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What can we learn from nearby galaxies?

Nearby galaxies bridge what we can learn in the Milky Way !
with what we learn from galaxy evolution

Nearby Galaxies provide:!
Simpler lines of sight!
External perspective!
Full galactic context

Nearby Galaxies provide:!
Resolved ISM distributions!

Multiwavelength ancillary obs.

Lockman Hole with Herschel SPIREVela C with Herschel PACS/SPIRE

M31 from Herschel & Spitzer 24, 160, 350 µm



What can we learn from nearby galaxies?

❖ The Life Cycle of Dust!

❖ Calibration of Metallicity Scales!

❖ Resolving SF Feedback Processes!

❖ ISM Phase Balance

A biased & incomplete list…



The Life Cycle of Dust

❖ Dust-to-gas Ratio!

❖ Grain Size Distribution!

❖ Grain Composition!

❖ Grain Charge

Dust is a crucial part of the ISM but we are just beginning to 
understand its life-cycle.

How are these key 
parameters affected by 
galactic environment?



The Life Cycle of Dust
Dust emission in redshifted sub-mm range is a 
sensitive tracer of high-z galaxies with ALMA.

plot from A. Leroy

Sub-mm dust continuum as 
an ISM tracer requires 

knowledge of:!
dust-to-gas ratio!

sub-mm dust emissivity!
dust temperature

Studies of nearby galaxies 
needed to understand these 

key properties.



The Life Cycle of Dust
Remy-Ruyer et al. 2014 - !

Dwarf Galaxies Survey with Herschel

Galaxy-average dust-to-gas 
ratio is not a simple function 

of metallicity.



The Life Cycle of Dust
Remy-Ruyer et al. 2014 - !

Dwarf Galaxies Survey with Herschel

Galaxy-average dust-to-gas 
ratio is not a simple function 

of metallicity.

SF history & influence on dust 
life cycle seems to be key for 

setting DGR.
e.g. Lisenfeld & Ferrara 1998, Dwek 1998, 
Galliano et al. 2008, Zhukovska et al. 2014



The Life Cycle of Dust

Fisher et al. 2014 - Herschel Obs of I Zw 18 (HI contours)

DGR behavior may prove crucial for studying high-z galaxies.



The Life Cycle of Dust
DGR is not the only thing changing - 

composition & grain size distribution also vary.

Engelbracht et al. 2008!
Spitzer IRS study of dwarf galaxies

Draine et al. 2007!
SINGS study of PAH abundance



The Life Cycle of Dust

HI/H2 transition, SNe, 
irradiation, stellar winds

The drivers of dust life-cycle 
act on small scales.
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Need to resolve these scales…



The Life Cycle of Dust
Can do this in the very 
nearest galaxies with 

Spitzer/Herschel 
capabilities…



The Life Cycle of Dust
Can do this in the very 
nearest galaxies with 

Spitzer/Herschel 
capabilities…

Map of PAH fraction from Spitzer 
Survey of the SMC!

(Sandstrom et al. 2010)



The Life Cycle of Dust
Can do this in the very 
nearest galaxies with 

Spitzer/Herschel 
capabilities…

Map of PAH fraction in M31 from 
Spitzer & Herschel observations!

(Draine et al. 2014)



The Life Cycle of Dust

But understanding dust life cycle from 
the galaxy evolution perspective means !
we need to move beyond the Local Group.

Killer App:!
Molecular cloud scale maps 
of dust properties in nearby 

(D ≲ 20 Mpc) galaxies.

Aniano et al. in prep



The Life Cycle of Dust

Molecular cloud scale resolution:  ~50 pc which is ~0.5’’ for D = 20 Mpc!
!
Coverage of peak of dust SED: 70-300 µm!

• ALMA alone isn’t sufficient (doesn’t get peak of IR SED, filters out larger 
scale structures)!

• JWST alone isn’t sufficient (only gets mid-IR)!
!
Sensitivity target: measure dust mass of something comparable to Taurus !
(R~25 pc, 103 M⦿ of dust, Td~15K) in a D=20 Mpc galaxy

What will this require?



