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ABSTRACT

We present dynamical measurements for 586 Ha detected star-forming galaxies from the
KMOS (K-band Multi-Object Spectrograph) Redshift One Spectroscopic Survey (KROSS).
The sample represents typical star-forming galaxies at this redshift (z = 0.6—1.0), with a me-
dian star formation rate of ~7Mg yr~! and a stellar mass range of log (M.[Mo])~9-11.
We find that the rotation velocity-stellar mass relationship (the inverse of the Tully-Fisher
relationship) for our rotationally-dominated sources (vc/Gp > 1) has a consistent slope and
normalisation as that observed for z = 0 disks. In contrast, the specific angular momentum
(J; angular momentum divided by stellar mass), is ~0.2—0.3 dex lower on average compared
to z = 0 disks. The specific angular momentum scales as js o« M%6+9-2 consistent with that

expected for dark matter (i.e., jpm o< Mlzjﬁ). We find that z =~ 0.9 star-forming galaxies have
decreasing specific angular momentum with increasing Sérsic index. Visually, the sources
with the highest specific angular momentum, for a given mass, have the most disk-dominated
morphologies. This implies that an angular momentum—mass—morphology relationship, sim-
ilar to that observed in local massive galaxies, is already in place by z ~ 1.

Key words: galaxies: kinematics and dynamics; — galaxies: evolution

1 INTRODUCTION

It has been suggested for several decades that galaxies form
at the centre of dark matter halos (e.g., Rees & Ostriker 1977;
Fall & Efstathiou 1980; Blumenthal et al. 1984; see Mo et al. 2010
for a review). The baryons may collapse into a galaxy disk or not
depending on how the angular momentum is re-distributed through

* Based on observations obtained at the Very Large Telescope of the Eu-
ropean Southern Observatory. Programme IDs: 60.A-9460; 092.B-0538;
093.B-0106; 094.B-0061; 095.B-0035
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mergers, inflows, outflows and turbulence (e.g., Fall 1983; Mo et al.
1998; Weil et al. 1998; Thacker & Couchman 2001). We are now
in an era of large integral-field spectroscopy (IFS) surveys that en-
able us to spatially-resolve these outflows, inflows and galaxy dy-
namics for hundreds to thousands of galaxies that span >10 Gyrs
of cosmological time (e.g., Cappellari et al. 2011; Sanchez et al.
2012; Bryant et al. 2015; Bundy et al. 2015; Wisnioski et al. 2015;
Stott et al. 2016). In tandem to this, the latest supercomputers al-
low the modelling of cosmological volumes with sufficient res-
olution to study the evolution of these internal baryonic pro-
cesses of large samples of model galaxies (e.g., Dubois et al. 2014;
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Vogelsberger et al. 2014; Schaye et al. 2015; Khandai et al. 2015).
The fundamental test of the latest cosmological models and their
assumptions, is to successfully reproduce the properties of the ob-
served galaxy population over cosmic time.

In this study we focus on studying specific angular momentum
(Js; 1.e., the angular momentum divided by stellar mass, M, ) that
has been proposed as one of the most fundamental properties to de-
scribe a galaxy (e.g., Fall 1983; Obreschkow & Glazebrook 2014).
Correctly modelling how angular momentum transfers between the
halo and the host galaxy is fundamental for galaxy formation mod-
els to be successful, with early models having significant angu-
lar momentum loss (e.g., Navarro et al. 1995; Navarro & Steinmetz
1997). Sufficient numerical resolution and realistic feedback pre-
scriptions are required to correctly reproduce galaxy sizes, ro-
tation curves, mass-to-light ratios and hence the observed js—
M, relationship through the correct re-distribution of the angu-
lar momentum (e.g., White & Frenk 1991; Navarro & Steinmetz
1997; Eke et al. 2000; Weil etal. 1998; Thacker & Couchman
2001; Governato et al. 2007; Agertz et al. 2011; Brook et al. 2012;
Scannapieco et al. 2012; Crain et al. 2015; Genel et al. 2015).

Furthermore, the distribution of angular momentum may be
fundamental in determining a galaxy’s morphology. For exam-
ple, the relative prominence of the bulge relative to the disk
of galaxies (i.e., the morphology), for a fixed mass, appears
to be a function of the specific angular momentum for local
galaxies (e.g., Sandage etal. 1970; Bertola & Capaccioli 1975;
Fall 1983; Romanowsky & Fall 2012; Obreschkow & Glazebrook
2014; Cortese et al. 2016). The specific angular momentum of local
ellipticals is a factor of ~3-7 less than spiral galaxies of equal mass
(Romanowsky & Fall 2012; Fall & Romanowsky 2013). There-
fore, the angular momentum distribution may be fundamental
in the formation of the Hubble sequence of galaxy morpholo-
gies (e.g., Romanowsky & Fall 2012; Obreschkow & Glazebrook
2014). Indeed, models have shown that very different morpholo-
gies can be produced using the same initial conditions but with
a different redistribution of angular momentum due to different
feedback prescriptions (e.g., Zavala et al. 2008; Scannapieco et al.
2008, 2012). Placing observational constraints on the specific an-
gular momentum over a large range of cosmic epochs is there-
fore fundamental for constraining galaxy formation models and
understanding the formation of galaxies of different morpholo-
gies. However, whilst j; measurements have been made for local
galaxies and are well constrained, only a few attempts to-date have
been made to make similar measurements of high-redshift galax-
ies (z20.5; e.g., Forster Schreiber et al. 2006; Contini et al. 2016;
Burkert et al. 2016; Swinbank et al. 2017) an epoch where angu-
lar momentum re-distribution may be crucial for galaxy formation
(e.g., Danovich et al. 2015; Lagos et al. 2016).

In this paper we investigate specific angular momentum
of high-redshift galaxies using the KMOS Redshift One Spec-
troscopic Survey (KROSS; Stottet al. 2016), This survey con-
sists of ~600 Ho detected typical star-forming galaxies. Such
a large survey has only become possible in recent years thanks
to the commissioning of KMOS (K-band Multi Object Spectro-
graph; Sharples et al. 2004, 2013). This instrument that is com-
posed of 24 individual near-infrared integral field units (IFU)
has made it possible to map the rest-frame optical emission-line
kinematics of large samples of z/0.5-3.5 galaxies (Sobral et al.
2013b; Wisnioski et al. 2015; Harrison et al. 2016; Stott et al.
2016; Mason et al. 2016), an order of magnitude faster than was
possible with surveys using individual near-infrared IFUs.

In Section 2 we describe the KROSS survey, the galaxy sam-

ple and observations, in Section 3 we describe the analyses and
measured quantities, in Section 4 we give our results and discus-
sion on the rotational velocity—M, and the j,—M, relationships and
in Section 5 we present our main conclusions. With this work we
release a catalogue of observed and derived quantities that is avail-
able in electronic format (see Appendix A). Throughout, we as-
sume a Chabrier IMF (Chabrier 2003), quote all magnitudes as AB
magnitudes and assume that Hy = 70kms~! Mpc~!, Qu = 0.3 and
Qa =0.7; in this cosmology, 1 arcsec corresponds to 8 kpc at z =1.
Unless otherwise stated, the upper and lower bounds provided with
quoted median measurements correspond to the 16th and 84th per-
centiles of the distribution.

2 SURVEY DESCRIPTION, SAMPLE SELECTION AND
OBSERVATIONS

KROSS is designed to study the gas kinematics of a statistically sig-
nificant sample of typical z~1 star-forming galaxies using KMOS
data. The full details of the sample selection, the observations and
the data reduction are provided in Stott et al. (2016); however, we
give an overview here in the following sub-sections. We also de-
scribe the final sample selection used for this study.

2.1 The KROSS survey and sample selection

KROSS is an IFS survey of 795 z=0.6-1.0 typical star-forming
galaxies designed to spatially-resolve the Hol emission-line kine-
matics. The targets were selected from four extragalactic deep
fields that are covered by a wide range of archival multi-
wavelength photometric and spectroscopic data: (1) Extended
Chandra Deep Field South (E-CDFS; see Giacconi et al. 2001;
Lehmer et al. 2005); (2) Cosmological Evolution Survey (COS-
MOS; see Scoville etal. 2007); (3) UKIDSS Ultra-Deep Sur-
vey (UDS; see Lawrence et al. 2007) and (4) SA22 field (see
Steidel et al. 1998 and references there-in). Most targets were se-
lected using new or archival spectroscopic redshifts; however,
~25percent of the sample were selected as z = 0.84 narrow-
band Ha emitters from the HiZELS and CF-HiZELS surveys
(Sobral et al. 2013a; Sobral et al. 2015). Targets were selected so
that the Hol emission line is redshifted into the J-band, with a higher
priority given to targets where the wavelength range of the red-
shifted emission line is free of bright sky lines. The median redshift
of the sample is z=0.85f8:(1)}1. The details of the redshift catalogues
used for selection are provided in Stott et al. (2016).

In addition to the redshift criteria, the targets were prioritised
if they have observed magnitudes of Kap < 22.5, corresponding to
a stellar mass limit of approximately log(M«[M])29.5 (see be-
low) and they have a ‘blue’ colour of r —z<1.5 (see Figure 1). The
r — z colour cut reduces the chance of observing passive galaxies
and, potentially, very dusty star-forming galaxies for which it is
challenging to obtain high signal-to-noise Ho. observations. How-
ever, we show how our final sample represents typical z~1 star-
forming galaxies in Section 2.3.

2.2 Stellar masses

The KROSS targets are located in extragalactic deep fields with
archival optical-infrared photometric data. Therefore it is possible
to measure optical magnitudes and estimate stellar masses (see de-
tails in Stott et al. 2016). For this work, we avoid using individual
stellar mass estimates from the spectral energy distributions (SEDs)
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Figure 1. Left: The r— z colour versus observed Kap magnitude for the parent KROSS sample. The square symbols represent the 586 Ho detected sources used
for dynamical analyses in this work; with green symbols representing sources which have spatially-resolved velocity measurements (dark/light corresponds
to quality 1/quality 2 [Q1/Q2]; see Section 3.4) and grey symbols representing sources that have spatially-unresolved velocity measurements (dark/light
corresponds to quality 3/quality 4 [Q3/Q4]). The dashed lines show the selection criteria for the highest priority targets. Right: Observed Hat luminosity versus
stellar mass (scaled from My ; top axis; Section 2.2) for the Hat detected targets. The symbols are coloured as in the left panel. Systematic error bars are shown
in the bottom right. The solid line shows the “main sequence” of star forming galaxies at z=0.85 (Speagle et al. 2014; see Section 2.3) and the grey dashed lines
are a factor of five above and below this. The dotted lines show 0.1x and 1x Ly, for this redshift (Sobral et al. 2015). The targets have a median star-formation

rate of 7Mg, yr~! and are representative of typical star-forming galaxies.

due to the varying quality data across the four fields. For consis-
tency we use interpolated absolute rest-frame H-band AB magni-
tudes (My) and convert to stellar masses with a fixed mass-to-light
ratio (Y = 0.2) following M, = Yy X 10~ 0-4xMy =471 ' This mass-
to-light ratio is the median value for the sample derived using the
HYPERZ SED-fitting code (Bolzonella et al. 2000) with a suite of
spectral templates from Bruzual & Charlot (2003) and the U-band
to IRAC 4.5um photometry. The inner 68 per cent range is 0.3 dex
around the median mass-to-light ratio which we take to be the sys-
tematic uncertainty on the stellar masses (see Figure 1). Our tar-
gets are dominated by blue galaxies (Figure 1) that are likely to
have similar mass-to-light ratios; however, the implications on our
angular momentum versus galaxy morphology results of the po-
tentially systematic different mass-to-light ratios for redder versus
bluer galaxies is discussed in Section 4.4.

