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+ Talk Oinne |
Herschel surveys of ‘low metaII|C|ty gaIaX|es:
— .What are the goals . .

'— Herschel surveys: field dwarfs clusﬁr dwarfs &
— Magellanlc clouds '

Herschel results on dwarf galaxies: -
— PACS & SPIRE Photometry dust SEDs of dwarfs
— Herschel PACS spectroscopic results

L

Molecular gas inventory in low metallicity gas:
« (CII+ €0) to H2 conversion factor? . - °

TR

«_ Where Herschelleaves off —
— What SOFIA might take over




The Dwarf GaIaxy Su;vey the SC|ence |

1. How do ga/aX/es accumu/ate their meta/s?
»

2. How does the enrichment effect star formation processes? -
* - » . ; - + h § . :
_ Dust ennchment in pnmeval enwronments <--=-> essential for enhancement of
SF actm’ :

‘The distribution of dust and their properties €---> strongly influenced by SF activity

Understanding the heating. and cooling-processes in very .low m_etallicity ISM

3. What galactic properties and processes control the dust and gas' evolution? How ’
are ISM structure, star formation activity, outflows and meta//icjty related? SEDs?

. ‘ !
Local Umverse dwarf gataxies are convenient fabs to study of the evolutlon of the
- dust and gas propertles - '
— Requires a comprehensive program of FlR/sub'mm a
— photometry and spectroscopy along with other complementary data
‘ | 2 4
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Zoo of dwarf galaxies i the local univ




700 of dwarf gaIaX|es i the Iocal unlvqﬂ

Herschel Dwarf Galaxy Survey

Source Selecﬁon

55 galaxies
Hll-metallicity; bins:
~ 5 to 9 galaxies in
/. bins where possible

Solar Metallicity

Number of galaxies

Extremely low metallicity
galaxies: 1/50 to 1/20

107 001 010 1. 10 KEERCS ¥ The well-known extended
G Al galaxies of the local
rou
“ All targets: Herschel FIR & submm e
photometry and FIR spectroscopy.
'C LAl targets: Spitzer MIR NGC 5253

- SBS0335-052 . NGC 4449

s
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Z = 1/3 Zsola

NGC 1705 D = 5 Mpc
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. Dwarf Irregular Galaxy NGC 1705 i . o ; N
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NGC 1'705 He'/_;sche/ o+ Spitzqr

" B =:5Mpc Z = 1/3 Zsolar

5 ’

X y SSC
IRAC 3.6 um| IRAC 4.5 um IRAC 5.8 um IRAC 8 um
"~ - ‘s ..
MIPS 24 pm MIPS 70 um PACS 70 pm PACS 100 pm
i - !
= g -
? .
MIPS 160 um PACS 160 pm 2950 um

*‘The Super Star CIustePdomlnates at short /1

" but disappears > 24 um
PACS isolates the 2 other clusters.

HST




NGC1705 ‘The Spatial Re olutton of Hersche

I mips 70 um

MIPS 160 pum

.

IRAC 3 mu (green) +

PACS 70 mu (red)

-ang SOF A

o

PACS 70 um

»

PACS 160 um

MIPS 24 mu (green) +
PACS 70 mu-(red)

g




g NGC 1705 subngm excess: | go
O'Halloran et,al 2010 (see poster) '
‘ IRAC + MIPS + PACS + SPJRE + Laboca 870

-

NGC1705

MIPS
‘PACS

'SPIRE

' LABOCA

-

" Very cold dust
component:

Wavelength [um Tdust~9 K,
- SED model Galliano et al &'Galametz et al 2009 ¢ ﬂ 4L

s



. NGC 1705 subgm excess:
' OHalloran et.al 2010 (see poster) = —
IRAC T MIPS + PACS +. SPJRE + Laboca 870

*

NGC1705
— e [ MIPS

/."

‘ ‘PACS
Large. submm excess > 350 mu '

See also 3 dwatfs in Virgo: Grossi et'al 2010 'SPIRE
(poster) 2

' LABOCA
-> [ARGE DUST MASS in NGC1705: 1 -2 X105 Mo |

-

What is the total Gas-to-Dust (G/D) mass ratio? " Véry cold duét

component:
* G/D ~ Galactic to ~1.5, times Galactic

B - Which is lower then chemical-models predict. T dust ~ 9 K .

