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ABSTRACT

We present a MUSE and KMOS dynamical study 405 star-formialgpges at redshift
2=0.28-1.65 (median redshift=0.84). Our sample is representative of the star-forming
“main-sequence”, with star-formation rates of SFR=0.1IM30yr~! and stellar masses
M, =10*-10'' M. For 494+4% of our sample, the dynamics suggest rotational support,
24+ 3% are unresolved systems and-2% appear to be early-stage major mergers with
components on 8-30kpc scales. The remaining- 32 appear to be dynamically com-
plex, irregular (or face-on systems). For galaxies whosgadhics suggest rotational sup-
port, we derive inclination corrected rotational velagstiand show these systems lie on a
similar scaling between stellar mass and specific angulaneméum as local spirals with

4. =J 1M, o M2"® but with a redshift evolution that scales asox Mf/g’(l +2z)~. We also
identify a correlation between specific angular momentuddisk stability such that galaxies

with the highest specific angular momentum (mg(ME/S) > 2.5) are the most stable, with

ToomreQ =1.1040.18, compared t@) = 0.53 0.22 for galaxies with log(. / M%) < 2.5.

At a fixed mass, thelST morphologies of galaxies with the highest specific angulemm®n-
tum resemble spiral galaxies, whilst those with low speeifigular momentum are morpho-
logically complex and dominated by several bright stardfimig regions. This suggests that
angular momentum plays a major role in defining the stahilityas disks: at ~ 1, massive
galaxies that have disks with low specific angular momenamnglobally unstable, clumpy
and turbulent systems. In contrast, galaxies with highifip@mgular have evolved in to stable
disks with spiral structure where star formation is a locaii{er than global) process.
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1 INTRODUCTION

Identifying the dominant physical processes that werearsiple

for the formation of the Hubble sequence has been one of the ma
jor goals of galaxy formation for decades (Roberts 1963|agaker

& Hunter 1984; Sandage 1986). Morphological surveys of high
redshift galaxies, in particular utilizing the high angutasolution

of theHubble Space Telescope; (H3¥Wve suggested that only at

z ~ 1.5 did the Hubble sequence begin to emerge (e.g. Bell et al.
2004; Conselice et al. 2011), with the spirals and elligsidze-
coming as common as peculiar galaxies (e.g. Buitrago e0aB;2
Mortlock et al. 2013). However, galaxy morphologies refldet
complex (non-linear) processes of gas accretion, barydiagipa-
tion, star formation and morphological transformatiort theave oc-
cured during the history of the galaxy. Furthermore, molpgical
studies of high-redshift galaxies are subject to K-coioest and
structured dust obscuration, which complicates theirpr&gation.

The more fundamental physical properties of galaxies aie th
mass, energy and angular momentum, since these are reddted t
amount of material in a galaxy, the linear size and the ranative-
locity. As originally suggested by Sandage et al. (197, Hub-
ble sequence of galaxy morphologies appears to follow aesexu
of increasing angular momentum at a fixed mass (e.g. Fall;1983
Fall & Romanowsky 2013; Obreschkow & Glazebrook 2014). One
route to identifying the processes responsible for the &ion of
disks is therefore to measure the evolution of the massasidely-
namics (and hence angular momentum) of galaxy disks with cos
mic time — properties which are more closely related to thadeon
lying dark matter halo.

In the cold dark matter paradigm, baryonic disks form at the
centers of dark matter halos. As dark matter halos grow early
their formation history, they acquire angular momentuf) s a
result of large scale tidal torques. The angular momentuimieed
has strong mass dependence, withx Mgéfo (e.g. Catelan &
Theuns 1996). Although the halos acquire angular momerttuen,
centrifugal support of the baryons and dark matter withential
radius is small. Indeed, whether calculated through lirleaory
or via N-body simulations, the “spin” (which defines the ratio of
the halo angular speed to that required for the halo to beebnti
centrifugally supported) follows approximately a log-mai dis-
tribution with average valuepy =0.035 (Bett et al. 2007). This
guantity is invariant to cosmological parameters, timessnar en-
vironment (e.g. Barnes & Efstathiou 1987; Steinmetz & Barte
mann 1995; Cole & Lacey 1996).

As the gas collapses within the halo, the baryons can both
lose and gain angular momentum between the virial radiusleskd
scale. If the baryons are dynamically cold, they fall inveardeakly
conserving specific angular momentum. Although the spirhef t
baryon at the virial radius is small, by the time they reacB—
10kpc (the “size” of a disk), they form a centrifugally supieal
disk which follows an exponential mass profile (e.g. Fall 3,98
Mo et al. 1998). Here, “weakly conserved” is within a factdr o
two, and indeed, observational studies suggest thatyatedpiral
disks have a spin of/;,, =0.025; (e.g. Courteau 1997), suggesting
that that that only~ 30% of the initial baryonic angular momentum
is lost due to viscous angular momentum redistribution aatelcs
tive gas losses which occurs as the galaxy disks forms (eugke®
2009).

In contrast, if the baryons do not make it in to the disk, are
redistributed (e.g. due to mergers), or blown out of thexgathie to
winds, then the spin of the disk is much lower than that of e h
Indeed, the fraction of the initial halo angular momenturat tis

lost must be as high as 90% for early-type and elliptical galaxies
(at the same stellar mass as spirals; Bertola & Capaccid@b).9
with Sa and SO galaxies in between the extremes of late-pjipa-s
and elliptical- galaxies (e.g. Romanowsky & Fall 2012).

Numerical models have suggested that most of the angular
momentum transfer occurs at epochs ealier than1, after which
the baryonic disks gain sufficient angular momentum to Bsabi
themselves (Dekel et al. 2009; Ceverino et al. 2010; Obkasch
et al. 2015; Lagos et al. 2016). For example, Danovich epall%)
use identify four dominant phases of angular momentum exgsha
that dominate this process: linear tidal torques on the ggeri
and through the virial radius; angular momentum transwditgh
the halo; and dissipation and disk instabilities, outflowghie disk
itself. These processes can increase and decrease thficspeci
gular momentum of the disk as it forms, although they evdlytua
“conspire” to produce disks that have a similar spin disttitn as
the parent dark matter halo.

Measuring the processes that control the internal redistri
tion of angular momentum in high-redshift disks is obsaoratlly
demanding. However, on galaxy scales (2—10 kpc), observa-
tions suggest redshift evolution accordingjio=J. /M, oc(1+z)"
with n ~ —1.5, atleast outte ~ 2 (e.g. Obreschkow et al. 2015;
Burkert et al. 2015). Recently, Burkert et al. (2015) exgldithe
kmos?®P survey ofz ~ 1-2.5 star-forming galaxies at to infer the
angular momentum distribution of baryonic disks, findinatttineir
spin is is broadly consistent the dark matter halos, witk 0.037
with a dispersiondiogx ~ 0.2). The lack of correlation between the
“spin” (jaisk / jpm) and the stellar densities of high-redshift galax-
ies also suggests that the redistribution of the angular embum
within the disks is the dominant process that leads to cotafian
(i.e. bulge formation; Burkert et al. 2016; Tadaki et al. @0Taken
together, these results suggest that angular momenturghirréd-
shift disks plays a dominant role in “crystalising” the Hiblse-
guence of galaxy morphologies.

In this paper, we investigate how the angular momentum
spin of baryonic disks evolves with redshift by measuring dy-
namics of a large, representative sample of star-formiraxgss
betweenz ~0.28-1.65 as observed with the KMOS and MUSE
integral field spectrographs. We aim to measure the angutar m
mentum of the stars and gas in large and representative asumipl
high-redshift galaxies. Only now, with the capabilitiesehsitive,
multi-deployable (or wide-area) integral field spectrqdrs, such
as MUSE and KMOS, is this becoming possible (e.g. Bacon et al.
2015; Wisnioski et al. 2015; Stott et al. 2016; Burkert e8l15).

We use our data to investigate how the mass, size, rotateid-

ity of galaxy disks evolves with cosmic time. As well as piding
constraints on the processes which shape the Hubble sexjubac
evolution of the angular momentum and stellar mass provides
novel approach to test galaxy formation models since thakes
reflect the initial conditions of their host halos, mergiagd the
prescriptions that describe the processes of gas accretamfor-
mation and feedback, all of which can strongly effect theudeng
momentum of the baryonic disk.

In §2 we describe the observations and data reductiof3In
we describe the analysis used to derive stellar massesygales,
inclinations, and dynamical properties.§4 we combine the stel-
lar masses, sizes and dynamics to measure the redshiftiewnolu
of the angular momentum of galaxies. We also compare our re-
sults to hydro-dynamical simulations. §% we give our conclu-
sions. Throughout the paper, we use a cosmology @itk 0.73,
Q,,=0.27, and =72kms ! Mpc~'. In this cosmology a spa-
tial resolution of 0.7 corresponds to a physical scale of 5.2 kpc at

and
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Figure 1. HST and MUSE images for one of our survey fields, TN J1:328 which contains & =4.4 radio galaxy — underlining the fact that our survey
of the foreground galaxy population is unbiaskdft: H.ST BV I-band colour image. The [[@ emitters identified from this field are also marked by open
symbols.Center:MUSE V' I-band colour image of the cube generated from three equatlersyth ranges. The [Q emitters are again marked. Each image
is centered with (0,0) ak: 1338 26.14: —1942 30.5 with North up and East left.

z=0.84 (the median redshift of our survey). All quoted magyhits
are on the AB system and we adopt a Chabrier IMF throughout.

2 OBSERVATIONS AND DATA REDUCTION

The observations for this program were acquired from a se-
ries of programs (commissioning, guaranteed time and tip&n-
projects; see Table 1) with the new Multi-Unit Spectroscopk-
plorer (MUSE; Bacon et al. 2010, 2015) aAdband Multi-Object
Spectrograph (KMOS; Sharples et al. 2004) on the ESO Vergd.ar
Telescope (VLT). Here, we describe the observations aral rdat
duction, and discuss how the properties (star-formatitesrand
stellar masses) of the galaxies in our sample compare tovthe*
sequence” population.

2.1 MUSE Observations

As part of the commissioning and science verification of thé9&
spectrograph, observations of fifteen “extra-galacticldewere
taken between 2014 February and 2015 February. The sciance t
gets of these programs include “blank” field studies (e.geob
vations of the Hubble Ultra-Deep Field; Bacon et al. 2015), a
well as high-redshift { > 2) galaxies, quasars and galaxy clus-
ters (e.g. Fig. 1) (see also Husband et al. 2015; Richard 2045;
Contini et al. 2015). The wavelength coverage of MUSE (4770—-
9300A in its standard configuration) allows us to serendipitpusl
identify [O11] emitters betweerr ~ 0.3-1.5 in these fields and so
to study the dynamics of star-forming galaxies over thishétl
range. We exploit these observation to construct a sampéaot
forming galaxies, selected via their [ emission. The program
IDs, pointing centers, exposure times, seeing FWHM (as ureds
from stars in the continuum images) for all of the MUSE poigs
are given in Table 1. We also supplement these data with §onit-
ters from MUSE observations from two open-time projectst{lod

whose primary science goals are also to detect and resa\pedb-
erties ofz > 3 galaxies/QSOs; Table 1). The median exposure time
for each of these fields is 12 ks, but ranges from 5.4-107.Bks.
total, the MUSE survey area exploited herei€0 arcmirf with a
total integration time of 89 hours.

The MUSE IFU provides full spectral coverage spanning
4770-930A and a contiguous field of view of 80x 60, with
a spatial sampling of 0”2 pixel and a spectral resolution of
R=X/AX=3500 atA=700Q8 (the wavelength of the [@] at
the median redshift of our sample) — sufficient to resolve the
[ON1AA3726.2,3728.9 emission line doublet. In all cases, each
1 hour observing block was split in to a number of sub-expasur
(typically 600, 1200, or 1800 seconds) with small Y 2lithers be-
tween exposures to account for bad pixels. All observativese
carried out in dark time, good sky transparency. The avefage
band seeing for the observations was’QTable 1).