The Life Cycle of Dust
What will this require?

Parameter Units Value or Range

Wavelength range μm 70-300 µm

Angular resolution arcsec ~0.5” for 50 pc in a D=20 Mpc galaxy!
(well matched to ALMA and JWST)

Spectral resolution, (λ/∆λ) dimensionless n.a.

Continuum sensitivity μJy 10-100

Spectral line sensitivity 10e-19 W m n.a.

Instantaneous FoV arcmin ~1



Calibration of Metallicity Scales
We know surprisingly little about metallicity, even in 

nearby galaxies.

Kewley & Ellison 2008

Mass-Metallicity relationship !
for SDSS z < 0.1 galaxies!

!
range of metallicity calibrations gives !

order-of-magnitude uncertainty

Why?



Calibration of Metallicity Scales
We know surprisingly little about metallicity, even in 

nearby galaxies.You Always Get [OIII] 88μm

Temperature Sensitivities

Dust Obscuration

E/k (K)

Optical

FIR

Density Dependencies

Spatial Resolution 

Ionization Correction Factors
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to compare with Hα.
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Calibration of Metallicity Scales
We know surprisingly little about metallicity, even in 

nearby galaxies.You Always Get [OIII] 88μm

Temperature Sensitivities

Dust Obscuration

E/k (K)

Optical

FIR

Density Dependencies

Spatial Resolution 

Ionization Correction Factors

Strong line calibrations 
require knowledge of !
ne and Te as well as Av 
to compare with Hα.

Temperature fluctuations 
in HII regions and 
faintness of line at !

higher Z complicate 
“direct” abundances.

Solution may be found by 
using far-IR [OIII] lines.



The Astrophysical Journal, 777:96 (9pp), 2013 November 10 Croxall et al.
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Figure 4. Plausible range of O++ abundance (here in units of 12 + log(O++/H))
as a function of electron density (ne) for the average values of 5007 Å/Hβ and
88 µm/Hβ in our selected H ii regions in NGC 628. The horizontal dashed lines
show the possible range of abundances that can be derived from the ratio of
5007 Å/Hβ. The solid lines bound the possible range of abundances given the
88 µm far-IR emission line. The [S ii] low density limit is indicated by the
vertical long-dashed line, because all regions are in this limit, the density is
constrained to lie to the left of this line. The final range of abundances for this set
of line ratios, given no information about the temperature, is highlighted in light
blue, at the union of all the other regions. The possible range of 12+log(O++/H+)
is greatly reduced with the addition of the far-IR fine-structure line.
(A color version of this figure is available in the online journal.)

where αeff
Hβ is the effective recombination rate for Hβ, and l is

the line-of-sight length through the H ii region (e.g., Osterbrock
& Ferland 2006). We find that the EM, in our sample of H ii
regions, lies between 4 × 104–2 × 105. To form a conservative

estimate, we assume that each H ii region complex fills each
900 pc aperture and has a filling factor of 0.1 (Osterbrock &
Flather 1957). This yields lower density limits in the range
20–40 cm−3. These density limits, 30 ! ne ! 100, constrain
the possible abundance determined from the ratio of [O iii]
5007 Å/Hβ.

3.2. Abundances Estimates

3.2.1. Empirical Abundances: KINGFISH + PINGS

Given the depth of the PINGS optical spectra and the
relatively high oxygen abundance, we are unable to accurately
measure the temperature sensitive [O iii] 4363 Å line in any
region of NGC 628. We can, however, directly determine the
temperature of these regions by comparing the strong lines in the
optical and far-IR regimes. We show diagnostic plots, derived
from a simple five-level atom, of this temperature determination
in Figure 5. While the 88 µm fine-structure line is sensitive
to the electron density of the gas (see Figure 4), it can be
used in conjunction with the [O iii] 5007 Å line, which has a
significantly different excitation energy, to constrain the average
electron temperature in the O++ region of an H ii region.

