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ABSTRACT

We present the KMOS Galaxy Evolution Survey (KGES), a K-band Multi-Object Spectrograph (KMOS) study of the H« and
[N 11] emission from 288 K-band-selected galaxies at 1.2 < z < 1.8, with stellar masses in the range log,,(M../Mg) ~ 9—11.5.In
this paper, we describe the survey design, present the sample, and discuss the key properties of the KGES galaxies. We combine
KGES with appropriately matched samples at lower redshifts from the KMOS Redshift One Spectroscopic Survey (KROSS) and
the SAMI Galaxy Survey. Accounting for the effects of sample selection, data quality, and analysis techniques between surveys,
we examine the kinematic characteristics and angular momentum content of star-forming galaxies at z ~ 1.5, 1, and ~0. We
find that stellar mass, rather than redshift, most strongly correlates with the disc fraction amongst star-forming galaxies at z <
1.5, observing only a modest increase in the prevalence of discs between z & 1.5 and z ~ 0.04 at fixed stellar mass. Furthermore,
typical star-forming galaxies follow the same median relation between specific angular momentum and stellar mass, regardless
of their redshift, with the normalization of the relation depending more strongly on how disc-like a galaxy’s kinematics are. This
suggests that massive star-forming discs form in a very similar manner across the ~10 Gyr encompassed by our study and that
the inferred link between the angular momentum of galaxies and their haloes does not change significantly across the stellar

mass and redshift ranges probed in this work.

Key words: galaxies: evolution — galaxies: general — galaxies: kinematics and dynamics — galaxies: star formation.

1 INTRODUCTION

Galaxies are thought to have first formed as gas fell into haloes in
the early Universe, mixing with the enclosed dark matter. The gas
subsequently cooled, decoupling from the dark matter and collapsing
to form stars and, eventually, galaxies (e.g. Fall & Efstathiou
1980). Whether or not (and how quickly) a disc forms during
this process, and for how long it survives, depends on the initial
angular momentum of the baryons and its distribution, as well as
any subsequent redistribution during the lifetime of the galaxy (e.g.
Freeman 1970; Fall 1983). The former should be linked to the angular
momentum of the host halo (acquired via tidal torques; Peebles 1969)
and the initial collapse of the gas (e.g. Mo, Mao & White 1998), whilst
the latter may occur afterwards through a number of key physical
processes such as inflows (e.g. Pichon et al. 2011; Codis et al. 2012;
Laigle et al. 2015), outflows (e.g. Maller & Dekel 2002; Dutton
2009; Brook et al. 2011; Dutton & van den Bosch 2012), or merging
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events (e.g. Grand et al. 2017; Welker et al. 2017). Thus the angular
momentum content of a galaxy, and whether or not it exhibits a
disc structure, should be intimately connected to its initial formation
and its subsequent assembly history. To further our understanding
of galaxy formation and growth, it is therefore vital to be able to
measure and understand the evolution of the angular momentum of
galaxies over cosmic history, as well as to what extent the prevalence
of discs in galaxies changes over the same period.

Previous studies have examined the angular momentum content of
galaxies in the local Universe, revealing strong correlations between
the stellar specific (i.e. per unit mass) angular momentum (j,) of
a galaxy and its total stellar mass (M,), as well as its morphology
at fixed stellar mass. For example Romanowsky & Fall (2012) and
Fall & Romanowsky (2013) show that, for ~100 galaxies at z ~
0, the normalization of the j,—M, relation is a function of galaxies’
Hubble T-type and bulge-to-total ratio (see also Bertola & Capaccioli
1975; Fall 1983); disc-dominated galaxies and bulge-dominated
galaxies follow parallel, but offset, versions of the j.—M, relation.
This aligns with the expectation that the specific angular momentum
of a galaxy is linked to its formation history. Spheroidal early-type
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galaxies are traditionally thought to have undergone a series of major
and/or minor dispersive merging events that reduce their net angular
momentum (e.g Meza et al. 2003; Hopkins et al. 2010) in comparison
to disc-dominated late-type galaxies (although secular redistribution
of angular momentum via disc instabilities and clump formation
could also play a role in producing spheroids and bulges in galaxies
(e.g. van den Bosch 1998; Immeli et al. 2004; Bournaud et al. 2014).

The maturation of optical integral field spectroscopy (IFS) tech-
nology, and its combination with multiplexed observations in the
past decades, has allowed for the efficient mapping of the spatially
resolved kinematics of large numbers of galaxies using their nebular
line emission and stellar absorption lines. Large optical IFS surveys
such as the ATLASP project (Cappellari et al. 2011), the Calar
Alto Legacy Integral Field Area (CALIFA; Sinchez et al. 2012)
survey, the Sydney—Australian—Astronomical Observatory Multi-
object Integral-field Spectrograph (SAMI; Croom et al. 2012) Galaxy
Survey (Bryant et al. 2015), and the Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA; Bundy et al. 2015) survey
have now observed thousands of nearby galaxies. These observations
provide statistically large and well-selected data sets for the detailed
study of spatially resolved kinematics of galaxies at z ~ 0 that
span the whole range of galaxy morphologies. These have been
used to great effect to extend our understanding of the link between
angular momentum and the formation histories of nearby galaxies
(e.g. Emsellem et al. 2011; Krajnovi¢ et al. 2013; Cortese et al.
2016; Graham et al. 2018; Greene et al. 2018; Posti et al.2018;
Falcon-Barroso et al. 2019; Marasco et al. 2019).

Similar advances in near-infrared (NIR) IFS technology have re-
cently opened a parallel window on the kinematics of galaxies at z &
1-3, where the well-understood rest-frame optical nebular emission
lines of star-forming galaxies are redshifted into the NIR. Large IFS
surveys with the European Southern Observatory’s (ESO) K-band
Multi-Object Spectrograph (KMOS; Sharples et al. 2013) including
the KMOS Redshift One Spectroscopic Survey (KROSS; Stott et al.
2016; Harrison et al. 2017), the KMOS3P survey (Wisnioski et al.
2015, 2019), and the KMOS Deep Survey (KDS; Turner et al. 2017),
in addition to surveys with other similar instruments such as the
Spectroscopic Imaging survey in the near-infrared with SINFONI
(SINS; Forster Schreiber et al. 2009), have together now mapped the
gas kinematics of thousands of star-forming galaxies between z &
0.9 and ~3 (see Forster Schreiber & Wuyts 2020 for an extensive
review on this topic). These high-redshift IFS samples provide the
opportunity for a thorough examination of the angular momentum
content and kinematic properties of star-forming galaxies in the last
~11 Gyr, spanning the epoch of peak star-formation rate density
in the Universe when the majority of the stellar mass in today’s
Universe was assembled. Importantly, however, they also allow for
direct and statistically robust kinematic comparisons between the
more distant galaxy populations and galaxies in the present day,
helping us to provide crucial insights into how galaxies have changed
over ~80 per cent of the history of the Universe.

Thanks to the work of the NIR IFS surveys discussed above,
as well other parallel techniques and analyses, it is now widely
accepted that star-forming galaxies in the past assembled stars
at more prolific rates than their local Universe counterparts (e.g.
Madau & Dickinson 2014), with (ionized gas) kinematics consistent
with turbulent discs or irregular systems, and visual morphologies
that appear increasingly ‘clumpy’ and irregular in optical and NIR
imaging with increasing redshift (e.g. Driver et al. 1995; Schade
et al. 1995; Abraham et al. 1996; van den Bergh et al. 1996; Noguchi
1998; Dickinson 2000; Conselice, Blackburne & Papovich 2005;
Buitrago et al. 2013). However, there have been relatively few studies
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to date that focus specifically on the angular momentum of high-
redshift galaxies (e.g. Forster Schreiber et al. 2006; Burkert et al.
2016; Contini et al. 2016; Gillman et al. 2019), and even fewer that
consider statistically large samples of galaxies at distant epochs.
Notable examples of the latter include Harrison et al. (2017) and
Swinbank et al. (2017), who examined the j, — M, relation for
samples of respectively 586 H «-detected star-forming galaxies at
z = 0.6-1 from KROSS, and 405 star-forming galaxies at z = 0.28—
1.65 observed with KMOS or MUSE. Harrison et al. (2017) found
that z &~ 0.9 star-forming galaxies follow a j, — M, relation that
is approximately parallel to that for z = O spiral galaxies, but offset
lower in its normalization by ~0.2—0.3 dex. Similarly, Swinbank et al.
(2017) find that the same relation evolves as j, o Mf/3(1 +2)7L
Whilst these studies have taken considerable steps towards a clearer
understanding of the angular momentum content and kinematic
properties of galaxies beyond our local Universe, several outstanding
issues still persist.

First, gaps remain in high redshift IFS coverage. In particular,
galaxies at z & 1.5, the peak in cosmic star-formation rate density,
have redshifted Ho emission that falls within the H band, which
suffers from stronger sky contamination than adjacent bands at bluer
and redder wavelengths (corresponding to lower and higher redshifts,
respectively). As such the number of galaxies at this epoch with
corresponding IFS data is small in comparison to redshifts above (i.e.
z & 2-3) and below (i.e. z & 0.9) it. As well as being a key period
for mass assembly, this epoch also corresponds to the point at which
disc morphologies start to truly emerge, eventually dominating the
star-forming population (e.g. Mortlock et al. 2013). It is thus a vital
period in cosmic history in which to examine galaxies’ kinematic
properties, but lacks the large IFS samples needed to do so.

Secondly, we are also so far missing a truly fair and direct compari-
son of galaxy kinematics over a large redshift range, with statistically
large samples at each epoch. Existing large IFS surveys at both high
and low redshift have tended to operate in isolation, conducting
independent analyses with differing methodologies, measurement
definitions, and analysis techniques, with only limited, and mostly
indirect, comparisons of results between epochs. Given the potential
for large systematic biases introduced as a result (e.g. Tiley et al.
2019), a homogeneous and unifying approach is required for a fair
comparison of galaxies between redshifts.

To address these outstanding issues, in this work we present the
KMOS Galaxy Evolution Survey (KGES). KGES aims to study the
spatially resolved gas properties and kinematics of a statistically large
and representative sample of ‘normal’ star-forming galaxies at z &
1.5. KGES is a Durham University guaranteed time survey with the
ESO KMOS on the Very Large Telescope, Paranal, Chile. With deep
KMOS H band observations, it targets the H o and [N 11]6548,6583
nebular line emission from 288 massive galaxies in well-known, deep
extragalactic fields.

In this paper, we describe the KGES survey design and data
reduction, and we present measurements of the key properties of
the KGES galaxies. We then combine the KGES sample with large
and representative samples of star-forming galaxies typical for their
epoch at lower redshifts, observed as part of KROSS (z =~ 0.9)
and the SAMI Galaxy Survey (z =~ 0.04). We provide a careful
and coherent direct comparison of the disc fractions and angular
momentum content of normal star-forming galaxies at z ~ 1.5, ~0.9,
and ~0.04, matching our sample selection and analysis techniques at
each redshift, and robustly accounting for differences in data quality
between the three epochs.

This paper is structured as follows: In Section 2 we describe the
basic design of KGES, including the target selection, observing strat-
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egy and data reduction methods. We then provide a broad overview of
the KGES sample in Section 3. We present the integrated properties
of KGES galaxies in Section 4, and their resolved properties and
kinematics in Section 5. In Section 6, we discuss the KROSS and
SAMI samples and measurements, and the selection of matched
sub-samples between redshifts. We present and discuss our results
in Section 7, focusing on an examination of the positions of star-
forming galaxies on the stellar specific angular momentum-stellar
mass plane as a function of redshift. We provide concluding remarks
in Section 8.

A Nine-Year Wilkinson Microwave Anisotropy Probe (WMAP9;
Hinshaw et al. 2013) cosmology is used throughout this work
(Hubble constant at 7 = 0, Hy = 69.3km s~! Mpc~'; non-relativistic
matter density at z = 0, 2y = 0.287; dark energy density at z = 0,
Q4 =0.713). All magnitudes are quoted in the AB system. All stellar
masses assume a Chabrier (Chabrier 2003) initial mass function.

2 SAMPLE SELECTION, OBSERVATIONS, AND
DATA REDUCTION

2.1 Sample selection criteria

We target the H o, [N 11]6548, and [N 11]6583 nebular line emission
from 288 galaxies at 1.22 < z < 1.76 in the Cosmic Evolution
Survey (COSMOS; Scoville 2007), Extended Chandra Deep Field
South (ECDFS; Giacconi et al. 2001), and United Kingdom Infrared
Telescope Deep Sky Survey (UKIDSS; Lawrence et al. 2007) Ultra-
Deep Survey (UDS; Cirasuolo et al. 2007) fields. Of these 288,
162 (56 percent) also fall within Hubble Space Telescope (HST)
Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS; Koekemoer et al. 2011) fields in these regions. KGES
targets were preferentially selected to be bright (K < 23) and blue
(I — J < 1.7) with priority given to those previously detected in
H o emission and/or with an existing spectroscopic redshift (from
MMT/Magellan Infrared Spectrograph, Hi-Z Emission Line Survey,
or 3D-HST observations; Geach et al. 2008; van Dokkum et al.
2011; McLeod et al. 2012; Chilingarian et al. 2015). Redder and
fainter galaxies, and those without spectroscopic redshifts, were also
included as lower priority targets. The distribution of KGES targets
in the / — J versus K colour—-magnitude plane is shown in Fig. 1.

