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ABSTRACT

We present results from the KMOS Lens-Amplified Spectroscopic Survey (KLASS), an ESO Very Large Telescope (VLT) large
program using gravitational lensing to study the spatially resolved kinematics of 44 star-forming galaxies at 0.6 < z < 2.3 with a
stellar mass of 8.1 < log(M,/Mg) < 11.0. These galaxies are located behind six galaxy clusters selected from the Hubble Space
Telescope Grism Lens-Amplified Survey from Space (GLASS). We find that the majority of the galaxies show a rotating disc,
but most of the rotation-dominated galaxies only have a low v /0 ratio (median of v, /oo ~ 2.5). We explore the Tully—Fisher
relation by adopting the circular velocity, Veire = (L2, + 3.403)"/2, to account for pressure support. We find that our sample
follows a Tully—Fisher relation with a positive zero-point offset of 4+0.18 dex compared to the local relation, consistent with
more gas-rich galaxies that still have to convert most of their gas into stars. We find a strong correlation between the velocity
dispersion and stellar mass in the KLASS sample. When combining our data to other surveys from the literature, we see an
increase of the velocity dispersion with stellar mass at all redshift. We obtain an increase of v,q/0 o with stellar mass at 0.5 < z <
1.0. This could indicate that massive galaxies settle into regular rotating discs before the low-mass galaxies. For higher redshift
(z > 1), we find a weak increase or flat trend. We find no clear trend between the rest-frame UV clumpiness and the velocity
dispersion and v,o/0¢. This could suggest that the kinematic properties of galaxies evolve after the clumps formed in the galaxy
disc or that the clumps can form in different physical conditions.

Key words: galaxies: evolution — galaxies: high-redshift — galaxies: kinematics and dynamics.

1 INTRODUCTION

Galaxies at redshift z ~ 2, at the peak of the cosmic star formation
rate (SFR) density (Madau & Dickinson 2014), show important
differences compared to the galaxies in the local Universe. Deep
Hubble Space Telescope (HST) imaging has revealed that these
distant galaxies have a complex morphology with star-forming
clumps in their discs (e.g. Elmegreen & Elmegreen 2005; Elmegreen
et al. 2007; Livermore et al. 2012). It has been recently found that
the clumpy galaxy fraction peaks at a similar epoch (1 < z < 3), with
more than ~ 50 per cent of the galaxies showing clumps in their
internal structure (Shibuya et al. 2016) and that the SFR of these
clumps can be ~100-500 times higher than in local H 11 regions (e.g.
Genzel et al. 2011; Guo et al. 2012; Livermore et al. 2015).

Using infrared integral field spectroscopy with instruments
such as SINFONI/Very Large Telescope (VLT), KMOS/VLT, and
OSIRIS/Keck, several studies have analysed the kinematics of galax-
ies (e.g. Forster Schreiber et al. 2009; Epinat et al. 2012; Wisnioski
et al. 2015; Stott et al. 2016), revealing that most of the clumpy
galaxies actually show ordered rotation. This is in contradiction
with the initial idea that clumps were associated with interactions
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or mergers and suggests that they are formed by internal processes,
such as the fragmentation of the galaxy disc due to gravitational
instabilities (Dekel, Sari & Ceverino 2009). Another key result from
the large surveys is the high velocity dispersion (o) observed in
these distant systems, indicating that turbulent, gas-rich galaxies are
present at this epoch. This suggests a large fraction of pressure-
supported galaxies at z ~ 1-3 compared to the local Universe (e.g.
Epinatetal. 2010; Swinbank et al. 2017; Turner et al. 2017b; Johnson
et al. 2018; Ubler et al. 2019). One possibility is that the high gas
fraction of galaxies causes turbulence due to gravitational instabilities
(e.g. Genzel et al. 2011; Bournaud 2016; Stott et al. 2016). It has
also been suggested that feedback from star formation plays a major
role (e.g. Green et al. 2010). However, it remains unclear how the
clumps form and evolve over time in these rotating discs and what
really drives star formation and turbulence at this epoch.

The relation between the rotation velocity (v,) and stellar mass
(M,) of galaxies, the Tully—Fisher relation (Tully & Fisher 1977), has
also been studied at higher redshift to establish if a cosmic evolution
of this relation exists (e.g. Kassin et al. 2007; Harrison et al. 2017;
Simons et al. 2017; Straatman et al. 2017; Turner et al. 2017a; Ubler
etal. 2017, Tiley etal. 2019). An evolution would indicate a change in
the dynamical to stellar mass ratio, giving information on when and
how the gas mass was converted into stars, but also on the variation
of the baryonic to dark matter fraction. However, the existence of this
evolution is still debated since different results have been reported in
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the literature with sometime a negative, positive, or even no offset of
the zero-point of the relation.

These previous large kinematic surveys in the infrared have
provided important insight into the evolution and physical conditions
of the galaxies around z ~ 1-3, but they have focused only on
relatively massive galaxies with log(M,/Mg) > 10. Therefore, the
evolution of the low-mass galaxies with log(M,/Mg) < 10 is still not
well established. It has been recently possible to probe the kinematics
at lower stellar masses using deep observations (e.g. Gnerucci et al.
2011; Kassin et al. 2012; Contini et al. 2016; Simons et al. 2017;
Swinbank et al. 2017; Turner et al. 2017b) and with the help of
gravitational lensing (e.g. Livermore et al. 2015; Leethochawalit
et al. 2016; Mason et al. 2017; Girard et al. 2018a; Fontana
et al. 2019). Most of these low-mass galaxy surveys found lower
rotation-dominated fraction (<50 per cent) and velocity and velocity
dispersion maps that are more disturbed than in surveys focusing
on more massive galaxies. Strong gravitational lensing also allows
to probe the kinematics and clumpy morphology at high spatial
resolution (< 1kpc; e.g. Jones et al. 2010; Livermore et al. 2015;
Leethochawalit et al. 2016; Patricio et al. 2018; Girard et al. 2018b;
Girard et al. 2019). Such an upclose view of high-redshift galaxies
can provide key information on the internal processes driving the star
formation and clump formation.

In this work, we present results from the full sample of the KMOS
Lens-Amplified Spectroscopic Survey (KLASS), following a first
paper presenting a sub-sample of these galaxies (Mason et al. 2017).
The full sample allows us to investigate the evolution of the kinematic
properties with stellar mass and UV clumpiness. We use gravitational
lensing to probe the kinematics of typical galaxies at 0.6 < z < 2.3
with stellar mass of 8.1 < log(M,/My) < 11. We are able to resolve
the kinematics of 44/52 galaxies for which the magnification (u ~
2) allows us to get a better spatial resolution than typical seeing-
limited KMOS surveys and study lower mass galaxies (median of
log(M,/Mg) = 9.5).

The paper is organized as follows. Section 2 describes the survey
and target selection and Section 3 the observations and data reduc-
tion. In Section 4, we present the measurements of the integrated
properties following in Section 5 by the kinematic modelling and
classification. Our analysis and main results on the Tully—Fisher
and evolution of the kinematic properties with stellar mass and
UV clumpiness are discussed in Section 6. We finally present our
conclusions in Section 7.

