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® Dust-to-Gas Ratio (DGR) Introduction
® The Importance of Xco

® DGR & Xco from Resolved Observations of
Nearby Galaxies

® Results from KINGFISH & HERACLES

® DGR & Xco versus metallicity
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The Dust-to-Gas Ratio

® DGR(Z) - relative fraction of heavy elements locked up in dust.

® Deviations from DGR « Z tell us about dust life-cycle (formation,
destruction & processing in ISM).

® Abundance of dust important for ISM physics (photoelectric
heating, H> formation, etc).

Limitations on DGR measurements in nearby galaxies:
1. large beam size (few resolution elements per galaxy)
2. poor long-A constraints on dust SED

3. lack of high-sensitivity CO measurements
4. poor constraints on CO-to-Hz conversion factor Xco

Can be overcome with new Herschel & CO observations.
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The Dust-to-Gas Ratio

What we know from unresolved studies of nearby galaxies:

Drame et al (2007)
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1. Integrated galaxy DGR
from SINGS suggest
~constant fraction of
metals in dust when

12+log(O/H) > 8.1
(if Xco ~ 4x1029)

2. Low metallicity, Irr
galaxies - DGR lower
than trend, but less so if
only regions with IR

detections considered.
(also found by many studies of
low-metallicity dwarf galaxies)

Blue - with SCUBA fluxes
Red - without SCUBA
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Green - just where IR is detected
Upper Limits - no CO measurement



The Dust-to-Gas Ratio

Resolved studies of nearby galaxies:

(@) Mggs = (My+Myy) x 1.36 [ (0) Mgas =My x 1.36 (no CO data)
assumes Xco(Z) from o
g Boselli et al.(2002) 2
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Munoz-Mateos et al. (2009): SINGS sample + 2p from DLO7 models

Radial profiles suggest steeper DGR(Z) compared to
integrated measurements.
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Measuring Dust-to-Gas Ratios
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A,=12+log,,(0/H)

gas

H I mass
surface dengity

2H2
ot

DGR = 2p/(ZH1 +0acolco)

[

dust mass Oco =
surface density Xco in surface mass
density units
[Mo pc? (K km s71)1]

oco = 4.35 when
Xco = 2%x1020

note: Xco defined here
for unresolved clouds

DGR and Xco are closely linked -
must account for molecular gas!



Measuring Dust-to-Gas Ratios
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Xco & Environment

Assuming Xco may not be straightforward...

Xco could depend on:

metallicity, radiation field,

DGR, etc.
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Why could Xco change?
- changes in CO excitation
- lower C & O abundances

- envelopes of CO-free Hz around

molecular clouds (CO dissociated
while H» self-shields)

CO-free envelopes?

decreasing metallicity
————

(Maloney & Black 1988, Bolatto et al. 1999,

Wolfire et al. 2010, etc.)



Measuring Xco

® Y-rays (interaction of CR & gas produces Y-rays, used to

trace total gas column - e.g. Strong & Mattox 1996, Abdo
et al. 2010)

® difficult (need CR density), only possible in very local galaxies

® Virial Masses (measure CO luminosity mass and virial
mass - e.g. Solomon et al. 1987, Bolatto et al. 2008)

® not robust to envelopes of CO-free of Ho

® need high spatial resolution CO observations to measure GMC size

® LVG or other multi-line analysis

® only brightest targets

® Dust (use dust as a tracer of total gas column - e.g. Israel
1997, Leroy et al. 2007, 2009)
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Xco from Dust

Possible Techniques:

unknowns DGR = ZD/(ZHI +acolco) observables

® Fix DGR based on expected DGR(Z).

® circular (how do you know DGR(Z) to start?)

® Fix DGR based on nearby atomic gas dominated line-
of-sight.

® only possible in very nearby galaxies (i.e. Local Group)
® Julia Roman-Duval’s presentation yesterday

® Keep both DGR & Xco as free parameters and use
spatially resolved measurements to solve for both.
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Constraining both DGR & Xco
with spatially resolved measurements.

