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ABSTRACT

We investigated the 65µm, 71µm, 79µm, 84µm, 119µm, and 163µm OH doublets of 178 local (0 < z < 0.35) galaxies.

They were observed using the Herschel/PACS spectrometer, including Seyfert galaxies, LINERs, and star-forming

galaxies. We observe these doublets exclusively in absorption (OH71), primarily in absorption (OH65, OH84), mostly

in emission (OH79), only in emission (OH163) and an approximately even mix of the both (OH119). In 19 galaxies

we find P-Cygni or reverse P-Cygni line profiles in the OH doublets. We use several galaxy observables to probe
spectral classification, brightness of a central AGN/starburst component, and radiation field strength. We find that

OH79, OH119, and OH163 are more likely to display strong emission for bright, unobscured AGN. For less luminous,

obscured AGN and non-active galaxies, we find populations of strong absorption (OH119), weaker emission (OH163),

and a mix of weak emission and weak absorption (OH79). For OH65, OH71 and OH84, we do not find significant
correlations with the observables listed above. We do find relationships between OH79 and OH119 with both the

9.7µm silicate feature and Balmer decrement dust extinction tracers in which more dust leads to weaker emission /

stronger absorption. The origin of emission for the observed OH doublets, whether from collisional excitation, or from

radiative pumping by infrared photons, is discussed.

Keywords: Active galaxies; Seyfert galaxies; Galaxy counts; Infrared galaxies

1. INTRODUCTION

The different modes of feedback from active galactic

nuclei (AGNs) are thought to play a vital role in the evo-

lution of massive galaxies (Somerville & Davé 2015), by

quenching star formation and the growth of supermas-
sive black holes in their host galaxy (Di Matteo et al.

2005).

Molecular gas is a direct probe of AGN driven outflows

(Spoon et al. 2013), which could be capable of displac-

ing a large fraction of the molecular interstellar medium
of the host galaxy (Sturm et al. 2011; Veilleux et al.

2013). Among the different molecules that have been

used to trace outflows (CO in Fergulio et al. 2010; OH
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in Fischer et al. 2010; Sturm et al. 2011, HCN, HCO+,

and HNC in Aalto et al. 2012), OH is considered one

of the best diagnostic tools due to its large dipole mo-

ment (1.67 Debye) and thus its fast radiative rates.
The critical densities of the OH transitions are high

(∼109cm−3), which makes them sensitive to radiative

pumping (Spoon et al. 2013). There are 14 OH transi-

tions between 34µm and 163µm that arise from the eight

lowest energy rotational levels. Those relevant for this
study are shown on the OH Grotrian diagram in Figure

1. The number of infrared (IR) lines available is another

value of OH, as it can probe a broad set of conditions in

the molecular gas (Spoon et al. 2013).
The OH doublets can vary widely in their properties.

Galaxies have been observed with these OH doublets

primarily in emission (Spinoglio et al. 2005), primarily

in absorption (Kegel et al. 1999; González-Alfonso et al.

2004), a combination of the two (Bradford et al. 1999;
González-Alfonso et al. 2008), and even P-Cygni fea-

http://arxiv.org/abs/2009.07293v1
http://orcid.org/0000-0003-4852-8958
http://orcid.org/0000-0001-6919-1237
http://orcid.org/0000-0001-9490-899X
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tures (Fischer et al. 2010). P-Cygni profiles indicate un-

ambiguously the presence of molecular gas outflows.

Dedicated radiative transfer modeling including sev-

eral OH and H2O transitions have been performed
for a few individual galaxies (e.g. Arp 220 and Mrk

231; González-Alfonso et al. 2004, 2008). These studies

have utilized data from the Infrared Space Observa-

tory Long Wave Spectrometer (ISO/LWS; Clegg et al.

1996; Kessler et al. 1996) and the Photoconductor Ar-
ray Camera and Spectrometer (PACS; Poglitsch et al.

2010) instrument on the Herschel Space Observatory

(Pilbratt et al. 2010). The capabilities of the Her-

schel/PACS instrument have led to many studies us-
ing the OH line profiles to look for molecular out-

flow signatures (e.g. Falstad et al. 2015; Fischer et al.

2010; González-Alfonso et al. 2012, 2014, 2015, 2017a;

Stone et al. 2016; Sturm et al. 2011; Veilleux et al.

2013).
Some relationships between far-IR OH molecular line

properties and host galaxy properties have already been

found. Many of these studies have primarily focused

on the 119µm OH doublet. This transition has been
found to display stronger emission in more luminous

AGNs (Veilleux et al. 2013; Stone et al. 2016). More

luminous AGNs also tend to have higher terminal out-

flow velocities for the 79µm (Sturm et al. 2011) and

119µm (Veilleux et al. 2013) OH doublets. Dust has
been shown to influence the 119µm OH doublet as well.

Using the 9.7µm silicate feature as a tracer for the

dust content of the galaxy, Veilleux et al. (2013) and

Stone et al. (2016) show that stronger 119µm OH dou-
blet emission is correlated with the 9.7µm silicate fea-

ture in either weak absorption or emission, which indi-

cates less dust. A dusty galaxy corresponds to a weak

emission or absorption feature for the 119µm OH dou-

blet. The 65µm OH doublet is also shown to show
stronger absorption with increasing 9.7µm silicate ab-

sorption (González-Alfonso et al. 2015).

The main objective of this paper is to present a large

sample of 178 local galaxies, and quantify the emission
or absorption of six OH doublets in the far-IR range

− 65µm, 71µm, 79µm, 84µm, 119µm, and 163µm − by

measuring the equivalent width (EW) of the transitions.

We chose to use the EW to quantify the transitions

in the sample because the EW measures the relative
strength of the OH doublet relative to the continuum

emission. There are also nine galaxies in the sample

with 53.3µm observations and four with 98.7µm obser-

vations; however, due to the combination of a lack of
statistics and a lack of resolution to separate the peaks,

in particular for the 99µm doublet, we do not include

them in this study. We will use our large sample to look

for statistical trends in the data, and investigate possible

correlations between EW(OH) and host galaxy proper-

ties similar to the studies discussed above. However, in

our study, we will investigate a more expansive range of
galaxy properties and higher number of OH transitions

to gain a more complete understanding of OH properties

in galaxies. We also span a wide variety of galaxy spec-

tral types, with the goal of obtaining a more complete

understanding of the OH spectra. Since we still do not
have a full theoretical understanding of the observed OH

spectra, here we take an empirical approach to uncover

which other observed properties of galaxies may predict

the conditions in their molecular gas.
This paper is organized as follows. Section 2 describes

the sample selection, the observations, the data reduc-

tion, and ancillary data collected. Section 3 describes

the data analysis and the quantities derived from the

data. Section 4 provides a discussion of the results. Sec-
tion 5 provides a summary of the paper. Finally, the Ap-

pendix provides statistical information for fits discussed

in Section 3.

2. OBSERVATIONS

This paper investigates six of the 14 OH transitions
in the far-IR range: 65µm, 71µm, 79µm, 84µm, 119µm,

and 163µm. These six are selected because they lie in

the wavelength range covered by PACS and have the

best chance of being detected. Hereafter, we refer to

these transitions as OH65, OH71, OH79, OH84, OH119,
and OH163. All of these transitions are doublets. Ta-

ble 1 shows details of the transitions for these doublets,

and Figure 1 provides the OH Grotrian diagram. In

the next section, we describe the OH measurements ob-
tained from Herschel spectra and additional ancillary

measurements of those galaxies, which may be corre-

lated with EW(OH).

2.1. Herschel/PACS

A sample of 178 local (z < 0.35) galaxies were se-

lected from the Herschel Science Archive, which were
observed with the PACS instrument (Poglitsch et al.

2010) on the Herschel Space Observatory (Pilbratt et al.

2010). PACS used an integral field spectrograph with a

5×5 square spaxel detector, which covers a field of view

of 47” × 47”. The spectral resolution is wavelength-
dependent, with a range of R = 1000 − 4000 (∆ν = 75

− 300 km s−1). PACS spans a wavelength range of 51

− 206µm.

To obtain the largest sample for statistical analy-
sis, we follow a similar selection procedure as that

described in Fernández-Ontiveros et al. (2016). In

Fernández-Ontiveros et al. (2016), 170 AGN with avail-

able mid-IR spectra from Spitzer/IRS (Houck et al.



Herschel/PACS OH Spectroscopy 3

Table 1. Fine Structure Transitions

Line Energy Levels Wavelength ∆Eul/k Aul

(µm) (K) (s−1)

(1) (2) (3) (4) (5)

OH65 2Π3/2(J = 9/2) ←→ 2Π3/2(J = 7/2) 65.132, 65.279 512.1, 510.9 1.276, 1.267

OH71 2Π1/2(J = 7/2) ←→ 2Π1/2(J = 5/2) 71.171, 71.215 617.6, 617.9 1.014, 1.012

OH79 2Π1/2(J = 1/2) ←→ 2Π3/2(J = 3/2) 79.116, 79.179 181.9, 181.7 0.03606, 0.03598

OH84 2Π3/2(J = 7/2) ←→ 2Π3/2(J = 5/2) 84.420, 84.596 291.2, 290.5 0.5235, 0.5202

OH119 2Π3/2(J = 5/2) ←→ 2Π3/2(J = 3/2) 119.234, 119.441 120.7, 120.5 0.1388, 0.1380

OH163 2Π1/2(J = 3/2) ←→ 2Π1/2(J = 1/2) 163.015, 163.396 270.2, 269.8 0.06483, 0.06450

Note—Col. (1): Name of OH doublet. Col. (2): Energy transition for each doublet. Col. (3):
Wavelength for both transitions in the doublet. Col. (4): Energy of the upper level for each
transition. Col. (5): Einstein A coefficient for each transition. This data is from the LAMBDA
database (Schöier et al. 2005).

Figure 1. OH rotational Grotrian diagram showing the
transitions discussed in this paper. Each rotational level is
split into two sublevels due to Λ doubling and each sublevel
is split again due to the hyperfine structure. The rotational
ladder has two branches due to spin splitting (Λ + s, Λ − s)
where Λ = 1 and s = 1/2. The integer next to the hyperfine
branches of each energy level is the total angular-momentum
quantum number, F. The red, blue, purple, and black num-
bers are the wavelength of the transition in units of µm. Red
indicates that the doublet was seen primarily in absorption,
blue indicates primarily emission, purple indicates that nei-
ther emission or absorption was strongly favored, and black
indicates transitions not analyzed in this study but are men-
tioned in Section 4.

2004; Werner et al. 2004) and far-IR fine structure lines

from Herschel/PACS were selected from the Herschel

Science Archive. A comparison sample of 20 starburst

galaxies were also selected. In this study, the sam-

ple of AGN (163 galaxies) and starbursts (15 galaxies)
is slightly smaller. We do not include galaxies from

Fernández-Ontiveros et al. (2016) in our sample that

do not have observations for at least one of the six

OH doublets that we analyze in this paper. However,

there are 14 AGN added to this sample that are not in
Fernández-Ontiveros et al. (2016) because their selec-

tion was based on the detection of fine-structure lines,

instead of the OH doublets. Therefore, the samples in

this study and Fernández-Ontiveros et al. (2016) have
significant overlap, with only minor differences based on

the specific focus of the paper.

The observations originated from many different Her-

schel proposals. Each project had its own criteria for

selecting galaxies, and here are a few of the main rea-
sons why galaxies were targeted:

• Many observed galaxies are very bright, espe-

cially in the IR. These objects are ultralumi-

nous infrared galaxies (ULIRGs). The 60µm
flux was often chosen for these flux-limited sam-

ples. This favors dusty galaxies with high ob-

scuration, included obscured AGN. There were

a variety of proposals that targeted these ob-
jects (e.g. KPOT pvanderw 1, OT1 dfarrah 1,

OT2 jgracia 1, OT2 larmus 2).

• Previously well-studied galaxies were selected. For

example, galaxies were selected from previous sur-

veys (e.g. Spitzer Infrared Nearby Galaxy Survey
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(SINGS; Kennicutt et al. 2003) and Burst Alert

Telescope (BAT; Barthelmy et al. 2005)).

• Galaxies were targeted based on their optical spec-

troscopic classification. This includes Seyferts and

starburst galaxies (see Fernández-Ontiveros et al.
2016 and references therein).

Because there is a large variety in the sample selection

process for choosing galaxies, we believe that our final
sample of 178 galaxies does not have a strong bias to-

wards any particular subset of galaxies. However, there

are two exceptions: there are no dwarf galaxies in our

sample and galaxies known to be particularly luminous

in the far-IR received somewhat more attention. There-
fore, the results found in this paper can be considered

reflective of how the entire population of low-redshift,

non-dwarf, IR-luminous galaxies behave.

