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Andromeda is crucial for 
studying the ISM because...

• we can resolve stars and study the 
interaction between stars & the ISM.

• we can study small scales & full-galaxy 
scales.



ISM & stellar evolution 
are closely linked.

Many ISM tracers are 
re-processed starlight.

radiative & mechanical 
feedback from stars drive ISM 

structure/dynamics/chemistry/etc

subsequent star-formation depends 
on properties of the ISM.

1. Description of the proposed programme (continued)

Walter), and 13 have 15��-resolution Nobeyama (NRO) 45m maps from Kuno et al. (2007, PASJ, 59, 117).
Further observations are proposed with CARMA STING (3�� resolution, PI Bolatto), and with NRO by Koda
et al. Our team members also have access to the IRAM 30m and PdBI, and the LMT 50m (expected operation:
2009), which will ensure further coverage of the sample in CO and other molecular lines.

Constraints on very cold dust components of the ISM will come from a combination of Herschel SPIRE data
and submillimeter continuum observations that are being obtained by several KINGFISH Co-Is. The recently
comissioned bolometer LABOCA at the APEX telescope and the IRAM MAMBO bolometer are being used
by Co-Is Draine and Walter. Co-I Wilson is PI of the JCMT Nearby Galaxies Legacy Survey (NGLS), which
includes 47 SINGS galaxies, and will obtain continuum images at 450 µm and 850 µm out to D25, plus CO
J=3-2 data cubes out to D25/2 (to trace the cool interstellar medium).

Figure 1. Herschel’s Three Windows into the Dusty ISM. I. Spatial Resolution: Comparison of
the Spitzer’s MIPS 160µm resolution (left) versus a simulated PACS image (right) at similar wavelength for
the KINGFISH galaxy M101 (at 7.5 Mpc). PACS will provide the critical resolution to resolve individual
star-forming regions and cloud complexes in these galaxies.

Figure 2. Herschel’s Three Windows into the Dusty ISM. II. Full SED Coverage: Left: A set of
model SEDs with the spectral coverages of Spitzer and Herschel imaging and spectroscopy indicated. One
of SPIRE’s unique capabilities will be to reduce uncertainties in the dust masses of galaxies by factors 3–
5. III. Key Spectral Line Diagnostics of the ISM: Right: The key diagnostic transitions accessible
to Herschel/PACS (red) and Spitzer (blue), plotted in terms of ionization potential and critical densities, to
highlight the complementarity of the two instruments.
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what can we diagnose about the 
ISM based on these tracers at 
various spatial resolutions?



M31 is a one of a kind laboratory for studying
the interaction of stars & the ISM.

zoom in on a PHAT Brick - Dalcanton et al. 2012

The only large (~L❋), metal-rich 
galaxy where we can:

- resolve individual stars

- resolve small scale 
structure of the ISM

- cover large scales where 
properties change



~kpc2 
of ISM

Gap between 
“nearby galaxy” 

and MW studies.

[CII] mapping of NGC 3521
Croxall, KINGFISH et al (in prep)

J. Bernard-Salas et al.: Cooling lines in the Orion Bar
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Fig. 2. PACS contour maps of the [C !!] (158 µm), [O !] (63 and 145 µm), and [N !!] (122 µm) lines in units of 10!6 W m!2 sr!1. In increasing order
of wavelength the beams sizes are 4.""5, 8.""8, 10"" , and 11"". Note the o!set from zero in the intensity scale to emphasize the detail.

on the fly, which include the dispersion in the reduction process
and the rms of the fit. These uncertainties are small and usually
amount to less than 4%, 1%, 3% for the [C !!] and [O !] lines.
For the weaker [N !!] 122 µm line, these are higher and oscillate
between 5!13%. The relative accuracy between spaxels given
in the manual is 10%2, and for the remaining of the paper we
have adopted the higher of this value or the uncertainty given
by PACSman. We note that absolute flux calibration is quoted
to be 30% of the peak-to-peak accuracy (scatter around the ex-
pected flux densities). The final maps for each of the four lines
are shown in Fig. 2. We have compared our [C !!] and [O !] line
fluxes with those measured by Herrmann et al. (1997) with the
Fabry-Pérot interferometer FIFI and integrated over a 55"" beam.
Their measurements are in good agreement (within #30%) with
those reported in this paper when convolved to their larger beam
size.

3. Spatial distribution

The observed spatial distribution of the lines is shown in Fig. 2,
where the ionising star !1 Ori C is illuminating the region from
the top right, outside the maps (see also Fig. 4a for a sketch of
the di!erent regions). The beams sizes are represented in the top

2 From the PACS spectroscopy performance and calibration man-
ual. This can be found at http://herschel.esac.esa.int/twiki/
bin/view/Public/PacsCalibrationWeb

right of each map and correspond, in increasing order of wave-
length, to 4.""5, 8.""8, 10"", and 11"". At the distance of the Bar
(415 pc), 10"" corresponds to a physical scale of 0.02 pc. The
Bar3 is resolved in all four lines and we detect emission all over
the region probed, including detection of [N !!] (ionised gas) be-
hind the Bar. The range of intensities is not large, with variations
by factors 4 ([C !!] and [N !!]) to 8 ([O !]) from the peak (Bar) to
the fainter (outer) regions.

The overall morphology of the region can be best discussed
from the [O !] 63 µm map because its smaller point spread func-
tion (PSF) provides the highest detail (Fig. 2). Even if this line
is more a!ected by self-absorption, the gain in resolution bests
this caveat. The emission peaks at about 123"" SE of !1 Ori C.
The most striking feature is the presence of several knots of en-
hanced emission resulting in small scale structures, which sug-
gests a clumpy distribution within the Bar. These knots, three
in the south-west and the two in the north-east, are bridged by
weaker emission, #16% lower in flux than the knots. In the
[O !] 63 µm image, the smaller knots have diameters between
#6"" and #10"" which, at the distance of the Orion nebula, cor-
respond to 0.01!0.02 pc. The smaller ones (6"") are marginally

3 For the remainder of the paper, the Bar is defined as the region where
the emission is higher than 75% of the peak emission for carbon. This
threshold falls between the third and fourth highest contours in Fig. 3
and is represented by the solid line in Fig. 4a. Similarly, we use the
same definition for the discussion in Sect. 6 about the [N !!] peak.
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[CII] mapping of the Orion Bar
Bernard-Salas et al. 2012

M31 bridges the gap between 
“nearby galaxy” studies and what 

we can observe in the MW.



What we hope to learn about the ISM
from observations of M31

• How do different populations of stars contribute to 
the interstellar radiation field?  

• How does the ISRF relate to dust & gas heating (or, 
which stars power emission in far-IR continuum & 
line tracers)?

• Do ~kpc averages of ISM properties reflect the 
underlying physical conditions of gas & dust? 

• Overall goal: understanding energy budget of star-
formation.



100 26122132456180

SPIRE 250 µm (MJy/sr)

Parallel Mode imaging of all PACS & SPIRE bands 
(70, 100, 160, 250, 350 & 500 µm)

P.I. Oliver Krause

HELGA survey presented by Jacopo Fritz next talk.

for more details see 
Groves et al. 2012

N E

The Herschel Andromeda Survey



100 26122132456180

SPIRE 250 µm (MJy/sr)

The Panchromatic Hubble 
Andromeda Treasury

6-band near-UV to near-IR photometry of 
individual stars over 1/3 of the galaxy

P.I. Julianne Dalcanton

PHAT

Dalcanton et al. 2012



The Panchromatic Hubble Andromeda Treasury
Stellar Properties from SED Fitting

(Gordon & PHAT team 2012, in prep.)

The Astrophysical Journal Supplement Series, 200:18 (37pp), 2012 June Dalcanton et al.

Table 1
Timing of Brick Observations

Brick PID WFC3 East and ACS West WFC3 West and ACS East M31 Components Covered

Start End Start End

1 12058 2010 Dec 14 2010 Dec 26a 2010 Jul 21 2010 Jul 25 Bulge, including nucleus
2 12073 2011 Jun 30 2011 Aug 3 Outer bulge, NE star-forming arm
3 12109 Outer bulge, inner disk, inner star-forming arms
4 12107 NE star-forming arm
5 12074 2011 Jul 13 2011 Aug 3 Inner-disk star formation
6 12105 NE star-forming arm
7 12113 Inner-disk star formation
8 12075 2011 Jul 26 2011 Aug 7 NE star-forming arm; intense star formation; outer disk
9 12057 2010 Dec 30 2011 Jan 1 2010 Jul 12 2010 Jul 16 Inner-disk star formation; significant overlap with brick 11
10 12111 NE star-forming arm; outer disk
11 12115 Smooth inter-arm disk; significant overlap with brick 9
12 12071 2011 Jul 1 2011 Jul 13 NE star-forming arm; outer disk
13 12114 Smooth, mainly inactive inter-arm disk
14 12072 2011 Jul 22 2011 Aug 12 NE star-forming arms; outer arm star formation
15 12056 2011 Jan 10 2011 Jan 25 2010 Aug 7 2010 Aug 15 Richest sample of main-arm star formation
16 12106 2011 Aug 29 2011 Sep 3b Main and outer-arm star formation
17 12059 2010 Dec 29 2011 Jan 9 2011 Jul 26 2011 Aug 6 End of main star-forming ring
18 12108 2011 Aug 21 2011 Aug 28 Outer-disk star formation
19 12110 Inactive region in outer disk
20 12112 Some outer-disk star formation; transition to halo
21 12055 2011 Jan 10 2011 Jan 15 2010 Jul 26 2010 Jul 28 Outer-disk region of strong star formation
22 12076 2011 Aug 14 2011 Aug 17 Outside of disk; transition to halo
23 12070 2011 Jan 26 2011 Feb 9b 2011 Aug 8 2011 Aug 14 Outside of disk; transition to halo

Notes.
a One orbit covering B01-F03/F06 for ACSF814W/UVIS was completed in 2011 January 3, after a guide star failure during the previous year’s observing
season.
b One pointing has not yet been observed due to lack of guide stars (B16-F14/F17 for ACS/WFC3) or currently has invalid data due to failed guiding (B21-F16
for ACS); these observations are expected to be finished in the winter 2011/2012 observing season.