To reduce the data, we use the MUB&OREXpipeline which
extracts, wavelength calibrates, flat-fields the spectch farms
each datacube. In all of the data taken after August 2014, Ehc
science observation was interspersed with a flat-field taorg
the slice-by-slice flat field (illumination) effects. Skylgtaction
was performed on each sub-exposure by identifying and actbtr
ing the sky emission using blank areas of sky at each wawleng
slice, and the final mosaics were then constructed using enage
with a 3¢ clip to reject cosmic rays, using point sources in each
(wavelength collapsed) image to register the cubes. Fliigrea
tion was carried out using observations of known standanc stt
similar airmass and were taken immediately before or dfiesti-
ence observations. In each case we confirmed the flux cadibrat
by measuring the flux density of stars with known photometry i
the MUSE science field.

To identify [O11] emitters in the cubes, we construct and coadd
V- andl-band continuum images from each cube by collapsing the
cubes over the wavelength ranges 4770-7058 and A =7050—
93004 respectively. We then useeXTRACTOR(Bertin & Arnouts
1996) to identify all of the>4 0 continuum sources in the “de-



Table 1.Observing logs

Field Name PID RA Dec texp seeing 3¢ SB limit
(J2000) (J2000) Ks) (@)
MUSE:
J0210-0555 060.A-9302  02:10:39.43 —05:56:41.28 9.9 1.08 9.1
J0224-0002 094.A-0141  02:24:35.10 —00:02:16.00 14.4 0.70 11.0
J0958+1202 094.A-0280 09:58:52.34  +12:02:45.00 11.2 0.80 15.2
COSMOS-M1  060.A-9100  10:00:44.26  +02:07:56.91 17.0 0.90 35
COSMOS-M2  060.A-9100  10:01:10.57  +02:04:10.60 12.6 1.0 3 6.
TNJ1338 060.A-9318  13:38:25.28 —19:42:34.56 32.0 0.75 41
J1616+0459 060.A-9323  16:16:36.96  +04:59:34.30 7.0 0.90 6 7
J2031-4037 060.A-9100  20:31:54.52 —40:37:21.62 37.7 0.83 5.2
J2033-4723 060.A-9306  20:33:42.23 —47:23:43.69 7.9 0.85 7.4
J2102-3535 060.A-9331  21:02:44.97 —35:53:09.31 11.9 1.00 6.2
J2132-3353 060.A-9334  21:32:38.97 —33:53:01.72 6.5 0.70 13.6
J2139-0824 060.A-9325  21:39:11.86 —38:24:26.14 7.4 0.80 5.7
J2217+1417 060.A-9326  22:17:20.89  +14:17:57.01 8.1 0.80 9 4
J2217+0012 095.A-0570  22:17:25.01  +00:12:36.50 12.0 0.69 6.0
HDFS-M2 060.A-9338  22:32:52.71 —60:32:07.30 11.2 0.90 7.3
HDFS-M1 060.A-9100  22:32:55.54 —60:33:48.64 107.5 0.80 2.8
J2329-0301 060.A-9321  23:29:08.27 —03:01:58.80 5.7 0.80 5.6
KMOS:
COSMOS-K1  095.A-0748 09:59:33.54  +02:18:00.43 16.2 0.70 252
SSA22 060.A-9460  22:19:30.45  +00:38:53.34 7.2 0.72 31.2
SSA22 060.A-9460  22:19:41.15  +00:23:16.65 7.2 0.70 33.7

Notes: RA and Dec denote the field centers. The seeing is meebom stars in the field of view (MUSE) or from a star placedboe of the IFUs (KMOS).
The units of the surface brightness limit axd0~19 erg s~ cm—2 arcsec 2. The reduced MUSE datacubes for these fields available at:
http://astro.dur.ac.ukfams/MUSEcubes/

tection” images. For each continuum source, we extracte [On] surveys at similar redshifts. We calculate thel[dumi-
sub-cube (centered on each continuum source) and seatctheot  nosity of each galaxy and in Fig. 2 show thel[Dluminosity
one and two-dimensional spectra for emission lines. At tbss function in two redshift bins {=0.3-0.8 andz=0.8-1.4). In
olution, the [Q1] doublet is resolved and so trivially differenti-  both redshift bins, we account for the incompleteness chuse

ated from other emission lines, such asy yOI11]14959,5007 or by the exposure time differences between fields. We highligh
Ha+[N11]16548,6583. In cases where an emission line is identified, the luminosity limits for four of the fields which span the
we measure the wavelength/y (pixel) position and RA/Dec of whole range of depths in our survey. This figure shows that the
the galaxy. Since we are interested in resolved dynamicgnle [On] luminosity function evolves strongly with redshift, with
include galaxies where the [ emission line is detected above L* evolving from logo(L*[ergs ! cm2])=41.06+0.17
50 in the one dimensional spectrum. To ensure we do notmiss anyat 2=0 to logo(L*[ergs 'cm 2])=41.5+0.20 and
[O11] emitters that do not have continuum counterparts, we @&sor  logio(L*[ergs ' cm 2])=41.7+0.22 at z=1.4 (see also Ly
move all of the continuum sources from each cube by maskifg a5 et al. 2007; Khostovan et al. 2015). The same evolution e al
diameter region centered on the continuum counterpartseath been seen in at UV wavelengths (Oesch et al. 2010) andain H
the remaining cube for [(D] emitters. We do not find any additional ~ emission (e.g. Sobral et al. 2013a).
[On]-emitting galaxies where the integratedi[{flux is detected
above a signal-to-noise of 5 (i.e. all of the brighti[[2emitters in
our sample have at least ar4letection in continuum).

In Fig. 1 we show &4ST BV I-band colour image of one of 2.2 KMOS Observations
our target fields, TNJ 1338, along with a colour image geeerat We also include observations of the redshiftedii 46 z ~0.8-1.7
from the 32ks MUSE exposure. The blue, green and red Charme'Sgalaxies from three well-studied extra-galactic fieldsoTf these
are gener_ated from equal width wavelength ranges b_etwewuw fields are taken from an diselected sample at=0.84 from the
9300 AA in the MUSE cube. In both panels we identify all of the |\~ i emission line survey (KMOS-HIZELS; Geach et al.

[OI!] emitters. In this single field alone, there are 33 resol@d][ 2008: Sobral et al. 2009, 2013a) and are discussed in Sabahl e

emitters. (2013b, 2015) and Stott et al. (2014). Briefly, observatioh29
From all 17 MUSE fields considered in this analysis, we iden- Hq-selected galaxies were taken between 2013 June and 2§13 Jul

tify a total of 431 [Qi] emitters with emission line fluxes rang-  ysing KMOS with they" J-band filter as part of the KMOS science

ing from 0.1-170< 10" '"ergs ' cm™? with a median flux of  yerification programme. The near—infrared KMOS IFU comgsis

3x 10 '"ergs ' cm * and a median redshift af=0.84 (Fig. 2). 24 IFUs, each of size 2.8 2.8’ sampled at 0/2which can be de-
Before discussing the resolved properties of these galaxie ployed across a 7-arcmin diameter patrol field. The totabsupe

we first test how our [@]-selected sample compares to other time was 7.2ks per pixel, and we used object-sky-objectrobsg
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Figure 2. Left: [On] luminosity function for the star-forming galaxies in owamsple from the 18 MUSE IFU pointings. We split the sample io tedshift
bins, z=0.3-0.8 anct =0.8-1.4. The arrows on the plot denote luminosity limitsféar of the fields in the MUSE sample (which span the complatee
of depths). To baseline these results, we overlay the] [Gminosity function atz =0 from SDSS (Ciardullo et al. 2013) which shows that therstrieng

evolution in L[*on]

from z ~0toz ~0.5. This evolution is also seen in otherI[surveys (e.g. Ly et al. 2007; Khostovan et al. 20Fight: The redshift

distribution of the [@1] and Hx emitters in our MUSE and KMOS samples. Our sample has a meelishift ofz =0.84 and a full redshift range af=0.28—
1.67. Since the MUSE observations have a wide range of erpdisnes, from 5.7-107.5 ks, we overlay the redshift digtidn of the [Q1] emitters in the
two deepest fields, HDFS and TNJ 1338, to highlight that tighést-redshift galaxies are not dominated by the deepasingdtions. We also overlay the
redshift distribution of the galaxies classified as “rataglly supported” (i.e. disks).

sequences, with one IFU from each of the three KMOS spectro-
graphs placed on sky to monitor OH variations.

a S/N>5 in the collapsed, one-dimensional spectrum). From our
MUSE sample of 431 galaxies, 67 of the faintestij@mitters are

Further KMOS observations were also obtained between 2015 only detected above a S/N =5 when integrating>a1l’ region,

April 25 and April 27 as the first part of a 20-night KMOS
guaranteed time programme aimed at resolving the dynanfics o
300 mass-selected galaxies at~ 1.2-1.7. Seventeen galaxies
were selected from photometric catalogs of the COSMOS field.
We initially selected targets in the redshift range 1.3-1.7 and
brighter thanKag =22 (a limit designed to ensure we obtain suf-
ficient signal-to-noise per resolution element to spatiadisolve
the galaxies; see Stott et al. 2016 for details). To enswaettte

Ha emission is bright enough to deteartd spatially resolve with
KMOS, we pre-screened the targets using khagellan Multi-
object Infra-Red SpectrograpfMMIRS) to search for and mea-
sure the K flux of each target, and then carried out follow-up
observations with KMOS of those galaxies withvifluxes brighter
than 5x 10~'7 ergs ! cm™2. These KMOS observations were car-
ried out using theH-band filter, which has a spectral resolution
of R=X\/AX=4000. We used object-sky-object sequences, with
one of the IFUs placed on a star to monitor the PSF and one IFU
on blank sky to measure OH variations. The total exposure tim
was 16.2 ks (splitin to three 5.4 ks OBs, with 600 s sub-exEs3u
Data reduction was performed using $m®aRK pipeline with addi-
tional sky-subtraction and mosaicing carried out usindamged
routines. We note that a similar dymamical /angular momemtu
analysis of the~ 800 galaxies at ~ 1 from the KROSS survey
will be presented in Harrison et al. (2016; submitted).

2.3 Final Sample

Combining the two KMOS samples, in total there are 41/46 H
emitting galaxies suitable for this analysis (i.ex idetected above

and so no longer considered in the following analysis, legvis
with a sample of 364 [@] emitters for which we can measure re-
solved dynamics. Together, the MUSE and KMOS sample used in
the following analysis comprises 405 galaxies with a reftishinge
2=0.28-1.63. We show the redshift distribution for the falirgple

in Fig. 2.

3 ANALYSIS

With the sample of 405 emission-line galaxies in our survelgs,
the first step is to characterize the integrated properfige@alax-
ies. In the following, we investigate the spectral energgtriiu-
tions, stellar masses and star formation rates, sizesnugaaand
their connection with the galaxy morphology, and we put ool
ings in the context of our knowledge of the general galaxyutep
tion at these redshifts. We first discuss their stellar masse

3.1 Spectral Energy Distributions and Stellar Masses

The majority of the MUSE and KMOS fields in our sample have
excellent supporting optical / near- and mid-infrared imggand

so to infer the stellar masses and star formation rates éogahax-
ies in our sample, we construct the spectral energy disioibsi
for each galaxy. In most cases, we exploit archiW&T, Subaru,
Spitzer IRAC, UKIRT/WFCAM and/or VLT /Hawk-l imaging.