2.3 A representative sample of star-forming galaxies

For this work we apply additional cuts to the original sample pre-
sented in Stott et al. (2016). Firstly we remove 19 sources for which
there were pointing errors with the IFUs such that they have unreli-
able kinematic measurements. Secondly, we consider the observed
magnitude range of 19 < Kap < 24.5 and remove any sources
which have photometry that is flagged as unreliable in r, z or Kap.
This leaves a final sample of 743 targets (93 per cent of the origi-
nal sample). Overall 552 (74 per cent) of the final sample lie in the
high priority selection criteria of r —z < 1.5 and Kap < 22.5 (see
Figure 1). As expected, the Ho detection rate is higher for these
targets with 478 (87 per cent) detected for the high priority and 108
detected (57 per cent) for the lower priority targets (see Section 3.2
for detection criteria). Overall 586 targets (79 per cent) from the fi-
nal sample are detected in Ho (see Section 3.2).

In Figure 1 we plot Hot luminosity (see Section 3.2) versus
estimated stellar mass for the Ha detected targets. The full stellar
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mass range of this sample is log(M,[M])=8.7-11.0, with a me-
dian of log(M, [M@])=10.0f8:2. The median observed Hat luminos-

ity is log(LHa[ergsfl})=41.5f8:§,

atz~ 1 (Sobral et al. 2015).! Overall 79 per cent of the sample have
luminosities between 0.1Lf,, and L, (see Figure 1). The median

which corresponds to ~0.6 L,

Ha derived star-formation rate of our sample is 7fZ Mg yr— !, fol-
lowing Kennicutt (1998) corrected to a Chabrier initial mass func-
tion and assuming an extinction of Ay = 1.73 (the median from
our SED fitting, following Wuyts et al. 2013 to convert between
stellar and gas extinction; see Stott et al. 2016). The median star-
formation rate of our Ho detected sample is consistent with the
average star-formation and scatter of “main sequence” galaxies for
the median mass and median redshift (z = 0.85) of our targets from
various works; e.g., SFRM5=5f;5 My yr—! from Schreiber et al.
(2015) or SFRM5=8f§ Mg yr*1 from Speagle et al. (2014), where
we have converted to a Chabrier IMF in both cases (see Figure 1).

For the following analyses of this paper we only discuss the
~80 per cent of the final sample that are Ho detected sources. How-
ever, based on the above, we conclude that the star-formation rates
of this sample are representative of the “main sequence” of star-
forming galaxies and these sources can be considered to be typical
star-forming galaxies at this redshift (also see Stott et al. 2016 and
Magdis et al. 2016).

2.4 KMOS observations

The KROSS observations were taken using the KMOS instrument
on ESO/VLT. KMOS consists of 24 integral field units (IFUs) that
can be placed within a 7.2 arcminute diameter field. Each IFU is

I We remove the 22 targets identified as having an AGN contribution to
their emission lines when calculating average luminosities, star-formation
rates and masses (see Section 3.4).
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Figure 2. Example spatially-resolved galaxies from the KROSS sample (with examples from each field studied and covering the range in data quality). From
left to right: (1) broad-band image (3-colour when available for the HST covered targets) where the dashed orange line represents PA;,, (IDs and quality flags
are also shown); (2) Ho intensity map where the overlaid contours show the distribution of continuum emission and the dashed circle represents the seeing
FWHM; (3) observed Hat velocity map where the solid black line represents PA. and the dashed orange line represents PA;n; (4) observed Ho velocity
dispersion map (O,ps) Where the lines are as in panel 3; (5) velocity profiles extracted along PA,e] where the solid curve is the disk model and the vertical
dashed lines are the radii at which the rotational velocities are measured (average of horizontal dashed lines); however, for quality 3 sources the velocities are
estimated from the galaxy-integrated spectra (e.g., ID 337); (6) observed velocity dispersion profile extracted along PA,e; where the horizontal dotted line is
at G, obs, the dot-dashed line is at 6. The solid horizontal lines in panels 1 and 2 represent 5kpc in extent. The equivalent figures for all spatially-resolved
targets are available online (see Appendix A).
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2.8 x 2.8 arcsec in size with 0.2 arcsec pixels. The observation
were taken during ESO periods P92-P95 using Guaranteed Time
Observations (Programme IDs: 092.B-0538; 093.B-0106; 094.B-
0061; 095.B-0035). The sample is also supplemented with sci-
ence verification data (Programme ID: 60.A-9460; see Sobral et al.
2013b; Stott et al. 2014). The median J-band seeing for the ob-
servations was 0.7 arcsec, with 92 per cent of the targets observed
during seeing that was <1 arcsec. The individual seeing measure-
ments are taken into account during the analyses. All observations
were taken using the YJ band with a typical spectral resolution of
R=A/AA=3400. We correct for the instrumental resolution in the
analyses presented here. Individual frames have exposure times of
600s and a chop to sky was performed every two science frames.
Most targets were observed with 9ks on source, with a minimum
of 1.8 ks and a maximum of 11.4ks (see Stott et al. 2016).

The data were reduced using the standard ESOREX/SPARK
pipeline (Davies et al. 2013). However, each AB pair was reduced
individually, with additional sky subtraction being performed on
each pair using residual sky spectra obtained from dedicated sky
IFUs. These AB pairs were flux calibrated using corresponding
observations of standard stars that were observed during the same
night as the science data. The individual AB pairs were then stacked
using a clipped average and re-sampled onto a pixel scale of 0.1
arcsec (Stott et al. 2016). These cubes were used to create the spec-
tra, the line and continuum images and the Ha intensity, velocity
and velocity dispersion maps used in the analyses presented here
(see Section 3.2).

2.5 Comparison samples

For our specific angular momentum measurements, we fo-
cus on a comparison to the local galaxy sample presented in
Romanowsky & Fall (2012) (see Section 4.3). This comprehensive
study contains kinematic measurements (primarily from longslit
data) for ~100 nearby bright galaxies including a range of mor-
phologies from early-type galaxies to disk-dominated spiral galax-
ies. They calibrate global relationships between observed veloci-
ties, radii and intrinsic specific angular momentum. Therefore, we
use this study to guide our analysis techniques, using velocities ob-
tained at the same physical radii as in their study (i.e., 2xRy )
and the same global relationships to estimate specific angular mo-
mentum using velocity, inclination angle and radii measurements
(see Section 3). When quoting z=0 disk angular momentum we use
the raw values of disk radii, velocity and inclination angle pro-
vided by Romanowsky & Fall (2012) for the spiral galaxies and
apply consistent methods to that adopted for our sample (Sec-
tion 4.3). In the absence of an alternative, we use the angular mo-
mentum measurements for the early-type galaxies directly quoted
by Romanowsky & Fall (2012). We apply the colour-dependant
corrections to the Romanowsky & Fall (2012) total stellar masses
using (B —V)g colours from Paturel et al. (2003) and Equation 1 of
Fall & Romanowsky (201 3).2 We note that our data traces angular
momentum using Ho emission which may result in ~0.1 dex larger
angular momentum compared to stellar angular momentum, based
on low-redshift measurements (e.g., Cortese et al. 2014, 2016). We
discuss this further in Section 4.3.

2 We note that 13 of the Romanowsky & Fall (2012) sample do not have
(B —V)o colours in Paturel et al. (2003) and therefore we remove these
sources from the sample.
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Cortese et al. (2016) recently presented IFS results on the an-
gular momentum of ~500 z < 0.1 galaxies with log(M,[Mg]) > 8
from the SAMI survey (Bryant et al. 2015). Although this sample
is larger than Romanowsky & Fall (2012), their specific angular
momentum measurements are constructed using a very different
method (following Emsellem et al. 2007) and are restricted by lim-
itations such as only measuring the angular momentum within a
small radii of Ry, and removing small galaxies from their sam-
ple. Therefore, for this study, we use their sample for a qualitative
comparison only (Section 4.3).

In Section 4.2 we compare our rotation velocity-mass rela-
tionship to the relationship presented for 189 z < 0.1 disk galaxies
in Reyes et al. (2011). The Reyes et al. (2011) sample is ideal as it
also uses Ho emission as a tracer of rotational velocity and covers
the same stellar mass range as our sample (see Tiley et al. 2016 for
further discussion on low-redshift samples).

3 ANALYSIS

In this study we investigate the rotational velocities and specific
angular momentum (js) of Ha detected galaxies. Towards this we
make measurements of the galaxy sizes, intrinsic velocity disper-
sions and inclination-corrected rotational velocities. We combine
archival high spatial resolution broad-band imaging, which trace
the stellar light profile (Section 3.1), with Ho velocity and velocity
dispersion maps derived from our KMOS IFU data, which trace the
galaxy kinematics (Section 3.2). These analyses build upon the ini-
tial kinematic analyses of the KROSS data, which does not include
the broad-band imaging analyses, presented in Stott et al. (2016)
who investigated disk properties and gas and dark matter mass frac-
tions and in Tiley et al. (2016) who investigated the Tully-Fisher
relationship. For all of the 586 Ho detected targets the raw and de-
rived quantities, along with all of the necessary flags described in
the following sub sections, are tabulated in electronic format (see
Appendix A).

3.1 Broad-band imaging and alignment of data cubes

To make measurements of the half-light radii (R) ), morpholog-
ical axes (PA;j;) and inclination angles (0;,) we make use of the
highest spatial resolution broad-band imaging available. With the
aim of obtaining the best characterisation of the stellar light pro-
file for each target we prefer to use near infrared H- or K- band
images; however, we use optical images obtained using HST in
preference to ground-based near infrared images, when applica-
ble, due to the =5x better spatial resolution. Overall 46 per cent
of the sample have HST coverage, whilst the remainder are covered
by high-quality ground-based observations (details below). We per-
form various tests to assess the reliability of our measurements ob-
tained using these different data sets. Example images of our targets
are shown in Figure 2.

3.1.1 Broad-band images

All of our targets in E-CDFS and COSMOS, and a subset of
the targets in UDS have been observed with HST observations.
These data come from four separate surveys (1) CANDELS?

3 http://candels.ucolick.org
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(Grogin et al. 2011; Koekemoer et al. 2011); (2) ACS COSMOS*
(Leauthaud et al. 2007); (3) GEMS? (Rix et al. 2004) and (4) obser-
vations under HST proposal ID 9075 (see Amanullah et al. 2010).
Overall, WFC3-H-band observations are available for 36 per cent
of the HST observed targets (CANDELS fields) with a PSF of
FWHM=0.2 arcsec. For the remainder, we use the longest wave-
length data available, that is, ACS-I for 57 per cent and ACS-z’ for
7 per cent, which have a PSF of FWHM~0.1 arcsec.

