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A B S T R A C T 

In this work, we test the validity of Te –Te relations in resolved (10–200 pc) measurements of four nearby, low-metallicity (7.25 

≤ 12 + log(O/H) ≤ 8.33), low-mass (106 . 78 ≤ M∗/M� ≤ 108 . 7 ), starburst (10−4 . 5 ≤ sSFR ≤ 10−0 . 3 ) galaxies. We obtain Very 

Large Telescope/X-Shooter spectra of NGC 5253, NGC 0625, SBS 0335 −052E, and IC 2828, targeting regions within these 
galaxies with bright point-like sources and diffuse gas. Our observations are designed to extend from the galaxy mid-plane into 

extraplanar gas likely belonging to galactic winds. We measure electron temperatures from five different auroral lines: [N II ] 
λ5755, [O II ] λλ7319, 7330, [S II ] λλ4069, 4076, [S III ] λ6312, and [O III ] λ4363. We compare the resulting Te –Te relations 
with previous studies of H II regions in nearby spiral galaxies. Our results show that Te –Te relations in low-metallicity starburst 
galaxies do not significantly deviate from Te –Te relations in H II regions of local spiral galaxies. We do not find significant 
differences in the diffuse, extraplanar gas. These results suggest that auroral lines provide a reliable metallicity diagnostic not 
only for high-redshift galaxies but also for the extended diffuse gas in extreme environments like outflows. 

Key words: galaxies: dwarf – galaxies: ISM – galaxies: starburst. 
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 I N T RO D U C T I O N  

he chemical evolution of galaxies provides insight into the effi-
iency of star formation and the effects of feedback in the enrichment
f the interstellar medium (ISM) and the circumgalactic medium
CGM; Roy & Kunth 1995 ; Tremonti et al. 2004 ; Tumlinson,
eeples & Werk 2017 ). Furthermore, the ISM metallicity directly
ffects the properties of stellar populations, the impact of stellar
eedback (McLeod et al. 2021 ), and galaxy structures (Gallazzi et al.
005 ). Observations of galaxy metallicities across cosmic time can
elp us understand how chemical elements build up in the Universe.
rom spatially resolved metallicity measurements of galaxies, we
an understand the effects of different gas flows on the overall
roperties of galaxies. Thus, to understand the full picture of the
hemical evolution of galaxies, we need a method that allows us to
eliably measure metallicity across a broad range of environments
Maiolino & Mannucci 2019 ). 

The ratio of auroral lines to nebular emission lines of the same ion
s sensitive to the electron temperature ( Te ) of the gas, which can be
 E-mail: mhamelbravo@swin.edu.au 
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sed to measure the metallicity. This ‘direct’ method is frequently
eferred to as a ‘gold standard’ in measuring gas-phase metallicity
Peimbert 1967 ; Kewley & Ellison 2008 ; Berg et al. 2020 ). This
ethod, however, relies on high-excitation emission lines that are

00–1000 times fainter than more commonly measured strong lines,
uch as [O III ] λ5007 and H α. It has, therefore, been challenging to
pply in low surface brightness environments, like diffuse extraplanar
as, or in very high redshift galaxies. The recent development of high-
hroughput spectrographs on Keck and Very Large Telescope (VLT),
s well as the commissioning of the James Webb Space Telescope
 JWST ), has not only led to an increase in studies of auroral lines,
ut also measurements beyond nearby H II regions (Cameron et al.
021 ; Schaerer et al. 2022 ). 
The use of auroral lines to calculate metallicity relies on the

ssumption that the ratio of a high-excitation line to a low-excitation
ine of a given ion accurately determines the Te of the gas, but
here are some caveats and uncertainties that should be kept in

ind when applying this method. The ionization structure of the
as can introduce uncertainties to the auroral line method. Gas with
ifferent ionization states can show a difference in Te (Peimbert 1967 ;
ewley, Nicholls & Sutherland 2019 ). To address these complexities,
odels such as the two-zone (López-Sánchez et al. 2012 ), three-zone
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Table 1. Main properties of the galaxies. 

Galaxy D log( M� ) log(SFR) 12 + log(O/H) 
(Mpc) (M�) (M� yr−1 ) 

NGC 5253 3.5a 8.64c −0.26c 8.19f 

NGC 0625 4.0a 8.60c −1.20c 8.22g 

SBS 0335 −052E 59.0b 6.78d −0.15e 7.25h 

IC 2828 13.0b 8.05c −1.45c 8.33i 

Note. a Distances from the Cosmicflow data base (Tully, Courtois & Sorce 
( 2016 ); b distances from flow models: Kourkchi et al. ( 2020 ); c Marasco et al. 
( 2023 ); d Reines, Johnson & Hunt ( 2008 ); e Herenz et al. ( 2023 ). Metallicities 
measured using the direct method: f Welch ( 1970 ); g .Skillman, Cˆ oté & Miller 
( 2003 ) ; h Izotov et al. ( 2009 ); and i Brinchmann, Kunth & Durret ( 2008 ). 
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Garnett 1992 ), or four-zone ionization models (Berg et al. 2021 ) are
ften used to separate the nebula into different ionization regions and 
easure Te for each. Ideally, to accurately measure the metallicity, 

ne must determine the temperature structure of the gas by measuring 
e from different ions that probe different ionization zones. The use 
f a single Te can bias the abundance measurement (e.g. Arellano- 
órdova & Rodrı́guez 2020 ; Rogers et al. 2022 ). 
Observations often rely on a single emission line ratio, such as

O III ] λ4363/ λ5007, to estimate electron temperatures. To account 
or unobserved ionization states when deriving metal abundances, 
mpirical or photoionization model-based temperature relations 
 Te –Te relations) are commonly used. These relations are usually 
alibrated on observations of nearby H II regions where multiple 
uroral lines are detectable and are generally well-behaved in such 
nvironments (Esteban et al. 2009 ; Berg et al. 2020 ). As a result,
e –Te relations are widely used when determining metallicities via 

he auroral line method, providing a practical approach for systems 
here only a single auroral line is available. 
Metallicity measurements using auroral lines, particularly [O III ] 

4363, and established Te –Te relations have been successfully 
pplied to both resolved nearby systems (Cameron et al. 2021 ; 
amel-Bravo et al. 2024 ) and integrated spectra of high-redshift 
alaxies (Sanders et al. 2020 ; Laseter et al. 2024 ). However, well-
nown differences – including ionization state, electron density, 
nd metallicity – may lead to a change in the ionization structure
e.g. Berg et al. 2021 ). This may lead to differences in the electron
emperature relations between different ionization zones. Similar 
ssues exist for extraplanar gas, in which large changes to the physical
roperties of the gas may likewise impact the ionization structure, 
nd thus the applicability of the auroral lines to estimate metallicity. 
ltimately, despite the frequent description of auroral lines as a 
old standard tracer of metallicity, biases may still be present when 
pplying this method in extreme environments. 

This work uses emission line spectra across the discs and extra- 
lanar gas of four nearby, low-mass ( < 108 . 7 M�), low-metallicity 
12 + log(O/H) < 8.35) galaxies to test the Te –Te relationships in 
ifferent environments. We detect multiple auroral lines to derive new 

lectron temperature relations for the diffuse and extraplanar gas. By 
xamining Te –Te relationships in these high-redshift analogues, in 
ifferent regions of the galaxy, like the diffuse extraplanar gas and 
he bright sources in the disc, we can study how gas properties affect
he direct method metallicities. 

The remainder of this paper is organized as follows. In Section 2 ,
e describe the data used in this work, including our galaxy sample

Section 2.1 ), our observations and data reduction (Section 2.2 ), 
nd the comparison sample (Section 2.3 ). Section 3 describes our 
ethod to measure emission line fluxes. In Section 4 , we present

ur Te measurements, detailing our method used to derive them 

Section 4.1 ), the classification of point-like sources and diffuse gas 
Section 4.2 ), the derived Te –Te relations (Sections 4.3 and 4.4 ), a
tatistical comparison between the H II regions sample and the diffuse
as (Section 4.5 ), and dependence on ionization, electron density, and 
ust extinction (Section 4.6 ). Finally, in Section 5 , we summarize our
esults and discuss their implications for metallicity measurements 
cross different environments. 

 DATA  

.1 Galaxy sample 

e selected four galaxies for this study that are sufficiently nearby 
o resolve the diffuse gas from the bright sources, and that span a
ifferent range of properties than the spiral galaxies usually used in
e –Te studies. The four nearby (3.5 ≤ D ≤ 59 Mpc), low-metallicity 
7.25 ≤ 12 + log(O/H) ≤ 8.4), low-mass (106 . 78 ≤ M∗/M� ≤ 108 . 7 ), 
tarburst galaxies are NGC 5253, NGC 0625, SBS 0335 −052E, 
nd IC 2828. With our observations, taken under seeing conditions 
f ∼0.8 arcsec, we can obtain a spatial resolution of ∼20 pc for
GC 5353 and NGC 0625, ∼50 pc for IC 2828, and ∼250 pc

or SBS0335 −052E. Table 1 summarizes the key properties of the
ample. 

These galaxies have low masses, a clumpy structure, high star 
ormation rates ( −1.45 ≤ log(SFR) [M� yr−1 ] ≤ −0.15), and low 

etallicities, similar to typical galaxies at higher redshift (Izotov et al.
021 ). Therefore, we will use these results to inform how resolved
lectron temperature relationships, measured from different auroral 
ines, may behave in conditions similar to the early Universe. From
 α imaging of these galaxies, we observe emission from ionized gas
eyond the stellar disc, commonly referred to as diffuse extraplanar 
as, indicating the presence of outflowing gas. To quantify the extent
f our extraplanar measurements, we report the maximum projected 
istance of the X-Shooter slit from the disc along the minor axis in
nits of R90 , the radius enclosing 90 per cent of the galaxy’s stellar
ight. For our sample, the maximum distances reached are: 0.8 R90 

or NGC 5253, 0.7 R90 for NGC 0625, 4 R90 for SBS 0335 −052,
nd 0.8 R90 for IC 2828. While most of our measurements lie just
ithin the formal stellar extent, the lack of significant continuum 

mission and the vertical orientation of the structures support their 
nterpretation as extraplanar gas. 