SED motel Galliano et al & Galametz et al 2009 4 =10



NGC 6822:% - ' . W

Galametz et al 2010 ' . | +

IRAC 3-Color

Declination (J2000)

ax ¢ "W s e
Right Ascension (J2000)

' i . : " & '.C.anno”z et al 2006 :

Atomic¢ gas: 1.3 degrees g

. The starformatlon activity: « =~ .- 2 e D=10.5 |\/|pC

Prlmarlly in 20’ region’ . i S /Z =1/5Z solar
,

v ..



'NGGC 6822 b= 0.5 Mpc*z= 1/5 Zolar

SPIRE 250 um (red)
HI (green) (de Block et al)

Atomic gas: 1.3 degrees

The star formation activity * -SPIRE 250 um (red)
Primarily in 20’ region » - GALEX FUV (green)

g




NGC 6822: SEDs . %

of star clusters 3

10 100
Wavelength [um)]

Wavelength [//«m]

Galametz'et al (2010)

o

10
- Wavelength [um]

10
Wavelength [um)]

PACS "
SPIRE
B |RAC,MIPS .



NGC 6822: SEDs
of star clusters

10 100
Wavelength [um]

10

10 100
Wavelength [um)]

E. s PACS -

. 1OWavelen th [ m]loo | . & . ; | SPI RE
: B ,
Galametz'et al (2010) . b , il s
. ° : - ‘



Ncfe 6822: What?is the total Ga&-to-Dust mass ratﬁ’

» g :
*Mdust = 6x10’\5 Msolar using' Dri‘ne & Leée silicaté + grap ite
. G/D ~ 100 | P . i

. G/D ﬁ() using - 5|I|cate + amorphous carbon of
- Rouleau.& Martln 1991

Less dust mass since amorphous carbons are more emlsswe
(flatter submm slope) = Higher G/D :

BUT G/D still-lo wer than expected for its meta///C/ty €1/5 Zso/ar)
(G/D should be ~600 — 1000) |




Dwarf Galax.les often S@W dubmm excess

Virgo dwarfs: Grossi et al 2010 | Haro 11 Galainetz et al

' CC562 VeC1179 VCC1356 |

100 100
A (um

 LMC with AC' )

PAHs
ins < 10 nm |
irains » 10 nm J

I ill 500 mu excess in the LMC W|th Herschet
10" 3 usmg graphite ‘

%\ Replacmg graphlte with arﬁorphous carbon
Can-give less dust mass (submm slope
100 Is flatter —more I|ke abeta~11to01.5)

Some other pessibilities: : ,
Lisenfeld et al hot fluctuating small grains (2001) ‘
Spinning dust (Draine &Lazarian 1998; Hoang 2Q0g0; Ysard & Verstraete 2010 Bot et al 2010 )

Modified optical properties Inverse T — beta rélationshp : (Meny et al 2007) e



Dwarf Galax-les Herschel-Spi zér’3~-c6[o'r"imég'es_, |

Blue 3.6 mu(stars) green 24 mu (hot dust) red: 250 mu (éold dus
& _

- ’ : - .' 4
i NGC 1560 NGC 1705
" = -
L
IT Zw 40 «NGC 2366 Eo NGC 6822 |
; R 5

! - ‘#i“'




1st summary ,(from photometry) +

Dwarfs & Dust: the conundrum g

1. subrmm excess (> 400 mu) common m&varf gaIaX|es can |mpIy very .
large dust rhasseés — which give low G/D

. 2. Some &arfs do not have submm excess, but still can have large dust
masses when submm.constraints exist. .

Amorphous carbon mstead of graphlte can decrease the dust mass ....... P
sometimes.-
OR IS the gas reservoir s not completely traced7

Such large dust masses giving low G/D not plausible for
low metalllo/ty galaxLes ‘ N

BUT '.

