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ABSTRACT

The Dwarf Galaxy Survey (DGS) program is studying low-metallicity galax-
ies using 230h of far-infrared (FIR) and submillimetre (submm) photometric and
spectroscopic observations of the Herschel Space Observatory and draws to this
a rich database of a wide range of wavelengths tracing the dust, gas and stars.
This sample of 50 galaxies includes the largest metallicity range achievable in the
local Universe including the lowest metallicity (Z) galaxies, 1/50 Z, and spans
4 orders of magnitude in star formation rates. The survey is designed to get a
handle on the physics of the interstellar medium (ISM) of low metallicity dwarf
galaxies, especially on their dust and gas properties and the ISM heating and
cooling processes. The DGS produces PACS and SPIRE maps of low-metallicity
galaxies observed at 70, 100, 160, 250, 350, and 500 pm with the highest sensi-
tivity achievable to date in the FIR and submm. The FIR fine-structure lines,
[CII] 158um, [OI] 63um, [OI] 145um, [OIII] 88um, [NIII] 57um and [NII] 122
and 205 pum have also been observed with the aim of studying the gas cooling
in the neutral and ionized phases. The SPIRE FTS observations include many
CO lines (J=4-3 to J=13-12), [NII] 205 pm and [CI] lines at 370 and 609 pm.
This paper describes the sample selection and global properties of the galaxies,
the observing strategy as well as the vast ancillary database available to comple-
ment the Herschel observations. The scientific potential of the full DGS survey

is described with some example results included.

Subject headings: galaxies: ISM — galaxies:dwarf- galaxies:NGC 4214— ISM: dust —

submillimeter: galaxies
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1. Introduction

One of the keystones in understanding how galaxies form and evolve is establishing the
role of dwarf galaxies. Hierarchical models put dwarf galaxies forward as crucial building
blocks of much larger galaxies, yet there is indication that many dwarf galaxies in our local
Universe have stellar populations much younger than their larger cousins (e.g. [Maiolino
et al.2008)). A major source of this ambiguity may arise from the fact that accurate
measurements to conclude on the properties of the Interstellar Medium (ISM) and star
formation histories of local Universe low metallicity dwarf galaxies have been lacking, thus
preventing a consistent picture to explain the interplay between the evolution of the metals
and the process of star formation. How genuinely young galaxies harboring no old stellar
population are related, if at all, to chemically young galaxies, is not at all clear. The
scenery is quickly evolving, given the explosion of new wavelength coverage as well as spatial
resolution and sensitivity provided by the current far-infrared (FIR) and submillimetre
(submm) Herschel Space Observatory, which has made it possible to study in detail the
vast variefof dwarf galaxies in our local Universe. These convenient laboratories allow us to
study star formation and ISM properties in conditions that may be representative of early
Universe environments, such as primordial galaxies where initial bursts of star formation

may be taking place.

Before Herschel, much of what we have gleaned of the details of dust and gas properties
and the processes of dust recycling, heating, and cooling in galaxies has been limited
mostly to Galactic studies. ISO and Spitzer space missions have proven successful in
demonstrating the importance of mid-infrared (MIR) to FIR observations to study the
ionized and photodissociated gas emission measures and the unusual dust properties in
the low luminosity, low metallicity galaxies (e.g. Engelbracht et al.|[2005; [Madden et al.

2006; Wu et al.[2006; Engelbracht et al.|2008). Systematic statistical surveys, that include
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submm wavelengths, spanning a wide variety of galactic physical parameter space such
as metallicity, gas mass fraction, star formation activity, infrared (IR) luminosity, can be
used to analyse in detail the physical processes at play in the low metallicity gas and
dust over galaxy-wide scales. Only with such studies can we understand the impact of
galactic properties on processes controlling the evolution of galaxies. To this end, the
Herschel Dwarf Galaxy Survey (HDGS; P.I. Madden; 144.7h) is a compilation of a SPIRE
SAG2 guaranteed time (GT) key program plus SPIRE GT2 observations, using the PACS
and SPIRE instruments onboard the Herschel Space Observatory to obtain 55 to 500 pum
photometry and spectroscopy of 48 dwarf galaxies in our local Universe, chosen to cover
a broad range of physical conditions. Our larger Herschel sample also includes 85.5h of
complementary spectroscopy of dwarf galaxies, including pointings in 2 more galaxies, the
Small Magellanic Cloud (SMC) and Large magellanic Cloud (LMC), carried out with the
PACS GT key program and GT2 program, SHINING, which is also surveying starbursts
and AGNs (P.I. Sturm). The total observing time of our Herschel PACS GT plus SPIRE
GT surveys dedicated to 50 dwarf galaxies from our HDGS and SHINING programs, is
230h and is hereafter together called the DGS (Dwarf Galaxy Survey).

The DGS sample has also been observed with MIR photometry and spectroscopy with
Spitzer (i.e. Bendo et al.|2012b). Thus these data, together with the ancillary database
being assembled, create a rich legacy for the community to perform dust and gas analyses
in unprecedented detail in low metallicity galaxies from ultraviolet (UV) to millimetre
(mm) wavelengths. The properties of the DGS makes it ideally suited for such studies (see
section . Total infrared luminosity (Lrrgr) values of the survey range from 6.6x 10" L
for UGC4483, to our most luminous target, Haro 11, Ly;r = 1.6x10' L. Typical star
formation rates range over 4 orders of magnitude (0.0007 to 28 Mgyr—!), with many of the
dwarf galaxies containing super star clusters. Their metallicity properties span the largest

range achievable in the local Universe, from a nearly solar value in He 2-10 to extremely low
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metallicity (ELM) environments with metallicity values, 12+log(O/H) < 7.6 (~ 1/20 Z[)
and ranging as low as ~ 1/40 to 1/50 Z; in galaxies such as I Zw 18 and SBS 0335-052 -
among the most metal-poor in the local Universe. Furthermore, these objects have wide

variations of gas mass fractions relative to stellar mass (0.001 to 0.7), dust-to-metal mass

ratios (0.07 to 0.33), and IR luminosities-to-gas mass ratios (0.4 to 20).

The DGS obtains detailed spatial information on the well-studied nearby star-forming
dwarf galaxies of the Local Group. The well-resolved objects serve as anchors between
the detailed local physical processes and the larger statistical sample. Size scales of a few
pc to 100 pc allow for the detailed multiphase study of low metallicity ISM, where stellar
winds and supernovae can have a violent impact on the ISM, controlling the evolution of
the dust and gas properties in dwarf galaxies. The DGS includes PACS spectroscopic maps
in several bright star forming regions in the LMC (1/2 Z5) and the SMC (1/5 Z) which
complement the study of HERITAGE - the Herschel FIR and submm photometric survey
of the Magellanic Clouds (Meixner et al. 2010, Meixner et al 2013, submitted).

The DGS, along with ancillary data existing and continuing to be collected, provides
the community with an unprecedented database of high impact legacy value and will lead
to many future follow-up studies. To date, the DGS observations have been the objective
of several case studies already presented or in preparation: NGC 6822 (Galametz et al.
2010, Carlson et al. 2013, in preparation), NGC 1705 (O’Halloran et al.|2010), NGC 4214
(Cormier et al.[2010), Haro 11 (Cormier et al.[2012), LMC/N11B (Lebouteiller et al.[|2012),
NGC 4449 (Karczewski et al.2013). The results of the full photometric and spectrometric
DGS will be presented in Rémy-Ruyer et al. (2013a, in preparation) and Cormier et al.

(2013, in preparation ), respectively. The utility of the FIR fine-structure lines as star

lthroughout we assume solar O/H =4.90x10"* |Asplund et al| (2009); i.e.
124log(O/H)s= 8.7
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formation indicators and the dependence on metallicity will be presented in de Looze et al
(2013, in preparation). The interpretation of this full database will lay the groundwork for
understanding star formation activity under low metallicity ISM conditions, thus providing
benchmarks against which primordial galaxies can be compared. Some of the outstanding

questions which can be addressed with this database include the following:

The global properties and diagnostics of low metallicity galaxies

e What properties of the galaxy as a whole, and local processes within it, control
the observed Spectral Energy Distribution (SED) and its evolution? How can
we disentangle the effects of galaxy metallicity, star formation properties, ISM
morphology and dust properties (dust size distribution, composition, etc.), etc on the

observed SED?

e In which galactic environments does the submm excessﬂ manifest and what is the

nature of this submm excess?

e How can we most accurately trace the total molecular gas reservoirs which are fueling
the prominent star formation activity in low metallicity dwarf galaxies? Is the warm
molecular gas a significant component in star forming dwarf galaxies? Reliable

CO-to-Hy conversion factors for low metallicity ISM conditions are urgently needed.

e How can we calibrate the technique of using observed dust masses to get at the gas

reservoirs?

2The submm excess is emission enhanced beyond that explicable by current dust models

and normally appears near or longward of A > 500 um in low metallicity environments (see

Section ) )
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e Is the 158 pm [CII] line a valid star formation rate tracer in local galaxies, and can it

be used to quantify star formation in high-z galaxies?

The impact of star formation on the ISM

e What are the effects of the ensemble of star formation sites on full galaxy scales and
the processes controlling the feedback between the surrounding metal-poor ISM and
star formation under conditions approaching those of the earliest, most metal-poor

galaxies?

e What is the impact of the super star clusters on the nature of the surrounding dust
and gas? How much star formation activity is actually enshrouded and optically thick

out to and beyond MIR wavelengths even in these dust-poor environments?

e What is the effect of metallicity (direct or indirect) on the morphology and filling

factors of the different gas phases?

The interplay between the gas and dust in galaxies

e What are the consequences of the dust properties on the gas heating and cooling

processes in low metallicity environments and how does this compare with metal-rich

ISM?

e What is the relationship between metals in the gas phase and those in the dust as a
function of the metallicity of a galaxy? How do the dust-to-gas mass ratios (D/G)

evolve as a function of galaxy metallicity?

e What is the impact of dust abundance and composition and gas reservoirs on the

evolution of the ISM and vice versa?
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The improved angular resolution and sensitivity of Herschel in the 60-160 pym range
compared to ISO and Spitzer, is allowing us to probe local regions within galaxies as well
as statistically-important global galaxy properties. Thus we can study the effect of varying
spatial scales on the interpretation of the observations and relate the observed variations in
the dust SEDs and gas properties to the actual physical phenomena occurring within the
galaxy (e.g. Bendo et al.|2012b; |Parkin et al. 2012; |[Foyle et al. 2012; |Aniano et al.|2012;
Galametz et al|2012; Fritz et al|2012; Smith et al.|2012; Xilouris et al.|2012; [Mentuch
Cooper et al.|2012)). The added benefit of the combination of the Herschel spectroscopy
and photometry will make it possible to address the long-standing issues on the total gas
and dust reservoirs in low metallicity galaxies, with particular attention to the enigma
of quantifying the molecular gas reservoir. This will lead to the construction of a rich

interpretative framework for unresolved, more distant galaxies in the early Universe.

