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ABSTRACT

Extremely Metal-Poor Galaxies (XMPGs), defined as having metallicities below 10% of the solar
value, are considered possible local analogs to primordial systems and offer a unique window into
early galaxy evolution. This study presents a large-scale search for XMPGs using data from the Dark
Energy Spectroscopic Instrument DR1, systematically evaluating their resemblance to high-redshift
galaxies. From a parent sample of over 14 million galaxies, we identify 656 (551 new) confirmed
XMPGs and 767 (670 new) high-quality candidates via the direct 7, method. Results reveal that
XMPGs follow a distinct star-forming main sequence (SFMS) that is elevated and shallower than
that of the comparing star-forming galaxies. Notably, at higher stellar masses (M, > 107°Mg),
the XMPG SFMS converges with the sequence observed in high-redshift galaxies by James Webb
Space Telescope (JWST), indicating that mature XMPGs sustain star formation rates comparable to
their primordial counterparts. Furthermore, XMPGs consistently deviate below the local fundamental
metallicity relation, mirroring high-redshift galaxy behavior. These findings demonstrate that XMPGs
not only exhibit low metallicities but also preserve scaling relations characteristic of the early Universe,
confirming their potential value as local laboratories for studying early galaxy formation processes.

Keywords: Galaxies (573) — Metallicity (1031) — High-redshift galaxies (734) — Emission line galaxies

(459)

1. INTRODUCTION

Galaxy evolution is fundamentally linked to the con-
tinuous process of chemical enrichment. Metals synthe-
sized through stellar nucleosynthesis and dispersed by
supernova explosions accumulate within the interstellar
medium (ISM). The resulting metallicity of a galaxy is
governed by a complex equilibrium between this inter-
nal enrichment, the ejection of material through galactic
outflows, and the accretion of pristine gas from the inter-
galactic medium (C. Péroux & J. C. Howk 2020). This
balance produces strong correlations between metallic-
ity and fundamental galaxy properties such as stellar
mass and star formation rate (SFR), as established by
the mass-metallicity and fundamental metallicity rela-
tions (B. H. Andrews & P. Martini 2013; M. Curti et al.
2020). Consequently, these scaling relations serve as
powerful diagnostics for tracing the chemical evolution
history of a galaxy (Y. Gao et al. 2018a; R. Maiolino &
F. Mannucci 2019)

Extremely metal-poor galaxies (XMPGs), defined as
systems with gas-phase metallicities below one-tenth so-
lar abundance (Z < 0.1Zg), represent a unique pop-
ulation of chemically primitive systems (D. Kunth &
G. Ostlin 2000). Adopting the standard solar oxygen
abundance benchmark 12 + log(O/H)s = 8.69 (M. As-
plund et al. 2009, 2021), this threshold corresponds
to 12 + log(O/H) < 7.69. The typical characteristics
of XMPGs feature low stellar masses (median M, ~
5 x 107 M), elevated specific star formation rates (me-
dian sSFR ~ 1078 yr~!), and , and evolutionary phases
resembling those of primordial galaxies (H. Zou et al.
2024; T.-Y. Cheng & R. J. Cooke 2025; K. Fukushima
et al. 2025). Consequently, local XMPGs serve as valu-
able analogues for studying early galaxy formation pro-
cesses (T.-Y. Cheng & R. J. Cooke 2025). Additionally,
their simple chemical evolution and minimal stellar he-

lium production make XMPGs ideal for constraining the
primordial helium abundance, providing an empirical
anchor that complements Big Bang Nucleosynthesis pre-
dictions and cosmic microwave background constraints
(E. Aver et al. 2022).

Despite their importance, XMPGs remain exception-
ally rare. Large-scale spectroscopic surveys indicate
they constitute only a few percent of galaxies in the
nearby Universe (J. Sdnchez Almeida et al. 2016), with
high-redshift counterparts being even more challenging
to identify due to observational limitations. System-
atic searches for XMPGs have therefore focused on three
primary objectives: expanding sample sizes, identifying
the most metal-poor systems, and pushing detections to
higher redshifts.

The pursuit of extremely metal-poor systems has re-
vealed several notable galaxies with metallicities ap-
proaching 12 4 log(O/H) ~ 7.0, including KHC912-29,
AGC 198691, and J0811+4730 (E. M. Hu et al. 2009;
A. S. Hirschauer et al. 2016; Y. I. Izotov et al. 2018;
T. Kojima et al. 2020; T. X. Thuan et al. 2022; 1. A.
Zinchenko et al. 2024). Precise metallicity determina-
tion in these low-abundance regimes remains challeng-
ing. In some cases, more robust follow-up measurements
have revised initial estimates, highlighting difficulties in
confirming extreme metal-poor status (e.g., T. Kojima
et al. 2020; I. H. Laseter et al. 2022; K. Nakajima et al.
2024). To date, no galaxy in the local universe has been
unequivocally confirmed to have a metallicity below the
canonical threshold of Z ~ 0.02Z5. However, recent
progress has shifted to higher redshifts. At z > 5, stud-
ies utilizing the direct method (see Section 3 for details)
have acquired promising candidates with 12 + log(O/H)
< 7.0 (F. Cullen et al. 2025; T. Y.-Y. Hsiao et al. 2025;
S. Cai et al. 2025). The definitive confirmation of these
candidates, and thus the robust identification of XMPGs
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at high redshift, will require deeper spectroscopic obser-
vations and robust diagnostic checks.

While early compilations contained only a handful of
confirmed XMPGs (D. Kunth & G. Ostlin 2000), sub-
sequent surveys have dramatically increased these num-
bers. SDSS-based studies, for example, identified dozens
of XMPGs and candidates (e.g., A. B. Morales-Luis
et al. 2011; J. Sdnchez Almeida et al. 2016). More re-
cently, dedicated efforts using Subaru/Hyper Suprime-
Cam photometry, early Dark Energy Spectroscopic In-
strument (DESI) data, and SDSS DR17 data have
yielded hundreds of confirmed XMPGs and candidates
(T. Kojima et al. 2020; H. Zou et al. 2024; T.-Y. Cheng
& R. J. Cooke 2025). Establishing a robust connection
between these low-redshift XMPGs and galaxies in the
early universe requires statistically significant and uni-
fied samples to overcome observational biases and reveal
fundamental evolutionary links.