Figure 2. Relative transmission of the PHAT filter set (upper panel) as a
function of wavelength. The lower panel shows a number of stellar spectra
for comparison, including a Vega A-star spectrum (Bohlin 2007; blue), a G7III
giant (Castelli & Kurucz 2004; green), an M5III giant (Fluks et al. 1994; red),
and a carbon star with a 3200K atmosphere (Loidl et al. 2001; red).
(A color version of this figure is available in the online journal.)

combination is the partial overlap of the F110W and F814W
bandpasses. The only other feasible substitutes for the F110W
filter would have been the F140W filter, which overlaps the
F160W filter, and the F125W filter, which is much narrower than
F110W, and which has less color separation and temperature
sensitivity when paired with F160W.

Almost all of the PHAT filters have been used in calibration
observations of nearby stellar clusters. The WFC3 Galactic
Bulge Treasury Program (GO-11664; Brown et al. 2009a,
2010) has taken calibration observations in F814W, F110W,
and F160W. F336W observations of the same clusters have
been carried out in GO-11729 (PI: Holtzman). Our survey is
executing observations of the same clusters in combinations of
F275W and F475W filters to complete the calibrations of our
filter set. Additional calibration in F336W, F475W, and F814W
will be provided by GO-12257 (PI: Girardi) for intermediate-age
Magellanic Cloud clusters.

The adopted filter set should allow us to make strong
constraints on the effective temperature and extinction of the
stars in our sample. With the UV + optical filters, we expect to
be able to separate Teff and E(B ! V ) with little degeneracy
for both hot stars (12,000 K ! Teff ! 40,000 K; Massey et al.
1995; Romaniello et al. 2002; Bianchi 2007) and cooler stars
(5500–6500 K; Zaritsky 1999). Inspection of reddening-free
diagrams suggests that the optical + NIR combination will allow
us to extend E(B!V ) constraints to cooler stars (Teff < 5000 K)
as well.

3.3. Exposure Sequences

The primary aims of our exposure plan are (1) imaging
two filters per camera; (2) achieving Nyquist-sampled images
through dithering where possible; and (3) avoiding saturation
of bright sources. As we describe below, these goals are
balanced against constraints on the number of images that can
be downloaded when running WFC3 and Advanced Camera for
Surveys (ACS) in parallel, and on limitations on the duration

6

SED fits to the UV to IR photometry from 
PHAT yield stellar & extinction properties.

Dalcanton et al. 2012

SED Fits Provide:
- stellar mass, Teff, L

- AV, RV 
- intrinsic UV flux

- many other characteristics

Can also get star-formation 
histories in small regions 

from CMD modelling across 
the galaxy.

Direct accounting of individual star’s energy input to the ISM.



The Survey of Lines in M31

SLIM

PHAT

100 26122132456180

SPIRE 250 µm (MJy/sr)

Fully sampled maps of [CII] 158 µm and [OI] 63 
µm towards 5 ~kpc2 regions of Andromeda

P.I. Karin Sandstrom

Observed in early 2012, reduction of [CII] maps 
complete, [OI] and [NII] 122 µm in progress.



Other Surveys of Andromeda’s ISM

Spitzer Imaging in all IRAC & MIPS bands (3.6-160 µm)
Barmby et al. 2006, Gordon et al. 2006

Blue: 3.6 µm, Green: 8.0 µm, Red: 24 µm

Between Spitzer and Herschel, full coverage of IR SED from 
3.6-500 µm with spatial resolution of ~150pc.



100 26122132456180

SPIRE 250 µm (MJy/sr)

Other Surveys of Andromeda’s ISM

Westerbork HI Survey - Braun et al. 2009
Jansky VLA HI & L-Band Continuum Survey (P.I. Adam Leroy)  

in progress



Other Surveys of Andromeda’s ISM

100 26122132456180

SPIRE 250 µm (MJy/sr)

IRAM 30m CO J=(1-0) - Nieten et al. 2006

CARMA CO J=(1-0) Survey 
(P.I. Andreas Schruba) 



100 26122132456180

SPIRE 250 µm (MJy/sr)

Other Surveys of Andromeda’s ISM

Hα imaging - The Local Group Survey (Massey et al. 2007)



- 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%)

Pixel-by-pixel SED fitting from 
3.6-350 µm using the 

Draine & Li (2007) models,

More details in 
Aniano et al. 2012a,b.

Never been done at sub-kpc 
scales in a Z~Z⊙ galaxy!

Mapping Dust Properties on ~100pc Scales

Σdust (M⊙ pc-2)

work by Gonzalo Aniano



The Panchromatic Hubble Andromeda Treasury
Extinction Curve Properties from stellar SED Fitting

PHAT Brick 12+ AV

from stellar SED fit

Good correspondence between AV and Σdust.
Unique opportunity for studying dust properties!

(Gordon & PHAT team 2012, in prep.)



The Panchromatic Hubble Andromeda Treasury
Extinction Curve Properties from stellar SED Fitting

PHAT Brick 12+ AV

from DL07 fit ΣD

Good correspondence between AV and Σdust.
Unique opportunity for studying dust properties!

(Gordon & PHAT team 2012, in prep.)



Dust Properties from Extincion & Emission

Map of RV in PHAT Brick 15 
derived from stellar SED fits to HST 
photometry - Gordon et al. (in prep)

CO J=(1-0) from CARMA -
Schruba et al. (in prep)

Never been done before: large scale maps of RV (aka selective extinction)!

RV = AV/E(B-V)



Radiation Field on ~100pc scales.

Σdust (M⊙ pc-2)

<U> (UMMP)



Radiation Field on ~100pc scales.

Σdust (M⊙ pc-2)

<U> (UMMP)IRAC 3.6 µm



Dust Heating & Stellar Populations

<U> (UMMP)

Brick 15
Brick 9

The UV radiation field from resolved star photometry.

In M31 we can do much more...

Reconstruct input UV radiation field from 
individual stars getting their intrinsic UV flux 

and extinction from SED fits.
(Kapala et al, in prep)



Dust Heating & Stellar Populations
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O stars

B3 or earlier

Poster by Maria Kapala

Direct census of stellar populations heating the dust.

Using stellar SED fit results 
from PHAT...

(1) calculate 
[intrinsic] - [observed] 
UV flux for each star

(2) select samples 
representative of various 

populations

(3) calculate fraction of the 
attenuated UV from those 

populations in 200pc pixels

~20-30% of 
attenuated UV

~90% of 
attenuated UV

UV field dominated by B stars, 
as in the solar neighborhood 

(Habing 1984).



Dust Heating & Stellar Populations
M31’s hot bulge dust - Groves et al. 2012

6 B. Groves et al.

14 16 18 20 22 24 26 28 30 32 34

N

E

Tdust(K)

2.3 kpc

Figure 4. E!ective dust temperature map of M31, determined from a single modified blackbody fit to each matched pixel of the PACS100, 160 µm and SPIRE
250, 350, and 500 µm bands, with all bands convolved to the SPIRE 500 µm PSF and resolution (as described in sections 4.1 and 4.2). The median temperature
is 17K, and is dominated by the emission in the ring, while the highest temperature is reached in the nuclear region, as can be seen by the clear gradient in the
figure. The median uncertainty is ! 1K or !6%.

the PDFs for all three parameters for each radial bin. The result-
ing temperature variation with radius is shown in Figure 5, with
the 16–84 percentiles marked by the error bars. This plot clearly
shows the marked increase in dust temperature in the inner 2kpc
from the median disk dust temperature of Td = 16"17K. The peak
in dust temperature at the centre of ! 35K is similar to the dust
temperature of Td = 33K determined by Soifer et al. (1986) for the
central 4#, using IRAS data and assuming a power law emissivity
of ! = 2. Similarly, Habing et al. (1984) found 34K (using ! = 1)
for approximately the same central region and same data. As these
works use apertures of 4# diameter, to define the centre, these tem-
peratures represent an average of the inner ! 0.35 " 0.45 kpc and
thus are remarkably close to our determined value. As these fits are
based on only the IRAS 60 and 100 µm bands, and thus biased to
the warmer dust temperatures due to the shorter wavelengths, the
similarity in temperatures suggest that a single, warm component
of dust dominates the IR SED in the centre. This is supported by
the similarity of the PACS 70 µm flux and the model flux in the
central kpc, even though not actually used to determine the fit.

In addition to giving access to the full IR SED, and thus a bet-
ter measure of dust temperature, the higher resolution of Herschel
enables us to see the steep gradient in temperature from the disk to
the centre. This di!erence between the bulge and disk dust temper-
ature in M31 agrees with what Engelbracht et al. (2010) found for
the KINGFISH sample of nearby galaxies (Kennicutt et al. 2011).
Engelbracht et al. (2010) found that the ratio of the central to disk
dust temperature was greater than 1 across their sample, and in-
creased with increasingly earlier types (see e.g. their Figure 3).

