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ABSTRACT

We compare the relations among various integrated characteristics of ~ 25,000 low-redshift (z < 1.0) compact star-forming galax-
ies (CSFGs) from Data Release 16 (DR16) of the Sloan Digital Sky Survey (SDSS) and of high-redshift (z 2 1.5) star-forming
galaxies (SFGs) with respect to oxygen abundances, stellar masses M,, far-UV absolute magnitudes Mgy, star-formation rates
SFR and specific star-formation rates sSFR, Lyman-continuum photon production efficiencies (&,,), UV continuum slopes g,
[O 111] A5007/[O 11] A3727 and [Ne 111] A3868/[O 11] 43727 ratios, and emission-line equivalent widths EW([O 11] A3727), EW([O 111]
A5007), and EW(Ha). We find that the relations for low-z CSFGs with high equivalent widths of the HB emission line, EW(Hp) >

100A, and high-z SFGs are very similar, implying close physical properties in these two categories of galaxies. Thus, CSFGs are
likely excellent proxies for the SFGs in the high-z Universe. They also extend to galaxies with lower stellar masses, down to ~ 10°
Mo, and to absolute FUV magnitudes as faint as —14 mag. Thanks to their proximity, CSFGs can be studied in much greater detail
than distant SFGs. Therefore, the relations between the integrated characteristics of the large sample of CSFGs studied here can prove
very useful for our understanding of high-z dwarf galaxies in future observations with large ground-based and space telescopes.



3aBMCMMOCTb MacCa-MeTaJIMYHOCTb AJ151 TaNaKTUK Ha z = 2 cmelleHa Ha 0.3-0.7dex oTHocuTeNnbHO 0bObIYHbIX ranakTuK z=0.
Mannucci et al. (2010): 3aBucumoctb (12+logO/H) — SFR-“M=« npu a = 0.32 oanHakosa ansa SFG Ha Bcex z.

KpyTol HaknoH cnekTpa B YO 4acTu 1 CUbHbIE SMUCCUOHHbIE MHNK B SFG Ha 60/1bLLIMX Z YKA3bIBAOT HA Ha/lnume
MACCMBHOTIO 3BE34HOr0 HAaceNeHMs, NPOU3BOAALLErO MOHM3YOWME POTOHbI B HonbLIMX KOoNnYecTBax. [peanonaraerca, 4To
SFG moryT 6bITb OCHOBHOM NPUYMHOM penoHu3aumm BceneHHom, ¢ BbICOKUM &ionXfoc(LYC).

&ion — 9P dEKTUBHOCTL NpoM3BOACTBa Ly-continuum.

fosc(LyC) — mona nanyyenms LyC, NOKMAaoWEro raflakTUKM.