In the optical / near-infrared imaging, we measufeaperture pho-
tometry, whilstin the IRAC 3.6/ 4.5:m bands we use5apertures
(and apply appropriate aperture corrections based on tkeiflPS
each case). We list all of the properties for each galaxy,shv



their broad-band SEDs in Table Al. We usePER-z (Bolzonella
et al. 2000) to fit the photometry of each galaxy at the knoveh re
shift, allowing a range of star formation histories frorrel&d early
types and redennings ofA=0-3 in steps ofAAy =0.2 and a
Calzetti dust reddening curve (Calzetti et al. 2000). Iresasf non
detections, we adopt arupper limit.

We show the observed photometry and overlay the be§'ts-jit
HYPER-z SED for all of the galaxies in our sample in Fig. A1<
A3. Using the best-fit parameters, we then estimate thestakss P
of each galaxy by integrating the best-fit star-formaticstdriy, ac- &
counting for mass loss according to thReARBURST99 mass loss
rates (Leitherer et al. 1999). We note that we only calcigeatar
masses for galaxies that have detections3wavebands, although
include the best SEDs for all sources in Fig. A1-A3. Usingstie¢-
lar masses and rest-franie-band magnitudes, we derive a median
mass-to-light ratio for the full sample of MLy =0.204- 0.01. The
best-fit reddening values and the stellar masses for eaakygate
also given in Table Al.

As a consistency check that our derived stellar masses are co
sistent with those derived from other SED fitting codes, we-co
pare our results with Muzzin et al. (2013) who derive thelatel
masses of galaxies in the COSMOS field usinggheY photomet-
ric redshift code (Brammer et al. 2008) with stellar massrexted
usingrFASTKriek et al. (2009). For the 54 [ emitting galaxies in
the COSMOS field in our sample, the stellar masses we derive ar
a factor 1.19t 0.06x higher than those derived usirgsT. Most
of this difference can be attributed to degeneracies ineshifts
and best-fit star-formation histories. Indeed, if we lirhi¢ tompar-
ison to galaxies where the photometric and spectroscogihifts
agree withinAz < 0.2, and where the luminosity weighted ages
also agrees to within a factor of 1.5, then then the ratio efstiel-
lar masses frorAlYPER-Z/ EASY are 1.02+ 0.04 x.

To place the galaxies we have identified in the MUSE and
KMOS data in context of the general population at their retpe
redshifts, next we calculate their star formation ratesl (gpecific
star formation rates). We first calculate thel[J@r Ha emission lu-
minosity (Ljory) and L. respectively). To account for dust obscu-
ration, we adopt the best-fit stellar redenning/{Arom the stellar
SED returned by fromHYPER-z and convert this to the attenua-
tion at the wavelength of interest () or Au,) using a Calzetti
reddennign law; Calzetti et al. 2000). Next, we assume that t
the gas and stellar phases are related gy AA, (1.9— 0.15A,);
(Wuyts et al. 2013), and then calculate the total star-foiona
rates using SFRE x 107" Loy 10°*4== with C'=0.82 and
C'=4.6 for the [QI1] and Hx emitters respectively. The star for-
mation rates of the galaxies in our sample range from 0.1-
300 Mg yr~ 1. In Fig. 3 we plot the specific star-formation rate
(sSFR=SFR/M) versus stellar mass for the galaxies in our sam-
ple. This also shows that our sample display a wide rangeethst
masses and star-formation rates, with median and quaatilges
of 10g10(M+/M)=9.440.9 and SFR=472ZMgyr *. As a
guide, in this plot we also overlay a track of constant stamép
tion rate with SFR=1M yr—!. To compare our galaxies to the
high-redshift star-forming population, we also overlag gpecific
star formation rate for- 2500 galaxies from the HiZELS survey
which selects H emitting galaxies in three narrow redshifts slices
at z=0.40, 0.84 and 1.47 (Sobral et al. 2013a). For this compari-
son, we calculate the star formation rates for the HiZELSuxjab
in an identical manner to that for our MUSE and KMOS sample.
This figure shows that the median specific star formation oéte

the galaxies in our MUSE and KMOS samples appear to be consis-
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Figure 3. Star-formation rate versus mass for the galaxies in our Eamp
(with points colour-coded by redshift). As a guide, we algertay tracks of
constant specific star formation rate (SSFR) with with sSPR71 and 10
Gyr—1. We also overlay the star formation rate—stellar massioelat three
redshift slices £=0.40, 0.84 and 1.47) from thecHnarrow-band selected
sample from HIiZELS (Sobral et al. 2013a). This shows thdtoalgh the
galaxies in our MUSE and KMOS samples span a wide range tdisteass
and star-formation rate, they are comparable to the gefieldpopulation,
with specific star formation rates sSSRR).1-10 Gyr 1.

tent with the so-called “main-sequence” of star-formintagees at
their appropriate redshifts.

3.2 Galaxy Sizes and Size Evolution

Next, we turn to the sizes for the galaxies in our sample.i8suof
galaxy morphology and size, particularly from observatiomade
with HST, have shown that the physical sizes of galaxies increase
with cosmic time (e.g. Giavalisco et al. 1996; Ferguson.e2G04;
Oesch et al. 2010). Indeed, late-type galaxies have camtir(stel-

lar) half light radii that are on average a factorl.5x smaller at

z ~1 than at the present day (van der Wel et al. 2014; Morishita
et al. 2014). As one of the primary aims of this study is to #ve
tigate the angular momentum of the galaxy disks, the coatimu
sizes are an important quantity.

We calculate the half light-radii in both continuum and emis
sion lines for all galaxies in our sample. Approximately 60%
the galaxies in our sample have been observed WBT (using
ACS/BVI and/or WFC3/J H-band imaging). Since we are in-
terested in the extent of the stellar light, we measure tifdipht
radius for each galaxy in the longest wavelength image atviail
(usually ACSI— or WFC H-band). To measure the half-light ra-
dius of each galaxy, we first fit a two-dimensional Sersic fofi
to the galaxy image to define arf y center and ellipticity for the
galaxy, and then measure the total flux within &.%etrosian ra-
dius and use the curve of growth (growing ellipses from zero t
1.5x Petrosian aperture) to measure the half-light radius. A sig
nificant fraction of our sample do not have observations W8T
and so we also construct continuum images from the IFU dbaescu
and measure the continuum size in the same way (deconvdising
the PSF). In Fig. 4 we compare the half-light radius of theagal
ies in our sample frorST observations with that measured from
the MUSE and KMOS continuum images. From this, we derive a



median ratio ofry /o usr/71/2,Mmusk =0.974 0.03 with a scatter
of 30% (including unresolved sources in both cases).

For each galaxy in our sample, we also construct a continuum-
subtracted narrow-band [ or Ha emission line image (using
2008 on either size of the emission line to define the continuum)
and use the same technigue to measure the half-light raflthe o
nebular emission. The continuum and nebular emission laie h
light radii (and their errors) for each galaxy are given iblEaAl.

As Fig. 4 shows, the nebular emission is more extended tleat th
continuum withry /5 jorr /71 /2,usT =1.184 0.03. This is consis-
tent with recent results from the 34BST survey demonstrates that
the nebular emission from L* galaxies at ~ 1 tends to be sys-
tematically more extended than the stellar continuum (wigak
dependence on mass; Nelson et al. 2015).

We also compare the continuum half light radius with the
disk scale lengthR4 (see§ 3.4). From the data, we measure a
r1/2,usT/ Ra =1.70£ 0.05. For a galaxy with an exponential light
profile, the half light radii and disk scale length are redatsy
r1/2 = 1.68Rq, Which is consistent with our measurements (and we
overlay this relation in Fig. 4). In Fig. 6 we plot the evoartiof the
half-light radii (in kpc) of the nebular emission with redtor
the galaxies in our sample which shows that the nebular éniss
half-light radii are consistent with similar recent measuents of
galaxy sizes fronHST (Nelson et al. 2015), and a facter1.5x
smaller than late-type galaxiesat 0.

From the full sample of [@] or Ha emitters, the spatial extent
of the nebular emission of 75% of the sample are spatiallyived
beyond the seeing, with little/ no dependence on redstliiftpagh
the unresolved sources unsurprisingly tend to have lowalr st
lar masses (median Mre=°v*d = 1.0+ 0.5x 10’ M compared to
median MV =3+ 1 x 10° M).

3.3 Resolved Dynamics

Next, we derive the velocity fields and line-of-sight vetgailis-
persion maps for the galaxies in our sample. The two-dinoeiasi
dynamics are critical for our analysis since the circuldoeity,
which we will use to determine the angular momenturf) &) must
be taken from the rotation curve at a scale radius. The obderv
circular velocity of the galaxy also depends on the diskifration,
which can be determined using either the imaging, or dynsnoic
both.

To create intensity, velocity and velocity dispersion méps
each galaxy in our MUSE sample, we first extract a3’ “sub-
cube” around each galaxy (this is increased to 7’ if the [Oi1]
is very extended) and then fit the [Pemission line doublet pixel-
by-pixel. We first average over 0:60.6" pixels and attempt the
fit to the continuum plus emission lines. During the fittingqe-
dure, we account for the increased noise around the sky Qét res
uals, and also account for the the spectral resolution (padtsal
line spread function) when deriving the line width. We ontgept
the fit if the improvement over a continuum-only fitis5o. If no
fit is achieved, the region size is increased to>0@8’ and the
fit re-attempted. In each case, the continuum level, regldhig
width, and intensity ratio of the 3726.2/372§.€{O|l] emission
line doublet is allowed to vary. In cases that meet the sigmal
noise threshold, errors are calculated by perturbing eacdmpeter
in turn, allowing the other parameters to find their new mimim
until a Ax? = 1-0 is reached. For the KMOS observations we fol-
low the same procedure, but fit thextind [NiI] 6548,6583 emis-
sion lines. In Fig. 5 we show example images and velocitydiéd
the galaxies in our sample (the full sample, along with thpactra

are shown in Appendix A). In Fig. 5 the first three panels shosv t
HSTimage, with ellipses denoting the disk radius and linestien
fying the major morphological and kinematic axis ($e&.4), the
MUSE I-band continuum image and the two-dimensional velocity
field. We note that for each galaxy, the high-resolution iemagu-
ally from HST) is astrometrically aligned to the MUSE or KMOS
cube by cross correlating the (line free) continuum imagenfthe
cube.

The ratio of circular velocity (or maximum velocity if the dy
namics are not regular) to line-of-sight velocity dispens{V / o)
provides a crude, but common way to classify the dynamics of
galaxies in to rotationally- version dispersion- dominksgstems.
To estimate the maximum circular velocity, we extract the ve-
locity profile through the continuum center at a position lang
that maximises the velocity gradient. We inclination cotrthis
value using the continuum axis ratio from the broad-bandigen
uum morphology (seé 3.4). For the full sample, we find a range
of maximum velocity gradients from 10 to 540 km's (peak-to-
peak) with a median of 98 5kms™! and a quartile range of 48—
192kms!. To estimate the intrinsic velocity dispersion, we first
remove the effects of beam-smearing (an effect in which the o
served velocity dispersion in a pixel has a contributiomfrthe
intrinsic dispersion and the flux-weighted velocity gradiacross
that pixel due to the PSF). To derive the intrinsic velocityper-
sion, we calculate and subtract the luminosity weighteaacig}
gradient across each pixel and then calculate the averdgeitye
dispersion from the corrected two-dimensional velocigpeéirsion
map. In this calculation, we omit pixels that lie within thentral
PSF FWHM (typically~ 0.6"; since this is the region of the galaxy
where the beam-smearing correction is most uncertain).obor
sample, the average (corrected) line-of-sight velocigpdision is
0=32+4kms! (in comparison, the average velocity dispersion
measured from the galaxy integrated one-dimensional speds
o0 =70+ 5kms™!). This average intrinsic velocity dispersion at the
median redshift of our sample € 0.84) is consistent with the aver-
age velocity dispersion seen in a number of other high-iédsim-
ples (e.g. Forster Schreiber et al. 2009; Law et al. 200%&r@&ci
etal. 2011; Epinat et al. 2012; Wisnioski et al. 2015).

