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Abstract

We present the demography of the dynamics and gas mass fractlon of 33 extremely metal-poor galaxies (EMPGs)
with metallicities of 0.015-0.195 Z, and low stellar masses of 10*-10% M.  in the local universe. We conduct deep
optical integral field spectroscopy (IFS) for the low-mass EMPGs with the medium-high resolution (R = 7500)
grism of the 8 m Subaru FOCAS IFU instrument by the EMPRESS 3D survey, and investigate the Ha emission of
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the EMPGs. Exploiting the resolution high enough for the low-mass galaxies, we derive gas dynamics with the Ha
lines by the fitting of three-dimensional disk models. We obtain an average maximum rotation velocity (v;o) of
15+ 3 kms ™' and an average intrinsic velocity dispersion (c) of 27 + 10 kms ™' for 15 spatially resolved EMPGs
out of 33 EMPGs, and find that all 15 EMPGs have v,/0g < 1 suggesting dispersion-dominated systems. There is
a clear decreasing trend of v, /0 with the decreasing stellar mass and metallicity. We derive the gas mass fraction
(feas) for all 33 EMPGs, and find no clear dependence on stellar mass and metallicity. These v,/ and fg, trends
should be compared with young high-z galaxies observed by the forthcoming JWST IFS programs to understand

the physical origins of the EMPGs in the local universe.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Galaxy kinematics (602); Galaxy dynamics

(591); Dwartf galaxies (416)

1. Introduction

Classical galaxy formation theory suggests galaxy initially
forms as angular-momentum-supported disks (White &
Rees 1978; Fall & Efstathiou 1980; Blumenthal et al. 1984).
Primordial galaxies evolve into the various types of galaxies we
see today involving a complex interplay between different
processes: accretion of cold gas, minor and major mergers, and
stellar and active galactic nuclei feedback. One way to
understand the evolution of primordial galaxies and the
complex interplay is to study the dynamics of high-z galaxies.
Rizzo et al. (2020, 2021) analyze the kinematics of z ~ 4-5
galaxies and obtain a large maximum rotation velocity (Vi)
that is ~10 times the velocity dispersion (o). Tokuoka et al.
(2022) identify a z~9 galaxy that possibly presents clear
rotation. Given that galaxies in Rizzo et al. (2020) and Tokuoka
et al. (2022) reside in low-mass dark matter (DM) halos with
halo masses of ~10'® and ~10° M., respectively, the disk
structure may not be stable but is easily disrupted by inflow or
outflow. Simulations of Dekel et al. (2020) suggest a critical
DM halo mass of M, <2 x 1011M®, below which the disk
cannot survive and the galaxy becomes dispersion dominated.

Although the dynamics of high-z galaxies can be investi-
gated with state-of-the-art observation facilities (e.g., JWST),
local dwarf galaxies with recent starbursts are also important
test beds of galaxy evolution theories due to their apparent
brightness. Local galaxies are advantageous for conducting
deep observations with high spectral and spatial resolutions,
such as optical integral field spectroscopy (IFS). The spatially
resolved Ha recombination line can be used to trace the
kinematics of ionized gas (e.g., Green et al. 2014; Barat et al.
2020). Among local dwarf galaxies, extremely metal-poor
galaxies (EMPGs) are considered local counterparts of high-z
primordial galaxies having gas-phase metallicity (hereafter
metallicity) below 10% Z.. EMPGs typically have low stellar
masses 5108 M, and high specific star formation rates (SSFRs)
>1Gyr ' suggestive of shallow gravitational potential and
recent starburst, respectively. Kinematics of EMPGs can
provide us a hint of the important mechanism (e.g., inflow/
outflow) during the early stage of galaxy formation. Despite
that EMPGs may differ from primordial galaxies on numerous
aspects (star formation histories, stellar population, etc.), we
aim to provide a clear correlation between dynamics and
metallicity /stellar mass that can be extrapolated to high-z
primordial galaxies. Two important quantities indicating the
detailed gas dynamical state are the relative level of rotation,
via the v, /0( ratio, and the mass composition, via the gas
mass fraction (fg,s).

Recently, the project Extremely Metal-Poor Representatives
Explored by the Subaru Survey (EMPRESS) has been launched
(Kojima et al. 2020, hereafter Paper I). EMPRESS aims to

select faint EMPG photometric candidates from Subaru/Hyper
Suprime-Cam (HSC; Miyazaki et al. 2018) deep optical
(fim = 26 mag; Aihara et al. 2019) images, which are 2 dex
deeper than those of the Sloan Digital Sky Survey (SDSS).
Conducting follow-up spectroscopic observations of the EMPG
photometric candidates, EMPRESS has identified new 12
EMPGs with low stellar masses of 10**-10%° M. (Paper I,
Isobe et al. 2022, hereafter Paper IV; Nakajima et al. 2022,
hereafter Paper V; Xu et al. 2022, hereafter Paper VI).
Remarkably, J1631+4426 has been reported to have a
metallicity of 0.016 Z., which is the lowest metallicity
identified so far (Paper I; see Thuan et al. 2022).

