:28.4 -27:54:19 6000 0.4
ecdfsf2 03:32:53.5 -27:52:18 9000 0.5
ecdfsf2B 03:32:53.7 -27:52:43 9000 0.6
ecdfsf3 03:32:06.6 -27:45:35 9000 0.6
ecdfsf3B 03:32:07.4 -27:45:50 4800 0.8
ecdfsf4 03:32:32.5 -27:47:05 11400 0.9
ecdfsf6 03:32:07.9 -27:40:50 9000 0.5
ecdfsf7 03:32:38.4 -27:40:53 7800 1.0

COSMOS 3, 6 1743 182

cosmosf0 10:00:31.5 +02:13:34 9600 0.7
cosmosf1 10:01:06.1 +01:53:51 9000 0.5
cosmosf2 10:01:27.5 +01:57:26 9000 0.7
cosmosf4 09:59:25.3 +02:01:33 7200 0.6
cosmosf6 10:01:26.2 +02:03:15 8400 0.7
cosmosf9 10:00:48.9 +02:09:50 9000 0.5
cosmosf10 10:01:15.0 +02:09:38 6000 0.8
cosmosf12 10:01:01.2 +02:17:49 5400 0.9
cosmosf21 09:59:43.7 +02:04:39 8400 0.8
cosmosf22 09:59:34.9 +02:16:43 9000 0.5

SA22 2, 5, 7 8283 247

sa22f0 22:19:54.4 +01:10:16 6000 0.8
sa22f5 22:20:21.3 +01:07:13 9000 1.0
sa22f6 22:18:46.0 +00:57:08 9000 0.6
sa22f8 22:11:59.9 +01:23:31 9000 0.6
sa22f11 22:11:47.2 +01:14:32 9000 0.5
sa22f12 22:14:04.4 +00:55:55 9000 0.5
sa22f13 22:18:21.8 +01:13:02 9000 0.8
sa22f16 22:20:39.8 +00:56:52 9600 1.0
sa22f19 22:20:33.7 +01:14:04 9000 1.0
sa22f21 22:13:03.9 +01:26:40 8400 0.7
SV1 22:19:30.3 +00:38:59 4500 0.8
SV2 22:19:41.5 +00:23:20 4500 0.6

1 UDS, Bradshaw et al. (2013), McLure et al. (2013), Smail et al. (2008), Akiyama et al. (in prep) and Simpson et al. (in prep)
2 VIPERS, Garilli et al. (2014) and Guzzo et al. (2014)
3 HiZELS, Sobral et al. (2013a)
4 MUSYC, Cardamone et al. (2010) and references therein
5 VVDS, Le Fèvre et al. (2005, 2013) and Garilli et al. (2008)
6 zCOSMOS, Lilly et al. (2007)
7 CF-HiZELS, Sobral et al. (2015), Sobral et al. (2013b) and Stott et al. (2014)
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Figure 1. Upper: These are theK−band magnitude number counts for
KROSS, its parent catalogue and an estimate of the parent population nor-
malised to the number of galaxies in each. The parent population is a ran-
dom sample of 3000K−band selected galaxies sourced from the VIDEO
survey (dotted, Jarvis et al. 2013) withKAB < 22.5 and with a photomet-
ric redshift in the rangez = 0.8 − 1.0 to match KROSS. Also displayed
is the combined KROSS parent catalogue of all galaxies with spectroscopic
redshifts (plus HiZELS) within our survey fields and those that were actu-
ally targeted. The parent sample to KROSS is brighter than the underlying
population, as you would expect, but the KROSS targets well sample this.
TheK−band magnitude distribution of the HiZELS galaxies only, isflatter
than the parent sample and so they represent43% of theK > 22.5 galax-
ies, reflecting their SFR selection.Lower: The distribution ofr − z colour.
Again, the parent population is sourced from the VIDEO survey (dotted)
with K < 22.5 and with a photometric redshift in the rangez = 0.8−1.0.
This demonstrates that the parent sample to KROSS has a lowerproportion
of red galaxies than the underlying population, which is likely because it is
easier to obtain spectroscopic redshifts for relatively dust-free star-forming,
and therefore blue, emission line galaxies, rather than those that are passive
or obscured. Again the KROSS targets well sample this.

densities similar to (or generally greater than) the density of IFUs
within the KMOS field of view i.e.> 0.62 galaxies per square ar-
cminute. The observed pointings are those with the greatestnumber
of high priority galaxies. We note that the pointings are notover-
dense structures of galaxies at the same redshift but are regions
densely sampled by spectroscopic redshift surveys. The number of
galaxies satisfying the spectroscopic redshift cut for each field are

Figure 2. Ther− z vs.K colour magnitude diagram for the KROSS sam-
ple. The red points are galaxies for which we resolved theHα emission.
The magenta squares are those galaxies in which we detectHα (> 5σ) but
it is not spatially resolved and the blue squares are those where we detect
continuum only. The small number of black points are those galaxies which
are undetected in our spectra. The background region composed of light
grey squares shows the position of thez = 0.8 − 1.0 galaxy population
from the VIDEO survey (Jarvis et al. 2013), demonstrating that the KROSS
galaxies are typical of the parent star-forming population.

given in Table 1 along with the actual number observed and the
details of the pointings.

The KROSS observations were taken during ESO Periods 92,
93, 94 and 95 on the nights of: 22 November 2013; 7-8 and 24-26
December 2013; 21-22 February 2014; 19-27 August 2014; 13-15
and 29-31 October 2014; 25-28 January 2015; 10-12 April 2015;
4-7, 21-25 and 28-30 August 2015 (ESO programme IDs 092.B-
0538, 093.B-0106, 094.B-0061 and 095.B-0035). We also include
the KMOS-HiZELS Science Verification observations taken in
2013 on June 29, July 1 and September 25 (ESO programme ID
60.A-9460). For the full details of KMOS-HiZELS, which uses
a similar selection criteria to KROSS but with a heavier weight-
ing towards HiZELS sources, please see Sobral et al. (2013b)and
Stott et al. (2014). The medianJ−band seeing for the KROSS ob-
servations was0.7′′±0.2′′ with 70% of the seeing conditions below
0.8′′ and91% below1′′.

We used theY J−band grating in order to observe the Hα
emission, which atz = 0.8−1.0 is redshifted to1.181−1.312µm.
In this configuration, the spectral resolution is R =λ /∆λ ∼ 3400.
We targeted up to 20 KROSS galaxies per pointing while deploy-
ing three IFUs (one per KMOS spectrograph) to (blank) sky posi-
tions to improve the sky-subtraction during the data reduction and
typically one IFU to a star in order to monitor the PSF. Observa-
tions were carried out as three separate ESO observation blocks
per pointing, with each using an ABAABAAB (A=object, B=sky)
sequence, with 600s integration per position, in which we chopped
by> 10′′ to sky, and each observation was dithered by up to0.2′′.
Therefore, the observations of one KROSS pointing took 4 hours of
which the total on-source integration time was 2.5 hrs per galaxy.

To reduce the data, we used theESOREX/ SPARK pipeline
(Davies et al. 2013), which extracts the slices from each IFUthen
flatfields, illumination corrects and wavelength calibrates the data
to form a datacube. However, we reduced each 600s frame sepa-
rately (in order to have greater control of the reduction) and then
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removed the majority of the sky emission by combining individual
AB (object-sky) pairs such that the sky frame is subtracted from the
object frame. We then improved the sky OH subtraction in these in-
dividual 600s object ‘A-B’ frames by subtracting the residual sky
emission remaining in the A-B cube of the sky IFU, from the ap-
propriate spectrograph. The best results were achieved by creating
an average 1-D residual sky spectrum from an A-B sky IFU and
then subtracting it (appropriately scaled) from each spaxel in the
A-B object frame. This improvement is because the average resid-
ual sky does not add significant noise compared to subtracting the
residual sky cube from the object cube on a spaxel-by-spaxelbasis.

We have found that at least two other variations of this resid-
ual sky subtraction technique are feasible and we list them here
for those interested in reducing faint emission line sources with
KMOS:

(i) If no sky-IFUs were placed in the object frame (or the sky-
IFU failed), it is possible to perform the residual sky subtraction
by using one IFU per spectrograph for which there is no signifi-
cant source flux detected (i.e. an IFU that is targeting a veryfaint
source).

