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ABSTRACT

We present new precise measurements of the electron temperatures and oxygen abundances in the southeast knot of I Zw 18, one of
the most metal poor blue compact dwarf galaxies known. We used spectroscopic data from the Dark Energy Spectroscopic Instrument
Data Release 1 (DESI DRI1). For the first time in [ Zw 18, we directly measured the electron temperature in the low-ionization
zone using the rarely detected [O 11]J417320,7330 doublet. We also detected the [O 11]44363 and [S 1I1]16312 auroral lines, which are
associated with high- and intermediate-ionization zones, respectively. We derived T.([O 11]) = 21200 + 860 K, T.([O11]) = 16170 +
950 K, and T, ([S mm1]) = 17290+1750, which highlights a significant temperature difference between the ionization zones. Using these
direct temperature measurements, we determined a total oxygen abundance of 12+log(O/H) = 7.066 + 0.046, log(N/O) = —1.509 +
0.097, and log(S/O) = —1.558 + 0.041. Our results extend the calibration of #, — #; relations to the highest temperatures and provide
important anchor points for the temperature structure of extremely metal-poor H II regions, including high-redshift galaxies, for which

direct temperature measurements are especially challenging.
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1. Introduction

Galaxies with extremely low metallicity are rare in the nearby
Universe. Nevertheless, they provide exceptional opportunities
for studying the physical conditions and processes that occurred
in the early Universe and during the epoch of reionization.
Therefore, research on these galaxies is crucial to enhance our
knowledge of the initial phases of galaxy evolution.

The chemical abundances in HII regions of galaxies are
most reliably determined using the direct method (also known
as the T, method). This method relies on the direct measurement
of the electron temperature (T.) using temperature-sensitive
auroral lines, such as [OMI]A4363, [N1I]A5755, [STIM]16312,
and [0 11]447320,7330. These auroral lines are very weak and
require deep high-quality spectroscopy with large telescopes to
be detected. When T, is determined from the ratio of the auro-
ral to nebular lines and the electron density (n,) is measured
using density-sensitive line ratios, the ion abundances can be
computed directly from the observed line intensities using sta-
tistical equilibrium equations (see, e.g., Osterbrock & Ferland
2006; Pérez-Montero 2017). For oxygen, which is often used
as a gas-phase metallicity tracer, the total abundance is given
by O/H = (O*/H") + (O™*/H*), where O* is derived from the
[O1]A43727,3729 lines and O*™ from [O 111]2114959,5007 lines.
For elements such as nitrogen and sulfur, ionization correction
factors (ICFs) are essential because N** and S cannot be
observed in optical spectra; they require correction by ICFs.

* Corresponding author: zinchenko@uni-heidelberg.de

In low-metallicity HII regions, very often, the [O1I1]14363
auroral line alone can be measured. It provides an estimate of
T.([O111]), and therefore, of O**/H*, in the O** zone. In this case,
O*/H" in the low-ionization O" zone calculates assuming a rela-
tion between T, ([O11]) and T.([O m1]). A number of popular lin-
ear theoretical relations between T, in low- and high-ionization
zones (also referred as #, — t3 relations) based on photoioniza-
tion models have been proposed by Stasinska (1980), Pagel et al.
(1992), Garnett (1992), among others, while others proposed
theoretical (Pérez-Montero & Diaz 2003; Izotov et al. 2006) or
empirical (Méndez-Delgado et al. 2023) nonlinear relations with
a saturation of T.([O11]) at high T,([OTII]) or even more com-
plex functional relations (Arellano-Cérdova & Rodriguez 2020;
Rickards Vaught et al. 2025). Because [O1] and [NII] arise
from similar low-ionization zones, it is frequently assumed that
T.([O11]) ~ T ([N 1I]) (e.g. Izotov et al. 2006; Croxall et al. 2016;
Yates et al. 2020; Zurita et al. 2021). Therefore, T.([N I1]) is often
used in 1, — t; relations instead of T, ([O 1I]).

