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ABSTRACT

Context. The far-infrared (FIR) lines are important tracers of the cooling and physical conditions of the interstellar medium (ISM) and
are rapidly becoming workhorse diagnostics for galaxies throughout the universe. There are clear indications of a different behavior
of these lines at low metallicity that needs to be explored.

Aims. Our goal is to explain the main differences and trends observed in the FIR line emission of dwarf galaxies compared to more
metal-rich galaxies, and how this translates in ISM properties.

Methods. We present Herschel/PACS spectroscopic observations of the [CII] 157 um, [O1] 63 and 145 pum, [O 1] 88 pum, [N 1] 122
and 205 pm, and [N 1] 57 um fine-structure cooling lines in a sample of 48 low-metallicity star-forming galaxies of the guaranteed
time key program Dwarf Galaxy Survey. We correlate PACS line ratios and line-to-Lyg ratios with Lmr, Lrir/Lg, metallicity, and
FIR color, and interpret the observed trends in terms of ISM conditions and phase filling factors with Cloudy radiative transfer
models.

Results. We find that the FIR lines together account for up to 3 percent of Lrr and that star-forming regions dominate the overall
emission in dwarf galaxies. Compared to metal-rich galaxies, the ratios of [O IlI]gg/[N 11]122 and [N 1II]s7/[N 111, are high, indicative
of hard radiation fields. In the photodissociation region (PDR), the [C 11];57/[O 1]¢3 ratio is slightly higher than in metal-rich galaxies,
with a small increase with metallicity, and the [O 1]145/[O I]e; ratio is generally lower than 0.1, demonstrating that optical depth effects
should be small on the scales probed. The [O I1t]gs/[O I]e; ratio can be used as an indicator of the ionized gas/PDR filling factor, and
is found to be ~4 times higher in the dwarfs than in metal-rich galaxies. The high [C1I]/Lyr, [O I]/L1ir, and [O II]/Lrr ratios, which
decrease with increasing Ltr and Ltr/Lg, are interpreted as a combination of moderate far-UV fields and a low PDR covering factor.
Harboring compact phases of a low filling factor and a large volume filling factor of diffuse gas, the ISM of low-metallicity dwarf
galaxies has a more porous structure than that of metal-rich galaxies.

Key words. galaxies: dwarf — infrared: ISM — photon-dominated region (PDR) — techniques: spectroscopic — radiative transfer —
HII regions

1. Introduction

Low-metallicity environments, such as nearby star-forming
dwarf galaxies, are ideal laboratories for examining condi-
tions for star formation in objects as chemically unevolved as
** Table 4 and Appendices are available in electronic form at high-redshift galaxies. They are good candidates with which to
http://www.aanda.org study and address fundamental questions such as: how do the
*** Table 4 is also available at the CDS via anonymous ftp to physical conditions .Of star-forming regions vary as a function
cdsarc.u-strasbg. fr (130.79.128.5) or via of the elemental enrichment? What controls the energy balance,
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/578/A53 heating and cooling, in the different interstellar medium (ISM)

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.
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phases and shapes the morphology of dwarf galaxies? What are
the roles of the different ISM phases in the integrated view of
galaxies?

Spectroscopy in the far-infrared (FIR) provides a unique and
unobscured view of the ISM properties and conditions for star
formation. The FIR cooling lines, less affected by dust attenua-
tion than optical lines, are powerful probes of the star formation
activity, linking them directly to the surrounding medium from
which these stars are born. The fine-structure lines [C1I] 157 um,
[O1] 63 um, and [OT1] 145 um are important coolants of moder-
ately dense (ng > 10 cm™>) warm (T ~ 100-300 K) neutral ISM
and are among the brightest cooling lines in star-forming galax-
ies. The [N1I] 122 and 205 um and [O1I1] 52 and 88 um lines
are tracers of ionized gas. Together, they can be used as diag-
nostics of the far-UV (FUV) flux, gas density, temperature, and
filling factor of the photodissociation regions (PDR) and ion-
ized regions (e.g., Tielens & Hollenbach 1985; Wolfire et al.
1990; Kaufman et al. 2006). In combination with MIR features
([St] 18.71 and 33.48 um, [Ne 1] 15.56 um, [Ne v] 14.32 um,
[Si1r] 34.82 um, H,, polycyclic aromatic hydrocarbons or PAHs,
etc.), they provide a comprehensive view on conditions and ex-
citation processes in star-forming regions.

The [C11] 157 um line has been studied in a variety of
objects, such as Galactic PDRs (e.g., Bennett et al. 1994; Pineda
et al. 2013), normal spiral galaxies (Stacey et al. 1991; Malhotra
et al. 1997; Negishi et al. 2001; Brauher et al. 2008), low-
metallicity galaxies (Poglitsch et al. 1995; Madden et al. 1997;
Hunter et al. 2001; Israel & Maloney 2011; Cigan et al. 2015),
ultra-luminous IR galaxies (ULIRG, Luhman et al. 1998; Farrah
et al. 2013), and high-redshift galaxies (Maiolino et al. 2009;
Stacey et al. 2010; Hailey-Dunsheath et al. 2010; Swinbank
et al. 2012; De Breuck et al. 2014). From those studies (see
Genzel & Cesarsky 2000, for a review), the [C1I] line emerges
as the brightest cooling line of the ISM in star-forming galaxies
and as a good tracer of the star formation activity, accounting
for ~0.1-1% of the FIR luminosity (e.g., Stacey et al. 2010;
Pierini et al. 2003; Boselli et al. 2002; De Looze et al. 2011,
2014a; Sargsyan et al. 2014). A deficit in the FIR line intensities
is, however, found in luminous IR galaxies (e.g., Luhman
et al. 2003; Graciad-Carpio et al. 2011; Croxall et al. 2012;
Diaz-Santos et al. 2013). The origin of the [C1I] line has been
debated in extragalactic studies as it can arise from molecular,
neutral atomic, and ionized gas phases. Characterizing unam-
biguously the ISM conditions thus requires the use of additional
FIR cooling lines (such as [N1I] or [OT1]). In dwarf galaxies,
the FIR lines were only detected by the KAO and ISO LWS
in bright or Local Group dwarf galaxies (e.g., Poglitsch et al.
1995; Israel et al. 1996; Madden et al. 1997; Hunter et al.
2001). These studies found that the FIR lines are exceptionally
bright compared to the dust emission. The brightness of the
FIR lines contrasts with the faint CO emission, resulting
in high [C1]-to-CO(1-0) ratios in low-metallicity galaxies
(Madden 2000; Cormier et al. 2014; Madden et al., in prep.).
While CO suffers from photodissociation, large amounts of
H, can potentially be present in low-metallicity PDRs owing
to self-shielding. This H, gas not traced by CO is known
as the CO-dark gas (e.g., Wolfire et al. 2010). Interpreting
the FIR observations in terms of excitation led to the first
evidence of such a reservoir of dark gas, not seen by CO but by

C* (Poglitsch et al. 1995; Israel et al. 1996; Madden et al. 1997).

This demonstrates the potential of the FIR lines as calibrators
of the dark gas at low metallicity and star formation tracers
(De Looze et al. 2014a) that could be used for high-redshift
studies.
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The advent of the Herschel Space Observatory (Pilbratt
et al. 2010) has provided a unique opportunity to study the
dust and gas properties in larger samples of chemically un-
evolved systems. The Herschel guaranteed time key program
“The Dwarf Galaxy Survey” (DGS; Madden et al. 2013) is
a 230 hours project which observed 50 dwarf galaxies with the
PACS (Poglitsch et al. 2010) and SPIRE (Griffin et al. 2010) in-
struments. Details about the program are presented in Madden
et al. (2013), which also contains a list of the dwarf galaxies
and their general properties. We summarize the main character-
istics here. The galaxies of the sample have metallicities rang-
ing from ~1/40Z; (I1Zw 18) to near solar (He2-10), and star
formation rates ranging from ~5x107* M yr~! (UGC 4483),
to ~25 Mg, yr~' (Haro 11). They have different shapes (irregu-
lars, spirals, etc.), and all of them are nearby galaxies, no fur-
ther than 200 Mpc. The PACS (70, 100, and 160 ym) and SPIRE
(250, 350, and 500 pum) photometry probe the dust emission in
the FIR/submillimeter (submm). These data are essential to con-
strain spectral energy distribution (SED) models and investigate
the dust properties. The photometry of the DGS is presented in
Rémy-Ruyer et al. (2013) and has revealed, among other results,
the presence of warmer dust than in metal-rich galaxies, the pres-
ence of an excess emission in the submm in several dwarf galax-
ies, and lower dust-to-gas mass ratios than expected at the lowest
metallicities (Rémy-Ruyer et al. 2014). The PACS (55-210 um)
and SPIRE (195-670 um) spectrometers give access to the FIR
fine-structure cooling lines, the CO ladder, from J = 4-3 to
J = 13-12, and fainter lines of other molecules such as H,O,
HCN, OH?*, etc. By probing different ISM phases, they pro-
vide information on the filling factors and physical conditions
of these phases, as well as on the ISM morphology. The dust and
gas observations together reveal a coherent multiphase picture
of the ISM.

In this paper, we present the observations and results of the
FIR lines obtained with the PACS instrument onboard Herschel
in 48 galaxies of the DGS. Section 2 describes the data reduction
and flux extraction. The observations are interpreted empirically
with correlation diagrams and compared to the ISO-LWS work
of Brauher et al. (2008) on mostly solar metallicity objects in
Sect. 3. The data are further analyzed with H1I region/PDR mod-
els in Sect. 4 to contrast the physical conditions characteristic of
the ISM of dwarf galaxies to those of more metal-rich galax-
ies. We discuss our results in terms of ISM properties and fill-
ing factors of the ionized and neutral phases in Sect. 5. More
specific modeling of the PDR conditions in the dwarf galax-
ies will be performed in a subsequent paper that we refer to as
Paper II.

2. Data
2.1. Herschel/PACS spectroscopy
2.1.1. Observing details

The PACS spectrometer observed 48 galaxies as part of the
DGS and SHINING programs, in a total time of 152.7 h. Only
the two, faint galaxies Tol 0618-402 and UGCA 20, which are
part of the DGS sample (50 galaxies), were dropped from the
PACS spectroscopy program because of time constraints. The
PACS array consists or 5x5 spatial pixels (or spaxels) cover-
ing a total field of view of 47” x 47”. The beam size is ~9”
and 12” and the spectral resolution 90kms~' and 240 kms~!
at 60 yum and 160 um, respectively (Poglitsch et al. 2010). We
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Table 1. Characteristics of the PACS FIR fine-structure cooling lines.

Species A Transition IP  AE/k¢ Aerit
[pm] [eV] (K] [em™]

[C1x] 157.7 2P3/2—2P1/2 11.3 91 50° ,2.8% 10°
INm] 1219 3P,—%P, 145 188 310
[N 2052  °P,=*P, 145 70 48

[N 111] 57.3 3P3/2—3P1/2 29.6 251 3.0x10°
[OT1] 63.2 3p, %P, - 228 47 %10
[OT1] 145.5 3Py—3P; - 327 9.5 x 10*
[om 884 °P,-P, 351 163 510

Notes. Values taken from Madden et al. (2013). The IP for [O1I]
is 13.62 eV. @ Excitation temperature AE/k required to populate the
transition level from the ground state. ® Critical density for collisions
with electrons.

obtained pointed observations for the most compact objects,
small mappings for more extended galaxies, and partial map-
pings of specific star-forming regions for the most extended
galaxies (dps > 6 typically), such as the Magellanic Clouds.
We define an extended source sample for the galaxies partially
mapped or for which the size of the maps do not match for all
observed lines. This sample comprises 4 Local Group galaxies,
IC 10, NGC 6822, LMC (8 regions targeted), and SMC, and the
nearby galaxy NGC 4449. The other 43 galaxies of the DGS are
classified as compact (see also Sect. 2.1.7).

The dwarf galaxies were observed between November 2009
and August 2012. 46 sources were done in chop-nod mode
and 6 sources in unchopped mode. The number of targeted
spectral line varies from just [CII] 157 pm, in the faintest
cases, up to 7 lines, [C1I] 157 um, [O10] 88 um, [O1] 63 um,
[O1] 145 um, [N1I] 57 pym, [N11] 122 pum, and [N1I] 205 um,
in the brightest galaxies. We provide details on the observations,
such as OBSIDs, map sizes, lines observed, etc. in Appendix A.

2.1.2. Properties of the FIR lines

General characteristics of the FIR fine-structure cooling lines ob-
served with PACS are given in Table 1.

[Ci] 157 um: The [C1I] line is one of the most important
coolants of the ISM, as carbon is the fourth most abundant el-
ement. [C11] is excited by collisions with e~, hydrogen atoms,
or molecules. The ionization potential of Co being 11.26 eV, be-
low that of hydrogen, C* can be found outside of HII regions,
in the neutral phase. It requires only 91.3 K to be excited hence
it can cool any warm neutral phase. Thus C* can originate from
diffuse ionized gas as well as diffuse neutral gas or the surface
layers of PDRs (up to Ay ~5mag). The relative contribution of
each medium to its observed intensity is a function of density
and ionization degree (e.g., Kaufman et al. 2006).