2.2 KMOS observations

The KGES targets were observed over 27 nights, as part of a
Durham University ESO guaranteed time observing programme.
Observations were carried out with KMOS in Visitor Mode at ESO
Paranal, spanning ESO observing periods P95-P100.! Galaxies were
targeted in the KMOS H band to allow for detection of the galaxies’
redshifted Ho and [NT1I] emission. Targets were split across 21
unique KMOS pointings comprising 7 in ECDFS, 11 in COSMOS,
and 3 in UDS. For each pointing, at least one KMOS arm was
allocated to a star in order to monitor the point spread function (PSF)
of the observations, and to provide a means to accurately centre
individual frames between observations during the data reduction. An
additional number of KMOS arms in each pointing were dedicated
to a complementary observing programme, the KMOS AGN Survey
at High-redshift (KASHz; Harrison et al. 2016; Harrison et al.,
in preparation). The remaining 6-19 KMOS arms (depending on

IESO Programme IDs: 095.A-0748, 096.A-0200, 097.A-0182, 098.A-0311,
and 0100.A-0134.

AGN candidate ® Ha detected
x non-Ha detection o Haresolved
3.0 X UDS parent

1.25 <z < 175

I —J (mag)

0.0

20 21 22 23 24
K (mag)

Figure 1. The KGES galaxies in the / — J versus K colour—magnitude plane.
H «-detected galaxies are presented as filled blue circles. A black circular
outline indicates those that are also spatially resolved in H « (see Section 5.2).
Those not detected in H are represented as black crosses. Candidate AGN
hosts are indicated with hollow grey squares. The weak selection in magnitude
(K < 23) is indicated by the vertical dashed line. A preference was also given
to targets with / — J < 1.7 (horizontal dashed line). For context, we include
the distribution of a ‘parent’” sample of ~24 000 galaxies from Dudzevicitte
et al. (2020) in the UDS field (represented by a green 2D histogram), with
robust photometry measurements and in a similar redshift range to the KGES
galaxies. The majority of H a-detected and resolved KGES galaxies are bright
and blue. Non-detections and candidate AGN hosts tend to be redder, but span
a similar range in K-band magnitudes as the H «-detected galaxies.

the pointing; 14 on median average) were each allocated to KGES
targets.

Observations were carried out in an ‘OSOOSOOS’ nod-to-sky
observing pattern, where ‘O’ and ‘S’ are object (i.e. science) and
sky frames, respectively — each lasting 600s. The total on-source
exposure time for each pointing ranged from 5.4 to 32.1ks, with
a mean of 14.8ks. Some targets were observed in more than one
pointing and thus the total on-source exposure time for individual
KGES galaxies ranges from 5.4 to 47.1 ks and with a mean of 15.7 ks.
The final (i.e. stacked) full-width-half-maximum (FWHM) of the
PSFranged between 0”5 and 0”9 in the H band for individual galaxies,
with a mean of 0!7.

2.3 KMOS data reduction

Data cubes were reconstructed for each individual KMOS frame (i.e.
each O and S frame) using the ESO ESOREX? data reduction pipeline.
The pipeline performs standard dark, flat, and arc calibrations during
the reconstruction, producing a 0”2 spaxel data cube for each
frame. Following reconstruction we applied sky subtraction on a
frame-by-frame basis, first using ESOREX to perform a simple O—S
subtraction, and then employing the Zurich Atmospheric Purge tool
(zAP; Soto et al. 2016), adapted for use with KMOS (Mendel et al., in
preparation), to each O—S cube to remove residual sky contamination
remaining from over- or undersubtraction in the first step. The ZAP
tool uses a principle component analysis to characterize and then
remove the residual sky signal.

Zhttp://www.eso.org/sci/software/cpl/download.html
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Flux calibrations for the frames were performed using correspond-
ing observations of standard stars taken at the same time as the
target observations. And calibrated frames were centred according
to the position(s) of the corresponding reference star(s) observed
in each science frame. To produce final stacked cubes for galaxies
observed across multiple KMOS pointings, we applied additional
centring corrections according to the relative offsets between the
spatial position of the peak of the galaxy’s continuum emission
(Section 5.1) in the stack for each of the pointings. Each galaxy is
only considered once in our analysis. If a galaxy is observed across
multiple KMOS pointings, we only consider the multi-pointing stack
for that target in our analysis. In other words, we construct data cubes
from the deepest possible observations for each galaxy in KGES.

Before further analysis, we centre the galaxy itself within its final
cube based either on the position of its peak continuum (via a 2D
Gaussian fit to the median collapsed image of the cube; adopted for
215 — ~75 per cent of — KGES galaxies), or the position of the peak
of its combined nebular and continuum galaxy emission (via a 2D
Gaussian fit to a channel map extracted from the cube and centred
around the nebular emission; adopted for 63 — ~22 percent of —
KGES galaxies). We centre a small minority of KGES galaxies (10
galaxies; &3 percent) within their cubes via visual inspection of
both the median collapsed cube image and the nebular line emission
channel map. The appropriate centring method is decided in each
case after inspection by-eye of the best Gaussian fit to the median
image and channel map.

3 SAMPLE OVERVIEW

3.1 Integrated fluxes and spectroscopic redshifts

‘We measure the nebular line fluxes for each galaxy from integrated
spectra, extracted from its data cube within two circular apertures
with diameters of D = 172 and D = 2”4, respectively. We use two
different aperture sizes to account for differences in the angular size
and spatial distribution of the nebular flux between galaxies, finding
the best compromise between maximizing the signal-to-noise ratio
(S/N) of the line emission and capturing as much of the galaxy’s total
incident flux as possible.

Before measuring the He and [N11] flux, we first remove any
detected stellar continuum emission from each spectrum by fitting
and subtracting a 2nd order polynomial fit, excluding the region
containing the nebular emission during the fitting process. To account
for the possibility of a non-perfect baseline subtraction in the region
of the He and [N11] lines, we then additionally subtract from the
resultant spectrum its median value calculated in regions either side
of the line emission (but not including the line region itself).

We fit the Ha and [N 11]6548,6583 doublet lines in the baseline-
subtracted spectrum simultaneously using a Gaussian triplet model
and MPFIT? in PYTHON. The three Gaussians are forced to share a
common width and redshift, whilst the values of these two parameters
are themselves free to vary. The intensity of the H & and [N 11] doublet
model components are free parameters, but the flux ratio between the
two [N 1] lines within the doublet itself is fixed so the intensity of
the redder line is 2.95 times that of the bluer (Acker et al. 1989).

We classify a galaxy as detected in H o emission if its signal-to-
noise S/Ny, > 5 in at least one of the integrated spectra extracted
from the two aperture sizes. Following the method of Stott et al.

3MPFIT employs 2 minimization via the Levenberg—Marquardt least-squares
fitting algorithm to find the best-fitting model parameters.
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X non-Ha detection o Ha resolved
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Figure 2. The stellar masses of the KGES galaxies as a function of their
redshift (spectroscopic for Ha-detected systems, photometric otherwise).
Symbols are as for Fig. 1. The stellar mass error bar (assumed constant
across the sample) is shown in the bottom right-hand side. The dotted black
line represents the approximate stellar mass limit for star-forming galaxies
corresponding to K = 23 ateach redshift. The green shading in the background
indicates the telluric throughput at the observed wavelength of H « emission
at the corresponding redshift (dark green to white: more severe to less
sever telluric absorption). By design, the majority of H a-detected galaxies
are at redshifts corresponding to higher telluric throughput at the observed
wavelength of Ha.

(2016), we calculate the signal to noise as

S/NHa =V lease - Xl%lot’ )]

where x7, is the chi-squared of the Ho component of the best fit
Gaussian triplet model, and x2,, is the chi-squared of a horizontal
line with an amplitude equal to that of the median of the baseline-
subtracted spectrum in a region near to the line emission, but
excluding the emission region itself (e.g. Neyman & Pearson 1933;
Bollen 1989; Labatie, Starck & Lachi¢ze-Rey 2012).

We take the spectroscopic redshift of the galaxy from the best
fit to the D = 172 integrated spectrum (i.e. from the aperture that
maximizes S/Ny, ). For the total Ho flux of each galaxy, we adopt
the value measured from the larger, D = 274 integrated spectrum,
provided we detect Ho (R81 per cent of targets). If H o emission is
not detected in the D = 2”4 aperture but is detected in the D = 172
aperture (&3 percent of targets), we adopt the line flux measured
from the latter but apply a multiplicative correction factor (of 1.74)
calculated as the average ratio of the Ha flux measured from the
larger to the smaller aperture for those galaxies H «-detected in both.
We adopt neither measurement of Ho flux for those galaxies with
no detection in either aperture (*16 per cent of targets).

3.2 Detection statistics

In total, KGES targeted 288 unique galaxies with KMOS across
the ECDFS, COSMOS, and UDS fields. We detect Ha emission
(S/Ny, = 5; Section 3.1) in the integrated spectrum of 243 (=
84 per cent) of these.

Assuming the Ha detections and non-detections have similar
redshift distributions (see Fig. 2), the latter are not intrinsically
dimmer than the former, with the median K-band magnitude (and cor-
responding bootstrapped 1o uncertainty) for each being 22.20 4= 0.06
and 22.0 £ 0.1, respectively. However, the median / — J colour of
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Ha-detected KGES galaxies is significantly bluer than non-H «-
detected systems (1.07 £ 0.03 versus 1.7 £ 0.2, respectively, see
Fig. 1). Thus a likely explanation for our H o non-detections is that
these redder systems have intrinsically lower star-formation rates
(which should correspond with observed colour), and thus also lower
H « luminosities and H « fluxes. These systems probably fall below
the Ho flux detection limit for KGES. Alternatively they may be
highly dust obscured, similarly resulting in a non-detection in Ha
(and a redder colour).

3.3 Identifying candidate AGN hosts

For KGES, we are interested in ‘normal’ star-forming systems at
z &~ 1.5. Before undertaking any detailed analysis, we therefore
first must ensure that the Ho emission we detect from each KGES
galaxy is driven by the photoionization of gas surrounding young,
massive stars, i.e. by recent or ongoing star-formation, rather than
the presence of an AGN. While for some AGN reliable SFR and
kinematic properties can be estimated, for this paper we decided to
adopt a conservative approach and focus on bone-fide star-forming
galaxies only.

The wavelength range of the KMOS H band does not encompass
the redshifted positions of the [O 111] and H B emission lines required
to place the KGES galaxies on the ‘Baldwin-Phillips and Terlevich’
(BPT) diagram (Baldwin, Phillips & Terlevich 1981), commonly
used to indicate the presence of an AGN. We instead take an
alternative, conservative approach, identifying candidate AGN hosts
amongst the KGES galaxies by examining their integrated Ho
linewidths and [N 11]/H o flux ratios. We also make use of ancillary
Spitzer* and WISE> near-infrared data available for KGES galaxies,
and various X-ray catalogues.® Using these sources we identify the
following candidate AGN hosts in the KGES sample:

(i) 15 galaxies with a corresponding X-ray source within 175 with
a luminosity Ly > 10 erg s~'.

(i1) 4 galaxies with Spitzer [5.8] — [3.6] and [8.0] — [4.5] colours
indicative of the presence of an AGN, according to the widely adopted
Donley et al. (2012) Spitzer colour selection criteria for AGN.

(iii) 25 galaxies with a WISE W1 and W2 band colour (correspond-
ing to [3.6] — [4.5]), W1 — W2 > 0.8 (Stern et al. 2012).

(iv) 2 galaxies with [N1I]/Ho > 0.8 (e.g. Wisnioski et al. 2018)
in their integrated KMOS spectrum (extracted from the D = 172
circular aperture, since the influence of the AGN should be strongest
in the central regions of the galaxy).

(v) 1 galaxy detected in Ho and with an integrated FWHM H «
line width greater than 1000 km s~ (e.g. Genzel et al. 2014).

In total we identify 41 (*14 per cent) unique candidate AGN hosts
in the KGES sample. Only 6 of these are flagged as AGN via more
than one criterion. In Table A1 we provide the AGN flag for each
KGES galaxy. We detect Ha from 26 out of the 41 (*63 per cent)
candidate AGN hosts, meaning ~11 per cent of H «-detected KGES

4The Spitzer IRAC/MUSYC Public Legacy Survey in the Extended CDF-
South (SIMPLE; Damen et al. 2011) photometry catalogue, the COSMOS
Spitzer survey (S-COSMOS; Sanders et al. 2007) IRAC Photometry Cata-
logue, and the Spitzer UKIDSS Ultra Deep Survey (SpUDS; Dunlop et al.
2007) IRAC Catalogue.

SThe AIIWISE Source Catalogue (Cutri et al. 2013).

%The 2 Ms Point-source Catalogues for ECDFS (Luo et al. 2008), the
Chandra-COSMOS Legacy Survey Point Source Catalogue (Civano et al.
2016), and the Chandra Legacy Survey of the UKIDSS Ultra Deep Survey
Field (X-UDS; Kocevski et al. 2018) catalogue.

galaxies may host an AGN. The AGN fraction in KGES is lower
than the 25 per cent measured by Forster Schreiber et al. (2019) for
‘normal’ galaxies with stellar masses in the range log, (M, /Mg) =
9.0-11.7, at 0.6 < z < 2.7. However, their sample extends to larger
stellar masses (with a larger fraction of more massive galaxies) than
KGES, where one might expect to find a higher frequency of galaxies
that host a bright AGN.

