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Abstract

We present kinematics of six local extremely metal-poor galaxies (EMPGs) with low metallicities
(0.016–0.098 Ze) and low stellar masses (104.7–107.6Me). Taking deep medium/high-resolution (R∼ 7500)
integral-field spectra with 8.2 m Subaru, we resolve the small inner velocity gradients and dispersions of the

The Astrophysical Journal, 951:102 (18pp), 2023 July 10 https://doi.org/10.3847/1538-4357/accc87
© 2023. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0001-7730-8634
https://orcid.org/0000-0001-7730-8634
https://orcid.org/0000-0001-7730-8634
https://orcid.org/0000-0002-1049-6658
https://orcid.org/0000-0002-1049-6658
https://orcid.org/0000-0002-1049-6658
https://orcid.org/0000-0003-2965-5070
https://orcid.org/0000-0003-2965-5070
https://orcid.org/0000-0003-2965-5070
https://orcid.org/0000-0002-5443-0300
https://orcid.org/0000-0002-5443-0300
https://orcid.org/0000-0002-5443-0300
https://orcid.org/0000-0003-0068-9920
https://orcid.org/0000-0003-0068-9920
https://orcid.org/0000-0003-0068-9920
https://orcid.org/0000-0003-1173-8847
https://orcid.org/0000-0003-1173-8847
https://orcid.org/0000-0003-1173-8847
https://orcid.org/0000-0002-5768-8235
https://orcid.org/0000-0002-5768-8235
https://orcid.org/0000-0002-5768-8235
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-3801-434X
https://orcid.org/0000-0002-3801-434X
https://orcid.org/0000-0002-3801-434X
https://orcid.org/0000-0002-8996-7562
https://orcid.org/0000-0002-8996-7562
https://orcid.org/0000-0002-8996-7562
https://orcid.org/0000-0002-7402-5441
https://orcid.org/0000-0002-7402-5441
https://orcid.org/0000-0002-7402-5441
https://orcid.org/0000-0001-6246-2866
https://orcid.org/0000-0001-6246-2866
https://orcid.org/0000-0001-6246-2866
https://orcid.org/0000-0002-0547-3208
https://orcid.org/0000-0002-0547-3208
https://orcid.org/0000-0002-0547-3208
https://orcid.org/0000-0002-6047-430X
https://orcid.org/0000-0002-6047-430X
https://orcid.org/0000-0002-6047-430X
https://orcid.org/0000-0002-8758-8139
https://orcid.org/0000-0002-8758-8139
https://orcid.org/0000-0002-8758-8139
https://orcid.org/0000-0002-5661-033X
https://orcid.org/0000-0002-5661-033X
https://orcid.org/0000-0002-5661-033X
https://orcid.org/0000-0002-1418-3309
https://orcid.org/0000-0002-1418-3309
https://orcid.org/0000-0002-1418-3309
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0001-7457-8487
https://orcid.org/0000-0001-7457-8487
https://orcid.org/0000-0001-7457-8487
https://orcid.org/0000-0001-6958-7856
https://orcid.org/0000-0001-6958-7856
https://orcid.org/0000-0001-6958-7856
https://orcid.org/0000-0002-1319-3433
https://orcid.org/0000-0002-1319-3433
https://orcid.org/0000-0002-1319-3433
https://orcid.org/0000-0002-1005-4120
https://orcid.org/0000-0002-1005-4120
https://orcid.org/0000-0002-1005-4120
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0002-5816-4660
https://orcid.org/0000-0002-5816-4660
https://orcid.org/0000-0002-5816-4660
https://orcid.org/0000-0002-7779-8677
https://orcid.org/0000-0002-7779-8677
https://orcid.org/0000-0002-7779-8677
https://orcid.org/0000-0001-5780-1886
https://orcid.org/0000-0001-5780-1886
https://orcid.org/0000-0001-5780-1886
https://orcid.org/0000-0002-3852-6329
https://orcid.org/0000-0002-3852-6329
https://orcid.org/0000-0002-3852-6329
https://orcid.org/0000-0002-0479-3699
https://orcid.org/0000-0002-0479-3699
https://orcid.org/0000-0002-0479-3699
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-1700-5740
https://orcid.org/0000-0003-4985-0201
https://orcid.org/0000-0003-4985-0201
https://orcid.org/0000-0003-4985-0201
https://orcid.org/0000-0003-1169-1954
https://orcid.org/0000-0003-1169-1954
https://orcid.org/0000-0003-1169-1954
https://orcid.org/0000-0002-0724-9146
https://orcid.org/0000-0002-0724-9146
https://orcid.org/0000-0002-0724-9146
https://orcid.org/0000-0003-2879-1724
https://orcid.org/0000-0003-2879-1724
https://orcid.org/0000-0003-2879-1724
https://orcid.org/0000-0003-4321-0975
https://orcid.org/0000-0003-4321-0975
https://orcid.org/0000-0003-4321-0975
https://orcid.org/0000-0003-3228-7264
https://orcid.org/0000-0003-3228-7264
https://orcid.org/0000-0003-3228-7264
https://orcid.org/0000-0001-9011-7605
https://orcid.org/0000-0001-9011-7605
https://orcid.org/0000-0001-9011-7605
https://orcid.org/0000-0002-1690-3488
https://orcid.org/0000-0002-1690-3488
https://orcid.org/0000-0002-1690-3488
https://orcid.org/0000-0002-7043-6112
https://orcid.org/0000-0002-7043-6112
https://orcid.org/0000-0002-7043-6112
https://orcid.org/0000-0001-8416-7673
https://orcid.org/0000-0001-8416-7673
https://orcid.org/0000-0001-8416-7673
https://orcid.org/0000-0003-1615-1789
https://orcid.org/0000-0003-1615-1789
https://orcid.org/0000-0003-1615-1789
https://orcid.org/0000-0002-2740-3403
https://orcid.org/0000-0002-2740-3403
https://orcid.org/0000-0002-2740-3403
https://orcid.org/0000-0001-6229-4858
https://orcid.org/0000-0001-6229-4858
https://orcid.org/0000-0001-6229-4858
https://orcid.org/0000-0003-3817-8739
https://orcid.org/0000-0003-3817-8739
https://orcid.org/0000-0003-3817-8739
mailto:isobe@icrr.u-tokyo.ac.jp
https://doi.org/10.3847/1538-4357/accc87
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/accc87&domain=pdf&date_stamp=2023-07-06
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/accc87&domain=pdf&date_stamp=2023-07-06
http://creativecommons.org/licenses/by/4.0/


EMPGs with Hα emission. Carefully masking out substructures originating by inflow and/or outflow, we fit three-
dimensional disk models to the observed Hα flux, velocity, and velocity dispersion maps. All the EMPGs show
rotational velocities (vrot) of 5–23 km s−1 smaller than the velocity dispersions (σ0) of 17–31 km s−1, indicating
dispersion-dominated (vrot/σ0= 0.29–0.80< 1) systems affected by inflow and/or outflow. Except for two
EMPGs with large uncertainties, we find that the EMPGs have very large gas-mass fractions of fgas; 0.9–1.0.
Comparing our results with other Hα kinematics studies, we find that vrot/σ0 decreases and fgas increases with
decreasing metallicity, decreasing stellar mass, and increasing specific star formation rate. We also find that
simulated high-z (z∼ 7) forming galaxies have gas fractions and dynamics similar to the observed EMPGs. Our
EMPG observations and the simulations suggest that primordial galaxies are gas-rich dispersion-dominated
systems, which would be identified by the forthcoming James Webb Space Telescope observations at z∼ 7.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy structure (622); Star formation (1569);
Galaxy kinematics (602); Dwarf galaxies (416)

1. Introduction

Primordial galaxies characterized by low metallicities and
low stellar masses are important to understand galaxy
formation. Cosmological and hydrodynamical simulations
(e.g., Wise et al. 2012; Yajima et al. 2022) have predicted
that primordial galaxies at z∼ 10 would form in low-mass
halos with halo masses of ∼108Me. Such simulated primordial
galaxies at z 7 show low gas-phase metallicities of 1% of
the solar abundance (Ze), specific star formation rates (sSFRs)
of ∼100 Gyr−1, and low stellar masses of 106Me. Despite
their scientific relevance, it is difficult to observe primordial
galaxies due to their faintness. Isobe et al. (2022; hereafter
Paper IV) have estimated an Hα flux of a primordial galaxy
with M* = 106Me as a function of the redshift, and
demonstrated that even the currently best spectrographs such
as Keck Low Resolution Imaging Spectrometer (LRIS) or Keck
Multi-Object Spectrometer For Infra-Red Exploration (MOS-
FIRE) cannot observe the primordial galaxy at z 0.5 without
any gravitational lensing magnification (e.g., Kikuchihara et al.
2020).