This paper is the 12th paper of EMPRESS, reporting a
demography of Ha kinematics of EMPGs observed with
Subaru/Faint Object Camera and Spectrograph (FOCAS) IFU
(Ozaki et al. 2020) in a series of the Subaru Intensive Program
entitled EMPRESS 3D (PI: M. Ouchi). So far, EMPRESS has
released eight papers related to EMPGs, each of which reports
the survey design (Paper I), high Fe/O ratios suggestive of
massive stars (Kojima et al. 2021, hereafter Paper II; Paper IV),
morphology (Isobe et al. 2021, hereafter Paper III), low-Z ends
of metallicity diagnostics (Paper V), outflows (Paper VI), the
shape of incident spectrum that reproduces high ionization lines
(Umeda et al. 2022, hereafter Paper VII), the primordial He
abundance (Matsumoto et al. 2022, hereafter Paper VIII), and
the pioneering results of Ho kinematics (Isobe et al. 2023,
hereafter Paper IX).

The paper is structured as follows. Section 2 explains our
observations and data set. Section 3 describes how we derive
rotation velocity, velocity dispersion, and gas mass fraction.
We discuss and summarize our findings in Sections 4 and 5,
respectively. Throughout the paper, we assume a solar
metallicity of 12+log(O/H) = 8.69 (Asplund et al. 2021) and
adopt a cosmological model with Hy,=70kms ' Mpc ™',
Qr=0.7, and Q,,=0.3.

2. Observations and Data Reductions
2.1. Galaxy Sample

We make a compilation of EMPGs whose metallicities are
determined by the direct method in the EMPRESS project and
similar studies, which are those of Izotov et al. (2001), Kniazev
et al. (2003, 2004), Thuan & Izotov (2005), Izotov & Thuan
(2007), Izotov et al. (2009, 2012a, 2012b, 2018, 2019,
2020, 2021), Morales-Luis et al. (2011), Skillman et al.
(2013), Hirschauer et al. (2016), Sanchez Almeida et al. (2016),
Hsyu et al. (2017), James et al. (2017), and Senchyna & Stark
(2019). We select targets for our IFU observations from this
compilation by their apparent brightness and visibility on the
nights of observations. We prioritize the targets with low
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Table 1
Summary of Medium-high Resolution FOCAS-IFU Observations
ID R.A. Decl. Redshift Date of Observation Exposure
(hh:mm:ss) (dd:mm:ss) (UT) (s)
J0036+-0052 00:36:30.40 +00:52:34.71 0.0282 2022 Oct 18 1200
J0057-0941 00:57:57.32 —09:41:19.20 0.0150 2022 Oct 18 1200
J0125+0759 01:25:34.19 +07:59:24.69 0.0098 2022 Oct 18 1200
J0159+0751 01:59:52.75 +07:51:48.80 0.0611 2022 Oct 18 1200
J0228-0210 02:28:02.59 —02:10:55.55 0.0414 2022 Oct 18 1200
SBS 0335-052E" 03:37:44.06 —05:02:40.19 0.0135 2021 Nov 25 1200
JO811+4730 08:11:52.12 +47:30:26.24 0.0445 2022 Apr 21 1200
HS 0822+3542" 08:25:55.44 +35:32:31.92 0.0023 2021 Dec 14 1200
J0840+4707 08:40:29.90 +47:07:10.30 0.0422 2022 Apr 23 1200
I1Zw 18" 09:34:02.03 +55:14:28.07 0.0024 2021 Dec 14 180
J0935-0115 09:35:39.20 —01:15:41.41 0.0160 2022 Apr 22 1200
J0943+3326 09:43:32.43 +33:26:58.00 0.0018 2022 Apr 21 1200
DDO 68 09:56:46.05 +28:49:43.78 0.0019 2022 Apr 22 1200
J1016+3754 10:16:24.53 +37:54:45.97 0.0040 2022 Apr 21 1200
Leo P 10:21:45.10 +18:05:17.20 0.0010 2022 Apr 22 1200
J1044-+6306" 10:44:42.67 +63:06:02.30 0.0033 2022 Apr 23 1200
J1044+0353* 10:44:57.79 +03:53:13.15 0.0128 2021 Dec 14 1200
J1234+4-3901 12:34:15.70 +39:01:16.41 0.1333 2022 Apr 22 1200
J14184-2102 14:18:51.12 +21:02:39.74 0.0086 2022 Apr 22 1200
J14234-2257 14:23:42.88 +22:57:28.80 0.0328 2022 Apr 22 1200
1145240241 14:52:55.28 +02:41:01.31 0.0054 2022 Apr 23 1200
J1631+4426" 16:31:14.24 +44:26:04.43 0.0313 2021 Aug 14 1200
J1702+4-2120 17:02:39.88 +21:20:08.91 0.0249 2022 Apr 23 1200
J2104-0035 21:04:55.30 —00:35:22.00 0.0047 2022 Oct 18 1200
J2115-1734* 21:15:58.33 —17:34:45.09 0.0230 2021 Aug 14 1200
J2136+-0414 21:36:58.81 +04:14:04.31 0.0169 2022 Oct 18 1200
1230240049 23:02:10.00 -+00:49:38.78 0.0332 2022 Oct 18 1200
Notes.
 Paper IX

