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1. Galaxy Evolution was different 11 Gyrs ago
2. The majority of cosmic star formation is hidden behind dust

Dust-obscured 
star forma0on

Unobscured
star forma0on

Madau & Dickinson 2014
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Resolving the interstellar medium in the Milky Way

Hollenbach & Tielens 1997
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Figure 2. Critical densities for
collisional de-excitation versus
the ionization potential of the IR
fine-structure lines (adapted from
Spinoglio & Malkan 1992).

2000; Gebhardt et al. 2000), all suggest that the two
processes are physically linked.
The mid- to far-IR spectral range includes a suite of

atomic and molecular lines and features, covering a wide
range of physical conditions (excitation, density, ioniza-
tion, radiation field, metallicity and dust composition)
in galaxies (Fig. 2, and Spinoglio & Malkan 1992). Ta-
ble 1 lists the set of atomic and ionic fine structure lines
that will be covered by the SMI and SAFARI spectrom-
eters onboard SPICA, for the top nine most abundant
elements in the universe after H and He (the so-called
‘‘metals”). These lines reveal the detailed physics in the
various phases of the interstellar medium (ISM), from
HII and photo-dissociation regions (PDR), to the Nar-
row Line Regions excited by AGN. In the highly opaque,
dust obscured ISM of actively star-forming galaxies and
AGN, the IR lines are among the few probes of the phys-
ical conditions in the gas and dust clouds surrounding
the SMBH or young, hot stars.
The neutral gas surrounding star-forming regions

can be traced using the temperature sensitive [OI]
lines at 63µm and 145µm, while the ionised gas
can be studied using many di↵erent tracers to
measure temperature, density and abundances. The

[NII]122/205µm, [OIII]52/88µm, [SIII]18.7/33.5µm,
and [NeIII]15.6/36.0µm line ratios are individually sen-
sitive to the density; since the electron temperatures are
generally higher than the excitation states of the lines
connecting these line ratios, they are not sensitive to
the temperature.
The strength and hardness of the radiation field can

be derived from line pairs of the same element in di↵er-
ent ionization states and here again the SPICA wave-
length range is ideal. Examples are the [NIII]57µm
to [NII]122 or 205µm ratio, the [NeIII]15.6µm to
[NeII]12.8µm ratio and the [OIV]26µm to [OIII]52 or
88µm ratio. The ratio of the [OIII] to [NIII] lines can be
used to derive relative abundances of O and N, two key
elements in the gas chemistry (see Fernández-Ontiveros
et al. 2017). Other strong lines, such as [SiII]34.8µm
or [CII]158µm, probe the interface between the neutral
and ionized gas.
The SFR can be obtained via low-ionization lines (e.g.

[NeII]12.8µm, [NeIII]15.5µm, [SIII]18.7µm), while the
AGN accretion rate can be measured via high-ionization
lines (e.g., [OIV]25.9µm, [NeV]14.3µm and 24.3µm).
To disentangle emission from an AGN and that of
star formation (Spinoglio et al. 2005; Armus et al.

PASA (2017)
doi:10.1017/pas.2017.xxx

Spinoglio et al. 2018
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system does not affect the global effective dust temperature
(Misselt et al. 2001; Safarzadeh et al. 2016). How size and
increased dust/gas mass are linked is also difficult to unravel.
Locally, compaction can lead to a more efficient transformation
of atomic gas into molecular gas (Larson et al. 2016), so a
decrease in size could actually be the trigger of increased
molecular gas masses in many of the GOALS galaxies (Díaz-
Santos et al. 2010a, 2010b). Alternately, a smaller size
translates to a higher SFR surface density, which would boost
L IR

SF without requiring a boost in Mgas, leading to higher SFE at
smaller size (Hayward et al. 2011, 2012). These effects are
observed locally and in simulations, but our small sample of
high-z galaxies do not appear to show any of the same trends
between small size and higher temperatures or L MIR

SF
dust.