Kinematics of high-z primordial galaxies can provide us with
a hint of what kind of mechanism (e.g., inflow/outflow) would
impact early galaxy formation. We are still lacking a good
handle on the detailed gas dynamical state, often quantified in
broad terms by the relative level of rotation, via the vrot/σ0 ratio
(e.g., Förster Schreiber et al. 2009). Integral-field unit (IFU)
observations (e.g., Wisnioski et al. 2015; Herrera-Camus et al.
2022) have reported that star-forming galaxies show vrot/σ0
ratios decreasing from vrot/σ0∼ 10 to ∼2 with increasing
redshift from z∼ 0 to 5.5, while such observations are currently
limited to massive (∼1010Me) galaxies. It is important to
directly determine whether low-mass (106Me) primordial
galaxies are truly dominated by dispersion.

Complementary to the high-z kinematics studies, some
studies have reported vrot/σ0 values of local galaxies with
lower stellar masses. Local galaxies are advantageous for
conducting deep observations with high spectral and spatial
resolutions. The SHαDE survey (Barat et al. 2020) has made
significant progress in extracting vrot and σ0 values of local
dwarf galaxies with stellar masses down to ∼106Me. These
observations suggest that the ratio vrot/σ0 decreases down to
1 with decreasing M* down to ∼106Me. However, the
SHαDE galaxies have gas-phase oxygen metallicities40 higher
than ( )+ ~12 log O H 7.69 that correspond to Z∼ 0.1 Ze

(Asplund et al. 2021), which are still 1 dex higher than that of
the simulated high-z primordial galaxy (Wise et al. 2012).
To understand the kinematic properties of chemically

primordial galaxies, we investigate the Hα kinematics of local
galaxies with Z� 0.1 Ze, which are often referred to as
extremely metal-poor galaxies (e.g., Kunth 2000; Izotov et al.
2012), abbreviated as EMPGs (Kojima et al. 2020, hereafter
Paper I). Although EMPGs become rarer toward lower
redshifts (Morales-Luis et al. 2011), various studies have
reported the presence of EMPGs in the local universe.
Representative and well-studied EMPGs are SBS0335−052
(Izotov et al. 2009), AGC198691 (Hirschauer et al. 2016),
Little Cub (Hsyu et al. 2017), DDO68 (Pustilnik et al. 2005),
IZw18 (Izotov & Thuan 1998), and Leo P (Skillman et al.
2013). Izotov et al. (2018) have pinpointed J0811+4730 with a
low metallicity of 0.02 Ze.
Recently, a project called Extremely Metal-Poor Represen-

tatives Explored by the Subaru Survey (EMPRESS) has been
launched (Paper I). EMPRESS aims to select faint EMPG
photometric candidates from Subaru/Hyper Suprime-Cam
(HSC; Miyazaki et al. 2018) deep optical ( =i 26lim 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 candi-
dates, EMPRESS has identified 12 new EMPGs with low
stellar masses of 104.2–106.6Me (Papers I, 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 Ze, which is the lowest metallicity
identified so far (Paper I).
Including the 12 low-mass EMPGs found by EMPRESS,

Paper V summarizes 103 local EMPGs identified so far whose
metallicities are accurately measured with the direct-temper-
ature method (e.g., Izotov et al. 2006). The 103 EMPGs show
low metallicities of 0.016–0.1 Ze, low stellar masses of
∼104–108Me, and high sSFRs of ∼1–400 Gyr−1 (Paper V).
These features resemble the simulated primordial galaxy at
z 7 (Wise et al. 2012), suggesting that EMPGs would be
good local analogs of high-z primordial galaxies (but see also
Isobe et al. 2021, hereafter Paper III).
This paper is the ninth paper of EMPRESS, reporting Hα

kinematics of EMPGs observed with the 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

40 Drawn from the SDSS MPA-JHU catalog (Brinchmann et al. 2004;
Tremonti et al. 2004).
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(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), and the primordial He abundance (Matsumoto et al.
2022, hereafter Paper VIII ).

This paper is organized as follows. Section 2 explains our
observational targets. The observations are summarized in
Section 3. Section 4 reports the Hα flux, velocity, and velocity
dispersion maps of our targets. Our kinematic analysis is
described in Section 5. Section 6 lists our results. We discuss
kinematics of primordial galaxies in Section 7. Our findings are
summarized in Section 8. Throughout this paper, magnitudes
are in the AB system (Oke & Gunn 1983). We assume a
standard ΛCDM cosmology with parameters of (Ωm, ΩΛ,
H0)= (0.3, 0.7, 70 km s−1 Mpc−1). The solar metallicity Ze is
defined by ( )+ =12 log O H 8.69 (Asplund et al. 2021).

2. Sample

We select six EMPGs visible on the observing nights
(Section 3.1) and having relatively strong Hβ fluxes at a given
metallicity so that we obtain kinematics of the EMPGs with
high signal-to-noise (S/N) ratios. Details of the observational
strategy will be reported in Xu et al. (2023). The six EMPGs
consists of J1631+4426 (Paper I), IZw18 (e.g., Searle &
Sargent 1972), SBS0335−052E (e.g., Izotov et al. 1997),
HS0822+3542 (Kniazev et al. 2000), J1044+0353 (Papaderos
et al. 2008), and J2115−1734 (Paper I).

We note that the four EMPGs other than J1631+4426 or
J2115−1734 have radio and/or optical integral-field spectrosc-
opy conducted by previous studies. IZw18 has H I observations
with the Very Large Array (VLA; Lelli et al. 2012). SBS0335
−052E also has VLA H I observations (Pustilnik et al. 2001) as
well as Very Large Telescope Multi Unit Spectroscopic
Explorer (MUSE) Hα observations with a spectral resolution
of R∼ 3000 (Herenz et al. 2017). Our observations with
FOCAS IFU are complementary to those previous observations
of IZw18 and SBS0335−052E because of our higher spectral
resolution (R∼ 7500, Section 3.1). HS0822+3542 and J1044
+0353 have Hα observations with the 6 m Big Telescope
Azimuthal (BTA)/Fabry–Perot interferometer having
R∼ 8000 (Moiseev et al. 2010). FOCAS IFU can detect
emission lines ∼2 times fainter than those of the Fabry–Perot
interferometer with a similar spectral resolution.

The properties of the six observed EMPGs are listed in
Table 1. The six EMPGs have low metallicities of

( )+ =12 log O H 6.90–7.68, low stellar masses of
( ) =*M Mlog 4.7–7.6, and high specific star formation rates

of ( ) =-log sSFR Gyr 0.51 –2.7. These properties indicate that
the six EMPGs are the best available analogs of primordial
galaxies in the early universe. We emphasize that the six
EMPGs include J1631+4426 having ( )+ =12 log O H 6.90
(Paper I), which is the lowest gas-phase metallicity among
galaxies identified so far.