[N1] 122 um and [N1] 205 pum: [N1I] is only found in
the ionized gas. The critical densities with e~ are 310cm™
and 50 cm™3 for [N 1] 122 um and [N1I] 205 pum, respectively.
Being in the same ionization stage, their ratio is a good electron
density tracer of the low-density diffuse ionized gas. Because
[CII] can be found in the low-density ionized gas, part of
its emission can correlate with the [NII] emission. Hence the
[N11] lines can, in principle, be used to disentangle the fraction
of [C11] from the ionized gas to that from the PDR alone (Oberst
et al. 2006).

[N 1] 57 um: The [N 1] 57 ym emission only arises in ion-
ized gas and is usually associated with HII regions. Being at

two different ionization stages, the ratio of [N III]s7/[N II] 2, is a
measure of the effective temperature of the ionizing stars (Rubin
et al. 1994).

[01] 63 um and [O1] 145 um: O° has an ionization poten-
tial of 13.62 ¢V, just above that of hydrogen. The first two fine-
structure transitions require excitation energies of 228 and 325 K
above the ground state, corresponding to the [OI] 63 um
and 145 pum lines. [O1] is only found in neutral gas and usually
arises from warm, dense regions. Along with [C1I], [O1] 63 um
is one of the brightest PDR cooling lines (e.g., Bernard-Salas
et al. 2012). [OT1] can also exist deeper in the PDR than [CII]
since the formation of CO occurs at larger Ay (~10 mag) than
the transition of C* into C° (~3 mag). The ratio of the two [O1]
lines is an indicator of the gas temperature for temperatures in
the vicinity of 300 K. It is a density tracer for high temperatures
and high densities. The [O 1] emission can be affected by optical
depth effects (self-absorption, optical thickness), particularly for
the lower level transition at 63 um (Liseau et al. 2006). In the
optically thin limit, the [OT] 63 um, just above the ground state,
is brighter than the 145 ym line.

[O 1] 88 pum: The [O11I] 88 um line is only found in the
ionized gas, and because it requires energetic photons (35 eV), it
is commonly accepted that it comes from H II regions rather than
inter-clump diffuse media where radiation fields are expected to
be softer. The [O TIT] transition at 52 um (*P,—3P;) is at the edge
of the PACS wavelength coverage and was not observed in our
survey.

2.1.3. Data reduction

The data were downloaded from the Herschel Science Archive
and reduced with the Herschel interactive processing environ-
ment (HIPE, Ott 2010) user release 12 and the PACS cali-
bration tree v65. We reprocessed the observations from the
raw data (level 0) to spectral data cubes (level 2) using the
standard pipeline scripts available within HIPE. We opted for
the telescope background normalization calibration method for
all chop-nod observations, except for the [N II],05 observations
which were processed with the de-leaked RSRF provided in
HIPE'. In the first part of the pipeline (level 0 to level 0.5),
the astrometry and information from the instrument are read.
Masks for bad and noisy pixels, and for when the chopper and
grating are moving are also applied. From level 0.5 to level 1,
glitches are flagged, and the calibration is applied. In the chop-
nod case, signal from the chopper position is subtracted. From
level 1 to level 2, a spectral flat-field correction is applied, and
outlier data points are masked by a sigma-clipping. The flat-field
scaling is both multiplicative and additive for chop-nod obser-
vations, and additive only for unchopped observations. In the
unchopped case, a transient correction and background subtrac-
tion are also executed. For the transient correction, we applied
a multi-resolution method as described in Lebouteiller et al.
(2012). For the background subtraction, we used a procedure
that smoothes and averages the OFF-spectra taken before and af-
ter an ON-spectrum in time (when several OFF-frames are avail-
able), and then subtracts it from the ON-frame.

2.1.4. Spectral maps

The data are saved as spectral cubes before they are rebinned and
projected onto a final spatial grid in the pipeline script. Once
the spectral cubes (one cube per raster position) are exported

! More information available in the PACS Observer’s Manual (v.2.5.1).
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from HIPE, we used the software PACSMAN version 3.57 for
the analysis (Lebouteiller et al. 2012).

The first step is to fit the spectral lines and measure the line
flux in all the spatial positions. A polynomial curve of order 1
or 2 is first fit to the continuum, and then a simultaneous fit
to the continuum and line is performed with the IDL procedure
mpfitfun (Markwardt 2009). The line profile is assumed to be
Gaussian, although skewed profiles can be seen if the observed
object is a point-source not centered on the array. Only UM 448
shows clear asymmetric and wider profiles in several spaxels,
but since we have made mini-maps for this galaxy, the better
centered spaxels are well-enough fitted by a Gaussian profile,
and we can reliably recover the total flux of this galaxy. By de-
fault, the continuum is defined as the part of the spectrum within
2—6 FWHM of the line center. The width of the Gaussian is
taken as the instrumental width, plus a broadening when neces-
sary. The PACS line profiles are sometimes found larger than the
instrumental profile, necessitating broadened line fits. We report
on the broadening parameters of the FIR lines in Appendix E.

To estimate the uncertainty on the fit parameters, we use a
Monte Carlo approach. We randomly perturb the data within
their error bars, fit the line, iterate the process 100 times, and take
as final fit parameters the median of the resulting values, and as
error on those parameters the standard deviation. An additional
15% absolute flux calibration uncertainty is to be considered’.

For the irregular galaxy IC 10, the [CII] spectra are con-
taminated by emission from the Milky Way. This emission
appears at +320 km s~ relative to IC 10, with a peak of ~1.8 Jy,
and is fairly uniform across our [CII] map. The separation
between the two emission peaks is large enough to clearly
identify the respective contributions. Thus to extract the
flux only from IC 10, we fit simultaneously two Gaussians.
We also note that OFF-spectra are not available for several
observations in LMC-30 Doradus (OBSIDs 1342231280,

1342231282, 1342231283, 1342231285), LMC-N11B
(OBSIDS 1342188940, 1342188941), and NGC4449
(OBSIDs 1342197813, 1342197814), resulting in varia-

tions across wavelength of a few Jy typically in the baselines
of the ON-spectra. For NGC 4449 and LMC-N11 B, we model
those variations with a sinusoidal component of low frequency
to improve the baseline fit. For LMC-30 Dor, no sinusoid is
required as those variations are not significant compared to the
line strength and thus do not affect our line fits.

Once flux values are calculated for each spatial position, the
data are projected on a new grid of sub-pixel resolution of 3.1”
(roughly 3 times oversampled) with a drizzling scheme. When
more than one spaxel falls on the same sub-pixel, a fraction of
the flux from the corresponding spaxel of each raster is consid-
ered, and the uncertainties are combined quadratically. The final
flux maps, with spectra and line fits are shown for each galaxy
in Appendix B.

2.1.5. Flux extraction

We have explored several methods to extract accurate line fluxes.
For compact objects, we consider 4 methods to measure the total
line flux, as it depends on how well-centered the source is on the
PACS array and on the spatial extent of the source:

— central: we apply a point-source correction only to the cen-
tral (or brightest) spaxel. This method works only if the
source is well centered on the spaxel.

— psf: we fit a point spread function (PSF) to the array.
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Fig. 1. For each PACS spectral line, the number of sources observed and
detected (hashed) in the Herschel Dwarf Galaxy Survey.

— 3 x 3: we combine the inner 3 X 3 spaxels before fitting the
line and apply a 3 x 3 point-source correction.

— 5 5: we combine the 5 X 5 spaxels of the PACS array before
fitting the line and apply a 5 X 5 point-source correction.
For final flux, we select the method that gives the highest
response with a good signal-to-noise ratio (S/N).

In the case of extended or elongated objects we simply perform
an aperture extraction with sky subtraction when possible or con-
sider the total flux in the area mapped. The errors are added
quadratically from the error maps and multiplied by a factor
of V9 to account for the number of sub-pixels per independent
beam. We consider a spectral line detected if the S/N is >3, and
upper limits are given as the 30 level, from the method used for
the detected lines or from the central method otherwise. Table 4
lists line fluxes as well as the method used for the flux extraction
(aperture size when applicable). To summarize, these values are
the most reliable measurements of the total line fluxes for the
DGS galaxies. For the extended sample, we report peak surface
brightnesses instead of total fluxes.

2.1.6. Summary of detections

The [C11];s57 line was targeted in all objects, along with the
[O111]gg and [OT]e; lines for almost all objects (~85%). For the
brightest galaxies (30%), the [O1]j45 and [N1I]j, lines were
also observed, and in a very few cases (7%) the [N1I],05 and
[N111]57 lines as well. Figure 1 shows a histogram of how many
galaxies were observed and detected (>30 level) in each spectral
line. The [C11];s7, [O 1IT]ss, and [O I]g3 lines are the brightest, de-
tected in more than 90% of the cases, and on average are at least
10 times brighter than the other lines. The [N 1] 205 ym line has
only been attempted a few times but not detected as it is located
at the edge of the spectral band, suffering from leakage.

2.1.7. Additional sources of uncertainty

In addition to the measurement errors and uncertainties from the
PACS calibration, there are other sources of uncertainty to con-
sider when interpreting the data. We discuss two main factors.

Inhomogeneous line mapping: Although we have measured
the total flux within each line map, the spatial coverages of those
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maps, in a given galaxy, may not match exactly. To estimate
whether the total line fluxes can be directly compared with each
other, we consider the 100 um PACS photometry maps as a ref-
erence for the distribution of the FIR emission. For each spectral
line, we measure the fraction of the 100 um emission seen inside
the map coverage. We find that this fraction does not vary by
more than 15% for all galaxies, except for NGC 1140 for which
we consider a correction factor of 20% because the [CII],57 map
covers a larger area than the other lines. Hence we can confi-
dently use the total fluxes reported in Table 4 to analyze line
ratios.

Incomplete mapping with PACS: For 11 galaxies of the com-
pact sample, the [C1I];s7 line is detected at a >50 level at the
edges of the PACS map. The [C11];57 emission is extended but
not fully mapped, hence we may be missing signal when re-
porting total fluxes. We coarsely estimate the flux loss by mea-
suring the dust emission from the PACS 100 ym maps inside
and outside of the area covered by the [C 11];57 maps. This way,
we find a missing flux fraction of 15% for Mrk 153, Mrk 1089,
Mrk 930, NGC 1569, and of 55%, 35%, 35%, 20%, and 60%
for NGC 2366, NGC 4214, NGC 4861, NGC 625, and UM 311,
respectively, and a fraction that we consider negligible (lower
than 15%) for the other galaxies. Table 4 reports the uncorrected
fluxes, and the correction factor to apply if one wants to compare
the line fluxes to integrated quantities.

2.1.8. Comparison with ISO

Three galaxies of the DGS (Haro 11, NGC 1569, and NGC 625)
were detected by ISO and reported as compact in Brauher
et al. (2008). The LWS and PACS fluxes in Haro 11 agree
within 20-40%, the [O1]g; and [OT1il]gg fluxes in NGC 1569
agree within 10%, while the [C11];5; fluxes are found higher
with PACS by a factor of 2 and 3 in NGC 625 and NGC 1569,
respectively. In those galaxies (especially NGC 1569), the PACS
maps show clear extended structure, beyond the LWS beam.
Since they were considered as point-sources in the LWS flux ex-
traction and the LWS beam profile is more peaked at 160 um
than at the shorter wavelengths, this may explain why the
[C11];s7 fluxes recovered by PACS are higher. Given that mini
maps were performed with PACS for those three galaxies, we
are confident that we have better recovered their total fluxes.
More generally, no systematic differences between the LWS
and PACS fluxes have been established by the PACS instrument
team. Therefore in Sect. 3, we compare our PACS data with the
LWS data of other galaxies as they are reported in the literature
(without correction factors).

2.2. Ancillary data
2.2.1. Spitzer IRS spectroscopy

For the modeling carried out in Sect. 4, we compiled mid-IR line
fluxes for the compact sources of the DGS, measured both with
the low-resolution modules (R ~ 60—127) and with the high-
resolution modules (R ~ 600) of the IRS instrument (Houck
et al. 2004). The line fits were performed assuming a Gaussian
profile and constraining the line width to be the instrumental
broadening since there is no evidence of lines being resolved.
The IRS line fluxes are provided in Appendix C. We provide in
the following some details on the spectral extraction.

The low-resolution data were retrieved from the CASSIS
spectral database v6 (Lebouteiller et al. 2011). For point-
sources, we used the optimal extraction spectra, which provide
the best S/N. For compact sources, we used the tapered column

extraction, in which the flux is integrated within a spatial win-
dow whose width scales with the source extent and with wave-
length. While scaling the width to account for all the emission
along the long (cross-dispersion) axis allows a better flux cal-
ibration for extended sources, it does not correct for the emis-
sion outside the slit along the short (dispersion) axis. For this
reason, we have applied a custom flux calibration correction
in which we have assumed that sources can be modeled as
2D Gaussians with cropped wings (representing the source func-
tion) convolved with the instrument PSF. The fraction of light
falling outside the slit is then calculated for all wavelengths and
for any source extent.