Finally, we note that our AGN selection criteria are likely to be
most sensitive to strong AGN activity, dominating the bulk of the H «
emission in our galaxies. Thus, we cannot rule out the possibility of
weak AGN activity contributing to the H « (and [N 11]) emission that
we detect from KGES galaxies (e.g. with AGN emission only in the
central spaxel), including those not flagged as candidate AGN hosts.

4 INTEGRATED GALAXY PROPERTIES

4.1 Stellar masses

The derivation of stellar masses for the KGES sample is described in
detail in Gillman et al. (2020). In summary, a stellar mass estimate for
et al. (2020), of the Multi-wavelength Analysis of Galaxy Physical
Properties (MAGPHYS; da Cunha, Charlot & Elbaz 2008) SED fitting
routine to model its SED. Each SED itself was constructed from
extensive multiwavelength photometry spanning the ultraviolet (UV)
to the mid-infrared (8 um). The MAGPHYS routine compares the
observed galaxy SED to a suite of model SEDs built using the
Bruzual & Charlot (2003) spectral libraries, allowing for absorption
of UV light by dust and its re-emission in the infrared according to the
Charlot & Fall (2000) prescription for dust attenuation of starlight.
It assumes a Chabrier (2003) initial mass function, and allows for a
wide variety of continuous star-formation histories with additional
episodes of ‘bursty’ stellar assembly.

The MAGPHYS-derived stellar masses for the KGES galaxies
are shown as a function of their redshifts in Fig. 2. We also
show the average telluric throughput at the observed wavelength
of Ha for the corresponding redshift. The stellar masses are in the
range log,,(M./Mg) = 8.62-11.66, with a median log,,(M../Mg)
of 10.14 & 0.04 and a scatter of oyap = 1.483 x MAD = 0.52 +
0.04 dex, where MAD is the median absolute deviation from the
median itself. The majority of targets have redshifts corresponding
to high telluric throughput (by design). On average, the H« non-
detections and candidate AGN hosts have higher stellar masses than
the ‘normal’ star-forming (H ¢-detected) KGES galaxies.

4.2 H o luminosities and star-formation rates

We calculate the total Ho luminosities and star-formation rates of
the KGES galaxies based on their H « fluxes and redshifts. For each
KGES galaxy we calculate its attenuation corrected H o luminosity
as

Ly, = 47 D] 100440 By, | (2)

where D, is the luminosity distance calculated from the galaxy
redshift, and Fy, is the integrated H o« flux as defined in Section 3.1.
The rest-frame nebular attenuation at the wavelength of H o (A, gas)
is calculated according to the methods of Wuyts et al. (2013) as

AHa,gus = AHa,sturs(l-g - O-ISAHa,stars)i (3)

where Ay srs 15 the rest-frame stellar attenuation at the wavelength
of H «, converted from the V-band stellar attenuation (Ay) assuming
a Calzetti, Kinney & Storchi-Bergmann (1994) extinction law.
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Figure 3. Top panel: The H «-derived SFRs of KGES galaxies detected in
H o emission (excluding candidate AGN hosts) as a function of their stellar
masses. Symbols are as for Fig. 1. The median error bar for the KGES
points is shown in the bottom right-hand side. For context, we include a 2D
histogram of the positions of a ‘parent’” sample of galaxies in the UDS field.
The Schreiber et al. (2015) ‘main sequence’ of star-formation at the median
redshift of the KGES galaxies and three times its corresponding lo scatter
are shown as respectively solid and dashed black lines. The distribution of the
KGES galaxies is consistent with typical star-forming systems at the same
redshift. Bottom panel: The positions of the H «-detected (and H a-resolved)
KGES galaxies in the stellar size-mass plane. The median error bar for the
KGES points is shown in the bottom right-hand side. The spatial distribution
of the KGES galaxies is in close agreement with that of a larger comparison
sample of galaxies selected from CANDELS in the same redshift range (1.25
< z < 1.75) with sizes measured by van der Wel et al. (2012) from F160W
(H band) HST images, and stellar masses from the Santini et al. (2015) and
Nayyeri et al. (2017) catalogues (green 2D histogram). The KGES galaxies
have ‘normal’ stellar sizes for their stellar masses and redshifts.

Without H 8 we cannot calculate the dust attenuation directly via
the commonly used ‘Balmer decrement’ (i.e. the Ho/H g flux ratio).
Instead we adopt the best-fitting Ay from MAGPHYS.

The star-formation rate (SFRy,, ) for each galaxy is converted from
its Ly, according to the prescription of Kennicutt (1998a), such that

SFRpy L

W = CIMF XHa (4)
0]

ergs s—!’
where Xy, = 7.9 x 107% Mg, yr~! ergs™! s is the Kennicutt (1998a)
conversion factor between H o luminosity and star-formation rate,
for a Salpeter (1955) IMFE. We convert to a Chabrier (2003) IMF
with a multiplicative factor of Cpyr = 1079201 (Madau & Dickinson
2014).

The SFRy, for Ha-detected KGES galaxies (excluding AGN
candidates) are shown as a function of their stellar masses in the
upper panel of Fig. 3. For context, we include a 2D histogram
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of the positions of a K-band selected ‘parent’ sample of UDS
field galaxies representative of the star-forming main sequence in
a similar redshift range to the KGES galaxies (1.25 < z < 1.75).
Star-formation rates and stellar masses are derived via MAGPHYS as
sequence’ of star-formation, according to the findings of Schreiber
et al. (2015), at the median redshift of the KGES galaxies. The
distribution of the KGES galaxies is coincident with the main locus of
with the Schreiber et al. (2015) main sequence at their median
redshift, albeit with the KGES points exhibiting a slight systematic
offset towards higher SFRs at fixed stellar mass in comparison to
the Schreiber et al. (2015) trend. The KGES galaxies are typical
star-forming systems for their stellar masses and redshifts.

4.3 Stellar structural parameters

The stellar light structural parameters of the KGES galaxies, includ-
ing their axial-ratio derived inclinations, their Sérsic indices, and the
stellar half-light radii were measured by Gillman et al. (2020) via the
application of the GALFIT (Peng et al. 2010) Sérsic modelling code to
the highest resolution, deepest, and reddest-wavelength broad-band
image available for each galaxy. The GALFIT routine accounts for the
size of the image PSF in each case, providing an intrinsic best-fitting
model of the 2D stellar light distribution.

Approximately half (*56 per cent) of the KGES sample fall within
the CANDELS footprint. The majority of these galaxies (70 per cent)
have corresponding deep, high-resolution HST images in F435W
(B), F606W (V), F814W (I), F105W (Y), F125W (J), and F160W
(H) bands. The remainder only have corresponding F435W, F606W,
F814W imaging. An extra 6 KGES galaxies have either F125W or
F125W archival HST imaging.

Archival HST F814W band imaging is also available for a further
third (=31 per cent) of the sample. For those galaxies, a correction is
applied to their Sérsic indices and half-light radii based on the average
ratio of the respective values measured in F160W band imaging to
those measured in the F814W band for those galaxies imaged in both.
For the remaining minority of the sample (=11 per cent), we rely on
ground-based H- or K-band imaging to measure their stellar light
structural properties.

The stellar-half light radii of the KGES galaxies are shown as a
function of their stellar masses in the lower panel of Fig. 3. The
positions of the KGES galaxies in the stellar size-stellar mass plane
are in good agreement with those of a larger sample of galaxies in
the CANDELS fields in a similar redshift interval (1.25 < z < 1.75),
spatially resolved in HST imaging, with sizes measured by van der
Wel et al. (2012), and stellar masses from the Santini et al. (2015)
and Nayyeri et al. (2017) catalogues for respectively ECDFS and
UDS, and the COSMOS field. The KGES galaxies have stellar sizes
that are ‘normal’ for their stellar masses and redshifts.

5 RESOLVED GALAXY PROPERTIES AND
KINEMATIC MEASUREMENTS

5.1 Resolved KMOS maps

To construct maps of galaxy properties from the KMOS observations
we first model and subtract the nebular emission in the centred data
cubes, on a spaxel-by-spaxel basis. Since the relative contributions
of noise and sky contamination are higher in the spectra of individual
spaxels in the cube than in the integrated spectra described in
Section 3.1, we employ an adapted baseline subtraction method that
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differs from the one described in that section. For each spaxel, we
start by dividing its spectrum into segments of 50 spectral bins.
To each segment we then apply a 20 iterative clip to remove any
residual sky signal. We then fit and subtract a 3rd order polynomial
to the clipped spectrum. After this we calculate the median of the
clipped, polynomial-subtracted spectrum for regions either side of
the line emission but excluding the line region itself. We construct
our continuum model for the spectrum as the sum of the best fit
3rd order polynomial and the subsequently calculated median value.
As a final step we subtract this continuum model from the original,
unaltered spectrum for the spaxel and place this subtracted version
in place of the original in the cube. This process is repeated for every
spaxel to create a ‘baseline-subtracted’ cube. Before extracting maps
from the baseline-subtracted cubes, we also regrid them from the
native 072 spaxels to 0”1 spaxels, conserving the flux in each slice
during the process.

We model the H @ and [N 11] emission in each spaxel of the centred,
baseline-subtracted, regridded cubes adopting the same model and
methods as outlined in Section 3.1 and applied to the integrated
spectra. To construct the maps we employ an adaptive binning
process, in line with that used in the KROSS analyses (e.g. Stott
et al. 2016) and to construct maps for SAMI galaxies in Tiley et al.
(2019), whereby for each spaxel we sum the flux in an increasing
number of surrounding spaxels (fitting the Gaussian triplet model in
each step) until a S/Ny, > 5 is achieved. For each spaxel, we start
by considering the flux within a 073 x 0”3 spatial bin centred on the
spaxel in question. If S/Ny, < 5, we then consider a 0’5 x 0”5 bin,
and finally a 077 x 077. If we still do not formally detect Hw then
we mask the considered spaxel in the final maps of the emission line
properties. We repeat this full process for every spaxel in the data
cube, and for each galaxy.

We construct maps of Ha intensity (/y,), [N1I] intensity (I/nu),
observed line-of-sight velocity (veps), and observed line-of-sight
velocity dispersion (oops) from the KMOS data cubes. To do
this we consider, in each spaxel for each galaxy, respectively the
integral of the Ha component, the integral of the redder [N1i]
line component, the central position of the H o« component, and the
common (sigma) width (corrected for the instrumental broadening)
of the three Gaussian components in the best-fitting model to the
observed nebular emission. The latter two quantities are converted
into units of velocity in the galaxy rest frame in each case. To remove
‘bad’ pixels from the maps, for example where the best model fit is
adversely affected by the presence of residual sky signal, as well
as non-resolved features, we apply an iterative masking process,
described in Tiley et al. (2020).

We construct a stellar continuum map for each galaxy from the
sum of the model continuum derived for each spaxel of the original
0”2 cubes as described above. To match the spatial sampling of
the emission line maps, we regrid the resultant continuum map
(conserving flux) from 0”2 spaxels to 0”1 spaxels.

In Fig. 4, we present the constructed KMOS maps for example
KGES galaxies.

5.2 Resolved H o emission

We classify a galaxy as spatially resolved in H o emission if its Iy,
map, after masking any bad pixels, contains at least one contiguous
emission region with an area larger than 1.1 times the area of one
resolution element (defined by the FWHM contour of the KMOS
PSF). Here we adopt a 10 per cent margin of uncertainty in order
to only select for those galaxies that are robustly resolved, ignoring
marginal cases. We spatially resolve the Ha emission from 235 out

of the 288 targeted KGES galaxies, corresponding to ~82 per cent
of the total sample, and ~97 per cent of those from which we detect
Ha. Of the 235 resolved galaxies, 25 galaxies (*11 percent) are
flagged as candidate AGN hosts. Thus, in total, we spatially resolve
the Ho emission in 210 ‘normal’ star-forming galaxies in KGES
(~73 per cent of all galaxies targeted by KGES).

5.3 Kinematic position angles

To find the kinematic position angle for each KGES galaxy, we
rotate its vo,s map about its centre in one degree increments. For
each rotation we measure the spread of absolute velocities for pixels
that fall within a horizontal, 073 wide ‘slit’” across the centre of the
map (ignoring the uppermost 10th percentile of values to exclude
extreme outliers that may heavily bias the range). For the majority
(202; ~86 per cent) of Ha-resolved KGES galaxies, we define the
kinematic position angle, v, as the average of the angle of the map
rotated from the horizontal that maximizes the velocity spread along
the slit (¥ mayx), and the angle that minimizes it (¢ i) plus or minus
90 degrees, i.e. ¥ = 0.5(Y max + ¥ min £ 90), see Fig. 4. In a minority
of cases in which one of the two measures dramatically fails, instead
of the average of the two angles, we instead adopt only one or the
other; for 14 galaxies (*6 per cent of those resolved in H o) we adopt
Y = Y¥min £ 90, and for an additional 18 galaxies (&8 per cent of
resolved systems) we set ¥ = ¥/ ax.-

In each case the most appropriate prescription for the kinematic
position angle is decided via visual inspection of the kinematic axis
determined via each of the three methods overlayed on to the vy
map. For a single galaxy (KGES_284), with very complex structure
in its velocity field, we manually set the kinematic position angle
by-eye (to ¢ = 0).