3. Observations and Data Analysis

3.1. Observations and Data Reduction

This section reports our spectroscopic observations with
FOCAS IFU (Ozaki et al. 2020). FOCAS IFU is an IFU with
an image slicer installed in FOCAS (Kashikawa et al. 2002)
mounted on a Cassegrain focus of the Subaru 8.2 m telescope.
The large diameter of the Subaru Telescope allows FOCAS
IFU to perform deep integral-field spectroscopy with a 5σ
limiting flux of ∼1× 10−17 erg s−1 cm−2 arcsec−2 (Ozaki et al.
2020).41 The field of view (FoV) of FOCAS IFU is 13 5 (slice
length direction; hereafter, X direction)×10 0 (slice width
direction; hereafter, Y direction). The pixel scale in a reduced
data cube is 0 215 (X direction) and 0 435 (Y direction).
We carried out spectroscopy with FOCAS IFU for the six

EMPGs (Section 2). The observing nights were 2021 August
13, November 24, and December 13. We set pointing positions
so that the whole structures of EMPGs are covered with
single FoVs.
We used the mid/high-dispersion grism of VPH680 offering

the spectral resolution of R∼ 7500. We took comparison
frames of the ThAr lamp. We observed Feige67, HZ44, BD28,
Feige110, and Feige34 as standard stars. All the nights were
clear with seeing sizes of ∼0 7.
We use a reduction pipeline software of FOCAS IFU42 based

on PyRAF (Tody 1986) and Astropy (Astropy Collaboration
et al. 2013). The software performs bias subtraction, flat-
fielding, cosmic-ray cleaning, sky subtraction, wavelength
calibration with the comparison frames, and flux calibration.
We estimate flux errors containing read-out noises and photon
noises of sky and object emissions.
It should be noted that there remain systematic velocity

differences among the slices even after the wavelength

Table 1
Properties of the Six Observed EMPGs

# Name R.A. Decl. Redshift ( )+12 log O H ( )*Mlog ( )log SFR ( )log sSFR
(hh:mm:ss) (dd:mm:ss) (Me) (Me yr−1) (Gyr−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 J1631+4426 16:31:14.24 +44:26:04.43 0.0313 6.90 ± 0.03 (1) 5.9 (1) −1.3 (1) 1.8
2 IZw18NW 09:34:02.03 +55:14:28.07 0.0024 7.16 ± 0.01 (2) 7.1 (3) −1.4 (4) 0.5
3 SBS0335−052E 03:37:44.06 −05:02:40.19 0.0135 7.22 ± 0.07 (5) 7.6 (5) −0.4 (4) 1.0
4 HS0822+3542 08:25:55.44 +35:32:31.92 0.0020 7.45 ± 0.02 (6) 4.6 (7) −2.2 (8) 2.2
5 J1044+0353 10:44:57.79 +03:53:13.15 0.0130 7.48 ± 0.01 (6) 6.0 (7) −0.9 (9) 2.1
6 J2115−1734 21:15:58.33 −17:34:45.09 0.0230 7.68 ± 0.01 (1) 6.6 (1) 0.3 (1) 2.7

Note. (1) Number. (2) Name. (3) R.A. in J2000. (4) decl. in J2000. (5) Redshift. (6) Metallicity. (7) Stellar mass. (8) Star formation rate based on the Hα luminosity.
(9) Specific star formation rate.
References. (1) Paper I; (2) Izotov & Thuan (1998); (3) Annibali et al. (2013); (4) Thuan et al. (1997); (5) Izotov et al. (2009); (6) Kniazev et al. (2003); (7) This
paper; (8) Kniazev et al. (2000); (9) Berg et al. (2016).

41 Under the assumptions of an 1 hr exposure and an extended source whose
intrinsic line width is negligible with respect to the instrumental broadening.
42 https://www2.nao.ac.jp/~shinobuozaki/focasifu/
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calibration with the comparison frames. We conducted
additional wavelength calibration with sky emission lines
around observed wavelengths of Hα.

3.2. Flux, Velocity, and Velocity Dispersion Measurement

At all the spaxels, we fit the Hα lines using a single Gaussian
function (+ constant) to measure the Hα fluxes, (relative)
velocities, and velocity dispersions. We derive a line-spread
function (LSF) by measuring widths of sky lines. A typical sky
line has a FWHM of ∼0.8–1Å. Assuming that both the Hα
lines from the EMPGs and the sky lines agree well with the
Gaussian function, we obtain the intrinsic velocity dispersions
by subtracting the LSFs from the observed velocity dispersions
quadratically. We confirm that the assumption is reasonable for
most of the Hα lines and the sky lines other than some
turbulent regions with multiple velocity components
(Section 4).

We estimate the errors of the velocities and velocity
dispersions by running the Monte Carlo simulations similar
to the procedure of Herenz et al. (2016). We make 100 mock
data cubes from our data cubes perturbed by the noise data
cubes, and measure the velocities and velocity dispersions from
each mock data cube. We regard the standard deviations of the
derived velocities and velocity dispersions as the errors. The
errors include the uncertainties of the LSFs, the additional
wavelength calibration with the sky lines (Section 3.1), and the
slit-width effect correction (see Section 3.3), because we
perform these corrections using each mock data cube. Typical
uncertainties of the velocity and velocity dispersion in each
spaxel are ∼1.7 and ∼1.6 km s−1, respectively. We self-
consistently obtain the errors of the kinematic parameters in
Sections 5.2 and 5.3 based on the 100 mock data cubes, in the
same manner as we measure the errors of the velocities and
velocity dispersions.

3.3. Slit-width-effect Correction

It should be noted that the observed velocities suffer from
systematic wavelength shifts known as the slit-width effect
(e.g., Bacon et al. 1995). Figure 1 illustrates the mechanism of
the slit-width effect. The artificial wavelength shift is caused by
a flux gradient in the Y direction (in each slice) that follows the
dispersion (wavelength) axis (λ direction thereafter) on
the CCD.

Assuming a 2D Gaussian function for the (spatial) flux
profile (i.e., assuming a point source), Bacon et al. (1995) have
derived the wavelength shifts originating from the slit-width
effect. Considering that all our targets are extended and
complex sources, we expanded the method to more flexible
flux profiles. The wavelength shift λshift can be estimated from
a barycenter of the flux intercepted by the slice as follows:
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where w and f (λ) are the slice width projected onto the CCD
and the flux profile in the Y direction, respectively. Because the
pseudo slit width is sampled by 4 pixels for each slice, w in
units of Å is given by w= 4d, where d is a dispersion in units
of Å pixel−1.

We approximate f (λ) by a quadratic function
f (λ)= aλ2+ bλ+ c so that the function form is determined

by the three points (λi−1, fi−1), (λi, fi), and (λi+1, fi+1) in
Figure 1, where fi−1, fi, and fi+1 represent the fluxes of the
(i− 1) th, ith, and (i+ 1) th slices, respectively. In this case,
λshift can be calculated as follows:
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We derive a, b, and c from the equations below:
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Using Equations (2) and (3), we obtain
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We infer from Equation (4) that high-dispersion dispersers
make the slit-width effect weak. VPH680 has only d= 0.22 Å
pixel−1, which results in velocity shifts produced by the slit-
width effect of only ∼± 10 km s−1 under the assumption of a
seeing size of 0 7. Although the velocity shift (∼10 km s−1) is
small, it is important to correct the slit-width effect because
low-mass EMPGs are expected to have small velocity gradients
(Section 4).
Panel (a) of Figure 2 shows an observed velocity map of one

of the EMPGs (SBS0335−052E), and panel (b) shows the
velocity shifts caused by the slit-width effect. A velocity map
corrected for the slit-width effect is shown in panel (c).

Figure 1. Explanation of the slit-width effect. The inset panel shows a
schematic figure of an object on the celestial sphere. The X (Y) direction
denotes the slice length (width) direction. The blue solid lines describe the
position of the single slice. The light coming into the slice (blue shaded) is
projected onto the CCD, where the Y direction in the sky is parallel to the
wavelength (λ) direction on the CCD. The original spatial flux profile projected
onto the CCD (black dashed curve) provides the fluxes of the (i − 1), i, and
(i + 1)th slices ( fi−1, fi, and fi+1, respectively). The original flux profile is
assumed to be approximated by the quadratic function f (λ) = aλ2 + bλ + c
(red solid curve) within an λ range from −2d to 2d. We estimate the systematic
wavelength shift originating from the slit-width effect (λshift) from a barycenter
of the flux following f (λ) intercepted by the slice.
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To test our slit-width effect correction, we observed
SBS0335−052E with two frames whose position angles are
different by 180°. We expect that an average of the two
velocity maps obtained from the two frames cancel out the slit-
width effect. Panel (d) of Figure 2 shows the average map, and
panel (e) shows the residuals of the corrected map and the
average map. The residuals are smaller than the velocity shifts
caused by the slit-width effect. Figure 3 compares the residuals
of the observed velocity map and the average map (i.e.,
residuals NOT corrected for the slit-width effect; left) and
residuals of the corrected velocity map and the average map
(i.e., residuals corrected for the slit-width effect; right).
Figure 3 shows that the residuals become much smaller after
slit-width-effect correction. The small residuals of ∼± 5 km
s−1 also indicate that the corrected map agrees well with the
average map. Thus, we conclude that our slit-width correction
works well.

