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ABSTRACT

We study the structure of spatially resolved, line-of-sight velocity dispersion for galaxies in the Epoch of Reionization (EoR)
traced by [C 1] 158 um line emission. Our laboratory is a simulated prototypical Lyman-break galaxy, ‘Freesia, part of the
SERRA suite’. The analysis encompasses the redshift range 6 < z < 8, when Freesia is in a very active assembling phase. We
build velocity dispersion maps for three dynamically distinct evolutionary stages (Spiral Disc at z = 7.4, Merger at z = 8.0,
and Disturbed Disc at z = 6.5) using [C 1] hyperspectral data cubes. We find that, at a high spatial resolution of 0.005 arcsec
(~30 pc), the luminosity-weighted average velocity dispersion is ocyy ~ 23—38 kms~! with the highest value belonging to the
highly structured Disturbed Disc stage. Low-resolution observations tend to overestimate o ¢y values due to beam smearing
effects that depend on the specific galaxy structure. For an angular resolution of 0.02 arcsec (0.1 arcsec), the average velocity
dispersion is 16-34 per cent (52115 per cent) larger than the actual one. The [C 1] emitting gas in Freesia has a Toomre
parameter Q =~ (.2 and rotational-to-dispersion ratio of v./o >~ 7 similar to that observed in z = 2—3 galaxies. The primary
energy source for the velocity dispersion is due to gravitational processes, such as merging/accretion events; energy input from
stellar feedback is generally sub-dominant (< 10 per cent). Finally, we find that the resolved o ¢ ;—Xspr relation is relatively
flat for 0.02 < Tspr/Moyr'kpc =2 < 30, with the majority of data lying on the derived analytical relation o o Egéﬁ. At high
SFR, the increased contribution from stellar feedback steepens the relation, and o ¢ rises slightly.
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1 INTRODUCTION

The dynamical structure and star formation activity of a galaxy
is governed by several interconnected physical processes such as
gravity, cooling, heating, feedback, accretion, and merging events.
As the relative importance of these processes depends on time
and environment, the resulting galactic structure/dynamics might
be widely different and can be used to study the underlying shaping
forces.

The kpc-scale gas dynamics of star-forming galaxies at z > 0.5
has been massively studied in the literature thanks to groundbreaking
observations with Integral Field Unit spectroscopy (IFU; see the
review by Glazebrook 2013). One of the quantities of interest in
such studies is the resolved velocity dispersion, i.e. the line width of
emission lines from spatially resolved observations of the interstellar
medium (ISM). IFU observations of galaxies at 1 < z < 3 (Genzel
et al. 2006; Forster Schreiber et al. 2009; Law et al. 2009; Stott et al.
2016; Mieda et al. 2016; Mason et al. 2017; Forster Schreiber et al.
2018) have revealed that although a remarkable number of galaxies
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around the cosmic noon resemble ordered, disc-like structures, they
show significantly higher velocity dispersions (~ 50-100kms~')
compared to local star-forming galaxies (~ 20-25kms~!; Andersen
et al. 2006; Epinat et al. 2010). The majority of these observations
exploit H o and [O 1] lines, i.e. ionized gas tracers.

The driving mechanism of the observed gas velocity dispersion is
a very important and debated issue as it might carry key information
on energy deposition and dissipation processes in galaxies. Feedback
from star formation activity, including supernovae and radiation pres-
sure, is one of the extensively studied mechanisms (e.g. Thompson,
Quataert & Murray 2005; Dib, Bell & Burkert 2006; Ostriker &
Shetty 2011; Le Tiran & Lehnert 2011; Shetty & Ostriker 2012;
Lehnert et al. 2013; Green et al. 2014; Martizzi, Faucher-Giguere &
Quataert 2015; Moiseev, Tikhonov & Klypin 2015; Pallottini et al.
2017a; Hayward & Hopkins 2017; Lupi 2019).

Green et al. (2014), using H « observations of nearby (z ~ 0.1)
and intermediate (1 < z < 3) redshift galaxies, have shown that
the gas velocity dispersion in a galaxy is correlated with its total
star formation rate suggesting that star formation itself is the main
driver at all epochs. However, except from some analytical works like
Hayward & Hopkins (2017), most theoretical works have struggled
to produce velocity dispersions . 10kms~! purely as a result of
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stellar feedback (e.g. Dib et al. 2006; Joung, Mac Low & Bryan
2009; Shetty & Ostriker 2012). Although some models invoke very
high momentum input rates to boost the resulting velocity dispersion
(Hopkins, Quataert & Murray 2011), it is not yet clear whether
such high momentum inputs are physically plausible (Krumholz &
Thompson 2012; Rosdahl & Teyssier 2015).

Alternatives to stellar feedback are different kinds of instabilities
occurring on sub-kpc scales. Kim, Ostriker & Stone (2003), Pio-
ntek & Ostriker (2004), and Yang & Krumholz (2012) have shown
that both magnetorotational and thermal instabilities only produce
velocity dispersions of a few km s~!. Velocity dispersion sourced by
the gravitational energy of galaxy-scale accretion flows has also been
proposed (Genzel etal. 2011); at present, though, it is unclear whether
this mechanism provides enough energy to support the observed
velocity dispersion (e.g. Elmegreen & Burkert 2010; Klessen &
Hennebelle 2010; Hopkins et al. 2013; Krumholz & Burkhart 2016).
Despite these efforts, whether observed gas dynamics in local and
intermediate-redshift (z ~ 2) galaxies is driven by gravitational
processes (e.g. Orr et al. 2020) or stellar feedback (Genzel et al.
2011) is still debated.

Thanks to the Atacama Large Millimeter Array (ALMA), our
knowledge on dynamics and structure of early galaxies, deep into
the Epoch of Reionization (EoR, z > 6), is rapidly expanding (for a
recent review, see Dayal & Ferrara 2018). While galaxies at EoR have
been discovered with UV surveys (Smit et al. 2018a; Bouwens et al.
2015), far-infrared line observations are crucial to gain information
on the physical and dynamical properties of these systems. The
[C u]158 um line emission of singly ionized carbon is one of the
strongest coolants of the ISM; it is observed in both individual sources
(e.g. Capak et al. 2015; Maiolino et al. 2015; Pentericci et al. 2016;
Carniani et al. 2017; Jones et al. 2017; Matthee et al. 2017; Carniani
et al. 2018b, a; Smit et al. 2018a; Harikane et al. 2020), and large
galaxy samples, such as the ALPINE survey (Le Fevre et al. 2019).

The [C u] emitting gas in galaxies often shows very complex pat-
terns. Multicomponent and clumpy structures are common features
of these high redshift systems (Carniani et al. 2018a). Dynamically,
the [C 1] emission is interpreted as arising either from rotating discs
(Smit et al. 2018a) or mergers (Jones et al. 2017). This diversity
is more notable in large surveys like ALPINE (Le Fevre et al.
2019), where evidence for a significant number of mergers (almost
40 per cent), dispersion dominated discs (20 per cent), and rotating
discs (14 per cent) has been reported.