B nccnepoBaHuAX penoHmnsaumm BeceneHHom obbl4HO npuHMMatoTca 3HadveHus log [€,./Hz erg-1] ~ 25.2 — 25.3. Tekywume
OUEeHKMU &, ANA SFG Ha 6oNbLUKX Z COrNACcYOTCA C 3TUMM 3HaYeHnaMU (25.3 1 gaxKke Bbille).
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Fig. 1. (a) [O 111] A5007/HB vs. [N 11] 16584/Ha BPT diagram (Baldwin et al, 1981) for SDSS DR16 CSFGs with EW(HB) > 100A (blue dots)
and with EW(HpB) < 100A (red dots). The SDSS DR?7 galaxies including both SFGs (without constraints used for selection of CSFGs) and AGN
are represented by dark grey dots and light grey dots, respectively. The black line (Kauffmann et al. 2003)) separates SFGs from AGN, whereas the
cyan line by Kewley et al. (2013) represents the best fit relation for the total sample of z ~ 0 SFGs from the SDSS DR7. Yellow and green lines
indicate relations for z ~ 2 — 3 SFGs by Shapley et al| (2015)) and Strom et al] (2017), respectively. An expanded version of the upper part of the
diagram in the ranges [N 11]16584/Ha of 0.006 - 0.16 and [O 111] A5007/HB of 4 - 8 is shown in the inset. (b) Relation O3, — R,3, where O3, =
[O 111] A5007/[O 11] 23727, Ry3 = ([O 111] 44959 + [O 111] 15007 + [O 11] A3727)/HB. The green line represents the relation for z ~ 2 — 3 SFGs
by [Strom et al] (2017). The most metal-poor nearby galaxies with 12 + log O/H ~ 6.9 — 7.25 (Izotov et al|2018c; Kojima et al, 2020, Izotov et
al., in preparation) are shown in (a) and (b) by encircled blue-filled circles. (¢) Dependence of the oxygen overabundance [O/Fe] = log(O/Fe) —
log(O/Fe),, on the oxygen abundance 12 + logO/H. (d) Dependence of [O/Ne] = log(O/Ne) — log(O/Ne),, on the oxygen abundance 12 + logO/H.
Abundances are derived using the T, method. About ~ 2300 galaxies with detected [O 111]14363 emission and an error less than 25% of the line
flux are shown in (¢) and (d). The meanings of the symbols for SDSS galaxies in (b) — (d) are the same as in (a).
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Fig. 2. Histograms of the (a) redshift z, (b) extinction A(V) in the V band derived from the hydrogen Balmer decrement, (¢) absolute g-band
magnitude M, corrected for the Milky Way extinction, (d) ‘observed’ absolute FUV magnitude Mgyy, i.e. the absolute magnitude derived
from the extrapolation of the extinction-corrected SDSS spectrum and attenuated adopting extinction A(V) obtained from the Balmer hydro-
gen decrement, (e) stellar mass derived from the SED fitting of the extinction-corrected SDSS spectrum, (f) oxygen abundance 12 + logO/H, (g)
[O 111] A5007/[O 11] 43727 ratio denoted as Os;, (h) [Ne 111] A3868/[O 11] 43727 ratio denoted as Ne302, (i) star-formation rate SFR derived
from the extinction-corrected HB luminosity, (j) specific star-formation rate sSSFR = SFR/(M,/M,), (k) - (n) equivalent widths of the [O 11] 43727,
[O 111] 45007, HB + [O 111] 24959 + [O 111] 15007 and Ha emission lines, respectively, (0) - (q) extinction-corrected luminosities of the [O 11] 13727,
[O 111] 245007 and Har 26563 emission lines, respectively, (r) ionising photon production efficiency derived from the extinction-corrected HS lu-
minosity and extinction-corrected monochromatic luminosity at the rest-frame wavelength of 1500A, (s) extinction-corrected UV slope derived
from the modelled rest-frame SED, (t) UV slope derived from the obscured SEDs with the extinction coefficient derived from the observed Balmer
decrement adopting the Cardelli et al| (1989) reddening law with R(V) = 3.1. In all panels, histograms represented by the red and blue lines are for
the total SDSS sample of CSFGs and for CSFGs with EW(HB) > 1004, respectively.
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Fig. 3. (a) Dependence of the FUV absolute magnitude on the stellar mass M, . Black-filled circles are high-z galaxies (Bridge et al/2019; Endsley
et al. 2021]; Karman et al]2017; Rasappu et al. 2016; Khusanova et al|2020;; Tang et al. 2020; Strait et al|2020b} Santos et al.| 2020). Relations for
high-z galaxies by Song et al] (2016), Grazian et al| (2015) and [Yung et al] (2019) are represented by yellow, cyan and green lines, respectively. (b),
(c) SFR versus the stellar mass and the sSFR versus the stellar mass, respectively. Black-filled circles in both panels are high-z galaxies (Karman
et al.|2017; Amorin et al.[2016; Sanders et al.2020a; Erb et al|2016; Holden et al|2016; Khusanova et al] 2020; Rasappu et al| 2016; Santos et
al|2020}; Troncoso et al.| 2014} Strait et al|2020a; Reddy et al|2006; Hagen et al. 2016]; (Onodera et al| 2016}, Santini et al|2017; Cullen et al.
2014; Saxena et al.|2020; Endsley et al. 2021}, 2020; Tang et al) 2020; [Strait et al] 2020b; Jones et al.| 2020). White solid lines, yellow solid lines
and cyan solid lines in (b) and (c) represent relations for high-z galaxies by /Arrabal Haro et al] (2020), Tyer et al. (2018) and Florez et al. (2020),
respectively. (d) The dependence of the [O 111] A5007/H flux ratio on the stellar mass M, . Black filled citcles represent high-z galaxies (Richard
et al)2011]; Schenker et al|2013]; Steidel et al| 2014;; Troncoso et al|2014; Holden et al.|2016). The most metal-poor nearby galaxies with 12 + log
O/H ~ 6.9 — 7.25 (Izotov et al|2018¢; Kojima et al| 2020, Izotov et al., in preparation) are shown by encircled blue-filled circles. The meanings of
other symbols in all panels are the same as in Fig. [I].
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Fig. 4. Dependences of oxygen abundances 12 + logO/H on (a) stellar masses M, and on (b) SFR™%3M, for the samples of CSFGs and high-z
SFGs. The maximum likelihood relation to SDSS data in (b) is shown by the straight solid line. The black line in (a) is the relation for z = 0 SDSS
SFGs by Mannucci et al) (2010). Large symbols represent high-z SFGs by [Amorin et al] (2016) (z = 2.4-3.5, asterisks), Erb et al| (2016) (z ~ 2.3,

