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ABSTRACT

We present spatially resolved stellar kinematic maps, for the first time, for a sample of 17 intermediate redshift galaxies (0.2 < z < 0.8).
We used deep MUSE/VLT integral field spectroscopic observations in the Hubble Deep Field South (HDFS) and Hubble Ultra Deep
Field (HUDF), resulting from ~30 h integration time per field, each covering 1’ x 1" field of view, with =~ 0”765 spatial resolution. We
selected all galaxies brighter than 25 mag in the / band and for which the stellar continuum is detected over an area that is at least two
times larger than the spatial resolution. The resulting sample contains mostly late-type disk, main-sequence star-forming galaxies with
1033 Mg < M., < 10'%5 M,,. Using a full-spectrum fitting technique, we derive two-dimensional maps of the stellar and gas kinematics,
including the radial velocity V and velocity dispersion 0. We find that most galaxies in the sample are consistent with having rotating
stellar disks with roughly constant velocity dispersions and that the second order velocity moments Vi, = VV? + 02 of the gas and
stars, a scaling proxy for the galaxy gravitational potential, compare well to each other. These spatially resolved observations of the
stellar kinematics of intermediate redshift galaxies suggest that the regular stellar kinematics of disk galaxies that is observed in the
local Universe was already in place 4—7 Gyr ago and that their gas kinematics traces the gravitational potential of the galaxy, thus is
not dominated by shocks and turbulent motions. Finally, we build dynamical axisymmetric Jeans models constrained by the derived
stellar kinematics for two specific galaxies and derive their dynamical masses. These are in good agreement (within 25%) with those
derived from simple exponential disk models based on the gas kinematics. The obtained mass-to-light ratios hint towards dark matter

dominated systems within a few effective radii.

Key words. galaxies: formation — galaxies: evolution — galaxies: kinematics and dynamics — galaxies: stellar content

1. Introduction

The kinematics of galaxies is of paramount importance
for our understanding of their formation and evolution.
Large three-dimensional spectroscopic surveys such as
GHASP (Epinat et al. 2008b,a), ATLAS?P (Cappellari et al.
2011), SAMI (Croom et al. 2012; Bryant et al. 2015), CAL-
IFA (Sanchez et al. 2012; Garcia-Benito et al. 2015), the ongo-
ing MaNGA survey (Bundy et al. 2014), and the MUSE Atlas
of Disks (MAD; Carollo et al., in prep.) have intensively char-
acterised, or will intensively characterise, the stellar and ionised
gas kinematics of local galaxies (z = 0) over a large range of
galaxy masses (~10%37!1 M). These surveys have shed light
on the importance of mergers (Arnold et al. 2014; Naab et al.
2014; Haines et al. 2015) and gas accretion (Davis et al. 2011a;

* Based on observations made with ESO telescopes at the La
Silla-Paranal Observatory under programmes 094.A-0289(B), 095.A-
0010(A), 096.A-0045(A) and 096.A-0045(B).

Article published by EDP Sciences

Cheung et al. 2016) in the growth of galaxies that we see today.
The build-up of stellar disks has also been studied through the
specific stellar angular momentum of early-type galaxies (e.g.
with proxies such as Ag, Emsellem et al. 2011).

Similar integral field spectroscopic (IFS) surveys have been
performed over the past decade to target high-redshift galaxies
(z~1-3). Still limited by the performance of state-of-the-art in-
struments, such as for example SINS (Cresci et al. 2009), MAS-
SIV (Contini et al. 2012), LSD/AMAZE (Gnerucci et al. 2011),
KMOS?P  (Wisnioski et al. 2015), and KROSS (Stott et al.
2016), the kinematics of such galaxies have been charac-
terised mostly (if not only) by their ionised gas content. At
these redshifts, most galaxies are gas rich and a large portion
of their gas is transformed into stars, which has led to the
known peak of the cosmic star formation rate (SFR) (z=1-
2.5; Hopkins & Beacom 2006; Madau et al. 2014). This gas
could be brought to galaxies through, for example cold gas
accretion at z > 2 (KereSetal. 2005; Dekel et al. 2009;
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van de Voort et al. 2011) or major and minor mergers (Lin et al.
2008; De Ravel et al. 2009; Loépez-Sanjuan et al. 2011, 2013)
with a suggested peak of merging events between 1 < z < 2
(Ryan, Jr. et al. 2008; Conselice et al. 2008). However, merger
events might not be the dominant channel (Kauffmann et al.
2010).

The observed gas kinematics of high-redshift galaxies are of-
ten perturbed (Epinat et al. 2012) by, for example clumpy star
formation sites (Forster Schreiber et al. 2009; Swinbank et al.
2012) and strong stellar feedback (Dib et al. 2006; Green et al.
2010). As a result, the ionised gas velocity dispersion in the
disk component of high-redshift galaxies is about 5 to 10 times
larger than in the local Universe (=60 km s7!, as compared to
~10-20kms™'; e.g. Epinat et al. 2010; Erroz-Ferrer et al. 2015)
and the origin of the gas velocity dispersion is still under debate.
A constant evolution (decrease) of the ionised gas velocity dis-
persion is observed from z ~ 2 to z 1 and seems to follow
the gas fraction of galaxies (Wisnioski et al. 2015), as expected
from disk stability theory (Toomre 1964).

In order to understand the physical processes that transform
such clumpy disk star-forming galaxies at high redshift into the
ordered galaxies of the local Universe, recent studies have been
conducted on intermediate redshift galaxies (0.2 < z < 0.7);
these studies include DEEP2 (Kassin et al. 2007; Miller et al.
2014, with multislit spectroscopy), IMAGES (Puech 2010, with
GIRAFFE/VLT IFS), MUSE-HDFS (Contini et al. 2016, with
MUSE/VLT IFS), and very recently extended up to z ~ 1.7
with MUSE and KMOS (Swinbank et al. 2017). Such galaxies
have been found to be mostly rotation dominated (Contini et al.
2016; Swinbank et al. 2017, from their ionised gas) and a clear
evolution towards a settlement of disk components has been
suggested from z =~ 1 to today (Kassinetal. 2012). Similar
ionised gas kinematics have been observed at all probed stel-
lar masses (~108719 M) and the Tully-Fisher relation, linking
the maximal rotation velocity to the luminosity (mass) of a
galaxy, is found to extend over the full range of galaxy stellar
mass (Miller et al. 2011; Contini et al. 2016). However, a larger
scatter is observed at lower stellar masses, which is consistent
with the larger fraction of low-mass galaxies that are not yet
“settled” at z ~ 0.2—1, in contrast with most massive galax-
ies (Kassin et al. 2012; Simons et al. 2015).

Important steps in the understanding of the kinematic evo-
lution of galaxies have been made through these numerous
intermediate- and high-redshift galaxy surveys. However, gas
(the main tracer used to infer galaxy kinematics at these red-
shifts) is a complex ingredient that leads to significant uncer-
tainties in the observed kinematics, such as turbulence, heat-
ing and cooling, clumps, and inflows or outflows. The stellar
content of galaxies is thus a more robust tracer of the grav-
itational potential as it overcomes some of these issues. Re-
solved spectroscopy of the stellar continuum of intermediate-
redshift galaxies (0.2 < z < 1) is a challenging task and has
so far mostly been accessible with long-slit spectroscopy, for ex-
ample for single galaxies (van der Marel & van Dokkum 2007,
van der Wel & van der Marel 2008) or stacks of large samples
of galaxies (Shetty & Cappellari 2014). Such studies have led
to the characterisation of the star formation history (SFH) of
intermediate-redshift galaxies (z =~ 0.8), which was found to
be similar to local galaxies, and to the first estimate of the dark
matter (DM) content of the most massive galaxies (~10'" M),
which was found to be low within 1.5 R, (Shetty & Cappellari
2014). In the more distant Universe, long-slit spectroscopy has
revealed the stellar content of a handful of very massive qui-
escent galaxies (M, > 10" M) at z ~ 1 (Belli et al. 2014) and
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z ~ 2 (van Dokkum et al. 2009; van de Sande et al. 2011, 2013;
Toft et al. 2012; Belli et al. 2014). Such studies have shown
that the stellar velocity dispersion is generally higher than in
the local Universe, i.e. ~300kms~! , and could be as high as
~500km ™! for some specific galaxy (van Dokkum et al. 2009).
The size — mass diagram of distant galaxies has also been inten-
sively investigated using their dynamical mass that can be esti-
mated from the measurement of their velocity dispersion. Var-
ious studies have led to the finding that galaxies at z~ 1-2, at
fixed mass, are more compact than galaxies in the local Uni-
verse (Daddi et al. 2005; Trujillo et al. 2006; van Dokkum et al.
2008, 2010; Cappellari et al. 2009).