Recent James Webb Space Telescope Near-Infrared Spectro-
graph (JWST/NIRSpec) observations of star-forming galaxies at
z ~ 2-3 revealed that the T.([O Im])-T,.([O 111]) relation at high
redshift exhibits a shallower slope than that found for nearby
galaxies, although it remains consistent when extremely metal-
poor (XMP) systems are included (Cataldi et al. 2025). Over-
all, the high-temperature regime is sparsely sampled observa-
tionally, and it therefore largely relies on model-based relations.
Local XMPs therefore provide an important local benchmark to
test the universality of this relation across cosmic time.
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Fig. 1. Color-composite JWST image of I Zw 18 made using four
near-IR NIRCam bands (F115W, F200W, F356W, and F444W) by
ESA/Webb, NASA, CSA (Hirschauer et al. 2024). North is up, and east
is left. The yellow circle represents the spectroscopic 1.5” aperture of
DESI.

Flux [107Y7 erg s~ cm™2 A-1]

L L H 1 L
7320 7330 7340 7350

Wavelength [A]

00

L L
7300 7310 7360

Fig. 2. Rest-frame DESI spectrum of I Zw 18 showing a clear detection
of the [O11]447320,7330 doublet. The gray shadowed area represents
the error bars. The dashed vertical lines mark the position of the emis-
sion lines.

The system I Zw 18 is a blue compact dwarf (BCD) galaxy
that represents one of the most extreme low-metallicity star-
forming systems. With an oxygen abundance of approximately
3% of the solar value, corresponding to 12+log(O/H) ~ 7.1-
7.2 (see, e.g., [zotov & Thuan 1998; Vilchez & Iglesias-Paramo
1998; Kehrig et al. 2016), this galaxy serves as a critical labo-
ratory for the examination of physical conditions and processes
in the primordial universe and during the very first cycles of star
formation. The galaxy actively forms stars with multiple stellar
populations that span ages from very young (<30 Myr) to interme-
diate ages (100-800 Myr). This provides insights into the chem-
ical evolution at different star formation episodes.

Our aim s to obtain the first direct estimate of the electron tem-
perature in the ionization zone of O* and the oxygen abundance
inIZw 18 using a new spectrum of its southeast (SE) star-forming
(SF) knot published in the Dark Energy Spectroscopic Instrument
Data Release 1 (DESI DR1; DESI Collaboration 2025).

2. Data

A new spectrum of the SE knot in I Zw 18 has been published in
DESI DRI. Fig. 1 shows the exact position of the DESI aperture,
which has a diameter of 1.5”. This corresponds to 138 pc at a dis-
tance of 19 Mpc (Fiorentino et al. 2010). Emission line measure-
ments were obtained from FASTSPECFIT Spectral Synthesis and
Emission-Line Catalog, which is designed for stellar continuum
and emission-line modeling tailored for DESI (Moustakas et al.
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Fig. 3. [0 11]13729/[O 11]A3726 ratio as a function of n,. The solid blue
line represents the PyNeb model for T, = 20 000 K, which is typical for
extremely low-metallicity HII regions. For comparison, the solid red
line represents the PyNeb model for T, = 6000 K. The dotted line and
gray area show the [O11]43729/[O11]A3726 ratio derived from DESI
spectrum and its uncertainty.

2023). It integrates physically motivated stellar population syn-
thesis and emission line templates to simultaneously model the
optical spectrophotometry of DESI from three cameras, along-
side ultraviolet to infrared broadband photometry. Along with
other data, it provides emission line fluxes and corresponding
errors. Table A.1 provides a summary of the emission lines and
their fluxes that we used in our analysis. The signal-to-noise ratio
in all listed emission lines is >5. Along with the [O 111]14363 and
[S111]A6312 auroral emission lines, the detection of the auroral
[011]247320,7330 lines (see Fig. 2) enabled us to make the first
direct measurement of the T,([O11]) in [ Zw 18 (see Table 1).

3. Determining the chemical abundances, electron
densities, and temperatures

In this section, we describe the method we used to determine
the electron densities (n.) and temperatures (T,) along with the
chemical abundances. The calculations were performed using
the code PyNeb in its version 1.1.24 (Luridiana et al. 2015) with
the PyNeb atomic data dictionary PYNEB_23_01.

