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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, H2 formation, etc).

Limitations on DGR measurements in nearby galaxies:

1. large beam size (few resolution elements per galaxy)
2. poor long-λ constraints on dust SED

3. lack of high-sensitivity CO measurements
4. poor constraints on CO-to-H2 conversion factor XCO

Can be overcome with new Herschel & CO observations.
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Draine et al (2007)
1. Integrated galaxy DGR 

from SINGS suggest 
~constant fraction of 
metals in dust when
12+log(O/H) > 8.1 

(if XCO ~ 4×1020)

Blue - with SCUBA fluxes
Red - without SCUBA

The Dust-to-Gas Ratio
What we know from unresolved studies of nearby galaxies:

Green - just where IR is detected
Upper Limits - no CO measurement

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)
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Figure 16. Dust-to-gas ratio for the SINGS–THINGS galaxies against the metallicity at different galactocentric distances. Data points belonging to the same galaxy
have been connected. Different symbol shapes correspond to different morphological types. The dashed line marks the simple scaling law described by Equation (6),
whereas the dotted lines show variations of a factor of 2 around it. The dot-dashed line results from a linear fit to the data. (a) Galaxies for which both H i and CO data
are available. (b) Objects lacking CO data. The values at the innermost (i.e., more metallic) regions are upper limits.

It is not clear, therefore, if the apparent departure from the
MW scaling law seen in Figure 16 at the lowest metallicities is
real, or due to our cool dust masses being underestimated (the
metallicity gradients might be also uncertain). Should this trend
be real, it could link the behavior of the outermost, lower metal-
abundant regions of spirals with the properties of dwarf galaxies,
which exhibit lower dust-to-gas ratios than those predicted by
extrapolating Equation (6). Detailed models describing dust
evolution in dwarf galaxies (see Edmunds 2001; Hirashita et al.
2002) usually invoke several mechanisms to either delay dust
injection in the ISM or to eliminate it, via outflows caused by
collective SN-driven winds. However, the extremely low dust-
to-gas ratios of many dwarf galaxies could be partly due to their
extended H i envelopes, where no dust emission is apparently
seen (see, e.g., Walter et al. 2007). Indeed, when Mdust/Mgas is
computed inside regions detected both in FIR and H i, the values
derived are more consistent with Equation (6) (D07).

The extent to which these explanations proposed for dwarf
galaxies are also valid for the outer regions of spirals remains
unclear. The radial decrease of the star formation efficiency
found in nearby spirals (Thilker et al. 2007; Leroy et al. 2008)
could also partly explain the low dust-to-gas ratios seen in
Figure 16. The presence of large reservoirs of gas which has
not been yet transformed into stars (and hence into dust) would
drop the dust-to-gas ratio in the outer regions of these galaxies.

5. SUMMARY AND CONCLUSIONS

We have measured multi-wavelength surface brightness pro-
files for the galaxies included in the SINGS sample, using UV,
IR, and H i data from GALEX, Spitzer (from SINGS), and VLA
(from the THINGS survey), complemented with published CO
data and metallicity gradients. The analysis of this panchro-
matic, spatially resolved data set reveals important results re-
garding the dust properties of nearby galaxies.

1. We have derived radial extinction profiles by means of
an SFH-dependent calibration of the TIR-to-FUV ratio. In
most galaxies, the attenuation decreases with the galacto-
centric distance. It is largest in Sb–Sbc galaxies, ranging
from AFUV ! 2.5 mag in the central regions to !1.5 mag

at the optical radius R25. As we move toward earlier or
later Hubble types, the attenuation decreases and its ra-
dial variation becomes less pronounced. S0/a–Sab spirals
typically have AFUV ! 1.5 mag, and in Sdm and irregu-
lar galaxies the extinction drops below 0.5 mag. However,
the dispersion is rather large (!1–2 mag) within each bin
of morphological types. This is the result of the different
spatial distribution of stars and dust (see below).

2. The TIR-to-FUV excess is correlated with the UV spectral
slope !, following an IRX–! relation shifted with respect
to the one found in starburst galaxies. The main driver of
this departure seems to be the SFH, with more quiescent
regions having redder UV slopes for a given TIR-to-FUV
ratio. Indeed, the intrinsic (FUV–3.6 µm) color—a metric
tracer of the current-to-past SFR—correlates well with the
distance from the relation for starbursts. Our radial analysis
reveals that this shift is particularly evident in bulges, as
well as in the outer regions of anemic spirals with clear
signs of star formation quenching. However, second-order
factors might also play a role, since the dependence on
the SFH gets completely blurred unless a wide range of
SFHs is explored. We also provide a calibration to estimate
the UV attenuation from the UV slope when FIR data are
unavailable, which is statistically valid for “normal” star-
forming galaxies.