(ii) Another successful technique is to median combine all of
the other IFUs in the same spectrograph (i.e. all of the otherobject
A-B frames) into one master sky residual frame which can thenbe
averaged and subtracted as in (i), further reducing the noise added
in the residual sky subtraction. However, this has the drawback that
it is valid only for targets with no measurable continuum andat sig-
nificantly different redshifts so that the spectral lines are averaged
out of the final 1-D residual sky spectrum. It is however possible
to run the reduction with a first pass, spatially and spectrally mask
bright lines and continuum and then run the reduction again.

We suggest that any of the three techniques described above
would be well suited to high redshift, faint emission line studies
with KMOS, especially if no object frame sky-IFUs are available.

The (A − B)object − (A − B)sky frames are finally com-
bined into a fully reduced datacube using a clipped average and
then oversampled to0.1′′ per spaxel. We flux calibrate our data
using a standard star observed on one IFU per spectrograph toen-
sure we have an independent zero point for each. A small sample
of 10 galaxies were observed twice, in separate pointings. From the
differences between the recoveredHα fluxes in these independent
observations, we estimate the flux calibration error to be∼ 20%.

The observations were spread over several different runs and
semesters and so it was not always the case that all 24 arms were
active, with up to four missing in the worst case. However, due to
the flexibility of the large KROSS parent catalogue this had little
impact on the survey.

2.3 Sample statistics

In this section we assess the efficiency of the KROSS selection
technique. First we calculate the number of targeted KROSS galax-
ies compared to the number in which we detect resolvedHα (extent
larger than the FWHM of the seeing disc), unresolvedHα (> 5σ),
continuum only and finally those for which we detect no signalat
all. This information is also displayed in Fig. 2 with the different
coloured points denoting the different levels of detection. In terms
of numbers, KROSS has observed 795 galaxies1. We detectHα

1 A catalogue of basic properties for the KROSS galaxies will be made
available at the URL https://groups.physics.ox.ac.uk/KROSS/

in 719 galaxies (90%). TheHα emission is resolved in 81% of
these detections (584), which is an impressive return reflecting the
success of our selection criteria and the simulations we performed
before the observing programme began. Finally, if we include those
for which we obtain significant continuum (although none with ob-
vious spectral features to obtain a redshift estimate) the number is
757 detections or 95% of the KROSS sample. This leaves us with
only 5% non-detected galaxies which demonstrates the excellent
efficiency of KROSS.

For the priority 1 (P1) galaxies (KAB < 22.5, r − z < 1.5
or HiZELSHα emitter) the recovery statistics are significantly im-
proved.Hα is detected in 96% of the P1 sample and resolved in
89% of these, withHα or continuum found in 97%.Hα is de-
tected in 92% of the HiZELS sample of which 83% are spatially
resolved. This is consistent with the entire KROSS sample. For
the entire HiZELS sample there is only evidence that two galax-
ies have been assigned incorrect redshifts based on their narrow-
band emission. These galaxies clearly have an [OIII]5007Å emis-
sion in the narrow-band filter wavelength range as the KMOS
spectra also show the [OIII]4959Å and Hβ lines, meaning the
galaxies are atz = 1.40 and z = 1.42 respectively and not
z = 0.834 and z = 0.847. This is in agreement with the
very low contamination rate estimated in Sobral et al. (2013a).
All of the HiZELS non-detections have HiZELS catalogue fluxes
FHα < 10−16erg cm−2 s−1 and so the likely reason for their non-
detection is because they are faint.

Of the non-HiZELS galaxies, 2.5% have a measured redshift
that has a larger than 10% discrepancy with their catalogue redshift.
We therefore estimate that a significant fraction of the 5% non-
detections may be explained by contamination. A further portion
of this population will likely be continuum sources that arefainter
thanKAB = 21 (our approximate observed detection limit of con-
tinuum) and are therefore undetected in our relatively short expo-
sures. Figures 1 and 2 also indicate that the detection statistics are
not uniform across the range of target selection criteria. For exam-
ple, the median colour of those with resolvedHα is r − z = 0.96,
whereas the galaxies with unresolvedHα are redder with a median
r − z = 1.34. The median colour of the galaxies with continuum
but no emission lines isr − z = 1.65 compared to those with re-
solvedHα andKAB < 21, which have a medianr − z = 1.20
(see Fig. 2) . This demonstrates that, as one may expect, it isthe
more massive, older, passive or dusty galaxies that show weaker
Hα emission.

Despite being careful to select against AGN in the parent spec-
troscopic samples, by removing galaxies flagged as AGN or X-ray
sources, it is possible that there is some AGN contaminationof
KROSS. We can estimate the AGN fraction of KROSS by measur-
ing the emission line ratio[NII]/Hα. Using the[NII]/Hα diagnos-
tics of Kewley et al. (2001) we find that none of the KROSS galax-
ies are identified as AGN as all havelog([NII]/Hα) < 0.2. There
are four galaxies with0.0 < log([NII]/Hα) < 0.2 and a further 12
with −0.2 < log([NII]/Hα) < 0.0, which may indicate the pres-
ence of some mixed AGN/star-forming systems. Based on this line
ratio diagnostic, the fraction of AGN in KROSS is likely≪ 5%.
The[NII]/Hα line ratio can also be used to infer the metallicity of
a galaxy, with a detailed analysis of resolved KROSS metallicities
to be presented in Stott et al. (in prep.).
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3 ANALYSIS & RESULTS

3.1 Stellar masses, star formation rates and spatial extent

Since KROSS was carried out in some of the major extragalac-
tic survey fields, there are extensive multiwavelength dataal-
lowing us to estimate stellar masses. The stellar masses are
derived by exploiting the multi-wavelength, optical – infrared
(U, g,B, V,R, I, z, J,K and IRAC: 3.6 and 4.5µm) imaging
(Cirasuolo et al. 2007; Lawrence et al. 2007; Hambly et al. 2008;
Williams et al. 2009; Cardamone et al. 2010; Kim et al. 2011b;
Muzzin et al. 2013b; Simpson et al. 2014; Sobral et al. 2015 and
references therein). The photometric bands were consistent be-
tween the fields except for SA22 whereg was used instead ofB and
V and no suitable IRAC imaging was available. The mass estimates
are obtained by fitting the spectral energy distributions (SEDs) of
the galaxies in the KROSS parent catalogue using theHYPERZ

code (Bolzonella et al. 2000) to compare the measured photometry
with a suite of spectral templates from Bruzual & Charlot (2003)
with the redshift fixed to that obtained from the KMOSHα ob-
servation. A full description can be found in Swinbank et al.(in
prep.), which provides a study of the strength of galaxy outflows
and winds. The median stellar mass of the entire observed KROSS
sample islog(M⋆[M⊙]) = 10.0 ± 0.1. For those with resolved
Hα this is also10.0± 0.1 but for those detected in continuum only
it is 10.9 ± 0.1. The median mass of those with resolvedHα that
are brighter than our approximate continuum detection threshold
(KAB = 21) is log(M⋆[M⊙]) = 10.4 ± 0.1, again demonstrating
that the passive galaxies tend to be the most massive (see§2.3).

The SFRs of the galaxies are derived from theHα emission
line flux we measure for the galaxies. To obtain a ‘total’Hα flux
for each galaxy we extract from the reduced datacube an integrated
1-D spectra in a2.4′′ diameter circular aperture around the spatial
Hα centroid. This centroid is found by collapsing the cube around
a small wavelength range across the redshiftedHα line and fitting
a 2-D Gaussian profile. The diameter of the aperture corresponds to
a large physical size of∼ 18 − 19 kpc. For an exponential profile
galaxy with the KROSS average half-light radius (0.6′′, see below),
2.4′′ should contain 99% of the flux, in the average seeing (0.7′′).
We then simultaneously fit theHα and [NII] emission lines using
Gaussian line profiles in order to extract their flux. In this fit we
down-weight the spectra at the location of the OH skylines.