5.4 Ionized gas rotation velocities

We extract the observed rotation curve for each galaxy by rotating
its vops map so that its kinematic position angle aligns with the
horizontal and then calculating the weighted mean velocity (and
the associated standard error) in 0”1 steps along the same 0”3-wide
horizontal ‘slit” as used in Section 5.3. Extracted rotation curves are
shown for example KGES galaxies in Fig. 4.

5.4.1 Observed rotation velocities

To measure the observed rotation velocity of each KGES galaxy we
first model its rotation curve to mitigate the effects of noise in the
data. Following the methods of Harrison et al. (2017) and Tiley et al.
(2019), we find the best-fitting exponential disc model (see Freeman
1970) to each rotation curve, where the model velocity as a function
of galactocentric radius, v(r), takes the form

(r — roit)*m G g
h

where o and £ are, respectively, the peak mass surface density and
disc scale radius, and /,K,, are Bessel functions evaluated at 0.57/h.
We also include parameters to allow for a systematic offset of the
rotation curve in the spatial and velocity directions; vog and rog are
the velocity at which r = 0 and the radius at which v = 0, respectively.
Each rotation curve is corrected for non-zero values of vy and ryg
before we consider it for further analysis.

We measure the observed rotation velocities, v;7 obs, fOr each
KGES galaxy (spatially resolved in Ha emission) from the best
fit, centred (i.e. vor = 0 and ror = 0) exponential disc model at

() — vorr)* = (IoKo — I1 K1), 5)
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Figure 4. Examples of spatially resolved KGES galaxies. We show one row for each galaxy with (left to right) the HST F814W band image, KMOS continuum,
H o intensity, [N II] intensity, mean line-of-sight velocity (vobs), and velocity dispersion (o hs) maps, along with the observed H « rotation curve (extracted
from the KMOS v,ps map along the major kinematic axis; Section 5.4), and the observed H « velocity dispersion curve, extracted from the KMOS o ops map
accordingly. The nominal KMOS FOV is indicated via a white dotted line in the KMOS continuum, H« and [N 11] maps, and a grey dotted line in the KMOS
Vobs and o ohs maps. The size of the KMOS observation PSF for each galaxy is indicated by a grey filled circle in the bottom left of its KMOS continuum, H e,
and [N 11] maps. The red, yellow, and green dashed lines overlaid on to the rotation curve for each galaxy represent the observed rotation velocity measured
at respectively (1.31R50)/, (1.8R50)/, and (2R50), (corresponding to (2.2Rg4)’, (3Ry)’, and (3.4Ry)’ for a pure exponential disc). For the dispersion curves, the
dotted grey and solid green horizontal lines represent respectively the median value of the observed curve, and the best beam smearing-corrected measure of
the intrinsic dispersion. All of the examples displayed exhibit disc-like characteristics, based on the appearance of their velocity field, rotation and dispersion
curves, and their H o maps — despite often appearing more ‘clumpy’ in the broad-band HST imaging.

1.31Rs (corresponding to 2.2h and the peak of the rotation curve
for a pure disc), combined in quadrature with the sigma width of the
KMOS PSF (opsp), i.e. at (131R50), = 4/ (131R50)2 + O'IESF'

We calculate our rotation velocities at 1.31Rsy as a compromise
between (1) facilitating a direct comparison between the KGES
kinematics with those we measure for star-forming galaxies at z &~ 0
in the SAMI Galaxy Survey (Bryant et al. 2015, see Section 6) with
H « kinematics typically traced out to a maximum of 21.31Rs(, and
(2) also ensuring we reach at least the turnover of the rotation curve
for a measure of rotation close to that of the ‘flat’ outer regions. In
fact, the velocity measurement is quite robust to our choice of radius;
we also measure velocities at (1.8Rso) and (2Rsp) (other commonly
adopted radii in the literature) from the same best-fitting model curve
in each case. These we label v3 ops and v3.4 ops, respectively since
they should correspond to the rotation velocity at 34 and 3.44 for a
pure exponential disc. For spatially resolved KGES galaxies we find
median fractional differences of 5 = 1 percent and 6 £ 1 percent
between v3 obs and V2.2 obs, AN V3.4.0bs AN V22 obs, TESPECtively.

5.4.2 Ho extent

To understand the extent (if any) to which we must extrapolate
beyond the data of each galaxy’s rotation curve to measure its V22 obs,
we measure the maximum radial extent of the H o, ryg max. We define

MNRAS 506, 323-342 (2021)

this as the maximum galactocentric radius that we detect H o along
the major kinematic axis of each galaxy. This we simply read from
each galaxy’s centred (i.e corrected for non-zero best-fitting values
of v and ryg; Section 5.4.1) rotation curve, taking the absolute
value of the maximum radial extent of the extracted curve. We do
not need to extrapolate beyond the rotation curve data to measure
V22.0bs (€. FHgmax/(1.31R50) > 0.9) for the majority of spatially
resolved KGES galaxies (96 per cent). Moreover, for 45 per cent
of our sample the rotation curve extends more than 2x(1.31Rsp)’.

5.4.3 Corrected rotation velocities

For a measure of the intrinsic rotation velocity, for each galaxy
we first apply a multiplicative correction factor (€g psr) tO V22 obs»
according to the methods of Harrison et al. (2017) and Johnson
et al. (2018), to account for the effects of ‘beam smearing’” due to
the KMOS PSF. This factor is dependent on the observed velocity
shear of the galaxy and the size of the galaxy with respect to the
KMOS PSFE. We then apply a second, higher order correction, based
on the findings of Tiley et al. (2019) and designed to augment the
Johnson et al. (2018) correction for improved accuracy for galaxies
with intrinsically low rotation speeds or small sizes with respect to
the KMOS PSEF. Finally we also correct for the effects of the galaxy’s
inclination in each case. Our final estimate of the intrinsic rotation

1202 4990120 /Z Uo Jasn Aieidi N.La Aq 9yZ8629/62€/1/90G/9I0IMe/SeIU/Wo0" dNo"olwapede//:sdny Wwolj papeojumoq



KGES: angular momentum of star-forming galaxies 331

SAMI kinematics

KROSS kinematics

200~ ———— 80 :
i i ii
150} i ; 60} i
| I I:
N 100} i i N 40! i
o
50} : P 20}
N
0% ] 2 0
Redshift
60 .
;
;
i
40} ;
N i N
20}

00

10 100 1
0o, (kms™1)

V2.2 (kms™1)

10

mmm KGES kinematics

60 . 80 :
l [
i i
: 60 i
40} E |
N i N 40 : E
i i
20 :
0
Rso (kpc)
100 — 50
80} ; ] 40
60} ! 1N 30
i
40t : ] 20
20} .:_ ] 10 .
0 1 3 10 050 400 3000
V2.2./00. Jx2.2¢ (kpc km s™1)

Figure 5. The distributions of key properties of star-forming galaxies in our kinematics sub-samples at z ~ 1.5 (KGES), z ~ 0.9 (KROSS), and z ~ 0.04
(SAMI). The median of each distribution is shown as a dashed vertical line in the corresponding colour. The key properties of normal (massive) star-forming
galaxies are surprisingly constant with redshift, aside from significantly elevated sSFRs and gas velocity dispersions with increasing redshift (as judged by

formal comparison of the median values between redshifts, in each case).

velocity at 1.31Rs, for each KGES galaxy is thus calculated as

€R,PSE X V22,0bs + b
V2oe = —

m sin 6; ’ ©
where b = 18 km s~ and m = 1.05 (Tiley et al. 2019), and 6; is the
inclination.

The (log)o) distribution of v,,. for a subset of KGES galaxies
with robust kinematics measurements (those in the kinematics sub-
sample; see Section 6.2) is shown in Fig. 5. Their median v, . is
116 &+ 8kms™!, with a scatter of o'yap = 64 £+ 6kms™'.

5.5 Ionized gas velocity dispersions

For each resolved KGES galaxy, we extract an observed velocity
dispersion curve along its major kinematic axis in the same manner
as described for the rotation curve, but substituting the galaxy’s o gbs
map in place of its v,ps map. The extracted velocity dispersion curves
for example KGES galaxies are shown in Fig. 4.

5.5.1 Observed velocity dispersions

We define the observed velocity dispersion (o obs) for each KGES
galaxy in one of two ways. Either we take the median value of the
points in the dispersion curve atradii || > (1.3 1Rsy) — 0’1, provided
at least three points in the dispersion curve satisfy this criterion (the
0”1 buffer accounts for pixelization of the curve). If not, or if visual
inspection of the dispersion curve reveals any extremely outlying
points, we instead adopt the median of the oo, map. We prefer
the former method where possible, adopting it for ~71 per cent of
resolved systems, since it is measured from pixels at larger radii
that are less affected by beam smearing and thus require a smaller
subsequent beam smearing correction (see Section 5.5.2). We only

adopt the median of the map for 229 per cent of H «-resolved KGES
galaxies.

We note that, for those galaxies with sufficiently spatially extended
H «, our measurement of the observed dispersion is robust to whether
we adopt (1.31Rso), (1.8Rsg)’, or (2Rsp) as our minimum radius,
with a median fractional difference of 0.0 &= 0.2 per cent between the
velocity dispersion calculated outside of either (1.8Rsp) or (2Rso)
in comparison to that calculated outside of (1.31Rs) (With oyap
scatters of respectively 4 £ 1 percent and 7 & 1 percent). We
therefore adopt the smallest of the three radii to maximize the number
of KGES galaxies for which we are able to make a measurement
without resorting to the median of the o ,ps map.

5.5.2 Corrected velocity dispersions

For a characteristic measure of the intrinsic gas dispersion for
each KGES galaxy, we correct the observed gas velocity dispersion
(Section 5.5.1) for the effects of beam smearing due to the KMOS
PSF. As for the observed rotation velocities, we correct the velocity
dispersions in two steps. We apply a first-order beam smearing
correction factor (Cr psr) according to the methods of Johnson et al.
(2018), which depends on the (stellar) size of the galaxy in relation to
the size of the KMOS PSF, and the velocity shear across the galaxy.
We then apply a second-order correction based on the findings of
Tiley et al. (2019). The final, corrected dispersion is given as

CRpSF X O0,0bs + B
UOC =,
M
where B = —3kms~! and M = 1.08 (Tiley et al. 2019).
The distribution of og. for a subset of KGES galaxies with
robust kinematics measurements (the kinematics subsample; see

Section 6.2) is shown in Fig. 5. Their median average og. is
46 + 2kms~!, with a scatter of opap = 14 £+ 1 kms™'.

(N
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5.6 Specific angular momentum

Assuming that the rotation velocity of the gas is equivalent to that
of the stars, we calculate the total specific stellar angular momentum
(js22.) based on the approximation devised by Romanowsky & Fall
(2012), such that

Jx2.2¢ = k220 Rso, (8)

where k, is a multiplicative correction factor based on the galaxy’s
Sérsic index (ns) and given as

ky = 1.15 + 0.029n5 + 0.062n3. ©)

We note that in equation (8), we have adapted our calculation from
that of Romanowsky & Fall (2012) by assuming that vy, = vy,
where v; is the intrinsic rotation velocity at 2Rs. This assumption is
justified since, as discussed in Section 5.4.1, the two quantities should
only differ by a few percent, on average. The distribution of j.»
for KGES galaxies with robust kinematics (i.e. kinematics subsample
galaxies; see Section 6.2) is shown in Fig. 5. Their median j,, 5. is
441 4 43 kpc km s~!, with a scatter of o yjap = 377 & 39 kpc km s !,

6 LOW-REDSHIFT COMPARISON DATA AND
KINEMATIC SUBSAMPLE SELECTION

To inform and extend our analysis of the KGES galaxies at z &~ 1.5,
we compare their properties to those of star-forming galaxies at z &
0.9 and z &~ 0.04 with corresponding IFS observations performed,
respectively, as part of KROSS and the SAMI Galaxy Survey. For a
fair comparison between redshifts, we match our analysis methods,
measurement definitions, and sample selection criteria for galaxies
across the three surveys. We also apply beam smearing corrections to
the KROSS kinematic measurements in the same manner as outlined
for the KGES galaxies in Section 5. In Section 6.1 we provide
details of the KROSS and SAMI samples and measurements. In
Section 6.2 we describe how we select subsamples of galaxies with
robust kinematics, the ‘kinematics’ subsamples, from each of the
three surveys using uniform selection criteria.