The emissivity, !, determined from these fits has a large uncer-
tainty across M31, and is consistent with ! = 2 at all radii. Given
this, we created a higher resolution temperature map using only
the 100, 160, and 250 µm bands with the assumption of a constant
emissivity of ! = 2. The resulting image of the central region is
shown in Figure 6, where the central kiloparsec region is marked
as a black circle and the median uncertainty is 0.75 K. Interestingly,
while more structure in the temperature distribution in the centre is
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Figure 6. E!ective dust temperature map of the central region of M31, de-
termined from a single modified blackbody fit to each matched 6## pixel of
the convolved PACS100, 160 and SPIRE 250 µm bands, assuming a con-
stant emissivity of ! = 2.0. The black circle outlines the central kiloparsec
region.

seen due to the higher resolution, the overall temperature gradient
in the centre still dominates the image. The steeper gradient in dust
temperature along the minor axis arises from the mixture of disk
dust emission with that from the bulge, leading to an overall lower
average dust temperature in these regions. The fine scale structure
is likely due to the distribution of the di!use gas and dust as seen
in Figure 2.

4.4 The heating mechanism of the bulge dust

The clear temperature increase in the central regions of M31 as seen
in Figure 5 is interesting as it closely corresponds with the stellar
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for approximately the same central region and same data. As these
works use apertures of 4# diameter, to define the centre, these tem-
peratures represent an average of the inner ! 0.35 " 0.45 kpc and
thus are remarkably close to our determined value. As these fits are
based on only the IRAS 60 and 100 µm bands, and thus biased to
the warmer dust temperatures due to the shorter wavelengths, the
similarity in temperatures suggest that a single, warm component
of dust dominates the IR SED in the centre. This is supported by
the similarity of the PACS 70 µm flux and the model flux in the
central kpc, even though not actually used to determine the fit.

In addition to giving access to the full IR SED, and thus a bet-
ter measure of dust temperature, the higher resolution of Herschel
enables us to see the steep gradient in temperature from the disk to
the centre. This di!erence between the bulge and disk dust temper-
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the KINGFISH sample of nearby galaxies (Kennicutt et al. 2011).
Engelbracht et al. (2010) found that the ratio of the central to disk
dust temperature was greater than 1 across their sample, and in-
creased with increasingly earlier types (see e.g. their Figure 3).

The emissivity, !, determined from these fits has a large uncer-
tainty across M31, and is consistent with ! = 2 at all radii. Given
this, we created a higher resolution temperature map using only
the 100, 160, and 250 µm bands with the assumption of a constant
emissivity of ! = 2. The resulting image of the central region is
shown in Figure 6, where the central kiloparsec region is marked
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seen due to the higher resolution, the overall temperature gradient
in the centre still dominates the image. The steeper gradient in dust
temperature along the minor axis arises from the mixture of disk
dust emission with that from the bulge, leading to an overall lower
average dust temperature in these regions. The fine scale structure
is likely due to the distribution of the di!use gas and dust as seen
in Figure 2.

4.4 The heating mechanism of the bulge dust

The clear temperature increase in the central regions of M31 as seen
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Figure 7. The distribution of dust temperatures within the inner 2 kpc
(530!!) of M31. The colours show the number density of the 6!! pixels from
Figure 6 in terms of (Td) and circular radius, as labelled by the colour bar to
the right. Overlaid on this are two curves showing expected heating as based
on the determined bulge ISRF. The dotted and solid curves show, respec-
tively, the expected dust temperature distribution, Td,U" (R), from Equation
6 and the same Td,U" (R) scaled by 0.8.

observed temperature in M31’s bulge. The solid curve shows the
same Td,U" (R), however multiplied by a factor 0.8. This brings it
in agreement with the observed temperature distribution except at
radii larger than # 1.2 kpc. The first thing to take from these two
curves is that the bulge provides a more than su!cient interstellar
radiation field (ISRFb) to heat the dust, with expected temperatures
in excess of that observed. However, importantly, the observed gra-
dient in temperatures matches that expected from heating the bulge.
This leaves the question, why is the expected temperature distribu-
tion in excess of that observed?

There are several possibilities given our simple assumptions.
One possible explanation is suggested by the flattening of the Tdust
pixel distribution in Figure 7 at radii > 1.3 kpc. This flattening is
most likely due to the increasing disk contribution to the IR at these
radii, which acts to lower the mean line-of-sight dust temperature.
This is approximately the radius where the stellar mass distribu-
tion, and therefore light distribution, becomes disk dominated (see,
e.g. Geehan et al. 2006; Courteau et al. 2011), and thus disk dust
is likely also dominating the determined dust temperature. As dis-
cussed in section 4.2 and shown in Figure 4, the mean dust tem-
perature across the disk is # 17K, which is also where the pixel
distribution flattens to in Figure 7. Figure 6 also gives some indi-
cation of the disk contribution to the bulge temperature, as there
is clearly a flatter gradient of temperatures along the major axis as
compared to the minor axis, which should have a greater contribu-
tion of disk dust due to the high inclination of M31. However, an
examination of the observed IR SED within the central kiloparsec
indicates that it is well described by a single black-body, as men-
tioned in section 4.3. As a confirmation we also fitted the pixel-
SEDs in the central region with a combination of two modified-
blackbodies. For both blackbodies, we assumed an emissivity of
! = 2, and let the temperature of the first component free, and that
of the second, cooler component constrained to 17K. A simple fit
found that the central kpc region is dominated by the warmer com-
ponent, whose temperature distribution is almost indistinguishable
from Figure 7. Thus, while it must occur at radii > 1 kpc, the contri-

bution of the disk cannot explain the o"set between the theoretical
curve and the observational-based temperature.

Another possibility is that the dust in the bulge is not Milky
Way like, and our assumed $Qabs%",0 is incorrect. For example, if we
assume a Milky Way model of dust, but with RV = 5.5 (using the
(Weingartner & Draine 2001) model opacity), $Qabs%",0 reduces to
# 155 (normalised at #0 = 100 µm, as above). Such a possibility is
reasonable, given that the extreme environs of the bulge may act to
alter the dust size distribution, destroying small grains leading to a
flatter opacity. However, given the index of 1/6 in Eqn. 4, the o"set
in temperature requires a significant change in dust opacity if this
alone causes this o"set. Similarly, our estimate of U" is also likely
incorrect given that the bulge is not spherical (Courteau et al. 2011),
and the dust is not in a perfectly thin disk. However, the index of
1/6 again requires our U" to be over estimated by approximately
an order of magnitude if it alone is incorrect.

More likely, it is a combination of these, plus the possibility of
some self-shielding by dust (which acts to reduce theU" seen by the
dust), which lead to the di"erence between the theoretical tempera-
ture distribution and that determined from the modified blackbody
fit to the data. Yet it should still be noted, that these are all needed
to reduce the theoretical heating to that observed. The bulge stel-
lar radiation field provides more than su!cient energy to heat the
warm dust at the centre of M31.

As a final check that the bulge stars are dominating the heat-
ing, we can apply the same methodology and reasoning as used
for Eqn. 4, but assuming that the radiation field heating the dust
arises from a central point source (i.e. AGN or nuclear star cluster),
meaning that U & r2. However, when Td,U" (R) is determined for
this radiation field (similar to Eqn. 6), the slope does not show the
same form as in Figure 7, demonstrating that the heating radiation
field must be extended. Even allowing for a greater contribution of
the disk emission to approximate the observed slope, to match the
point source Td,U" (R) to the measured Td requires a central luminos-
ity that would be obvious in the optical (or X-ray) emission, which
is discounted by observations as already discussed (Li et al. 2009).

4.5 The heating of dust by old stars

While Figure 7 clearly links the bulge with the dust emission, it
does not reveal what exactly is heating the dust. Typically, due to
the steep wavelength dependence of the dust opacity, the dust IR
emission has been associated with UV light and hence star forma-
tion. Typically, di"use dust is considered to be heated by a local in-
terstellar radiation field (ISRF) or scaling thereof (see e.g. Draine
& Li 2007). As this ISRF is typically based on the local ISRF of
Mathis et al. (1983), the UV light dominates the heating of dust
(e.g. Figure 4 in Mathis et al. 1983), and as the local UV light is
dominated by B stars, the di"use dust emission indirectly traces B
stars and thus star formation on longer (# 100 Myr) timescales. As
shown by Thilker et al. (2005), the UV light strongly peaks at the
centre of M31. However this UV light in the bulge has been shown
to be not associated with star-formation, but rather arises from ex-
treme horizontal branch stars (Brown et al. 1998; Rosenfield et al.
in prep.).

However, while these hot, low-mass stars may be the source
of the UV upturn and possibly the H$ emission, they cannot be
the dominant heating source of the dust. Based on the IRAS and
ANS observations, Habing et al. (1984) realised that the UV light
would not be su!cient to heat the dust, and the heating would be
dominated by the # > 300 nm light from evolved stars. In Figure 8,
we show three panels that illustrate which radiation heats the dust.
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(530!!) of M31. The colours show the number density of the 6!! pixels from
Figure 6 in terms of (Td) and circular radius, as labelled by the colour bar to
the right. Overlaid on this are two curves showing expected heating as based
on the determined bulge ISRF. The dotted and solid curves show, respec-
tively, the expected dust temperature distribution, Td,U" (R), from Equation
6 and the same Td,U" (R) scaled by 0.8.

observed temperature in M31’s bulge. The solid curve shows the
same Td,U" (R), however multiplied by a factor 0.8. This brings it
in agreement with the observed temperature distribution except at
radii larger than # 1.2 kpc. The first thing to take from these two
curves is that the bulge provides a more than su!cient interstellar
radiation field (ISRFb) to heat the dust, with expected temperatures
in excess of that observed. However, importantly, the observed gra-
dient in temperatures matches that expected from heating the bulge.
This leaves the question, why is the expected temperature distribu-
tion in excess of that observed?