We evaluate the uncertainty of the slit-width effect
correction by performing a Monte Carlo simulation based on
flux errors. A typical value of the uncertainty is 0.3 km s−1.

4. Flux, Velocity, and Dispersion Maps

Figure 4 summarizes the Hα flux, velocity, and velocity
dispersion maps of the six EMPGs as well as gri images cut out
of the FoV of FOCAS IFU. We note that only two EMPGs, #1
and #5 (i.e., J1631+4426 and J1044+0353), have images of
the HSC-Subaru Strategic Program (SSP) Public Data Release
(PDR) 3 (Aihara et al. 2022). The deep HSC images of the two
EMPGs are shown in Figure 4, while the other gri images are
taken from the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS) catalog (Flewelling et al.
2020). We report the morphological and kinematic features of
each EMPG below, checking the consistency with previous
IFU studies.

#1 J1631+4426: The HSC gri image illustrates that J1631
+4426 consists of a blue clump (indicated by the cyan arrow)
and a white diffuse structure elongated from north to south
(white arrow). We refer to the white structure as the “EMPG
tail” (Paper III). The Hα flux map shows that the Hα flux of
J1631+4426 is dominated by the blue clump, which indicates
that star formation in J1631+4426 should mainly occur in that
region. Paper I has confirmed that the blue clump has the very
low metallicity of ( )+ =12 log O H 6.90 (Section 2) based on
the direct-temperature method, while the EMPG tail can have a
metallicity even lower than the blue clump based on the [O III]
λ5007/Hα ratio (Kashiwagi et al. 2021). The velocity map
shows that the blue clump is discontinuously redshifted by

∼20 km s−1 with respect to the EMPG tail, which indicates that
the blue clump and the EMPG tail are not in the same
kinematic structure. The blue clump itself shows a weak
velocity gradient of ∼10 km s−1 from east to west, while the
velocity dispersion is relatively high (∼25 km s−1).
#2 IZw18: IZw18 has two main blue clumps, IZw18

northwest (NW) and IZw18 southeast (SE), both of which have
been confirmed to be EMPGs (Izotov & Thuan 1998).
IZw18NW is blueshifted by ∼40 km s−1 with respect to
IZw18SE (at around their flux peaks), consistent with the H I
gas kinematics (Lelli et al. 2012). We thus think that
IZw18NW and IZw18SE are not in the same kinematic
structure. IZw18NW shows a complex morphokinematic
structure. In the Hα flux map, we find that the arc-like
structure indicated by the gray curve (Hα arc; Dufour &
Hester 1990) has a velocity similar to that of IZw18NW, which
indicates that the Hα arc and IZw18NW belong to the same
kinematic structure. In the velocity map, we also identify a
velocity structure that is redshifted by ∼20 km s−1 with respect
to the flux peak of IZw18NW (red circle). The velocity
structure has a relatively high velocity dispersion of ∼30 km
s−1, which implies that the structure is not settled. IZw18NW
itself does not show a clear bulk rotation (i.e., not likely to be
dominated by rotation).
#3 SBS0335−052E: The gri image shows that SBS0335

−052E consists of a large blue clump (thick cyan arrow) and a
western subclump (thin cyan arrow). In the velocity map, we
confirm that SBS0335−052E has a redshifted (∼+ 20 km s−1)
region northeast (red circle) and a blueshifted (∼− 30 km s−1)
region northwest (blue circle). The redshifted and blueshifted
regions seem connected to the northeast and north filaments
identified with the wide-field MUSE Hα observations (Herenz
et al. 2017), respectively. Both regions have relatively high
velocity dispersions of ∼60 km s−1, which agree with the

Figure 2. Confirmation of the slit-width effect correction using SBS0335−052E. (a) Observed velocity map. (b) Velocity shift generated by the slit-width effect. (c)
Velocity map corrected for the slit-width effect. (d) Average of the two velocity maps whose position angles are different by 180°. (e) Residual of the corrected map
and the average map. The gray contours illustrate S/N ratios in the order of 5, 10, 20, ... from the outside.

Figure 3. (Left) Residual of the observed velocity map and the average map in
Figure 2. (Right) Residual of the corrected map and the average map, i.e., same
as panel (e) in Figure 2, but for a smaller velocity range.
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scenario that the two structures are created by outflows (Herenz
et al. 2017). The southern area of SBS0335−052E generally
shows a relatively low velocity dispersion of ∼30 km s−1,
which indicates that the southern area is relatively settled. The
southern area shows a bulk velocity gradient of ∼20 km s−1

from northwest to southeast.

#4 HS0822+3542: HS0822+3542 consists of a blue clump
(cyan arrow) and a very diffuse EMPG tail elongated from
southeast to northwest (white arrow). The Hα map indicates
that the major star formation occurs in the blue clump. We find
a very weak velocity gradient of ∼5 km s−1 in the blue clump
from north to south. HS0822+3542 shows a high velocity

Figure 4. (Left) gri images of the six EMPGs cut out of the FoV of FOCAS IFU. The numbers correspond to those in Table 1. The images of #1 and #5 are drawn
from the HSC-SSP PDR3 (Aihara et al. 2022), while the others are taken from the Pan-STARRS catalog (Flewelling et al. 2020). (Middle left) Observed Hα flux
maps. The flux values in each flux map are normalized by the maximum flux value of each EMPG. The black crosses show the flux peaks. The gray contours are the
same as those in Figure 2. (Middle right) Velocity maps showing relative velocities that fit well in the velocity range from −40 to 40 km s−1. The velocity values are
corrected for the slit-width effect (Section 3.3). (Right) Intrinsic velocity dispersion maps (Section 3.3).
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dispersion of ∼20 km s−1, which is comparable to the previous
observations (Moiseev et al. 2010).

#5 J1044+0353: The deep HSC image shows that J1044
+0353 is composed of a western giant blue clump (thick cyan
arrow), an eastern small blue clump (thin cyan arrow), and
three white clumps between the two blue clumps (white
arrow).43 We regard the three white clumps as the EMPG tail.
The Hα map indicates that major star formation occurs in the
giant blue clump. We obtain similar velocity and velocity
dispersion maps to Moiseev et al. (2010)ʼs result, while we
show more clearly that the small blue clump emits Hα. We find
that the two blue clumps are redshifted by ∼20 km s−1 with
respect to the EMPG tail, which indicate that the two blue
clumps and the EMPG tail are not in the same kinematic
structure. We find that the giant blue clump has a weak velocity
gradient of ∼20 km s−1 from southeast to northwest, while the
velocity dispersion (∼30 km s−1) is quite high.

#6 J2115−1734: J2115−1734 consists of a blue clump
(cyan arrow) and a northeast EMPG tail (white arrow). The
majority of star formation is likely to occur in the blue clump.
The EMPG tail is redshifted by ∼40 km s−1 with respect to the
blue clump. Although the observed velocity field continuously
changes between the blue clump and the EMPG tail, J2115
−1734 shows a relatively high velocity dispersion of ∼40 km
s−1 originating from two different velocity components. The
blue clump itself has a weak velocity gradient of ∼20 km s−1

from northeast to southwest with a velocity dispersion of ∼30
km s−1.

In summary, all six EMPGs look irregular and dominated by
dispersion rather than rotation. Their rotation velocities are not
likely to be significant. In Section 5, we analyze the kinematics
of the EMPGs more quantitatively.

5. Kinematic Analysis

5.1. Masking

Below, we quantify the level of rotation of the EMPGs by
assuming that those systems are represented by a single rotating
disk. The dynamical center of the disk is thought to be located
at the Hα flux peak of the main blue clump (IZw18NW for
IZw18) under the assumptions of gas-mass dominance on the
galactic scale (see, e.g., Herrera-Camus et al. 2022) and the
empirical positive correlation between the gas-mass surface

density Σgas and the star formation rate (SFR) surface density
ΣSFR (aka Kennicutt–Schmidt law; Kennicutt 1998). We
confirm that these assumptions are reasonable by deriving the
mass profile of each EMPG (Section 6.2). In the following
analysis, we use only the region within the Kron radius of the
main blue clump to remove the contamination from EMPG tails
(IZw18SE for IZw18). We also mask spaxels with velocity
dispersions higher than the flux-weighted 84th percentile of the
distribution of the velocity dispersions because such regions are
thought to be highly turbulent (Egorov et al. 2021). The white
regions of Figure 5 show the masked regions.