Except for a few gravitationally lensed galaxies at redshift
z~2 (Newman et al. 2015; Mason et al. 2017), IFS observations
of the stellar content of galaxies further away than the local
Universe was missing until now. With the state-of-the-art IFS
MUSE instrument (Bacon et al. 2010), a new window has now
been opened on the stellar kinematics of intermediate-redshift
galaxies. Indeed, the large field of view (FoV) of MUSE and its
high sensitivity allow one to perform deep blind observations.
Such an observation strategy leads to new detections of distant
galaxies (Bacon et al. 2015) and to a significant increase of the
exposure time on large samples, favouring the stellar continuum
detection of distant objects.

This paper is organised as follows. In Sect. 2 we present the
deep MUSE observations performed in two Hubble Deep fields
along with the sample selection and global properties. In Sect. 3,
we describe the kinematics analysis and we present our results
in Sect. 4, focusing on the comparison between the stellar and
gas kinematics. In Sect. 5 we discuss our results and their impli-
cations for the commonly used assumptions on the kinematics of
such intermediate-redshift galaxies. Finally, Sect. 6 summarises
our work.

2. Data sets and galaxy sample

We used the two deepest data sets of MUSE observations for
the present study: one targets the Hubble Deep Field South
(HDFS), presented in Bacon et al. (2015); and the other, the
Ultra Deep Field-10 (udf-10), presented in Bacon et al. (2017,
hereafter B17—Paper I), is located in the Hubble Ultra Deep Field
(HUDF; Beckwith & Stiavelli 2006). A summary of the data re-
duction processes and the resulting properties of the data cubes
are presented in the following paragraphs.

2.1. MUSE observations in the HDFS

The MUSE observations in the HDFS were obtained dur-
ing the last commissioning! of the instrument on the unit 4
telescope (UT4) at the Very Large Telescope (VLT). These
observations were presented in Bacon et al. (2015) and con-
sist of a total exposure of 27 h, covering a field of 1’x 1’
and reaching a lo emission-line surface brightness limit of
1x 107" ergs™! cm™2 arcsec™2. The HST image of the HDFS
region observed with MUSE is presented in Fig. 1 (left panel).
The redshifts of 189 objects were measured down to an apparent
magnitude of Ig;4 = 29.5 mag, increasing the number of known
spectroscopic redshifts by more than an order of magnitude. The
redshift distribution spans a wide range, from z ~ 07, and shows
peaks at z~ 0.6 and z = 3. The effective spatial resolution of the
combined data cube is 0.66” at 7000 A and is about 10% better
(worse) at the red (blue) end of the MUSE spectral range go-
ing from 4750-9300 A. The spatial sampling (i.e. spaxel size)

! ESO programme 60.A-9100 (C).
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Fig. 1. HST/WFC2 F814W image of the Hubble Deep Field South (HDFS, left panel), and the Hubble Ultra Deep Field-10 (udf-10, right panel)
with the locations of the galaxies comprising our sample of spatially resolved continuum galaxies. The sizes of the circles correspond to the MUSE
spatial resolution (=0.66” for the HDFS, and ~0.63” for the udf-10). The identification numbers are those from the catalogues of Bacon et al.

(2015) and I17-Paper 11, also listed in Table 1.

is =0.2” and the theoretical spectral resolution is ~23A full
width half maximum (FWHM). The observing strategy and data
reduction are described in Bacon et al. (2015) and summarised
in Contini et al. (2016, hereafter C16).

The MUSE HDFS data set is publicly available? and consists
of the fully reduced data cube and the extracted sub-cubes of
each of the objects identified in Bacon et al. (2015). The object
masks and variance cubes (derived through the MUSE pipeline)
were also made available to the public’. We here used the first
public data release of the MUSE HDFS (i.e. v1.0).

2.2. MUSE observations in the UDF-10

The MUSE observations of the udf-10 in the HUDF (see Fig. 1,
right panel), cover an area of 1.15 arcmin? at a depth of ~31 h of
exposure time and were acquired during Guaranteed Time Ob-
servations between September 2014 and December 2015. The fi-
nal data cube is of much better quality than the HDFS thanks to
an improved observational strategy and data reduction scheme;
see B17-Paper I for the detailed data reduction processes and
quality assessment. The effective spatial resolution of the final
data cube ranges from 0’57 in the red (at 9350 A) to 0771 in
the blue (at 4750 A). The 1o emission-line surface brightness
limit is 2.8 x 1072 ergs s~ arcsec™2 in the red (6500-8500 A)
between OH sky lines.

The redshift of 252 objects were securely measured and span
the range of 0.21 < z < 6.64 (Inamietal. 2017, hereafter
I17-Paper II). The 50% completeness is reached at 26.5 mag
(F775W) and 32 detected objects do not have prior counterpart
in the HST catalogue of Rafelski et al. (2015). This increases the
number of spectroscopic redshifts in this area of the HUDF by
almost one order of magnitude.

2 http://muse-vlt.eu/science/hdfs-v1-0
3 http://data.muse-vlt.eu/HDFS/Web/

2.3. Galaxy sample: selection criteria

We searched in the MUSE catalogues of Bacon et al. (2015,
HDFS) and I17-Paper II (udf-10) for galaxies that are spatially
resolved and have a bright enough continuum so that the main
absorption lines (i.e. Balmer lines, CaK, Mgb, and Fe) have a
signal-to-noise ratio (S/N) that is suitable for extracting reliable
resolved stellar kinematics from full spectral fitting.

To identify such sample, we first selected the galaxies
brighter than Igjawyssorp = 25 mag. This corresponds to the mag-
nitude limit above which the Balmer absorption lines are no
longer detected in the spatially integrated galaxy spectrum. From
this sample, we then selected galaxies that have a stellar contin-
uum with a S/N of at least 1 per spectral pixel in each spectrum
over an area of 16 MUSE spaxels, i.e. that corresponds to about
1.5 times the PSF FWHM size oof the data cube. The S/Ns were
estimated between 4150-4350 A (in the object rest frame), rep-
resentative of the continuum level (i.e. almost free of absorption
and emission lines) based on the variance cubes produced by the
MUSE pipeline. For galaxies that ended up in the final sample,
the S/N of the central 16 spaxels was typically between 5 (e.g.
for galaxy HDFS-ID #10) to 10 (e.g. for galaxy HDFS-ID #4) per
pixel. A subsample of 30 objects (15 in the HDFS and 15 in the
udf-10) was thus obtained. To ensure a robust extraction of the
stellar kinematics, we then excluded 13 galaxies (5 in the HDFS,
8 in the udf-10) for which we could not obtain a spatially binned
data cube with more than six bins with a S/N greater than 8 (see
Sect. 3.3). This criterion results in a subsample of 17 galaxies (10
in the HDFS and 7 in the udf-10) with a spatially resolved con-
tinuum in the two MUSE data cubes. This sample is presented
in Table 1.

The 10 galaxies selected in the HDFS MUSE data cube
were all included in the sample of C16, who studied their spa-
tially resolved gas kinematics based on the same data set. We
use their analyses as a reference for comparison with our stel-
lar and gaseous kinematics. We also use the HDFS catalogue
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Table 1. Galaxy sample global properties.

Field ID Z F814W/F850LP R. i logio(M.) logio(SFR) Morphology — Notes
- - - (mag) (arcsec) (%) (Mo) (Moyr™) -
&) @ 3 “ ®) (6) Q) (®) &)

HDFS 1 0.17 21.22 0.87 750 8.78+042 -1.01+0.67 -

HDFS 3 0.56 21.52 1.34 16.0 9.66+0.14 0.24+0.37  Spirals — clumpy

HDFS 4 056 21.78 1.38 750 9.86+0.17 0.54+0.35  Weak spirals

HDFS 5 058 21.97 0.37 68.0 9.82+0.17 0.59+0.38  Compact — Nucleus — weak spirals

HDFS 6 042 21.98 0.60 29.0 9.23+0.10 -0.61%0.50 Spirals — bar

HDFS 7 046 21.99 0.73 41.0 931+£0.12 -0.51+0.54 Clumps — Spirals?