There are several possibilities given our simple assumptions.
One possible explanation is suggested by the flattening of the Tdust
pixel distribution in Figure 7 at radii > 1.3 kpc. This flattening is
most likely due to the increasing disk contribution to the IR at these
radii, which acts to lower the mean line-of-sight dust temperature.
This is approximately the radius where the stellar mass distribu-
tion, and therefore light distribution, becomes disk dominated (see,
e.g. Geehan et al. 2006; Courteau et al. 2011), and thus disk dust
is likely also dominating the determined dust temperature. As dis-
cussed in section 4.2 and shown in Figure 4, the mean dust tem-
perature across the disk is # 17K, which is also where the pixel
distribution flattens to in Figure 7. Figure 6 also gives some indi-
cation of the disk contribution to the bulge temperature, as there
is clearly a flatter gradient of temperatures along the major axis as
compared to the minor axis, which should have a greater contribu-
tion of disk dust due to the high inclination of M31. However, an
examination of the observed IR SED within the central kiloparsec
indicates that it is well described by a single black-body, as men-
tioned in section 4.3. As a confirmation we also fitted the pixel-
SEDs in the central region with a combination of two modified-
blackbodies. For both blackbodies, we assumed an emissivity of
! = 2, and let the temperature of the first component free, and that
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assume a Milky Way model of dust, but with RV = 5.5 (using the
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would not be su!cient to heat the dust, and the heating would be
dominated by the # > 300 nm light from evolved stars. In Figure 8,
we show three panels that illustrate which radiation heats the dust.
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Unattenuated stellar spectrum

Dust absorption cross-section

Bulge dust heating SED 

Figure 8. The energy absorbed by di!use dust in the bulge of M31. The top
panel shows the “unattenuated” bulge UV–NIR SED from the MAGPHYS
(da Cunha et al. 2008) model fit to the integrated SED of the central kilopar-
secs (blue curve in Figure 3). The middle panel shows the total absorption
cross-section per gram of dust for the MW dust model with RV = 3.1 from
Draine (2003). The bottom panel shows the product of these, revealing the
wavelength distribution of the energy absorbed by dust. The conclusion is
that the optical stellar light is the main contributor to the dust heating in the
bulge.

we obtain the amount of energy absorbed per H atom as a function
of wavelength (bottom panel). This Figure reveals that most of the
energy that heats the dust arises from optical photons, not the UV.
As the Qabs(!) slope is ! 1, the UV-optical slope needs to be < "1
(in frequency) for optical photons to dominate the heating of dust.

As mentioned before, the bottom panel of Figure 8 most likely
overemphasises the role of UV photons in the heating due to the
small UV excess in the model stellar SED (blue curve in Figure 3).
The intrinsic UV emission produced by the evolved stars in the cen-
tre of M31 (the so-called UV-upturn observed in early-type galax-
ies) is well-reproduced by the Bruzual & Charlot (2003) code, as
shown by a comparison of models with the observed UV colours of
early-type galaxies (see specifically Figure 5 in Donas et al. 2007).
Even if the model UV is incorrect, the intrinsic UV flux would still
need to increase by # 0.4 dex (or 0.7 dex from the observed value)
to be commensurate with the energy deposited in the optical. This
lack of UV heating is also clear when the top panel of Figure 8
is compared with the ISRF of Mathis et al. (1983) (e.g. their Fig-
ure 1). When normalised to the peak at # 1 µm (in both radiation
fields), the UV in the IRSF is approximately an order of magnitude
greater than that determined in M31.

Furthermore, the hot environment of the circumnuclear region
of M31 may destroy the smallest dust grains as discussed in the
previous section. The destruction of small grains flattens the slope
of "abs(!), leading to yet a greater dominance of optical photons in
the dust heating. Thus the bulge of M31 is a clear case where the
heating of dust is dominated by the light from old stars. This is in
stark contrast to typical star-forming galaxies, where the UV from
young stars dominates the heating of dust (e.g. Law et al. 2011).

Montalto et al. (2009) had already found with GALEX–Spitzer data
that the dust in the Andromeda galaxy as a whole appears to be
heated mainly by stars a few Gyrs old. Habing et al. (1984) already
inferred that the bulge of M31 takes this further with heating likely
dominated by evolved stars. However, the mean stellar age of the
bulge of M31 is > 6Gyr, with some estimates placing the dominant
age ># 10 Gyr (Davidge et al. 2005; Brown 2009; Saglia et al. 2010),
demonstrating that even the oldest stars are able to heat dust. This is
a clear cautionary note against using warm IR emission as a direct
tracer of star formation, or obscured UV emission.

5 DISCUSSION

As the nearest massive galaxy, the Andromeda galaxy allows us to
connect the small scale physics with the integrated properties of
galaxies. The central kiloparsec of M31 actually match very well
many of the nearby early-type galaxies observed in these surveys.
Within a 1 kiloparsec (4.4$) circular aperture the estimated stellar
mass is # 1010M%, with a very old, red stellar light, estimated to be
greater than 10Gyrs old (Saglia et al. 2010). The optical colours of
the bulge, e.g. NUV-r ! 5.0, place it well in the realm of gas poor
early-type galaxies (see, e.g. Oke & Sandage 1968; Saintonge et
al. 2011; Smith et al. 2011).

There is a low level of dust attenuation across the centre, vis-
ible in both the di!erence between the observed and modelled in-
trinsic SEDs in Figure 3 and in the AB map (their Figure 1) of Mel-
chior et al. (2000). This low level of attenuation is a result of the
low dust column across the centre and connected to the relatively
weak IR emission. The total dust mass within this aperture from the
da Cunha et al. (2008) MAGPHYS model is 105.2M%, contributing
only 0.5% of the total dust mass to M31. However, the bulge con-
tributes # 5% of the total IR luminosity due to the relatively warm,
blue FIR emission. This dust mass results in a very low Mdust/M#
for the bulge, with # 10"4.7. This actually places the bulge of M31
in a similar regime as the sample of early-type galaxies explored in
the Herschel reference survey (HRS, Boselli et al. 2010) in Smith
et al. (2011), falling somewhat in between the S0 and E galaxies
(see their Figure 8). Similarly, the temperature increase from disk
to bulge in M31 follows the trend of having warmer dust in ear-
lier Hubble-types, as observed by Engelbracht et al. (2010) in the
KINGFISH sample. This trend was also seen by Smith et al. (2011)
in the HRS, who found warmer dust in E galaxies than S0, and an
overall warm dust temperature for the sample (mean Td = 24K).

The Mgas/M# ratio is also very low in the bulge of M31, with
little H i and CO detected in the centre. However, ionized gas is
seen in H$ and the FIR emission is spatially well-correlated with
this gas showing a similar lower inclination, barred-spiral pattern
as visible in Figure 2, with the MIR emission also following the
di!use H$ morphology (Li et al. 2009). Given this correlation, the
H$ emission allows the structure of the dust distribution to be de-
termined (e.g. Jacoby et al. 1985), and indicates that the ISM in
the centre, including the dust, is in a thin, spiral disk. The origin of
this gas and dust in the centre of M31 is still not known, and be-
yond the scope of this work. Li et al. (2009) suggest that the stellar
ejecta are more than su"cient to replenish the observed hot gas in
M31’s centre, and suggest the rest of this matter comes out as a hot,
X-ray flow. However, the spiral pattern observed in the bulge does
appear to link up with the emission in the disk (Figure 1), even if it
appears to be at a di!erent inclination to the disk.

Given the above similarities using the bulge of M31 as a re-
solved representative of the spheroids of other early-type galaxies
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Gas Heating & [CII] 158 µm Emission

Neutral ISM gas is heated mainly by photoelectrons ejected 
from dust grains.  Cooled by FIR lines of [CII] and [OI].

PE heating depends on: 
- radiation field (strength, spectrum) 

- amount of dust 
- properties of dust (size, charge)

[CII] and [OI] are highly observable tracers of the ISM 
at a range of distances - important to understand their origins.



The Far-IR Line Deficit

galaxies may have a higher fraction of intermediate-mass stars
that are efficient at producing ultraviolet and [C ii] 158 !m line
emission, thus causing the peak for these galaxies. Alternatively,
the high [C ii]/FIR values for at least the early-types may simply
be due to a dearth of FIR emission.