In this paper we present the overview of the scientific goals in section [ the source
selection and properties are described section [3 the observing strategy and data treatment
of the DGS and ancillary data of the survey are described in section [d selected science
results are presented in section [B} future products to come out of the survey are mentioned

in section [0} and a final summary is given in section [7]

2. Scientific Goals
2.1. The dust properties of dwarf galaxies

One avenue to understand the star formation activity and the evolution of dwarf
galaxies is by studying the dust emission properties. In addition to being the culprit in
obscuring the starlight in galaxies, potentially biasing our view of stellar activity, dust plays

a more positive role as a major actor in the thermal equilibrium of galaxies. Dust absorbs
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starlight of a wide range of energies, emitting in the MIR to submm/mm wavelength
regime. In spite of their metal-poor ISM, dwarf galaxies have been known, even since
IRAS observations, to possess non-negligible amounts of dust with some low metallicity
galaxies globally harboring warmer dust on average than their dust-rich counterparts.
The more active blue compact dwarf galaxies (BCDs), for example, revealed higher IRAS
60/100 pm flux ratios (i.e. warmer dust) compared to those of disk-type metal-rich galaxies
while the elevated 25/12 pm fluxes highlighted the presence of warm stochastically-heated
MIR-emitting dust and the dearth of the smallest grains/large molecules, Polycyclic
Aromatic Hydrocarbons (PAHs) (e.g. Helou |[1986; Hunter et al.[1989; Sauvage et al./|1990;
Melisse & Israel||1994)). The dramatic improvement in sensitivity of Spitzer accentuated
these findings of galaxy-wide warmer dust in star forming dwarf galaxies (e.g. Jackson et al.
2006; Rosenberg et al.|2006; Cannon et al.|2006; Walter et al.[2007)), with an extreme case
being one of the lowest metallicity galaxies known in the Universe, SBS0335-052 (Houck
et al.|[2004). ISO and Spitzer spectroscopy confirmed the relatively weak PAH bands in
dwarf galaxies (e.g. [Madden et al. 2006; (O’Halloran et al.|[2006; [Wu et al.|2006; Hunter &
Kaufman 2007; Smith et al.[2007; Hunt et al.[|2010) and are sometimes completely absent
as metallicities drop to a threshold level of about 12+log(O/H)=8.2 - about 1/5 to 1/3
Zs(Engelbracht et al. 2005)).

While observations have been modeled with sufficient MIR to submm coverage in
only a limited number of local Universe metal-poor galaxies with IRAS, ISO, Spitzer and
ground-based telescopes, their SEDs were already exhibiting evidence for dust properties
with other notable differences from those of our Galaxy as well as other metal-rich
starburst galaxies. Excess emission in the submm/mm wavelength range (Figure
over the expected Rayleigh-Jeans behavior was noted in the COBE observations of our
Galaxy (Reach et al.|[1995)) and has been detected in low-metallicity dwarf galaxies using
ground-based telescopes observing 850/870 pm with SCUBA on the JCMT and with
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LABOCA on APEX (e.g. |Galliano et al|2003, |2005; Bendo et al.2006; Galametz et al.

2009; Zhu et al.|2009; (Galametz et al.2011)). In the LMC, where Herschel brings 10 pc

resolution at 500 pm, |Galliano et al. (2011) have highlighted locations of submm excess

ranging from 15% to 40% compared to that expected from dust SED models. The intensity
of the excess is anti-correlated with the dust mass surface density. Possible explanations

put forth to explain the submm excess include: 1) very cold dust component (e.g.

et al. 2005 |Galametz et al|2011)); 2) unusual dust emissivity properties (e.g. [Lisenfeld et al.|

2002; Meny et al|2007; |Galliano et al.|[2011; Paradis et al.|2011)); 3) anomalous spinning

dust which has explained excess emission appearing at radio wavelengths (e.g.
Lazarian|[1998; Hoang et al.|2011} [Ysard et al|[2011) and 4) magnetic dipole emission from

magnetic grains (Draine & Hensley||2012). No single explanation put forth to date as the

origin of the submm excess is completely satisfactory for all cases observed. Thus, the origin
of the submm excess remains enigmatic. With more sensitive submm wavelength coverage,
Herschel is confirming the flatter submm slope indicative of the submm excess present in

some dwarf galaxies in the DGS (i.e. Rémy-Ruyer et al. 2013a, in preparation).

The global MIR SEDs of dwarf galaxies, often dominated by prominent ionized gas

lines, weak PAH emission and steeply rising MIR continuum, resemble HII regions (e.g.

Madden et al.2006), or even, to some extent, ULIRGs (Figure [1)). Galaxy-wide, star

forming dwarf galaxies often have a larger proportion of warm dust than spiral galaxies,

with steeply rising MIR to FIR slopes and overall SEDs peaking at wavelengths shortward

of ~ 60 pm (Figure [1)) (e.g. |Galametz et al. 2009, 2011)). Starbursting dwarf galaxies have

a higher relative abundance of small grains, compared to our Galaxy (e.g. Lisenfeld et al.|

2002; |Galliano et al[2003| 2005). In one of the most metal-poor galaxies detected to date,

SBS 0335-052 (1/40 Z), the MIR to FIR SED is unlike that of any other galaxy observed

so far, with silicate absorption bands superimposed on a featureless continuum peaking at

an unusually short wavelengths, ~ 30 pum (Thuan et al.|[1999; Houck et al|[2004). The
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smallest grains in galaxies, the most numerous in low metallicity galaxies being the very
small grains, not the PAHs which are abundant in disk galaxies, are normally playing the
most important role in gas heating, commonly via the photoelectric effect (Bakes & Tielens
1994). Thus how the dust size distribution and abundance varies within galaxies is critical
to understand the heating and cooling processes. Given these observed dust properties,
the heating and cooling processes will, undoubtedly, be altered in dust-poor galaxies
relative to dust-rich galaxies. The structure of the ISM in terms of relative filling factors
of star clusters, atomic, ionized and molecular gas looks to be different from those in our
Galaxy or other metal-rich starburst galaxies: the ionized regions and the galaxy-wide hard
radiation field, play an important role in shaping the observed SED and the gas properties
(Lebouteiller et al.|[2012; |Cormier et al[[2012). Simply assuming Galactic dust properties
in the analyses of SEDs of low metallicity galaxies may lead to erroneous results in the

determination of dust mass, extinction properties, gas mass, star formation properties, etc.

The choice of dust composition to use when interpreting the observations complicates
the problem. For example, assuming the often-used graphite dust analog, which, along
with a silicate and PAH components, well-describes the dust composition of the Galaxy
(e.g. [Zubko et al.|2004; Draine & Li 2007) can lead to inexplicably large dust masses in
low metallicity galaxies such as the LMC, as shown by |Galliano et al|(2011]). While either
amorphous carbon or graphite and silicate and PAHs in the SED model can successfully
fit the observations, the resulting larger dust mass using graphite, is sometimes difficult to
reconcile with the metallicity, the observed gas mass and the expected D/G (Section .
Posessing higher emissivity properties, an amorphous carbon component (Zubko et al.||[1996])
can result in a lower dust mass that agrees better in some cases with the measured gas mass
and the expected D/G. A recent reevaluation of the optical properties of (hydrogenated)
amorphous carbon may lead to yet a different view of the variations in the observed dust

properties in galaxies (Jones|2012a,blic).
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- —— Spiral: NGC6946
—— ULIRG: Arp220
— Starburst: M82
10*
—— Dwarf Elliptical: NGC205
—— Dwarf: NGC17/05

1 10 100 1000
Wavelength (um)

Fig. 1.— Comparison of a dwarf galaxy with the SEDs of 4 other galaxies: star-forming
dwarf galaxy, NGC 1705 (O’Halloran et al.|2010) with a spiral galaxy, NCG 6946
et al|[2012)), a Ultra Luminous InfraRed Galaxy (ULIRG), Arp 220, a metal-rich starburst,
M82 (Roussel et al.[2010) and a dwarf elliptical, NGC 205 (De Looze et al[2012). The dwarf

galaxy, NGC 1705, is one of the faintest example here with a SED characteriztic of star-
forming low metallicity dwarf galaxies. The vertical bars indicate the Herschel PACS and

SPIRE channels. The SED models are derived using the Galliano et al. " AC” (amorphous

carbon) model (Galliano et al.[2011).




— 15 —

Many of the conclusions on the dust properties of low metallicity ISM rest on the need
for higher spatial resolution and longer wavelength coverage into the submm, as provided
by Herschel. While Draine et al.| (2007) concluded that there is little effect overall on the
dust masses of galaxies with or without submm observations, Galametz et al. (2011]) found
that including submm constraints in the SED modelling process can affect the dust masses
estimated. To complicate interpretation, the single temperature modified black body, often
used to describe the dust FIR-submm properties, can lead to different dust masses, for
example, compared to more realistic dust SED models (e.g. |Galliano et al. 2011} Dale et al.
2012; |Galametz et al.|2012)). This is a consequence of the fact that 70-500 pm emission
from galaxies can originate from different heating sources and a single modified blackbody
fitting these data can overestimate the average dust temperature and thus underestimate
the dust mass within the galaxies (e.g. Bendo et al.||2010; Boquien et al.|2011; Bendo et al.

2012b; |Dale et al.|2012). Herschel is well-positioned to lend clarity to these issues.

2.2. FIR Fine-Structure lines as gas coolants in the interstellar medium

The Kennicutt-Schmidt law demonstrates the empirical relationship between total gas
column density and star formation rate surface density. The observed slope of ~1.4 indicates
that the efficiency in forming stars increases with the gas surface density (Kennicutt/|1998)).
Evidence is growing for molecular gas surface density, in particular, as the regulator for star
formation in galaxies of the local Universe as well as at high-redshift, and not necessarily
the total gas density (e.g. Kennicutt et al. 2007; Bigiel et al.2008; (Genzel et al.|[2012]).
While mostly more massive galaxies have been used to derive this relationship, does the
same recipe hold for star formation in the wide range of low mass dwarf galaxies, or, for

that matter, high-z low metallicity dwarf galaxies?