Forthcoming high angular resolution data will allow us to study
in detail the dynamical properties of such systems, answering the
following fundamental questions:

1. How large is the velocity dispersion in EoR galaxies compared
to intermediate- and low-z systems?

2. What is the energy source powering the gas velocity dispersion
in EoR galaxies?

3. Is there any correlation between the spatially resolved velocity
dispersion and star formation rates?

These questions can be addressed by using high-resolution simula-
tions of galaxies at the EoR. In the last few years, theoretical efforts
have attempted to model FIR line emissions to interpret the total
luminosity of galaxies observed at z > 6 and estimate the relative
contribution from different phases of the ISM (Vallini et al. 2013,
2015; Olsen et al. 2017; Pallottini et al. 2017a; Katz et al. 2019;
Pallottini et al. 2019; Ferrara et al. 2019; Arata et al. 2020). These
works agree on the fact that most of the [C u] luminosity is produced
in Photo Dissociation Regions (PDRs, (Pallottini et al. 2017a) with a
weak dependence on galaxy mass (Olsen et al. 2017). More recently,
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attention is turning to model and interpret kinematical observables
such as [C u] integrated line profiles (Kohandel et al. 2019) using
high-resolution simulations. In Kohandel et al. (2019), we showed
that EoR galaxies are actively assembling and developing structures
similar to those observed so far (Smit et al. 2018a; Jones et al. 2017;
Le Fevre et al. 2019). These structural/morphological differences,
corresponding to rotating discs, mergers, or disturbed discs imprint
unique and distinguishable features in the [C 1] line spectrum.

In this work, we want to extend these theoretical studies by
modelling dynamical observables using state-of-the-art zoom-in
simulations of galaxies at the EoR. These observables include the
2D spatially resolved mean velocity and velocity dispersion maps de-
rived from hyperspectral data cubes. To this aim, we bridge advanced
zoom-in galaxy simulations to IFU-like observations (Section 3) by
modelling the data cubes for [C 1] line emission. We use SERRA, a
suite of zoom-in simulations of EoR galaxies presented in Section 2.
For our dynamical studies, we choose three evolutionary stages of
one of these galaxies (called ‘Freesia’), i.e. Spiral Disc, Merger
and Disturbed Disc (Section 4). Since the main focus of this paper
is to understand ISM velocity dispersion, in Section 5 we analyse
spatially-resolved velocity dispersion maps extracted from [C 1] data
cubes for different dynamical stages, and then identify the physical
drivers of the velocity dispersion. Finally, in Section 7, we investigate
the relation among different components of the velocity dispersion
and star formation rate.!

2 SERRA: SIMULATING GALAXIES IN THE
EOR

Full details of the SERRA suite of zoom-in simulations of galaxies
at the EoR are described in Pallottini et al. (2019). In the SERRA
suite, a customized version of adaptive mesh refinement (AMR)
code RAMSES (Teyssier 2002) is used to evolve gas and dark matter.
Concerning the chemistry, KROME (Grassi et al. 2014) is used to
generate a chemical network, in order to follow the non-equilibrium
chemistry of H, (Bovino et al. 2016; Pallottini et al. 2017b), that in
turn is converted into stars with a Kennicutt—Schmidt (KS; Schmidt
1959; Kennicutt 1998) relation. The selected chemical network
includes H, H*, H-, He, He", He**, H,, Hf, and electrons for
a total of about 40 reactions (Bovino et al. 2016). Metallicity (Z)
is tracked as the sum of heavy elements, assuming solar abundance
ratios of different metal species (Asplund et al. 2009). Dust evolution
is not explicitly tracked during the simulation. In SERRA, it is
assumed that the dust-to-gas mass ratio scales with metallicity, i.e.
D =Do(Z/Zy) — where Dy /Zg =~ 0.3 for the Milky Way (MW;
Hirashita & Ferrara 2002) — and a MW-like grain size distribution is
adopted (Weingartner & Draine 2001). An initial metallicity floor
Zioor = 1073Z is adopted, as expected from a pre-enrichment
scenario in the circumgalactic and intergalactic medium of cosmic
density peaks (Madau, Ferrara & Rees 2001; Pallottini et al. 2014a;
Pallottini, Gallerani & Ferrara 2014b).

The interstellar radiation field (ISRF) is tracked on-the-fly using
the moment-based radiative transfer code RAMSES-RT (Rosdahl et al.
2013), that is coupled to the chemical evolution of the gas (Pallottini
et al. 2019; Decataldo et al. 2019); in SERRA the speed of light is

'We assume cosmological parameters compatible with Planck Collaboration
XVI (2014), i.e. total vacuum, matter, and baryonic densities in units of the
critical density Q24 = 0.692, @, = 0.308, 2, = 0.0481, Hubble constant
Hp = 100hkm g1 Mpc_l with h = 0.678, spectral index n = 0.967, o3 =
0.826.
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reduced by a factor of 100; 5 energy bins are tracked: one partially
covering the Habing band (6.0 < hv < 11.2), one to follow Lyman—
Werner band (11.2 < hv < 13.6) to account for H, photoevaporation,
and 3 to cover ionization of H up to the first ionization level of He
(13.6 < hv < 24.59).

In summary, the simulations start at z = 100 from cosmological
initial conditions generated with MUSIC (Hahn & Abel 2011). Then
at z ~~ 6 the simulations zoom on the DM halo which is hosting the
targeted galaxy. The total simulation volume is (20 Mpch™!)?, and
it is evolved with a base grid with 8 levels (gas mass 6 x 10° Mg).
The zoom-in region has a volume of (2.1 Mpc h™!)? and is resolved
with 3 additional levels of refinement, thus yielding a gas mass
resolution of my, = 1.2 x 10* M. In this zoom-in region, we allow
for 6 additional levels of refinement based on a Lagrangian-like
criterion. This enables us to reach scales of /s >~ 30pc at z = 6
in the densest regions, i.e. the most refined cells have mass and
size typical of Galactic molecular complexes (MC; e.g. Federrath &
Klessen 2013). In this work, we focus our analysis on ‘Freesia’, a
prototypical Lyman-break galaxy in the SERRA suite.

2.1 Star formation and stellar feedback

In SERRA, the star formation rate density (p,) depends on the H,
density (pp2) via a Schmidt (1959), Kennicutt (1998)-like relation:

Ampry)
)

T

Px = Cst (D
where p, is the local star formation rate density, ¢y is the star
formation efficiency, m, is the proton mass, (. is the mean molecular
weight, and # is the free-fall time. The star formation efficiency is set
to & = 10 per cent, by adopting the average value observed for MCs
(Murray 2011), while molecular hydrogen density ny, computation
is included in the non-equilibrium chemical network. As shown in
Pallottini et al. (2017a), the adopted SFR prescription gives similar
results to other schemes in which the efficiency is derived from
a turbulent virial theorem criterion (Semenov, Kravtsov & Gnedin
2016).

A single star particle in SERRA can be considered as a stellar
cluster, with metallicity Z, set equal to that of the parent cell. For the
stellar cluster, a Kroupa (2001) initial mass function is assumed. By
using STARBURST99 (Leitherer et al. 1999), single population stellar
evolutionary tracks given by the padova (Bertelli et al. 1994) library
are adopted, that covers the 0.02 < Z,/Z, < 1 metallicity range.