NGC 5253 is a well-studied blue compact dwarf galaxy. The 
alaxy has an SFR that is five times larger than the main-sequence
alue expected for a galaxy of this mass (Popesso et al. 2023 ). The
etallicity is about ∼1 / 2 the value for its stellar mass (Tremonti

t al. 2004 ; Calzetti et al. 2015 ). The very young, massive clusters
n the centre of the galaxy produce a large ionizing photon flux
 Q (H I ) ∼ 7 × 1052 s−1 ), which is not well explained by the stellar
ass of the central star cluster (∼106 M�), and suggest a population

f high-mass stars (Smith et al. 2016 ). Consistent with this, its spectra
how evidence for Wolf–Rayet (WR) stars (Schaerer et al. 1997 ). The
arder ionization field could impact the ionization structure of the 
 II regions in this galaxy. Moreover, it is similar to what is expected

n high-redshift galaxies. Kobulnicky & Skillman ( 2008 ) show in the
 α and H I emission maps ∼0.8 kpc arc-like structures and filaments

ndicative of superbubbles and galactic winds. 
SBS 0335 −052E is a widely studied galaxy, as it is one of

he most metal-poor starburst galaxies known (Izotov et al. 1997 ).
hese properties, along with its low mass ( M∗ ∼ 107 M�), make 

t very useful as a nearby analogue to the early Universe. Spectra
f SBS 0335 −052E show that the galaxy is dominated by emission
rom high-ionization ions in the optical range, such as [He II ] λ4686
MNRAS 543, 1322–1338 (2025)
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Kehrig et al. 2018 ), [Ne V ] λ3426 (Thuan & Izotov 2005 ), and
Ne V ] λ14.32 μm (Thuan & Izotov 2005 ; Mingozzi et al. 2025 ).
n particular, Kehrig et al. ( 2018 ) show extended He II up to a
istance of ∼1.5 kpc from the brightest H α emission in the galaxy.
tellar population models struggle to model the strong radiation
eld required to observe these high-ionization emission lines in
BS 0335 −052 (Wofford et al. 2021 ; Mingozzi et al. 2025 ). Herenz
t al. ( 2023 ) show H α emission that extends to ∼15 kpc; the biconical
hape of the emission and the connection to the starburst suggest this
s an outflow. 

NGC 0625 and IC 2828 are both low-metallicity galaxies in which
he SFR is more similar to the main-sequence value. As well, both
ave metallicity within 0.2 dex of the mass–metallicity relationship
Tremonti et al. 2004 ). IC 2828 shows plumes of ionized gas that are
nterpreted as the response of feedback processes (Jaiswal & Omar
016 ). NGC 625 does show spectral features of WR stars (Monreal-
bero et al. 2017 ), and is described as having a galactic wind with a
ind velocity of ∼200 km s−1 (Marasco et al. 2023 ). 
The overall sample of four targets is, therefore, selecting a range

f star-forming activity in the low-mass, low-metallicity regime. All
ave evidence of young stellar populations that are impacting the
iffuse ISM via feedback processes. Two of the targets are more
xtreme (SBS 0335 −052 and NGC 5253), and two are more typical
f low-mass galaxies (NGC 0625 and IC 2828). 

.2 Observation and data reduction 

e observed these four galaxies using the X-Shooter spectrograph
Vernet et al. 2011 ) on the ESO VLT between 2023 December 1 and
024 April 5 as part of program ID 112.25V8.001, with a seeing
etween ∼0.6 and ∼1.1 arcsec. Each galaxy was observed with two
ifferent slit positions, one aiming at the galaxy disc and a second one
iming at a bright extended H α filament. Fig. 1 shows the positions of
he two slits for each galaxy, overlaid on H α images. This figure will
e discussed in more detail in Section 4.2 . We will refer to the slits
s the major axis slit (green slit in Fig. 1 ) and the minor axis slit
blue slit in Fig. 1 ), respectively. The positions of the H α filaments
ere determined using archival Multi Unit Spectroscopic Explorer

MUSE) data for each target. X-Shooter has three different arms: the
VB arm (3000–5600 Å), the VIS arm (5500–10 200 Å), and the
IR arm (10 200–24 800 Å). All slits have a fixed length of 11 arcsec

nd we chose the broadest configuration for each arm (1.6 arcsec for
he UVB, 1.5 arcsec for the VIS, and 1.2 arcsec for the NIR). The
verage spectral resolution of the three arms is ∼75 km s−1 . 

The observations were made in the mapping mode. We observed
 pattern of object–sky–object. The exposure times varied for each
arget and wavelength arm (UVB, VIS, and NIR). Individual sky
rames were executed with equal exposure time to individual object
rames. 

We performed one observing block (OB) for the major axis slit
nd four to five OBs for the minor axis slit for each galaxy. The
xposure times and number of OBs per target were determined using
he ESO exposure time calculator to be able to detect the faint auroral
ines and not saturate bright emission lines. Exposure times for each
lit are listed in Table 2 . Despite our efforts to determine appropriate
xposure times, some positions in the slits of NGC 5253 and NGC
625 have saturated pixels at the position of the [O III ] λ5007 and the
O III ] λ4959 emission lines. This can be a problem when estimating
he electron temperature from the [O III ] λ4636/ λ5007 ratio; we
ddress this in Section 3 . 

The data reduction was done using the ESO Recipe Flexible
xecution Workbench ( REFLEX ; Freudling et al. 2013 ). We reduce
NRAS 543, 1322–1338 (2025)
ach OB individually, and from each exposure, we subtract the
losest in time sky exposure. The pipeline provides flux-calibrated
nd sky-subtracted 2D images of each exposure. Exposures were
hen combined using an inverse variance weighted average. 

We extracted individual spectra from the 2D reduced images by
ividing the image in the spatial direction into 11 spatial elements of
 arcsec each. This gave us 11 spectra along each slit. Fig. 1 displays
he positions of the slits, each with 11 spatial elements overlaid on
 α images of the galaxies. 

.3 Comparison sample 

e use H II regions drawn from the CHemical Abundances Of Spirals
CHAOS; Berg et al. 2015 ) sample as a comparison. They measure Te 

rom multiple auroral lines in a large number of H II regions in nearby
piral galaxies using the Multi-Object Double Spectrographs on the
arge Binocular Telescope. We use data from NGC 0628 (Berg
t al. 2015 ), NGC 5194 (Croxall et al. 2015 ), NGC 5457(Croxall
t al. 2016 ), NGC 3184 (Berg et al. 2020 ), and M33 (Rogers et al.
022 ). The CHAOS sample is significantly more massive ( M∗ ∼
010 –1011 M�) and significantly more metal-rich (12 + log(O/H)
8 . 5–9 . 0) than our sample. The comparison, therefore, allows us

o determine if the Te –Te relations of typical, local Universe spirals
xtend to higher Te . 

 EMISSION  LI NE  MEASUREMENTS  

he integrated spectra in each spatial element are corrected for Milky
ay extinction by using the Cardelli, Clayton & Mathis ( 1989 )

xtinction law with AV values from the NASA/IPAC Extragalactic
atabase (NED, http://ned.ipac.caltech.edu ) for each galaxy. We then

stimate the stellar continuum. For spectra with continuum signal-
o-noise ratio (SNR) > 5 (calculated in the wavelength range from
500 to 4640 Å where the flux is dominated by stellar continuum),
e perform a stellar continuum fit using the Penalized PiXel-Fitting

 PPXF ; Cappellari 2017 ). We mask all visible emission lines and
erform the fit using stellar models from E-MILES (Vazdekis et al.
016 ), BPASS (Eldridge et al. 2017 ), and GALAXEV (Bruzual & Charlot
003 ). BPASS has the advantage of including binary evolution, while
-MILES and GALAXEV do not. However, from visual inspection,
odels from GALAXEV resulted in the lowest residuals around the
 γ emission line, so we adopted these models for all SNR > 5

ontinuum subtractions. For spectra with continuum SNR ≤ 5, we use
 2-degree polynomial fit for the continuum, after masking emission
ines. ∼30 per cent of our spectra have a continuum SNR > 5. Most
f these high SNR spectra correspond to spatial elements in the minor
xis slits, which have higher exposure times than the major axis slits,
hat lie close to the stellar components of the galaxies. 

After continuum subtraction we fit relevant emission lines using
 Gaussian model. For doublets, we use a double Gaussian model
ith fixed wavelength offset between lines, this is the case for [O II ]
λ3726, 3729, [S II ] λλ4069, 4076, and [O II ] λλ7320, 7330. For
 α λ6563, [N II ] λ6548, and [N II ] λ6584, we use a triple Gaussian
odel with fixed offset between centroids. The Gaussian fit includes a

aseline offset, which accounts for imperfect continuum subtraction.
e use the galaxy redshifts for an initial guess of the Gaussian

entroid for each emission line and we set a minimum width of
he Gaussian to match the instrument dispersion, σinst ∼ 0 . 3 Å.

e calculate the SNR in a wavelength range centred on the fitted
aussian centroid and a width equal to the width of the Gaussian.
e consider a line as detected if SNR ≥ 3. We estimate the flux

ncertainty by performing 100 Monte Carlo simulations, perturbing

http://ned.ipac.caltech.edu


Te–Te in diffuse gas 1325

Figure 1. Continuum-subtracted H α images of our four targets showing the position of the X-Shooter slits and the identified point-like sources of ionized gas. 
For NGC 5253 and NGC 0625, we use the continuum-corrected HST /WFC2 F 656 N , for SBS 0335 −052, we use HST /ACS F 656 N . For IC 2828, we continuum 

subtract the VLT/MUSE cube around the H α emission line, and then sum the remaining flux. Blue contours show the position of the minor axis slit and the 11 
spatial elements within that slit. Green contours show the major axis slit. Red circles show the identified clumps with the adopted radius. Individual positions 
within slits that are coloured correspond to positions with a contribution of clumps higher than 20 per cent. We only do this in the HST images given the clumps 
are unresolved in MUSE data. 
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he observed spectrum at each pixel based on its standard deviation, 
nd taking the standard deviation of the resulting flux measurements. 
ig. 2 shows an example of the fit of all five auroral lines for two
ifferent spatial elements in NGC 5253. 
For some of our spatial elements, the [O III ] λ5007 emission

ine is saturated. We inspect outputs from the reduction pipeline 
o determine which positions have saturated [O III ] λ5007 emission.
or those positions we use the theoretical ratio [O III ] λ5007/ λ4959
 2.9 (Osterbrock & Ferland 2006 ) to estimate the [O III ] λ5007
ux. Some positions have saturated [O III ] λ4959 emission as well,
or those cases we cannot make an estimate of the [O III ] λ5007 flux,
hus we cannot calculate the electron temperature for [O III ]. 
Within the X-Shooter wavelength range, we have access to several 
ydrogen emission lines, which we use to determine the dust 
xtinction from Balmer line decrements. We fit all hydrogen lines 
rom H12 λ3250 to H α λ6563 and calculate their ratio relative
o H β. We estimate the AV value by comparing the ratios with
heoretical values assuming a Te = 104 K and a ne = 100 cm−1 and
he extinction curve for the Large Magellanic Cloud from Gordon 
t al. ( 2003 ). We take the average AV value, weighted by the SNR
f each line, for each position as the extinction value. Our estimated
V values range from 0.1 to 1, with a median AV of 0.3, which

grees with values from the literature for these galaxies. We correct
he flux from each fitted emission line using the extinction curve for
MNRAS 543, 1322–1338 (2025)
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Table 2. Summary of X-Shooter exposure times for each slit position and 
each arm (UVB, VIS, and NIR). The format shows: number of OBs × total 
exposure time per OB. 