In this paper, we use a cosmology with Hy = 70kms~! Mpc~!,
Qy = 0.3, and Q4 = 0.7. When using values calculated with the
initial mass function (IMF) of Salpeter (1955), we correct by a factor
of 1.7 to convert to a Chabrier (2003) IMF.

2 THE KMOS LENS-AMPLIFIED
SPECTROSCOPIC SURVEY

The KMOS Lens-Amplified Spectroscopic Survey (KLASS) is an
ESO VLT KMOS Large Program (196.A-0778, PI: A. Fontana,
Fontana et al. 2019) targeting the fields of six massive galaxy
clusters: Abell 2744, MACS J0416.1-2403, MACS J1149.6+2223,
MACS J2129.4-0741, RXC J1347.5-1145, and RXC J2248.7-4431
(aka Abell S1063). These fields have deep, multiband HST/ACS and
WEC3, Spitzer/IRAC and VLT/HAWKI imaging through the Cluster
Lensing And Supernova survey with Hubble (CLASH; Postman et al.
2012), Spitzer UltRa Faint SUrvey Program (SURFSUP; Bradac et al.
2014; Ryan et al. 2014; Huang et al. 2016) and Hubble Frontier Fields
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program (Lotz et al. 2017). KLASS observations were carried out in
Service Mode during Periods 96-99 (2015 October—2017 October).
The key science drivers of KLASS are as follows:

(i) To probe the internal kinematics of galaxies at z ~ 1-3,
gravitationally lensed by the clusters, providing superior spatial
resolution compared to surveys in blank fields (Mason et al. 2017).

(i) To measure z > 7 Ly-o emission in Lyman-break galaxies,
providing constraints on the timeline of cosmic reionization (Mason
et al. 2018, 2019).

This paper addresses the first science driver by presenting spatially
resolved kinematics in the full KLASS sample. Mason et al. (2017)
presented kinematics of 25 galaxies from four of the six KLASS
fields with 1—5 h integrations. Here, we present kinematics in 44
galaxies across all six fields, using the full ~10 h integrations.

2.1 Target selection

KLASS targets were selected from the Grism Lens-Amplified Survey
from Space' (GLASS; Schmidt et al. 2014; Treu et al. 2015). GLASS
was a large Hubble Space Telescope (HST) program that obtained
grism spectroscopy of the fields of 10 massive galaxy clusters.
GLASS used the Wide Field Camera 3 (WFC3) G102 and G141
grisms to obtain spectra over the wavelength range 0.8—1.6 um, with
spectral resolution R ~ 150. The GLASS data are publicly available,
including HST grism spectra for all the galaxies presented in this
paper.?

KLASS z ~ 1-3 targets were selected from the GLASS sample
based on having at least one bright nebular emission line (H o, [O 111]
or [O11]) falling within the KMOS YJ range (1 — 1.35 um), and away
from bright OH sky lines.

3 OBSERVATIONS AND DATA REDUCTION

A full description of the KLASS observations and data reduction
procedures is given by Mason et al. (2019); we provide a brief
overview here.

KLASS uses the KMOS YJ band (1—1.35 um), with spectral
resolution R ~ 3400. Each 24 integral field unit (IFU) of KMOS has
14 x 14 spaxels of 0.2 arcsec x 0.2 arcsec. Observations were carried
out in service mode during Periods 96-99 (2015 October—2017
October). Observations were executed in one hour observing blocks,
where each block consisted of 1800 s of science integration and 900 s
on sky, using alternating ABA science-sky-science integrating units.
The final exposure time was ~10 h per target.

Science frames were dithered by one pixel (0.2 arcsec) between
frames. One star was observed in every field to monitor the point
spread function (PSF) and the accuracy of dither offsets (except
A2744, due to a broken IFU, a bright galaxy target was used
to monitor dither offsets in this case). The data were reduced
with the ESO KMOS pipeline v.1.4.3 (Davies et al. 2013) with
additional methods to improve sky subtraction for faint emission
line sources (see Mason et al. 2019). We combined exposures where
the seeing was <0.8 arcsec, the median seeing of our observations
was ~0.6 arcsec. This corresponds to a spatial resolution of ~5/,/p
properkpcatz ~ 1 (where u is the gravitational lensing magnification
of the galaxy). Frames were combined via sigma clipping, using the

'http://glass.astro.ucla.edu
Zhttps://archive.stsci.edu/prepds/glass/
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positions of the observed stars to determine the spatial position for
combination.

4 MEASUREMENTS

We detect emission lines for 49 galaxies among the total of 52
observed with KLASS. The main emission lines detected are the
[O1], [Om1], and H « lines, but we also identify in several galaxies
some fainter lines such as HB, Hy, H4§, [N11], and [S1]. These
lines are listed in Table 1. For these galaxies, we create an integrated
spectrum by summing spaxels in an aperture to maximize the signal-
to-noise ratio. To measure the flux, the line position and line width, we
fit 1000 Gaussian curves using a Monte Carlo technique perturbing
the flux of the emission lines. The continuum level is determined
by the average of all the pixels in a window of 50 A around the
centre of the emission line. In this window, all the pixels affected by
skylines are masked. When the window is populated by too many
skylines, we extend it to 70 A. As a result, we obtain an accurate
systemic redshift, the [O11], [O111], or Ha flux, the full width at
half-maximum of the lines, the integrated velocity dispersion for
each galaxy, and their associated uncertainties. The spectroscopic
redshifts are in good agreement with the GLASS redshifts and are
listed in Table 1.

The stellar masses and SFR of each galaxy are derived from SED
fitting using available photometry from the Hubble Frontier Fields
and CLASH catalogues (Morishita et al. 2017; Postman et al. 2012).
The Fitting an Assessment of Synthetic Templates (FAST) code
(Kriek et al. 2009) is used to perform the fit with the spectroscopic
redshift derived from the integrated spectrum. The Bruzual & Charlot
(2003) stellar populations are adopted together with an exponentially
declining star formation history, a Chabrier (2003) IMF, and the dust
attenuation law from Calzetti et al. (2000). The values obtained for
the stellar mass and SFR are then corrected for magnification using
the SWUnited cluster mass models (Bradac et al. 2005, 2009) and
the multiple models of the Hubble Frontiers Fields that are publicly
available® (Hoag et al. 2016, 2019; Huang et al. 2016). Table 1
presents the magnifications, stellar masses, and SFR both corrected
for the magnification.

We find spectroscopic redshifts between 0.6 < z < 2.25 for these
49 galaxies, including two sources at z > 2. From the SED fitting,
we find a stellar mass range of 8.1 < log(M,/Mg) < 11.0, with
a median of log(M,/Mgy) = 9.5. The SFR from the SED fitting
for this sample is 0.2 < SFR (Mg yr~!) < 336, with a median of
10 Mg yr~!'. Fig. 1 shows the SFR as a function of stellar mass
corrected for the magnification. Only the 44 galaxies with resolved
kinematics are shown on this plot with their velocity maps and
kinematic classification (see Section 5).