® No detection.

metallicity or possibly complicated dynamical features (e.g.,
multiple clumps, broad emission lines). Finally, we obtain 32
targets that have a metallicity of 12 4 log(O/H) ~ 6.86-7.98.
Only three out of the 32 targets have 12 + log(O/H) 2 7.69,
while the others have 12 4 log(O/H) < 7.69, which meets the
criteria of EMPGs in the EMPRESS Project.

2.2. Observations

In the EMPRESS 3D project, we conducted observations for
the 32 targets over 9 half-nights in 2021-2022. We conducted
the observations using FOCAS IFU mounted on the Subaru
Telescope. We took science frames using the low-resolution
(R ~900) 300B grism and the mid/high-resolution (R ~ 7500)
VPH680 grism (hereafter low- and high-resolution data,
respectively). The low-resolution data were successfully taken
for all 32 targets (see K. Nakajima et al. 2023, in preparation).
Paper IX reports the first six targets with high-resolution data
taken in 2021 that have enabled us to study the dynamics of
EMPGs. In 2022, we further obtained high-resolution data for
20 targets. In total, we obtained low-resolution data for 32
objects and high-resolution data for 26 (=6 + 20) targets.

Here we describe the observations in 2022 during which we
observed 21 targets. Because of the relatively high redshift of
J1234+4-3901, we used the VPH850 grim (R ~ 1350) to take the
high-resolution data. The observation nights were on 2022
April 20, 21, 22, and October 17, with typical seeing sizes of
076,0”5,0”8, and 0”4, respectively. There were thin clouds at

the beginning of the observations on April 21. On the other
nights, the sky was clear. We took calibration data for flat
fielding and wavelength calibration at the beginning of
observations. We observed standard stars at the beginning or
at the end of the observations. We found no detection in the
high-resolution data of J1044-+6306 and successfully obtained
high-resolution data for 20(=21 — 1) targets. The observations
are summarized in Table 1.

2.3. Data Reductions

We use a reduction pipeline software of FOCAS IFU (Ozaki
et al. 2020) based on PyRAF (Tody 1986) and Astropy
(Astropy Collaboration et al. 2013, 2018, 2022). The software
performs bias subtraction, flat fielding, wavelength calibration,
cosmic-ray removal, and flux calibration. The software outputs
three-dimensional (3D) data cubes of IFS with and without sky
background subtraction. The 3D data cubes cover a field of
view (FoV) of 1375 x 10" with 64 x 23 spaxels, which
corresponds to a pixel scale of 07215 and 07435 pix ' in the
x- and y-axes, respectively. For the low-resolution dgta, the 3D
data cubes cover the wavelengths of 3500-8000 A. For the
high-resolution data, the 3D data cuabes cover the wavelengths
of 6500-7500 and 6000-10000 A for the VPH650 and
VPHS850 grisms, respectively. We estimate the flux uncertain-
ties containing read-out noises and photon noises of sky and
object emissions.
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2.4. Deblending of Spatial Components

Our data includes EMPGs that have multiple spatial
components as shown in the photometric images. The multiple
components can also be seen in the Ha flux maps derived from
our IFU data (see Figure 1(a) and Section 3.2). In this study, we
aim to discuss the properties of individual components
exploiting the spatial resolution of the IFU data. We define
the components based on the morphology of the Ha flux map
using the tool of source detection and deblending in
Photutils, an Astropy package. We carefully choose
the flux threshold to include only components that have
photometric counterparts in the SDSS catalog. Twenty targets
appear to have only one component of our interest. From five
EMPGs, which are J0057-0941, J2104-0035, J2115-1734,
DDO 68, and I Zw 18, we extract two components. For JO125
40759, we extract three components. We label the components
with suffices, where the brightest one is labeled #1. For I Zw
18, we separate I Zw 18-NW and I Zw 18-SE. For DDO 68, we
use labels #2 and #3 consistent with the notations used in
previous studies (e.g., Pustilnik et al. 2005). Although the
origin of the multiple components in one system is debatable,
we treat each component as an individual EMPG in this study,
which means our sample consists of 33 (=20+5 x 2+ 3)
EMPG:s in total.