6.1 Comparison samples

For a comparison sample of star-forming galaxies in the local
Universe, we select galaxies from the SAMI Galaxy Survey. We
select a ‘main sequence’ subsample for comparison with KGES as
the 489 galaxies that are members of the SAMI parent subsample
defined in Tiley et al. (2019), and with a specific star-formation rate,
sSFR > 1.5 x 107! yr~!,

For the SAMI stellar masses, we adopt the values calculated
by Bryant et al. (2015), derived from g — i colours and i-band
magnitudes from the Galaxy And Mass Assembly survey (GAMA;
Driver et al. 2011) according to the method of Taylor et al. (2011)
and assuming a Chabrier (2003) IMF. For the SAMI SFRs, we adopt
the values measured by Davies et al. (2016) via the application of the
MAGPHYS SED-fitting routine to extensive, multiwavelength GAMA
photometry for each galaxy. We adopt the effective (i.e. half-light)
radii, axial ratios (and corresponding inclinations), and Sérsic indices
measured by Kelvin et al. (2012) from single component, 2D Sérsic
profile fits to the Sloan Digital Sky Survey (York et al. 2000) r-
band image for each galaxy. In Tiley et al. (2019), we calculated the
characteristic intrinsic rotation velocity and velocity dispersion for
each SAMI galaxy from its spatially resolved H « and [N 1I] emission
in the same manner as for the KGES galaxies outlined in Section 5.
We adopt those measurements here. Since the ratio of the angular
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size of the SAMI galaxies to the SAMI PSF is relatively large,
the required beam smearing corrections are negligible and therefore
omitted. Furthermore, due to the comparatively limited physical size
of the SAMI FOV (with respect to the size of the galaxies), the
SAMI galaxy velocity dispersions are uniformly calculated from the
median of their dispersion maps, rather than their outer dispersion
curves. We calculate j.» . for SAMI galaxies in the same manner as
for those in KGES and as described in Section 5.6.

For an additional comparison sample, we select 472 galaxies from
the KROSS sample of star-forming galaxies at z &~ 0.9, spatially
resolved in Ha with KMOS and with associated measurements of
stellar mass, ionized gas rotation velocity, and velocity dispersion
from Harrison et al. (2017) and half-light radii from Tiley et al.
(2019) (themselves converted to a WMAP9 cosmology from the
measurements of Harrison et al. 2017). KROSS galaxies are typical
star-forming galaxies for their epochs, the vast majority residing on
the main-sequence of star formation for their corresponding redshifts
and stellar masses.

For the KROSS galaxies, we adopt the stellar masses and star-
formation rates calculated and presented in Harrison et al. (2017). The
former were determined as a function of each galaxy’s absolute H-
band magnitude and the latter from their H « flux, in the same manner
as described for the KGES galaxies in Section 4.2, but with a fixed
Ao, gas = 1.73 (see Harrison et al. 2017 for further details). We adopt
the inclinations and half-light radii for KROSS galaxies presented
in the same work, determined respectively via a 2D Gaussian fit
and an elliptical aperture curve-of-growth analysis on the highest
resolution, and reddest bandpass, image available for each galaxy.
Sérsic indices, measured by van der Wel et al. (2012) via single
component, 2D Sérsic profile fits to F160W (H band) HST images
of galaxies in the CANDELS extragalactic fields, are only available
for a subset (*18 percent) of the resolved KROSS galaxies. We
calculate the characteristic intrinsic rotation velocities and velocity
dispersions for the KROSS galaxies in the same manner as for KGES
galaxies (Section 5), starting with the v 5 obs and o obs measured for
each KROSS galaxy by Harrison et al. (2017) from its Ho and
[N11] emission and applying beam smearing corrections according
to equations (6) and (7), respectively.

We calculate j, . for KROSS galaxies in the same manner as for
those in KGES and SAMI, with one notable difference. Since we do
not have a measure of ng for every KROSS galaxy, we instead assume
a fixed ng = 1 (k, = 1.19) for each. This is justified, on average at
least, since the median ng of those KROSS kinematics subsample
galaxies with a measurement (see Section 6.2) is 1.04 £ 0.06, with a
scatter of o pap = 0.42 £ 0.09 (consistent with the median and scatter
for all KROSS galaxies with a measurement of ng). Furthermore,
87 per cent of KROSS kinematics subsample galaxies (86 per cent
for KROSS galaxies overall) with a measurement have ng < 2. For
comparison (and as discussed in Harrison et al. 2017), adopting a
fixed ng = 2 instead would only increase k, (and thus j.»,.) by
17 per cent (0.07 dex) compared to ng = 1, meaning our calculations
are anyway robust to our choice of fixed ng for KROSS systems.

6.2 Kinematics subsample selection

The final step before proceeding with our analysis is to apply
consistent selection criteria to uniformly select galaxies suitable for
inclusion in our kinematic analysis in this section i.e. the kinematics
subsamples.

For our kinematics subsamples, at each redshift we select respec-
tively the 481, 472, and 210 SAMI, KROSS, and KGES galaxies

1202 4990120 /Z Uo Jasn Aieidi N.La Aq 9yZ8629/62€/1/90G/9I0IMe/SeIU/Wo0" dNo"olwapede//:sdny Wwolj papeojumoq



KGES: angular momentum of star-forming galaxies 333

that are main sequence star-forming systems,’ spatially resolved in
H « emission, with associated M., v, 0g., and Rsy measurements
(each with corresponding uncertainties), and not flagged as AGN.?
We also disregard any galaxies with H « that is insufficiently radially
extended to allow for a robust measurement of rotation velocity (see
Section 5.4.2), leaving 420, 457, and 202 SAMI, KROSS, and KGES
galaxies, respectively.

To select for galaxies with robust kinematic measurements, we
further remove those with a fractional uncertainty in v,,. greater
than 30 per cent — leading to remaining subsamples of 414 SAMI
galaxies, 289 KROSS galaxies, and 181 KGES galaxies. Similarly
we exclude respectively a further 127, 63, and 55 SAMI, KROSS,
and KGES galaxies with inclinations outside of the range 45 < i <
85. The lower inclination limit is imposed to remove systems that
require a large corresponding correction to their rotation velocity
(and are therefore most sensitive to innacuracies in i; e.g. Tiley et al.
2016). The upper limit excludes galaxies that are very edge on,
and thus with an increased probability of suffering from substantial
dust obscuration (that in turn may affect the accuracy of properties
calculated from their photometry, including M,,).

As a final step we apply an additional cut in stellar mass to the
remaining SAMI galaxies, excluding 98 with log,,(M../Mg) < 9, to
match the approximate lower limit of both the KROSS and KGES
stellar mass range.

The 126 KGES galaxies, 226 KROSS galaxies, and 189 SAMI
galaxies that remain after application of all the selection criteria
listed make up our kinematics subsample at respectively z &~ 1.5,
~(0.9, and ~0.04.

Histograms of the key galaxy properties for the kinematics
subsamples are shown in Fig. 5. They span the same approximate
range in log, (M., /M) at each redshift (by design) and have median
values of M., Rso, v22¢, V22./00c, and jio. that are consistent,
after accounting for uncertainties. The only quantities for which the
median values differ between the three redshifts are the galaxies’
stellar masses, sSFR, and og.. While the median stellar masses and
0y, increase primarily from z 2 0.04 to z 2 0.9, and are similar from
7z~ 0.9 to z %~ 1.5, the median sSFR keeps monotonically increasing
when moving from SAMI, KROSS to KGES. It is worth noting
that the similarities in sizes between galaxies at the three redshifts
investigated here do not necessarily imply a lack of evolution in the
mass—size relation of galaxies. On the contrary, they are most likely
a result of the selection criteria used to match the sample extracted
from SAMI, KROSS, and KGES.

7 THE KINEMATICS OF STAR-FORMING
GALAXIES OVER THE PAST 10 GYR

In the previous sections, we confirmed that the KGES galaxies at
z ~ 1.5 are ‘normal’ star-forming systems for their epoch. We
also described how we constructed kinematics subsamples from
KGES, and from comparable IFS surveys of normal star-forming
galaxies at lower redshifts, namely KROSS (z ~ 0.9) and the
SAMI Galaxy Survey (z =~ 0.04), each with matched kinematic

7We only explicitly select for the main sequence in the SAMI sample (see
Section 6.1), the KROSS and KGES systems are only effectively selected to
fall on the main sequence for their epoch.

8We adopt the Harrison et al. (2017) AGN flags for the KROSS galaxies.
We make no explicit AGN cuts for the SAMI galaxies, except for removing
a single system with a very large velocity dispersion (oo, > 500 km s7h,
which may be indicative of the presence of an AGN.

measurements and selection criteria. In this section, we proceed to
compare the kinematics of galaxies in these subsamples at z &~ 1.5,
~0.9, and ~0.04. Our aim is to determine how prevalent disc-like
characteristics are within the star-forming population over the past
~10Gyr, and to measure to what extent the angular momentum
content of star-forming galaxies has varied over the same period.

7.1 Disc-like characteristics of star-forming galaxies

As explained in Section 1, whether or not a galaxy exhibits a disc
structure (either in stars or gas) should be intimately linked to its
history of assembly, including its initial formation and subsequent
evolution.

A galaxy may be deemed to host a pure disc if its Sérsic index (ns,
measured from its stellar light) is consistent with unity, i.e. that of an
exponential disc. Gillman et al. (2020) measured ng for each KGES
galaxy, and a similar measurement is available for each SAMI galaxy
viamodelling of its -band image (Kelvin et al. 2012). However, since
a measure of ng is only available for a subset of KROSS galaxies
(see Harrison et al. 2017 for further details), we avoid an extended
comparison of ng for galaxies in our kinematics subsamples at each
redshift. We simply note that the median ng for those galaxies with a
measurement at z ~ 1.5 and z &~ 0.9 is consistent with unity (1.0 & 0.2
and 1.04 % 0.06, respectively). The median ng for those galaxies at
z &~ (.04 in our analysis with a measurement is 1.17 & 0.05.

For alternative indicators of how disc-like our galaxies are, we
also examine their kinematic properties. We follow the example
of Tiley et al. (2019) who used the ratio of galaxies’ rotation-
to-dispersion (v/o; a global proxy for how rotation-dominated a
galaxy’s kinematics are, or similarly how closely the galaxy obeys
circular motion), and the extent to which their velocity field resembles
that of a disc to quantify their ‘disciness’. The latter is determined
via the R}, goodness-of-fit parameter, calculated from the residuals
between a galaxy’s observed velocity field and the corresponding
best-fitting disc model velocity field. The R value describes the
extent to which the total variation in a galaxy’s vops map is explained
by the best-fitting model map, varying from O (not described by the
model at all) to 1 (completely described by the model).

For the former we adopt the quantity v,,./0q.. The (logjo)
distributions of v,5./0p. for our kinematics subsample galaxies
at each redshift are shown in Fig. 5. The median v;,./0¢. is
25+0.2,2.6 £0.2, and 3.0 £ 0.1 for galaxies at z ~ 1.5, ~0.9,
and ~0.04, respectively. The corresponding scatters are oyap =
1.6 £0.2,1.8 £0.2,and 1.2 & 0.1. Despite the large scatters at high
redshift, our kinematics subsample galaxies have similar average
ratios of rotation-to-dispersion support in their (gas) kinematics,
being formally rotation-dominated (v,5./09. > 1) on average at
every redshift. Tiley et al. (2019) discuss how a limit of v/o = 3
is more appropriate for determining whether a galaxy’s kinematics
are truly rotation-dominated since, under sensible assumptions (e.g.
Kormendy & Ho 2001), ratios above this limit ensure that the rotation
velocity term in the collision-less Boltzmann equation accounts for
at least 90 percent of the galaxy’s dynamical mass. Accounting
for uncertainties, the median v;,./09. for kinematics subsample
galaxies does not significantly differ from this alternative limit at
any of the three redshift considered in our analysis.

For each galaxy in the KROSS and SAMI kinematics subsamples
we adopt measurements of R, from Tiley et al. (2019), determined
by fitting a 2D extension of the disc model described in equation (5)
to each galaxy’ vo,s map and examining the resultant residuals. We
apply the same analysis to the KGES galaxies, calculating R . for

disc

each H « resolved system. The median R2,_. for KGES, KROSS, and

disc
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Figure 6. The fraction of discs amongst our kinematics subsample galaxies as a function of redshift (black squares), and also within bins of stellar mass
(coloured squares). Discs as defined as galaxies with Rﬁisc > 0.8 and either v2.5. /00. > 3 (left-hand panel) or vz /0g. > 1 (right-hand panel). To guide the
eye, we interpolate between our measurements at each redshift (dashed lines in corresponding colours) and their corresponding uncertainty (filled regions in
corresponding colours). Overall, the disc fraction is a much stronger function of galaxies’ stellar masses than their redshifts.

SAMI kinematics subsample galaxies is respectively 0.78 £ 0.03,
0.86 £ 0.01, and 0.919 £ 0.009, with corresponding scatters of
omap =0.1940.04,0.14£0.01,and 0.07 = 0.01. Whilst the median
R3.. does decrease with increasing redshift, within uncertainties it is
still consistent at each epoch with being equal to or above the lower
limit of Rﬁisc = 0.8 used by Tiley et al. (2019) previously to define,

in part, ‘discy’ galaxies at z ~ 0.9 and ~0.04.

7.1.1 Disc fraction as a function of redshift

Considering the individual metrics of ‘disciness’ adopted in this
work, on average massive, star-forming galaxies exhibit disc-like
characteristics to a comparable degree regardless of whether they
reside at z ~1.5, ~0.9, or ~0.04. Despite this, we still need to
quantify exactly how the prevalence of disc systems amongst the
star-forming population has changed since z &~ 1.5. Based closely
on the criteria adopted by Tiley et al. (2019), we identify disc
galaxies in our analysis as those that satisfy the combined criteria
that their v ,. /00, > 3 and Rﬁise > (.8. Interestingly, for all three
samples the v,./00. ratio is the more restrictive criteria in the
selection of disc galaxies, but the difference decreases significantly
with increasing redshift. For example, while for SAMI 77 per cent
of the sample fulfills the R} criteria and only 49 per cent the one
based vy . /00, for KGES these fractions drop to 37 percent and
48 per cent, respectively.