In this paper, we utilize the extensive spectroscopic
data from the DESI Data Release 1 (DR1) to assem-
ble the largest catalog of XMPGs to date and exam-
ine their possible links to high-redshift galaxies. The
structure of this paper is as follows. Section 2 outlines
the DESI dataset and sample selection. Section 3 de-
tails the method for metallicity estimation. In Section
4, we introduce the identified XMPG sample, analyze
their scaling relations including the star formation main
sequence and fundamental metallicity relation, and dis-
cuss potential connections to high-redshift systems. Fi-
nally, Section 5 provides a concluding summary of our
findings.

2. DESI DATA AND SAMPLE SELECTION
2.1. DESI overview

As the first Stage-IV dark-energy experiment, DESI is
designed to map the large-scale structure of the universe
out to redshifts of z ~ 3.5 (A. Albrecht et al. 2006; M.
Levi et al. 2013; DESI Collaboration et al. 2016a,b). In-
stalled on the Mayall 4-meter telescope at Kitt Peak Na-
tional Observatory in Arizona, USA ( DESI Collabora-
tion et al. 2022), it consists of 10 petals that collectively
provide a 3.2°-diameter field of view ( DESI Collabora-
tion et al. 2016¢; T. N. Miller et al. 2024). Each petal is
equipped with optical fibers that project to 1.5” on the
sky, allowing for rapid reconfiguration and enabling the
simultaneous acquisition of up to 5000 spectra (C. Pop-
pett et al. 2024). The fibers feed ten spectrographs, each
with three wavelength channels, covering 3600 — 9800 at
a resolution of A/AX ~ 2000 — 5000. This resolution
is sufficient to resolve the [O IIJAA3726, 3729 doublet at
redshifts z > 0.49.

The targets for the DESI spectroscopic survey are
selected based on photometric data from the DESI
Legacy Imaging Surveys (hereafter Legacy Surveys, A.
Dey et al. 2019). The Legacy Surveys combine data
from three public projects:the Dark Energy Camera
Legacy Survey (DECaLS), the Beijing—Arizona Sky Sur-
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vey (BASS) (H. Zou et al. 2017), and the Mayall z-band
Legacy Survey (MzLS). Their respective 5o point-source
limiting magnitudes in the g, r, and z bands are 23.95,
23.54, and 22.50 mag for DECaLsS, and 23.65, 23.08,
and 22.60 mag for the combined BASS/MzLS data (A.
Dey et al. 2019). Additional infrared photometry in four
bands is incorporated from the NEOWISE mission (A.
Mainzer et al. 2014).

DESI began a five-month survey validation (SV) phase
in December 2020 to assess instrument performance, tar-
get selection, data processing pipelines, and scientific
data quality ( DESI Collaboration et al. 2024a). The
main spectroscopic survey commenced in May 2021 and
is scheduled to operate for five years, covering 14,000
deg? (E. F. Schlafly et al. 2023), and ultimately collect-
ing spectra for approximately 50 million galaxies and
quasars, plus 25 million Milky Way stars ( DESI Col-
laboration et al. 2025). DESI targets include luminous
red galaxies (LRGs, 0.4 < z < 1.1), emission-line galax-
ies (ELGs, 0.6 < z < 1.6), quasars (QSOs, 0.9 < z < 4),
bright galaxy survey (BGS) galaxies (0 < z < 0.6),
and Milky Way survey (MWS) stars (A. D. Myers et al.
2023). Beyond its primary targets, DESI employs spare
fibers to conduct secondary surveys, such as the LOW-Z
Survey (E. Darragh-Ford et al. 2023) that is designed to
observe faint dwarf galaxies at low redshift.

Data from the SV phase were released as the DESI
Early Data Release (EDR) in June 2023 ( DESI Col-
laboration et al. 2024b), containing about 1.7 million
well-calibrated spectra, including over 1.1 million galaxy
spectra. In March 2025, DESI DR1 was made public (
DESI Collaboration et al. 2025), incorporating the first
13 months of main-survey observations along with uni-
formly reprocessed SV and EDR data. DRI includes
approximately 13.1 million galaxies, 1.6 million quasars,
and 4 million stars. Early results from DESI have al-
ready placed strong constraints on dark energy ( DESI
Collaboration et al. 2024¢; M. Abdul Karim et al. 2025).
The sky coverage of the survey is illustrated in Figure
1. This study makes use of the galaxy sample from
DESI DRI, benefiting from its homogeneous spectro-
scopic dataset and extensive multi-wavelength ancillary
information.

The DESI data processing employs an extensive spec-
troscopic reduction pipeline (J. Guy et al. 2023), a
template-fitting pipeline to derive classifications and
redshifts for each targeted source (Redrock; Bailey et
al. 2025). Building on these foundational data products,
the DESI collaboration produces Value-Added Catalogs
(VACs) for each data release. These VACs supplement
the basic spectral and redshift measurements with de-
rived quantities optimized for scientific analysis. This
study utilizes the Stellar Mass and Emission Line Cata-
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log (Mass_ EMLines *°) from the DESI DR1 VACs. The
catalog provides derived physical properties for galaxies
with reliable redshifts (ZWARN == 0 & SPECTYPE
== “GALAXY"), including emission-line measurements
and stellar masses. Stellar masses M, and their associ-
ated uncertainties are derived from the Bayesian pos-
terior probability distributions of the spectral energy
distribution (SED) fitting with CIGALE (M. Boquien
et al. 2019; G. Yang et al. 2020, 2022). The fitting com-
bines broad-band g, r, z, W1, and W2 photometry from
the Legacy Surveys with DESI spectrophotometry. Sim-
ple aperture corrections for the fiber spectra are applied
by comparing the total r-band photometric flux to the
spectrophotometric flux within the same band for each
target (see H. Zou et al. 2024, for more details). The
final catalog contains 14,706,085 entries, corresponding
to 14,183,563 are unique galaxies.