We take for granted that CO (J=1-0) is the best tracer of molecular gas in local and
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distant galaxies, considering the observational difficulties in detecting directly the most
abundant molecule, Hy,. While HI halos are often very extended in dwarf galaxies, CO has
been notoriously difficult to detect. Traversing from CO (J=1-0) observations to the total
H; gas mass in dwarf galaxies is a perplexing issue, one that has been hampering studies of
low metallicity ISM for decades. This CO (J=1-0) deficit is often difficult to reconcile with
the molecular gas necessary to fuel star formation and valiant effort has been invested in
determining a recipe for the CO (J=1-0)-to-Hs conversion factor in low metallicity galaxies
(e.g. Leroy et al. 2011}, |Schruba et al.2012; |Bigiel et al.|[2011, and references within). On
the other hand, surprisingly prominent FIR fine structure cooling lines, such as the 158
pm [CII] line, often interpreted as the best tracer of photodissociation regions (PDRs)
around molecular clouds illuminated by massive stars, have been detected in low metallicity
dwarf galaxies with the Kuiper Airborne Observatory (KAO) and the ISO LWS (Stacey
et al. [1991; Poglitsch et al.|[1995; Madden et al.|[1997; Madden|2000; Bergvall et al./2000;
Hunter et al.[2001; [Vermeij et al.[2002; Brauher et al. 2008} Israel & Maloney|[2011)). Thus,
exceptionally bright 158 um [CII] with exceptionally faint CO (J=1-0) renders the ISM of

low metallicity galaxies and the conditions for star formation rather elusive.

Licrr has been hailed as an important tracer of star formation activity (Stacey et al.
1991} Boselli et al.2002; |de Looze et al.2011)). For example, values of Licr7/Leo(s=1-0) of
more active normal starburst galaxies have ratios of ~ 4 000 while more quiescent spiral
galaxies show a factor of 2 lower (Stacey et al.|[1991). In dwarf galaxies, however, values
of Licrn/Leo(i=1-0) can range from about 4 000 to as high as ~ 80 000 (Madden|[2000) -
much higher than the most active metal-rich galaxies (Figure . What is the explanation

behind such strikingly high Licr/Leo=1-0)7

Toward regions of the Local Group galaxy, IC10, for example, [CII]| excitation from

collisions with H atoms could not explain the surprisingly high observed [CII] intensity.
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Assuming the [CII] excitation originated in PDRs, comparison of the observed HI column
density required an additional excitation source, namely Hy molecules, to reconcile the
cooling rate with the photoelectric UV heating rate. This lead to the suggestion that up to
100 times more molecular hydrogen gas may be present, compared to the Hy inferred from
the relatively faint CO (J=1-0) lines (Madden et al.|1997). These early KAO detections of
the 158 pm [CII] line in low metallicity galaxies, namely the LMC (Poglitsch et al./|1995}
[srael et al.|[1996; [srael & Maloney| 2011) and IC10 (Madden et al./[1997) were the first
observational evidence for the presence of a reservoir of Hy gas not traced by CO (J=1-0),

but residing in the C*-emitting region - the ”CO-dark” molecular gas.

The presence of the CO-dark molecular gas is regulated by conditions present in low
metallicity environments. Molecules which are not effective at self-shielding, such as CO,
will be photo-dissociated before Hy in the PDRs. The combined effect of the strong FUV
field from the nearby young star clusters and the decreased dust abundance is to shift the
atomic-molecular gas transition deeper into the cloud, reducing the relative size of the
CO core and increasing the volume of the PDR. In this scenario, a potentially significant
reservoir of Hy can be present in C*- emitting PDR, outside the smaller CO core. This
component, not traced by CO nor HI, has also been uncovered in our Galaxy via 7y - ray
observations (Grenier et al.2005) and more recently with Planck (Planck Collaboration
et al.|[2011; Paradis et al.[2012). This effect of the CO-dark molecular gas in the PDR
envelope is shown theoretically to be controlled strongly by Ay and should increase in
importance as the metallicity decreases (Wolfire et al.|[2010; Krumholz & Gnedin 2011;
Glover & Clark|2012). More recent detailed studies comparing the dust and observed gas
properties in the LMC and other nearby galaxies with Herschel and Planck have likewise
highlighted the presence of this otherwise undetected gas phase (Section , which could

also be in the form of optically thick HI.
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Fig. 2.— Licrn/Lrir vs Leo/Lrr for local galaxies, and high-z galaxies (Hailey-Dunsheath
et al.[[2010; Stacey et al.[2010)) and low metallicity dwarf galaxies (Madden[2000). Lines of
constant Licry/Leo are shown (blue, dashed) for 4,000 (local starburst and high-z galaxies)
and 80,000, the maximum end of dwarf galaxies. These observations are from the ISO/LWS
and the KAO. Herschel observations of dwarf galaxies will populate this plot further to the

upper left region.
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In addition to the widely-used [CII] line, the DGS spectroscopy programme traces the
other key FIR ISM cooling lines such as [OIII], [OI], [NII] and [NII] (Table [I)). These
important cooling lines are diagnostics to probe the FUV flux, the gas density (n) and
temperature (T) and the filling factor of the ionized gas and photodissociation regions (e.g.
Wolfire et al.|[1990; Kaufman et al. 2006). While the new NASA-DFG airborne facility,
SOFTA, will continue observing the FIR fine-structure lines beyond Herschel’s lifetime, it
must contend with the residual effects of the Earth’s atmosphere. Hence, Herschel allows
us the best sensitivity and spatial resolution to probe a variety of emission lines from these

intrinsically faint dwarf galaxies.

Since the ionization potential of C° is 11.3 eV (Table [1]) - less than that required to
ionize atomic hydrogen - [CII| can be found in the ionized as well as the neutral phases.
One way to determine how much of the observed [CII] may be excited by collisions with
electrons in low density ionized regions, for example, is to use the [NII] lines at 122 and 205
pm (e.g. Oberst et al[2011)). Since N° requires an ionization potential of 14.5 eV, these
lines arise unambiguously from a completely ionized phase. Their relatively low critical
densities (ne4) for collisions with electrons (48 to 200 cm ™) make them useful to associate
any observed [CII| emission possibly arising from the diffuse ionized gas, and thus, provide
a means to extract the PDR-only origin component of the [CII] emission. The [NII] 122 pym
line is detected with PACS only in the brightest regions of the DGS galaxies. The PACS
[NIT] 205 pm line was not observable in the dwarf galaxies: leakage from other orders of the
grating renders the flux calibration of the [NII] 205 pm line unreliable and the sensitivity of
the instrument beyond 190 pm is degraded. The [NII] 205 pum line is, however, covered by
the SPIRE FTS which has observed 4 DGS galaxies. The [OIII] 88 pm line has a similarly
low 7. for collisions with electrons (Table [1) and can also be associated with the low
density ionized medium. It has the highest ionization energy of these FIR lines and traces

the hard photons traversing the diffuse ionized medium. Thus, with Herschel, along with
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the existing ancillary data, we can more accurately model the diffuse and dense atomic,

ionized and molecular phases of the low-metallicity ISM.

The sensitivity provided by Herschel, along with the wide range of MIR lines that
have been observed for the target galaxies with the Spitzer IRS spectrograph (Table [5)),
provides ~ 20 MIR and FIR fine structure lines in a wide variety of low metallicity galaxies
in the DGS. Detailed studies of the photodissociated and photoionized gas can characterize
the physical properties of the ISM as well as the properties of the energetic sources in
low metallicity environments (see Cormier et al.| (2012)) for an example of such complex
extragalactic modeling). Additionally, these observations will be able to shed light on

quantifying the molecular gas reservoir in dwarf galaxies.

2.3. Possible Warm Gas Reservoir in Dwarf Galaxies?

MIR H, lines, possible tracers or warm gas, can sometimes be present in Spitzer IRS
spectra of dwarf galaxies, most often at low levels (Wu et al.||2006; Hunt et al.|2010), but
are not normally thought to account for a substantial reservoir of the molecular gas in

dwarf galaxies because most of this gas lies at lower T (<100K).

The SPIRE FTS, covering 194 to 670 pum, provides simultaneous coverage of CO
rotational lines ranging from J=4-3 through J=13-12, a range within which the spectral
line energy distribution (SLED) of CO lines has been found to peak for AGNs; star forming
galaxies and for high-z QSOs unveiling, often, a previously unknown warm molecular
component (e.g. Panuzzo et al.2010; Rangwala et al.[2011; Kamenetzky et al. 2012}
Spinoglio et al.|[2012). The warm molecular gas component of the relatively bright,
well-studied nearby dwarf galaxies, NGC 4214, 1C10, He2-10 and 30 Doradus, the most

massive star forming region in our neighboring LMC, are observed with the SPIRE FTS.
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Table 1. PACS FIR emission lines for the DGS: their properties and diagnostic
capabilities
Species A Transition Excitation® Nerit Comments
(pm) Potential (eV) cm™3

[0]] 63.1 3p, -3 P - 4.7x105? Emission from neutral regions only
With [CII] and Lpsg - constrains incident FUV flux.

[O1] 145.5 3pL -3 P - 9.5x10%4? Ratio of both [OI] lines - measures local T ~ 300K

[O111] 88.3 3p, =3 Py 35.1 510¢ Tonized regions only - radiation dominated by OB stars.
With optical [OIII] lines (e.g. 495.9 and 500.7 nm) -
probes T and n in hot optically thin plasmas.

[c11] 157.9  2P3,5 =2 Py )9 11.3 2.8x103%, 50°  Most important coolant of the warm, neutral ISM.
Found in both neutral and ionized regions

[NII] 121.7 3p, -3 Py 14.5 310¢ Excited by collisions with electrons.
Found only in ionized gas

[NII] 203.9 3p -3 P 14.5 48¢ Ratio of [NII] lines - excellent probe of low ne

[NIII] 57.3 3Py =3 Py 29.6 3.0x103¢ Ratio with [NII] can trace radiation field hardness

@ Excitation Potential: Here we refer to the energy needed to remove electrons to reach this state.

b Critical density for collisions with hydrogen atoms (kinetic T = 300K)

¢ Critical density for collisions with electrons
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30Doradus, He2-10 and IC10 have already been detected from the ground in CO transitions
as high as J=7-6 (Bayet et al.|[2004} 2006; Pineda et al. 2012). While CO J=1-0 can be
excited at low densities (10? to 10* cm™3) and low temperatures (~ 10K — 50K), higher-J
CO lines effectively trace the denser and warmer gas connected to ongoing star-formation.
The high J ground-based CO lines (up to J= 7-6) have been touted to be the best
available SFR indicators accessible with ground-based instruments (Bayet et al.|2009).
The FTS observations, aided by PDR and chemical models, will lead to the determination
of the physical parameters (including density, temperature, filling factor and mass) of
the CO-emitting molecular reservoir in low metallicity galaxies. This warm component is
essential to help provide a complete inventory of all of the gas in these star-forming low
metallicity galaxies, much of it possibly residing in the warmest reservoirs more reliably

traced by the high-J CO lines from the FTS observations.

2.4. Dust to Gas Mass ratios (D/G)

Limits in sensitivity, spatial resolution and wavelength coverage in the past have left
an ambiguity in the behavior of the D/G at low metallicities (e.g. Galametz et al.|2011)),
The DGS is finally extending studies on D/G in galaxies to the lowest metallicities in the

local Universe (Rémy-Ruyer et al. 2013b in preparation).