Table 2 contains the optical spectral type of ev-
ery galaxy in the sample, which were obtained from

the Véron-Cetty & Véron (2010) catalog. Note that

while some galaxies have multiple AGN classifications

in the catalog, we only include the first one listed.

Seyfert types-1, -1.2, -1.5, and -1.8 have both broad
Hα and broad Hβ components. To distinguish between

them, the Véron-Cetty & Véron (2010) Catalog used

a quantitative method based on the ratio of the Hβ

and [O III]λ5007 line fluxes introduced by Winkler
(1992). Seyfert-1.9’s have a broad Hα component vis-

ible but not broad Hβ, and Seyfert-2’s have neither

broad components (Osterbrock 1977, 1981). Seyfert-

1n are narrow lined Seyfert-1’s, which have optical

emission spectra similar to Seyfert-1’s but have nar-
rower Balmer lines (Osterbrock & Pogge 1985; Goodrich

1989). Seyfert-1h’s have broad Balmer lines that are

only detected in polarized light, indicating that there

is a hidden broad-line-region that is completely ob-
scured (Antonucci & Miller 1985; Miller & Goodrich

1990; Tran et al. 1992). Seyfert-1i’s have a highly red-

dened broad-line-region which is revealed by a broad Pa

β line in the spectra (Goodrich et al. 1994). Low Ion-

ization Nuclear Emission-line Regions (LINERs) have
an optical spectrum dominated by low ionization emis-

sion lines, which have widths similar to the narrow-line-

region of Seyfert galaxies but at a much lower luminosity

(Heckman 1980). If broad Balmer lines are observed, the
galaxy is classified as a LINERb (Véron-Cetty & Véron

2010).

The raw spectra were reduced by Fernández-Ontiveros et al.

(2016) using a custom pipeline which is based on stan-

dard procedures from HIPE1 (v13.0.0; Ott 2010), and

includes outlier flagging, spectral flat-fielding, regrid of

the wavelength sampling, and flux calibration. Follow-

ing the standard procedure, most of the sources were
observed with the chop-node mode and reduced with the

background normalization method, using the off-source

spectra to perform the background subtraction and also

to correct for the spectral response. For more on the

data reduction, see Fernández-Ontiveros et al. (2016).
A final standard rebinned data cube was produced for

each object in the sample.

Table 2 contains observational information about the

spectra in the sample, including which OH transitions
were observed for each galaxy with PACS. Note that not

every galaxy in the sample has observations for all six

OH doublets discussed in this paper. The transitions

with the most observations, which provide the largest

statistical samples, are OH79, OH119, and OH163. Fig-
ure 2 provides a few example spectra from the sam-

ple showing the wide variety of OH line profiles ob-

served, and includes absorption, emission, and P-Cygni

features.

2.2. Galaxy Brightness & IR Line Ratios

To probe the AGN luminosity and strength of

the radiation field, we obtain the following luminosi-
ties: the intrinsic hard X-ray (2-10 keV) luminos-

ity (L2−10keV), the [O IV] 25.89µm line luminosity

(L[O IV]25.89µm), and the luminosities of the [Ne V]

14.32µm and 24.32µm emission lines (L[Ne V]14.32µm

and L[Ne V]24.32µm); and the following IR emission-

line ratios: [Ne V] 24.32µm/[Ne II] 12.81µm, [Ne V]

14.32µm/[Ne II] 12.81µm, [Ne III] 15.56µm/[Ne II]

12.81µm, [O IV] 25.89µm/[Ne II] 12.81µm, and [O IV]

25.89µm/[O III] 88.36µm. All of these data were gath-
ered by us in Fernández-Ontiveros et al. (2016). We use

redshift-independent distances (see references within

Fernández-Ontiveros et al. 2016) whenever possible to

convert the [O IV] 25.89µm, [NeV] 24.32µm, and [NeV]
14.32µm emission-line fluxes and uncertainties to lumi-

nosities. For the rest of the sample, we assume a stan-

dard cosmology (H0 = 70 km s−1, Ωλ = 0.7, ΩM = 0.3)

to calculate luminosity distances when converting from

flux to luminosity.
The highly ionized IR lines ([O IV] 25.89µm, [Ne V]

14.32µm, [Ne V] 24.32µm, and [Ne III] 15.56µm) serve

as a tracer of the harder radiation field produced by

the AGN. The luminosities of these lines, as well as the

1 HIPE is a joint development by the Herschel Science Ground
Segment Consortium, consisting of ESA, the NASA Herschel Sci-
ence Center, and the HIFI, PACS and SPIRE consortia.
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Table 2. The Sample

Object Name R.A. Dec. z Optical Spectral Transitions Observed

(J2000) (J2000) Classification (µm)

(1) (2) (3) (4) (5) (6)

Mrk334 00h03m09.6038s +21d57m36.8064s 0.021945 Seyfert-1.8 79

IRAS00182-7112 00h20m34.7210s −70d55m26.2488s 0.326999 Seyfert-2 79,84,119

IRAS00198-7926 00h21m53.6141s −79d10m07.9572s 0.0728 Seyfert-2 79

NGC253 00h47m33.0727s −25d17m18.9960s 0.000811 Starburst 65,71,79,84,119,163

Mrk348 00h48m47.1468s +31d57m25.1280s 0.015034 Seyfert-1h 84

IZw1 00h53m34.9236s +12d41m35.9232s 0.0612 Seyfert-1n 65,79,119,163

IRAS00521-7054 00h53m56.2310s −70d38m04.2216s 0.0689 Seyfert-1h 79

ESO541-IG12 01h02m17.3818s −19d40m08.6556s 0.056552 Seyfert-2 79

IRAS01003-2238 01h02m49.9894s −22d21m57.2616s 0.117835 Seyfert-2 79,119

NGC454E 01h14m24.9300s −55d23m49.2936s 0.012158 Seyfert-2 79

Note— Col. (1): Target name. Col. (2): Right ascension (collected from the 2MASS Point Source Catalog).
Col. (3): Declination (collected from the 2MASS Point Source Catalog). Col. (4): Redshifts gathered from the
NASA/IPAC Extragalactic Database (NED). Col. (5): Optical spectral type taken from the Véron-Cetty & Véron
(2010) Catalog. Col. (6): The OH doublets that were observed for each object.

Note—Table 2 is published in its entirety in the machine-readable format. A portion is shown here for guidance
regarding its form and content.

intrinsic hard X-rays, probe the strength of the AGN.

Comparing the fluxes of these highly ionized lines with
the fluxes of lines with lower ionization potential ([Ne II]

12.81µm, [O III] 88.36µm) traces the relative contribu-

tion of an AGN compared to an H II or starburst re-

gion. Therefore, we expect this ratios will be higher for
galaxies with a bright AGNs compared with non-active

galaxies (see e.g. Tommasin et al. 2008, 2010).

The X-ray data for L2−10keV come from a variety of

telescopes. Chandra and XMM-Newton were the pri-

mary telescopes used, but observations from Suzaku,
Swift/BAT, ASCA and more were also used. While the

observations were not limited to the nuclear region of

the galaxies, we assume that the integrated 2-10 keV

flux comes only from this central region because it is too
energetic for the star formation in the galaxy to produce

in significant amounts.

The [O III] 88.36µm flux is taken from the cen-

tral spaxel (9.4”× 9.4”) of the Herschel/PACS spectra.

EW(OH) for our sample is also measured using only the
central spaxel of the Herschel/PACS spectra (see Sec-

tion 3.1 for a complete description of how EW(OH) was

measured). All of the other IR emission-lines were ob-

served using the high-resolution module of Spitzer/IRS.
[Ne II] 12.81µm, [Ne V] 14.32µm, and [Ne III] 15.56µm

were observed using the short-wavelength arm (4.7” ×

11.3”). [Ne V] 24.32µm and [O IV] 25.89µm were ob-

served using the long-wavelength arm (11.1” × 22.3”).

For the median redshift in our sample, 0.0164, the

spatial sizes for the central spaxel of Herschel/PACS,

the short-wavelength Spitzer/IRS arm, and the long-
wavelength Spitzer/IRS arm are 3.23×3.23 kpc2, 1.62×

3.89 kpc2, and 3.82× 7.67 kpc2, respectively.

We assume that the flux for the high-ionization

emission-lines ([Ne V] 14.32µm, [Ne III] 15.56µm,
[Ne V] 24.32µm, and [O IV] 25.89µm) is primarily

from the nucleus rather than star formation. Both the

short- and long-wavelength arms of Spitzer/IRS capture

the entirety of the nucleus, so for these lines it should

not matter which arm the fluxes were observed with.
Based on the spatial sizes of the Herschel/PACS and

Spitzer/IRS data, we can capture more of the star for-

mation in the galaxy with [O III] 88.36µm compared

to [Ne II] 12.81µm. However, both spectra focus on
the nucleus and surrounding region of the galaxy and

the areas are similar, so the two emission-lines should

function as comparable tracers of star formation.

2.3. IRAS

To obtain information about the thermal dust contin-
uum emission for each galaxy in the sample, archival

data observed by the Infrared Astronomical Satellite

(IRAS) were obtained in two bandpasses: 19 − 30µm

and 40 − 80µm (corresponding to central wavelengths
of 25µm and 60µm). Those two bandpasses have an av-

erage 10-σ sensitivity of 0.65 Jy and 0.85 Jy respectively.

The ratio of the 25µm and 60µm flux densities, f25µm
and f60µm respectively, are used to estimate the ther-
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Figure 2. Examples of the variety of spectra observed with PACS. These spectra are the central spaxel of the observations of
the 5× 5 array. From left to right: Top: doublet absorption (Centaurus A: Seyfert-2); absorption where the doublet is blended
into one line (NGC 3079: LINER); doublet emission (IC 5135: Seyfert-1.9); emission where the doublet is blended into one line
(NGC 1068: Seyfert-1h). Bottom: doublet absorption (NGC 4945: Seyfert-2); P-Cygni profile with the emission and absorption
components approximately equal in strength (NGC 1266: LINER); P-Cygni profile with a stronger absorption component than
emission (IRAS 01003-2238: Seyfert-2); reverse P-Cygni profile with emission and absorption components approximately equal
in strength (Circinus: Seyfert-1h). The top axis is the restframe wavelength, the bottom axis the velocity centered in the
middle of the OH doublet, and the y-axis is the difference between the flux of the OH doublet and the flux of the continuum,
normalized by the factor indicated in the upper-left corner of each panel. The gray line is the data. The green shaded region
is the integrated line flux used to estimate the EW of the transition. The velocities are given relative to the blue peak of the
doublet, that is v = 0 km/s coincides with the left peak of the doublet when no redshift or blueshift are detected. The two
vertical dashed lines show the galaxy rest wavelength of the doublet.

mal dust continuum emission and act as an IR tracer for

AGN strength. The majority of the 25µm flux is from

warm dust surrounding the AGN, while the 60µm flux is
primarily from cooler dust associated to star formation.

Therefore, a stronger AGN that is more “dominant”

than the host galaxy should have a larger 25µm/60µm

flux density ratio (hereafter referred to as “dust temper-

ature”), since the AGN-heated dust is hotter than that
of normal spirals. The ratio for a weak AGN or a non-

active galaxy should be much smaller, because the bulk

of the IR continuum comes from cooler dust in the host

galaxy disk (e.g. Edelson & Malkan 1986; Veilleux et al.
2009; Lee et al. 2011).

The preferred IRAS catalog to use is the Point Source

Catalog (PSC) v2.1 (Helou & Walker 1988). For galax-

ies that are not in that catalog, data are gathered from

other IRAS catalogs: PSC v2.0 (IPAC 1986), the Faint

Source Catalog (FSC) v2.0 (Moshir et al. 1990), and the
Faint Source Reject Catalog (FSRC; Moshir et al. 1992)

and other publications (Golombek et al. 1988). It is im-

portant to note that for galaxies with large angular sizes,

these catalogs can sometimes exclude the outer parts of

the disk. Because we are focused on the infrared colors
of the nuclear region of these galaxies, this limitation of

the catalogs is not a concern in this study. Six galax-

ies in the sample had no available IRAS data, therefore,

data were collected for 172 of the 178 galaxies. The flux
density, uncertainty, and corresponding catalog for each

object is indicated in Table 3. Some of the data were

marked as upper limit measurements in the catalogs.
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Table 3. IRAS Data

Object Name IRAS f25µm f60µm

Catalog Flux Flux

(Jy) (Jy)

(1) (2) (3) (4)

Mrk334 PSC v2.1 1.054 ± 0.116 4.225 ± 0.511

IRAS00182-7112 PSC v2.0 <0.250 1.300 ± 0.130

IRAS00198-7926 PSC v2.1 1.210 ± 0.097 3.196 ± 0.288

NGC253 PSC v2.1 117.100 ± 4.684 758.700 ± 45.522

Mrk348 PSC v2.0 0.773 ± 0.062 1.440 ± 0.115

IZw1 FSC v2.0 1.210 ± 0.121 2.240 ± 0.179

IRAS00521-7054 PSC v2.1 0.837 ± 0.059 1.107 ± 0.077

ESO541-IG12 PSC v2.1 0.294 ± 0.047 0.718 ± 0.072

IRAS01003-2238 PSC v2.0 0.555 ± 0.044 2.240 ± 0.179

NGC454E FSC v2.0 0.417 ± 0.033 1.480 ± 0.118

Note— Col. (1): Target name. Col. (2): IRAS Catalog used. Col. (3)
& (4): Flux density and uncertainty of the 25µm and 60µm lines (Jy).