5.2. Nonparametric Method

We calculate a shearing velocity vshear of each EMPG, which
is a nonparamteric kinematic property widely used in the
literature (e.g., Law et al. 2009; Herenz et al. 2016). We derive
vshear from

( ) ( )= -v v v
1

2
, 5shear max min

where vmax (vmin) is the 95th (5th) percentile of the velocity
distribution (Herenz et al. 2016). We note that high vshear values
do not necessarily imply the existence of rotation because
different velocity components in the complex velocity fields
can mimic rotation patterns at small scales. In this sense, vshear
can be regarded as an upper limit of the rotation velocity. The
global velocity dispersion can be quantified by the flux-
weighted median of the distribution of the velocity dispersions
(σmed). We calculate the errors of the vshear and σmed values
(Dvshear and Dsmed, respectively) by running the Monte Carlo
simulations explained in Section 3.2. We list vshear and σmed of
the six EMPGs in Table 2. The medians of our Dv vshear shear and
s Dsmed med values are 22 and 73, respectively. These values are
comparable to those of Herenz et al. (2016)ʼs observations,
whose spectral resolutions and S/N ratios of Hα are similar to
those of our observations. Herenz et al. (2016) report

D ~v 22vshear shear and s D ~s 108med med .

5.3. Parametric Method

We conduct detailed dynamical modeling with the 3D
parametric code GalPaK3D (Bouché et al. 2015). Simulta-
neously constraining the morphological and kinematic proper-
ties from 3D data cubes, GalPaK3D provides the deprojected
maximum rotational velocity (vrot) that is irrespective of the
inclination. GalPaK3D also calculates σ0 free from the velocity
dispersions driven by the self gravity (e.g., Genzel et al. 2008)
or mixture of the line-of-sight velocities. Because GalPaK3D

does not support rectangular spaxels, we divide the spaxels in
the Y direction based on the linear interpolation so that the pixel
scale in the Y direction is the same as that in the X direction. We
have 10 free parameters of XY coordinates of the disk center,
systemic redshift, flux, inclination (i), position angle, effective
radius of Hα (re,Hα), turnover radius (rt), vrot, and intrinsic
velocity dispersion σ0. We assume that all six EMPGs have
thick disks with rotation curves of the arctan profiles:

( ) ( ) ( ) ( )
p

=v r v i r rsin
2

arctan , 6rot t

where r is a radius from the dynamical center. We note that i is
determined by the axis ratio and the disk height, where the disk

Figure 5. Mask map. The white regions correspond to the masked regions
(Section 5.1).

43 Using the 300B grism with a wide wavelength coverage, we detect [O III]λλ
4959,5007 lines at z = 0.27 from the southern red object (orange arrow). This
means that the red object is a background galaxy and thus not related to
J1044+0353.
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height of the thick-disk model is fixed to 0.15re,Hα (Bouché
et al. 2015). We also assume that the surface-brightness (SB)
profiles follow Sérsic profiles with Sérsic indices n= 1, which
are inferred from i-band SB profiles (Paper III). We have
confirmed that these assumptions do not change vrot and σ0
much. We also use a point-spread function (PSF) obtained from
standard stars with a Moffat profile whose FWHM and power
index are 0 7 and 2 5, respectively. Figure 6 summarizes the
fitting results. Table 2 lists the kinematic properties extracted
by the GalPaK3D analysis. We estimate the errors of the vrot and
σ0 values by carrying out Monte Carlo simulations
(Section 3.2). We note that vrot can be regarded as an upper
limit of the actual rotation velocity because the small-scale

velocity differences in the complex velocity field can mimic
rotation patterns (see also Section 5.2).

5.4. Mass Profile

The best-fit disk models obtained in Section 5.3 provide an
estimate of the radial profiles for dynamical masses Mdyn. The
dynamical mass Mdyn is expected to be a sum of the stellar
mass M*, gas mass Mgas, dark-matter (DM) mass MDM, and
dust mass Mdust. Note that Mdust is negligible in all six EMPGs
because of their low E(B− V ) values (e.g., Paper I). Here-
after, we derive the radial profiles of Mdyn, M*, Mgas, and
MDM.

Figure 6. GalPaK3D
fitting of J1631+4426. The top, middle, and bottom panels show the Hα flux, velocity, and velocity dispersion maps, respectively. The left,

center, and right panels illustrate the observed, model, and residual (=observed − model) maps, respectively. Note that the velocity maps in this figure denote the
relative velocities with respect to the systemic redshift obtained with GalPaK3D (Section 5.3).

Table 2
Kinematic Properties of the Six EMPGs

# Name vshear σmed vshear/σmed vrot σ0 vrot/σ0
km s−1 km s−1 km s−1 km s−1

(1) (2) (3) (4) (5) (6) (7) (8)

1 J1631+4426 10.3 ± 1.3 25.6 ± 0.4 0.40 ± 0.05 7.9 ± 1.8 25.6 ± 0.3 0.31 ± 0.08
2 IZw18NW 7.7 ± 0.4 23.2 ± 0.5 0.33 ± 0.02 6.6 ± 2.9 22.9 ± 0.4 0.29 ± 0.13
3 SBS0335−052E 14.3 ± 0.4 24.6 ± 0.3 0.58 ± 0.02 19.7 ± 2.9 27.1 ± 0.3 0.73 ± 0.12
4 HS0822+3542 5.6 ± 0.7 16.9 ± 0.6 0.34 ± 0.07 4.5 ± 2.9 16.6 ± 0.5 0.27 ± 0.17
5 J1044+0353 5.5 ± 0.2 30.8 ± 0.3 0.18 ± 0.01 14.8 ± 4.2 31.4 ± 0.3 0.47 ± 0.14
6 J2115−1734 9.8 ± 0.4 29.7 ± 0.2 0.33 ± 0.01 23.4 ± 8.4 29.3 ± 0.1 0.80 ± 0.30

Note. (1) Number. (2) Name. (3) Shearing velocity. (4) Median velocity dispersion. (5) vshear/σmed. (6) Rotation velocity. (7) Intrinsic velocity dispersion. (8) vrot/σ0.
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5.4.1. Dynamical Mass Profile

We derive Mdyn enclosed within a radius r from the equation
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under the assumption of virial equilibrium. Figure 7 presents
mass profiles of all six EMPGs. The red curves correspond to
Mdyn(< r). The dynamical masses within re are listed in
Table 4.

5.4.2. Stellar Mass Profile

The stellar masses of four out of the six EMPGs (J1631
+4426, J2115−1734, IZw18NW, and SBS0335−052E) are
drawn from the literature (Paper I; Izotov & Thuan 1998;
Izotov et al. 2009). For the other two targets (J1044+0353 and
HS0822+3542), we provide here an estimate of their
stellar mass.

We use the spectral energy distribution (SED) interpretation
code of BEAGLE (Chevallard & Charlot 2016). The BEAGLE
code calculates both the stellar continuum and the nebular
emission using the stellar population synthesis code (Bruzual &
Charlot 2003) and the nebular emission library of Gutkin et al.
(2016) that are computed with the photoionization code
CLOUDY (Ferland et al. 2013). We fit the SED models to the
SDSS ugriz-band photometries (DR16; Ahumada et al. 2020).
We run the BEAGLE code with four free parameters, namely,
the maximum stellar age tmax, stellar mass M*, ionization
parameter U, and V-band optical depth τV whose parametric
ranges are the same as those adopted in Papers III and IV. We
fix the metallicities Z to be the gas-phase metallicities

( )+12 log O H listed in Table 1. We also assume a constant

SFH and the Chabrier (2003) IMF in the same manner as
Papers III and IV.
We note that we conduct the SED fitting with almost the

same setting as that of Paper I for J1631+4426 and J2115
−1734, except for Z and τV. In Paper I, Z is treated as a free
parameter, and τV is fixed to be 0, while it has no impact onM*
of J1631+4426 and J2115−1734 because both EMPGs are
dust poor (Paper I). We also confirm that the stellar masses of
the six EMPGs are different only by 0.3 dex from those
derived from i-band magnitudes based on the same mass-to-
light ratio. We include this systematic error of 0.3 dex into the
total error of the M* profile.
To obtain M* profiles, we assume that azimuthally averaged

M* distributions of the EMPGs follow Sérsic profiles. J1631
+4426 has an i-band effective radius (re,i) of -

+137 7
9 pc and an i-

band Sérsic index (ni) of -
+1.08 0.13

0.15 (Paper III). Because the i-
band surface-brightness distribution is expected to trace the M*
distribution well (Paper III), we assume that J1631+4426 has a
stellar effective radius (re,*) and a stellar Sérsic index (n*)
equal to re,i and ni, respectively. We also assume that the other

Figure 7. Enclosed mass profiles of the six EMPGs. The red, yellow, cyan, and black curves represent the dynamical, stellar, gas, and dark-matter mass profiles,
respectively. The vertical dotted lines show re,Hα. The edge of the plots correspond to the outer most radii used for the kinematic analysis.