HDFS 8 0.58 22.08 0.30 61.0 9.88+0.23 1.38+0.58  Satellite

HDFS 9 0.56 22.08 0.42 61.0 9.31+£0.20 0.8+041 Compact

HDFS 11 0.58 22.72 0.17 62.0 9.22+0.18 0.08+0.49 Compact

HDFS 12 0.67 22.79 0.09 37.0 9.02+0.27 0.82+0.67 Compact — “jet”
UDF-10 1 0.62 20.13 126 270 1044707 0.86%018 Grand design spiral
UDF-10 2 042 20.72 0.54 340 9.82°0%7  021*013 Asym. spiral — bar — merger?
UDF-10 3 0.62 21.42 0.75 61.0 9.92f828§ O.29f8:}§ Asym. spiral — merger?
UDF-10 4 0.76 21.48 0.72 50.0 9.97f81(1)7 0.83’:8:}2 Asym. spiral — Clump — merger?
UDF-10 5 0.62 21.25 036  49.0 10.66:09  0.06*03 Early-type disk-like
UDF-10 7 0.62 21.91 0.66 50.0  9.33*01 0444017 Asym. spiral — bar
UDF-10 10 0.27 22.49 045 570 83701 07279 Stellar stream — satellite

Notes. Properties of the sample of galaxies with spatially resolved continuum: (1) MUSE data sets. (2)—(3) Galaxy ID number, and redshift,
from Bacon et al. (2015) and 117-Paper II catalogues. (3)—(4) Apparent magnitude Ig;4w (HDFS) and Igso p (udf-10). (5) Effective radii from
Casertano et al. (2000, HDFS) and 117-Paper II (udf-10). (6) Galaxy inclination from C16 (HDFS) and I17-Paper II (udf-10). (7)—(8) Stellar mass
and SFR measured in C16 (HDFS) and I17-Paper II (udf-10). (9) Morphological properties from HST images.

of Bacon et al. (2015), which comprises C16 selected objects
whose strongest emission line (i.e. [OII], [OIII], or Ha) covers
an area larger than 20 spaxels (i.e. twice the seeing disk) with
a S/N per pixel above 15. These authors thus obtained a sample
of 28 galaxies. No prior selection on magnitude was applied, as
opposed to the sample defined here, but a redshift cut at z~ 1.5
was imposed because of the loss of the “strong” emission lines
in the MUSE wavelength range above this redshift. Applying
the same criteria to the udf-10 has led to a sample of 36 spa-
tially resolved galaxies suitable for analysis of the gas kinemat-
ics (Contini et al., and in prep.). For comparison, this sample is
also shown in Figs. 2 and 3.

2.4. Galaxy sample: global properties

Here we describe the redshift, stellar mass, and SFR distribu-
tions of the galaxy sample and the morphologies and close en-
vironment derived from HST images. The redshifts come from
Bacon et al. (2015) and I17-Paper 1II catalogues for the HDFS
and udf-10 fields, respectively. The stellar masses and SFRs
were estimated using the stellar population synthesis (SPS) code
FAST (Kriek et al. 2009), as described in C16. For udf-10 we
used the extended UV-to-NIR HST photometry of Rafelski et al.
(2015).

Figure 2 shows that the galaxy sample is spread over the red-
shift range 0.17 < z < 0.76. The lack of galaxies at redshift
z 2 0.8 is due to the decrease of the apparent magnitude with
redshift but also (and mainly) a consequence of significant OH
sky line residuals in the MUSE data cubes that degrade the S/N
in the continuum spectra, even for the most massive galaxies at
z~ 1.2 (see Fig.2). The majority (11/17) of the sample galaxies
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are located at a redshift z = 0.6, which reflects the observed peaks
in the redshift distributions of the MUSE HDFS (Bacon et al.
2015) and udf-10 (I17-Paper II) fields.

In terms of stellar mass, the galaxy sample ranges between
~1083 M, and 10'%7 M, where the majority of the sample
(13/17) have a stellar mass between ~10° My and 10'° M. At
a given redshift, the stellar continuum can only be spatially re-
solved with sufficient S/Ns for the most massive objects among
the sample of galaxies suitable for gas kinematics (Contini et al.
2016, and in prep.). Nevertheless, as in C16, this sample probes
the low-mass regime of the intermediate-redshift galaxy popu-
lation studied so far with IFS, such as IMAGES (z ~ 0.4-0.75;
Puech 2010) or KMOS-HIZELS (z=0.8; Sobral et al. 2013) in
a similar redshift range.

Figure 3 shows the SFR of the galaxy sample as a function
of the stellar mass. The SFRs span over two orders of magni-
tudes from SFR~0.1 My yr~! to ~25 M yr~!, which is almost
the entire range of SFR covered by the sample of C16, except
for the few most extreme cases. As pointed out in C16 and con-
firmed in Contini et al. (in prep.), deep MUSE observations in
the HDFS and udf-10 fields allow us to probe a new class of
objects at these intermediate redshifts, both in terms of stel-
lar mass and SFR, i.e. lower mass (M, <10° M) and fewer
star-forming galaxies (SFR <10 My yr™') than in previous IFS
surveys. As shown in C16, the empirical relation between the
SFR and stellar mass for “normal” star-forming galaxies (de-
fined in Whitaker et al. 2014 from the CANDELS fields) can
be broadly extended to lower mass and SFR regimes (see their
Fig. 3). The sample of galaxies defined here is therefore part of
the “normal” star-forming sequence of galaxies at these inter-
mediate redshitfs. One galaxy, UDF10-ID #5, stands out of this
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Fig. 2. Distribution of stellar mass as a function of redshift for the
sample of spatially resolved continuum galaxies (red markers). Galax-
ies suitable for the analysis of spatially resolved gas kinematics (C16;
Contini et al., and in prep.) are indicated by the grey symbols. Above
redshift z = 0.8, no galaxies are spatially resolved in their continuum
owing to the natural decrease of the apparent magnitude with redshift
and significant OH sky line contamination in the MUSE wavelength
range at these redshifts.

sequence with a low SFR (log;o(SFR [M,yr~']) = 0.06) for a
stellar mass of ~10'% M, for example it has no ionised gas
detected in the MUSE data cube, except for a weak [OII] emis-
sion line.

We used the deep HST images obtained in the HDFS and
udf-10 fields to assess the morphology and close environment
of our galaxy sample. The morphological types are dominated
by late-type disk galaxies (14 of 17). Eight of these galaxies
have clear spiral arms visible in high-resolution HST images
(see Table 1) and are either disturbed, asymmetric, or exhibit a
bar. Two other disk galaxies appear very inclined (i.e. i = 75°
HDFS-ID#1 and HDFS-ID#4) and elongated, whereas three
others are rather compact (i.e. <1.5” in diameter). The last late-
type disk galaxy, HDFS-ID #8, potentially has a satellite in the
north-east side, clearly visible in its HST image (see also C16,
their Appendix B). The last three galaxies of the sample do not
show clear “disk-like” structures. For example, HDFS-ID #12 is
rather small and round with a jet-like structure that extends to-
wards the east; UDF10-ID #10 exhibits an irregular morphology
with numerous large clumps, and a prominent stream extending
towards the north; and finally, UDF10-ID #5 is a clear early-type
disk-like galaxy (see Appendix A.14) and does not show any
ionised gas (except a weak [OII] emission line), suggesting that
it is a quiescent field galaxy at redshift z ~ 0.6. We point out that
HDFS-ID #9 has also been suggested to be an early-type disk-
like galaxy with a prominent bulge (Bacon et al. 2015; C16).