Do we know the total gas reservoirs:in dwarfs?
: e




~Diagnostic tracers of HII regions, PDRs Biffyse Ionlsed Medidum =>
JLAGS spectroscopy + Spitzer IRS + . ,

_'-[C|I] 158 'um Most important cooling lines of the atomic gas.
[Ol] 63 um Probes the conditions in PDRs.- the largest fractlon
[OI] 145 um : of the neutral medlum ina galaxy : : y

INII] 122 pm  Conditions in the ionized medium. D'ia'g'nostlcs

[NII] 205 pm . of absolute level and excitation of star forming )
[NIII] 57 ym activity and of n, @ low density (<103 cm=3) DIM
- ,[0111] 88 um : ; o

Abundances  je. [NHyony .. * _
Densities * i.e. [NIl], [Oll], [SH].line pairs
+ Gas pressure i.e. [Ol] pairs: '
* -~ UV hardness  [NIIJ/[NIII.. [Stlj/rol] palrs
s & intensity .
ISM filling factor

.




How irijporté'ntare{g:h'e‘l\/l'lR"éz FIR
lines to the thermal budget?

OPTICAL
MID-IR
FIR

X
E
=
=
W
Z
d
W

[NEIII]

15.5 ¢

WAVELENGTH(PM) ¢ LINE

. Slide from J,D. Smith
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- NGC4214: Mepping .

-.. L .
+ 4 -Irregular Magellanlc type aIaxy
2.9 Mpc away
Metallicity: 1/3 solar
3 \."! .
i 4 "
. -)?,g




NGC 4214 HST image + PACS CII contours

D=3 Mpc
/ =30% 7

solar

1.5’

HST imge (UV-optical): Ubeda et al 2007
158 mu [CIl] map: Cormier et al 2010



NGC 4214 A‘ e

l Contours:

Green: [CII]
(Cormier et al 2010)

Red: CO (1-0)
(Walter et al 2001)




NGC 4214 d=3 Mpc Z = 30%'Z

solar

Map . ; Ol63mu .
=O.EIES = ‘I '
PACS lines . :" .

[0 1M]agym ]

[0 Tegum
[C 1] s6um

L .5
[si H]M.Bum

[S1]y,

Rest wavelength |um

/‘@421411
scaling=0.7)

NIl 122 mu
. NGC 4214111

L, [scaling factor x 10°% Lg]

(scaling=0.3)

14

[Cll]is 1% to 1.5 %

[Olll] 88 my line- - 4 |
brightest line in dwarfs | - IEEEEECIEES
traces the source of ionisation

10 100
Wavelength [um]

Al FIR lines ~ 2 to 4 % of Ly



. ‘

" NGC 4214 maﬁplng mode .','

15e- 17 W/m?2

CIl1 158 um
(CO contburs: F. Walter)

" 0163 um

Cormier et la 2010

O 111 88 pim

Other lines:

. +01145um

e N11122 um

o N-11 205 pm




NGC 4214 d=3Mpc Z =30%'Z,.

~ Kaufman et al PDR plots '‘® g

7 01145/CIl

O
@
L
-
O -
by et
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Y
@)
O




NGC 4214 d=3 Mpc Z =30%'Z,.,

Kaufman et al PDR plots: .
_ Problem of slab geometry - CII/COy

[ClI/€O =4 000 to 75 000
alaxy average: 30 000)

‘Hidden’ molecular gas traced by -

% - - _ C+ (CO-free zone) .. ,

"',_: up to 20 times that traced by CO | Y
O . : ' ..

S IC10: 50 to 100 x more H, |
e Than that traced by CO. Mapped in
o , Cll (Madden et-al 1997) |

(D 7 0145/Ci A ®

TR

Also: S.tace'y et al 1991; Poglitsch et al*1 995_; Méddeh et al 1997; Madden et al 2000;
Models: Roellig et al 2006; Wolfire et al 2010 %

s




Olll 88um line — Central Pixel Cll 158um line — Central Pixel

Olll 88 mu CIl 158 mu

B
o

Intensity

88.4 3 88.8 157.2 157.4 157.6 157.8 158.0 158.2

Wovelength [um] Wovelength [um]

NIl 122um line — Central Pixel Ol 146um line — Central Pixel NIl 205um line — Central Pixel

NIl 122 mu 01146 mu "I NIl 205mu

w
I

N

Intensity
Intensity

o

Intensity

©

~

(=2

T
2 I IS - LI
o &)

1215 122.0 122.5
Wavelength [um] 205.2
145.0 145.2 145.4 145.6 145.8 146.0 146.2
Wovelength [um]

205.4 205.6 205.8 206.0 206.2 206.4
Wavelength [um]




[O 1] 145 um/[C II] 158 zm

+* .