5 KINEMATICS

5.1 Modelling

To obtain the flux, velocity, and velocity dispersion maps, we
perform Gaussian fits on the [O11], [O11], or Ho emission line
in individual spaxels. We use the spectroscopic redshifts obtained
from the integrated spectrum to determine the central wavelength for
the velocity maps. We use a spectral window of 50 A to measure the
continuum and mask all the skylines. We also determine the level of
noise for each spaxel in the same spectral window. We first fit the

3https://archive.stsci.edu/prepds/frontier/lensmodels/
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emission line in one spaxel (0.2 arcsec x 0.2 arcsec) and bin spaxels
in 0.4 arcsec x 0.4 arcmin and 0.6 arcsec x 0.6 arcsec successively
if the signal-to-noise ratio is lower than five. We reject the spaxels
when the signal-to-noise ratio is still lower than five after the binning.
We apply this method for all the resolved galaxies in the sample.
We obtain kinematic maps for 44 galaxies (see Fig. Al). The other
galaxies are unresolved or it was impossible to obtain kinematic maps
for the whole galaxies due to very high magnification. We also note
that the kinematics is not significantly affected by the shear caused
by the lensing in seeing-limited observations for galaxies with a low
magnification (u < 5). We find a median differential amplification
of only ~0.1 in our galaxies.

To obtain the kinematic properties, we model the kinematics of
the galaxies using GALPAK?® 4, a 3D galaxy disc modelling code
that directly fits the datacubes (Bouché et al. 2015). The model
is convolved with the PSF and the line spread function (LSF) to
derive kinematic and morphological properties. The beam smearing
is therefore taken into account when modelling the kinematics. The
PSF has been determined from a star observed in one of the IFUs
during the observations and the LSF has been measured from the
skylines. We use an exponential radial flux profile and adopt an
arctangent function for the velocity profile (Courteau 1997). The
disc half-light radius, the flux, the inclination, the position angle,
the turnover radius, the maximum rotation velocity, and the intrinsic
velocity dispersion are free to vary. We are able to fit a kinematic
model for 42 galaxies. It was not possible to model the kinematics
for galaxies that do not show any velocity gradient in their velocity
field. We also exclude galaxies with a magnification higher than
~5 for our analysis (Section 6) to avoid galaxies that could have a
significant effect from the lensing. The error on the rotation velocity
of the remaining galaxies due to the lensing is about 10 per cent. The
inclination-corrected rotation velocity, v, and velocity dispersion,
0, obtained from GALPAK®? are presented in Table 2. The velocity
maps obtained from the kinematic models, rotation curves, and
dispersion profiles of our sample are presented in Fig. Al.

We find a signal-to-noise ratio higher than five at 1.5 x R.,
where R. is the effective radius, on the kinematic major axis in
77 per cent of our galaxies. This corresponds to the radius around
which the rotation curve reaches its maximum and starts to flatten
(e.g. Genzel et al. 2017; Lang et al. 2017). We also note that three
of our targets (MACS1149-593, MACS1149-683, and MACS2129-
1833) have also been observed with Keck OSIRIS using adaptive
optics (AO; Hirtenstein et al. 2019). The AO data show similar
results to those in Table 2. Thus, the kinematics are reasonably
well recovered with seeing-limited KMOS data, based on direct
comparison to measurements with ~10x higher resolution.

5.2 Velocity dispersion

To verify the intrinsic velocity dispersion obtained with GALPAK™,
which assumes a spatially constant dispersion over the disc, we also
perform a measurement directly from the velocity dispersion maps
on the major axis in the outer regions of the galaxies, where the beam-
smearing is known to be negligible (e.g. Forster Schreiber et al. 2009;
Wisnioski et al. 2015), especially for low-mass galaxies (Burkert
et al. 2016; Johnson et al. 2018). We then apply a correction in
quadrature to account for the instrumental broadening. We compare
these measurements to the values obtained with GALPAK?P in Fig. 2.
The values are consistent within the uncertainties for most of the

“http://www.ascl.net/1501.014
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Table 1. Galaxy properties.

Objects Coordinates J2000 Zspec Emission " log(M,) SFRsep
RA—Dec. lines M) (Mg yr™)
A2744-928 3.600359 — 30.396143 0.95 Ho 18110469 9.837003 16.6155
A2744-892 3.599938 — 30.393555 1.34 [Om], HAB 1.96709% 922700 7.9t
A2744-188 3.573398 — 30.380770 1.76 [om, Hp 24110709 10.181007 58.6127
A2744-642 3.578407 — 30.388847 1.16 [OmlHp 2.9719% 9.80709% 36.8739
A2744-692 3.575912 — 30.390070 1.16 [om], Hp 2637032 8.95700% 4340
A2744-1773 3.57690 — 30.410185 1.65 [O1m] 1.821053 9.467 003 71408
A2744-1991 3.599785 — 30.413939 1.77 [Onl,HB 3.0370% 9.751 008 208773
MACS0416-268 64.033089 — 24.056322 1.37 [oml, Hp 1.89%030 9.77+008 18.3%0
MACS0416-1215 64.053574 — 24.065977 2.10 [O] 2.88705 9.337000 6.6707
MACS0416-1174 64.041855 — 24.075808 199 [Oum,HsHy 321753 9.3910.0 1.96701
MACS0416-1197 64.036591 — 24.067278 094 Ha, [Nol,[Su]  17.895%0  9.11+:% 2.015]
MACS0416-1321 64.016907 — 24.074207 1.63 [O1m] 2.9879% 9.46700% 4.5M03
MACS0416-394 64.031036 — 24.078957 1.63 [om], Hp 2.2279% 9.93700 50519}
MACS0416-1011 64.035187 — 24.070971 199  [Om,HS&Hy  2377)3] 9.88709% 311407
MACS0416-693 64.051437 — 24.071272 1.35 [Om], Hp 211598 8.517005 0.62701%
MACS0416-248 64.038254 — 24.056345 0.85 Ho 1.637019 9.001 907 1.570)
MACS1149-593 177.406921 + 22.407505 148 Hy,[Oml,HB 1437033 9.44707 6089}
MACS1149-683 177.397232 + 22.406185 1.68 [Om], HA 2847900 815700 0.671012
MACS1149-691 177.382355 + 22.405790 0.98 Ha, [ST] 1.42703% 9.561 00 5704
MACS1149-1625 177.389999 + 22.389452 0.96 Ha, [ST] 1.26%00 10.334007 1021758
MACS1149-1237 177.384598 + 22.396738 0.70 Ho 1137503 8.697001 1.2101]
MACS1149-1644 177.394424 + 22.389170 096  Ha,[Nml,[Sul 131303 10.28100) 459114
MACS1149-1931 177.403442 + 22.381588 1.41 [oml, Hp 1537003 1046100 216.2H8!
MACS1149-1757 177.408539 + 22.386808 1.25 [Om], Hp 2175089 8.267 001 0.5501
MACS1149-1501 177.397034 + 22.396011 1.49 [Om], Hp 54210 9.907 90 56.9%57
MACS2129-1705 322.355498 — 7.707086 1.05 Ho 13500 10897003 96.783
MACS2129-994 322.348023 — 7.692095 0.60  He,[Nml,[Su]  1.02%0053 9.657001 5.6701
MACS2129-1847 322.352775 — 7.710149 188 [On,Hs,Hy 138700 9.817°0% 741757
MACS2129-1833 322.362724 —7.710150 2.29 (O] 1.5670070 9.9670% 127.81¢
MACS2129-1539 322.363350 — 7.703212 1.65 [Om], HA 1741006 9.92700; 48,9117
MACS2129-974 322.368223 — 7.692491 1.54 [Om], Hp 437150 8.917043 17.7453
MACS2129-1126 322.358615 — 7.694884 1.36 [O1m] 4717903 11055003 3361794
MACS2129-877 322.380612 — 7.689563 0.58 Ha, [S1] 10400 9.407001 31591
MACS2129-564 322.364817 — 7.683663 1.37 [Om], HB 1.837004 9.73%0.03 16573
RX11347-472 206.891012 — 11.747415 091  Ha,[Nul,[Su] 286700 9.29%001 9.2409
RXJ1347-1230 206.871917 — 11.760966 1.77 (O] 100.5673553  8.52%00) 1.9%0
RXJ1347-1419 206.875708 — 11.764457 114 [Om], Hp 831701 9.447004 16.210%
RXJ1347-1261 206.888155 — 11.761284 0.61 He, [NT] 1627003 10.59%0.03 30.9117
RXJ1347-795 206.896042 — 11.753651 0.62 Ha, [Nul,[Su] 148700 1035700 281757
RXJ1347-450 206.900187 — 11.747581 085 Ha, [Nul,[Sul  1.880% 10.01759% 243134
RXJ1347-287 206.902241 — 11.744268 1.00 Ha, [N1] 2315900 9217003 6.1103
RXJ2248-1006 342.174383 — 44.532903 061  Ha,[Nul,[Su] 535039 9.297 00 74104
RXJ2248-1652 342.205097 — 44.544419 1.64 [Om], Hp 1.3610% 9.60700] 9.510¢
RX12248-918 342.192466 — 44.530468 1.26 [Om] 557975038 8.65°0% 0.237907
RXJ2248-943 342.195250 — 44.527900 1.23 [Om], Hp 446075755 7.99700; 0.197001
RXJ2248-662 342.187756 — 44.527445 1.40 [oml, Hp 1.02¥031 9.9110% 244122
RX12248-428 342.186462 — 44.521186 1.23 [Om], Hp 2.9870% 9.407901 31708
RX12248-159 342.174107 — 44514794 097  Hea,[Nml,[Sul 140709 9437003 6.510%
RX12248-332 342.167043 — 44.518778 1.43 [Om], Hp 1.6340% 8.527 00" 0647008
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Figure 1. Star formation rate as a function of the stellar mass. The stellar
mass and SFR have been derived from SED fitting. The values are all lensing-
corrected. The velocity maps of each galaxy with resolved kinematics is
shown on the plot. The shape and colour around the velocity maps represent
the galaxy with no rotation (the grey pentagon), vroi/og < 1 (the blue circle),
1 < vrot/og < 3 (the green diamond), and voi/og > 3 (the orange square).
The curves represent the relation of SFR as a function of stellar mass derived
by Tomczak et al. (2016) for the redshifts of 0.5, 1.5, and 2.5.

