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ABSTRACT

We present Atacama Large Millimeter/submillimeter Array (ALMA) CO(J = 2-1) observa-
tions of two main-sequence star-forming galaxies at z ~ 1.47 taken from the High-Z Emission
Line Survey (HiZELS). These two systems have been previously reported to be molecular gas-
rich fu, = Mu,/(Mu, + M,) ~ 0.8. We carried out a follow-up study to resolve, at ~kpc-
scales, the CO emission. These new observations are combined with our earlier ALMA
observations (sensitive to diffuse CO emission) and compared with our previous H «-based
study at matched spatial resolution. One target is marginally resolved in CO(2-1), showing
complex dynamics with respect to the ionized gas traced by H«. While the other source is
spatially resolved, enabling a detailed exploration of its internal dynamical properties. In this
system, both gaseous phases show similar spatial extension, rotation velocities, and velocity
dispersions (Vyo; ~ o, ~ 100kms~') suggesting a rotational velocity to velocity dispersion
ratio consistent with unity. By comparing the ionized and molecular gas tracers through the
use of a two-dimensional kinematic model, we estimate a median depletion time Tgep =
2.3 & 1.2 Gyr for the galaxy as a whole. This value is in agreement with the average 74, value
observed in local star-forming galaxies at similar spatial scales. Using a thick-disc dynamical
modelling, we derive a dynamical mass Mgy, = (1.59 £ 0.19) x 10" Mg within ~6 kpc.
This suggests a dark matter fraction (fpm = Mpm/Mgyn of 0.59 £ 0.10), in agreement with the
average fpy value derived from stacked rotation curve analysis of galaxies at similar redshift
range.

Key words: galaxies: evolution — galaxies: high-redshift — galaxies: ISM — galaxies: kinemat-
ics and dynamics — galaxies: star formation.

average fraction of molecular gas mass in galaxies (e.g. Tacconi

1 INTRODUCTION etal. 2010; Geach et al. 2012; Carilli & Walter 2013). This behaviour

Understanding how galaxies form and evolve over cosmic time
is a major goal in modern astrophysics. Surveys have shown that
there is a decline in the overall cosmic star formation rate (SFR)
density since z ~ 2 (e.g. Madau et al. 1996; Sobral et al. 2013a;
Khostovan et al. 2015) which coincides with the decrease of the
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is thought to match the cosmic evolution of the mass in stars, and
the molecular gas content (My, ) of the Universe, hence it provides
a logical interpretation for the interplay between, perhaps, the main
actors controlling the growth of galaxies (e.g. Madau & Dickinson
2014).

At the peak epoch of the cosmic star formation activity (z ~ 2-3),
spatially resolved observations of galaxies have mostly come from
large Hubble Space Telescope (HST) and Integral Field Unit (IFU)
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surveys (e.g. Koekemoer et al. 2011; Brammer et al. 2012; Law et al.
2012b). The latter trace the ionized gas content in seeing limited
conditions (~0’6 in K band, e.g. Sobral et al. 2013b; Wisnioski
et al. 2015; Stott et al. 2016; Turner et al. 2017; Johnson et al.
2018). Although adaptive optics (AO)-aided IFU observations have
delivered ~0”15 (~kpc-scale) spatial resolution data on smaller
galaxy samples (e.g. Forster Schreiber et al. 2009; Swinbank et al.
2012a; Molina et al. 2017; Forster Schreiber et al. 2018; Gillman
et al. 2019). Deep observations have focused mainly in sampling
the ‘main sequence’ of star-forming galaxies, i.e. those galaxies that
are part of the bulk of the galaxy population in terms of stellar mass
(M,) and SFR (e.g. Noeske et al. 2007; Whitaker et al. 2012).

High-redshift (z ~ 1-3) IFU surveys targeting the H o emission
have revealed that most of the main-sequence star-forming galaxies
(hereafter, ‘typical’ star-forming galaxies), present: (1) highly
turbulent galactic discs with high surface brightness, indicating
that the interstellar medium (ISM) is highly pressurized with Py
~ 10°** times higher than the typical ISM pressure in the Milky
Way (Swinbank et al. 2015; Molina et al. 2017); (2) the star
formation activity is partly triggered by gravitational fragmentation
of dynamically unstable gas potentially leading to the formation
of massive clumps which could be up to ~1000x more massive
(~10° M) than star-forming complexes seen in local galaxies (e.g.
Genzel et al. 2011; Swinbank et al. 2012b).

Although the physical conditions that produce these extreme ISM
properties remain poorly understood, one possible explanation may
be related to the high molecular gas densities that may arise from the
high molecular gas fractions ( fu,; e.g. Escala & Larson 2008). In
the local Universe galaxies have typical fy, values of ~0.1, while
on the other hand galaxies at z ~ 1-3 have reported molecular
gas fractions up to ~0.8 (e.g. Daddi et al. 2010; Tacconi et al.
2010; Hughes et al. in preparation). The molecular gas content
seems to dominate the baryonic mass budget in the central parts
of these high-redshift ‘typical’ star-forming systems, but we have
little or almost no information about their spatial distribution and
kinematics.

Traditionally the workhorse tracer to estimate the molecular gas
content are the low—J rotational transitions of the carbon monoxide
('2C'0) molecule (e.g. J = 1-0 or J = 2—1; hereafter CO(1-0) and
CO(2-1), respectively; Solomon & Vanden Bout 2005; Bolatto,
Wolfire & Leroy 2013). Through the assumption of a CO-to-H,
conversion factor (@co), the molecular gas to CO(1-0) luminosity
(Lcoqi—o)) relation can be expressed as My, = acoLcog g (€2
Bolatto et al. 2013). In the Milky Way and other ‘normal’ star-
forming local galaxies, the CO emission mainly arises from indi-
vidual virialized Giant Molecular Clouds (GMCs). On the other
hand, the CO emission coming from more extreme star-forming
and dynamically disrupted systems, such as Ultra Luminous Infra-
red Galaxies (ULIRGs; Downes & Solomon 1998) is likely to be
contained in much denser rotating discs or rings (Solomon & Vanden
Bout 2005).

Spatially resolved morphokinematic studies of the molecular gas
content in galaxies are critical to understand the physical processes
that control the star formation activity. Nevertheless, observations of
high-redshift galaxies with direct spatially resolved molecular gas
detections have remained a challenge. Beyond the local Universe,
resolved CO detections are limited to the most massive/luminous
yet rare galaxies or highly magnified gravitationally lensed sources
(e.g. Saintonge et al. 2013; Swinbank et al. 2015; Chen et al. 2017;
Calistro Rivera et al. 2018; Motta et al. 2018). With ALMA, we
are now able to study the physical conditions of the cold molecular
gas in ‘typical’ star-forming galaxies at z > 1 and test if the actual
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cosmological models successfully explain the characteristics of the
high-redshift ISM.

In this paper, we use high angular resolution ALMA observations
to characterize the CO(2-1) emission and kinematics of two
‘typical’ galaxies (following the so-called ‘main sequence’) at z
~ 1.47 drawn from the SHiZELS survey (Swinbank et al. 2012a;
Molina et al. 2017; Gillman et al. 2019). Combining ALMA with
the available AO-aided H « data observed by the Spectrograph for
INtegral Field Observations in the Near Infrared (SINFONI) on the
Very Large Telescope (VLT), we study how the spatially resolved
properties of the ionized and cold molecular gas are related on
~kpc-scales. Throughout the paper, we adopt a ACDM cosmology
with ,=0.73, 2,=0.27, and Hy=70 kms~! Mpc", implying a
spatial resolution of ~0!15 that corresponds to a physical scale of
~1 kpc. We assume a Chabrier (2003) Initial Mass Function (IMF)
and a Solar Oxygen abundance of 8.69 £ 0.05 in the 12+log;o(O/H)
metallicity scale (Asplund et al. 2009).

2 OBSERVATIONS AND DATA REDUCTION

2.1 The SHiZELS survey

In this work, we take advantage of galaxies with previous Ho VLT-
SINFONI IFU AO-aided imaging taken from the SHiZELS survey
(Swinbank et al. 2012a; Molina et al. 2017; Gillman et al. 2019).
This is based on a subsample of sources taken from the HiZELS
near-infrared narrow-band imaging project (Sobral et al. 2012,
2013a, 2015) and is one of the largest IFU-AO survey observing
the H o emission in ‘typical’ star-forming galaxies on ~kpc-scales
in three narrow redshift slices z = 0.86, 1.47, and 2.23 (M, ~
3-30 x 10" Mg; SFR ~2-30 Mg yr~'). All galaxies have a deep
multiwavelength coverage as they line within the UDS, COSMOS,
and SA22 fields.

From SHIiZELS, we select two galaxies, COS-30 and SHiZELS-
8, which have been previously detected in CO(J = 2-1) with ALMA
at ~176-2"5 resolution (Hughes et al. in preparation).

The global stellar masses and SFRs are taken from Gillman
et al. (2019). Briefly, the stellar masses were computed by using
the Bayesian SED fitting code, MAGPHYS (da Cunha, Charlot &
Elbaz 2008) to the rest-frame UV, optical, and near-infrared data
available (FUV, NUV, U, B, g, V,R, i, 1, z, Y, J, H, K, 3.6, 4.5,
5.8, and 8.0 um collated in Sobral et al. 2014, and references
therein), assuming a Chabrier (2003) IMF and a Calzetti et al. (2000)
extinction law.