For the full sample of galaxies in our survey, we derive a me-
dian inclination corrected ratio af / 0 = 2.2+ 0.2 with a range of
V' /o=0.1-10 (where we use the limits on the circular velocities
for galaxies classed as unresolved or irregular / face\di)show
the full distribution in Fig. 7.

Although the ratio ofV’ / o provides a means to separate “ro-
tationally dominated” galaxies from those that are dispersup-
ported, interacting or merging can also be classed as ootdly
supported. Based on the two-dimensional velocity field,phol-
ogy and velocity dispersion maps, we also provide a claasidic
of each galaxy in four broad groups (although in the follayvity-
namical plots, we highlight the galaxies by/ o and their classifi-
cation):

(i) Rotationally supported: for those galaxies whose dynaiepes
pear regular (i.e. a spider-line pattern in the velocitydfi¢the line-
of-sight velocity dispersion peaks near the dynamicalereott the
galaxy and the rotation curve rises smoothly), we classifyota-
tionally supported (or “Disks”). We further sub-divide stsample

in to two subsets: those galaxies with the highest-quatitsition
curves =1, i.e. the rotation curve appears to flatten or turn over),
and those whose rotation curves do not appear to have asgupto
at the maximum radius determined by the data 2). This pro-
vides an important distinction since for a numbegef2 cases the
asymptotic rotation speed must be extrapolated {$:6). The im-
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Figure 4. Comparison of the physical half-light radii of the galaxiasour sample as measured frdd8T and MUSE / KMOS imagingLeft: Continuum
half-light radii as measured frodST broad-band imaging compared to those measured from the MidB8huum image. Large red points denote sources
that are resolved by MUSE or KMOS. Small blue point denotexgab that are unresolved (or compact) in the MUSE or KMO&.dBihe median ratio

of the half-light radii isrgsT / rvuse =0.97+ 0.03 (including unresolved sources and deconvolved fanggeCenter: Continuum half-light radius from
HST versus nebular emission half-light radius (MUSE and KMO@&)the galaxies in our sample from MUSE and KMOS. The contimiand nebular
emission line half-light radii are well correlated, altlybuthe nebular emission lines half-light radii are systécally larger than the continuum sizes, with
riory/ rasT =1.18+0.03 (see also Nelson et al. 2015). Although not includederfit, we also include on the plot the contuinuum size measemngs from
MUSE and KMOS as small grey points. These increase the s¢attexpected from the data in the left-hand panel), althdhg median ratio of nebular
emission to continuum size is unaffected if these pointsrarieded.Right: Comparison of the disk scale length (measured from the dig@mmodeling)
versus the continuum half-light radius frarST. The median ratio of the half-light radius is larger than diek radius by a factorgst/ Rq =1.70+0.05,

which is the consistent with that expected for an exponkedisk.

ages, spectra, dynamics and broad-band SEDs for thesaegalax
are shown in Fig. Al.

(ii) Irregular: A number of galaxies are clearly resolved beyibred
seeing, but display complex velocity fields and morpholsgand

so we classify as “Irregular”. In many of these cases, thephmr
ogy appears disturbed (possibly late stage minor/majogensy
and/or we appear to be observing systems (close-to) fageeon
the system is spatially extended by there is little / no vigjastruc-
ture discernable above the errors). The images, spectnayygs
and broad-band SEDs for these galaxies are shown in Fig. A2.
(iii) Unresolved: As discussed (3.2, the nebular emission in a
significant fraction of our sample appear unresolved (omipact”)

at our spatial resolution. The images, spectra, dynamid$bevad-
band SEDs for these galaxies are shown in Fig. A3.

(iv) Major Mergers: Finally, a number of systems appear to com-
prise of two (or more) interacting galaxies on scales sépdray
8-30 kpc, and we classify these as (early stage) major nerflee
images, spectra, dynamics and broad-band SEDs for themaasl
are shown in Fig. A2.

From this broad classification, our {Pand Hx selected sam-
ple comprises 24 3% unresolved systems; 494% rotationally
supported systems (27% and 21% witk1 and ¢=2 respec-
tively); 224 2% irregular (or face-on) and 5+ 2% major merg-
ers. Our estimate of the “disk” fraction in this sample is sistent
with other dynamical studies over a similar redshift randeciv
found that rotationally supported systems make~up0—70% of
the Ho- or [Oil]-selected star-forming population (e.g. Forster
Schreiber et al. 2009; Puech et al. 2008; Epinat et al. 20t42; S
bral et al. 2013b; Wisnioski et al. 2015; Stott et al. 2016n{o
et al. 2015).

From this classification, the “rotationally supported” tgyas
are (unsurprisingly) dominated by galaxies with high o, with
176/195 (90%) of the galaxies classed as rotationally suedp
with V/o > 1 (and 132/195 [67%)] with V& >2). Concentrat-
ing only on those galaxies that are classified as rotatiprsalp-
ported systems§(3.3), we derivel’ /0=2.9+0.2 [3.44+0.2 and

1.9+ 0.2 for theg = 1 andg = 2 sub-samples respectively]. We note
that 23% of the galaxies that are classified as rotationafipsrted
haveV /o < 1 (21% withg =1 and 24% withy = 2).

3.4 Dynamical Modeling

For each galaxy, we model the broad-band continuum image and
two-dimensional velocity field with a disk + halo model. Indad

tion to the stellar and gaseous disks, the rotation curvdeaafl
spiral galaxies imply the presence of a dark matter halo saritie
velocity field can be characterized by

v2:v§+vﬁ+v§1

where the subscripts denote the contribution of the bacydisk
(stars+H), dark halo and extendedilgas disk respectively. For
the disk, we assume that the baryonic surface mass denkiy$o
an exponential profile (Freeman 1970)

Ma

= 77'/Rd
) 27 R ¢

Ed (7‘

whereMy and Ry are the disk mass and disk scale length respec-
tively. The contribution of this disk to the circular velbgis:

1 G My
2 Rq

wherex = R/ R4 andI,, and K, are the modified Bessel functions
computed at 1.6. For the dark matter component we assume

1)123(:6) = (3.2 $)2 (IoKo — IlKl)

vﬁ(r) = GMy(<r)/r
with

3
_ Po To
) = ) (2 5 13)

(Burkert 1995; Persic & Salucci 1988; Salucci & Burkert 2p00
wherery is the core radius andy the effective core density. It
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Figure 5. Example images and dynamics of nine galaxies in our san(g@leHST colour image of each galaxy. given in each sub-image. Thexg are
ranked by increasing redshift. The ellipses denote therdidius (inner ellipse R outer ellipse 3R). The cross denotes the dynamical center of the galaxy
and the white-dashed and solid red line show the major méoglual and kinematic axes respectivelp): The continuum image from the IFU observations
(dark scale denotes high intensity). The dashed lines arsaime as in the first panét): Nebular emission line velocity field. Dashed ellipses aghiow the
disk radius at R and 3 R; (the colour scale is set by the range shown in the final pa¢@t)Best-fit two-dimensional dynamical model for each galary. |
this panel, the cross and dashed line denote the dynamit@r@nd major kinematic axis from our dynamical modelingsiRuals (data- model) are shown

in panel(e) on the same velocity scale as the velocity and best-fit mddhel final panel shows the one-dimensional rotation curveaeted along the major
kinematic axis with a pseudo-slit of width 0:5FWHM of the seeing disk.
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Figure 6. Evolution of the physical half-light radii with redshift fahe
galaxies in our sample. We plot the nebular emission linessiz all cases
([O n] for MUSE or Ha for KMOS). We plot both the extended (red) and
unresolved/compact (blue) galaxies individually, bubahow the median
half-light radii in Az =0.2 bins as large filled points with errors (these me-
dians include unresolved sources). We also include receasarements of
the nebular emission line half-light radii ef~ 1 galaxies from th8D-HST
survey (Nelson et al. 2015) and the evolution in the contimizes (cor-
rected to nebular sizes using the results from Fig 4) fromr{shita et al.
2014) for galaxies in the CANDLES fields. We also include tize snea-
surements from SDSS (Guo et al. 2009). As a guide, the dasteesHows
the half light radius as a function of redshift for a 0.PSF (the median
seeing of our observations). This plot shows that the neleutassion half-
light radii of the galaxies in our sample are consistent withilar recent
measurements of galaxy sizes fro#8 T (Nelson et al. 2015), and a factor
~ 1.5x smaller than late-type galaxiesat 0.

nebular half light radius [kpc]

follows that
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This velocity profile is generic: it allows a distributiontivia core

of sizero, converges to the NFW profile (Navarro et al. 1997) at
large distances and, for suitable values@fit can mimic the NFW

or an isothermal profile over the limited region of the galatyich

is mapped by the rotation curve.

In luminous local disk galaxies thelHlisk is the dominant
baryonic component far > 3R,. However, at smaller radii theiH
gas disk is negligible, with the dominant component in stats
though we can not exclude the possibility that some fraatioid
is distributed within 324 and so contributes to the rotation curve,
for simplicity, here we assume that the fraction afislsmall and
S0 setvur =0.
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Figure 7. The ratio of circular velocity to velocity dispersion foretlgalax-
ies in our sample (V4), split by their classification (the lower panel shows
the cumulative distribution). The circular velocity haghenclination cor-
rected, and the velocity dispersion has been correctedambsmearing
effects. The dashed line shows all of the galaxies in our $ampich are
spatially resolved. The red solid line denotes galaxiechvire classified
as disk-like. The grey box denotes the area occupied by fagiga that are
classified as unresolved. Finally, the dotted line showgia ch V' /o =1.
90% of the galaxies that are classified as disk-like (i.e.idesgine pat-
tern in the velocity field, the line-of-sight velocity digg@n peaks near the
dynamical center of the galaxy and the rotation curve risesaghly) have
V/o >1,and 67% hav® /o > 2.

imaging + velocity field using the model described above. ther
dynamics, the mass model has five free parameters: the disk ma
(Ma), radius R4), and inclination {), the core radiug,, and the
central core density,. We allow the dynamical center of the disk
([zayn,ydyn]) @and position angle (P4~) to vary, but require that
the imaging and dynamical center lie within 1 kpc (approxieha
the radius of a bulge at ~ 1; Bruce et al. 2014). We note also
that we allow the morphological and dynamical major axeseto b
independent (but s€8.5).

To test whether the parameter values returned by the disk mod
eling provide a reasonably description of the data, we perfa
number of checks, in particular to test the reliability oEaeer-
ing the dynamical center, position angle and disk inclovafisince
these propagate directly in to the extraction of the rotatorve
and hence our estimate of the angular momentum).

First, we attempt to recover the parameters from a set of ide-
alized images and velocity fields constructed from a setaifgtic

To fit the the dynamical models to the observed images and disk and halo masses, sizes, dynamical centers, incliratod

velocity fields, we use an MCMC algorithm. We first use the imag
ing data to estimate of the size, position angle and inétinaif the
galaxy disk. Using the highest-resolution image, we fit thiaxgy
image with a disk model, treating the:}.,yim] center, position
angle (PAw), disk scale lengthRq) and total flux as free param-
eters. We then use the best-fit parameter values from therimag
as the first set of prior inputs to the code and simultaneditdlye

position angles. For each of these models, we construciaaulas
from the velocity field, add noise appropriate for our obaéons,
and then re-fit the datacube to derive an “observed” veldity.
We then fit the image and velocity field simultaneously towetihe
output parameters. Only allowing the inclination to varg (ifix-
ing [Ma, R4, po, 7o, Tc, ye, PA] at their input values), we recover
the inclinations, with™™ = ;°"* + 2°, Allowing a completely uncon-



strained fit returns inclinations which are higher than tigut val-
ues, ¢ /i°"* =1.24+ 0.1), the scatter in which can be attributed to
degeneracies with other parameters. For example, the disken
and disk sizes are over-estimated (compared to the inpuebnod
with M®/ MS*t =0.8640.12 and R/ RS =0.81+0.05, but
the position angle of the major axis of the galaxy is recodere
within one degree (PA — PA.u: =0.9+0.7°). For the purposes of
this paper, since we are primarily interested in identifyihe ma-
jor kinematic axis (the on-sky position angle), extractngtation
curve about this axis and correcting for inclination efée¢he re-
sults of the dynamical modeling appear as sufficiently rothest
meaningful measurements can be made.