While the proportion of heavy elements in the gas and dust scales with the metallicity
in the disk of our Galaxy (Dwek [1998)), it is not completely clear that this also holds
for low metallicity dwarf galaxies. For a sample of low-metallicity galaxies, [Lisenfeld &
Ferrara (1998)) and [Issa et al.| (1990) found that the dependence of metallicity on D/G can
deviate from the expected linear relationship which implies that the fraction of metals in
the dust phase varies over the history of a galaxy. These studies, however, were performed

for dust masses determined from IRAS observations, therefore not tracing cooler dust
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beyond 100 pum. James et al| (2002)), who did a similar study using some ground-based
850 pum observations, include a few low metallicity galaxies in their large sample and
find a flatter trend of the D/G at lower metallicities that needs to be tested for a larger
range of metallicities, particularly for lower metallicities. In a study conducted before
Herschel, Galametz et al. (2011)) demonstrated that submm wavelength observations were
indispensable to constrain the total dust masses, leaving some ambiguity in the measured
D/G even without considering a submm excess. On the other hand, Draine et al.| (2007)
concluded that the D/G of the SINGS sample of galaxies was well determined with Spitzer
observations up to 160 pm with an additional cirrus component to explain the 850 pum
observations of the metal-rich galaxies in the sample. More recently, Dale et al.| (2012))
results extending the SINGS sample to Herschel wavelengths with the KINGFISH survey
(Kennicutt et al.[2011]), note a submm excess present in their low Z galaxies. Herschel is
beginning to uncover more examples of possible candidates to study the submm excess as
shown, for example, in the dwarf galaxies in the Herschel Virgo Cluster Survey (Grossi

et al. 2010). Likewise, a metallicity dependence of the SPIRE band ratios in the Herschel
Reference Survey (Boselli et al.|2012)) suggests the presence of a submm excess. More
complete wavelength sampling by Herschel will help resolve the submm behavior and refine

our extragalactic dust SED models.

Bot et al| (2004) modelled the dust in the diffuse ISM of the SMC (Z = 1/10), and
concluded that the D/G is 30 times lower than that of the Galaxy - 3 times lower than
the value a linear scaling of the metallicity would suggest. The SMC result supports the
idea of depletion of heavy elements in the dust, such as through supernova events. The
large sample of DGS galaxies surveyed from MIR to the submm, having widely varying
metallicities, allows us to rigorously test various chemical evolution models (e.g. |[Edmunds
2001; Dwek 1998; |Galliano et al. 2008]). Tighter constraints were put on the metallicity
dependence of the D/G by (Galametz et al.| (2011) but the behavior below Z=12+log(O/H)
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~ 8 has been ambiguous due to lack of low metallicity observations. Investigating the
behavior of D/G with metallicity in the DGS will help to decipher the origin of the dust:

for example, from supernovae versus evolved low mass stars.

One popular way to get at possible CO-dark molecular gas is via the dust mass. Using
the dust mass determined from observations, along with an assumed D/G (most often used
as a linear or near-linear relation with metallicity), can give the total gas mass which can
be compared to that observed in HI and CO. This has been shown to reveal gas reservoirs
not emitting in CO or HI (e.g. |Leroy et al.| 2011}, and references within). Measuring dust
mass and using an expected D/G has also been used to determine the CO-to-Hy conversion
factor for high-z galaxies (Magdis et al.|[2012; Magnelli et al.[2012)). Such methods to get at
any possible dark gas, however, require confidence in the dust mass determination as well

as understanding metallicity variations and the D/G variations throughout a galaxy.

Possible uncertainties in the total dust mass, as well as the total molecular gas
reservoir, again highlights the difficulty in understanding the ISM of low metallicity galaxies
and the local conditions for star formation. With the new Herschel data and self consistent
modeling of the gas and dust together we can begin to unravel the mysteries of the ISM

physics in dwarf galaxies.

3. Source Selection

Until very recently, we have had information only on a small number of relatively
well-known dwarf galaxies with metallicities mostly ranging from 1/2 to 1/10 Z, with
the exceptions of I Zw 18 and SBS 0335-052, which are 1/50 and 1/40 Z.. Deep optical
emission line and photometric observations from the Hamburg/SAO Survey and the First

and Second Byurakan Surveys (e.g. [zotov et al.|[1991; [Ugryumov et al.|2003) have unveiled
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a treasure trove of low metallicity galaxies, with metallicity values ranging as low as 1/50
Z, including a large number of ELM galaxies. We have chosen a broad sample of 50
galaxies ranging from very low metallicity (~1/50 Z5) to moderate metallicity (~ 1/3 Z)
with ~ 1/3 of the sample targeting ELMs. The first panel in Figure [3|shows the distribution
of the metallicity values of our sample. Beyond the Local Group sources, our DGS sample
was selected from several surveys including the Hamburg/SAO Survey and the First and
Second Byurakan Surveys picking up emission line galaxies. Our target sources come from
follow-up observations which specifically identified the metal-deficient Blue Compact Dwarf
galaxies (BCDs) from the survey (e.g. [zotov et al.|[1991} [Ugryumov et al. 2003; Popescu
& Hopp 2000), as well as the sample of Izotov & Thuan| (1999) and Hopkins et al.| (2002),
which contain some of the better-studied BCDs. The sources range from the nearest
neighbor galaxies, the Large and Small Magellanic Clouds (LMC and SMC; 50 kpc) and
NGC 6822 (500 kpc) to the more distant Haro 11 (92 Mpc) and HS0052+2536 (191 Mpc).

The design of the DGS is an attempt to obtain a statistically significant sample of
about 9 galaxies in 7 bins over a wide metallicity range: 12+log(O/H) ranging from 8.4
(1/3 Zs), in bins of 12+log(O/H)=0.2 (a factor of 1.4 difference) to provide an accuracy of
~ 30%. As can be seen from Figure [3] it was not possible to have a uniform sample in terms
of metallicity, due to lack of availability or detectability of such extreme low metallicity
sources in the local Universe. We also did not insist on populating our highest metallicity
bins, since metal-rich galaxies are plentiful in other surveys, such as the Herschel Reference
Survey (Boselli et al.|2010; |Ciesla et al.[2012), Herschel Virgo Cluster Survey (Davies et al.
2012) and the KINGFISH survey (Kennicutt et al.|2011]), for example.

The target list is presented in Table [2] along with galaxy characteristics that include:
Galaxy name (column 1), RA and DEC (columns 2 and 3) and distance (column 4).

Any distance quoted here not referenced to the literature, has been determined using the
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Fig. 3.— Properties of the DGS sample : Distribution of metallicity and SFR properties (top left) computed

from Ly;g as in [Dale & Helou| (2002), if TRAS or Spitzer data is available. Otherwise SFR was determined
from H,, or Hg (Kennicutt/|1998)). When data were not available they are labeled 'not available’. Histograms

of distances (top right), HI masses (middle left), absolute B magnitude (middle right) and stellar masses,

M, (bottom), from the formula of [Eskew et al.| (2012) using 3.6 and 4.5 pm. The color scale represents the

range of star formation rate for the top panel and metallicity for the others.
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velocities given in NED and the [Mould et al.| (2000) model, assuming Hy = 70 km s™*
Mpc~!. Metallicities (in terms of oxygen abundances) are in column 5; Mp (column 6),
galaxy size in terms of Doy (column 7), M,, stellar mass, from the formula of |[Eskew et al.
(2012) using 3.6 and 4.5 um (column 8); My, mass of HI (column 9); Lyr;r determined
from Spitzer bands (Dale & Helou|2002)) (column 10) and star formation rate (SFR) using
the IR-based calibration of Kennicutt| (1998) (column 11).

Determination of absolute metallicity values can vary, depending on the calibration
method used (e.g. |[Kewley & Ellison| 2008, and references within). In order to ensure
homogeneity in the calibration of the metallicity values in the DGS sample, metallicities
were recomputed from optical line intensities following the methods of [Izotov et al. (2006)
(I06) and Pilyugin & Thuan| (2005) (PT05) and compared. The method of 106 uses the
direct measurement of the electron temperature T, [OIII] from the [OIII]A4363 line. |Pilyugin
& Thuan! (2005) is an empirical calibration of the metallicity value using the Roz ratio
determined from strong emission lines: Rog = ([OIIJA3727+[OI11]AN4959,5007)/H5. To
break the degeneracy between the upper and lower branches of the calibration (Kobulnicky
& Kewley|[2004)), we use the [NIIJA6584/[OII]A3727 ratio as advised in [Kewley & Ellison
(2008). The mean of the variations between the PT05 and 106 values for this sample is
about 0.1 dex (see Appendix A for comparison and discussion). For the presentation of the
DGS, we choose the PT05 values for consistency (Table . Uncertainties on the metallicity

values are computed by propagating the errors in the observed lines.

The wide range in the distribution of the DGS sample in metallicity, SFR, distance,

My, Mp, and M, are presented as histograms in Figure



_ 28 _
4. Observation strategy and data reduction

The DGS observed both the dust and gas components in the target sources with a total
observing time of 230h. With Herschel the FIR PACS bands of 70, 100 and 160 pm and
the submm bands of SPIRE at 250, 350 and 500 pum are mapped. The fine-structure lines
of [CII] 158 pm, [OIII] 88 pum , [OI] 63, [OI] 145 pum and in few cases [NIII] 57 pm, [NII]
122 pm and [NII] 205 pm have been observed. SPIRE FTS submm observations have been

obtained for 4 DGS sources.

The survey contains 37 compact galaxies with sizes ranging from 0.08” to 1.2" and 11
well-studied extended galaxies (Table , with the most extended ones being NGC 625,
NGC 2366, NGC 4214, NGC 4449, NGC 4861 and the Local Group galaxies, 1C 10,
NGC 6822 and the Magellanic Clouds. All of these galaxies have also been observed with

Spitzer photometry bands and the Spitzer IRS (Figure HJ).

Since the low surface brightness dust in diffuse metal-poor regions is important in
studying the dust processing and may be associated with the extended HI structures in
dwarf galaxies, we planned observations to completely cover the star forming regions and
where possible much of the HI structures. A nominal size of at least 2 x Dq5 was considered

for most photometry maps.

4.1. PACS imaging

As 2 of the 3 PACS bands (Poglitsch et al.|[2010) can be observed simultaneously
(either 70 pm and 160 pum or 100 pm and 160 pum), 2 sets of observations were required to
obtain all of the 3 PACS bands. Mapping the largest galaxies of the Local Group with the
3 PACS bands required ~10h of observing time per galaxy. For each band, we obtained

two sets of maps with scanning angles separated by 90 degrees to reduce the possibility of
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program along with the accompanying ancillary data that has been collected. Note that
PACS spectroscopy includes 7 individual LMC and SMC sources, thus accounting for the
larger number (55 sources) in the histogram while the accompanying LMC and SMC Herschel
photometry data is in the HERITAGE program (Meixner et al. 2013, submitted).
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striping in the maps. All of the sources were observed in the PACS scan-map mode with

map sizes varying from 4’x4’ to 30’x30” using medium scan speed.