The SFRs are calculated from the M, -based extinction-corrected
H o« emission line fluxes (Garn & Best 2010; Sobral et al. 2012;
Ibar et al. 2013) and adopting the Kennicutt (1998a) calibration
SFRyjy Mg yr )= 4.6 x 107* Ly, (ergs™') with a Chabrier
(2003) IMF. The total Ha emission line fluxes are taken from
the HiZELS narrow-band survey and are corrected for [N 11] flux
contamination by considering the [N1I]/H « ratio measured from
the SINFONI observations. We note that the extinction-corrected
SFR values presented in this work are consistent with the values
reported in Gillman et al. (2019), i.e. with the intrinsic SFR values
estimated by MAGPHYS. We note that the COS-30 galaxy is referred
to as ‘SHIiZELS-19’ in Gillman et al. (2019). Hereafter we use this
name to refer to this galaxy.

We adopt the Whitaker et al. (2012)’s definition of the ‘main
sequence’ of star-forming galaxies, and by using the redshift, M, and
the specific SFR (sSFR=SFR/M, ) estimates for each source, we cal-
culate the ‘distance’ to the main sequence (AMS=sSFR/sSFRys(z,
M,)). We present the log;o(AMS) values in Table 2. These values

MNRAS 487, 4856-4869 (2019)

610z 8unr gz uo Jesn weylnq 10 AlsiaAun Aq 6SE€81SS/958Y b/ 8y10BSqe-8]o1e/Seluw/Wod dno-olWwapeoe//:sdny WwoJj papeojumoq



4858  J. Molina et al.

Table 1. ALMA Cycle-5 observations. These data have been concatenated with the data shown in Hughes et al. (in preparation). ‘PWV’ is the average

precipitable water vapour estimate for the observations.

ALMA OBSERVATIONAL SETUP

Source Project ID Observation Flux Bandpass Phase PWV Number of Time on
date calibrator calibrator calibrator (mm) antennas target (min)
SHiZELS-8 2017.1.01674.S 2017 Nov 14 J0238+1636  J0238+1636  J0217—0820 3.17 43 47.05
2017 Nov 15 J0238+1636  J0238+1636  J0217—-0820 2.05 43 45.78
2017 Nov 16 J0O006—0623  JO006—0623  J0217—0820 1.44 43 45.82
COS-30/SHIiZELS-19  2017.1.01674.S 2017 Nov 14 J1058+0133  J1058+40133  J0948+4-0022 3.56 43 43.67
2017 Nov 14 J1058+0133  J1058+4-0133  J09484-0022 3.92 43 44.12
2017 Nov 16 J1058+0133  J1058+40133  J0948+4-0022 0.89 43 44.23
2017 Nov 18 J1058+0133  J1058+40133  J09484-0022 0.60 43 44.50
2017 Nov 20 J1058+0133  J1058+0133  J0948+4-0022 0.48 50 44.02
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1.25} 0.9 x x
Q © Q ©
%3 € 1”3 £
5 2
025 —02% o i 0.0
-1.00L._ . . 07 2l J-0.4
-1000  -500 0 -400 -200 O 200 400 600

velocity [km/s]

velocity [km/s]

Figure 1. First and third columns: Spectrally integrated 2000 kA data cubes encompassing the CO(2—1) emission line for each galaxy in a 3756 (~30kpc)
squared sky region. The synthesized beam size (Ogma; = 0750, 0729 for SHiZELS-8 and SHiZELS-19, respectively) is shown in the bottom left corner in
each map. The blue contours represent the 30, 5o, and 100 levels of the image noise. The black contours show the H @ emission detected in the SINFONI-AO
observations. For SHiZELS-19 we align both intensity maps by using their best-kinematic centres (see Section 3.3.1). In contrast, as we lack the detailed
kinematic information for SHiZELS-8, we just align its intensity maps by eye in order to improve visualization. The dashed line represents the sky aperture
defined as 2 x FWHM of the best-fit two-dimensional Gaussian in each map. If available, we also show the HST broad-band images over the same sky region
in the right side of the map. In each HST cut-out, the black bar represents the 5 kpc scale. Second and fourth columns: Spatially collapsed spectra extracted
within the sky aperture for each galaxy showing the CO(2—-1) emission line. The yellow colour indicates the 2 x FWHM region for the CO emission line. The
blue line shows the H « emission line flux density normalized to the CO emission line peak and extracted from the SINFONI-AO IFU observations using the
same sky aperture (Swinbank et al. 2012a; Molina et al. 2017; Gillman et al. 2019). We find good agreement between the CO and H « line widths.

are lower than the 0.6 dex upper limit usually adopted to define the
main sequence (Genzel et al. 2015).

2.2 ALMA observations and data reduction

We made use of Cycle-5 ALMA Band-3 observations
(2017.1.01674.S; P.I. Molina J.; see Table 1) to detect and resolve
the redshifted CO(2—-1) emission line (v = 230.538 GHz) for
SHIiZELS-8 (Swinbank et al. 2012a) and SHiZELS-19 (presented
as COS-30 in Molina et al. 2017). Those observations were carried
during 2017 November, reaching a root-mean-squared (rms) noise
of 120-150 uJy beam ™! at 0”15 angular resolution using a channel
width of 60kms~!.

The Cycle-5 observations were taken in an extended configura-
tion (synthesized beam FWHM of ~0!15), thus being more sen-
sitive to more compact emission. We combine them with previous
2 arcmin resolution Cycle-1 and -3 ALMA data (see Hughes et al.
in preparation for more details) to obtain sensitive and high-fidelity
imaging of the CO(2-1) emission.

Data were reduced using COMMON ASTRONOMY SOFTWARE
APPLICATIONS' (CASA) considering a standard ALMA pipeline up
to calibrated u-v products. We used the task TCLEAN to deconvolve

Thttp://casa.nrao.edu/index.shtml.
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the data to produce data cubes for both galaxies. In each data
cube we clean the regions where emission is identified down to
30 using the TCLEAN CASA task, allowing multiscale cleaning
(MULTISCALE = [0.5,5,15,45], where image pixel size is fixed at
0704). The high-resolution data cubes are produced by using Briggs
weighting with robust parameter at 0.5, obtaining synthesized
beam FWHMs of ~0715 (~ kpc-scale at z ~ 1.47). We also take
advantage of the Cycle-1 and -3 data by producing data cubes with
different spatial scales by tapering at 2000 kA and reducing the
spatial resolution using a circular restoring synthesized beam (0729
~ 2.5kpc at z ~ 1.47). These combined tapered data cubes are
produced with the aim of recovering as much as the low surface
brightness CO(2-1) emission as possible from the outskirts of each
galaxy (Fig. 1).

In the case of SHiZELS-8 we are unable to detect the CO
emission in the high-resolution data cube or the 2.5 kpc resolution
map. Therefore, for this galaxy, we reduce the spectral and spatial
resolutions in order to boost the CO emission signal to noise
(S/N). The spectral channel width is set to 60kms™' and the
spatial resolution is degraded to 0750 by performing an additional
smoothing step.

In the case for SHiZELS-19, we are able to easily detect the source
in the high-resolution data cube. Thus, for this galaxy, we set the
spectral channel width to 25kms~! aiming to minimize spectral
resolution effects in the derivation of the kinematic parameters.
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Table2. Theintegrated H « flux densities (fy o) are taken from narrow-band
photometry and corrected for [NII] contamination. The SFRy, values are
corrected for H o extinction (Ap ) following the M, — Ay, parametrization
presented by Garn & Best (2010). AMS is the offset of each galaxy with
respect to the ‘main sequence’ of star-forming galaxies. acoa + 17 and
aconN + 12 are the CO-to-Hy conversion values calculated by following the
Accurso et al. (2017) and Narayanan et al. (2012) parametrizations. The
My, and fy, quantities are computed by using acoN + 12 (see Section 3.4).

SPATIALLY INTEGRATED GALAXY PROPERTIES

ID SHiZELS-8 SHiZELS-19
RA (J2000) 02:18:21.0 09:59:11.5
Dec. (J2000) —05:19:07.8 +02:23:24.3
Zspec 1.4608 1.4861
fira/10717 (ergs—! em=2) 109 + 1 76 £+ 1
AHa 1.1 +£02 1.1 +02
[Nul/H o <0.1 0.43 £ 0.03
SFRy, Mg yr—h) 16 + 2 13+ 2
logioM, (M) 103 £ 0.2 10.3 &+ 0.2
logio AMS (dex) 0.53 0.41
Scoe-nAv (Jykms™') 038 = 0.08  0.64 + 0.03
logo Loy (Kkms™ pc?) 10.04 £ 0.04 10.27 + 0.04
acon + 17 Me(Kkms™! pc?)~1) 21+ 8 394+ 15
acoN + 12 Me(Kkms™! pc?)~!) 50+ 1.0 1.5+ 02
log,o M, (Mo) 10.81 + 0.10  10.51 £ 0.07
S, 0.76 £ 024  0.62 £ 0.16

We show the spatially integrated spectrum for each galaxy in
Fig. 1. Those were extracted by considering a sky aperture defined in
diameter as 2 x FWHM of the best-fitting two-dimensional Gaus-
sian in each map (~173 — 172 for SHiZELS-8 and SHiZELS-19).