Next, we test whether the inclinations derived from the mor-
phologies alone are comparable to those derived from a &ina
ous fit to the images and galaxy dynamics. To obtain an estimat
of the inclination, we use&ALFIT (Peng et al. 2002) to model the
morphologies for all of the galaxies in our sample which hid@&T
imaging. The ellipticity of the projected image is relatedte in-
clination angle through c¢ds = ((b/a)? — ¢2)/(1 — qo)? wherea
andb are the semi-major and semi-minor axis respectively (here
1 is the inclination angle of the disk plane to the plane of the s
ands: =0 represents an edge-on galaxy). The valug d¢fvhich ac-
counts for the fact that the disks are not thin) depends oaxgal
type, but is typically in the rangg, =0.13-0.20 for rotationally
supported galaxies at ~ 0, and so we adopj, =0.13. We first
construct the point-spread function for eddBT field using non-
saturated stars in the field of view, and then arLFIT with Sersic
index allowed to vary frorn=0.5-7 and free centers and effec-
tive radii. For galaxies whose dynamics resemble rotatysgesns
(such that a reasonable estimate of the inclination can beed¢
the inclination derived from the morphology is strongly ebated
with that inferred from the dynamics, with a median offsefusft
Ai=4° with a spread of; =12°.

The images, velocity fields, best-fit kinematic maps and ve-
locity residuals for each galaxy in our sample are shown in
Fig. A1-A3, and the best-fit parameters given in Table Al.
Here, the errors reflect the range of acceptable models &bm
of the models attempted. All galaxies show small-scale adevi
tions from the best-fit model, as indicated by the typical.s,m
< data— model> =284+ 5kms . These offsets could be caused
by the effects of gravitational instability, or simply beedto the
un-relaxed dynamical state indicated by the high velocispet-
sions in many cases. The goodness of fit and small-scaletideda
from the best-fit models are similar to those seen in otheanyn
ical surveys of galaxies at similar redshifts, such as KN®&nd
KROSS (Wisnioski et al. 2015; Stott et al. 2016) where rotzl
support is also seen in the majority of the galaxies (and mitts of
10-80 km s between the velocity field and best-fit disk models).

3.5 Kinematic versus Morphological Position Angle

One of the free parameters during the modeling is the offset b
tween the major morphological axis and the major dynamixial a
The distribution of misalignments may be attributed to [tgis
differences between the morphology of the stars and gasicext
tion differences between the rest-frame UV /optical and Bub-
structure (clumps, spiral arms and bars) or simply measemesr-
rors when galaxies are almost face on. Following Franx ¢1801)
(see also Wisnioski et al. 2015), we define the misalignmaram-
eter, @, such that si® =|sin(PAnot — PAayn)| Where @ ranges
from 0-90C. For all of the galaxies in our sample whose dynam-
ics resemble rotationally supported systems, we derive @iane

“misalignment” of ®=9.5+0.5° (»=10.1+0.8° and 8.6 0.9

for ¢=1 andq=2 sub-samples respectively). In all of the follow-
ing sections, when extracting rotation curves (or velesifrom the
two-dimensional velocity field), we use the position angigirned
from the dynamical modeling, but note that using the morpgol
ical position angle instead would reduce the peak-to-peddcity

by < 5%, although this would have no qualitative effect on ourlfina
conclusions.

3.6 Velocity Measurements

To investigate the various velocity—stellar mass and argoo-
mentum scaling relations, we require determination of theutar
velocity. For this analysis, we use the best-fit dynamicatiet®
for each galaxy to make a number of velocity measurements. We
measure the velocity at the “optical radiu§”(3 R4) (Salucci &
Burkert 2000) (where the half light- and disk- radius arated by
r1/2 =1.68 Ry). Although we are using the dynamical models to
derive the velocities (to reduce errors in interpolating thtation
curve data points), we note that the average velocity offseteen
the data and model for the rotationally supported systemg ais
small, AV =2.1+0.5kms ! andAV =2.4+1.2kms ! at 3R4.

In 30% of the cases, the velocities aR3 are extrapolated beyond
the extent of the observable rotation curve, although tfierdince
between the velocity of the last data point on the rotationeand
the velocity at 3R, in this sub-sample is onAv=2+1kms™*

on average.

3.7 Angular Momentum

With measurements of (inclination corrected) circulaoedl, size
and stellar mass of the galaxies in our sample, we are in éiquosi
to combine these results and so measure the specific angodar m
mentum of the galaxies (measuring the specific angular mamen
removes the implicit scaling betwegnand mass). The specific an-
gular momentum is given by

g fr(rXV)p*dSr
M, frp* d3r

wherer ando(r) are the position and mean-velocity vectors (with
respect to the center of mass of the galaxy) atd is the three
dimensional density of the stars and gas.

To enable us to compare our results directly with similarmea
surements at ~ 0, we take the same approximate estimator for
specific angular momentum as used in Romanowsky & Fall (2012)
(although see Burkert et al. 2015 for a more detailed treatroe
angular momentum at high-redshift). In the local sampleRof
manowsky & Fall (2012) (see also Obreschkow et al. (20186}, t
scaling between specific angular momentum, rotationalcitylo
and disk size for various morphological types is given by

@

J*

jn =k, Ci USR1/2 (2)

where vs is the rotation velocity at 2 the half-light radii
(R1/2) (which corresponds ta- 3 Rp for an exponential disk),
Ci=sin" i, is the deprojection correction factor (see Ro-
manowsky & Fall 2012) an&, depends on the Sersic index)(

of the galaxy which can be approximated as
kn = 1.15 + 0.029n + 0.062n° (3)

For the galaxies witt ST images, we rurGALFIT to estimate the
sersic index for the longest-wavelength image availabtedarive



a median sersic index of=0.8+0.2, with 90% of the sample hav-
ingn < 2.5, and therefore we adopt = j,,—1, which is applicable
for exponential disks. Adopting a sersic indexof 2 would result
in a~ 20% difference inj.. To infer the circular velocity, we mea-
sure the velocity from the rotation curve ai?3; Romanowsky &
Fall 2012). We report all of our measurements in Table Al.

In Fig. 8 we plot the specific angular momentum versus stel-
lar mass for the high-redshift galaxies in our sample and-com
pare to observations of spiral galaxieszat0 (Romanowsky &
Fall 2012; Obreschkow & Glazebrook 2014). We split the high-
redshift sample in to those galaxies with the best sampledrmy
ics/rotation curvesq=1) and those with less well constrained dy-
namics ¢ =2). To ensure we are not biased towards large / resolved
galaxies in the high-redshift sample, we also include thee-un
solved galaxies, but approximate their maximum specifiaukang
momentum byj, =1.3r,, o (Whereo is the velocity dispersion
measured from the collapsed, one-dimensional spectrurnisarsd
sumed to provide an upper limit on the circular velocity. Tine-
factor of 1.3 is derived assuming a Sersic indexnef 1-2; Ro-
manowsky & Fall 2012). We note that three of our survey fields
(PKS1614-9323, Q2059-360 and Q0956+122) do not have ex-
tensive multi-wavelength imaging required to derive stethasses
and so do not include these galaxies on the plot.

3.8 EAGLE Galaxy Formation Model

Before discussing the results from Fig. 8, we first need to tes
whether there may be any observational selection biasesnidna
affect our conclusions. To achieve this, and aid the inatgion of
our results, we exploit the hydro-dynamé@GLE simulation. We
briefly discuss this simulation here, but refer the reade¢3chaye

et al. 2015, and references therein) for a details. The Beoland
Assembly of GalLaxies and their EnvironmentaGLE) simula-
tions follows the evolution of dark matter, gas, stars aadliholes

in cosmological (16Mpc®) volumes (Schaye et al. 2015; Crain
et al. 2015). TheeAGLE reference model is particularly useful as
it provide a resonable match to the present-day galaxyasteliss
function, the amplitude of the galaxy-central black holesmeela-
tion, and matches the ~ 0 galaxy sizes and the colour—-magnitude
relations. With a reasonable match to the properties ot:theO
galaxy populationgAGLE provides a useful tool for searching for,
and understanding, any observational biases in our samglalso
for interpreting our results.

Lagos et al. (2016) show that the redshift evolution of the
specific angular momentum of galaxies in theGLE simulation
depends sensitively on mass and star formation rate cutedpp
For example, in the model, massive galaxies which are elassi
fied as “passive” around ~ 0.8 (those well below the “main-
sequene”) show little/ no evolution in specific angular matoen
from z ~0.8 toz=0, whilst “active” star-forming galaxies (i.e.
on or above the “main-sequence”) can increase their specifja-
lar momentunas rapidly agi, /M%® « (1 + z)%/. In principle,
these predictions can be tested by observations. .

From the EAGLE model, the most direct method for cal-
culating angular momentum galaxies is to sum the angular mo-
mentum of each star particle that is associated with a galaxy
(Jp :Zi m; r; X v;). However, this does not necessarily provide

1 We note that in the angular momentum comparisons belowitgtarely
similar results have been obtained from the lllustris satiah (Genel et al.
2015)

a direct comparison with the observations data, where tige-an
lar momentum is derived from the rotation curve and a medsure
galaxy sizes. To ensure a fair comparison between the aiigarg
and model can be made, we first calibrate the particle dataein t
EAGLE galaxies with their rotation curves. Schaller et al. (2015)
extract rotation curves faAGLE galaxies and show that over the
radial range where the galaxies are well resolved, theatimt
curves are in good agreement with those expected for oliberve
galaxies of similar mass and bulge-to-disk ratio. We traee$elect

a subset of 5000 galaxies at- 0 from theEAGLE simulation that
have stellar masses between M10°—10'*> M, and star forma-
tion rates of SFR=0.1-50 Myr~! (i.e. reasonably well matched
to the mass and star formation rate range of our observasana
ple) and derive their rotation curves. In this calculatioe, adopt
the minimum of their gravitational potential as the galaenter.
We measure their stellar half mass radij 4, .), and the circular
velocity from the rotation curve at 3Rand then compute the angu-
lar momentum from the rotation curvé{c =M. 71,2 » V(3 Ra)),

and compare this to the angular momentum derived from the par
ticle data (/p). The angular momentum of theaGLE galaxie$
measured from the particular daté-{ broadly agrees with that es-
timated from the rotation curves/{c), although fitting the data
over the full range ofJ, we measure a sub-linear relation of
l0010(Jrc) =(0.87+ 0.10) log o (Jp) + 1.75+ 0.20. Although only

a small effect, this sub-linear offset occurs due to two dext
First, the sizes of the low-mass galaxies become compaiakie

~ 1kpc gravitational softening length of the simulation; aet-
ond, at lower stellar masses, the random motions of the Istarsa
larger contribution to the total dynamical support. Nelelgss, in

all of the remaining sections (and to be consistent with theeo
vational data) we first calculate the “particle” angular nesrtum

of EAGLE galaxies and then convert these to the “rotation-curve”
angular momentum.