As discussed in Section 2.1, we assume that the aperture
correction derived for Hα, to correct the PINGS maps for
incomplete sampling of the area subtended by the PINGS field-
of-view, could be applied to all emission lines. Given our
large aperture and relatively extended H ii regions, this is a
reasonable assumption. However, such a procedure can also lead
to systematic errors and care must be taken. Comparison of the
peaks and profiles of the selected regions with the layout of the
PMAS fibers indicates that PINGS mapping missed the central
emission peak of Region 3, skewing the ratio of [O iii]/[O ii]
emission. Though this aperture exhibits a low far-IR abundance
given its proximity to the galaxy center, none of the strong-
line abundances show a similar low abundance compared with
other similarly calibrated abundances. Due to uncertainties in
the world coordinate system of PINGS fibers, we are unable to
assign accurate quantitative estimates of the uncertainty due to

Figure 5. Temperature and abundance constraints on Region 6 (see Figure 2). Left: the ratio of the 5007 Å and 88 µm [O iii] emissivities plotted as a function of
electron temperature. The different curves show the ratio at different densities; these densities are the same in all panels. The observed flux ratio for this region is
indicated by the horizontal line; its uncertainty is shown by the gray shaded area. Center: the abundance of O++, as determined from the 88 µm (black) and 5007 Å (red)
lines relative to Hβ, is plotted as a function of temperature. Right: the total oxygen abundance is shown as a function of temperature. For comparison, the abundance
determined from the strong optical lines using the KK04 and the PT05 calibrations are indicted by the horizontal lines. In all panels, the vertical blue bar marks the
likely temperature inferred from this line ratio. The darker segment of the blue bar highlights the restricted parameter space given that [S ii] and [S iii] lines indicate
the region is in the low density limit.
(An extended, color version of this figure is available in the online journal.)

6

Calibration of Metallicity Scales
With measurements of both !

[OIII] 52 and 88 µm get very good 
handle on O++ abundance.

To get O/H, still need:!
- ionization correction for total O!

- measurement of H+

Mid-IR lines with JWST:!
Brackett, Pfund, Humphreys lines of H;!

ionization from [Ne III]/[Ne II],!
 [S IV]/[S III], [Ar III]/[Ar II]

Croxall et al. 2012 - KINGFISH [OIII] 88 µm



Calibration of Metallicity Scales
Killer App:!

Measurements of !
[OIII] 52, 88 µm matched to 

mid-IR diagnostics from 
JWST, covering many HII 

regions in a galaxy.

Croxall et al. 2014, in prep.



What will this require?

Calibration of Metallicity Scales

Parameter Units Value or Range

Wavelength range μm 50-100 µm

Angular resolution arcsec ~few’’

Spectral resolution, (λ/∆λ) dimensionless 1000-5000 comparable to PACS

Continuum sensitivity μJy n.a.

Spectral line sensitivity 10e-19 W m comparable to MIRI, 0.1-1 

Instantaneous FoV arcmin ~1

Number of target fields dimensionless more is better to get several HII regions 
per pointing

One other thing this will require: Coordination with JWST observations!



Resolving SF Feedback

Hopkins et al. 2014, “FIRE” simulation

The importance of feedback in the regulation !
of star formation is widely recognized.

In simulations - feedback is needed to match star formation 
histories, stellar masses, disk properties of galaxies.



Resolving SF Feedback
Stellar feedback models for galaxy formation simulations 11

FIG. 7.— Cloud star formation efficiency for gas metallicities of Z = 1Z� (left) and Z = 0.01Z� (right) in the non self-gravitating cloud simulation. Efficient
cooling in the more enriched cloud reduces the effect of thermal energy on star formation. The opposite is true for momentum feedback, dominated by radiation
pressure, which by itself limits ✏cl to ⇠ 0.1. In the low metallicity cloud, gas cooling rates are lowered by more than an order of magnitude, making thermal
energy feedback the dominant factor limiting star formation.