Exposure times (s) 
UVB VIS NIR 

NGC 5253 minor axis 3 × 1560 3 × 1500 3 × 1500 
1 × 1120 1 × 920 1 × 100 

NGC 5253 major axis 1 × 226 1 × 250 1 × 300 
NGC 0625 minor axis 3 × 1600 3 × 1540 3 × 1500 

1 × 1108 1 × 1162 1 × 960 
NGC 0625 major axis 1 × 226 1 × 250 1 × 300 
SBS 0335 −052E minor axis 4 × 1560 4 × 1520 4 × 1450 

1 × 1140 1 × 1148 1 × 1380 
SBS 0335 −052E major axis 1 × 226 1 × 250 1 × 300 
IC 2828 minor axis 4 × 1600 4 × 1560 4 × 1600 

1 × 1160 1 × 1158 1 × 1050 
IC 2828 major axis 1 × 226 1 × 250 1 × 300 
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he Large Magellanic Cloud from Gordon et al. ( 2003 ). For the rest
f the paper, all properties are derived from the extinction-corrected
mission line fluxes. Table A1 shows the reddening correction factors
nd fluxes for all measured lines for each slit position. 

 E L E C T RO N  TEMPERATURE  R E L AT I O N S  

.1 Electron temperature measurements 

e measure the electron temperature from five different auroral to
ebular emission line ratios: 

(i) Te ([N II ]): [N II ] λ5755/( λ6584 + λ6548); 
(ii) Te ([O II ]): [O II ] ( λ7319 + λ7330)/( λ3726 + λ3729); 
NRAS 543, 1322–1338 (2025)

igure 2. Auroral emission lines for two different spatial elements in NGC 5253.
lements highlighted: purple, located closer to the H α flux peak, and green, located
he five auroral lines used in this work: [S II ] λλ4068, 4076, [O III ] λ4363, [N II ] λ57
pectra for the spatial element in the extraplanar gas (green), and the bottom row c
hows the observed data, with the grey shaded region indicating the measured stand
re overplotted in green and purple. 
(iii) Te ([S II ]): [S II ] ( λ4069 + λ4076)/( λ6716 + λ6731); 
(iv) Te ([S III ]): [S III ] λ6312/( λ9069 + λ9531); 
(v) Te ([O III ]): [O III ] λ4363/( λ5007 + λ4959). 

We only considered emission lines with an SNR > 3. For [S II ]
λ4069, 4076 and [O II ] λλ7319, 7330, if the fainter line in the
oublet has an SNR < 3 but the brighter line has an SNR > 3, we use
nly the brighter line in our Te calculations. Both the [O II ] λλ3726,
729 and the [S II ] λλ6716, 6731 doublets are sensitive to the electron
ensity ( ne ) of the gas for ne ∼ 101 –104 cm−3 (Osterbrock & Ferland
006 ). We derive the ne using both diagnostics, adopting a typical
lectron temperature of Te = 104 K. However, we note that these
iagnostics are largely insensitive to the assumed Te . To estimate
he uncertainty in ne , we perform 1000 Monte Carlo realizations by
erturbing the fluxes within their associated uncertainties. We then
ompute the variance in the resulting ne values and adopt this as the
rror on ne . The resulting densities are reported in Table A2 . 

We use the getTemDen function in PYNEB (Luridiana, Morisset &
haw 2015 ) to calculate the Te from emission line ratios. We use the
ame atomic data as CHAOS (see table 4 in Berg et al. 2015 ) and
he electron density calculated from the S II doublet, for consistency
ith the CHAOS sample. For radiative transition probabilities of

O II ], [O III ], and [N II ] we use values from Froese Fischer & Tachiev
 2004 ), for [S II ] we use Mendoza & Bautista ( 2014 ), and for [S III ] we
se Froese Fischer, Tachiev & Irimia ( 2006 ). For collision strength
f [O II ] we use values from Kisielius et al. ( 2009 ), for [O III ] we
se Storey, Sochi & Badnell ( 2014 ), for [N II ] we use Tayal ( 2011 ),
or [S II ] we use Tayal & Zatsarinny ( 2010 ), and for [S III ] we use
udson, Ramsbottom & Scott ( 2012 ). We estimate the uncertainties

n Te using the same method as for ne . 
 The left panel shows an H α map of NGC 5253 with the X-Shooter spatial 
 further out in the diffuse extraplanar gas. Right panels show zoom-in around 
55, [S III ] λ6312, and [O II ] λλ7320, 7330. The top row shows emission line 
orresponds to the bright H α position (purple). In each panel, the black line 
ard deviation in each wavelength channel. Gaussian fits to the emission lines 
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Figure 3. BPT diagram from the [O III ] λ5007/H β and the [N II ] λ6583/H α

ratio. Solid and dashed black lines show theoretical values from Kewley et al. 
( 2001 ) and Kauffmann et al. ( 2003 ), respectively, below which emission 
line ratios are consistent with photoionization by stars. Pink symbols show 

measurements for our data that are classified as point-like sources, and green 
symbols correspond to diffuse gas (see Section 4.2 ). Each galaxy is shown 
with a different marker. Bigger solid black points show CHAOS data, and 
smaller black dots show galaxies from the Sloan Digital Sky Survey Data 
Release 4 spectroscopic survey. 
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.2 Classification of diffuse regions and point sources 

istorically, studies of Te either specifically target H II regions (e.g. 
erg et al. 2020 ) or alternatively entire galaxies. Our observations, 
owever, find significant auroral line emission in both bright point 
ources and regions that are more diffuse. As auroral lines are now
eing used to study gas that is clearly not in H II regions, such
s outflows and inflows (e.g. Cameron et al. 2021 ; Hamel-Bravo 
t al. 2024 ), this study will be useful for testing for environmental
ifferences. 
We use archival Hubble Space Telescope ( HST ) H α + [N II ]

arrow-band images to identify brighter point-source regions that 
ignificantly impact the flux of our spectra. We expect these bright 
ources to have ionization structures similar to nearby H II regions, 
hus we expect similar Te –Te relations to the bright H II regions 
bserved in CHAOS. For H α imaging, we use archival F 656 N filter
ata from HST for NGC 5253 (WFC3/UVIS; PI: Calzetti, program 

D 6524), NGC 0625 (WFPC2; PI: Skillman, program ID 8708), 
nd SBS 0335 −052E (ACS/WFC; PI: Oestlin, program ID 10575). 
here are no HST H α images available for IC 2828, and the MUSE
bservations do not use adaptive optics. We, therefore, cannot carry 
ut the same identification in this target. For the analysis in the
emainder of this section, we consider all spatial elements of IC
828 as diffuse gas. This implies that our diffuse gas sample may
ave some contamination from spectra dominated by H II regions. 
To estimate the stellar continuum in the F 656 N image, we use

 547 M , because this filter is primarily composed of starlight and
s available for all sources. We calculate the distribution of the 
 656 N / F 547 M ratio across the image. Regions with high ratios of
 656 N / F 547 M are more likely to be dominated by H α emission,
hile positions with low ratios are dominated by stellar continuum. 
e select regions that are representative of the continuum as those 
 per cent of pixels with the lowest F 656 N / F 547 M ratios. We then use
hose continuum-dominated pixels and fit a linear relation between 
 547 M and F 656 N fluxes ( F 547 M = a × F 656 N + b ). This relation
rovides the appropriate scaling factor between the two images. We 
hen apply the scaling to each pixel in F 547 M to generate an F 656 N
ontinuum image. Finally, we subtract the continuum image from 

he F 656 N image and obtain a continuum-subtracted H α image. 
Fig. 1 shows the continuum-subtracted H α images. For IC 2828, 

e show an image created from archival VLT/MUSE data (PI: 
ossati, program ID 098.A-0364). To align X-Shooter slits and HST 

mages, we use acquisition images taken in the V band and align
hem with the HST F 547 M . 

We identify point sources in the continuum-subtracted H α images 
y visually locating peaks in flux. For each peak, we extract the H α

ux profile as a function of distance from the brightest point and
ompute the mean flux in radial bins. We fit a Gaussian function to
his profile and extract its maximum, width ( σ ), and baseline. We
efine the source radius as the Gaussian full width at half-maximum 

FWHM). We identify the scatter in the baseline flux around each 
oint source as the standard deviation at a distance of 2.5–3.5 times
he σ that represents the width of the Gaussian fit to the point source.

e then only include those sources in which the peak brightness is
hree times higher than the standard deviation of the background. 
his ensures that the flux profile decreases in all directions like a
aussian up to a reasonable radius, helping to exclude flux peaks 

ssociated with extended ionized filaments. 
We then calculate, for each spatial element in our slits, the ratio

etween the total H α flux and the flux that is inside 1 FWHM of
he fitted Gaussian to the point source. If the fraction is at least
0 per cent, we classify the spatial element as being significantly 
a  
mpacted by point-source emission. Fig. 1 shows the positions of 
hese identified point sources in our X-Shooter slits. Slit positions 
lassified as affected by point-source emission are shaded in either 
lue (minor axis) or green (major axis). 
In Fig. 3 , we show the position of all our spatial elements in the

aldwin–Philips–Terlevich (BPT) diagram, coloured in pink if they 
re classified as positions with point sources, or green if they are
lassified as diffuse gas. For comparison, we also include the H II

egions from CHAOS in black. All of our measurements fall within
he star-forming locus and are located toward the lower [N II ]/H α

nd higher [O III ]/H β end of the CHAOS distribution. 

