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Abstract

- PACS (C & % 48 dwarfs @ FIR line £
- line/TIR ratio & & EYIRE DMEERE R
- Cloudy $E5JEIXET /L

Context.. The farrinfrared (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 E
metal-rich galaxies, and how this translates in ISM properties.
Methods. We present Herschel/PACS spectroscopic observations of the [CII]. 1
and 205 um, and [N 1II] 57 pm fine-structure cooling lines in a sample of 48 1

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 Ly and that star-forming. regions.dominate the overall
emission 1n dwarf galaxies. Compared to metal-rich galaxies, the ratios of [O II]gg/[N 11] 15, and [N IIT]s7/[IN IT]15, are high, indicative
hard radiation. fields. In the photodissociation region (PDR), the [C11];57/[OI]e;3 ratio is slightly higher than in metal-rich galaxies,
with a small increase withmetallicity, and the [O 1]145/[O )63 ratio is generally lower than 0.1, demonstrating that optical depth effects
should be small on the scales-probed. The [O I11]gg/[O 1]g3 ratio can be used as an 1nd1uator of the ionized gas/PDR filling factor and
1s found to be ~4 times higher insthe dwarfs than in metal-rich galaxies. The AL/ Lagir O L and JO XL/ Lgg Latlos.
decrease with increasing Lrr and /Lg, are interpreted as &Mmm_ e, {2 fields.and.alow.PD. 2 1t
Harboring compact phases of a low fitling factor and a large’ volume filling factor of dlffuse gas the ISM of low metalhclty dwarf
galaxies has a more porous structure than that of metal-ricl/ galaxies.

Key words. galaxies: dwarf — infrared: ISM ~photonédominated region (PDR) — techniques: spectroscopic — radiative transfer —
HII regions
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1. Introduction

Low-metallicity environments are good for examining conditions for SF at high-z.

7/

%* How do the physical conditions of SF regions vary as function of metallicity?

7/

%* What controls the energy balance (h/c) in different ISM phases / morphology?

7/

%* What are the roles of the different ISM phases in integrated view of galaxies?

FIR line spectroscopy is important for ISM physics (FUV flux, nH, T, filling factor).
*» [CII]157, [OI]63,145 are important coolants (nH > 10 /cc, T ~ 100-300 K).
*» [NII]122,205 and [OIII]52,88 are tracers of ionized gas.

[CII] brightest cooling line in SF galaxies (0.1-1% of Lfir). But, additional lines
are required to characterize ISM conditions.

FIR lines in dwarfs are exceptionally bright compared to dust/CO emission.

K/

% While CO is photo-dissociated, H2 can survive owing to self-shielding.

K/

% Such “"CO-dark gas” is seen in C+. --> FIR lines as calibrators at high-z.
Herschel “Dwarf Galaxy Survey (DGS)"” (Madden+13)

%®  PACS/SPIRE spectroscopy for 50 dwarfs with ~1/40-1 Zsun, SFR ~ 5e-4 - 25
Mo/yr, irregulars-spirals, D < 200 Mpc.

7/

% (Remy-Ruyer+13 for photometry, revealing warmer dust than metal-rich
galaxies, excess emission in submm, lower Mdust/Mgas ratio.)

Focusing on PACS results for 48 dwarfs in this paper.



2. Data
§2.1. Herschel PACS spectroscopy

s  PACS spectrometer (Poglitsch+10)
*»  5x5 spatial pixels (“spaxels”) covering 47" x 47"
< A =60-160 um => beam size: 9” - 12", resolution: 90 - 240 km/s

The HerseheLPhotodetectoFA‘ ray e
Gamera & Spectrometer

Instrument Concept - Spectrometer

Integral field spectroscopy
— range 55 - 210 pm
— IFU: 5 x 5 spaxels, image slicer
— Each spaxel 9.4” x 9.4”

— long-slit grating spectrograph (R
~ 1500)

— Two 16 x 25 Ge:Ga
photoconductor arrays
(stressed/unstressed)

— point source detection limit
3...20 x10'® W/m? (50, 1h)
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2. Data
§2.1.2. properties of FIR lines

