Methods

Here we provide details of SOFIA/FIFI-LS observations combined with Herschel/PACS
archival data of the FIR fine structure lines of five luminous infrared galaxies (ULIRGs) with
Seopm = 7 Jy at 0.035 < 2z < 0.075 (§ 1 and § 2). We then present some details about FIR-
based metallicity measurements (§ 3) and stellar masses as well as optical-based metallicity mea-
surements used in this work (§ 4). Throughout this paper we adopt a Chabrier* initial mass
function (IMF), and the concordance ACDM cosmology*’ with 0, = 0.3, Q, = 0.7, and H =
70 km s—! Mpc.

1 The sample of Ultra Luminous Infrared Galaxies

The Herschel ULIRG Survey (HERUS??) and Survey with Herschel of the ISM in Nearby
INfrared Galaxies (SHINING**°, overlapping with ULIRGs in the Great Observatories All-Sky
LIRG Survey (GOALS) sample’'), assembled Herschel/PACS and SPIRE observations of 43 ULIRGs
at z < 0.27 drawn from the IRAS PSC-z survey®?, with a 60 um flux density greater than ~ 1.7Jy,
and made detailed diagnostics of the FIR fine structure lines possible*®33:3*, All objects have been
spectroscopically confirmed with high-resolution optical observations and observed with Spitzer
IRS for mid-IR lines and PAH features>>’.

Although HERUS, SHINING, and GOALS surveys already represent the best-explored sam-
ples so far with some FIR lines observed such as [O1]63 pm and [C11]158 pm, none of the objects
have the complete set of lines simultaneously observed, missing critical set of lines [O111]52 pm,
[N111]57 pm and [O111]88 for the study on metal abundances reported in the Letter to the Ed-
itor. These three emission lines are crucial since it has been shown that the flux line ratio of
(2.2x[O111]88+[O111]52)/[N111]57 provides a powerful tool for gas-phase metallicity of galaxies,

especially for highly obscured star-forming galaxies>*.

Among these three lines, [OI111]52 line has been challenging to measure for local galaxies
and ULIRGs. In particular, Herschel Space Observatory®® provided far-IR spectroscopy with un-
precedented sensitivity and spatial resolution. However, the [O111]52 pm line lies outside the 55 to
210 pm spectral range of PACS® for z < 0.06 objects. Herschel completed science operations in
May 2013. The SOFIA observatory® is now in its full science operations and provides the spec-
troscopic coverage over the necessary wavelength range for measuring the full far-IR metallicity
diagnostic.

We initially selected 11 ULIRGS from HERUS, SHINING, and GOALS surveys, but reduced
the sample to 5 ULIRGS that have [OI111]52 pm line uncontaminated by the atmospheric trans-
mission window accessible with SOFIA/FIFI-LS. In the main Letter, we present SOFIA/FIFI-LS
observation of these five local ULIRGs with S, > 7 Jy at 0.035 < z < 0.075 which is con-
ducted to obtain missing lines from the full set of [O111]52 pm, [O111]88 pm, and [NIIT]57 pm
lines. These lines are necessary for measuring robust estimates of gas-phase metallicity that are
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almost independent of the ionizing source and ionization parameter>*.
2 SOFIA/FIFI-LS Data

FIFI-LS®! is a far-IR IFU spectroscopy instrument in the mid-IR wavelengths onboard SOFIA,
with the design and capabilities similar to those of the Herschel/PACS instrument but with a shorter
spectral wavelength cutoff than PACS. In the 51-125 pm blue channel, it has 5 x 5 spatial pixels
(spaxels) of size 6 arcseconds per pixel. We obtained far-IR spectroscopic observations of all our
sources from February 2020 to June 2021 during Cycles 8 and 9 of SOFIA operations using the
FIFI-LS instrument (PID:08_0095). Our main target line was [OI111]52 pm line as it is not covered
by Herschel/PACS data for any of our local sources. However, we also observed [NII11]57 pm line
of IRAS 1525043609 as it is not available with Herschel/PACS in the SHINING archive. All the
SOFIA data have gone through the Level 4 pipeline reduction at the SOFIA Science Center. The
analysis includes the conversion of raw data to astronomical observations, including astrometry
and flux calibrations, as well as corrections for the instrument response and atmospheric transmis-
sion.

The Level-4 spectral data cube for each ULRIG was further analyzed for scientific mea-
surements using the Python GUI software SOSPEX®?. We extract the 1D spectra by integrating
the spectral images over an area corresponding to the existing Herschel/PACS observations (Fig.
3). We fit a single Gaussian function to continuum-subtracted spectra centered at the known peak
emission of galaxies based on their confirmed redshifts to measure line flux densities and their
corresponding uncertainties. We perturb the spectra using their error distributions and estimate
the line flux ratio for an hundred trials. The average and standard deviation of hundred trials are
adopted as the line flux density and its uncertainty. The line flux maps and continuum-subtracted
spectra for all the data are presented in Figure 3. We also plot an ellipse in each line map that
shows the region from which the spectrum is extracted.

2.1 Ancillary Data

Herschel/PACS>® provided the most extensive archive of spectral observations of [N111] and
[O111] lines. [NI11]57 and [O111]88 spectra are taken by Herschel/PACS for all our objects except
for IRAS 1525043609. A detailed description of the data reduction and flux measurements of
[N111]57 and [O111]88 lines can be found in the SHINING data release paper*®. [N111]57 line flux
of IRAS 1525043609 is measured from SOFIA/FIFI-LS observations. All the line fluxes for our
sample are given in Table 1 of the main letter.

3 Far-IR metallicity

A recent study*® revisited the mass-metallicity relation of the SHINING (U)LIRGs with
metallicities constrained from the [OI111]88/[NI11]57 ratio. They showed that (U)LIRGs tend to
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Figure 1 — Left: N/O as a function of O/H. The blue line is a third-order polynomial fit to
the observed N/O-O/H relation®”, which is employed in FIR calibration. The calibration for
optical metallicity is based on a relation®®, which is shown with an orange line. The discrepancy
between the two models directly affects the metallicity measurements and one needs to correct
this systematic offset resulting from different assumptions. Right: The blue line shows the FIR
metallicity calibration employing observed N/O-O/H relation (blue line in the left panel), while
the red line shows the scaled relation which is corrected for the systematic difference between two
N/O-O/H models. We use the scaled relation to measure the metallicities to maintain comparable
results with optical measurements. For the solar metallicity, we adopt 12 + log(O/H), = 8.697.

lie below the Mass-Metallicity Relation (MZR) of star-forming galaxies, but the offset is smaller
than previously thought from studies based on optical-based metallicities. In this paper, for the
first time, we use a robust tracer, (2.2x[O111]88+[O111]52)/[N111]57, to measure far-IR metallic-
ities for our ULIRG sample and draw definite conclusions on whether the optical-based metal-
licities are underestimated thus cannot represent the ULIRG sample. We convert line ratios,
(2.2x[O111]88+[O111]52)/[N111]57, to gas-phase metallicity using a calibration introduced by Ref.>*,
considering the ionization parameter value of U = 1073, For our sample with Ypg ~ 10t — 1012
Lo /Kpc? an ionization parameter of U ~ 10727 — 10735 is estimated from observations*’. This
variation has a negligible effect on our metallicity measurements (< 0.05 dex).

To directly compare our results with metal abundances measured for the same ULIRGS
with fine structure lines at optical wavelengths®®, we scale our gas-phase metallicity measurements
to take into account the differences in the FIR metallicity calibration®® and optical metallicity
calibration®>. The FIR-based metallicity calibration®* utilizes an observational relation for N/O
vs O/H while optical metallicity calibration®> employs a theoretical model® to convert from N/O
ratio to O/H estimates. These two relationships, one observational and one from a model, are are
shown in Figure 1 of the Methods Section, suggesting that assumptions regarding the behavior of
N/O as a function of O/H directly affect the metallicity measurements. For FIR metallicity, we
scale the calibration®* to allow a direct comparison with existing optical measurements and the
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MZR relation. In effect, we have converted our abundance measurements, first calibrated with the
observed relation>* to that of the model used in SDSS work®. (right panel in Figure 1).

Further, we explore whether re-calibrating the metallicities of the FIR can affect our results.
We use the original FIR metallicity calibration >* without scaling it to the theoretical model of
N/O — O/H relation®. Figure 2 shows the comparison of the FIR metallicities derived from
original calibration and MZR of SDSS star-forming galaxies ’°, which are calculated with the
consistent assumption of N/O — O/H relation as FIR metallicity. We find that ULIRGs lie on the
MZR of star-forming galaxies without any evidence of significant under-abundance, confirming
our findings in the main Letter.
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Figure 2 — Similar to Figure 1 of the main Letter, but FIR metallicities are derived from the original
calibration without scaling values to the theoretical model of N/O — O/H relation. The MZR of
SDSS star-forming galaxies is shown from calibration with consistent assumption of N/O — O/H
relation as FIR metallicity. The plus signs showing the MZR of star forming SDSS galaxies at
z = 0.05 are taken from literature 7°. The black line is a third-order polynomial fit to SDSS MZR
data points.
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4 Stellar masses and optical metallicities

In Fig 1 and 2 of the Main Letter, the stellar mass of IRAS 12112+0305, Mrk 273, IRAS
17208-0014, and IRAS F08572+3915 are adopted from the measurements®® based on the SED
fitting of the UV-NIR part of the spectrum. Stellar masses of 15250+3609 and IRAS 17208-0014
are derived from SED fitting over NIR-Radio and UV-Radio part of the spectrum, respectively®® 7%,
Our sample consists of galaxies with 101°°M, < M, < 10'!3M, which are located in the
massive end of the MZR.

The optical metallicities of IRAS 1525043609 and IRAS F08572+3915 are taken from liter-
ature and converted to the desired calibration® if they are computed using different calibration’"-"2.
For the other three sources, we use O3N2=([O111]5007/Hf3)/([N11]6584/Hcv) indicators to estimate
the oxygen abundances as all these optical lines are available for IRAS 17208-0014, Mrk 273 and
IRAS 12112+03057%. All oxygen abundance estimates are converted to the desired calibration®.
We find that based on optical metallicities, ULIRGs have a significant offset (~ 0.3 dex) from
the MZR, which is consistent with previous studies’>. However, when we use FIR-based gas-
phase metallicities, such offset disappears. Previous studies found that luminous optically-selected
mergers are under-abundant, < 0.1 dex’*. Our results imply that ULIRGs follow similar luminous
star-forming galaxies and unusual under-abundance (~ 0.3 dex) found in optical metallicities is
a result of heavily obscured metal-rich gas which has a negligible effect when using the FIR line
diagnostics.

Shown in Figure 2 of the main Letter, we draw a control sample of star-forming galaxies
from the MPA/JHU Value-Added Galaxy Catalog of SDSS-DR7%%77-78 with a similar stellar mass
(101°° M, < M, < 10M°M,,) and star formation rate (SFR ~ 10%® M, /year) to our ULIRG
sample but with a negligible amount of dust (E(B — V') < 0.06). We find that these less dusty
galaxies have average optical metallicity of 9.1, while the average optical metallicity of our sample
is 8.8. One might conclude that the 0.3 dex offset implies that ULIRG sample does not follow
the stellar mass-SFR-metallicity relation, known as fundamental metallicity relation’®. However,
optical lines are susceptible to extinction and thus, FIR metallicity calibration provides a reliable
measurement for gas-phase metallicity of heavily dust-obscured systems. We find that FIR metal-
licity measurements of ULIRGs with an average of 9.05 are consistent with the average metallicity
of galaxies with similar stellar mass and start formation rate. Therefore, our ULIRG sample fol-
lows the fundamental metallicity relation and optical lines are not representative of the metallicity
of heavily dust-obscured galaxies.
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Figure 3 — Line maps and spectra of our sample targeted by SOFIA/FIFI-LS.
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Figure 3 — Continued: Each panel shows the moment 0 map of the spectral line with a yellow
ellipse that demonstrates the region over which the spectrum is measured. In the bottom sub-
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panels, the extracted spectrum is shown along with the best-fit Gaussian function. The blue shaded

region around the spectrum corresponds to the 1o uncertainty of the spectrum. The gray shaded
regions on each spectrum show the range of velocity in which the 0* moment line maps are

calculated.
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5 Data Availability Statement

Data supporting this study is publicly available or will be available by June 2022 through

the NASA/IPAC Infrared Science Archive, under Plan ID of 08_0095. Currently, SOFIA/FIFI-LS
observations are publicly available for IRAS F08572+3915 and Mrk273 and will be made available
for the remainder of the sources by June 2022.
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