galaxies. We find a large discrepancy (>20kms~") for only five
galaxies. This could be due to asymmetry in the velocity maps
observed in some galaxies, which could be caused by minor merger
or interactions that are not clearly visible in the velocity map or HST
images, or to low intrinsic velocity dispersions, difficult to recover
when the observed velocity dispersion is of the same order as the
spectral resolution. For the rest of this work, we adopt the intrinsic
velocity dispersion values from the 3D modelling code GALPAK?P.

5.3 Classification

The kinematics of galaxies are generally classified using the ratio
Urot/0 0, With v/og > 1 for rotation-dominated galaxies and v,o /0 ¢
< 1 for dispersion-dominated galaxies (e.g. Wisnioski et al. 2015).
Using this definition, we find a rotation-dominated fraction of
77 percent and a dispersion-dominated fraction of 18 percent. We
have also two galaxies, representing 5 per cent of the sample, that
do not show any rotation in their velocity map. For our final
classification, we divide the galaxies into the following kinematic
categories:

(1) Regular rotation: rotation-dominated galaxies with v,/ >
3,

(2) Irregular rotation: rotation-dominated galaxies with 1 <
U/ < 3,

(3) Dispersion-dominated : pressure supported galaxies with
Urot/0 g < 1 and galaxies showing no velocity gradient in their velocity
field,

(4) Mergers: galaxies possibly showing sign of interactions,

(5) Unresolved: We remove from the sample two unresolved
galaxies and three galaxies for which no kinematic modelling has
been performed due to the high magnification. These galaxies are
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not taken into account when deriving the rotation- and dispersion-
dominated fractions.

Table 2 shows the kinematic properties and classification of the
49 galaxies. We introduce here the irregular rotation category since
many galaxies show a very low ratio with 1 < v,o/0¢ < 3. Indeed,
the median of this ratio in our sample is vio/og ~ 2.5. At U/0g
~ 3, the gas fraction needs to be higher than 50 per cent for disc to
have a Toomre Q lower than 1 (marginal stability, Toomre 1964). For
thick discs, instability occurs at Q ~ 0.7. The Q ~ 1 value is for an
infinitely thin disc (Kim & Ostriker 2007; Romeo, Burkert & Agertz
2010). From this classification, we find that 39 &£ 9 per cent of the
galaxies show aregular rotation, 27 & 7 per cent are irregular rotators,
and 16 £ 6 percent are dominated by dispersion. If we extend our
classification by looking at the HST images, we are also able to
identify which galaxies possibly show sign of a merging system.
These galaxies are marked in Table 2 and represent the remaining
18 &= 7 per cent of the sample.

Similarly, Mason et al. (2017) found a rotation-dominated fraction
of ~ 65 per cent with most of the galaxies being classified as irregular
rotators. Girard et al. (2018a) found a lower rotation-dominated
fraction of ~ 25-40 per cent for their sample of 24 low-mass galaxies
at 1.4 < z < 3.5, which is also comparable to the rotation-dominated
fraction of ~ 34 per cent obtained by Turner et al. (2017b) for their
32 galaxies at z ~ 3.5. This could be due to the higher redshift of
the galaxies studied in these two surveys compared to this work.
Simons et al. (2017) obtained a decrease of the rotation-dominated
fraction with redshift and with stellar mass, with a fraction of
~ 45-75 per cent expected for galaxies of 9.0 < log(M,/Mg) < 10.0
at0.6 <z < 2.25.

6 ANALYSIS AND DISCUSSION

In the following sections, we investigate the Tully—Fisher relation
for these low-mass galaxies and the evolution of their kinematic
properties with stellar mass. We also explore correlations between
the kinematic properties and morphology, more particularly the rest-
frame UV clumpiness.