2.2. Star-forming galaxy sample

Gas-phase metallicities are determined using the elec-
tron temperature (7;,) method (L. H. Aller 1984), which
requires detection of the weak auroral line [O IIT|\4363.
Since this line is undetectable in a substantial frac-
tion of galaxies, a subsample is selected from the
Mass_ EMLines catalog where T, -based metallicities
can be computed. The selection imposes the fol-
lowing criteria on emission lines [O ITJAN3726, 3729,
[O I1T]A4363, [O III]AA4959, 5007, and HS to minimize
false detection: full width at half maximum (FWHM)
in the rest frame > 1 A, signal-to-noise ratio (S/N) > 3,
and central wavelength deviation from theoretical val-

39 https://data.desi.Ibl.gov/doc/releases/drl /vac/stellar-mass-
emline/

ues < 0.5 A. Relatively stringent constraints on the cen-
tral wavelengths of emission lines are applied to mitigate
spurious detections. This is primarily intended to pre-
vent false line identifications caused by noise-induced
wavelength shifts and erroneous fits with abnormally
large line widths in low signal-to-noise (S/N) spectra,
particularly for the faint auroral line [O IITI]A\4363. How-
ever, it should be noted that this process may also ex-
clude some genuine galaxies whose emission lines are
shifted due to galactic outflows. For extinction correc-
tion, either Ha or Hy must satisfy these same crite-
ria. Broad-line active galactic nuclei (AGNs, typically
with FWHM > 1,000 km/s; D. E. Vanden Berk et al.
2001) are excluded by imposing a stricter constraint of
FWHM(HS) < 500 km/s (equivalent to about 8.1 ).
Furthermore, stellar masses are required to satisfy two
quality criteria: log(M,/Mg) > 5 (to exclude potential
substructures of large nearby galaxies) and an associated
uncertainty of oiogpr, < 0.4. The latter serves as a con-
servative threshold to exclude galaxies with clearly un-
reliable SED fits. These criteria yield a sample of 9,579
galaxies suitable for T,-based metallicity calculations,
with redshift limited to z < 0.96 to ensure [O IIIJA5007
line remains within the spectral coverage.

Intrinsic gas-phase extinction is derived to correct
observed emission-line fluxes using the color excess
E(B — V) computed from Balmer decrements (Ha/HpS
or Hy/Hp). Assuming Case B recombination with elec-
tron density N, = 100cm™2 and T = 10, 000K, the in-
trinsic ratios are Ha/HS = 2.86 and HS/Hy = 2.137
(B. Groves et al. 2012; H. Zou et al. 2024). Balmer lines
used for extinction estimation must have S/N > 3, with
preference for Ha/HS when available (z < 0.49). In
some cases, the observed Balmer line ratios are found
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to be lower than the theoretical intrinsic values, leading
to a formally negative calculated E(B — V). This can
result from genuine physical or from observational un-
certainties and systematic biases in flux measurement or
spectral calibration. For the 2,859 galaxies in our sam-
ple where this occurs, we set E(B — V) = 0, a standard
practice that interprets non-positive values as indicative
of negligible dust extinction for subsequent analysis. Ex-
tinction corrections adopt the J. A. Cardelli et al. (1989)
law. Uncertainties are estimated via 1000 Monte Carlo
realizations of flux perturbations, with final E(B — V)
taken as the median and uncertainty as half the 16th—
84th percentile range.

With the emission-line fluxes extinction-corrected,
narrow-line AGNs are excluded using the diagnostic
diagrams from H. Zou et al. (2024): [O IIIJA5007/HS
versus [N ITJA6583/Hay,  [O IIIJA5007/HS  versus
[S IT]AN6T16,6731/He, and [O IITJA5007/HS3 versus
[O I1JAN3726,3729/HB. This yields a final sample of
9,372 star-forming galaxies.

3. METALLICITY ESTIMATION METHOD

Among various metallicity determination methods
(L. J. Kewley & S. L. Ellison 2008; L. J. Kewley
et al. 2019), the T, (direct) method (L. H. Aller
1984) is widely regarded as the most reliable tech-
nique (Y. Gao et al. 2018b; H. Zou et al. 2024).
This approach derives the electron temperatur by uti-
lizing the flux ratio of a temperature-sensitive auro-
ral line (e.g., [O III]A4363) to the stronger collision-
ally excited lines ([O III]AN959,5007). A higher ratio
of [O III]A4363/[O III]AA4959, 5007 indicates a higher
electron temperature, which is typically found in low-
metallicity environments where cooling is less efficient.
Subsequently, this electron temperature is used to derive
the ionic abundances of oxygen.

The electron temperature To(O III) is determined
using the getCrossTemDen or getTemDen methods in
PyNeb?, together with the electron density N.. When
feasible, T, (O III) and N, are derived iteratively via the
getCrossTemDen method. For this iterative process, Ngs
primarily calculated from the [S II] or [O II] doublet ra-
tios. In cases where neither doublet is detectable, a
default value of N, = 100 cm~? is adopted, following
established practices in previous studies (Y. Gao et al.
2018b; T. Kojima et al. 2020; H. Zou et al. 2024). This
assumption is valid because To(O III) shows negligible
dependence on N, at densities below 10*cm=2 (C. Ly
et al. 2014). Under such default density conditions,
T.(O III) is computed using the getTemDen method. It
is noted that the standard methods (getCrossTemDen
and getTemDen) are subject to an upper temperature
limit of ~ 25,000K (T. Kojima et al. 2020). These
limitations can prevent the derivation of electron tem-

40 https://research.iac.es/proyecto/PyNeb//

5

peratures for certain galaxies. For the 1,781 galaxies
in the sample where these conventional methods failed,
T.(O III) is computed using the PyNeb getEmissivity
method. This approach supports temperatures up to
200,000 K (K. M. Aggarwal & F. P. Keenan 1999; V.
Luridiana et al. 2015), with an assumed N, = 100cm 3
for these calculations. The electron temperature for the
low-ionization zone, O 11, is subsequently estimated from
the empirical relation: T,(O II) = 0.7 xT,(O III)43000,
as used by A. Campbell et al. (1986) and T. Kojima et al.
(2020).

The ionic abundances are calculated using the
getIonAbundance method in PyNeb. Specifically, the
relative abundance O /H™ is derived from the line ra-
tio [O IIJAN3726,3729/H3 for O, while OT*/HT is
derived from [O III]AN4959,5007/HB. The total oxy-
gen abundance is then calculated under the assumption
that the contribution from higher ionization states (e.g.,
O*+1) is negligible (D. A. Berg et al. 2021), following
the expression:

0] (O (Ohms
H-w @

This resulting value is subsequently converted to the
standard metallicity scale, denoted as 12 + log(O/H).
To estimate the uncertainties in the derived quantities,
a Monte Carlo approach is employed, involving 1000 re-
alizations of random perturbations to the emission line
fluxes according to their measurement errors. The final
uncertainty for each parameter is taken as half of the
16th to 84th percentile range of the resulting distribu-
tion.