3.1. Extinction correction and electron density

The Balmer line ratios measured in the DESI spectrum of the SE
knot deviate systematically from the theoretical Case B values,
particularly for the higher-order Balmer lines. This cannot be
explained by dust extinction alone. A more detailed analysis of
the Balmer decrement, including the effect of stellar absorption,
and suggested flux corrections are presented in Appendix A.
The spectral resolution of the DESI data enabled
us to resolve the [O11]443727,3729 doublet and the
[S1]216716,6731 doublet. For the I Zw 18 SE knot, we
calculated line ratios of [O11]13729/[O11]13726 = 1.456+0.058
and [SI]A6716/[S11]16731 = 1.473+0.066. From these diag-
nostic ratios, we found that the electron density n, from
[0 1M]A3729/[011]A3726 is equal to 27+32. The changes in n,
are negligible for T, > 10000 K, which is typical for extremely
low-metallicity HII regions. Fig. 3 presents a comparison
between the observed [O1I] doublet flux ratio and theoretical
ratios at varying n,. The figure demonstrates that the theoretical
relation between n, and [O11]13729/[0O11]A3726 does not
significantly depend on T, in the low-density regime. The[O I1]
doublet probes n, in the O* ionization zone, for which we derive
T, and the oxygen abundance below. Because the uncertainty in
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Table 1. Electron densities, [O III] temperatures t;, and element abundances in the I ZW 18 SE knot.

Target ID n(SH) n(On) T,(Om]) T.(On]) T.(Sm]) 12+log(O**/H) 12+log(O*/H) 12+log(O/H)
cm™3 cm™ K K K dex dex dex
39633324993414901 <100 27432 21200+£860 161704950 17290+1750 6.924+0.034  6.510+0.075 7.066+0.046

the n, estimation at low density is substantial, however, we did
not use the computed n, value to determine T, and the chemical
abundances. We instead assumed a fixed value of n, = 100 cm™3
because its effect is negligible in the calculation of the final
ionic abundances at low density (Osterbrock & Ferland 2006).
Nonetheless, we additionally verified our conclusion in the
low-density regime using the [SII]A6716/[S 11JA6731 ratio and
found that the [S1I] and [OTI] doublets consistently show a
low-density state (n, < 100 cm™3).

3.2. Electron temperatures

From the combination of the nebular [O111]114959,5007 and
auroral [O11]A4363 lines, we obtained T.([O1I]) = 21200 +
860 K. This value is higher than the 19600 + 600 K that was
reported for the SE knot by Kehrig et al. (2016) and than the
averaged T, = 18500 + 2000 K that was measured across the
entire galaxy by Rickards Vaught et al. (2025). These two stud-
ies both reported significant temperature variations (~15000-
24000 K) at galaxy scales and locally within its SE knot. There-
fore, the slightly elevated value than the averaged estimates by
previous IFS studies we obtained from the DESI spectrum is
likely caused by the differences in the spatial sampling. T,(O1I)
was computed using the [O11]113729,3726/[O 11]A17320,7330
ratio and represents the lower ionization zone. It is significantly
lower, T.([O11]) = 16 170+£950 K.

As summarized by Méndez-Delgado et al. (2023), measure-
ments of T,([OM]) can be variously affected by the uncer-
tainty in the reddening correction or the quality of the flux
calibration, the recombination contribution to the collisionally
excited lines, temperature fluctuations, or density variations.
We corrected the emission line fluxes to make them consistent
with the theoretical Balmer decrement, however, and addressed
potential issues with reddening and/or flux calibration. Pos-
sible temperature fluctuations within the O* zone might lead
to an overestimate of T,([O11]). This means that the average
temperature in the O* zone can be lower than T.([O11]) and
should be considered as an upper limit. Possible density fluc-
tuations will have similar effect. The [O11]43729/[O 11]13726
and [S1]16716/[S11]16731 ratios indicate a low-density region
in the two ionization zones. Although small high-density knots
cannot be excluded, their contribution can only lower the aver-
age T, because a higher n, leads to a lower T, at a given
[0 11]143729,3726/[O 11]A47320,7330 ratio.