Despite the limited number of galaxies in our sample,
we witness a great variety in the morphological properties of
these intermediate redshift galaxies. The global properties of
the sample, such as redshift, stellar mass, SFR, disk inclina-
tion, effective radii, and morphological peculiarities, are sum-
marised in Table 1. Disk inclination and effective radius (R.)
for the HDFS and udf-10 galaxies are extracted from C16 and
van der Wel et al. (2014), respectively.
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Fig. 3. Distribution of the SFR as a function of the stellar mass for the
sample of spatially resolved continuum galaxies (red markers). Galax-
ies suitable for the analysis of spatially resolved gas kinematics (C16;
Contini et al., and in prep.) are indicated by the grey symbols. The sam-
ple galaxies fall along the “normal” star-forming sequence of galaxies
and extend to the lowest stellar mass regime (~10%3 M) probed so far
with IFS surveys. UDF10-ID #5, indicated by its ID number, shows no
ionised gas in the MUSE data cube (except a weak [OII] line) and devi-
ates from the “normal” star-forming sequence.

3. Stellar and gas kinematics
3.1. Characterisation of the MUSE spectral resolution

A critical ingredient in a robust measurement of the intrinsic
stellar kinematics of a galaxy using the full spectral fitting tech-
nique, and in particular its velocity dispersion (i.e. the broaden-
ing of the spectral lines), accounts for the instrument spectral
resolution, also called the line spread function (LSF). Indeed,
the stellar (and gas) templates used to fit the observed spectra
are spectrally convolved to match the instrumental spectral reso-
lution to separate the instrumental broadening of the lines from
the intrinsic velocity dispersion of the observed galaxy.

The MUSE pipeline provides a measure of the LSF that is
achieved on single calibration files (e.g. arc exposures). The
MUSE HDFS and udf-10 data cubes consist of a combination of
more than 50 single dithered exposures rotated by multiples of
90 degrees. This observational strategy (i.e. rotation and dither-
ing) significantly helps build master flats and lower systemat-
ics and leads to a spatial homogeneisation of the LSF of the
MUSE data cube towards an average of the instrumental reso-
lution. We thus decided to accurately characterise the LSF by
relying on a direct measurement on the final combined data
cubes, following the same methods as in the first paper of this
series (B17-Paper I).

We used the sky emission lines of the combined non sky-
subtracted MUSE data cubes, not corrected for heliocentric ve-
locity, to characterise the instrumental LSF. At first order, we
assumed the shape of the LSF to be Gaussian and measured the
FWHM of 19 groups of 1-10 bright sky emission lines spread as
uniformly as possible over the MUSE wavelength range. These
lines were selected from the UVES catalogue (Hanuschik 2003)
which provides their expected intensities and FWHM. We per-
formed this analysis for each spaxel of the MUSE cubes using
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Fig. 4. MUSE line spread functions (LSF) measured in the non sky-
subtracted HDFS and udf-10 MUSE data cubes. The LSF spatial mean
FWHM (i.e. averaged over the data cube FoV) are indicated by the solid
lines, and their 1o~ spatial variation by the respective shaded areas. The
latter corresponds to a typical error in the derived velocity dispersion of
o < 1kms™!. The black squares (udf-10) and triangles (HDFS) indicate
the positions of the sky line measurements.

CAMEL* (Epinat et al. 2012) and corrected the expected intrin-
sic FWHM of the sky lines given by the UVES catalogue. We
then fitted the relation FWHM — A with a second order polyno-
mial using a 20 clipping rejection and thus obtained the MUSE
LSF for each spaxel of the HDFS and udf-10 data cubes.

We find a mean spatial variation (i.e. from spaxel to spaxel,
within a given data cube, for a given sky line) of the LSF FWHM
of 0.05A, both for the HDFS and udf-10 MUSE data cubes,
which corresponds to a typical error in the derived velocity dis-
persion of o < 1kms™! (for the given galaxy sample). We
therefore took the respective spatial mean of the MUSE LSFs
(i.e. averaged over the MUSE FOVs) as the inferred MUSE
spectral resolution function for each respective MUSE data set’.
The derived instrumental LSFs FWHM are shown in Fig. 4 and
correspond to a spectral resolution of R =~ 1600-3600, and
oLsk =70-40km s~! from the blue to the red end, consistent with
the nominal instrument characteristics®. We underline the high
stability of MUSE LSF from these two data cubes, observed at
different periods, as detailed in B17—-Paper I.

3.2. Kinematics extraction: method

We used the last version available (V6.0.0) of the pe-
nalised pixel-fitting (pPXF) code (Cappellari & Emsellem 2004;
Cappellari 2017) to extract the resolved stellar kinematics of the
galaxy sample. The pPXF code’ uses a stellar library to fit the
observed spectrum with a combination of stellar templates. One
can thus recover the line-of-sight velocity distribution (LOSVD),
namely, the radial mean velocity, V, the velocity dispersion, o,
and higher order Gauss-Hermite moments (that characterise the
deviation of the distribution from a Gaussian profile) of the ob-
served spectrum. In the present case, we limited ourselves to the
two first order moments of the LOSVD, namely, V and o, both
for the stellar continuum and gas components (absorption and
emission lines). We did not derive higher order moments, such

4 https://bitbucket.org/bepinat/camel.git

5 For the HDF-S: FWHM(1) = 6.266 x 107812 —9.824 x 10™*1 + 6.286.
For the udf-10: FWHM (1) =5.866 x 10784% = 9.187 x 107*2 + 6.040.
% www.eso. org/sci/facilities/paranal/instruments/muse/
inst.html

7 www-astro.physics.ox.ac.uk/~mxc/software/#ppxf
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as h3 and h4, because of the limitations induced by the relatively
low S/Ns and spatial resolution (see Sect. 3.3).

The pPXF allows us to simultaneously fit the stellar contin-
uum and gas emission lines of a spectrum, i.e. the minimisa-
tion criterion is applied jointly on the stellar and gas fits, but
their respective kinematics can be kept independent. Two differ-
ent sets of templates were thus used to fit the stellar continuum
and gas emission lines. We fit the stellar continuum of the galax-
ies with a subset of 53 templates from the empirical Indo—US
stellar library (Valdes et al. 2004). We chose this library because
of its spectral resolution of 1.35 A FWHM (Beifiori et al. 2011),
constant over its full wavelength coverage, i.e. 3460-9464 A,
and most importantly, significantly better than the MUSE LSF
FWHM (see Sect. 3.1), even for galaxies at z ~ 0.8 once at
rest frame. The wavelength coverage is well suited for galax-
ies at redshift z < 0.7 observed with MUSE, as it includes
strong absorption lines such as the Balmer series, CaK 13940,
Mgb 15200, Fe 15270, and Fe 15335. The subset of 53 templates
has been selected as in Shetty & Cappellari (2015) in order to
be gap-free and to well represent the library’s atmospheric pa-
rameters range (Teff versus [Fe/H]). Before the fitting proce-
dure, the stellar templates are convolved to the respective MUSE
LSF resolution (as defined in Sect. 3.1; i.e. varying with wave-
length). As for the gas components, we fitted the following series
of emission lines: Hn 243835, HZ 413889, He 43970, Ho 14102,
Hy 14340, HB 14862, and [OIII] 144959, 5007. During the fit-
ting procedure, each of these lines is fitted with a Gaussian that
is also previously broadened at the respective MUSE LSF resolu-
tion (see Sect. 3.1). We did not fit the [OII] doublet emission line
as it requires us to include a relatively large wavelength range
with very low S/N continuum, which significantly degrades the
stellar fit.