Figure 2 shows distributions of derived parame-
ters, including N., T,, metallicity, and their as-
sociated errors for our [O ITIT|A4363-detected galaxy
sample.  Electron densities are measured for 3,999
galaxies using [S II]A6731/[S IIJA6716 and 3,167 using
[0 IT]A3726/[O 1JA3729, with median N, = 175 cm?
(median error of 186 cm?®). T,([O III]) is obtained for
9,314 galaxies (median: 14,454 K; median error: 1,375
K). Metallicities are derived for 9,292 galaxies (median:
7.94 dex; error: 0.12 dex), with 1,475 sources below 12
+ log(O/H) = 7.69.

To verify the robustness of the temperature determi-
nations, the consistency between T,([O III]) values de-
rived from different methods and density assumptions
is examined. For the 2,126 galaxies whose tempera-
tures were derived assuming a fixed density of N, = 100
ecm ™3, the median deviations are 3.45K (standard de-
viation: 3.93 K) when adopting N, = 10 cm™3 and
—29.01 K (standard deviation: 13.87K) when adopt-
ing N, = 10 cm~3. Additionally, for the 7,591 galaxies
with temperatures derived from the standard methods
of getCrossTemDen and getTemDen, comparison with
the getEmissivity method yields a median deviation
of 2.70K (standard deviation: 12.96K). The variations
introduced by different methods and assumptions are
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negligible compared to the typical measurement uncer-
tainty in To([O III]), confirming the robustness of our
temperature determinations.

4. OUR XMPG SAMPLE AND CONNECTIONS TO
HIGH-Z GALAXIES

4.1. The XMPG sample

From the initial 1,475 sources with 12 4 log(O/H) <
7.69 identified in Section 3, visual inspection excluded
52 objects contaminated by foreground stars, instru-
mental artifacts, or determined to be substructures of
large nearby galaxies. The remaining 1,423 sources were
classified based on their metallicity uncertainties: 656
galaxies where the upper bound of the metallicity mea-
surement (including 1o uncertainty) falls below 7.69 are
designated as confirmed XMPGs, while the remaining
767 sources are classified as XMPG candidates. A re-
view of pre-DESI literature identifies 351 previously re-
ported XMPGs as summarized by H. Zou et al. (2024),
alongside 223 XMPGs from early DESI data in the same
study. This work utilizes the newer DESI DR1 dataset
reduced with an updated pipeline and incorporates re-
vised methods for deriving T'e and metallicity. Conse-
quently, some XMPGs identified in the EDR may not
meet the selection criteria in DR1 due to methodologi-
cal minor adjustments and measurement uncertainties.
Our sample shares 27 objects with the pre-DESI liter-
ature and 180 objects with the EDR sample. In total,
we newly identify 1,221 XMPGs (551 confirmed and 670
candidates), substantially expanding the known popula-
tion of these rare systems.

Figure 3 presents representative examples of nearby
XMPGs, highlighting their morphological diversity.

While some systems appear as blue, compact objects,
others exhibit complex structures with blue, metal-poor
clumps superimposed on redder or more diffuse host
galaxies. This diversity suggests varying origins for
the metal-poor gas, that would be a scenario to be ex-
plored further with multi-wavelength data and follow-
up spectroscopy. For systems with complex morpholo-
gies, the photometric data may correspond primarily to
the brightest, central substructure, while diffuse emis-
sion and fainter clumps can be missed. Consequently,
this may lead to a systematic underestimation of the
total galactic flux, and thus of the integrated luminos-
ity and stellar mass for the whole system. Nonetheless,
the properties of the metal-poor components themselves
remain reasonably constrained.

The physical properties of the XMPG sample are pre-
sented in Figure 4. The SFRs are measured from hydro-
gen recombination lines (R. C. Kennicutt 1998) using:

SFR = 7.9 x 107*2L(Ha) Moyr terg™'s, (2)

where L(Ha) = 4rwd?F(Ha) is the Ha luminosity,
F(He) is the extinction-corrected Ha flux, and d, is the
luminosity distance. This calculation assumes a Salpeter
initial mass function (IMF, E. E. Salpeter 1955). The
SFR is derived primarily from the Ha emission line.
For sources at z > 0.49 or with a S/N < 3 in Ha, we
use the Hf instead, assuming an intrinsic flux ratio of
F(Ha)/F(HB) = 2.86. Equation (2) has a systematic
uncertainty of approximately 30% (dominated by cal-
ibration uncertainties), which is incorporated into the
total SFR error budget. Aperture corrections are ap-
plied using the same scaling factors as those adopted for
stellar mass derivation in the Mass_EMLines catalog.
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Figure 3. Representative examples of low-redshift XMPGs from our sample. The upper row shows three diffuse systems, while
the bottom row displays three compact systems. Each panel includes the target name and metallicity (12 + log(O/H)).

Finally, the SFRs are converted to a Chabrier initial
mass function (IMF) by multiplying by a factor of 0.63
(T. J. Looser et al. 2024), ensuring consistency with the
stellar mass estimates (G. Chabrier 2003). Addition-
ally, we tested the robustness of our results by applying
the metallicity-dependent SFR calibration from N. A.
Reddy et al. (2018). This alternative calibration was
found to have a negligible impact on the main results
about the star-forming main sequence and fundamen-
tal metallicity relation, as presented in Sections 4.3 and
4.4. Tt is worth noting that because the aperture cor-
rection method assumes proportionality in flux across
different wavelength bands for all galactic regions, if the
fiber target corresponds to a region with strong Balmer
lines within the galaxy, this will lead to deviations in the
Balmer-line luminosity of the galaxy and further result
in the overestimation of the SFR.

As shown in Figure 4, the XMPG sample is lim-
ited to z < 1 due to the requirement of detecting the
[O IIT]A5007 line. The redshift distribution shows a
slight peak near z ~ 0.5 arises, which is primarily con-
tributed by the ELG targets. The r-band magnitude
distribution in Figure 4(b) exhibits a bimodal struc-
ture: one peak around r ~19-20 is dominated by BGS
targets, while XMPGs from other target classes con-
centrate at fainter magnitudes around r ~22-23. The
extinction distribution in this figure gives the median
E(B — V) =~ 0.03, indicating low dust content. Con-

firmed XMPGs, which account for the metallicity mea-
surement uncertainties, exhibit lower metallicities than
the candidates, corresponding to higher 7T,. This el-
evated electron temperature contributes to the large
equivalent width of the [O III] emission line. The stellar
mass and SFR distributions reveal that most XMPGs
are dwarf galaxies (M, < 10°M) with intense star for-
mation, having sSFR typical of starburst galaxies. The
median stellar mass is about 9.65 x 107 M, and median
sSFR is about 8.62 x 10~%yr—!. Properties of confirmed
XMPGs and candidates are listed in Table 1 and Table
2 in the Appendix, respectively.