initial SNe momentum, pSNII, is included (SNMOM), gas is
pushed out of the cell and the heating criterion of Equation 20
is satisfied after ⇠ 20Myr, leading to temperatures > 108 K.
When all momentum sources of feedback (MOMENTUM) are
included, the gas is effeciently evacuated from star forming
cell, reaching n ⇠ 0.1cm-3 after only ⇠ 10Myr. Simulations
adopting the more evolved Sedov-Taylor momentum (pST) for
each SNII result in an even faster evacuation. Not surpris-
ingly, the strongest effect on density and temperature is found
in the ALL run, in which runaway heating set in only after
⇠ 3.7Myr due to stellar winds and radiation pressure alone.

In the right hand panel of Figure 6 we show the evolution
of the ALL run for different values f⇤. Runaway heating is
achieved for all values of f⇤, even for f⇤ = 1% after ⇠ 10Myr.
For f⇤ > 10%, this occurs before the first SNIIe explode.

We conclude that the implemented subgrid feedback pre-
scriptions, especially early momentum injection, greatly en-
hance the ability of feedback to disperse and heat gas in star
forming cells, even when only ⇠ 1% of gas is turned into stars.
In more realistic setups, a patch of gas will continue to form
stars until the star cluster has destroyed its surrounding or de-
pleted all of the gas above the star formation threshold. We
explore these scenarios in the next section.

4.2. Isolated cloud
In this idealized test, a spherical cloud of dense cold gas

(ncl = 100mH cm-3, Tcl = 10K) of radius rcl = 50pc is placed in
pressure equilibrium with a diffuse ambient medium (nISM =
0.1mH cm-3, TISM = 104 K). Star formation is then allowed
to proceed, as described in §2.3 with ✏ff = 10%. As we are
interested in the behaviour of a marginally resolved ISM, we
adopt maximum resolution of �x = 10pc. At this resolution,
the cloud consists of 552 cells at exactly ncl = 100H cm-3,
having a total initial gas mass of Mcl = 1.25⇥106 M�.

In the following tests, we evolve the cloud with and with-
out self-gravity, which in a very crude way can be seen as
limiting cases of cloud virial parameter ↵vir; no self-gravity

equilibrium temperature.

simply means that unresolved turbulence supports the cloud
(↵vir & 1) and vice versa. Note that we do not attempt to
model details of star formation in giant molecular clouds,
which requires more advanced simulation setups. Our main
goal is simply to gauge systematic differences between dif-
ferent feedback implementations at the resolution level that
should be affordable in cosmological simulations in the near
future.

4.2.1. No self-gravity

In Figure 7 we show evolution of star formation efficiency
within the cloud, defined as ✏cl(t) = M⇤(t)/Mcl,ini, where M⇤(t)
is the total stellar mass formed at time t and Mcl,ini is the initial
cloud gas mass, in the simulations without self-gravity.

For Z = 1Z� without any feedback, the cloud forms stars
unhindered until ✏cl ⇠ 0.75 when the cell densities fall below
the star formation threshold. Supernovae feedback alone can
reduce the overall efficiency to ✏cl ⇠ 0.2. When no momentum
from SNe is accounted for, the efficiency is somewhat larger:
✏cl ⇠ 0.25, and the same conclusion holds when all thermal
energy (and no momentum) sources of stellar feedback are
present.

The stellar fractions differ significantly when pre-SN mo-
mentum feedback is included. Radiation pressure alone sets
✏cl ⇠ 0.125, and the conversion efficiency decreases some-
what when momentum from wind and SNe feedback is added.
When momentum and energy deposition from all feedback
mechanisms is included, the final efficiency approaches ✏cl ⇠
0.1, although with significantly more hot gas present in com-
parison to pure momentum feedback. The hot gas causes vig-
orous late time expansion of the star forming region, which is
illustrated in the time evolution of the projected density and
temperature in Figure 8.