3. Analyses and Results
3.1. Gas Mass Fraction

Gas mass surface density (Xg,s) can be estimated from the
star formation rate (SFR) surface density adopting the
Kennicutt—Schmidt law (Kennicutt 1998):

Yspr = (25 £0.7) x 1074
> 1.440.15
(ngscl) M, yr~'kpe2. (1)

We estimate the SFR surface density (Xggg) from the Ha flux
using the relation from Kennicutt (1998), assuming the initial
mass function (IMF) of Chabrier (2003):

SFR [M, yr™'] = 4.4 x 107* L(Ha) [erg s~ 1. 2

We fit a Gaussian profile to the spectrum of emission line using
the low-resolution data, which offers a better signal-to-noise
ratio (S/N) for the Ho lines.

Gas mass fraction is defined as the ratio between the gas
mass and the total baryonic mass within one effective radius:

Mgas(r<re)

fv s — .
8 Mgus(r<re) + M*(V<re)

3)

We sum up X, for the spaxels within 7, to obtain Mg,s(r < 7).
The value of r, is derived by fitting a Sérsic profile to the Ha
flux maps. The fitting procedure is integrated into the rotation
disk models for the 15 spatially resolved EMPGs (see
Section 3.2) and conducted separately using galfit (Peng
et al. 2002, 2010) for the other 18(=33 — 15) EMPGs. For the
stellar masses, there are 15 EMPGs whose stellar masses are
measured in previous studies (Table 2). To estimate the stellar
masses for the other EMPGs, we first obtain the i-band
magnitudes for all 33 EMPGs from the SDSS catalog. We
obtain an average mass-to-light ratio of 0.12 between the stellar

Xu et al.

mass and i-band magnitude using the 15 EMPGs with known
stellar masses. For the other 18(=33 — 15) EMPGs, we derive
the stellar masses from the absolute i-band magnitudes
assuming the mass-to-light ratio. We assume the effective
radius of the stellar component (7. ) can be approximated by r,
and estimate M, (r < r.) by dividing the stellar masses by 2. We
check the possible systematic errors given by our analysis
method. We confirm that the gas mass fraction is consistent
between the 15 galaxies whose stellar masses are derived from
a fixed mass-to-light ratio and the rest of the sample. Since
some EMPGs are identified from multiple components in one
FoV (Section 2.4), we ensure the consistency between the i-
band aperture and the spaxels used for Mg, (r <r.). Interest-
ingly, we find the multiple components in one system generally
have similar f,,,, implying that the multiple components may
have similar star formation histories.

We evaluate the uncertainty of M, (r <r.) assuming re
ranges from r./2 to 2r.. We take the 0.3 dex scatter of
Kennicutt-Schmidt law as the uncertainty of Mg,s(r < r.). The
calibration from Kennicutt (1998) may underestimate the gas
mass for metal-poor galaxies (e.g., Shi et al. 2014). Therefore,
we add an upper error of 1 dex to our estimation of M, (r < r.)
following Paper IX. We propagate these uncertainties to obtain
the error of f,,s. The results are summarized in Table 2. In the
bottom panels of Figure 2, we show f,,, as a function of stellar
mass and metallicity. We obtain a median value of fy,s ~ 0.9
larger than those of more massive galaxies in Barat et al.
(2020), which suggests EMPGs are likely gas-rich systems.

The average and standard deviation of fy,s is 0.8 and 0.2,
respectively. Six galaxies (J0057-0941, J0943+3326, J2104-
0035, I Zw 18-NW/-SE, and Leo P) are 1o below the average
having f,,s <0.6. One possibility of finding low f,, is the
existence of an old stellar population (e.g., I Zw 18; Vaduvescu
et al. 2005; Aloisi et al. 2007). We find Leo P may be relatively
gas deficient with f,,. = 0.1275%3, although with a large
uncertainty. Bernstein-Cooper et al. (2014) conducted HI
observations and obtained fy,s ~ 0.7 for Leo P. They claim the
feas value is relatively small among EMPGs, which is consistent
with our results.

For our EMPGs, we find no clear correlation between fg, and
stellar mass or metallicity. It may seem that only high fy.s 2 0.9
can be found for EMPGs with M, < 10° M., However, the fact
that apparently bright EMPGs are preferred by our sample
selection may lead to selection bias toward high f,,s EMPGs. We
consider the selection bias by simply assuming a Ha surface
brightness of 1 x 107! erg s~! cm~2 arcsec™2, which is roughly
the detection limit of our low-resolution data (Ozaki et al. 2020).
We apply the Ha surface brightness to Equations (1) and (2) to
derive the limiting X4, for observable EMPGs. Isobe et al. (2021)
measure the effective radius of 27 EMPGs and obtain
1, ~ 200710 pc. We take the minimum (maximum) value of
100 pc (1000 pc) to integrate the Yy, as the limiting gas mass.
Finally, we calculate the limiting fy,s as a function of M, using
Equation (3). In the bottom-left panel of Figure 2, we show two
gray regions below the limit f,,,, where the lighter (darker) colors
correspond to the case of minimum (maximum) 7, values. We find
the correlation between fy,s and M, is possibly biased below
10° M.... On the other hand, there is no clear correlation between
fuas and M, above 10° M.
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(a) Iog(FHQ [erg s~ cm—?]) Uloas. [km 5_1] a [km S_l]
J0036-+0052 13 10716 10715 —30 0 30 0 20 40