The SFRs are calculated using the relation of Kennicutt (1998)
assuming a Chabrier (2003) IMF. An individual extinction correc-
tion is applied to each galaxy based on the stellar reddeningcal-
culated from the SED fitting. This stellar basedAV is converted
to an extinction appropriate to the gas using the relation from
Wuyts et al. (2013),

AV gas = AV SED(1.9− 0.15 AV SED), (1)

which is consistent with the ratio ofHα-to-far-infrared derived
SFRs from a stacking analysis ofHerschel/SPIRE observations
of the KROSS galaxies (Swinbank et al., in prep.). The median
extinction-corrected SFR of the sample is5± 1 M⊙yr

−1 (Fig. 3).
In Fig. 3 we show the distribution of SFR of the 719Hα emit-

ters in the KROSS sample about thez = 0.9 main sequence from
Karim et al. (2011). This plot demonstrates that the KROSS sam-
ple is indeed representative of galaxies on and around this trend in
SFR with mass. A Gaussian fit to the distribution of the resolved
Hα emitters with masses greater thanlog(M⋆[M⊙]) = 9.5, has
a peak at−0.17 dex and a dispersion of0.6 dex. The width of
this distribution is larger than that found by Noeske et al. (2007),
who measure a dispersion of0.35 dex for the main sequence at

z = 0.85 − 1.1 but we note that we are usingAV gas, which in-
troduces more scatter into the relation. If instead of individual ex-
tinction corrections, we use the average valueAV gas = 1.43 then
we obtain a scatter around the main sequence of0.4 dex in agree-
ment with Noeske et al. (2007). Also shown in Fig. 3 is the dis-
tribution of the HiZELS galaxies only, which again peaks on the
main sequence. For a discussion of the properties of KROSS galax-
ies compared to their proximity to the main sequence, see Magdis
et al. (MNRAS, in press). Finally, Fig. 3 displays the distribution
of the galaxies that could not be resolved inHα, which is strongly
skewed to the lowest SFR galaxies as one would expect. The me-
dian SFR of these unresolved sources is1.2 ± 1.0M⊙yr

−1. The
comparisons with the median SFR of other high redshift surveys,
show that in general they also cluster around the main sequence,
at their respective redshifts and median stellar masses, with only
the AMAZE (Gnerucci et al. 2011) galaxies atz ∼ 3 showing evi-
dence of an elevated relative SFR.

The mass function of KROSS is also plotted in Fig. 3, with
comparison to the value of the Schechter functionM⋆ of the
z = 0.5 − 1.0 star-forming galaxy mass function of Muzzin et al.
(2013a). This demonstrates that KROSS well samples the galaxy
population tolog(M⋆[M⊙]) ∼ 10 (∼ 0.1M⋆). We can also
see that the unresolved galaxies are skewed towards the high
mass regime, which is a consequence of more massive galax-
ies having a tendency towards quiescence. The median stellar
masses of the literature samples, compared toM⋆ at their re-
spective redshifts, show that SINS (Förster Schreiber et al. 2009)
and KMOS3D (Wisnioski et al. 2015) tend to probe more massive
∼ M⋆ galaxies, while AMAZE probes a similar region of the mass
function to KROSS,∼ 0.1M⋆.

To measure the spatial extent of the star formation we calcu-
late the effective radius of theHα. The half light radii (re) is cal-
culated as the galactocentric radius (centred on the peak oftheHα
distribution) at which theHα flux in the 2-D collapsed continuum-
subtracted cube is half of the total value. This is assessed non-
parametrically and accounting for the apparent ellipticity and po-
sition angle of the galaxy we obtain from the disc model fitting
(see§3.2). To correct for the effect of turbulence in the atmosphere,
the seeing is subtracted in quadrature from the measured half-light
radii. The median seeing-corrected half-light radii of theHα is
found to be4.3 ± 0.1 kpc, with an 11% median uncertainty on
individual radii.

To further demonstrate how KROSS targets galaxies in and
around the main sequence and show that the majority display ro-
tation (see§3.2), in Fig. 4 we plot up the SFR vs. stellar mass for
those galaxies with resolvedHα, with each galaxy represented by
its velocity field. The velocity fields are normalised to their max-
imum value as it would be difficult to show the range of rotation
velocities (∼ 30− 300 km s−1) with the same colour scheme. We
over-plot the main sequence from Karim et al. (2011). The galaxies
are placed on the plot for clarity in such a way that they move to
avoid overlapping with neighbours, however as was shown in Fig.
3, it is clear that the KROSS sample is dominated by galaxies living
on or around the main sequence.

3.2 Kinematics

In order to determine the kinematic properties of the KROSS sam-
ple we first need to create velocity maps for each galaxy with re-
solvedHα emission. To measure the spatially resolved gas veloci-
ties of each galaxy, we fit the Hα and [NII] emission lines in each
spaxel using aχ2 minimisation procedure (accounting for the in-
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Figure 3. Upper: The distribution of SFR of the KROSS sample rela-
tive to thez = 0.9 main sequence of star formation from Karim et al.
(2011) represented by the vertical dashed line at 0 dex. Thisdemonstrates
that the KROSSHα emitters well describe the star-forming main se-
quence and are therefore typical of star-forming galaxies at this epoch.
A distinction is made between the galaxies with mass above and below
log(M⋆[M⊙]) = 9.5 as that is the lower mass limit of the Karim et al.
(2011) main sequence. As one would expect, the unresolved sources are
skewed towards the faintestHα emitters in our sample. The positions of
the median SFR of literature comparison samples relative tothe main se-
quence at their median masses and respective redshifts are included for ref-
erence.Lower: The stellar mass function of KROSS and its sub-samples
as above. The upperx-axis is relative to the Schechter functionM⋆ from
the star-forming galaxy mass function atz = 0.5 − 1.0 (Muzzin et al.
2013a). The normalisedz = 0.5 − 1.0 Muzzin et al. (2013a) mass func-
tions are included, confirming that KROSS well samples the galaxy popu-
lation to log(M⋆[M⊙]) ∼ 10 (∼ 0.1M⋆). It is clear that the unresolved
sources are biased to high masses, indicating the generallymore passive
nature of massive galaxies. The positions of the median stellar mass of lit-
erature comparison samples relative toM(z)⋆ (the upperx-axis only) at
their respective redshifts are included for reference (theKROSS median is
log[M⋆(M⊙)] = 10.0). This demonstrates that the literature comparison
samples tend to probe higher mass galaxies than KROSS, whichbetter sam-
ples the sub-M⋆ population.

creased noise at the positions of the sky emission lines). Weinitially
try to fit to the Hα line in one0.1′′ spaxel but if this fit fails to de-
tect the line with a signal-to-noise> 5, the region is increased to
a 0.3′′ ×0.3′′ region taking in surrounding spaxels. If the S/N>5
criterion is still not met then the region is expanded to 0.5′′ ×0.5′′

and finally 0.7′′ ×0.7′′ (corresponding to the FWHM of the av-
erage seeing). The Hα and [NII] emission lines are fitted allowing
the centroid, intensity and width of the Gaussian profile to find their
optimum values (the central wavelength and FWHM of the Hα and
[NII] lines are coupled in the fit). Uncertainties are then calculated
by perturbing each parameter, one at a time, allowing the remaining
parameters to find their optimum values, untilχ2 is minimised.

The method above produces flux, central line wavelength and
linewidth maps of Hα and [NII]. The total Hα flux map is in excel-
lent agreement with the ‘total’ Hα fluxes obtained from the2.4′′

aperture we apply to the datacube. These flux maps can then be
converted to a map of SFR using the Kennicutt (1998) relationas-
suming a Chabrier (2003) IMF and theAV gas value calculated in
§3.1. The velocity map is created by taking the wavelength of the
Hα line in each spaxel and converting this to a velocity relative to
the systemic redshift (as measured from the galaxy integrated 1-D
spectrum).

Many of the KROSS galaxies have Hα velocity fields which
resemble rotating systems (characteristic ‘spider’ patterns in the
velocity fields and line of sight velocity dispersion profiles which
peak near the central regions) as shown in Fig. 4. Therefore,we
attempt to model the two dimensional velocity field in order to
identify the kinematic centre and major axis. This simple model
is fitted to all spaxels with a S/N>5, all of which are assumed to be
independent even if they are the result of binning their surrounding
pixels. We follow Swinbank et al. (2012b) to construct two dimen-
sional models with an input rotation curve following an arctangent
function

v(r) =
2

π
vasym arctan(r/rt), (2)

where vasym is the asymptotic rotational velocity andrt is the
effective radius at which the rotation curve turns over (Courteau
1997). The suite of two dimensional models which we fit to the
data have six free parameters ([x,y] centre, position angle(PA),
rt, vasym, and disc inclination) and we use a genetic algorithm
(Charbonneau 1995), convolved with the PSF at each iteration, as-
suming a flatHα flux distribution to find the best-fit model (see
Swinbank et al. 2012b). The uncertainties on the final parameters
are estimated to be the range of parameter values from all accept-
able models that fall within a∆χ2 = 1 of the best-fit model. These
uncertainties are carried through the following analyses.This is im-
portant as parameters such as the inclination, which can be difficult
to assess from the kinematics, may have a strong impact on thede-
termination of the rotation velocity, particularly at low inclinations.
The median uncertainty of the inclination angle is found to be14%,
although we note that this uncertainty is model dependent and may
not fully reflect the robustness of this parameter. In Harrison et al.
(in prep.), a KROSS study of specific angular momentum, we will
also derive stellar disc inclinations for a sub-sample of our galaxies
with Hubble Space Telescopeimaging.