Due to the different rest-frame wavelengths being observed for
the different sets of images we test for systematic effects. We mea-
sure the key properties of Ry /5, 8im and PAjy (see Section 3.1.2)
using both the H-band and /-band images for the 128 targets where
these are both available. We find that the median ratios and standard
deviation between the two measurements to be: Ry, /Ry J2H =
1.1£0.2; Bipy 7/8impu = 1.0£0.2 and PA;, (/PAj, i = 1.0£0.1.
This test indicates that our position angle and inclination an-
gle measurements are not systematically affected by the different
bands. However, the observed /-band sizes measurements are sys-
tematically higher than the observed H-band size measurements
by ~10 percent. This is consistent with the HST-based results of
van der Wel et al. (2014) (using their Equation 1) who find that
7= 0.9, log(M,[M])=10 galaxies are a factor of ~1.2+0.2 larger
in the observed /-band compared to in the observed H-band, where
the quoted range covers the results for the stellar mass range
log(M,[M]) =9-11. We apply a 10 per cent correction to account
for this effect in Section 3.1.2.

For the UDS targets, which are not covered by HST ob-
servations, we make use of Data Release 8 K-band observa-
tions taken with the UKIRT telescope as part of the UKIDSS®
survey (Lawrence et al. 2007). The stacked image has a PSF of
FWHM=0.65 arcsec. Finally, for the SA22 targets we make use
of the K-band imaging from the UKIDSS Deep Extragalactic Sur-
vey of this field (Lawrence et al. 2007). These images have a typi-
cal PSF of FWHM=0.85 arcsec. We deconvolved the size measure-
ments to account for the seeing in each field (Section 3.1.2).

To assess the impact of the poorer spatial resolution of
the ground based images compared to the HST images we con-
volve the HST H-band images from our sample to a Gaus-
sian PSF of: (1) FWHM=0.65 arcsec (i.e., the UDS PSF) and
(2) FWHM=0.85 arcsec (i.e., the SA22 PSF), before making
the measurements of radius, positional angle and inclination an-
gle (described below). On average, position angles are unaf-
fected by the convolution in both cases, with a median ratio of
PAim conv/PAim ust = 1.0; however an introduced 1o scatter of
10 percent and 20 per cent for the UDS PSF and SA22 PSF, re-
spectively. Similarly the inclination angles are unaffected, on aver-
age, by the convolution, with 6im cony/Oim st = 1.0, but with an
introduced 1o scatter of 15 percent and 20 per cent, respectively.
We include these percentage scatters as uncertainties on the mea-
sured inclination angles from the ground based images. Following
the methods described in Section 3.1.2 we find a small systematic
fractional increase the measured half-light radii after the convolu-
tion of 5%; however, this is negligible compared to the introduced
1o scatter of 25 per cent and 35 per cent. We include these percent-
age scatters as uncertainties on the measured half-light radii from
the ground based images.

4 http://cosmos.astro.caltech.edu/page/hst
5 http://www.mpia.de/homes/GEMS/gems.htm
6 http://www.ukidss.org
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Figure 3. Distribution of continuum half-light radii, including upper limits,
for the Hau detected targets. The distribution for the 94 per cent of targets
with measured radii (i.e., excluding upper limits) is shown as the overlaid
filled green histogram. The majority of our galaxies have spatially-resolved
radii measurements.

3.1.2  Position angles, inclination angles and sizes

We aim to apply a uniform analysis across all targets irrespective of
the varying spatial resolution of the supporting broad-band imag-
ing. However, we are able to make use of more complex analyses on
the HST-CANDELS subset of targets for a baseline for comparison
(van der Wel et al. 2012). Furthermore, we define various quality
flags, detailed below, to keep track of the quality and assumptions
of the anaylses that were applied for individual targets. “Quality 17
targets are Hou detected targets that are spatially-resolved in the IFU
data (Section 3.2) and have inclination angles and position angles
measured directly from the broad-band imaging (detailed below).

To obtain morphological position angles (PA;;,) and axis ra-
tios of our targets we initially fit the broad-band images with a two-
dimensional Gaussian model. To obtain inclination angles (6;,) we
correct the axis ratios (b/a) for the PSF of each image and then
convert these into inclination angles by assuming,

2_ 2
cos? Oim = (19/51)72%7 (1)
1—gq;

where ¢ is the intrinsic axial ratio of an edge-on galaxy (e.g.,
Tully & Fisher 1977) and could have a wide range of values ~0.1—
0.65 (e.g., Weijmans et al. 2014; see discussion in Law et al. 2012).
We use go = 0.2, which is applicable for thick disks; however, as a
guide, a factor of two change in gg results in a <7 per cent change
in the inclination-corrected velocities for our median axis ratio. To
be very conservative in our uncertainties arising from the assumed
intrinsic geometry we set the uncertainties of the inclination angles
to be a minimum of 20%.

We compared our morphological position angles and in-
clination angles to those presented in van der Wel et al. (2012)7
for the 142 targets that overlap with the parent KROSS sam-
ple (see Section 2.3). van der Wel et al. (2012) fit Sérsic models
to the HST near-infrared images using GALFIT that incorporates
PSF modelling. Excluding the 4 targets flagged as poor fits by

7 We convert the axis ratios presented in van der Wel et al. (2012) to incli-
nation angles following Equation 1.
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van der Wel et al. (2012), we find excellent agreement between the
GALFIT results and those derived using our method. The median
difference in the inclination angles are A®;,, = 0443 degrees. For
the position angles the median difference is |APA;,| = 1.8 degrees
with 84 per cent agreeing within 6 degrees. This demonstrates that
there are no systematic differences between the two methods. We
also compared our inclination angles for 152 of our COSMOS tar-
gets with /-band images to those derived using the axis ratios pre-
sented in Tasca et al. (2009) for the same sources. Again, we find
excellent agreement with AQ;,, = 70.4'_*1 degrees. We also note that
we find good agreement between the morphological position angles
and kinematic position angles for both the HST targets and ground-
based targets (see Section 3.3.2), which provides further confidence
on our derived values. Motivated by the small scatter of the above
comparisons, we enforce an additional error of 5° on all of the incli-
nation angle measurements. The ground based measurements have
an additional uncertainty of 15 per cent and 20 per cent respectively
for UDS and SA22 due to the effects of the poorer resolution for
these targets (see details in Section 3.1.1).

For 7 per cent of the Ho detected targets we are unable to mea-
sure the inclination angles from the imaging due to poor spatial res-
olution. For these sources we assume the median axis ratio of the
targets with spatially-resolved HST images (b/ a)=0.62f8:%g (i.e.,
Oim=53f{§ degrees). This median axis ratio is in agreement with
the results of Law et al. (2012) who use the rest-frame HST opti-
cal images for z ~1.5-3.6 star-forming galaxies and find a peak
axis ratio of (b/a)~0.6. This assumed inclination value for these
7 per cent of our Hou detected targets results in a correction factor
of 1.21“8:2 to the observed velocities. These targets are flagged as
“quality 2” sources.

To measure the half-light radii of the broad-band images we
adopted a non-parametric approach. We measured the fluxes in in-
creasingly large elliptical apertures centred on the continuum cen-
tres that have position angles and axis ratios as derived above. We
measure R as the PSF-deconvolved semi-major axis of the aper-
ture which contained half of the total flux. For the targets where
the images are in the I or 7/ band we apply a systematic correc-
tion of a factor of 1.1 to account for the colour gradients (see
Section 3.1.1). To test our technique, we compared to the GAL-
FIT Sérsic fits to the same HST data of van der Wel et al. (2012) for
the targets covered by both studies. We find that the median offset
between the two measurements to be ARy /» /R; s2.6ALFIT = —0.01
with a 30 per cent 16 scatter. Reassuringly we also did not see any
trend in the offset between these too measurements as a function
of magnitude. This indicates that the two methods are in general
agreement; however, we assume a minimum error of 30 per cent
(due to the method) on all of our half-light radii measurements.
The ground based measurements have an additional uncertainty of
25 per cent and 35 per cent respectively for UDS and SA22 due to
the effects of the poorer spatial resolution of the broad-band imag-
ing for these targets (see details in Section 3.1.1).

For 84 of the Ho detected targets we were unable to use the
imaging to determine Ry /, from the broad-band imaging; however,
we were able to use the turn-over radius from the dynamical models
to estimate Ry 5, calibrated using the imaging radii for the resolved
sources (see Section 3.3.3). We highlight these sources as “quality
2” sources (see Figure 1). For a further 33 targets (only 6 per cent
of the Ha detected targets), where we were not able to extract radii
from the IFU data or the broad band imaging , we assume conser-
vative upper limits on the half-light radii of 1.8 xGpgp.

A histogram of the half-light radii for the 586 Hal detected tar-
gets is shown in Figure 3. The median half-light radii is 2.9" : :g kpc
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(excluding upper limits). Including the upper limit targets with zero
radii or their maximum possible radii, results in a median of 2.7 kpc
or 2.8 kpc, respectively. The median half-light radii for the Hot un-
detected targets is 2.7ﬂ:? kpc and therefore, these are not signifi-

cantly different in size to those that were detected.

3.1.3 Data cube alignment

To align our KMOS data cubes to the broad-band imaging we made
use of continuum measurements in the data cubes. We produced
continuum images by taking a median in the spectral direction,
avoiding spectral pixels in the vicinity of emission lines and ap-
plying 2-6 clipping, to avoid regions with strong sky line residuals.
We identify the continuum centroids for 85 per cent of the Ho de-
tected targets. Due to faint continuum emission for 15 per cent of
the targets we were required to obtain centroids from images in-
cluding the continuum and emission lines. Examples of continuum
images are shown as contours in Figure 2. These continuum centres
were then used to align the data cubes to the centres of the archival
broad-band images.

3.2 Emission line fitting and maps

In this sub-section we describe the various kinematic measurements
we make using our IFU data. These include both galaxy-integrated
and spatially-resolved measurements (e.g., rotation velocities, in-
trinsic velocity dispersions and kinematic major axes). We produce
both galaxy-integrated spectra and two dimensional intensity, ve-
locity and velocity dispersion maps. In the following sub-sections
we describe how we fit the Ha and [N 11]6548,6583 emission-line
profiles, produce the spectra and maps and make the kinematic
measurements. Example maps are shown in Figure 2 and all ve-
locity maps for the 552 targets that are spatially-resolved sources
in the IFU data are shown in Figure 4.