Note—Table 3 is published in its entirety in the machine-readable for-
mat. A portion is shown here for guidance regarding its form and
content.

These measurements are identified with a “<” and no

uncertainty is reported.

When using dust temperature, there are two main
caveats that need to be addressed. First, dwarf galax-

ies often have high dust temperatures (e.g. Walter et al.

2007). Second, galaxies with extreme dust opacities (e.g.

Arp 220 Rangwala et al. 2011) could show lower IRAS

f25µm/f60µm values, even if an AGN is present. As pre-
viously discussed in Section 2.1, our sample does not

contain any dwarf galaxies and, while slightly favoring

IR-luminous galaxies, is very diverse. Therefore, we are

not concerned with the bias of dwarf galaxies, and do
not expect galaxies with extreme dust opacities to sig-

nificantly affect our findings.

2.4. Obscuration Tracers

Because we expect that the warm molecular gas traced

by the OH doublets should be associated with dusty em-

bedded regions, we include in our study the observations

for the following dust absorption tracers: the 9.7µm sil-
icate line and the Balmer decrement. The observations

for the silicate, Hα, and Hβ lines come from a vari-

ety of sources in the literature. The 9.7µm silicate line

was always measured using the low-resolution module of
Spitzer/IRS with an aperture of ∼3.6”, while the opti-

cal Balmer lines come from a variety of sources, most of

which are ground-based slit spectroscopy (typically ∼1”

and limited by seeing).

The strength of the silicate feature is quantified using

the method derived by Spoon et al. (2007):

Ssil = ln
fobs(9.7µm)

fcont(9.7µm)
(1)

Where fobs is the observed flux density of the 9.7µm

silicate line and fcont is the continuum flux density at

9.7µm. Ssil can be interpreted as an estimate of the

optical depth for silicate absorption features.
Table 4 gives the strength of the silicate absorption

feature, the Balmer fluxes, and the sources that these

measurements come from. There is some overlap be-

tween our sample and those from Spoon et al. (2013),

Veilleux et al. (2013), and Stone et al. (2016) (OH119)
and González-Alfonso et al. (2015) (OH65), which find

correlations between the silicate feature and these dou-

blets. We will test if this relationship exists with our

sample for OH65 and OH119, and if the other OH dou-
blets follow a similar trend.

3. ANALYSIS & RESULTS

In this section, we first describe how we obtained

our EW measurements from the archival PACS dat-

acubes. Then, to uncover which observed galaxy prop-

erties may predict emission/absorption for the OH dou-
blets in our sample, we investigate possible correlations

between these EW values and galaxy observables such as

AGN luminosity, radiation field hardness, dust temper-

ature traced by the IRAS f25µm/f60µm ratio, and dust
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Table 4. 9.7µm Silicate & Balmer Data

Object Name Silicate Ref. Hα Hβ Ref.

Strength (10−14erg/s/cm2) (10−14erg/s/cm2)

(1) (2) (3) (4) (5) (6)

Mrk334 28.35 4.48 MAL17,OST93

IRAS00182-7112

IRAS00198-7926

NGC253

Mrk348 −0.333 ± 0.017 WU09 11.96 2.80 MAL86,KOS78

IZw1 0.284 ± 0.014 WU09 74.80 31.00 MAL17,OKE79,VER04

IRAS00521-7054

ESO541-IG12 1.38 0.32 MAL17

IRAS01003-2238 −0.77 ± 0.08 FAR13

NGC454E −0.38 ± 0.16 HER15

Note— Col. (1): Target name. Col. (2): Strength of the silicate absorption feature where a negative value indi-
cates an absorption feature, and a positive value indicates emission (as defined in Spoon et al. (2007)). Col. (3):
Reference for the 9.7µm silicate data. ALO16: Alonso-Herrero et al. (2016), FAR13: Farrah et al. (2013), GM15:
González-Mart́ın et al. (2015), HER15: Hernán-Caballero et al. (2015), WU09: Wu et al. (2009). Col. (4): Line

flux of the Hα line (in units of 10−14erg/s/cm2). Col. (5): Line flux of the Hβ line (in units of 10−14erg/s/cm2). Col.
(6): References for the Hα and Hβ data. COH81: Cohen & Osterbrock (1981), CON12: Contini (2012), DIA88:
Diaz et al. (1988), DUR88: Durret & Bergeron (1988), ERK97: Erkens et al. (1997), GIL10: Gilli et al. (2010),
GOO83: Goodrich & Osterbrock (1983), HO93: Ho et al. (1993), HO97: Ho et al. (1997), KOS78: Koski (1978),
KRA94: Kraemer et al. (1994), MAL86: Malkan (1986), MAL17: Malkan et al. (2017), MOR88: Morris & Ward
(1988), MOU10: Moustakas et al. (2010), OKE79: Oke & Lauer (1979), OST75: Osterbrock & Miller (1975),
OST81: Osterbrock (1981), OST83: Osterbrock & Dahari (1983), OST93: Osterbrock & Martel (1993), PHI83:
Phillips et al. (1983), SHU80: Shuder (1980), SHU81: Shuder & Osterbrock (1981), VAC97: Vaceli et al. (1997),
VEI95: Veilleux et al. (1995), VER04: Véron-Cetty et al. (2004), WIN92: Winkler (1992).

Note—Table 4 is published in its entirety in the machine-readable format. A portion is shown here for guidance
regarding its form and content.

extinction. A positive EW value indicates that the tran-
sition is in emission while a negative value indicates ab-

sorption.

3.1. Measuring EW

From the reduced data cubes, spectra from the cen-

tral spaxel (9.4” × 9.4” or 3.23 × 3.23 kpc2 at the me-
dian redshift of our sample, 0.0164) were extracted.

Focusing on the central spaxel will magnify the ef-

fects of a possible AGN component on the OH tran-

sitions. We used Python scripts developed by us in
Fernández-Ontiveros et al. (2016) to measure the flux,

estimate the continuum level for each OH transition,

and obtain the EWs. The continuum was estimated us-

ing a 1-D polynomial fit to the spectral channels located

in the red and blue wings next to the OH line. The inte-
grated flux values with uncertainties are shown in Table

5.

We do see complex kinematics of the OH gas for some

of the galaxies in the sample. Typical cases include the
doublets that display P-Cygni profiles, which have both

positive and negative components (see Figure 2). Other

line profiles have prominent broad wings, which could

be signatures of outflows. Also, some measurements are

blended with weak neighboring spectral lines. The only
case that the numerical integration method gives an

unreliable EW measurement is with P-Cygni features,

therefore, we remove these observations when looking

for for correlations between EW(OH) and galaxy observ-

ables. We only observe P-Cygni profiles in a minority
of galaxies (see Section 3.2.5 below for more details), so

this does not notably reduce our sample size.

The EW and the uncertainty of these OH transitions

are derived, and Table 6 shows the EW measurements
with uncertainties for each object. For some galaxies,

only the continuum was detected, with no OH emission

or absorption above or below the noise level, respec-

tively. In this case, the continuum flux density (C) was

used to estimate an upper limit for the EW as 3σ/C.
σ corresponds to the RMS of the continuum emission

along the spectral range observed. The upper limit

EW(OH) measurements are identified with a “<” in Ta-

ble 6.

3.1.1. Caveat on EW(OH) Emission & Absorption

In this paper, we focus on the study of the most fun-

damental observed properties of OH spectra in galax-

ies. The first most basic measurement is whether an
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Table 5. Derived OH Integrated Flux Values

Object Name OH65 OH71 OH79 OH84 OH119 OH163

(10−14erg/s/cm2) (10−14erg/s/cm2) (10−14erg/s/cm2) (10−14erg/s/cm2) (10−14erg/s/cm2) (10−14erg/s/cm2)

(1) (2) (3) (4) (5) (6) (7)

Mrk334 < −4.78

IRAS00182-7112 < −1.01 < −1.43 −1.09 ± 0.31

IRAS00198-7926 3.41 ± 1.90

NGC253 −49.08 ± 28.76 < −250.82 −102.72 ± 79.66 −168.79 ± 69.64 −1193.81 ± 21.93 125.40 ± 18.35

Mrk348 < −0.94

IZw1 < −21.64 3.57 ± 0.72 2.02 ± 0.46 1.31 ± 0.57

IRAS00521-7054 < −5.29

ESO541-IG12 < −2.32

IRAS01003-2238 < −3.38 −3.15 ± 1.06

NGC454E < −3.13

Note— Col. (1): Target name. Col. (2): Integrated flux value and uncertainty of the OH65 doublet. Col. (3): Integrated flux value and
uncertainty of the OH71 doublet. Col. (4): Integrated flux value and uncertainty of the OH79 doublet. Col. (5): Integrated flux value
and uncertainty of the OH84 doublet. Col. (6): Integrated flux value and uncertainty of the OH119 doublet. Col. (7): Integrated flux
value and uncertainty of the OH163 doublet. Note that if an integrated flux measurement does not have an uncertainty value, it is an
upper limit observation. If there is an uncertainty, it is a detection.

Note—Table 5 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and
content.

Table 6. Derived EW(OH) Values

Object Name Classification OH65 OH71 OH79 OH84 OH119 OH163

(µm) (µm) (µm) (µm) (µm) (µm)

(1) (2) (3) (4) (5) (6) (7) (8)

Mrk334 Sy-1.8 <0.022

IRAS00182-7112 Sy-2 <0.016 <0.030 −0.078 ± 0.022

IRAS00198-7926 Sy-2 0.028 ± 0.015

NGC253 Starburst −0.001 ± 0.001 <0.006 −0.003 ± 0.002 −0.006 ± 0.002 −0.078 ± 0.002 0.028 ± 0.004

Mrk348 Sy-1h <0.045

IZw1 Sy-1n <0.190 0.033 ± 0.007 0.051 ± 0.012 0.087 ± 0.038

IRAS00521-7054 Sy-1h <0.131

ESO541-IG12 Sy-2 <0.079

IRAS01003-2238 Sy-2 <0.042 −0.154 ± 0.052

NGC454E Sy-2 <0.109

Note— Col. (1): Target name. Col. (2): Optical spectral type. Col. (3): EW and uncertainty of the OH65 doublet. Col. (4): EW and
uncertainty of the OH71 doublet. Col. (5): EW and uncertainty of the OH79 doublet. Col. (6): EW and uncertainty of the OH84
doublet. Col. (7): EW and uncertainty of the OH119 doublet. Col. (8): EW and uncertainty of the OH163 doublet. Note that if an
EW measurement does not have an uncertainty value, it is an upper limit observation. If there is an uncertainty, it is a detection.

Note—Table 6 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and
content.
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OH doublet is mostly in emission or absorption (i.e. is

the sign of EW(OH) positive or negative). This simple

observable is expected to indicate the importance of a)

excitation of higher energy levels in the OH molecules
versus b) higher column densities of molecules in their

lower energy states. Galaxies in which a) is more impor-

tant should show more OH emission lines, whereas those

in which b) is more important should show stronger ab-

sorption.
Once the sign of the EW(OH) is measured, the second

most important quantity is its strength. We therefore

search for statistical trends in the sign and strength of

EW(OH) with other galaxy properties, which correlate
with molecular excitation or optical depth. We now con-

sider both of these correlations in turn.

Even though absorption and emission of a spectral

line have different physical origins, we intentionally in-

clude the two different types of OH line profiles in the
same analysis when looking for trends in the sample.

This is because our goal is to find global trends with

observables that could affect EW(OH) (e.g. total lumi-

nosity, hardness of the radiation field, and extinction)
that all galaxies in the local universe follow, including

if EW(OH) changes from tending to be in emission to

absorption (or vice versa).

3.2. Comments on the Sample

In this section, we identify some trends observed for
EW(OH) in the sample data. As noted in Section 3.1,

the EW(OH) values can be found in Table 6.

3.2.1. Doublets Favoring Absorption

While it has only ten detections, OH65 is found al-

most exclusively in absorption, with only one detection
(10% of the sample) showing emission. The galaxy with

EW(OH65) emission is NGC 2146, which is a non-active

galaxy, but is a bright LIRG. For OH71, all five detec-

tions are seen in absorption. This could be due to the

fact that these transitions originate at the highest en-
ergies (the lower energy levels of both transitions are

between 300-400 K) on the OH Grotrian diagram.