The PACS data were reduced using the Herschel Interactive Processing Environment
(HIPE) version 7.0. The details of the data reduction and the various map reconstruction

techniques and tests are described in Rémy-Ruyer et al. 2013a (in preparation).

Three different map-making methods, PhotProject, MADmap, and Scanamorphos
(Roussel et al. 2012, submitted), were performed on all of the DGS PACS data and
resulting aperture photometry values were compared to determine the preferred method.
The PACS bolometer thermal drifts, in the form of 1/f noise, leave imprints on the maps
which manifest in large scale spatial structures. These are removed in PhotProject via
high-pass filtering, having the tendancy to suppress extended, large scale emission. The
MADmap method creates maximum likelihood maps from the time ordered data, assuming
the the detector noise is Gaussian, which is not the case for the 1/f noise. Extended features
tend to be reproduced somewhat better than in PhotProject maps. Scanamorphos takes
advantage of the redundancy in the maps and accounts for the correlated and uncorrelated,
non-thermal noise. From Level 1 data treatment in HIPE, the data were exported into
Scanamorphos and maps reconstructed using the default options. After detailed tests
comparing all methods (Rémy-Ruyer et al. 2013a in preparation), PhotProject was in most
cases found to be more adapted for point sources while Scanamorphos was chosen for the

extended galaxies.

The FWHM beam sizes for PACS bands are 5.2”7, 7.7” and 12”7 for the 70, 100 and 160
pm observations while final pixel sizes are 2”7, 2”7 and 4”7, respectively. The sensitivities we
achieve in the PACS observations are normally a 1 o value ranging ~ 1.2 - 8.4 MJy sr~! for
70 and 100 ym and 0.6 - 5.6 MJy sr~! for 160 ym (Table . Calibration uncertainties are
3, 3, and 5% for the 70, 100 and 160 pm PACS bands. We obtain a S/N of at least 10 for
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the brightest galaxies or the brightest regions in galaxies, and 3 to 5 o detections typically

for the fainter (lowest metallicity) galaxies.
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Notes to Table P

Positions are from the NASA /IPAC Extragalactic Database (NED). Distances are from the literature. Metallicity values in 12 + log(O/H) are

determined as in |Pilyugin & Thuan

B magnitude, M g, is derived from the corresponding apparent magnitudes from NED. Dgy5 is the galaxy diameter from NED. M, is stellar mass

(PTO05) using the Rgg ratio except for where noted. See text for further details on methods. Absolute

converted from 3.6 and 4.5 pm following the method of [Eskew et al.| (2012)). M is from the literature. Total infrared luminosities (L) have
been computed using the formula of |Dale & Helou| (2002) and the Spitzer fluxes from |Bendo et al.| (2012a) when available. Star formation rates
(SFR) has been derived from Lpygr using the formula of (1998) or from Ha and HB when no IR data is available. A dash indicates

that no data is available.

References for distances : (1) W
NED, the Hubble flow model from
; (6) ; (7) [Schulte-Ladbeck et al.] (
; (12) [Karachentsev et al]
; (16)
: 21)

Reforences for metallicitics : (1) L) ;3 x0) 30

: ©) ()  (®) ; (9) [Guseva et al] (20033) ; (10) [Fzotov]
s (1) L (12) (2009) ; (13) [Lopes-Sanches & Esieban] (2010) ; (14)

; (15) ; (16) () ; (18) [Kobulnicky & Skillman] (T997) 5 (19)

; (20) Saviane ot al] (2008) ; (21) [McCall et al] (1985) ; (22) [SKillman ct al] (#008) ; (23) [Lee ot al] (2006) ; (24) [Guseva et al] ¢
(25) ) ; (26) [Guseva et al] (2003b) ; (27) [Masegosa et al| (1994) ; (28) [van Zee & Haynes| (2006) ; (29) [van Zee et al] (I ;
(30) F(31)

@ For these galaxies, no line intensities were available in the literature to determine the metallicities using the PT05 method. We use
(2003)) where the [OIII]A4363 line is used to obtain the electron temperature and the method from (1994). 106 is an updated

version of the method of [Izotov et al.| (1994).

i (2) ; (3) this work, calculated from the redshifts available in
and assuming Hyg = 70 km s~! Mpc™?! ; (4) ; (5)
1) ¢ (¢) STl et al] @007 ; (9) Craehals ot aT] (2013 s (10) [T et aT] @00 5 (11)
: (13) [Rarachentsev et al] (2003) ; (14) [de Vaucouleurs ot ] (1991) ; (15) [Caron ]
 (17) [ATofar o ] @2005) ; (1) Siasims et aT] (199) ; (19) [Cyads ot aT] (1998) ; (20) [Bardalo ] (Z009)

b These galaxies are part of a group of galaxies. We list the value of the metallicity for the galaxy only (ISt value quoted) and for the whole
group (2"d value quoted), which is the mean of all of the metallicities in the group. For Mrk1089, the galaxy is region A-C from |[Lépez-Sénchez

& Esteban| (2010). For UM311, the galaxy is region 3 following |Moles et al.| (1994)).

¢ For these galaxies, no line intensity uncertainties, from which the metallicities are determined, are quoted. We assume a conservative value of

0.1 which is the mean of the variation of the difference between this metallicity calibration, PT05, and the 106 method (see Appendix A).

References for apparent magnitudes : (1) |de Vaucouleurs et al.
2 i (8) ) ; (6) [Maddox et al.
(10) (2000)

d

i (2) (2003) ; (3) [Gil de Paz & Madore| (2 (4)
; (7) SDSS DR4 ; (8) P (9)

corrected for Galactic extinction

References for HI masses : (1) 5 (2) 5 (3) 3 (4)
@9 ; 5 : (6) MacHattie et al in preparation ; () - ®  ©)
o) ; 0) T ) (1) DR ot @0 ) el o) @05 (- MW & W) (05 () B
) ; (15) [Walter ot al] (3008) ; (16) [arachentsev ot al] (1999) ; (17) [Finter et aT] (2071) ; (18) [van Bymeren et a] (2009) ; (19)
m ) (20) [Koribalski et al] (200d) ; (21) [Begum & Chengalur| (2005) ; (22) [Ekia ot al] (2009) ; (23) [Pustilnik et aT] (2002)
: (24) [Taan et aT] (1999) ; (25) derived from [T ) (26) [Fiia & Chiongalus] (2010) ; (27) Smoker ot al] (2000) ; (28) [Fugelbracht ot aT]
and references within.
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The improvement in spatial resolution of Herschel over Spitzer can be immediately
seen in Figure [f] presenting the nearby (5 Mpc) galaxy, NGC 1705, in the DGS (O’Halloran
et al.|2010). Two clusters that are blended at FIR wavelengths with Spitzer are resolved
with PACS on Herschel, allowing for detailed studies of the cooler dust properties for the

first time.

4.2. PACS spectroscopic observations

The PACS spectrometer footprint consists of 5 x 5 pixels of 9.4” each, with a total
field of view of 47”7 x 47”. Each spatial pixel covers 16 spectral elements. In only a few
cases were all of the brightest 7 FIR fine structure lines observed (Table [): 158 pm [CII],
63 and 145 pm [OI], 88 pm [OIII], 57 pm [NIII] and the 122 and 205 pm [NII] lines. In
all but a few of the faintest galaxies, at least the [CII] and [OIII] were observed (Figure
M). The spectral resolutions for the [CII], [OIII] and [O]] lines are: ~ 1250 (240 km s~1),
~ 2400 (125 km s71), and ~ 3300 (90 km s™'), respectively. The chop/nod line observing
mode was used for the compact sources which fit within the spectrometer footprint. For
sources too extended for chopping (maximum chop of +/- 3 arcmin), we made raster maps
using the unchopped grating scan mode, which replaced the decomissioned wavelength
switching mode, used only for LMC/N11B (Lebouteiller et al.[2012). The data have been
reduced to Level 1 within HIPE and then input into PACSman, an IDL package to handle
line-fitting and map projection for PACS observations (Lebouteiller et al.|2012)). Maps are
projected on a subpixel grid with with each final pixel size about 3” x 3”, roughly 1/3
of the original spatial pixel. Details of the PACS data processing of the survey will be

presented in Cormier et al. (2013, in preparation).

The size of the spectroscopic maps vary depending on source and line. (Table . With
the FWHM of 9.5” at 60-90 ym and 11.5” at 150 pum, the spatial resolution of Herschel
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Fig. 5.— Improvement in spatial resolution of Herschel in the FIR over Spitzer is demon-

strated on the DGS galaxy NGC1705 (O’Halloran et al.2010) in the comparison of MIPS

(top row) with PACS (bottom row). The two clusters are well separated in both PACS
images whereas they are blurred in MIPS images and indistinguishable at 160 yum. The
FWHM of the PACS beams for the 70 and 160 pgm bands are 5.77 and 12” while for the
MIPS bands the FWHM values are 18" and 38”.
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allows us to explore the morphology of the galaxies, and determine the physical properties
traced by the FIR cooling lines for the first time within dwarf galaxies, not just around the
brightest star forming regions. We achieved a dynamic range in flux values greater than or
equal to 10 in [CII], [OI] 63 pum, and [OIII] observations - in some cases as high as 100, in
the brightest sources, thus, providing the sensitivity to extract physical information from
the more diffuse ISM. In some Local Group galaxies, the S/N can be as high as 100 for
some lines in the extended regions. For the more compact sources (often more distant), the
median S/N is around: 13 for [CII], 18 for [OI] 63um, 38 for [OIII], 6 for [NII]122um, and 15
for [OI]145um. As an example of the kind of sensitivity brought to these studies by PACS,
Madden et al. (1997)) detected low surface brightness extended [CII] emission in IC 10 at
the level of 1x107* W m~2 in a 55” beam of FIFI on the KAO. If such emission were
spread uniformly over the beam, the expected signal at the PACS spatial resolution would
be ~ 4x107'" W m~2. In comparison, the sensitivity of PACS after single spectroscopic
integration (effective on-source time of 150s) for this line, in an equivalent KAO beam, is
2.9x107!® W m™2, and thus was rapidly detected with PACS with a S/N ranging from 10
to 100 across IC10.