3.2.1 Emission line fitting

We fit the Ho and [N 11]6548,6583 emission-line profiles observed
in both galaxy-integrated spectra and spectra extracted from spa-
tial bins to derive emission-line fluxes, line widths and centroids.
These fits were performed using a x> minimisation method, where
we weighted against the wavelengths of the brightest sky lines
(Rousselot et al. 2000). The emission-line profiles were charac-
terised as single Gaussian components with a linear local contin-
uum. The continuum regions were defined to be two small line-
free wavelength regions each side of the emission lines being fit-
ted. To reduce the degeneracy between parameters, we couple the
[N 11]6548,6583 doublet and Ho emission-line profiles with a fixed
wavelength separation using the rest-frame vacuum wavelengths of
6549.86A, 6564.61A and 6585.27A. We also require that all three
emission lines have the same line width and we fix the flux ratio of
the [N 11] doublet to be 3.06 (Osterbrock & Ferland 2006). These
constraints leave the intensity of the Ho and the [N 11] doublet
free to vary, along with the overall centroid, line width and contin-
uum. The emission-line widths are corrected for the instrumental
dispersion, which is measured from unblended sky lines near the
observed wavelength of the Ho emission.
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Figure 4. Velocity maps for all of our 552 spatially-resolved targets. Each map is positioned at the corresponding position in the star-formation rate versus
stellar mass plane as described by the axes. The solid line shows the “main sequence” of star-forming galaxies at z=0.85 from Speagle et al. (2014) and the
dashed lines are a factor of five above and below this. The vertical dotted line corresponds to our selection criteria for high priority targets (see Figure 1 and
Section 2.1). The horizontal dotted line represents the 5th percentile of the star-formation rates of the spatially-resolved targets.

3.2.2  Galaxy-integrated spectra and velocity maps

Galaxy-integrated spectra were created from the cubes by summing
the spectra from the spatial pixels that fall within a circular aper-
ture of diameter 1.2 arcsec centered on the continuum centroid. We
then fit the Ho and [N 11] emission-line profiles using the methods
described above to derive: (1) the “systemic” redshift of each tar-
get; (2) the observed velocity dispersion Gt and (3) the Ho flux.
Sources were classed as detected if the signal-to-noise ratio, aver-
aged over 2x the derived velocity FWHM of the Ha line, exceeded
three. The emission-line profiles and the fits for all 586 targets
are available online (see Appendix A). The 1.2 arcsec aperture was
chosen as a compromise between maximising the flux and signal-
to-noise ratios. We estimate two methods for an aperture correction
to the measured fluxes and hence to obtain galaxy-integrated Ho
luminosities. First, we use the Ho fluxes (i.e., with [N 1I] removed)
presented in Sobral et al. (2013a) for the HiZELS sources for the
112 of our Ho detected targets that overlap between the surveys.
We obtain a median aperture correction of 1.7. Secondly, we re-
measure the fluxes again from our IFU data but using an aperture
with a diameter of 2.4 arcsec. Using the sources which are detected
in both apertures we obtain a median aperture correction of 1.3.
Within the uncertainties we did not find a significant correlation
between aperture correction and galaxy size. Therefore, we apply

a fixed aperture correction factor of 1.5 to the measured Ho fluxes
and a 30 per cent error to reflect the uncertainty on this value.

The Ho intensity, velocity and velocity dispersion maps were
first produced by Stott et al. (2016). These were created by fitting
the Ho and [N 11] emission lines at each pixel following the proce-
dure described above and then individual velocities are calculated
with respect to the galaxy-integrated ‘systemic’ redshifts. If an in-
dividual pixel did not result in a detected line with a signal-to-noise
ratio of >5, the spatial binning was performed until this criteria
was met (up to a maximum spatial of 0.7x0.7 arcsec; i.e., the typ-
ical seeing of the observations). For this work, these maps are fur-
ther masked by visual inspection, identifying clearly bad fits due
to sky lines or defects. Overall 552 (94 per cent) of the Ha detected
sources show spatially-resolved emission (see Stott et al. 2016). We
assign all of the unresolved sources a flag of “quality 4”. Example
Ho intensity, velocity and velocity dispersion maps are provided in
Figure 2 and all velocity maps are shown in a star-formation rate
versus stellar mass plane in Figure 4.
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Figure 5. The difference between the photometric and kinematic position
angles (V') as a function of broad-band image axis ratio. The larger symbols
represent sources covered by broad-band HST imaging. The largest data
points with the error bars show the running median for the rotationally-
dominated systems and the thin curve shows the running 84th percentile.
For the rotationally-dominated sources the median misalignment if 13°. The
good agreement between the positional angles observed for targets both
with and without HST imaging places confidence on our measurements (see
Section 3.3.2).

3.3 Spatially-resolved kinematic measurements
3.3.1 Kinematic major axes

To identify the kinematic major axes for all of the targets in our
dynamical sample we make use of the Ho velocity maps. We
rotated the velocity maps around the continuum centroids (see
Section 3.1.3) in 1degree steps, extracting the velocity profile in
1.5 arcsec width “slits” and calculating the maximum velocity gra-
dient along the slit. The position angle with the greatest velocity
gradient was identified as being the major kinematic axis (PAyej).

3.3.2  Morphological versus kinematic major axes

Here we compare the derived kinematics major axes, PAy.j, with
the morphological positional angles, PA;;, for our targets. Follow-
ing Wisnioski et al. (2015) (c.f. Franx et al. 1991) we define the
“misalignment” between the two position angles as,

sin¥ = | sin (PAj, — PAyer) |, 2)

where ¥ is defined as being between 0° and 90°. In Figure 5 we
show ¥ as a function of image axis ratio for the sources where
we have measured the kinematic position angles, morphological
position angles and axis ratios (i.e., “quality 1" sources). As ex-
pected, the dispersion-dominated systems with a low rotation ve-
locity, ve, to intrinsic velocity dispersion, Gy, ratio (i.e., ve /0o < 1;
see Section 4.1) have larger misalignments due to a lack of a well
defined kinematic axis. For the rotationally-dominated sources, the
median misalignment is 13° and 81 per cent have a misalignment
of <30°. These values are comparable to those found by using
IFU data for high-z galaxies, all with complementary HST imag-
ing (Wisnioski et al. 2015; Contini et al. 2016). Encouragingly, our
misalignment results are similar when only considering our tar-
gets without HST imaging, with a median misalignment of 15° and
82 per cent having a misalignment of <30°. This provides confi-
dence in our analyses based on the ground-based images.
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3.3.3 Velocity profiles and rotational velocities

We extract one-dimensional velocity profiles [v(r)] along the major
kinematic axes. To achieve this, we extract the median velocity in
0.7 arcsec “slits” along the velocity maps, centred on the continuum
centroids (see Section 3.1.3). Examples can be seen in Figure 2
where the errors bars represent the scatter across the slit.

To reduce the effect of noise in the outer regions of the ve-
locity profiles we extrapolate through the data points by fitting an
exponential disk model (see Freeman 1970) to the velocity profiles
in the form of,

2
v(r)* = rTI:ﬂ (IoKo — I K1) + Vo, 3)
D
where r is the radial distance, ug is the peak mass surface density,
Rp is the disk radii, v is the velocity at » = 0 and ,K,, are the
Bessel functions evaluated at 0.5r/Rp. During the fitting we also
allow the radial centre to vary by 0.2 arcsec (i.e., the KMOS pixel
scale). The velocity offset, vy, is applied to the velocity profiles
before making measurements of dynamical velocities.

The primary function of the model velocity profiles is to ex-
tract velocities by interpolating through the data points and not to
derive physical quantities; however, in 13% of the cases we are re-
quired to extrapolate the model beyond the data (see below). Focus-
ing on the “quality 1" sources with HST images (i.e., those with the
best constraints on the half-light radii from the broad-band imag-
ing), we derive a median ratio of R]/Z/RD=O.8f8:i. This is con-
sistent with our predictions for an intrinsic ratio of Ry /,/Rp=1.68
that has been beam-smeared during our ~0.7” KMOS observations
(Johnson et al. in prep.; see details below). We apply this median
ratio to the derived Rp values to estimate the half-light radii for the
“quality 2" sources that do not have spatially-resolved broad-band
imaging data and hence that lack direct R/, measurements (Sec-
tion 3.1.1). Due to the uncertainty in this estimate we impose an
uncertainty of 60 per cent. We note that we obtain consistent veloc-
ity measurements (see below) if we apply the commonly adopted
arctan model (Courteau 1997; adopted for KROSS in Stott et al.
2016) instead of the exponential disk model, with a median per-
centage difference of (v¢ arctan — Ve disk)/Ve disk = O.ng per cent.

For consistency and to facilitate a fair comparison to our low-
redshift comparison samples (see Section 2.5) we make measure-
ments of the rotational velocities at the same physical radii for all
targets. We make measurements at two different radii of 1.3 Ry,
and 2 Ry /. These correspond to ~2.2Rp and ~3.4Rp, respectively,
for an exponential disk. The first of these, we call v; >, is commonly
adopted in the literature as it measures the velocity at the “peak” of
the rotation curve for an exponential disk (e.g., Miller et al. 2011;
Pelliccia et al. 2016) and we include these values for reference for
interested parties. The second of these, which we call v¢, was cho-
sen for use in our angular momentum measurement as it was shown
by Romanowsky & Fall (2012) (our main comparison sample; Sec-
tion 2.5) to be a reliable rotational velocity measurement across a
wide range of galaxy morphologies. Furthermore, reaching large
radii of 2 3Rp can be crucial for measuring the majority of the
total angular momentum (e.g., Obreschkow et al. 2015). We note
that this measurement also roughly corresponds to another com-
monly adopted value, vgy, which is the velocity measured at a
radii containing 80 per cent of the light for an exponential disk (i.e.
at 3.03 Rp; e.g., Pizagno et al. 2007; Reyes et al. 2011; Tiley et al.
2016).

To make the velocity measurements, we first convolve the R />
values with the PSF of the individual KMOS observations and then
read off the velocity at the defined radii from the model velocity
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profiles (see Figure 2). The observed velocities quoted, vqps, are
half the difference between the velocities measured at the posi-
tive and negative side of the rotation curves. For 13 per cent of the
targets in the spatially-resolved sample we are required to use the
model (see above) to extrapolate to >0.4 arcsec beyond the data to
reach (i.e., >2 KMOS pixels). The uncertainties on the observed
velocities are obtained by varying the radii by £1 ¢ and then re-
measuring the velocities.

For sources where we do not have spatially-resolved IFU data
(i.e., “quality 4”) or we do not have a measured half-light radii
(i.e., “quality 3”) we are unable to measure the velocities at a
fixed radii from the IFU data. Therefore we estimate the veloci-
ties from the widths of the galaxy-integrated emission-line profiles
by applying correction factors derived from the resolved veloc-
ity measurements; i.e., the median ratios of Go/vc obs=1.13 and
Gtot/V22,0bs=1.26. In both cases there is 0.3 dex scatter on these ra-
tios, which we apply as a uncertainty on these measurements.