Table 3
Morphological and Additional kinematic Properties of the Six EMPGs

# Name re,Hα i P.A. rt
(pc) (deg) (deg) (pc)

(1) (2) (3) (4) (5) (6)

1 J1631+4426 248 44 178 61
2 IZw18NW 149 72 68 339
3 SBS0335−052E 211 25 320 258
4 HS0822+3542 33 41 91 1.1
5 J1044+0353 90 41 159 106
6 J2115−1734 176 43 222 387

Note. (1) Number. (2) Name. (3) Hα effective radius. (4) Inclination. (5)
Position angle. (6) Turnover radius.
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five EMPGs have re,* within the range from re,Hα/2 to re,Hα
because re,i of J1631+4426 is ∼2 times smaller than re,Hα of
J1631+4426 (see Table 3).44 We confirm that the assumed re,*
of the five EMPGs are comparable to re,i of EMPGs (Paper III).
The five EMPGs are assumed to have n* within the range from
0.7 to 1.7 inferred from the typical ni value of EMPGs
(Paper III). We include these uncertainties of re,* and n* into
the error of the M* profile. The yellow shaded regions in
Figure 7 represent cumulative M* profiles with their uncer-
tainties. The stellar masses within re are listed in Table 4.

5.4.3. Gas Mass Profile

We obtain Mgas distributions from the Hα flux distributions,
using the Kennicutt–Schmidt law (Section 5.1). However,
observational studies (e.g., Shi et al. 2014) have reported that
some EMPGs have Σgas values ∼1 dex larger than those
inferred from the Kennicutt–Schmidt law, which can be
interpreted as the lack of metals suppressing efficient gas
cooling and succeeding star formation (e.g., Ostriker et al.
2010; Krumholz 2013). Given the uncertainty of the Kenni-
cutt–Schmidt law at the low-metallicity end, we add this 1 dex
upper error to the original scatter of the Kennicutt–Schmidt law
(∼0.3 dex; Kennicutt 1998). The cyan shaded regions in
Figure 7 indicate cumulative Mgas profiles with their uncer-
tainties. We note that the H I observations of Lelli et al. (2012)
and Pustilnik et al. (2001) have reported that IZw18NW and
SBS0335−052E have Mgas∼ 1× 108 and ∼1× 109Me within
wide scales of ∼0.2 and ∼3 kpc, respectively, which are
consistent with the extrapolations of the Mgas profiles that we
derive. The gas masses within re are listed in Table 4. We
obtain gas-mass fractions at re,Hα from the following equation
fgas=Mgas(< re,Hα)/[Mgas(< re,Hα)+M*(< re,Hα)].

5.4.4. Dark-matter Mass Profile

We estimate MDM profiles under the assumption that the
MDM (density) profile follows the Navarro–Frenk–White
(NFW) profile (Navarro et al. 1996). At the virial radius r200
within which the spherically averaged mass density is 200
times the critical density ρc, the NFW profile can be described
by

( )
( )

( )r r
d

=
+

r
c x c x1

, 8c
200 200

2

where

( ) ( )
( )d =

+ - +
c

c c c

200

3 ln 1 1
9200

3

200 200 200

and x= r/r200. The concentration parameter c200 is defined as
the ratio r200/rd controlling where the slope equals −2 as it
changes from −3 at large radii to a central value of −1. We
obtain r200 from the virial mass M200 using the equation

( )
( )⎡

⎣⎢
⎤
⎦⎥p r

=r
M3

4 200
. 10200

200

c

1 3

We derive M200 from an empirical stellar-to-halo mass ratio of
dwarf galaxies (Brook et al. 2014) of

( )⎜ ⎟
⎛
⎝

⎞
⎠

= ´ *M
M

M
M7.96 10 . 11200

7
1 3.1

We note that the scatter of the observed stellar-to-halo mass
ratios of dwarf galaxies around Equation (11) is ∼0.3 dex
(Prole et al. 2019). We include this uncertainty into the error of
the MDM profile. We also obtain c200 from M200 using a halo
mass–concentration relation for the Planck cosmology (Dutton
& Macciò 2014):

( ) ( ) ( )= - -c M h Mlog 0.905 0.101 log 10 , 12200 200
12 1

where h=H0/(100 km s−1 Mpc−1).45 The gray shaded regions
in Figure 7 denote the MDM profiles with their uncertainties.
The DM masses within re are listed in Table 4.

6. Results

6.1. Rotation and Dispersion

Table 2 summarizes vshear, σmed, vrot, and σ0 of the six
EMPGs. Note that vshear and σmed (vrot and σ0) are based on the
nonparametric (parametric) method explained in Section 5.2
(5.3). We find that all six EMPGs have low vshear (5.5–14.3 km
s−1), high σmed (16.9–30.8 km s−1), and thus low vshear/σmed

(0.18–0.58). Regarding SBS0335−052E, Herenz et al. (2017)
also obtained vshear/σmed= 0.68, which is close to our
measurement of vshear/σmed= 0.58± 0.02. The six EMPGs
also have low vrot (4.5–23.4 km s−1), high σ0 (16.6–31.4 km
s−1), and low vrot/σ0 (0.27–0.80). Using the two different

Table 4
Enclosed Dynamical, Stellar, Gas, and DM Masses, Gas-mass Fraction, and Toomre Q

# Name ( ( ))< aM rlog dyn e,H ( ( ))< a*M rlog e,H ( ( ))< aM rlog gas e,H ( ( ))< aM rlog DM e,H fgas Q
Me Me Me Me

(1) (2) (3) (4) (5) (6) (7) (8)

1 J1631+4426 7.90 ± 0.06 6.0 ± 0.3 -
+7.0 0.3

1.0 7.1 ± 0.3 -
+0.91 0.34

0.06
-
+5.1 1.6

2.1

2 IZw18NW 7.56 ± 0.02 7.0 ± 0.3 -
+6.8 0.3

1.0 6.7 ± 0.3 -
+0.42 0.32

0.38
-
+11.6 3.2

56.7

3 SBS0335−052E 7.88 ± 0.02 7.4 ± 0.3 -
+7.9 0.3

1.0 7.0 ± 0.3 -
+0.74 0.51

0.17
-
+2.6 0.7

4.7

4 HS0822+3542 6.64 ± 0.03 4.4 ± 0.3 -
+5.9 0.3

1.0 5.2 ± 0.3 -
+0.97 0.07

0.03
-
+5.4 2.5

0.2

5 J1044+0353 7.63 ± 0.07 5.8 ± 0.3 -
+7.5 0.3

1.0 6.2 ± 0.3 -
+0.98 0.09

0.01
-
+3.1 0.0

3.2

6 J2115−1734 7.86 ± 0.06 6.4 ± 0.3 -
+7.6 0.3

1.0 6.8 ± 0.3 -
+0.94 0.18

0.04
-
+1.9 0.6

0.5

Note. (1) Number. (2) Name. (3) Dynamical mass enclosed in re,Hα. (4) Stellar mass enclosed in re,Hα. (5) Gas mass enclosed in re,Hα. (6) Dark-matter mass enclosed
in re,Hα. (7) Gas-mass fraction within re,Hα. (8) Global Toomre Q parameter (Section 7.2).