3. By combining our data with oxygen abundance gradients,
we have analyzed the influence of metallicity on attenu-
ation. Both quantities are clearly correlated, with metal-
richer regions exhibiting larger attenuations. Inclination
plays an important role here; at fixed metallicity, the ex-
tinction is larger in galaxies that are closer to edge-on. The
same happens with the UV color: more inclined galaxies
appear redder than nearly face-on ones. Both effects are
roughly balanced when combining both quantities in the
IRX–! plot, so that data points are just shifted along the
IRX–! relationship.

4. We have fit the FIR profiles with the dust models of
Draine & Li (2007), deriving the radial distribution of
the PAH abundance, the dust mass and luminosity surface
densities, and the properties of the heating starlight. The

Radial profiles suggest steeper DGR(Z) compared to 
integrated measurements.

assumes XCO(Z) from 
Boselli et al.(2002)

The Dust-to-Gas Ratio
Resolved studies of nearby galaxies:

Munoz-Mateos et al. (2009): SINGS sample + ΣD from DL07 models
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Measuring Dust-to-Gas Ratios

DGR = ΣD/(ΣHI +αCOICO)

dust mass 
surface density

H I mass 
surface density

αCO = 
XCO in surface mass 

density units 
[M⊙ pc-2 (K km s-1)-1]

{ΣH2

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

αCO = 4.35 when
XCO = 2×1020

note: Xco defined here 
for unresolved clouds
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XCO & Environment

from simulations - 
Glover & Mac Low (2010)

XCO could depend on: 
metallicity, radiation field, 

DGR, etc.

Why could XCO change?

- changes in CO excitation

- lower C & O abundances

- envelopes of CO-free H2 around 
molecular clouds (CO dissociated 

while H2 self-shields)

Assuming XCO may not be straightforward... 

10 Glover & Mac Low

Figure 8. Estimate of the CO-to-H2 conversion factor XCO,est,
plotted as a function of the mean visual extinction of the gas,
!AV". The simplifications made in our modelling mean that each
value of XCO,est is uncertain by at least a factor of two. At
!AV" > 3, the values we find are consistent with the value of
XCO = 2 # 1020cm!2 K!1 km!1 s determined observationally
for the Milky Way by Dame et al. (2001), indicated in the plot
by the horizontal dashed line. At !AV" < 3, we find evidence for
a strong dependence of XCO,est on !AV". The empirical fit given
by Equation 11 is indicated as the dotted line in the Figure, and
demonstrates that at low !AV", the CO-to-H2 conversion factor
increases roughly as XCO,est $ A!2.8

V . It should also be noted
that at any particular !AV", the dependence of XCO,est on metal-
licity is relatively small. Previous claims of a strong metallicity
dependence likely reflect the fact that there is a strong depen-
dence on the mean extinction, which varies as !AV" $ Z given
fixed mean cloud density and cloud size.

!NH2", by averaging over all lines of sight. Our estimate of
the CO-to-H2 conversion factor is then simply the ratio of
these two quantities:

XCO,est =
!NH2"
!WCO"

. (10)

Using this procedure, we have computed this estimated
CO-to-H2 conversion factor for each of our simulations, and
have plotted the resulting values against !AV" in Figure 8–9.
In Figure 8, we show the results from all of our runs with
non-zero UV backgrounds. In Figure 9, we compare our re-
sults from the runs no UV with those from the correspond-
ing runs with UV. The canonical value of XCO for the Milky
Way, XCO = 2 # 1020cm!2 K!1 km!1 s (Dame et al. 2001)
is indicated in both Figures by a horizontal dashed line.

The first point to note from Figure 8 is that for our
solar metallicity runs with !AV" > 3, or in other words, for
simulations with parameters that are a reasonable match
to the properties of local GMCs, we find remarkably good
agreement between our estimated conversion factor and the
measured value. This level of agreement is probably fortu-
itous to some degree, given the uncertainty in the obser-
vational value and the larger uncertainties in our estimated
values. Nevertheless, it does indicate that despite our simpli-
fications, our estimates do seem to be successfully capturing
the basic physics and are probably trustworthy to within a
factor of a few.