The results are different in the case of low-metallicity gas12

shown in the right hand-side of Figure 7. As the gas cooling
rates are lowered, a purely energy based feedback scheme can

12 We here adopt a metallicity independent star formation threshold of
⇢⇤ = 25cm-3 to facilitate a comparison with the Z = 1Z� case.

Agertz et al. 2013 

Feedback in GMCs needed to 
keep star-formation “inefficient”,!
i.e. only ~few% of the mass gets 

turned into stars.

What is the dominant feedback source?  !
How does that vary with environment?



Resolving SF Feedback
Possible to observe GMCs at 

various evolutionary states now 
with ALMA in nearby galaxies!

(~0.1-1” scales).

No. 1, 2009 MOLECULAR CLOUDS IN THE LMC BY NANTEN. II. 17

150 pc

Type I
no massive 

star formation

Type II
only HII regions

Type III
HII regions and
young clusters

only young clusters

Figure 13. Evolutionary sequence of the molecular clouds. The left panels are
examples of GMC Type I (GMC 215, LMC N J0544−7127 in Table 1), Type
II (GMC 135, LMC N J0525-6609), and Type III (the northern part of GMC
197, LMC N J0540−7008) from the top panel, respectively. Each panel presents
Hα images from Kim et al. (1999) with GMCs identified by NANTEN (Paper
I) in contours: The contour levels are from 1.2 K km s−1 with 1.2 K km s−1

intervals. Open circles indicate the position of young clusters (Bica et al. 1996).
The middle panels are illustration for each evolutionary stage. Open circles and
filled circles in red represent young clusters and H ii regions, respectively.
(A color version of this figure is available in the online journal.)

youngest stellar clusters, 10 Myr, we roughly estimate the
timescales of Types I, II, and III to be 6 Myr, 13 Myr,
and 7 Myr, respectively, for those with a mass above the
completeness limit, 5 × 104 M⊙. This corresponds to a
lifetime of the GMC of 20–30 Myr.

The NANTEN project is based on a mutual agreement
between Nagoya University and the Carnegie Institution of
Washington (CIW). We greatly appreciate the hospitality of
all the staff members of the Las Campanas Observatory of
CIW. We are thankful to many Japanese public donors and
companies who contributed to the realization of the project.
This study has made use of SIMBAD Astronomical Database
and NASA’s Astrophysics Data System Bibliographic Services.
This work is financially supported in part by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (No. 15071203), from
JSPS (No. 14102003, No. 18684003, and core-to-core program
17004), and the Mitsubishi Foundation. A.K. is financially
supported by the 21st century COE program.
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Cloud properties vs evolutionary 
state tells us about feedback.!

(gas temp, dust temp, !
velocity dispersion, etc).



Resolving SF Feedback
These questions can be addressed by studying !

molecular gas excitation with high-J CO for individual clouds.!
!

ALMA will be great for lower CO rotational levels at GMC scales.

12CO ladders in NGC 3627 
from the Herschel Program 

“Beyond the Peak” !
(PI JD Smith)

Herschel SPIRE-FTS !
made exciting progress !

on ~kpc scale.



Resolving SF Feedback
A case for shocked molecules in NGC 1266 3
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Figure 1. The SPIRE-FTS spectrum from 200 to 600 µm. Emission lines include 12CO from J=(4-3) to J=(13-12), [N II] 205, [C I] 370 and 609 µm. Strong
ortho and para H2O emission characteristic of ULIRGS is seen in emission (solid line) as well as absorption (dashed line).

high ionization fractions in molecular gas leading to H2O+

and OH+ emission with comparable intensities to H2O lines
(van der Werf et al. 2010; Meijerink et al. 2013), yet no emis-
sion from these molecules is detected. We do detect absorp-
tion from H2O+, but this has been seen in systems where
XDR are ruled out (e.g. Arp220, Rangwala et al. 2011).