Table 1. Characteristics of the PACS FIR fine-structure cooling lines. ) Photodissociation Region ‘
O** (35.1 eV) _|— | -
Species A Transition IP  AE/k® Merit * W - L Ct (| | 3 eT‘/) '
[um] [eV] [K] [cm™] . g i a
[Co] 1577 2P;p=2P;, 113 91  50°,2.8x 10° o H H H/H, H,
3p._3 ® .
(N1) 121.9 P,—°P, 14.5 188 310 = . C C'/C/ICO CO
[N1I] 2052 °P,-’P, 14.5 70 48 Ok -
Nm) 573 P3Py, 296 251 3.0x 10° e O 00 (I18.6 eV o/0,
[O1] 63.2 3P,-*P, - 228 4.7x 10° i . ( 0 € )
[01] 1455  3Py-’P, - 327 9.5 x 10° T — >y ‘
(Om] 884 °P,—°P, 351 163 510 * —>| T.=10-10K T =10-10°K
+ $ | |
Notes. Values taken from Madden et al. (2013). The IP for [O1] N (I ‘ev')\/ ] _ 10
is 13.62 eV. @ Excitation temperature AE/k required to populate the AA<0.1 A (magnituces)
transition level from the ground state. ®’ Critical density for collisions L |
with electrons. 2X10"" N em?) 2X10°

Tielens & Hollenbach 2005, Phys. Rev.

% [CII]157: carbon is 4th abundant element. coming from both ionized and PDR gas.
s [NII]122, 205: (diffuse) ionized gas. 122/205 ratio is n_e tracer.
*» [NIII]57: ionized gas (HII reg). [NIII]/[NII] as Teff tracer

% [0OI]63, 145: warm, dense neutral gas. can be affected by optical depth effect (self-
absorption)

*» [OIII]88: HII regions, harder radiation field. (52um was not observed.)



FIR line emitting regions:
Example from Haro 11 (Cormier+13)
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2. Data
§2.1.6. summary of detections

[Cll] peak: 4e-17 W m?-2  [OIlIl] peak: 8e-17W m”-2
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Fig. 1. For each PACS spectral line, the number of sources observed and [Ol] peak: 2e-17 W mA-2

detected (hashed) in the Herschel Dwarf Galaxy Survey.

NGC4214 from the DGS (Madden+2013)

s [CII]157, [OIII]88, and [OI]63 are the brightest.

7/

% detected in >90%, on average >10x brighter than the other lines.



3. Observed ISM Properties

Luminosity of FIR lines (§3.1)

Effects of metallicity (§3.2)

PACS line ratios (§3.3)

[OIII]/[NII]: different ionization potential (35.5 eV vs. 14.5 eV)
[NIII]/[NII]: different ionization potential (29.6 eV vs. 14.5 eV)
[OI]/[CII]: density and radiation strength

[OI]1145/[0I]63: density and temperature

[OIII]/[OI]: filling factor of ionized gas

[NII]/[CII]: [CII] fraction from HII regions

FIR line ([OIII], [CII], [OI]) to L_TIR ratios (§3.4)

**» to investigate variations in cooling by gas and dust, as a function of F60/F100
(~color temperature), Ltir (~galaxy size), and Ltir/L_B (~escape fraction).

7/ 7/ 7/ 7/ 7/ 7/
A X X R X SR X SR X SR X9

Summary of correlation analysis (§3.5)

*» Dwarfs have high [OIII]/[NII] (HII region), [CII]/[NII] ([CII] from PDRS),
[OIII]/[OI] (HII region fill. factor), [CII]/Ltir, [OI]/Ltir, and [OIII]/Ltir ratios.

** No clear correlation between emission and parameters (metallicity, F60/F100,
Ltir, Ltir/L_B), indicating the properties are not controlled by a single param.

**  but by cloud physical conditions, mixing of ISM phases, geometry, dust
properties, and photoelectric efficiency.



3. Observed ISM Properties
§3.1. Luminosity of FIR lines
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Fig.2. PACS line fluxes versus Lyr. 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. e 1 o 1 = L - L <

(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 coeflicients applied to the DGS compact sample are indicated in the top left comer (when found above the

chosen significance level and with more than 8 data points). N m
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*» [OIII]88 is the brightest in most cases. [CII] / [0I]63 are the second / third
brightest. [OI] dominates the cooling in resolved PDRs.

** FIR lines are correlated with Ltir (~size). Dispersion is smaller than ULIRGs (aka.
line deficits).

% What is striking is the 1-dex offset between dwarfs and ULIRGs regarding [OIII].