4.3. SPIRE imaging

SPIRE (Griffin et al.2010) observed 250, 350 and 500 pm bands simultaneously, with
FWHM beam sizes of 18.17, 25.2” and 36.6”, respectively. The details of the data reduction
are described in Rémy-Ruyer et al. 2013a (in preparation). Sixteen galaxies including
those with sizes larger than 1.5" were observed in the large scan-map mode, while the
remaining galaxies were observed in small scan-map mode. Observations were performed
as cross-scans, thus removing 1/f noise and at nominal speed (30” s7!). SPIRE data

were processed mainly through HIPE, using the waveletDeglitcher. The residual baseline
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subtraction applies the median of the bolometer timelines for the whole observation,

not only a single scan leg (BriGadE method, Smith et al, in preparation). Calibration
uncertainties are estimated to be ~7% for all SPIRE bands. At 250 um, 8 sources are
detected and unresolved and 11 are not detected. At 500 pum, 5 sources are unresolved and
19 are not detected (Figure 3). The 1 o sensitivities we achieved with SPIRE range from
~ 0.4 MJy sr=! - 88 MJy sr!, 0.3 - 4.8 MJy sr—! and 0.1 - 1.8 MJy sr—!, for 250, 350
and 500 pm, respectively (Table 3) and final pixel sizes are 6”7, 8” and 127, respectively.
Mapping the 11 larger galaxies takes about 1h at most per galaxy to reach the desired

sensitivities with SPIRE while the small scan mode required about 10 minutes per galaxy.
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Table 3. Herschel PACS and SPIRE 1o rms values (MJy sr™!) of final maps.

Source 70 pm 100 pm 160 pm 250 pm 350 um 500 pm
Haroll 5.29 7.18 2.55 0.87 0.52 0.18
Haro2 4.95 4.87 2.06 0.87 0.51 0.20
Haro3 7.60 7.54 5.57 1.01 0.68 0.25
He2-10 8.46 8.27 4.10 1.04 0.62 0.30
HS001741055 2.93 2.96 1.27 0.62 0.33 0.12
HS00524-2536 2.89 2.72 1.39 0.76 0.36 0.15
HS08224-3542 2.33 2.01 1.04 - - -
HS12224-3741 2.90 3.07 1.36 - - -
HS12364-3937 3.24 3.28 1.46 0.77 0.44 0.21
HS13044-3529 3.24 4.08 1.55 0.94 0.49 0.16
HS13194-3224 1.91 1.90 1.03 - - -
HS13304-3651 2.38 2.40 0.98 - - -
HS1442+-4250 3.83 3.54 1.78 0.93 0.56 0.21
HS23524-2733 2.30 2.11 0.88 0.72 0.47 0.13
1Zw18 1.94 1.80 0.98 0.48 0.24 0.10
1C10 4.45 4.71 3.55 8.82 4.79 1.82
11Zw40 5.23 5.09 3.15 1.67 0.81 0.36
Mrk1089 7.88 .77 6.02 1.14 0.64 0.29
Mrk1450 2.67 2.67 1.22 0.88 0.77 0.37
Mrk153 4.42 4.72 2.52 0.56 0.41 0.20
Mrk209 7.08 7.28 3.79 0.62 0.38 0.13
Mrk930 3.78 3.49 1.73 0.79 0.40 0.15
NGC1140 3.77 3.68 1.77 0.87 0.50 0.19
NGC1569 3.78 3.80 2.07 2.38 1.28 0.46
NGC1705 4.08 3.96 1.79 0.86 0.54 0.25
NGC2366 3.28 3.27 1.44 0.65 0.39 0.17
NGC4214 3.79 3.66 1.72 0.91 0.56 0.25
NGC4449 3.45 3.34 1.63 0.83 0.48 0.21
NGC4861 3.20 3.06 1.40 0.80 0.49 0.22
NGC5253 3.43 3.35 1.57 0.90 0.49 0.21
NGC625 3.70 3.55 1.60 0.80 0.46 0.19

NGC6822 4.21 4.05 1.99 3.06 1.71 0.64
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Table 3—Continued

Source 70 pm 100 pm 160 pm 250 pm 350 um 500 pm
Pox186 3.69 3.34 1.40 0.67 0.39 0.18
SBS0335-052 2.26 1.99 1.01 0.67 0.38 0.16
SBS1159+4-545 2.65 1.96 0.98 0.58 0.33 0.16
SBS1211+540 1.21 1.29 0.64 0.59 0.34 0.13
SBS1249+4-493 3.45 3.34 1.45 0.80 0.49 0.17
SBS1415+4-437 3.75 3.80 1.67 - - -
SBS1533+4-574 5.35 5.27 2.29 1.18 0.87 0.39
Tol0618-402 1.50 1.50 0.90 - - -
Tol1214-277 1.53 1.44 0.73 0.64 0.38 0.18
UGC4483 5.32 6.50 2.26 0.60 0.34 0.15
UGCA20 3.65 3.80 1.55 - - -
UM133 3.74 3.64 1.86 0.75 0.44 0.18
UM311 3.63 3.46 1.55 0.82 0.51 0.21
UM448 7.74 NaN 4.47 0.74 0.47 0.23
UM461 3.81 3.67 1.79 0.79 0.56 0.20
VIIZw403 7.22 7.46 3.48 0.55 0.31 0.15

Note. — A dash indicates lack of data for this band.
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4.4. SPIRE FTS observations

The SPIRE Fourier Transform Spectrometer (FTS) covers 194 to 671 pm (447 to
1550 GHz), providing simultaneous coverage, for example, of CO rotational lines ranging
from J=4-3 through J=13-12, as well as other molecules and atomic fines structure lines,
such as [NII] 205 pm and [CI] lines at 492 and 809 GHz. The spectrometer array can be
operated in three spectral resolutions, low (6 v = 25GHz), medium (§ v = 7GHz), and,
high (6 v = 1.2GHz), and is split into the Spectrometer Long Wave array (SLW: 303 -671
pum) and the Spectrometer Short Wave array (SSW: 194-313 pm). The SLW and SSW
consist of 7 and 17 unvignetted bolometers arranged in a hexagon pattern covering a field
of view of about 3’ x 3’. The beam ranges from 17”7 to 40” across the F'TS wavelength
range. Depending on the image sampling mode, the bolometer arrays are moved around
the requested pointing within the FOV in 1-point (sparse), 4-point (intermediate), or,
16-point (full) jiggles, resulting in a map with beam spacings of 50.5”, 25.3”, or, 12.7”, for
the SLW, and, 32.5”, 16.3”, or, 8.17, for the SSW.

NGC 4214 and IC10 are observed with the F'TS in high spectral resolution, using the
sparse sampling mode for a total of 2.7 and 3.7h, respectively. He2-10 and 30 Doradus, the
most massive star forming region in our neighboring LMC, are observed in intermediate
sampling mode for 4.6 and 2.8h, respectively, and also with high spectral resolution. The
SPIRE FTS data is first processed using the extended source calibration of the Herschel
Science Center pipeline which assumes the source is uniformly distributed within the FOV.
Since this assumption is not necessarily accurate, we correct for the source distribution using
the photometry maps using the method introduced in Wu et al. (2013, in preparation).
Calibration uncertainties in the SPIRE FTS range from about 5% at the lower wavelength

to ~10% toward the long wavelength end.
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4.5. Ancillary data - for a multiphase, multiwavelength approach

The DGS galaxies have been observed with numerous ground-based and space-based
observatories (Figure . Having the full range of UV to radio observations available opens
the door to some very powerful multiphase modeling of the dust and gas, and to relate this
to a coherent picture of chemical evolution of galaxies. An important goal of the studies
to come out of the DGS is to characterize the ISM as a function of metallicity and make
the link to the ISM and star formation processes in truly primordial galaxies. With the
vast multi-wavelength Herschel data set, along with the complementary data that exists
or is being collected, the physical characteristics of the nebular gas, the photodissociation

regions, the neutral gas and stellar properties can be characterized.

The first step in exploiting the Herschel observations has been the construction of the
detailed database of existing observations from UV to radio wavelengths. In addition to the
new PACS and SPIRE photometry and spectroscopy, the database includes the NIR to mm
bands necessary to best characterize the dust properties using existing IRAS data, Spitzer
MIR to FIR observations, as well as the critical ground-based submm observations: 850 pum,
870 pm and 1.2 mm data from SCUBA/JCMT or SCUBA-2/JCMT, LABOCA/APEX,
MAMBO/IRAM and, complementing the longer submm to radio wavelengths, Planck
data. Information on the atomic, ionized and molecular gas phases includes the Spitzer
IRS spectroscopy and is being complemented by data from the literature. A campaign of
follow up observations to complete the molecular, atomic and dust submm/mm database
is currently underway (Cormier et al. 2013, in preparation; Rémy-Ruyer et al. 2013b, in
preparation). To characterize the stellar activity, 2MASS and GALEX data have been

collected for the database.

The ancillary data compiled for the DGS sample to date include the following:
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e GALEX maps in FUV and NUV (1528 and 2271A) observations are collected from
the STScI MAST archive (http://galex.stsci.edu/GR6/). These data give us a view
into the star formation histories of the galaxies by capturing the direct UV emission
from young stars to the most recent star formation activity (e.g. Hunter et al.[2010)).
The dust absorption properties in the UV provide additional constraints on the SED
modeling of the dust emission properties in the MIR to FIR. GALEX observations
exist for all but 9 of the DGS sample.

e 2MASS observations have been compiled from IRSA (http://irsa.ipac.caltech.edu/)
and exist for 34 galaxies in the DGS. The J, H and K bands from 2MASS provide

direct access to the emission from the oldest stellar population.

e Spitzer has observed all 50 targets of the DGS with various combinations of IRAC
bands at 3.6, 4.5, 5.8 and 8.0 um (beam sizes : 1.7, 1.77, 1.97, 2.0”) and MIPS bands
at 24, 70 and 160 pm (beam sizes : 6”7, 18”7, 38”). The IRAC and MIPS micron data
consist of a combination of archival data and the cycle 5 program: Dust Evolution
in Low-Metallicity Environments (P.I. F. Galliano; ID: 50550). The MIPS data are
reduced and compiled in Bendo et al.| (2012b]) and recently publicly released. Spitzer
IRAC bands cover the emission from the MIR-emitting small grains and the PAHs,
the most important species in galaxies for gas heating via the photoelectric effect
(Bakes & Tielens [1994). The MIR and FIR range of the dust SEDs and the evolved
stellar population are well constrained with the IRAC and MIPS bands. Furthermore
MIPS shares two bands with PACS at 70 and 160 pgm. This is important to compare
the two instruments and assure that they correspond and to understand cases of
disagreement (Rémy-Ruyer et al. 2013a, in preparation). Spitzer IRS spectroscopy,
covering 5 to 35 um, exists for all but 5 of the DGS galaxies and have been recently

reprocessed (Rémy-Ruyer et al. 2013b, in preparation). The IRS spectroscopy covers


http://galex.stsci.edu/GR6/
http://irsa.ipac.caltech.edu/
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the PAHs bands as well as many ionized lines which are relatively bright in dwarf
galaxies and are thus important to constrain the properties of the ionizing sources
and the nebular properties (e.g. |Cormier et al.|[2012; [Lebouteiller et al.[[2012)). For
example, MIR nebular lines, such as [Nell], [Nelll], [SIV], and [SIII], accessible with
the Spitzer IRS, have relatively high critical densities (> 1000 cm™3), complementing
the PACS low density tracers, [NII], [NIII], and [OIII] lines (Table [1)). Also, the 33
pm [Sill] line, which requires an ionization energy of 8.1 eV, complements the PACS

neutral PDR gas tracers such as [CII] and [O]].