6.1 Tully-Fisher relation

The relation between the rotation velocity, which traces the dynami-
cal mass of disc galaxies, and the stellar mass, also called the Tully—
Fisher relation (Tully & Fisher 1977), has been analysed by many
studies at high redshift (e.g. Kassin et al. 2007; Simons et al. 2015;
Tiley et al. 2016; Harrison et al. 2017; Turner et al. 2017a; Ubleretal.
2017). However, the existence of an evolution of this relation with
redshift is still debated. It also remains unclear if the Tully—Fisher
relation depends on stellar mass since very few surveys studied low-
mass galaxies, especially at z > 1. For example, Harrison et al. (2017)
determined that there is no evolution with redshift and stellar mass for
their galaxies at 0.6 < z < 1.0 with a stellar mass of 9.0 <log(M,/Mg)
< 11.0. Simons et al. (2015) found that the galaxies with log(M,/Mg)
< 9.5 do not follow the Tully—Fisher relation since they show a large
scatter at 0.1 < z < 0.375. In addition, Christensen & Hjorth (2017)
reported a power-law slope and normalization independent of the
redshift, but also found a break with a steeper slope for low-mass
galaxies in their sample at 0 < z < 3 with stellar mass of 7.0 <
log(M,/Mg) < 11.5. In this section, we use KLASS to investigate
the redshift and stellar mass evolution of the Tully—Fisher relation to
extend these previous studies to low-mass galaxies at 0.6 < z < 2.3.
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Table 2. Kinematic properties.

Objects Usor o) Kinematic Clumpiness
(kms™1) (kms™1) classification
A2744-928 328 £ 17 206 1 0.22
A2744-892 9 +9 80+£2 4 Potential merger
A2744-188 Non-rotator Non-rotator 3 -
A2744-642 - - 5 -
A2744-692 145 £ 18 27+3 1 0.28
A2744-1773 62 +3 23+4 2 0.06
A2744-1991 Non-rotator Non-rotator 4 Potential merger
MACS0416-268 31 £30 36 £3 3 0.22
MACS0416-1215 - - 5 -
MACS0416-1174 69 £ 10 44+ 15 4 Potential merger
MACS0416-1197 215£12 T+4 1 0
MACS0416-1321 230 £ 13 61 +3 1 0.79
MACS0416-394 76 £ 11 32+1 2 0
MACS0416-1011 249 £ 90 42+12 4 Potential merger
MACS0416-693 140 £ 30 29+2 1 0
MACS0416-248 65 +21 21+7 1 0
MACS1149-593 127+£5 13+4 1 0.24
MACS1149-683 49 +4 26+ 1 2 0.28
MACS1149-691 188 £ 11 60 £ 4 1 0
MACS1149-1625 99 + 13 139£5 4 Potential merger
MACS1149-1237 9+7 35+3 3 0
MACS1149-1644 157 £8 170 £ 10 3 0
MACS1149-1931 123 £8 98 +2 2 0.27
MACS1149-1757 15+6 18+3 3 1.0
MACS1149-1501 208 £41 32+11 1 0.29
MACS2129-1705 239 +£7 512 1 0.87
MACS2129-994 168 £+ 17 33+2 1 0.05
MACS2129-1847 243 £ 41 98 +5 2 0.04
MACS2129-1833 306 + 23 55+ 12 1 0.44
MACS2129-1539 77 £ 18 74 +3 2 0.58
MACS2129-974 113 £ 17 37+ 4 1 0
MACS2129-1126 135 £8 76 £6 2 0
MACS2129-877 25+6 28+3 3 0.34
MACS2129-564 195+5 84 +3 4 Potential merger
RXJ1347-472 88+ 5 58+1 2 0.25
RXJ1347-1230 — - 5 -
RXJ1347-1419 44 +£22 5241 3 0.12
RXJ1347-1261 227+£5 42 +4 1 0
RXJ1347-795 184 £2 58+1 1 0.64
RXJ1347-450 131 £ 12 92 +£5 2 0.94
RXJ1347-287 77+ 12 38+1 2 0.19
RXJ2248-1006 114 £3 58+1 4 Potential merger
RXJ2248-1652 106 £ 6 50£2 2 0.53
RXJ2248-918 — - 5 -
RXJ2248-943 - - 5 -
RXJ2248-662 517 14+£2 1 0.63
RXJ2248-428 95 £21 25+3 1 0.42
RXJ2248-159 63+ 12 35+3 2 0.92
RXJ2248-332 22+3 26 +2 4 Potential merger

The rotation velocity as a function of stellar mass is plotted in
Fig. 3 (left). We present the galaxies that are rotation dominated, with
a regular rotation (in orange) and irregular rotation (in green), and
the dispersion-dominated galaxies (in blue). For each sub-sample,
we fit a linear curve with a fixed slope of m = 0.274 corresponding
to the one obtained by Reyes et al. (2011) for galaxies in the local
Universe:

log(v) = b + m[log(M,/Mg) — 10.10], (€))
where b is the zero-point. Reyes et al. (2011) found a value of b =

2.127 for galaxies in the local Universe with a Chabrier IMF. We

MNRAS 497, 173-191 (2020)

find a velocity zero-point offset from the local relation of —0.40 dex
for the dispersion-dominated galaxies, —0.02 dex for the irregular
rotators, and +0.22 dex for the regular rotators. The irregular rotators
show a value similar to the one of the local galaxies and the
regular rotation-dominated galaxies have a positive zero-point offset
compared to the local relation. The negative offset obtained for
the dispersion-dominated galaxies likely indicates that the pressure
support in the disc is significant for the galaxies showing a low
U/ Tatio, and that the rotation velocity does not trace well the
dynamical mass. To take into account for the pressure support, we
use the circular velocity, V., which combines both the rotation
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Figure 2. Comparison of the instrinsic velocity dispersion measured from the
outer regions and obtained with the 3D modelling code GALPAK’P (Bouché
et al. 2015). The dashed line represents the 1:1 relation.

velocity and intrinsic velocity dispersion to trace the dynamical mass
in galaxies:

Veire = \/ Urzm + 3~4G()27 ()

where the value 3.4 is obtained by assuming an exponential disc at
a radius equal to the effective radius, R. (e.g. Burkert et al. 2010;
Price et al. 2020). We use this circular velocity, V., to plot the
Tully—Fisher in Fig. 3 (right). In this plot, we use again the linear fit
obtained by Reyes et al. (2011) to compare with our data. We assume
that the pressure support is negligible compared to the velocity
rotation for these local galaxies. Indeed, if we take a value of o
~ 10—15km s~ typical of these local galaxies (Pizagno et al. 2007)
in equation (2), we find that V. >~ v, except for galaxies with
log(M,/M)S< 8.0. We recover a tight correlation (the black line),
similar to Kassin et al. (2012), Simons et al. (2016), and Turner et al.
(2017a). We find an offset of +0.18 dex for the full sample that is
consistent with the value we obtain for the regular rotators when no
correction is applied for the pressure support [the orange line in Fig. 3
(left)] and the value obtained by Turner et al. (2017a) for galaxies
at z ~ 3.5. A positive offset can be interpreted as galaxies having a

102 !

Urot [km/s]

Urot /00 > 3
® l<vu/og<3
® Valop<l1

----- Reyes+2011 - 2 =0
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higher gas fraction at this epoch (e.g. Tacconi et al. 2013) since they
still have to convert most of their gas into stars.