Before fitting the MUSE spectra, we spectrally rebinned the
spectra in logarithmic scale with a step of ~55 kms™! pixel™!,
corresponding to the MUSE spectral sampling in velocity space.
The stellar templates and gas emission lines were also spec-
trally rebinned but with a step that is two times smaller, of
~27kms~! pixel™!, to preserve the highest spectral resolution
possible. We fitted the MUSE spectra over the wavelength range
3740-5100 A (in the rest frame of the object), which includes the
above-mentioned emission and absorption lines, except for the
lowest redshift galaxy of the sample, HDFS-ID#1 (z =~ 0.17),
which we could only fit from 4050 A but up to 5350 A (to in-
clude the Mgb line). We masked five strong sky emission lines
at 5577 A, 5889 A, 6157 A, 6300 A, and 6363 A, which po-
tentially contaminate the spectra of the sample galaxies. We
allowed different kinematics for the two gas components, i.e.
the Balmer series and [OIII] doublet, and imposed a line ra-
tio between [OII]A5007/[OIII]14959 of 2.98 as predicted by
theory (Osterbrock 1989; Galavis et al. 1997). We set up pPXF
to use additive polynomials of the 6th order and multiplicative
polynomials of the 1st order, well suited to the wavelength range
fitted. Finally, using the set of parameters described above, we
first determined the best combination of stellar templates for
each object by taking the best-fit solution of the galaxy stacked
spectrum (summing all spectra in the MUSE sub-cube belonging
to the galaxy), and used this best template to fit each individual
spatially binned spaxel (see Sect. 3.3). In this way, we reduce
the scatter of the kinematic solutions, but potentially introduce
systematic biases if there are strong local variations in the stellar
population. Again, the gas emission lines were fitted simultane-
ously with the stellar continuum during this procedure.
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Fig. 5. Monte Carlo simulations of the fitting procedure of the MUSE spectra for three different S/Ns in the stellar continuum, i.e. S/N = 8 (left
panels), SN = 12 (middle panels), and S /N = 15 (right panels), representative of the targeted S/N of the spatially binned MUSE observations.
We used a stellar template from the Indo-US library (Valdes et al. 2004) that we matched to the MUSE spectral characteristics (i.e. wavelength
range, spectral resolution, and spectral sampling), and fitted with pPXF using the same procedure as used for the MUSE observations. The
top panels show the recovered radial velocity V, and the bottom panels the measured velocity dispersion o, as a function of the input velocity
dispersion o, of the stellar template. The grey points represent 2000 realisations, the blue dashed lines the 1o~ deviation from the mean value in
bins of 10kms™!, and the black areas represent non-physical solutions. No systematic biases are observed for V at any o, level or for o above
oin ~ 40kms™!. Catastrophic failure events (orange dots) are observed for about 7-15% of the cases below o, ~ 40kms™!. Systematic errors of

~Skms™' for V, and ~10kms~! for o are observed.

3.3. Spatial binning and kinematics uncertainties

After extracting the best template that fits the stacked galaxy
spectrum, we spatially binned the reduced MUSE sub-cubes
of each of the sample galaxies to increase and homogenise
their spectral S/N. We used the adaptive spatial binning soft-
ware developed by Cappellari & Copin (2003) based on Voronoi
tessellation. We estimated the original S/N of each individual
spectrum by taking the median S/N on the spectral range 4150—
4350 A (in the rest frame of the object), which is representative
of the continuum level, i.e. almost free of absorption and emis-
sion lines. We used the variance cubes associated with the MUSE
data cubes, produced by the MUSE pipeline, as a measure of the
original noise.

The choice of the target S/N is dictated by the fact that one
wants to recover the galaxy kinematics with minimum system-
atic biases while maximizing the number of individual binned
spaxels. The most difficult kinematic parameters to recover are
naturally the highest order moments of the LOSVD, i.e. the ve-
locity dispersion o in the present case. Based on the gas kine-
matics analysis of C16, we can expect, at first order, that the stel-
lar velocity dispersion is of the same order, i.e. reaching down
to 3040kms~!. These values are below the MUSE LSF reso-
lution (i.e. omyusg >40-70kms™"), but can still be recovered
given large enough S/N (Cappellari 2016). To estimate the min-
imum target S/N that we need to adopt to recover such low ve-
locity dispersion values, we performed Monte Carlo simulations
using model spectra tuned to match the spectral properties of
the MUSE observations (i.e. wavelength range, spectral reso-
lution, and pixel size). We used one of the Indo-US templates
as the model spectrum (i.e. HD 120136) and broadened it to
2000 different velocity dispersion values, o,, uniformly spread
between 10 and 100 km s~!. We then ran pPXF with the same set-
tings as described in Sect. 3.2 and analysed the obtained stellar

kinematics. This test was performed for three different values of
input S/N, i.e. 8, 12, and 15, similar to the typical highest val-
ues of the stellar continuum S/N of the MUSE HDFS and udf-
10 data cubes. The results are shown in Fig.5. This test only
probes the systematics of the method but does not account for
potential errors due to template mismatch or correlated noise.

We find no systematic biases in the recovery of V when the
MUSE data is binned to a minimum S/N of 8 pixel™' and find
an associated systematic error smaller than ~5kms~! for any in-
put velocity dispersion o, (see top panels of Fig.5). Regard-
ing the velocity dispersion, Fig.5 shows (see bottom panels)
that binning the MUSE data to a S/N of 8pixel™! is enough
to recover velocity dispersion down to 40kms~!, with an er-
ror of ~10kms™, regardless of the o, value. However, below
oin ~ 40kms~!, we start to observe catastrophic failure events
(i.e. the measured velocity dispersion is null) for ~15%, 10%,
and 8% of the cases for an input S/N of 8, 12, and 15 pixel‘l,
respectively (see orange dots in Fig. 5).

Therefore, as a compromise between spectral quality and
spatial resolution, we chose to bin the MUSE spectra of each
galaxy to a median S/N of 15 pixel~'or to the maximal S/N that
leads to at least six final spatial bins, typically between 10 and
12 pixel~! (see Table 2). Before proceeding with the spatial bin-
ning, we rejected all spectra with an initial S/N below 1 and ob-
tained, for a given galaxy, spatially binned spectra with a typical
S/N scatter of ~1-4, and made sure that no final bins have S/N
lower than 8 pixel™'. The kinematics analysis (see Sect. 3.2) has
been performed on these spatially binned sub-cubes and the re-
sults are presented in the next section, Sect. 4. We do not bin the
data spectrally as this would lower the sampling of the LSF (na-
tive MUSE sampling is 1.25 A per spectral pixel) and increase
the uncertainties on the extracted kinematics.

Finally, we estimated the uncertainties of the derived kine-
matics by performing 500 fits to each of the individual binned
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Table 2. Kinematics results.

Field 1D € PA phot PAIS?&{/‘“ar PA;{; S/N Ref. line

- - - ®) ° ) - -

(H 2 3 “) (&) (6) Q) (¥
HDFS 1 041 31.4+0.1 23.5+18.0 30.5+15.0 15 [OIII] doublet
HDFS 3 006 -18.8+3.0 50.5+11.5 59.5+21.8 15 Balmer series
HDFS 4 044 35.8+0.1 48.0+7.5 48.0+14.5 15 [OIII] doublet
HDFS 5 0.17 6.9+0.2 14.0+16.5 32.0+35.3 15 Balmer series
HDFS 6 0.16 45.0+£2.0 102.0 +£89.8 2.5+£29.5 15  [OII] doublet
HDFS 7 0.20 43.0+0.7 75.5+24.2 49.0+12.8 11 [OIII] doublet
HDEFS 8 0.15 -295+04 -26.5+3.2 -225+5.2 12 Balmer series
HDFS 9 019 -348+04 -36.0+7.5 -36.0+9.8 15 Balmer series
HDFS 11  0.08 27.3+0.5 —47.0+75.5 21.0+89.5 12 [OII] doublet
HDFS 12 042 -144.0+49 -1255+41.8 -103.5+89.8 12 [OII] doublet
UDF-10 1 009 -357+0.1 -30.0+6.5 -28.0+4.8 15 Balmer series
UDF-10 2 0.05 9.1+0.1 -9.0+11.7 -13.0+11.8 15 Balmer series
UDF-10 3 0.20 52.4+0.1 51.0+8.2 56.5+6.8 12 Balmer series
UDF-10 4 0.18 64.2+0.1 80.0+12.2 81.5+11.5 12 Balmer series
UDF-10 5 0.07 31.4+0.1 17.0+89.8 - 12 -
UDF-10 7 0.16 43.2+0.1 —-68.0 + 89.8 —14.0 + 89.8 12 [OIII] doublet
UDF-10 10 0.19 -5.8+0.1 63.0+10.2 -8.0+£24.3 10  Balmer series

Notes. Kinematics parameters of the galaxy sample. (1) Field of observations; (2) galaxy’s ID; (3) ellipticity of galaxy measured on the MUSE
white light image, at 2 R., and derived as the first moment of the surface brightness; (4) photometric major-axis position angle (PA); (5) stellar
kinematic major-axis PA; (6) gas kinematics major-axis PA; (7) targeted spectral S/N of the stellar continuum of the binned sub-cubes; and
(8) brightest emission line detected in the MUSE sub-cubes, used to constrain gas kinematics.

spaxels of the sample galaxies to which we previously added ran-
dom noise. The level of this noise has been constrained to follow
a Gaussian distribution with a sigma equal to the standard devi-
ation of the respective residuals of the original fit. We used the
same fitting procedure as described in Sect. 3.2 and found typ-
ical variations of AV, ~ 10kms™' and Ao ~20kms™! for the
stellar kinematics, and AV, = 4km s~land A oy, = 6km s7! for
the gas kinematics. The values quoted are averaged over the
galaxy spaxels (i.e. the galaxy spatial area) and typically de-
crease (increase) by #50% for the central (outer) spaxel(s). We
also note that the four HDFS galaxies that we spatially binned at
a lower spectral S/N (HDFS-ID #7, HDFS-ID #8, HDFS-ID #11,
and HDFS-ID #12) and UDF10-ID #10 (S/N of 10) have higher
uncertainties for the stellar velocity dispersion, i.e. a mean
Aos~30kmsL.