.3 Low- and intermediate-ionization zones 

ssuming a three zone ionization structure of the gas, the electron
emperature from the low-ionization zone can be measured from 

N II ], [S II ], or [O II ], the intermediate-ionization zone can be
easured from [S III ], and the high-ionization zone from [O III ] (Berg

t al. 2015 ). With our X-Shooter data, we measure all emission
ines necessary to estimate Te from these five ions. This allows 
s to study the relationship between Te diagnostics for the low- 
onization zone and also between Te diagnostics that sample different 
onization zones. Using the classification we made in Section 4.2 ,
e can compare Te –Te relations of H II regions in CHAOS with our
easurements of point sources and diffuse gas. In this section, and
ection 4.4 , we examine where our data fall relative to CHAOS
nd other studies. A more quantitative comparison is provided in 
ection 4.5 . 
Fig. 4 shows all Te –Te relations for the low-ionization zone and 

he intermediate-ionization zone. The CHAOS data are shown in 
lack dots, our positions with bright point-like sources are shown 
s pink triangles, and our positions dominated by diffuse gas are
MNRAS 543, 1322–1338 (2025)
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Figure 4. Te –Te relations for ions probing the low- and intermediate-ionization zone. Left column shows Te –Te relations between the low ionization ions ([N II ], 
[O II ], and [S II ]). The right column shows Te relations between the low-ionization ions and [S III ]. Black dots show CHAOS data, pink triangles show bright 
point-like sources in our data, and green diamonds show diffuse gas in our data. The black line shows the linear fit to all the data. 
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hown as green diamonds. We fit linear relations, using an orthogonal
istance regression routine from SCIPY (Virtanen et al. 2020 ), to all
he data. The linear fit is plotted as a solid black line, with a shaded
egion indicating the uncertainty of the fit. Table 3 shows the linear
NRAS 543, 1322–1338 (2025)
quations of the fits that include all data, corresponding to the black
ine in Te –Te plots. We also calculate the root mean square (rms) for
he CHAOS data, the point-like sources, and the diffuse gas around
he fitted line and report these values in Table 3 . For Te –Te relations
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Table 3. Te –Te linear fit results. These are the fits to all the data, thus the black line in Figs 4 and 5 . The first column shows the ions used in the Te –Te relation, 
the second column shows the slope, and the third column shows the intercept. The last three columns show the rms around the fitted line of the three different 
groups of measurements: bright point sources, diffuse gas, and CHAOS, respectively. 

Te –Te relations linear fits 
y = m x + b rms 

x –y m b Point sources Diffuse gas CHAOS H II regions 

Te ([O II ])–Te ([N II ]) 0.17 ± 0.04 0.64 ± 0.04 – – 0.1 
Te ([S II ])–Te ([N II ]) 0.48 ± 0.04 0.4 ± 0.04 – – 0.12 
Te ([S II ])–Te ([O II ]) 0.73 ± 0.05 0.26 ± 0.07 0.06 0.17 0.15 
Te ([S III ])–Te ([N II ]) 0.54 ± 0.02 0.4 ± 0.02 – – 0.06 
Te ([S III ])–Te ([S II ]) 0.88 ± 0.08 0.11 ± 0.1 0.09 0.18 0.18 
Te ([S III ])–Te ([O II ]) 0.55 ± 0.03 0.47 ± 0.03 0.11 0.13 0.14 
Te ([O III ])–Te ([N II ]) 0.61 ± 0.08 0.31 ± 0.08 – – 0.07 
Te ([O III ])–Te ([O II ]) 0.64 ± 0.06 0.4 ± 0.06 0.08 0.11 0.13 
Te ([O III ])–Te ([S II ]) 0.91 ± 0.15 0.15 ± 0.17 0.07 0.18 0.16 
Te ([O III ])–Te ([S III ]) 1.28 ± 0.07 −0.24 ± 0.08 0.11 0.1 0.09 
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ncluding [N II ], we do not have enough measurements in our point-
ike sources or diffuse gas to estimate an rms, so we do not repost
hese values. 

For [N II ], [S II ], and [O II ], we expect the Te –Te relations to follow
 1:1 trend due to their similar ionization potentials (Garnett 1992 ).
n the left column of Fig. 4 , we show Te –Te relations between

hese three low-ionization zone tracers. We have five [N II ] λ5755
etections in our data, one for a position of diffuse gas and four for
oint-like sources. Panels (a) and (b) in Fig. 4 show the Te ([O II ])–
e ([N II ]) and the Te ([S II ])–Te ([N II ]) relationships, respectively. For
ur sample Te ([N II ]) is on average 1700 K lower than both Te ([O II ])
nd Te ([S II ]). Even though we expect them to show a 1:1 trend,
e ([N II ]) tends to show lower values than Te ([O II ]) and Te ([S II ])

n previous studies (Esteban et al. 2009 ; Pilyugin et al. 2009 ; Berg
t al. 2020 ). This discrepancy between Te values has been attributed 
o density inhomogeneities in the gas (Méndez-Delgado et al. 2023 ; 
ickards Vaught, Sandstrom & Phangs Team 2024 ). The [O II ] and

S II ] nebular emission lines have lower ( ∼103 cm−3 ) critical densities
han the [N II ] nebular emission line ( ∼8 × 104 cm−3 ), while all
hree auroral lines have a high critical density ( > 106 cm−3 ). So, in
he case of density inhomogeneities, if a fraction of the emitting gas
as a ne > 103 cm−3 , the nebular emission lines of [S II ] and [O II ]
ay be suppressed due to collisional deexcitation. This can result in 

rtificially high Te estimates. In Section 4.6 , we investigate possible 
ffects of ne in Te –Te relations. 

Panel (c) in Fig. 4 shows the Te ([S II ])–Te ([O II ]) relation. We
ave a higher number of Te measurements for this relationship, 
5 for point-like sources, 33 for diffuse gas, and 79 for CHAOS.
ost of our measurements are within the uncertainties of the linear 

t, except for five measurements that clearly show an excess of
e ([S II ]) over Te ([O II ]). These five outliers are from diffuse gas in
GC 5253 and NGC 0625, which are the two galaxies with the
ighest spatial resolution ( ∼20 pc). Factors that could affect these Te 

easurements are the ionization of the gas, the electron density, or the
xtinction correction (Rickards Vaught et al. 2024 ). In Section 4.6 ,
e explore these possibilities. We include one measurement from 

BS 0335 −052E in the Te ([S II ])–Te ([O II ]) relation. This data point,
ocated at Te ∼ 20 000 K, approximately 104 K higher than the rest
f the sample, remains consistent with the linear fit despite its
ignificantly elevated electron temperature. The rms scatter around 
he fitted relation is ∼600 K for the point-like source measurements, 
nd ∼1700 K for the diffuse gas measurements. The latter is
omparable to the rms of ∼1500 K observed in the CHAOS data
et. 
i  
In the right panels of Fig. 4 , we show the Te –Te relations for
he three ions probing the low-ionization zone with [S III ], which is
robing the intermediate-ionization zone. The difference in ioniza- 
ion potential between these ions could lead to a difference in Te .
anel (d) in Fig. 4 shows the Te ([S III ])–Te ([N II ]) relation. A tight
orrelation between Te [N II ] and Te [S III ] has been found previously
Berg et al. 2020 ; Rickards Vaught et al. 2024 ). Due to our low
umber of Te ([N II ]) measurements, we cannot robustly confirm this.
ur five measurements, however, are consistent with the CHAOS 

ata. 
Panel (e) shows the Te ([S III ])–Te ([S II ]) relation. We have 15
easurements for point-like sources, 30 for diffuse gas, and 65 for
HAOS. Our linear fit is consistent with previous work (Rickards 
aught et al. 2024 ). The rms of the diffuse gas sample is double

hat of the point-source sample, as reported in Table 3 . This trend
hows the largest rms for Te relations between low- and intermediate- 
onization zones. We have one measurement for SBS 0335 −052E 

ith Te ([S III ]) = 1 . 8 × 104 K and Te ([S II ]) = 2 . 0 × 104 K that is
onsistent with the linear fit within measurement uncertainties. 

Panel (f) in Fig. 4 shows the Te ([S III ])–Te ([O II ]) relation. We have
5 measurements for point-like sources, 30 for diffuse gas, and 166
or CHAOS. While the CHAOS data show systematically higher 
e ([O II ]) than Te ([S III ]), our measurements exhibit the opposite

rend, with Te ([S III ]) exceeding Te ([O II ]). Our linear fit shows a
ore rapid increase of Te ([S III ]) over Te ([O II ]). Using spectra of H II

egions in nearby galaxies with stellar masses 109 . 4 ≤ M∗ ≤ 1010 . 8 , 
ickards Vaught et al. ( 2024 ) found the opposite trend for these two
e indicators, with some H II regions showing similar results to ours.
e have one measurement for SBS 0335 −052 at Te ∼ 19 000 K,
hich is not consistent with our linear fit, but it is consistent with the
:1 line. This relation shows the lower scatter of Te relations between
ow ionization and [S III ]. Previous studies have identified [N II ] as
he preferred tracer of low-ionization gas due to the tight correlation
t shows with tracers of higher ionization gas (Berg et al. 2020 ). In
ow-metallicity galaxies, [N II ] is less abundant, thus less likely to
e detected. Given that [O II ] shows the lowest scatter with [S III ],
e ([O II ]) would be a better tracer in these systems. [O II ] has shown a

arge scatter in previous studies (Berg et al. 2020 ), but we are finding
ood trends for our low-metallicity systems. 