To test how well theeAGLE model reproduces the observed
mass—specific angular momentum sequence=a, in Fig. 8 we
plot the specific angular momentum, & .J/ M,) of ~50 late-
type galaxies from the observational study of Romanowskya& F
(2012) and also include the observations of 16 nearby sgfirain
the The H Nearby Galaxy Survey (THINGS; Walter et al. 2008)
as discussed in Obreschkow & Glazebrook (2014). As disdusse
§1, these local disks follow a correlation fif <« M2?/® with a scat-
ter of oig; ~ 0.2 dex. We overlay the specific angular momentum
of galaxies at: =0 from the theEAGLE simulation, colour coded
by their rest-framé¢g — ) colour (Trayford et al. 2015). This high-
lights that theeAGLE model provides a reasonable match to the
z=0 scaling inj, o M2/® in both normalisation and scatter. Fur-
thermore, the colour-coding highlights that, at fixed stethass,
the blue star-forming galaxies (late-types) have highgukar mo-
mentum compared than those with redder (early-type) celor
similar conclusion was reported by Zavala et al. (2016) W s
arated galaxies iEAGLE in to early versus late types using their
stellar orbits, identifying the same scaling between deahgular
momentum and stellar mass for the late-types. Lagos et@l6(2
also extend the analysis to investigate other morpholbgities
such as spin, gas fraction, ¢ r) colour, concentration and stellar
age and in all cases, the results indicate that galaxiehévatlow
specific angular momentum (at fixed stellar mass) are gas yambr

2 We note that Lagos et al. (2016) show thatisGLE the value ofJ, and
the scaling betweer, and stellar mass is insensitive to whether an aperture
of 5750 OF Totar IS USEd.
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Figure 8. Left: Specific angular momentumy(=J /M., of late- and early- type galaxies at=0 from Romanowsky & Fall (2012) and Obreschkow &
Glazebrook (2014) (R&F 2012 and O&G 2014 respectively) hbmftwhich follow a scaling ofj, o M3/3. We also show the specific angular momentum
of galaxies atz =0 from theeAGLE simulation (reference model) with the colour scale set leyrtst-framey — r colours of the galaxies. The solid line
shows the median (and dotted lines denote the 68% distributidth) of theEAGLE galaxies. For comparison with otheArGLE models, we also include the
evolution of j,—M, from the “constant feedback®Bconstmodel (dashed lineRight: The specific angular momentum for the high-redshift gakiieour
MUSE and KMOS sample. We split the high-redshift sample ithtzse galaxies with the best sampled dynamics / rotatiomesufwhich we denotg=1)
and those with less well constrained rotation curgesZ). In the lower right corner we show the typical error batjreated using a combination of errors on
the stellar mass, and uncertainties in the inclination ardilar velocity measurement. We also include on the pletuithresolved galaxies from our sample
using the limits on their sizes and velocity dispersions (gtter to provide an estimate of the upper limit«@f). The median specific angular momentum (and
bootstrap error) in bins of lag(M.)=0.3 dex is also shown. The grey-scale shows the predigéstdbdtion atz ~ 1 from theEAGLE simulation and we
plot the median specific angular momentum in bins of stellassras well as theaGLE z =0 model from the left-hand panel. Although there is consilke
scatter in the high-redshift galaxy samplezat- 1, there are very few high stellar mass galaxies with speaifgular momentum as large as comparably
massive local spirals, suggesting that most of the acoretiliigh angular momentum material must occur betow 1.

galaxies with higher stellar concentration and older mesigthted
ages.

In Fig. 8 we also show the predicted scaling between stellar
mass and specific angular momentum freAGLE at z = 1 after ap-
plying our mass and star formation rate limits to the gakiiethe
model. This shows tha@AGLE predicts the same scaling between
specific angular momentum and stellar mass=a0 andz =1 with
Jx X M2/3 with a change in normalisation such that galaxies at
z ~ 1 (at fixed stellar mass) have systematically lower spedaific a
gular momentum by~ 0.2 dex than those at ~ 0. We will return
to this comparison if 4.

Before discussing the high-redshift data, we note that dne o
the goals of theeAGLE simulation is to test sub-grid recipes for
star-formation and feedback. The sub-grid recipes ingheLE
“reference model” are calibrated to match the stellar masstion
atz =0, but this model is not unique. For example, in the refezenc
model the energy from star-formation is coupled to the ISkbad-
ing to the local gas density and metallicity. This densitgetedence
has the effect that outflows are able to preferentially erpegterial
from centers of galaxies, where the gas has low angular miommen
However, as discussed by Crain et al. (2015), in ofresLE mod-
els that also match the=0 stellar mass function, the energetics
of the outflows are coupled to the ISM in different ways, witfr i

plications for the angular momentum. For example, inkBeonst
model, the energy from star formation is distributed evenlyo

the surrounding ISM, irrespective of local density and rietty.
Since this model also matches the O stellar mass function, and
so it is instructive to compare the angular momentum of thaxga
ies in this model compared to the reference model. In Fig. 8la@
overlay thez =0 relation between the specific angular momentum
(j«) and stellar mass () in theEAGLE FBconstmodel. For stellar
masses M 3 10'° Mg, the specific angular momentum of galax-
ies are a factor 2 lower than those in the reference model. Since
there is no dependence on outflow energetics with local tiettss

is a consequence of removing less low angular momentum ialater
from the disks, which produces galaxies with specific anguia-
mentum two times smaller than those in the reference modal{C
et al. 2015; Furlong et al. 2015). This highlights how oba&onal
constraints on the galaxy angular momentum can play a raéstn

ing the sub-grid recipes used in numerical simulations.

3.9 Disk stability

In § 4 we will investigate how the specific angular momentum
is related to the galaxy morphologies. The “disk stability"in-
timitely related to the galaxy morphologies, and so it istrins



tive to provide a crude (galaxy integrated) measuremenidtthe
interpretation of these results. To define the disk stabiie use
the Toomre parameter (Toomre 1964). In rotating disk of gak a
stars, perturbations smaller than critical wavelength.() are sta-
bilised against gravity by velocity dispersion whilst thosrger
than Amin are stabilised by centrifugal force. The Toomre param-
eter is defined byQ = Amin / Amax, but can also be expressed as
Q = okl (mG3gas) Whereo is the radial velocity dispersion; is
the gas surface density ards the epicylic frequency. I < 1,
instabilities can develop on scales larger than the Jeagshend
smaller than the maximal stability scale set by differdmbégation.

If @ > 1, then the differential rotation is sufficiently large to pre
vent large scale collapse and no instabilities can develop.

To estimate the Toomr€ of each galaxy in our sample, we
first estimate the gas surface density from the redenningcted
star formation surface density (adopting the total stanfidfon rate
within 27y /5 from § 3.1) and use the Kennicutt Schmidt relation
(Kennicutt 1998) to infek,.s. To estimate the epicyclic frequency
of the disk &) we adopt the (inclination corrected) rotational veloc-
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ity at 3 Rq. We also calculate the (beam-smearing corrected) veloc- Figure 9. The distribution of Toomre Q for all galaxies in our samplatth

ity dispersion to measure. For the galaxies in our sample that are
classified as rotationally supported, we derive a mediamifed)
of Q@ =0.80+0.10 (with a full range of) = 0.08-5.6). On average,
these galaxies therefore have disks that are consistehtbeing
marginally stable. This is not a surprising result for a higtshift
[On] (i.e. star formation)-selected sample. For example, {itop
2012) show that due to feedback from stellar winds, stariiog
galaxies should be driven to the marginally stable threshinlpar-
ticular at high-redshift where the galaxies have high gastions.
In Fig. 9 we show the distribution of Toomi@, split by V' /o.
Although there are degeneracies betwégandV /o, all of the
sub-samples\( /o >1, 2, and 5) span the full range ¢, although
the median Toomr&) increases with V& with Q=0.80+ 0.10,
Q=0.90+0.08 and Q=1.36-0.16 for V/o >1, 2 and 5 respec-
tively. We will return to a discussion of this when compartoghe
broad-band morphologies 4.

are classed as rotationally supported. We also sub-ditiglsample by the
ratio of rotational velocity to velocity dispersion (\6}, with V/o >1, 2
and 5. The full range of Q for the whole samplej)s=0.08-5.6, but with
increasing V &, the median Toomre Q also increases to Q =&&010,
Q=0.80+0.10, Q=0.90t 0.08 and Q =1.36-0.16 for the full sample to
V/o >1, 2 and 5 respectively.

whose dynamics most obviously display rotational supp@ve in-
clude the unresolved galaxies from our sample using thedion
their sizes and velocity dispersions (the latter to proadestimate
of the upper limit onl;). In this figure, we also include the distri-
bution (and median+scatter) at=0 andz ~1 from the EAGLE
simulation.

Since there is considerable scatter in the data we bin the
specific angular momentum in stellar mass bins (using birls wi

Nevertheless, this observable provides a crude, but commond log;o(M,) = 0.3 dex) and overlay the median (and scatter in the

way to classify the stability of the gas in a disk and this veii
important in comparison with the angular momentum. For exam
ple, in local galaxies Cortese et al. (2016) (using SAMI) &iad
gos et al. (2016) (using theacLE galaxy formation model) show
that the disk stability and galaxy spikg (as defined in Emsellem
et al. 2007) are strongly correlated with/ o and define a con-
tinious sequence in the specific angular momentum-stel&asm
plane, where galaxies with high specific angular momentuen ar
the most stable with higl / o and Ar. Moreover, Stevens et al.
(2016) (see also Obreschkow et al. 2015) suggest that speanifi
gular momentum plays a defining role in defining the disk $tsbi
We will return this in§ 4.

4 DISCUSSION

Observations of the sizes and rotational velocities ofllgpéal
galaxies have suggested thab0% of the initial specific angular
momentum of the baryons within dark matter halos must be lost
due to viscous angular momentum redistribution and sekegias
losses which occur as the galaxy forms and evolves.

In Fig. 8 we plot the specific angular momentum versus stellar
mass for the high-redshift galaxies in our MUSE and KMOS sam-
ple. In this figure, we split the sample by their dynamics adco
ing to their ratio ofV'/ o (although we also highlight the galaxies

distribution) in Fig. 8. Up to a stellar mass ef10'°®> My, the
high-redshift galaxies follow a similar scaling betweegllst mass
and specific angular momentum as seen in local galaxies (see
also Contini et al. 2015). Fitting the data over the stellarsm
range M. =10°-5-10'"°> M, we derive a scaling of, o M with
¢=0.6+0.1. Although the scaling, o M?/? is generally seen in
local galaxies, when galaxies are split by morphologicpktythe
power-law index varies between= 0.7-1 (e.g. Cortese et al. 2016).
However, the biggest difference between0 andz =1 is above a
stellar mass of\f, ~ 10'°-5 M, where the specific angular mo-
mentum of galaxies at ~ 1 is 2.540.5x lower than for compa-
rably massive spiral galaxies at~ 0, and there are no galaxies in
our observation sample with specific angular momentum dsdsg
those of local spirals.