High resolution spectra were extracted with two methods
used by the CASSIS high-resolution pipeline (Lebouteiller et al.,
in prep.). For point-like sources we used an optimal extrac-
tion similar to the low-resolution algorithm while for extended
sources we used a full aperture extraction (integrating the flux
falling inside the aperture). For the full-aperture extraction, we
decided to use a point-source calibration because in all cases
the source is dominated by emission that is not uniform across
the slit and that is instead characterized either by a PSF profile
or by a broad Gaussian-like profile. The full aperture extraction
ensures that all the light entering the aperture is accounted for.
While we should in principle also correct for the emission out-
side the aperture, like for the low-resolution data, the custom flux
calibration for the high-resolution spectra of partially-extended
sources is not available yet. We chose therefore a correction fac-
tor similar to what is used for point-sources in the lack of a better
estimate.

Fluxes measured in the low- or high-resolution spectra can
differ. While the high-resolution allows in general a more reli-
able determination of the line fluxes, the low-resolution mod-
ule slits are better adapted for extended sources. More light
enters the low-resolution long slits (SL, LL) than the high-
resolution apertures (SH, LH), so when using a point-like source
calibration, the high-resolution line fluxes will be smaller than
the low-resolution line fluxes. The more extended the source
is, the larger this effect. Since the size ratio SH/SL (0.24)
is larger than LH/LL (0.14), the effect is also larger for the
long-wavelength modules. In Sect. 4, we use line ratios from
high-resolution data when available and from low-resolution
data otherwise. Line ratios of [S1V] 10.5 pum/[StI] 18.7 um,
[Netm] 15.6 um/[Netr] 12.8 um, and [S1] 18.7 pm/[STI]
33.5 um agree within ~30% between the low-resolution and
high-resolution data.

2.2.2. Photometry and reference sample data

In this paper, the dwarf galaxy sample is primarily compared
to the ISO LWS extragalactic sample of FIR fine-structure lines
from Brauher et al. (2008, hereafter BOS), which is one of the
most complete in the literature. The BO8 sample contains a larger
variety of galaxies than the DGS, with normal star-forming
galaxies, starbursts, and active galactic nuclei (AGN). We only
use their data for unresolved sources, and with clear detections
(>30). The DGS sample extends the analysis of Brauher et al.
(2008) to lower metallicities and less luminous galaxies, as the
BO8 sample is mostly composed of bright objects. Additionally,
we contrast our objects with the ULIRG samples of the Herschel
SHINING (Gracid-Carpio et al. 2011) and HERUS (Farrah et al.
2013) surveys.

We study the behavior of the FIR cooling lines of the dwarf
galaxies as a function of four important parameters: metallicity,
F60/F100, L1r, and Ltr/Lg. The broadband ratio of IRAS flux
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densities at 60 um and 100 pum, denoted F60/F100, probes
the peak of the SED (which is often at wavelengths shorter
than 70 um in our dwarf galaxies; Rémy-Ruyer et al. 2013), and
thus the dust temperature. Lrg is the total infrared luminosity,
measured from 3 to 1100 um. It reflects a large part of a galaxy’s
energy budget and is an indirect probe of the star formation ac-
tivity. Lyr is commonly used as the proxy for the gas heating
(e.g., Rubin et al. 2009) since Lyr includes all contributions
from the dust emission, and in particular the small grains and
PAHs which are the main agents of the gas photoelectric heat-
ing. The ratio of the [C1I] and [OT] lines to Lrr is a measure of
the photoelectric efficiency, which we discuss in more detail in
Sect. 5.2. Finally, Lg is the blue band luminosity, corrected for
Galactic extinction using the Schlegel et al. (1998) values pro-
vided by the NASA/IPAC Infrared Science Archive but not for
internal dust attenuation, and converted from the magnitudes re-
ported in Madden et al. (2013). Lyr/Lg relates the stellar light
processed by dust to that escaping, i.e. the mean extinction to-
wards the star-forming region. The mean extinction is sensitive
to the compactness of the cold surrounding medium and thus to
the covering factor of PDRs. We note that we opt for the B-band
luminosity rather than FUV in order to have a sufficient number
of galaxies with reliable data.

For the normal galaxies (BO8, SHINING, and HERUS sam-
ples), the IRAS photometry is used to compute F60/F100 and
to calculate Ltg using the Dale & Helou (2002) formula. For
the compact sample of the DGS, we consider SED integrated
values from Rémy-Ruyer et al. (in prep.) for Lyjg and observed
IRAS fluxes from Engelbracht et al. (2008) for F60/F100 (when
available). For the galaxies undetected or not observed by IRAS,
we create synthetic IRAS fluxes based on the Herschel photom-
etry and SED modeling of those galaxies, by convolving the
SED models with the IRAS response curves. For the extended
sample, we create Lyg and synthetic IRAS maps based on the
model of Galliano et al. (2011) that we convolve to the largest
beam (12", corresponding to the PACS 160 ym beam size). For
the comparison to the spectral lines, we integrate those quantities
over the same area mapped for each PACS line.

Although less sensitive, IRAS being an all-sky survey, we
prefer to use the IRAS photometry for our analysis with FIR col-
ors rather than the Herschel photometry to ease the com-
parison with the literature. We list the IRAS and Herschel/
PACS band ratios and Ltr in Appendix D. We find median ra-
tios of IRAS60/PACS70 = 0.86 and IRAS100/PACS100 = 1.05.
Because the method used to derive Lrg for the BOS galaxies
and for the dwarf galaxies is not the same (IRAS formula ver-
sus SED modeling), we assess its influence by comparing the
results for those galaxies where we can apply both methods (i.e.
the dwarf galaxy sample). We find that the difference in the re-
sulting Lty is small, with a median difference of 15%.

3. Observed ISM properties

In this section, we present and analyze the correlations between
several FIR tracers to identify observational trends in the sam-
ple, and link them to general parameters (e.g., metallicity, dust
temperature). We focus our analysis on the integrated emis-
sion of galaxies. To quantify possible correlations, we com-
pute the Spearman’s rank correlation with the IDL procedure
r_correlate only for the compact sample, when it contains
more than 8§ data pairs. We identify correlations at a significance
level of 5%. The interpretation of identified trends is supported
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by radiative transfer modeling of the photoionized and PDR gas
in Sect. 4.

3.1. Luminosity of the FIR lines

The [Om1] 88 um line is found to be very bright in the
DGS galaxies and is the brightest line in most cases. This
is true, locally in extended sources where the peaks of emis-
sion are ~10 times brighter than the [CII] 157 yum line (e.g.,
LMC-30Dor), and even on galaxy-wide scales. This is surpris-
ing, at first, as it requires 35eV photons to create a O ion
while the PDR lines are more easily excited. Bright [O 1] is
likely related to the starbursting nature of the dwarfs, which host
stars with higher effective temperatures than normal galaxies,
as observed by Hunter et al. (2001). The [C11];57 line is the
second brightest FIR line and [O1]¢; is the third brightest line.
[O1]63 usually dominates the cooling in resolved PDRs (e.g., the
Orion Bar, Bernard-Salas et al. 2012), and we find that it is of-
ten brighter than [C1I];5s7 on peaks of emission within extended
sources (e.g., SMC-N 66), but fainter than [C1I];57 on galaxy-
wide scales.

We compare the FIR line luminosities with Lrg in Fig. 2.
The emission from the FIR lines is strongly correlated with
Ltr (p = 0.97 in the dwarfs), a result expected since all those
quantities scale with the size, i.e. luminosity, of the galaxy.
Those correlations being tight further indicates that the bulk of
the FIR emission is related to star formation. Calibrating the
FIR lines as star formation rate tracers is done in De Looze et al.
(2014a). The dwarfs extend the relation observed, at high lu-
minosities with the ULIRGs from HERUS and SHINING and
moderate luminosities with the BO8 galaxies, to much lower
luminosities, thanks to the sensitivity of Herschel. The disper-
sion is smaller in the star-forming galaxies than in the ULIRGs,
which are known to present a line deficit, especially visible in
the HERUS ionic line fluxes (Gracid-Carpio et al. 2011; Farrah
et al. 2013). What is striking in the figure is the offset (~1 dex)
between the dwarf galaxies and the ULIRGs from HERUS and
SHINING regarding their [O1IT]gg emission. The BO8 galaxies
fill the gap between the two samples. Moreover, we notice an
offset of the DGS sample relative to the BO8 sample, with fainter
[N 11], emission in the dwarfs.

3.2. Effects of metallicity

We correlate the FIR measurements with metallicity in Fig. 3. As
expected from the metallicity-luminosity relationship, the lumi-
nosity of the FIR lines increases with metallicity (o ~ 0.65), with
large scatter (dispersion ~0.8 dex). For reference, we measure
the following slope: L(line) « (12 + log O/ H)2. No clear trends
are observed between the FIR line ratios or line-to-Ltr ratios
and metallicity, except a slight decrease of [O1]g;/Ltir (0 =
—0.5) and [Om1lgs/[C1n];s57 (0 =~ —0.4) with increasing metal-
licity. No trend is detected if we include the regions of the LMC
(orange stars). The [OI]g3/[C11];57 ratio is also found higher on
average at lower metallicity (cf. I1Zw 18, SBS 0335-052), but
the scatter is important. To first order, variations in metal abun-
dances (caused for example by delayed injection of carbon in the
gas phase compared to oxygen) are not responsible for the trends
with [OT]g; as they would affect the other lines, and in particu-
lar the [O1],45/[C 11];57 ratio, similarly. Optical depths effects on
the [OT]g3 line (see Sect. 2.1.2) could reduce the amount of ob-
served [O1]g3 emission and account for the trends observed with
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Fig.2. PACS line fluxes versus Lrr. The DGS galaxies are represented by filled circles (compact sample) color-coded by metallicity. The red
asterisks are the galaxies from Brauher et al. (2008) and the blue asterisks are the low-metallicity sources originally published by Hunter et al.
(2001). The orange rectangles are the HERUS data from Farrah et al. (2013) and the red rectangles are the SHINING data from Gracid-Carpio
et al. (2011). Spearman correlation coefficients applied to the DGS compact sample are indicated in the top left corner (when found above the

chosen significance level and with more than 8 data points).

[O1]63 but not with [O1],45. However, they should also translate
into a decrease of [O1]e3/[CII] 57 with Ltr, which we do not
observe, and we do not have enough observations of the [O1];45
line at the lower metallicities to quantify those effects. Therefore,
the weak trends that we observe with metallicity are likely due
to a change of cloud conditions, i.e. increased [OI]g3 emis-
sion in denser/warmer clumps at lower metallicities (where cos-
mic rays or soft X-rays may become important heating sources;
e.g., Péquignot 2008). This also agrees with the fact that the
[O1]63/[C11];57 and [O1]e3/Lyr ratios are higher in the extended
galaxies, particularly in the Magellanic Clouds observations that
provide a zoomed in view on the star-forming regions and for
which [O1]g; is the main coolant of the dense PDR. We further
test those hypotheses with radiative transfer models in Paper II.
Overall, this indicates that metallicity is not the only regulator of
the FIR line emission.

3.3. PACS line ratios

We compare the PACS line ratios with FIR color, Ly, and
Lrir/Lg for the DGS and BOS8 samples (Fig. 4). Median, min-
imum, and maximum values of the PACS line ratios are sum-
marized in Table 2. We indicate values for the complete sample
(compact and extended objects), compact sample alone, and for
the BO8 dataset. Overall, the data clearly indicate large real vari-
ations in the line ratios as well as systematic offsets in the ion-
ized gas tracers. Our dwarf galaxies show weak trends within the
sample, but behave differently than the more metal-rich galaxies
as a group (not with respect to metallicity/abundances).

3.3.1. [Olii]gg/[N 1]122

[O1]gg and [N1I]j5, are both tracers of the ionized gas, with
similar critical densities (~300—500 cm~3), but different ioniza-
tion potentials (35.5 and 14.5 eV, respectively). It is remarkable
how the dwarf galaxies occupy a completely different param-
eter space in [OIIT]gg/[N IT];2> than the more metal-rich galax-
ies of the BOS sample. The [OII]gg/[N 1], ratio is observed
to be high in the dwarfs, with a median value of 86, which
is ~30 times higher than in BO8. Our preferred interpretation
for this high ratio is the presence of harder radiation fields in the
dwarfs. This is supported by the fact that for those dwarf galax-
ies where we have observed [NIII], the line is also enhanced
compared to [N1I]. Secondly, the harder radiation fields natu-
rally lead to warmer FIR color (high F60/F100), as is observed.
[O11]gg/[N 11]12; is also sensitive to variations in the N/O abun-
dance ratio, which could be low at low metallicities. However,
we find no trend of this ratio with metallicity (although [N1I];2,
was not observed in the lowest metallicity galaxies).

We do not find any statistically significant trend within the
ensemble of dwarf galaxies between [O1II]gg/[NII]12, and the
parameters considered. With higher F60/F100 and lower Lt on
average, the dwarfs do not invalidate the weak trends observed in
Brauher et al. (2008), of [O111]/[N I1] increasing with FIR color
(Fig. 4a) and decreasing with Lyg and Ltr/Lg. The fact that the
[O1r]gg and [N 1], trends with FIR color are weak may indi-
cate a combined effect of harder radiation fields and lower densi-
ties, with a contribution of low-density (high and low-excitation)
ionized gas to these lines, in addition to the compact H I1 regions.
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Fig. 3. PACS line fluxes, ratios, and line-to-Lrr ratios as a function of metallicity. The DGS galaxies are represented by filled circles (compact
sample) and stars (extended sample), color-coded by metallicity. Spearman correlation coefficients applied to the DGS compact sample are indi-
cated in the top left corner (when found above the chosen significance level and with more than 8 data points). The large red rectangles show the
range of values covered by the Brauher et al. (2008) sample, at metallicity around solar.