DGR = 2p/(Zu1 +acolco)

o~/

solve for

1. Assume we can represent some region of a galaxy with
one DGR and one Xco.

2. Make resolved measurements of 2p, Zu1, and Ico in that region.

3. Step through a grid of Xco and find the value of
that gives you the least scatter in measured DGR.
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When /where will this work?

cartoon of what happens to DGR

when Oco is adjusted
DGR =
@ ©eo
Zdust .-.. . .
2I‘H +aCOICO ----- ‘ - '6".' - -.- -----

@ o000

aco =1
Ico/ZHhr

assume DGR & Xco
constant in this region

e both CO and H I are detected
—» Need good S/N maps of CO & HI.

e a range of Ico/2u1 values are present
—» Need many resolution elements.

e region is small, ok to assume DGR & Xco ~ constant

—» Must select small chunk of galaxy, so need high resolution.
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When /where will this work?

cartoon of what happens to DGR
when Olco is adjusted

DGR = __Q-$.Q-.Q-
2dust ...'.

>u1 Hocolco

assume DGR & Xco
constant in this region

e both CO and H I are detected
—» Need good S/N maps of CO & HI.

e a range of Ico/2u1 values are present
—» Need many resolution elements.

e region is small, ok to assume DGR & Xco ~ constant

—» Must select small chunk of galaxy, so need high resolution.
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NGC 0628

IRAS 100 um Spitzer MIPS 160 um  Herschel PACS 160 um

Herschel observations of nearby galaxies can resolve scales of
~few X100 pc at the peak of the dust SED.

With new Herschel & CO maps,
requirements on resolution and S/N in
nearby galaxies can now be met.
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Example of the Technique
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Requires both HI & CO detections -
not effective where
HI or H> dominates.



Example of the Technique
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Example of the Technique
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Example of the Technique
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Example of the Technique
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Example of the Technique
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Example of the Technique
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Example of the Technique
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Example of the Technique

- 1.0[
T .
Q .
e 0.8 "
3 3
= 0.6
= .
3]
m L
o
9 - .
o 0.2F -
© - .
é L

0,0. . — - . M - . M

0.1 1.0 10.0 100.0
Xeo (10*° em™ (K km s™')7")
< ImPortance of CO & HI

in accounting for 2p/DGR = Zgas

Error bars from bootstrapping.

Red line = 1-0 contraint on Xco.

Wednesday, July 6, 2011

120" :
 Xeo =
100 | Xeo =
[ Xeo =
80F X =
i Xco =

-4 -3 -2 -1 0
log(DGR)

Requires both HI & CO detections -
not effective where
HI or H> dominates.



The Observations

DGR = 2p/(2n1 +acolco)

!
KINGFISH

Key Insights into Nearby Galaxies:
A Far-IR Survey with Herschel

70-500 um imaging & spectroscopy of 62

nearby galaxies with Herschel
Kennicutt et al. 2011 (in prep)

To get 2Zp: SED modeling from 3.6 - 250 um

(preserves SPIRE 250 um’s 18” resolution while
still covering the peak of the dust SED)

3.6 - 24 um from SINGS and LVL.
(Kennicutt et al. 2003, Dale et al. 2009)
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( \

- dust model (fixed - size distribution,
composition, PAH properties)

- description of radiation field (variable
- power law + delta function at Umin)

- starlight (fixed SED, variable amount)

- PAH fraction gpan

(variable - 0.4 - 4.6%)
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Aniano, Draine et al (in prep)

Pixel-by-pixel SED fitting from 3.6-500 um
using the Draine & Li (2007) models for all

15.9 —

15.7

KINGFISH galaxies.

see posters by Gonzalo Aniano

(1igc0628
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The Observations

DGR = 2p/(2n1 +acolco)

'

THINGS

The HI Nearby Galaxies Survey

THINGS

HI survey of 34 nearby galaxies with the VLA
Walter et al. (2008)

Resolution of ~127”

HI column density determined
directly from 21cm line.
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The Observations

DGR = 2p/(2n1 +acolco)

!

HERACLES

HERA CO-Line Emission Survey

CO J=(2-1) survey of 48 nearby galaxies with

HERA on the IRAM 30m.
Leroy et al. (2009)

Resolution of ~13”

Assume (2-1)/(1-0) = 0.8 - (Leroy et al. 2008)



The Targets CO J=(2-1) Spire 250

NGC 0628
D =7.3 Mpc
large metallicity

gradient
10°x 10’ map

NGC 5457
D =7.1 Mpc
large metallicity
gradient

33’ x 33’ map

NGC 6946
D = 6.8 Mpc
small metallicity
gradient
12’ x 12" map
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NGC 0628

Radial Solution Example

Divide galaxy up into radial bins,
solve for aco and DGR in each bin.