To obtain the intrinsic velocities, v, 2 and v¢, we apply a cor-
rection to the observed velocities for the effects of inclination angle
(Bim) and beam smearing following,

€R PSF
sin(Biy)’
where € psr is the beam-smearing correction factor that is a func-
tion of the ratio of half-light radii to the FWHM of the KMOS PSF.
These correction factors are derived in Johnson et al. (in prep.), by
creating mock KMOS data (also see Burkert et al. 2016 for sim-
ilar tests). A sample of ~10° model disk galaxies were created
assuming an exponential light profile, with a distribution of sizes
and stellar masses representative of the KROSS sample. The intrin-
sic velocity fields were constructed assuming a dark matter profile
plus an exponential stellar disk, with a range of dark matter frac-
tions motivated from the EAGLE simulations (Schaye et al. 2015).
A range of flat intrinsic velocity dispersions, 6y were also assumed.
“ Intrinsic” KMOS data cubes were constructed using the model
galaxies to predict the velocity, intensity and linewidth of Ha pro-
files. Each slice of these cubes was then convolved with a variety of
seeing values applicable for the KROSS observations. These mock
observations were then subject to the same analyses as performed
on the real data. Differences between input and output values were
used to derived the correction factors as a function of the ratio of
half-light radii to the FWHM of the KMOS PSF. Full details will
be provided in Johnson et al. in prep. For the measured v¢ values
these corrections range from € psp=1.01-1.17 with a median of
1.07. We follow the same equation for v, » but apply the appropri-
ate €g pgr correction factor for this radii. The uncertainties on the
intrinsic velocities are calculated by combining (in quadrature) the
uncertainties on the observed velocities (see above) with the varia-
tion from varying the inclination angles by £1 G.

4

V = Vghg X

3.3.4  Velocity dispersion profiles and intrinsic velocity
dispersions

To classify the galaxy dynamics of our sources we need to make
measurements of the intrinsic velocity dispersions (Gp). We extract
velocity dispersion profiles [G(r)] using the same approach as for
the velocity profiles (see above) but using the observed ¢ maps (see
examples in Figure 2). We then measure the observed value G ops
in the outer regions of the 6(r) profiles by measuring the median
values from either >2x or < —2x the half-light radii (whichever
is lowest). At these radii the observed velocity dispersion will only
have a small contribution from the beam-smearing of the velocity

field (see below). The uncertainties are taken to be the 10 scatter in
the pixels used to calculate this median. When the extent of the data
does not reach sufficient radii (or we do not have a measured half-
light radii), which is the case for 52 per cent of our Hat sample, we
adopt a second approach by taking the median value of the pixels in
the ¢ maps. After applying the appropriate corrections (see below),
these methods agree within 4 per cent (where it is possible to make
both measurements) with a =50 per cent scatter. Consequently we
impose an uncertainty of 50 per cent for those targets where we use
the median of the velocity dispersion (G) map to infer G¢ .

For both of the approaches for measuring G s We obtained
the intrinsic velocity dispersion, Gy, by applying a systematic cor-
rection for the effects of beam-smearing based on mock KMOS
data (Johnson et al. in prep; see details above). These corrections
are a function of both the ratio of half-light radii to the FWHM of
the KMOS PSF and the observed velocity gradient. When using
the velocity dispersions extracted from the outer regions the beam-

smearing corrections have a median of 0.97f8:8§ and for those ex-

tracted from the sigma maps the median correction factor is O.ngg.
The intrinsic velocity dispersions of the sample will be provided
and discussed in detail in Johnson et al. (in prep).

3.4 Summary of the final sample for further analyses

We detected Ho emission in 586 of our targets (79 per cent) and
we showed that these are representative of “main sequence” star-
forming galaxies at za1 (Section 2.3). For the following analy-
ses, which are based on velocity measurements, we exclude the 50
sources with an inclination angle of 0, < 25° because the inclina-
tion corrections to the velocities for these sources become very high
(e.g., >2.4 for <25° and >10 for <5°). Consequently, any small
errors in the inclination angles can result in large errors in the ve-
locity values. We remove a further 20 sources which have either an
emission-line ratio of [N 11]/Ha:>0.8 and/or a >1000km s~ ! broad
line component in the Hat emission line profiles (but not the [N I1]
profile). These sources have a significant contribution to the emis-
sion lines from AGN emission and/or shocks (e.g., Kewley et al.
2013; Harrison et al. 2016). Finally, we remove a further 30 sources
which show multiple emission regions in the IFU data or broad-
band imaging that resulted in unphysical measurements for the
rotational velocities and/or the half-light radii. This leaves a final
sample of 486 targets for analyses on the rotational velocities (Sec-
tion 4.2) and specific angular momentum (Section 4.3).

Of this final sample, only 33 (7 percent) are unresolved in
the IFU data (“quality 4”) and only 24 (5 per cent) are resolved in
the IFU data but have only an upper limit on the half-light radii
(“quality 3”; see Section 3.1.2). In both of these cases the velocity
measurements are unresolved in that they are estimated from the
galaxy-integrated emission-line profiles (Section 3.3.3). We note
that 63 (13 percent) are assigned “quality 2” because they have
fixed (unknown) inclination angle and/or a half-light radii that is
estimated from the velocity models as opposed to the broad-band
imaging (see Section 3.1.2). Overall, the majority of the sources
(366; i.e., 75 per cent) are assigned “quality 1” for which we have
spatially-resolved IFU data and both the half-light radii and incli-
nation angles are measured directly from the broad band imaging.

4 RESULTS AND DISCUSSION

In the previous sections we have presented our new analyses on
~600 Ha detected galaxies from the KROSS survey. These targets
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are representative of typical star-forming galaxies at redshift ~0.9.
Using a combination of broad-band imaging and our IFU data we
have measured inclination angles, half-light radii, morphological
and kinematic position angles, rotational velocities and intrinsic ve-
locity dispersions (see Appendix A for details of the tabulated ver-
sion of these values). After removing highly-inclined sources and
those with an AGN contribution to the line emission (Section 3.4),
we are left with a sample of 486 targets for which we analyse the
rotational velocities and specific angular momentum in the follow-
ing subsections.

4.1 Rotational velocities and v/G

In Figure 6 we plot the rotational velocity (v¢) versus stellar mass
for our final sample that have spatially-resolved IFU data (i.e., the
93 per cent of the targets that are classified as quality 1-3; see Sec-
tion 3.4). The median rotational velocity, v¢, is 109 £ 5kms!
with the 16th and 84th percentiles of 43 km s~! and 189kms™!,
respectively. The mean velocity (weighted by the fractional er-
rors) is 117+4kms~!. The uncertainties on both numbers are
from the width of the distribution from bootstrap re-sampling 1000
times, scattering the velocity values about their errors, and recal-
culating the values. These velocity measurements were made at
2XRyp (ie., =3Rp; Section 3.3.3). For comparison, the median
velocity with 16th and 84th percentiles at 1.3xRy 5 (=2.2Rp) is

97f;§kms_1. Considering these sources we find a median ra-
tio of rotational velocity to velocity dispersion (i.e., v¢/Gg) of
2.36 £0.14 with a 16th and 84th percentiles of 0.90 and 5.04, re-
spectively. The mean fraction, weighted by the fractional errors, is
3.0540.18 (with errors calculated as above).

To assess if the targets are “rotationally dominated” or “dis-
persion dominated” we assess which of the rotational veloci-
ties or the intrinsic velocity dispersions, Gy is larger (follow-
ing e.g., Weiner et al. 2006; Genzel et al. 2006). We find that
81+5 percent are “rotationally dominated” with v¢/Gp>1 (con-
sistent with the original measurements of the KROSS sample pre-
sented in Stott et al. 2016).3. The minimum and maximum values
of this fraction are 52% and 90%, if the calculation is done with the
individual values at their respective minimum and maximum limits,
given by the error bars. These results imply that the Hot kinematics
are dominated by rotation (over dispersion) across our sample but
with lower v¢ /0 values than the typical values of v¢/Gp~25-10
observed in low-redshift disks (Epinat et al. 2010). This is consis-
tent with previous work that suggest a higher fraction of the gas
dynamics comes from disordered motions, with a lower fraction
of “settled disks”, for increasing redshift (e.g., Puech et al. 2007;
Epinat et al. 2010; Kassin et al. 2012; Wisnioski et al. 2015; see
Stott et al. 2016 for a more detailed comparison to previous work).

We also create a “gold” rotationally-dominated sub-sample
where we apply strictier criteria (similar to Wisnioski et al. (2015))
to isolate sources which have high quality data and look “disky”
in nature. These are highlighted in relevant figures and tables (see
Appendix A). This only includes quality 1 or quality 2 sources (i.e.,
spatially-resolved velocity measurements) and have the additional
criteria of: (1) v¢ /0o >1; (2) the kinematic and morphological po-
sition angles agree within 30° and (3) the peak of the 6(r) profile
is within 0.4 arcsec (i.e., 2 pixels) of the centre of the velocity field

8 We note that the fraction of sources with v¢ /00>1 for the full sample
is >76 per cent if we assume that all of the Ho detected targets without
spatially-resolved IFU data are “dispersion dominated”.
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(see Figure 2). This sub-sample represents 38% of the quality 1 and
quality 2 sources; however, we caution that these criteria are sub-
ject to ¢ profiles which can be noisey and this fraction has little
physical meaning.

4.2 Rotational velocity versus stellar mass

The rotational velocity, v¢, versus stellar mass, My, plane (Fig-
ure 6) is often referred to as the inverse of the stellar mass “Tully-
Fisher relationship” (TFR; Tully & Fisher 1977; Bell & de Jong
2001). This relationship measures how quickly the stars or gas are
rotating, a potential tracer for total mass (or “dynamical mass”),
as a function of luminous (i.e., stellar) mass. In the context of
understanding how galaxies acquire their stellar mass and rota-
tional velocities across cosmic time, it is therefore interesting to
investigate how this relationship evolves with redshift (e.g., see
Portinari & Sommer-Larsen 2007 and Dutton et al. 2011). In Fig-
ure 6 we compare the v¢ versus M, plane for our KROSS z/0.9
star-forming galaxy sample to the stellar disk velocities for z = 0
spiral galaxies from Romanowsky & Fall (2012) and the relation-
ship defined by Reyes et al. (2011) using spatially-resolved Hot
kinematics for z < 0.1 disk galaxies in the same mass range as our
7~0.9 sample (see Section 2.5). Both of these zx~0 studies use ve-
locities measured at ~3Rp which is consistent with our measure-
ments.”

Figure 6 shows that the rotationally-dominated KROSS galax-
ies have a very similar relationship between velocity and stel-
lar mass compared to z = 0 disks. To quantify this, we follow
Reyes et al. (2011) and fit the relationship with velocity as the de-
pendant variable in the form logve = b + allogM, — 10.10] (see
discussion in Contini et al. 2016 on the benefits of this approach).
Using a least-squares fit (using MPFIT; Markwardt 2009) we derive
a=0.33+0.11 and b = 2.12 +0.04, where the uncertainties are
the standard deviations of the results from bootstrap re-sampling
the fit with replacement 1000 times, scattering the stellar masses
with a 0.3 dex error each time (see Section 2.2). The Pearsons and
Spearman’s Rank correlation coefficients for the KROSS sample in
Figure 6 are 0.57 and 0.55, respectively. We note that if we only
fit to the “gold” sub-sample as defined in Section 4.1 we obtain
consistent results with a = 0.39 and b =2.17).