3.3.2. [Nl]57/[N 1122

The [N111] 57 pum line was observed in only four DGS sources
(Haro 11, Haro 3, He 2—-10, and LMC-N11B), and three of them
have both [N1II] and [N 11],5, detections. The [N 1I1]57/[N I1] 2,
ratios are high, with an average value of 8.1, which is 4 times
higher than in BO8 (Table 2). This ratio is not sensitive to
variations in elemental abundances and an indicator of the
effective stellar temperature (Rubin et al. 1994), as it re-
quires 14.5eV to create N*, and 29.6eV to create N**. Thus
higher [N1II]s7/[N 1I];2, ratios show the presence of harder ra-
diation fields and are expected in dwarfs compared to normal
galaxies.

The [N 111]s7/[O TIT]gg ratio is on average 6 times lower in the
DGS than in B08. This ratio is sensitive to ionization degree,
N/O abundance ratio, and density in the range 10°—10* cm™3
(see Table 1). Considering the high [N 111]57/[N 1T] 12, values, the
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data again suggest a high filling factor of low-density high-
excitation material in dwarf galaxies.

3.3.3. [O1]63/[C 1]157

[O1]¢; and [C1I]y57 both trace the neutral ISM, and the ratio
of [O1]¢3/[Cn];s7 in the DGS galaxies falls in the range ob-
served by B08, with a median value of 0.6. [OT]e3/[C I1];57 is not
correlated with Ltr, but we see an increase of [O1]g3/[C1I];57
with FIR color (p = 0.68), and a weak correlation with Ltr/Lg
(o = 0.36) for the dwarfs (Figs. 4b, d). Theoretical PDR studies
have demonstrated that the [O1]¢3/[C1I];57 ratio increases with
density and radiation field strength (Kaufman et al. 2006), as the
critical density and excitation energy of [OTI]g; are higher than
for [C1n], and therefore higher ratios are expected in compact
star-forming regions (e.g., SBS 0335-052), which have higher
F60/F100 and Ltr/Lg (Malhotra et al. 2001).
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Table 2. PACS line and line-to-Lyg median ratios of the DGS galaxies.

Full DGS sample

Compact sample®

B08 sample

PACS line ratio

[O1le3/[C1alys7 vvveeeeaee. 0. 593 Z; (0.15 dex) 0.65 (0.20 dex) 0.72 (0.25 dex)
[Om]gg/[CTM]157 «vvvvvennnnnnn 2. 00(])352 (0.34 dex) 1.79 (0.34 dex) 0.54 (0.45 dex)
[O1]145/[O1g3 v vvvvvenenannnn.. 0.074% (I)Zl (0.06 dex) 0.074 (0.05 dex) 0.063 (0.25 dex)
[Om]gg/[OT]63 wvvvvveennnnnn. 2. 96(1)193 (0.24 dex) 2.66 (0.22 dex) 0.74 (0.25 dex)
[Om]gg/[NT] 122 vvvvevveannn. 86. 34227 (0.23 dex) 61.5 (0.22 dex) 3.27 (0.37 dex)
[N s7/INU 22 <o eoononennns 8.062% (0.13 dex) 8.06 () 1.91 (0.57 dex)
[NUJo/[C sy« 0.02500% (023dex)  0.022 (027dex)  0.12 (021 dex)
[NIs;/[OMgg ... 01792 (0.52dex)  0.17 (0.37dex)  1.08 (0.4 dex)
[NIpos/INI] 122 v, <1 — —
Line-to-Lrg ratio [in %]

[Chlis7/LriR «ovvveeeeeeaannn 0. 258 83 (0.24 dex) 0.25 (0.22 dex) 0.13 (0.33 dex)
[OTl63/LTIR v vveveeneeennnnn. 0. 178 Sg (0.14 dex) 0.17 (0.14 dex) 0.10 (0.21 dex)
[OMI]g/LTIR «vvvvveeenannnn. 0. 50(1) ?g (0.29 dex) 0.47 (0.26 dex) 0.080 (0.30 dex)
[OT)4s/LoiR o vooeeeeeee e 0.01 108(2)2 (0.19 dex) 0.010 (0.12dex)  0.0065 (0.18 dex)
[NT]122/LoIR «vveveeaeennnn. 0. 008188(1&3 (0.21 dex) 0.0060 (0.25dex) 0.016 (0.19 dex)
NS/ L <o 0.042011° (031 dex)  0.038 (0.07dex)  0.043 (0.17 dex)
([Culys7 +[OTe3)/Lig v v v vve-- 0. 47(1) (1)2 (0.15 dex) 0.43 (0.17 dex) 0.26 (0.26 dex)
([C )57 +[OT]g3 +[O IH]gg)/LTIR 1 033 }‘g (0 18 dex) 0.97 (020 dex) 0.35 (026 dex)

Notes. Median ratios (considering >3¢ detections) and their dispersions in parenthesis, measured as 1.5 times the median absolute deviation in
logarithmic space. The upper and lower script values correspond to the maximum and minimum values, respectively. > DGS sample excluding
the LMC and SMC regions, NGC 4449, NGC 6822, and IC 10.
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Fig.4. PACS line ratios against F60/F100 and Lmr/Lg. The DGS galaxies are represented by filled circles (compact sample) and stars (extended
sample), color-coded by metallicity. See also the caption of Fig. 2.
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3.3.4. [O1]145/[O I]s3

The [OT1] line ratio is mainly sensitive to the density and
temperature of the neutral gas, and to the optical depth of
the cloud (Tielens & Hollenbach 1985). The median ratio of
[O1]145/[O1]63 is 0.07 in the dwarfs. The range of values is nar-
row and a little higher than the median value found in the more
metal-rich galaxies.

We do not find statistically significant trends between the
[O1]145/[O1]g3 ratio and F60/F100, L1, or Ltr/Ls (Flg 4e),
contrary to Hunter et al. (2001) who noted a slight increase
with Ltir/Lg (on a smaller dataset). The lack of correlation with
FIR color is expected as the [O1] line ratio stays constant for a
constant Gy /ny (provided Gy < 10*). Ratios higher than 0.1 are
only found in two galaxies (0.17 in VIIZw 403, at a 30 level,
and 0.11 in LMC-N159), and are usually explained by notice-
able optical depth effects on the [O1] 63 um line (Malhotra et al.
2001; Hunter et al. 2001; Rollig et al. 2006; Kaufman et al.
2006). On integrated scales, optical depths are not high in the
dwarfs (Ay < 3 mag; Abel et al. 2007).

3.3.5. [O1]gg/[O 163

As observed in earlier studies of dwarf irregular galaxies by
Hunter et al. (2001), the [O11]gg/[O1]¢3 ratios are high in the
dwarf galaxies, with median value 3. While Brauher et al. (2008)
noted a slight decrease of [O IIT]gg/[O T]e3 With Lyr/Lg, we find
no correlation with FIR band ratio, Ltr, or Ltir/Lg within the
ensemble of dwarf galaxies. The DGS galaxies as a group oc-
cupy a different parameter space than the BO8 galaxies (Fig. 4f).

The [O11]gg/[O1]es ratio, which is insensitive to variations
of elemental abundances, may be used as an indicator of the fill-
ing factor of ionized gas, traced by [O II1], relative to the filling
factor of PDRs, traced by [O1]. In the extended sources, [O1II]
is detected over large spatial scales (e.g., LMC-N11 B, LMC-
30 Dor, NGC 4449; Lebouteiller et al. 2012; Chevance et al.,
in prep.; Karczewski et al., in prep.) indicating the presence
of low density channels where the hard UV photons can travel
far (>20pc) to excite the gas. The dwarf galaxies are proba-
bly mostly filled, by volume, with ionized gas, with densities
likely below ~510 em™3 (ngie of [OMgg), and low filling factor
of PDRs.

3.3.6. [N1]122/[C l1]157

The [N11];2/[C1I];s7 ratio is on average 0.02, 5 times lower
than in the BO8 galaxies. This is mostly a consequence of the
high ionization fractions which favor the presence of N** rather
than N*. The [N11];22/[CII]57 ratio seems uncorrelated with
FIR color, Lg, or Ltir/Lp in the dwarfs (Fig. 4c). Brauher et al.
(2008) also found an absence of correlation for all morphologi-
cal types.

This ratio can be used as an indicator of the [CII] excitation
mechanism, where high [N II]/[C IT] ratios can mean that a non-
negligible fraction of the [CII] emission originates in the ionized
gas and low ratios indicate that [C1I] originates in the PDR gas.
Oberst et al. (2006) show that ionized gas alone yields at least
[N11]122/[C10]157 > 0.1. The conditions for [CII] emission to
originate in the ionized gas are low densities (7gig, - ~ 50 cm™3)
and low ionization, as carbon would otherwise be doubly ion-
ized (I.P. 24.5eV), i.e. the [NII] emitting gas does not pro-
duce notable [CII] emission. While Brauher et al. (2008) suggest

AS53, page 10 of 53

that a significant fraction of the [CII] emission in metal-rich
galaxies originates in H I regions where [N II] comes from, our
lower [N 11],,/[C11];57 values favor a non-H I region origin for
the [CII] line, from the neutral and/or very low-density ion-
ized gas. From individual analyses, we have found that: (1) for
Haro 11, where [N I1]2,/[C 1T] ;57 = 0.05 is the highest ratio in the
DGS galaxies, the low-density diffuse ionized gas contributes up
to ~40% to the [CII] emission; (2) in the LMC regions, where
[N11]2,/[C1]y57 =~ 0.03, [C11] is associated with the ionized gas
at <15% (Lebouteiller et al. 2012; Chevance et al., in prep.);
(3) in NGC 4449, [N11];2,/[C11];57 ~ 0.02 and the fraction of
[C1] arising from the ionized gas is small (Karczewski et al.,
in prep.). Therefore we estimate that, typically, less than 15% of
the [C1I] emission arises in the ionized gas. Although the ion-
ized gas fills a large volume in the dwarf galaxies, its excitation
state is too high for C* to be present. Lower N/O abundance at
lower metallicity (e.g., Liang et al. 2006) may change this es-
timate, but the fraction should remain low as we observe low
[N11]122/[C11];57 ratios even at half-solar metallicity. [N 1], is
not detected for metallicities 12+1og(O/H) < 7.8 and, where de-
tected, [N 1I]25/[C 11];57 does not show any trend with metallic-
ity. More precise quantification of this fraction in the DGS galax-
ies requires multiphase modeling which is beyond the scope of
this paper.

3.4. FIR fine-structure line-to-L 1k ratios

3.4.1. General remarks

In Fig. 5, we show ratios of PACS line-to-Lrg versus F60/F100,
Ltr?, and Ltr/Lg to investigate variations in the cooling by the
gas and dust.

The line-to-Lyg ratios are found high in the dwarf galax-
ies, at least twice as high as in the BO8 galaxies for [C1I]/Lyr
and [O11I]/Lyr (see Table 2). Among the highest points are the
extended galaxies, in which we have zoomed on the most ac-
tive star-forming regions. Excitation by the young massive stars
results in bright FIR lines, while the dust can still emit signifi-
cantly further from the active regions. Line-to-Lrr ratios would
probably be lower for the LMC in its entirety. In more quiescent
regions of the extended galaxies, line-to-Lrg ratios are lower in
general. This is especially the case for [O IT] and [O1], and less
for [C IT] because of the contribution from diffuse emission to the
total [C11] flux. Rubin et al. (2009) estimate [C IT]/Ltr =~ 0.45%
for the entire LMC, which is close to our average extended sam-
ple value. High ratios for the compact objects may therefore
indicate that star-forming regions clearly dominate the overall
emission of the galaxy.

3.4.2. [Olfgg/L1ir

[O11a]gg/Lrir values span an order of magnitude, from 0.1 to 1.7,
with average value of 0.50%. The dwarf galaxies are at the high
end of the BO8 sample. The dwarfs also extend the trend ob-
served in BO8 of [O ml]gs/Lr decreasing with increasing Lyr
and Lyr/Lg, which is weaker for the dwarfs (o ~ —0.4) than
for the BO8 galaxies (Fig. 5). This suggests enhanced [OIII]
emitting volume when the escape fractions are high. However,
there are multiple possible interpretations of those correlations.

2 Even though we plot line over Ly versus Ly, these diagrams are
still useful as the x-axis is an indicator of galaxy size while the y-axis
probes the heating and cooling physics of the ISM.
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Fig. 5. PACS line-to-Lrg ratios as a function of F60/F100, Lrr, and Ltr/Lg. Same legend as in the caption of Fig. 2.