In summary, for SHiZELS-19 we combine Cycle-1, -3, and -5
data to generate a high-resolution (0”15 ~kpc-scale) and a ‘low-
resolution’ (=0729 ~ 2.5kpc) data cubes, while for SHiZELS-
8 we use a ~0!5 resolution map (~4.3 kpc), optimizing the flux
sensitivity to the compact and diffuse emission in each source,
respectively.

3 ANALYSIS, RESULTS, AND DISCUSSION

3.1 CO emission and CO-to-H, conversion factor

The global CO(2-1) velocity-integrated flux densities (Sco-1)Av)
are taken from Hughes et al. (in preparation) and presented in
Table 2. Those are estimated by fitting a 2D Gaussian profile
to the spectrally integrated data cube (moment 0). The CO(2-1)
luminosities (L¢o,_y) are calculated by following Solomon &
Vanden Bout (2005)

Ltop_y = 3:25% 107 Scop—1Av v DE (1 +2)~° [Kkms ™' pe?],

ey

where Scon_1)Av is in Jy kms™!, vy is the observed frequency of
the emission line in GHz, Dy, is the luminosity distance in Mpc,
and z is the redshift. We then estimate the CO(1-0) luminosity
for each galaxy by assuming a L,_y/ Lo _g) = 0-85 ratio (e.g.
Danielson et al. 2011).

To derive molecular gas masses we need to assume a CO-to-H,
conversion factor. By considering a dynamical model we constrain
the aco value in our galaxies (see Section 3.4). However, we also
use different prescriptions in the literature to calculate tentative
CO-to-H; conversion factor values. Unfortunately, as we lack of
dust masses for SHiZELS-8 and SHiZELS-19 (see Cheng et al.
in preparation), we are unable to use a dust-to-gas ratio motivated
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aco value (e.g. Leroy et al. 2013). Thus, from the literature we
use the Accurso et al. (2017) and Narayanan et al. (2012) «aco
prescriptions as we have direct estimates of the input observables
and these parametrizations do not require a minimum observational
spatial resolution (e.g. Feldmann, Gnedin & Kravtsov 2012).

Briefly, Accurso et al. (2017)’s prescription considers the effect of
the ISM metallicity and the strength of the UV radiation field in the
estimation of the CO-to-H, conversion factor. We note that in this
parametrization, the strength of the UV field is traced by the offset
of the galaxy with respect to the ‘main sequence’ of star-forming
galaxies (AMS; see Accurso et al. 2017, for more details). However,
this prescription does not consider deviations of the «co value due
to high gas surface density (X4,,) values (e.g. Bolatto et al. 2013).
In contrast, the Narayanan et al. (2012)’s prescription takes into
account the effect of the ISM metallicity and gas surface density
in the estimation of the aco value. This is, however, a numerical
prediction for X4, and its effect is parametrized via the luminosity-
weighted CO surface brightness quantity (X¢o; see Narayanan et al.
2012, for more details).

In order to apply these two aco parametrizations, we use the AMS
values calculated by assuming the Whitaker et al. (2012)’s definition
of the ‘main sequence’ of star-forming galaxies and presented in
Table 2. The metallicities are estimated from the [N 11]/H « ratio and
assuming the Pettini & Pagel (2004) metallicity prescription. The
inclination corrected X o values are calculated from the ALMA
observations. Based on these assumptions, we list the global «co
values for each galaxy in Table 2.

We find little agreement between the two parametrizations. By
considering the Accurso et al. (2017)’s prescription, we find higher
CO-to-H; conversion values than obtained from the Narayanan et al.
(2012)’s parametrization (Table 2). This is expected as Accurso et al.
(2017)’s prescription does not consider the effect of X, in their
estimation of the o ¢, and it has a steeper dependence on metallicity.
In the case of the Narayanan et al. (2012)’s parametrization, the
low aco value obtained for SHiZELS-19 is mainly dominated by
its high-galactic ¥¢o, which is reflected by its high-Xy, value
(Table 4). On the other hand, SHiZELS-8 has an aco value closer
to that found in Galactic GMCs (Table 2). This is produced by
its low (subsolar) metal content (12+logo(O/H) < 8.12). Although
variations of the CO-to-H, conversion factor within galactic discs
have been reported (e.g. Sandstrom et al. 2013), we note that a global
aco value seems to be a good approximation for the SHiZELS-19
galaxy (Appendix A).

3.2 The SHiZELS-8 galaxy

The SHiZELS-8 H « observation (Swinbank et al. 2012a) suggests
that this galaxy is consistent with being a turbulent rotating disc
hosting three kpc-sized clumps (Swinbank et al. 2012b). Unfor-
tunately the SHiZELS-8 CO(2-1) observations have too low S/N
to allow a detailed dynamical characterization. This galaxy has
~50 per cent lower velocity-integrated CO(2-1) flux density than
SHiZELS-19, but its emission seems more extended, i.e. it has
a lower CO surface brightness. On the other hand, our estimated
low metallicity for SHIZELS-8 (12+log;o(O/H) < 8.12) suggests
a lack of dust content which could indicate an efficiently CO
molecule photodissociation by the far-ultraviolet (far-UV) photons
and a higher CO-to-H, conversion factor (Bolatto et al. 2013). This
implies that SHiZELS-8 could have a larger molecular gas content
than SHiZELS-19, albeit similar SFR and M, (see Table 2).

From the high-resolution (0”15 ~kpc-scale) data cube we obtain a

velocity-integrated peak flux density rms of 3.4 mJy km s~! beam ™!,

MNRAS 487, 4856-4869 (2019)
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SHIZELS-8

—
5 kpc -150 km/s 150

Figure 2. Ha velocity map at ~ kpc-scale for the SHiZELS-8 galaxy. The
solid and dashed white lines represent the ionized and molecular gas major
kinematic axis, respectively. The coloured contours represent the 30 and
S50 CO(2-1) emission from the 2000 kA tapered data cube in four spectral
channels (Av = 240kms™"). The synthesized beam size of this tapered
observation (Opma; = 0750 ~ 4.3 kpc) is showed in the bottom left corner.
We note that the apparent shift between the two maps may be produced
by the astrometry inaccuracies of the SINFONI observations. Nevertheless,
we note that both observations suggest that the CO(2-1) and Ho major
kinematic axes are misaligned by ~100—120deg, which is indicative of a
kinematic complex system.

velocity

rms= 16 km/s

velocity

ix
-100 kmy/s 100 Jjj 'MS= 34 km/s

velocity — model

i
-50 _km/s 50

corresponding a Xy, upper limit of ~1.6 x 10°* Mg pc~2 beam™!

based on the Narayanan et al. (2012)’s CO-to-H, conversion factor
(see Section 3.4). Thus, by considering the beam angular size, we
estimate a molecular gas mass 5o upper limit of ~2.8 x 108 Mg, to
the three ~kpc-scale gaseous clumps detected in the H « observation
and reported by Swinbank et al. (2012b) for this galaxy.

From the 0”5 smoothed map we obtain a velocity-integrated peak
flux density rms of 2.5 mJy kms~! beam~!. The lower image noise
allows us to marginally detect the CO(2—1) emission in four spectral
channels (Av = 240 km s~!). We show the SHiZELS-8 marginally
detection in Fig. 2. We clearly observe the CO emission line spatial
and spectral shifts produced by the internal galactic dynamics. Thus,
we estimate a rough major kinematic axis position angle (PA) of
~140deg, with a peak-to-peak rotational velocity of ~145kms~!
(non-corrected by inclination).

3.2.1 SHIZELS-8: a dynamically perturbed system?

Two pieces of evidence support the idea that SHiZELS-8 is a
dynamically complex system. First, the H o« and CO dynamics show
that both components rotate in the same direction but have position
angles offset by ~100-120 deg (see Fig. 2), which is in contrast to
the negligible offset in the H o and CO dynamics seen in SHiZELS-
19 (Fig. 3). Second, our previous SINFONI observation shows a
flat radial [N 11]/H o metallicity gradient (Swinbank et al. 2012a).
We are possibly witnessing a massive reservoir of gas fuelling the
star formation seen in H « in a similar way to that previously seen in
more violent submillimetre galaxies (SMGs; Tacconi et al. 2008).
Indeed, the complex dynamics evidenced for the different ISM states
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Figure 3. Intensity, velocity, residual, and velocity dispersion maps (first to fourth columns) for SHiZELS-19 obtained from CO(2-1) (top) and H « (bottom)
emission lines. In the fifth column we show the one-dimensional rotational velocity (top) and velocity dispersion (bottom) profiles across each major kinematic
axis for both observations. The spatial scale for each observation is showed in each moment map. The CO(2-1) intensity map also shows the synthesized
beam size. The velocity maps have overplotted the kinematic centre and the velocity contours from their best-fitting disc model. The green- and pink-dashed
lines represent the molecular and ionized gas major kinematic axes, respectively. The residual fields are constructed by subtracting the velocity disc model
from the velocity maps: the rms of these residuals is given in each panel. The velocity dispersion maps are corrected for beam-smearing effects. The one-
dimensional profiles are constructed by using the best-fitting kinematic parameters and a slit width equal to half of the synthesized beam/PSF FWHM. In each
one-dimensional profile, the error bars show the 1o uncertainty and the vertical dashed grey line represents the best-fitting dynamical centre. In the velocity
profile panel, the red- and blue-dashed curves show the velocity curve extracted from the beam-smeared CO and H o two-dimensional best-fitting models,
respectively. In the o, one-dimensional profile panel, the red- and blue-dashed lines show the average galactic value (Table 3) for the CO and H & observation,

respectively.
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Table 3. Best-fitting kinematic parameters for SHiZELS-19 galaxy. ‘inc.’
is the inclination angle defined by the angle between the line of sight (LOS)
and the plane perpendicular to the galaxy disc (for a face-on galaxy, inc.
= 0 deg.). The velocity dispersion and half-light radii values are corrected
for ‘beam smearing’ effects (see Section 3.3.1 for more details). The last
row shows the reduced chi-squared ( X\%) of the best-fitting two-dimensional
model.