2. The [C ii]/FIR ratios for quiescent galaxies below a 60 !m/
100 !m ratio of 0.3 and FIR/B ratio of 0.1 are, on average, simi-
lar to or slightly less than those for normal, star-forming galax-
ies. There is some evidence for lower [C ii]/FIR ratios in the

quiescent galaxies of the Virgo Cluster as suggested in this study
and Leech et al. (1999). Quiescent galaxies with this range of
60 !m/100 !m and FIR/B have a larger old low-mass stellar pop-
ulation than normal galaxies and produce less ultraviolet and [C ii]
158 !m line emission, possibly causing a decrease in the observed
[C ii]/FIR ratio.
3. The [C ii]/FIR decreases with increasing 60 !m/100 !m

and FIR/B ratio (Malhotra et al. 1997, 2001). This trend has been
seenwithin ourGalaxy (Nakagawa et al. 1995; Bennett et al. 1994)
and is not surprising for a sample of galaxies spanning a large range
of 60!m/100!mand FIR/B ratios. Galaxieswith 60!m/100!m
ratios greater than 0.6 and FIR/B ratios greater than unity have in-
creasingly warmer dust temperatures, most likely due to more ex-
treme star formation. These actively star-forming galaxies have a
large proportion of massive O stars that produce hard ultraviolet
radiation. Several explanations from previous studies have been
offered for the decrease in the [C ii]/FIR ratio in galaxies with the
warmest dust temperatures. Malhotra et al. (2001) propose that
the decrease in [C ii]/FIR is due to the dust grains becomingmore
positively charged and less efficient at heating the gas for high
ratios of ultraviolet flux-to-gas density (G0/n) according to PDR
models. Negishi et al. (2001) attribute this decrease in [C ii]/FIR
to either an increase in the collisional deexcitation of the [C ii]
158 !m transition at high densities or a decrease in the ionized
component of the [C ii] 158!memission. For a sample of 15 ultra-
luminous infrared galaxies Luhman et al. (2003) report a deficiency
of [C ii] 158 !m, consistent with the decrease in the [C ii]/FIR ra-
tio at high 60 !m/100 !m ratios and explain this deficiency as the
result of non-PDR contributions to the FIR continuum, possibly
from dust-bounded ionized regions.

Fig. 12.—Three LWS spectra with bothMilkyWay [C ii] 158 !mandC+ emission at the redshift of the observed galaxy is plotted alongwith the corresponding 1! ; 1!

IRAS 100 !m images. The LWS observation for each galaxy was located at the center of each IRAS image. The line through the spectra is a best fit using a linear baseline
and two instrumental width Gaussians.

Fig. 13.—Ratio of [C ii] 158 !m to FIR continuum is plotted against the IRAS
60 !m/100 !m and FIR/B ratios for galaxies unresolved by the LWS.Galaxies of
spiral (T " 0Y9), lenticular (T " #3, #2, #1), elliptical (T " #6, #5, #4), ir-
regular (T " 10, 11, 90), peculiar (T " 99), and unknown morphology are re-
spectively plotted as circles, diamonds, squares, stars, and asterisks. Active galactic
nuclei are indicated by filled symbols. Regardless of morphology, the [C ii]
158 !m/FIR ratio decreases as the 60 !m/100 !m and FIR/B ratios increase. [See
the electronic edition of the Supplement for a color version of this figure.]

BRAUHER, DALE, & HELOU296 Vol. 178

Brauher et al. 2008

Measurements of [CII] and other 
far-IR lines with ISO show a 

“deficit” of line/dust continuum 
at warm dust temperatures.

(Malhotra et al. 2001)
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Figure 7. Top: [C ii] 158 µm/TIR plotted as a function of the far-IR color, !f! (70)/!f! (100). Middle: [O i] 63 µm/TIR plotted as a function of the far-IR color,
!f! (70)/!f! (100). Bottom: ([C ii] 158 µm + [O i] 63 µm)/TIR plotted as a function of the far-IR color, !f! (70)/!f! (100). Even when accounting for the oxygen
emission from denser regions, the photoelectric heating efficiency decreases with increasingly intense radiation. Regions in NGC 1097 are plotted as blue triangles
whereas regions from NGC 4559 are plotted as green squares. The large gray diamonds show the weighted mean when data are binned. Histograms show the
distribution of heating intensity for regions with gas warmer (red) and cooler (black) than !f! (70)/!f! (100) = 0.95. The dash-dotted lines in the top panel represent
80% inclusion curves of the galaxies from the ISO study of Malhotra et al. (2001). We remind the user that there exists a 30% uncertainty in the absolute calibration
of PACS data when comparing these curves to the data. The mean error for each data set is shown to the lower left. Filled points indicate regions wherein the full IRS
spectrum has been obtained.
(A color version of this figure is available in the online journal.)

et al. 2001). Intense radiation fields are found in regions where
PAHs are destroyed (Rubin et al. 2009), thus the existence of a
line deficit in regions with a warm far-IR color may be tracing
changes in the PAH abundances.

Although great strides have been made in understanding
heating and cooling in nearby galaxies with the best techniques
and spatial resolution available (Brauher et al. 2008; Rubin et al.
2009), the use of global values can make it difficult to ensure
that emission averaged together arises from similar physical
environments. Contursi et al. (2002) noted that the integrated far-
IR emission measured in global studies appears to be dictated by
relatively few active regions that dominate the signal within the
beam, whereas Mizutani et al. (2004) showed that overlapping
photodissociation regions (PDRs) within an aperture lead to
discrepant far-IR diagnostics. It has also been shown that the
observed [C ii] line deficit is increased if emission that does
not originate from the dense gas around massive stars (e.g.,
non-PDR emission) is present (Luhman et al. 2003). Given our
sub-kiloparsec spatial resolution, we can confidently delineate
regions dominated by diffuse and dense phases, although there
will inevitably be some mixture of phases even at this resolution.

In Figure 7, we plot the ratio of strong cooling lines to TIR23

as a function of PACS 70/100 µm emission; histograms on the
right of Figure 7 show the distribution of "PE among regions
cooler (black) and warmer (red) than !f!(70)/!f!(100) = 0.95
(see Section 5). We use the ratio !f!(70)/!f!(100) to trace the
dust temperature as it is observationally easy to determine and
enables a more direct comparison to previous studies of the far-
IR line deficit. We note that !f!(70)/!f!(100) cannot be readily
converted into G0 due to contributions of stochastically heated
grains to the 70 µm flux (Ingalls et al. 2001). While a robust
measure of the radiation field requires detailed fitting of the
SED (e.g., Draine & Li 2007), we find that !f!(70)/!f!(100)
is well correlated with the starlight intensity heating obtained
from SED models, see G. Aniano et al. (2012, in preparation)
and Dale et al. (2012).

Over a significant portion of both NGC 1097 and NGC 4559,
we find that emission from the two most important cooling

23 Most investigations of the far-IR line deficit have used FIR band
(42–122 µm) as a proxy for the IR continuum rather than TIR (3–1100 µm).
Use of this band does not change these trends, as TIR/FIR ! 2.
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particularly difficult to explain by invoking a dusty H ii region.
If any trend is notable in [N ii]/TIR it is an increase in regions
characterized by warm far-IR color. The different [N ii]/TIR
plateaus may be related to the metallicity difference between
NGC 1097 and NGC 4559, as secondary production of nitrogen
may exist at the higher metallicity of NGC 1097 (Vila Costas
& Edmunds 1993). Alternatively, this effect could also be the
result of H ii regions in the ring of NGC 1097 filling a larger
fraction of the ISM than other regions where [N ii] emission is
detected.

Global studies of ULIRGs have indicated the presence of
dusty regions and a deficit in the [N ii] 122 µm line (Fischer
et al. 2010; Graciá-Carpio et al. 2011). We see no indication
of this effect in resolved regions of NGC 1097 and NGC 4559.
While we cannot rule out the applicability of dusty H ii regions
to ULIRGs, we do not find evidence of elevated dust levels in
the ionized gas within these two galaxies. However, Beirão et al.
(2012) find LFIR/MH2 ! 50 L"/M" in NGC 1097. While this
is below the ratio of L"/M" where Graciá-Carpio et al. (2011)
see a line deficit begin (80 L"/M"), it lies near this domain. If
we plot data from Graciá-Carpio et al. (2011) with the ring of
NGC 1097, we find that regions on the central ring of NGC 1097
lie at the lower edge of the scatter in their data and transition
nicely into the deficit seen in galaxies with higher LFIR/MH2 .

5.4. Contributions to [C ii] from Non-PDR Gas

To understand the far-IR line emission, we must also under-
stand the conditions of the ISM that lead to far-IR line emission.
We determine the average gas density, nH, and radiation inten-
sity, G0 within each region of NGC 1097 and NGC 4559, assum-
ing that all the emission originates from PDRs, by comparing
[C ii], [O i], and TIR in each aperture to models of ionization
from PDRs (Kaufman et al. 2006). Data are overlaid on plots of
model [C ii]/[O i] versus ([C ii] + [O i])/TIR in Figure 10.

According to PDR models, the gas which dominates the
cooling in NGC 1097 and NGC 4559 lies at densities between
102.5 and 103 cm#3. If the line deficit is caused by density effects,
the [O i] line should become the dominant cooling line in the
densest clouds. In contrast, as shown in Figure 8, rather than
becoming the dominant line, [O i] exhibits a deficit congruent
with the [C ii] deficit. This indicates that the observed line deficit
is not a product of increased gas density.

The total integrated [C ii] emission along a line of sight
includes contributions from ionized gas in addition to the PDRs.
This additional [C ii] emission must be removed, as the models
of Kaufman et al. (2006) only account for emission from neutral
gas. The [C ii] contribution from ionized gas can be traced by
emission from N+, which in the Galaxy is emitted primarily in
the diffuse ionized phase (Bennett et al. 1994).

This correction is straightforward given measurements of
[N ii] 205 µm, as this faint line has the same critical density
as the [C ii] 158 µm line in ionized gas (! 45 cm#3) (Oberst
et al. 2006). This results in a [C ii] 158 µm/[N ii] 205 µm ratio
that is nearly constant (see Figure 11), varying by only a factor
of 1.6 over three orders of magnitude in density (Oberst et al.
2006). Unfortunately, the faint [N ii] line at 205 µm is difficult to
detect. The only observations of this line for these two galaxies
cover the star-forming ring in NGC 1097.