[O m1]/Ltir could also be reduced by a significant fraction of the
Ltir emission unrelated to star formation. However similar be-
havior is observed in [OTIT]/[O1] (see Fig. 4f). Because both of
these lines are directly related to star formation, we rule out this

interpretation. It is also possible that Ltr/Lg does not directly
measure the covering factor of the star-forming regions if there is
a significant contribution from field stars to the B-band luminos-
ity. We have tested this possibility by making similar diagrams
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for galaxies with available K-band (field star dominated) and
FUV (young stars) data. We find that [O IIT]/Lryg is actually more
strongly correlated with Lyr/Lpyy than with Lyr/Lp and uncor-
related with Ltr/Lx, which favors an interpretation in terms of
UV escape fraction. Thus the correlations are best explained by
the combination of high stellar effective temperature on galaxy-
wide scales, resulting in high [OII] emission, and enhanced
ISM porosity with lower Ltigr and Lyir/Lg, which in turn al-
lows UV photons to excite O™* on larger spatial scales. On
the other hand, [O III]gg/Ltir is uncorrelated with FIR band ra-
tios in the dwarfs, while BO8 find an increase of [O Ill]gg/Ltr
with F60/F100. They attribute this increase in warmer galaxies
to a higher density of HII regions. As discussed in Sect. 3.3,
[O 1] may also originate from low-density ionized gas, hence
flattening the relation in dwarfs.

3.4.3. [Cll]i57/L1igr and [Ol]es/LTiR

The ratio of [CII]/Ltr spans more than an order of magnitude
in the DGS galaxies, from 0.04 to 0.7%, with a median value
of 0.25%. The ratio of [OI]es/Lyir does not vary significantly
among the dwarfs, with a median value of 0.17%. Both ratios
have median values slightly higher in the dwarfs than in BOS.
Together, the median value of ([C1I];s7 +[O1le3)/Lr is 0.47%.
Since [C11] and [O1]¢3 are the main coolants of the PDR, where
the gas heating is dominated by photoelectric effect on dust
grains, which cool through Lyg, the ([CII] +[O1]s3)/Lrr ratio
is often used as a proxy for the photoelectric efficiency (e.g.,
Tielens & Hollenbach 1985). The larger spread in the [C IT]/Ltr
values compared to [OT]e3/Lrr (Fig. 5) may hint towards dif-
ferent origins of the [C1I] line (ionized/neutral gas) or different
conditions of the [CII]-emitting phases (as [C1I] saturates for
densities >10* cm™). Since the spread in ([OTI]sz +[C1])/Lir
is smaller compared to that seen in [CII]/Lyr (0.15dex com-
pared to 0.26 dex), a mixture of dense and diffuse phases overall
compensate for the differences in the [OT]g3 and [C IT] emission.

The only, weak, trend identified in the dwarfs with FIR color
is a decrease of [C1I])/Ltir (0 = —0.47); this has been observed
in the BO8 galaxies, although the trend is less pronounced.
This can be interpreted as a compactness effect with reduced
emission in denser and/or warmer environments (e.g., Malhotra
et al. 2001). Moreover, [OT]¢;/Lrir is weakly anti-correlated
with Ltir. The dwarfs seem to extend the correlation observed
in BO8 of [C11];57/L1r and [OT]e3/Lrir decreasing with increas-
ing Lyr/Lp (p = —0.62). The decrease in the [O]¢3/L1r values
is small compared to the decrease in the [CII]/Ltr values. As
a result, ([C11];57 +[O1]e3)/Ltir also decreases with increasing
Lr (p = —0.52) and Lyr/Lg (p =~ —0.81). We discuss those
high line-to-Ltr and correlations further in Sect. 5.2.

3.4.4. [Cll] + [Ol]ez + [O])/L1r

The ratio of ([C 1] +[O1]g3 +[O II])/Lrr spans values from 0.4
to 2.1, with a median of 1.03. This is about 3 times higher than
in the BO8 sample. The sum of [C1I] +[O I]¢3 +[O III] may be re-
garded as the budget of the gas cooling (not a proxy for the pho-
toelectric efficiency), which is clearly enhanced in the dwarfs,
and Lrir as the total dust cooling.

Following the previous remarks, this ratio is uncorrelated
with FIR color, as [O 11T] dominates the FIR line cooling and no
relation was found for [OII]/Lrr, but it clearly anti-correlates
with Ltr and Ltr/Lg (0 =~ —0.6,—-0.7). The DGS galaxies ex-
tend the trends observed in the BO8 sample.
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3.5. Summary of correlation analysis

In summary, the dwarfs present high [O m1]/[N 1], [C1r]/[N 11],
[Om]/[O1], [C]/Lrr, [O1]/L1ir, and [O IIT]/Lyg ratios, which
set them apart as a group from metal-rich galaxies. Within the
ensemble of dwarfs, we do not find evident correlations between
their FIR emission and the considered parameters (metallicity,
F60/F100, Ltir, Ltir/Lg), which indicates that their observed
properties are not controlled by a single parameter.

The interpretation of the observed trends is not straightfor-
ward since several factors act and compete in the emission of the
cooling lines and L. These factors include cloud physical con-
ditions, mixing of ISM phases, geometry, dust properties, and
photoelectric efficiency. They all play a role to some extent since
the observed ratios are values integrated over full-size galaxies.

4. Trend analysis with radiative transfer models

In this section, we characterize the range of physical condi-
tions describing the ISM, more specifically the HII region and
the PDR, of the DGS galaxies. We aim to interpret the observed
group behavior in Sect. 3 with radiative transfer modeling, and in
particular, to identify how the parameter space of average phys-
ical conditions change compared to metal-rich galaxies.

We note that there is no study on large samples of galaxies
that self-consistently models the H1I region and the PDR, be-
sides the work on IR luminous galaxies by Abel et al. (2009)
and Gracid-Carpio et al. (2011) and on individual objects in
Kaufman et al. (2006). We aim for a general comparison of the
metal-rich and metal-poor datasets, and leave the detailed ISM
modeling of the dwarf galaxies for Paper II.

4.1. Line ratios and typical conditions in metal-rich galaxies

For the PDR properties of “normal” metal-rich galaxies, we
only use entries from Brauher et al. (2008) that have Lrr
between 10° and 10'2 L, (~130 galaxies) to exclude extreme
sources. More than half of that sample, comprising normal, star-
burst, and AGN galaxies was analyzed by Malhotra et al. (2001)
and Negishi et al. (2001), who constrained the physical condi-
tions in the PDR using the Kaufman et al. (1999) models and
found ng =~ 10**3cm™> and Gy =~ 10**3. In the compari-
son to PDR models, Malhotra et al. (2001) and Negishi et al.
(2001) correct for a non-PDR contribution to the [C IT] emission
which is on the order of 50%. In the dwarfs, we have estimated
in Sect. 3.3.6 that this fraction is likely <15%. We apply a cor-
rection of 10% for non-PDR [CII] emission to our sample.

For the H1I region properties of metal-rich galaxies, we re-
fer to the studies on MIR ionic lines of the Spitzer Infrared
Nearby Galaxies Survey (SINGS; Dale et al. 2009) and of the
luminous IR galaxies from GOALS (Inami et al. 2013). We
consider neon and sulphur measurements for the galaxies in
the luminosity range Lrr ~ 10°-10'2 Ly, (~190 sources). The
[S 1], g/[S 11T]33 ratio is traditionally used as a tracer of the elec-
tron density (e.g., Dudik et al. 2007), and the [Ne1II1];s/[Ne II]»
and [S1V];o/[S111];g are diagnostics of the hardness of the radi-
ation field (Giveon et al. 2002; Verma et al. 2003; Groves et al.
2008). A typical solution for the H1I region of those metal-rich
galaxies has an electron density 7, ~ 350 cm™ and ionization
parameter logU =~ -3 (Dale et al. 2009; Inami et al. 2013).
For comparable constraints on the HII region properties in the
dwarf galaxies, we use the IRS fluxes extracted for the compact
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Table 3. Observed and modeled properties of the dwarfs and normal
galaxies.

IRS line ratio
[S m]s3/[S 1] 18
[Stv]io/[Sa]s
[Ne111],s/[Ne 1], 0.17 (0.35 dex)
Metallicity 2 Zism
Reference ISM abundances (Zigy):
O/H=32x10* C/H=14x10* N/H=8x 107
Ne/H=12x10"* S/H=32x107

Metal-rich sample
1.43 (0.14 dex)
0.18 (0.38 dex)

Compact DGS sample
1.53 (0.12 dex)
1.30 (0.42 dex)
4.90 (0.48 dex)

0.25 Zism

H 11 region fiducial model

density [cm™] 10%3 10%°
logU -3.0 -2.5
Rs e [pcl 16 46

PDR fiducial model

density [cm™] 1033 100
log Gy 33 2.7

Notes. Median IRS line ratios with their dispersions in parenthesis,
measured as 1.5 times the median absolute deviation in logarithmic
space (Dale et al. 2009 and Inami et al. 2013 for the metal-rich galax-
ies; this work for the low-metallicity, DGS galaxies). ISM abundances
are taken from Cowie & Songaila (1986), Savage & Sembach (1996),
Meyer et al. (1998). The model parameters of the metal-rich sample are
from Dale et al. (2009) and Inami et al. (2013) for the H1I region, and
from Malhotra et al. (2001) and Negishi et al. (2001) for the PDR. Rg ¢
is the effective radius of the H 11 region.

DGS galaxies in Sect. 2.2. Table 3 lists the median line ratios for
the metal-rich and metal-poor galaxies.

We refer to the HII region and PDR conditions for normal
galaxies as the metal-rich fiducial model (Table 3).

4.2. Model parameters

We model the H 11 region and PDR simultaneously with the spec-
tral synthesis code Cloudy v.13.03 (Ferland et al. 2013). The
geometry is 1D spherical, consisting of the central source of en-
ergy surrounded by a cloud of material. The source of radiation
is chosen as a young starburst that we simulate with Starburst99
(Leitherer et al. 2010). Following Dale et al. (2009), we adopt
a 10 Myr continuous star formation scenario (with a Kroupa IMF
and Geneva stellar tracks), and fix its luminosity to 10° L.

We vary the following physical conditions: the hydrogen
density (ny; from 10" to 10%° cm™ in increments of 0.5 dex)
and the inner radius (ri,; from 10'%7 to 102*%cm, or 15 pc
to 3200 pc, in increments of 0.3 dex), which is the distance be-
tween the starburst and the surface of the modeled ISM shell.
For each model, we compute U, Gy, and the IRAS F60/F100
band ratio. The FIR color is strongly correlated with the ion-
ization parameter U which is varied through the density and ra-

dius. It is defined as U = &

7r: AHC

of ionizing photons and c is the speed of light. Gy is the inten-

sity of the FUV radiation field taken at the PDR front, in units
of 1.6 x 1073 ergcm™2s~! (Habing 1968).

The gas-phase abundances are representative of the ISM

(averages of observations in our galaxy), with Zigyy = 12 +

log(O/H) = 8.5, and given in Table 3. The grain composition

, where Q(H) is the number

and size distribution are assumed typical of the galactic ISM,
with Ry = 3.1 (Weingartner & Draine 2001). The dust-to-
gas mass ratio is 6.3 x 10~ and the PAH abundance (number
of grains per hydrogen) is PAH/H = 1.5 x 1077 (Abel et al.
2008), corresponding in mass to M(PAH)/M(dust) = 0.02. The
mean metallicity measured in the DGS sample with the Pilyugin
& Thuan (2005) calibration is 12 + log(O/H) = 7.9. In the
SINGS galaxies, it is 12 + log(O/H) = 8.4 with the Pilyugin
& Thuan (2005) calibration and 12 + log(O/H) = 9.0 with
the Kobulnicky & Kewley (2004) calibration (Moustakas et al.
2010), with larger discrepancies in the methods for massive
galaxies (Kewley & Ellison 2008). Therefore we take for repre-
sentative metallicity of the metal-rich galaxies 12 + log(O/H) =
8.7. We run two grids of models, one at metallicity 0.25 Zjgy
for the dwarf galaxies, and one at metallicity 2 Zgy for the
metal-rich galaxies. For the model grids, the metallicity of the
stellar tracks as well as the metal, grain, and PAH abundances
in Cloudy are scaled to the metallicity of the model (0.25 or
2). We also include a turbulent velocity of 1.5kms™!, as done
in Kaufman et al. (1999). All models are stopped at an Ay of
10 mag (corresponding to a column density of N(H) = 10?* and
10?2 cm2 for the low and high-metallicity grids, respectively),
to ensure that they go deep enough in the PDR. We note that the
main PDR tracers are mostly formed at lower Ay and changing
the column density around those values does not change their
emission significantly. The grids are generated assuming con-
stant density.

4.3. Model results

Figure 6 shows the model results for the high and low-metallicity
grids. To extract information on the ISM properties, we concen-
trate on the following ratios: [STI];g/[S M]3, [S1V]o/[S T];s,
[Nem]s/[Nelt]jz, [OI]gg/[N1I]i22, [OIlllgs/Lrr, for the
H1I region; [O1]e3/[C1l]is7, [ClM]is57/Lrir, [O1le3/Lrir for the
PDR. The IRAS F60/F100 band ratio and the G of the mod-
els are also plotted. To ease the comparison with the literature,
we plot quantities in the H1I region as a function of U and in the
PDR as a function of Gy. First of all, we notice that all observed
ratios (except [O 1IT]/Ltr ) are covered by the model grids, hence
we can identify a parameter space that is favored for the dwarfs.
Fiducial model parameters for the high and low-metallicity cases
are given in Table 3.