A second important point to note from Figure 8 is that

Figure 9. Estimate of the CO-to-H2 conversion factor XCO,est,
plotted as a function of the mean visual extinction of the gas,
!AV". In this Figure, we compare the values obtained for our solar
metallicity runs with and without the presence of an ultraviolet
background. At high !AV", the presence of a UV background has
little e!ect on our derived value of XCO,est, but at low !AV",
CO photodissociation plays an important role in producing the
observed Milky Way value of XCO = 2 # 1020cm!2 K!1 km!1 s
(Dame et al. 2001), indicated here by the horizontal dashed line.

for any given !AV", the CO-to-H2 conversion factor shows
little dependence on metallicity – changes to Z of an order
of magnitude or more alter XCO,est by at most a factor of
a few. It is therefore not true to say that XCO has a strong
dependence on metallicity. Instead, Figure 8 demonstrates
that the true dependence is on the mean extinction !AV".
For !AV" >$ 3, there is no clear correlation between XCO,est

and !AV", but at !AV" <$ 3, we see a strong correlation.
The dependence of XCO,est on !AV" can be described with
the following, wholly empirical fitting function, indicated in
Figure 8 by the dotted line:

XCO,est %
!

2.4# 1020 AV > 3.3
2.4# 1020 (AV/3.3)

!2.8 AV < 3.3
(11)

where XCO,est has its standard units of cm!2 K!1 km!1 s.
This empirical fitting function is accurate to within a factor
of a few over the whole range of !AV" andXCO,est considered
in the Figure.

Of course, if we consider clouds with a fixed density and
size, and merely vary the metallicity, then the strong depen-
dence of XCO,est on the mean extinction implies a strong
metallicity dependence, since !AV" is proportional to metal-
licity. On the other hand, if we vary the metallicity but also
allow the mean density or the size of the cloud to vary to
compensate, then we will find little or no metallicity depen-
dence.

Figure 9 demonstrates the importance of UV photodis-
sociation for producing the Galactic CO-to-H2 conversion
factor. In the absence of UV photodissociation, we get com-
parable values of XCO,est for our !AV" % 10 and !AV" % 30
runs, as one would expect, given that most of the gas in
these runs is well shielded from whatever UV is present, but
we find significantly smaller values for XCO,est at lower mean
extinctions.

Extinction through cloud

XCO
HI, C+

H2 CO

decreasing metallicity

(Maloney & Black 1988, Bolatto et al. 1999, 
Wolfire et al. 2010, etc.)

CO-free envelopes?
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Measuring XCO

• ϒ-rays (interaction of CR & gas produces ϒ-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 H2

• 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

DGR = ΣD/(ΣHI +αCOICO)

• 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.

observables

Possible Techniques:

unknowns
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Constraining both DGR & XCO 

with spatially resolved measurements.

DGR = ΣD/(ΣHI +αCOICO)

solve for

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

2. Make resolved measurements of ΣD, ΣHI, 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?

Σdust

αCO = 1

ICO/ΣHI

ΣHI +αCOICO

DGR = 

assume DGR & Xco 
constant in this region

• both CO and H I are detected

• a range of ICO/ΣHI values are present

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

cartoon of what happens to DGR

when αCO is adjusted 

Need good S/N maps of CO & HI.

Need many resolution elements.

Must select small chunk of galaxy, so need high resolution.
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Spitzer MIPS 160 µmIRAS 100 µm

NGC 0628

Herschel PACS 160 µm

Herschel observations of nearby galaxies can resolve scales of 
~few ×100 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

Error bars from bootstrapping.

Red line = 1-σ contraint on XCO.

Importance of CO & HI
 in accounting for ΣD/DGR = Σgas

Requires both HI & CO detections - 
not effective where 
HI or H2 dominates.
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KINGFISH
Key Insights into Nearby Galaxies: 

A Far-IR Survey with Herschel

70-500 µm imaging & spectroscopy of 62 
nearby galaxies with Herschel

Kennicutt et al. 2011 (in prep)

DGR = ΣD/(ΣHI +αCOICO)

The Observations

To get ΣD: SED modeling from 3.6 - 250 µm
(preserves SPIRE 250 µm’s 18” resolution while 

still covering the peak of the dust SED)

3.6 - 24 µm 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 qPAH 
(variable - 0.4 - 4.6%)

Aniano, Draine et al (in prep)
Pixel-by-pixel SED fitting from 3.6-500 µm 
using the Draine & Li (2007) models for all 

KINGFISH galaxies.

see posters by Gonzalo Aniano
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HI survey of 34 nearby galaxies with the VLA
Walter et al. (2008)

The Observations

THINGS
The HI Nearby Galaxies Survey

DGR = ΣD/(ΣHI +αCOICO)

Resolution of ~12”

HI column density determined 
directly from 21cm line.
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CO J=(2-1) survey of 48 nearby galaxies with 
HERA on the IRAM 30m.