In Fig. 6 (left-hand panel), we plot the fraction of disc galaxies
within the kinematics subsamples, as a function of redshift and
stellar mass. For kinematics subsample galaxies at z &~ 1.5, z =
0.9, and z &~ 0.04 we calculate disc fractions (and corresponding
bootstrapped 1o uncertainties) of respectively 27 £ 4, 36 £ 3, and
44 + 4 percent. There is a small systematic increase in the disc
fraction with decreasing redshift. This increase is not statistically
significant between individual adjacent redshift bins. However, there
is a significant difference in the disc fraction between the highest and
lowest redshift bins, i.e. between kinematics subsample galaxies at
z~ 1.5 and z & 0.04. Nevertheless, although statistically significant
(3.10), this difference is only modest.

Next we consider the disc fraction at each redshift within three
bins of increasing stellar mass. Within the lowest and intermediate
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mass bins the disc fraction does not significantly differ between
kinematics subsample galaxies in any of the three redshift bins.
For the highest mass bin, the disc fractions at z ~ 0.9 and z =
0.04 are consistent with one another. However, in the same bin,
there is respectively a marginally significant (2.60) and significant
(3.00) difference between the disc fraction of kinematics subsample
galaxies at z & 1.5 and of those at z &~ 0.9 and z ~ 0.04 (galaxies
at z &~ 1.5 have a lower disc fraction in each case). Importantly,
the difference in the disc fraction between stellar mass bins at
fixed redshift is comparable to, or larger than, the difference we
measure between redshifts at fixed stellar mass. For example, the
disc fraction for galaxies in the highest mass bin is significantly
larger than those in the lowest mass bin at both z &~ 0.9 and z ~
0.04 (respectively a 5.60 and 4.60 difference). We see a similar,
marginally significant (2.30) difference between the same stellar
mass bins for galaxies at z & 1.5. As extensively discussed in Sec-
tion 7.3, our lower stellar mass bins in KROSS and KGES are biased
towards galaxies above the main sequence. Thus, we cannot exclude
that this selection bias might be behind the marginal difference in
redshift evolution of the disc fraction for low and high stellar mass
galaxies.

We also note that our calculated disc fractions are in general
lower than those determined for star-forming galaxies at z ~ 1 and
z ~ 2 by Wisnioski et al. (2015) — respectively 70-90 and 47—
74 percent. These are based on a number of criteria including the
appearance of the galaxy’s velocity map, whether the galaxy satisfies
v/o > 1, the extent of any misalignment between its kinematic and
photometric position angles, and whether its kinematic centre is
spatially coincident with, respectively, the peak of its continuum
emission and its peak velocity dispersion. The range at each redshift
corresponds to how many or few of the criteria are implemented. Our
estimates are more consistent with those of Rodrigues et al. (2017),
who use the same criteria as Wisnioski et al. (2015) but come to the
alternative conclusion that only 53 per cent of massive, star-forming
galaxies at z ~ 1 exhibit disc structures. Although, their estimate
reduces to 25 per cent when they introduce a further criterion based
on the visual morphology of galaxies.

It’s clear that the absolute value of the disc fraction is highly
sensitive to the choice of criteria used to identify discs, as well
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as the implementation of those criteria if there is any subjectivity
associated with them. Thus we refrain from any attempts to justify
in detail the difference between our estimates of the disc fractions of
star-forming galaxies in our sample and those measured previously
for galaxies at similar stellar masses and redshifts, given we adopt
metrics of disciness that are different again to each of the two studies
discussed. To make this point even clearer, in the right-hand panel of
Fig. 6 we show how our disc fractions do change if we use the less
stringent cut-off v/o > 1, while keeping R%,. > 0.8. It is clear that
the overall fractions are now consistent with the values presented by
Wisnioski et al. (2015), but the mass and redshift trends remain the
same.

Indeed, we stress here the most important point that, when we
apply uniform criteria to identifying discs, there is at most only
modest (significant) differences in the disc fraction between redshifts.
And that this remains true if we also consider galaxies within the same
stellar mass bin at each redshift. The disc fraction does, however,
significantly differ between mass bins in many cases across the three
redshifts, with the magnitude of the difference as large or larger than
that we measure between redshifts.

Many previous studies have shown that star-formation has pre-
dominantly taken place within disc structures in galaxies throughout
cosmic history, as the atomic and molecular gas that feeds star-
formation is dissipative and thus prone to settling into a disc. The
fact that we find a similar disc fraction at each redshift then is
perhaps unsurprising given that we have explicitly selected for star-
forming galaxies in each case, which by association are those most
likely to host discs. Nevertheless, it need not be the case that the
disc fraction in the high stellar mass star-forming population only
modestly increases over a period of 10 Gyr. The fact we generally
see only small differences at fixed stellar mass between z ~ 1.5 and
z ~ 0.04 might suggest that star-forming galaxies of a given stellar
mass tend to form via similar formation pathways, regardless of the
cosmic epoch (see also Clauvens et al. 2018and Dekel et al. 2020 for
a theoretical perspective on this topic).

The systematic increase in disc fraction with increasing stellar
mass at fixed redshift (across all three redshift bins) is also in line
with previous studies (e.g. Kassin et al. 2012; van der Wel et al. 2014;
Simons et al. 2016, 2017; Johnson et al. 2018; Wisnioski et al. 2019)
that report evidence for ‘kinematic downsizing” amongst the star-
forming population at z < 2. In this scenario star-forming galaxies
generally grow in a hierarchical fashion, evolving from disordered
to ordered systems as their gas settles down to form discs. The most
massive galaxies at any epoch have formed a larger fraction of their
stars at earlier times (i.e. conventional ‘downsizing’; Cowie et al.
1996) and, given their larger mass, are more stable to disruptive
processes such as minor mergers, or gas inflows or outflows (and/or
may undergo them less often). Hence, when we focus on gas
kinematic, the most massive star-forming galaxies tend to be more
kinematically ‘mature’, i.e. more disc-like, than lower mass systems
at any given epoch. However, we cannot rule out the possibility
that the systematic increase in disc fraction with increasing stellar
mass that we observe may instead be the result, or the partial result,
of an aperture effect. For example, it is possible that our rotation
velocity measurement, v 5., is a systematically increasing fraction
of the ‘maximum’ rotation velocity with increasing stellar mass of a
galaxy. Similarly, nor should we ignore the fact that v,,. and oy,
respectively, the numerator and denominator in the ratio v, . /00,
that we use as one of our two indicators of whether a galaxy is a
disc, have different dependencies on stellar mass. Indeed the former
correlates more strongly with stellar mass than the latter for our
kinematics subsample galaxies at each redshift. Thus, it is also

possible that the correlation between disc fraction and stellar mass
at fixed redshift is also driven, to some extent, by the differing stellar
mass dependence of v, . and oy..

7.2 Specific angular momentum of star-forming galaxies

7.2.1 Best-fitting linear trends

In Fig. 7, we plot the j,» . of the kinematics subsample galaxies as a
function of their stellar masses at z &~ 1.5, 0.9, and ~0.04, showing
that the two quantities are correlated with one another at each of the
three redshifts.

Most galaxy scaling relations, including the j.,,.—M, relation,
are usually assumed to follow a linear relation in log-space (i.e. a
power law), and thus are traditionally modelled accordingly with
a straight line. However, visual inspection of the positions of our
kinematics subsample galaxies in the j,»».—M, plane reveals that
this approach may not always be the best approach. First, outlying
galaxies are preferentially scattered towards low j,, . at fixed M,
(i.e. the scatter is not symmetrical about the main locus of scatter
points) at all three redshifts, and that this is true even after excluding
dispersion-dominated systems (v2,./0q. < 1) at each epoch. Such a
skewed scatter can bias the best-fitting linear normalization, and may
also affect the best-fitting slope if the magnitude of the scatter also
depends on M, — as is the case at least for the KROSS galaxies at z &~
0.9. Furthermore, irrespective of the scatter, it is not clear, visually,
that the slope of the j.»,.—M, relation is constant with stellar mass
at each redshift, particularly for galaxies in our analysis at z &~ 0.04.
Thus, it is useful to combine a simple linear fit with an estimate of
the median trends without any assumptions on the functional shape
of the relation.

For ease of comparison with past and future studies, we start
by fitting two versions of a linear relation to the positions of our
kinematics subsample galaxies in the j.» ».—M, plane at each redshift
— the first with a slope that is free to vary, and the second with a slope
fixed to a value of our choosing.

We use the HYPERFIT package (Robotham & Obreschkow 2015)
to find the best linear fit (minimizing the orthogonal scatter) to the
J«2.20—M, relation for rotation-dominated (v .. /00, > 1) galaxies at
each redshift. In performing the fit we ignore dispersion-dominated
galaxies that, although in the minority, may bias the best-fitting
parameters since they tend to be outlying from the main locus of
points in the j.»».—M, plane at each redshift (although see later for
comments on the median trends in this regard). The linear fit takes
the form log,,(jx2.2. /kpe km s71) = a[log,((M./Mg) — 10] + B.

The best-fitting parameters for the linear fits are listed in Table 1,
and the resultant trends are included in Fig. 7. Within uncertainties,
the slopes of the relation at z &~ 0.04 and z ~ 1.5 are consistent with
one another, and with the expectation from tidal torque theory of
a = 2/3 (e.g. Catelan & Theuns 1996). Such a slope should arise
in the case that baryons and dark matter are well mixed in ‘proto-
galaxies’ (i.e. in haloes before the initial baryonic collapse), and that
after decoupling the baryons subsequently retain their initial angular
momentum so that they mirror the relationship expected between the
angular momentum and mass of the dark matter, i.e. j oc M*3. Any
significant deviation from o = 2/3, as in the case of the best-fitting
slope for kinematics subsample galaxies at z ~ 0.9, could imply
a mass dependence on the transfer of halo angular momentum to
baryonic angular momentum, or subsequent retention of the latter.
However, in this particular case, the steeper slope at z 2 0.9 is likely
biased due to subtle selection effects at low stellar masses in the
H a-selected samples in the higher redshift bins. This is discussed
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Figure 7. The specific angular momenta of star-forming galaxies in the SAMI (A, left-hand panel), KROSS (B, middle) and KGES (C, right-hand panel)
kinematics subsamples, as a function of their stellar masses. The galaxies span three different redshift slices at z ~ 0.04, 0.9, and ~1.5. Scatter points are
colour-coded by the local spatial density of the points themselves (dark to light, low to high density; quantified via a Gaussian kernel density estimate and LOESS
smoothed). The best linear fit (with slope fixed to 2/3) and its 1o uncertainty envelope is shown for the SAMI galaxies as an orange dashed line and filled region,
respectively, in each panel. The corresponding best fits to the KROSS and KGES galaxies are shown as, respectively, a green and a blue dashed line and filled
region in the middle and right-hand panels. Similarly the median trends, and their 1o uncertainty envelopes, for each sample are shown by solid lines and filled
regions in the same colours. There is a small offset between the normalization of the z = 0.04 best fit linear trend, and that for the higher redshifts galaxies.
However, the median trends do not significantly differ as a function of redshift. Thus, on median average, at fixed stellar mass a massive, star-forming galaxy
has the same specific angular momentum regardless of whether it resides at z ~ 0, 0.9, or ~1.5.

Table 1. Parameters of the best-fitting straight lines to the ji2 2 —M relations
for rotation-dominated (v2.2./00. > 1) kinematics subsample galaxies at
each redshift shown in Fig. 7.

Table 2. Median specific angular momentum (js2.2.) per bin of stellar mass
for the rotation-dominated (v2.2. /0o > 1) kinematics subsample galaxies at
each redshift shown in Fig. 7.

Fit Median redshift o B

Free 0.04 0.62 £0.03 2.76 £0.02

slope 0.85 0.86 £ 0.06 2.65+0.02
1.49 0.75 £0.11 2.61 £0.04

Fixed 0.04 2/3 2.77 £0.02

slope 0.85 2/3 2.65+0.02
1.49 2/3 2.61 £0.03

in more detail in Section 7.3, where we more explicitly explore the
link between baryonic and halo angular momenta of galaxies in our
sample.

To measure whether the normalization of the j,»,.—M, relation
changes between redshifts, we also find the best fixed-slope linear
fit to the relation for rotation-dominated galaxies at each epoch.
For simplicity, we fix @ = 2/3 since two out of three of the free fit
slopes are consistent with this theoretical expectation. The best-fitting
parameters from the fixed-slope fits are listed in Table 1. We find
small, but statistically significant, offsets between the normalization
of the best fixed slope linear fit between redshifts; at fixed M., the
average joo. of the rotation-dominated star-forming galaxies in our
kinematics subsamples increases by 0.12 & 0.03 dex (321’3 per cent)
between z ~ 0.9 and z & 0.04, and 0.16 & 0.04 dex (4573 per cent)
between z & 1.5 and z ~ 0.04. These differences in normalization
are slightly smaller than, but still qualitatively consistent with, the
results of previous studies of the j.,».—M, for star-forming galaxies
at similar redshifts. For example, Harrison et al. (2017) find that z
~ (.9 star-forming galaxies are offset lower by ~0.2-0.3 dex in the
J«—M., plane at fixed stellar mass compared to z = 0 spiral galaxies,
and Swinbank et al. (2017) find a similar offset of ~0.2dex for
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log M./Mo 10g ju22¢/(kpe km s~
SAMI KROSS KGES

Zmed = 0.04 Zmed = 0.85 Zmed = 1.49
9.14 2.23 £ 0.07 2.16 £0.12 -
9.43 2.44 +0.04 228 +£0.14 222 +0.12
9.71 2.55 £ 0.06 2.44 £ 0.07 2.56 £ 0.07
10.00 2.66 + 0.04 2.61 £ 0.05 2.66 + 0.04
10.29 2.86 £+ 0.05 2.85 £0.07 2.82 +£0.10
10.57 3.03 £+ 0.08 2.97 +£0.04 298 +£0.11

star-forming galaxies at z & 1 and Sb or Sc galaxies in the local
Universe.