The sensitivity of IRAS at 12, 25, 60 and 100 ym (beam sizes: 10.8" x 4.5 to 3.0
x 5.0") provides data for about one half of the DGS sample (data from the IRSA
site). The 12 pm observations provide an additional valuable MIR constraint useful

for modeling the global SEDs of the DGS galaxies.

The DGS galaxies have also been detected by WISE at 3.4, 4.6, 12 and 22 pym with
spatial resolutions of 6.17, 6.4”, 6.5”, and 12.0”, respectively, for all but one galaxy
(data from the IRSA site). The 22 um observations, especially, will give the necessary
constraint on the MIR wavelength range of the SED when neither IRAS nor Spitzer

24 pm are available.

Submm observations from ground-based telescopes are crucial to determine the
presence and characterization of the submm excess. Usually this excess may begin to
appear around 450-500 pum compelling observations longward of 500 pm. About 30%
of the DGS sample have already been observed in the submm range with either the
MAMBO 1.2 mm (IRAM - 30m telescope), LABOCA (APEX), SCUBA(JCMT) pr
SCUBA-2 (JCMT). New observations for DGS sources are currently underway with
SCUBA-2 as well as with LABOCA on APEX to augment the submm observations to

characterize and study the submm excess (Rémy-Ruyer et al. 2013b, in preparation).
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e Planck has observed the sky with bands from 30 to 857 GHz. Due to the relatively
large Planck beams (4.5 to 33’) and limited sensitivity, only a handful of galaxies are
included in the Planck Early Release Catalog. Further Planck data processing in the

next data-release in 2013 is expected to produce more results for the DGS targets.

A summary of the available ancillary data currently included in the DGS database,
can be found in Table [5] Figure [4 gives a view of range of existing Herschel and ancillary

for the DGS sample, and how many galaxies were detected for the different data sets.
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5. A taste of science results

Here we give some examples of science that can be carried out with the DGS, using the
full photometric and spectroscopic Herschel data along with the available ancillary data at

a variety of wavelengths.

5.1. Distribution of the ISM components in NGC 4214

An example of the detailed FIR and submm dust distribution that Herschel reveals is
shown in Figure @ for NGC 4214, a nearby (D=2.9 Mpc) star-forming dwarf galaxy with
metallicity 12 + log(O/H) =8.2 (Kobulnicky & Skillman||{1996)). The PACS and SPIRE
images from the DGS are the highest spatial resolution data at these wavelengths. The
distribution of the dust traced by the 3 FIR PACS bands, where the peak of the total
luminosity exists, resembles, at first glance, that of the longer wavelength SPIRE bands,
which are mostly tracing the overall colder dust component. There are two particularly
prominent star-forming regions seen at Spitzer and Herschel images: the more northern of
these 2 prominent peaks is called central (C), while the peak just to the south-east of this
is called SE. The quiescent extended "neck” region to the north-west is called NW. The
C and SE sites contain clusters of widely varying ages and characteristics (Ubeda et al.
2007a; [Fanelli et al.|[1997)) are very prominent at all PACS bands and at least up to 350
pm and are sitting in a more extended, diffuse dust component. These 2 Herschel peaks
are seen prominently in Ha (Figure @: the massive central HII region harboring a range
of clusters overall ~ 3 to 4 Myr (MacKenty et al.2000) and as well a super star cluster;
the SE site being the second most prominent Ha region configured in a series of knots
of some of the youngest clusters in the galaxy, ~ 2 Myr (Ubeda et al.|2007b). The NW
region is characterized by a more quiescent cluster of Ha knots, also apparent in Herschel

observations. The contrast between the bright star forming regions and the extended low
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surface brightness emission decreases toward longer wavelength, where, for example, at 500

pm the emission is rather dominated by the more extended cooler dust emission.

At other wavelengths, there are some obvious similarities to the Herschel data. In
Figure [0 we include maps from the rich ancillary dataset available for NGC4214: GALEX
tracing the youngest stellar components, Ha showing the distribution of the ionized gas,
IRAC 3.6 um shows the evolved stellar component, IRAC 8 pm the PAHs and/or hot dust
component, MIPS 24 ym (Bendo et al.2012b) tracing the warm dust component and 21
cm HI, from the THINGS survey (Walter et al.|2008). Note how extended the HI emission
is, while the star formation activity is primarily concentrated toward the central 2 star

forming regions (C and SE).
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Fig. 6.— Herschel and ancillary images for the DGS galaxy, NGC4214. The PACS maps have
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been reduced with Scanamorphos and the SPIRE maps with a customized version of the official
pipeline (see Rémy-Ruyer et al. 2013a, in preparation). Note the 2 star forming regions especially
prominent at PACS FIR wavelengths: NGC4214-C is the more northern of the 2 brightest star
forming regions, and NGC4214-SE is just south-east of this. NGC4214-C harbors a super star

cluster. The rather quiescent extended ”"neck” region to the north-west is called NW.
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Fig. 7— Example of the PACS spectral line quality observed near the central star forming region
in NGC 4214. For these cases the lines are not resolved and the spectra have been binned to 1/5

of the instrument spectral resolution (see section 4.2)).
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Fig. 8.— PACS spectroscopic maps on the 160 pum photometry map of NGC 4214. The [CII]
peaks are very broad, covering the star forming regions (C and SE) and the associated extended

PDRs. The [OII]] line emission is much more peaked toward region C, peaking on the location of

the super star cluster, the ionizing source, whereas, the [OI] emission peaks toward C and SE, but

the peak at C is shifted from the [OIII] peak (Cormier et al.2010). The NW region is illuminated

in the PDR tracers, [CII] and [O]].
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5.2. FIR dust and gas properties within NGC 4214

Four PACS lines are very bright throughout NGC 4214: [OIIl] 88um, [CII] 158

pm and the [OI] 63 and 145 pm lines (Figure [7)). The [OIII] 88um line is the brightest
everywhere, not the [CII] 158 pm line, which is most often the brightest line throughout
normal metallicity galaxies. The very porous ISM in NGC4214, typical of low metallicity
star forming galaxies, is very evident in the extent of the wide-scale distribution of [OITI] 88
pm, requiring the presence of 35 eV photons, consistent with the deficit of PAHs found on
galaxy-wide scales, presumably destroyed by the permeating unattenuated UV photons in
dwarf galaxies (e.g. Engelbracht et al.|[2005; Madden et al.[[2006]). The porosity of NGC 4214
and other dwarf galaxies is also shown by studies concluding the importance of the escaping
ionizing radiation on the dust SED (Hermelo et al.|2013; (Cormier et al.|2012). The [NII]
122 and 205 pm lines are also detected toward the peak star forming regions, but are 1 or 2
orders of magnitudes fainter than the other lines. All of the lines peak toward the 2 main
star forming regions (Figure [§)): the [OIII] peak coincides with the location of the super
star cluster in region C, while the [CII| peak is shifted off of the super star cluster and
coincides with the peak of the neutral PDR tracers, the 2 [O]] lines. The S/N of the [CII]
map is remarkable - more than 10 throughout the region mapped as illustrated in Figure [9]
allowing for detailed spatial studies of the heating and cooling of the near and beyond the

low metallicity star forming regions.

To illustrate the kind of spectral and spatial studies that can be carried out on the
gas and dust properties, we present the combined gas and dust SEDs of the 3 main HII
regions, created from Spitzer IRAC, MIPS, IRS and Herschel observations (Figure .
The data treatment and dust modelling details are described in Rémy-Ruyer et al. (2013a,
in preparation). The shapes of the dust SEDs are representative of typical compact HII

regions. These SEDs include the MIR and FIR lines from the PACS spectroscopic maps



— 57 —

to present the full gas plus dust SEDs. Note the relatively wide diversity of behavior of
the high excitation vs. low excitation lines and the variation in the line to FIR continuum
levels. For example, the NW region shows a much more quiescent dust SED as well as low
levels of high excitation ionic lines, which are in contrast to the those of the 2 bright star
forming regions at the origin of the peaks of the warm dust emission (C and SE). Notice
that toward the central and south-eastern star forming regions, the PDR tracers, [CII] 158

pm and [OI] 63 pm lines, as well as the ionized gas tracer, [OIIl] 88 um, dominate the

infrared line emission and account for 2 to 4 % of the total Ly;r (Cormier et al|2010).

The rich MIR wavelength range shows prominent high excitation ionic lines, such as [Nell]

12.8 pm, [Nelll] 15.5 pm, [OIV] 25.9 pmand [SIV] 10.5 pum, arising from the rather dense

HII regions as well as the PAH bands, emitting from 3 to 17 pum. Cormier et al. (2012)

demonstrate the level of complexity possible now in modeling ~ 20 MIR and FIR fine

structure lines self-consistently with the dust continuum.
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Fig. 9.— (left): Distribution of the PACS [CII] spectra. Even toward the edges of the region
mapped (2’ x 2’), the S/N of the [CII] line is at least 10. (right) Image of the [CII] line map,

showing the peak emission toward regions C and NE.
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Fig. 10.— SEDs of the 2 main star forming regions, in the center (NGC4214-C) and to the south-
east (NGC4214-SE) along with the SED of a more quiescent region to the north-west (NGC4214-
NW) for comparison. For clarity, the luminosities have been multiplied by the scaling factor

indicated below each SED. The black circles with error bars are the integrated Spitzer and Herschel

broadband observations. The solid lines are the fitted SED models (Galliano et al.|2011)), fit to the

broadband observations. The green dots are the synthetic photometry of the model. The vertical

spectra on top of the SED represent the observed integrated line luminosities from Spitzer IRS and

Herschel PACS (Cormier et al.[2010)).
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5.3. Submillimetre excess

In Figure [11] we present examples of modelled SEDs for the new Herschel data as
well as with the ancillary dataset available for VIIZw403 and NGC 1569. From these
modeled SEDs we will have access to new parameters for the galaxies, such as the total
dust mass, total luminosity, new SFR and dust composition and dust size distribution
(Rémy-Ruyer et al. 2013a, 2013b in preparation). Comparison of the observed SEDs with
modeled SEDs in dwarf galaxies often points to an as-yet inexplicable excess (Section
which begins to become apparent near ~500 um, the longest wavelength observed by
Herschel, or sometimes becomes more evident at longer submm wavelengths, in which
case it may be detectable with ground-based submm telescopes, such as JCMT(SCUBA2),
APEX(LABOCA), IRAM(GISMO) or ALMA, for example. VIIZw403 already shows a
submm excess beginning at ~ 500 pm (Figure [11)). In NGC 1569, on the other hand, there
is no hint of submm excess throughout the Herschel SPIRE bands, including ~ 500 pm.
However, a small excess beginning at ~ SCUBA 850 um observations is present, growing
at mm wavelengths (Galliano et al[[2003). In this case, the submm excess would not be
detectable without wavelengths beyond Herschel. The Herschel data are crucial to properly
constrain the submm dust emission to be able to accurately extrapolate and interpret the
SED to wavelengths > 500 um. Without the Herschel data, the Rayleigh-Jeans side of the
dust SED is poorly constrained, making it more difficult to properly assess whether the
submillimetre excess is present. Accurate quantification of the submm excess at SPIRE
wavelengths must take into account careful consideration of the most recent calibration and

beam sizes in the aperture photometry.