filled circles), (2014) (z ~ 3-5, open circles), Onodera et al. (2016) (z ~ 3 — 3.7, crosses), Cullen et al.| (2014) (z > 2, open triangles)
and (2020) (z="7.1-9.1, filled squares). The meanings of symbols for SDSS CSFGs in both panels are the same as in Fig. [I].
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Fig. 5. Dependences of O3, = [O 111] 15007/[O 11] 23727 emission line ratios on (a) stellar masses M, and on (b) SFR™ M, for samples of CSFGs
and high-z SFGs. The black line in (b) is the maximum likelihood relation whereas the green line in (a) is the relation for z ~ 1.7 — 3.6 galaxies
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Fig. 7. Relations between equivalent widths of the [O 111] 45007 emission line and extinction-corrected (a) O3, = [O 111] A5007/[O 11] 43727 and
[Ne 111] 23868/[O 11] 43727 for samples of CSFGs and high-z SFGs. The solid lines are the maximum likelihood relations, whereas

the green line in (a) is the relation for z ~ 1.4 — 3.8 galaxies (Reddy et al|2018). LAEs at z ~ 3 by (2020) are shown in (a) by filled
black circles. The meanings of symbols for SDSS CSFGs are the same as in Fig. [I|.
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and He 46563 emission lines, respectively, for samples of CSFGs and high-z SFGs. The solid lines in (b), (d), (f) are the maximum likelihood
relations, whereas green lines in (a), (¢), (e) are relations for z ~ 1.4 — 3.8 SFGs (Reddy et al]2018). Galaxies denoted in (¢) and (d) by black-filled

circles are z ~ 3.5 LBGs (Holden et al] 2016), z

~ 2 SFGs (Hagen et al|2016), z ~ 1.3 — 3.7 galaxies with high EW([O 111] + HB) (Tang et al|

2020), z ~ 7 SFGs with high EW([O 111] + HB) (Endsley et al]2021)), z ~ 6.6 SFGs with Lya emission (Endsley et al/2020) and z ~ 8 galaxies (D¢

Barros et al) 2019). Galaxies represented in (e) and (f) by black-filled circles are z ~ 5 SFGs by Rasappu et al| (2016). The meanings of symbols

for our SDSS CSFGs are the same as in Fig. [I].
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Fig. 9. Dependences of star-formation rates SFR ((a), (¢)) and of M;O"SFR ((b), (d)) on equivalent widths of the [O 111] 45007 and H
emission lines, respectively, for samples of CSFGs and high-z SFGs. The solid lines in (b) and (d) are the maximum likelihood relations.