Leroy et al. (2009)

The Observations

HERACLES
HERA CO-Line Emission Survey

DGR = ΣD/(ΣHI +αCOICO)

Resolution of ~13”

Assume (2-1)/(1-0) = 0.8 - (Leroy et al. 2008)
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H ISpire 250CO J=(2-1)

NGC 0628

NGC 5457

NGC 6946

The Targets

D = 7.3 Mpc
large metallicity 

gradient
10’ x 10’ map

D = 7.1 Mpc
large metallicity 

gradient
33’ x 33’ map

D = 6.8 Mpc
small metallicity 

gradient
12’ x 12’ map
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bins of galactocentric 
radius (r25) 

NGC 0628

R = 0.14 r25 R = 0.31 r25 R = 0.50 r25 R = 0.69 r25 R = 0.88 r25

D
G

R
 S

ca
tt

er

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

Radial Solution Example

Technique can fail in outskirts 
where CO is weakly detected.
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Results

αCO jump around
12 + log(O/H) ~ 8.3-8.4.

(consistent with Local Group results)

Galaxy centers have low XCO 
(cf Dahmen et al. 1998, Regan 2000

Israel 2009a,b)

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

DGR shows smooth, linear 
(or slightly super-linear)

dependence on metallicity. 

Constant fraction of metals 
in dust within factor of 2.

NGC 0628

NGC 6946
NGC 5457

DGR ∝ Z

÷2

×2

NGC 6946
NGC 5457
NGC 0628

Milky Way

α C
O

Metallicity 12+log(O/H)

D
G

R

Metallicity 12+log(O/H)

Draine et al. (2007)
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Recent Local Group Results!CO From Dust In The Local Group 11

Fig. 6.— (Left) !CO as a function of metallicity. The gray region shows the range of commonly-used !CO for the Milky Way and
the dashed line indicates the value argued for by Draine et al. (2007) studying integrated photometry of SINGS galaxies. (Right) The
gas-to-dust ratio ratio "GDR as a function of the same metallicities. The dashed line indicates a linear scaling.

Fig. 7.— !CO as a function of metallicity. Blue measurements show !CO from virial mass calculations using high-resolution (! 30 pc
FWHM) CO mapping. Red measurements show !CO from infrared observations. The “ULIRGS” label indicates roughly the region of
parameter space occupied by the dense, excited gas in merger-induced starbursts (Downes & Solomon 1998).

di!use Hi component along the line of sight also leads
to lower !CO (Section 5.1), though it is less clear that
our approach is correct in that case. Regardless of the
cause, by simultaneously solving for !CO and "GDR in
the regions of interest in a uniform way across a het-
erogeneous sample we improve on literature studies of
individual galaxies.
A long standing discrepancy exists between IR-based

results and high-resolution virial mass measurements
based on CO observations. Using virial masses, Wil-

son (1995), Rosolowsky et al. (2003), and Bolatto et al.
(2008) all found weak or absent trends in XCO as a func-
tion of metallicity. The blue points in Figure 7 show
virial mass results from CO observations with resolution
better than 30 pc. The two approaches agree up to about
the metallicity of M 33 or the LMC, and then strongly
diverge in the SMC. This divergence is most easily under-
stood if the additional H2 traced by IR lies in an extended
envelope outside the main CO emitting region (Bolatto
et al. 2008). Such an envelope can reconcile the virial

α C
O
 [M

⊙
 p

c-
2
 (
K

 k
m

 s
-1

)-1
]

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.

!CO From Dust In The Local Group 11

Fig. 6.— (Left) !CO as a function of metallicity. The gray region shows the range of commonly-used !CO for the Milky Way and
the dashed line indicates the value argued for by Draine et al. (2007) studying integrated photometry of SINGS galaxies. (Right) The
gas-to-dust ratio ratio "GDR as a function of the same metallicities. The dashed line indicates a linear scaling.