3. Observed ISM Properties
§3.2. Effects of metallicity

10%F
10°F
Bt
z 1¢- —p—-
& o] . o™ :‘:'
'3‘ i 0. s .
S: 10‘ ® .. - -:.—.
10°
e
10 ’.
10"-:
INCcrease
10°
S 10*F / -
3 —
i IO" c‘:.
6 P ’ *"t -
= 10 .
] T I
o ® o
10° @ ¥ T
.’
10t .
‘0”-5; A‘A{ AAAAAAAAAA
10’- K
:-,- 0% /ﬁ-_‘ .
i | ° ‘ool o
— - - - i'
S, 10% g ¢
= ® L 1 ——-—
10°} A
10't -

7.0 75 8.0 8.5

12 + log(0/M)

1.00 .
Tl e
b ’Q. .’»4-*
£ o0 Lé s
) ?

L
0.0}

P -0.47
1.00

[o)63/TR [in X)
(=}
S

0.0}

:

[om)/TR [in X)
B

0.01F

AAAAAAAAAAAA

A

7.0

75 8.0 85

12 + log(O/H)

10.0F™

)
3 1.0} o
£ Masill
f A%
{
1% -+
5 F
3 oo} o &
5
= } é, W
ll
OO e g .
p=-03
1o} } .
¢ * Z
g .
T
R |2 h

decrease

ot TN
lecréase® % »

=
o

¥at

A

7.0 7.5 8.0 8.5

12 + log{0/H)

Fig. 3. PACS line fluxes, ratios, and line-to-Lyx 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.

Zsun galaxies

— (Brauher+08)
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3. Observed ISM Properties
§3.3. PACS line ratios

In dwarf galaxies, ...

Full DGS sample Compact sample® B08 sample

PACS line ratio
ORI/ (o} 11 PP AR 059331 (0.15 dex) 0.65 (0.20dex)  0.72 (0.25 dex)
[OMgg/[CU 57 +vveveeenen 2.00130 (0.34 dex) 179 (0.34dex)  0.54 (0.45 dex)
[O1145/[0T3 v vevvvanenns 0.0740177(0.06 dex) ~ 0.074 (0.05dex)  0.063 (0.25 dex)
[O M ]gg/[OT]gz -+ vvvevennn. . 2.96)18 (0.24 dex) 2.66 (0.22dex)  _0.74 (0.25 dex) _ , .
[OMgg/INTI 120 oo 86.32 (023 dex) 30x 61.5 (022dex)  3.27 (0.37 dex) < Il regions > diffuse ionized gas
[NIs7/IN 122 oo 8.062% (0,13 dex) 8.06 () 1.91_(0.57 dex) -harder radiation field
AN/ A 57 e LU TR S 0.022 (0.27 dex) Q.12 ldSk o - high stellar Teff (many OB stars)
{E II§]57§E\)III;]88 ............... 0.178:(2)27 (?52 dex) 0.17 (0.37 dex) 1.08 (0.44 dex) _ hlgh ﬁlllng factor of Iow-density,

Mloos/[INI] 122 «vovveenannn.. < — -

high-excitation gas

Line-to-Ltr ratio [in %]

[CIy57/LiR - eevevevanennnn 0.25%% (0,24 dex) 0.25 (0.22dex)  _0.13 (0.33 dex) -negligible contribution from HI|
[OT63/LIR -+ eveveeeenennnns. 0.1793% (0.14 dex) 0.17 (0.14dex)  0.10 (0.21 dex) region to [CII] luminosity
[OXIIss/Laig - - voveeeeee e 0,501 (0,29 dex) 0.47 (0.26 dex) 0,080 (0,30 dex)

[OT1as/LTIR -+ v evevvenen 0.01199% (0.19dex) ~ 0.010 (0.12dex)  0.0065 (0.18 dex)

[N i2/LriR v 0.00819914 (0.21 dex)  0.0060 (0.25dex)  0.016 (0.19 dex)

[INTIIS7/LTIR - eoveeeeenenenn 0.042%11 (031 dex)  0.038 (0.07dex)  0.043 (0.17 dex)

(CHlys7 +OTes )Lt ... ... 0.47104(0.15 dex) 0.43 (0.17dex)  0.26 (0.26 dex)

([C11]ys7 +[O g3 +[O Ilgg)/Lyir 1.03(2):‘1‘3 (0.18 dex) 0.97 (0.20 dex) 0:35..(0.26.dex)




[OII] / L_TIR (%)

High gas cooling efficiency —
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3. Observed ISM Properties
§3.4. FIR line-to-Lt1ir ratios
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3. Observed ISM Properties
§3.4. FIR line-to-Ltir ratios
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4. Trend analysis with radiative transfer
models

s What are the parameters (see below) which reproduce the observed line ratios
for dwarf galaxies?
** Modeling with CLOUDY (Ferland+13)
**  Free parameters
Hydrogen density: n_H (1071 -> 10”5 cm”-3)

Inner radius: r_in (15 -> 3200 pc) # distance between SB and surface of
the modeled ISM shell.