For their z=0 sample sample, Reyes et al. (2011) obtained lin-
ear fit parameters of a,—9 =0.278+£0.010 and b,—¢ =2.142£0.004.
Therefore, we see no evidence for an evolution in the slope or
normalisation of the velocity stellar mass relationship (or stellar
mass “Tully Fisher Relationship") between rotationally-dominated
721 star-forming galaxies and z~0 disk galaxies. This lack of evo-
lution agrees with the conclusions of most previous longslit and
IFU studies of z<1 “disky” galaxies, at least for the stellar mass
ranges of this work; i.e., log(M,[Mu]) 2 9.5 (e.g., Conselice et al.
2005; Flores et al. 2006; Miller et al. 2011; Vergani et al. 2012;
Pelliccia et al. 2016; Contini et al. 2016; Di Teodoro et al. 2016;
although see Puech et al. 2010). However, we note that this rela-
tionship can change depending on the definition of “disky" or “ro-
tationally dominated” galaxies (see Kassin et al. 2012; Tiley et al.

9 We note that Reyes et al. (2011) assume a Kroupa IMF; however, this
only corresponds to a 6percent difference compared to our assumed
Chabrier IMF. The largest uncertainty in making our comparisons to the
z=0 samples comes from the fixed mass-to-light ratio assumed in our study
(see Section 2.2).
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Figure 6. Rotational velocity (vc) as a function of estimated stellar mass (scaled from My ; top axis) for KROSS galaxies that are rotationally dominated
(circles) and dispersion dominated (triangles). The symbol colours are as described in Figure 1. From left to right, the three vertical lines show the median
uncertainty (in log space) for quality 3, 2 and 1 sources, respectively, and the horizontal line shows the systematic uncertainty for converting My to stellar mass.
The shaded region shows the running ~0.2 dex (68 per cent) scatter on the velocities of the rotationally-dominated sources. We plot the best fit to these sources
and the bootstrap 16 uncertainty (dotted lines; see Section 4.2). This is in excellent agreement with equivalent Ho observations of local disks (Reyes et al.
2011) and stellar observations of local spiral galaxies from Romanowsky & Fall 2012. Dispersion-dominated galaxies do not follow this trend, similar to the

z=0 early-type galaxies from Romanowsky & Fall 2012.

2016) or the chosen mass-to-light ratios, which may introduce sys-
tematic uncertainties of a factor of 3-5 (e.g., Bershady et al. 2011;
Fall & Romanowsky 2013). For example, although based on the
pre-liminary analysis of the KROSS sample, Tiley et al. 2016 found
that applying a stricter criteria of v/6y > 3 to select “disky” galax-
ies implies an offset of ~0.4 dex towards higher stellar masses, at
a fixed velocity, between z = 1 and z = 0. Clearly, selection effects
are important for physically interpreting the evolution in the rota-
tion velocity—mass relationship.

We do not attempt to interpret the ~0.2 dex scatter in the rota-
tion velocity-mass relationship for the KROSS sample observed in
Figure 6, which is likely to be driven by a combination of observa-
tional uncertainties and physical effects such as non-rotational gas
kinematics and morphological variations (e.g., Kannappan et al.
2002; Kassin et al. 2007; Puech et al. 2010; Covington et al. 2010;
Miller et al. 2013; Simons et al. 2015). However, the dispersion
dominated galaxies (v¢/0p < 1) introduce significant scatter to
lower velocities and do not follow a tight relationship with stellar
mass. This is also the case for the z = 0 early-type galaxies shown
in Figure 6 and has previously been noted at higher redshifts as po-
tentially being due to the rotational velocities being a poor tracer of

the total dynamical mass in these sources (e.g., Kassin et al. 2007,
2012; Pelliccia et al. 2016).

It is well established that to reproduce the observed bary-
onic properties of galaxies (such as the stellar mass function, the
mass—size relationships, and angular momentum of disks) requires
feedback prescriptions that regulate the net accretion of baryons
and consequently the amount of material available for star forma-
tion (e.g., Silk 1997; Abadi et al. 2003; Sommer-Larsen et al. 2003;
Governato et al. 2007; Torrey et al. 2014; Crain et al. 2015). How-
ever, the TFR (i.e., Figure 6) is a poor test to constrain model
feedback prescriptions. Indeed, it is possible to fit the observed
TFR but with incorrect galaxy masses due to a trade off between
disk size and galaxy mass (Ferrero et al. 2016; also see Guo et al.
2010). Therefore, for the remainder of this work we focus on an-
gular momentum that incorporates observed velocities and galaxy
sizes, which, along with mass and energy has been proposed as one
of the fundamental properties to describe a galaxy (e.g., Fall 1983;
Obreschkow & Glazebrook 2014).
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median uncertainy (in log space) for quality 2 and quality 1 sources, respectively, and the horizontal line shows the systematic uncertainty for converting My
to stellar mass. The shaded region represents the running (68 per cent) scatter for the whole sample. The fit to the full KROSS sample reveals a relationship of
Js o< MO0%0-2 similar to that observed for the z=0 spiral disks from Romanowsky & Fall 2012. The z=0 spiral disks have ~0.2-0.3 dex more specific angular

momentum for a fixed stellar mass compared to the z~0.9 star-forming galaxies.

4.3 Angular momentum

In Figure 7 we plot specific angular momentum as a function
of stellar mass, M,, for the 486 galaxies in our final sample.
Specific angular momentum is defined as j; = J/M, =< Rpvc,
where J is the total angular momentum (Fall 1983).10 Explor-
ing specific angular momentum is useful as it removes the im-
plicit scaling between J and mass. To enable us to uniformly ap-
ply the same methods across the sample, irrespective of data qual-
ity, we take the approximate estimator for specific angular mo-
mentum from Romanowsky & Fall (2012) (their Equation 6) that
can be applied to galaxies of varying morphological types (see
Romanowsky & Fall 2012 and Obreschkow & Glazebrook 2014
for potential limitations); that is,

jn =knCiVSR]/Za Q)

10 Here we have assumed that our gas measurements are good tracers
of stellar angular momentum j;, which may introduce a small systematic
of ~0.1dex when comparing directly to stellar measurements (see Sec-
tion 2.5).
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Vs 1s the rotation velocity at 2 xthe half-light radii (Rl/z),“ C; is the
de-projection correction factor which we assume to be 1/sin(6;y,)
(see Appendix A of Romanowsky & Fall 2012) and k;, is a numer-
ical coefficient that depends on the Sérsic index, n, of the galaxy
and is approximated as,

Ky = 1.15+0.0297 + 0.062n>. (6)

Following Section 3.3.3 we can use our rotational velocities in
Equation 5, where v¢ = Cjvs. Due to varying quality of broad band
imaging (see Section 3.1), we are unable to measure n for all of
our galaxies. However, the 101 targets from our sample with HST
imaging and Sérsic fits presented in van der Wel et al. (2012) have
a median Sérsic index of n = 1.1 and 86 per cent have n < 2. There-
fore, for the global relationships presented here (Figure 7) we as-
sume the n = 1 case which is applicable for exponential disks (i.e.,
k1 = 1.19; Romanowsky & Fall 2012) and assume the specific an-
gular momentum to be j; = j,=. For comparison a Sérsic index of

1 Romanowsky & Fall (2012) show that measuring vops at 2xRy /5 pro-
vides a good estimator for use in the j measurement across a range of mor-
phological types. This radius corresponds to ~3.4Rp for an exponential
disk.
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n =2, only results in a ~20 per cent difference with k; = 1.46. We
investigate the relationship between n and j, in Section 4.4.

We parametrise the j,—M, relationship for the KROSS galax-
ies (Figure 7) in the form log j; = B + aflogM, — 10.10]. Using
a least-squares fit (using MPFIT; Markwardt 2009) we obtained a
slope of 0=0.6+0.2 and a normalisation of $=2.59+0.04, where the
uncertainties are the standard deviations of the results from boot-
strap re-sampling the fit with replacement 1000 times, scattering
the stellar masses with a 0.3 dex error each time (see Section 2.2).
The Pearsons and Spearman’s Rank correlation coefficients for the
KROSS sample in Figure 6 are 0.46 and 0.45, respectively. We
note that there is a negligible effect if we exclude or include the
11 per cent of j upper limits.

We fit the specific angular momentum of the disk compo-
nents of the z=0 spiral galaxies presented Romanowsky & Fall
(2012) (following Equation 5; see Section 2.5) and obtain a slope
of 0,=0=0.5110.06, consistent with the o,-9=0.6£0.1 quoted by
Fall & Romanowsky (2013) for the same sample. The normalisa-
tion of z=0 disk relationship is B,-0=2.8940.05 and we note that
we obtain a normalisation of ,—g o =2.83+0.03 if we fix o to be
the same as that we obtained for the KROSS sample.

The slope of the j,—M, relationship for the z=0.9 star-
forming KROSS galaxies is consistent with other high and low-
redshift IFU studies who found slopes of ~0.6 (Cortese et al. 2016;
Contini et al. 2016; Burkert et al. 2016; Swinbank et al. 2017;
although see Obreschkow & Glazebrook 2014 and Cortese et al.
2016 for a discussion on how o might vary with bulge frac-
tion). Our observed slope in the js—M, relationship, trac-
ing the angular momentum of the baryons at 2Ry, is
close to the value of o = 2/3 predicted for dark matter
haloes from both tidal torque theory and simulations (i.e.,

Jhalo ©< Mﬁﬁ) Shaya & Tully 1984; Heavens & Peacock 1988;
Barnes & Efstathiou 1987; Catelan & Theuns 1996). If baryons
and dark matter are well mixed in the proto-galaxy and the
galaxies retain most of the specific angular momentum they ac-
quired in the early phases of their formation, then js ~ jha, and
the relationship would follow jg o< M?/3 (e.g., see discussion in
Romanowsky & Fall 2012; Obreschkow & Glazebrook 2014 and
Burkert et al. 2016). A shallower slope than o. = 2/3 implies a mass
dependence on the conversion between halo angular momentum
and galaxy angular momentum (e.g., Romanowsky & Fall 2012).
We explore the comparison between galaxy angular momentum
and dark matter haloes further in Section 4.3.1.

The normalisation of the j;—M, relationship is ~0.3 dex lower
in our z~0.9 sample compared to the z = 0 disks (Figure 7). How-
ever, if we fit only the rotationally-dominated sources (a possible
proxy for “disky” type systems in our sample), we obtain a nor-
malisation of Bl,/(,>1=2.70i0.03 (for a fixed 0=0.62). This still
corresponds to a ~0.2dex offset, for a fixed mass, between the
rotationally-dominated z=0.9 star-forming galaxies and z=0 disks.
We note that if the Ho, measurements of j; are systematically higher
than stellar measurements by ~0.1 dex as seen at low redshift (e.g.,
Cortese et al. 2014, 2016) this would increase the offset observed
in j; between z~0.9 and z=0 in Figure 7 even further. This ~0.2—
0.3 dex offset between z~0.9 star-forming galaxies and z=0 spiral
galaxies is in contrast to what we observed in the rotation velocity—
mass diagram (Figure 6) where no evolution was observed between
the same samples. This implies that the primary driver of the off-
set between the two samples is differences in the disk sizes be-
tween the two epochs (see e.g., van der Wel et al. 2014) because
Js < Rpve. As a basis to further explore the js—M, relationship
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Figure 8. Specific angular momentum offset as a function of estimated stel-
lar mass. The dashed lines represent fixed ratios of f; = js/ jnalo following
the assumptions outlined in Section 4.3.1. The shaded region represents the
0.2 dex scatter expected for the distribution of halo spins, A. The solid red
(with large symbols), black and orange solid curves represent the running
median for the rotationally-dominated, total and dispersion-dominated sam-
ples respectively. The downward grey arrow represents the median system-
atic offset to apply to the z=0 early-type galaxies when using different stellar
mass fractions compared to the disks (see Section 4.3.1). The rotationally-
dominated galaxies have typical values of f;~(50-60) per cent, independent
of mass.

and evolution, in the following, we compare our results to a simple
model for galaxies embedded inside a dark matter halo.