4. Results

4.1. Gas kinematics and comparison with Contini et al.
(2016)

The gas kinematics of the HDFS galaxy sample has previously
been derived in C16 with the use of the python code CAMEL
(Epinat et al. 2012). We compared their results with those ob-
tained here. The main analysis differences between C16 and the
present work are as follows. First, in C16 only a small wave-
length range around the specific group of gas emission lines is
fitted, typically 100-200 A. Second, a constant continuum tem-
plate is used to fit the stellar continuum (as opposed to the
use of a library of stellar templates here). Third, C16 spatially
smoothed the MUSE cubes with a two-dimensional Gaussian
of 2 pixels FWHM (enough to obtain the desired S/Ns on the
emission line alone), and therefore, have a significantly better
spatial resolution than here. Fourth, the gas kinematics has been
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independently derived for various groups of emission lines, i.e.
[OII] doublet, H @, and ([OIII] doublet, H3), as opposed to two
independent groups in the present work, i.e. the Balmer series
and [OIII] doublet. Both methods use Gaussian templates to fit
the gas emission lines.

We compared the gas kinematic maps presented here, de-
rived from the group of the brightest emission line (see Table 2)
with the results from C16 based on the group ([OIIl], Hp) tak-
ing into account the LSF defined here (see Sect. 3.1). Despite
the obvious lower spatial resolution of the present analysis, we
find good agreement between the two methods, i.e. most of the
recovered kinematic features (both V and o) are similar. We
find typical differences of AV of a few kms~! that are consis-
tent within the method uncertainties. However, we observe a
systematic positive offset of the gas velocity dispersion values
derived with pPXF in comparison to the analysis of C16. This
offset is ~10kms™! in the low velocity dispersion regime (o~ <
30kms™!) and ~5kms~! for higher velocity dispersion levels
(0 2 40-50kms!). We investigated the origin of this system-
atic offset and found that it is primarily due to different assump-
tions made about the continuum level during the fitting proce-
dure. Indeed, we performed a new analysis forcing pPXF to use a
constant continuum level (as assumed in CAMEL) instead of the
library of templates and found better agreement between the two
analyses. The remaining differences (less than ~5kms~! regard-
less of the velocity dispersion level of the galaxy) might be ex-
plained by the difference between the two methods in the spatial
binning and the assumptions about the kinematics of the group
(o], Hp).

We also measured the position angle (PA) of the derived gas
kinematics, PAlgfin with the code Fit Kinematic PA®, which im-

as?

plements the method presented in Krajnovic et al. (2006). We

8 www-astro.physics.ox.ac.uk/~mxc/software/#pa_kin
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Fig. 6. Comparison of the gas kinematic major-axis PA between this
work (PAX) and C16 (PASAMEL), as a function of the galaxy’s ellipticity
measured from the MUSE white light image. Our results are based on
the gas kinematics of the brightest emission line (see Table 2) derived
with pPXF and the method presented in Krajnovi¢ et al. (2006). Val-
ues from C16 were measured with CAMEL (Epinat et al. 2012) using
the group of lines ([OII[]145007, 4959, HB). We find good agreement
within the (large) uncertainties, with a median APA, of ~7° +31°, and
consistent measurements at less than 20° for 8/10 galaxies (see his-
togram). The galaxy ID numbers are indicated above each point.

present the results in Table 2 and compare these with the val-
ues derived in C16, based on the CAMEL software, PA;{:MEL,
in Fig. 6, as a function of the ellipticity of the galaxy. The
photometric ellipticity has been derived as the first moment of
the surface brightness of the MUSE white light image for each
object, which was taken at 2 R. (see Table 2). We find good
agreement between the two independent analyses, with a median
APAg, = PASAMEL—PAYR of ~7°£31°, and consistent mea-
surements at less than 20° for 8/10 galaxies (see histogram in
Fig. 6). Two galaxies, HDFS-ID #5 and HDFS-ID #12, have a
APAg, greater than 20° mainly because of the low spatial reso-
Iution of our maps (see Fig. A.10, panel f). The derived value
of PAY! is thus poorly constrained, which is captured by the
large uncertainties on APAg, for these latter two galaxies. We
observe a significant difference in the kinematics between the
[OIII] doublet and the Balmer series for HDFS-ID #5 (both in
PA and velocity amplitude) that could also partially explain the
misalignment observed with C16, who fitted the group ([OIII],
Hp) as one kinematic component. Despite the good agreement
on, for example HDFS-ID #11, the large uncertainties visible in
Fig. 6 translate again the low spatial resolution of the kinematic
maps.

The gas of the udf-10 galaxies shows a velocity gradient
of about 30-100kms~! and a velocity dispersion of about 30—
70kms~!, which is typical of these intermediate redshift galax-
ies and similar to the HDFS galaxies (see C16). A dedicated
analysis of the gas kinematics of the MUSE HUDF galaxies will
be presented in Contini et al., and (in prep.).

4.2. Resolved stellar kinematics

The resolved stellar kinematic maps of our galaxy sample are
presented in Fig. 7 for the UDF10-ID #1 galaxy and in Figs. A.1
to A.16 for the other galaxies. The values quoted here refer to
what we observed within the spatial coverage of the MUSE data,
given the magnitude limit of the cube and our S/N rejection cri-
terion of the spectra (see Sect. 3.3).

Ten galaxies show clear stellar rotation (HDFS-ID#1,
HDFS-ID #3, HDFS-ID #4, HDFS-ID #5, HDFS-ID #8, HDFS-
ID#9, UDFI10-ID#1, UDFI10-ID#2, UDFI10-ID#3, and
UDF10-ID #4) with a maximum amplitude ranging from +40—
130 km s~!. The maximum stellar rotation amplitude is observed
for the two almost edge-on disk-like galaxies (HDFS-ID #4
at 130kms~! and HDFS-ID#9at 100kms™!), whereas the
rather face-on spiral galaxies (HDFS-ID#3, UDF10-ID #1,
UDF10-ID#2, and UDF10-ID #4) show lower stellar rotation
(+40-80kms~'). Nevertheless, it is worth noticing that all
galaxies showing large amplitude stellar rotation (>40kms™')
are either edge-on disk-like galaxies or exhibit a spiral mor-
phology. Four galaxies show low stellar rotation given our
kinematics uncertainties (HDFS-ID #7, HDFS-ID #12, UDF10-
ID#5, and UDF10-ID#7) with a maximum radial velocity
of ~20-30kms~!. Their rotational pattern also appears less
regular, which is probably due to pair interactions (HDFS-ID #7
and HDFS-ID#12; see C16), clumpy morphology (UDF10-
ID #7), or simply the combination of low spatial resolution and
relatively low S/N. Finally, three galaxies show very little to
no stellar rotation pattern (HDFS-ID#6, HDFS-ID#11, and
UDF10-ID#10) with radial velocity amplitudes lower than
~15kms~!. These three galaxies are either compact (HDFS-
ID#11, and therefore the spatial resolution is very poor), or
exhibits strongly perturbed morphology including streams,
satellites (UDF10-ID#10), or are seen at low inclinations
(HDFS-ID #6; e.g. i = 29°).