Beirão et al. (2012) employ the region in which [N ii] 205 µm
emission is observed to determine that emission from diffuse
ionized carbon is equal to !1.2 $ [N ii] 122 µm. As we
are interested in studying emission extended well beyond the
brightest regions we must allow for this ratio to change. There

Figure 10. [C ii] 158 µm/[O i] 63 µm plotted against ([C ii] 158 µm + [O i]
63 µm)/TIR in NGC 1097 (blue triangles) and NGC 4559 (green squares). A
grid of G0, in units of the local Galactic radiation field, and nH, in cm#3, as
determined from the PDR models of Kaufman et al. (2006), are overplotted.
Only data with a reliable [N ii] 122 µm line detection are plotted when correcting
for an ionized component. In the middle plot we assume an ne of 100 cm#3

when the [S iii] ratio is in the low-density limit. In the bottom plot we assume
an ne of 10 cm#3 when the [S iii] ratio is in the low-density limit. Error bars do
not include uncertainties in the correction for diffuse [C ii] emission.
(A color version of this figure is available in the online journal.)
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particularly difficult to explain by invoking a dusty H ii region.
If any trend is notable in [N ii]/TIR it is an increase in regions
characterized by warm far-IR color. The different [N ii]/TIR
plateaus may be related to the metallicity difference between
NGC 1097 and NGC 4559, as secondary production of nitrogen
may exist at the higher metallicity of NGC 1097 (Vila Costas
& Edmunds 1993). Alternatively, this effect could also be the
result of H ii regions in the ring of NGC 1097 filling a larger
fraction of the ISM than other regions where [N ii] emission is
detected.

Global studies of ULIRGs have indicated the presence of
dusty regions and a deficit in the [N ii] 122 µm line (Fischer
et al. 2010; Graciá-Carpio et al. 2011). We see no indication
of this effect in resolved regions of NGC 1097 and NGC 4559.
While we cannot rule out the applicability of dusty H ii regions
to ULIRGs, we do not find evidence of elevated dust levels in
the ionized gas within these two galaxies. However, Beirão et al.
(2012) find LFIR/MH2 ! 50 L"/M" in NGC 1097. While this
is below the ratio of L"/M" where Graciá-Carpio et al. (2011)
see a line deficit begin (80 L"/M"), it lies near this domain. If
we plot data from Graciá-Carpio et al. (2011) with the ring of
NGC 1097, we find that regions on the central ring of NGC 1097
lie at the lower edge of the scatter in their data and transition
nicely into the deficit seen in galaxies with higher LFIR/MH2 .

5.4. Contributions to [C ii] from Non-PDR Gas

To understand the far-IR line emission, we must also under-
stand the conditions of the ISM that lead to far-IR line emission.
We determine the average gas density, nH, and radiation inten-
sity, G0 within each region of NGC 1097 and NGC 4559, assum-
ing that all the emission originates from PDRs, by comparing
[C ii], [O i], and TIR in each aperture to models of ionization
from PDRs (Kaufman et al. 2006). Data are overlaid on plots of
model [C ii]/[O i] versus ([C ii] + [O i])/TIR in Figure 10.

According to PDR models, the gas which dominates the
cooling in NGC 1097 and NGC 4559 lies at densities between
102.5 and 103 cm#3. If the line deficit is caused by density effects,
the [O i] line should become the dominant cooling line in the
densest clouds. In contrast, as shown in Figure 8, rather than
becoming the dominant line, [O i] exhibits a deficit congruent
with the [C ii] deficit. This indicates that the observed line deficit
is not a product of increased gas density.

The total integrated [C ii] emission along a line of sight
includes contributions from ionized gas in addition to the PDRs.
This additional [C ii] emission must be removed, as the models
of Kaufman et al. (2006) only account for emission from neutral
gas. The [C ii] contribution from ionized gas can be traced by
emission from N+, which in the Galaxy is emitted primarily in
the diffuse ionized phase (Bennett et al. 1994).

This correction is straightforward given measurements of
[N ii] 205 µm, as this faint line has the same critical density
as the [C ii] 158 µm line in ionized gas (! 45 cm#3) (Oberst
et al. 2006). This results in a [C ii] 158 µm/[N ii] 205 µm ratio
that is nearly constant (see Figure 11), varying by only a factor
of 1.6 over three orders of magnitude in density (Oberst et al.
2006). Unfortunately, the faint [N ii] line at 205 µm is difficult to
detect. The only observations of this line for these two galaxies
cover the star-forming ring in NGC 1097.

Beirão et al. (2012) employ the region in which [N ii] 205 µm
emission is observed to determine that emission from diffuse
ionized carbon is equal to !1.2 $ [N ii] 122 µm. As we
are interested in studying emission extended well beyond the
brightest regions we must allow for this ratio to change. There

Figure 10. [C ii] 158 µm/[O i] 63 µm plotted against ([C ii] 158 µm + [O i]
63 µm)/TIR in NGC 1097 (blue triangles) and NGC 4559 (green squares). A
grid of G0, in units of the local Galactic radiation field, and nH, in cm#3, as
determined from the PDR models of Kaufman et al. (2006), are overplotted.
Only data with a reliable [N ii] 122 µm line detection are plotted when correcting
for an ionized component. In the middle plot we assume an ne of 100 cm#3

when the [S iii] ratio is in the low-density limit. In the bottom plot we assume
an ne of 10 cm#3 when the [S iii] ratio is in the low-density limit. Error bars do
not include uncertainties in the correction for diffuse [C ii] emission.
(A color version of this figure is available in the online journal.)
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particularly difficult to explain by invoking a dusty H ii region.
If any trend is notable in [N ii]/TIR it is an increase in regions
characterized by warm far-IR color. The different [N ii]/TIR
plateaus may be related to the metallicity difference between
NGC 1097 and NGC 4559, as secondary production of nitrogen
may exist at the higher metallicity of NGC 1097 (Vila Costas
& Edmunds 1993). Alternatively, this effect could also be the
result of H ii regions in the ring of NGC 1097 filling a larger
fraction of the ISM than other regions where [N ii] emission is
detected.

Global studies of ULIRGs have indicated the presence of
dusty regions and a deficit in the [N ii] 122 µm line (Fischer
et al. 2010; Graciá-Carpio et al. 2011). We see no indication
of this effect in resolved regions of NGC 1097 and NGC 4559.
While we cannot rule out the applicability of dusty H ii regions
to ULIRGs, we do not find evidence of elevated dust levels in
the ionized gas within these two galaxies. However, Beirão et al.
(2012) find LFIR/MH2 ! 50 L"/M" in NGC 1097. While this
is below the ratio of L"/M" where Graciá-Carpio et al. (2011)
see a line deficit begin (80 L"/M"), it lies near this domain. If
we plot data from Graciá-Carpio et al. (2011) with the ring of
NGC 1097, we find that regions on the central ring of NGC 1097
lie at the lower edge of the scatter in their data and transition
nicely into the deficit seen in galaxies with higher LFIR/MH2 .

5.4. Contributions to [C ii] from Non-PDR Gas

To understand the far-IR line emission, we must also under-
stand the conditions of the ISM that lead to far-IR line emission.
We determine the average gas density, nH, and radiation inten-
sity, G0 within each region of NGC 1097 and NGC 4559, assum-
ing that all the emission originates from PDRs, by comparing
[C ii], [O i], and TIR in each aperture to models of ionization
from PDRs (Kaufman et al. 2006). Data are overlaid on plots of
model [C ii]/[O i] versus ([C ii] + [O i])/TIR in Figure 10.

According to PDR models, the gas which dominates the
cooling in NGC 1097 and NGC 4559 lies at densities between
102.5 and 103 cm#3. If the line deficit is caused by density effects,
the [O i] line should become the dominant cooling line in the
densest clouds. In contrast, as shown in Figure 8, rather than
becoming the dominant line, [O i] exhibits a deficit congruent
with the [C ii] deficit. This indicates that the observed line deficit
is not a product of increased gas density.

The total integrated [C ii] emission along a line of sight
includes contributions from ionized gas in addition to the PDRs.
This additional [C ii] emission must be removed, as the models
of Kaufman et al. (2006) only account for emission from neutral
gas. The [C ii] contribution from ionized gas can be traced by
emission from N+, which in the Galaxy is emitted primarily in
the diffuse ionized phase (Bennett et al. 1994).

This correction is straightforward given measurements of
[N ii] 205 µm, as this faint line has the same critical density
as the [C ii] 158 µm line in ionized gas (! 45 cm#3) (Oberst
et al. 2006). This results in a [C ii] 158 µm/[N ii] 205 µm ratio
that is nearly constant (see Figure 11), varying by only a factor
of 1.6 over three orders of magnitude in density (Oberst et al.
2006). Unfortunately, the faint [N ii] line at 205 µm is difficult to
detect. The only observations of this line for these two galaxies
cover the star-forming ring in NGC 1097.