10-47 10716 1071 —30 0 30 0 20 40
10

10 0 5 10 0 5 10

Figure 1. (a) From left to right: SDSS cutout, Ha flux map, line-of-sight velocity map, and velocity dispersion map for each EMPG whose high-resolution data is
reported in this study and Paper IX. Spaxels with S/N (Ha) >3 are plotted. The red rectangle on the SDSS cutout indicates the pointing position of our IFU
observations while the arrow indicates the direction of the x-axis. The x- and y-axes are presented in arcsec. The black contours represent the Ha flux in the range of
log(Fuo/erg s~ em™2) = —17 to —14.5 with a step of 0.5 dex. The red circles highlight the apertures we obtained by source detection (see Section 2.4). Within the
apertures, we fit disk rotation models. (b) The global Toomre Q parameter as a function of M, (left) and metallicity (right). The red triangles indicate the four EMPGs
with large global Toomre Q values that are out of the y-axis range. All of the EMPGs shown in this plot have Q > 1.
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Figure 1. (Continued.)

3.2. Gas Kinematics

We derive the kinematical properties of our EMPGs from the
Ha lines. The spatial distribution of line-of-sight velocity
(V1.0.s.) and velocity dispersion (o) can be derived by fitting a
Gaussian profile to each spaxel of the high-resolution data. For
the line-of-sight velocity, we derive the velocity from the
central wavelength (Ayn):

Vios. = ¢(AHa — Ao — Asnif)/ Ao, 4

where )\ represents the systemic wavelength. For EMPGs that
can be fitted by a rotation disk model (see below), )\, is the
observed wavelength at the center of the disk model.
Otherwise, we adopt the central wavelength in the spaxel
where the flux of Ha is the largest among all the spaxels. The
value of A is given by the slit-width effect that is caused by
a flux gradient parallel to the wavelength direction (see Section
3.2 in Paper IX) and c is the speed of light. For the velocity
dispersion, we subtract the instrumental broadening (oj,s) from
the line width (oy,):

2 2
0 = \OHa — Oinst+ (5)

We estimate a typical value of oy, =17 £2kms™' from the
line widths of unresolved skylines, where the uncertainty is the
standard deviation of oy, from different spaxels. We show the
Ha flux, velocity, and dispersion maps in Figures 1(a) and (b).

Assuming that the line-of-sight velocities are given by disk
rotation, we can derive the maximum rotation velocity (Vo)
that can be compared to the velocity dispersion to study how
EMPGs are dynamically supported. We model the disk rotation
using the software GalPak™™ (Bouché et al. 2015). We follow
the method described in Paper IX to prepare the input data
cube. Because GalPak’® requires the input data cube to have
the same pixel scale on the x- and y-axes, we interpolate the
data cube on the y-axis to have a pixel scale of ~07217 pix .
We also correct the wavelength by the slit-width effect. We

only use the spaxels within the apertures that are determined by
the source detection procedure in Section 2.4 and mask out the
rest of the 3D data cube. We mask out the spaxels with
S/N (Ha) <3. We calculate the 84th percentile of o for the
spaxels left and mask out the spaxels with o larger than the 84
percentile because the spaxels with large o could be strongly
turbulent (Egorov et al. 2021). We then fit the 3D data cube by
a thick disk model. Specifically, we choose a disk model with a
disk height equal to one-third of the effective radius. The Ha
surface brightness is an exponential function of radius, i.e., a
Sérsic profile with a Sérsic index of 1. We choose the arctan
rotation curve with two parameters, maximum rotation velocity
(Vror) @and turnover radius (r,). The disk model consists of 10
parameters in total, which are x- and y-coordinates of the
center, total flux, effective radius (r.), ry, inclination (i),
position angle, systemic velocity, v, and intrinsic dispersion
(o). The intrinsic dispersion is free from the broadening given
by the instrument, the local isotropic velocity dispersion driven
by disk self-gravity, and the mixture of the line-of-sight
velocities due to the disk thickness (Bouché et al. 2015). We fit
the disk model to all 33 EMPGs. For EMPGs with compact
sizes, we find the best-fit 7, is below the seeing size, in which
case the parameters are not well constrained (see Section 4.3 in
Bouché et al. 2015). We thus only report nine spatially resolved
EMPGs with reliable v,,,, and o measurements that are shown
in Table 2. The measurements of v, and o for the six EMPGs
given by Paper IX are also included. We obtain average values
of Vor = 15 km s 'and 0o=27km s~ !, with standard errors of
3and 10kms™?, respectively. We confirm that all 15(=9 + 6)
EMPGs have v, /0o<1, indicating that they may be
dispersion dominated (Forster Schreiber et al. 2009).