The best fit kinematic model produces a kinematic centre and
position angle of the disc allowing us to extract the one dimensional
rotation curve and velocity dispersion profiles from the major kine-
matic axis of each galaxy. We note that the scatter between the kine-
matic centroid and theHα centroid, calculated in§3.1, is0.19′′

(1.5 kpc) and that the choice ofHα or kinematic centroid for the
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Figure 4. The SFR plotted against stellar mass for the 584 resolved galaxies from the current KROSS sample with the data points represented by their velocity
fields (normalised to their maximum observed velocities to make the rotation visible for a range of rotation speeds,∼ 30 − 300 km s−1). For the velocity
fields, red denotes a positive (recessional) velocity relative to the systemic redshift (green), while blue is negative. Note that the positions are approximate to
avoid galaxy velocity fields from overlapping (See Fig. 3 forthe true distribution of galaxies in SFR and mass). The dashed line represents the location of
the main sequence of star-forming galaxies atz = 0.8 − 1.0 from Karim et al. (2011) bounded by the dotted lines which represents a±0.5dex range. This
demonstrates that our sample is typical of star-forming galaxies at this epoch and that the majority of them display ordered rotation.

analysis that follows has no effect on our conclusions. The major-
ity of the KROSS galaxies possess clear rotation curves which turn
over or flatten (see also Sobral et al. 2013b and Stott et al. 2014).
An example rotation curve (not corrected for beam smearing)is
plotted in Fig. 5. All of the KROSS rotation curves are plotted in
Tiley et al. (in prep.), which is a detailed analysis of the KROSS
Tully Fisher relation.

To assess the rotation speed of the galaxies in our sample, we
choose to adopt thev2.2 parameter, which is the inclination cor-
rected rotation speed at a radiusr2.2. The radiusr2.2 is defined as
2.2× the effective (half-light) radiusre. The medianr2.2 for the
KROSS sample is9.5 ± 0.2 kpc. The reason for using the veloc-
ity at r2.2 rather than closer in to the kinematic centre is that we
obtain a measure of the rotation velocity as the rotation curve flat-
tens (Freeman 1970) rather than the steep rapidly changing inner
part, which will be very sensitive to small uncertainties inradius
and therefore difficult to compare between galaxies (see Fig. 5).
The value ofv2.2 is an average of the absolute values of the maxi-
mum and minimum velocities in the model velocity map at a radius
r2.2 along the semi-major axis, corrected for inclination. In Fig. 6

we plot the distribution of thev2.2 parameter. The median value of
v2.2 for our sample is129 km s−1 with a standard deviation (s.d.)
of 88 km s−1 and a21% median uncertainty on individual values
of v2.2. We note that for 103 galaxies (∼ 18%) the observed rota-
tion curve does not reachr2.2 on either side of the kinematic major
axis, for these we use the best fitting analytical expressionfrom Eq.
2 to calculatev2.2. This extrapolation is typically only0.4′′ and so
should not affect our results.

The intrinsic velocity dispersion (σ0) map of the galaxies is
obtained by taking the measured Hα linewidth map and removing
the effects of the instrumental resolution and the beam smeared
local velocity gradient (∆V

∆r
of the model velocity field within the

PSF radius). This is done using the equation

σ2
0 =

(

σobs −
∆V

∆r

)2

− σ2
inst, (3)

whereσ0, σobs andσinst are the intrinsic, observed and instru-
mental values ofσ respectively. We note that this equation cor-
rects the∆V

∆r
linearly rather than in quadrature, which we found

best recovers the intrinsic velocity dispersion in our simple model
(see Appendix A). To calculate a single intrinsic velocity disper-
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Figure 5. An example of the observed and model velocity maps with the
extracted 1-D rotation curve and an arctangent fit for a KROSSgalaxy at
z = 0.876 in the COSMOS field. This demonstrates thatr2.2 probes the
relatively flat region beyond the turnover in the rotation curve. All of the
KROSS rotation curves are plotted in Tiley et al. (in prep.),which is a de-
tailed analysis of the KROSS Tully Fisher relation.

sion for each galaxy we then take the flux weighted average value
of the intrinsic velocity dispersion map. In Fig. 6 we plot the dis-
tribution of the intrinsic velocity dispersion of the galaxies. The
median intrinsic velocity dispersion of the whole KROSS sample
is 60 ± 43 (s.d.) km s−1, with a 7% median uncertainty on indi-
vidual values ofσ0. We note that if we median theσ maps rather
than flux weight then the median intrinsic velocity dispersion of the
KROSS sample is53 ± 33 (s.d.) km s−1 and this has no effect on
our conclusions or any trends withσ0 that follow. See§3.2.2 on the
implications of the technique used to measureσ0.

3.2.1 Rotation and dispersion dominated galaxies

By comparing the rotation speed of the galaxies with their intrin-
sic velocity dispersion we can assess whether their gas dynamics
are dominated by ordered rotation or random motions. The dy-
namical state of the galaxy is assessed using the ratio ofv2.2/σ0

(Genzel et al. 2006). The distribution ofv2.2/σ0 is displayed in
Fig. 6. From this we can see that thev2.2/σ0 values are typi-
cally lower than those of low redshift disc galaxies, which tend to
havev/σ ∼ 5 − 20 (Epinat et al. 2010). In fact the average value
of v2.2/σ0 for the KROSS sample is2.2 ± 1.4 (s.d.), consistent
with the low values measured by Förster Schreiber et al. (2009);
Swinbank et al. (2012b); Epinat et al. (2012) atz > 0.8.

We choosev2.2/σ0 = 1.0 to make a somewhat crude delin-
eation between galaxies that are supported by ordered rotation and
those that are supported by their velocity dispersion. The galaxies
with v2.2/σ0 < 1.0 are classified as ‘dispersion dominated’ and
those withv2.2/σ0 > 1.0 are ‘rotation dominated’. We are careful
at this stage to use these terms as opposed to ‘disc’ as the KROSS
galaxies have significantly lowerv2.2/σ0 than local disc galaxies,
being more turbulent or dynamically ‘hotter’.83 ± 5% of the re-
solvedHα sample satisfy this rotation dominated criteria.

The medianσ0 for the rotation dominated galaxies in KROSS
is 59 ± 32 (s.d.) km s−1, with a standard error (s.e.) of2 km s−1.
This is in good agreement with thez ∼ 1 MASSIV SINFONI IFU
study (Epinat et al. 2012) who find an average velocity dispersion

of 62 km s−1 for their rotators using a similar technique to ours,
applying a beam smearing correction and weighted average. Again,
we note that if we median theσ maps rather than flux weight then
the median intrinsic velocity dispersion of the rotation dominated
sample is52 ± 27 (s.d.) km s−1. For a local comparison sample
Epinat et al. (2010) find low redshift galaxies have velocitydisper-
sions of24± 5 km s−1, again correcting for the beam smearing of
the velocity gradient. This suggests that the velocity dispersion of
the gas in rotating star-forming galaxies does indeed increase with
redshift.