Beirão et al. (2012) employ the region in which [N ii] 205 µm
emission is observed to determine that emission from diffuse
ionized carbon is equal to !1.2 $ [N ii] 122 µm. As we
are interested in studying emission extended well beyond the
brightest regions we must allow for this ratio to change. There

Figure 10. [C ii] 158 µm/[O i] 63 µm plotted against ([C ii] 158 µm + [O i]
63 µm)/TIR in NGC 1097 (blue triangles) and NGC 4559 (green squares). A
grid of G0, in units of the local Galactic radiation field, and nH, in cm#3, as
determined from the PDR models of Kaufman et al. (2006), are overplotted.
Only data with a reliable [N ii] 122 µm line detection are plotted when correcting
for an ionized component. In the middle plot we assume an ne of 100 cm#3

when the [S iii] ratio is in the low-density limit. In the bottom plot we assume
an ne of 10 cm#3 when the [S iii] ratio is in the low-density limit. Error bars do
not include uncertainties in the correction for diffuse [C ii] emission.
(A color version of this figure is available in the online journal.)
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Figure 13. Similar to the middle panel of Figure 10 except that we assume 70%
of TIR and 30% of [C ii] emission originates in diffuse clouds.
(A color version of this figure is available in the online journal.)

prescription from Malhotra et al. (2001). It is noteworthy that
all regions show a relatively high PDR fraction, regardless of
the far-IR color. Furthermore, the fraction of [C ii] emitted by
the PDR decreases in the warmer regions, regardless of which
correction for ionized gas is employed. An !!

PE associated with
pure PDR emission would thus exhibit an increased line deficit
at warm far-IR colors, accentuating the sudden decrease in
([C ii] + [O i])/PAH.

In addition to an ionized component and PDRs, the ISM
also contains diffuse H i. Observations of the dust SED in these
galaxies (G. Aniano et al. 2012, in preparation) are incompatible
with the high G0 we determine assuming that all the [C ii]
emission and TIR originates in a PDR with an implied starlight
intensity heating, "U #, that is inconsistent, typically 10–50$
lower than expected from G0. In reality, some fraction of both
TIR and the [C ii] line will emerge from the diffuse ISM.
Attributing 70% of TIR and 30% of [C ii] surface brightness to
cool diffuse gas would bring the G0 from the PDR model and "U #
from the dust SED into closer agreement, typically "U # 1–10$
lower than expected from G0. This will simultaneously increase
the nH of the modeled PDR, as shown in Figure 13. Standard
models of starlight heating indicate that this diffuse gas is too
cool to emit [O i]. Decreasing the amount of [C ii] relative to
[O i] emitted by the PDR could result in [C ii] no longer being the
dominant coolant. However, the inclusion of other line coolants,
e.g., [O i], does not eliminate the line deficit. It is noteworthy that
models of starlight-heated diffuse gas also fail to produce the
warm H2 emission seen in some translucent clouds (Ingalls et al.
2011). H2 emission lines are seen in our Spitzer-IRS spectra,
indicating that the diffuse cloud population may also harbor
hot material that supplements the [O i] emission, requiring non-
standard heating processes that are not fully described by a PDR
model.

Assuming that diffuse gas is distributed in a relatively uniform
manner throughout the ISM, correcting TIR, [C ii], and [O i] for
its contributions would alter the absolute values of ne and G0, but

would not change the general trend of points relative to each
other, see Figure 13. PDR models are not able to reproduce
all the spectral line and dust SED features we have observed.
However, none of the corrections we have investigated would
alter the fact that the ratio of G0/ne and "U # both increase
in regions where the line deficit is observed. Contributions
of line emission and TIR from diffuse gas, both ionized and
cool, cannot produce the far-IR line deficit in NGC 1097 and
NGC 4559.

5.5. Grain Charging

Positively charged dust grains are inefficient at heating gas
due to the greater potential well that must be overcome to eject
additional electrons (Tielens & Hollenbach 1985). This decrease
in gas heating is not accompanied by a strong decrease in the
thermal dust emission that dominates TIR, nor does it cause
the vibrational PAH emission to drop in strength (Draine & Li
2007). Therefore, an increase in grain ionization will lead to
a deficit in line cooling relative to the thermal dust and PAH
emission (Tielens et al. 1999).

Figure 10 shows that most of the gas in NGC 1097 and
NGC 4559 lies at a density between 102.5 and 103 cm%3. How-
ever, the local UV field, G0, varies considerably, ranging from
50 to 1000, when the most conservative corrections for ionized
gas are employed. We see the largest variation of UV heating
in the ring of NGC 1097, while NGC 4559 displays remark-
able uniformity in both nH and G0 across its disk. We compare
([C ii] + [O i])/PAH and ([C ii] + [O i])/TIR to G0/nH derived
from models of PDRs and the mean dust-weighted starlight in-
tensity, "U #, derived from dust models of the IR SED (Draine
& Li 2007), where the average value of "U # in each region
was extracted from maps produced by G. Aniano et al. (2012,
in preparation). Both gas and dust diagnostics clearly indicate
that strong radiation fields are incident on the regions showing
a line deficit. Indeed, G0/nH increases more than an order of
magnitude between regions of low and high incident radiation,
suggesting that grain charging could be important in these warm
regions (Wolfire et al. 1990).

If the ionization of PAHs is indeed responsible for the
observed line deficit, a significant variation in the 7.7–11.3 µm
PAH band flux ratio should also be observed (Draine & Li
2007). The 7.7 and 11.3 µm PAH features are both observed
using the SL module and have very similar PSFs, which are
considerably smaller than the 12!! apertures we have used.
As the convolution of Spitzer-IRS maps is very uncertain
(Pereira-Santaella et al. 2010) we compare the 7.7–11.3 µm
PAH band flux ratio measured from unconvolved spectra with
the same ratio measured from convolved spectra. As expected,
convolution of SL spectra decreases the spread seen in this PAH
band ratio. The unconvolved spectra clearly show that more
ionized PAHs are found in regions where the line-to-PAH deficit
is strongest.

In Figure 14, we plot convolved [C ii]/PAH as a function
of the ratio of the unconvolved 7.7 µm/11.3 µm PAH bands.
Regions that show a far-IR fine-structure line deficit relative to
total PAH emission do indeed exhibit a modestly greater than
average 7.7 µm/11.3 µm ratio, suggesting that PAH ionization
fraction is higher in regions with a line deficit. This is consistent
with an elevated G0/nH seen in these regions.

The shift seen in the 7.7–11.3 µm PAH band flux ratio could
also be indicative of a change in the grain size distribution.
Small PAHs are more efficient at producing photoelectrons,
compared to the larger PAH grains, as they tend to stay neutral
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particularly difficult to explain by invoking a dusty H ii region.
If any trend is notable in [N ii]/TIR it is an increase in regions
characterized by warm far-IR color. The different [N ii]/TIR
plateaus may be related to the metallicity difference between
NGC 1097 and NGC 4559, as secondary production of nitrogen
may exist at the higher metallicity of NGC 1097 (Vila Costas
& Edmunds 1993). Alternatively, this effect could also be the
result of H ii regions in the ring of NGC 1097 filling a larger
fraction of the ISM than other regions where [N ii] emission is
detected.

Global studies of ULIRGs have indicated the presence of
dusty regions and a deficit in the [N ii] 122 µm line (Fischer
et al. 2010; Graciá-Carpio et al. 2011). We see no indication
of this effect in resolved regions of NGC 1097 and NGC 4559.
While we cannot rule out the applicability of dusty H ii regions
to ULIRGs, we do not find evidence of elevated dust levels in
the ionized gas within these two galaxies. However, Beirão et al.
(2012) find LFIR/MH2 ! 50 L"/M" in NGC 1097. While this
is below the ratio of L"/M" where Graciá-Carpio et al. (2011)
see a line deficit begin (80 L"/M"), it lies near this domain. If
we plot data from Graciá-Carpio et al. (2011) with the ring of
NGC 1097, we find that regions on the central ring of NGC 1097
lie at the lower edge of the scatter in their data and transition
nicely into the deficit seen in galaxies with higher LFIR/MH2 .

5.4. Contributions to [C ii] from Non-PDR Gas

To understand the far-IR line emission, we must also under-
stand the conditions of the ISM that lead to far-IR line emission.
We determine the average gas density, nH, and radiation inten-
sity, G0 within each region of NGC 1097 and NGC 4559, assum-
ing that all the emission originates from PDRs, by comparing
[C ii], [O i], and TIR in each aperture to models of ionization
from PDRs (Kaufman et al. 2006). Data are overlaid on plots of
model [C ii]/[O i] versus ([C ii] + [O i])/TIR in Figure 10.

According to PDR models, the gas which dominates the
cooling in NGC 1097 and NGC 4559 lies at densities between
102.5 and 103 cm#3. If the line deficit is caused by density effects,
the [O i] line should become the dominant cooling line in the
densest clouds. In contrast, as shown in Figure 8, rather than
becoming the dominant line, [O i] exhibits a deficit congruent
with the [C ii] deficit. This indicates that the observed line deficit
is not a product of increased gas density.

The total integrated [C ii] emission along a line of sight
includes contributions from ionized gas in addition to the PDRs.
This additional [C ii] emission must be removed, as the models
of Kaufman et al. (2006) only account for emission from neutral
gas. The [C ii] contribution from ionized gas can be traced by
emission from N+, which in the Galaxy is emitted primarily in
the diffuse ionized phase (Bennett et al. 1994).

This correction is straightforward given measurements of
[N ii] 205 µm, as this faint line has the same critical density
as the [C ii] 158 µm line in ionized gas (! 45 cm#3) (Oberst
et al. 2006). This results in a [C ii] 158 µm/[N ii] 205 µm ratio
that is nearly constant (see Figure 11), varying by only a factor
of 1.6 over three orders of magnitude in density (Oberst et al.
2006). Unfortunately, the faint [N ii] line at 205 µm is difficult to
detect. The only observations of this line for these two galaxies
cover the star-forming ring in NGC 1097.