Using the circular velocity, we find a scatter of 0.2 dex. This scatter
is defined as the standard deviation of the residuals on the Tully—
Fisher relation. Reyes et al. (2011) obtained a value of 0.056 dex for
the local relation. Similarly to other high-redshift surveys, the scatter
around the relation is much higher than in the local Universe. This
could be due to the larger uncertainties on the rotation velocity and
velocity dispersion that we obtain at high redshift. For our sample,
we find that the observational uncertainties contribute to ~0.06 dex,
which is lower than the observed scatter around the relation. It could
indicate that galaxies are at different evolutionary stages at this epoch,
with some of them that already have converted most of their gas into
stars while others only started to build their disc and form stars.

These data do not suggest that the slope has any dependence on
the stellar mass and redshift when using the circular velocity, which
is in good agreement with the results from Harrison et al. (2017),
for example, but in contradiction with Christensen & Hjorth (2017),
where they reported a steeper slope for low-mass galaxies. However,
this sample is small and more statistics are needed to better look at
the variation of the slope with redshift and stellar mass.

6.2 Evolution of the kinematic properties

The relation between the kinematic properties and stellar mass has
recently been analysed by several surveys (e.g. Kassin et al. 2012;
Simons et al. 2017; Mason et al. 2017; Girard et al. 2018a). A
correlation between o and stellar mass was reported by some studies
(e.g. Johnson et al. 2018), while others did not find any correlation
(e.g. Simons et al. 2017; Turner et al. 2017b). Similarly, a correlation
between v, /0 and stellar mass was found by several surveys (e.g.
Kassin et al. 2012; Simons et al. 2017), but others reported no clear
trend (e.g. Contini etal. 2016). Previous surveys were also limited to a
small number of low-mass galaxies with only a few with log(M,/Mg)
< 10atz > 1 (see Figs 4 and B1). In this section, we use KLASS to
investigate the trend between the stellar mass and o ¢ and v/0¢. Due
to the limited number of galaxies in our sample, we also combine
our sample with galaxies publicly available from previous surveys.
The velocity dispersions for the full KLASS sample are similar
to other values reported in the literature at similar redshift (see the
top panels of Figs 4 and B1). We obtain mean and median values

2

0

+ 3.40;

2
Urot

'
e
é Urot /00 > 3
o @ l<unfop<3
>: 10! @® vn/on<l
KLASS - this work
----- Reyes+2011 - z = 0
8 9 10 11

log(M.) [Mo)]

Figure 3. Rotation velocity (left-hand panel) and circular velocity (right-hand panel) as a function of stellar mass. The coloured lines represent the fit for each
kinematic category. The black line presents the fit for the full sample, regardless of kinematic classification. The black-dashed line indicates the Tully—Fisher

relation observed in the local Universe by Reyes et al. (2011).
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Figure 4. Intrinsic velocity dispersion and rotation velocity to intrinsic velocity dispersion ratio, vro/o 0, as a function of stellar mass for KLASS (the square)
and a compilation of galaxies from different surveys (the circle): Gnerucci et al. (2011), Epinat et al. (2012), Livermore et al. (2015), Wisnioski et al. (2015),
Contini et al. (2016), Swinbank et al. (2017), Turner et al. (2017b), Johnson et al. (2018), and Girard et al. (2018a). Only the velocity dispersion was available
from Wisnioski et al. (2015). The mean redshift values of each redshift bin in the right-hand panels are 0.8 (orange), 1.4 (dark blue), and 3.3 (red) corresponding
to redshift bins of z < 1, 1 < z < 3, and z > 3, respectively. The circles represent the mean velocity dispersion (top right-hand panel) and mean vyo/o o (bottom
right-hand panel) of each stellar mass bin : 8.0 < log(M,/Mg) < 8.7, 8.7 < log(M,/Mp) < 9.1, 9.1 < log(M,/Mg) < 9.8, 9.8 < log(M,./Mp) < 10.2, and
log(M,./Mg) > 10.2. The error bar on these circles is the error on the mean (with a confidence level of 98 per cent). The large black squares in the left-hand
panels represent the mean of the two mass bins of KLASS for galaxies with log(M,/Mg) < 9.5 and log(M,/Mg) > 9.5. The dashed line shows the best stellar
mass and redshift-dependent fit and on the KLASS sample (described in Section 6.2). The grey solid lines are draws from the MCMC samples. We also present

oo and vye/og as a function of redshift in Fig. B1 in Appendix B.

of 50 and 40 km s~! for this sample, respectively. When dividing the
sample in two mass bins, we find that the galaxies with a stellar mass
of log(M,/Mg) < 9.5 (and median mass of log(M,/Mg) =9.1) have a
mean and median velocity dispersion of 35 and 29 km s~!. We obtain
for the more massive galaxies with log(M,/Mg) > 9.5 [and median
mass of log(M,/Mg) = 9.9] a mean and median velocity dispersion
of 64and 55kms~! (see Fig. 4). We fit a model of the form o ~
(M,/10"M)* x (1 + z)? using Bayesian inference, sampling the

MNRAS 497, 173-191 (2020)

posterior with EMCEE (Foreman-Mackey et al. 2013) to characterize
the redshift and mass evolution. We use a flat prior on « between
—2and 2, B between —1 and 1, and a flat prior on the normalization
factor 10 where 0 < y < 4. We also fit for a constant rescaling
of the errors on the velocity dispersion, to account for systematic
underestimation of the errors, and marginalize over this. We find that
the velocity dispersion is strongly correlated to the stellar mass with
o = 0.22 £ 0.05, with no significant evolution with redshift: g =
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MACS1149-1931 — F606W

Figure 5. F6O0O6W HST image of the galaxy MACS1149-1931. The blue
contours show the clumps detected with ASTRODENDRO.

0.12 £ 0.43. The best fit is shown as a dashed line in Fig. 4 (top
left-hand panel) for the mean redshift of our sample (z ~ 1.3; see
also Fig. B1 for the relation as a function of redshift).

To further explore this trend, we combine our data from KLASS
with several surveys from the literature: Gnerucci et al. (2011),
Epinat et al. (2012), Livermore et al. (2015), Wisnioski et al. (2015),
Contini et al. (2016), Swinbank et al. (2017), Turner et al. (2017b),
Johnson et al. (2018), and Girard et al. (2018a). This allows us to get
enough statistics to study in details the trend between the velocity
dispersion, vy /0, and the stellar mass and redshift. We note that
several of these studies have a different spatial and spectral resolution
and used different sample selection and methods to measure the
kinematic properties. This could potentially be a source of scatter
and bias the interpretation. For example, the MASSIV survey (Epinat
et al. 2012) used an error-weighted mean of the beam-smearing
corrected velocity dispersion map. This method is known to give
slightly higher velocity dispersions than other methods (Davies et al.
2011). However, most of the surveys that we combine used kinematic
modelling to determine the velocity dispersion or measured this
property in the outskirt of galaxies. These two methods give similar
results (see Section 5.2 and Fig. 2). Moreover, most of the galaxies
in the compilation have been observed with KMOS, and therefore
have a similar spatial and spectral resolution (Wisnioski et al. 2015;
Swinbank et al. 2017; Turner et al. 2017b; Johnson et al. 2018;
Girard et al. 2018a). We also note that most of the galaxies in this
compilation are at z ~ 1 (see Fig. B1) due to the large number of
galaxies in the KROSS sample (Johnson et al. 2018).