%  Converted into

R/
0’0
R/
0’0

“» Ionization parameter (~ age of burst): U = Q(H)/ (4 nr_in?n_H c)

> FUV radiation strength: Go Reference ISM abundances (Z;sy):
*%*  Configurations O/H=32x10%C/H=14x10"*,N/H=8x 107
Two metallicities: 2 Z_ISM and 1/4 z_IsMm L Ne/H=12x107,S/H=32x10>
Young starburst (10 Myr continuous) with 1e9 Lo (starburst99, Leithere+10)
DGR, PAH/H, PAH/dust, turbulent velo.
Stop calculations at Av = 10 to fully model PDR emission.

e

%

e

%'

e

%'

R/
’0

L)

% Results :
’ H 11 region fiducial model Metal-rich DGS sample

density [cm ™) 10*5 1020 * Ny
log U -3.0 -2.5
Rs .« [pc] 16 46
PDR fiducial model
 density [cm ] 10%5 10+0
log G, 33 2.7 (Cormier+13)

|4
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Line ratios

| Observed ratios for dwarfs

[ ] Observed ratios for normal gals

- *: log n,=2.5, log U=-3.0; HIl region “Best-fit” params
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What are the parameters which reproduce the observed ratios!?

— B (for hi-metal), B (for low-metal)
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Y/
L X4

5. Discussion

Effective Stromgren radius R_S, eff

Y/
%

3x larger for dwarfs (R_S,eff = 46 pc) than metal-rich galaxies (R_S,eff = 16
pCc), suggesting deeper penetration of ionizing photons in dwarf galaxies.

Enhanced [OIII]/Ltir ratio in dwarf model (low-metallicity grid)

7/ 7/
A X X

should be accounted for by reducing the mean Av.

Emission from the PDR must be reduced relative to that of the HII region, by
a factor of ~3 in DGS sample. (i.e. lower covering factor)

Consistent with the trend of decreasing [OIII]/Ltir with increasing Ltir/L_B.
(8§3.4)

Higher escape fraction in dwarfs is also observed in their SEDs (e.g., Galliano
+2008)

Change in the ISM structure and PDR distribution of low-metallicity galaxies

/7
0‘0

The filling factor of ionized gas relative to PDRs is higher than metal-rich
galaxies.

The extent of HII region is bigger and UV photons travel larger distance.

The results suggest a more porous structure than that of metal-rich galaxies,
which allows FUV photons to escape from a dwarf galaxy.



6. Conclusions (Abstract)

- PACS (C & % 48 dwarfs @ FIR line £
- line/TIR ratio & & EYIRE DMEERE R
- Cloudy $E5JEIXET /L

Context.. The farrinfrared (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 E
metal-rich galaxies, and how this translates in ISM properties.
Methods. We present Herschel/PACS spectroscopic observations of the [CII]. 1
and 205 um, and [N 1II] 57 pm fine-structure cooling lines in a sample of 48 1

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 Ly and that star-forming. regions.dominate the overall
emission 1n dwarf galaxies. Compared to metal-rich galaxies, the ratios of [O II]gg/[N 11] 15, and [N IIT]s7/[IN IT]15, are high, indicative
hard radiation. fields. In the photodissociation region (PDR), the [C11];57/[OI]e;3 ratio is slightly higher than in metal-rich galaxies,
with a small increase withmetallicity, and the [O 1]145/[O )63 ratio is generally lower than 0.1, demonstrating that optical depth effects
should be small on the scales-probed. The [O I11]gg/[O 1]g3 ratio can be used as an 1nd1uator of the ionized gas/PDR filling factor and
1s found to be ~4 times higher insthe dwarfs than in metal-rich galaxies. The AL/ Lagir O L and JO XL/ Lgg Latlos.
decrease with increasing Lrr and /Lg, are interpreted as &Mmm_ e, {2 fields.and.alow.PD. 2 1t
Harboring compact phases of a low fitling factor and a large’ volume filling factor of dlffuse gas the ISM of low metalhclty dwarf
galaxies has a more porous structure than that of metal-ricl/ galaxies.
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