Second, βCO also eliminates XDRs as the dominant heat-
ing source in NGC 1266. The efficiency at which X-rays are
converted to line emission and IR continuum is very differ-
ent than in shocks which heat gas but are relatively ineffi-
cient at heating dust. This is illustrated in Figure 3, a plot of
βCO against β[CI] and βH2O. As discussed in Meijerink et al.
(2013), XDR and PDR models have an upper limit on the
line-to-continuum ratio of βCO ≤ 10−4, represented by the
dashed line in Figure 3. In NGC 1266 that ratio for the 13 de-
tected CO lines is nearly 10−3, just below that of NGC 6240
(see Figure 3). Alatalo et al. (2011) found that the observed
βH2

ratio was 3 times larger than could explained by an XDR.
The ratio of β[CI] is also enhanced by an order of magnitude
in NGC 1266, as in NGC 6240. The linearity of [C I] with
12CO, seen in Figure 3, suggests it is a powerful diagnostic
especially useful where the entire 12CO is not observable, as
is the case with high redshift galaxies observed with ALMA.

3.2. Shocked H2O
The gas phase abundance of H2O is driven by two pro-

cesses: formation via endothermic reactions and the release
from ices on the surface of dust grains. J- and C-shocks, as
well as XDRs, are capable of producing the warm and dense
molecular gas characteristic of H2O emitting regions.

H2O emission is not included in the Wolfire et al. (2010)
PDR models because it is very faint. Therefore, we assume
the Orion Bar value of L(H2O)/L(CO)= 0.001 (Habart et al.
2010) for our modeled PDRs. The observed parameters of the
Orion Bar PDR G0 ≈ 4 × 104 (Tielens & Hollenbach 1985)
and n(H) ≈ 105 cm−3 (Allers et al. 2005; Pellegrini et al.
2009) are of higher density and excitation than the PDR
parameters necessary to explain the low excitation CO in
NGC 1266. These energetic conditions favor the formation
of water, and thus provide an upper limit to the H2O emission
we expect from the PDR.

Table 2 and Figure3 summarize the ratio of H2O, 12CO
and [CI] to L(TIR). We examine the ratio of H2O to
12CO because both originate in molecular gas, unlike the

Table 1
NGC 1266 IRS, PACS and SPIRE-FTS Extinction Corrected Line Fluxes

Species Trans Wave(µm) Flux(10−17Wm−2) Inst.
12CO 1-0 2600 0.063±0.004 1

12CO 2-1 1300 0.39±0.015 1

12CO 3-2 867.0 1.02±0.11 1

12CO 4-3 650.7 2.69±1.14 2

12CO 5-4 520.6 3.84±0.69 2

12CO 6-5 433.9 4.28±0.35 2

12CO 7-6 371.9 4.76±0.28 2

12CO 8-7 325.5 4.71±0.36 2

12CO 9-8 289.3 4.64±0.65 2

12CO 10-9 260.4 3.94±0.60 2

12CO 11-10 236.8 4.03±0.61 2

12CO 12-11 217.1 2.85±0.30 2

12CO 13-12 200.4 2.65±0.58 2

H2O 211 − 202 398.9 1.09±0.32 2

H2O 202 − 111 303.7 2.91±1.04 2

H2O 312 − 303 273.4 1.80±0.40 2

H2O 312 − 221 260.2 1.83±0.61 2

H2O 321 − 312 258.0 2.38±0.45 2

H2O 220 − 211 244.1 1.69±0.45 2

H2O 422 − 413 248.2 <0.47 2

H2O 523 − 514 212.5 <0.47 2

[C I] · · · 370.7 3.19±0.26 2

[C I] · · · 609.6 1.13±0.86 2

[C II] · · · 157.7 17.30±0.46 3

[O I] · · · 63.18 11.40±1.32 3

[N II] · · · 205 1.70±0.88 2

H2 S(4) 8.026 21.90±1.01 4

H2 S(3) 9.662 13.00±0.39 4

H2 S(2) 12.282 10.90±0.26 4

H2 S(1) 17.035 8.48±0.10 4

H2 S(0) 28.171 2.94±0.22 4

H2 1-0S(1) 2.1213 10.90±0.20 5

Note. — Ground 12CO from 1Alatalo et al. (2011). Lines observed with
2SPIRE-FTS, 3PACS, 4Spitzer-IRS instruments. NIR H2 from 5Riffel et al.
(2013). IRS fluxes have been extracted over a 10” aperture centered on the
peak of the IR continuum emission which is unresolved by Spitzer and Her-
schel.