We note that a correlation has been seen between velocity dis-
persion and SFR (Green et al. 2014), which they attribute to star
formation feedback driving the turbulence in the discs, albeit for
galaxies withSFR > 10M⊙ yr−1. This may also act to confuse
any claims of evolution ofσ0 with redshift due to selection bi-
ases to more massive, highly star-forming galaxies. To testwhether
we also find that SFR feedback is potentially driving the higher
turbulence we see in the KROSS sample, in Fig. 7 we plot SFR
againstσ0 but find only a weak correlation for the rotation dom-
inated galaxies (σ0 ∝ SFR0.05±0.02, Pearson’sρ = 0.16). A
moderate correlation is found betweenσ0 and mass for the rota-
tion dominated galaxies (σ0 ∝ M0.12±0.01

⋆ , Pearson’sρ = 0.38).
A weak trend betweenσ0 and stellar mass is perhaps not surpris-
ing as the gaseous velocity dispersion may be correlated with stel-
lar mass (see§3.3) even for galaxies which are rotation dominated
(Kassin et al. 2007). This in turn correlates with SFR as observed
in the main sequence (Noeske et al. 2007), which may explain the
weak trend with SFR even without any star formation feedback.
There may also be some contribution to this correlation fromany
uncorrected beam smearing (see Appendix A). As the trend be-
tweenσ0 and SFR is very weak and we are studying typical galax-
ies atz = 1, just as those of Epinat et al. (2010) are typical of
z ∼ 0, then there should be little bias in the factor of∼ 2 evolution
in σ0 discussed above.

Rather than the total SFR, the velocity dispersion may corre-
late with the SFR surface density of the galaxy (e.g. Genzel et al.
2011; Lehnert et al. 2013). The SFR surface density,Σ SFR, is a
measure of the spatial intensity of the star formation and therefore
star formation driven feedback may be stronger in galaxies with
a highΣ SFR. The SFR surface density is calculated by dividing
half of the total SFR by the area within theHα effective radius,
re. In Fig. 7 we also plotσ0 againstΣ SFR and find thatσ0 ∝
Σ 0.04±0.01

SFR . This is in good agreement with the weak relations
found by Genzel et al. (2011), whose compilation of SINS and
other galaxy samples atz > 1 occupy a similar parameter space
to KROSS (σ0 ∝ Σ 0.039±0.022

SFR , for all galaxies;σ0 ∝ Σ 0.1±0.04
SFR

for SINS galaxies and clumps). Lehnert et al. (2013) find a stronger
trend, consistent withσ0 ∝ Σ 0.5

SFR as predicted from their simula-
tions. However, they probe a larger dynamic range inΣ SFR than
KROSS, withΣ SFR > 1M⊙yr−1kpc−2 so it is difficult to make
a direct comparison.

The median value ofv2.2 for the rotation dominated galax-
ies in KROSS is142 ± 85 (s.d.) km s−1. This compares with an
average rotation velocity value of∼ 170 km s−1 as measured by
KMOS3D (Wisnioski et al. 2015) atz ∼ 1 − 2. Their value may
be higher in part because they are using the average of the max-
imum and minimum rotation velocities rather than thev2.2 value
used by KROSS. We note that our sample is also less massive than
Wisnioski et al. (2015) with our ‘rotation dominated’ galaxies hav-
ing a median masslog(M⋆[M⊙]) = 10.0 whereas the average for
KMOS3D at z ∼ 1 is 10.65, so lower rotation speeds are expected
for KROSS.
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Figure 6. Left: The distribution of the intrinsic velocity dispersion,σ0, of the galaxies (solid red line). Dashed line is for rotation dominated galaxies only.
Centre: The distribution of thev2.2 rotation velocity of the galaxies.Right: The distribution of thev2.2/σ0 of the galaxies. The dashed vertical line atv2.2/σ0

represents the delineation we adopt between rotation and dispersion dominated galaxies. This demonstrates that whilethe KROSS galaxies have a wide range
of rotation velocities and dispersions, the majority have dynamics dominated by rotation.

Figure 7. Left: We find a weak correlation (black dashed line) between intrinsic velocity dispersion,σ0 and SFR for the rotation dominated galaxies (filled red
circles). The dispersion dominated galaxies are included for completeness (open blue circles).Centre: We find a similarly weak correlation between intrinsic
velocity dispersion,σ0 andΣ SFR for the rotation dominated galaxies in agreement with the fits of Genzel et al. (2011) (dotted and dot dashed blue lines)
whose combinedz > 1 galaxy sample occupies a similar parameter space (grey shaded region).Right: A moderate correlation is found betweenσ0 and
stellar mass perhaps demonstrating that even for rotating galaxiesσ0 is connected to the potential (Kassin et al. 2007). From these plots we conclude that the
turbulence in the galaxies is unlikely to be driven by star formation feedback as a stronger correlation would be expected betweenσ0 and SFR orΣ SFR (e.g.
Lehnert et al. 2013; Green et al. 2014) rather than stellar mass (although see Kim et al. 2011a).

3.2.2 Comparingv/σ measurements techniques

The average velocity dispersion found by KMOS3D

(Wisnioski et al. 2015) for their ‘disk’ galaxies atz ∼ 1 is
24.9 km s−1, significantly lower than the value we measure
(59 ± 32 [s.d.] km s−1, with a standard error of2 km s−1).
This apparent discrepancy between the KROSS and KMOS3D

results can be explained by the different methods used to calculate
σ0. KMOS3D use only data far from the kinematic centre to
calculateσ0 and do not therefore need to employ a correction
for beam smearing as this only affects the regions with high
velocity gradients. If we employ a similar method to KMOS3D and
extract the median galaxy velocity dispersion beyondr2.2, where
the rotation curve is flattening, we then find a medianσ2.2 of
27± 25 (s.d.) km s−1 with a standard error of1 km s−1 (this time
defining rotation dominated systems as those withv2.2/σ2.2 > 1).
This is in much better agreement with the KMOS3D value and
confirms that we are observing a similar population. We note that
if we correlateσ2.2 with stellar mass, SFR andΣ SFR, as was done
for σ0 in §3.2.1 and Fig. 7, the trends are equally weak.

If we adoptv2.2/σ2.2 as our rotation/dispersion dominated
criteria instead ofv2.2/σ0 then the we find an average value
of 5.8 ± 0.3, in good agreement with the∼ 5.5 measured by
Wisnioski et al. (2015) atz ∼ 1. The percentage of rotation dom-
inated galaxies in the resolvedHα sample also increases from
83% to91 ± 6%, again in excellent agreement with the 93% of
Wisnioski et al. (2015) atz ∼ 1.

In Fig. 8 we plot the RDF (rotation dominated fraction)
against redshift for a set of comparable samples. These are
DEEP2 (Kassin et al. 2012), KMOS3D (Wisnioski et al. 2015),
MASSIV (Epinat et al. 2012), SINS (Förster Schreiber et al.2009)
and AMAZE (Gnerucci et al. 2011). Here we define the RDF for
MASSIV as the fraction of resolved galaxies with theirvmax/σ >
1 (65%), the RDF for SINS as the fraction of resolved galax-
ies with their vobs/(2σint) > 0.5 (60%, from Table 9 of
Förster Schreiber et al. 2009 ) and the RDF for AMAZE as theirre-
solved galaxy ‘rotator’ fraction (33%), of which all are consistent
with their vmax/σint > 1 (see Gnerucci et al. 2011 Fig. 20, al-
though we note that this fraction could be higher ifvmax/σint > 1
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Figure 8. The rotation dominated fraction plotted against redshift for
KROSS and comparison samples. The sample sizes are: KROSS 584;
KMOS3D 90 (z ∼ 1), 101 (z ∼ 2); MASSIV 50; SINS 63; AMAZE
33; and for DEEP2, while the full sample is much larger, we only use the
20 galaxies belowz = 0.2. This plot illustrates the current state of ‘disc’
fraction observations, which suggest a decline with increased redshift of the
form RDF ∝ z−0.2±0.1 to z = 3, represented by the dashed line. There
are a number of caveats due to differences in selection and measurement
technique which are discussed in the text. The red circular points are mea-
sured in a similar way to the KROSS technique of removing the local beam
smeared velocity gradient. The blue squares use measurements ofσ at large
galactocentric radii or are uncorrected for beam smearing.For complete-
ness, we also include the KROSS RDF ifσ is measured at large galactocen-
tric radius (i.e.v2.2/σ2.2 > 1; plotted as a redshift-offset open blue star for
clarity and not included in the fit to the decline withz). This demonstrates
that the KROSS and KMOS3D RDFs agree for the same measurement tech-
nique. The black triangle (DEEP2) is from single slit measurements.

for any of their ‘non-rotators’). Fig. 8 shows that there is atrend
between RDF and redshift, such that at higher redshift the number
of galaxies with dynamics dominated by ordered rotation reduces.
The dependence on redshift for the set of samples belowz = 3
is RDF ∝ z−0.2±0.1 and if the AMAZE sample is included this
becomesRDF ∝ z−0.3±0.1. However, we caution that the rotation
dominated galaxies are defined in different ways for different sur-
veys. For example, while KROSS, MASSIV and AMAZE define
rotation dominated galaxies in a similar way using aσ0 corrected
for the local velocity field, KMOS3D use aσ at large galactocentric
radius, which is typically half the value of the beam smearing cor-
rection technique and thus av/σ > 1 selection increases the num-
ber of rotation dominated systems (as discussed above). Forcom-
pleteness, we also include the KROSS RDF if thev2.2/σ2.2 > 1
definition is used. DEEP2 is based on slit spectroscopy so again
may not be directly comparable.