Regarding the stellar velocity dispersion, the majority of
the galaxy sample show flat resolved maps (given the large
kinematics uncertainties) except for two galaxies (UDF10-
ID#2 and UDF10-ID#5) that show centrally peaked stellar
velocity dispersion maps. We measured for these two galax-
ies, O ellar = 40-65km s™! and o gepiar ~ 110-180 km s~!, respec-
tively, from their outskirts to their centres. Five galaxies have low
stellar velocity dispersion (HDFS-ID #1, HDFS-ID #3, HDFS-
ID #6, HDFS-ID #7, and UDF10-ID#7) of ~30-40kms~! and
nine galaxies (HDFS-ID #4, HDFS-ID #5, HDFS-ID #8, HDFS-
ID#9, HDFS-ID#11, HDFS-ID#12, UDF10-ID#1, UDF10-
ID#3, and UDF10-ID #4) show higher values between ~50—
90kms~!. Finally, UDF10-ID#10 shows very large spatial
variations in its stellar velocity dispersion map, most probably
due to the low S/N (i.e. 10 pixel™!) and low spatial resolution of
the galaxy binned data cube.

Overall, the observed stellar kinematics of the intermediate
redshift galaxies seem to have patterns that are consistent with
their respective gas kinematics, both in terms of the mean rota-
tion and velocity dispersion. This nicely supports the underly-
ing morphology revealed by their high-resolution HST images.
Indeed, the clear spirals and disk-like galaxies (HDFS-ID #1,
HDFS-ID #3, HDFS-ID #4, HDFS-ID #5, HDFS-ID #6, HDFS-
ID#9, UDF10-ID#1, UDF10-ID#2, UDF10-ID #3, UDF10-
ID#4, and UDF10-ID #5) mostly show regular rotation with
significant amplitude whereas the more compact objects (HDFS-
ID#11, and HDFS-ID#12) and morphologically disturbed
(HDFS-ID #7, HDFS-ID #8, UDF10-ID #7, and UDF10-ID #10)
show lower rotation, with higher velocity dispersion sometimes,
both for gas and stellar components.

More interestingly, these observations of the resolved stel-
lar kinematics of intermediate redshift galaxies (0.2 < z < 0.8)
show similar patterns as observed in disk-like galaxies of the lo-
cal Universe (i.e. Falcon-Barroso et al. 2017), which would sug-
gest that the regular stellar kinematics of galaxies that we see in
the local Universe was already in place 4-7 Gyr ago.
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Fig. 7. Kinematics analysis of the UDF10-ID #1 galaxy. Panel a: MUSE white light image of the galaxy. Isophote contours are overplotted with
black continuous lines. Panel b: HST F850LP image with the spatial coverage of the MUSE data cube (satisfying our spectral S/N rejection
criterion) is indicated by the orange dashed contour. Panel c: fit of the central spectrum of the spatially binned sub-cube (black solid line) and its
best fit from pPXF (red continuous line) is shown. The green points represent the fit residuals that are arbitrarily shifted along the vertical axis.
The green shaded areas correspond to the masked regions (i.e. sky line residuals). Panels d—e: resolved stellar kinematics, respectively: the LOS
velocity Vgenar (panel d) and the velocity dispersion o gey.r (panel e) are shown. The scales of the colour scheme are indicated by the colour bars
at the bottom of each panel. Panels f—g: resolved gas kinematics from the Balmer series of emission lines, respectively: the rotational velocity Vs
(panel f) and the velocity dispersion o g, (panel g) are shown. The scales of the colour scheme are indicated by the colour bars on top of each
panel. The galaxy ID number, its redshift, and stellar mass are indicated above panel c.

For illustration purpose, we also present in Appendix B the
one-dimensional velocity and velocity dispersion fields of the
individual sample galaxy; see Figs. B.1 and B.2.

5. Discussion

5.1. Kinematics misalignment angles

We measured the stellar kinematics major-axis PA (PAfti:“ar),

and the gas kinematics major-axis PA (PAYy) from the two-
dimensional maps presented in Sects. 4.1 and 4.2, using the
method presented in Krajnovi¢ et al. (2006) again. Both obtained
quantities are listed in Table 2 for the whole galaxy sample. The
morphological, stellar, and gas kinematics major-axis PAs of the
galaxy sample are on average aligned and the observed differ-
ences can be mostly explained by a combination of the galaxy
inclinations (ellipticities), morphological features (such as bars
and clumps), and the low spatial resolution of the kinematic
maps. This suggests that the observed galaxies are disk domi-
nated, oblate, and axisymmetric systems, allowing for perturba-
tions such as bars and spiral arms, as observed in the deep HST
images.

In support of these claims, we first compare, in Fig. 8 (left
panel), the stellar kinematics PAX™ to the gas kinematics PA;';,

as a function of the ellipticity of the galaxy. We find that for the
majority of the sample (11/17), the stellar and gas kinematics
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major axes are aligned within 20°. The median stellar — gas mis-
alignment is 9° with a standard deviation of 29°. Two galaxies
have larger values of ~20 to 30° and four have values between 40
and 100° (see left histogram in Fig. 8), although are all consis-
tent with zero. All these seven galaxies have low spatial resolu-
tion kinematic maps (i.e. a low number of spatial bins) and noisy
kinematic maps (see respective figures in Appendix A) that most
likely explain the observed departures. These effects are captured
by the large uncertainties on the PAKY ~and PAYR measure-
ments and the largest stellar—gas misalignment found mostly
at low ellipticity (i.e. face-on galaxies and poor spatial reso-
lution). For a few galaxies, for example HDFS-ID #6, UDF10-
ID #7, and UDF10-ID #10, the stellar — gas misalignment could
come from their asymmetric/perturbed morphology, possibly
triggered by galaxy — galaxy interactions (see also Davis et al.
2011a; Barrera-Ballesteros et al. 2015), but the large uncertain-
ties on the measurements do not allow us to confirm such a
statement. Overall, accounting for the large uncertainties on the
PA measurements of the stellar and gas kinematics major axes,
the results point towards a global alignment of the two compo-
nents, as expected for disk-like galaxies.

We also compare in Fig. 8 (middle panel) the stellar kine-
matics PAN? to the photometric major-axis PA (PApho). The
latter has been derived in C16 for the HDFS galaxies and in
I17-Paper II for the udf-10 galaxies. The difference between

the two quantities, APA = [PAyp — PAKD | is a positive value
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Fig. 8. Comparison of the gas and stellar kinematics major-axis PA (left panel), the photometric major-axis PA (PAyp,) and the stellar kinematics

PAkin

stellar

(middle panel), and the PA;,; with the gas kinematics PA‘;‘:: (right panel). The distributions of the kinematics misalignment angles (KMA)

are shown on the right side of each plot. Despite the large uncertainties, we find a global alignment of the morphological, stellar, and gas kinematics

major-axis PAs. The galaxy ID numbers are indicated above each point.

between 0° and 90°, called the stellar kinematics misalignment
angle (KMA), as defined in Franx et al. (1991). We find that the
stellar and photometric major axes are well aligned within 20°
for 11/17 galaxies and that the whole galaxy sample has a me-
dian stellar KMA of ~16° with a standard deviation of 32°. Four
galaxies show a significantly larger stellar KMA of ~60-70°:
HDFS-ID #3, HDFS-ID #6, HDFS-ID #11, and UDF10-ID #10,
all of these being either face-on or showing morphological fea-
tures (such as bar, clumps) that strongly affect the accuracy of the
measured photometric PAypo.. UDF10-ID#7 has a large stellar
KMA (kept larger than 90° in order to minimise the gas KMA;
see next paragraph) that results from the combination of the low
spatial resolution of its kinematic maps and its strong bar visi-
ble in the HST image. Once again, this is captured by the large

uncertainties on the measured PAX",

Finally, we compare the gas kinematics PAlgia‘; to the pho-
tometric major-axis PA, PAp, (see Fig. 8, right panel), and
find that the gas kinematic major axis is aligned within 20° for
10 of 17 galaxies with the photometric major axis. One galaxy
(UDF10-ID5) has no ionised gas and is excluded from the plot.
The median gas KMA is 10° with a standard deviation of 22°
that is consistent with results of C16, see their Fig. 9, and as ex-
pected from the near kinematic alignment between stars and gas
and the low KMA.

5.2. Stellar and gas kinematics

We have seen the close similarities of the stellar and gas kine-
matics of the intermediate-redshift galaxy sample in Sect. 4.2.
As a first step towards a better quantification of these similar-
ities, we now present a direct comparison of the second order
velocity moment between the stellar and gas components that

we approximate as Vins = VV2 + 02, where V and o are the
mean velocity and velocity dispersion of the respective compo-
nent measured along the line of sight for each spatial bin.