Although not to the same degree as the OH65 and

OH71 doublets, OH84 is also primarily seen in absorp-
tion (85% of detections). The two galaxies seen in emis-

sion are ESO 103-G35 and NGC 1068, which are both

optically classified as Sefyert-2 galaxies.

3.2.2. OH163 in Emission

One important finding is that OH163 is always de-
tected in emission (25 galaxies). No other OH doublet

in this study is found exclusively in emission. OH79

strongly favors emission (89% of detections), but unlike

OH163, it can also be found in absorption.

3.2.3. OH119

OH119 is the most diverse doublet in the sample,

showing the largest variety in profiles, and unlike the
other doublets discussed previously, the number of

galaxies seen in emission and absorption is approxi-

mately equal. When we investigate possible correlations

between EW(OH) and various galaxy observables in the

rest of this study, the OH119 doublet is the most dis-
cussed transition from the sample because it has the

highest number of detections, which makes the results

the most statistically significant.

3.2.4. Relative EW Strengths between Transitions

Not including upper limits, for the doublets that are
found primarily in absorption − OH65, OH71, and

OH84 − OH65 and OH71 have the weakest detected

EW values (strongest EW absorption = −0.028µm and

−0.017µm respectively) with OH84 (strongest EW ab-

sorption =−0.056µm) being two or three times stronger.
For galaxies with measurements of both OH65 and

OH84, the EW of the latter is also about twice as large.

However, this is based only on 7 galaxies that have de-

tections for both doublets. These relative strengths of
the observed OH doublets could be explained by the OH

Grotrian diagram shown in Figure 1. OH65 and OH71

are the highest energy transitions in the sample, making

it harder for the lower levels to be populated. OH84 is

the level immediately below OH65, so OH84 could be
stronger because the lower energy level corresponds to

a lower excitation temperature and therefore is easier to

populate than OH65 and OH71.

OH119, which is observed in both emission and ab-
sorption with regularity, has maximum absorption and

emission values of −0.163µm and 0.103µm respectively.

This maximum absorption for OH119 is about an order

of magnitude stronger than OH65 and OH71, and about

twice as strong as OH84. For OH79, which favors emis-
sion, the maximum absorption is very weak (−0.027µm)

and is about even strength with OH65 and OH71. The

emission for OH79 is much stronger (max EW emission

= 0.242µm), which is about twice as strong as OH119.
OH163, which is only seen in emission, has comparable

emission strength to that of OH119.

3.2.5. P-Cygni Features

Some of our galaxies contain one or more OH tran-

sitions with a P-Cygni profile, a clear indication that

the galaxy has a molecular outflow moving out from the
AGN component. The P-Cygni features are identified by

eye, and it was found that 19 galaxies in the sample show

P-Cygni features in one or more OH transitions. Out of

these 19 galaxies, five (IRAS 01003-2238, IRAS 17208-
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0014, IRAS 23365+3604, Mrk 273, and NGC 6240) have

two OH transitions that show a P-Cygni feature and

one (Mrk 231) contains three transitions that display it.

Many of these P-Cygni features have been published in
previous studies, with about half of them having been

identified in Veilleux et al. (2013). Table 7 shows which

OH transitions for which galaxies display a P-Cygni fea-

ture. Table 8 shows the percentage of observations that

show a P-Cygni feature for each OH transition.

Table 7. List of Objects Showing P-Cygni Features

Object Name OH Transitions with P-Cygni Feature

(µm)

(1) (2)

Circinus 119*

IRAS 01003-2238 79, 119

IRAS 05189-2524 119

IRAS 12071-0444 119

IRAS 13120-5453 79

IRAS 14394+5332 119

IRAS 15462-0450 119

IRAS 17208-0014 79

IRAS 19254-7245 119

IRAS 23365+3604 79, 119

Mrk 231 71, 79, 119

Mrk 273 79, 119

Mrk 848B 79

NGC 253 79

NGC 1266 79

NGC 3079 119

NGC 5728 119

NGC 6240 84, 119

NGC 7674 79

Note— Col. (1): Name of the object. Col. (2): OH transitions that
show a P-Cygni feature for the object. Note that a * indicates
that it is a reverse P-Cygni feature.

The two tables show that OH79 and OH119 have the

highest number of P-Cygni observations as well as the
highest percentage. We find one P-Cygni feature in the

OH71 and OH84 doublets (Mrk 231 and NGC 6240 re-

spectively). OH65 and OH163 do not show any P-Cygni

features.
Circinus is a unique galaxy in our sample, because it

is the only one to show a reverse P-Cygni profile in the

nuclear spectrum. A reverse P-Cygni profile indicates

that there is an inflow instead of an outflow of molecular

gas.

Table 8. Percent of P-Cygni Features Found for each OH

Transition

OH Transition Number of P-Cygni Percent that show a

Features Observed P-Cygni Feature

(µm)

(1) (2) (3)

65 0 out of 23 0%

71 1 out of 13 7.7%

79 10 out of 152 6.6%

84 1 out of 20 5.0%

119 13 out of 86 15.1%

163 0 out of 29 0%

Note— Col. (1): OH transition. Col. (2): Number of galaxies with
P-Cygni features observed. Col. (3): Percent of observations that
displayed a P-Cygni or reverse P-Cygni feature.

We note that González-Alfonso et al. (2017a) identi-

fies the PACS observation for OH84 in IRAS 23365+3604

as a P-Cygni feature, but we do not. The key reason for

this difference is that González-Alfonso et al. (2017a)
uses a 3 × 3 spaxel area for their spectra, while we only

use the central spaxel. This means that if the P-Cygni

feature is tracing a molecular outflow in the galaxy, it

has left the central region of the galaxy.
As discussed above in Section 3.1, the EW measure-

ments for P-Cygni features are unreliable. Therefore, we

will not include the P-Cygni lines reported in Table 7 in

the rest of this section when we investigate correlations

between EW(OH) and galaxy observables.

3.3. EW(OH) vs. AGN Luminosity and Radiation

Field Hardness

The far-IR continuum is typically dominated by ther-

mal emission from dust grains, which can be heated ei-
ther by absorbing UV/optical emission from young stars

or an AGN. In this paper, we use several observables to

quantify the relative importance of star formation and

non-stellar nuclear activity. Both the column density
and temperature of the dust may differ depending on

the strength of these mechanisms in the central region

of the host galaxy. We now investigate which of the ob-

servables introduced in Sections 2.2, 2.3, and 2.4 may

correlate with EW(OH). A positive correlation mainly
tells us that increasing a physical parameter makes the

corresponding OH doublet more likely to appear in emis-

sion.

For the rest of Section 3, we use the following guide-
lines when investigating possible correlations between

EW(OH) and the galaxy observables. We only consider

detections for both EW(OH) and the host galaxy prop-

erties we look to correlate EW(OH) with. Upper limit
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observations are excluded when looking for trends be-

tween EW(OH) and these observables so that the limits

do not hide any correlations. Also, a minimum thresh-

old of 8 galaxies is adopted when looking for correlations
between EW(OH) and the galaxy observables. We use

the Spearman rank-order correlation coefficient, r, and

p-value to judge the strength of possible relationships.

A “significant correlation” is identified as having |r| ≥

0.5 and p < 0.01 and a “weak correlation” is identified
as having |r| ≥ 0.5 and 0.01 < p < 0.05. When p <

0.05 but |r| < 0.5, this indicates that there is a lot of

scatter in the relationship, and we therefore deem these

observables to be uncertain predictors of EW(OH).

3.3.1. Line Ratios

Optical emission may be heavily absorbed by dust,

therefore, we turn to IR tracers. Mid- and far-IR
spectroscopy provides measures of the emission pro-

duced by accretion onto a supermassive black hole in

AGNs and the emission produced by star-formation

(e.g. Spinoglio & Malkan 1992). Using ratios of a high-
ionization potential emission-line (AGN-dominated) to

a low-ionized emission-line (H II region or starburst-

dominated) can probe the relative contribution of both

sources in a galaxy (e.g. Tommasin et al. 2008, 2010;

Spinoglio et al. 2015; Fernández-Ontiveros et al. 2016).
The larger the ratio means that a galaxy has a larger

AGN contribution, while a smaller ratio would indi-

cate that there is little or no AGN activity (starburst-

dominated galaxy).
We investigate the following emission-line ratios

against EW(OH): [Ne V] 24.32µm/[Ne II] 12.81µm,

[NeV] 14.32µm/[Ne II] 12.81µm, [Ne III] 15.56µm/[Ne II]

12.81µm, [O IV] 25.89µm/[Ne II] 12.81µm, and [O IV]

25.89µm/[O III] 88.36µm. These ratios are set up so
that the emission-line in the numerator is more highly

ionized, indicating that it arises in a warmer (AGN)

environment. The emission-line in the denominator

has lower ionization potential. Therefore, we expect
AGN dominated galaxies to have higher IR emission-

line ratios compared to obscured AGNs and non-active

galaxies.

An orthogonal distance regression using a modified

trust-region Levenberg-Marquardt-type algorithm was
used to obtain a first degree polynomial fit for the

data of each OH doublet. The fit is weighted using

the uncertainties from both EW(OH) and the emission-

line ratios. To obtain the uncertainty for the line ra-
tios, we add the uncertainties of the emission-lines in

quadrature. As mentioned above, we exclude any galax-

ies for which either EW(OH) or the emission-line ra-

tio is an upper limit observation. We estimated a fit

for each EW(OH) against each emission-line ratio in-

dividually. Table 9 in the Appendix gives the results

for the log-linear fits. Plots for EW(OH) vs. [Ne V]

14.32µm/[Ne II] 12.81µm and [O IV] 25.89µm/[O III]
88.36µm are shown in Figures 3 and 4 respectively.

There is one panel for each OH doublet, and the fits from

Table 9 that have p < 0.05 are show in the Figures as a

solid green line. Figures for EW(OH) vs. the other three

line ratios ([Ne V] 24.32µm/[Ne II] 12.81µm, [O IV]
25.89µm/[Ne II] 12.81µm, and [Ne III] 15.56µm/[Ne II]

12.81µm) are available as supplementary material in the

online version of the paper.

We find that the OH119 doublet is the most sig-
nificantly affected by changes to the emission-line ra-

tios. Table 9 shows that EW(OH119) has a signifi-

cant correlation (r ≥ 0.5 and p < 0.01) with log([Ne V]

14.32µm/[Ne II] 12.81µm), log([Ne III] 15.56µm/[Ne II]

12.81µm), and log([O IV] 25.89µm/[O III] 88.36µm).
The latter two line ratios are the strongest predic-

tors of EW(OH119), with r > 0.60. Due to the large

amount of scatter (r = 0.45, p = 0.005), log([O IV]

25.89µm/[Ne II] 12.81µm) is shown to be an uncertain
predictor of EW(OH119). OH119 is more likely to be

in absorption for low emission-line ratios, and transi-

tions to emission as the high-ionization IR lines become

stronger. Since high-ionization lines are dominated by

the AGN emission, we can associate an enhanced OH119
emission with the presence of an AGN.

While already significant (r = 0.52, p = 0.0025), it

is worth noting that the strength of the correlation

between EW(OH119) and log([Ne V] 14.32µm/[Ne II]
12.81µm) greatly increases in strength (r = 0.71, p

= 0.00003) when we remove IRAS 12514+1027, NGC

5506, PKS 2048-57, and NGC 7172 from the fit.

These four galaxies are identified as outliers because

EW(OH119) is in absorption, while the rest of the
sample is in emission at log([Ne V] 14.32µm/[Ne II]

12.81µm) & −0.5. Removing the same four galax-

ies also makes log([O IV] 25.89µm/[Ne II] 12.81µm)

a much better predictor of EW(OH119) as well (r =
0.58, p = 0.0004). Based on our methodology outlined

in Section 3.3, without these outliers, EW(OH119) vs.

log([O IV] 25.89µm/[Ne II] 12.81µm) displays a signifi-

cant correlation. One explanation for these four outlier

galaxies could be that the molecular gas seen in OH
does not react instantaneously to the AGN activity, so

these few cases out of the correlation might be recent

AGN sources that need some Myrs to drive OH119 into

emission (i.e. into the correlation).
While to a lesser degree, EW(OH79) and EW(OH163)

are also correlated with the IR emission-lines ratios.

EW(OH79) shows a significant correlation (r = 0.50,
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Figure 3. EW of the OH doublet vs. the logarithm of the [Ne V] 14.32µm/[Ne II] 12.81µm emission-line ratio. Galaxies must
have detections in EW(OH), [Ne V] 14.32µm, and [Ne II] 12.81µm to be included in the plot and fits. The weighted log-linear
fits, using the parameters given in Table 9, are shown for fits with p < 0.05. We do not show the fit for slopes with a p-value
> 0.05. For OH79, MCG-01-24-012 is an outlier (EW = 0.242µm), and is cut off to better show the rest of the data.

p = 0.007) with log([Ne V] 14.32µm/[Ne II] 12.81µm).