4.2. The Most Metal-Poor Galazy

The most metal-poor galaxy identified in this
work is DES1J093402.37+551423.2 (DESI TARGETID:
39633324993414901) at redshift z=0.0026. This source
corresponds to the southeast component of the well-
known metal-poor blue compact dwarf galaxy I Zw 18
(L. Searle & W. L. W. Sargent 1972; Y. L. Izotov et al.
1997). While cataloged separately in this paper, it is
not an independent system; therefore, in relevant anal-
yses, we treat it as part of the larger I Zw 18 complex.
Located at a distance of 18.2+ 1.5 Mpc (A. Aloisi et al.
2007), I Zw 18 as a whole is often considered a local ana-
log of high-redshift dwarf galaxies due to its extremely
low metallicity, low stellar mass (10 — 10" M, A. Nanni
et al. 2020; A. S. Hirschauer et al. 2024) and high sSFR
(1078—10""yr—!, L. K. Hunt et al. 2025). The system is
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Figure 4. Parameter distributions for confirmed XMPGs (blue) and XMPG candidates (orange) from DESI DR1: (a) redshift,
(b) r-band magnitude, (c) E(B —V), (d) electron density (N.) without assumed values, (e) electron temperature of [O III]
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currently undergoing intense star formation, likely trig-
gered by interaction with its companion galaxy (G. Bor-
tolini et al. 2024; G. Bortolini 2025). However, some
recent studies suggest that I Zw 18 may not be a young
system but rather an older galaxy experiencing a recent
starburst episode (G. Bortolini et al. 2024).

In our work, DESIJ093402.37+551423.2 exhibits a
metallicity of 12+log(O/H)=6.99+0.07 approaching the
current lower metallicity limit for low-redshift galaxies
(~ 2% of solar). This value is slightly lower than some
previously reported measurements of ~ 7.2 (C. Kehrig
et al. 2016; R. J. Rickards Vaught et al. 2025), and
is close to the value of 7.07 £ 0.05 measured by I. A.
Zinchenko et al. (2026). With a stellar mass of M, =
(2.7840.98) x 10° M, and an SFR of 0.0093 M, /yr, this
object shows a high sSFR of 3.36 x 10 8yr~!, consistent
with a starburst dwarf system.

Figure 5 (a)-(c) present the the color image and mor-
phological model and corresponding residual map from
Legacy Surveys DR9 (D. A. Lang et al. 2025). Model
photometry yields magnitudes of g =17.59, r =17.53,
and z =18.22, with an absolute r-band magnitude of
M, =-13.77. The half-light radius is R, =1.64 +0.0025
arcsec, equivalent to 143.35 +11.82 pc at the galaxy dis-

tance. The optical spectrum in Panel (d) shows strong
emission lines and a continuum dominated by massive
young stars, confirming intense ongoing star formation.

A neighboring object, located northwest of DESI
J093402.37+551423.2 and marked with a red cross in
Figure 5, corresponds to the northwest component of
I Zw 18 designated as DESIJ093402.014-551427.6 in
DESI, but not included in DESI DR1). This compan-
ion is also metal-poor, with reported metallicities in the
range 124+log(O/H)=~ 7 — 7.15 (C. Kehrig et al. 2016;
D. A. Berg et al. 2022; R. J. Rickards Vaught et al.
2025). Among them, the lowest recorded metallicity of
this object is 12 + log(O/H) = 6.98 £ 0.01, measured
by D. A. Berg et al. (2022), which is consistent with our
measurement of the southeast component. The lowest
recorded value of 6.98+0.01 (D. A. Berg et al. 2022), is
consistent with our measurement of the southeast com-
ponent. The two systems are separated by 0.47 kpc in
projection. DESIJ093402.01+551427.6 has optical mag-
nitudes of g =16.31, r =16.43, z =17.03, with M,=-
14.87 and a half-light radius of R.=161.81 £13.34 pc.
The stellar mass is M, = (1.12 + 0.29) x 105M, ap-
proximately four times that of the southeast component.
The close proximity, similar blue colors, and compara-



ble stellar masses suggest a possible common origin for
the two components. As noted by G. Bortolini et al.
(2024), the intense star formation in I Zw 18 may re-
sult from interaction with another companion galaxy.
Furthermore, other studies have indicated that the SE
and NW components of I Zw 18 may themselves be two
merging galaxies (K. Nakajima et al. 2024).

4.3. Star-forming main sequence

The star formation main sequence (SFMS) represents
a fundamental empirical relation between M, and SFR
in star-forming galaxies (SFGs). Since its initial identi-
fication, this relation has served as a key benchmark
for understanding galaxy evolution: at a given cos-
mic epoch, most SFGs cluster tightly around a well-
defined trend, where SFR increases monotonically with
M,, exhibiting an intrinsic scatter < 0.3 dex (K. G.
Noeske et al. 2007). A defining characteristic of the
SFMS is its strong redshift evolution: the normalization
(SFR at fixed M, ) decreases systematically with cos-
mic time (J. S. Speagle et al. 2014; P. Popesso et al.
2023; I. Goovaerts et al. 2024). This evolution is linked
to processes such as gas depletion, feedback from stars
and AGNs, and cosmic structure formation, making the
SEFMS a critical tool for constraining galaxy formation
models.