Beirão et al. (2012) employ the region in which [N ii] 205 µm
emission is observed to determine that emission from diffuse
ionized carbon is equal to !1.2 $ [N ii] 122 µm. As we
are interested in studying emission extended well beyond the
brightest regions we must allow for this ratio to change. There

Figure 10. [C ii] 158 µm/[O i] 63 µm plotted against ([C ii] 158 µm + [O i]
63 µm)/TIR in NGC 1097 (blue triangles) and NGC 4559 (green squares). A
grid of G0, in units of the local Galactic radiation field, and nH, in cm#3, as
determined from the PDR models of Kaufman et al. (2006), are overplotted.
Only data with a reliable [N ii] 122 µm line detection are plotted when correcting
for an ionized component. In the middle plot we assume an ne of 100 cm#3

when the [S iii] ratio is in the low-density limit. In the bottom plot we assume
an ne of 10 cm#3 when the [S iii] ratio is in the low-density limit. Error bars do
not include uncertainties in the correction for diffuse [C ii] emission.
(A color version of this figure is available in the online journal.)
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Figure 13. Similar to the middle panel of Figure 10 except that we assume 70%
of TIR and 30% of [C ii] emission originates in diffuse clouds.
(A color version of this figure is available in the online journal.)

prescription from Malhotra et al. (2001). It is noteworthy that
all regions show a relatively high PDR fraction, regardless of
the far-IR color. Furthermore, the fraction of [C ii] emitted by
the PDR decreases in the warmer regions, regardless of which
correction for ionized gas is employed. An !!

PE associated with
pure PDR emission would thus exhibit an increased line deficit
at warm far-IR colors, accentuating the sudden decrease in
([C ii] + [O i])/PAH.

In addition to an ionized component and PDRs, the ISM
also contains diffuse H i. Observations of the dust SED in these
galaxies (G. Aniano et al. 2012, in preparation) are incompatible
with the high G0 we determine assuming that all the [C ii]
emission and TIR originates in a PDR with an implied starlight
intensity heating, "U #, that is inconsistent, typically 10–50$
lower than expected from G0. In reality, some fraction of both
TIR and the [C ii] line will emerge from the diffuse ISM.
Attributing 70% of TIR and 30% of [C ii] surface brightness to
cool diffuse gas would bring the G0 from the PDR model and "U #
from the dust SED into closer agreement, typically "U # 1–10$
lower than expected from G0. This will simultaneously increase
the nH of the modeled PDR, as shown in Figure 13. Standard
models of starlight heating indicate that this diffuse gas is too
cool to emit [O i]. Decreasing the amount of [C ii] relative to
[O i] emitted by the PDR could result in [C ii] no longer being the
dominant coolant. However, the inclusion of other line coolants,
e.g., [O i], does not eliminate the line deficit. It is noteworthy that
models of starlight-heated diffuse gas also fail to produce the
warm H2 emission seen in some translucent clouds (Ingalls et al.
2011). H2 emission lines are seen in our Spitzer-IRS spectra,
indicating that the diffuse cloud population may also harbor
hot material that supplements the [O i] emission, requiring non-
standard heating processes that are not fully described by a PDR
model.

Assuming that diffuse gas is distributed in a relatively uniform
manner throughout the ISM, correcting TIR, [C ii], and [O i] for
its contributions would alter the absolute values of ne and G0, but

would not change the general trend of points relative to each
other, see Figure 13. PDR models are not able to reproduce
all the spectral line and dust SED features we have observed.
However, none of the corrections we have investigated would
alter the fact that the ratio of G0/ne and "U # both increase
in regions where the line deficit is observed. Contributions
of line emission and TIR from diffuse gas, both ionized and
cool, cannot produce the far-IR line deficit in NGC 1097 and
NGC 4559.

5.5. Grain Charging

Positively charged dust grains are inefficient at heating gas
due to the greater potential well that must be overcome to eject
additional electrons (Tielens & Hollenbach 1985). This decrease
in gas heating is not accompanied by a strong decrease in the
thermal dust emission that dominates TIR, nor does it cause
the vibrational PAH emission to drop in strength (Draine & Li
2007). Therefore, an increase in grain ionization will lead to
a deficit in line cooling relative to the thermal dust and PAH
emission (Tielens et al. 1999).

Figure 10 shows that most of the gas in NGC 1097 and
NGC 4559 lies at a density between 102.5 and 103 cm%3. How-
ever, the local UV field, G0, varies considerably, ranging from
50 to 1000, when the most conservative corrections for ionized
gas are employed. We see the largest variation of UV heating
in the ring of NGC 1097, while NGC 4559 displays remark-
able uniformity in both nH and G0 across its disk. We compare
([C ii] + [O i])/PAH and ([C ii] + [O i])/TIR to G0/nH derived
from models of PDRs and the mean dust-weighted starlight in-
tensity, "U #, derived from dust models of the IR SED (Draine
& Li 2007), where the average value of "U # in each region
was extracted from maps produced by G. Aniano et al. (2012,
in preparation). Both gas and dust diagnostics clearly indicate
that strong radiation fields are incident on the regions showing
a line deficit. Indeed, G0/nH increases more than an order of
magnitude between regions of low and high incident radiation,
suggesting that grain charging could be important in these warm
regions (Wolfire et al. 1990).

If the ionization of PAHs is indeed responsible for the
observed line deficit, a significant variation in the 7.7–11.3 µm
PAH band flux ratio should also be observed (Draine & Li
2007). The 7.7 and 11.3 µm PAH features are both observed
using the SL module and have very similar PSFs, which are
considerably smaller than the 12!! apertures we have used.
As the convolution of Spitzer-IRS maps is very uncertain
(Pereira-Santaella et al. 2010) we compare the 7.7–11.3 µm
PAH band flux ratio measured from unconvolved spectra with
the same ratio measured from convolved spectra. As expected,
convolution of SL spectra decreases the spread seen in this PAH
band ratio. The unconvolved spectra clearly show that more
ionized PAHs are found in regions where the line-to-PAH deficit
is strongest.

In Figure 14, we plot convolved [C ii]/PAH as a function
of the ratio of the unconvolved 7.7 µm/11.3 µm PAH bands.
Regions that show a far-IR fine-structure line deficit relative to
total PAH emission do indeed exhibit a modestly greater than
average 7.7 µm/11.3 µm ratio, suggesting that PAH ionization
fraction is higher in regions with a line deficit. This is consistent
with an elevated G0/nH seen in these regions.

The shift seen in the 7.7–11.3 µm PAH band flux ratio could
also be indicative of a change in the grain size distribution.
Small PAHs are more efficient at producing photoelectrons,
compared to the larger PAH grains, as they tend to stay neutral

16

([CII]×70% + [OI])/TIR ×30%

[C
II

]×
7
0
%

 /
 [
O

I]

if 70% of TIR and 30% of [CII] from 
“diffuse” phase, can get consistent 

results for U.

G
0 = 10 3G

0 = 10 4

G
0  = 1

0
2

G
0  =

 1
0

1

inconsistent with radiation field
determined from dust SED by 10x

Need sub-kpc resolution to check this!!



Field 1
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Field 4

Red - Hα
Green - 24 µm
Blue - GALEX FUV

The origin of [CII] emission on sub-kpc scales.

The Survey of Lines in M31
Sandstrom et al. (in prep)
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Field 4

[CII] Hα

8.0 µm 24 µm 160 µm

matched resolution, 
multi-wavelength comparison

[CII] is more extended than Hα, 
good spatial correspondence with dust emission



3σ

[CII] vs Herschel PACS 160 µm

(160 µm should be a reasonable 
tracer of TIR - at peak of dust SED)



3σ

unity
At ~45 pc resolution, [CII] and 
160 µm emission correlated 

with slope ~unity.

[CII] vs Herschel PACS 160 µm

(160 µm should be a reasonable 
tracer of TIR - at peak of dust SED)



What is up with Field 5?

Contours - Hα
Red - 24 µm, Green - 8.0 µm, Blue - 3.6 µm

Color - [CII]

Large HII complex with little dust emission producing 
most of the [CII] in this region!

Case where [CII] and TIR do not correspond well on small scales.



[CII] emission at high spatial resolution
and its relation to the far-IR line deficit

Field 1
Field 2
Field 3
Field 4
Field 5NGC 1097

NGC 4559 ~700 pc regions

NGC 4559 & 1097 from
Croxall et al. 2012



[CII] emission at high spatial resolution
and its relation to the far-IR line deficit

Field 1
Field 2
Field 3
Field 4
Field 5NGC 1097

NGC 4559 ~700 pc regions

NGC 4559 & 1097 from
Croxall et al. 2012

~70 pc regions

larger crosses = brighter [CII]



What have we learned about the interaction 
of stars & the ISM in M31, so far...

• <U> is correlated with Σ✽, not ΣSFR (from dust SED modeling).

• UV field determined from from resolved stars dominated 
by B stars (from PHAT stellar SED modeling).

• In bulge, radiation field is dominated by old stars and 
dust heating is mainly from of optical photons, not UV.  
Warm dust not necessarily a tracer of recent SF.

• [CII] vs TIR on ~45 pc scales is ~constant in most regions, 
with some exceptions.   

• More detailed work using [OI] and [NII] 122 µm maps will 
address the origins of far-IR line emission at sub-kpc 
scales.