4.3.1. Conditions in the H I region: high-metallicity case

In the high-metallicity case (left panel of Fig. 6), the fiducial
model for the HII region agrees partially with the observed
IRS line ratios of metal-rich galaxies. The [S I1]33/[S III]g ra-
tio is relatively independent of U and the observed values
agree best with densities between 100 and 1000 cm™. Both
[Nem];s/[Nelr];, and [STV]jo/[STI]g ratios are quite sensi-
tive to U, the age of the burst, and less to density. The
[Ne1];s/[Ne1r];, ratio is slightly over-predicted by the fidu-
cial model. The median and dispersion values of this ratio re-
ported in Table 3 are driven by the GOALS galaxies, while a
few SINGS galaxies clearly have higher [NeIiI];s/[Ne1I];, ra-
tios (Dale et al. 2009). Inami et al. (2013) have investigated
the influence of metallicity and star-formation history (contin-
uous versus bursty) on the predicted [Nelll];s/[NeII];, ratio.
They demonstrate that their observed [Nelll],s/[NeII],, values
are best match by models with young instantaneous bursts rather
than continuous star formation models which systematically
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Fig. 6. Cloudy predictions of the line intensities as a function of ionization parameter, U, and radiation field, G,. Each connected track correspond
to a given density (black = 10'? cm™; light gray = 10> cm™3, in steps of 0.5 dex). The observed ratios are indicated by the yellow (dwarf galaxies)
and red hashed (normal galaxies) bands. The [O1]/[C11] and [C1I]/Ltir values corrected for non-PDR [C11] emission. The stars/squares show
the fiducial H1I region/PDR models for the dwarfs (green symbols) and the normal galaxies (red symbols). Left: results for the high-metallicity
(2 Zism) grid of models. Right: results for the low-metallicity (0.25 Zisvm) grid of models. The fiducial model for normal galaxies is added to the
low-metallicity panel for comparison (smaller red symbols).

over-predict this ratio. The largest discrepancy between obser- the neon lines). For the galaxies where [S1V]o/[STII];g is de-
vations and model predictions is seen for the [S 1V];o/[SII] s ra- tected, the [NeIlI],s/[NeII],, ratios are higher than the reported
tio, which is under-predicted by one order of magnitude. Part of median value. The [Ne11];s/[NeIl];, and [S1V];o/[STI];g ra-
this discrepancy is due to an observational bias because the de- tios are well correlated, and extrapolating this correlation to
tection rate of the [SIV] line is lower (about 4 times less than all galaxies where [NeIII];s/[NeII];, is detected would lower
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the observed median ratio of [S1V];o/[S1I];s by a factor of
~3. Despite this correction, it seems difficult to reproduce
the [Ne111];5/[Ne I1];, and [S 1V];o/[S 1] ratios simultaneously
with our high-metallicity grid.

Concerning the PACS lines, both [OTI]/Ltrx and
[O1a]/[N1I];2, are well matched by the fiducial model.
This suggest that [O 11]gg/[N 1] 5, may be used as an indicator
of the hardness of the radiation field as an alternative to the
IRS ratios. This model also predicts that about 10% of the
[C11] emission is originating in the ionized gas, while Malhotra
et al. (2001) and Negishi et al. (2001) estimated a ~50%
contribution using the [NII]j5; line alone. Since we have
taken into account multiple ionic lines, our derivation of the
H1I region properties is more robust and the previous ionized
gas [C11] fractions may have been over-estimated. Alternatively,
an unmodeled low-density, low-ionization component may
increase this fraction by emitting more [C11] (and [N 11]), but is
not necessary here to match the observations.

4.3.2. Conditions in the H I region: low-metallicity case

The observed [S1II]33/[SIII]g ratios are similar in dwarf and
normal galaxies, and again agree well with densities between
100 and 1000 cm™. From observations, the [Ne IIf];s/[Ne 1] 2,
[S1v]i0/[S11]g, and [OmI]gg/[N11]1o, ratios are higher in the
dwarf galaxies than in metal-rich galaxies, which is a clear in-
dication of harder radiation fields (e.g., Madden et al. 2006).
At low metallicity, the model predictions for those line ratios
are higher by a factor of ~5 than in the high-metallicity grid
(for a given set of ng and U) because the radiation field of
the starburst is harder. This can be seen by the shift of posi-
tion of the red star from the left to the right panels in Fig. 6.
Even with the change of the starburst metallicity, the obser-
vations still require higher U to better match the observed
[O m1]/[N11] 5, ratio. While log U = -3 agrees well with the ob-
served ratios in normal galaxies, log U = —2.5 agrees better with
observations for the dwarf galaxies. The [NeTil],s/[NeII],, and
[S1v]0/[S 11] ;5 ratios are slightly over and under-predicted, re-
spectively, by the model, as in the high-metallicity case. Going to
higher U, the [O 1IT]/Ltr,, which is also higher in the dwarfs than
in the normal galaxies, is then better reproduced by marginally
lower densities (ng =~ 10%cm™), but at the expense of a less
well predicted [S 1] line ratio. As a best compromise, we take
logU = -2.5 and ny = 10?> cm™ as parameters for our fiducial
low-metallicity H1I region model. In those conditions, our fidu-
cial model predicts that only 1% of the [CII] emission is orig-
inating in the ionized gas for the dwarf galaxies. However, the
[O 11]/Ltr ratio remains under-predicted by all the grid models.
We discuss the origin of this major discrepancy in Sect. 5.

4.3.3. Conditions in the PDR: high-metallicity case

In the PDR, the ratios of [O1]/[C11], [C1I]/Ltr, and [O1]/Ltr
are sensitive to both density and Go. With ny ~ 10>° cm™ and
log Gy = 3.3, the fiducial PDR model for metal-rich galaxies
matches well all three ratios (bottom, left panels of Fig. 6). This
diagram also shows that, if more [C IT] emission were originating
from the PDR than the 50% assumed here, reducing the density
and Gy values by 0.5 dex would suffice.

However, the F60/F100 band ratio is over-predicted by a fac-
tor of ~2 for the metal-rich galaxies. Contrary to the dwarfs, a
substantial fraction of the dust emission at wavelengths >100 ym

may not be related to the star-forming regions in normal galax-
ies (e.g., Dale et al. 2007; Bendo et al. 2012a, 2015; De Looze
et al. 2014b). If old stars contribute to dust heating, and thus to
the FIR emission, the line-to-Ltg ratios associated with the star
formation would be higher than observed, which would imply a
lower Gy than deduced currently. Alternatively, since F60/F100
is sensitive to Ay and all models are stopped at Ay of 10 mag, the
IRAS band ratios of the normal galaxies may be under-estimated
by the models.

4.3.4. Conditions in the PDR: low-metallicity case

Considering the low-metallicity case, the predictions for
[O1)/[C1] decrease by a factor of ~2 (bottom, right panel of
Fig. 6) owing to a decrease in the PDR temperature (Rollig et al.
2006). Moreover, in the models with U > 1072, we observe two
effects. First, those models have low densities and as a conse-
quence the thickness of the cloud becomes larger than the inner
radius. As a result, there is significant geometric dilution of the
UV radiation field. The C* and O° emitting layers are larger, and
thus [C1I]/Ltr and [O I]/Lyg ratios are high. Second, regardless
of metallicity, there is more dust absorption in the H1II region at
those high-U values (Abel et al. 2009), and thus little increase of
Gy in the PDR for increasing U. As a consequence, the predicted
ratios of [O1])/[C11], [C1I]/Ltr and [O1]/Ltr flatten out with U.

The observed [O1]/[C1I] ratios in the dwarfs and normal
galaxies are similar, while [CII]/Ltig and [OT]/Ltr are higher
in the dwarfs. The ratios of the dwarfs indicate lower G( or
higher ny values. We find that a solution with ny = 10*cm™
and log Gy ~ 2.5 is adequate to reproduce all three ratios. This
PDR solution agrees with the observed F60/F100 band ratio for
the dwarfs.

5. Discussion
5.1. Interpretation in terms of ISM structure

The fiducial models imply different sizes for the low-metallicity
and high-metallicity components (Table 3). The ionic lines are
emitted by a modeled shell, for which the size can be converted
to an effective Stromgren radius Rs, .. which can be thought of
as a cumulative volume of HII regions in a galaxy. As an ex-
ample, for the high-metallicity case, Rs_ . of 16 pc corresponds
to about one hundred H1I regions if we consider each to have
a typical radius of 3—4 pc. Because the fiducial low-metallicity
H1I region model has harder radiation field and lower density,
we find that its effective radius is three times larger than that
of the high-metallicity H1I region. The depth of the PDR, de-
fined as the location where the gas is half atomic half molec-
ular, is similar in the low-metallicity and high-metallicity ISM.
However, the low-metallicity PDR is located further away.
Discrepancies in the predicted [OTII]/Ltg ratios between
the high and low-metallicity grids are mainly due to a reduced
gas-phase metallicity. This reduces the absolute [O IIT] emission
produced in the HII region, while both grids of models have
the same, fixed input luminosity which is fully reprocessed in
the PDR, exiting as Lyig (no escaping UV). To increase the pre-
dicted ratios of ionic lines to Ltr and better match the observa-
tions, we would need to reduce significantly the mean Ay of the
models. This can be achieved by accounting for an escape frac-
tion, reducing the covering factor of the PDR (hence Lg and the
average column density). In other words, the emission from the
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PDR must be reduced relative to that of the H I region, by a fac-
tor of approximately 3 in our case (for the green star to fall on the
observed median [O II]/Lyr value in the right panel of Fig. 6).
Lower PDR covering factors were also required in the detailed,
multi-phase modeling of Haro 11 (Cormier et al. 2012). The fact
that the median value of Lyr/Lg, which represents the frac-
tion of obscured/unobscured emission, is ~2 in the BO8 galaxies
and 0.7 in the DGS galaxies corroborates our finding of lower
PDR covering factors for the low-metallicity models. This also
confirms the observed trend of decreasing [OIII]/Ltr with in-
creasing Lyr/Lg. The high escape fraction in dwarf galaxies is
also observed in their SEDs (e.g., Galliano et al. 2008).

The higher ratios of [O1] and [C1I] to Ltr indicate lower
U in the low-metallicity PDR, which can be interpreted as a
change of ISM configuration. Since the H1I region and PDR
low-metallicity fiducial models have the same Gy (see Fig. 6),
placing the PDR adjacent to the HII region and increasing the
density would result in lowering U. In the high-metallicity fidu-
cial model, Gy is higher in the PDR than in the H1I region, which
would require to place the PDR inside the H1I region. Combined
with the fact that the low-metallicity H1I region fills a larger vol-
ume than the high-metallicity HII region, this implies that the
minimum distance of the low-metallicity PDR to the starburst
should be 6 times larger than in the high-metallicity setting. The
increase in the typical PDR distance is a natural consequence of
a lower covering factor.

These considerations highlight a change in the ISM struc-
ture and PDR distribution of low-metallicity galaxies, where
the filling factor of ionized gas relative to the PDRs is higher
than in metal-rich galaxies. The extent of the H1I region is big-
ger and the UV photons travel larger distance before they reach
a PDR clump.

5.2. Interpretation of the [Cil]/L1ir and [O1]/L1ir trends

In Sect. 3.4, we observed that the line-to-Lyg ratios decrease
with increasing Lyir and Ltr/Lp, and that [CII]/Ltr is anti-
correlated with F60/F100. Using the PDR models, we discuss
which physical effects dominate in producing these trends.
Line-to-Ltr ratios have been studied extensively in mas-
sive galaxies (normal, star-forming galaxies and ULIRGs). They
give the budget of the gas cooling over the dust cooling. The
([C1] +[O1]e3)/Lrir ratio, a common measure of the photoelec-
tric efficiency in the PDR, is observed to vary (see Fig. 5), with
a clear deficit of [C1I]/Ltg in ULIRGs (Luhman et al. 2003;
Diaz-Santos et al. 2013), and FIR lines in general (Gracia-Carpio
et al. 2011), as well as a decrease with FIR color in star-forming
galaxies (Malhotra et al. 2001). Several hypotheses to explain
the apparent line deficit in galaxies include (1) more dust screen-
ing at high ionization parameter (Luhman et al. 2003; Abel
et al. 2009); (2) lower photoelectric efficiency due to charged
small dust grains under intense radiation fields (Malhotra et al.
2001; Croxall et al. 2012); (3) lower photoelectric efficiency
due to a decrease in the PAH abundance under hard radiation
fields (Madden et al. 2006; Rubin et al. 2009); and (4) large
dust optical depths leading to extinction of the emission lines
(Papadopoulos et al. 2010; Rangwala et al. 2011). The dwarf
galaxies extend the relative importance of the gas cooling to high
values. Here, we aim to investigate which of those interpretations
can explain the difference from the normal to the dwarf galaxies.
Because of their low dust content, variations in grain abun-
dances and charging could affect the photoelectric efficiency dra-
matically in the dwarf galaxies. The quantity Lyir sums emission
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from several grain populations: from the big grains (predomi-
nantly) to the very small grains and PAHs, which are the most
important for the photoelectric heating (Bakes & Tielens 1994).
Those grains emit from all ISM phases, and the fraction origi-
nating in the PDRs themselves is unknown. Star-forming dwarf
galaxies generally exhibit enhanced small grain abundances
(Galliano et al. 2003), which correlate with HII regions, and re-
duced PAH abundances, which mostly trace the PDR, as a result
of the hard radiation fields (Madden et al. 2006). Thus those two
populations may balance their relative contribution in the pho-
toelectric effect. Moreover, the mean free path of UV photons
in low-metallicity environments is larger, resulting in a UV field
dilution over larger spatial scales, which reduces grain charging
(Israel & Maloney 2011). Sandstrom et al. (2012) find that, even
though their abundance is reduced, PAHs are generally more
neutral in the star-forming regions of the SMC than in typical
spiral galaxies. Lebouteiller et al. (2012) examine both spatial
distributions of ([CII]is7 +[O1]e3) with Ltig and PAH emis-
sion in the star-forming region N11B of the LMC, and find
that PAH emission traces best the gas heating as compared to
Ltr. The net result of those considerations is that, overall, the
observed ([C11];57 +[OT1]g3)/Lr ratios are high in the dwarfs
(even if we subtract a small contribution of the ionized gas to the
[C11] emission), indicating either relatively efficient photoelec-
tric heating or non-photoelectric excitation of these lines (cos-
mic rays, X-rays, etc.). The ratios tend to flatten out to 1% at
low luminosity, which could indicate a ceiling on the photoelec-
tric efficiency. The influence of more involved changes to the
modeling (decrease of PAH abundance, grain size distribution,
or X-ray illumination) will be examined in Paper II. Here we
conclude that a simple change in geometry, by putting the cloud
further away, with viable density and illumination conditions can
suffice to explain the high observed line-to-Lrg ratios.