Fig. 7.— !CO as a function of metallicity. Blue measurements show !CO from virial mass calculations using high-resolution (! 30 pc
FWHM) CO mapping. Red measurements show !CO from infrared observations. The “ULIRGS” label indicates roughly the region of
parameter space occupied by the dense, excited gas in merger-induced starbursts (Downes & Solomon 1998).
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the dashed line indicates the value argued for by Draine et al. (2007) studying integrated photometry of SINGS galaxies. (Right) The
gas-to-dust ratio ratio "GDR as a function of the same metallicities. The dashed line indicates a linear scaling.

Fig. 7.— !CO as a function of metallicity. Blue measurements show !CO from virial mass calculations using high-resolution (! 30 pc
FWHM) CO mapping. Red measurements show !CO from infrared observations. The “ULIRGS” label indicates roughly the region of
parameter space occupied by the dense, excited gas in merger-induced starbursts (Downes & Solomon 1998).

di!use Hi component along the line of sight also leads
to lower !CO (Section 5.1), though it is less clear that
our approach is correct in that case. Regardless of the
cause, by simultaneously solving for !CO and "GDR in
the regions of interest in a uniform way across a het-
erogeneous sample we improve on literature studies of
individual galaxies.
A long standing discrepancy exists between IR-based

results and high-resolution virial mass measurements
based on CO observations. Using virial masses, Wil-

son (1995), Rosolowsky et al. (2003), and Bolatto et al.
(2008) all found weak or absent trends in XCO as a func-
tion of metallicity. The blue points in Figure 7 show
virial mass results from CO observations with resolution
better than 30 pc. The two approaches agree up to about
the metallicity of M 33 or the LMC, and then strongly
diverge in the SMC. This divergence is most easily under-
stood if the additional H2 traced by IR lies in an extended
envelope outside the main CO emitting region (Bolatto
et al. 2008). Such an envelope can reconcile the virial
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the dashed line indicates the value argued for by Draine et al. (2007) studying integrated photometry of SINGS galaxies. (Right) The
gas-to-dust ratio ratio "GDR as a function of the same metallicities. The dashed line indicates a linear scaling.

Fig. 7.— !CO as a function of metallicity. Blue measurements show !CO from virial mass calculations using high-resolution (! 30 pc
FWHM) CO mapping. Red measurements show !CO from infrared observations. The “ULIRGS” label indicates roughly the region of
parameter space occupied by the dense, excited gas in merger-induced starbursts (Downes & Solomon 1998).

di!use Hi component along the line of sight also leads
to lower !CO (Section 5.1), though it is less clear that
our approach is correct in that case. Regardless of the
cause, by simultaneously solving for !CO and "GDR in
the regions of interest in a uniform way across a het-
erogeneous sample we improve on literature studies of
individual galaxies.
A long standing discrepancy exists between IR-based

results and high-resolution virial mass measurements
based on CO observations. Using virial masses, Wil-

son (1995), Rosolowsky et al. (2003), and Bolatto et al.
(2008) all found weak or absent trends in XCO as a func-
tion of metallicity. The blue points in Figure 7 show
virial mass results from CO observations with resolution
better than 30 pc. The two approaches agree up to about
the metallicity of M 33 or the LMC, and then strongly
diverge in the SMC. This divergence is most easily under-
stood if the additional H2 traced by IR lies in an extended
envelope outside the main CO emitting region (Bolatto
et al. 2008). Such an envelope can reconcile the virial
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Recent work with same 
technique shows DGR ∼ Z 
across the Local Group. NGC 0628

NGC 6946
NGC 5457
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What have we learned 
about the DGR?

By solving for both XCO and DGR: 

resolved DGR approx. linear with 
Z (or slightly steeper).
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DGR in the NGC 3077 Tidal Feature

NGC 3077
M 81

HI in M81 Group - 
Yun et al., 1994, Nature

M 82

HI250 µm

optical 500 µm

NGC 3077 
(starbursting 

irregular galaxy)

tidal feature
aka “The Garland”

Walter, Sandstrom, & KINGFISH team 2011

A short digression...
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Dust in tidal feature is cold (~13 K).
~10x more dust in tidal feature 

than in NGC 3077 itself.

Dust-to-gas ratio ≈ 0.006 in tidal feature.