KINEMATIC PROPERTIES
D SHIiZELS-19
PAp, (deg) 176 + 18
ouHe (kms™h) 107 £ 13
Vit (kms™h) 106 £ 9
ri2Haq (Kpe) 1.80 &+ 0.16
PAco (deg) 167 + 14
09,CO (kms_l) 91 £ 6
Viorco (kms™1) 121 £ 10
ri2,co (kpc) 1.68 £ 0.03
inc. (deg) 275 £ 0.6
x? 351

might be mixing the gas producing the flat metallicity gradient. We
conclude that while SHiZELS-8 is a ‘typical’ galaxy that resides in
the upper range of the ‘main sequence’ for star-forming galaxies,
which follows the Kennicutt—Schmidt law (see Hughes et al. in
preparation), it is probably experiencing torques that will eventually
drive a flow of gas into the central regions. The SHiZELS-8 case
demonstrates the wide variety of galaxy kinematics within the ‘main
sequence’ (Elbaz et al. 2018). Given the impossibility to describe
this source as a virialized rotating disc, in the remaining of this work
we focus on the analysis of the SHiZELS-19 galaxy.

3.3 The SHiZELS-19 galaxy

We derive the two-dimensional intensity and kinematic maps for
SHiZELS-19 by analysing the CO(2-1) emission line following the
approach presented in Swinbank et al. (2012a). Briefly, we spatially
bin the ALMA data cube up to a scale given by the synthesized
beam and then we perform an emission line fitting approach using
a x* minimization procedure (see Swinbank et al. 2012a, for more
details). In each iteration a Gaussian profile is fitted in the frequency
domain to estimate the intensity, velocity, and velocity dispersion
information (Fig. 3). We highlight that for this galaxy, the Ho
emission line properties were derived and presented in an analogous
manner in Molina et al. (2017).

We show the CO(2-1) intensity, velocity, and line-of-sight
velocity dispersion maps for SHiZELS-19 in Fig. 3, whilst the
best-fitting kinematic parameters are listed in Table 3. We observe a
smooth CO(2-1) intensity map with no apparent clumpiness, which
is consistent with the morphology observed in the H « intensity map
(Molina et al. 2017) and the HST F160W-band (rest-frame optical)
image. However, this galaxy presents an irregular morphology in
the HST F814W-band map (rest-frame UV, Fig. 1). The discrepancy
between the galaxy morphology seen in the HST images suggests
that the irregular morphology seen in the HST F814W-band image
may just reflect a complex dust distribution through the galactic
disc (e.g. Genzel et al. 2013).

3.3.1 Global dynamical properties

In order to characterize the dynamical properties of SHiZELS-
19, we fit the two-dimensional velocity fields for the ionized

The ~kpc-scale view of the ISM at z ~ 1.47 4861

and molecular gas jointly. We construct two-dimensional models
with an input rotation curve following an arctan function [V (r) =
%Vasymarctan(r/rl)], where Vg is the asymptotic rotational veloc-
ity and r is the effective radius at which the rotation curve turns over
(Courteau 1997). We consider the ‘disc thickness’ by modelling the
galaxy as an oblate spheroid system with intrinsic minor-to-major
axis ratio of 0.2, a value that seems appropriate for the high-redshift
galaxy population (Law et al. 2012a). As the CO and H « velocity
fields are consistent (Fig. 3), we also model both velocity fields
by coupling the inclination angle parameter. We do not attempt to
lock the dynamical centres through RA—DEC coordinates as the
SINFONI astrometry is not accurate enough to allow it, nevertheless
we are assuming that the ionized and molecular gas ISM phases are
coplanar. We also allow the possibility that their rotational motions
can be out of phase, i.e. both ISM phases could have different
kinematic PA.

This modelling has 11 free parameters (VasymHa» 7tHas» PAHas
[X/y]Has Vasym, cos 1t co, PAco, [X/ylco, and inclination angle; see
Table 3) and a genetic algorithm (Charbonneau 1995) is used to find
the best-fitting model (see Swinbank et al. 2012a for more details).
The total x 2 of the model is calculated as the sum of the x 2 obtained
from each two-dimensional modelled map.

In Molina et al. (2017) the kinematic model for SHiZELS-19 was
performed without any constraint on the inclination angle value.
This adds an additional source of uncertainty as the inclination
angle is poorly constrained from the velocity field modelling
alone (Glazebrook 2013). In order to deal with this uncertainty,
we constrain the inclination angle by fitting a two-dimensional
Sérsic model (Sérsic 1963) to the CO intensity map (moment 0)
using GALFIT (Peng et al. 2010). We obtain an observed minor-
to-major axis ratio of ~0.90 £ 0.05, which corresponds to an
inclination angle value of ~26 &+ 6 deg. However, as GALFIT tends to
underestimate the parameter errors, we consider a more conservative
inclination angle uncertainty of +10 per cent in our fitting procedure
(Epinat et al. 2012).

We use the dynamical centres and position angles derived from
the best-fitting dynamical models to extract the one-dimensional
rotation curve and velocity dispersion profile across the major
kinematic axes of the ionized and molecular gas. The extracted
one-dimensional rotational curves and dispersion velocity profiles
are presented in Fig. 3.

We calculate the half-light radius (ry/,) for each ISM component
by following Molina et al. (2017), and we define the rotational
velocity for the ionized and molecular gas component (Viotpa,
Viotco) as the inclination-corrected velocity observed at two times
the H o and CO half-light radii, respectively (see Table 3).

Even at the ~kpc-scales achieved here, there is still a contribution
to the derived line widths from the beam-smeared large-scale
velocity motions across the galaxy (Davies et al. 2011). In order
to correct for these effects, we calculate the velocity gradients
(AV/AR) across the synthesized beam and point spread function
(PSF) in the CO and He« velocity field models, respectively. We
subtract them linearly from the corresponding velocity dispersion
map by following equation (A1) from Stott et al. (2016). However,
by using this procedure, ~20 per cent residuals are expected to
remain, especially at the centres of each galaxy map where large
velocity gradients are expected to be present (Stott et al. 2016).
In order to minimize such effects, we define the global velocity
dispersion for each gas phase (0, co, 0yne) as the median value
taken from the pixels beyond the central galactic zone. This zone
is defined as three times the size of the angular resolution of
the map.
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The best-fitting kinematic maps and velocity residuals for the
Ho and CO derived maps are shown in Fig. 3. The best-fitting
inclination, PA, and half-light radius values are given in Table 3.
The mean deviation from the best-fitting model (indicated by the
typical rms) is given in each residual map.

The molecular and ionized gas components show similar scale
sizes ripua/rinco ~ 1.07 £ 0.09. We stress that the CO and
H o analyses are obtained from images created at matched spatial
resolution (07 15; corresponding to ~kpc-scale at z ~ 1.47). Possible
loss of the extended CO flux in the high-resolution observation
may reduce the 7y co value in our calculation. Nevertheless, our
estimation of the half-light radius for both ISM components are
slightly smaller than the half-light radius value measured from the
HST F160W-band image F1/2,HST-F1I60W — 2.1 £0.5 kpC (Glllman
et al. 2019).

The CO(2-1) velocity map shows a clear rotational pattern,
roughly matching the rotational motions traced by the ionized
gas component. From the two-dimensional modelling, we find
that the kinematic position angles agree (APA =PAy,— PAco
= 9 =+ 23deg) within the 1o error range. The velocity curves
roughly agree, except in the blueshifted zone where the CO traced
rotation curve drops to lower velocity values. However, we note
that the ionized gas velocity map is noisier than the molecular
gas velocity map, especially in the galaxy outskirts. This may be
partly produced by OH line features present in the H—band spectra,
whilst the ALMA observation is free from sky-line residuals.
We find that, the ionized gas component shows a slightly lower
rotational velocity value when compared to that from the molecular
gas observations (Vioeuo/Viorco = 0.88 £ 0.10). This might be
due to differences in the spatial distribution between the two ISM
components.

In terms of velocity dispersion, the CO observation shows a
slightly lower average velocity dispersion value than the mean
value observed from the ionized gas component (0, na/0yco ~
1.18 £ 0.16). The difference between the ALMA (25kms™')
and H—band SINFONI (50 kms™") spectral resolutions should not
produce such differences as the intrinsic CO and H « line widths are
significantly broader. The high-o, values observed at the outskirts
of the Ha velocity dispersion map may increase the ionized gas
average value. In a similar way as the comparison between the
velocity maps, the ionized gas velocity dispersion map is noisier
than the molecular gas map at larger radii. By considering all the
pixels in the mean o, estimation, we obtain an average o, y, value
of 91 & 13kms™' (Molina et al. 2017), in agreement with the
measured o, co value (Table 3). Thus, we suggest that both ISM
tracers show similar supersonic turbulence values.