‘He, 2-10"58 _

_preliminary PDR "
modelling | |

| (O1. 146um)/I (ClI 158um) = 0.06

CO (1-0) = 1.0 £-22 W cm-2

.

600,< GO < 1000
80 <n <500

Cll / CO = 10e”4 for He2-10




The Curious Casé-of the Dwarf Haro 12 o= e Z=1/7 2(solille

I-FIR '~’1X1 O 11.L solar . ¥ .
M(CO) =< 108 My © - | " e .
" M(HI) < 108 My e 127 - \ . ‘

(Berd¥all 2006)"

Haro 11 Galametz et 2009 «

Ber. UV-optical Hayes 2007

* 10 100

Wavelength (um)



The Curious C-asé.of the Dwarf Haro 1! D=92 Mpc z 1/7 Z(solar)

Ole3mic, Raster 3, pixel 2:

loghty [km s—1
~50 Velogty [km 4-1] 50
:

I-FIR P 1X1O 11'— solar
M(CO) < 108 Mwa‘r o 5 | l  L(cl/L(co) > 50000
" M(HI) < 108 Mg, il . A large fraction of
(Berd¥all 2006 . - - L . .  the H, gas could
. ‘ | 3 . Be in.the PDRs

0.0 0.1
lambda = lambda0 [um]

Cll157mic, Raster 3, pixel 2:2

v-locny [km a—1]
-1000 1000 2000
e e r , -

[Cm158mu

|
) ] - = 929366810-17 Wm-2
/ Flux = 2.45129236-16 W m-2 L -18 W m=-2
, 2-sig 3 error = 2.2973986e~18 W m=-2 | Chi2 = 7.8473683 |
. ChiZ = 3.0622483 ] | , .
1

1
0.0 0.5 10
lambda — lambda0 [um]

."'“‘“’“% B S

NI 122 mu -

6.64296250~ 3 20 2,37300- 1 ) 2340 —;
2-sigma erm( 6.1046328e~18 W mv: L 2-sigma erm( 1 8357474e-18 Wm=2 | I 2-sigma :,1,: - ?:g;‘;gg‘"._:g : :-g 1
Chii2 = 8.4337824 L Chie 0305034 | I Chii2 = 1.5318469

1 1 i 1 1 'l
0.0 01 0.2 0.3 -0 0.0 0.5 1.0 > 0.0 .5 1.0
lambda = lombda0 [um] lambda — lombda0 [um] lambda = lombda0 [um]




[CHI)/FIR & [CII}/CO in Galaxies - local and high-z

1072

1074

- + Galactic SF Regions
m Starburst Nuclei
O Non-Starburst Nuclei
—A Normal Galaxies
- ® Local ULIRGs
L+ 2>2.3
-¥2=1-2 SF
- % z=1-2 mixed

IIIIIII

E:c;‘,=1o4
|

1 Go=10°
ll‘ 1 |

=

'E.

L
|

n=10%

107"

10°®
LCO(l -»0)/ LFIR

Hailey-Dunsheath 2010

10°°



[CHI)/FIR & [CII}/CO in Galaxies - local and high-z

L[cu]/Lco(l-oo) = 80,000 L[cu]/]-'co(l-oo) = 4000
B Dwarfs ' ' PR ' e n=10°
- + Galactic SF Regions -’ L] ————
m Starburst Nuclei n=10%
O Non-Starburst Nuclej ¥ m|
1()'2 —A Normal Galaxies ¢ n=10* -
- ® Local ULIRGs _“ .
-+ 2>2.3 ’ -
-%2=1-2 SF ¢ -
- xz2=1-2 }rﬁxed 7
e A
- P n=105 -

L[Cll]/LFlR
o
&
| T TT II A Y
\
% |

1 Go=10°
ll‘ 1 |

» :
(Dwar}sO[C_ ’ :Go=10"
Smith & Madden 19987 > S
Poglitsch et al 1995 10 10 10
Dwarfs: Madden et al 1997: 2000  Lco1-0)/ L

Cormier et al 2010
Ctarav ot al 2010 MNMaddan 2011 adantead from HailevveDiinehaath at al 2010\