In SERRA, we account for stellar energy inputs and chemical
yields that depend both on metallicity Z, and age f, of the stellar
cluster. Stellar feedback includes supernovae (SNe), winds from
massive stars, and radiation pressure. Due to the stellar feedback,
gas elements of the ISM perceive pressure in both thermal (Py,) and
non-thermal (P,) forms. The detailed description of thermal and
non-thermal pressure terms due to stellar feedback can be found in
Pallottini et al. (2017a). The non-thermal pressure mimics the stellar
feedback-driven turbulence (Agertz et al. 2013; Teyssier et al. 2013;
Agertz & Kravtsov 2015). So these pressure terms induce random
gas motions that we define as the thermal (o) and turbulent (o )
velocity dispersion:

P Py
o=, om=4) %, @)
p p

where p is the total gas density in the cell. The thermal component
is affected by gas cooling processes, while the turbulent component
dissipates with a time-scale given by the eddy turn-over time (Mac
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Low 1999):

Leen 10kms™!
taiss =~ 0.9 ——— | Myr, 3)
10 pc Oyt

where [ is the size of the cell.

As detailed in Pallottini et al. (2017a), stellar feedback incor-
porates Type II and Ia SNe, winds from OB and AGB stars,
and radiation pressure. The energy dissipation in MCs for SN
blastwaves (Ostriker & McKee 1988) and OB/AGB stellar winds
(Weaver et al. 1977) is also accounted (Pallottini et al. 2017a, see
in particular section 2.4 and appendix A). Continuous mechanical
energy deposition rate from winds and supernovae is derived from
the stellar tracks, and added in the cell where the star resides.
The relative fraction of thermal and kinetic energy depends on
the SN blast stage: energy conserving Sedov—Taylor stage (about
70 per cent thermal, 30 per cent kinetic), shell formation stage, and
pressure driven snowplow (about 15 per cent thermal and 35 per cent
kinetic).

For radiation pressure, the kinetic energy is computed from the
momentum injection rate, in turn based on the luminosity of the
source and the optical thickness of the gas to the radiation in various
bands (e.g. Krumholz & Thompson 2012). We use an energy-based
implementation that mimics that typically adopted in particle-based
codes (Hopkins et al. 2011).

Stellar tracks are also used to calculate photon production. As
shown in Pallottini et al. (2019, in particular see fig. 1 therein) at
each time-step, stars dump photons in the hosting cell in each energy
bin according to their stellar age and metallicity. Photons are then
advected and absorbed in the radiation step, contributing at the same
time to the photochemistry. Dust and gas account for absorption of
the radiation, consistently with the chemical reaction cross-sections
and the Weingartner & Draine (2001) dust distribution (see Pallottini
etal. 2019, in particular fig. 2 therein). Note that, at a given halo mass,
SERRA galaxies feature star formation and stellar mass histories that
are consistent with Lupi et al. (2020), which uses a set of feedback
prescriptions similar to FIRE2 (Hopkins et al. 2018).

For the analysis of the simulation, it is convenient to define the
star formation rate surface density (Xgspg) as

2.t < A1)

Yo = =2 4
SFR At ()

where we account for young star clusters i.e. setting At < 30 Myr.

3 BRIDGING SIMULATIONS AND IFU
OBSERVATIONS

3.1 Modelling [C 1] line emission

The chemical network used in SERRA includes H, He, HY, H-, He,
He't,He™™, Hy, H, and electrons. The abundance of other metals are
calculated by assuming solar abundances. Ion abundances (e.g. C*)
and corresponding line emission are computed in post-processing
on a cell-by-cell basis. We use the spectral synthesis code, CLOUDY
(Ferland et al. 2017) to predict the [C 1] line emission and C* ion.
The resolution of SERRA suite is >~ 30 pc. Hence, we do not resolve
the internal structure of molecular clouds, that is sub-parsec scales;
also as noted in Pallottini et al. (2019), gas cell is typically optically
thick to ionizing radiation, i.e. for a typical ionized region with
ionization parameter U ~ 1072, metallicity Z = 0.5Z, and density
n =~ 300 cm~3, the resulting H 11 regions size is about 1 pc, where
sub-pc resolutions would be needed to resolve it (see also Decataldo
etal. 2019, in particular fig. 4 therein). To overcome these limitations,
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we have adopted the same post-processing model of Pallottini et al.
(2019), summarized below.

Emission coming from the small-scale clumps inside the molecular
clouds is accounted similarly to Vallini et al. (2017, 2018); each
molecular cloud with a volume V encompasses clumps with sizes of
the Jeans length (/;) and it is characterized by a differential number
of clumps dN¢jump:

dNeump = (V/13)dP (5a)

where dP is the distribution of density » inside a molecular cloud
with mean density ny; dP can be described via a lognormal function
(Padoan & Nordlund 2011)

1 s—s0>2
————exp— ds, 5b
o2 P <a¢ﬁ o0

with s being the normalized density s = In (n/ng), so = —O.SUSZ, and
o, being the standard deviation of the distribution; the latter depends
on the Mach number (M) as (Krumholz & McKee 2005)

dp =

o} =In(l+(M/2)7%). (50)

We can compute the Mach number using the thermal and non-thermal
pressure terms for each cell of gas obtained self-consistently from
the simulation (equation 2)

|4 D (5d)

M = )
Py

As in Pallottini et al. (2019) to compute the [C 1] emission, we
build two grids of CLOUDY models, i.e. with and without ionising
radiation. Every grid is divided in seventeen bins of number density
(1072 < n/fem™3 < 10%7), 8 bins of metallicity (1073 < 27 < 1099),
and 12 bins of ISRF (107! < G/G, < 10*%), for a total of 1632
distinct models per each grid. For the spectral energy distribution
(SED) of the impinging radiation field on the slab of gas of interest
in CLOUDY, we use a SED taken from STARBURST99 (Leitherer et al.
1999) with stellar age of 10 Myr and solar metallicity. Such stellar
population is the primary contributor to the interstellar radiation
field in our simulated galaxies.” The intensity of the radiation field is
rescaled with the local G flux; if the simulated cell has an ionization
parameter U > 10~ or if it contains young stars (f, < 10 Myr),
we use the grid with ionizing radiation. Otherwise, we use the
intensity obtained computed without the ionizing radiation. For each
clump inside a cell of the simulation, given the input parameters
(n, G, Z, and N), we compute the [C n] line luminosity per unit
area (Z 1) and C* ion mass (./G,,,,) by interpolating the values
evaluated by CLOUDY grids. Then, to account for the cloud structure,
we integrate the clump distribution (equations 5) to obtain the
total [C 1] luminosity (L") and C* ion mass (MC") of the ith
cell as

LEC“] = /oggl(‘in];]l_%chlumps (63')
ME = / A AN (6b)

2Note that while in the simulation stellar radiation is tied to stellar metallicity
and age, achieving the same result via a grid of CLOUDY models is unfeasible.
This would require one grid dimension per radiation bin, whose adopted
number is typically ~1000.
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3.2 Hyperspectral data cubes

Interferometric observations like those obtained with ALMA, VLA,
and LOFAR or Integral Field Units like SINFONI and MUSE
yield multichannel data cubes. These data cubes have two spatial
dimensions (x and y) and one spectral dimension (A). These data are
sometimes called hyperspectral, since they have an extremely high
spectral resolution (e.g. few thousands of frequency channels in the
case of ALMA). The frequency dimension of these data cubes that
can be translated into a line-of-sight (l.o.s.) velocity information,
allows the observer to study the dynamics of the galaxies even at
very high redshifts.