.4 High-ionization zone 

he electron temperature calculated from [O III ] traces the high-
onization zone. In Fig. 5 , we compare Te ([O III ]) with all the other
MNRAS 543, 1322–1338 (2025)
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Figure 5. Te –Te relations for [O III ] with all lower ionization zone ions ([N II ], [O II ], [S II ], and [S III ]). Black dots show CHAOS data, pink triangles show 

bright point-like sources in our data, and green diamonds show diffuse gas in our data. The black line shows the linear fit to all the data. 
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e . The [O III ] λ4363 auroral line is the most used when measuring the
etallicity of both nearby and high-redshift galaxies. This is because

t is the brightest and easiest to observe with its corresponding strong
ine at λ5007. For this reason, the Te –Te relations for this ion are of
articular interest to understand the possible systematics associated
ith using the direct method. 
The Te ([O III ])–Te ([N II ]) relation is shown in panel (a) of Fig.

 . Our measurements are in the higher Te range of the CHAOS
easurements, and show the same trend of slightly lower Te ([N II ])

ompared with Te ([O III ]). We show the Te ([O III ])–Te ([O II ]) rela-
ion in panel (b). Our measurements are very consistent with the
easurements from CHAOS. For SBS 0335 −053E, we measure

e ([O II ]) = 18 794 K and Te ([O III ]) = 20 062 K, which is consistent
ith our linear fit. Panel (c) shows the Te ([O III ])–Te ([S II ]) relation.
e observe a large scatter for this relation, with some points

howing an excess Te ([S II ]) over Te ([O III ]), which could be due
o the uncertainties associated with measuring Te ([S II ]) mentioned
reviously. For SBS 0335 −052E, we measure consistent values of
e ([O III ]) and Te ([S II ]). 
Previous studies have shown a large discrepancy between [O III ]

nd [S III ] (Pérez-Montero et al. 2006 ; Berg et al. 2015 ), which is
ttributed to observational uncertainties. The consensus is that [O III ]
NRAS 543, 1322–1338 (2025)
s less reliable than [S III ] in the higher ionization zone due to the
arge scatter found in Te relations involving Te ([O III ]). In panel (d)
f Fig. 5 , we show the Te –Te relation for [O III ] and [S III ]. The rms of
ur measurements seems very consistent with CHAOS. We have two
easurements for SBS 0335 −052E, one with Te ([O III ]) = 20 062
 and Te ([S III ]) = 17 962 K, and the second one with Te ([O III ]) =
1 173 K and Te ([S III ]) = 21 463 K. The second one is consistent
ith the 1:1 line, and considering error bars, it is also consistent with
ur linear fit. The first one is not consistent with our linear fit. 
Overall, we observe a higher scatter in the diffuse gas than in the

oint-like sources in all the Te –Te relations. This could be because
ur emission line measurements in the diffuse gas have a lower SNR
han in the bright point-like sources, which can result in noisier

easurements. There could also be a systematic offset of diffuse
as measurements compared to H II regions. We explore systematic
ffsets between the different samples in the next section. 

.5 Te –Te in H II regions versus diffuse gas 

he aim of this work is to compare our new measurements with
revious measurements from bright H II regions in CHAOS. This
omparison is challenging because the two data sets sample different
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Figure 6. Te –Te relations coloured by O32, ne , and E( B − V ). The top panels show the Te ([O III ])–Te ([S III ]) relation, and the bottom panels show Te ([S III ])–
Te ([O II ]). Left panels are coloured by O32 in red, middle panels are coloured by ne in blue, and right panels are coloured by E( B − V ) in green. Small circles 
show CHAOS data, triangles show our measurements for point-like sources, and diamonds show our measurements for diffuse gas. 
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anges of Te and differ in size. The CHAOS sample has more than
ouble the number of measurements compared to our point sources 
nd diffuse gas samples. Fitting linear relations to each of the three
amples and comparing them is further complicated by the small 
ange of Te values covered by our sample compared to CHAOS (see 
igs 4 and 5 ). A straightforward hypothesis is that the emission line
ux from the X-Shooter spectrum in the regions with point sources

s dominated by the H II regions, and thus follows similar Te –Te 

elations as CHAOS. We therefore fit a single linear relation to the
ombined data. We bin the data in uniform steps of 2000 K in the x -
oordinate for each relationship. The detailed procedure for binning 
nd fitting is described in Appendix B . Figs B1 and B2 show the
ame as Figs 4 and 5 , respectively, with the bins and the fit to the
ins. 
To examine if the diffuse gas sample deviates significantly from 

his relation, we calculate the mean residual ( 〈 r〉 ) of the sample. We
o this by calculating the orthogonal distance of our measurements 
o the fit and then calculating the mean for each of our samples
CHAOS, point sources, and diffuse gas). We compare 〈 r〉 in the
HAOS sample and point-source sample to that of the diffuse gas 

ample. A large 〈 r〉 value, compared to the average measurement 
rror of Te , would imply that the diffuse gas sample significantly 
eviates from the H II region Te –Te relations. We compare the mean 
esidual to the mean uncertainty of the measured Te ( σT ) in each
e 
ample. We also calculate the rms of the residuals for each sample.
his allows us to explore how much scatter is in each group. 
We report the measured 〈 r〉 , rms, and σTe for each Te − T e relation

n Figs B1 and B2 . For most Te –Te relations, the mean residual
f the diffuse gas sample is less than or equal to three times the
ean Te uncertainty ( ≤3 σTe ). This indicates that the diffuse gas

ample does not show a statistically significant deviation from the 
e –Te relations defined by H II regions. The only exception is the
e ([O III ])–Te ([S III ]) relation, shown in panel (d) of Fig. B2 , where

he mean residual is 4.3 times larger than the mean measurement
ncertainty. In the next section, we explore physical properties of the
as that could be impacting this Te –Te relation. 

For all Te –Te relations, and for all three samples, the rms of the
esiduals is larger than the average measurement uncertainty. This 
uggests that the scatter cannot be fully explained by measurement 
rrors alone. Possible explanations include intrinsic scatter in the 
e –Te relations, underestimated uncertainties, or limitations in the 
dopted linear model. In the next section, we examine some physical
roperties that could contribute to the scatter. 

.6 Electron temperature relations trends 

n Fig. 6 , we show two examples of Te –Te relations and colour them
y three different parameters to explore if some of these properties
MNRAS 543, 1322–1338 (2025)
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ould be driving the scatter in these Te –Te relations. In the first row,
e show Te ([O III ])–Te ([S III ]) (high-ionization zone–intermediate-

onization zone), and in the bottom row, we show Te ([S III ])–
e ([O II ]) (intermediate-ionization zone–low-ionization zone). In the

eft column, we colour these relations by O32 = [O III ] λ5007/[O II ]
λ3726, 3729 in red, in the middle column, we colour them by
lectron density in blue, and in the right column by colour excess
 E( B − V )) in green. We exclude SBS 0335 −052E from these plots
ecause it has a much higher Te than the rest of the sample, to better
how the colour gradients. 

.6.1 Ionization 

he left column of Fig. 6 shows the Te –Te relations coloured by O32,
hich is a proxy for ionization of the gas. The multi-ionization zone
odel assumes well-defined, distinct ionization structures within the

as. This structure can vary with the ionization of the gas, leading to
ifferent Te –Te relations that depend on the ionization. 
In the left columns of Fig. 6 , H II regions with higher ionization are

hown to have higher Te , consistent with the expectations from multi-
onization zone models. Several studies have previously investigated
he dependency of Te –Te relations with O32 (e.g. Berg et al. 2020 ;
ates et al. 2020 ; Rickards Vaught et al. 2024 ). They found a
ependence of Te on ionization, where H II regions with higher
onization tend to have higher Te . This trend is expected, as regions
ith higher ionization are typically exposed to harder radiation fields,
hich deposit more energy into the gas and result in higher Te . 
It is not clear from Fig. 6 that there is a difference in the depen-

ence of Te ([O III ])–Te ([S III ]) (high-ionization zone–intermediate-
onization zone) and Te ([S III ])–Te ([N II ]) (intermediate-ionization
one–low-ionization zone) with ionization in our data. 

Berg et al. ( 2020 ) found less scatter around the correlation in the
e ([S III ])–Te ([N II ]) relation for H II regions with low ionization,
hile H II regions with high ionization had lower scatter in the

e ([O III ])–Te ([S III ]). 
From the top left panel in Fig. 6 we observe that most measure-
ents that are close to the 1:1 line correspond to higher ionization,
hile measurements that are the furthest from the 1:1 line correspond

o lower ionization. Rickards Vaught et al. ( 2024 ) and Yates et al.
 2020 ) also found that the highest deviation from the 1:1 line between
emperatures of the low- and the high-ionization zones occurs in H II

egions with low O32 ratios. They observed an excess of Te ([O III ])
ver Te ([S III ]) for H II regions with O32 < 0 . 5. Most of our sample
as an O32 > 0 . 5 and we observe the opposite trend, Te ([S III ])
xceeds Te ([O III ]). 

.6.2 Electron density 

he effect of ne on Te –Te relations has also been studied (e.g.
éndez-Delgado et al. 2023 ; Rickards Vaught et al. ), since it is

xpected to cause differences in electron temperatures from different
ons. This is because collisional deexcitation affects some emission
ines more than others, making some emission lines appear fainter,
hich can bias emission line ratios and thus electron temperature
easurements. In the middle column, panels of Fig. 6 , we plot

e ([O III ])–Te ([S III ]) (top panel) and Te ([S III ])–Te ([O II ]) (bottom
anel) coloured by ne derived from the [S II ] λλ6716, 6731 doublet,
n blue. 

Due to the lower critical density of [O II ] λλ3726, 3729 (103 –
04 cm−3 ) compared to the auroral [O II ] λλ7320, 7330 (∼106 cm−3 )
ine, the Te ([O II ]) is particularly sensitive to ne . In particular, in
NRAS 543, 1322–1338 (2025)
igher ne environments, we could overestimate Te ([O II ]) if we
o not apply ne corrections or underestimate ne . We include ne 

easurements in our Te calculations, and we measure a low ne 

 ne < 250 cm−3 ) for all our spatial elements, but we cannot discard
lectron density inhomogeneities at lower spatial scales. The middle
olumn, bottom panel of Fig. 6 shows the Te ([S III ])–Te ([O II ])
elation coloured by ne . We observe a trend of higher ne values having
 higher Te [O II ]. This could be consistent with an underestimation
f ne in these higher ne environments. Rickards Vaught et al. () found
hat the [O II ] and [S II ] density diagnostics could be biased towards
ower ne and this could explain why we observe higher Te from [O II ]
ompared to other ions in higher density environments. 