Fig. 4 (top right-hand panel) shows the dispersion as a function
of stellar mass for the galaxies included in all the surveys listed
above. To investigate the dependence on redshift, we divide the
sample in the following redshift bins: z < 1, 1 < z < 3, and z
> 3. The mean values of each bin is 0.8, 1.4, and 3.3, respectively.
We consider five stellar mass bins: 8.0 < log(M,/My) < 8.7, 8.7 <
log(M,/Mgp) < 9.1, 9.1 < log(M,/Mp) < 9.8, 9.8 < log(M,/My) <
10.2, and log(M,/Mg) > 10.2. The galaxies from KLASS allow us
to add statistics in the lower mass bins at z ~ 1—2. We therefore
focus on the mass evolution at log(M,/Mg) < 10 in this work. For
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galaxies at z ~ 0.8, the velocity dispersion increases from ~35
to ~45kms~! for galaxies at log(M,/My) ~ 8.9 to 10.5. This is
consistent with a positive correlation between these quantities. There
is also an increase of the velocity dispersion with stellar mass at z
> 1, but the correlation is less obvious at these redshifts due to
the large error bars. This is consistent with the results obtained by
Johnson et al. (2018) where they combined data from the KROSS
sample at z ~ 0.9, the SAMI survey at z ~ 0.05 and a sample from
MUSE at z ~ 0.5. This correlation could be partly due to an effect
of residual beam-smearing since it affects more the massive galaxies
(Burkert et al. 2016; Johnson et al. 2018). However, Pillepich et al.
(2019) found a similar trend using IustrisTNG simulations. They
obtained that the H « velocity dispersion of galaxies increases with
stellar mass, for all redshifts. This is also consistent with the o(—M,
relation, derived in Girard et al. (2018a) assuming a quasi-stable
disc (Toomre parameter Q = 1) and using the Tully—Fisher relation,
which predicts an increase of the intrinsic velocity dispersion with
stellar mass.

We also find an increase of the dispersion with redshift, as found
by many other surveys (e.g. Forster Schreiber et al. 2009; Wisnioski
et al. 2015). It is, however, still unclear if an increase with redshift is
seen for the lower mass galaxies [log(M,/Mg)<9.1] as the values are
similar for 0.5 < z < 1.0 and 1.0 < z < 3.0 (see Fig. 4). This might
also only be due to the lack of observations of low-mass galaxies at
higher redshift (z > 1).

We also plot v,y /0 as a function of stellar mass in Fig. 4 (bottom
panels). Using the same fitting method as in Fig. 4 (left-hand panels)
for our galaxies from KLASS, we find no significant evolution
of /oo with stellar mass (¢ = 0.03 £ 0.07) or redshift (8 =
—0.26 £+ 0.45). The best fit is shown for the mean redshift of our
sample (z ~ 1.3). Using the same compilation from the literature
and same stellar mass and redshift bins as previously described in
Fig. 4 (top right-hand panel), we see a correlation between v;o/0
and stellar mass with an increase of this ratio for the more massive
galaxies at 0.5 < z < 1.0. However, this correlation is not clearly
seen at z > 1. An increase of v, /o with stellar mass means that
low-mass galaxies are less rotation-dominated at this redshift. This
suggests that more massive galaxies settle first into regular rotating
discs (e.g. Kassinetal. 2012; Simons et al. 2016; Johnson et al. 2018).
Similarly, Pillepich et al. (2019) found a correlation of v, /o ¢ with
stellar mass at z < 1 from their simulations. The trend between
Urot/0 o and stellar mass flattens at z > 1 according to their study as
it might be seen in Fig. 4.

We also find that v, /o decreases with redshift for all masses,
which agrees with the results from other observations (e.g. Simons
et al. 2017; Wisnioski et al. 2015) and simulations (Pillepich et al.
2019). This indicates that galaxies are more turbulent and pressure
supported at high redshift.

6.3 Clumpiness and kinematics properties

It is now well established that galaxies at cosmic noon have clumps
that are forming stars at rates 100x higher than in local star-forming
regions of similar size (e.g. Genzel et al. 2011; Guo et al. 2012).
In this section, we explore the physical conditions in which these
clumps possibly formed in the discs by comparing the rest-frame
UV clumpiness to the kinematics properties of the galaxies.

To determine the clumpiness of the galaxies, we use the F435W,
F606W, and F775W HST images tracing the B, V, and i bands that
correspond to the rest-frame UV images of galaxies at redshift 0.5 <
z<1,1<z<2,2 <z<3,respectively (Guoetal. 2012). We identify
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Figure 6. Clumpiness as a function of the velocity dispersion (top panel) and the histograms of the velocity dispersion for the galaxies with no clumps (middle
top panel), a clumpiness between 0 and 0.5 (middle bottom panel), and a clumpiness higher than 0.5 (bottom panel). The dashed and solid lines represent
the mean and median of each distribution, respectively. The top panel is colour-coded to indicate the corresponding stellar mass and the colours on the left

correspond to the clumpiness bins of each histogram.

the clumps in every galaxy of the sample using ASTRODENDRO . This
tool uses dendrograms, which are trees that represent hierarchically
the different structures in the data (Rosolowsky et al. 2008). The
code finds the brightest value in the image and associates the spaxels
around it to this clump until a new local maximum is found. There
are two input parameters: the minimum flux for which the spaxels
are considered and the minimum value between the maxima of two
independant clumps. We fix the minimum value at 30 above the
noise level and the minimum value between the peaks of two clumps
at 1o (Rosolowsky et al. 2008). We only consider clumps that have
at least a size comparable to the PSF and that are off-centre. An
example of the clumps detected with ASTRODENDRO in the galaxy
MACS1149-1931 is shown in Fig. 5.

In this work, we define the clumpiness as the ratio between the
UV light in all the clumps and the total UV light of the galaxy,
clumpiness = ¥ Leymp/ Lot (€.g. Soto et al. 2017; Messa et al.
2019). We sum the UV light of clumps detected with ASTRODENDRO
and divide by the total UV flux. We find that 23 per cent of the
galaxies in our sample are not clumpy (no clump detected). We
detect clumps in 58 percent of the galaxies, with 21 percent and
37 per cent that have a clumpiness higher than 0.5 and between 0 and
0.5, respectively. The rest of the galaxies are potential mergers for
which it is not clear from their HST images and kinematic maps if the

Shttp://www.dendrograms.org
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clumps detected are actual star-forming clumps or distinct objects
in interactions. The clumpiness fraction of ~ 58 per cent found for
this sample is in agreement with Shibuya et al. (2016), where they
obtained a fraction between 50 per cent and 70 per cent for galaxies
at 0.5 < z < 3. The clumpiness parameter is listed in Table 2.