44 This result also suggests that EMPGs would have Hα halos as discussed in
Herenz et al. (2017).

45 We use h = 0.7 for consistency with our analysis based on the standard
ΛCDM cosmology (Section 1), while we confirm that h = 0.67 based on the
Planck cosmology does not change our conclusion.
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methods, we confirm that all six EMPGs are dominated by
dispersion (i.e., vshear/σmed, vrot/σ0< 1).

The top left panel of Figure 8 shows vrot/σ0 values of the six
EMPGs (red circle) as a function of the metallicity. We
compare our results with other surveys of Hα kinematics of
star-forming dwarf galaxies (SHαDE; Barat et al. 2020) and
star-forming galaxies (SAMI; Barat et al. 2019; DYNAMO;
Green et al. 2014), whose metallicities are drawn from the
SDSS MPA-JHU catalog (Brinchmann et al. 2004; Tremonti
et al. 2004). The SHαDE, SAMI, and DYNAMO galaxies have

( )+ ~12 log O H 8–9. We find that vrot/σ0 decreases with
decreasing ( )+12 log O H . The top middle and top right
panels of Figure 8 show vrot/σ0 as a function of M* and the
sSFR, respectively. The SFRs are derived from the Hα
luminosity. M* and the sSFR potentially have uncertainties
of ∼0.3 dex under different assumptions such as initial mass
functions (see Section 5.4.2). Although it should be noted that
the EMPGs are biased toward lower metallicities, we also find
that vrot/σ0 decreases as M* decreases and sSFR increases.
These results suggest that galaxies in earlier stages of the
formation phase may have lower vrot/σ0.

6.2. Mass Fraction

Figure 7 summarizes the radial profiles of Mdyn (red), M*
(yellow), Mgas (cyan), and MDM (black). We find that four
EMPGs other than IZw18NW and SBS0335−052E have M*
profiles ∼2 dex below the Mdyn profiles within radii up to

several times re,Hα, which means that the four EMPGs are
dominated by Mgas or MDM on galactic scales. On the other
hand, IZw18NW and SBS0335−052E have M* profiles
comparable to the Mdyn profiles. We also find that the Mdyn

profiles of all six EMPGs can be explained by the Mgas profiles
within the uncertainties (see Section 5.4.3). We confirm that the
MDM profiles of all six EMPGs are ∼1 dex below the Mdyn

profiles within radii up to several times re,Hα. We thus conclude
that the masses of the four EMPGs except for IZw18NW and
SBS0335−052E are dominated by Mgas on galactic scales. We
note that IZw18NW and SBS0335−052E indeed have large
Mgas values of ∼1× 108 and ∼1× 109Me inferred from the
H I observations within ∼0.2 and ∼3 kpc, respectively
(Section 5.4.3). Within these larger scales, we can say that
both IZw18NW and SBS0335−052E are gas rich (i.e.,
fgas∼ 1). This conclusion is consistent with those in Pustilnik
et al. (2020a, 2020b, 2021) based on H I observations. It should
also be noted that Equations (10) and (11) suggest that EMPGs
with ∼106Me have M200∼ 7× 109Me at r200∼ 30 kpc,
whereas we can only observe the area within at most ∼1 kpc.
Therefore, it is natural that MDM has negligible effects on the
mass profile in this study.
The middle left panel of Figure 8 shows fgas of the six

EMPGs as a function of the metallicity. Except for IZw18NW
and SBS0335−052E with large fgas uncertainties, we find that
the EMPGs are gas rich with high fgas values of ∼0.9–1.0.
Comparing with the literature, we find that galaxies with lower
metallicities tend to have higher fgas values. The fgas values also

Figure 8. Diagrams of vrot/σ0, fgas, and global Q as functions of ( )+12 log O H , M*, and sSFR. The red circles represent the EMPGs, while the blue squares, the
green diamonds, and the black circles indicate the SHαDE (Barat et al. 2020), SAMI (Barat et al. 2019), and DYNAMO galaxies (Green et al. 2014), respectively.
Because IZw18NW has the large uncertainty of the global Q (see Table 4), we exclude the data point of this EMPG from the bottom panels.
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increase at lower M* and higher sSFRs. These results indicate
that galaxies in the earlier formation phase would have higher
fgas, which are consistent with previous observations (e.g.,
Maseda et al. 2014) as well as models of galaxy formation
based on the ΛCDM model (e.g., Geach et al. 2011). It should
be noted that Mgas of the SHαDE and DYNAMO galaxies are
estimated from the Kennicutt–Schmidt law (i.e., correlation
between ΣSFR and Σgas) in a similar way as our analysis (see
Section 5.4.3). Thus, it is natural that we find a tight correlation
between the sSFR and fgas.

7. Discussion

7.1. Origin of Low vrot/σ0

In Section 6.1, we report that all six EMPGs have low
vrot/σ0< 1. We also find that vrot/σ0 decreases with decreasing

( )+12 log O H , decreasing M*, and increasing sSFR
(Figure 8). Below, we investigate three well-discussed
contributors (e.g., Glazebrook 2013; Barat et al. 2020) to such
a low vrot/σ0< 1.

7.1.1. Thermal Expansion

The first possible contributor to the low vrot/σ0 is the thermal
expansion of H II regions (e.g., Krumholz et al. 2018;
Fukushima & Yajima 2021, 2022). We estimate a velocity
dispersion of the thermal expansion (σth) from the line-of-sight
component of the Maxwellian velocity distribution
(s = kT mth e ; e.g., Chávez et al. 2014; Pillepich et al.
2019), where k, Te, and m represent the Boltzmann constant,
the electron temperature, and the hydrogen mass, respectively.
We obtain σth= 9.1 km s−1 under the assumption of Te= 10,
000 K, which is consistent with the typical electron temperature
of O II (i.e., H II) regions of the EMPGs (e.g., Paper I).
Subtracting σth from σ0 quadratically, we obtain velocity
dispersions that are free from thermal line broadening
(σno_therm= 14–30 km s−1). We confirm that vrot/σno_therm
values are still lower than unity (0.31–0.84) for all six EMPGs.
We thus conclude that thermal expansion cannot explain
vrot/σ0< 1.

7.1.2. Merger/Inflow

The second possible contributor are merger/inflow events
(e.g., Glazebrook 2013). The merger (inflow) can raise velocity
dispersions by tidal heating (releasing potential energies of
infalling gas). This scenario can explain all the trends seen in
Figure 8 because we can expect that both gas-rich minor
merger and inflow would supply metal-poor gas and trigger
succeeding starbursts. For J1631+4426, IZw18NW, SBS0335
−052E, and J2115−1734 in particular, we find velocity
differences from the EMPG tails (IZw18SE for IZw18NW)
suggestive of a merger (Section 4).

7.1.3. Stellar Feedback

The third possible contributor is the stellar feedback (e.g.,
Lehnert et al. 2009). This includes supernovae (SNe) feedback
(Dib et al. 2006) as well as stellar winds and the radiative
pressure from young massive stars (Mac Low & Klessen 2004).
Outflowing gas from SNe and/or young massive stars would
raise velocity dispersions. This stellar feedback scenario can
directly explain the decreasing trend between vrot/σ0 and the
sSFR (top right panel of Figure 8). Given the expectation that

young galaxies (i.e., with high sSFRs) would have low
( )+12 log O H and M*, this scenario can indirectly reproduce

the trend that vrot/σ0 decreases with decreasing ( )+12 log O H
and M*. IZw18NW, SBS0335−052E, and J1044+0353
especially show outflow signatures in the flux, velocity, and
velocity dispersion maps (see Section 4), which imply the
dominance of the stellar feedback. We thus conclude that the
stellar feedback can also be one of the main contributors of
vrot/σ0< 1 at the low-metallicity, low-M*, and high-sSFR
ends. Cosmological zoom-in simulations will provide a hint of
what kind of feedback is the main contributor.