To compare the SFMS of XMPGs with that of typical
galaxies, a control sample was constructed. This con-
trol sample was selected to have S/N([OIII]A4363) < 1
ensuring that no low-metallicity systems were inadver-
tently included. All other selection criteria including
emission-line quality and AGN screening were identical
to those used for the XMPG sample. Furthermore, the
control sample was constructed to match the 656 con-
firmed XMPGs in M, and redshift distributions, with an
identical number of sources. This matching approach,
while not eliminating all sample selection effects, en-
ables a controlled comparison of their SFMS relations.
Linear fits are performed to characterize the SFMS for
both samples. Figure 6 compares the resulting rela-
tions, revealing two key distinctions of the XMPG se-
quence: (1) a higher normalization at the low-mass end,
indicating systematically elevated SFRs at fixed stel-
lar mass compared to normal SFGs; and (2) a shal-
lower slope, signifying a weaker dependence of SFR on
stellar mass. These results demonstrate that XMPGs
follow a fundamentally distinct SFMS characterized by
enhanced star formation activity and efficiency that is
less dependent on stellar mass. This elevated star for-
mation is reflected in the higher specific star formation
rates (sSFRs) of our XMPGs compared to other galax-
ies, consistent with previous studies (e.g., M. E. Filho
et al. (2013, 2015)). Their short stellar mass doubling
timescales (likely much shorter than their ages) suggest
that these systems are undergoing intense, likely unsus-
tainable starburst episodes. This intense activity may
be attributed to their early evolutionary stage and sub-
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stantial gas reservoirs. To mitigate potential selection
effects, we also perform the same comparison using a
more complete, low-redshift subset of XMPGs and a
matched control sample at z < 0.1. This test reveals
no difference in the observed trends.

To investigate whether the distinct SFMS of our
XMPGs reflects properties of galaxies in the early uni-
verse, we compare the XMPG SFMS with a sample of
201 high-redshift galaxies (3.0 < z < 9.4) observed by
the James Webb Space Telescope (JWST) (K. Naka-
jima et al. 2023; M. Curti et al. 2024; A. Sarkar et al.
2025). The combined sample draws from three major
studies: 64 galaxies with reliable SFRs and metallici-
ties from K. Nakajima et al. (2023) (selected via strong
[OIIT]AAN4959, 5007 and HB emission from ERO, GLASS,
and CEERS data at z = 3.8 —8.9); 62 galaxies from the
deep GOODS-S tier of JADES (M. Curti et al. 2024),
selected at 3 < z < 10 with robust emission-line de-
tections (e.g., S/N > 5 for strong lines of Ha, HB and
[OIIT]AN4959, 5007, and S/N > 3 for weaker lines) to
ensure reliably derivable gas-phase metallicity; and 75
galaxies from the GOODS-N/S fields and the PRIMAL
survey (A. Sarkar et al. 2025) at 4 < z < 10, satisfying
similar emission-line quality cuts. These JWST galax-
ies are all star-forming systems with prominent emis-
sion lines, from which objects with evident AGN ac-
tivity have been excluded. They span stellar masses of
log(M,/Mg) = 6.4—10.1, SFRs of log(SFR/(Mg /yr) =
—0.4—2.0, and gas- phase metallicities of 12 + log(O/H)
= 7.14 — 8.57.

It is should be noted that the combined JWST sam-
ple is not a complete census. The selection is primarily
based on the detectability of strong rest-optical emission
lines, which may introduce inherent incompleteness and
selection biases, especially at the low-mass end. How-
ever, the JWST sample provides a crucial high-redshift
benchmark, the comparison is necessarily more infor-
mative for the higher-mass overlap region. All metal-
licities of these high-redshift galaxies are calibrated to
the T, method. Stellar masses are primarily derived
through SED fitting, while SFRs are mainly obtained
from Balmer line fluxes, with a small fraction estimated
from UV absolute magnitudes. To ensure a consis-
tent comparison with our XMPGs, the SFRs are recal-
ibrated accordingly. Additionally, stellar masses from
the JWST samples are converted to a Chabrier initial
mass function (IMF) using established conversions from
J. Brinchmann et al. (2004); I. Goovaerts et al. (2024);
T. J. Looser et al. (2024), aligning with the IMF adopted
in our DESI XMPG analysis.

These JWST galaxies are divided into three stel-
lar mass intervals: log(M,/Mg) < 7.5, 75 <
log(M,/Mg) < 8.5, and log(M,/Mg) > 8.5, with the
mean SFR and standard deviation computed within
each bin (see Figure 6). The comparison reveals
that high-redshift JWST galaxies follow an even flat-
ter SEFMS than local XMPGs. At log(M,/Mg) < 7.5,



10

Residual

60 (d) = 5
4 «Q
—_ N Py lalls —— Flux :
Lso{ 3 gl 2
NE & N b B Smoothed Flux -
5 = == s
S 4l 2 o o|lo —— Flux Error s
u = N
o e 5
o =
m— =
5 2
é: 204
—
5 101 ) 'M. ' 1
=i ] AL+
3500 4000 4500 5000

Wavelength [A]

Figure 5. The most metal-poor galaxy in this work (DESI J093402.374-551423.2), a component of the well-known system I
Zw 18. Panels (a)-(c) show its Legacy Surveys DR9 data and morphological modelling: (a) color image, (b) best-fit model, and
(c) residual map after model subtraction. The red circle marks the 1.5” DESI fiber aperture centered on this object; the red
cross marks the northwestern component of I ZW 18 (designated as DESIJ093402.01+551427.6). Panel (d) presents the optical

spectrum with key emission lines labelled.

the XMPG SFMS lies below the mean SFR of high-
redshift JWST galaxies (the deviation of ~ 2.5¢). This
offset could reflect a genuine physical difference, but it
may also be influenced by the incompleteness of the
JWST samples at the low-mass end. When consider-
ing measurement uncertainties, the offset diminishes in
the higher mass bins, where the XMPG SFMS converges
with the high-redshift data. This convergence indicates
that local XMPGs with (log(M,./Mg) > 7.5) maintain
SFRs and sSFRs comparable to those of high-redshift
star-forming galaxies.

4.4. Fundamental Metallicity Relation

The mass-metallicity relation (MZR), which demon-
strates the correlation between increasing galaxy metal-
licity and stellar mass, represents a fundamental empiri-
cal relation in galaxy evolution studies (J. Lequeux et al.
1979; C. A. Tremonti et al. 2004). Subsequent research
expanded this two-dimensional relation by incorporat-
ing additional physical parameters. S. L. Ellison et al.
(2008) discovered that for galaxies of fixed M,, metal-
licity decreases with increasing sSFR and half-light ra-
dius, highlighting the importance of star formation and
galaxy structure in regulating chemical enrichment.