We caution that these samples are not selected in the same
way with potential biases to more massive or more star-forming
systems atz > 1 (see Fig. 3). If, for example, these are galaxies se-
lected from a sample biased above the main sequence (high specific
SFR, [sSFR = SFR/M⋆]) then they are significantly more likely
to be merging or interacting systems (Stott et al. 2013b) andthus
the fraction of ordered rotators will be lower. Fig. 8 can therefore
only be considered illustrative of the current state of disc/rotation
dominated fraction evolution.

3.3 Dynamical mass

The resolved kinematics of the galaxies can be used to calculate
their dynamical mass within a given radius. The majority of the
galaxies are rotation dominated (v2.2/σ0 > 1) and as such we can
calculate the dynamical mass, assuming a spheroidal distribution,
via the Keplerian formula:

Mdyn(r < r2.2) =
v22.2r2.2

G
, (4)

wherer2.2 andv2.2 are defined as in§3.2 andG is the gravitational
constant. We choose to define the dynamical mass withinr2.2 as
this radius typically falls well into the flattened outer portion of ro-
tation curve in disc galaxies as it is significantly larger (by a factor
of ∼ 2− 4) than the kinematic scale radius (rt from Eq. 2), where
the velocity is rapidly changing.

For the galaxies that are velocity dispersion dominated
(v2.2/σ0 < 1) we instead calculate the dynamical mass from the
virial theorem, via the formula:

Mdyn(r < r2.2) =
α σ2

0r2.2
G

, (5)

whereσ0 is the intrinsic velocity dispersion andα is a constant
which typically has a range of values from2.5 − 8.5 depending
on geometry, whether the total mass or the mass withinr is re-
quired and the definition ofr (see Agnello et al. 2014 and refer-
ences therein). We choose to estimate the value ofα appropriate
for r2.2 by using the value that gives the same median dynamical
mass to stellar mass ratio as for the rotation dominated galaxies.
This givesα = 3.4 which we use in Eq. 5 to estimate the dynam-
ical masses of our dispersion dominated galaxies. From these cal-
culations the median dynamical mass of the whole KROSS sample
is found to belog(Mdyn[M⊙]) = 10.6 ± 0.6, with a39% median
uncertainty on individual values.

3.4 Gas and dark matter fractions

Now that we have calculated the dynamical mass we plot this quan-
tity against the stellar to dynamical mass ratio of the galaxies (Fig.
9). The stellar mass is measured within a2′′ diameter aperture and
the medianr2.2 of KROSS is9.5± 0.2 kpc, which corresponds to
a diameter of2.4′′ at the median redshift of the survey,z = 0.85.
To assess whether an aperture correction should be applied we per-
form the same test used in§3.1 and find that for an exponential pro-
file galaxy with the KROSS average half-light radius (0.6′′), 2.0′′

should contain 95% of the light, in typical ground-based seeing
(0.7′′). So assuming mass follows light then we choose not to apply
any aperture corrections. The justification for using the half-light
radius of theHα as a proxy for that of the stellar light is that the
Hα extent is found to be systematically larger than that of the stel-
lar light for star-forming galaxies at these redshifts (Nelson et al.
2012). The median ratio of the stellar mass of the galaxies tothat
of the dynamical mass for the entire KROSS sample is22 ± 11%,
although we note that this is driven by the rotation dominated galax-
ies only as the dispersion dominated galaxies have a fixed median
stellar to dynamical mass ratio (see§3.3). However, the approxi-
mate KROSS stellar mass limit oflog(M⋆[M⊙]) ∼ 9.3 discussed
in §2 (represented by the diagonal line on Fig. 9) means that for
galaxies with dynamical masses oflog(Mdyn[M⊙]) . 10.5 the full
range of possible stellar masses may not be sampled. This could act
to bias the average stellar mass to dynamical mass ratio to a higher
value.
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There are 80 galaxies with larger stellar mass than dynami-
cal mass, representing14% of the total sample. We note that this
fraction reduces to8% (4%) if we assume the ratio of their stel-
lar to dynamical mass is1(2)σ lower so this may be mainly due
to measurement uncertainty. The dynamical mass representsthe
total mass of the system within 2.2re meaning that, on average,
78± 11% of the mass within this radius is not composed of stellar
material. This non-stellar material will be composed of gasand, at
this radius, a large contribution from dark matter. To illustrate this
we estimate the dark matter fractionfDM within r2.2 by study-
ing the output of the state-of-the-art Evolution and Assembly of
GaLaxies and their Environments (EAGLE) hydrodynamic simu-
lation (Schaller et al. 2015; Schaye et al. 2015; Crain et al.2015;
McAlpine et al. 2015). For 109 EAGLE galaxies atz = 0.9 with
log(M⋆[M⊙]) = 9.7− 10.3 and5 < SFR < 10M⊙yr−1 (to ap-
proximately match KROSS) thefDM,E within 10 kpc (best avail-
able aperture for comparison with the averager2.2 of KROSS)
ranges from33− 77% with a median value of67± 8%. Assuming
this average dark matter fraction from EAGLE then we can approx-
imate an average gas mass to total mass fraction for the KROSS
sample offg,dyn,t ∼ 11% (giving an average gas mass to baryonic
mass fraction offg,dyn,b ∼ 33%).

To obtain an alternative estimate of the gas fraction, usingan
orthogonal method based on KROSS observables, we can invertthe
Kennicutt Schmidt relation (KSR, Kennicutt 1998). This is done by
using the formula:

Σgas =

(

ΣSFR

2.5× 10−4

)0.714

, (6)

whereΣSFR is the SFR surface density (M⊙yr
−1kpc−2), which

we calculate by dividing half of the total SFR by the area within
theHα effective radius,re. The quantityΣgas is the gas surface
density (M⊙pc−2) which can be converted to a total gas mass by
multiplying by the area and then by a factor of two (as we only
considered the SFR density withinre). For KROSS the median gas
surface density is found to be54± 5M⊙pc−2. The average gas to
total mass fraction,fg,KS,t is found to be13 ± 5%, in agreement
with the crude estimatefg,dyn,t ∼ 11% assuming the EAGLE dark
matter fraction above.

However, the gas fraction is more commonly expressed as a
ratio of the gas mass to the baryonic mass, in which case

fg,KS,b =
Mg,KS

M⋆ +Mg,KS

, (7)

whereMg,KS is the gas mass inferred from inverting the KSR, the
medianfg,KS,b = 35±7%. The median gas to baryonic mass frac-
tion within 10 kpc extracted from the EAGLE simulation galaxies,
fg,E,b = 40 ± 9%, is in good agreement with the median value
inferred from our measurements but we note that EAGLE has the
KSR built into it so this may be unsurprising for a galaxy sam-
ple of similar SFR. The gas fraction becomes higher for progres-
sively lower mass galaxies with a medianfg,KS,b = 0.17 ± 0.03
for galaxies withlog(M⋆[M⊙]) > 10 and a medianfg,KS,b =
0.64 ± 0.13 for log(M⋆[M⊙]) < 10. This is unsurprising as for a
sample spanning a range of masses with an approximate star for-
mation limit of SFR∼ 1M⊙yr−1 (corresponding to our Hα flux
detection threshold) then the lower mass galaxies will be biased to
those with higher sSFR and hence higher gas fractions.