denoted in (a) and (b) by black-filled circles are z ~ 3.5 LBGs by Holden et al| (2016), z ~ 1.3 — 3.7 galaxies with high EW([O 111] + HB)
et al] (2020), z ~ 7 galaxies with high EW([O 111] + HB) by Endsley et al) (2021)) and z ~ 6.6 galaxies with Lya emission by Endsley et al
respectively. Galaxies represented in (c¢) and (d) by black-filled circles are z ~ 5 SFGs by Rasappu et al| (2016). Green lines in (a) and (¢
relations for z = 1.4 — 3.8 SFGs (Reddy et al.2018)). The meanings of symbols for SDSS CSFGs are the same as in Fig. [I|.
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represented in both panels by filled circles. Values of &, assumed in canonical Universe reionisation models are shown with a thick horizontal
grey line (e.g. Bouwens et al|2016). The meanings of symbols for the SDSS CSFGs are the same as in Fig. [I].
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Fig. 12. (a) and (b) Relations between ionising photon production efficiences, &, and equivalent widths of the [O 111] 45007 and Her 16563
emission lines for samples of CSFGs and high-z SFGs. The black solid lines are the maximum likelihood relations whereas green, magenta, cyan,
and yellow solid lines in (a) are the relations for z ~ 1.3 — 2.7 strong [O I1I] emitters 2019), z ~ 0 SEGs with EW([O 111]) > 1000A
(Chevallard et al.|2018), z ~ 2 lensed galaxies (Emami et al|2020), and z ~ 1.4 — 3.8 galaxies (Reddy et al] 2018)), respectively; LAEs at z ~ 3
(Nakajima et al. and z ~ 6.6 SFGs with Lye emission (Endsley et al|[2020) are shown in (a) by filled black circles. Mean &, values for
z=4 -5 galaxies (Lam et al.20194) are shown in (b) by filled circles. The lines in (b) are the relations for z ~ 1.3 — 2.7 strong [O 111] emitters
(green line, Tang et al] 2019), z ~ 4 — 6 SFGs (magenta line, Faisst et al] 2019), z ~ 2 lensed galaxies (cyan line, Emami et al] 2020), and
z~1.4-3.8 (yellow line, Reddy et al.|2018). Values for &, assumed in canonical Universe reionisation models are shown with a thick horizontal
grey line (e.g. Bouwens et al|2016). The meanings of symbols for SDSS CSFGs are the same as in Fig. [I
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Fig. 13. (a) Dependence of the ionising photon production efficiency &, on the UV absolute magnitude Myy. The LAEs at z ~ 3 (Nakajima et al.
2020), z ~ 6.6 SFGs with Lya emission (Endsley et al| 2020), mean &, values for z = 3.8 — 5.4 galaxies (Bouwens et al]2016), mean &, values
for z =4 -5 galaxies (Lam et al/2019a), and a mean &, value for z = 3.8 — 5.4 faint galaxies with high EW(Lya) (Maseda et al]2020) are shown
by filled circles. The relation for ~ 2 galaxies (Shivaei et al. 2018)), for z ~ 9 — 10 galaxies (Bouwens et al.; 2019) and for z ~ 3 faint Lya emitters
(Nakajima et al|2018) are shown by a green dashed, dash-dotted and solid lines, respectively. (b) Dependence of the ionising photon production
efficiency &0, on the intrinsic UV slope S. (¢) Dependence of the ionising photon production efficiency &, on the intrinsic UV slope g reddened
with R(V) = 3.1. Filled circles are z ~ 3.8 — 5.4 galaxies (Bouwens et al|2016) and z ~ 6.6 SFGs with Ly emission (Endsley et al|2020), asterisks
are mean &, values of z = 4 — 5 galaxies (Lam et al]2019a)). The relation for z ~ 2 galaxies (Shivaei et al|2018) is shown by a green dashed
line. Values of &, assumed in canonical Universe reionisation models are shown (as in Figs. [T and [I2 in grey (e.g. Bouwens et al. 2016). The
meanings of symbols for the SDSS CSFGs are the same as in Fig. [[|.

BbiBOA:
Banskne CSFGSs oyeHb MNOXOXM MO BCEM U3BECTHbIM

CBOWMCTBaM Ha ranaktmkm z ~ 1.5 -10.