We derive rotational velocity to dispersion velocity ratio (Vyo/o )
values of 0.99 + 0.14 and 1.33 £ (.14 for the ionized and molecular
gas ISM phases, respectively. This suggests that the disordered
motions of both ISM phases are playing an important role in the
galactic support against self-gravity (Burkert et al. 2010).

3.3.2 Kinematic asymmetry characterization

In order to obtain a detailed characterization of the ionized and
molecular gas kinematics, we quantify the kinematic deviations
from the ideal rotating disc case by performing a ‘kinemetry’ anal-
ysis (Krajnovi¢ et al. 2006). Briefly, kinemetry proceeds to analyse
the two-dimensional kinematic maps using azimuthal profiles in an
outward series of best-fitting tilted rings. The kinematic profile as a
function of angle is then expanded harmonically, which is equivalent
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to a Fourier transformation which has coefficients k,, and k,,
at each tilted ring for the velocity and velocity dispersion maps,
respectively. In the velocity map, the first-order decomposition ‘k; ,,’
is equivalent to the rotational velocity value, and therefore, the ideal
rotating disc case is simply described by the cosine law along the
tilted rings (V(0) = k; ,cos (8)). The high-order terms describe the
kinematic anomalies with respect to the ideal rotating disc case (see
Krajnovic et al. 2006 for more details). We note that kinemetry stops
the radial fitting when there are less than 75 per cent of the pixels
sampled along the best-fitting tilted ring (Krajnovi¢ et al. 2006).

We restrict the inclination and position angles within the lo
error range given by our best-fitting two-dimensional model. The
kny and k,, errors are derived by bootstrapping via Monte Carlo
simulations the errors in measured velocities, velocity dispersions,
and estimated dynamical parameters.

We quantify the kinematic deviations from the ideal disc case
by computing three different estimators used in the literature: (1)
the ks ,/k; , ratio (Krajnovic et al. 2006); (2) the (ko + k3 + kayp
+ ksy)/4k , and (ki o + ko + k3o + kao + ks )/5ki,v fractions
(Shapiro et al. 2008); and (3) the (k3, + ks,)/2k;, and (kay +
ka5 )2k , ratios (Bloom et al. 2018). The first case is the traditional
dimensionless ratio that describes the kinematic asymmetries just in
the velocity map. It does not consider the low-order coefficients as
these are used by ‘kinemetry’ to find the best-fitting tilted rings at a
given radius (Krajnovi¢ et al. 2006). The second case was defined to
classify galaxy mergers which tend to present extremely disturbed
kinematic fields (Shapiro et al. 2008). The third case consists on a
slight modification to the second case as it takes into account that in
moderately disturbed systems, the even/odd moments contribution
measured from the velocity/velocity dispersion maps are negligible
(Bloom et al. 2018).

In Fig. 4 we show the different estimators of the kinematic
deviations for the CO and H « velocity and velocity dispersion maps
as a function of the deprojected radius. We note that the shorter CO
radial profiles compared to the H « radial profiles are produced by
the stop of the ‘kinemetry’ procedure at shorter radius due to the
lack of roundness of the CO two-dimensional maps derived from
our observations.

In the case of the velocity map, the ks,/k;, (Krajnovi¢ et al.
2006) ratio gives lower values along the galactic disc compared
with the other two estimators. We obtain an average ks ,/k;, ratio
of 0.04 £ 0.01 and 0.09 £ 0.05 for the CO and Ha velocity
map, respectively. This difference is mainly produced by the higher
ks./ky , values found in the Ha velocity map at longer radius (2,
2kpc). This gradient suggests that SHiZELS-19 suffered a merger
event in the past as the outer regions retain better the kinematic
perturbations by remaining out of equilibrium while the central
region tends to relax faster to a disc-like system (Kronberger et al.
2007).

If we follow the kinematic classification performed to the
ATLAS?P (Krajnovié et al. 2011) and SAMI local galaxy surveys
(van de Sande et al. 2017) and we consider their ks ,/k;, = 0.04
limit value to classify systems as regular rotators, this would imply
that SHiZELS-19 corresponds to a ‘non-regular’ rotator, i.e. the
velocity field presents significant kinematic deviations that make it
not well described by the cosine law.

In the case of the velocity dispersion map, we found that the
Bloom et al. (2018)’s estimator is higher than the Shapiro et al.
(2008)’s estimator at all radii. The additional k,, coefficients
considered in the latter case contribute little to the kinematic
asymmetry estimator. This may also suggests that SHiZELS-19
is a moderate disturbed system. We also note that, as a difference
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Figure 4. Kinematic asymmetry radial profiles measured from the
SHIiZELS-19 velocity (top) and velocity dispersion (bottom) maps. We
plot the CO(2-1) and Ha observations. The line, dashed line, and dotted
line represent the kinematic asymmetry estimators presented in Krajnovié
et al. (2006), Shapiro et al. (2008), and Bloom et al. (2018) for each map
(see Section 3.3.2 for more details). The colour-coded error bars show the
median lo uncertainties in each panel. The grey-dashed area represents the
resolution element radial extent. Despite of the estimator used, the ionized
gas two-dimensional maps tend to show slightly higher kinematic deviations
from the ideal rotating disc case than the molecular gas kinematic maps.
Although, the measurements agree within lo error range.

from the velocity map, the kinematic asymmetries in the CO and
Ha velocity dispersion map tend to be nearly constant along the
galactic disc. The kinematic deviations measured from the CO
velocity dispersion map tend to be lower than the ones measured
from the Ha velocity map, however, they agree between the 1o
error range.

The rough agreement between the molecular and ionized gas
kinematics suggests that, at ~kpc-scales, both phases of the ISM
are tracing the galactic dynamics instead of peculiar kinematics (e.g.
gas inflows/outflows). This is in agreement with previous studies of
massive galaxies (at ~0.4 to 2.4 x 10" M) at similar redshift (e.g.
Calistro Rivera et al. 2018; Ubler et al. 2018).

3.4 Dynamical mass and dark matter content

The dynamical mass estimate is a useful tool that allows us to
measure the total galactic mass enclosed as a function of radius. It
provides a simple way to probe the existence of dark matter haloes
(e.g. Gnerucci et al. 2011) or to constrain the CO-to-H, conversion
factor (e.g. Calistro Rivera et al. 2018; Motta et al. 2018).

The ~kpc-scale view of the ISM at z ~ 1.47
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Figure 5. Velocity map, and velocity profile for the CO(2-1) 2000 kA
tapered data cube for SHiZELS-19. We use the same colour coding presented
in Fig. 3. In this case, the one-dimensional velocity profile is constructed
by using the best-fitting kinematic parameters for the tapered data cube and
a slit width equal to half of the tapered synthesized beam FWHM. We also
overplot the data taken from the ~kpc-scale high-resolution observations.
The tapered rotation curve extends up to ~6 kpc.

By measuring the global kinematics of a galaxy, the dynamical
mass can be easily estimated from the rotational velocity (e.g. Gen-
zel et al. 2011) considering a thin-disc dynamical mass approxima-
tion (Mgyn,min)- On the other hand, if the supersonic turbulence across
the galactic disc is comparable to the ordered motions amplitude,
then, an additional pressure gradient support contribution against
self-gravity has to be considered. In this limit, the galactic disc
height is not negligible and a thick-disc approximation (Mgyp thick)
should be considered (Burkert et al. 2010).

We calculate the dynamical mass for the SHiZELS-19 galaxy
by using the kinematic information from our CO observations as
its velocity map shows lower kinematic asymmetry amplitudes
compared to the Ha velocity map (Section 3.3.2). Since the CO
~kpc-scale observations are more sensitive to the denser and
compact emission, we use a tapered version (2000 kX) of the ALMA
observations that allows us to trace the diffuse and more extended
CO emission (at 0729 resolution). This allows us to observe a
rotation curve up to a radial distance of ~6kpc or ~3.5 times
the CO half-light radius (Fig. 5).

Taking into account that the Sérsic index derived from the HST
image is consistent with unity for this galaxy (Gillman et al. 2019),
we assume an exponential disc surface density profile. This implies
that, in terms of the disc scale length (74), we observe the rotation
curve up to ~6rq (r1, &~ 1.67r4 for an exponential disc).

By using the inclination-corrected rotational velocity value de-
rived from the tapered rotation curve at radius of ~6kpc (Vioyiap
= 112 + 6kms™!), we would obtain a total enclosed mass of
Maynmin(r S 6kpe) = (1.75 £ 0.19) x 10'0 Mg assuming a thin-
disc approximation. This dynamical mass estimate is lower but
consistent within 1o range with the estimated stellar mass for
this galaxy scaled at the same radius (M, (r < 6kpe) ~ 0.98M, ~
(1.96 £ 0.90) x 10'°M). However, this ‘thin-disc’ dynamical
mass value would suggest that this galaxy has almost no gaseous
mass content, evidencing an apparent discrepancy with our CO
and H o emission line measurements. On the other hand, as the
Viollo, 1atio is consistent with unity for both ISM components, this
suggests that the Mgy, min quantity may be underestimating the total
mass of this galaxy. Additional support against self-gravity needs
to be considered.