We show v,/0g as a function of M, and metallicity in the
top panels of Figure 2. We also include the v,,/c¢ values of
dwarf galaxies investigated by the DYNAMO survey (Green
et al. 2014) and the SHaDE survey (Barat et al. 2020) as
comparisons. Their results are also derived from the ionized
gas. We show that EMPGs have a low v,/ 0, which is smaller
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than those of more massive galaxies and comparable to those of
low-mass galaxies.

4. Discussion
4.1. v,,/0¢ Scaling Relations for EMPGs

Galaxies that reside in low-mass DM halos with shallow
gravitational potential are more likely to have low v,y /0o.
Our 15 EMPGs clearly fall into the regime of dispersion-
dominated galaxies having an average of v, /o9=0.48 +
0.28. As a comparison, the dwarf galaxies (10° <M, <
10° M) studied in Barat et al. (2020) have an average v,o/ 0
of 0.84. de los Reyes et al. (2023) also obtain low v, /0o < 2
based on the stellar kinematics of local dwarf galaxies
(10" <M, <10°M_) and suggest a positive correlation
that is independent of environmental effect. We note that
EMPGs are selected with low-metallicity and high sSFR
(log(sSFR/Gyr™") ~ 1-3; Kojima et al. 2020) compared to
the more uniform samples used by Barat et al. (2020) and de
los Reyes et al. (2023). It is curious whether the correlation
between v, /oo and M, is still present for EMPGs that
undergo recent star formation. We divide our sample into two
stellar mass bins of M, < 10° M, and >10° M. We obtain
Viot/00=0.24 +0.16 and 0.64 +0.22, respectively. As

10

shown in Figure 2, EMPGs with M, < 10° M, have smaller
Viot/0o than those with M, >10°M, with at least lo
significance. For the six galaxies (HS 082243542, DDO
68-#2, -#3, Leo P, J14524+0241, and J163144426) with
M, < 10°M., we only find a weak velocity gradient in the
velocity maps shown in Figure 1(a), consistent with the
conclusion that they may not present any rotation.

In this study, we present a reasonably large sample of
EMPGs to investigate the correlation between v,/0p and
metallicity. We find a positive correlation as shown in the top-
right panel of Figure 2 with a Pearson coefficient of 0.50
(p =0.06). The small v,/ for the EMPGs with the smallest
metallicity probably suggests that they are experiencing the
first star formation activity due to gas inflow. To test this
hypothesis, we include the classification of EMPGs based on
the spatial distribution of metallicity that is taken from a
companion paper. K. Nakajima et al. (2023, in preparation)
divide our EMPGs into four categories: Category A with a
metal-poor region in the center and relatively metal enriched
around it, Category B with only a metal-poor region, Category
C in the transitioned phase, and the unresolved Category D.
One scenario to explain the metallicity distribution of Category
A EMPGs is that cold gas inflow accretes directly into
the center of EMPGs (e.g., Sdnchez Almeida et al. 2014;
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Table 2
Summary of Galaxy Properties
D log My References logSFR 12 + log(O/H) Vrot 0o Vrot/ 00 Seas Q
(log M) (log M5 yr™") (km s (km s~
(1) 2 3) (C)] ) (6) @) ¥ ) (10)
J00364-0052 7.22 +0.87 —1.57 7.83 128+19 246+£19  052£009  0.7275% 376713
J0057-0941-#1 6.50 £ 0.87 —2.67 7.33 0617938
J0057-0941-#2  6.87 + 0.87 —2.63 7.56 0.451034
J012540759-#1  6.24 + 0.87 —1.63 7.47 0.937598
J0125+0759-#2  5.33 £ 0.87 ~2.60 745 0.961 004
JO1254+0759-#3  5.81 £ 0.87 213 754 0.9450%
J0159+0751 6.69 1) —0.68 7.79 0.99+541
J0228-0210 6.87 + 0.87 —1.96 7.12 0.811912
SBS 0335-052E  7.60 & 0.10 2 —0.61 7.23 197429 2714£03*  0.73£0.12° 0747972 2.62¢ 40
J0811+4730 6.24 £0.33 3) —2.78 7.12 0.78+932
HS 0822+3542 4.60 + 0.30 “) —2.69 7.36 45+£29°  166+£05 027+£0.17* 097798 5407338
1084044707 7.95 + 0.87 —0.11 7.64 450+26 513+19  088+006 08911 1.807933
I Zw 18-NW 7.24° —1.99 735 6.6+£29° 229404 029+0.13* 042799 11.6175%°
IZw 18-SE 6.40° —2.63 7.04 0.51937 .
J0935-0115 6.16 £0.14 6)) —1.55 7.13 0.961 598
1094343326 5.56 + 0.30 ©6) —3.66 7.09 0.5279%7
DDO 68-#2 4.03 4+ 0.88 —3.44 6.95 100 +2.1 188420 0534013 099799 271798
DDO 68-#3 4.04 + 0.88 —3.61 6.86 15+2.1 224420  007£010 0987097  21.057%%
J1016+3754 6.59 + 0.87 —2.03 7.88 0.7010%
Leo P 5.75 +0.09 @) —428 7.02 27422 159419 0174014 012798  67.927324
7104440353 6.04 + 0.07 5) —1.04 7.44 148 +£42° 314+£03* 047014 09879%*  3.0779%"
1123443901 7.13 +0.30 3) —0.65 7.08 0.9875:92
1141842102 6.63 +0.15 ®) ~138 7.52 226+21  2394+19 0954012 0907319 1.66793¢
1142342257 7.63 +£0.87 —0.66 7.90 346419  439+£19  079+006 0847013 2137934
7145240241 4.18 +0.14 ;) —2.69 7.49 1.1 +£20 175+19  0.06+0.11 0.9979%0 220443840
J1631+4426 5.89 £ 0.10 ©) -1.77 7.24 79+1.8 256403  031+£008  09119%*  5.017242
1170242120 7.46 + 0.87 —1.09 7.76 115420 334+19 0344006 0817012 5.097133
J2104-0035-#1 4.69 4+ 0.87 —2.66 7.20 0987592
12104-0035-#2 6.01 +0.87 —3.63 6.97 0361559
J2115-1734-#1 6.56 + 0.02 ©) —0.95 7.76 234420 293+£19  080+£0.09  097°9% 1.8370%
J2115-1734-#2 7.17 +0.87 —1.62 7.83 0.9473%  1.8870792
121360414 6.53 +0.87 —1.72 7.49 0.897519
1230240049 7.22 +0.87 —0.94 7.62 090519