7.2. Toomre Q Parameter

To compare with other kinematic studies, we derive the
Toomre Q parameter (Toomre 1964) of the EMPGs. 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, the disk is gravitationally unstable if Q< 1.
However, note that it is unclear if this criterion is applicable for
the EMPGs because they may not have rotating disks
(Section 4). An average of Q within a disk, the so-called
global Q (e.g., Aumer et al. 2010), is calculated from the
equation

( )s
=Q

v

a

f
, 130

rot gas

where a is a parameter with values ranging from 1 to 2
depending on the gas distribution (Genzel et al. 2011). Here,
we adopt =a 2 assuming the constant rotational velocity.
Table 4 lists the global Q of the six EMPGs. We find that all

six EMPGs show Q> 1, albeit one of the six EMPGs
(IZw18NW) has a large Q uncertainty. The bottom panels of
Figure 8 illustrate the global Q of the EMPGs as a function of
the metallicity (bottom left), M* (bottom center), and the sSFR
(bottom right), while we exclude IZw18NW due to its large Q
uncertainty. We also find that the global Q increases with
decreasing ( )+12 log O H , decreasing M*, and increasing
sSFR. However, the large global Q values are inconsistent with
the large sSFR values because star formation activities are not
likely to become aggressive in a gravitationally stable disk.
This inconsistency probably originates from the fact that the

global Q parameter is not a reliable indicator for gas-rich
galaxies (Romeo et al. 2010; Romeo & Agertz 2014). Instead,
it can be important to investigate if the EMPGs lie on a tight
relation based on observables such as the H I angular
momentum (Romeo et al. 2020; Romeo 2020). We need
high-resolution H I observations to discuss the gravitational
instability of EMPGs precisely.

7.3. Connection to High-z Primordial Galaxies

The trend that vrot/σ0 ( fgas) decreases (increases) with
decreasing (increasing) ( )+12 log O H and M* (sSFR)
suggests that primordial galaxies at high redshifts would be
dispersion-dominated gas-rich systems. This suggestion agrees
with the decreasing trend of vrot/σ0 with the redshift reported
by both observational (e.g., Wisnioski et al. 2015) and
simulation (Pillepich et al. 2019) studies.
Here, we investigate the kinematics of simulated primordial

galaxies at high redshifts. In this study, we choose a z= 7.3
primordial galaxy of Wise et al. (2014)ʼs cosmological
radiation hydrodynamics simulation because the simulated
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galaxy has a low gas-phase metallicity (∼4% Ze), a low stellar
mass (3.8× 106Me), a large fgas (∼1), a large sSFR
(∼5 Gyr−1), and a small half-mass radius (∼200 pc), all of
which are comparable46 to those of the EMPGs (Sections 2 and
5.4.2). We extract the Hα flux, velocity, and velocity
dispersion maps from the simulated galaxy. The FoV of the
extracted region is 3.71 kpc with the spatial resolution of 3.71/
252= 0.015 kpc pixel−1. The spectral resolution of the data
cube is 0.1Å. We use CLOUDY (Ferland et al. 2013) to derive
the Hα fluxes from the following five quantities: hydrogen
number density, temperature, metallicity, incident radiation
intensity, and H I column density, along with enough
parametric ranges and number of data points (1.8 million
points in total). For each cell in the data cube of the five
quantities, we linearly interpolate the emissivity table in 5D. To
calculate the velocity map, We sum the line-of-sight velocities
weighted by the Hα fluxes. To calculate the velocity dispersion
map, we use the same method as Pillepich et al. (2019;
Equation A3), using the Hα flux as the weights. We note that
the velocity dispersions include thermal broadening.

We coarsen the data cube to a spatial resolution of 180 pc,
similar to the resolution of our observations, to make a more
relevant comparison. The top left, top right, and bottom left
panels of Figure 9 are the Hα flux, velocity, and velocity
dispersion maps of the simulated galaxy, respectively. We find
that the simulated galaxy has an irregular morphology with
multiple kinematic substructures and localized turbulent
regions. These features can be seen in the EMPGs as well
(Figure 4). Masking out the kinematic substructures and the

turbulent regions, we also derive the kinematics properties of
vshear and σmed in the same manner as we do for the EMPGs
(Sections 5.1 and 5.2). We find that the simulated galaxy has a
low vshear (8.5 km s−1) and a high σmed (18.2 km s−1), which
are comparable to those of the EMPGs (vshear= 5.5–14.3 km
s−1, σmed= 16.9–30.8 km s−1; see Section 6.1). Consequently,
the simulated galaxy has a low vshear/σmed= 0.47 below unity
suggesting that the simulated galaxy is dominated by
dispersion as well as the EMPGs. Given that the local EMPGs,
analogs of high-z primordial galaxies, and the simulated high-z
primordial galaxies are both dispersion-dominated systems, we
expect that high-z primordial galaxies are likely to be
dispersion-dominated galaxies.
The forthcoming James Webb Space Telescope (JWST) can

directly investigate the Hα kinematics of high-z primordial
galaxies. Paper IV has simulated Hα fluxes of primordial
galaxies with M* = 106Me at redshifts ranging from 0 to 10.
Comparing the Hα fluxes with the limiting flux of the JWST
Near Infrared Spectrograph (NIRSpec), we estimate that
NIRSpec can detect Hα fluxes of primordial galaxies with
M* = 106Me at z 1 without gravitational lensing. With a ∼2
dex magnification from gravitational lensing, NIRSpec can
detect Hα fluxes of primordial galaxies with M* = 106Me at
z∼ 7. We infer from this estimation that NIRSpec could
observe primordial galaxies with M*∼ 107Me at z∼ 7 with a
realistic magnification of ∼1 dex. The top middle panel of
Figure 8 shows that most of galaxies with M*∼ 107Me

already have low vrot/σ0< 1 and high fgas> 0.5. Lensing
cluster surveys using the JWST such as GLASS (PI: T. Treu)
and CANUCS (PI: C. Willott) will potentially pinpoint low-
mass galaxies with M*∼ 107Me at z∼ 7, and follow-up IFU

Figure 9. Hα luminosity (top left), velocity (top right), velocity dispersion (bottom left), and mask maps (bottom right) of the z = 7.3 primordial galaxy in Wise et al.
(2014). The luminosity is in units of 1035 erg s−1 Å−1 in log scale. The maximum luminosity value (7 × 1039 erg s−1 Å−1) corresponds to a flux of 3 × 10−15 erg s−1

cm−2 Å−1 at z = 0.03125. The gray contours illustrate Hα luminosity values of 1/16, 1/8, 1/4, and 1/2 of the maximum luminosity value.

46 Under the assumption that the half-mass radius is comparable to the rest-
frame i-band effective radius.
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observations with the JWST may identify dispersion-domi-
nated gas-rich galaxies.

8. Summary

We present the kinematics of six local extremely metal-poor
galaxies (EMPGs) with low metallicities (0.016− 0.098 Ze)
and low stellar masses (104.7–107.6Me; Section 2). Taking
deep medium/high-resolution (R∼ 7500) integral-field spectra
with the 8.2 m Subaru (Section 3), we resolve the small inner
velocity gradients and dispersions of the EMPGs with Hα
emission. Carefully masking out substructures originated by
inflow and/or outflow, we fit three-dimensional disk models to
the observed Hα flux, velocity, and velocity dispersion maps
(Sections 4 and 5). All the EMPGs show rotational velocities
(vrot) of 5–23 km s−1 smaller than the velocity dispersions (σ0)
of 17–31 km s−1, indicating dispersion-dominated systems
with small ratios of vrot/σ0= 0.29–0.80 (Section 6.1) that can
be explained by turbulence driven by inflow and/or outflow
(Section 7.1). Except for two EMPGs with large uncertainties,
we find that the EMPGs have very large gas-mass fractions of
fgas; 0.9–1.0 (Section 6.2). Comparing our results with other
Hα kinematics studies, we find that vrot/σ0 ( fgas) decreases
(increases) with decreasing metallicity. We compare numerical
simulations of first-galaxy formation and identify that the
simulated high-z (z∼ 7) forming galaxies have gas fractions
and dynamics similar to the observed EMPGs. Our EMPG
observations and the simulations suggest that primordial
galaxies are gas-rich dispersion-dominated systems, which
would be identified by the forthcoming JWST observations at
z∼ 7 (Section 7.3).
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Appendix

Figures 10–14 show the GalPaK3D
fitting results of the five

EMPGs other than J1631+4426.
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Figure 10. GalPaK3D result of IZw18NW.

Figure 11. GalPaK3D result of SBS0335−052E.
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Figure 12. GalPaK3D result of HS0822+3542.

Figure 13. GalPaK3D result of J1044+0353.
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