To have a fair comparison between observations and simulations,
we generate the so-called Hyperspectral Data Cubes (hereafter HDC)
for our simulated galaxies, and extract dynamical observables (see
Section 3.3). A sketch of the model is given in Fig. 1 and the process
is detailed below.

First we extract a cubic region around the centre of the galaxy
with a side-length L. containing a number N of AMR cells.
For each gas cell we have information on its position (r;), velocity

(v;), and [C 1] luminosity [L,[C"], computed in post-processing
using equation (6a)]. Our HDC has two spatial and one velocity
dimensions. Let us call z the l.o.s. direction, so that v* = v - 3% is
the velocity component parallel to the l.o.s. and x—y is the plane
perpendicular to it. Then, the velocity-dependent [C 1] surface
brightness for each voxel of coordinates (x, y, v°) can be modelled

as follows:

Neel
Een, y, v = D OLIK (x5 AxDK (v vis AxDK 07, v, Av), - (Ta)
dv i=l1
where
1 x=x\
K(x, xis Axi) = ——==¢x —( ') (7b)
' ' AxiN2m P AXi

represents the general Gaussian kernel® adopted for three dimensions
(2 spatial + 1 velocity). The width of the Gaussian kernels (A ;)
for spatial dimensions is Ax; = Ay; = L.y, With [ being the size
of the considered cell. For the spectral dimension, Av; = (o +
crnzl)l/ 2 where oy, and o, denote the thermal and non-thermal line
broadening, respectively (see equation 2).

3.3 Line spectrum and emission moment maps

Having the HDC, observables such as the line spectrum and various
moments of the specific [C n] surface brightness dXc /dv can be
obtained. It is useful to label n,, n,, and n, the number of bins in
each dimension of the HDC, such that Ax, Ay, and Av are the
corresponding spatial and spectral resolutions. The integrated 1D
line spectrum can be defined from the HDC as

N,y

dL[C |
dv

dE[CII]

W)= Y = G0 v)AX Ay, ®)

I=1,m=1

The integrated surface brightness (Xcy) as well as dynamical
observables such as spatially resolved mean velocity ((v)) and
velocity dispersion (ocy) maps are obtained from the velocity
moments of the HDC as follows:

n, d il Z
Tiemx, y) = Y, El(x, y, v)A, (9a)

ny zdX z
(V)(x, y) = m DL v gt (x, v, v A, (9b)

3We have tested different kernels, finding no appreciable differences in the
resulting observables.
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Cubic region around the
centre of the simulated
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Figure 1. Sketch of the model used in this work to obtain hyperspectral data cubes from a simulation box. Having the information on the [C 11] luminosity
(Ll.C 1), positions, and velocities of the gas particles along with the cell size(lee11), thermal (o), and non-thermal(o ) line broadenings in a simulated cube, one
can construct the hyperspectral data cubes with two spatial and one spectral dimensions. The mapping from the simulated box to the hyperspectral cube is done
with three Gaussian filters in each dimension. The simulation box is represented as a uniformly binned space only for visualization purposes. See Section 3.2

for the details.
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3.4 Numerical set-up for the hyperspectral data cubes

The HDCs produced in this work have the following set-up. We
select a cubic region centred on Freesia with side-length of L. =
8 kpc, which typically contains N ~ 107 AMR gas cells; for both
spatial dimensions, we use n, = n, = 256. The lLo.s. velocities
depend on the inclination of the galaxy; we use n, = 256 bins
to map a (—400, +400)kms~! velocity range, that is centred on
the peak of the [C n] emission. Thus, the resulting hyperspectral
data cubes have Nyox = 256° voxels, with a spectral resolution of
Av >~ 3.1kms™! and a spatial resolution of Ax = Ay ~ 31.2pc;
the latter corresponds to an angular of 0.005 arcsec at z = 6. To
speed up the computation of the HDCs, in equation (7b) we set the
kernel to zero beyond five standard deviations away from the mean,
ie. K(x, xi» Ax;) =0when |x — x;| > 5Ax;.

4 IDENTIFICATION OF DYNAMICAL STAGES

We focus our analysis on three different dynamical stages during
the evolution of Freesia in the redshift range of 6 < z < 8. The
stages are denominated ‘Spiral Disc’ (SD), ‘Merger’ (MG), and

MNRAS 499, 1250-1265 (2020)

‘Disturbed Disc’ (DD). In Table 1, general properties of these stages
are tabulated.* Among the stages, the gas mass of Freesia (M, ,) varies
within a factor < 15 per cent, while the star formation rate (SFR)
and stellar masses M, have a variation by a factor < 3. In particular,
DD stage has the highest star formation rate (SFR ~ 85.4 Mg yr™!)
and stellar mass (M, ~ 10'° M), while the MG stage has the
lowest values (SFR ~ 29.5Mgyr~!, M, ~ 4 x 10° Mg). The total
[C 1] luminosity of all stages is similar and about 103L, with the
DD stage being the most luminous one. Overall, Freesia in these
stages shows properties comparable to the bulk of the observed high-
z galaxies, reported in table 1 by Kohandel et al. (2019).

The typical radius in all stages is r;, = 1kpc, thus the circular
velocity can be estimated via

| G Mgy
Ve = Gidy7 (10)
Td

where Mgy, = M, + M, is the dynamical mass. Therefore, v, =

(189, 173, 246)kms~! for the (SD, MG, DD) stages, respectively.
Note that — similarly to Kohandel et al. (2019) — different

stages are identified and labelled based on the morphology of the

“4Since the stages are selected from the evolution of a single galaxy, they
have different stellar masses as well as SFR. Alternatively, one could look
at different galaxies with the same stellar masses and SFR, but different
dynamical structures. This will be considered in future work.
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Table 1. Properties of different evolutionary stages of Freesia depicted in Fig. 2.

Stages Short name Redshift M, My SFR Licy Ve k¢ fgb
(10°Mg)  (10°Mp) Meyr™) (10°Le)  (kms™")

Spiral disc SD 7.4 4.9 34 38.4 1.0 189 27 042

Merger MG 8.0 4.0 3.0 29.5 0.7 173 26 043

Disturbed disc DD 6.5 10.5 3.6 85.4 1.6 246 56 026

Burstiness parameter defined in equation (15), estimated with the total SFR and gas mass within r; = 1 kpc; ?gas fraction defined

asfg = Lo/(Zg + X,).

[C 1] line surface brightness maps and the corresponding (total)
spectra extracted for their face-on and edge-on views, as can be
appreciated from Fig. 2, where we show moment maps as well as the
corresponding integrated spectra.

We start by looking at the moment-0 (surface brightness) maps
for the face-on view® of the three stages (second row of Fig. 2).
Morphologically, the three stages are clearly discernible. The SD
stage features a rotating disc with a one-sided, extended tail due to
infalling gas; the MG stage is produced by a satellite merging into
the main galaxy; the DD stage resembles a very complex structure as
a consequence of the presence of a nearby, giant star-forming clump
of gas (size of about ~ 0.5 kpc) perturbing the main galaxy disc.