On the other hand, direct T, estimates in low-ionization
zones at extremely low metallicities are crucial because there
are indications that the relation between T, in zones of
high and low ionization is nonlinear. Furthermore, the num-
ber of data points with simultaneous measurement of the
two temperatures in the T.([OmI]) > 14000 K range is
extremely limited (see, e.g., Arellano-Cérdova & Rodriguez
2020; Méndez-Delgado et al. 2023), but it is very important to
establish a reliable relation between T,.([O111]) and T,.([O11]) or
T.([NT11]) to accurately determine total oxygen abundance and
the ICFs for abundances of other chemical elements, which sen-
sitively depend on O*/O**.
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Fig. 4. T,([O11]) as a function of T, ([O 111]) for the model from Garnett
(1992) (solid black line) in comparison with T,([O11]) and T,([O 11])
derived for the SE knot in I Zw 18 (black circle). The solid blue line
represents the quadratic model from Méndez-Delgado et al. (2023) for
T.([N11]) as a function of T.([O11]), and the red and green lines rep-
resent the relations from Cataldi et al. (2025) and Pagel et al. (1992),
respectively. For this model, we preserved a limited range of T, ([O 111]),
which represents the range of T,([O 111]) in its calibration sample.

It is interesting to compare our direct T,([O I1]) estimate with
the estimate obtained using popular #, — #3 relations because they
are widely used to calculate the metallicity of metal-poor galax-
ies when no auroral lines in low-ionization zones are available.
The linear #, — t3 relation by Garnett (1992) and our estimate
of T,([O1]) gives T([OT1]) = 17 840 + 600 K, which is 16%
higher than a direct estimate using the [O11]417320,7330 lines.
This result differs from the conclusion by Méndez-Delgado et al.
(2023), who found that T,([NII]) at high temperature is sig-
nificantly lower than predicted by linear relations, similar to
Garnett (1992). Although the maximum T,([O I11]) in the sampel
of Méndez-Delgado et al. (2023) was limited to ~14 000 K, we
extend the range to 21200 K with our measurement. The measured
T.([O10]) in I Zw 18 is also relevant for high-redshift SF galax-
ies, which typically exhibit high ionization parameters and a low
metallicity. Some previous studies have shown that the #, —#; rela-
tion may depend on the ionization parameter (e.g. Pilyugin 2007,
Arellano-Cérdova & Rodriguez 2020). In this context, I Zw 18
serves as a local analog of high-z systems. As shown in Fig. 4,
our temperature measurements for I Zw 18 are most consistent
with the , — #3 relations by Cataldi et al. (2025), which were
developed considering high-redshift objects, and with Pagel et al.
(1992) based on photoionization models. This indicates that #, — 3
relations at high temperatures might be more complex than a one-
dimensional relation, and it highlights the need for further studies
of the temperature structure at low metallicities.

The detection of the [S1]A6312 line enabled us to cal-
culate T, in the medium-temperature [SII] zone, T,([SIII]),
because the [STI]19531/[S MI]29069 ratio differs substantially
from 2.47, which is the theoretical value. This may indicate
telluric absorptions in the [S1IT]A19069 line. We therefore only
used the [STIT]A9531 nebular line to compute T,([S1I]). We
determined T.([S1]) = 17290+1750 K, which falls between
T.([O1]) and T.([O1]).
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3.3. Chemical abundances

Because we derived T, directly from the auroral to nebular
line ratios in the [OII] and [O1II] zones, we estimated the
total oxygen abundance using these T.([O1]) and T.([O1I])
values together with the fluxes of [O1]143729,3726 and
[0 111]114959,5007 assuming a low-density regime. A negligible
ionic O** abundance is expected because the He 1114686 line is
not detected in the spectrum. Applying the PyNeb getlonAbun-
dance method and combining O* and O** abundances, we
obtained 12+1og(O/H) = 7.066 + 0.046.