Building on these insights, F. Mannucci et al. (2010)
established the fundamental metallicity relation (FMR),
which is a tight three-dimensional correlation linking

gas-phase metallicity, M,, and SFR. The MZR emerges
as a projection of this more fundamental relation onto
the M,-metallicity plane. A defining characteristic of
the FMR is its significantly reduced scatter compared to
the MZR, as SFR captures the balance between metal
production, gas inflow, and outflow processes (F. Man-
nucci et al. 2010; B. H. Andrews & P. Martini 2013).
Crucially, the FMR demonstrates evolutionary invari-
ance up to z ~ 2.5 (F. Mannucci et al. 2010), establish-
ing it as a cornerstone for modeling chemical enrichment
across most of cosmic history. Subsequent studies have
further constrained the FMR using large, homogeneous
samples from the SDSS (B. H. Andrews & P. Martini
2013; M. Curti et al. 2020).

While the local FMR remains invariant up to z < 2.5,
recent studies indicate significant evolution at higher
redshifts (F. Mannucci et al. 2010; M. Curti et al. 2024;
A. Sarkar et al. 2025; D. Scholte et al. 2025). Cosmologi-
cal simulations support this picture, suggesting substan-
tial FMR evolution in the high-redshift universe (A. M.
Garcia et al. 2024, 2025). The advent of JWST has en-
abled direct observational constraints on this evolution
by providing metallicity measurements for galaxies out
to z ~ 10, allowing direct comparison with FMR pre-
dictions.

Figure 7 compares the gas-phase metallicities of our
XMPGs, other low- and intermediate-redshift galaxies,
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Figure 6. Comparison of the SFMS for our XMPG sample (blue filled circles; low-redshift (z < 0.1) subsets highlighted
with red edges), a control sample (black contours), and high-redshift JWST galaxies. JWST galaxies are binned by stellar
mass (M, < 10"°Mg, 1075 My < M, < 10%5 Mg, and M, > 10%°My) and shown as diamonds: purple for galaxies from K.
Nakajima et al. (2023) (3.8 < z < 8.7), red for M. Curti et al. (2024) (3.0 < z < 8.5), and orange for A. Sarkar et al. (2025)
(4.0 < z < 9.4). For these JWST galaxies, the bins with fewer than 5 samples are excluded. The blue and orange lines represent
the linearly fitted SFMS for the XMPGs and the control sample, respectively. Solid and dashed lines show the best-fit SFMS

for the full and low-redshift samples, respectively.

and JWST high-redshift galaxies against the FMR pre-
dictions as a function of redshift. All comparison metal-
licities are either derived via the T, method or are consis-
tently calibrated to it. We adopt the FMR formulation
derived by M. Curti et al. (2020), which is derived on a
suitable low-redshift SDSS galaxy sample:

Z(M,SFR) = Zy —v/B1og (1 + (M/Mo(SFR)) "),
(3)
where My(SFR) = 10™°SFR™ | Z, = 8.779 %+ 0.005,
mo = 10.11 + 0.03, m; = 0.56 = 0.01, v = 0.31 £ 0.01,
and 8 = 2.1 £ 0.4. As shown in the figure, metallici-
ties from low-redshift SDSS galaxies B. H. Andrews &
P. Martini (2013) and galaxies at z < 1 from E. Wuyts
et al. (2014) show excellent agreement with the local
FMR prediction with negligible systematic offsets. Mi-
nor deviations between measured and predicted metal-
licities begin to emerge for galaxies at 2 < z < 3 (E.
Wuyts et al. 2014; R. L. Sanders et al. 2021), but these
remain statistically insignificant.
JWST observations reveal that galaxies at 3 < z <
10 with stellar masses log(M,/Mg) ~ 6.5 — 10 are
significantly more metal-poor than predicted by the

local FMR. This metal deficiency exhibits a moder-
ate redshift dependence: the median difference be-
tween galaxy metallicities and the FMR predicted values
(Alog(O/H)) evolves from —0.2 + 0.3 dex at z ~ 4 to
—0.3£0.3 at z ~ 8. Although A. Sarkar et al. (2025)
reported that galaxies at 4 < z < 8 show no such signifi-
cant systematic if adopting different FMR, form, galaxies
at z > 8 still exhibit a significant decrease in metallicity.

In Figure 7, JWST high-redshift galaxies generally ex-
hibit metallicities lower than FMR predictions by ap-
proximately 0.2 dex. At z > 7, the mean offset in
metallicity exceeds the 1o scatter, indicating signifi-
cant FMR evolution with redshift. We further com-
pare the metallicities of our [O III]A4363-detected galax-
ies (including our XMPGs) with the predictions of the
FMR. Their metallicities are systematically lower than
the local FMR, which aligns with the offsets observed
in JWST high-redshift galaxies. Our XMPGs with a
mean redshift of 0.26 exhibits a substantial offset from
the local FMR, characterized by a mean deviation of
—0.65 £ 0.24 dex. This offset is significantly larger than
that observed in high-redshift JWST galaxies. Even
when restricting the analysis to the more complete sub-
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set of XMPGs with z < 0.1, a considerable offset of
—0.50+£0.22 persists, still markedly exceeding the JWST
values. Notably, the metallicity offsets of JWST high-
redshift galaxies show a decreasing trend with increasing
redshift. Extrapolating this trend suggests that our lo-
cal XMPGs exhibit deviations comparable to galaxies at
redshifts beyond the current reach of JWST. This po-
sitions local XMPGs as potential analogs to extremely
primitive galactic systems in the early Universe.

The extremely low metallicities of XMPGs are likely
attributable to several concurrent physical mechanisms.
These can operate in combination or independently to
arrest chemical enrichment.

1. A primordial origin: XMPGs might be cosmic
"living fossils,” having condensed from gas clouds
that experienced few prior episodes of star for-
mation. Consequently, their interstellar medium
has undergone minimal chemical enrichment (K.
Nakajima et al. 2024).

2. Dilution by pristine gas accretion: The dis-
tinct irregular ”cometary” morphology of some
XMPGs signals recent accretion of metal-poor gas
from cosmic web (Y. Isobe et al. 2021). This infall
dilutes the metallicity of the interstellar medium
(M. E. Filho et al. 2015; K. Nakajima et al. 2024).
The associated compression of the galactic gas can
also trigger the intense starbursts commonly ob-
served in these systems.