Rotating discs, mergers, and disturbed discs have distinguishable
spectral signatures in the [C 1] spectra — particularly for inclinations
close to edge-on, even at very high redshifts (Kohandel et al. 2019).
Looking at the edge-on spectra of the selected stages (first row of
Fig. 2), we see that the SD stage shows a double-peak profile; instead,
the signature of rotation in the spectra of the other two stages has
been blurred by either the merging satellite (in MG stage) or the giant
clump of gas hitting the disc (in DD stage). In each stage, the reported
value of v, (Table 1) is roughly consistent with the half-width of the
corresponding edge-on spectra, as expected from rotation support.

As discussed in Section 3.3, a key dynamical quantity obtained
from HDCs is the spatially resolved mean velocity map, (v) (see
equation 9b), shown for the three stages in the third row of Fig. 2.
The SD stage shows a well-formed velocity gradient in the central
part of the system: this feature resembles a ‘spider diagram’ pattern
— i.e. a well-known signature of rotating spiral galaxies (Begeman
1989) — that is indicative of the existence of a rotating disc. The MG
stage has two distinct rotating components, one for the main galaxy
and the other for its satellite. The DD stage has a very complex
velocity structure due to the presence of the giant clump disturbing
the disc. These results show that a single galaxy might undergo
dramatic changes in the course of its evolution, mostly arising from
the complexity and intermittency of the assembly processes. As
velocity dispersion encodes a record of the associated kinetic energy
deposition, it provides a unique diagnostic tool to understand the
build-up of these early systems.

5 CHARACTERIZING THE VELOCITY
DISPERSION

In this section, we first compute the velocity dispersion by analysing
moment-2 maps of the [C u] line data cubes for the considered
evolutionary stages (Section 5.1). Then, in Section 6, we assess the
role of (i) stellar feedback and (ii) bulk motions in driving the velocity
dispersion.

SWe orientate the 1.0.s. parallel to the eigenvector of the inertia tensor of the
gas density distribution with the largest eigenvalue.

5.1 Spatially resolved velocity dispersion maps

In the fourth row of Fig. 2, we plot moment-2 (o ¢ ;) maps for the three
evolutionary stages of Freesia. On each plot, the [C 1] luminosity-
weighted average velocity dispersion,’ i.e. (o0'c )y , is reported which
reduces the 2D maps to a single average value. As in the case of the
(v) maps, the o maps are quite different, depending on the stage.
Nevertheless, there are common features. All the stages show a o ¢y
peak up to ~ 130 km s~ located at the galactic centre; this is partially
linked to the star formation activity, as we will see in Section 6.

Apart from the central peak, the SD stage (with (ocy)w =
25.7kms™") has an almost uniform velocity dispersion map in the
central 1kpc region with a value of ~ 15-20kms~! with enhanced
values (¢ up to 70kms~!) in the extended tail due to infalling gas.

The MG stage ((ocy)w = 22.6kms™!) looks similar in most of
the disc region, but a second peak (at ~ 50kms~') appears that
corresponds to the centre of the merging satellite. Moreover, o ¢ is
boosted up to ~ 80kms~! as a result of the bulk motions driven by
the gravitational interaction between the main galaxy and the satellite
(see Section 6.2).

Finally, the DD stage has the highest (ocy)y = 36.5kms™")
values, and has a complex velocity dispersion structure paralleling
that of the (v) map. There are various arcs in the central 1 kpc scale of
the disc; the region, 1 kpc north of the centre, features a pronounced
disturbance likely due to the very close encounter of the giant clump
of gas with the disc; such very high ocy (up to ~ 130kms™"), the
elongated region extends for about 1 kpc following the circumference
of the disc. Such a feature in velocity dispersion maps is due to
gravitational interactions of multicomponent systems (in this case,
the main galaxy and the giant gas clump), as we detail in Section 6.2.

To summarize, if we measure the level of ISM velocity dispersion
via a luminosity-weighted average value as i.e. done in actual
observations (like e.g. Green et al. 2014), Freesia shows a moderate
value around ~ 23-38kms~!. Note that these values are obtained
for an angular resolution of ~0.0005 arcsec, which however impacts
the conclusions, as we will see in Section 5.2.

Using the galaxy circular velocity and the average l.0.s velocity
dispersion, we can define the rotational-to-dispersion support ratio,
v./o. Adopting 0 = (o ¢ y)w leads to a v /o ratio of 7.4, 7.7, and 6.7
for the cold [C u] emitting gas in SD, MG, and DD stage, respectively.
As a comparison, such ratio is 220 for the MW, and 3.5—6 for
intermediate-redshift galaxies (Swinbank et al. 2011; Hodge et al.
2012). Thus, cold gas in EoR galaxies — unlike the MW but similarly
to galaxies at comic noon — receives considerable support from
random motions.

5.2 Beam smearing effects

We want to understand the effect of beam smearing on the resultant
dynamical observables derived from the full resolution (0.0005

6(UCII)w = ZUCIIE[C IIJ/ZE[C -
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Figure 2. Observables derived from [C 11] line hyperspectral data cubes for three stages of Freesia, Spiral Disc (SD, left-hand panels), Merger (MG, middle
panels) and Disturbed Disc (DD, right-hand panels). From the top the plotted quantities are: 1D [C 11] line spectra (dLic yj/dv, first row), [C 11] surface brightness
(2(c u), moment-0 map, second row), mean velocity ({(v), moment-1 map, third row), and velocity dispersion (o [c i, moment-2 map fourth row). Spectra are
extracted for face-on and edge-on views; maps are shown for the face-on view. In the surface brightness maps, we report the total luminosity as an inset; on the
velocity dispersion maps, we quote (o )y, the [C 11] luminosity weighted average of velocity dispersion. In the mean velocity and dispersion maps, we grey out

pixels with Scy < 10%7Lg /kpe?.

arcsec) [C 1] line HDC. We mimic the beam smearing by performing
a smoothing with a Gaussian kernel of 0.02 and 0.1 arcsecs. Then
using equations (9), we obtain the low-resolution counterparts of
Fig. 2. In Fig. 3, we show different moment maps of [C 1] line for
two angular resolutions (0.02 and 0.1 arcsecs) for the evolutionary
stages of Freesia.

MNRAS 499, 1250-1265 (2020)

As expected, the beam smearing affects the morphology of various
moment maps. In the lowest resolution case, it is very challenging
to derive morphological/structural properties like the presence of
a disc, satellites, or clumps in each structure. This issue is very
important and needs to be studied but it is beyond the scope of this
paper.
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Figure 3. Moment maps of evolutionary stages of Freesia with angular resolution 0.02 and 0.1 arcsec. Surface luminosities are in linear scale. Notation as in
Fig. 2.
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As shown in Fig. 3, (ocu)w increases with decreasing angu-
lar resolution. More precisely, at 0.02 arcsecs, it ranges between
28 and 50km s~! while at 0.1 arcsecs, it rises up to 40 — 80kms~!.
This effect is more dramatic in the DD stage. With the lowest
resolution, (o cn)yw is doubled compared to the high-resolution case
(Fig. 2). This effect is more severe in the DD stage because, as
we saw in Section 5.1, in the central ~ 2kpc part of the galaxy
there are various arcs with large velocity dispersions < 130kms™!,
substantially contributing to [C 1] emission. When we perform the
smoothing, the emission from these high-dispersionc arcs spreads
over the disc (see the ocy; DD map at 0.1 arcsec resolution). This
yields a very large average velocity dispersion.