Since in previous studies neither the [O 1] nor the [NII]
auroral lines were measured, the authors relied on the 1, — 3
relations to estimate O/H. Therefore, we also estimated O/H by
computing T.([O11]) from T,([O11]) using the , — #3 relation
from Garnett (1992). In this case, we obtained 12+log(O/H)»3
= 7.036 + 0.035, which is compatible with our estimate using
direct measurements of both T,.([O11]) and T.([O11]). The alter-
native quadratic t, — #3 relation from Méndez-Delgado et al.
(2023) only extends to 17000 K and can therefore not be
applied to I Zw 18 without significant extrapolation. Recently,
Rickards Vaught et al. (2025) applied three- and two-state mod-
els and a parametric #, — #3 relation dependent on the excitation
parameter and found an oxygen abundance of 7.2 + 0.02 dex,
which is higher by 0.15 dex than our estimate. Thus, different
t, —t3 relations provide varying estimates of the total O/H, which
highlights the need for further studies to better constrain these
relations and T,([O11]) for low-metallicity galaxies.

Assuming N/O ~ N*/O* and T, ([O1]) ~T.([N11]), we
obtained the nitrogen-to-oxygen ratio log(N/O) = —1.509 =+
0.097, which is consistent with average value for metal-
poor galaxies from Zinchenko et al. (2024). Using the method
described by Zinchenko et al. (2024), we also derived log(S/O) =
—1.558 £ 0.041. This value is very close to the average S/O ratio
for metal-poor galaxies as reported by Zinchenko et al. (2024).

4. Conclusions

We presented the first direct measurement of the electron tem-
perature in the low-ionization zone of I Zw 18, enabled by the
detection of the [O11]147320,7330 auroral doublet in the DESI
DR1 spectrum. We found a substantial temperature difference
between the ionization zones, with T.([O1II]) = 21 200 + 860 K
exceeding T.([O1]) = 16170 + 950 K. This T.([O1I]) value
lies between the #, — #3 relations proposed by Garnett (1992)
and Méndez-Delgado et al. (2023) and provides the first direct
T.([O11]) estimate for very high temperatures. It is far beyond
T.([Om1]) ~ 17000 K, where no empirical #, — 3 are cali-
brated. Using direct temperature measurements for the two ion-
ization zones, we derived 12+1log(O/H) = 7.066 + 0.046. We also
derived log(N/O) = —1.509 = 0.097 and log(S/O) = —1.558 =
0.041, which are consistent with the average values for metal-
poor galaxies from Zinchenko et al. (2024).

Our results extend the calibration of T, relations to the high-
est temperatures and provide important anchor points for the
temperature structure of extremely metal-poor H1I regions. The
potential systematic biases in the metallicities derived using
empirical or theoretical temperature relations might have impor-
tant implications for studies of metal-poor galaxies (e.g., the
derivation of the primordial helium abundance), including high-
redshift galaxies, where direct T, measurements in [O II] zone
are mostly impossible, and the abundance estimates rely on these
relations. Accurate chemical abundance determinations in pri-
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mordial environments therefore require direct T, measurements
in all ionization zones or robust f, — 3 relations. This high-
lights the need for improved models of temperature structures
in extremely metal-poor galaxies.
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Table A.1. Emission line fluxes normalized to HB = 100.

Line FastSpecFit ¢ Gaussian fit? Case B¢ Corr?
[OT11]13726 22.71+0.70 0.88
[01]A3729 33.07+0.85 0.88
Ho 29.73+0.54  30.47+1.18 26.4 0.88
Hy 52.41+0.72  50.91+0.99 475 09
[0OT1m]14363 6.96+0.43 0.9
Hp 100.00+0.65 100.00+1.04  100.0
[O11]44959  58.27+0.49

[O1m]A5007  169.25+0.89

[S11]16312 0.67+0.10

[N11]16548 0.49+0.09

Ha 264.90+0.95 278.02+2.56  274.6

[N 11]16584 1.44+0.09

[S1]A6716 3.94+0.11

[S1]A6731 2.67+0.10

[0 11]A7320° 0.89+0.08

[011]A7330f 0.70+0.06

[S m1]29069 3.07+£0.07

[S11]19531 9.43+0.13

Notes. “Flux from FastSpecFit VAC. ’Flux from our Gaussian fit with-
out subtraction of stellar continuum. “Recombination line flux expected
from Case B. “Flux correction coefficient. “The line corresponds to
unresolved doublet [O11]A17319,7320. /The line corresponds to unre-
solved doublet [O 11]117329,7330.
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Fig. A.1. Observed-to-theoretical Balmer line ratios (Ha/HB, Hy/HB,
Ho/Hp) for two measurement methods. Blue circles represent full spec-
tral fitting including stellar absorption component from FASTSPECFIT
catalog. Orange squares represent our fitting with single Gaussian with-
out subtraction of stellar continuum. Error bars show 1o~ uncertainties,
and the dashed line marks the consistency with Case B recombination
atn, = 100 cm™ and T, = 20000 K.