He 0bHapyXeHO HUKAKUX OT/IMYUIN MeXAY STUMU TUNaMU
obbekTOoB, 4UTO AenaeT CSFGs xopownmKM aHaaoramu
ranakTuK Ha 6onbLUKX Z.
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ABSTRACT

Using the Large Binocular Telescope (LBT)/Multi-Object Dual Spectrograph
(MODS), we have obtained optical spectroscopy of one of the most metal-poor dwarf
star-forming galaxies (SFG) in the local Universe, J2229+4-2725,. This galaxy with a
redshift 2=0.0762 was selected from the Data Release 16 (DR16) of the Sloan Digital
Sky Survey (SDSS). Its properties derived from the LBT observations are most ex-
treme among SFGs in several ways. Its oxygen abundance 12 4+ logO/H = 7.085+0.031
is among the lowest ever observed for a SFG. With its very low metallicity, an ab-
solute magnitude M, = —16.39 mag, a low stellar mass M, = 9.1x10% Mg, and a
very low mass-to-light ratio M, /L, ~ 0.0166 (in solar units), J2229+2725 deviates
strongly from the luminosity-metallicity relation defined by the bulk of the SFGs in
the SDSS. J2229+4-2725 has a very high specific star-formation rate sSFR ~ 75 Gyr—!,
indicating very active ongoing star formation. Three other features of J2229+2725 are
most striking, being the most extreme among lowest-metallicity SFGs: 1) a ratio O3,
= I([O mA5007)/1([O 11]A3727) ~ 53, 2) an equivalent width of the HS emission line
EW (Hp) of 577A, and 3) an electron number density of ~ 1000 cm 2. These properties
imply that the starburst in J2229+2725 is very young. Using the extremely high O39
in J22294-2725, we have improved the strong-line calibration for the determination of
oxygen abundances in the most metal-deficient galaxies, in the range 12 + logO/H <
7.3.



J2229+2725

Figure 1. 12 arcsec x 12 arcsec region with the color composite
SDSS image of J2229+42725. The 2 arcsec SDSS spectroscopic
aperture and 1.2 arcsec wide LBT/MODS slit are indicated by a
white circle and yellow parallel lines, respectively.
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Figure 2. The rest-frame LBT spectrum of J2229+2725. Insets in a) and b) show expanded parts of the spectral regions around
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Table 1. Observed and derived characteristics of J2229+4-2725

Parameter

J22294-2725

R.A.(J2000)
Dec.(J2000)

z

GALEX FUV, mag
GALEX NUV, mag
SDSS u, mag

SDSS g, mag

SDSS 7, mag

SDSS i, mag

SDSS z, mag

Dy, Mpc*

Mg, mag'

log Lg/Lg.ot

log M, /Mg Tt

M, /Ly, Mg /Lg,o
L(Hp), erg g LHx*
SFR, Mgyr—1#
sSFR, Gyr~!
12+logO/HTTT

22:29:33.19
+27:25:25.60
0.07622
21.4540.28
21.8840.37
21.96+0.15
21.4740.04
22.27+0.11
20.97+0.05
21.43+0.33

347
—16.3940.06
8.74

6.96

0.0166
(3.140.3)x 1040
0.68+0.06

75

7.08540.031

*Luminosity distance.
f Absolute magnitude corrected for Milky Way extinction.
flog of the SDSS g-band luminosity corrected for Milky Way ex-

tinction.

tfStellar mass derived from the extinction-corrected SDSS spec-

trum.

**HB luminosity derived from the extinction-corrected SDSS

spectrum.