Technique can fail in outskirts

bins of galactocentric where CO is weakly detected.
radius (rzs)
R = 014 s R=O?I>1 Io5 R =0.50 ras_ R = 0.69 1”25\ R = 0.88 r25
o : E E : \A ! .
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A\ Lo 3 : :
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Xco Xco Xco Ao Xco
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NGC 0628H 1
NGC 5457@ |
NGC 6946¢

100
- Draine et al. (2007)p * « - E

Results

note - no assumption made about
either DGR or aco vs Z!

oco jump around

O
ST . N U W | 12+log(O/H) ~ 8.3-8.4.
3 : (consistent with Local Group results)
Milky Way
Galaxy centers have low Xco
1B - (cf Dahmen et al. 1998, Regan 2000
: o Israel 2009a,b)
8.2 8.4 8.6 8.8 ' ' ' ' '
Metallicity 12+log(O/H) 0.100 i
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Recent Local Group Results
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Metallicity 12+log(O / H)

Leroy et al. 2011

Use same technique

to constrain Xco and
DGR as here.

Find high Xco below
12+log(O/H)~8.2.

Aside from inner
region of M31 and
low-Z galaxies, Xco

scatters around MW
value.

Agrees very well with
NGC 0628, 5457 and
6946 radial trends.
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What we’ve learned about Xco.

Leroy et al. (2011
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What we’ve learned about Xco.

Leroy et al. (2011
hahed S
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Leroy etal. 2011 Local Group DGR

DGR x Z

1000 [+,

NGC6822

AN ,
T\ T

[N

o

-
I

Gas-to-Dust ratio

10 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

- What have we learned
' about the DGR?

By solving for both Xco and DGR:

resolved DGR approx. linear with
Z (or slightly steeper).

8.0 8.2 8.4 8.6 8.8

Metallicity 12 + log(O/H)

Recent work with same
technique shows DGR ~ Z

across the Local Group.
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DGR 1n the NGC 3077 Tidal Feature

A short digression...
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NGC 3077 Tidal Feature
(aka “the Garland”)
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DuSt in tidal featuré is cold_(~ 13 K).

~10x more dust in tidal feature
than in NGC 3077 itself.
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Dust-to-gas ratio = 0.006 in tidal feature.
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the DGR in the tidal feature is
consistent with its approx.

NGC 3077 Tidal Feature
(aka “the Garland”)

Although it appears to be a dlrr,

MW metallicity.

L (b) M

0.1} 8.1 MW
u n4594 -
3* A
e I O”y n4579 «2 _
n- Oy 75, e
+ ; n %o Qb,g Z|
Z Fe o B0
- {y e O -,//f
20.01 ) - .
e T & kT =
E R 8 o€ o O 09—Fe ]
£, = n\AB ’//_- O L. 'J",:f‘ o =]
2 | 0 ‘_.—/I/I 0 e e o
[ AT e |
10-3 = i o M,/M,=0.01x(0/H)/(0/H),y A
~ 012574 <>n4236 0 )

-

T T T . T T T - - - .
awet/ My vs. O/H for 32 galaxies
Xeo=4.0x102°cm~2/(K km s~!)

—

LI |ocor TN | |

| 1 A | i A |

8

Wednesday, July 6, 2011

8.2 8.4
A,=12+log,,(0/H)

gos

Metallicity 12+log(O/H)

8.5

7.5

2009

Croxall et al
| T T T |
M81 0.4p,
S M81 at 3kpc _ _ _ _ _ _ _ _ _ _ ____
UGC 5338
NGC 3077
I S o U —A — — — — — —
I Garlahd
L d 5‘
T )
“ Sa= "E
KDG 61

UGC 5666
— T _~NGC 2366
—e— }
UGC 4305

* The Garland metallicity higher than
i tylpical galcltxies of itls size/maglnitude.‘

-12

-14 -16 -18

Absolute B magnitude



Conclusions

® Using dust to trace total gas (HI + Hz) can let us
constrain DGR and Xco simultaneously.

® Important systematics: emissivity and/or DGR variations
between diffuse and dense gas.

® Below 12+log(O/H)~8.2, Xco becomes large.

® DGR shows approximately linear dependence on
metallicity between 12+log(O/H) = 8.0-9.0.

® NGC 3077 tidal feature shows DGR appropriate
for its metallicity, but not its morphology.

® Future work will expand this technique to the
whole KINGFISH/HERACLES sample overlap.

Wednesday, July 6, 2011