Appendix A: Emission line fluxes and correction for
extinction

We summarize emission line measurements from the VAC FAST-
SPECHIT catalog in Table A.1. The fluxes returned by FAST-
SPECHIT are already corrected for Galactic extinction. This
table shows that the measured Ha/HS ratio (2.649 + 0.020)
is =~ 3% lower than the theoretical value expected at T, =
20000 K, formally yielding a negative c(HB) = -0.045 =
0.009 when applying the extinction curve of Fitzpatrick (1999),
while previous studies reported a small positive c(HB) values
(Skillman & Kennicutt 1993; Vilchez & Iglesias-Paramo 1998;
Izotov et al. 1994; Kehrig et al. 2016). Ucci et al. (2019) using
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Fig. A.2. Difference in the derived T,.([O II]) caused by a 10% increase
in the [0 11]A13726,3729 flux as a function of the original temperature.

the same IFU data as Kehrig et al. (2016), also reported very low
but positive visual extinction values, Ay ~ 0.01 mag, in most
spaxels.

At the same time, the observed Hy/HB and Ho/Hp ratios
exceed their theoretical values by ~ 6-12%, also implying neg-
ative c¢(Hp). For the physical conditions typical of metal-poor
H1I regions, we adopt Case B Balmer ratios at n, = 100 cm™>
and T, = 20000 K computed with PYNEB. The theoretical
ratios used in this work are listed in Table A.1. These Balmer
ratios therefore cannot be explained by a physically plausible
dust extinction correction alone.

To test whether overestimation of absorption features dur-
ing stellar continuum modelling can explain these discrepancies,
we refit all Balmer emission lines using single-Gaussian profiles
without subtracting stellar component. While this brings Ho/HB
closer to the theoretical ratio, it does not significantly change
Hy/HpB or H6/HB, which remain discrepant beyond their uncer-
tainties as shown in Figure A.1. Thus, we conclude that the ele-
vated higher-order Balmer ratios are not caused by the stellar
population fitting performed by FASTSPECFIT.

Thus, we consider a relative flux calibration bias in the blue
part of the DESI spectrum as a likely scenario. Although, we
cannot rule out possible deviations from the standard Case B
assumptions at very high T, (e.g. Flury et al. 2022; Scarlata et al.
2024). We therefore apply an empirical correction to the blue
spectral region, derived from the ratios of the observed to theo-
retical Hy/HB and Ho/Hp values. The resulting correction factors
correspond to a reduction of the measured fluxes by ~ 12% for
[011]A23726,3729 and ~ 10% for [O111]14363, based on their
proximity in wavelength to the relevant Balmer lines.

Applying this correction increases the derived 7,(OII), but
lowers T,(OIII), bringing our T,(OIIl) estimate for the SE
knot into closer agreement with previous IFU-based studies
(e.g. Kehrig et al. 2016; Rickards Vaught et al. 2025). Increase
of [011]A13726,3729 flux by 10% in T,(OII) range of 14 000—
16 000 K results in T,(O II) uncertainty of 1 000—1 200 K, which
is compatible with statistical uncertainty of our 7,(OII) estima-
tion. Figure A.2 demonstrates the effect of a systematic increase
in the [0 11]143726, 3729 flux on the derived electron tempera-
ture. In this toy model the T.([O II]) is computed using PyNeb
over a range of input ratios [OII] nebular-to-auroral line ratios
(25-250). The x-axis shows the T, for the reference case, while
the y-axis shows the temperature difference AT, between the ref-
erence case and a 10% increase in [O 11]A123726, 3729 flux.
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