Due to low p-values but r values of 0.46 and 0.37, re-

spectively, log([Ne III] 15.56µm/[Ne II] 12.81µm) and
log([O IV] 25.89µm/[Ne II] 12.81µm) are found to be

uncertain predictors of EW(OH79). The r value for the

EW(OH79) relationships is always smaller compared to

that of EW(OH119), indicating that while the IR line
ratios can predict EW(OH79), it is not as strong. De-

spite the increase in scatter, this doublet displays strong

emission when the ratio of the high ionization to low

ionization lines is largest, which indicates that a more

highly ionized galaxy (due to the presence of an AGN)
will contain OH79 emission, similar to OH119. At lower

flux ratio values, OH79 primarily shows weak emission,

with only a few galaxies in absorption. This is differ-

ent from OH119, which displayed deep absorption when
the low ionization line was significantly stronger. There

are four galaxies, IC 1816, MCG-01-24-012, Mrk 705,

Mrk 883, with extreme OH79 emission (EW > +0.10)

compared to the rest of the sample; however, removing

these objects does not significantly improve the strength
of any of the three fits.

EW(OH163) displays a weak correlation (r = 0.69,

p = 0.02) with log([Ne V] 24.32µm/[Ne II] 12.81µm).

Also, log([Ne III] 15.56µm/[Ne II] 12.81µm) is found

to be an uncertain predictor of the doublet (r = 0.43,

p = 0.03). In both of these relationships, stronger
OH163 emission is found in the more ionized galax-

ies, similar to both OH119 and OH79. OH163 is more

likely to display weaker emission at lower flux ratio val-

ues. There are no obvious outliers in the relationship
with log([Ne III] 15.56µm/[Ne II] 12.81µm); therefore,

log([Ne V] 24.32µm/[Ne II] 12.81µm) is the better pre-

dictor of EW(OH163).

Based on the criteria outlined in Section 3.3, no corre-

lations are found between EW(OH65), EW(OH71), and
EW(OH84) with any of the emission-line ratios. This

is primarily due to a lack of observations. There could

be possible correlations between EW(OH65) and both

log([O IV] 25.89µm/[Ne II] 12.81µm) and log([O IV]
25.89µm/[O III] 88.36µm) as r = −0.90 and p = 0.04 for

both relationships. However, there are only five galaxies

in both of these samples, which are too few to conclude

if these correlations exist. If the EW(OH65) correlations

are real, this would imply that a warm gas with a sig-
nificant fraction of molecules at ∼300 K (see Figure 1)

is needed to drive OH65 absorption. A relatively lumi-
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Figure 4. EW of the OH doublet vs. the logarithm of the [O IV] 25.89µm/[O III] 88.36µm emission-line ratio. Galaxies must
have detections in EW(OH), [O IV] 25.89µm, and [O III] 88.36µm to be included in the plot and fits. The weighted log-linear
fits, using the parameters given in Table 9, are shown for fits with p < 0.05. We do not show the fit for slopes with a p-value
> 0.05.

nous source and/or a strong radiation field is needed to

achieve temperatures this high.

It is important to note that the normal spiral galaxy
M83, which has no indications of AGN activity any of

these observables, shows OH79 and OH119 weakly in

emission. As discussed, none of the correlations are per-

fect, and the occasional outlier is expected. Therefore,

we caution that some of the generalizations that we draw
from the full sample may not necessarily apply to every

galaxy. Our physical interpretation of the OH transi-

tions may not fully explain the observed OH doublets in

every galaxy.

3.3.2. AGN Luminosity

To probe the brightness of the AGN, we convert the
most highly ionized line fluxes from Section 3.3.1, [O IV]

25.89µm, [Ne V] 14.32µm, and [Ne V] 24.32µm, to lumi-

nosities. As outlined in Section 2.2, we will refer to these

as L[O IV]25.89µm, L[Ne V]14.32µm, and L[Ne V]24.32µm, re-
spectively. We will also investigate possible correla-

tions with the intrinsic hard X-ray (2-10 keV) lumi-

nosity, L2−10keV. These luminosities should all increase

with increasing AGN activity in the host galaxy (e.g.

Tommasin et al. 2008, 2010; also Diamond-Stanic et al.

2009 for L[O IV]25.89µm).

We use the same fitting method as Section 3.3.1. Un-
like the IR luminosities, the L2−10keV data was pub-

lished without estimated uncertainties. Therefore, in

this scenario, only the uncertainty on EW(OH) is in-

corporated into the fits. Table 10 in the Appendix

gives the results for the log-linear fits. We include
plots for EW(OH) vs. log(L2−10keV) (Figure 5) and

log(L[O IV]25.89µm) (Figure 6), with one panel for each

OH line in this section. Figures for EW(OH) vs. the

other two line ratios (L[Ne V]14.32µm and L[Ne V]24.32µm)
are available as supplementary material in the online

version of the paper. The fits from Table 10 with p <

0.05 are shown in the Figures as a solid green line.

We find very few correlations between the OH dou-

blets and the IR and X-ray luminosities. EW(OH163)
displays a significant correlation (r = 0.56, p = 0.007)

with log(L[O IV]25.89µm). This is the strongest correla-

tion found between an OH doublet and a luminosity ob-

servable. Due to low p-values (0.03 and 0.014) but large
scatter in the data (r = 0.35 and 0.41), log(L2−10keV) is

an uncertain predictor of EW(OH119) and EW(OH79),

respectively. Despite the scatter for OH79 and OH119,
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Figure 5. EW of the OH doublet vs. log(L2−10keV (erg/s)). Galaxies must have detections in EW(OH) and L2−10keV to be
included in the plot and fits. The weighted log-linear fits, using the parameters given in Table 10, are shown for fits with p
< 0.05. For both EW(OH79) and EW(OH119), |r| ≤ 0.5, which indicates that L2−10keV is an uncertain predictor of these
doublets. We do not show the fit for slopes with a p-value > 0.05. For OH79, MCG-01-24-012 is an outlier (EW = 0.242µm),
and is cut off to better show the rest of the data.

these relationships indicate that these three OH dou-
blets all display the strong emission in the most lu-

minous AGN. At lower luminosities, which indicate ei-

ther weak or no AGN activity, we see deep absorption

(OH119), weak emission (OH163), and a mixture of

weak emission and weak absorption (OH79).
Similar to Section 3.3.1, no correlations are found for

OH65, OH71, and OH84. Low statistics once again are

a factor in this. It is possible that a relationship be-

tween EW(OH65) and log(L[O IV]25.89µm) could exist (r
= −0.90, p = 0.04), but this is based on only five galax-

ies. However, if this correlation exists, it suggests that

a luminous source would be needed to create gas tem-

perature warm enough to drive OH65 into absorption.

3.3.3. Comparison Between the Luminosity and IR
Emission-Line Tracers

The IR emission-line ratios in Section 3.3.1 and lumi-

nosities in Section 3.3.2 both trace the strength of the

AGN to probe the spectral type of the galaxy. When
OH79, OH119, and OH163 correlate with one of these

AGN tracers (luminosity or emission-line ratio), it is al-

ways positive. This means that these doublets display

the strongest emission when the emission-line ratios and

luminosities suggest that the galaxy contains a dominant
AGN feature. When the tracers suggest that the galaxy

has either a weak or no AGN, we observe deep absorp-

tion (OH119), weak emission (OH163), and a mixture of

weak emission and weak absorption (OH79). The slopes

of the fits are generally largest for EW(OH119) meaning
that this doublet is the most affected by the AGN trac-

ers. Because we observe EW(OH119) with deep absorp-

tion and strong emission, and do not for EW(OH79) and

EW(OH163), this is reasonable. For OH119, the results
that emission is stronger in more luminous AGN aligns

with previous studies (Veilleux et al. 2013; Stone et al.

2016).

OH79, OH119, and OH163 all correlate with a higher

percentage of the emission line ratios than the X-ray
and IR luminosities. Also, the relationships with the IR

emission-line flux ratios are generally at a higher sig-

nificance with less scatter. These two results suggest

that comparing the relative contributions of AGN activ-
ity and star formation is a better predictor of EW(OH)

than the AGN luminosity. In other words, EW(OH)

cares more about the relative contribution of the AGN

to the total power (the line ratios), and less about the
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Figure 6. EW of the OH doublet vs. log(L[O IV]25.89µm (erg/s)) gathered from IRAS. Galaxies must have detections in EW(OH)
and L[O IV]25.89µm to be included in the plot and fits. The weighted log-linear fits, using the parameters given in Table 10, are
shown for fits with p < 0.05. We do not show the fit for slopes with a p-value > 0.05. For OH79, MCG-01-24-012 is an outlier
(EW = 0.242µm), and is cut off to better show the rest of the data.

total power of the AGN (the luminosities). This result

is in line with Fluetsch et al. (2019), who find that the

mass loading factor (which measures how fast the out-
flow ejects the gas from the galaxy compared to the gas

consumption by star formation) depends on the relative

contribution of the AGN to the bolometric luminosity.

While not significant due to samples of only five galax-
ies, EW(OH65) is also found to anti-correlate with both

IR emission-line ratio and IR luminosity tracers. As dis-

cussed above, this suggests that an AGN is needed to

elevate the temperature of gas high enough (∼300 K),

to drive OH65 into absorption.

3.4. EW(OH) vs. 25-60 Color Temperature

In this section, we estimate the thermal dust con-

tinuum emission to use as another IR probe of AGN
strength. As stated in Section 2.3, to investigate the

dominance of the AGN component in the host galaxy, we

use the f25µm/f60µm ratio (referred to as “dust temper-

ature”) from IRAS. The ratio of these flux densities can
be used as a proxy of the strength of the AGN because

the majority of the 25µm flux originates from warm dust

surrounding the AGN while most of the 60µm flux is

from cooler dust in star formation. Therefore, we expect

the galaxies with luminous AGN to have a higher dust

temperature than less luminous AGN and non-active

galaxies (e.g. Edelson & Malkan 1986; Spinoglio et al.
1995; Veilleux et al. 2009; Lee et al. 2011).

We fit the data using the same method described

in the previous section, using uncertainties for both

EW(OH) and dust temperature. Table 11 provides the
parameters of the best-fit lines and Spearman rank-order

correlation statistics, and a plot of EW(OH) vs. the

logarithm of the dust temperature traced by the IRAS

f25µm/f60µm ratio is shown in Figure 7.

We find a highly significant (r ≥ 0.5, p < 0.01) pos-
itive relationship between dust temperature and both

EW(OH79) and EW(OH119). These correlations show

that the two OH doublets are more likely to be in strong

emission when surrounded by warmer dust, which indi-
cates that the AGN component has a relatively high

luminosity output. For galaxies with cooler dust, in-

dicating a galaxy with either a weak or no AGN com-

ponent, we find OH119 primarily in deep absorption.

OH79 is shown to be in either weak absorption, com-
pared to OH119, or weak emission when surrounded by

cooler dust temperatures.
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Figure 7. EW of the OH doublet vs. the logarithm of the dust temperature traced by the IRAS f25µm/f60µm ratio. Galaxies
must have detections in EW(OH), IRAS 25µm flux, and IRAS 60µm flux to be included in the plot and fits. The weighted
linear fits, using the parameters given in Table 11, are shown for fits with p < 0.05. We do not show the fit for slopes with a
p-value > 0.05. For OH79, MCG-01-24-012 is an outlier (EW = 0.242µm), and is cut off to better show the rest of the data.

The other four OH doublets show no correlation with

dust temperature. For OH65, González-Alfonso et al.

(2015) did not find a significant relationship between
EW and dust temperature as well. The samples

are similar in size: there are 23 galaxies (10 de-

tections) in this sample and 29 (25 detections) in

González-Alfonso et al. (2015). This study contains 9
galaxies (∼39%) not included in González-Alfonso et al.

(2015); however, 8/10 detections in this study are also

in González-Alfonso et al. (2015).

3.5. EW vs. Dust Obscuration

This section investigates possible effects of dust red-

dening and extinction on the sample using one IR and

one optical dust tracer.

3.5.1. IR Silicate Absorption

The OH doublets we observe are produced by

warm/dense molecular gas, which is expected to be

associated with dust. We therefore, compared our
OH measurements with the 9.7µm silicate dust fea-

ture in those same galaxies. Recall from Section 2.4

that the measurements were compiled from a variety of

sources (Alonso-Herrero et al. 2016; Farrah et al. 2013;

González-Mart́ın et al. 2015; Hernán-Caballero et al.