NGC 3077 Tidal Feature
 (aka “the Garland”)

Walter, Sandstrom, & KINGFISH team 2011
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NGC 3077 Tidal Feature
 (aka “the Garland”)

No. 1, 2009 CHEMICAL ABUNDANCES OF GALAXIES IN THE M81 GROUP 735

Figure 5. Metallicity–luminosity relation is shown for gas-rich dwarfs belonging
to the M81 Group. Galaxies from this study are designated by filled circles,
whereas triangles represent galaxies whose abundances were obtained from the
literature (see Table 6). The long bar marking Garland indicates the spread of
oxygen abundances measured. The solid line represents a least-squares fit to
oxygen abundances of field galaxies in the local volume (van Zee et al. 2006).
Abundances for M81 and NGC 3077 are marked by dashed lines (Zaritsky et al.
1994; Storchi-Bergmann et al. 1994).

regions may correspond to those regions where gas is enriched
by stellar evolution in massive galaxies; low abundance H ii
regions may all share a common composition due to gas infall
that has diluted more massive irregular galaxies. The abundance
difference between massive galaxies and low-mass galaxies of
the M81 Group is not extreme; could such an effect in group
abundances account for some of the observed scatter in the
metallicity–luminosity relation?

6. THE M81 GROUP TIDAL DWARFS

One possible consequence of a galaxy interaction is the
creation of new systems, so called tidal dwarfs. Given this
formation mechanism, tidal dwarfs are expected to have little
to no dark matter and to have chemical enrichment histories
related to those of the parent galaxy (e.g., Duc et al. 2000).
Similar to other candidate tidal dwarf galaxies (Duc & Mirabel
1998), H ii regions in and near KDG 61, UGC 5336, and Garland
exhibit enhanced metallicities compared to other galaxies at
similar luminosities. Furthermore, these three dwarfs all lie
within the tidal bridges of neutral hydrogen connecting M81,
M82, and NGC 3077, as illustrated in Figure 6. This alignment
has led to the suggestion that these dwarfs formed recently, as a
result of tidal interactions within the group. Notably, the oxygen
abundances measured in these fields are similar to abundances
measured in M81 and NGC 3077, as indicated by the dashed
lines in Figure 5. We discuss these three galaxies in more detail
below.

6.1. KDG 61

KDG 61 was classified as a dwarf irregular based on the
presence of large amounts of neutral hydrogen and a central
region of ionized gas, despite having the global B !V color

Figure 6. High-resolution H i image of M81, M82, and NGC3077 and the tidal
debris from their recent encounter (Yun et al. 1994) overlaid in blue on an I-band
image of the same field. The locations and optical extent of UGC 5336, KDG
61, and Garland are indicated. Note all three of these galaxies are coincident
with tidal debris.
(A color version of this figure is available in the online journal.)

of a dwarf spheroidal (Johnson et al. 1997). However, KDG
61 clearly lies in projection with the tidal stream connecting
M81 and NGC 3077 (see Figure 6; Yun et al. 1994). Thus, it
is uncertain if neutral and ionized gases are in fact associated
with the stellar component. Only one slitlet in the present study
contained emission from an H ii region. Furthermore, as shown
in Figure 7, no other regions of H! emission are detectable in the
field, even with a deep H! exposure (K. V. Croxall & L. van Zee
2009, in preparation). Therefore, comparison of this enhanced
abundance with measurements from other H ii regions in this
field is not feasible.

It is possible that the object we observe as KDG 61!9 is,
in fact, a chance alignment between a dwarf spheroidal galaxy
and an unassociated H ii region. The distance to KDG 61 has
been determined via fitting the tip of the red giant branch,
which is independent of velocity measurements of both the
gaseous and stellar content in the field. Therefore, we can use
the kinematics of the system to investigate the associations of
observed components. To explore the kinematics of KDG 61,
we use both the multi-slit data and a higher spectral resolution
long-slit spectrum available in the Gemini Science Archive.12

As illustrated in Figure 7, the radial velocities of the observed
optical emission lines are consistent with the H i velocity
field (Yun et al. 1994). Unfortunately, the strong magnesium
absorption lines at 5175 and 5269 Å that are often used to
determine stellar velocities in dwarf spheroidal galaxies were
not detected in either the multi-slit data or in the diffuse body
of KDG 61 in the long-slit data. Therefore, we cannot say if
the stellar component of KDG 61 is also moving with the tidal
stream. However, we note that H" in absorption was detected
in the central high surface brightness region, A 0951+68 A,
at a different velocity. Thus, either this second high surface
brightness object is a foreground star, and not a part of KDG
61, or the stellar component of the dwarf galaxy KDG 61 has

12 Program ID GN-2006B-Q-29.
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The Garland metallicity higher than 
typical galaxies of its size/magnitude.

Although it appears to be a dIrr, 
the DGR in the tidal feature is 

consistent with its approx. 
MW metallicity.
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Conclusions

• Using dust to trace total gas (HI + H2) 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.
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