At z & 1 the large column densities and interstellar pressures
in star-forming galaxies (withΣgas ≫ 10M⊙pc−2, for KROSS
Σgas = 54±5M⊙pc−2) mean that most of the cold interstellar gas
is likely in molecular form and the contribution of atomic hydrogen

Figure 9. The stellar to dynamical mass ratio of the galaxies plotted against
dynamical mass. The red filled points are the rotation dominated galaxies
and the blue open circles represent those that are dispersion dominated. The
solid horizontal line is a one to one ratio and the dotted lines are the 50, 20
and 10% mass lines. The dashed line is the median ratio of stellar mass to
dynamical mass of 22%. This means that the KROSS galaxies arecomposed
of 78% non-stellar material on average. A caveat is the diagonal dot-dashed
line which represents the approximate stellar mass limit ofour selection
criteria discussed in§2, log(M⋆[M⊙]) = 9.3. This selection effect could
potentially bias the average stellar mass to dynamical massratio to higher
values.

can be neglected (Blitz & Rosolowsky 2006; Tacconi et al. 2010).
In which case the gas fractions calculated by either the dynamical
or KSR method are in good agreement with those found through the
study of molecular gas fractions at this redshift (Daddi et al. 2010;
Tacconi et al. 2010; Swinbank et al. 2012a, see§4).

By assuming that all of the gas is available as fuel for star
formation and the current SFR remains constant we can calculate a
gas depletion timescale (tdep). This is simply the gas mass divided
by the star formation rate

tdep =
Mg,KS

SFR
. (8)

We find an averagetdep of 108.9±0.2 yr, meaning that, assuming
no additional gas enters the system, then these galaxies will use up
their fuel for star formation within0.8 ± 0.4Gyr. This is in full
agreement with the average found by Saintonge et al. (2011b)in
nearby galaxies of∼ 1Gyr.

We note that combining the gas mass from inverting the KSR
with the stellar mass from SED fitting and the total dynamicalmass
gives a measure of the dark matter content, as

Mdyn = M⋆ +Mgas +MDM . (9)

Using this formula, we find that withinr2.2 the average dark mat-
ter fractionfDM = 65 ± 12% for the KROSS sample galaxies.
The three mass components were not all calculated in the exact
same aperture, which may be responsible for some of the scatter
in fDM . This is in good agreement with thez = 0.9 predic-
tions of the EAGLE simulation within10 kpc, fDM,E = 67± 8%
as discussed above. ThisfDM is also in good agreement with
that derived from local disc galaxy observations, again within r2.2
(fDM = 68%,Courteau & Dutton 2015)
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Figure 10. The Toomre Q parameter of the KROSS rotation dominated
galaxies plotted against their SFR. The majority of the galaxies are consis-
tent with being marginally stable/unstable discs withQ = 1. The median
value isQ = 1.7 ± 0.4. Such gravitational instabilities are thought to in-
duce galaxy-wide star formation in disc galaxies (Elmegreen 2002; Li et al.
2005) and are therefore likely to be responsible for the increased SFRD at
z = 1.

3.5 Disc stability

We have shown that typical rotation dominatedz ∼ 1 star-forming
galaxies have high gas fractions and larger values ofσ0 compared
with galaxies in the local Universe. It is also possible to assess the
stability of these rotating, turbulent discs through the ToomreQ
parameter (Toomre 1964).

We calculate Q for our rotation dominated galaxies
(v2.2/σ0 > 1) by using the formula

Q =
σ0

v2.2

a

fgas
, (10)

wherea is a constant, which for the flattened region of the rota-
tion curve at∼ r2.2 has a valuea =

√
2 (Genzel et al. 2011;

Wisnioski et al. 2015). The quantityfgas = fg,KS,b is the gas frac-
tion we calculate through inverting the KSR in Eq. 7. If the value of
Q is high (Q > 1) then the disc is stable, if it is low (Q < 1) then
the disc is unstable to gravitational fragmentation but atQ = 1 the
disc is thought to be marginally stable i.e. on the verge of becoming
unstable.

In Fig. 10 we plot theQ parameter for our galaxies against
the SFR and see no trend with this or any other observable. We
find that the majority of the individual galaxies can be considered
to have gaseous discs consistent withQ 6 1 within their error bars
(75[99]% within 1[2]σ) and the median value ofQ is found to be
1.7 ± 0.4. This indicates that the gaseous discs of these galaxies
can be considered to be marginally (un)stable, as has been seen be-
fore for smaller samples at similar redshifts (Förster Schreiber et al.
2006; Genzel et al. 2011; Swinbank et al. 2012a). It is such gravi-
tational instabilities that are thought to induce the star formation in
disc galaxies by causing the gas to clump and condense (Elmegreen
2002; Li et al. 2005). Other authors such as Wisnioski et al. (2015)
have inverted Eq. 10 by assuming thatQ = 1 and used it to calcu-
late the gas fraction for the galaxies. Our results demonstrate that
this is a valid approach.

4 DISCUSSION

The main driver for KROSS is to survey main sequence star-
forming galaxies atz = 1 to understand typical galaxies at the
critical period towards the end of the peak in the universal SFRD
(Lilly et al. 1996; Madau et al. 1996; Hopkins & Beacom 2006;
Sobral et al. 2013a). This is needed because previous studies, with-
out the benefit of the multiplexing ability of KMOS, had instead
concentrated on relatively small samples of potentially highly se-
lected galaxies and thus their conclusions may not be applicable to
the general population.

With KROSS we can now make some general comments on
the nature of typical star-forming galaxies atz = 1. Defining galax-
ies withv2.2/σ0 > 1 as rotation dominated we find that they ac-
count for 83% of the KROSS galaxies. By comparison with low
redshift samples we find that the average intrinsic velocitydisper-
sion, σ0, of these rotating galaxies is larger by a factor∼ 2 at
z ∼ 1. Thev2.2/σ0 values for KROSS (regardless of the definition
of σ0) are therefore significantly lower on average than their low
redshift counterparts meaning that typical disc-like galaxies at this
epoch really are dynamically hotter and can be thought of as turbu-
lent (see also Förster Schreiber et al. 2006; Swinbank et al. 2012b).
Unlike Lehnert et al. (2013) and Green et al. (2014) we find no
strong correlation betweenσ0 and SFR orΣSFR compared to the
trend with stellar mass, suggesting that star formation feedback is
not the main driver of the turbulence in typicalz = 1 galaxies (see
also Genzel et al. 2011). However, our sample does not probe the
highΣSFR values of Lehnert et al. (2013). We also note that some
star formation feedback models do not expect an observed correla-
tion (Kim et al. 2011a)

The median KROSS gas to baryonic mass fraction, from in-
verting the KSR, atz = 1 is fg,KS,b = 35 ± 7% so we now
compare this to literature measurements at a similar epoch.As dis-
cussed in§3.4, most of the cold interstellar gas is likely in molecu-
lar form and the contribution of atomic hydrogen can be neglected
(Blitz & Rosolowsky 2006; Tacconi et al. 2010). If this is thecase
then we can directly compare our gas masses to those presented in
Tacconi et al. (2010) who use CO measurements to infer molecu-
lar gas fractions to total baryonic mass of34 ± 4% for galaxies
with log(M⋆[M⊙]) > 10 at z ∼ 1.2, which is clearly in good
agreement. We note that if we reduce our sample to the most mas-
sive and highest SFR systems (log[M⋆(M⊙)] > 10 andSFR >
20M⊙ yr−1), more comparable to the Tacconi et al. (2010) selec-
tion, then our value is still consistent withfg,KS,b = 38± 8%.

The KROSS results demonstrate that galaxies at this epoch ap-
pear to have high gas to baryonic mass fractions (35%) comparable
to those measured through CO observations atz ∼ 1 but how do
these results compare to galaxies atz = 0? If we use the atomic
and molecular hydrogen gas masses in Leroy et al. (2008) and as-
sume solar helium abundance, we obtain a median gas to baryonic
mass fraction of26 ± 4% for 19 local galaxies in the same stellar
mass range as KROSS (8.7 < log[M⋆] < 10.9). Although we note
that they measure their stellar and gas masses within a median ra-
dius of 15.6 ± 1.1kpc, which is on average a factor of 1.6 larger
than the median KROSSr2.2. By taking the KROSS gas fractions
inferred by inverting the KSR (fg,KS,b = 35 ± 7%) and com-
paring to the Leroy et al. (2008) then there is little evidence that
a strong decrease in the total gas content of star-forming galax-
ies has occurred sincez = 1. However, from the data presented
in Leroy et al. (2008) and Saintonge et al. (2011a) we find average
molecular gas fractions of4 ± 1% and9 ± 5% for local galaxies
respectively, so as discussed above, if we assume the KROSS gas
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fraction is dominated by molecular gas then this has decreased by
a factor of∼ 4 − 9 sincez = 1. We note that in a forthcoming
paper we will present ALMA observations to infer the molecular
gas mass for a subset of the KROSS galaxies using an orthogonal
method.