2015; Wu et al. 2009) (see Table 4) and the strength

of the silicate feature is quantified using the method
derived by Spoon et al. (2007). Figure 8 shows the EW

plotted against the strength of the silicate feature, and

Table 12 contains the fitting parameters and correlation

statistics to the data.
We find a highly significant correlation (r = 0.59, p

= 0.001) for EW(OH119). The relationship is positive,

meaning that as Ssil increases (silicate absorption weak-

ens), this doublet is more likely to display stronger emis-

sion. It is important to note that this relationship can be
strengthened by removing one outlier, IRAS 11095-0238.

We identify this galaxy as an outlier because OH119

is in emission even though it has the fourth strongest

silicate absorption in the sample (Ssil = −3.28). Ex-
cept for Mrk 1066 (Ssil = −1.01) no other galaxy shows

EW(OH119) past a silicate strength of −1.00. Exclud-

ing IRAS 11095-0238, increases the strength of the fit:

r = 0.65, p = 0.00003.

The results for OH119 agree with Stone et al. (2016)
(which expand on/confirm the results of Spoon et al.

2013 and Veilleux et al. 2013). For OH119, these stud-

ies find that a stronger silicate absorption feature (more
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Figure 8. EW of the OH doublet vs. the strength of the 9.7µm silicate feature. Galaxies must have detections in EW(OH)
and Ssil to be included in the plot and fits. The weighted log-linear fits, using the parameters given in Table 12, are shown for
fits with p < 0.05. We do not show the fit for slopes with a p-value > 0.05. For OH79, MCG-01-24-012 is an outlier (EW =
0.242µm), and is cut off to better show the rest of the data.

dust extinction), leads to weaker OH119 emission and

stronger OH119 absorption. Spoon et al. (2013) and

Veilleux et al. (2013) find this correlation using samples
of local ULIRGs. Stone et al. (2016) combines the sam-

ple of ULIRGs from Veilleux et al. (2013) and incorpo-

rates their BAT AGNs to create a more expansive sam-

ple. Our sample size is comparable in size to Stone et al.
(2016), with some overlap in the selected galaxies, allow-

ing us to confirm this relationship.

We find Ssil to be a uncertain predictor (r = 0.42,

p = 0.02) of EW(OH79). However, removing the two

largest outliers, IRAS 11095-0238 (similar reasons as for
OH119) and MCG-01-24-012 (due to extreme EW emis-

sion, +0.242), increases the strength of the relationship,

and we now find a significant correlation (r = 0.54, p =

0.002) between the two observables. Similar to OH119,
the relationship between EW(OH79) and Ssil is posi-

tive; however, the r value for OH79 is lower than that of

OH119. This comparison exists both with and without

the outlier galaxies in the two samples, meaning that the

strength of the 9.7µm silicate feature is more predictive
of EW(OH119).

The other four OH doublets show no correlation with

Ssil, based on their p-values. Our results for EW(OH65)

do show a high correlation coefficient (r = 0.60); how-

ever, this does not translate to a small p-value (p =

0.12) because there are only eight galaxies in the sample.
González-Alfonso et al. (2015) had almost three times

the number of detections as this study, with six of our

eight detections in their sample, and they do find a cor-

relation between EW(OH65) and silicate strength. They
claim that while deep OH65 absorption does not guar-

antee deep silicate absorption, a trend between the two

exists. González-Alfonso et al. (2015) also claim that

the two quantities are produced from the same mate-

rial. Our sample does not contradict this, but is too
small to be conclusive.

3.5.2. Balmer Decrement

An additional optical tracer for the extinction affect-
ing the ionized gas is the Hα/Hβ ratio. Hβ is more

obscured by dust, so it is expected that a larger Balmer

ratio will be observed in dustier galaxies. The line fluxes

were collected from published measurements in the lit-
erature, and Table 4 provides the data measurements

along with the citations.

The results of the linear regression analysis are given

in Table 12 in the Appendix, and a figure for EW(OH)
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vs. Hα/Hβ is available as supplementary material in

the online version of the paper. EW(OH79) has the

strongest correlation with the Balmer decrement in the

sample. The correlation is significant (r = −0.63, p =
0.002), and reveals that a larger Hα/Hβ ratio (i.e. more

dust obscuration) results in either weak emission or weak

absorption. The galaxies with the strongest EW(OH79)

emission have small Balmer ratios.

Similar to OH79, OH119 tends to have the strongest
emission at low Hα/Hβ, and emission gets weaker and

absorption becomes more prevalent at high Hα/Hβ.

The relationship between EW(OH119) and Hα/Hβ has

a low p-value (0.014) but also a low r value (−0.47),
which indicates that the Balmer decrement is an uncer-

tain predictor of the doublet. However, the correlation

greatly improves when removing two outliers, NGC 253

and NGC 7172. These two galaxies can be identified

as outliers in the sample because they have deep ab-
sorption (−0.081µm and −0.064µm) at low Hα/Hβ ra-

tios (2.84 and 3.00). All other galaxies in the sample

show strong emission (EW ∼ +0.05µm) in this Balmer

decrement range. Without NGC 253 and NGC 7172,
EW(OH119) has a significant relationship (r = −0.72

and p = 0.00005) with the Balmer decrement. NGC

7172 was identified in Section 3.3.1 as a galaxy with

a recent AGN source that needs some Myrs to drive

OH119 into emission. This means that even though this
galaxy has low dust extinction, the nuclear source was

not powerful enough to create OH119 emission until just

recently and the doublet needs more time to reach equi-

librium in emission.
While both the silicate feature and Balmer decre-

ment show that a higher dust concentration leads to

weaker emission and deeper absorption for the OH79

and OH119 doublets, it is shown that Ssil is the bet-

ter extinction predictor for EW(OH119) and the Balmer
decrement is the better predictor for EW(OH79).

No correlation is found for the other four OH transi-

tions in the sample. For these doublets, OH163 was the

only one to meet the eight galaxies threshold; however,
even with small statistics, the other three galaxies show

no indication of a possible relationship with the Balmer

decrement.

3.6. Bivariate Linear Regression Test for EW(OH)

In Sections 3.3.1, 3.3.2, and 3.5, we found correla-

tions between the EW of OH doublets and: 1) IR and

X-ray luminosities of the galaxy; 2) IR emission-line ra-
tios; and 3) dust extinction tracers. In those sections

we found many correlations of varying strength between

EW(OH) and the many observables. Here we use a

bivariate linear regression to see if EW(OH) is corre-

lated with multiple observables. We chose one observ-

able from each section: 1) the L2−10keV to probe the

brightness of the AGN using X-rays; 2) the log([O IV]

25.89µm/[Ne II] 12.81µm) IR emission-line ratio be-
cause this is a tracer of the relative AGN/star-formation

contribution; and 3) the strength of the silicate feature

for the dust extinction tracer because this traces the ob-

scuration. The dependent variable in the bivariate linear

regression, EW(OH), is weighted using its uncertainties.
Due to limited sample size, we do not include OH65,

OH71, and OH84 in these bivariate relationships. Table

13 gives the coefficient of each independent parameter

(L2−10keV, log([O IV] 25.89µm/[Ne II] 12.81µm), and
Ssil), the y-intercept of the regression, and the R2 value

evaluating the strength of the correlation.

There is a very strong correlation between EW(OH119)

and the bivariate linear regression (R2 = 0.91). This

makes sense because this doublet has a relationship with
all three observables individually. While not as strong

as the OH119 doublet, EW(OH79) is correlated with

this bivariate linear regression (R2 = 0.61). OH79 also

displayed a relationship with all three observables indi-
vidually; however, these were generally not as strong as

those for EW(OH119). This could explain why the bi-

variate correlation for EW(OH79) is weaker. The bivari-

ate regression shows no correlation with EW(OH163),

which can be expected since this doublet displayed no
correlation with any of the three observables individu-

ally.

3.7. OH79 vs. OH119

The OH79 and OH119 doublets show the most sig-

nificant correlations in Sections 3.3, 3.4, and 3.5. Also,

the transitions share the same lower energy level, sug-

gesting a tight relationship between both OH doublets.
To test this, we compared the EW for the 20 galaxies

that have detections for both transitions (this excludes

galaxies with P-Cygni features and upper limit observa-

tions). Figure 9 displays the plot comparing the EW of
the OH79 and OH119.

Figure 9 reveals that for most galaxies, the doublets

are either both in emission or both in absorption, and

a larger EW for one transition generally indicates a

larger EW for the other. This positive trend between
the two doublets is very strong with high significance,

as indicated by r = 0.71 and p = 0.0005. There does

seem to be a saturation at EW(OH79) & 0.03µm, where

OH119 seems to flatten around EW(OH119) ∼ 0.05µm.
In the sample, there are three objects that have an

emission profile for OH79 and an absorption profile for

OH119: IRAS 20037-1547, PKS 2048-57, and NGC

7582. Two of them, PKS 2048-57 and NGC 7582, have
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Figure 9. EW(OH119) vs. EW(OH79). Only galaxies with
detections for both doublets are shown. The error bars for
Mrk 478 is cut off to better show the rest of the data.

small EW(OH79) emission, small EW(OH119) absorp-

tion, and appear to follow the trend with the rest of the
sample. The third galaxy, IRAS 20037-1547, however,

is a noticeable outlier. There are no galaxies that have

an absorption profile for OH79 and an emission profile

for OH119.

3.8. OH79 vs. OH163

OH79 and OH163 are the two doublets most likely

to be seen in emission in the sample. They also are

connected in the OH Grotrian diagram, as the upper

level of the OH79 doublet is the lower level of the
OH163 doublet. To test if there is a relationship be-

tween EW(OH79) and EW(OH163), we look at the 16

galaxies (excluding galaxies with P-Cygni features and

upper limit observations) that have detections for both

transitions. Figure 10 shows the plot comparing the
EWs.

Figure 10 shows that there is weak correlation (r =

0.54, p = 0.03) between EW(OH79) and EW(OH163).

The trend is positive, meaning that stronger emission
for one of the doublets implies stronger emission for the

other. This relationship could explain why we only ob-

serve OH163 in emission in the complete sample. The

lower level of the OH163 doublet could be depopulated

by the OH79 transition, which would prevent OH163
absorption from occurring.

There are three objects where OH79 shows absorp-

tion while OH163 shows emission: NGC 3079, NGC

4418, and NGC 4945. All three of these galaxies have
buried nuclei, indicated by their deep 9.7µm silicate ab-

sorption. NGC 4418 and NGC 4945 have the second

and third strongest silicate absorption in the entire 178

galaxy sample. Removing these three galaxies reveals a

0.00 0.05 0.10
OH79 E.W. (µm)

0.00

0.05

0.10

0.15

0.20

O
H
16
3
E
.W

.
(µ
m
)

Detections

Figure 10. EW(OH163) vs. EW(OH79). Only galaxies
with detections for both doublets are shown.

significant correlation (r = 0.73, p = 0.004) between the
OH163 and OH79 doublets.

4. DISCUSSION AND INTERPRETATIONS

To gain a deeper understanding of the correlations

that we found in Section 3, we look to compare our

results with various models of OH transitions from the
literature. We can interpret the results described above

in terms of OH level populations because we combine

several transitions measured simultaneously.

4.1. OH Level Populations & the Mechanisms which
Control them

OH emission can arise from two mechanisms: radia-

tive pumping and collisional excitation. Collisions with

the surrounding medium are dependent on the tempera-

ture of the region. The nuclear region of an active galaxy

is warmer than that of a star-forming galaxy, therefore
the former will have more energetic collisions. The cor-

relations of EW(OH) with the galaxy properties that we

analyzed in Section 3 are probably driven by the nuclear

region of the galaxies, where the impact of the AGN is
dominant.

To estimate the energy of possible collisions, we refer-

ence the results of models from González-Alfonso et al.

(2004, 2008, 2012, 2014, 2017a) and Falstad et al. (2015)

that generate the observed OH transitions to learn about
properties of the environment that they were created in.

The models in these studies have multiple components;

they start with a hot inner region and cooler extended

region, and then add one or two extra components if nec-
essary to better fit the observed spectra. One example

of an extra component added to the two-region model

is the addition of a more extended halo component with

a lower temperature to Arp220 (González-Alfonso et al.
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2004). For most of the galaxies modeled in these stud-

ies, the dust temperature of the far-IR continuum source

ranges from about 90−150 K for the inner nuclear re-

gion, while the cooler extended region is roughly 40−90
K.

For the OH transitions in this sample, radiative exci-

tation primarily comes from far-IR photons, which can

originate from either AGN activity or star formation.

We will discuss the method of excitation for the OH
transitions in our sample one at a time. We refer to the

OH Grotrian diagram, Figure 1 in Section 2.1, through-

out this section.