.6.3 Dust extinction 

ince Te measurements rely on emission line ratios, they can
e affected by reddening corrections. The larger the wavelength
ifference between the auroral line and the nebular emission line
s, the more significant this effect becomes. For the five auroral lines
easured in this work, [O II ] should be the one most affected by the

xtinction correction. An overestimation of E( B − V ) would lead to
n underestimation of the [O II ] ( λ7319 + λ7330)/( λ3726 + λ3729)
atio which would lead to an underestimation of Te ([O II ]). In this
ork, we estimate E( B − V ) from multiple hydrogen line ratios to
 β (see Section 3 ), which is the same procedure as the one used in
HAOS. 
In the right column of Fig. 6 , we plot Te relations for our

ata plus the CHAOS data coloured by E( B − V ) in green. We
bserve a relation between E( B − V ) and Te in both the Te ([S III ])–
e ([O II ]) and the Te ([O III ])–Te ([S III ]), where measurements with
igher extinction tend to have lower Te values. This is expected
ecause higher metallicity galaxies (lower Te ) tend to have more
ust (Rémy-Ruyer et al. 2014 ). 
We observe that positions with higher E( B − V ) values tend to

ie closer to the 1:1 line. In the bottom panel, we observe that for
ur data we measure a lower Te from [O II ] relative to [S III ] for
easurements with low E( B − V ) values. This could mean that we

re overestimating the reddening for these positions, however, this is
nlikely due to the low estimated values of AV (See Section 3 ). 

 SUMMARY  A N D  DI SCUSSI ON  

sing the VLT/X-Shooter spectrograph we measure the electron
emperature from five different auroral lines ([N II ] λ5755, [O II ]
λ7319, 7330, [S II ] λλ4069, 4076, [S III ] λ6312, and [O III ] λ4363)
or different positions within low-metallicity starburst galaxies (sam-
le shown in Fig. 1 ). As illustrated in the figure, our analysis includes
egions that are point-like sources, presumably dominated by H II

egions, as well as regions dominated by diffuse gas, both in the
SM and extraplanar. As we shown in Figs 4 and 5 , we compare
e –Te relations in these different environments (point sources versus
iffuse gas) within the galaxies of our sample. Our resolved, low-
etallicity measurements are likewise compared to Te –Te relations

rom CHAOS (Berg et al. 2015 , 2020 ). CHAOS observations only
arget H II regions in nearby spiral galaxies, thus more comparable
o our point-source classified measurements. 

As expected for low-metallicity environments, our galaxies have
igher median Te values than the CHAOS galaxies. Using the [O III ]
uroral line, we find that the median Te in CHAOS is 0 . 93 × 104 K,
ompared to 1 . 3 × 104 K for our sample. Despite these differences,
e find that Te –Te relations in our metal-poor, high-ionization regions
o not significantly deviate from CHAOS. 
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We use the CHAOS + low-metallicity sample to search for differ-
nces in the behaviour of Te –Te relationships based on properties of 
he ISM. In Fig. 6 , we show examples of Te –Te relations compared to
ariation in O32, electron density, and extinction. Lower ionization 
traced by lower O32) systems tend to have lower Te values. This is
rue for both the low-ionization zone ([O II ]) and the high-ionization
one ([O III ]). We do not find that this relation increases scatter in
he Te –Te relations. This behaviour has been observed in previous 
tudies on Te relations (Berg et al. 2020 ); our result extends this to
ower metallicity. 

Electron density variations are proposed to contribute to scatter 
n Te relations. This is due to the fact that increases of ne do not
mpact all ions equally. For example, higher electron density will 
rive fainter [O II ] λλ373, 639 emission, which is then measured as a
igher Te . This effect is not as pronounced for [O III ] and [S III ]. The
ombined difference leads to scatter in the Te –Te relations for these 
pecies (Méndez-Delgado et al. 2023 ; Rickards Vaught et al. ). We
o, indeed, observe such a trend in our sample where positions with
ower ne show lower Te ([O II ]) in comparison to Te ([S III ]) than those
ositions with higher ne . 
There is a very strong trend of the lowest metallicity galaxies 

aving much less dust (e.g. Fisher et al. 2014 ), and thus less
xtinction. We clearly see this trend in Fig. 6 , where our sample
hows lower values of colour excess relative to CHAOS. We do not
ee any significant offset of Te –Te relations for different E( B − V )
robed in CHAOS or our sample. We note that this includes [O II ],
hich is heavily dependent on extinction law modelling. 
Overall, our results show that Te correlations are robust across 

 wide variety of environments. This implies that the use of these
ptical auroral lines as metallicity tracers is likewise robust. We 
iscuss the implications for some of those applications. 

.1 Metallicity measurements at high redshift 

igh-redshift metallicities are critical to study the early evolution of 
alaxies. Using JWST the [O III ] λ4363 auroral line is more easily
bserved at redshifts up to z ∼ 10 (Curti et al. 2023 ; Katz et al.
023 ; Laseter et al. 2024 ; Morishita et al. 2024 ). In most cases,
nly [O III ] is observed. These observations then must relate [O III ]
4363 to the lower ionization zones, and therefore require Te –Te 

elations established at low redshift to derive a total O/H abundance. 
owever, the stellar populations and ISM of the typical high-redshift 
alaxy differ significantly from those of the typical low-redshift 
alaxy. At higher redshift, galaxies tend to be clumpier (Guo et al.
015 ; Carniani et al. 2018 ), have lower metallicities, have higher
lectron densities, and are more highly ionized (Paalvast et al. 2018 ;
ameron, Katz & Rey 2023 ; Sanders et al. 2023 ). A common practice

s to specifically target lower redshift galaxies with analogous ISM 

onditions as tests for those conditions in the higher redshift Universe 
e.g. Izotov et al. 2021 ). Our results are thus informative to current
ork at z � 4. 
Within our sample of galaxies, SBS 0335 −052E shows the most

xtreme conditions. It is the most metal poor, 12 + log(O/H) ≈ 7.3
Papaderos et al. 2006 ), very low mass, ( M� ∼ 107 M�), and highest
onization in our sample (O32 ≈ 17; Izotov et al. 1997 ). These values
esemble properties of galaxies found at z ∼ 5–7. Cameron et al. 
 2023 ) found that more than half of their sample of 5 . 5 < z < 8 . 5
alaxies observed with JWST have O32 > 10. Similarly, Tang et al.
 2023 ) found a sample of galaxies at z ∼ 7–9 to have 12 + log(O/H)

7 . 84 and having extremely high ionization, with O32 values of
17.84. We can therefore use SBS 0335 −052 as a characteristic 

alaxy to search for the kinds of deviations expected in the early
niverse, as others have in previous work (e.g. Kehrig et al. 2018 ;
erenz et al. 2023 ). We find that this target follows the same trends

n Te –Te as the rest of our sample, as well as the CHAOS data. We
nd very little difference between the bright point sources in SBS
335 −052 from the diffuse gas, down to ∼280 pc resolution. 
Especially useful are the relations that include [O III ] electron

emperatures, shown in Fig. 5 . This is because such relations allow
he estimation of the Te in the low-ionization zone from Te ([O III ]),
ypically the brightest auroral line, in galaxies with extreme prop- 
rties. Our results suggest that we can rely on commonly used Te –
e relations for metallicity measurements. Recent work, at a more 
odest redshift of z ∼ 2–3, finds similarly that Te –Te relationships 

or full galaxies are not different from those of the local Universe
Cataldi et al. 2025 ). It, therefore, follows that our work supports the
se of metallicity calculations based on the ionization corrections of 
ocal Universe galaxies for those at z > 4. 

.2 Metallicity measurements in the diffuse gas 

lectron temperature relations are sensitive to the ionization structure 
f the gas, since different ions trace different ionization zones with
otentially different electron temperatures. Despite the complex 
tructure of H II regions, they are usually well described by a sphere
ith shells of different ionization zones (Strömgren 1939 ; Morisset 

t al. 2016 ; Berg et al. 2021 ). This structure forms because photons
ith high energy are absorbed closer to the ionizing source, and

ower energy photons reach the outer layers. Outside H II regions,
he ionization structure may differ significantly. In the diffuse ISM, 
r extraplanar gas, the ionization structure is much less constrained 
nd thus may be very different from H II regions. Different physical
rocesses such as radiation leakage (Chisholm, Tremonti & Leitherer 
018 ), gas flows (Veilleux, Cecil & Bland-Hawthorn 2005 ), and/or
urbulent mixing (Scalo & Elmegreen 2004 ) can disrupt the ISM,
eading to spatial variations in ionization and temperature. These 
ariations could result in Te –Te relations being different outside of 
 II regions, and thus resulting in inaccurate metallicity measure- 
ents when using a single auroral line. 
Using HST H α imaging, we identify regions dominated by bright 

oint-like sources and regions of diffuse gas (Section 4.2 ). Our results
how that diffuse gas measurements do not significantly deviate 
rom Te –Te relations established by H II regions. This is shown 
y the comparable residuals for the diffuse gas and H II regions
o the Te –Te relations established by H II regions (Figs B1 and
2 ). Also, from Te –Te relations established by the whole sample, 
e observe that the diffuse gas has a higher scatter around fitted

elations than the position with bright point sources. That scatter, 
owever, is comparable to the scatter of the CHAOS data, which
nly includes H II regions (See Table 3 ). This implies that Te –Te 

elations remain valid outside of H II regions, and furthermore that
etallicity measurements from a single auroral line, like [O III ], in

egions with no bright sources are likewise valid. 
Cameron et al. ( 2021 ) and Hamel-Bravo et al. ( 2024 ) used the