Solar metallicity

~ Effects of decreasing'meta'llilcity to eXpIaih.'high I[CII:/I(CO). ;
Normal metallicity clouds — PDR a thin shell around H2
Decreased in metallicity — decrease in dust — Iower p”noton'

attenuatlon in cloud v
. CO more easily destroyed — deeper PDR around smaller CG
Total N(C+) the’same ; N(H,) is the sam& (self-shielding of H,)

Very different C+ & CQ filling factors
~ M(H2) conversion factor which mcludes I[CII] to trace

‘hidden’, H, ie IC10 — 100 time more H, than seen in CcOo
. (Madden et al 1997) . -




 PDR modeling ard Metallicity .
.« CO-free zone™F
o H2- dark.zonepe
s : Traced by [CH] -

1E-6

1E-3

Critical parameter:

Shielding of H2 determines

1E-8 << " HI/H2 transition - -

1E-9 ¢ CO(1-0) depends on ¢
Go/n vs :

. dust extinction of FUV

1E-7

1E-10
1E-11
1E-12 : .

1E-13 § <5 ) Qlose to the-clump surface?
- x=10 ~ Or close to the
1E-15 - . ! . . M-.1 0 ‘C+/C/CQ interface?

7.5 : 8.5 00 95
Roellig et al 2006 12+og(O/H) KOSMA PDR

"
@
<\
3
)
=1)]
-
2
@
@
5}
=
N
-]
20
-
=
5
&
—
-
-
@

1E-14

. "The Dark Molecular Gas": Grenier et al 2005 *
: Wolfire et al 2010

’.




PreI-imi.nary Hershcel LesUI’Cs's-ummary"
«  Submm excess observed in dwarf ga/aX/es |

S thls due to av. large cold dust ‘mass® .

.— Usmg amorphous carbons instead of é*a'phlte can ameliorate this :
_—:Can still find large dust masses sometlmes» - low gas-to-dust mass ratio

¢ ‘Missing’ Mo/écu/ar Gas in low metallicity galaxies?

— L([CIl{/L(CO) >> than dusty star burst galax:es - tracing the
H, gas not traced by CO
— [ClI] W|dely distributed throughout low metaII|C|ty galaxies — very cIumpy?
. — L([CII]/LFIR 0.5% to 2% ‘ . | . '

— OIll/CII > 2 on galactic scale (like giant HIl regions). QIII may bé a
workhorse diagnostic for high z, low Z galaxies with ALMA

.

-

L 2

Moleculdr reservoir:
’ ([CII} + CO) -to-H, conversion factor
The total dust mass issue - peeds the gas inventory

.




Herschel tQ SOFIA
Spec’rrosocpuc mapping: GREAT, & FIFI-Is limitations:
CIL S “the most important coolant ‘ig galaxies: sensitive CIT/ OI
. mapping of. large Local Group Dwarf galgxi¢s. Need fast mapping

capability to cover large (30’ to degrees) galaxies. How to map CIT in '
the LI\/\C?.‘k Frequency-switching? On the.-fly line‘mapping?

Dust imaging Large field of view - trace the submm excess?excess
begins at 500 mu:"for now, it looks tq be sitting in the DIFFUSE ISM -
avoiding the compact, SF sites. Perhaps not idea for ALMA? Gr'ound—
based bolome’rer's tough to do extended emission.

Dwarf 90Iaxues peak of. luminosity from 20 to 60 mu:
Wavelength dessert from to 60 mu-imaging »

- (Forcast goes to 40 mu - grism capabilities moder'a’re r'esolu‘rnon
spec‘rr'oscopy SEDs (R~100) e

-ngh -z LowZ galaxues OIII and OI wu‘rh SOFIA




Local Grqup: IC18 Z~1/6 solja"r

D= 800 kbc . ..
HI: 2x10*10 M(solar)
(Wilcots & Miller 1998)

20’




Local Grqup: IC18 Z~1/6 sol‘,a'.r ’
. .