4.1.1. OH119

Sections 3.3.1, 3.3.2, and 3.4 probe the AGN lumi-

nosity, radiation field hardness, and dust temperature

of a galaxy. The results in these Sections show that
EW(OH119) has a significant correlation (r ≥ 0.5, p

< 0.01) with 3/5 IR emission-line ratios and the IRAS

f25µm/f60µm dust temperature. An additional IR line

ratio and the intrinsic 2-10 keV X-ray luminosity are
also uncertain predictors of EW(OH119). Therefore,

6/10 observables tracing the strength of an AGN have

some level of predictive power for EW(OH119). The

relationships are positive, meaning that when these ob-

servables are large (luminous AGN, hard radiation field,
and warm dust), OH119 is very likely to be in emission,

and the opposite (dim/no AGN, soft radiation field,

cooler dust), tends to bring OH119 into deep absorption.

These results indicate that OH119 emission is dependent
on the conditions created by an AGN, which suggests

that OH119 emission is created through collisional exci-

tation. If OH119 emission were generated primarily by

radiative pumping of far-IR photons, we would expect

to find the doublet in emission for galaxies with a weak
or no AGN, which we do not find. However, a possi-

ble contribution to the OH119 emission from radiative

pumping by far-IR photons cannot be disregarded.

This idea agrees with Spinoglio et al. (2005) and
Stone et al. (2016), which both claim that OH119 emis-

sion is generated through collisions. The argument from

Spinoglio et al. (2005) comes from the relative strengths

of the OH transitions they observed and the Einstein-A

coefficients. Table 1 in Section 1 gives the Einstein-A co-
efficients of the OH transitions in this study, which were

gathered from the LAMBDA database (Schöier et al.

2005). As discussed in Spinoglio et al. (2005), if the

OH119 transitions were excited exclusively via radiative
pumping, there would be two paths it could take: ab-

sorption of either the 34.6µm or 53.3µm ground-state

OH transitions. If the radiative pumping happened

through the 34.6µm transition, then the 98.7µm OH

transition would be about five times stronger than

OH119. If OH119 were excited by the 53.3µm path,

then OH163 would be about five times stronger than

OH119. The estimate of the relative strengths between
the OH transitions come from the Einstein-A coeffi-

cients. In their study, Spinoglio et al. (2005) could not

detect the 98.7µm doublet, and OH163 was not five

times stronger than OH119, so they concluded that

OH119 must be a result of collisional excitation, and
not radiative pumping.

Our results agree with the claims made by Spinoglio et al.

(2005) on how the OH119 comes into emission. When

comparing galaxies that have detections showing emis-
sion for both OH119 and OH163, we find median fluxes

of 4.44 × 10−14 erg s−1 cm−2 and 2.62 × 10−14 erg

s−1 cm−2 for the sample. This shows that the OH119

doublet is actually stronger on average than the OH163

doublet when comparing the emission detections in the
same galaxy (the average OH163/OH119 flux ratio is

0.59). The only galaxy where the OH163 doublet is

stronger is NGC 1365. Because we do not see a flux ra-

tio of ∼5 for OH163/OH119, it seems unlikely that the
53.3µm path dominates the OH119 emission via radia-

tive pumping. Unfortunately, we do not have any OH

98.7µm detections, similar to Spinoglio et al. (2005), to

confirm or rule out the 34.6µm path as a possible source

of OH119 emission from radiative pumping; however,
based on the results with our AGN tracers radiative

pumping through the 34.6µm path seems unlikely.

In Stone et al. (2016), they use their correlation be-

tween EW(OH119) and the silicate feature to conclude
that OH119 emission comes from a circumnuclear region

where the temperature, OH abundance, and number

density favors collisional excitation over radiative pump-

ing. We find a similar relationship between EW(OH119)

and the silicate feature, and therefore also support the
idea that OH119 emission originates from collisions.

These correlations, which indicate the importance of

collisional excitation of OH119, are nonetheless imper-

fect, and some of the observed scatter could be at-
tributed to other factors. In particular, high obscu-

ration is correlated with absorption in this transition.

Therefore, where that additional affect is strong, i.e. in

a heavily obscured AGN, the OH doublet may not be

strongly in emission.

4.1.2. OH163

As stated in Section 3.2.2, all detections for the OH163
doublet are in emission. Because the sample spans

all Seyfert types and includes LINERs and non-active

galaxies, this means that an AGN is not needed to gen-

erate OH163 emission. In fact, we do not find a cor-
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relation between EW(OH163) and the majority of the

AGN and dust temperature tracers discussed in Section

3. Therefore, OH163 emission should arise primarily

from radiative pumping of the far-IR background, which
as discussed above can come from either AGN activity

or star formation.

Once again, this idea agrees with Spinoglio et al.

(2005), who also claim that OH163 emission arises

primarily from radiative pumping. For this doublet,
the upper level of the transition is 270 K above the

ground state. Spinoglio et al. (2005) argue is too high

for collisional excitation to be effective; however, cas-

cading down from absorption of a 34.6µm or 53.3µm
photon can lead to OH163 emission. This is a reason-

able assumption given the ranges of Tdust in the models

referenced at the beginning of this section.

The correlations between EW(OH163) and only a

few of the AGN tracers − log([Ne V] 24.32µm/[Ne II]
12.81µm), log([Ne III] 15.56µm/[Ne II] 12.81µm), and

log(L[O IV]25.89µm) − could suggest that the inclusion of

an AGN creating higher luminosities could lead to more

far-IR photons available to pump OH163 into stronger
emission. Without an AGN, there will still be far-IR

photons for radiative pumping − albeit there will be

fewer − which is why we see OH163 in weaker emission,

but still emission nonetheless. No correlation is found

between EW(OH163) and the majority of the AGN trac-
ers however, which could be due to the fact that star

formation can also affect the strength of the far-IR back-

ground.

4.1.3. OH79

The results in Sections 3.3.1, 3.3.2, and 3.4 show

that EW(OH79) has a significant correlation with one

of the IR emission-line ratios, [Ne V] 14.32µm/[Ne II]
12.81µm, and the IRAS f25µm/f60µm dust temperature.

Two more IR line ratios and the intrinsic 2-10 keV X-

ray luminosity are also uncertain predictors of the dou-

blet. These relationships are all positive, so EW(OH79)
emission is strongest when these observables are large

(luminous AGN with warm surrounding dust), similar

to OH119 and OH163. When we observe the oppo-

site (dim/no AGN with cooler surrounding dust) some

galaxies showOH79 in weak emission (similar to OH163)
and other galaxies show OH79 in weak absorption (com-

pared to OH119). One possible explanation for this dif-

ference could be that emission for the OH79 doublet

arises from a mix of collisional excitation and radiative
pumping. The effects of the latter could prevent OH79

from being observed in deep absorption when an AGN

is not present (similar to OH119), and instead keeping

the doublet in either weak emission or weak absorption.

This is supported when comparing EW(OH79) and

EW(OH119) in Section 3.7. In this smaller subsample

of galaxies that have detections of both doublets, there

are seven galaxies where OH119 is in absorption, and
OH79 is in absorption in four of them. Also, while the

peak emission for both doublets is similar (∼0.10), but

the deepest absorption is about an order of magnitude

different (∼ −0.15 for EW(OH119) and ∼ −0.03 for

EW(OH79)). This suggests that while the presence of a
dominant AGN affects both doublets similarly, radiative

pumping from a far-IR background can keep OH79 in

weak emission when there is either a weak or no AGN

present.
This argument that OH79 emission arises from a mix

of radiative pumping and collisions was first made by

Spinoglio et al. (2005). The upper level of the OH79

transition is only 182 K above the ground state, which

Spinoglio et al. (2005) argue is a low enough temper-
ature for a warm dense region (AGN) to excite it,

at least partially, through collisional excitation. Also,

OH79 could be excited through the same far-IR radia-

tive pumping mechanism as OH163 (i.e. cascading down
from absorption of a 34.6µm or 53.3µm photon).

4.1.4. OH65

For OH65, we make an argument based on energy lev-

els to rule out collisions as the primary form of exci-

tation. The temperatures derived from the literature
models are much lower than what would be needed to

collisionally excite OH65 (the upper level of the transi-

tion is ∼500 K) in any significant amount. While AGNs

cannot create warm enough environments to generate
OH65 emission, the results from correlating EW(OH65)

with log([O IV] 25.89µm/[Ne II] 12.81µm), log([O IV]

25.89µm/[O III] 88.36µm) and log(L[O IV]25.89µm) sug-

gest that AGNs could drive OH65 absorption. The

sample sizes for these correlations are very small (only
5 galaxies); however, there is a strong (r = −0.90, p

= 0.04) negative relationship between EW(OH65) and

each of these observables. These results suggest that a

warm AGN region is needed to populate the lower en-
ergy level (∼300 K) of the OH65 doublet. In a weak

radiation field (i.e. a non-active galaxy), the population

of OH molecules in the lower level of the 65µm transi-

tion could be scarce, thus suppressing the absorption in

this doublet. The one galaxy in the sample with OH65
in emission is NGC 2146, which is a starburst galaxy,

supports this idea. Based on the temperatures from the

literature, the emission in NGC 2146 is likely not a result

of collisional excitation. Radiative pumping is therefore
the more likely method.

4.1.5. OH71
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OH71 is the highest energy transition in the sample,

with the upper level of the transition∼600 K. Therefore,

this temperature is too high for significant amounts of

collisionally excited OH71 emission, similar to OH65.
It is possible that we only observe OH71 exclusively in

absorption because it is such a high energy transition.

OH71 has the smallest number of detections in the sam-

ple, so it is possible that more observations could reveal

rare cases of emission. When investigating possible cor-
relations with AGN tracers, the statistics were too small

(three or fewer galaxies) for the OH71 doublet to investi-

gate if a similar phenomenon to OH65 is observed. More

data are needed to see if AGNs drive OH71 absorption,
similar to OH65.

4.1.6. OH84

For OH84, it is difficult to strongly support either

collisional excitation or radiative pumping as the main

mode of excitation. On the energy diagram, OH84

does not lie significantly above the temperature that
the nuclear region is thought to have, so at least a

small amount of collisional excitation could be possible

in the warmest galaxies. We did not find a relation-

ship with any of the AGN, radiation field hardness, and

dust temperature tracers; however, small sample sizes
for many of these test make it difficult to draw conclu-

sions. More data are needed to make a strong argument

about whether OH84 emission arises from collisional ex-

citation or radiative pumping.

4.2. Interpretation of the Obscuration & Column

density

A high column density of gas and dust might be ex-

pected to enhance both the absorption strength of OH

and the dust obscuration. We used two observables

as proxies for the column density of interstellar mat-
ter along our line-of-sight to the center of the galaxy.

The Hα/Hβ ratio measures dust extinction since it in-

creases from its intrinsic ratio (which may range from

∼3 in low-density ionized gas to values greater than
4 in the BLR of a Seyfert 1 nucleus (Lacy et al. 1982;

Malkan et al. 2017). The brighter the AGN, the more

concentrated this line emission should be in the nucleus.

For extremely dusty galaxies (e.g. ULIRGs), the optical

line ratios could substantially under-estimate the dust
column density to the galaxy center.

At high extinctions, a reliable tracer in the mid-

IR range is the depth of the silicate absorption at

9.7µm. In Seyfert 1’s silicates are often seen in
emission (Hatziminaoglou et al. 2015). We find that

the silicate feature has a more significant impact on

EW(OH119) than the Balmer decrement. A relation-

ship between EW(OH65) and Ssil has also been shown

in González-Alfonso et al. (2015). As discussed in Sec-

tion 3.5.1, we find a high correlation coefficient (r =

0.60) but a p-value greater than 0.05. The high p-value

in this situation could be partially attributed to the
low sample size (eight galaxies). Therefore, our sample

does not contradict the correlation between EW(OH65)

and Ssil found in González-Alfonso et al. (2015), but is

too small to be conclusive. With only a small sample

(four galaxies), this study finds no correlation between
EW(OH65) and the Balmer decrement as well. The

results for EW(OH79) oppose the idea that a IR dust

tracer is preferable as that doublet shows a stronger

correlation with the optical Balmer decrement.
There appears to be some connection between the

strength of the CO(16-15) line and how obscured the

galaxy is. The spectral separation between OH163 and

the CO(16-15) transition is small enough that CO(16-

15) is within the spectral range of the OH163 observa-
tions. CO(16-15) is too weak to be detected in the ma-

jority of the sample; however, some examples of galax-

ies where the transition is clearly visible are NGC 253,

NGC 1068, NGC 3079, NGC 4418, and NGC 4945. The
transition is very prominent in NGC 4418, which has a

deeply buried Seyfert 2 nucleus and the second deepest

silicate absorption in the sample (Ssil = −4.00), while it

is not so strong in NGC 253, which is a starburst. The

upper level of CO(16-15) is ∼750 K, so a very warm and
dense region is needed to produce this emission. In our

sample, CO(16-15) is much more likely to be observed

in the most obscured galaxies; however, it is not guar-

anteed to find the transition in these galaxies. IRAS
17208-0014 has the strongest silicate absorption (Ssil =

−4.07); however, CO(16-15) is not visible in the spec-

trum.