7.2.2 Median trends

The median j,, ».—M. trends for all kinematics subsample galaxies at
each redshift (i.e. both rotation- and dispersion-dominated systems)
are shown in Fig. 7, and presented in Table 2. First, we note that, after
accounting for uncertainties, each of the median trends is consistent
with a straight line with @ = 2/3 that intersects the trend line at
log,o(M./Mg) = 10 (with the exception of one mass bin in the z
~ (0.04 median trend). Secondly, we find no significant difference
in median j,,,. between redshifts in any mass bin. In other words,
and despite indications to the contrary from the linear fits discussed
in the previous section, on (median) average, massive star-forming
galaxies broadly obey a j.a. o< M2/ proportionality at z ~ 1.5,
7~ 0.9, or z & 0.04. And, at fixed stellar mass, a typical massive
star-forming galaxy at z < 1.5 has the same j,» ., regardless of its
redshift.
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Figure 8. The median normalization (assuming j.22. Mf/3) of kinematics subsample galaxies in the specific angular momentum-stellar mass plane, as a
function of their redshifts and ‘disciness’. The latter is quantified in the left-hand panel by the galaxies’ (gas) rotation velocity-to-velocity dispersion ratios
(v2.2¢ /00 ), and in the right-hand panel by how well their Ha velocity field is described by a 2D exponential disc model (Rgisc; the fraction of the variation in
the velocity field that is explained by the best-fit 2D disc model). The total median normalization at each redshift is shown by the black squares. The median
normalizations at each redshift in bins of disciness are shown by the coloured squares. The bin boundaries are given in the legend of each panel. The lo
scatter envelope (spanning from the 16th to the 84th percentile) for the normalizations at each redshift is shown as an underlying filled grey region. We linearly
interpolate this between redshifts to better highlight any changes in the scatter. We also overlay tracks of ji2.2¢/ Mf AR (1+2)7", withn=0.5,1, and 1.5. The
normalization of the specific angular momentum-stellar mass relation does not evolve significantly with redshift. It is instead a strong function of a galaxy’s

disciness, which is uniform across all three redshift bins.

To investigate the latter point further, we also explicitly examine
to what extent the normalization, which we define as j; 2./ Mf/ 3
(assuming .. o« M2/ after examination of the median trends),
depends on other properties that we have measured. Fig. 8 shows the
median normalization of our kinematics subsample galaxies in bins
of redshift, va . /00, and R%.. We note that we also examined the
dependence of the normalization on M., Rso, v5., and op.. However,
ignoring Rso and v, 5. which both linearly correlate with j,,,. by
definition of the latter, we find the normalization to depend mostly
strong on vy5. /0o and R.. We therefore focus solely on these two
quantities in our analysis.

In line with the general trend seen in the running medians in Fig. 7,
from Fig. 8 it is clear that the median normalization of the j.»».—M,
relation for individual massive star-forming galaxies that comprise
our kinematics subsamples changes very little as a function of redshift
(increasing by 0.13 % 0.03 and 0.09 =+ 0.05 dex from respectively z
~ 0.9 and z &~ 1.5 to z = 0.04, and decreasing by 0.04 £ 0.05 dex
from z ~ 1.5 to z & 0.9). In most cases these differences are not
statistically significant, with the exception of the difference between
z~ 0.9 and z =~ 0.04 (4.30), which is nevertheless only modest in
magnitude. The normalization is instead a much strong function of
either v, 5. /0 or Rgm i.e. how disc-like a galaxy’s (gas) kinematics
are, and this dependence appears approximately uniform across each
of the three redshifts we consider. In other words, within bins of either
V22¢/00c or R%,. the normalization is constant with redshift, but it
deviates strongly between bins (differing by ~0.4-0.6 dex and 0.2—
0.4 dex between the lowest and highest bins of respectively v, 5. /oo,
or R3., at fixed redshift, with the exact difference depending on the
redshift bin itself).

Upon first consideration, we should be cautious of physically
interpreting a correlation between j.a./M>? and vy /0o.. For
instance, if oy, is relatively constant across the sample at each epoch,

then the link between v, 5. /0. and the j.» ».—M, normalization may
simply reflect the fact that j,,,. linearly correlates with v;,.. Of
course, in reality, the galaxies in our analysis at each redshift exhibit
a range of oy, the individual values of which may (or may not)
also depend on other galaxy properties, including v, itself. So
the picture is likely not that simple. Nevertheless, it is reassuring
that we also see a similar trend if we instead consider R, which
is an independent measure of disciness that does not incorporate
any quantities used to calculate j.,>.. We therefore conclude that
the j.22.—M, normalization does not differ between redshifts for
galaxies that are equally disc-like — at least in terms of their gas
kinematics.

7.3 Linking star-forming galaxies to their haloes

After examining the positions of our kinematics subsample galaxies
in the j.o.—M, plane, we now physically interpret our results in
the context of galaxy formation theory. Our goal is to re-express our
findings in terms of the fraction of the initial angular momentum
retained by galaxies in our sample since their formation. This is a
quantity that should be closely connected to their formation histories.
We wish to determine (1) whether this quantity is a function of
redshift for galaxies in our analysis, and (2) whether, at fixed redshift,
the retention is dependent on total stellar mass.

To do this we adopt the same simple model as applied to KROSS
galaxies at z &~ 0.9 by Harrison et al. (2017), linking the angular
momentum of galaxies and their haloes, and based on analytical
derivations given in Obreschkow & Glazebrook (2014). The model
assumes that each galaxy, with specific angular momentum jg,, is
embedded within a single spherical and isothermal cold dark matter
halo that does not extend beyond its virial radius, and with specific
angular momentum, jha0, and spin, A. Rearranging equation (7) of
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Figure 9. The product of the halo spin (1) and the ratio of the total specific angular momentum of the disc to that of the halo (f}) as a function of stellar mass
for kinematics subsample galaxies at z &~ 0.04, ~0.85, and ~1.49. In the top row the scatter points are colour-coded by the local spatial density of the points
themselves (quantified via a Gaussian kernel density estimate and LOESS-smoothed). In the bottom row the scatter points are colour-coded by the corresponding
galaxy’s ‘disciness’, Rﬁisc (with LOESS smoothing applied). The median trend for the SAMI galaxies, and its corresponding 1o uncertainty, is displayed in each
panel in the top row as the orange solid line and corresponding filled region, respectively. The median trends for the KROSS and KGES galaxies are displayed
in, respectively, green and blue in the middle and right-hand panel. The horizontal dashed grey line in each panel indicates the expected value if f; = 1 and A =
0.035 (£0.2 dex, indicated via the horizontal filled grey region), the latter according to Maccio, Dutton & van den Bosch (2008). In each panel we include a
vertical dashed line representing the stellar mass above which each sample contain purely main sequence galaxies (see the text for details). For main sequence
star-forming galaxies, Af; does not significantly depend on stellar mass or redshift. It does however strongly depend on how ‘discy’ a galaxy is (i.e. how disc-like

its velocity field appears, as quantified by its Rﬁisc value).
Harrison et al. (2017) (which assumes a universal baryon fraction
fo = 0.17), the product of the halo spin and the ratio of galaxy to
halo angular momentum (f; = jea/jnac) can be expressed in terms
of quantities that we may either estimate or evaluate directly for
galaxies in our analysis, such that

1 H()]"Y?
295x 104 | Hy

Jieat/kpe km s~
(M, /101" Mg)?/3

AX f= IR (10)
where H(z) and H, are respectively the Hubble Constant at redshifts
zand z =0, and f; is the ratio of stellar mass in the galaxy to the initial
mass of gas in the halo (M.,./M s o). We proceed under the assumption
that j 5. = jga for galaxies in our kinematics subsamples (and thus it
is clear that the second term in equation (10) is simply a renormalized
version of the j.»,.—M, normalizations, j,»./ Mf/ 3 discussed in
previous sections).

Whilst clearly not a direct measurement, the quantity A X f; can
serve as a useful proxy for the fraction of angular momentum retained
since a galaxy’s formation. This is caveat to the assumption that jh,i0
and A have not changed since the halo’s formation. It also requires
us to know the value of the latter. In fact, as discussed later, we
must actually assume a value for A for galaxies in our sample, in
the absence of any direct measurements. For these reasons we stress
that, for the results presented in this subsection and Fig. 9, we are
less concerned with the absolute value(s) of A x f; for galaxies in
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our analysis. Instead we focus on the relative differences between
redshifts and stellar masses. These are hopefully less sensitive to the
aforementioned assumptions.

7.3.1 Estimating the stellar mass-to-initial mass ratio

In the absence of a direct measurement of f; for our galaxies, we may
instead calculate an approximation. Based on the stellar mass—halo
mass relation measured by Dutton et al. (2010) for massive late-type
galaxies at z &~ (0, Harrison et al. (2017) adopt a mass-dependent
analytical form for f;,

M. 12 M. "
o100 =029 x [ —— T+ ——— ) 7211
fs.o10 x (5 X 1010MO> ( T5x 1010MO> (b

However, this expression is based on measurements for mas-
sive galaxies only (log,((M./Mgy) 2 9.5-10), and the mass-
dependent aspect is primarily driven by those in the range 9.5 <
log,o(M./Mp) < 10; at higher stellar masses the ratio of stellar
mass-to-halo mass for late-types measured by Dutton et al. (2010) is
approximately flat (see fig. 1 of that work).

Since our kinematics subsamples extend to lower stellar masses
(down to log,((M./Mg) ~ 9), and we do not know a priori that there
is indeed any stellar mass dependence of f; for our galaxies, we adopt
a modified approach. We instead calculate f; using our total stellar
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mass measurements, as well as an estimate of the total gas mass
(M) for each galaxy based on its star-formation rate and inverting
the ‘Kennicutt—Schmidt Law’ (Kennicutt 1998b), that relates the gas
surface density of a galaxy to its star-formation rate surface density
(see Appendix B for further details).

We thus estimate f; for our kinematics subsample galaxies in the
following steps:

(i) We first assume that f; oc M, /My, where My = M, + M,y is
the total baryonic mass. In other words, we assume M}, o< My o, i.€.
that the current baryonic mass is proportional to the initial gas mass
within the halo when the galaxy first formed

(ii) Next we calculate the normalization itself, X where f; =
XM,/M,, assuming that X is the median value of the ratio
finio/ (%b) for massive (log;y M./My > 10), late-type (ns < 1.5)
SAMI galaxies, i.e. for galaxies in our analysis with stellar masses,
morphologies, and redshifts for which the Dutton et al. (2010) f; pio
estimate is valid, and least mass dependent.

(iii) Finally, we assume that the normalization X is valid for all
galaxies in our kinematics subsample, i.e. that it does not change
with stellar mass or redshift, and apply it to each to calculate f;.

In calculating f; for our galaxies in this way, we ensure that the
normalization is matched to the f;pjo analytical estimate in the
parameter space where this expression is valid, whilst simultaneously
allowing for any deviation in the mass dependence of f; for our
galaxies at lower stellar masses. This also implies that deviations
between the two methods are on average relatively small (i.e. 0.06—
0.15 dex) and mainly systematic, with f; pio slightly larger than f;.
The only exception is SAMI, where our technique produces values
generally higher than f; for galaxies with stellar masses lower than
log,g M./Mg = 10.

7.3.2 Angular momentum retention of star-forming galaxies

In Fig. 9, we plot our estimate of (logjp) A x f; for our kinematics
subsample galaxies at z &~ 1.5, 0.9, and ~0.04, as a function of their
stellar mass. We colour code the scatter points on the upper and lower
row by respectively their own surface density and the R%. value for
the corresponding galaxy. In each panel (each redshift) we indicate
the nominal value A x f; = 0.035. This is the value one would
expect if the following were true: First that the average halo spin
(A) = 0.035 (£0.2 dex), following the example of Romanowsky &
Fall ( 2012), Burkert et al. (2016), and Harrison et al. (2017) and
based on the average spin found by Maccio et al. (2008) for haloes
spanning five orders of magnitude in mass in cosmological volume
simulations with WMAPS5 cosmologies. And secondly thatfj =1, i.e.
that the specific angular momentum of the galaxy is equal to that of
its halo.