1C10: PACS.CII |" ’
on IRS: PAH map

(Lebouteiller et al)

IC10: CIIPACS maps:
red: ClII ’ |
green: OlI63mu

Blue: Oll-88mu



59°05" |

04"

03"

02°

Dec (1950)

01"

59°00° |

58°59° |

1

15 00h18mQos 455 308
Madden et al 1997 RA (1950)

Need [CII] rhééSqrements for total gas~  FIFls

~inventory

158

w

00h17mpgs

70

60

50

40

30

20

15

10

Total [CIT] luminosity:

155100 ke

To reconcile cooling
Rates from [CII] and «
Column densities =>

100 times more
‘Molecular mass
“Traced-by [CII]

. Than using CO alone.

-

PACS &

_array




Local Grqup: IC18 Z~1/6 solja'_r

DE 800 KpcC

2x10M0 M(solar)

| (Wilcot_s& Miller 1998) .
20, i |

CII expected from
most of HI

‘How ]O'ng would it take-
make a 10’ x 10" Cll map

. with'SOFIA down to.
ox10"-18 or 19-17 W/m2 ?.




‘. The Magellanic Clduds ."
; -

SAGE (Spn‘zer)
Mapped with IRAC &
MIPS 8°x8°

: * '. e

v'Green: P ‘s (3.j6 Mm)
v’ Blue: stars (4.5 um) -
v'Red: hot dust (24 um)
(Meixner ef. al., 2006)

HERITAGE (Herschel):
PACS & SPIRE mapping -

Hony et al Spec’rroscopy in
LMC & SMC 80h °




'LIVI'C & SMC.Heritage Spegtrds'Opic"i:o'llo.\'/vupﬂ% |

Hony- et al
80h Th.
LMC: 9 pointings (PACS + SPIRE FTS)

‘SMC 4 pointings (PACS + SPIRE FTS)




'NGGC 6822 b= 0.5 Mpc*z= 1/5 Zolar

SPIRE 250 ym (red) ;
HI (green) (de Block et al) Gt

. .SPIRE 250 um (red)

Atomic gas: 1.3 degrees . GALEX FUV (green)
The star formation activity 4 *
Primarily in 18’ region v T

g

18’




ClI157, Raster 1, pixel (2,2) ClI&7, Raster 1, pixel (2,4) OllI88, Raster 1, pixel (2,4)
Velocity [km s—1 y / [km s— e
—2000 —1000 - s Tlooa —2000 1000 s Lk ]]nt-an 200 % [ il 2000
it F_fit = 8.93e— —_—— —_—it
FWHM: 42 5957 FIWHN
chir2 = 1.32 o :

v = -26.49 km s—1

Signal [y]

Signal [Jy]

0.0 0.5 0.0 0.5 K . 0. .. 0.0

A=A [em] AP [16m] A=y [ern]
0llIg8, Raster 1, pixel (2 0163, Raster 1, pixel (2,4)

V:\uc('ity [k s—1] Ve\uc‘ixlf [k s:

=il
—500 500

0. Q.
At [1em] 0.1

0.0
At [1em]

Cll157, Raster 1, pixel (2,2) 0llig8, Raster 1, pixel (2,3)
ity [km =—1&] ’ Vg\(br:i(y [km s—1]

fit
FWHM

DEC J2000 (deg)

IR AR R A S AT A AR A

Signal [W]

30"

296.21
RA 2000 (deg)




Herschel and Beyond Multiphase and IVIuItlscaI'e modelmg of

. : aIaX|es + | ‘
l | l I l
GALEX 2MASS IRAC MIPS SCUBA IRAM
—_ | e T — | | {
0 Various IRS PACS SPIRE Various telescopes
1010 1— — | i | | J—
[SOCAM HIFI
Energy absorbed A —
in the HI Ha
L [01] [c1] Dust in the HI _
Energy [Sill]
absorbed el [SII
in the HII $.  [(Nem
108 - = d PAH |
- ¥ Hot grains
fé ; | V‘ /in HII regions
9 - %E ’lf Cold dust in |
- ! / f molecular clouds
a — | \
— | — q
. 6 =] |oB st \
- — stars |
10 =
co(3-2)
~ Non-—ionising CO(=2-1) 7
stars (HI) Conehrot
_ ynchrotron
co(1-0) radiation
10* = | —
3 [HI]
I | I I I I I
10 nm 100 nm 1 pum 10 pem 100 um 1 mm 1 cm 10 cm 1 m
Wavelength © F. Galliano
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