5. SUMMARY

In this paper, we investigate possible relationships be-

tween the strength of an AGN/starburst component in

the host galaxy with the EW values from a series of
six OH doublets (OH65, OH71, OH79, OH84, OH119,

OH163) in a sample of 178 galaxies. The sample con-

tains a wide range of optical spectral classifications −

a complete range of Seyfert-types, LINERs, and non-

active star-forming galaxies. The sample was observed
using the PACS instrument on the Herschel Space Ob-

servatory and collected from Hershel Science Archive

and the optical spectral classifications come from the

Véron-Cetty & Véron (2010) catalog.
We look for trends within the OH data itself, and with

galaxy observables. To probe the spectral type of the

galaxy, brightness of an AGN/starburst component, and

radiation field of the galaxy, we use many observables.
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These include various IR emission-line ratios, various IR

emission-line luminosities, the intrinsic 2-10 keV X-ray

luminosity, and the 25µm/60µm IRAS flux density ratio

as a proxy for dust temperature. We use the strength
of the silicate 9.7µm feature and the Balmer decrement

to probe dust extinction.

The main results of this study are as follows:

1. In our sample, we find OH71 to be always in ab-

sorption, OH65 and OH84 to be primarily in ab-

sorption, OH119 to have a comparable number of

both emission and absorption observations, OH79
to be primarily in emission, and OH163 to be al-

ways in emission.

2. For OH79, OH119, and OH163, we find that galax-

ies containing a bright AGN creating a warm,

dense environment are more likely to drive these

three lines into strong emission. For galaxies
that have an obscured AGN or no AGN, these

show strong absorption (OH119), weak emission

(OH163), and a mixture of weak absorption and

weak emission (OH79). These differences could
be explained by their method of excitation: col-

lisional excitation (OH119), radiative pumping

(OH163), and a mix of both processes (OH79).

3. The results for EW(OH65) suggest that there is a

possibility that absorption becomes stronger with

increasing AGN strength. This could mean that a

warm (∼300 K), dense environment is required to
populate the ground levels to enable these transi-

tions, and a less extreme environment (e.g. star-

forming galaxies) may not be able to excite a sig-

nificant number of OH molecules to generate the
OH65 transition. However, this is only based on

samples of five galaxies, so more data are needed

to confirm this relationship.

4. We find a relationship between dust extinction and

the OH79 and OH119 doublets. This relationship

is seen with both the silicate feature and Balmer

decrement for OH79 and OH119. EW(OH79)
has a better correlation with the Balmer decre-

ment, while EW(OH119) has a stronger relation-

ship with Ssil. For these doublets, we see emission

weaken/absorption strengthen as the dust extinc-
tion becomes stronger, suggesting that the warm

and dense molecular gas producing the OH emis-

sion/absorption is associated with a dusty envi-

ronment.

5. No correlations are found between either EW(OH71)

or EW(OH84) with any of the AGN, radiation field

hardness, dust temperature, and dust extinction

tracers.

6. P-Cygni features are observed in ∼10% of the
galaxies in our sample. We find that one galaxy

(Circinus) has a reverse P-Cygni feature, which

indicates a molecular inflow.

This work is based on observations made with the Her-

schel and the Spitzer IR space observatories, whose ob-

servations are at the base of the present study. Future

missions SPICA (e.g. González-Alfonso et al. 2017b;
Spinoglio et al. 2017; Roelfsema et al. 2018) and NASA

Origins (e.g. Meixner et al. 2018) will be able to extend

this work to even larger samples of galaxies, both in the

local and distant Universe.
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APPENDIX

A. FITTING STATISTICS

Table 9. Best-fit Parameters for EW(OH) vs. Emission-Line Ratio Fluxes

Parameters OH65 OH71 OH79 OH84 OH119 OH163

(1) (2) (3) (4) (5) (6) (7)

log
(

[Ne V]14.32µm
[Ne II]12.81µm

)

slope 0.017 ± 0.003 0.07 ± 0.01 0.019 ± 0.009

Y-intercept 0.020 ± 0.003 0.06 ± 0.01 0.06 ± 0.01

Correlation Coefficient 0.50 0.52 0.39

p-value 0.007*** 0.0025*** 0.14

log
(

[Ne V]24.32µm
[Ne II]12.81µm

)

slope 0.006 ± 0.004 0.05 ± 0.02 0.059 ± 0.008

Y-intercept 0.013 ± 0.003 0.03 ± 0.01 0.087 ± 0.06

Correlation Coefficient 0.18 0.10 0.69

p-value 0.43 0.61 0.02**

log
(

[Ne III]15.56µm
[Ne II]12.81µm

)

slope −0.016 ± 0.009 0.021 ± 0.004 0.014 ± 0.008 0.10 ± 0.02 0.05 ± 0.01

Y-intercept −0.021 ± 0.008 0.018 ± 0.003 −0.005 ± 0.006 0.05 ± 0.01 0.07 ± 0.01

Correlation Coefficient −0.24 0.46 0.28 0.61 0.43

p-value 0.54 0.002* 0.38 9.4e-06*** 0.03*

log
(

[O IV]25.89µm
[Ne II]12.81µm

)

slope 0.004 ± 0.002 0.012 ± 0.005 0.07 ± 0.01 0.026 ± 0.008

Y-intercept 0.008 ± 0.002 −0.001 ± 0.006 0.010 ± 0.008 0.06 ± 0.01

Correlation Coefficient 0.37 0.07 0.45 0.39

p-value 0.02* 0.87 0.005* 0.08

log
(

[O IV]25.89µm
[O III]88.36µm

)

slope 0.005 ± 0.003 0.08 ± 0.02 0.022 ± 0.007

Y-intercept 0.006 ± 0.002 −0.01 ± 0.01 0.043 ± 0.007

Correlation Coefficient 0.40 0.63 0.36

p-value 0.08 0.0006*** 0.14

Note— Col. (1): Linear fitting parameters. Col. (2)−(7): Results from the linear fit for each OH transition, and
the Spearman rank-order correlation coefficient and the p-value to test for non-correlation. *: indicates p < 0.05;
however, the observable is an uncertain predictor of EW(OH) due to r < 0.5. **: indicates a weak correlation
with r ≥ 0.5 and 0.01 < p < 0.05. ***: indicates a significant correlation with r ≥ 0.5 and p < 0.01. Blank
spaces in the table indicate that there is less than 8 galaxies so no fit was made.

2 http://www.astropy.org
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Table 10. Best-fit Parameters for EW(OH) vs. the X-ray and IR Emission-Line Luminosities

Parameters OH65 OH71 OH79 OH84 OH119 OH163

(1) (2) (3) (4) (5) (6) (7)

log(L2−10keV)
Slope −0.009 ± 0.004 0.05 ± 0.002 −0.2 ± 0.6 0.16 ± 0.08 0.06 ± 0.03

Y-intercept 0.38 ± 0.18 −1.88 ± 0.65 7.89 ± 25.42 −6.70 ± 3.55 −2.48 ± 1.13

Correlation Coefficient −0.39 0.41 −0.07 0.35 0.36

p-value 0.30 0.014* 0.83 0.03* 0.09

log(L[O IV]25.89µm)

Slope 0.005 ± 0.001 0.006 ± 0.005 0.035 ± 0.007 0.017 ± 0.004

Y-intercept −0.18 ± 0.06 −0.24 ± 0.19 −1.44 ± 0.27 −0.65 ± 0.17

Correlation Coefficient 0.31 −0.38 0.31 0.56

p-value 0.06 0.35 0.06 0.007***

log(L[Ne V]14.32µm)

Slope 0.010 ± 0.002 0.039 ± 0.007 0.013 ± 0.005

Y-intercept −0.41 ± 0.08 −1.56 ± 0.27 −0.47 ± 0.22

Correlation Coefficient 0.33 0.27 0.35

p-value 0.09 0.13 0.19

log(L[Ne V]24.32µm)

Slope 0.009 ± 0.006 0.009 ± 0.005 0.04 ± 0.02

Y-intercept −0.35 ± 0.24 −0.35 ± 0.19 −1.51 ± 0.82

Correlation Coefficient −0.13 −0.002 0.17

p-value 0.56 0.99 0.61

Note— Col. (1): Linear fitting parameters. Col. (2)−(7): Results from the linear fit for each OH transition,
and the Spearman rank-order correlation coefficient and the p-value to test for non-correlation. *: indicates
p < 0.05; however, the observable is an uncertain predictor of EW(OH) due to r < 0.5. **: indicates a weak
correlation with r ≥ 0.5 and 0.01 < p < 0.05. ***: indicates a significant correlation with r ≥ 0.5 and p < 0.01.
Blank spaces in the table indicate that there is less than 8 galaxies so no fit was made.

Table 11. Best-fit Parameters for Figure 7 (EW(OH) vs. IRAS f25µm/f60µm Dust

Temperature Tracer)

OH Doublet Slope Y-intercept Correlation Coefficient p-value

(m) (b)

(1) (2) (3) (4) (5)

OH65 0.08 ± 0.05 0.06 ± 0.06 0.11 0.76

OH71

OH79 0.052 ± 0.006 0.045 ± 0.006 0.50 0.001***

OH84 0.03 ± 0.01 0.02 ± 0.01 0.12 0.71

OH119 0.22 ± 0.03 0.15 ± 0.02 0.57 0.00005***

OH163 −0.004 ± 0.015 0.024 ± 0.014 −0.03 0.89

Note— Col. (1): OH doublet. Col. (2): Slope of the best-fit line. Col. (3): Y-intercept of the
best-fit line. Col. (4): The Spearman rank-order correlation coefficient. Col. (5): The p-value
to test for non-correlation. *: indicates p < 0.05; however, the observable is an uncertain
predictor of EW(OH) due to r < 0.5. **: indicates a weak correlation with r ≥ 0.5 and 0.01
< p < 0.05. ***: indicates a significant correlation with r ≥ 0.5 and p < 0.01. For columns
(2)-(5), blank rows in the table indicate that there is less than 8 galaxies so no fit was made.
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Table 12. Best-fit Parameters for EW(OH) vs. Dust Extinction

Parameters OH65 OH71 OH79 OH84 OH119 OH163

(1) (2) (3) (4) (5) (6) (7)

Ssil

Slope 0.005 ± 0.003 0.007 ± 0.001 0.006 ± 0.003 0.041 ± 0.004 0.002 ± 0.003

Y-intercept −0.002 ± 0.006 0.009 ± 0.002 −0.013 ± 0.005 0.027 ± 0.006 0.04 ± 0.01

Correlation Coefficient 0.60 0.42 0.38 0.59 0.02

p-value 0.12 0.02* 0.31 0.0001*** 0.92

Balmer Decrement
Slope −0.0011 ± 0.0003 −0.010 ± 0.004 −0.0021 ± 0.0009

Y-intercept 0.018 ± 0.004 0.09 ± 0.03 0.06 ± 0.02

Correlation Coefficient −0.63 −0.47 0.07

p-value 0.002*** 0.014* 0.80

Note— Col. (1): Linear fitting parameters. Col. (2)−(7): Results from the linear fit for each OH transition, and the
Spearman rank-order correlation coefficient and the p-value to test for non-correlation. *: indicates p < 0.05; however,
the observable is an uncertain predictor of EW(OH) due to r < 0.5. **: indicates a weak correlation with r ≥ 0.5 and
0.01 < p < 0.05. ***: indicates a significant correlation with r ≥ 0.5 and p < 0.01. Blank spaces in the table indicate
that there is less than 8 galaxies so no fit was made.
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Sturm, E., González-Alfonso, E., & Veilleux, S., et al. 2011,

ApJL, 733, L16

Tommasin, S., Spinoglio, L., Malkan, M. A., et al. 2008,

ApJ, 676, 836

Tommasin, S., Spinoglio, L., Malkan, M. A., et al. 2010,

ApJ, 709, 1257

Tran, H. D., Miller, J. S., & Kay, L. E. 1992, ApJ, 397, 452

Vaceli, M.S., Viegas, S.M., Gruenwald, R., & de Souza,

R.E. 1997, AJ, 114, 1345

van der Walt, S., Colbert, S. C., & Varoquaux, G., The

NumPy Array: A Structure for Efficient Numerical

Computation, Computing in Science & Engineering, 13,

22-30 (2011)

Veilleux, S., Kim, D.-C., Sanders, D.B., Mazzarella, J.M.,

& Soifer, B.T. 1995, ApJS, 98, 171

Veilleux, S., Rupke, D. S. N., Kim, D.-C., et al. 2009,

ApJS, 182, 628

Veilleux, S., Melendez, M., Sturm, E. et al. 2013, ApJ, 776,

27
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