We follow the analysis by Burkert et al. (2010), and we consider
a possible additional pressure support by calculating the dynamical
mass in the thick-disc approximation. In the ‘thick-disc’ dynamical

MNRAS 487, 4856-4869 (2019)

610z 8unr gz uo Jesn weylnq 10 AlsiaAun Aq 6SE€81SS/958Y b/ 8y10BSqe-8]o1e/Seluw/Wod dno-olWwapeoe//:sdny WwoJj papeojumoq



4864  J. Molina et al.

mass modelling, the radial pressure gradient term in the hydrostatic
equation cannot be neglected and it is parametrized by the galactic
velocity dispersion and the mass density distributions. This approx-
imation further assumes that o, is independent of the galaxy disc
radius and height. We use Burkert et al. (2010)’s equation (11)
with 0, co and ripco as input values and we obtain Mgy, hick =
(1.59 + 0.19) x 10" Mg,. This dynamical mass value is ~8 times
higher than M,, erasing any discrepancy between both quantities,
but allowing the possibility of a non-negligible amount of dark
matter content in this galaxy.

In order to test this, we calculate the dark matter fraction by
comparing the total mass budget from our dynamical analysis with
the luminosity-based total mass content. We consider the total M,
value estimated for the SHiZELS-19 galaxy as its difference with the
scaled value at 6 kpc (M, — M, (r < 6kpe) ~ 0.02M,) is negligible
compared to the stellar mass uncertainty (see Table 2). Therefore,
by considering the M,, My, , and Myy, quantities, we define the dark
matter fraction as

M, + My,

M ayn thick

_acoLlco + M,

M ayn,thick

Som=1- =1

; (€3

where the molecular mass content is estimated via the CO lumi-
nosity (Mu, = acoL). However, this mass sum approach needs
additional information about the CO-to-H, conversion factor in
order to overcome the degeneracy between «co and fppm. We also
note that strong dependence on the assumptions behind M,, Mgyy,
and L, may also affect the result from equation (2).

Thus, in order to properly consider the M,, Mgy,, and L, un-
certainties and the degeneracy between aco and fpm, we reproduce
the parameter space built up in equation (2) by applying an MCMC
technique following Calistro Rivera et al. (2018). Briefly, based on
the likelihood of the measured L, M,, and Mgy, values, we sample
the posterior probability density function (posterior PDF) for aco
and fpy parameters using the EMCEE algorithm (Foreman-Mackey
et al. 2013).

We note that SED fitting techniques based on unresolved flux
observations may lead to the underestimation of the galactic stellar
mass values (Sorba & Sawicki 2018). Thus, we consider an
additional case in which we assume that the stellar mass content
is being underestimated by a factor of two. This is likely to be an
extreme case as suggested by Sorba & Sawicki (2018) for galaxies
with similar sSFR.

In Fig. 6 we show the one- and two-dimensional posterior
PDFs of the aco and fpm parameters. We also show the CO-to-
H, conversion factor values suggested by following Accurso et al.
(2017) and Narayanan et al. (2012). From the two-dimensional
posterior PDF we observe the strong degeneracy between both
parameters regardless of the M, value assumed. Lower oo values
imply higher dark matter fractions. We note that if we assume the
Accurso et al. (2017)’s aco value, we obtain fpy ~ 0.3 + 0.13.
Although SHiZELS-19 has a metallicity consistent with being
solar, its ISM morphology and kinematics departs strongly from
the ISM conditions observed in local galaxies. The high molecular
gas velocity dispersion values (Table 3) observed for this system
suggest that SHiZELS-19 should have a dense ISM (Papadopoulos
et al. 2012) which may lower its CO-to-H, conversion factor value
(Bolatto et al. 2013). As the Accurso et al. (2017)’s parametrization
does not consider the ISM density effects, its aco value should be
considered as an upper limit. This is also consistent with the aco
upper limit derived from the dynamical mass estimate within the
CO half-light radius (see Appendix B, for more details.). Thus, in
the remaining of this work, we use the Narayanan et al. (2012)’s
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Figure 6. One- and two-dimensional posterior PDFs of the fpy and aco
parameters for SHiZELS-19. The one-dimensional PDFs are represented by
the black line in the fop left-hand and bottom right-hand panels. The red
line represents the inference assuming 2x the stellar mass value derived
from the spatially unresolved SED fitting, thus we consider a possible
underestimation of M, as suggested from spatially resolved studies (Sorba
& Sawicki 2018). In bottom left-hand panel we show the two-dimensional
PDFs, i.e. the covariance between both parameters. The black and grey lines
show the 1o and 30 regions of the PDF derived by using the stellar mass
value obtained from the spatially unresolved SED fitting. The red and orange
lines show the 1o and 3¢ regions by assuming a stellar mass correction factor
of two. In the bottom and top left-hand panels, the dashed and dotted lines
show the CO-to-H; conversion factors calculated by following the Accurso
et al. (2017) and Narayanan et al. (2012) parametrizations, respectively.
The blue- and green-shaded regions show the 1o uncertainties for each
parametrization.

parametrization as it does consider the ISM density effect in the
estimation of acqg.

We find fpm =~ 0.59 + 0.10 for SHiZELS-19. This value is
consistent with the dark matter fraction predicted for disc-like
galaxies at similar redshift range and stellar mass content from
hydrodynamical simulations (Lovell et al. 2018). From our Bayesian
approach, we find 3¢ range boundaries of ~0.31-0.70 for the fpum
value. On the other hand, if we consider the extreme case of a stellar
mass underestimated by a factor of two (Sorba & Sawicki 2018),
then the 3¢ range boundaries correspond to ~0.20-0.64.

To determine if we need to include the H I content in our analysis,
we note that in local spirals the transition between a H,- to HI-
dominated ISM (Xy, ~ Xy;) occurs at a gas surface density of
Ygas ~ 12 £ 6 Mg pc*2 (Leroy et al. 2008). In contrast, from
our spatially resolved CO(2-1) observations, we derive an average
h, ~ 220 & 166 Mg pc~2 value from a tilted ring centred at the
same radius at which Vo p was calculated. This suggests that the
HI mass content within a radius of 26 kpc is likely to be negligible
compared to My, and therefore, our estimated fpy value may be
a good approximation. Thus, we suggest that SHiZELS-19 is a
‘typical’ star-forming galaxy which may have a considerable dark
matter content.

The dark matter fraction obtained for SHiZELS-19 is consistent
with the values reported by Tiley et al. (2019), but in tension
with the conclusions reported from Genzel et al. (2017) and Lang
et al. (2017). These three studies rely primarily on the analysis of
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Figure 7. Left: Yspr against Xy, for SHiZELS-8 and SHiZELS-19 galaxies compared with spatially resolved local galaxy observations in the literature. For
SHIZELS-8 we just show a global estimate given the limitations of our marginally detected CO observation. For SHiZELS-19 we centre the CO(2-1) and
H o two-dimensional intensity maps by using the best-fitting kinematic centre. The red contours show the 50th and 90th percentile levels of the pixel-by-pixel
distribution. The colour-coded squares represent the Xsgpr—Xy, values calculated within tilted rings of 0”15 (~1.2kpc) thickness at the radius indicated by
the colour bar. The ‘z ~ 0 Spirals’ sample consist in observations of local discs taken from Kennicutt et al. (2007), Blanc et al. (2009), and Rahman et al.
(2011, 2012) at spatial resolutions between ~0.2—1 kpc. The ‘z ~ 0 LIRGs’ values consist in ~1 kpc scale observations of two galaxies (Espada et al. 2018).
The green circles show the median trend observed in the HERACLES survey (Leroy et al. 2013) at ~kpc-scales and the black line represents the best fit for
those median values. The error bars represent the 1o uncertainty. We also present galaxy-integrated estimates of ULIRGs (z ~ 0.4—1; Combes et al. 2013),
four SMGs taken from the ALESS survey (z ~ 2.0-2.9; Calistro Rivera et al. 2018), ‘typical’ star-forming galaxies observed at similar redshifts (Tacconi et al.
2013) and five BzK galaxies (z ~ 1.5; Daddi et al. 2010). The dashed lines indicate fixed T gep values. Right: The same plot as shown in the left-hand panel, but
now the CO(2-1) and H « two-dimensional intensity maps are centred by using the CO and H « luminosity peaks.

the stacked rotation curve constructed from normalized individual
velocity curves from galaxies in the 0.6 < z < 2.6 redshift range.
However, the discrepancy between the obtained fpy values from
these studies seems to be driven by the way in which the velocity
curves are normalized. In Genzel et al. (2017) and Lang et al.
(2017) works they normalize the individual velocity curves in both,
radial extension through the turn-over radius and velocity amplitude
through the velocity at the turn-over radius (see Lang et al. 2017
for more details). This normalization procedure tends to favour the
contribution of the systems with low-V,y /o, values to the stacked
rotation curve at longer radii. This bias seems to be produced by
the smaller turn over radius values presented in those galaxies
which acts as a ‘zoom-in’ scaling factor (Tiley et al. 2019). On
the other hand, Tiley et al. (2019) normalize the individual velocity
curves by the stellar light disc-scale radius and also velocity. In
this case, galaxies with different V,o/o, values contribute more
uniformly to the shape of the stacked rotation curve. Taking this
into account, we note that SHIZELS-19 is a galaxy with V,,/o, ~
1.0-1.3, favouring the scenario in which the conclusions presented
in Genzel et al. (2017) and Lang et al. (2017) studies may be
biased.

3.5 The Kennicutt-Schmidt law at ~kpc-scales

First proposed by Schmidt (1959) and extended by Kennicutt
(1998a,b), the Kennicutt—Schmidt law is an observational power-
law relationship between the galaxy SFR surface density (Xspr)
and the gas surface density. It describes how efficiently galaxies

turn their gas content into stars. For local galaxies, this correlation
is well fitted by an exponent of N = 1.4 (Kennicutt 1998b).