O III ] λ4363 auroral line to measure the metallicity of the outflows
f low-metallicity starburst galaxies, Mrk 1486 and NGC 1569, 
espectively. These studies show the first spatially resolved ob- 
ervations of metal loading in outflows, which is a fundamental 
arameter for galaxy evolution (e.g. Sharda et al. 2021 ). Similar
o high-redshift galaxies, measuring multiple auroral lines in the 
iffuse gas is challenging, thus we need Te –Te relations to account 
or unobserved ionization zone. The lack of significant difference in 
ur scaling relationships suggests that single ion methods to derive 
he metallicity from Te is stable in outflows. 
MNRAS 543, 1322–1338 (2025)
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Each spatial element in our work is 1 arcsec × 1.5 arcsec. Due
o the different distances of the galaxies, the extracted spectra are
ampling different physical sizes, from ∼17 pc in NGC 5253 to
230 pc in SBS 0335 −052. We do not observe any trends between

he physical sizes we are probing and the electron temperature
elations. This implies that Te –Te relations hold at small scales of
17 pc and also when integrating over a bigger surface of ∼230 pc.
his is an indication that Te –Te relations yield accurate results even
hen observing the integrated spectra of high-redshift galaxies.
mall-scale variations, at least at the scales probed in this work,
o not seem to affect the overall temperature structure of the gas. 
Overall, our work supports the use of single ion Te measurements

o characterize the properties of the ISM in a range of environments,
eyond the typical H II region in local spirals. This includes in both
he high-density extreme regions of high- z galaxies and the diffuse
as expelled from outflows. 
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C., Scharwächter J., 2012, MNRAS , 426, 2630 
uridiana V. , Morisset C., Shaw R. A., 2015, A&A , 573, A42 
aiolino R. , Mannucci F., 2019, A&AR , 27, 3 
arasco A. et al., 2023, A&A , 670, A92 
cLeod A. F. et al., 2021, MNRAS , 508, 5425 
éndez-Delgado J. E. et al., 2023, MNRAS , 523, 2952 
endoza C. , Bautista M. A., 2014, ApJ , 785, 91 
ingozzi M. et al., 2025, ApJ , 985, 253 
onreal-Ibero A. , Walsh J. R., Iglesias-Páramo J., Sandin C., Rela˜ no M.,
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émy-Ruyer A. et al., 2014, A&A , 563, A31 
ickards Vaught Ryan J. et al. 2024, ApJ , 966, 130 

http://dx.doi.org/10.1093/mnras/staa1759
http://dx.doi.org/10.3847/1538-4357/ac141b
http://dx.doi.org/10.3847/1538-4357/ab7eab
http://dx.doi.org/10.1088/0004-637X/806/1/16
http://dx.doi.org/10.1051/0004-6361:200809783
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1088/0004-637X/811/2/75
http://dx.doi.org/10.3847/2041-8213/ac18ca
http://dx.doi.org/10.1093/mnrasl/slad046
http://dx.doi.org/10.1093/mnras/stw3020
http://dx.doi.org/10.1086/167900
http://dx.doi.org/10.1093/mnras/sty1088
http://arxiv.org/abs/2504.03839
http://dx.doi.org/10.1093/mnras/sty2380
http://dx.doi.org/10.1088/0004-637X/808/1/42
http://dx.doi.org/10.3847/0004-637X/830/1/4
https://archive.eso.org/eso/eso_archive_main.html
http://dx.doi.org/10.1093/mnras/stac2737
http://dx.doi.org/10.1017/pasa.2017.51
http://dx.doi.org/10.1088/0004-637X/700/1/654
http://dx.doi.org/10.1038/nature12765
http://dx.doi.org/10.1051/0004-6361/201322494
http://dx.doi.org/10.1016/j.adt.2004.02.001
http://dx.doi.org/10.1016/j.adt.2006.03.001
http://dx.doi.org/10.1111/j.1365-2966.2005.09321.x
http://dx.doi.org/10.1086/116146
http://dx.doi.org/10.1086/376774
http://dx.doi.org/10.1088/0004-637X/800/1/39
http://dx.doi.org/10.1093/mnras/stae983
http://dx.doi.org/10.1051/0004-6361/202244930
http://dx.doi.org/10.1088/0004-637X/750/1/65
http://dx.doi.org/10.1051/0004-6361/202039772
http://dx.doi.org/10.1051/0004-6361/200911965
http://dx.doi.org/10.1086/303664
http://dx.doi.org/10.1093/mnras/stw1333
http://dx.doi.org/10.1093/mnras/stac2657
http://dx.doi.org/10.1111/j.1365-2966.2003.07154.x
http://dx.doi.org/10.1093/mnras/sty1920
http://dx.doi.org/10.1086/321545
http://dx.doi.org/10.1086/587500
http://dx.doi.org/10.1146/annurev-astro-081817-051832
http://dx.doi.org/10.1111/j.1365-2966.2009.14989.x
http://dx.doi.org/10.1088/0004-6256/135/2/527
http://dx.doi.org/10.3847/1538-3881/ab620e
http://dx.doi.org/10.1051/0004-6361/202347133
http://dx.doi.org/10.1111/j.1365-2966.2012.21145.x
http://dx.doi.org/10.1051/0004-6361/201323152
http://dx.doi.org/10.1007/s00159-018-0112-2
http://dx.doi.org/10.1051/0004-6361/202244895
http://dx.doi.org/10.1093/mnras/stab2726
http://dx.doi.org/10.1093/mnras/stad1569
http://dx.doi.org/10.1088/0004-637X/785/2/91
http://dx.doi.org/ 10.3847/1538-4357/adc996 
http://dx.doi.org/10.1051/0004-6361/201730663
http://dx.doi.org/10.3847/1538-4357/ad5290
http://dx.doi.org/10.1051/0004-6361/201628559
http://dx.doi.org/10.1051/0004-6361/201832866
http://dx.doi.org/10.1051/0004-6361:20065110
http://dx.doi.org/10.1086/149385
http://dx.doi.org/10.1051/0004-6361:20054216
http://dx.doi.org/10.1111/j.1365-2966.2009.15182.x
http://dx.doi.org/10.1093/mnras/stac3214
http://dx.doi.org/10.1088/0004-6256/136/4/1415
http://dx.doi.org/10.1051/0004-6361/201322803
http://dx.doi.org/10.3847/1538-4357/ad303c


Te–Te in diffuse gas 1335

R  

R
S
S  

S
S
S  

S

S
S
S
S
T
T
T
T
T
T
T
V  

V
V
V

W
W  

Y  

S

S

E
T

P  

o
A  

c

A
M
C

I  

s  

l  

s

T
c
g
H

G

N
N
N
N
N
N

ogers N. S. J. , Skillman E. D., Pogge R. W., Berg D. A., Croxall K. V.,
Bartlett J., Arellano-Córdova K. Z., Moustakas J., 2022, ApJ , 939, 44 

oy J. R. , Kunth D., 1995, A&A , 294, 432 
anders R. L. et al., 2020, MNRAS , 491, 1427 
anders R. L. , Shapley A. E., Topping M. W., Reddy N. A., Brammer G. B.,

2023, ApJ , 955, 54 
calo J. , Elmegreen B. G., 2004, ARA&A , 42, 275 
chaerer D. , Contini T., Kunth D., Meynet G., 1997, ApJ , 481, L75 
chaerer D. , Marques-Chaves R., Barrufet L., Oesch P., Izotov Y. I., Naidu

R., Guseva N. G., Brammer G., 2022, A&A , 665, L4 
harda P. , Krumholz M. R., Wisnioski E., Acharyya A., Federrath C., Forbes 

J. C., 2021, MNRAS , 504, 53 
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MNRAS , 463, 3409 
eilleux S. , Cecil G., Bland-Hawthorn J., 2005, ARA&A , 43, 769 
ernet J. et al., 2011, A&A , 536, A105 
irtanen P. et al., 2020, Nat. Methods , 17, 261 
able A1. Observed, non extinction corrected, emission line ratios normalized suc
olumn indicates the position within the galaxy, labelled as ‘Maj-N’ or ‘Min-N’ fo
ives the E( B − V ) reddening value derived from the Balmer decrement. Each em
 β, and the corresponding uncertainty. All values are unitless and represent relative

Observed line ratios [ F (H β)
alaxy Position E( B − V ) F [O II ] e [O II ] F [O II ] e [O I

λ3726 λ3726 λ3729 λ372

GC 5253 Min-1 0.176 74.57 0.059 95.729 0.06
GC 5253 Min-2 0.125 81.369 1.666 110.168 2.90
GC 5253 Min-3 0.139 84.446 0.303 115.165 0.50
GC 5253 Min-4 0.141 85.099 1.77 116.589 2.99
GC 5253 Min-5 0.131 93.994 1.043 128.828 2.36
GC 5253 Min-6 0.136 105.934 0.187 146.645 0.23
elch G. A. , 1970, ApJ , 161, 821 
offord A. , Vidal-Garcı́a A., Feltre A., Chevallard J., Charlot S., Stark D. P.,

Herenz E. C., Hayes M., 2021, MNRAS , 500, 2908 
ates R. M. , Schady P., Chen T. W., Schweyer T., Wiseman P., 2020, A&A ,

634, A107 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

mission line fluxes table.dat 
e values table.dat 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

PPENDI X  A :  EMISSION  L I N E  

EASUREMENTS  A N D  PHYSI CAL  

O N D I T I O N S  

n Tables A1 and A2 , we report the measured properties from the
patial elements in our data. Table A1 shows the measured emission
ine fluxes ratios to H β normalized such that H β = 100. Table A2
hows the electron temperature and electron density measurements. 
MNRAS 543, 1322–1338 (2025)

h that F (H β) = 100. The first column lists the galaxy name, and the second 
r extractions along the major and minor axis, respectively. The third column 
ission line measurement is reported in two columns: the flux ratio relative to 
 intensities. (This table is available in its entirety in machine-readable form.) 