3. Inefficient enrichment from galactic out-
flows: As low-mass and gas-rich dwarfs, most
XMPGs possess shallow gravitational potentials
(D. K. Erb 2015; Y. Xu et al. 2022). This makes
them highly susceptible to stellar feedback (winds
and supernovae), which can efficiently eject metal-
enriched gas into the circumgalactic medium. This
process continuously removes newly synthesized
metals, preventing the enrichment of the remain-
ing gas reservoir.

5. CONCLUSIONS

This study presents the largest catalog of XMPGs
to date, identified and analyzed using DESI DRI1
data. The sample was constructed by systematically
selecting 9,372 galaxies with secure detections of the
temperature-sensitive auroral line [O ITT]\4363, reliable
stellar masses, and no AGN contamination. Gas-phase
metallicities were derived for 9,292 sources using the di-
rect Te-method, from which 1,475 low-metallicity candi-
dates were identified. After visual inspection to remove
52 contaminants, 656 galaxies were classified as con-
firmed XMPGs (where the upper metallicity uncertainty
bound remains below 12+log(O/H) = 7.69) threshold,
with 767 sources designated as high-quality candidates.
The final sample, after accounting for previous discover-
ies, yields 1,221 novel XMPGs (551 confirmed and 670

candidates), representing a substantial expansion of the
known population.

The most metal-poor galaxy in our sample (DESI
J093402.37+551423.2) corresponds to the southeast
component of the well-known XMPG I Zw 18. With
124+log(O/H) = 6.99 &+ 0.07, it approaches the lower
metallicity limit for low-redshift galaxies (~ 2% of so-
lar). This low-mass starburst system exhibits strong
emission lines and a young stellar continuum. Together
with its northwest companion located 0.47 kpc away,
these two components share similar properties, indicat-
ing a possible common metal-poor gas origin.

Our analysis of the SFMS and FMR reveals that these
local XMPGs are not merely metal-poor but exhibit
scaling relations characteristic of galaxies in the early
universe. Their SFMS shows enhanced normalization
and a shallower slope compared to normal star-forming
galaxies, indicating heightened star formation efficiency
with a weaker mass dependence. For galaxies with
log(M,) > 7.5, the XMPG SFMS aligns with that of
high-redshift galaxies observed by JWST. Furthermore,
both the metallicities of the local XMPGs and the JWST
high-redshift galaxies are systematically lower than pre-
dictions from local FMRs, with the deviation being more
pronounced for the XMPGs. This consistent offset sug-
gests that local XMPGs retain physical properties, likely
driven by efficient gas accretion, akin to primitive galax-
ies at high redshift.
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APPENDIX

A. APPENDIX

In our work, 656 confirmed XMPGs and 767 XMPG candidates are identified. The properties of a representative
subset of these galaxies, including redshift, metallicity, stellar mass, and star formation rates, etc., are provided in

Appendix Tables 1 and 2.
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Table 1. Properties of Confirmed XMPGs from DESI DR1

No Name TARGETID R.A. Flux Redshift r E(B-V)
(deg) (deg) (mag) (mag)

(€] @) 3 ) (5) (6) ) (8)

1 DESIJ093402.374551423.2  39633324993414901  143.50987  55.23980 0.0026 17.53 0.00

2 DESIJ164114.56+470721.3 39633200686828028 250.31067  47.12260 0.1507 22.03 0.08 + 0.10

3 DESIJ001859.314234540.3  39628343171090153 4.74714 23.76121 0.0154 19.07 0.00

4 DESIJ141046.054+002629.6 39627800373628335 212.69188 0.44156 0.0174 19.34 0.00

5 DESIJ222003.53+4282422.3  39628451342195230 335.01469  28.40622 0.0120 19.07 0.01 £+ 0.04

EW([O III)) N, T.([0 1)) 12+log(O/H) log(M,/Mg) log(SFR/(Mg/yr))
0 (em™?) (K)
9) (10) (1) (12) (13) (14)
262.09 100 2280741868  6.99+0.07 5.44+0.15 -2.03+0.13
988.55 100 2685742538  7.0240.06 7.0340.11 0.06£0.13
122.16 100 2369343072 7.06+0.14 6.78£0.27 -1.35+0.13
55.95 100 28683+7892  7.0640.17 7.2240.18 -1.79+0.13
145.48 100 2444845868  7.0740.16 6.59-£0.26 -1.61£0.13

NoTE—(1) Serial Number; (2) Galaxy name in DESI; (3) TARGETID of the galaxy in DESI; (4) Right Ascension (RA); (5) Declination (Dec); (6)
Redshift; (7) r-band magnitude; (8) gas-phase extinction in E(B — V); (9) Equivalent width of [O III]A5007; (10) Electron density; (11) [O III]
electron temperature; (12) Metallicity; (13) Stellar mass; (14) Star formation rate.

Table 2. Properties of XMPG Candidates from DESI DR1

No Name TARGETID R.A. Flux Redshift r E(B-V)
(deg) (deg) (mag) (mag)
€] () (3) 4 (5) (6) ) (8)
1 DESIJ032851.16-045421.2  39627664897607093 52.21316 -4.90590 0.0818 19.27  0.19 £+ 0.42
2 DESIJ113601.714382543.9  39633048681054957 174.00711  38.42888 0.8892 22.47 0.00
3 DESIJ223659.884010906.8 39627820615344672  339.24950 1.15190 0.3201 22.40 0.05 + 0.08
4 DESIJ144642.194-052129.7  39627915180115324  221.67580 5.35826 0.8774 23.75 0.70 £ 0.30
5 DESIJ131216.324+021742.5 39627842408941092 198.06800 2.29516 0.0297 17.76 0.00
EW([O II1]) Ne T.([O III]) 12+log(O/H) log(M,./Mg) log(SFR/(Mg/yr))
0 (em™?) (K)
9) (10) (11) (12) (13) (14)
103.07 100 2244245478 7.49+0.21 8.54£0.21 0.03£0.13
191.92 100 22532+£5193 7.50£0.19 9.2940.28 0.80£0.14
589.50 100 21081+£4702 7.5140.20 9.00£0.14 -0.014+0.13
782.80 100 230055462 7.51£0.19 9.60£0.29 1.6240.13
174.29 100 20890+4249 7.51£0.19 7.80+0.18 -0.514+0.13

NoTE—The content of each column is the same as that in Table 1.

The data points of the figures and the tabular data presented in this paper are available for download at the Zenodo
DOT https://doi.org/10.5281 /zenodo.18309897.
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