HStar formation rate derived from the Kennicutt (1998) relation
using the extinction-corrected Hf luminosity.
11 Oxygen abundance derived from the LBT spectrum.
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Figure 3. The Ha profile in the medium-resolution DIS spectrum
of J2229+2725. The observed spectrum is shown by a black solid
line while the Gaussian fit is represented by a red solid line. The
black dash-dotted line shows the residual spectrum after subtrac-
tion of the Ha fit. The instrumental profile is represented by a
black dotted line.
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Figure 4. The O3z — Ra3 diagram for compact SFGs, where
Oz2=I([O 1jA5007)/1([O 11]A3727) and Raz = I([O njA3727 +
[O 1m1JA4959 + [O 1mJA5007)/1(HB). The lowest-metallicity SFGs
known with 12 + log O/H < 7.1 from Hirschauer et all (2016,
A198691), Hsyun et all (2017, Little Cub), lzotov et all (20184,
J0811+4730), lzotov et all (20194, J1234+3901), Kojima et. al
(2020, J16314+4426) and this paper (J22294-2725) are shown by
labelled filled circles. LyC leakers from [[zotov et all (201648,
2018B,d) are shown by open circles. SFGs with the highest O3z
from [zotov et all (2020) are represented by crosses and compact
SFGs from the SDSS DR16 by grey dots.
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Figure 5. a) and b) Best-fit spectral energy distributions ob-
tained from fitting the rest-frame SDSS and LBT spectra, respec-
tively, by randomly varying ty,, t1, t2 and b = Mgjq/ Myoung, where
ty, is the age of young stellar population, t — t; is the interval, in
which the old stellar population was formed. In both panels, the
observed spectra are shown in grey, the modelled stellar, nebular
and total SEDs are shown by green, blue and black lines, respec-
tively, and are labelled. GALEX FUV, NUV and SDSS u, g, r,
i and z photometric data, blueshifted adopting the J2229+2725
redshift, are shown by red and magenta filled circles, respectively.
Short horizontal lines represent intervals used for continuum fit-
ting, which are free of emission lines. Fluxes are in units 10~16
erg s~ 'em~2A~1 and wavelengths are in A.
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Figure 6. Relation between the stellar mass-to-luminosity ratio
and the stellar mass of SFGs. All quantities are expressed in solar
units. Selected lowest-metallicity SFGs JO811+44730, J1234+3901
and AGC 198691 with 12+logO/H ~ 7.0 are represented by la-
belled black filled circles. The galaxy J2229+42725 is shown by
a red filled circle. The error bars indicate the errors of M, and
M, /Ly for that SFG. For comparison, compact SFGs from the
SDSS DR16 with redshifts z > 0.01 (grey dots) are also shown.
Dotted lines represent Starburst99 models with continuous star
formation and a SFR varying from 0.001 to 100 Mg yr—!, during
periods from the present to 10 Gyr, 1 Gyr, 100 Myr, 10 Myr, and
1 Myr in the past (horizontal solid lines). These models include
the contribution of both the stellar and nebular continua.



Figure 7. The oxygen abundance - absolute magnitude diagram.
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Figure 8. The a) (log Ra23) - (12 + logO/H), b) log(Ra23 - ap0O32) - (12 + logO/H), and ¢) log(Ra23 - a1032) - (12 + logO/H) relations,
where ag = 0.080 (Izotov et all 20198) and a; = 0.080 — 0.00078032 (this paper). In all these relations 12 + logO/H is derived by the
direct method, Raz = ([O 1m1JA4959+4A5007 + [O uJA3727)/HB and O3z =

The most metal-poor galaxies (the same ones as in Fig. @) are
represented by filled and open circles. Low-luminosity galaxies are
represented by crosses, with the fit to these data by Berg et all
(2012) shown by a dashed line. The solid line is the fit to the SDSS
compact SFGs from DR16 with EW(HS) > 200A and oxygen
abundances derived by the direct 7. method (grey dots). This
subsample of SDSS galaxies includes only compact galaxies with
[O 1m1]A4363 emission lines in their spectra, measured with errors
less than 20 per cent of their fluxes. The vertical dotted line for
J1631+4426 connects the locations of the galaxy with oxygen
abundances derived by the direct T method (filled circle) and by
the strong-line method (open circle, see Sect. [@). The horizontal
lines connect the positions of the nearby galaxies AGC 198691
and Little Cub, calculated with two different distances.

by a red filled star, while J1631+4426 (Kojima et all 2020) is represented by a blue filled square. Other lowest-metallicity SFGs from
Izotov et all (20184), the galaxy Little Cub (Hsyu et all 2017), the galaxy J1234+43901 from [Izotov et al! (20194) and the H 11 region
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DDO 6847 (Annibali et _all2019) are shown by filled circles. SFGs with the highest O32 ratios in the range ~ 20 - 40 (Izotov et all 2017)
are shown by asterisks. Samples of SFGs used for the He abundance determination (Izotov et all 2014, and references therein) are shown
by open circles. Grey dots represent SFGs at z > 0.02 from the SDSS, with the [O 111]A4363 emission line measured with an accuracy
better than 20 per cent. The solid lines in b) and ¢) are linear fits to the data with log(Ra23 — apO32) < 0.7 and log(Ra23 — a1032) < 0.7,

respectively, and excluding J1631+4426.
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