These results show that, when dealing with real observations,
the beam smearing effect must be carefully accounted for when
inferring the proper velocity dispersion of the system, particularly
the interacting ones. For the rest of the paper, we continue our analysis
with the high-resolution cases (Fig. 2), unless otherwise stated.

6 PHYSICAL DRIVERS

To further investigate the structure of the observed velocity dis-
persion, it is convenient to build and analyse its 1D probability
distribution function (PDF). In the first row of Fig. 4, we plot
the (normalized) PDFs of the distribution of ocy/v. for three
evolutionary stages of Freesia. The three PDFs have similar shapes:
they peak at o ¢ /v < 0.1 and have a high velocity dispersion tail.
All the distributions have a similar width, i.e. the difference between
25th and 75th percentile, around 0.1. Regarding the shape of the
distribution, while the MG stage shows a single sharp peak at the
low o ¢y part of the distribution, the SD and DD stages have a multiple
peak structure. In particular, the SD stage has an additional peak in
the high velocity dispersion (o ¢ /v, ~ 0.35) part of the distribution.
To understand the physical origin of the main features in the PDF,
it is necessary to quantify the individual contribution from different
driving mechanisms to the observed velocity dispersion. The list of
various components of velocity dispersion used in this section are
tabulated in Table 2.

To identify the physical drivers of the observed velocity dispersion,
o ¢ i1, We start by investigating the effect of stellar feedback as a driver
of velocity dispersion. Next, we turn to bulk motions sourced by
gravitational interactions.

6.1 Stellar feedback

In Fig. 5 (first row), we plot Freesia’s star formation rate density
maps (equation 4). For all of the stages, the SFR density is
(Zser > 10> Mgyr~'kpe™2) at the galaxy centre. The SD stage with
a total SFR of 38.2 M@yr*l has the smoothest Xgrr map, with most
of the star formation occurring in the galactic disc. Interestingly,
some bright star-forming regions are located along the spiral arms.
The MG stage has the lowest total SFR (29.3 Moyr~!). Signs of
recent star formation are seen both on the main galaxy and the
satellite. The DD stage has the highest total SFR (85.1 Mgoyr™),
with various very bright star-forming sites along the spiral arms, as
well as in the giant gas clump.

In Fig. 5, we plot the turbulent, i.e. o (second row), and thermal
velocity dispersion, i.e. o, maps (third row) induced by stellar feed-
back for the evolutionary stages of Freesia. On these maps, we have
overplotted contours inside which pixels have L¢y > 10%% Lg kpe ™2
(the same luminosity cut used in the mean velocity and velocity
dispersion maps in Fig. 2). In Table 3, the [C 1] luminosity-weighted
average values of the turbulent, (0 )y, and thermal (o), velocity
dispersion are tabulated for the three evolutionary stages.

MNRAS 499, 1250-1265 (2020)

The o, maps are almost flat but show high values at the galactic
centre (0 = 100-140kms~! depending on the stage). The SD and
MG stages have similar (o )y, ~ 11kms~!, while the DD stage has
a slightly higher value (~ 18 kms™"). This behaviour was expected
since the SD and MG stage have similar SFRs (see Table 1) while
the MG stage has &3 x higher SFR (~ 85Myyr™"); it also has more
star-forming sites with high SFR density compared to the other stages
(see Fig. 5). Thus, the higher the star formation, the more turbulent
the ISM becomes due to the collective kinetic energy deposition by
SNe, stellar winds and radiation pressure.

Instead, looking at o, maps, we see some shock-heated extended
regions with oy, > 80 km s~! in addition to smooth central (< 1 kpc)
parts with low dispersion values (~ 10kms~"). Most of the shock-
heated regions (for instance the south-west corner of the SD or a trian-
gular region in the north of the MG stage map) are regions with very
low [C 1] line intensity (Zjcm < 10*° Lo /kpc?). In terms of average
values, all the stages have similar (o), (~ 10kms~!; see Table 3).

In the bottom row of Fig. 5, we plot the ratio between the turbulent
and thermal velocity dispersion as a proxy of the level of turbulence.
The structure of the small-scale turbulence of the ISM of Freesia can
be divided in three phases; sub-sonic (log(o /o) < 0), supersonic
(0 < log(owlow) < 1.5) and hyper-sonic (log(oy/on) > 1.5). In
Freesia, the turbulence in most of the [C n] emitting gas is either
supersonic (or even hypersonic). To quantify the total contribution
of stellar feedback in oy, we introduce the small-scale velocity
dispersion 7 (o) as

O'HZ\/O"%I-FO‘"%. (1)

In the middle row of Fig. 4, we show the PDFs of o, /v.. For all stages,
the distribution can be fitted with a single Gaussian function apart
from the tail of the distribution specially in the SD and MG stage.
The excess in the high velocity dispersion tail of the distribution
in these stages is due to pixels with hyper-sonic turbulence for
which log(on/oy) = 1.5 (see Fig. 5]). These high values of
velocity dispersion will dissipate on time scales of < 0.1Myr (see
equation 3). The PDFs of o /v, with respect to o ¢ /v, (see the first
row of Fig. 4) are very narrow and confined. Most of the distribution
of ocn/ve cannot be fully described by o, only. Therefore, stellar
feedback alone is not sufficient to maintain the observed o ¢ ; bulk
motions arising from gravitational forces are then required.

6.2 Bulk motions

We define the bulk velocity dispersion as

oy = \foiy — 02 (12)

One of the obvious sources of bulk motions is the rotational energy
of the system. This can be directly subtracted out from the analysis
if we consider, as done here, the face-on view of the galaxy. Other
than rotation, the velocity dispersion can be increased by disordered,
large-scale motions generated by gravitational interactions occurring
in multicomponent systems like Freesia.

For instance, the velocity enhancement mentioned earlier, and due
to infalling gas (in the SD stage), merging satellites (MG), or close
encounters with clumps (DD), fall in this category (see Fig. 2). These
enhancements cannot be explained by the stellar feedback that we
analysed in the previous section. In Fig. 6, we show o, maps for the
three evolutionary stages of Freesia. In terms of average values, the

"Note that to compute the small-scale velocity dispersion we have just
accounted for the pixels with Zicyy > 10*5 Lo /kpc?
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Figure 4. PDFs of the different velocity dispersion components for three evolutionary stages of Freesia. From top to bottom, we show the total velocity
dispersion, ojcy) = (aﬁ + o*bz)l/ 2. from Fig. 2; small-scale velocity dispersion, o, due to stellar feedback from Fig. 5; the large-scale velocity dispersion, o7,
due to bulk motions from Fig. 6. See Table 2 for a summary of the definitions. The vertical dotted line denotes the mean value; the grey-shaded area represents

the width of the distribution which is the difference between 25th and 75th percentile of the distribution.

Table 2. List of definition and symbols used for the various components of the velocity dispersion.

Symbol Description Expression Reference
Oth Thermal velocity dispersion due to stellar feedback oth =~/ Pn/p Equation (2)
O nt Non-thermal (turbulent) velocity dispersion due to stellar feedback ont = ~/ Put/p Equation (2)
ou Total (small-scale) velocity dispersion due to stellar feedback aﬁ = arﬁ + "1%1 Equation (11)
ocu Velocity dispersion derived from moment-2 of [C 1] line emission O’[ZCH] = O‘i + sz Equation (9¢)
op Velocity dispersion due to bulk motions Oy = Ojcm — cr/f Equation (12)
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Figure 5. Star formation and stellar feedback in the different stages of Freesia. Top row: star formation rate density maps Second: the velocity dispersion
due to non-thermal pressure (turbulence), Third: thermal line broadening. Bottom: the ratio between non-thermal and thermal line broadening. White contours
correspond to the Scy = 10%°Lg kpe~2 cuts of Fig. 2.
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Table 3. [C 1] luminosity-weighted velocity dispersion values.