[CH]/Ltir and, to a lesser extent, [OI]¢3/Ltir decrease as
Gy increases (Fig. 6). Two main effects are responsible for
that: the increased grain charging and increased dust-to-gas
opacity which cause a larger fraction of the radiation to go
into heating the dust. The dwarfs show high [C1I]/Ltr and
[O1]/Ltr because Gy and Go/ny (which traces grain charging)
are lower in the low-metallicity PDR than found in normal galax-
ies (Malhotra et al. 2001). Since [O1]¢3 increases faster with
Gy than [C11], [OT]es3/Lrr is less affected, except at the high-
est G values. We also note that, [OI]g3 being more sensitive to
density than [C11], [OI]e3/Lrir increases with ny for a given Gy.
In the models, F60/F100 follows immediately from Gy. The anti-
correlation between [C 1I]/Ltr and the FIR band ratio, which we
interpreted as an effect of compactness, is evident in Fig. 6, and
the lack of correlation between [OT]¢3/L1r and FIR color agrees
with the models. The stronger dependency of [CII]/Ltr on Gy
compared to [OTI]g3/Lrir may account for the larger scatter in
the observed [C 11]/Ltr values. The positive correlation between
[O1]e3/[C11];57 and FIR color is also reproduced by the models,
which may be understood as an aging effect of the star-forming
regions that expand as they age. The models do not show signifi-
cant optical depth effects. The fact that the [O 1] 45 line would be-
come optically thick at higher column densities than [O I]g3, and
that [O1]145 and [O I]g3 behave similarly with Ltg and FIR color
in the observations also confirms the absence of optical depth ef-
fects at those physical scales. Nevertheless, given the low statis-
tics that we have for the [OI] 45 line and that [OT]45 is uncorre-
lated with Ltr/Lg, we cannot confidently rule out optical depth
effects.

Overall, the low-metallicity PDRs are described by a low-
Gy regime accompanied by a density increase. This low Go/nyg
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causes UV field dilution and reduces grain charging (Israel &
Maloney 2011). The proposed changes in ISM structure can
therefore explain the higher line-to-Lyg ratios found at lower
Lyr and Lyr/Lp (i.e. increased porosity with lower filling fac-
tor of dense phases), as noted in Sect. 3.4.

6. Conclusions

We present observations of the FIR fine-structure cooling lines
[C11] 157 um, [O1] 63 and 145 pm, [O111] 88 m, [N 1] 57 pm,
and [N11] 122 and 205 um obtained with the PACS spectrometer
onboard Herschel in 48 low-metallicity galaxies from the Dwarf
Galaxy Survey.

— The brightest FIR line in the dwarfs is [OTII], on average
twice brighter than [C11], the [O1]gg/[C1I];s7 ratio vary-
ing from 0.5 to 13. The FIR lines are bright relative to
the TIR luminosity, together accounting for several per-
cents of Lyr. [CH]/Ltr range from 0.04 to 0.7% and
([Culys7 +[O1le3)/Lir range from 0.2 to 1.0%, which is
about twice as high as in metal-rich galaxies. The gas cool-
ing is enhanced on galaxy-wide scales. When zooming in
onto the active regions of the LMC, line-to-Lrr ratios are
generally higher than galaxy-integrated values. This matches
our interpretation that the dwarf galaxies are dominated by
emission from their star-forming regions even on galaxy in-
tegrated scales.

— When compared to the Brauher et al. (2008) ISO sample,
the dwarf galaxies occupy a completely different parameter
space than the more metal-rich galaxies in several central
tracers. In particular, the [O III]gg/[N I1]122, [N II]57/[N 1]} 22,
[C11];57/[N1I]122, and [OT]sg/[O1]e3 line ratios are very
high in the dwarfs, which we interpret in terms of radia-
tion field hardness and phase filling factor, with prominent
high-excitation ionized regions. In spite of the possible influ-
ence of abundance variations, the [O IIT]/[N IT] ratio appears
to be a good tracer of the radiation field hardness. The low
[N11]22/[C11] 57 ratios indicate that there is no substantial
contribution of the ionized gas to the [CII] emission (typi-
cally <15%).

— With the help of radiative transfer models, the FIR line ra-
tios are interpreted as a change in the ISM properties. The
high [C1]/Ltig and [O1I]/Lyr ratios indicate a combina-
tion of moderate FUV fields and low covering factor of the
PDR. The structure of the low-metallicity ISM is qualita-
tively and quantitatively different than found in metal-rich
environments, harboring only a low filling factor of dense
gas surrounding the star formation sites, embedded in a large
volume filling factor of diffuse gas. In this leaky structure,
UV photons escape from HII regions out to large distances.
Overall, the filling factor of the ISM affected by the star-
forming regions is high.

Given the prospects for observing FIR lines at high redshift
(ALMA, NOEMA, CCAT), the [C11];57, [O IIT]gg (twice brighter
than [C11];57), and [OT1]es (as bright as [C1I];57) lines appear
as promising diagnostics of the low-metallicity ISM conditions.
Each line account for about 0.3% of the TIR luminosity. [C IT] ;57
is a reliable tracer of the PDR, with little contribution from
the ionized gas. [OTII]gg traces the high-excitation ionized gas
while [O1]/[O1] indicates, independently of elemental abun-
dance variations, the filling factor of ionized/neutral phases,
which we find high in the low-metallicity star-forming galaxies.
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Appendix A: Details of the PACS observing strategy

Table A.1. Technical details about the DGS observations.

Source name Coordinates® OBSID? Mode* Map size  Line
(J2000) ()?
Haro 11 0h36m52.50s  -33d33m19.0s 1342199236 CN 51 x 51 [C11];s7, [O1]i4s, [O11T]gs
0h36m52.50s  —33d33m19.0s 1342199237 [O1les, [N]s7, [N1II] 12,
0h36m52.36s  -33d33m19.7s 1342234063 47 x 47 [N 11505
Haro 2 10h32m31.88s  +54d24m03.7s 1342221392 CN 47 x 47 [O1les
1342230081 71x71 [C11];s7
1342230082 47 x 47 [O1]gg
Haro 3 10h45m22.41s  +55d57m37.4s 1342221890 CN 79 x 79 [O1]gg
1342221891 79 x 79 [O1les
1342221892 95 x 95 [C1]isy
1342221893 47 x 47 [N1I]122
1342221894 71 x 71 [O1]y4s
1342221895 63 x 63 [N 111]57
He2-10 8h36m15.18s  -26d24m33.9s 1342221971 CN 47 x 47 [N 11]s;
1342221972 47 x 47 [O1]4s
1342221973 53 x 53 [O 11]gg
1342221974 53 x 53 [O1les
1342221975 51 x 51 [C11];s7
HS0017+1055  0h20m21.40s  +11d12m21.0s 1342234065 CN 47 x 47 [C1]ys7
1342212588 [O1]gg
HS 0052+2536  0h54m56.00s  +25d53m23.0s 1342213134 CN 47 x 47 [C1]ys7
1342213135 [O1le3
1342213136 [O11]gg
HS 0822+3542  8h25m55.52s  +35d32m32.0s 1342220753 CN 47 x 47 [C11];s7
HS 1222+3741 12h24m36.72s  +37d24m36.6s 1342232306 CN 47 x 47 [C1lis7
1342199399 [O1]gg
HS 1236+3937  12h39m20.14s  +39d21m04.8s 1342199400 CN 47 x 47 [C1];sy
HS 130443529  13h21m19.92s  +32d08m23.0s 1342199736 CN 47 x 47 [C1]ys7
13h06m24.24s  +35d13m41.6s 1342232552 [O11]gg
HS 131943224  13h21m19.71s  +32d08m25.2s 1342199227 CN 47 x 47 [C11]ys7
1342232551 [O11]gg
HS 1330+3651  13h33m08.28s  +36d36m33.1s 1342199734 CN 47 x 47 [C11];s7
1342199735 [O11]gg
1342232549 [O1le3
HS 1442+4250  14h44m12.81s  +42d37m44.0s 1342208927 CN 47 x 47 [C1];sy
HS 235242733 23h54m56.70s  +27d49m59.0s 1342213133 CN 47 x 47 [C1]is7
1342234066 [O11]gg
1IZw 40 5h55m43.10s +3d23m20.0s 1342228249 CN 79 x 79 [O1les
5h55m43.10s +3d23m20.0s 1342228250 71 x71 [O1]gg
5h55m43.10s +3d23m20.0s 1342228251 85 x 85 [O1]iss
5h55m43.00s +3d23m31.4s 1342228252 47 x 47 [N1I] 2,
5h55m43.10s +3d23m20.0s 1342228253 95 x 95 [C1]ys7
1Zw 18 9h34m01.44s  +55d14m34.8s 1342220973 CN 47 x 47 [C11];s7
%9h34m02.03s  +55d14m28.1s 1342253757 [O1les
9h34m02.03s  +55d14m28.1s 1342253758 [O1]gg
IC10 0h20m26.10s  +59d17m17.6s 1342214364 UN 81 x 81 [O1les
0h20m52.12s  +59d17m42.4s 1342214365 47 x 47 [N1I])22
0h20m56.70s  +59d17m46.8s 1342214366 47 x 47 [O1]4s
0h20m26.10s  +59d17m17.6s 1342214367 81 x 81 [O1]gg
0h20m48.32s  +59d18m09.0s 1342214368 115x 183  [C1];s7
0h20m18.70s  +59d18m45.2s 1342214369 81 x 47 [O1]gg
0h20m14.00s  +59d19m53.0s 1342214370 149 x 81  [C1lisy
0h20m18.70s  +59d18m45.2s 1342214371 81 x 47 [O1]e3
0h20m13.30s  +59d19m57.5s 1342214372 115x47  [Ol]es
0h20m13.30s  +59d19m57.5s 1342214273 115 x47  [Ond]gs
0h20m18.00s  +59d18m44.0s 1342223371 47 x 47 [N1I]122
0h20m28.25s  +59d16m58.0s 1342223372 47 x 47 [N1I] )22
0h20m28.25s  +59d16m58.0s 1342223373 47 x 47 [O1]4s
0h20m18.00s  +59d18m44.0s 1342223374 47 x 47 [O1]y4s

Notes. > Coordinates of the map center. » Observation Identification number. > Observing mode: UN = Unchopped Line Scan, CN = Chopnod
Line Scan, WS = Wavelength Switching. When left blank, the coordinates, observing mode, and map size are identical to the previous line.
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Source name Coordinates® OBSID? Mode® Mapsize Line
(J2000) (")

LMC-30Dor 5h38m35.00s —69d05m39.0s 1342222085 UN 143 x 47 [OmI]ss, [CIl]ys7
5h38m48.00s —69d06m37.0s 1342222086 71 x47 [Olles
5h38m58.00s  —69d04m43.0s 1342222087 143 x 47 [OT]es
5h38m58.00s  —69d04m43.0s 1342222088 143 x 47 [Onlgg, [C1I]is7
5h38m48.00s —-69d06m37.0s 1342222089 71 x 47 [Onilgs, [CII];s7
5h38m56.66s —69d04m56.9s 1342222090 47 x 47  [OT1]ss
5h38m34.92s -69d06m07.0s 1342222091 47 x47  [N1]ixn
5h38m45.00s —-69d05m23.0s 1342222092 191 x 47 [O1]es
5h38m35.00s —-69d05m39.0s 1342222093 143 x 47 [OT1]yss
5h38m45.00s —-69d05m23.0s 1342222094 191 x 47 [O1lgg, [C1I]ys7
5h38m46.10s —-69d04m58.8s 1342222095 47 x47  [NI]in
5h38m45.00s —-69d05m23.0s 1342222096 191 x 47  [OTlyas
5h38m35.00s —-69d05m39.0s 1342222097 143 x 47 [OT]es
5h38m38.00s —-69d06m00.0s 1342231279 123 x 47 [CI];s7
5h38m30.00s —-69d06m07.0s 1342231280 123 x 47 [Omilsg
5h38m30.00s —69d06m07.0s 1342231281 123 x 47 [Cl];s7
5h38m55.00s  —69d03m49.0s 1342231282 85x47 [OIlle, [C1]is7
5h38m30.00s —-69d06m07.0s 1342231283 123 x 47 [O1le3, [C1I];57
5h38m56.00s  —69d04m50.0s 1342231284 85 x47 [N
5h38m40.00s —-69d04m38.0s 1342231285 85 x47 [Onllgg