 = 100] 
I ] F H12th e H12th F H11th e H11th F H10th e H10th 
9 λ3750 λ3750 λ3770 λ3770 λ3798 λ3798 

7 2.569 0.015 3.246 0.014 4.425 0.015 
8 2.721 0.013 3.551 0.017 4.753 0.017 
9 2.656 0.017 3.472 0.02 4.723 0.025 
5 2.63 0.021 3.425 0.021 4.635 0.022 
2 2.685 0.027 3.467 0.029 4.689 0.039 
4 2.573 0.051 3.34 0.063 4.819 0.077 

http://dx.doi.org/10.3847/1538-4357/ac947d
http://dx.doi.org/10.48550/arXiv.astro-ph/9410023
http://dx.doi.org/10.1093/mnras/stz3032
http://dx.doi.org/10.3847/1538-4357/acedad
http://dx.doi.org/10.1146/annurev.astro.42.120403.143327
http://dx.doi.org/10.1086/310659
http://dx.doi.org/10.1051/0004-6361/202244556
http://dx.doi.org/10.1093/mnras/stab868
http://dx.doi.org/10.1086/345965
http://dx.doi.org/10.3847/0004-637X/823/1/38
http://dx.doi.org/10.1093/mnras/stu777
http://dx.doi.org/10.1086/144074
http://dx.doi.org/10.1093/mnras/stad2763
http://dx.doi.org/10.1088/0067-0049/195/2/12
http://dx.doi.org/10.1088/0067-0049/188/1/32
http://dx.doi.org/10.1086/491657
http://dx.doi.org/10.1086/423264
http://dx.doi.org/10.3847/0004-6256/152/2/50
http://dx.doi.org/10.1146/annurev-astro-091916-055240
http://dx.doi.org/10.1093/mnras/stw2231
http://dx.doi.org/10.1146/annurev.astro.43.072103.150610
http://dx.doi.org/10.1051/0004-6361/201117752
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1086/150586
http://dx.doi.org/10.1093/mnras/staa3365
http://dx.doi.org/10.1051/0004-6361/201936506
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staf1472#supplementary-data


1336 M. J. Hamel-Bravo et al.

MNRAS 543, 1322–1338 (2025)

Ta
bl

e 
A

2.
 

Ph
ys

ic
al
 
co

nd
iti

on
s 

of
 
th

e 
io

ni
ze

d 
ga

s 
fo

r 
ea

ch
 
ex

tr
ac

te
d 

re
gi

on
. T

he
 
fir

st
 
co

lu
m

n 
lis

ts
 
th

e 
ga

la
xy

 
na

m
e,
 
fo

llo
w

ed
 
by

 
th

e 
po

si
tio

n 
al

on
g 

th
e 

sl
it 

(c
ol

um
n 

2)
, l

ab
el

le
d 

as
 
‘M

aj
-N

’ 
or
 
‘M

in
-N

’ 
fo

r 
sp

at
ia

l 
el

em
en

ts
 
al

on
g 

th
e 

m
aj

or
 
or
 
m

in
or
 
ax

is
, r

es
pe

ct
iv

el
y.
 
C

ol
um

n 
3 

in
di

ca
te

s 
th

e 
m

or
ph

ol
og

ic
al
 
cl

as
si

fic
at

io
n 

of
 
th

e 
re

gi
on

, a
s 

ei
th

er
 
‘p

oi
nt

-l
ik

e’
 
or
 
‘d

if
fu

se
’.
 
C

ol
um

ns
 
4–

7 
re

po
rt
 
th

e 
el

ec
tr

on
 
de

ns
iti

es
 
(i

n 
cm

−3
 

) d
er

iv
ed

 

fr
om

 
th

e 
[O

 
II
 ] a

nd
 
[S

 
II
 ] d

ou
bl

et
s 

w
ith

 
th

ei
r u

nc
er

ta
in

tie
s.
 
C

ol
um

ns
 
8–

17
 
sh

ow
 
el

ec
tr

on
 
te

m
pe

ra
tu

re
s 

(i
n 

K
) d

er
iv

ed
 
fr

om
 
th

e 
[N

 
II
 ],
 
[O

 
II
 ],
 
[S

 
II
 ],
 
[S

 
II

I ]
, a

nd
 
[O

 
II

I ]
 
di

ag
no

st
ic
 
lin

es
, r

es
pe

ct
iv

el
y.
 
(T

hi
s 

ta
bl

e 
is
 
av

ai
la

bl
e 

in
 
its

 
en

tir
et

y 
in
 
m

ac
hi

ne
-r

ea
da

bl
e 

fo
rm

.)
 

G
al

ax
y 

Po
si

tio
n 

Ty
pe

 
n

e 
e 

n
e 

n
e 

e 
n

e 
T

e 
e 

T
e 

T
e 

e 
T

e 
T

e 
e 

T
e 

T
e 

e 
T

e 
T

e 
e 

T
e 

[O
 
II
 ] 

[O
 
II
 ] 

[S
 
II
 ] 

[S
 
II
 ] 

[N
 
II
 ] 

[N
 
II
 ] 

[O
 
II
 ] 

[O
 
II
 ] 

[S
 
II
 ] 

[S
 
II
 ] 

[S
 
II

I ]
 

[S
 
II

I ]
 

[O
 
II

I ]
 

[O
 
II

I ]
 

N
G

C
 
52

53
 

M
in

-1
 

Po
in

t-
lik

e 
so

ur
ce

 
16

2.
0 

1.
0 

19
1.

0 
2.

0 
10

 
59

1 
18

4 
11

 
77

1 
15

 
12

 
92

6 
31

 
12

 
80

6 
22

 
11

 
77

6 
5 

N
G

C
 
52

53
 

M
in

-2
 

Po
in

t-
lik

e 
so

ur
ce

 
10

1.
0 

20
.0
 

12
1.

0 
2.

0 
10

 
06

4 
28

2 
11

 
79

8 
78

 
11

 
77

8 
41

 
12

 
55

6 
36

 
11

 
75

0 
6 

N
G

C
 
52

53
 

M
in

-3
 

Po
in

t-
lik

e 
so

ur
ce

 
94

.0
 

3.
0 

99
.0
 

2.
0 

10
 
70

7 
34

5 
11

 
39

0 
26

 
12

 
00

0 
52

 
12

 
79

0 
46

 
11

 
88

9 
7 

N
G

C
 
52

53
 

M
in

-4
 

Po
in

t-
lik

e 
so

ur
ce

 
89

.0
 

18
.0
 

10
7.

0 
3.

0 
–

–
11

 
64

5 
70

 
12

 
06

4 
50

 
13

 
08

2 
44

 
11

 
78

2 
7 

N
G

C
 
52

53
 

M
in

-5
 

D
if

fu
se
 
ga

s 
87

.0
 

12
.0
 

98
.0
 

3.
0 

–
–

11
 
62

5 
61

 
11

 
76

6 
69

 
13

 
34

2 
66

 
11

 
74

4 
10

 

N
G

C
 
52

53
 

M
in

-6
 

Po
in

t-
lik

e 
so

ur
ce

 
78

.0
 

1.
0 

70
.0
 

4.
0 

–
–

11
 
12

3 
53

 
10

 
97

9 
93

 
13

 
42

2 
13

1 
11

 
75

0 
17

 

A

I  

g  

e  

t  

r  

W  

a  

s
 

t  

t  

o  

p  

t  

m  

t  

T  

m  

t  

t  

w  

t  

o  

F  

r  

b  

d  

B  

t  

C  

m  

a
 

o  

c  

s  

t  

t  

I  

f  

a  

w  

S  

o

PPENDI X  B:  BI NNED  Te – Te R E L AT I O N S  

n order to estimate how much our Te measurements in diffuse
as deviate from Te relations established from H II regions, we first
stablish the Te –Te relations in H II regions. We make the assumption
hat our point-like source measurements are dominated by H II

egions, and therefore assume they follow similar Te –Te relations.
e establish a correlation using the combined data set of CHAOS

nd point sources, and then calculate the residuals of the diffuse gas
ample relative to these Te –Te relations to quantify any deviation. 

Our sample is unevenly distributed, with many more data points in
he CHAOS sample. Linear fits to data with uneven spacing can lead
o fits that are dominated by positions where there is an overdensity
f measurements. We, therefore, bin the data along the x -axis and
erform linear fits on the binned values. This approach reduces
he influence of overdensities and ensures that regions with fewer

easurements are properly represented in the fit. We define the bins
o be 2000 K wide, starting from the measurement with the lowest
e , and each bin contains at least two measurements. Bins with fewer
easurements are excluded from the fit. For each bin, we estimate

he mean Te value along the y -axis. We also performed this test with
he median value, and the results were unchanged. We adopt the
idth of the bin as the error bar in the x -axis and for the error bar in

he y -axis. We use the sum in quadrature of the standard deviation
f the measurements and the mean uncertainty of the measurements.
igs B1 and B2 show similar correlations as those in Figs 4 and 5 ,
espectively. In these figures, we also plot the bins in blue. After
inning, we fit a linear relationship to the bins using an orthogonal
istance regression routine from PYTHON / SCIPY . In Figs B1 and
2 the blue shaded region represents the 1 σ uncertainty of the fit

o bins (illustrated with the blue line). Black dots correspond to
HAOS, pink dots to point-like sources, and green dots to diffuse gas
easurements. We reiterate that bins only include CHAOS (black)

nd X-Shooter point sources (pink). 
To estimate the residual of our measurements, we calculate the

rthogonal distance from each point to the fitted line. We then
alculate the mean residual, 〈 r〉 , and the rms for each of the three
amples around the fit. We do not have enough detections of [N II ]
o carry out this analysis. We therefore only calculate the 〈 r〉 and
he rms for all points combined for any relation that includes [N II ].
n Figs B1 and B2 , 〈 r〉 and rms are shown at the top of each panel,
or each sample (T = total, C = CHAOS, P = point-like sources,
nd D = diffuse gas). For comparison, at the bottom of each panel,
e show the mean measured uncertainty ( σTe ) for each sample. In
ection 4.5 , we discuss these values and interpret them in the context
f comparing the different samples. 
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Figure B1. Same as Fig. 4 , but with blue diamonds indicating bins that include CHAOS (black points) and point-like sources (pink points). The blue line shows 
the fit to the bins, and the blue shaded region shows the 1 σ uncertainty. Panels (a), (b), and (d) display the mean residual ( 〈 r〉 ), rms, and mean measurement 
uncertainty ( σTe ) for the total sample, while panels (c), (e), and (f) show these quantities for the three individual samples (C = CHAOS, P = point sources, and 
D = diffuse gas). 
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Figure B2. Same as Fig. 5 , but with blue diamonds indicating bins that include CHAOS (black points) and point-like sources (pink points). The blue line shows 
the fit to the bins, and the blue shaded region shows the 1 σ uncertainty. Panel (a) displays the mean residual ( 〈 r〉 ), rms, and mean measurement uncertainty ( σTe ) 
for the total sample, while panels (b), (c), and (d) show these quantities for the three individual samples (C = CHAOS, P = point sources, and D = diffuse gas). 
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