In an idealised scenario, assuming no further gas is added,
then at constant star formation the KROSS galaxies will use up
their fuel in tdep ∼ 0.8 ± 0.4Gyr (i.e. by z = 0.7) and would
therefore now be passive systems. However, this is probablyunre-
alistic as further gas accretion is likely to occur and the star forma-
tion may be episodic. This depletion timescale is in agreement with
the average found by Saintonge et al. (2011b) in nearby galaxies of
∼ 1Gyr.

By combining the gas mass from inverting the KSR with the
stellar mass and dynamical mass we can estimate the dark mat-
ter fraction of the KROSS galaxies within2.2 re (∼ 9.5 kpc). A
median dark matter fraction offDM = 65 ± 12% is inferred
which is in excellent agreement with the median value extracted
at the same redshift from the EAGLE hydrodynamical simula-
tion of fDM,E = 67 ± 8% and with that of local disc galaxies
(fDM = 68%, within 2.2 re, Courteau & Dutton 2015).

The stability of the discs is measured using the Toomre
Q parameter, with the result that the rotation dominated, typi-
cal star-forming galaxies atz ∼ 1 are consistent with being
marginally (un)stable (Q ∼ 1, see also Förster Schreiber et al.
2006; Genzel et al. 2011; Wisnioski et al. 2015; Swinbank et al.
2012a). Instabilities such as these are thought to create high gas
density regions, inducing galaxy-wide star formation (Elmegreen
2002; Li et al. 2005) and are therefore likely to be the reasonfor
the increase in the average sSFR of the main sequence toz = 1
(Elbaz et al. 2011) and the elevated SFRD of the Universe.

Taking all of this evidence together we can state that the
gaseous discs of normal main sequence star-forming galaxies at
z = 1 are significantly different to those in the local Universe.
They are dynamically much hotter, on the verge of fragmenting
and are likely dominated by molecular gas perhaps fuelled byeffi-
cient cold accretion at this epoch (Kereš et al. 2005; Dekelet al.
2009). While the accretion can generate the initial turbulence,
Elmegreen & Burkert (2010) find that to sustain the turbulence disc
instabilities and star formation driven feedback are required. There
is clear evidence of instabilities from theQ ∼ 1 measurement but
the lack of a strong correlation betweenσ0 and SFR orΣSFR that
we find suggests that feedback may not be a dominant contributor
to their turbulence. We speculate that the discs may be kept tur-
bulent through ongoing disc instabilities or continuous accretion
of cold and clumpy gas from the cosmic web (Kereš et al. 2005;
Dekel et al. 2009).

5 SUMMARY

With 584 spatially resolved galaxies, KROSS constitutes the largest
near-infrared IFU survey ofz ∼ 1 galaxies. We have demonstrated
the KROSS selection technique to be very successful in that we
detectHα emission in90% of the galaxies we observe, of which
81% are spatially resolved.
The key results from this paper are as follows:

(i) At z ∼ 1 the majority of star-forming galaxies are rotation-
ally supported although they are dynamically hotter than their local
counterparts with on average higher velocity dispersions and there-
fore significantly lower values ofv/σ (average KROSSv2.2/σ0 =
2.2± 1.4).

(ii) Typical star-forming galaxies atz ∼ 1 are gas rich, with gas
inferred to account for∼ 35% of the baryons on average.

(iii) The rotation dominated galaxies are all consistent with be-
ing marginally (un)stable as indicated by their consistency with a
Toomre parameterQ ∼ 1.

(iv) The intrinsic velocity dispersion is not strongly correlated
with star formation rate or star formation rate surface density,
which may indicate that star formation feedback is not the main
driver of the turbulence in typical star-forming galaxies.

(v) When comparing KROSS with other samples from the lit-
erature the fraction of rotation-dominated galaxies appears to de-
crease with redshift, although this is subject to selectioneffects and
disparities in measurement technique.

(vi) Within 2.2 re star-forming galaxies atz ∼ 1 have rotation
dominated by dark matter with an average fractionfDM = 65 ±
12%, in good agreement with EAGLE hydrodynamic simulation.

From these results we conclude that the elevated SFR of
typical star-forming galaxies and SFRD of Universe found at
z & 1 must be in-part driven by the high (probably molecular,
Tacconi et al. 2010) gas fractions and the gravitational instabilities
within their Q ∼ 1 discs. This means that there is sufficient fuel
and a mechanism for it fragment and condense into star-forming
regions in order to sustain the enhanced SFRs seen at this epoch.
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APPENDIX A: BEAM SMEARING

Beam smearing describes the contribution to the local velocity dis-
persion from the local velocity gradient smeared out by the PSF.
This is a significant contributor to the individual spaxel velocity
dispersion measurements for IFU studies of distant galaxies in nat-
ural seeing. Here we describe our method to remove beam smearing
from the KROSS galaxy velocity dispersion maps.

To assess techniques to remove beam smearing we set up a
simple simulation, ignoring instrumentalσ, as follows:

(i) An artificial datacube is created with30× 30 spaxels (to ap-
proximate a KROSS KMOS datacube oversampled to0.1′′ pixels),
each containing a Gaussian emission line, all with same intrinsic
σint = 60km s−1 (to approximate the KROSS average).

(ii) These emission lines are offset from each other in veloc-
ity/wavelength by applying a constant velocity gradient

(

∆V
∆R

)

in
the spatial direction of thex-axis.

(iii) A circularly symmetric Sérsicn = 1 light profile withre =
6 pixels is centred in the data cube such that the emission linefluxes
diminish with radius from the centre, to model an ideal disc galaxy
with the same median size as the KROSS galaxies.

(iv) This Sérsic profile is convolved with a Gaussian PSF of 7
pixels to replicate the average KROSS seeing of0.7′′.

(v) The light profile of a given pixel is taken as a sum of its own
intrinsic line profile with a relative flux value of 1 plus the intrinsic
line profiles and offsets in velocity of all of the other spaxels in the
datacube scaled to their fluxes from the Sérsic profile convolved
with the PSF. This profile is fitted with a Gaussian with a velocity
dispersionσobs (see Fig. A1).

We then attempt to remove the effect of this beam smearing
and recover the inputσint by either removing the∆V/∆R in a
linear subtraction:

σrec = σobs −
∆V

∆R
, (A1)

whereσrec is the recoveredσ, or in quadrature:

σ2
rec = σ2

obs −
(

∆V

∆R

)2

. (A2)

The result of these tests for the central pixel can be seen in Fig.
A1. The linear removal of the beam smearing is clearly an improve-
ment over the removal in quadrature. We now obtain the maximum
spaxel value of∆V/∆R for each of the KROSS velocity maps.
The median maximum∆V/∆R = 13.4 kms−1spaxel−1, which
we use to estimate the typical ratio of the recovered to intrinsic ve-
locity dispersion, (σrec/σint). This results in only a20% residual
for the linear removal compared with a40% excess when removed
in quadrature. We note that the beam smearing correction is im-
proved at increasing galacto-centric radius as the contribution from
the bight central pixels diminishes. To quantify this, at 7 pixels (1
PSF FWHM) from the centre of our model galaxy, the linear and
quadrature residuals improve to12% and33% respectively.

Further evidence that this correction is working come from
performing the same test as Epinat et al. (2010), looking fora
correlation betweenσ and v2.2 sin i. For the KROSS data with-
out the correction a linear fit givesσobs ∝ (v2.2 sin i)

0.19 with
Pearson’sr = 0.26. With the beam smearing correction applied
σobs ∝ (v2.2 sin i)

0.11 andr = 0.17. The linear beam smearing
correction is simple and, we believe, a reasonable technique to use
with high-z IFU observations in natural seeing and so we adopt it
for this paper. The full equation incorporating the instrumentalσ
can be found in Eq. 3.
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Figure A1. Upper: A 1-dimensional representation of the contributions to
the velocity dispersion of the central spaxel from other spaxels due to beam
smearing in an artificial galaxy.LowerThe ratio of the recovered to intrinsic
velocity dispersion of the central spaxel when correcting the beam smearing
using the linear and quadrature techniques plotted as a function of ∆V

∆R
. This

demonstrates that the linear removal is an improvement overthe quadrature.
The vertical dotted line at∆V

∆R
R = 13.4 km s−1spaxel−1 is the median

maximum spaxel value of∆V
∆R

for our galaxies which shows that the linear
removal results in only a20% residual compared to a40% excess when
removed in quadrature.
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