Since then, latter studies have found that X ggg is better correlated
with the molecular gas surface density (Xy,) rather than X g
(e.g. Bigiel et al. 2008; Leroy et al. 2008). At first order, local
disc-like galaxies show a linear correlation between both surface
density quantities (Xspr o¢ Xp,), with a median depletion time
(Taep = X,/ Lsrr) of ~2.2Gyr (e.g. Leroy et al. 2013). Second-
order departures from this relationship have also been found (e.g.
Saintonge et al. 2012; Utreras, Becerra & Escala 2016), although
these effects may be related to systematic errors behind the esti-
mation of the molecular gas content and/or local nuclear starburst
activity (Leroy et al. 2013).

In Fig. 7 we present the star formation activity of SHiZELS-
8 and SHIiZELS-19 in the context of the Ysrr—2n, relation. We
compare with several local galaxy samples observed at similar
spatial scales and galactic averages of galaxies observed at similar
redshifts. Briefly, the ‘z ~ 0O spirals’ sample is composed by
high spatial resolution (~0.2—1 kpc) observations of small galactic
regions taken from Kennicutt et al. (2007), Blanc et al. (2009), and
Rahman et al. (2011, 2012). The ‘z ~ 0 LIRGs’ sample consist
in observations of the NGC3110 and NGC232 galaxies observed
at ~1kpc scale (Espada et al. 2018). Both starburst systems
have SFR~20M, yr~!, i.e. comparable with the value reported
for SHIiZELS-19 (SFR=23M, yr~!). NGC3110 is a barred Sb
galaxy interacting with a minor companion (mass ratio ~14:1),
while NGC232 corresponds to a barred Sa galaxy which presents
a bright compact nuclear region (see Espada et al. 2018, for more
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details). We also compare with the median trend observed for a
subsample of 30 local galaxies taken from the HERA CO Line
Extragalactic Survey (HERACLES; Leroy et al. 2013). These data
also consist in ~1 kpc scale observations of the galactic ISM. The
high-redshift observations consist in galaxy-integrated estimates
from ULIRGS (z ~ 0.4-1; Combes et al. 2013), four SMGs taken
from the ALESS survey (z ~ 2.0-2.9; Calistro Rivera et al. 2018),
‘typical’ star-forming galaxies observed at z ~ 1-2.5 taken from the
PHIBSS survey (Tacconi et al. 2013) and five BzK galaxies (z ~ 1.5)
presented in Daddi et al. (2010). For the ALESS SMGs we calculate
the surface density quantities following Tacconi et al. (2013).

Given our marginally detected CO observation for SHiZELS-
8, we just plot a galactic average estimation (logoXspr
~ —0.61 £ 0.07TMOyr 'kpc™%; Ty, ~ 2.23 £+ 0.08 MO pc2).
However, we caution that in this particular case, Xy, is a rough
estimation as we cannot constrain the SHiZELS-8’s CO spatial
distribution accurately. For SHiZELS-19, we use the interac-
tive data language (IDL) procedure HASTROM to align the two-
dimensional fields using as a reference point the kinematic centre
(left-hand panel) and the luminosity peak position (right-hand
panel) from Ho and CO ~kpc-scale observations. For this galaxy,
we derive a median log;oZsrr = —0.5 & 0.3 Mg yr~' kpc™2 and
log,y Zn, = 3.0 £ 0.6 Mg pc~? values. These estimations indicate
that SHIiZELS-19 has a somewhat denser ISM compared with
local star-forming galaxies. On the other hand, the median Xy,
value is consistent with molecular surface density estimations from
galaxy-integrated observations of BzK and ‘typical’ star-forming
galaxies at similar redshifts (Daddi et al. 2010; Tacconi et al. 2013),
but SHiZELS-19 presents lower Xspr values compared to these
systems.

We derive a median 74, = 2.3 & 1.2 Gyr for this galaxy, with
the pixel-by-pixel distribution between ~0.003-5 Gyr. SHiZELS-
19 presents a median depletion time consistent with the best-fitting
Tgep = 2.2 £ 0.28 Gyr reported in Leroy et al. (2013) for the median
trend observed in local galaxies at similar spatial resolution.

In the left-hand panel of Fig. 7 we show the 74, values calculated
from tilted rings constructed from the two-dimensional best-fitting
model and centred at the kinematic centre. At first order, we find the
same trend suggested from the average 74, values. But, at second
order, we note that the depletion times vary from ~1.0 £ 0.3 Gyr
in the outer ring (4.4 kpc) to ~2.9 £ 0.2 Gyr in the central kpc of
this galaxy, suggesting an apparent decrease in the star formation
efficiency (SFE= rd’eé) towards the galactic centre in SHiZELS-
19. This is in contradiction with second-order effects found in
galaxies in the local Universe. Possible variations of the CO-to-
H; conversion factor through a radial dependence of the dust-to-gas
ratio optical depth or gas excitation or nuclear starburst activity in
galactic centres favour the opposite 74, correlation with galactic
radius (e.g. Leroy et al. 2013; Sandstrom et al. 2013). However,
by using the [N1I/H «] ratio as a proxy of the metallicity gradient
(Pettini & Pagel 2004), we find a a¢o radial profile consistent with
being flat (see Appendix A).

On the other hand, although the CO and H & maps are smooth,
the H o best-fitting kinematic centre does not coincide exactly with
the H o luminosity peak as it does in the CO observations. Indeed,
the projected distance between both centres is ~0”11, i.e. slightly
lower than the spatial resolution of the observations (=07 15). Thus,
possible inaccuracies of our best-fitting kinematic centres given by
the limited spatial resolution of our observations may lead to the
apparent outward decrease of the 74, values obtained from the
tilted rings. In order to explore this possibility, in the right-hand
panel of Fig. 7 we show the 74, values calculated from tilted rings
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Table 4. Summary of the SHiZELS-19 galaxy parameters derived in this
work using the kinematic modelling. The fpm, Xn,, and 7gep values are
computed by considering the Narayanan et al. (2012)’s CO-to-H; conversion
factor (see Section 3.4).

SHiZELS-19 FINAL PARAMETERS

fom 0.59 + 0.10
logioZsrr (Mo kpe™?) —05+ 03
log;p Zn, (Mg pe™2) 3.0 £ 0.6
Tdep (Gyr) 23 4+ 1.2

constructed from the two-dimensional best-fitting model but centred
at the luminosity peak. For this case, the 74, values vary from
~1.3 £ 0.3 Gyr in the outer ring to ~2.5 & 0.1 in the inner ring. The
increase of the 74, values towards the galactic centre still remains.

The suppression of the star formation in the molecular gas by
dynamical effects is a possibility. For example, a morphological
quenching scenario in which the bulge stabilizes the molecular gas,
preventing the star formation activity but not destroying the gas
may explain the observed 74, trend with galactocentric radius (e.g.
Martig et al. 2009; Saintonge et al. 2011). However, this scenario
is unlikely as the Sérsic index measured for SHiZELS-19 (n ~
1; Gillman et al. 2019) indicates that this galaxy is consistent
with being a disc-like galaxy with no prominent bulge component.
Galaxies with a prominent bulge component tend to show Sérsic
index values deviated from unity (Lang et al. 2014). On the other
hand, Schreiber et al. (2016) found that the increase of 74, towards
the central galactic zone in massive systems (M, ~ 10'' MO)
seems to be independent of the possible mass growth of the bulge
component as disc-dominated galaxies tend to present the same 7 gep,
trend with radius.

Another possible effect that adds uncertainty to the calculated
Tgep values is a potential spatial variation of the Ho extinction.
We have used an Ay, correction constant across the galactic disc,
but an underestimated galactic extinction in the galactic centre may
lower the observed 7g4., values in the central kpc zone therefore,
producing the observed trend. An increase of the Hao extinction
towards the galactic centre is consistent with findings of Ay, being
correlated with stellar mass surface density (Hemmati et al. 2015)
or the presence of compact density starbursts (e.g. Simpson et al.
2015; Hodge et al. 2016, 2018).

In order to explore the effects of the global galaxy kinematics in
the global star formation activity, we compute the orbital time-scale
(Torb = 2T R/ Vo) to be compared it with the median depletion time-
scale (e.g. Kennicutt 1998b; Daddi et al. 2010). By following the
analysis of Daddi etal. (2010), we choose R to be equal to three times
the half-light radius. Although this assumes that the rotation curve
remains flat beyond two half-light radius (the radius at which Vi,
was estimated), this seems to be a reasonable assumption (see Fig. 5
and Tiley et al. 2019). Thus, we obtain Ty = 256 £ 22 Myr and
Taep/Torb ~ 9 £ 5. We find that SHiZELS-19 converts ~10 per cent
of its available gas into stars per orbit. This is consistent with the
average value found for local galaxies by Kennicutt (1998b) and
with galaxy-integrated studies of BzK galaxies at similar redshifts
(Daddi et al. 2010). Therefore, on average, SHiZELS-19 is a galaxy
which follows a similar star formation law to that seen in local spiral
galaxies, although in denser environments.