Indeed, this quantity scales, in principle, with the underly-
ing gravitational potential of the galaxy in the situation where
the kinematics is driven mostly by gravity (and not by, for
example turbulent motions, heating, cooling, and shocks). On
the contrary, if non-gravitational forces dominate, the gas ve-
locity dispersion increases significantly because of the dissipa-
tional character of gas interactions, while the stellar component
is only mildly affected. As a consequence, under the assump-
tion that the gas and stellar spatial distributions are similar,
we expect the Vi, of the gas to be systematically higher than

that of the stars when strong non-gravitational forces act on
the gas. A direct comparison of the stellar and gas Vinys can
thus partially address the origin of the gas velocity dispersion,
which is a debated topic for intermediate- to high-redshift galax-
ies (Epinat et al. 2010, 2012; Green et al. 2010; Lehnert et al.
2013; Newman et al. 2013; Buitrago et al. 2014; Ubler et al.
2017). This direct comparison is shown in Fig. 9, where we plot
Vi as a function of V€& for each spatial bins of the kinematic
maps of all the galaxies in the sample. The top panel shows each
bin colour coded as a function of its radial position and the bot-
tom panel as a function of the respective bin S/N.

Figure 9 shows that the Vs of the gas and stellar compo-
nents seem to follow a 1:1 relation with a 1o standard deviation
of #25kms~!. Clear trends with the radial distance and the S/N
of the spatial bins are visible: bins at larger radial distances (see
top panel) and with a relatively low S/N (see bottom panel) are
on average further away from the 1:1 relation. On the contrary,
the bins with relative high S/N and located at the centre of the
galaxies on average follow the 1:1 relation well. This would thus
suggest that the deviation from the 1:1 relation is mostly due
to the measurements uncertainties. Furthermore, the scatter of
the distribution increases for large values of Vs (=100 km s7h,
where VSl jg systematically higher than V.. We interpret this
as the consequence of some “unreliable” measurements of T geejiar
in the outskirts of the MUSE sub-cubes when the S/N is low (i.e.
outliers bins with high measured values of o; see e.g. HDFS-
ID #8, HDFS-ID #9, UDF10-ID #4, and UDF10-ID #7). Finally,
the low spatial resolution of the kinematic maps certainly im-
pacts the observed trends, i.e. the beam smearing is not taken
into account.

Despite the large uncertainties of some of these measure-
ments, Fig. 9 suggests that the Vs of the stellar and gas com-
ponents are roughly comparable and thus that the observed gas
kinematics traces the gravitational potential of the intermediate-
redshift sample galaxies (as more robustly traced by the stellar
kinematics). The gas kinematics of the galaxy sample is thus
likely not dominated by shocks and turbulent motions. This re-
sult should be confirmed with a set of full-fledged dynamical
models, which we briefly touch upon in the following section.

5.3. Examples of dynamical mass estimates

Spatially resolved stellar kinematics of galaxies can be used to
constrain dynamical models, including the dark matter (DM)
content of galaxies, and to determine their dynamical masses.
The MUSE data of intermediate redshift galaxies are of sufficient
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quality to constrain more sophisticated dynamical models than
previously done based on their stellar components. In this sec-
tion, we present dynamical models based on the stellar kinemat-
ics for two galaxies, HDFS-ID #4 and UDF10-ID #1, which we
selected as they have among the best spatial resolutions and best
data quality of the galaxy sample, which makes them the best-
suited objects for a case by case study. A more detailed investi-
gation of the dynamical properties of the full sample will follow
in a separate paper.

5.3.1. Building of the dynamical models

To build the dynamical models, we first parametrise the HST
images in the F814W filter using the Multi-Gaussian Expansion
(MGE) method (Emsellem et al. 1994), in the implementation
of Cappellari (2002)°. Assuming a mass-to-light ratio (M/L), an
inclination, and an axisymmetric shape for the galaxy, one can
deproject its MGE model into a three-dimensional mass density

° www-astro.physics.ox.ac.uk/~mxc/software/#mge
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Table 3. JAM models.
Galaxy M/L i B,
— _ (o) _
) ©) 3) (4)
HDFS-ID#4  6.09*03  85*7  0.05701
: .16
UDFI10-ID#1  1.58*00%  26%%.  0.17045

Notes. Parameters of the best-fit JAM models for HDFS-ID #4 and
UDF10-ID#1. (1) Galaxy’s ID; (2)-(4) mass-to-light ratio (in the
V band), inclination, and velocity anisotropy derived from the JAM
models.

(Monnet et al. 1992), which defines the potential and distribution
of the tracers (stars or gas) within the Jeans Anisotropic Mod-
elling (JAM; Cappellari 2008)'? scheme. Here we consider self-
consistent models, without dark matter, and thus explicitly as-
sume that mass follows light; the contribution of dark matter is
included in the final M/L ratio.

The best-fit models are constrained by the observed second

order velocity moment of the stars, Vs = VV2 + 02, where
again, V and o are the mean velocity and velocity dispersion of
the stellar component measured along the line of sight for each
spatial bin. The shape and scale of this quantity are specified in
the models by three parameters that are varied to find the best
fitting model: the inclination, M/L, and the velocity anisotropy
B, =1- o-? /0'123. We estimated the errors on V and o through
Monte Carlo simulations (see Sect. 3.3) and used the standard
propagation of errors formula to estimate the errors on Vipg.
However, because errors increase by a factor of 3-5 from the
centre to the outskirts of the galaxies, to avoid biasing the solu-
tions by a few central spatial bins, we assumed an average error
for all spatial bins for V and for o~ and used these values in the
formula for the propagation of the errors. This means that we
obtain nearly constant errors on Vs across the full map.

As shown in Table 1, the inclinations of HDFS-ID #4 and
UDF10-ID #1 determined from their HST images are 75° and
27°, respectively. We ensure that the MGE models allow for
such inclinations and then explore the full parameter space (M/L,
i, B;) using the emcee Markov chain Monte Carlo sampling
code (Foreman-Mackey et al. 2013), an implementation of the
Goodman & Weare (2010) sampler. In our runs, we use an un-
informative prior function and a likelihood function based on a
Gaussian distribution of errors. This implementation is similar
to that of Mitzkus et al. (2016), specifically their model a.

The obtained best-fit parameters (M/L, i, 3.) of the respective
dynamical models are given in Table 3.

5.3.2. M/L and dynamical masses

From the above described dynamical models, we obtain M/L ra-
tios of 6.09 for HDFS-ID #4, and 1.58 for UDF10-ID #1, which
correspond to typical M/L ratios in the V band !!, both in the lo-
cal Universe (Bell & de Jong 2001) and for intermediate-redshift
galaxies (Shetty & Cappellari 2015, based on long-slit data). The
implied total dynamical masses using the luminosity derived
from the HST photometry and the assumption that mass fol-
lows light would represent massive spirals (i.e. ~10'! My; see
Table 4). In comparison, the stellar masses obtained from SED

19 yww-astro.physics.ox.ac.uk/~mxc/software/#jam

"' The F814W HST filter roughly corresponds to the V band at these
redshifts of z = 0.6.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730905&pdf_id=9
www-astro.physics.ox.ac.uk/~mxc/software/#mge
www-astro.physics.ox.ac.uk/~mxc/software/#jam

A. Guérou et al.: The MUSE Hubble Ultra Deep Field Survey. V.

Table 4. Dynamical mass estimates.

Galaxy M, ngn ijn(Re) Mde L(Re)
- M &) €) )

0.3 0.05 0.2 0.3

HDFS-ID#4  0.72%03] 102709 5777 6303
0.48 0.1 0.3 2.6

UDF10-ID#1 275708 149700 45%3  56%2¢

Notes. Mass estimates (in units of [10'° M,]) for HDFS-ID#4 and
UDF10-ID #1. (1) Total stellar mass measured in C16, and Contini et al.,
and (in prep.) using SED fitting; (2) total dynamical mass derived from
the stellar kinematics using JAM models; (3) dynamical mass within
one effective radius derived from the stellar kinematics using JAM mod-
els, ngn; and (4) dynamical mass within one effective radius derived

from the gas kinematics modelling, Mg .

fitting are significantly lower (i.e. ~10°