With vertical dashed lines in Fig. 9 we also indicate for each
redshift the stellar mass above which our samples comprise only
main sequence galaxies (i.e. the stellar mass above which the fraction
of galaxies that are more than 5o above the Schreiber et al. (2015)
main sequence, measured in running 0.2 dex bins of stellar mass, is
consistently less than 15 percent). All of the SAMI galaxies at z &~
0.04 considered in this work sit to the right of this line, by selection.
This is true also for the vast majority of the z & 0.9 and z ~ 1.5
galaxies from KROSS and KGES, respectively. However, there is
a small minority at each of these two redshifts that sit significantly
above the main sequence. This is the result of the selection for
H «-detected sources and the Ho flux detection limit that together
effectively imposes a lower limit in star-formation rate, regardless of

galaxies’ stellar mass, meaning that at the very lowest stellar masses,
galaxies have elevated specific star-formation rates and are more
likely to reside above the main sequence of star formation.

It is important that we differentiate between those galaxies on
and those above the main sequence in this way since, as discussed
previously, in this work we are interested in ‘typical’ star-forming
systems. Furthermore, there is evidence to suggest that galaxies
above the main sequence of star-formation for their epoch may
exhibit markedly different physical and kinematic properties to those
that sit on it, including significantly reduced metallicities, enhanced
gas fractions, more spatially concentrated star-formation, reduced
stellar spin, and/or increased stellar bulge-to-total ratios (e.g. Magdis
etal. 2016; Morselli et al. 2017; Elbaz et al. 2018; Wang et al. 2020).
On this basis, we focus our attention on those galaxies to the right
of the vertical dashed lines in each panel of Fig. 9, where we may be
sure we are considering purely main sequence systems.

The median logo(A X f;) for main sequence galaxies (to the right
of the vertical dashed line) is —1.80 + 0.06, —1.79 £ 0.03, and
—1.63 £ 0.02 at z & 1.5, =0.9, and ~0.04, respectively. There is
a respectively significant (5.40) and marginally significant (2.80)
difference between the median log;o(A x f;) for z ~ 0.04 main
sequence galaxies and those at z &~ 0.9 and z =~ 1.5. However, these
differences reduce if we further match the stellar mass range of the
SAMI and KROSS galaxies at z &~ 0.04 and z ~ 0.9 to those of the
KGES galaxies at z & 1.5, i.e. if we consider kinematics subsample
galaxies with log,,(M,/Mg) > 9.8 (to the right of the dashed vertical
lines in the rightmost column of Fig. 9) at each of the three redshifts.
Then we find the median logio(A x fj) at z ~ 0.9 and z ~ 0.04 to
be respectively —1.67 & 0.03 and —1.78 £ 0.03, and no significant
difference between the median logo(X x f;) across the three redshifts
— only a marginal significant difference (of 2.60°) at most, between z
~ 0.9 and z ~ 0.4 galaxies.

Considering the latter, stellar mass-matched median values, taken
at face value, and assuming that A = 0.035 for the halo of each
galaxy and f; = 1 at their initial formation, this would imply that,
on average, main sequence, massive (log,,(M./Mg) > 9.8) star-
forming galaxies at z ~ 1.5, ~0.9, and ~0.04 have lost respectively
5575, 533, and 397 percent of their initial angular momentum
over their lifetimes. We note that this is consistent with the findings
of Harrison et al. (2017), who report a ~240-50 per cent loss of initial
angular momentum for star-forming ‘discy’ galaxies at z &~ 0.9.

Whilst qualitatively consistent with previous studies, we stress
that the loss of initial angular momentum that we infer at each
redshift only holds if the assumptions it is based on are strictly true.
We therefore urge caution in directly interpreting deviation from
A x f; = 0.035 for galaxies in our subsamples like this. The more
important point is rather that, regardless of the absolute value of the
median (logjp) A x f; we measure at each redshift, the values do
not significantly differ between redshifts — perhaps implying that,
on average, massive star-forming galaxies follow similar assembly
pathways regardless of their cosmic epoch.

Furthermore, examining the distribution of scatter points at each
redshift in Fig. 9, similar features to those discussed in Section 7.2.1
inrelation to Fig. 7 are apparent; the scatter at each redshift is skewed,
with galaxies preferentially scattered towards lower logo(A X f;) with
respect to the main locus of scatter points. Similarly, as for Fig. 7, we
again see a stellar mass-dependent scatter for the KROSS galaxies
at z ~ 0.9. For these reasons we again rely on an examination of the
running median trend at each redshift (as opposed to a straight line
fit) in order to capture the average relationship between logjo(A X f;)
and log,,(M,/Mg) for massive, star-forming galaxies at each epoch.
We find the median trends at each redshift to be consistent with one
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another to the right of the vertical dashed lines in each panel, after
accounting for uncertainties. Thus, even after accounting for stellar
mass, we still find no deviation in the median log;o(A x f;) for main
sequence galaxies between redshifts.

Similarly, the median trend at each redshift is approximately flat
for purely main sequence galaxies (to the right of the dashed vertical
line) at each redshift. We note that we do see an apparent trend in
A x f; with stellar mass for the KROSS galaxies at z ~ 0.9 when
considered as a whole (i.e. galaxies both to the left and to the right
of the vertical dashed line), however this is purely driven by the
lowest stellar mass systems at that epoch, which themselves are
significantly above the main sequence on average for their redshifts,
as discussed. Thus we refrain from interpreting the positions of two
distinctly different groups of galaxies (those above and on the main
sequence) as a continual trend between A x f; and stellar mass. In
fact, the distinct difference between the two groups is illuminating:
the apparent stellar-mass dependence of A x f; at z ~ 0.9 may in fact
be purely the result of the finite Ho flux limit for KROSS, which
effectively acts to exclude main sequence galaxies at the very lowest
stellar masses at that epoch. It may follow that these missing systems
are likely to fall in the top left-hand corner of the middle panels of
Fig. 9. The positive trend with stellar mass in that case would then
be simply an illusion due to selection effects at the lowest masses.

We also highlight the fact that, at fixed stellar mass, there is a
strong dependence on logio(A x f) with R% .. And that, at fixed
R, logio(A x f;) is approximately flat with redshift. Furthermore,
we note that those galaxies (at z & 0.9) significantly above the main
sequence on average (i.e. points to the left of the vertical dashed
line) also have low R}, corresponding to their systematically lower
A x f; in comparison to the remainder of the sample at that redshift.
This confirms our conclusion from previous sections that the specific
angular momentum of star-forming galaxies depends most strongly
on their ‘disciness’, whilst being effectively independent of redshift.
Specifically, it suggests that if massive star-forming galaxies retain
some memory of, or link to, the angular momentum of their haloes,
they do so to the same extent at each redshift, and regardless of
their stellar mass. Given also that the majority of our star-forming
galaxies exhibit disc-like properties, regardless of redshift, this in
turn may suggest that disc assembly may have followed a similar
process throughout cosmic history.

Finally, it is important to note that the results presented in this
subsection are, in general, unaffected by our choice of approximation
for f;. Indeed, if we instead follow the method of Harrison et al. (2017)
and adopt f; = f; pio, we find no significant difference between the
running median (log;o) A x f; for main sequence galaxies (to the right
of the dashed vertical lines in Fig. 9) at any of the three redshifts. In
fact, the formal statistical significance of any differences decreases
as the resultant A x f; are slightly elevated with respect to those
calculated using our preferred approximation for f;. Similarly, for the
same main sequence galaxies, adopting f; = f; pio we again find no
evidence for any significant mass dependence of A x f; at either z ~
1.5 or z & 0.9. However, we do find a slight mass dependence for
main sequence SAMI galaxies at z ~ 0.04; if we adopt f, = fi pio,
we measure a modest but significant slope of 0.27 £ 0.04 for the
best-fitting straight line to the positions of the SAMI galaxies in the
logio(Afj)-log o (M. /Mg) plane at z ~ 0.04.

8 CONCLUSIONS

We have presented the KMOS Galaxy Evolution Survey (KGES),
a Durham University-led guaranteed time ESO KMOS study of the
H o and [N 11] emission from 288 K-band-selected galaxies at 1.2 <
7z S 1.8. We characterized the properties of the KGES galaxies, and
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compared them to those of large samples of galaxies observed with
IFS at z =~ 0.9 by KROSS and z &~ 0.04 by the SAMI Galaxy Survey.
In this work:

(1) We confirmed that KGES galaxies represent typical star-
forming galaxies for their epoch, residing on the main sequence
of star-formation for their redshifts and stellar masses (Fig. 3), and
with disc-like properties on average (Section 7.1).

(i1) Combining the KGES galaxies with IFS samples of star-
forming galaxies from KROSS and the SAMI Galaxy Survey,
with exactly matched sample selections and analyses methods, and
robustly accounting for differences in data quality between redshifts,
we found that the fraction of discs (i.e. galaxies with both R, > 0.8
and vy5./00. > 3) amongst the massive, star-forming population
only modestly differs between z ~ 1.5, 0.9, and ~0.04 (by ~8-17
percentage points across the kinematics subsamples at each redshift,
or ~3-31 per cent within fixed bins of stellar mass across the three
redshifts; Fig. 6). Instead it more strongly depends on stellar mass
(differing by ~21-44 per cent between the lowest and highest stellar
mass galaxies in our sample at fixed redshift, depending on the
redshift bin).

(iii) We showed that the running median position of massive star-
forming galaxies in the j,»».—M., plane does not significantly differ
between z &~ 1.5, ~0.9, and ~0.04 (Fig. 7).

(iv) Similarly, we showed that the median normalization, cal-
culated for individual galaxies as j.o./M>/?, only varies slightly
between the three redshifts — and only significantly so between z
~ 0.9 and z =~ 0.04 (differing by 0.13 + 0.03 dex). Instead, we
found that the median normalization depended much more strongly
on how disc-like a galaxy is, as judged by its v, . /09, or Rﬁis& the
normalization differed by ~0.4-0.6 dex and 0.2-0.4 dex between the
lowest and highest bins of respectively vy, /0o and R at fixed
redshift, depending on the redshift itself (Fig. 8).

(v) Lastly we interpreted our results in the context of a simple toy
model, linking galaxies’ specific angular momenta to that of their
haloes. We found no strong evidence to suggest that the product of
the halo spin and the ratio of the galaxy’s specific angular momentum
to that of its halo, A x f;, is dependent on redshift or stellar mass for
massive, star-forming galaxies on the main sequence at z &~ 1.5, z
~ 0.9, and z =~ 0.04 (Fig. 9). We found instead that it depends most
strongly on how disc-like a galaxy is, regardless of mass or redshift.

Our results suggest that the inferred link between the angular
momentum of galaxies and their haloes does not depend on stellar
mass or redshift for star-forming galaxies. Combined with the fact
that we find, at-most, only modest differences in the disc fraction
of the star-forming galaxy population between redshifts, this in
turn suggests that massive star-forming galaxies may have followed
similar assembly pathways over the past ~10 Gyr.
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APPENDIX A: TABLE OF VALUES

In Table Al we tabulate the key properties of the KGES galaxies.
A machine-readable version of this table will be made publicly
available online in full, upon publication.

APPENDIX B: ESTIMATING TOTAL GAS
MASSES

For each galaxy, we estimate its gas mass within Rsy by inverting
the ‘Kennicutt—Schmidt Law’ (Kennicutt 1998b), that relates the gas
surface density of a galaxy to its star-formation rate surface density
such that

Sesso (4% 10* Semso\
Mg pc—2 Mo yr—! kpe™2 ’

B

where X4 50 and Zser, 50 are, respectively, the gas surface density
and star-formation rate surface density within a circular aperture with
radius Rsy. We calculate the latter as

2SFR,50 _ SFR kpc?
M@ yr*l kpC_2 N Mo yr’l anIMFRgo ’
where for the KROSS and KGES galaxies SFR is the total, Ha-
derived (SFRy,), as calculated calculated in Section 4.2, and for
SAMI galaxies it is the MAGPHYS derived quantity measured by

Davies et al. (2016).
We convert Xy 50 to a total gas mass (Mgys) as

(B2)

Mg Mg pe?  pc?

R2
1 (B3)

In other words, the total gas mass is calculated as twice the mass of
gas within Rsy that is inferred from each galaxy’s H a-derived SFR.

KGES R.A. Dec Redshift Ha- Ho- AGN  kinematics M, Rsg SFRy, V22¢ 00c J22c
SURVEY ID (deg) (deg) detected  resolved (10°Mg)  (kpe)  Meyr™") (kms™') (kms™!)  (kpckms™)
(1) (2) (3) (4) (5) (6) (7 (3) ()] (10) (11) (12) (13) (14)
KGES_1 53.134483  —27.770931 1.552 True False False False 3.63 2.76 2.69 - - -
KGES_2 53.065608  —27.767825 1.539 True True False True 6.55 4.54 59.4 148.8 69.6 790.5
KGES_3 53.110238  —27.763039 1.470 True True True False 6.41 6.06 12.9 183.3 43.1 1312.8

Notes. (1) KGES survey ID. (2) Right ascension. (3) Declination. (4) Redshift (spectroscopic if detected in H«, photometric if not). (5) H «-detected flag. (6) H «-resolved flag. (7)
Candidate AGN host flag. (8) kinematics subsample membership flag. (9) Stellar mass. (10) Stellar light effective radius. (11) H «e-derived total (i.e. aperture- and attenuation-corrected)
star-formation rate. (12) Inclination- and beam smearing-corrected rotation velocity at 1.31Rsg. (13) Beam smearing-corrected velocity dispersion. (14) Total stellar specific angular

momentum.
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