Stages (ocu)w (Ontdw (Oth)w (ob)w
(kms™")  (kms™!) (kms™!) (kms™!)
Spiral disc (SD) 25.7 11.5 7.0 20.7
Merger (MG) 22.6 11.8 10.6 17.6
Disturbed disc (DD) 36.5 18.4 10.5 27.8

DD stage has the highest (oy)y >~ 28 kms™! value, whereas the MG
stage only reaches ~ 18 kms~'. We also plot the o',/v. PDF in the
bottom row of Fig. 4. By comparing the PDF of o ¢ /v, and op/v.,
we conclude that the high velocity tail of the o ¢ distribution is
largely produced by bulk motions such as gravitational interactions.
Hence, gravity provides the dominant (> 90 per cent) contribution
to kinetic energy observed in [C 1].

A key difference between bulk motions and feedback-related
turbulence is the dissipation time. Referring to equation (3), the dis-
sipation time-scale for o, would be of the order of /,,/o;,, where [, can
be conservatively taken as the disc radius, or [, & 1 kpc = 100 /.
Hence, the dissipation time of bulk motions is about 30-50 times
longer than that of small-scale turbulence produced by energy
injection from massive stars. In turn, this allows gravitationally
induced motions to dominate the overall kinetic energy budget of
the galaxy.

7 SPATIALLY RESOLVED oc ;—Xsrr RELATION

Using the results in Section 6, we can study the local relation
between the l.o.s velocity dispersion and star formation rate densities
in Freesia. We compute the 2D distribution of different velocity
dispersion components (o' i, 0p, 0y, Oni» O ) as a function of Lgpr.
In Fig. 7, we concentrate on the distribution of total o ¢ ; for the SD,
MG, and DD stage. We do not see a clear correlation between these
quantities. It seems that o ¢, for all the stages is constant for a range
of 4 dex of star formation rate densities.

To see the behaviour of other components of the velocity dispersion
(ocit, 0p, O ps Onis On), W oObtain the average o—Xgpr relation for
each component by averaging the data in 10 bins of SFR density in
the range of 0.1-100 Mg, yr~! kpc~2. The results are shown in Fig. 8
for the usual three evolutionary stages.

First, we concentrate on o ¢ . For the SD and DD stages, o¢cy
is almost independent on Xgpr over three orders of magnitude,

Spiral Disk Merger
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apart from a slight increase (factor < 1.5) at the high-end of the
star formation range. Such a result is in agreement with a recent
theoretical work of Orr et al. (2020). These authors study the relation
between gas velocity dispersion and star formation rate for Milky
Way-like galaxies in FIRE-2 simulations (Hopkins et al. 2018). They
find a relatively flat relation (¢ ~ 15-30 km s~ in neutral gas) across
3 dexes in SFR; this is also in agreement with nearby galaxies
observations (Zhou et al. 2017). Note that Orr et al. (2020) do not
model emission lines to compute the l.o.s velocity dispersion. This
might affect their conclusion as they are not directly computing the
observed velocity dispersion, which can be affected by resolution
issues (see Fig. 3).

For the MG stage, the situation is different. The dependence of
o ¢y on Xgpr shows instead an increasing trend across the SFR range.
This correlation might be partly caused by the fortuitous presence of
a satellite with peculiar properties; The satellite has low o ¢y, low
SFR. Because of its large [C 1] emission, it dominates the low SFR
part of the relation decreasing the [C u]-weighted velocity dispersion
and therefore o ¢ is biased-low.

The different contributions to o ¢ follow similar trends with star
formation in the three stages: o}, always dominates the relation for
Sser < 10-30 Mg yr—'kpc™2, i.e. bulk motions such as gravita-
tional interactions are the main drivers of the velocity dispersion in
moderate star-forming, high-redshift galaxies. Athigher SFRs, stellar
feedback becomes important and o, catches up with bulk motions.
The increase of o, at high SFR is due to enhanced momentum
injection by massive stars powering supersonic turbulence for which
on/oy > 3. The contribution from supersonic regions to the total
[C 1] luminosity is &~ 10 per cent for the SD and DD stages and
~ 5 per cent for the MG stage. The thermal component, o, becomes
larger than the turbulent term (o) only at Xgpr < 5 Mg yr*l kpc’z,
In general, the feedback-related turbulent level in Freesia achieves an
almost constant value of o, ~ 10-15kms~! independently of SFR.
Such value is higher than the velocity dispersion typically observed
in local molecular clouds, which is around 5-10 km s~' (Bolatto et al.
2008). In summary, the ISM velocity dispersion in assembling, EoR
galaxies appears to be dominated by the bulk motions component
produced by gravitational interactions, such as accretion/merging
events.

To gain some insight, it is instructive to compare our results
with a simple physical model for the 0 — X gpg relation. The Toomre
parameter, Q (Toomre 1964) for a galaxy with a total mass surface
density ¥ = X, + X,, Lo.s velocity dispersion o, and epicyclic
frequency k = av./rq, Where a = /2 for galaxies with flat rotation
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Figure 6. Maps of velocity dispersion due to gravitational interactions (equation 12) for three stages of Freesia. Notation as in Fig. 2.
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Figure 7. 2D PDFs of spatially resolved l.o.s velocity dispersion derived from [C 11] data cubes (o cyr) and star formation rate densities for various stages of
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Freesia. The white dashed contours show the region including 90 per cent of the data. The solid lines indicate the analytical expression for o —Xgpr relation

(see equation 16 and values given in Table 1).
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Figure 8. The average relation between different components (see the internal label) of the total velocity dispersion, o ¢ y;, and the star formation surface density
Ysrr. Each panel refers to a different evolutionary stage. The curves are obtained from the data shown in Fig. 7 by averaging the data in 10 bins of SFR density

in the range of 0.1-100 M, yr~! kpc 2.

curves (Inoue et al. 2016; Leung et al. 2019) is given by

oK [N
HGE_ﬁ(U) ’ 13
where G is the gravitational constant. The total mass surface density
is computed from the data in Table 1 assuming as a reference radius,
rs = 1 kpc, for both gas and stars.

We introduce the gas fraction, f, = ¥,/(X, + X,); this is given in
Table 1 for Freesia. Then assuming an average Toomre parameter Q
for the galaxy, we can relate the l.o.s velocity dispersion to the gas
surface density as

T[ngrd
=0,/ —==%14, 14
o=0Q 2, (14)

To relate the gas surface densities to star formation rate surface
densities, we assume a generalized KS relation (Heiderman et al.

Q:
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2010; Pallottini et al. 2019; Ferrara et al. 2019)

z z "
(%) =102, (7&2) , (15)
Mgyr—'kpe Mgkpe

with n = 1.4; Kk, is the burstiness parameter, given in Table 1,
expressing deviations from the empirical local relation (Kennicutt
1998). For starburst galaxies, k; > 1. Hence, the relation between
gas l.o.s velocity dispersion o and star formation rate surface density
YgrR 18

Sem SN
a=r0a (o) () s
Moyr~!kpe kpc

where
1
Ao L2
V2 £

which requires the information on the average Q parameter.