4.3.1 A simple model to investigate angular momentum transfer

In Figure 8 we show the observed angular momentum for our
KROSS sample and the z=0 comparison sample (see Section 2.5)
compared to that predicted from a simple model of a galax-
ies residing inside dark mater halos. Following Section 4 of
Obreschkow & Glazebrook (2014), we assume the galaxies with
angular momentum, js, are embedded inside singular isothermal
spherical cold-dark matter halos (e.g., White 1984; Mo et al. 1998)
truncated at the virial radius that are characterised with spin param-
eter A (Peebles 1969; Peebles 1971) and specific angular momen-
tum jpa10. We explore the general case where the galaxy contains
a fraction of the angular momentum of the halo, defining the ratio
fj = Js/ Jnato- Taking Equation 18 from Obreschkow & Glazebrook
(2014) and assuming the universal baryon fraction is f;,=0.17 we
obtain a predicted angular momentum of (see similar derivations in
Romanowsky & Fall 2012 and Burkert et al. 2016),

. “1/3 2/3
Js,pred 4 —2/3 H[Z] M,
_Jsered g g5 10 p 0 (2 S
kpckms-—! <A0%7ifs ( Ho o, | P

where H(z)= Hy (Qx.o +Q,0(1 +z}3)0'5 and f; is the stellar mass
fraction relative to the initial gas mass. Following Burkert et al.
(2016) (also see Romanowsky & Fall 2012) we take an initial as-
sumption that all of the haloes have spin A=0.035. This should
be reasonable, on average, as the spin parameter is found to fol-
low a near-log normal distribution, independent of mass, with
an average around this adopted value and ~0.2dex width from
both tidal torque theory and full simulations (e.g., Bett et al. 2007;
Maccio et al. 2008; Zjupa & Springel 2016; also see Burkert et al.
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2016 for observational constraints). Note that if Af; f, 23 is inde-
pendent of mass, Equation 7 leads to the scaling jg preq < M?/3,
which is consistent with that observed in the data: jg o< M2-6i0»2
(Figure 7). However, following Romanowsky & Fall (2012) and
Burkert et al. (2016) (their Equation 6) we assume a mass depen-
dant value of f using the empirically-derived expression (obtained
using abundance matching, stellar kinematics and weak lensing)
for local late-type galaxies from Dutton et al. (2010) given by,

M, 0.5 M, —0.5
fs=0.29x (5><10'0M@> <1+ {SXIOIOMQ ®

As discussed in Section 4.4, a different expression is given by
Dutton et al. (2010) for early-type galaxies.

Using these assumptions, we define the specific angular mo-
mentum offset Alog js = log js —10g js preq (setting f;=1). We plot
Alog js as a function of stellar mass in Figure 8. Empirically,
sources with lower Alog js values have less specific angular mo-
mentum for their stellar mass than those with higher values. In the
context of the model outlined above, a lower value of Alog js corre-
sponds to lower values of f;,1i.e., js/ jhalo» and/or the spin parameter
A. Assuming a fixed spin parameter, A=0.035, for the rotationally-
dominated z~0.9 KROSS galaxies, f; is independent of stellar
mass with a bootstrap median and uncertainty of f; = O.53f8:8§
and a ~0.3 dex scatter (Figure 8). If we only consider the “gold
sample” described in Section 4.1 we obtain f; = 0464f8:8§, which
is consistent within ~2c. For the z=0 spiral disks we obtain a
bootstrap median and uncertainties of f; = 0.771“8:(]); with 0.2 dex
scatter, which is in agreement to the value of f;~0.8 quoted by
Fall & Romanowsky (2013) for these galaxies.

If the angular momentum of the halo and the baryons were
initially well mixed with jparyon & Jhalo» then the results pre-
sented in Figure 8 suggest that ~40-50 per cent of the initial an-
gular momentum has been lost during the formation of zx0.9 star-
forming “disky" galaxies. Alternatively high angular momentum
gas (i.e., > jhalo) entering the halo through cosmic filaments could
have eventually lose angular momentum until js == (0.5-0.6) jhaio
(e.g., Kimm et al. 2011; Stewart et al. 2013; Danovich et al. 2015).
Whilst various idealised assumptions were required in the above
analyses (see Burkert et al. 2016 for other approaches), it seems
that the angular momentum of galaxies broadly follow the theo-
retical expectation from such a simple galaxy halo model. This
is a striking result given the complexity of baryonic collapse
which includes inflows, outflows, mergers and turbulence that re-
quire hydrodynamical simulations to properly model. Indeed, de-
spite the complexity, the net angular momentum of the baryons
and star-forming disks are found to be similar in models (e.g.,
Danovich et al. 2015; Zavala et al. 2016; Lagos et al. 2016). See
Swinbank et al. 2017 for a detailed comparison between the an-
gular momentum of z<1.5 galaxies in the EAGLE cosmological
simulation (Schaye et al. 2015; Crain et al. 2015) and galaxies ob-
served with the MUSE IFU.

We observe a small systematic offset to lower average val-
ues of specific angular momentum offset (i.e., Alog js) between
the z~0.9 “disky" (rotation-dominated) galaxies compared to the
z=0 disks of ~0.15dex, albeit with a large scatter (Figure 8).
This offset is a reflection of the offset observed in the raw val-
ues shown in Figure 7 but now accounting for a predicted evolu-
tion of H(z)*l/3 (see Equation 7).12 This small offset is qualita-

12 We have assumed that Equation 8 holds at z ~1 (following Burkert et al.
2016); however, we note that a ~0.2 dex decrease in f; for high-redshift
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Figure 9. Specific angular momentum offset (see Section 4.3.1) as a func-
tion of Sérsic index for the KROSS sample and z=0 early-type galaxies. The
large data points show the running median and bootstrap errors. The dashed
line shows the same running median but using j,—o for all galaxies (see
Section 4.3). The shaded region represents the 0.2 dex scatter expected for
the distribution of halo spins, A. The downward arrow represents the me-
dian systematic offset to apply to the z=0 early-type galaxies when using an
alternative stellar mass fraction to the disks (see Section 4.3). On average,
galaxies with higher Sérsic indices (a proxy for bulge fraction) have lower
specific angular momentum at both redshifts.

tively consistent with the result on z~0.8-2.6 star-forming galaxies
in Burkert et al. (2016) when using similar assumptions (their Fig-
ure 3), although their study is dominated by higher stellar mass
galaxies than ours. Furthermore, an evolution in specific angular
momentum is expected for galaxy disks. Numerical models pre-
dict that redshift zero disks have more specific angular momen-
tum compared higher redshift disks for a fixed mass; however, the
exact form of this evolution is a sensitive to the prescriptions in
the model during the formation of a galaxy, for example, the role
of mergers, gas inflows, outflows and turbulence (e.g., Weil et al.
1998; Thacker & Couchman 2001; Bouché et al. 2007; Dekel et al.
2009; Burkert et al. 2010; Ubler et al. 2014; Genel et al. 2015;
Obreschkow et al. 2015; Danovich et al. 2015; Stevens et al. 2016;
Zjupa & Springel 2016; see Swinbank et al. 2017 for further dis-
cussion on this evolution in data and models). The small offset in
specific angular momentum, above that expected from the simple
model presented above, between z20.9 star-forming galaxies and
z=0 disks (Figure 8) provides an important constraint for galaxy
formation models that simulate these processes.

It is important to consider that the evolution and/or normalisa-
tion of the j;—M, relationship may be different depending on star-
formation and merger histories and for galaxies that end up as disk-
dominated compared to bulge-dominated (e.g., Teklu et al. 2015;
Obreschkow et al. 2015; Lagos et al. 2016; Swinbank et al. 2017).
Therefore, in the following sub section we explore the relationship
between morphology and angular momentum (Section 4.4).
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Figure 10. /-band HST images for the six lowest (lower panels) and six highest (upper panels) specific angular momentum for a given stellar mass (i.e.,
Alog(js); see Section 4.4) in three narrow stellar mass bins (columns). The inset numbers in each panel show the Alog(js) values (upper left) and rotational
velocity (bottom left) for each target. For a given stellar mass, /0.9 galaxies with the highest specific angular momentum result in disk-dominated morpholo-
gies, whilst those with the lowest specific angular momentum are bulge dominated. These results imply that a momentum—mass—morphology relationship is

already in place by this epoch.

4.4 Angular momentum and morphology

Figure 7 shows a large scatter of ~0.4dex in the j;-M, rela-
tionship for zx0.9 star-forming galaxies. Observational results at
z~0 find that the j;—M, relationship varies across different mor-
phological types, with later types typically having more angu-
lar momentum for a fixed stellar mass (e.g., Sandage et al. 1970;
Fall 1983; Romanowsky & Fall 2012; Cortese et al. 2016). Further-
more, Obreschkow & Glazebrook (2014) find that their 16 late-type
galaxies follow a relatively tight plane in M—j—(B/T) space where
(BIT) is the bulge fraction. Under the assumption that the parent
halos have the same distribution of spin values, the difference in
angular momentum as a function of morphology may indicate a
difference in retention of angular momentum due to different con-
tributions of mergers or a varying re-distribution of angular mo-
mentum from inflows, outflows and turbulence (see Section 4.3.1;
e.g., Zavala et al. 2008; Romanowsky & Fall 2012). Here we ex-
plore whether a morphological dependence on j is already in place
by z&1.

Firstly, we can see a there is a clear difference in the normali-
sation of the j,—M, relationship between the dispersion-dominated
and rotationally-dominated galaxies (see Figure 7). Fixing the slope
to 0=0.62, as observed for the sample as a whole, and refitting the
relationships as in Section 4.3, the normalisation of the relationship
for the dispersion-dominated sources is [3[1, Jo<1]=2.11£0.08, corre-
sponding to a 0.6 dex offset to the rotationally dominated sources
(B[V/G>]]=2.7Oi0.03). This is in broad agreement with a model
that “diskier" galaxies have more angular momentum per unit mass
(e.g., Fall 1983) and the high-redshift IFU results on star-forming
galaxies of Burkert et al. (2016). However, whilst v¢/c is a crude

galaxies would result in a ~0.13 dex increase in jg preq. This would result in
a larger offset to the z=0 disks than quoted here.

proxy for galaxy type, and this trend is in broad agreement with the
predicted z=0 trends from the EAGLE hydrodynamical cosmolog-
ical simulation (Lagos et al. 2016), v¢ is used in both the calcula-
tion of js (i.e., Equation 5) and the classification of the galaxies.
Therefore, this conclusion if subject to strong internal dependen-
cies and in the following we instead focus on an independent proxy
for galaxy morphology, the Sérsic index, n.