Fig. 6 presents the clumpiness as a function of the velocity
dispersion, colour-coded with their stellar mass, with the histograms
of the velocity dispersion for the galaxies showing no clump, the
galaxies having a clumpiness between 0 and 0.5, and the galaxies
with a clumpiness higher than 0.5. The clumpy galaxies show a wide
range of dispersion, typically between 15 and 100 km s~!. We obtain
a Spearman rank correlation coefficient of 0.04 and a probability of
an uncorrelated system (p-value) of 84 per cent, which indicates that
there is no trend between the clumpiness and velocity dispersion.
Also, we do not see a strong dependence between the clumpiness
and the stellar mass in this sample (see top panel of Figs 6 and 7)
therefore the dependence in stellar mass should not affect our results.
However, the galaxies with a clumpiness higher than 0.5 show a
median velocity dispersion of 51 &= 18 kms~!, which is higher than
the median of 36 &= 13kms~!and 33 & 14kms~! obtained for the
galaxies with no clump and a low clumpiness between 0 and 0.5,
respectively.

Fig. 7 presents the clumpiness as a function of v,y/0, with the
histograms of v,/0( for the galaxies with no clump, the galaxies with
a clumpiness between 0 and 0.5, and the galaxies with a clumpiness
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Figure 7. Clumpiness as a function of vyo/oo (top panel) and histograms of vyi/o for the galaxies with no clumps (middle top panel), a clumpiness between 0
and 0.5 (middle bottom panel), and a clumpiness higher than 0.5 (bottom panel). The dashed and solid lines represent the mean and median of each distribution,
respectively. The top panel is colour-coded to indicate the corresponding stellar mass and the colours on the left correspond to the clumpiness bins of each

histogram.

higher than 0.5. We find a Spearman rank correlation coefficient of
—0.06 and a p-value of 74 per cent, which indicates that there is no
clear trend between the clumpiness and v, /0. The three clumpiness
categories all show a median of v, /oo ~ 2—3.

Fisher et al. (2017) found an anticorrelation between the clumpi-
ness and v, /0 for their massive galaxies at z ~ 0.1 analog to
high-redshift galaxies. Messa et al. (2019) obtained a weak trend
between the clumpiness and v,o/oo for their UV-selected star-
forming galaxies in the Lyman-Alpha Reference Sample (LARS)
at 0.03 < z < 0.2, but with a large scatter. In this work, we do
not find any clear trend, but we also look at very different types
of galaxies, with lower stellar mass and at higher redshift. The
higher velocity dispersion observed for the most clumpy galaxies is
however consistent with clumps that would form by fragmentation in
aturbulent, gas-rich disc due to gravitational instabilities (Tamburello
etal. 2015). The large scatter and clumpy galaxies with higher v, /0 ¢
seen in this sample could be due to turbulent, gas-rich galaxies that
stabilize after forming their clumps and evolve into less turbulent and
more stable disc galaxies with clumps that are still present in their
internal structure. This could also indicate that clumps can form in
very different physical conditions, which would be inconsistent with
clumps that form by gravitational instabilities (e.g. Meng, Gnedin &
Li 2019).

Additionally, the low v,/ and relatively high velocity disper-
sion observed in some galaxies that do not have any clumps suggest

that either the turbulence originates from other processes in these
particular objects or that these galaxies could be about to form
clumps.

7 CONCLUSIONS

We have presented results from the full KLASS sample, a survey
that uses gravitational lensing to study the resolved kinematics in 44
star-forming galaxies with a median stellar mass of log(M,/My)~9.5
at 0.6 < z < 2.3. The main results of this work are as follows:

(i) From the 44 galaxies with resolved kinematics, we find that
39 + 9 per cent show regular rotation with v, /oo > 3,27 &= 7 per cent
are irregular rotators with 1 < vyo/og < 3, 16 & 6percent are
dominated by dispersion with v, /0 g<1 or do not show any velocity
gradient, and 18 = 7 per cent are potential mergers. This means that
most of the galaxies show rotation, but are barely dominated by the
rotation.

(i) We find that the KLASS sample follows the Tully—Fisher
relation, after adding the contribution for the pressure support in
the galaxies (traced by the velocity dispersion). We obtain a positive
zero-point offset of 4-0.18 dex and a larger scatter of 0.2 dex when
comparing to the relation from the local Universe (Reyes et al. 2011).
This could suggest that these galaxies are more gas-rich and are at
different evolutionary stages at this epoch, with some galaxies only
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starting to convert their gas into stars while other are more advanced
in the process and have already converted a larger fraction of their
gas.

(iii) We find a strong evolution of the velocity dispersion with
stellar mass in the KLASS sample, with a median value of 29 and
55kms~! for the galaxies with log(M,/My) < 9.5 and log(M,/M,)
> 9.5, respectively. When combining our data with other studies
from the literature, we still find an increase of the velocity dispersion
with stellar mass and an increase of the dispersion with redshift. This
evolution of the velocity dispersion with redshift for the lower mass
galaxies (log(M,/Mg) < 9.1) is, however, still unclear, possibly due
to a lack of observations of these galaxies at higher redshift. We also
find an increase of v, /0 ¢ with stellar mass for galaxies at 0.5 < z <
1.0, and a weak increase or flat trend for z > 1. This could indicate
that low-mass galaxies settle into a more regular rotating disc after
the more massive galaxies at 0.5 < z < 1.

(iv) We find that the most clumpy galaxies in our sample have a
slightly higher velocity dispersion on average, but we do not find
any clear trend between the UV clumpiness of the galaxies and
the velocity dispersion and v, /0o. The diversity of the kinematics
properties found for the clumpy galaxies could be due to turbulent,
gas-rich galaxies that evolve into less turbulent and more stable disc
after forming clumps in their disc. This could also indicate that
clumps can form in different physical conditions. The galaxies with
no clump also show a wide range of dispersion [10 < oo(kms™!) <
75]. Several of them also have a low v,y /o ratio (<3). This could
mean that the turbulence in these galaxies is either due to different
mechanisms than in the clumpy galaxies or that these galaxies are
about to form clumps.
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Figure Al. continued.

APPENDIX B: KINEMATIC PROPERTIES AS A FUNCTION OF REDSHIFT

Fig. B1 shows the intrinsic velocity dispersion and the rotation velocity to intrinsic velocity dispersion ratio, v,,/0 ¢, as a function of redshift.
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KLASS sample Comparison with literature
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Figure B1. Intrinsic velocity dispersion and rotation velocity to intrinsic velocity dispersion ratio, vyo/0g, as a function of redshift for KLASS (the square)
and a compilation of galaxies from different surveys (the circle) : Gnerucci et al. (2011), Epinat et al. (2012), Livermore et al. (2015), Wisnioski et al. (2015),
Contini et al. (2016), Swinbank et al. (2017), Turner et al. (2017b), Johnson et al. (2018), and Girard et al. (2018a). Only the velocity dispersion was available
from Wisnioski et al. (2015). The mean redshift values of each redshift bin are 0.8 (orange), 1.4 (dark blue), and 3.3 (red) corresponding to redshift bins of z < 1,
1 <z <3, and z > 3, respectively. The colours for the redshift bins are the same as in Fig. 4. The circles represent the mean velocity dispersion (top right-hand
panel) and mean vyo/oo (bottom right-hand panel) of each redshift bin. The error bar on these circles is the error on the mean (with a confidence level of
98 per cent). The dashed line on the left-hand panels shows the best stellar mass and redshift-dependent fit on the KLASS sample (described in Section 6.2).The
grey solid lines are draws from the MCMC samples.
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