First we note that this offset (and lack of galaxies with high
specific angular momentum) does not appear to be driven by vol
ume or selection effects which result in our observationssmi
ing high stellar mass, high, galaxies. For example, although
the local galaxy sample from Romanowsky & Fall (2012) sam-
ple is dominated by local (&2 180Mpc) high-mass, edge on spi-
ral disks, the space density of star-forming galaxies withlar
mass>10"' Mg at z ~1 is ~1.6x 1073 Mpc—3 (Bundy et al.
2005). The volume probed by the MUSE and KMOS observations
is ~1.5x 10* Mpc® (comoving) betweer: =0.4—1.2 and we ex-
pect~ 23+ 4 such galaxies in our sample above this mass (and we



detect 20). Thus, we do not appear to be missing a significgmt p
ulation of massive galaxies from our sample.zAt 1, we are also
sensitive to star formation rates as low~ag Me yr—! (given our
typical surface brightness limits and adopting a mediadeathg
of Ay =0.5). This is below the so-called “main-sequence” at this
redshift since the star formation rate for a “main-sequégeéaxy
with M, =10 Mg atz=11is 100 My yr—* (Wuyts et al. 2013).
What physical processes are likely to affect the specifizang
lar momentum of baryonic disks at high-redshift (particylthose
in galaxies with high stellar masses)? Due to cosmic expansi
generic prediction oACDM is that the relation between the mass
and angular momentum of dark matter halos changes with time.
In a simple, spherically symmetric halo the specific angutar
mentum,ji, = Ji. /My, should scale ag, =M>/?(1 4 2)~ /2 (e.qg.
Obreschkow et al. 2015) and if the ratio of the stellar-tlmass
is independent of redshift, then the specific angular moumeruf
the baryons should scale asoc M7Z/?(1 + z)~'/2. At z ~ 1, this
simple model predicts that the specific angular momentunisd
should bey/2 lower than atz =0.

However, this 'closed-box’ model does not account for gas
inflows or outflows, and cosmologically based models have sug
gested redshift evolution in, /M?/® can evolve as rapidly as
(1+2)~%/2 from z ~1 to z=0 (although this redshift evolution
is sensitive to the mass and star formation rate limits agplo
the selection of the galaxies; e.g. Lagos et al. 2016). Famgie,
applying our mass and star-formation rate limits to gakuxiethe
EAGLE model, galaxies at ~ 1 are predicted to have specific an-
gular momentum which is 0.2 dex lower (or a factof..6x) lower
than comparably massive galaxiesat0, although the most mas-
sive spirals at =0 have specific angular momentum whichd$
times larger than any galaxies in our high-redshift sample.

The specific angular momentum of a galaxy can be increased

or decreased depending on the evolution of the dark halcarthe
gular momentum and impact parameter of accreting matedai f
the inter-galactic medium, and how the star-forming regievolve
within the ISM. For example, if the impact parameter of atcre
ing material is comparable to the disk radius (as suggestedme
models; e.g. Dekel et al. 2009), then the streams graduadigase
the specific angular momentum of the disk with decreasing red
shift as the gas accretes on to the outer disk. The specifidamng
momentum can be further increased if the massive, starifigrm
regions (clumps) that form within the ISM torque and migriate
wards (since angular momentum is transferred outwardsyv-Ho

of j*/Mf/3 is sensitive to the mass and star formation rate lim-
its (see the “Active” versus “Passive” population in Fig.df2 a-
gos et al. 2016). To test whether our results are sensitigeltx-
tion effects (in particular the evolving mass limits mayuiesn
our observation missing low stellar mass galaxies at 1 which
are detectable at ~0.3), we select all of the galaxies froen-
GLE betweenz =0.3-1.5 whose star-formation rates suggest][O
(or Ha) emission line fluxes (calculated using their star-fororati
rate, redshift and adopting a typical reddening af £0.5) are
above fiim =1 x 10717 ergs! ecm~2. This flux limit corresponds
approximately to the flux limit of our survey. We then applyssa
cuts of M,=0.5, 5, and 26x 10° M (which span the lower-
median- and upper-quartiles of the stellar mass range irolthe
servations). The stellar mass limits we applied toheLE galax-
ies (which vary by a factor 40 from 0.5-2010° M), result in a
change in the ratio of /M?/® of (a maximum of) 0.05 dex. Thus
the trend we see ifi/ M?/® with redshift does not appear to be
driven by selection biases.

Thus, assuming the majority of the rotationally supported
high-redshift galaxies in our sample continue to evolve to-
wards the spirals at ~0, Fig. 10 suggests a change of
A(j/M*3) ~0.4dex fromz ~1 to z ~0. Equivalently, the
evolution inj, /M%® is consistent withj, /IM%® « (1 + 2z)™"
with n ~ —1. In the right-hand panel of Fig. 10, we plot the
data in linear time and overlay this redshift evolution. Hwelu-
tion of j, /M2’ & (14 z)~" is consistent with that predicted
for massive galaxies ifEAGLE (galaxies in halos with masses
Myao = 10187123 M : Lagos et al. 2016). In the figure, we also
overlay tracks withj, /M2 o (1 + 2)7%/2 and j, IM¥*®
(1 + 2)~*/? to show how the various predictions compare to the
data.

Of course, the assumption that the rotationally supported
“disks” at z ~1 evolve in to the rotationally supported spirals
at z ~0 is difficult to test observationally. However the model
does allow us to measure how the angular momentum of indi-
vudual galaxies evolves with time. To test how the angular mo
mentum of today’s spirals has evolved with time, and in pafér
what these evolved from at ~ 1, we identify all of the galaxies
in EAGLE whose (final)j, /M%® is consistent with today’s early-
and late-typesj( /M?/® = —3.8240.05 and—4.02-+ 0.05 respec-
tively) and trace the evolution of their angular momenturthwed-
shift (using the main sub-halo progenitor in each case tettleir
dynamics). We show these evolutionary tracks in Fig. 1Chéen-

ever, galaxy average specific angular momentum can also-be de gL simulation, early-type galaxies at 0 have an approximately

creased if outflows (associated with individual clumpsyejas
out of the disk, and outflows with mass loading factpsd as-
sociated with individual star forming regions (clumps) édeen
observed in a number of high-redshift galaxies (e.g. Geeizal.
2011; Newman et al. 2012).

Since the galaxies in our sample span a range of redshifts,

from z ~0.3-1.7, to test how the specific angular momentum
evolves with time, we split our sample in to four redshift $in
Whilst it has been instructive to normalise angular momenhby
stellar mass#. =.J/ M,), the stellar mass is an evolving quantity,
and so we adopt the quantify / M2/ (or equivalently, /M3/?)
and in Fig. 10 we compare the evolutionj;nf/Mf/3 for our sam-
ple with late- and early-types at=0. This figure shows that there
appears to be a trend of increasing specific angular momentilm
decreasing redshift.

Before interpreting this plot in detail, first we note that-La
gos et al. (2016) useAGLE to show that the redshift evolution

constantj, / M2/? from z ~ 1. This is similar to the findings of La-
gos et al. (2016) who show that galaxies with mass-weighged a
> 9 Gyr have constan. /M 2/ with redshift belowz ~ 2. In con-
trast, the model predicts that spiral galaxies at 0 have gradually
increased their specific angular momentum from high rejsimtl
indeed, for our observed sample, that the angular momenfum o
galaxies followsj, / M2/ « (1 + z)~"' (see also Fig. 8). Thus, in
the models, the specific angular momentum of todays spirats w
~2.5x lower that atz =0. The increase ifi, /M?/® has been at-
tributed to the age at which dark matter halos cease thearesipn
(their so-called “turnaround epoch”) and the fact that &taming
gas at late times has high specific angular momentum which im-
pacts the disk at large radii (e.g. see Fig. 13 of Lagos e{dl6R

It is useful to investigate the relation between the angules
mentum, stability of the disks and the star formation ratestar
formation surface density). As we discussed; id.9, the stability
of a gas disk against clump formation is quantified by the Tieom



e (Gyr
13.7 8.6Aug ©n 4.3

redshift
0.5

0.0

® MUSE+KMDS All

m MUSE+KMOS V/o>1
-3.6F

3 - - MUSE+KMOS V/o>2

-3.8

e

-42t

log(j,/M*> [km/s kpc / Mo™])

-4.4| —

— MUSE+KMOS V/o>1 type=D ]

0.5
redshift

Age (Gyr)

Figure 10. Left: Redshift evolution of the /Mf/3 from z=0toz ~ 1.5. We split thez =0 galaxies from Romanowsky & Fall (2012) in to their type®if
SO0 to Sd). Data points and their error-bars in all of the olsg@®mal points denote the bootstrap median and scattéwinlistribution.Right: The average
evolution of individual galaxies in theAGLE simulation (observational data is the same as in the lefelpawe identify all galaxies irEAGLE that have
angular momentum consistent with late- and early-typexigdaatz =0 and use the merger trees to measure the ratja umi/f’ of the main progenitor
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model early- and late-types is similar, but belew~ 1.5, the ratio ofj, / Mf/g grows by~ 60% due to a combination of gas accretion and outflows (which
preferentially expel low angular momentum material). Imgarison, the angular momentum of the galaxies which endsugady types at =0 remains

approximately constant over the same period. We also gvareack ofj, / Mf/ 3
if the angular momentum grows linearly with time.

o (1+2)~ "™ with n =0.5 andn = 1.5. The former represents the evolution

parameter(). Recently, Obreschkow et al. (2015) suggested that usign HST, we can also investigate the morphologies of those

the low angular momentum of high-redshift galaxies is thendo
inant driver of the formation of “clumps”, which hence leaus
clumpy/disturbed mophologies and intense star forma#ianthe
specific angular momentum increases with decreasing rfedtiel
disk-average average Toompebecomes greater than unity and the
disk becomes globally stable.

To test whether this is consistent with the galaxies in our
sample, we select all the rotationally-supported galafi@s our

galaxies above and below the specific angular momentuniarstel
mass sequence. In Fig. 11 we shdaST colour images of
fourteen galaxies, seven each with specific angular mormentu
(j«) that are above or below th¢.—M, sequence. We select
galaxies for this plot which are matched in redshift and-stel
lar mass (all have stellar massep x 10° Mg, with medians of
l0g10(M, /M,)=10.3+ 0.4and 10.2: 0.3 andz =0.78+ 0.10 and
0.7440.11 respectively for the upper and lower rows). Whilst a

MUSE and KMOS survey that have stellar masses greater thanfull morphological analysis is beyond the scope of this pajte

M, =10' M, and split the sample in to galaxies above and be-
low 7. /M3/® =10%5 kms ™ kpc M_*/* (we only consider galax-
ies above M=10""M since these are well resolved in our
data). For these two sub-samples, we derjve 1.10+ 0.18 for
the galaxies with the highest. /M?/® and  =0.53+0.22 for
those galaxies with the lowegt /M%/®. This is not a particu-
larly surprising result since the angular momentum and Teom
Q@ are both a strong function of rotational velocity and radius
However, it is interesting to note that the average star &ion
rate and star formation surface densities of these two ilode
high and lowj, /M%/® are also markedly different. For the galax-
ies above thej, /M?/3 sequence at this mass, the star formation
rates and star-formation surface densities are SFR4 8, yr—*

and Sspr =123+23 Mg yr ' kpd respectively. In compari-

appears from this plot that the galaxies with higher spedifie
gular momentum (at fixed mass) are those with more establishe
(smoother) disks. In contrast, the galaxies with lower ¢argono-
mentum are those with morphologies that are either more aotnp
more disturbed morphologies and/or larger and brightemphu

Taken together, these results suggest that at1, galaxies
follow a similar scaling between mass and specific angulanere
tum as those at ~ 0. However, at high masses-fl, atz ~ 1)
star-forming galaxies have lower specific angular momer(tuyra
factor ~ 2.5) than a mass matched sample at 0, and we do not
find any high-redshift galaxies with specific angular mormengs
high as those in local spirals. From their Toomre stabilitg atar
formation surface densities, the most unstable disks lavi@tvest
specific angular momentum, asymmetric morphologies ank- hig

son, the galaxies below the sequence have higher rates, withest star formation rate surface densities (see also Olkescét al.

SFR=21+4Mgyr ! and Zgrr =206+45Mg yr 1 kpc® re-

spectively. In this comparison, the star-formation ratestlae most
illustrative indication of the difference in sub-sampleoperties
since they are independent af, stellar mass and size.

2015). Galaxies with higher specific angular momentum apigea
be more stable, with smoother (disk-like) morphologies.