(16a)

(16b)
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We calculate the average Toomre parameter for [C 1] emitting gas
in three stages of Freesia by using equation (13) and 0 = (ocu)w-
We derive Q =~ (.2 for all the three stages, a value compatible, but
slightly lower, than typically deduced for intermediate redshift galax-
ies (Q ~ 0.5 in Swinbank et al. 2011 and Q ~ 0.25 in Hodge et al.
2012). Note that all the stages are in a starburst phase, with «; between
2.6 and 5.6, in an agreement with what inferred by Vallini et al. (2020)
for COS-3018 —a z =~ 6.8 redshift galaxy — from UV, C 111] and [C 11]
data (Laporte et al. 2017; Carniani et al. 2018b; Smit et al. 2018b).

In Fig. 7, we overplot equation (16) on top of simulations data
for the three stages of Freesia. Although the simulated PDF of
ocy—Xspr does not show a clear trend, 90 per cent data inclusion
regions lie on the derived average analytical expression for the SD and
DD stages. The actual velocity dispersion in the MG stage is instead
higher than predicted by the analytical relation; this is expected given
the simplifying, thin disc assumptions on which the latter is based.

Although we have concluded that stellar feedback plays a sub-
dominant role in determining the observed velocity dispersion,
we should warn that the delay between star formation and the
corresponding feedback can introduce complications in this picture
(Orr, Hayward & Hopkins 2019). In addition, the delay depends on
the specific feedback process considered. For example, the delay
time is 5-30 Myr for supernova feedback, and 0—10 Myr for ionizing
radiation and winds from OB stars (Leitherer et al. 1999). However,
the observed o —Xgpr relation (Lehnert et al. 2013; Yu et al. 2019)
is obtained from star formation rates and the velocity dispersions
measured at the same time. We have roughly accounted for this bias
by including only stars younger than 30 Myr in the simulated SFR
computation (see Section 2.1).

8 SUMMARY

We have studied the structure of the spatially resolved line-of-sight
velocity dispersion for galaxies in the EoR traced by [C u] line
emission. Our laboratory is a galaxy in the SERRA suite of zoom-in
simulations called ‘Freesia’.

We have modelled [C 1] emission Hyperspectral Data Cubes
(HDC) for three evolutionary stages of Freesia: Spiral Disc (SD) at
z="7.4, Merger (MG) (z = 8.0), and Disturbed Disc (DD) (z = 6.5).
These three stages correspond to well-defined, distinct dynamical
states of the galaxy. SD is a rotating disc (v. = 189kms~!) with
an extended, lopsided tail due to the in falling gas; the MG stage
(with v, = 173kms™") contains a satellite merging into the main
galaxy; finally, the DD stage (v, = 246kms™") is the most complex
configuration due to the presence of a giant clump of gas (size
about ~ 0.5kpc) in the very vicinity of the main galaxy. The total
[C 1] luminosity of the stages is ~ 10% L. From the simulated HDC,
we have built spatially resolved mean velocity (v), and velocity
dispersion o ¢ maps for all the stages. Using o ¢ maps, we have
evaluated the level of velocity dispersion in the ISM of high-z
galaxies and determined its physical drivers. We have studied the
contribution of velocity dispersion due to bulk motions (o) and
stellar feedback (o ,,), the latter incorporating both turbulent (o ) and
thermal (o) small-scale contributions. Finally, we have investigated
the existence of a relationship between different components of
velocity dispersion and the star formation rate. The main results
of this work can be summarized as follows:

(i) We have quantified the [C u] luminosity-weighted average
velocity dispersion (o ¢ y)w- At the full resolution of our simulation,
which is equivalent to an angular resolution of 0.005 arcsec, we find
(ocn)w = (25.7,22.6,36.5) kms™! for the (SD, MG, DD) stages,
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respectively. Hence, we conclude that Freesia has a moderate average
velocity dispersion regardless of the stage.

(i1) (ocu)w 1s very sensitive to the angular resolution of the
observations. Due to beam smearing effects, the average value
increases at lower resolutions. This effect is more severe for actively
interacting systems, exemplified by our DD stage. Observations with
an angular resolution of 0.02 arcsec (0.1 arcsec) would infer an
average velocity dispersion 16—34 per cent (52-115 per cent) larger
than the actual one.

(iii) We have calculated the rotational-to-dispersion support ratio
as well as Toomre Q parameter using (o cn)y for Freesia. We derive
vo/o >~ 7 and Q =~ 0.2 suggesting that [C 1] emitting cold gas in EoR
galaxies — unlike the MW but similar to galaxies at cosmic noon —
receives considerable support from random motions.

(iv) Concerning the resolved oc;—Xgspr relation, we find a
relatively flat relation for 0.02 < Yspr/ Moyr~'kpc™2 < 30. The
majority of simulated data lies on the derived average analytical
expression, i.e. o Egl/;; for the SD and DD stages. However, in
the MG stage, the actual velocity dispersion is somewhat higher
than predicted by the analytical expression, due to the simplifying
assumptions on which the latter is based.

(v) Stellar feedback yields a o, >~ 10-15km s~! almost inde-
pendently from the total SFR, due to the balance between energy
injection by massive stars, and the rapid dissipation of small-scale
supersonic turbulence. However, the stellar feedback accounts only
for < 10 per cent of the total kinetic energy. We conclude that at
high-redshift the velocity dispersion is dominated by bulk motions
produced by gravitational interactions — such as accretion/merging
events that govern the build-up phase of EoR galaxies.
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APPENDIX A: SMALL-SCALE VELOCITY
DISPERSION

In this section, we analyse the small-scale velocity dispersion (o)
for three stages of Freesia. In Fig. A1, the PDFs of o, /v, in log-space
are plotted for Freesia. We have fitted these profiles with a normal
distribution:

fx) = exp (—(x — B)°/20%). (AD)

A
V21w
For all the three stages, we have been able to fit the overall
distribution except for the tails. The tails are likely the result of
recent starburst episodes for which turbulent energy has not yet

Spiral Disk

Merger

Velocity dispersion of early galaxies 1265

had time to dissipate and reach a steady state. The fit parameters
are reported in each plot. Among the stages, the PDF of the DD
stage has a larger width which is due to the fact that the ISM is
more turbulent in this stage and it has a broader thermal velocity
distribution. In Fig. A2, the 2D PDFs of spatially resolved o, as a
function of Xgpgr for three evolutionary stages are shown. We see
that o, in all the stages is almost constant independent of Xgrg
over three orders of magnitude. The distribution of o, is relatively
narrow around the mean in all stages, with the DD one showing
somewhat higher values. The 90 per cent data inclusion regions in
these distributions lie on the derived average analytical expressions
(see equation 16).
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Figure A1. PDF of small-scale velocity dispersion for three stages of Freesia along with the fitted normal distribution (dashed line).
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Figure A2. 2D PDFs of spatially resolved small-scale velocity dispersion and star formation rate densities for various stages of Freesia. The white dashed
contours show the region including 90 per cent of the data. The solid lines indicate the analytical expression for o —Xgpgr relation (see equation 16 and values

given in Table 1).
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