IR continuum. The Shock+PDR combination predicts a
L(H2O)/L(CO)=0.34, very similar to the NGC 1266 value of
0.33. The observed value is also similar to that found in the
XDR heated Mrk231 (van der Werf et al. 2010), and the me-
chanically heated Arp220 (Rangwala et al. 2011). Thus, to-
tal L(H2O) relative to L(CO) or L(TIR) is limited as a shock

NGC 1266 with SPIRE-FTS; Pellegrini et al. 2013

Other lines in the far-IR will be interesting for feedback studies as well.!
(e.g. H2O, rotational lines of other molecules, OH+).!

!
13CO ladder gives excellent handle on gas properties.



Resolving SF Feedback

Matched ALMA resolution in nearby galaxies ~1’’ for low-J CO lines.

Killer App:!
12CO and 13CO high-J ladders for many individual GMCs at 

various evolutionary states in nearby galaxies.

SPIRE-FTS has done these type of observations on kpc scales for 12CO,!
necessary sensitivity on ~50 pc scales will depend on clumpiness,!

factor of >10 improvement for 13CO ladder.



What will this require?
Parameter Units Value or Range

Wavelength range μm 200-600 µm

Angular resolution arcsec ~1’’

Spectral resolution, (λ/∆λ) dimensionless comparable to SPIRE FTS, 300-1500

Continuum sensitivity μJy n.a.

Spectral line sensitivity 10e-19 W m ~1-10 (for 13CO ~1)

Instantaneous FoV arcmin ~1

Resolving SF Feedback



ISM Phase Balance

Herschel Key Program GOT C+

Pineda et al. 2013; GOT C+

Langer et al. 2014, Pineda et al. 2013, !
Velusamy et al. 2012, and others

Comparison with HI, CO at 
comparable resolution - separate 

different phases contributing to [CII].

New high velocity resolved !
[CII] 158 µm observations have !

given new insight into ISM phases !
in the MW.



ISM Phase Balance
Langer et al. 2014; GOT C+

High-velocity resolution [CII] 
compared to CO/HI is one of the only 
ways to directly detect “CO-dark” H2.

HI, C+
H2 CO

decreasing metallicity & DGR

CO-dark H2

Z⊙◉☉⨀

Maloney & Black 1988, Bolatto et al. 1999, !
Wolfire et al. 2010, Glover & Mac Low 2011

GOT C+ measurement of CO-
dark H2 fraction in the MW ISM.



ISM Phase Balance

Some studies in nearby galaxies !
with Herschel-HIFI!

(esp. HerM33es)!
!

Several recent or planned SOFIA-
GREAT observations

Braine et al. 2012 from HerM33es Key Program

Killer App:!
High velocity resolution 

mapping in nearby galaxies, e.g. 
GOT C+ in other galaxies.



What will this require?
Parameter Units Value or Range

Wavelength range μm 50-250 µm  ([CII] 158 µm, [OI] 63 µm, 
[NII] 122, 205, others)

Angular resolution arcsec ~few”

Spectral resolution, (λ/∆λ) dimensionless ~10e6

Continuum sensitivity μJy n.a.

Spectral line sensitivity 10e-19 W m ~1 (based on kpc-scale [CII] in nearby 
galaxies + need to measure detailed line 
profile)

Instantaneous FoV arcmin multi-pixel array is best - map ~arcmin 
size fields

ISM Phase Balance



Observational Goals for Nearby Galaxies

❖ ~1’’ resolution in far-IR continuum and line 
observations.!

❖ Coordination between ALMA and JWST observations 
and future far-IR telescope - needs planning since at 
least JWST probably won’t overlap.!

❖ High velocity resolution far-IR line observations.

Summary:


