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ABSTRACT

We study the 3.4−4.4 µm fundamental rovibrational band of H+3 , a key tracer of the ionization of the molecular interstellar medium (ISM), in a
sample of 12 local (d < 400 Mpc) (ultra)luminous infrared galaxies ((U)LIRGs) observed with JWST/NIRSpec. The P, Q, and R branches of the
band are detected in 13 out of 20 analyzed regions within these (U)LIRGs, which increases the number of extragalactic H+3 detections by a factor
of 6. For the first time in the ISM, the H+3 band is observed in emission; we detect this emission in three regions. In the remaining ten regions,
the band is seen in absorption. The absorptions are produced toward the 3.4−4.4 µm hot dust continuum rather than toward the stellar continuum,
indicating that they likely originate in clouds associated with the dust continuum source. The H+3 band is undetected in Seyfert-like (U)LIRGs
where the mildly obscured X-ray radiation from the active galactic nuclei might limit the abundance of this molecule. For the detections, the H+3
abundances, N(H+3 )/NH = (0.5 − 5.5) × 10−7, imply relatively high ionization rates, ζH2 , of between 3 × 10−16 and >4 × 10−15 s−1, which are likely
associated with high-energy cosmic rays. In half of the targets, the absorptions are blueshifted by 50–180 km s−1, which is lower than the molecular
outflow velocities measured using other tracers such as OH 119 µm or rotational CO lines. This suggests that H+3 traces gas close to the outflow-
launching sites before it has been fully accelerated. We used nonlocal thermodynamic equilibrium models to investigate the physical conditions
of these clouds. In seven out of ten objects, the H+3 excitation is consistent with inelastic collisions with H2 in warm translucent molecular clouds
(Tkin ∼ 250–500 K and n(H2) ∼102−3 cm−3). In three objects, dominant infrared pumping excitation is required to explain the absorptions from the
(3,0) and (2,1) levels of H+3 detected for the first time in the ISM.
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1. Introduction

Galaxies with high infrared (IR) luminosities (LIR > 1011.5 L�),
known as luminous and (ultra)luminous infrared galaxies
((U)LIRGs), are mostly gas-rich major mergers at differ-
ent evolutionary stages (e.g., Hung et al. 2014). They repre-
sent a key phase in the evolution of galaxies both locally
and at high z (e.g., Rodriguez-Gomez et al. 2015). (U)LIRGs
host the strongest starbursts in the local Universe, with star-
formation rates of >30–70 M� yr−1, and many of them contain
bright active galactic nuclei (AGN) as well (e.g., Veilleux et al.
2009; Nardini et al. 2010). (U)LIRGs also host massive molec-
ular outflows with mass-outflow rates of up to 300 M� yr−1

(González-Alfonso et al. 2017; Lutz et al. 2020; Lamperti et al.
2022), which are expected to significantly influence their evo-
lution by depleting the gas available for star formation and for
fueling the central black hole. Most of the activity of (U)LIRGs
takes place in compact (d < 200 pc; Barcos-Muñoz et al.
2017; Pereira-Santaella et al. 2021) deeply dust-embedded cores
(NH > 1024 cm−2; González-Alfonso et al. 2015; Falstad et al.
2021; García-Bernete et al. 2022a; Donnan et al. 2023). These
environments show a rich molecular gas chemistry, especially
in the most obscured cases (e.g., González-Alfonso et al. 2012;
Costagliola et al. 2015; Gorski et al. 2023). Cosmic rays have
been proposed as the primary driver of the ionization and chem-
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istry in these objects, as UV photons are shielded at high column
densities. Additionally, cosmic rays can influence the conditions
for star formation by heating the cores of dense molecular clouds
(Papadopoulos 2010; Padovani et al. 2020).

In cosmic-ray-dominated regions (CRDRs), H+3 is a key
molecule, initiating the interstellar chemistry by donating a pro-
ton to other atoms and molecules (e.g., Oka 2013). The H+3 for-
mation is closely linked to the H2 ionization rate, ζH2 : after the
ionization of an H2 molecule, H+2 readily reacts with another H2
molecule to form H+3 . Its formation–destruction balance is rela-
tively simple, particularly in diffuse clouds (n(H2) ∼ 102 cm−3;
e.g., Dalgarno 2006), and so H+3 has been used to measure ζH2 in
Galactic regions. H+3 is also abundant in X-ray-dominated regions
(XDRs) when the X-ray radiation field has been sufficiently atten-
uated (Maloney et al. 1996). Thus, for objects with an AGN, the
H+3 abundance can be affected by the X-ray radiation too.

Galactic H+3 absorptions have been detected toward the
Galactic center (GC), dense molecular clouds, and diffuse
clouds using ground-based observations (e.g., Geballe & Oka
1996; McCall et al. 2002; Goto et al. 2008; Gibb et al. 2010).
In these environments, ζH2 varies between ∼10−17 s−1 in
dense clouds (McCall et al. 1999), ∼10−16 s−1 in diffuse
clouds (Indriolo & McCall 2012), and ∼10−14 s−1 in the
GC (Le Petit et al. 2016; Oka et al. 2019). Two extragalac-
tic H+3 detections have been reported so far: in the ULIRG
IRAS 08572+3915 NW (Geballe et al. 2006; which is also part
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Fig. 1. Q branch of the fundamental rovibrational ν2 band of H+3 (P
and R branches are shown in Fig. C.1). The JWST/NIRSpec spectra
are continuum-subtracted (Sect. 2.3) and scaled. The H+3 transitions are
labeled at the top of the panel and indicated by the dotted black verti-
cal lines. Dashed and dot-dashed gray vertical lines indicate transitions
of H2 and H i, respectively. The number below the region name is the
scaling factor applied. In this figure, the rest frame is defined by the
velocity of the H+3 features. We note that the JWST/NIRSpec spectra
have a ∼0.1 µm gap centered around 4.05–4.15 µm that partially affects
the Q branch of some of these regions. For IRAS 08572, we masked
spectral channels with highly uncertain flux values.

of the sample studied here), and a much fainter detection in the
Type 2 AGN NGC 1068 (Geballe et al. 2015).

In this Letter, we analyze James Webb Space Telescope
(JWST) Near IR Spectrograph (NIRSpec; Jakobsen et al. 2022)
observations that cover the 3.4–4.4 µm spectral range where the
H+3 fundamental rovibrational ν2 band lies. We study the kine-
matics of the absorptions and measure the H+3 column densities.
We also estimate ζH2 from the H+3 abundance and investigate
the physical conditions of the clouds producing these absorp-
tions using radiative transfer models. We used the spectroscopic
parameters of H+3 from Mizus et al. (2017).

2. Analysis and results

We extracted the high-resolution (R ∼ 1900–3600) JWST/
NIRSpec spectra of 20 regions (nuclei and bright near-IR
clumps) in 12 local (39–400 Mpc) (U)LIRGs with LIR =

1011.6−12.5 L�. All these (U)LIRGs are interacting systems at dif-

Fig. 2. Energy level diagram of H+3 . The gray shaded area marks the
v2 = 1 levels. Ortho-H+3 levels are in green and para-H+3 in black. The
metastable and ground rotational levels are indicated by thicker lines.
For the ground state, the quantum numbers of each level are (J, K)
and for the v2 = 1 levels, (J,G,K). The detected transitions connect
the ground and the v2 = 1 states. The arrows show how the (3,0)
level can be populated by IR pumping through the R(1,0) and P(3,0)
transitions.

ferent merger stages. The spectra were extracted using 0′′.40
diameter apertures (80–800 pc depending on the distance). More
details on the sample and the data reduction are presented in
Appendix A and Table A.1.

Figure 1 shows the Q branch of the fundamental ν2 band of
H+3 in these objects (the P and R branches are shown in Fig. C.1).
The H+3 band is detected in 13 out of the 20 sources analyzed (the
nondetections are shown in Fig. C.2). It is seen in absorption in ten
targets and, for the first time, this band is detected in emission from
gas in the interstellar medium (ISM) in the nuclei of two U/LIRGs
and the molecular outflow of another target. Previous detections
of H+3 emission were limited to the giant gas and ice planets of
the Solar System (e.g., Drossart et al. 1989; Trafton et al. 1993).
In this Letter, we focus on the targets where the band is detected in
absorption. The analysis of the emission bands will be presented
in a future work (Pereira-Santaella et al. in prep.).

2.1. H+
3

spectroscopy and Galactic observations

The energy level diagram of H+3 is shown in Fig. 2. There are two
H+3 spin isomers depending on the total nuclear spin I: ortho-H+3
with I = 3/2 and quantum number K = 3n; and para-H+3 with
I = 1/2 and K = 3n± 1 (green and black levels in Fig. 2, respec-
tively). Due to the selection rules, the (3,3) level of the ground
state is metastable and cannot decay radiatively to the lowest
ortho-H+3 level (1,0) (see e.g., Oka 2013; Miller et al. 2020 for
a detailed description of the H+3 spectroscopy). Therefore, H+3
molecules tend to accumulate in the (1,1), (1,0), and (3,3) levels
in the conditions of the ISM. More specifically, Galactic obser-
vations of H+3 in both diffuse and dense (n(H2) ∼ 104−5 cm−3)
clouds detect only the (1,1) and (1,0) absorptions (McCall et al.
1999; Indriolo & McCall 2012), whereas the higher excitation
(3,3) absorptions are observed only toward the GC. A (2,2)
absorption has been uniquely detected along a line of sight
(GC IRS 3) toward the circumnuclear disk (CND) of the GC
(Goto et al. 2008, 2014; Oka et al. 2019).
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2.2. H+
3

kinematics: Outflows and inflows

The absorptions were fitted using Gaussian profiles. As in
Pereira-Santaella et al. (2024), we tied the line-of-sight veloc-
ity of all the H+3 transitions to a common value. We also tied
the velocity dispersion of the transitions of the same branch, but
allowed it to vary between the three branches to account for the
variation of the resolving power of NIRSpec (see Appendix A).

In 50% of the sample (five objects), the H+3 absorptions are
blueshifted 50–180 km s−1 relative to the molecular and ionized
gas traced by the high-J pure rotational H2 and H recombina-
tion lines observed by NIRSpec. This indicates that the clouds
with H+3 are outflowing (Fig. A.1). These H+3 outflow veloci-
ties are lower than those measured using the OH 119 µm and
the CO(2–1) 230.5 GHz lines for these targets (∼300–500 km s−1;
Veilleux et al. 2013; Lamperti et al. 2022). Thus, it is possible that
H+3 traces clouds close to the outflow launching sites before the gas
has been fully accelerated (e.g., González-Alfonso et al. 2017;
Pereira-Santaella et al. 2020). Only in the southern nucleus of
NGC 3256 are the H+3 absorptions redshifted, by∼70–140 km s−1,
suggesting an inflow.

2.3. H+
3

column densities and location of the clouds

We estimated the column density of each H+3 level using the stan-
dard relation for optically thin lines:

Nl =
8πc

Aulλ4

gl

gu

Wλ, (1)

where Wλ is the equivalent width (EW) in wavelength units of
the absorptions, Nl the column density of the lower level, λ the
wavelength of the transition, c the speed of light, Aul the Ein-
stein A-coefficient of the transition, and gl and gu the statistical
weights of the lower and upper levels, respectively.

In order to measure Wλ, we used a spline-interpolated base-
line to estimate the continuum level. We note that the EW of
the P(2,2) and P(2,1) transitions (affected by the 4.27 µm CO2
ice and gas absorptions) and the R(3,3)l and R(3,3)u transitions
(affected by the 3.4–3.6 µm stellar continuum features and PAH
aliphatic bands) are relatively uncertain.

We find that, for the same level, the column densities derived
from the shorter wavelength branches are lower than those
derived from longer wavelength branches. In particular, for the
(1,1) and (3,3) levels, which show absorptions in two or three
branches, the R branch (3.4–3.7 µm) columns are, on average,
∼1.5 times lower than those derived from the Q branch (3.9–
4.0 µm), and the latter are ∼1.3 times lower than those derived
from the P branch (4.2–4.4 µm).

In these objects, the stellar continuum dominates the near-
IR continuum up to ∼3.5–3.9 µm, while the hot-dust contin-
uum dominates the spectra at longer wavelengths (Donnan et al.
2024). Thus, the column-density discrepancies can be explained
if the H+3 absorptions are primarily produced toward the com-
pact hot-dust continuum (r < 20 pc in some of these objects;
Rich et al. 2023; García-Bernete et al. 2024b; Inami et al. 2022),
whereas the more spatially extended stellar continuum, not
affected by the H+3 absorptions, reduces the observed EW at
shorter wavelengths. This also implies that the spatial extent of
the H+3 clouds is more similar to that of the compact dust con-
tinuum than to the extended stellar continuum. The nondetec-
tion of the R(3,3)u line at 3.43 µm (where the stellar continuum
dominates) in 9 out of 10 regions further corroborates the pro-
posed explanation. R(3,3)u should have an EW that is >2–10

times higher than the derived upper limits based on the P(3,3)
absorption at 4.35 µm.

3. Discussion

3.1. H2 Ionization rate: Cosmic rays and X-rays

For low ζH2 /nH (<10−17 cm3 s−1), where nH = n(H) + 2n(H2),
the H+3 abundance is proportional to ζH2 /nH. For higher ζH2 /nH,
the molecular fraction, fH2 = 2n(H2)/nH, decreases, reducing
the formation rate of H+3 , and the increased abundance of free
electrons, xe, enhances the dissociative recombinations of H+3 .
Hence, in this limit, the H+3 abundance decreases for increas-
ing ζH2 /nH in both XDR and CRDR (see Maloney et al. 1996;
Le Petit et al. 2016; Neufeld & Wolfire 2017).

Thus, as a first step to estimate ζH2 , we calculated the H+3
fractional abundance, N(H+3 )/NH. We estimated NH from the
extinction affecting the 3.4–4.4 µm continuum where the H+3
absorptions are detected. This is justified because the H+3 absorp-
tions are produced in clouds close to the continuum source
(Sect. 3.2), which are likely the same clouds that extinguish
this 3.4–4.4 µm continuum. We used the method presented by
Donnan et al. (2024) to model the differential extinction of the
3–28 µm continuum observed with NIRSpec and MIRI/MRS for
these sources. We obtain an extinction at ∼4 µm equivalent to NH
(2–19)×1022 cm−2 (Table B.4). This is approximately equivalent
to an optical depth τ4µm of about ∼0.4−51. Higher τ4µm would
make this 3.4–4.4 µm dust continuum too weak to be detected.
However, we note that the NH affecting the longer-wavelength
continuum in these (U)LIRGs is considerably larger due to dif-
ferential extinction effects.

Figure 3 shows that, for the detections, the average H+3 abun-
dance is ∼2 × 10−7, which is slightly higher than the average
abundance in the GC, of namely ∼0.7 × 10−7 (Oka et al. 2019).
Interestingly, the N(H+3 ) upper limits for the three Sy AGN, that
is, the less-obscured AGN in the sample where high-ionization
lines are detected, imply low H+3 abundances <4 × 10−8. This
result is also consistent with the low H+3 EW measured in the Sy 2
AGN NGC 1068 (Geballe et al. 2015). This can be explained if
the X-ray radiation from the AGN induces a sufficiently high
ζH2 to suppress the formation of H+3 by both decreasing fH2

and increasing xe. The middle panel of Fig. 3 shows the rela-
tion between the observed 2–10 keV X-ray luminosity, Lobs(2–
10 keV), and the H+3 abundance. The three Sy AGN have the
highest Lobs(2–10 keV) and the most stringent upper limits on
the H+3 abundance. This suggests that X-rays might be limiting
the formation of H+3 . We also estimated ζH2 due to X-rays by
combining Eqs. 12 and 15 from Maloney et al. (1996). For an
NH of 1023 cm−2, ζH2 /s

−1 = 1.9 × 10−14 Fx/(erg s−1 cm−2), where
Fx is the incident X-ray flux. Therefore, an observed X-ray lumi-
nosity of 1043 erg s−1 –which is similar to that of the brightest Sy
AGN in the sample– at 50 pc implies ζH2 ∼6 × 10−13 s−1, which
for the average n(H2) of 102−3 cm−3 (Sect. 3.2) can place these
objects in the regime where the H+3 abundance decreases with
increasing ζH2 (right side of the right panel of Fig. 3).

In this section we use the observed instead of the intrinsic
X-ray luminosities because the H+3 absorptions originate at the
outer obscuring layers (NH ∼ 1023 cm−2) in objects with a total
NH of up to 1025 cm−2, and thus a significant part of the intrinsic
X-ray emission has likely been absorbed by more internal gas
and dust layers.

1 For a screen extinction law NH/τ4µm ∼ 3.8 × 1022 cm−2 (Bohlin et al.
1978; Chiar & Tielens 2006).
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Fig. 3. H+3 fractional abundance. Left panel: H+3 vs. H column densities. The H column density corresponds to the obscuring material of the ∼4 µm
continuum derived from the continuum differential extinction model (Sect. 3.1). The dashed lines indicate constant H+3 fractional abundances
between 10−6 and 10−8 in steps of 1 dex. The red circles are the observed (U)LIRGs. The black star corresponds to the average columns in the
GC from Goto et al. (2008) and Oka et al. (2019). Upper limits for Seyfert-type AGN are indicated by the empty black squares. Middle panel:
H+3 fractional abundance as a function of the observed 2–10 keV X-ray luminosity. Right panel: Blue shaded area is the predicted H+3 fractional
abundance (left y-axis) as a function of ζH2 /nH estimated using Eq. 2 from Neufeld & Wolfire (2017) for xe in the range (1.5–5)× 10−4 (Sect. 3.1).
The horizontal red shaded area indicates the range of H+3 fractional abundances measured in these (U)LIRGs. The dashed green line (right y-axis)
is fH2 as function of ζH2 /nH using Eq. 2 from González-Alfonso et al. (2013).

The right panel of Fig. 3 shows the predicted H+3
abundance as a function of ζH2 /nH derived using Eq. 2
from Neufeld & Wolfire (2017) at T = 300 K. Following
González-Alfonso et al. (2013), we assumed xe in the range
(1.5–5)× 10−4 and fH2 given by their Eq. 2. This simplified
approximation ignores most of the H+3 chemical reactions,
but captures the two key elements, xe and fH2 , which deter-
mine its abundance in diffuse and translucent clouds (Dalgarno
2006; Shaw & Ferland 2021). From the H+3 fractional abun-
dance of the (U)LIRGs, (0.5–5.5)× 10−7, we estimate a ζH2 /nH
of between 10−18 and >1.3× 10−17 cm3 s−1. The average n(H2)
is ∼102.5 cm−3 (Sect. 3.2), and so the resulting ζH2 are between
∼3× 10−16 and >4× 10−15 s−1.

The origin of the H+3 detections –either X-rays or cosmic
rays– is difficult to constrain. The effects of both X-rays and
cosmic rays on the gas are similar (e.g., Glassgold et al. 2012;
Wolfire et al. 2022). Here, we consider the fact that cosmic
rays can penetrate much larger column densities than X-rays.
Therefore, if X-ray radiation from an AGN is present in these
(U)LIRGs, it would be absorbed by the internal gas layers, pre-
venting it from reaching the more external gas clouds. This
hypothesis is supported by observations showing that (U)LIRGs
are under-luminous in hard X-rays (Imanishi & Terashima 2004;
Teng et al. 2015; Ricci et al. 2021). Similarly, low-energy-
proton cosmic rays (<10–100 MeV) have stopping ranges of
below 1024 cm−2 (Padovani et al. 2018), and so they are likely
absorbed by the internal gas layers too. However, cosmic rays of
more energetic protons (100–180 MeV), with stopping ranges of
1024−25 cm−2, can deposit their energy over large columns com-
parable to those of (U)LIRGs. Therefore, we consider that ion-
ization by >100 MeV cosmic rays is more plausible than X-ray
ionization in these objects. These cosmic rays are more ener-
getic than those in our Galaxy, which have typical energies of
2–10 MeV (Indriolo et al. 2009). Thus, depending on both the
cosmic-ray energy spectrum and the total NH of (U)LIRGs, the
intrinsic cosmic-ray luminosity can be >20 times2 higher than in
the GC for the same ζH2 .

2 This factor is the ratio between the effective ζH2 for NH = 1022 cm−2

and 1025 cm−2 given by Eq. F.1 of Padovani et al. (2018) for the cosmic-
ray energy spectrumH .

Other molecular ions like OH+, H2O+, and H3O+, which
can form via reactions with H+3 , have been detected in
(U)LIRGs hosting Seyfert AGN (including NGC 7469, which
is part of this sample; van der Werf et al. 2010; Aalto et al.
2011; Pereira-Santaella et al. 2013, 2014). The low H+3 abun-
dance in these AGN supports the idea that these ions
form through reaction chains involving H+ and O+, instead
of H+3 (Hollenbach et al. 2012; González-Alfonso et al. 2013;
Gómez-Carrasco et al. 2014).

3.2. Physical conditions of the H+3 clouds

Previous studies of the H+3 absorptions toward the GC indicate
that H+3 traces a warm (T ∼ 200–500 K) diffuse (nH < 100 cm−3)
gas phase with a high cosmic-ray ionization rate (ζcr ∼ (1−10)×
10−14 s−1; Goto et al. 2008; Le Petit et al. 2016; Oka et al. 2019).
In this section, we investigate the similarity between the condi-
tions in these (U)LIRGs and those of the GC.

A major difference is that the observed H+3 column densities
in these objects, N(H+3 ) = (7−93) × 1015 cm−2, are 2–30 times
higher than in the GC. The H+3 excitation is also different in some
objects. Figure 4 shows column density ratios between various
H+3 levels that can be used to characterize the physical conditions
of these clouds (e.g., Goto et al. 2008; Le Petit et al. 2016). As
shown in the top panel of Fig. 4, contrary to Galactic diffuse and
dense clouds, the (3,3) lines are detected in all these (U)LIRGs.
Thus, this ratio also suggests that the detections in (U)LIRGs are
not produced in extended diffuse gas halos (see also Sect. 2.3).

In Fig. 4, we also plot a grid of nonlocal thermody-
namic equilibrium (NLTE) models calculated using RADEX
(van der Tak et al. 2007) with the H+3 –H2 collisional coefficients
from Oka & Epp (2004). The RADEX grid covers H2 densities,
log n(H2)/cm−3, of between 1.0 and 6.0, and kinetic tempera-
tures, Tkin, of between 15 and 600 K in logarithmic steps.

In three targets, VV 114 NE and SW-s1, and IRAS 14348-
NE, the (2,2) absorptions are not detected and the ratios are
similar to those in the GC. Thus, for these nuclei, the gas
temperature is 150–300 K and n(H2) < 100 cm−3, which are
comparable to those of the GC (Goto et al. 2008; Le Petit et al.
2016; Oka et al. 2019). We note that some of the observed (1,0)/
(1,1) ratios are not well reproduced by these NLTE grids (top
panel of Fig. 4). The formation of H+3 is highly exothermic
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Fig. 4. Ratio between the column densities of H+3 levels: (1,0)/(1,1) vs.
(3,3)/(1,1) (top); and (3,3)/(2,2) vs. (3,3)/(1,1) (bottom). Symbols as in
Fig. 3. The blue diamond corresponds to the excited GC IRS 3 line of
sight toward the GC, and the dark blue square in the top panel to diffuse
and dense molecular clouds in the Galactic disk. The background grids
show the ratios predicted by NLTE models. The green (orange) lines
mark the ratios for the temperature, in K, (density, in log cm−3) indicated
by the colored labels.

(1.74 eV≡20190 K) and this can affect the observed populations
of the (1,0) and (1,1) levels, which do not always reach the
ortho-para thermal equilibrium (Le Bourlot et al. 2024). There-
fore, formation pumping might explain the low (1,0)/(1,1) ratio
in some of these regions. The remaining targets have clear (2,2)
detections. For most objects, the (3,3)/(2,2) ratios (bottom panel
of Fig. 4) are comparable, within the uncertainties, with that of
the singular GC IRS 3 line of sight (Goto et al. 2008, 2014), and
indicate warmer (Tkin = 250–500 K) and denser (log n(H2) =
102−3 cm−3) clouds.

Some absorptions cannot be explained by these NLTE mod-
els. In particular, the absorptions from the (3,0) and (2,1) lev-
els, detected in IRAS 07251, IRAS 08572, and IRAS 14348-SW
(Table B.4), are 5–50 times stronger than those predicted by
the best-fit NLTE models. However, these absorptions can be
explained by IR pumping. When the IR pumping rate, which
is proportional to the ambient IR radiation field φIR, is higher
than the collisional rate, which is proportional to n(H2), the (3,0)
level, and similarly the (2,1) level, can be populated by the mech-
anism shown in Fig. 2 (see also Sect. 5.5 in Goto et al. 2008).
Therefore, in these three objects, the φIR/n(H2) ratio is likely
sufficiently high to make IR pumping the dominant excitation
mechanism. We verified this scenario by creating a grid of full
radiative transfer models, including the effects of IR pumping,
which are able to reproduce these absorptions (Appendix D).

4. Summary and conclusions

We analyzed the fundamental 3.4−4.4 µm rovibrational band
of H+3 in the spectra of 20 regions (nuclei and bright clumps)
selected in 12 local (d ∼ 39–400 Mpc) (U)LIRGs observed by
JWST/NIRSpec. The H+3 band is detected in 13 out of 20 regions.
It is seen in emission for the first time in the ISM in three of these
regions, and in absorption in the remaining ten regions. The main
results from our analysis of the H+3 absorptions are as follows:

1. H+3 cloud location. The H+3 absorptions are primarily pro-
duced toward the hot dust continuum, which dominates the
spectra at >3.5–3.9 µm, rather than toward the stellar contin-
uum. Consequently, the clouds traced by these H+3 absorp-
tions are likely associated with the compact (r < 20 pc in
some cases) dust continuum source.

2. Nondetection of H+3 in Seyfert AGN. The H+3 absorptions are
undetected in the Seyfert-like (U)LIRGs. These objects are
among those least obscured in the sample. Thus, they host
mildly obscured AGN whose X-ray radiation might be lim-
iting the abundance of H+3 by decreasing the molecular frac-
tion fH2 and increasing the free electron abundance xe.

3. Low-velocity molecular outflows and inflows. In five regions
(50% of the sample), the H+3 absorptions are blueshifted by
50–180 km s−1 relative to the ionized and warm/hot molecu-
lar gas. These outflow velocities are lower than those mea-
sured using OH 119 µm or rotational CO lines in these
objects. This suggests that H+3 traces clouds closer to the out-
flow launching sites before it has been fully accelerated. In
one region, the absorptions are redshifted by 70–140 km s−1

suggesting inflowing gas.
4. H+3 column densities, abundances, and H2 ionization rate.

The H+3 column densities are (0.7–9.3)× 1016 cm−2 , which
corresponds to fractional H+3 abundances of (0.5–5.5)× 10−7.
Using a simple model for H+3 abundance in translucent
clouds, we estimate ζH2 /nH to be between 10−18 and
>1.3× 10−17 cm3 s−1. For n(H2) ∼ 102.5 cm−3 (see below),
ζH2 are between 3× 10−16 and >4× 10−15 s−1. Energetic cos-
mic rays with E >100–180 MeV have stopping ranges of NH
∼1024−25 cm−2, comparable to the total NH of (U)LIRGs, and
so they are a plausible origin for these ζH2 .

5. NLTE models and excitation of H+3 . We find that in most of
the regions that show H+3 absorption (seven out of ten), the
H+3 excitation is consistent with warm translucent molecular
clouds (Tkin ∼ 250–500 K and n(H2) ∼ 102−3 cm−3) excited
by inelastic collisions with H2. These conditions are similar to
those observed in the extreme line-of-sight GC IRS 3 toward
the CND of the GC. In three objects, absorptions from the (3,0)
and (2,1) levels of o-H+3 and p-H+3 , respectively, are detected
for the first time in the ISM. These objects require IR pumping
excitation to explain these excited absorptions.

These results show the potential of JWST to detect the key
molecule H+3 in extragalactic objects. This will allow constraint
of the ionization and chemistry of the molecular ISM (i.e., the
initial conditions for star formation) using H+3 for the first time
in large samples of galaxies.
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Fig. A.1. Comparison between the velocity measured for the H+3 absorptions and that of H2 (x axis) and H recombination lines (y axis). For two
objects, no H2 lines are available, so the horizontal line marks the H+3 velocity relative to that of the H recombination lines. The shaded blue and
red areas indicate blue and red velocity shifts, respectively.

Table A.1. Sample of local (U)LIRGs.

Object Region DL
(a) log LIR/L�

(a) log Lobs
2−10 keV

(b) Ref.(b) AGN (c) Ref.(c)

(Mpc) (erg s−1)

VV 114 E SW-s1 85.5 11.71 · · · No/Obs.? D23, R23, B24
SW-s2(†) · · · · · · · · · B24, GA24
NE 41.02 G06 No/Obs.? D23, R23, B24

IRAS 05189−2524 nucleus 188 12.10 43.79 I11 Type 2 P21
IRAS 07251−0248 E nucleus 400 12.45 40.09 I11, R21 No/Obs. P21, PS21
IRAS 08572+3915 NW nucleus 261 12.15 41.31 I11, R21 LINER V13
IRAS 09111−1007 W nucleus 242 12.05 40.50 I11 LINER? D97
NGC 3256 N nucleus 38.9 11.64 40.39 L02 No L00

S nucleus 39.73 L02 No/Obs. O15
outflow(∗) · · · · · · · · · · · · · · · · · ·

IRAS 13120−5453 nucleus 136 12.27 41.86 R21 Type 2 P21
IRAS 14348−1447 NE nucleus 375 12.41 41.12 R21 LINER?/Obs.? P21, PS21

SW nucleus 41.53 R21 LINER?/Obs. P21, PS21
Arp 220 W nucleus 78 12.19 40.77 C02 LINER P20

E nucleus 40.64 C02 LINER P20
II Zw 096 D1 161 11.94 41.32 I11 No/Obs.? I22, GB24

C0(‡) · · · · · · · · · · · · · · · · · ·

D0(‡) · · · · · · · · · · · · · · · · · ·

IRAS 22491−1808 E nucleus 352 12.23 40.65 I11 No/Obs. P21, PS21
NGC 7469 nucleus 70.8 11.65 43.73 B03, PS11 Type 1 O93, U22, A23, B24

Notes. (a) Luminosity distance and 8-1000 µm IR luminosity from Armus et al. (2009) and Pereira-Santaella et al. (2021). (b) Observed 2–10 keV
X-ray luminosity and reference. (c) AGN classification based on optical spectroscopy and references. Obs. indicates dust obscured AGN based on
indirect evidences from the mid-IR and sub-mm. “?” indicates inconclusive classification. (†) SW-s2 is located ∼100 pc away from the nucleus
SW-s1. The highly excited CO and H2O mid-IR absorptions of this region were analyzed by González-Alfonso et al. (2024) and Buiten et al.
(2024). (∗) This region encompasses the collimated molecular outflow launched by the southern nucleus of NGC 3256. It is located ∼110 pc away
from the nucleus and corresponds to region N1 of Pereira-Santaella et al. (2024). (‡) These two regions of II Zw 096 are bright star-forming clumps
located 0.5–1 kpc from the nucleus D1 (Inami et al. 2022).
References. (A23) Armus et al. 2023; (B03) Blustin et al. 2003; (B24) Bianchin et al. 2024; (B24) Buiten et al. 2024; (C02) Clements et al. 2002;
(D23) Donnan et al. 2023; (D97) Duc et al. 1997; (G06) Grimes et al. 2006; (GA24) González-Alfonso et al. 2024; (GB24) García-Bernete et al.
2024b; (I11) Iwasawa et al. 2011; (I22) Inami et al. 2022; (L00) Lípari et al. 2000; (L02) Lira et al. 2002; (O93) Osterbrock & Martel 1993; (O15)
Ohyama et al. 2015; (P20) Perna et al. 2020; (P21) Perna et al. 2021; (PS11) Pereira-Santaella et al. 2011; (PS21) Pereira-Santaella et al. 2021;
(R21) Ricci et al. 2021; (R23) Rich et al. 2023; (U22) Vivian et al. 2022; (V13) Veilleux et al. 2013.

Appendix A: Sample and data reduction

We selected all the (U)LIRGs with publicly available high spectral resolution NIRSpec and Mid-Infrared Instrument (MIRI) spec-
troscopic observations in the JWST archive by July 2024. We excluded few objects, mainly interacting systems whose nuclei are
not clearly separated at the angular resolution of JWST/MIRI at ∼20 µm, which is needed for the continuum modeling of each
nuclei. The final sample consists of 12 systems (see Table A.1) with data from the Director’s Discretionary Early Release Science
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Table B.1. EW of the H+3 R-branch transitions and derived column densities.

Target R(3,3)u N(3,3) R(3,3)l N(3,3) R(1,0) (a) N(1,0) R(1,1)l N(1,1)
3.427 µm 3.534 µm 3.669 µm 3.715 µm
(10−5

µm) (1015 cm−2) (10−5
µm) (1015 cm−2) (10−5

µm) (1015 cm−2) (10−5
µm) (1015 cm−2)

VV 114 SW-s1 3.5 ± 0.8 3.5 ± 0.8 6.5 ± 0.7 2.3 ± 0.3 5.2 ± 0.6 1.3 ± 0.2 16.4 ± 0.6 7.6 ± 0.3
VV 114 SW-s2 <3.1 <3.1 5.9 ± 1.4 2.1 ± 0.5 12.1 ± 1.1 3.1 ± 0.3 11.6 ± 1.0 5.4 ± 0.5
VV 114 NE <2.3 <2.3 <1.2 <0.42 7.5 ± 1.1 1.9 ± 0.3 6.2 ± 1.1 2.9 ± 0.5
IRAS 07251(∗) <10.5 <10.5 <5.1 <1.8 26.9 ± 3.8 6.8 ± 1.0 · · · · · ·

IRAS 08572 <3.4 <3.4 · · · · · · 10.5 ± 0.6 2.7 ± 0.2 3.8 ± 0.6 1.8 ± 0.3
NGC 3256-S <4.9 <4.9 10.2 ± 1.2 3.6 ± 0.4 18.5 ± 0.6 4.7 ± 0.1 18.8 ± 0.5 8.7 ± 0.2
IRAS 14348 NE(∗) <5.5 <5.4 <2.5 <0.90 15.7 ± 2.1 4.0 ± 0.5 · · · · · ·

IRAS 14348 SW(∗) <6.8 <6.8 <3.2 <1.1 14.5 ± 2.6 3.7 ± 0.7 <2.4 <1.1
Arp 220 W <1.6 <1.6 2.0 ± 0.7 0.70 ± 0.27 10.1 ± 0.7 2.6 ± 0.2 4.5 ± 0.7 2.1 ± 0.3
Arp 220 E <4.0 <4.0 5.5 ± 1.6 2.0 ± 0.6 14.9 ± 1.1 3.8 ± 0.3 10.8 ± 1.0 5.0 ± 0.5
IRAS 05189 <2.0 <2.0 <2.0 <0.70 <1.9 <0.48 <1.9 <0.87
IRAS 09111 <5.4 <5.4 <5.7 <2.0 <5.7 <1.5 <5.6 <2.6
NGC 3256-N <3.1 <3.1 <3.4 <1.2 <3.5 <0.90 <3.5 <1.6
IRAS 13120 <2.2 <2.2 <2.0 <0.71 <1.8 <0.47 <1.8 <0.83
II Zw 096 C0 <3.6 <3.6 <3.8 <1.3 <3.7 <0.95 <3.8 <1.7
II Zw 096 D0 <3.8 <3.8 <4.0 <1.4 <4.0 <1.0 <3.9 <1.8
NGC 7469 <2.0 <2.0 <2.0 <0.70 <1.9 <0.49 <1.9 <0.88

Notes. (a) The R(1,0) 3.669 µm and R(1,1)u 3.668 µm transitions are blended for these objects. To determine the Wλ of R(1,0), the contribution of
R(1,1)u was estimated from the Wλ of R(1,1)l. (∗) For these objects it was not possible to measure R(1,1)l, thus the listed R(1,0) Wλ value includes
the contributions from both R(1,0) and R(1,1)u.

(DD-ERS) Program #1328 (PI: L. Armus and A. Evans), the Large Program #3368 (PI: L. Armus and A. Evans), and the Guaranteed
Time Observations Program #1267 (PI: D. Dicken; Program lead: T. Böker).

These objects were observed with the high spectral resolution NIRSpec grating G395H using the integral field unit (IFU)
mode (Böker et al. 2022). The G395H grating has a resolving power, R, between 1900 and 3600, and covers the spectral range
between 2.87 and 5.27 µm (JWST User Documentation). Between ∼3.5 µm and ∼4.3 µm, the spectral range where the H+3 band is
observed, R varies between 2400 and 3000. JWST/MIRI observations of these objects were also available for all the bands of the
Medium Resolution Spectrograph (MRS; Wright et al. 2023; Argyriou et al. 2023) between 4.9 and 28.1 µm with R=2300–3700
(Labiano et al. 2021).

For the data reduction, we used the JWST calibration pipeline (version 1.12.4; Bushouse et al. 2023) and the context 1253. We
followed the standard reduction recipe complemented by a number of custom steps to mitigate the effect of bad pixels and cosmic
rays on the extracted spectra. Further details on the data reduction of the NIRSpec and MIRI/MRS data observations can be found
in Pereira-Santaella et al. (2022, 2024) and García-Bernete et al. (2022b, 2024a).

We extracted the spectra of 20 regions within these systems. Sixteen regions correspond to their nuclei, three regions are bright
near-IR clumps with strong bursts of star-formation (Inami et al. 2022; García-Bernete et al. 2024b; Buiten et al. 2024), and one
region samples the spatially resolved molecular outflow of NGC 3256-S (Pereira-Santaella et al. 2024; Table A.1). We applied an
aperture correction to the spectra similar to García-Bernete et al. (2022c).

Appendix B: Properties of the H+
3

absorptions

The EW of the detected H+3 absorptions and upper limits are listed in Tables B.1, B.2, and B.3, for the R, Q, and P branches,
respectively. Table B.4 shows the total H+3 column densities.
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Table B.2. EW of the H+3 Q-branch transitions and derived column densities.

Target Q(3,3) N(3,3) Q(2,2) (a) N(2,2) Q(1,1) N(1,1) Q(1,0) N(1,0) Q(2,1)l N(2,1) Q(3,0) N(3,0)
3.904 µm 3.914 µm 3.929 µm 3.953 µm 3.971 µm 3.986 µm
(10−5

µm) (1015 cm−2) (10−5
µm) (1015 cm−2) (10−5

µm) (1015 cm−2) (10−5
µm) (1015 cm−2) (10−5

µm) (1015 cm−2) (10−5
µm) (1015 cm−2)

VV 114 SW-s1 2.4 ± 0.5 2.3 ± 0.4 <1.6 <1.2 7.9 ± 0.5 3.8 ± 0.2 · · · · · · · · · · · · · · · · · ·

VV 114 SW-s2 5.1 ± 1.1 4.9 ± 1.0 · · · · · · 10.9 ± 1.0 5.2 ± 0.5 18.8 ± 1.0 4.5 ± 0.2 <3.4 <1.2 · · · · · ·

VV 114 NE · · · · · · <1.1 <0.78 4.6 ± 1.1 2.2 ± 0.5 11.2 ± 1.0 2.7 ± 0.3 <1.0 <0.38 <3.6 <0.89
IRAS 07251 26.5 ± 4.3 25.4 ± 4.1 17.0 ± 4.2 12.2 ± 3.0 31.5 ± 4.1 15.2 ± 2.0 53.9 ± 3.8 13.0 ± 0.9 20.4 ± 3.7 7.4 ± 1.3 16.3 ± 3.6 4.0 ± 0.9
IRAS 08572 · · · · · · · · · · · · · · · · · · 8.9 ± 1.3 2.1 ± 0.3 3.0 ± 1.2 1.1 ± 0.4 · · · · · ·

NGC 3256-S · · · · · · <2.1 <1.5 27.9 ± 0.7 13.4 ± 0.3 18.9 ± 0.7 4.6 ± 0.2 <0.67 <0.24 · · · · · ·

IRAS 14348 NE <1.3 <1.3 · · · · · · 9.4 ± 1.3 4.5 ± 0.6 12.5 ± 1.3 3.0 ± 0.3 <1.3 <0.46 <1.2 <0.30
IRAS 14348 SW 12.0 ± 1.4 11.4 ± 1.4 6.2 ± 1.4 4.4 ± 1.0 8.0 ± 1.4 3.9 ± 0.7 24.7 ± 1.3 6.0 ± 0.3 17.6 ± 1.3 6.4 ± 0.5 12.5 ± 1.3 3.1 ± 0.3
Arp 220 W 8.6 ± 2.1 8.3 ± 2.0 7.8 ± 2.1 5.6 ± 1.5 14.8 ± 2.0 7.1 ± 1.0 13.1 ± 2.0 3.2 ± 0.5 <2.0 <0.74 <2.0 <0.49
Arp 220 E 8.4 ± 2.1 8.0 ± 2.0 <2.1 <1.5 16.9 ± 2.0 8.1 ± 1.0 21.3 ± 2.0 5.2 ± 0.5 <2.0 <0.72 <1.9 <0.47
IRAS 05189 · · · · · · · · · · · · · · · · · · · · · · · · <1.6 <0.58 <1.6 <0.40
IRAS 09111 · · · · · · · · · · · · · · · · · · <7.4 <1.8 <7.1 <2.6 <7.2 <1.8
NGC 3256-N · · · · · · <3.2 <2.3 <3.2 <1.5 <3.2 <0.76 <3.2 <1.2 <3.2 <0.78
IRAS 13120 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

II Zw 096 C0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

II Zw 096 D0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC 7469 <2.0 <2.0 · · · · · · · · · · · · <2.1 <0.50 <2.1 <0.77 <2.1 <0.52

Notes. (a) The Q(2,2) 3.914 µm and Q(2,1)u 3.916 µm transitions are blended for these objects. The Q(2,1)u absorption is ∼4 times fainter than the Q(2,1)l, so only for IRAS 07251 and
IRAS 14348 SW, where the Q(2,1)l absorption is detected, we used its Wλ to estimate the Q(2,1)u contribution.
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Table B.3. EW of the H+3 P-branch transitions and derived column densities.

Target P(1,1) (a) N(1,1) P(2,2) (b) N(2,2) P(3,3) N(3,3) P(3,0) N(3,0)
4.070 µm 4.204 µm 4.350 µm 4.355 µm
(10−5

µm) (1015 cm−2) (10−5
µm) (1015 cm−2) (10−5

µm) (1015 cm−2) (10−5
µm) (1015 cm−2)

VV 114 SW-s1 7.9 ± 0.7 5.5 ± 0.5 <0.67 <0.25 8.3 ± 0.6 2.5 ± 0.2 <0.65 <0.48
VV 114 SW-s2 · · · · · · 6.4 ± 1.3 2.4 ± 0.5 17.0 ± 1.1 5.1 ± 0.3 <3.8 <2.8
VV 114 NE · · · · · · <1.0 <0.37 7.1 ± 0.9 2.1 ± 0.3 <0.89 <0.66
IRAS 07251 · · · · · · 45.7 ± 2.8 17.0 ± 1.0 107.5 ± 2.0 32.2 ± 0.6 18.3 ± 2.0 13.7 ± 1.5
IRAS 08572 · · · · · · 5.7 ± 0.8 2.1 ± 0.3 9.2 ± 0.7 2.7 ± 0.2 2.1 ± 0.7 1.6 ± 0.5
NGC 3256-S · · · · · · 6.5 ± 3.5 2.4 ± 1.3 12.7 ± 3.1 3.8 ± 0.9 <3.1 <2.3
IRAS 14348 NE · · · · · · <1.9 <0.70 9.9 ± 1.2 3.0 ± 0.4 <1.2 <0.90
IRAS 14348 SW · · · · · · 24.8 ± 2.5 9.2 ± 0.9 70.3 ± 2.1 21.1 ± 0.6 12.0 ± 2.1 9.0 ± 1.6
Arp 220 W · · · · · · 13.6 ± 3.3 5.1 ± 1.2 42.5 ± 2.9 12.7 ± 0.9 <2.9 <2.2
Arp 220 E · · · · · · 11.4 ± 3.7 4.2 ± 1.4 32.1 ± 3.3 9.6 ± 1.0 <3.4 <2.5

IRAS 05189 · · · · · · <1.6 <0.59 <1.5 <0.46 <1.5 <1.1
IRAS 09111 · · · · · · <12.2 <4.5 <12.8 <3.8 <12.9 <9.6
NGC 3256-N · · · · · · <3.7 <1.4 <3.8 <1.1 <3.8 <2.8
IRAS 13120 · · · · · · <2.1 <0.77 <2.0 <0.61 <2.0 <1.5
II Zw 096 C0 · · · · · · <4.6 <1.7 <4.8 <1.4 <4.8 <3.6
II Zw 096 D0 · · · · · · <3.3 <1.2 <3.2 <0.94 <3.1 <2.3
NGC 7469 · · · · · · <1.9 <0.69 <1.8 <0.55 <1.8 <1.4

Notes. (a) The P(1,1) transition is blended with the H2 1-1 S(13) 4.068 µm. Thus, for most objects it is not possible to derive realiable measurements
or upper limits. (b) The P(2,2) transition is affected by the CO2 ice and gas absorptions in some cases (e.g., NGC 3256-S), so the derived EW and
column densities for this transition are uncertain.

Table B.4. Column densities of H+3 and H.

Target N(H+3 )(a) N(1,1)(b) N(1,0)(b) N(2,2)(b) N(2,1)(b) N(3,3)(b) N(3,0)(b) NH
(c) N(H+3 )/NH

(d)

(1015 cm−2) (1015 cm−2) (1015 cm−2) (1015 cm−2) (1015 cm−2) (1015 cm−2) (1015 cm−2) (1022 cm−2) (10−7)

VV 114 SW-s1 9.7 ± 2.0 5.6 ± 1.9 1.3 ± 0.2 <1.2 · · · 2.8 ± 0.7 · · · 4.9 2.0
VV 114 SW-s2 16.4 ± 1.3 5.2 ± 0.5 3.8 ± 1.0 2.4 ± 0.5 · · · 5.0 ± 0.5 <2.8 · · · · · ·

VV 114 NE 7.0 ± 0.6 2.2 ± 0.5 2.7 ± 0.3 <0.78 <0.38 2.1 ± 0.3 <0.89 13.2 0.53
IRAS 07251 92.7 ± 6.6 15.2 ± 2.0 13.0 ± 0.9 14.6 ± 3.4 7.4 ± 1.3 28.8 ± 4.8 13.7 ± 1.5 18.9 4.9
IRAS 08572 11.7 ± 0.9 1.8 ± 0.3 2.4 ± 0.4 2.1 ± 0.3 1.1 ± 0.4 2.7 ± 0.2 1.6 ± 0.5 12.1 0.97
NGC 3256-S(∗) 21.8 ± 1.0 13.4 ± 0.3 4.6 ± 0.1 <1.5 <0.24 3.8 ± 0.9 <2.3 13.1 1.7
IRAS 14348 NE 10.5 ± 0.8 4.5 ± 0.6 3.0 ± 0.3 <0.70 <0.46 3.0 ± 0.4 <0.90 10.9 0.96
IRAS 14348 SW(†) 80.2 ± 5.9 3.9 ± 0.7 6.0 ± 0.3 4.4 ± 1.0 6.4 ± 0.9 11.4 ± 1.4 3.1 ± 0.3 14.7 5.5
Arp 220 W 28.0 ± 1.9 7.1 ± 1.0 3.2 ± 0.5 5.1 ± 1.2 <0.74 12.7 ± 0.9 <0.49 17.2 1.6
Arp 220 E 27.1 ± 2.0 8.1 ± 1.0 5.2 ± 0.5 4.2 ± 1.4 <0.72 9.6 ± 1.0 <2.5 15.6 1.7

IRAS 05189 <1.8 <0.83 <0.48 <0.59 <0.58 <0.46 <0.40 5.6 <0.32
IRAS 09111 <7.9 <2.5 <1.6 <4.5 <2.6 <3.8 <5.7 5.6 <1.4
NGC 3256-N <4.2 <1.5 <0.83 <1.8 <1.2 <1.8 <1.8 1.7 <2.5
IRAS 13120 <2.0 <0.83 <0.47 <0.77 · · · <0.66 <1.5 6.1 <0.32
II Zw 096 C0 <4.7 <1.7 <0.95 <1.7 · · · <2.1 <3.6 · · · · · ·

II Zw 096 D0 <4.8 <1.7 <1.0 <1.2 · · · <2.1 <2.3 · · · · · ·

NGC 7469 <2.0 <0.84 <0.49 <0.69 <0.77 <0.62 <0.52 5.0 <0.39

Notes. (a) Total column density of H+3 estimated by summing the population of the measured H+3 levels in this table. We did not correct this total
column density from the ∼10–50% H+3 molecules in unobserved metastable levels, which depends on the physical conditions and excitation of the
H+3 clouds (Appendix D and Oka et al. 2019). The upper limits are derived from the upper limits of the three lowest metastable levels of H+3 : (1,1),
(1,0), and (3,3). (b) Adopted column density for the H+3 levels (1,1), (1,0), (2,2), (2,1), (3,3), and (3,0). We averaged the columns from the different
branches, excluding, in most cases, those derived from the R branch due to the dilution by the stellar continuum of the R branch (Sect 2.3). We also
excluded some absorptions partially blended with emission lines in some of the objects (e.g., Q(3,3) in Arp 220). (c) H column density estimated
from the extinction affecting the 3.4–4.4 µm continuum (see Sect. 3.1; Donnan et al. 2024). The estimated uncertainty is ∼0.3 dex. (d) H+3 fractional
abundance. The uncertainty is dominated by the 0.3 dex uncertainty on NH. (∗) In NGC 3256-S the P(2,2) transition is detected (Table B.3 and
Fig. C.1), but its EW is affected by the broad CO2 ice and gas absorptions. For this reason, we adopt the upper limit estimated from the Q(2,2)
transition. (†) For IRAS 14348 SW, the P-branch column densities are 2.3±0.6 times larger than those from the Q branch. Thus, we considered the
Q-branch values for the column of the individual levels, which are used for population ratios, and obtained the total column density by multiplying
their sum by 2.3.

L12, page 10 of 14



Pereira-Santaella, M., et al.: A&A, 689, L12 (2024)

Fig. C.1. Similar to Fig. 1, but for the R and P branches of H+3 . In the P-branch panel, the He i line at 4.296 µm is indicated by a dashed gray line.

Appendix C: Spectra of the H+
3

band

Figure C.1 presents the R and P branches of the detected H+3 band. The Q branch is shown in Fig. 1. Figure C.2 shows the spectra
of the regions where no H+3 is detected.
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Fig. C.2. Similar to Figs. 1 and C.1, but for the non-detections of the H+3 band. The rest frame is defined by the average velocity of the H2 and H
transitions.
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Fig. D.1. H+3 absorption in IRAS 07251−0248 and comparison with models. a) Observed 3.4−4.4 µm spectrum in IRAS 07251−0248 and adopted
spline-interpolated baseline (in blue). The magenta and green lines show the modeled spectra, with the temperatures of the central source Tc and
the hot-dust optical depth (τ in the inset) also indicated with colors. b) The continuum-subtracted spectrum (yellow histogram) is compared with
the predictions by the two models. The spectra and models for individual lines are plotted in units of velocity in panel c. The vertical dashed line
indicates the rest-frame zero velocity determined from the H2 and H i lines. The position of the H2 1 − 1 S(13) 4.068 µm line, which is blended
with the P(1,1) 4.070 µm line, is indicated by an arrow.

Appendix D: Models of the H+
3

absorptions including IR pumping

We have modeled the H+3 absorption in IRAS 07251−0248 and IRAS 14348−1447 SW using the code described in
González-Alfonso et al. (1998). The models assume spherical symmetry with the statistical equilibrium of the H+3 level popula-
tions calculated within a shell of gas surrounding a mid-IR source of continuum radiation. The spectra are computed towards the
IR source excluding reemission from the flanks. The effects of both radiative pumping by the IR source and collisional excitation
are included. The varying parameters are the equivalent radius and temperature of the central source (Rc and Tc), the extinction by
the dust mixed with the H+3 (assuming an extinction law with τλ ∝ λ−1.7), the H+3 column density of the shell (N(H+3 )), the distance
between the H+3 shell and central source (d), the gas conditions (nH2 and Tkin), and the gas velocity field. We assume that the dust
mixed with the gas is cold enough such that its reemission does not contribute to the < 4.3 µm continuum.

Figures D.1 and D.2 show the 3.4 − 4.4 µm spectra of IRAS 07251−0248 and IRAS 14348−1447 SW, with the blue lines indi-
cating the adopted spline-interpolated baselines. As discussed in Sect. 2.3, H+3 line absorption is progressively diluted in the stellar
continuum at shorter wavelengths, and hence we attempt different spectral shapes for the hot-dust emission characterized by Tc and
τ4µm; Rc is then determined by assuming negligible stellar continuum at 4.35 µm (see Donnan et al. 2024). We show in Figs. D.1
and D.2 two models, A (in magenta) and B (in green), with Tc, τλ and the hot-dust emission indicated in panel a. In these figures,
the continuum-subtracted spectra in both sources is compared with the predictions by the two models, and details of the observed
and modeled line shapes are shown in panels c. The physical parameters of the models are listed in Table D.1.

These models show that, including IR pumping, it is possible to reproduce the absorptions from the (3,0) and (2,1) levels, which
are difficult to explain just by collisional excitation with H2 (Sect. 3.2).
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Fig. D.2. Same as Fig. D.1 but for IRAS 14348−1447 SW.

Table D.1. Parameters for the models shown in Figs. D.1 and D.2.

Source Model Tc Rc τ4µm d N(H+3 )
(K) (pc) (Rc) (1017 cm−2)

IRAS 07251−0248 A (magenta) 480 4.8 5.0 1.05 1.8
B (green) 550 10.9 8.3 4.0 1.8

IRAS 14348−1447 SW A (magenta) 450 5.9 5.0 16 0.82
B (green) 550 5.7 6.4 16 1.0
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