Finally, we calculate the distribution of baryonic sping fo
our sample. The spin typically refers to the fraction of céumt

Since a large fraction of our sample have been observed gal support for the halo. Both linear theory and N-body sanul
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Figure 11.HST colour images of fourteen galaxies from Fig. 8 whose speaifgular momentumj() are below thej,—M,. sequence (upper row) and below
the j«—M.,. sequence (lower row). The galaxies shown in this figure aflstellar masses 2 x 10° M, with similar stellar masses and redshift distributions
(logio(M4x /M, =10.3£ 0.4 and 10.2- 0.3 andz=0.78+ 0.10 and 0.74: 0.11 respectively for the upper and lower rows). The steflasses and redshifts
are given in the upper and lower left-hand corners respagtifhe value in the lower-right hand corner of each imaghedfractional offset from thg,—M.
sequence in Fig. 8 (i.e. a value of 0.2 means that galaxy hpsdifis angular momentum that is<Sower than thej,—M, sequence given its stellar mass).
These images demonstrate that galaxies with lower specifjular momentum (at fixed mass) are those with more distuntb@gbhologies and larger and
brighter clumps (upper row), whilst the galaxies with higigalar momentum are those with morphologies that more lgloesemble spiral galaxies (lower
row). The with low specific angular momentum are also dynaiftyiaunstable, with Toomr&) =0.53+ 0.22 compared to those with high specific angular
momentum which have Toomrg =1.10+ 0.18. Together, this demonstrates that the disk stabifityraorphology of the galaxies is strongly correlated with

the angular momentum of the gas disk.

tions have suggested that halos have spins that follow &ppro
mately log-normal distributions with average valygn =0.035
(Bett et al. 2007) (i.e. only-3.5% of the dynamical support of a
halo is centrifugal, the rest comes from dispersion). Tarege
how the disk and halo angular momentum are related, we calcu-
late the spin of the disky asA =+/2/0.1Rq H(z)/V(3 Ra) where
H(2)=Ho(Q4,0+m,0(1+2)*)%5. This is the simplest approach
that assumes the galaxy is embedded inside an isothernaicgh
cold-dark matter halos (e.g. White 1984; Mo et al. 1998) Wwhic
are truncated at the virial radius (Peebles 1969; see Buekex.
2015 for a discussion for the results from adopting more derp
halo profiles). In Fig. 12 we plot the distribution &< (74 / jpm)
for our sample. If the initial halo and baryonic angular moitaen
are similar, i.ejpm =~ jq, this quantity reflects the fraction of an-
gular momentum lost during the formation of~ 1 star-forming
galaxies. In this figure, we split the sample in to four catago
all galaxies with disk-like dynamics with \& > 1, 2 and 5. We fit
these distribution with a log-normal power-law distrilmutj deriv-
ing best-fit parameters in\{, o] of [0.040+ 0.002, 0.45+0.05],
[0.041+0.002, 0.42+0.05] and [0.068-0.002, 0.5Gt 0.04] re-
spectively.

An alternative approach (see also Harrison et al. 2017) is to
assume the spin for the baryons &f=0.035 and calculate the
fraction of angular momentum that has been retained (asgumi
jpm =~ jq initially). For the galaxies that appear to be rotationally
supported with ratios df" / o >1, 2 and 5 we derive median values
of ja/jom ~1.184+0.10, 0.95+ 0.06 and 0.7@&-0.05 (bootstrap
errors). Since these spins are similar to the hate ©.035) this sug-
gests that the angular momentum of “rotationally supp&igethx-
ies atz ~ 1 broadly follows that expected from theoretical expec-
tation from the halo, with most of the angular momentum regdi
during the (initial) collapse. Equivalently, for the gailes with the
highest ratio oft” / o (which are also those with the highest specific

30_ T T T
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Figure 12.The distribution of spinXx (54 /7pMm)) for the galaxies in our

sample. We split the sample in to four catagories: All rotadily supported

systems, and those with \6/> 1, 2 and 5. We fit the distribution of galax-

ies with V/o > 2 with a power-law relation to derive best-fit parameters
’=0.040+ 0.002 andr =0.045+ 0.005.

angular momentum and latest morphological types; see Rig. 1
the fraction of angular momentum retained mustbE%.



5 CONCLUSIONS

Exploiting MUSE and KMOS observations, we study the dynam-
ics of 405 star-forming galaxies across the redshift rarng@.28-
1.65, with a median redshift of =0.84. From estimates of their
stellar masses and star formation rates, our sample appearep-
resentative of the star-forming “main-sequence” frem0.3-1.7,
with ranges of SFR=0.1-30Myr~! and M, =16°~10"* M.

Our main results are summarised as:

e From the dynamics and morphologies of the galaxies in the
sample, 49 4% appear to be rotationally supported;28% are
unresolved; and only 5+ 2% appear to be major mergers. The
remainder appear to be irregular (or perhaps face-on)regst@ur
estimate of the “disk” fraction in this sample is consisterith
other dynamical studies over a similar redshift range wiiate
also found that rotationally supported systems make-4—70%
of the star-forming population.

e \We measure half light sizes of the galaxies in both the broad-
band continuum images (usilttSTimaging in many cases) and in
the nebular emission lines. The nebular emission line siEetypi-
cally a factor of 1.18 0.03x larger than the continuum sizes. This
is consistent with recent results from the B8T survey which
has also shown that the nebular emission fromh* star-forming
galaxies at ~ 1 are systematically more extended than the stellar
continuum.

e For those galaxies whose dynamics resemble rotationally
supported systems, we simultaneously fit the imaging andrdyn
ics with a disk+halo model to derive the best-fit structural p
rameters (such as disk inclination, position angle/4]] center,
disk mass, disk size, dark matter core radius and densitg.dy-
namical and morphological major axes are typically misadid by
A PA=9.54+0.5°, which we attribute to the dynamical “settling”
of the gas and stars as the disks evolve.

e We combine the inclination-corrected rotational velasti
with the galaxy sizes and intrinsic velocity dispersionsnigesti-
gate the global stability of the gas disks. For the galaxies are
classified as rotationally supported, we derive a mediamifed)
of @=0.804+0.10. This is consistent with numerical models that
predict that in high-redshift, gas rich galaxies the distesmain-
tained at the marginally stable threshold due to the feddfram
stellar winds which arrest collapse (e.g. Hopkins 2012).

e We use the galaxy sizes, rotation speeds and stellar masse
to investigate how the specific angular momentum of gas disks
evolves with cosmic time. We show that the galaxies in our-sam
ple (which have a median redshift af=0.84+0.03) follow a
similar scaling between stellar mass and specific angulanene
tum as local galaxies. Fitting the data over the stellar masge
M, =10%°-10'"% M suggestg, o< M with ¢=0.6+0.1. How-
ever, atz=1, we do not find any galaxies with specific angular
momentum as high as those of local spirals. Thus, the most mas
sive star-forming disks at ~ 0 must have increased their specific
angular momentum (by a facter3) betweerz ~ 1 andz ~ 0.

e To account for the evolving stellar masses of galaxies, we
measure the ratio of, IM2/3 and split our observed sample in to
four redshift bins between=0.3 andz =1.5. For a star-formation
selected (and mass limited) sample, we show that the speanific-
lar momentum evolves with redshift gsoc M2/®(14z)~*, which
is similar to that predicted by the latest numerical modedsich
also suggest that spiral galaxieszat- 0 appear to have gradually
accreted their specific angular momentum from high redgmft

S

contrast to “passive” galaxies at~ 0 which, on average, have near
constant specific angular momentum between0 andz ~ 1).

e Combining the measurements of the angular momentum,
star formation surface density and disk stability, we shiwat t
galaxies with stellar masses greater than=M0'° M, with the
highest j, /M?/? are the most stable, with disks with Toomre
(=1.204+0.20, compared t@) =0.51+0.17 for galaxies above
and below;, /M2/% = 1675 km s~ kpc M, */® respectively. Since
j» and Q are both functions of size and rotational velocity, we
also measure the average star formation rate and star format
surface densities of these two subsets of high and jlpi?/3
galaxies. These sub-samples are markedly different, withea
dianXgrr =123+ 23 Mg yr—* andZsrr = 206+ 45 Mg, yr*1 for
those galaxies above and below the fidugial M2/3 relation re-
spectively. In terms of star formation rates alone, thegessnilar
difference, with SFR=8&4Mg yr~! and SFR=2%4Mg yr!
above and below the sequence respectively.

e At a fixed mass, we show that galaxies with high specific
angular momentumy() (i.e. those above thg—M, ) relation are
those with morphologies that more closely resemble spakg
ies, with bigger bulges and smoother disks. In contrastxies
with lower specific angular momentum (at fixed mass) are those
with more disturbed, asymmetric morphologies, larger aighter
clumps.

e Finally, we show that the distribution of spins for the rota-
tionally supported galaxies in our sample is similar to thatected
for the halos. For exampe, for galaxies that have disk likeadyics
andV /o >2 we derive)\’ =0.040+ 0.002 ando =0.454 0.05.
This suggests that the angular momentum of “rotationally- su
ported” galaxies at ~ 1 broadly follows that expected from theo-
retical expectation from the halo, with most of the angulanmen-
tum retained during the (initial) collapse.

Overall, our results show that star forming diskg at 1 have
lower specific angular momentum than a stellar mass mateirad s
ple atz ~ 0. At high redshift, the fraction of rotationally supported
“disk” galaxies is high, yet most of these galaxies appeaagis-
lar/clumpy. This appears to be due to the high low angular erem
tum which results in globally unstable, turbulent systemdeed,
specific angular momentum appears to play a major role inidgfin
the disk stability, star formation surface densities andpghology.

As the specific angular momentum of growing disks increases b
low z ~1, the galaxy disks must evolve from globally unstable
clumpy, turbulent systems in to stable, flat regular spirals
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Table 2. Galaxy Properties

ID RA Dec z  Va KaB facb Ths Thneb  Mi 109(37%) ogal o V@BRa) i Ay SFR Class
(J2000) 1 1 [kms~1] [kms—!] [kms—1] [kms—tkpc] [Meyr—1]
COSMOS-K1-1 09:59:40.603 +02:21:04.15 1.6350 24.98 2553 0.414+0.10 0.45:0.15 -22.25 10.48  13%3 46+3 1647 22422 0.2 6641 11 D
COSMOS-K1-2 09:59:31.589 +02:19:05.47 1.6164 23.70 2GA3 0.18+0.01 0.24+-0.05 -24.46 11.40 1763 ... 0.6 3456 16 C
COSMOS-K1-3 09:59:33.994 +02:20:54.58 1.5240 23.90 268 0.57+0.13 0.68:0.13 -22.85 10.57 1233 38+3 206430 37410 0.4 1171463 10 D
COSMOS-K1-4 09:59:28.339 +02:19:50.53 1.4855 21.02 186® 0.0&+0.05 0.30+0.26 -24.51 11.09 5883 .. 0.0 .. 100 [
COSMOS-K1-10 09:59:30.902 +02:18:53.04 1.5489 24.06 ®16.4 0.26£0.02 0.04:0.05 -23.21 10.72 1583 .. 0.6 3445 44 C

The full table is given in the online version of this papereThst five rows are shown here for their content. Notgs;, denotes the nebular emission line flux ({{dn the case of MUSE and & for KMOS)
in units of 1017 ergenm 2571, Th,« andry nep are the (deconvolved) continuum and nebular emission ighif fadii respectivelyo,,;, denotes the galaxy-integrated velocity dispersion as unedsrom the
one-dimensional spectrum;,,; denotes the average intrinsic velocity dispersion withie galaxy (after correcting for beam smearing effedt¥B8 R,) is the observed velocity at 3R: is the disk inclination.
SFR is measured from the [Qflux with SFR=0.8x 10~ 4! Lio erg s~1 and correcting for dust reddenning using the Calzetti reufgnlaw.