Note that these are global SEDs presented here, and spatial SED modelling throughout
well-resolved galaxies, may uncover regions where the presence of this submm excess may

be apparent even at Herschel wavelengths, as has been detected with SPIRE within the
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LMC, where the presence of this excess is anti-correlated with the dust surface density

(Galliano et al.|[2011)).
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Fig. 11.— Examples of galaxy-wide SEDs for two DGS galaxies : VIIZw403 (left), and NGC 1569
( right). Both SEDs have been modelled as in (Galliano et al.| (2011) and include the new Herschel
data (purple) as well as any available ancillary data (orange). The different symbols refer to the
different instruments that have been used. For VIIZw403, the IRS spectrum is displayed in dark
blue. While limited IRS spectra do exist for NGC1569, we do not include them in this SED fit, due
to lack of full galaxy coverage. The total modelled SED in black is the sum of the contributions
displayed here: stellar (green) and dust (red). The model points in the different considered bands
are the filled blue circles. The dust SED has been corrected for CO line contamination as well as
free-free emission. Notice the submm excess that becomes apparent in VIIZw403 at the SPIRE 500
pm band while some galaxies, such as NGC 1569, for example, the submm excess may only begin
at longer wavelengths, such as 850/870 pm or longer (Galliano et al.|2003; Galametz et al.|[2009,

Rémy-Ruyer et al. 2013a, in preparation).
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6. DGS Products

The final products for the PACS and SPIRE photometry data will become public
on the HeDaM database (http://hedam.oamp.fr/; (Roehlly et al.2011)) by the end of
2013 /beginning of 2014. All of the Herschel maps for the DGS galaxies will be available
in FITS format as well as Jpg format. A catalog of the new Herschel fluxes will also
be available in Rémy-Ruyer et al. 2013a, in preparation. Since the PACS and SPIRE
spectroscopic data is still in the process of being finalized, this data is forseen to become
available in mid-2014. This data will be delivered in the form of final total spectra and

total flux values.

As an illustration of the wealth of data the DGS brings, in Appendix A we have
assembled an Atlas of 3 color images of the DGS composed of Spitzer MIPS 24 pm, tracing
the hot dust component, Herschel PACS 100 pm, close to the peak of the dust SED, and

Herschel 250 pm, tracing the cooler dust.

7. Summary

We present an overview of the Dwarf Galaxy Survey which has used 230h of Herschel
observations to study the FIR and submm gas and dust properties in 50 star forming dwarf
galaxies of the local Universe with 6 PACS and SPIRE bands at 70, 100, 160, 250, 350,
500 pm and the PACS and SPIRE spectrometers. The PACS FIR spectroscopy gives us
maps of [CII] 158 pm, [OI] 63 and 145 pm, [OIII] 88 pm, [NIII] 57 pm and [NII] 122 and
205 pum The SPIRE FTS covers 194 to 671 pm and includes high-J CO lines (J=4-3 to
J=13-12), [NII] 205 mu and [CI] lines at 370 and 609 um. The targets span a wide range
of metallicity values, as low as 1/50 Zg, and cover 4 orders of magnitude of star formation

rates. The full DGS database goes beyond the FIR and submm observations of Herschel,


http://hedam.oamp.fr/

- 63 —

and includes a rich array of ancillary observations, including Spitzer MIR photometry and
spectroscopy and FIR photometry, 2MASS NIR data, WISE MIR data, GALEX UV and
FUV observations, IRAS, and ground-based submm data, for example. We present some
science goals the full survey will bring and show some examples to illustrate the potential
of this survey for futures studies of the distribution of the gas and dust properties within
galaxies as well as on global scales. We anticipate that advances on the evolution of the dust
and gas as a function of metallicity will bring us closer to understanding the enrichment of

the Universe over cosmic times.
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A. Determination of Metallicities

The metallicity of a galaxy is an intrinsic parameter tracing the evolution of the
system: the ISM becoming more enriched with elements as a function of age. Calibrating
this important parameter from observations and models has lead to discrepancies that have
been studied extensively (see Kewley & Ellison (2008) for a review on this subject). Here
we compare the results in determining the metallicity values of the DGS sample using the
method of [zotov et al.| (2006) (I106), who determine the electron temperature, T, from the
[OITI]A4363 line with the method of Pilyugin & Thuan! (2005) (PT05) which uses the Rog
ratio : Rog = ([OII]A3727+[OI1I]AN4959,5007)/HS5. Degeneracies in the upper and lower
branches of this calibration are removed using the [NII]\6584/[OII]A\3727 ratio (Kewley &
Ellison|[2008)). In Table [6] we provide the metallicity values of the DGS targets determined
for the 106 method. Uncertainty values have been determined by propagating the errors in
the observed lines from the literature. Table [2 includes the metallicity values of the PT05

method, which has been adopted for the DGS survey.

Figure shows the variation between the 106 and PTO05 methods of metallicity

calibration. We find a mean deviation of +0.1 dex, as shown by the dashed lines.
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lines delineate the mean variation of the sample, + 0.1 dex.
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Table 6. Metallicities for the DGS galaxies determined using the 106 calibration

Source 12+log(O/H) (I06)  Ref
Harol1l 8.23 £ 0.03 1
Haro2¢ - -
Haro3 8.37 £ 0.02 3
He2-10% - -
HS00174+1055° 7.63 £ 0.10 5
HS0052+4-2536° 8.07 & 0.20 5
HS0822+4-3542 7.44 + 0.06 6
HS122243741 7.83 + 0.03 7
HS12364-3937°¢ 7.47 £ 0.1 8
HS13044-3529¢ 7.66 + 0.1 8
HS13194-3224¢ 7.59 + 0.1 8
HS1330+3651¢ 7.66 + 0.1 8
HS144244250 7.62 + 0.02 9
HS2352+2733° 8.40 £ 0.20 5
1Zw18 7.12 £ 0.04 10
11Zw40 8.09 & 0.02 11
IC10 8.20 4 0.06 12
Mrk1089¢ 8.39/8.21 4+ 0.12 13
Mrk1450 8.03 £ 0.01 14
Mrk153 7.83 + 0.05 15
Mrk209 7.82 + 0.01 16
Mrk930 8.09 + 0.03 17
NGC1140 8.27 £ 0.08 3
NGC1569 8.19 + 0.03 18
NGC1705 8.11 4 0.13 19
NGC2366 7.64 £ 0.03 20
NGC4214 8.20 4 0.03 4
NGC4449¢ - -
NGC4861 8.05 + 0.01 16
NGC5253 8.16 + 0.03 4
NGC625 8.18 £ 0.03 22

NGC6822 8.12 £ 0.07 23



Table 6—Continued

— 07 —

Source 12+log(O/H) (106) Ref
Pox186 7.75 £ 0.01 24
SBS0335-052 7.29 £ 0.01 17
SBS1159+-545 7.46 £+ 0.02 14
SBS1211+540 7.69 £+ 0.01 14
SBS1249+493 7.73 £ 0.01 25
SBS1415+437 7.61 £ 0.01 26
SBS1533+4-574 8.07 + 0.02 16
Tol0618-402 7.72 £+ 0.02 27
Tol1214-277 7.50 £ 0.01 4
UGC4483 7.55 £ 0.03 28
UGCA20 7.49 £ 0.04 29
UM133 7.70 £ 0.01 4
UM311¢ 8.38/8.36 + 0.05 17,30,31
UM448 8.03 + 0.04 17
UM461 7.79 £ 0.03 15
VIIZw403 7.74 £ 0.01 16

Notes :

@ : For these galaxies, the [OIII]A4363 line was not detected and a direct determination of the metallicity with the I06 method

was therefore not possible.

b : For these galaxies, we quote lUgryumov et al‘l (]2003]) who use the [OIII]A4363 line to determine the electron temperature

and the method from (1994)). 106 is an updated version of the method of (1994).

¢ : For these galaxies, no line intensity uncertainties, from which the metallicities are determined, are quoted. We assume a

conservative value of 0.1 which is the mean of the variation of the difference between PT05, and the 106 method.

d ;. These galaxies are members of groups of galaxies. We quote the value of the metallicity for the individual galaxy (left
value) and that for the whole group (right value), which is the mean of all of the metallicities in the group. For Mrk1089, the
galaxy is region A-C from [Lépez-Sanchez & Esteban| (2010). For UM311, the galaxy is region 3 following [Moles et al| (1994).

References for metallicities : (1) Guseva et al. (2012) ; (3) [Izotov et al.|(2004) ; (4) [Kobulnicky et al.| (1999) ; (5)
[Ugryumov et al] (2003) ; (6) [Pustilnik et al. (2003) ; (7) [zotov et al. (2007) ; (8) [Popescu & Hopp]| (2000) ; (9) [Guseva et al|
(20034) ; (10) [Izotov & Thuan| (1999) ; (11) |Guseva et al.| (2000) ; (12) [Magrini & Gongalves| (2009)) ; (13) [Lépez-Sanchez & |
| Esteban| (2010) ; (14) [[zotov et al| (1994) ; (15) Izotov et al|(2006) ; (16) Izotov et al|(1997) ; (17) Izotov & Thuan| (1998) ;
(18) [Kobulnicky & Skillman| (1997)) ; (19) |Lee & Skillman| (2004) ; (20) [Saviane et al.| (2008) ;
(22) [Skillman et al (2003) ; (23) [Lee et al] (2006) ; (24) [Guseva et al] (2007) ; (25) ; (26)

(2003Db) ; (27) Masegosa et al| (1994) ; (28) van Zee & Haynes| (2006) ; (29) [van Zee et al.| (1996) ; (30) (1994) ;
(31) |Pilyugin & Thuan| (2007))
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B. DGS Spitzer-Herschel Atlas

As an illustration of the wealth of data the DGS brings,we have assembled an atlas of
3-color images of the DGS galaxies composed of Spitzer MIPS 24 pum (blue), tracing the
hot dust component, PACS 100 pum (green), close to the peak of the dust SED, and SPIRE
250 pm (red), tracing the cooler dust. Note that the images here are produced using their
original resolution. The beams for the different bands are indicated in the lower right of
each image. When a band is not present in the 3-color image, the source was not observed

at that wavelength.
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