Notes. Column (1) ID. Column (2) Stellar masses. Column (3) References for the stellar masses: (1) Izotov et al. (2017), (2) Pustilnik et al. (2004), (3) Izotov et al.
(2012a), (4) Annibali et al. (2013), (5) Xu et al. (2022), (6) Hirschauer et al. (2016), (7) McQuinn et al. (2015), (8) Filho et al. (2013), (9) Kojima et al. (2020). Column
(4) SFR calculated from the dust attenuation corrected He line fluxes. The relative uncertainties are smaller than 1% in linear scale. Column (5) Metallicity estimated
from the R3 index of the integrated [O 11I] and H/ flux. Columns (6)—(8) Maximum rotation velocity, intrinsic velocity dispersion, and their ratio given by the best-fit
rotation disk model. Column (9) Gas mass fraction. Column (10) Global Toomre Q parameter.

 Paper IX.

K. Nakajima et al. 2023, in preparation). In Figure 3, we show
Vrot/ 00 as a function of metallicity with each EMPG color
coded by the categories. Surprisingly, Category A EMPGs
have a vy /0o~ 0.68 +0.10 on average, which is larger than
that v, /09~ 0.34 £0.08 for Category B EMPGs, at lo
significance. In a Category A EMPG, the metal poorest region
is surrounded by the metal-enriched regions, which may
represent an older stellar population. The older stellar
population may have already formed a rotation disk, which is
destroyed by the latest gas inflow. For a Category B EMPG,
neither an older stellar population nor rotation is detected.
Category B EMPGs may undergo their first chemical
evolutionary event that could be triggered by gas accretion.
Whether a stable rotation disk can build up in low-mass star-
forming galaxies like EMPGs needs to be tested with simulations
(see also the discussions in Paper IX). Hopkins et al. (2023)
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show that a sufficiently centrally concentrated mass profile is
crucial for the initial formation of a disk. However, it is still a
difficult task to resolve the profile of mass concentration (e.g.,
Genzel et al. 2020) for compact low-mass galaxies by
observations. High spatial resolution with future observational
facilities may help us understand how EMPGs started the recent
star formation and why they appear to be dispersion dominated.
On the other hand, observations of primordial galaxies at high z
(e.g., with JWST) are useful to reveal the relation between
dynamics and star formation at the early stage of galaxy
formation.

4.2. Mass Profiles

For the 15 EMPGs with v, and oy measurements, we can
compare the radial profile of gas mass and stellar mass to that
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Figure 2. (Top) viax/00 as a function of stellar mass (left) and gas-phase metallicity (right). The red squares represent individual EMPGs while the red circles
represent average values in stellar mass (metallicity) bins. The gray circles and triangles indicate data taken from the DYNAMO survey (Green et al. 2014) and the
SHaDE survey (Barat et al. 2020), respectively. (Bottom) Same as the top panels but for f,,;. We plot the median values with red circles. The gray regions in the

bottom-left panel indicate the observational limit for f,,, (see Section 3.1).
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Figure 3. Same as the top-right panel of Figure 2 but color coded by the
categories given by K. Nakajima et al. (2023, in preparation). The y-axis is
changed to linear scale. Category A EMPGs have surrounding metal-enriched
regions that may have come from older stellar populations, while Category B
EMPGs only show metal-poor regions given by the recent star formation.
Category C EMPGs are possibly in a transition stage.