We should stress, however, that our conclusions are highly
dependent on the assumed aco value (Table 4) and its variation
with radius. We have used the CO-to-H, conversion suggested by
Narayanan et al. (2012) in order to consider possible variations in
the average ISM metallicity and density (see also Appendix A).
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However, spatially resolved observations of the dust content are
desirable as these may help to constrain the oco value through a
dust-to-gas-to ratio based approach (Leroy et al. 2013; Sandstrom
et al. 2013).

Our work opens the possibility to perform morphokinematic
analysis of high-redshift galaxies at ~kpc-scales using two different
ISM tracers, but we stress that more observations of ‘typical’
galaxies are needed to understand the impact of local or global
galactic properties on the star formation activity in high-redshift
systems.

4 CONCLUSIONS

We present new ALMA Cycle-5 observations tracing the CO(2—
1) emission line from two ‘typical’ star-forming galaxies at z ~
1.47. These observations were designed to deliver spatially resolved
observations of the molecular gas content on ~kpc-scales. We
combine our ALMA observations with the previous Ho SINFONI
AO-aided observations (Swinbank et al. 2012a; Molina et al. 2017;
Gillman et al. 2019) in order to study and compare the ionized and
molecular gas dynamics.

One of our targets, SHiZELS-8, is marginally detected only in the
2000k tapered data cube (0”5 ~ 4.3 kpc spatial resolution). For this
system the Ha and CO dynamics show that both ISM components
rotate in the same direction but have position angles offset by 100—
120 deg. This suggests that SHiZELS-8 is a dynamically perturbed
system consistent with its previously observed flat metallicity
gradient (Swinbank et al. 2012a). This finding suggests that ‘main-
sequence’ galaxies at high redshift are not exclusively part of a well-
behaved morphokinematic disc-like population (e.g. Elbaz et al.
2018).

For the other target, SHIZELS-19, we find a good agreement
between the CO and Ha spatial extent (7121 4/71/2.co ~ 1.07 £ 0.09)
and dynamics at ~kpc-scales (Fig. 3). From both ISM phases we
derive Vio/o, ~ 1 (Table 3). By performing a kinemetry analysis
we classify SHiZELS-19 as a ‘non-regular rotator’ (van de Sande
et al. 2017). The kinematic analysis suggests that the CO and Ho
observations are tracing the same galactic kinematics in agreement
with previous studies of massive galaxies at similar redshift range
(e.g. Calistro Rivera et al. 2018; Ubler et al. 2018).

We estimate the total mass budget of the SHIiZELS-19 galaxy by
assuming a galactic thick-disc geometry (Burkert et al. 2010) and
Narayanan et al. (2012)’s CO-to-H, conversion factor. From the
SHiZELS-192000kA data cube we are able to trace the CO emission
up to ~6kpc (Fig. 5), finding a dark matter fraction of fpp =
0.59 =+ 0.10 within this aperture. By applying an MCMC technique
to sample the posterior PDF and take into account the parameter
uncertainties (Fig. 6; e.g. Calistro Rivera et al. 2018) we estimate a
Jfowm 3o error range of ~0.31-0.70. The dark matter fraction value is
in agreement with hydrodynamical simulations of disc-like galaxies
with similar stellar mass (Lovell et al. 2018) and the average dark
matter fraction suggested by the stacked rotation curve analysis
of galaxies at similar redshift range (Tiley et al. 2019). Thus, we
conclude that SHiZELS-19 is a ‘typical’ star-forming galaxy at z ~
1.47 harbour in a non-negligible amount of dark matter.

By using two-dimensional modelling, we study the star formation
activity observed in the SHiZELS-19 galaxy at ~kpc-scales. We
derive a median 74, = 2.3 £ 1.2Gyr. This median value is
consistent with the typical value observed in local galaxies at
similar spatial scales (T, = 2.2 £ 0.28 Gyr; Leroy et al. 2013)
and consistent with the large scatter presented in the z ~ 0 spirals
galaxy observations (Fig. 7), suggesting that ‘typical’ high-redshift
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galaxies (at z ~ 1.47) with denser ISM still follow the same star
formation law.
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APPENDIX A: a¢co RADIAL PROFILE

Throughout this work we have used a simple CO-to-H, conversion
factor to estimate the molecular gas content in SHiZELS-8 and
SHIiZELS-19 galaxies (Section 3.1). Thus, we have assumed that
there is no significant radial variation of the aco value across each
galactic disc. In order to test this assumption, we calculate the CO-
to-H, conversion factor radial profile. This can only be done for
the SHiZELS-19 galaxy since we were not able to obtain spatially
resolved CO observations for SHIZELS-8. In Fig. A1 we show the
aco as a function of the galactocentric radius. It was calculated by
using the Narayanan et al. (2012)’s parametrization with the CO
surface brightness radial profile and metallicity gradient as input
values. We find an oo gradient consistent with being flat. This
is mainly produced by the sublinear dependence of the CO-to-
H, conversion factor with respect to ¥¢o and metallicity in the
Narayanan et al. (2012)’s parametrization. Although SHiZELS-19
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Figure A1. CO-to-H; conversion factor gradient across SHiZELS-19 from
spatially resolved measurements and as a function of the galactocentric
radius derived from the best-fitting kinematic model. The green-dashed line
represents the galactic wco value derived from the tapered (2000 ki) map
and the green-shaded region shows the 1o uncertainty. The blue- and red-
dashed lines indicate the «co values usually adopted for the Milky Way
and ULIRG like systems. The grey-dashed area represents the resolution
element radial extent. We find a flat aco profile.
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has a negative metallicity gradient (Molina et al. 2017) it does not
vary enough in order to increase the oo value at larger radii.

We note that the ¢ radial profile values are slightly lower but
still consistent within 1o uncertainties with the galactic average CO-
to-H, conversion factor value calculated from the tapered (2000 kx)
map. This is expected as the low spatial resolution data cube is able
to trace CO(2-1) emission from the outskirts of the galaxy where
the CO surface brightness is lower and the molecular gas has low
metallicity compared to the inner parts. Both effects favour the
increase of the average o co value.

It is worth to mention that by considering the large variety
of metallicity gradients observed in high-redshift galaxies (e.g.
Queyrel et al. 2012; Swinbank et al. 2012a; Molina et al. 2017),
this result may be particularly applicable to SHiZELS-19 and it
might not be used as typical property for the bulk population.

APPENDIX B: aco UPPER LIMIT FROM
DYNAMICS

In Section 3.4 we have assumed the Narayanan et al. (2012)’s
parametrization to estimate the CO-to-H, conversion factor. Using
this aco value coupled with our dynamical mass calculus, we have
constrained the dark matter content in the SHiZELS-19 galaxy. We
have used the Narayanan et al. (2012)’s parametrization in detriment
of Accurso et al. (2017)’s parametrization as the second is likely
to be an upper limit for the CO-to-H, conversion factor as it does
not consider the gas surface density effects (Bolatto et al. 2013).
In order to confirm this assumption we use the dynamical mass
calculus to constrain the CO-to-H, conversion factor (e.g. Tacconi
et al. 2008).

We repeat the analysis done in Section 3.4, but now we calculate
the total and stellar mass content within one CO half-light radius.
The stellar mass within this radius is estimated by assuming an
exponential stellar surface density profile, as suggested by the best-
fitting Sérsic profile presented in Gillman et al. (2019) for the HST-
F160W broad-band image. We caution, however, that this calculus
also assumes a constant mass-to-light ratio across the SHiZELS-19
galactic disc. We calculate the thick-disc dynamical mass within one
r1;2.co by using the ~kpc-scale kinematic CO observations (Fig. 3).

Initially we just constrain the «co lower limit value by imposing
that the CO emission should be optically thick (xco 2 0.34; Bolatto
et al. 2013). We do not assume any dark matter content as we allow
that the MCMC technique samples «co — fpm phase space and fully
considers the parameter degeneration introduced in equation (2).

In Fig. B1 we show the one- and two-dimensional posterior PDFs
of the oco and fpm parameters. As in Section 3.4, we find that

higher aco values imply lower dark matter fractions. In the case of

The ~kpc-scale view of the ISM at z ~ 1.47

4869

negligible central dark matter content within 7y, co, we find an aco
upper limit of 1.3(2.4) Mg (Kkms~! pc?)~! by considering 1(3) o
uncertainties.

This analysis suggests that the Accurso et al. (2017)’s
parametrization overestimates the CO-to-H, conversion factor in
SHIiZELS-19 as this value is beyond the 30 range derived from the
aco PDE. Meanwhile, the CO-to-H, conversion factor estimated
by assuming the Narayanan et al. (2012)’s parametrization is
consistent within 1o uncertainties. We note that an assumed oco
2> 1 implies that SHiZELS-19 may be baryon dominated (fpm <
0.5) in its central zone, albeit dark matter dominated in its outskirts
(Section 3.4; see also Tiley et al. 2019). This is consistent with the
‘compaction’ scenario (e.g. Dekel & Burkert 2014; Zolotov et al.
2015) in which the baryonic matter can cool and condense more
efficiently than the collisionless dark matter, and thus, falling into
the centre of the dark matter halo where they concentrate.
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Figure B1. One- and two-dimensional posterior PDFs of the fpy and aco
parameters estimated by considering the total mass content within one CO
half-light radius for SHiZELS-19. The data is colour coded in the same way
as Fig. 6. This suggests an aco upper limit of 2.4 Mg (Kkms~! pc?)~! in
the case of negligible dark matter content within this radius. This result rules
out the Accurso et al. (2017)’s CO-to-H, conversion factor suggested for
SHIiZELS-19 by the 30.
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