LMC-N11A  4h57m16.00s —-66d23m24.0s 1342214638 UN 47 x 47  [CHls7, [O1les

LMC-N11B  4h56m55.14s —66d24m23.8s 1342188940 WS 127 x 127 [O1il]gs
4h56m55.14s —66d24m23.8s 1342188941 127 x 127 [C 11]57, [O 163, [O 1]145, [N 11122, [N IT]505, [N IIT]57
4h56m47.00s -66d24m32.0s 1342219439 UN 47 x 47 [NIl]in
4h56m57.20s —66d25m13.0s 1342225175 47 x 47 [Nz, [O1]i4s

LMC-N11C  4h57m48.00s —-66d28m30.0s 1342221976 UN 47 x 47 [Olllgs, [CII]is7
4h57m48.00s —66d28m30.0s 1342221977 47 x 47  [Olles
4h57m40.30s  —66d26m59.0s 1342221978 81 x47 [Olles
4h57m50.59s —-66d29m49.7s 1342221979 81 x 81 [Clllisy
4h57m50.59s  —66d29m49.7s 1342221980 81 x 81 [OIles
4h57m40.30s  —66d26m59.0s 1342221981 81 x47 [Om]ss, [Cll]ysy

LMC-N111I 4h55m44.00s —66d34m24.0s 1342222769 UN 115 x 47 [Olles

1342222770 115 x 47 [O1a]ss, [C1l]ys7

LMC-N158  5h39m13.00s -69d30m18.0s 1342214032 UN 81 x 81 [Omi]ss, [CIl]ysy

1342214033 81 x81 [Olles

LMC-N159  5h39m37.53s —-69d45m27.0s 1342222075 UN 47 x 47  [Ollss
5h40m08.01s  —69d44m53.0s 1342222076 47 x 47 [OTlyss, [NII]os
5h39m39.50s —-69d46m10.7s 1342222077 47 x47  [Ollss
5h39m38.00s —69d45m48.0s 1342222078 81 x 81 [Omilgg, [C1I]is7
5h39m52.00s -69d45m12.0s 1342222079 115 x47 [OI]es, [NII]i22
5h39m38.00s —69d45m48.0s 1342222080 81 x81 [Olles
5h39m52.00s —-69d45m12.0s 1342222081 115 x 47 [Oma]ss, [CIl]ysy
5h40m08.00s —69d44m46.0s 1342222082 81 x 81  [O1les, [NII]122
5h40m08.00s —-69d44m46.0s 1342222083 81 x 81 [Omi]ss, [CIl]ysy
5h39m53.70s  —69d45m13.0s 1342222084 81 x 81  [OTlyss, [N I]50s

LMC-N159S  5h40m00.00s —-69d50m33.4s 1342222767 UN 81 x 81 [OIes
5h40m00.00s  —69d50m33.4s 1342222768 81 x81 [CHl;sy

LMC-N160  5h39m38.00s —-69d39m04.7s 1342222071 UN 47 x 47  [Ollss
5h39m41.30s  —-69d38m50.0s 1342222072 75 %103 [O1]e;
5h39m44.21s -69d38m40.2s 1342222073 47 x 47  [Ollss
5h39m41.30s  —-69d38m50.0s 1342222074 76 x 105 [O1]ss, [C1I];s7

Mrk 153 10h49m05.04s  +52d20m07.8s 1342209014 CN 47 x 47  [Olles

1342209015 [C1]ys7
1342232267 CN 47 x 47  [O1lgs
Mrk 209 12h26m16.02s +48d29m36.6s 1342199423 CN 47 x 47  [OHI]gs, [CIT]ys7
1342199424 [O1l63
Mrk 930 23h31m58.29s  +28d56m49.9s 1342212518 CN 47x 47 [Olles
1342212519 47 x 47  [Ollss
1342212520 51x51 [Ci]isy
1342212521 47 x47  [NI]in
1342212522 53 x53 [Onigs
Mrk 1089 5h01m37.76s  -4d15m28.4s 1342217857 CN 47 x 47  [O1ilgs
1342217858 47 x 47  [O1]4s
1342217859 51x51 [CHlsy
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Table A.1. continued.

Source name Coordinates® OBSID? Mode® Mapsize Line
(J2000) (")?
1342217860 51x51 [N
1342217861 53x 53 [O1les
Mrk 1450 11h38m35.62s  +57d52m27.2s 1342222067 CN 47 x 47  [O1les
1342222068 47 x 47  [O1I]gs
1342222069 47 x 47 [N1i»n
1342222070 51x51 [CHsy
NGC 625 1h35m06.00s  —41d26m10.3s 1342222216 CN 63 x 63 [Omlgg
1342222217 47 x 47 [Olles
1342222218 85x 85 [C;sy
NGC 1140 2h54m33.20s  —-10d01m50.0s 1342214034 CN 95x95 [Cilisy
2h54m33.54s —-10d01m42.2s 1342214035 63 x 63 [Omlgg
2h54m33.54s -10d01m42.2s 1342214036 47 x 47 [Olles
2h54m33.54s -10d01m42.2s 1342225171 47 x47 [NI]in
2h54m33.54s -10d01m42.2s 1342224588 47 x 47 [Ollss
NGC 1569 4h30m49.06s  +64d50m52.6s 1342225753 UN 95 x 143 [CIl];s7
1342225754 95x79 [Olles
1342225755 119 x 71 [O1]gs
NGC 1705 4h54m13.50s  -53d21m39.8s 1342222213 CN 63 x 63 [Ollllgg
1342222214 47 x 47  [O1les
1342222215 71x71 [C1]is;
NGC 2366 7h28m42.60s  +69d11m19.0s 1342220604 47 x 47  [Omlgg
1342220605 71x71 [C1lisy
1342220606 63 x 63 [OIles
NGC4214 12h15m39.17s  +36d19m36.8s 1342187843 CN 111 x 111 [O1les
1342187844 [O1]gs
1342187845 95x95 [Cilisy
1342188034 [N 11]205
1342188035 [O1]ss
1342188036 [N11]122
NGC 4449 12h28m11.90s  +44d05m39.6s 1342197813 UN 119 x 191 [C11];s7
1342197814 [O1les
1342197815 CN 47 x 47  [C1lisy
1342197816 [O1les
1342197817 [C1lys7
1342197818 [O1les
1342197819 [C11];s7
1342197820 [O1les
12h28m11.30s  44d05m30.6s 1342223138 UN 81 x47 [OI]yss
12h28m11.30s  44d05m30.6s 1342223139 CN 81 x81 [OIlgg
12h28m11.30s  44d05m30.6s 1342223140 UN 81 x47 [N
12h28m15.40s  44d06m57.6s 1342223141 81 x 115 [O1les
12h28m15.40s  44d06m57.6s 1342223142 81 x 115 [O1]gs
12h28m15.40s  44d06m57.6s 1342223143 81 x 115 [C1]isy
NGC4861 12h59m02.34s  +34d51m34.0s 1342208901 CN 47 x 47  [O1les, [OTlias, [NII]122, [N II]p0s, [N III]s7
12h59m02.34s  +34d51m34.0s 1342208902 85 %215 [C1lisy
12h59m02.34s  +34d51m34.0s 1342208903 47 x 47  [Omlgg
12h59m00.30s  +34d50m43.6s 1342221887 47 x 47  [Olles, [OT]4s
12h59m00.30s  +34d50m43.6s 1342221888 47 x 47  [Omlgg
NGC 5253 13h39m55.96s -31d38m24.4s 1342202125 CN 78 x78 [Olles
1342202126 94 x 141 [Culsy
1342214026 CN 63 x 63 [Ollllgs
1342214027 47 x 47 [NIin
1342214028 62 x47 [O1lss
NGC 6822 19h45m05.00s —14d43m22.1s 1342216633 UN 47 x 47 [CHlsy
19h44m50.00s  14d52m46.9s 1342216634 71x71 [Olles
19h45m05.00s —14d43m22.1s 1342216635 47 x 47  [Omlgg
19h44m50.00s  14d52m46.9s 1342216636 77x47 [Cilisy
19h44m50.00s  14d52m46.9s 1342216637 77 x47 [Omllgs
19h44m52.80s —14d43m04.9s 1342216638 71x71 [Ollgs, [C1I]ys7
19h44m52.80s —14d43m04.9s 1342216639 71 x71 [N1]in
19h44m52.80s —14d43m04.9s 1342230147 UN 81 x81 [O1le;
19h44m52.80s —14d43m04.9s 1342230148 47 x 47  [O1lss
19h45m05.00s  —14d43m22.1s 1342230149 47 x 47 [Olles
Pox 186 13h25m48.66s —11d36m37.8s 1342213284 CN 47 x 47  [Omlgg
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Source name Coordinates® OBSID® Mode®  Mapsize Line
(J2000) (">
1342234995 [C11];s7
SBS 0335-052 3h37m44.06s -5d02m40.2s 1342214221 CN 47 x 47  [CH]isy
1342248295 [O111]gs
1342249197 [O1]e3
SBS 1159+545 12h02m02.37s  +54d15m49.5s 1342199228 CN 47x 47  [CHl;sy
1342232309 [O 111]gg
1342232310 [O1]e3
SBS1211+540 12h14m02.48s  +53d45m17.4s 1342199422 CN 47 x 47  [C1]isy
SBS 1249+493  12h51m52.53s  +49d03m26.9s 1342232266 CN 47 x 47  [CHl;sy
SBS 1415+437  14h17m01.40s  +43d30m04.5s 1342199731 CN 47 x 47  [Olles
1342199732 [O111]gs
1342199733 [C11]ys7
SBS 1533+574  15h34m13.80s  +57d17m06.0s 1342199230 CN 47 x 47  [CHl;sy
1342199231 [O 111]gg
1342199232 [O1]e3
1342199399 [O 111]gg
SMC-N66 0h59m08.00s  —72d10m46.4s 1342214029 UN 149 x 47  [O1lgs, [C1I];s7
0h59m08.00s  —72d10m46.4s 1342214030 149 x 47  [O1]e;
0h59m09.73s  -72d10m03.4s 1342214031 47 x 47  [O1les, [CII];s7
Tol 1214-277 12h17m17.09s  -28d02m32.7s 1342199408 CN 47 x 47  [CH]isy
1342234059 [O111]gs
1342234060 [O1]e3
UGC 4483 8h37m03.00s  +69d46m54.0s 1342203684 CN 47 x 47  [Cllysy
8h37m03.00s  +69d46m54.0s 1342203685 [O111]gs
8h37m03.00s  +69d46m31.0s 1342203686 [C11]ys7, [O1]63
UM 133 1h44m41.28s +4d53m25.9s 1342212533 CN 47x47  [Cll;sy
1342235699 [O111]gs
1342235700 [O1]e¢3
UM 311 1h15m32.00s —0d51m38.0s 1342213288 CN 71 x71  [CHlsy
1342213289 63 x 63 [Olllgs
1342213290 47x47  [N1l]in
1342213291 63x63 [Olles
UM 448 11h42m12.40s  +0d20m02.7s 1342222199 CN 53 x 53  [Ollgs
1342222200 47 x47  [NI]in
1342222201 51x51 [CH]isy
1342222202 51x51  [OT1]ss
1342222203 53 %53 [Olles
UM 461 11h51m33.35s  -2d22m21.9s 1342222204 CN 47 x 47  [Olles
1342222205 51x51 [CH]isy
1342222206 47x47  [NI]in
1342222207 53 x 53  [Olllgs
VIIZw 403 11h27m59.90s  +78d59m39.0s 1342199286 CN 47 x 47 [N, [OI]iss
1342199287 63 x 63  [Olllgs
1342199288 63 x 63  [Ollss
1342199289 71x71  [CH]isy
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Appendix B: Spectral maps and line profiles of the Herschel Dwarf Galaxy Survey

Atlas of the PACS spectroscopy data. For each spectral line, the flux map and spectrum of the brightest spatial pixel, which position
is indicated by a black cross on the map, are shown. White circles represent the PACS beam sizes. We note that the maps are not
PSF-deconvolved.
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Fig. B.1. PACS spectroscopy data of all galaxies of the Dwarf Galaxy Survey. For each galaxy, flux maps are shown on the left and line profiles
over the brightest position, indicated by a cross on the map, are shown on the right. White circles represent the PACS beam sizes (FWHM of ~9”
at 60 um and 12" at 160 um). The spectral resolution is 90 kms™! at 60 um and 240 kms™' at 160 ym.
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