Although our sample is dominated by star-forming, “disky"
sources due to our selection criteria (see Section 2.1 and Sec-
tion 4.1; also see Cortese et al. 2016), we have sources with a range
of Sérsic indices (n~0.5-3) based on the subset of our sources with
H-band HST imaging and the fits of van der Wel et al. (2012) (see
Section 3.1.2). Although not tightly correlated with bulge-to-total
mass ratios, sources with higher Sérsic indices have more promi-
nent bulges on average. We re-calculate the specific angular mo-
mentum, as j,, using the individual n values (Equation 5 and Equa-
tion 6) for the 101 galaxies which are in our final sample and
van der Wel et al. (2012). In Figure 9 we plot these values as an an-
gular momentum offset, Alog(j,), from the “model prediction" for
angular momentum, js preq in Equation 7 (setting f; = 1). We note
that the global observed trends are the same if we instead define
the offset as being from the z=0 j;—M, relationship for spiral galax-
ies. We also show the early-type galaxies from Romanowsky & Fall
(2012) (see Section 2.5). On average, galaxies have decreasing an-
gular momentum for increasing Sérsic index, for a fixed stellar
mass (also see Figure 5 in Burkert et al. 2016). There is a factor
~3 decrease in specific angular momentum between n=1 and n=3.
This implies that earlier-type galaxies have less angular momentum
compared to later type galaxies at z=1, in agreement with the z=0
observations (e.g., Romanowsky & Fall 2012; Cortese et al. 2016).

It is worth noting that Cortese et al. (2016) find a weaker
trend between specific angular momentum and Sérsic index when
using gas angular momentum, compared to using stellar angu-
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lar momentum for z < 0.1 galaxies. Although this may be partly
due to Cortese et al. (2016) only investigating the angular momen-
tum within 1XRy,, this may imply that the trend we observed
in Figure 9 would be stronger if we had stellar kinematic infor-
mation available. Furthermore, if we a apply a morphological de-
pendent stellar mass fraction, f, (cf. Dutton et al. 2010; see Sec-
tion 4.3.1) this would increase the observed trend in Figure 9. Fi-
nally, Fall & Romanowsky (2013) find that the strength of the j—
morphology trend is increased when using colour-dependant mass-
to-light ratios as opposed to the fixed mass-to-light ratios used
in Romanowsky & Fall (2012). This effect would also strengthen
our conclusion on the existence of a specific angular momentum-—
morphology trend at zx1.

To investigate the specific angular momentum morphology
connection further we performed a visual inspection of the broad-
band images for the galaxies with the lowest and highest specific
angular momentum for their mass (see Figure 8). We considered
only the targets with HST imaging (see Section 3.1.1), where vi-
sual classification is possible. To avoid any underlying mass de-
pendencies, we split the sample into three mass bins of 9.7 <
log(M«[M]) < 10.0; 10.0 < log(M4[Ms]) < 10.3 and 10.3 <
log(M,[Mg]) < 10.6. In each mass bin we looked at the images
for the targets with the lowest specific angular momentum for their
mass and those with the highest specific angular momentum for
their mass (i.e., lowest and highest Alog js values). In Figure 10 we
show the six highest and six lowest for each mass bin. The galaxies
with the lowest specific angular momentum for their mass exhibit
small round “bulge” dominated morphologies, whilst those with
the highest specific angular momentum for their mass show mor-
phologies dominated by large disks. These qualitative results are
consistent with our more quantitative analyses, described above,
using the Sérsic indices.

In the context of the simple model outlined in Section 4.3.1
the interpretation here is that galaxies with lower specific angular
momentum with respect to the halo (i.e., lower f; = js/ jhalo Values)
and/or with lower halo spins (A) result in earlier-type morphologies,
i.e., more dominant “bulges”. This is in agreement with the conclu-
sions based on local galaxies of Fall & Romanowsky (2013), who
suggest that f; is 8 x larger for z=0 disks compared to z=0 ellipticals
following similar assumptions to those outlined here. Furthermore,
it is also in qualitative agreement with numerical model predictions
(e.g., Zavala et al. 2016; Teklu et al. 2015). Overall, if the specific
angular momentum is indeed the fundamental driver of the Hubble
sequence of morphological type (e.g., Romanowsky & Fall 2012;
Obreschkow & Glazebrook 2014) our results are in agreement with
a model in which the Hubble sequence was already in place, or
at least being formed, by zx1 (see e.g., van den Bergh et al. 1996;
Simard et al. 1999; Bell et al. 2004; Cassata et al. 2007; Lee et al.
2013).

5 CONCLUSIONS

We have presented new measurements and results based on IFU
data of ~600 Ho detected z=0.6-1.0 star-forming galaxies that
were observed as part of KROSS (Stott et al. 2016). These sources
are representative of log (M, [Ma]) ~9-11 star-forming galaxies
at this redshift. Using a combination of broad-band imaging and
our IFU data we have made measurements of inclination angles,
half-light radii, morphological and kinematic position angles, rota-
tional velocities, intrinsic velocity dispersions and specific angular
momentum. Our main conclusions are:
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e The sample is dominated by galaxies that have rotationally-
dominated gas kinematics, with rotational velocities that are greater
than their intrinsic velocity dispersion. We measure v¢ /6o > 1 for
81+t5percent of the sources in our sample that have spatially-
resolved velocity measurements.

e For the rotationally-dominated systems we find a correla-
tion between rotational velocity and mass (i.e., the inverted stellar
mass Tully-Fisher Relationship) that is consistent with z = 0 disks
with logv =2.12+£0.04+ (0.33+0.11)[log (M, /M) — 10.1]. The
dispersion-dominated systems scatter below this trend (Figure 6).

e The specific angular momentum (angular momentum divided
by stellar mass; js) at z=1 is related to stellar mass following
log js =2.59+0.04+ (0.6 £0.2)[log (M« [Mg]) — 10.1].

e The observed scaling relationship, j; o< M90+0-2 i in agree-
ment with local disks and the scaling relationship between angular

momentum and mass expected for dark matter, i.e., jpp o< Méﬁ
(Figure 7). This implies little mass dependence on the conversion
between halo angular momentum and galaxy angular momentum,
on average, for this sample.

e The normalisation of the j—M, relationship is ~0.2-0.3 dex
lower in our sample compared to z=0 disk galaxies (Figure 7). A
difference in galaxy sizes, for a fixed stellar mass, is the primary
driver of this evolution as j; «< Rpvec and we do not observe an
evolution in the rotational velocity—mass relationship.

e In the context of an idealised isothermal halo model, with
fixed spin parameter, A=0.035, the median ratio of specific angular
momentum between the galaxy and halo is js/ jha0~250-60 per cent
for the rotationally-dominated KROSS galaxies (Figure 8). These
7~ 0.9 galaxies show only a small offset of ~0.1-0.2 dex to lower
values of this ratio compared to z=0 disks, despite a significant
difference in host-galaxy properties such as average star-formation
rates.

e The observed galaxies have less angular momentum with in-
creasing Sérsic index at a fixed stellar mass, with a factor of ~3
decrease in average j; between n=1 and n=3 (Figure 9). Further-
more, the sources with the highest specific angular momentum at
any given mass have the visually most disk-dominated morpholo-
gies (Figure 10). This reveals that angular momentum may be key
in determining a galaxy’s morphology and an angular momentum—
mass—morphology relationship is already in place by z ~ 1.
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APPENDIX A: CATALOGUE

With this paper we release a catalogue of raw and derived values for
the 586 Ho detected targets. This is available in electronic format
at http://astro.dur.ac.uk/KROSS, where later releases
and updates will also be placed. The full version of Figure 2 and the
Ho emission-line profiles for all detected targets are also available
at the same location. In Table A1 we describe the columns of the
catalogue released with this paper.
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DESCRIPTIONS OF COLUMNS

Number Name Units Description
1 1D KROSS ID.
2 NAME Object Name.
3 RA Right Ascension (J2000).
4 DEC Declination (J2000).
5 K_AB K-band magnitude (AB).
6 R_AB r-band magnitude (AB).
7 7Z_AB z-band magnitude (AB).
8 M_H Absolute H-band magnitude.
9 MASS Mga Stellar mass, scaled from My with a fixed mass-to-light ratio.
10 VDWI12_N Sérsic index n from van der Wel et al. (2012).
11 IM_TYPE Band of broad-band image used in the analyses.
12 QUALITY_FLAG Quality flag for the data:
Quality I: Ho detected, spatially-resolved and both 6;, and Ry, were measured from the broad-band
Quality 2: Ho detected and spatially resolved but 6;, was fixed (see THETA_FLAG) and/or R, /, was
estimated from the kinematic (see R_FLAG)
Quality 3: Ho detected and resolved in the IFU data but only an upper limit on R, />
Quality 4: Ho. detected but unresolved in the IFU data.
13 PA_IM degrees Positional angle of the broad-band image, PA;y,.
14-15 R_IM kpc Deconvolved continuum half-light radii, Ry />, from the image and error.
16 R_FLAG If =1 then Ry, is an upper limit, if =0.5 then R}/, was estimated using a fit to the kinematic data.
17 B_O_A The observed axis ratio »/a from the broad-band image.
18-19 THETA_IM degrees The inferred inclination angle, iy, with error. If 6;;, < 25 then excluded from the analyses.
20 THETA_FLAG If =1 then the inclination angle was fixed to 53° £ 18.
21 Z Redshift from Hot.
22 F_HA ergs~'em™2  Observed aperture Hot flux.
23 L_HA ergs! Observed Hot luminosity with a factor x 1.5 aperture correction applied
24 SFR M yr~! Inferred star-formation rate from Ha luminosity and applying an A, correction.
25 SIGMA_TOT kms~! Velocity dispersion Gy from the galaxy-integrated (aperture) spectrum.
26 AGN_FLAG If =1 AGN emission affecting the emission-line properties and are excluded from the final analyses.
27 IRR_FLAG If =1 unphysical measurements for the rotational velocities and/or the half-light radii
and are excluded from the final analyses.
28 VEL_PA degrees Position angle of the major kinematic axis, PAye].
29 V22_OBS kms™! Observed velocity measured at 1.3Ry /, (i.e., #2.2Rp), v22.
30 V22 kms™! Intrinsic v, after inclination and beam-smearing corrections.
31 VC_OBS kms™! Observed velocity measured at 2R1/2 (i.e., ~3.4Rp), vc.
32-34 vC kms™! Intrinsic v after inclination and beam-smearing corrections, with lower and upper errors.
35 EXTRAP_FLAG If =1, v¢ extrapolated >2 pixels beyond the extent of the data, if =2 then vc was estimated by scaling Gyo.
36 KIN_TYPE Kinematic classification: RT+ “gold” rotationally dominated; RT: rotationally dominated;
DN: dispersion dominated; X: IFU data is spatially unresolved;
37-39 IS km s~ kpc  Specific angular momentum, j;, with lower and upper errors. Negative values correspond to upper limits.
40 IN km s~!'kpc  Specific angular momentum, j,, using individual n values.

Table Al. Details of the columns provided in the public release of the KROSS catalogue associated with this paper. We note that the quoted errors are
conservative and take into account systematic uncertainties due to the methods applied and effects due to the varying quality of data across the sample (see
details in Section 3).
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