0.0

12

of the dynamical mass. The dynamical mass enclosed by radius
r can be calculated with

Magn = 2.33 X 105(L)
kpc
2 2
[(krvn(?_]) + 2(—kr:‘;_]) ]M@. 6)

We derive the enclosed dynamical, stellar, gas, and DM mass
enclosed by radius r following the procedures in Paper IX. We
follow the same procedure as in Paper IX and assume a Sérsic
profile and Navarro—Frenk—White (Navarro et al. 1996) profile
for the stellar mass and DM mass, respectively. The results are
plotted in Figure 4 for 15 EMPGs, including the six EMPGs
presented in Paper IX. For 14 out of 15 EMPGs, the mass
profile of gas mass contributes to most of the dynamical mass,
which is consistent with the large f,,; we derived. In general,
we find EMPGs are likely puffy gas-rich systems supported by
random motion that may be supplied by gas inflow, stellar
feedback, or galaxy—galaxy interaction.
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Figure 4. Enclosed mass profiles. The red, yellow, cyan, and black curves represent dynamical, stellar, gas, and DM mass profiles, respectively. The vertical dotted
lines show the effective radius of Ha. The edge of the plots corresponds to the outermost radii used for the kinematic analysis.
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4.3. Toomre Q Parameter

The Toomre Q parameter is used by many kinematic studies
as an indicator of the gravitational stability of disk galaxies
(e.g., Genzel et al. 2011). In general, if the Q value of a rotating
disk is greater than unity (i.e., Q >1), the disk is thought to be
gravitationally stable. On the other hand, if Q < 1, the disk is
gravitationally unstable. However, it remains an open question
on what observable scales the Toomre Q parameter is a reliable
indicator of gravitational stability (e.g., Romeo & Agertz 2014).
Paper IX also suggests that it is unclear whether this criterion is
applicable to EMPGs because they may not have rotating disks.
To compare with previous kinematics studies, we calculate the
average of Q within a disk that is called the global Q (e.g.,
Aumer et al. 2010) in the same manner as in Paper IX:

gy a

.
Vrot féas

0= )

where the parameter a ranges from 1-2, depending on the gas
distribution. We assume a = /2 , which corresponds to a disk
with constant rotational velocity (Genzel et al. 2011). The
differences in Toomre Q parameters are less than a factor of 2 if
a different value of a is assumed.

We obtain a global Q of 1-70 for 15 EMPGs with a median
value of 4. Although all 15 EMPGs have a global Q larger than
unity suggestive of a stable disk, the large global Q is inconsistent
with the star-forming nature of EMPGs as pointed out in
Paper IX. In Figure 1(b), we plot the global Q as a function of
stellar mass and metallicity. We find no clear correlation between
the global Q and stellar mass or metallicity. It is possible that
EMPGs have a large variety of dynamics, or the global Q does not
provide a good constraint on the gravitational stability of EMPGs.
It is difficult to conclude whether or not EMPGs generally have
stable disks without high-resolution observations for both gas and
stellar components (e.g., Romeo et al. 2020; Romeo 2020) using
next-generation facilities such as ngVLA.

5. Summary

We present the demography of the dynamics and gas mass
fraction of 33 EMPGs with metallicities of 0.015-0.195 Z, and
low stellar masses of 10%*-10® M., in the local universe. We
conduct deep optical IFS for low-mass EMPGs with the
medium-high resolution (R =7500) grism of the 8 m-Subaru
FOCAS IFU instrument by the EMPRESS 3D survey, and
investigate the Ha emission of the EMPGs (Section 2).
Exploiting the resolution high enough for the low-mass
galaxies, we derive gas dynamics with the Ha lines by the
fitting of 3D disk models. We obtain an average maximum
rotation velocity (Vo) of 1543 kms~' and an average
intrinsic velocity dispersion of (o) of 27 + 10kms ™' for 15
spatially resolved EMPGs out of 33 EMPGs, and find that all
15 EMPGs have v,/0¢ < 1, suggesting dispersion-dominated
systems (Section 3.2). There is a clear decreasing trend of
Viot/0o With the decreasing stellar mass and metallicity
(Section 4). We derive the gas mass fraction (fgas) for all 33
EMPGs, and find no clear dependence on stellar mass and
metallicity (Section 3.1). Our results suggest EMPGs are gas-
rich dispersion-dominated systems, whose dynamical proper-
ties likely depend on the current stellar mass and previous star
formation history.
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