These galaxies also have optical radii measurements from the
CANDELS collaboration, and we find no correlation between
the optical radius measured in the observed frame H-band and
L MIR

SF
dust. On the other hand, Scoville et al. (2016) argue that

high-z galaxies have more turbulent ISMs, leading to
compression in the ISM and enhancing the SFE per unit mass.
This efficient mode of star formation can occur throughout the
galaxy, so no obvious correlation between galaxy size and dust
temperature may be expected.

Local galaxies can be resolved, allowing their ISM geometry
to be measured in more detail than high-redshift galaxies (e.g.,
Barcos-Muñoz et al. 2015). Given the quality and abundance of
observations, it is more straightforward to link mergers with
compact starbursts with dust heating in the GOALS samples
(Díaz-Santos et al. 2010a). However, without resolved
observations of the ISM in high-redshift galaxies, we see no
obvious link between mergers, size, L MIR

SF
dust, and Tdust in our

sample. Therefore, we must conclude that a galaxy’s global far-
IR/submillimeter emission, parameterized through LIR, Tdust,
Mdust, or fgas may not tell observers anything about the ISM
geometry, extent, or merger stage of that galaxy.

6.3. The Effect of Increased Gas Fraction

There are two likely explanations for the observed increase
in Mdust with redshift. The first is that DSFGs at ~ –z 1 2 are
simply more massive overall, that is, they have a higher stellar
mass.M* is expected to broadly scale with Mdust, since a higher
M* in a DSFG implies a higher metallicity, supplying more
metals to form dust in the ISM.

In Figure 8, we compare Mdust with M*. The three samples
span the same range of * ~ :–M Mlog 10 11.5 . However, the
Supersample galaxies have roughly an order of magnitude
higher dust masses. The solid, dotted, and dashed lines indicate
how the relationship Mdust versus M* is predicted to evolve
with redshift using the semi-analytic models of Popping et al.
(2016). We find an increase in the Mdust with redshift larger
than predicted by those models. The Supersample is offset from
the GOALS galaxies by~0.7 dex, which is the same amount of
offset seen in the bottom panel of Figure 5. The Popping et al.
(2016) models shown in our comparison are based on a semi-
analytic model of galaxy formation in a cosmological context,
which includes a standard suite of physical processes (gas
accretion and cooling, star formation, stellar feedback,
chemical enrichment, etc.). In addition, the Popping et al.
(2016) model includes self-consistent tracking of the main
processes thought to produce and destroy dust in galaxies,
including dust condensation in stellar ejecta, dust growth
through accretion in the ISM, dust destruction by supernovae,

and ejection of dust by stellar-driven winds. The much milder
evolution of *M Mdust with redshift predicted by these models
relative to our findings is interesting, as it indicates that one or
more of the model ingredients need to be revised.
The main sequence, which is the relationship between SFR

and M*, evolves with redshift (e.g., Whitaker et al. 2012). That
is, for a given M*, galaxies had a higher SFR at ~ –z 1 2 than
today. A higher SFR can be tied to an increase in dust mass
indirectly, as the majority of grain growth is predicted to occur
in the ISM, and a more gas-rich ISM will lead to higher dust
masses and higher SFRs (e.g., Dwek 1998; Draine 2003;
Santini et al. 2014; McKinnon et al. 2016a). The increased dust
mass in the Supersample might then be a natural consequence
of the increase in gas fractions with lookback time. As
mentioned above, submillimeter data can also be converted to
MH2, and we use this parameterization to calculate gas fractions

*= +(f M M Mgas H H2 2). These gas fractions are consistent
with what we derive using CO observations for several
5MUSES and Supersample galaxies (Yan et al. 2010;
Kirkpatrick et al. 2014b).
We also calculate the distance of these galaxies from the

main sequence. The main sequence evolves with redshift, and it
flattens at higher M*. Therefore, we follow the method in
Scoville et al. (2017) to calculate the main sequence. We use
the relationship between M* and SFR parameterized in Lee
et al. (2015) at z=1.2:
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Figure 8. We explore how much of the increase in dust mass is related to the
evolution of the main sequence (MS) with redshift. The Supersample galaxies
(orange triangles) span the same range of stellar mass as the GOALS galaxies
(purple squares) and 5MUSES galaxies (green crosses). We overplot the
predicted relationship between Mdust and M* for three different redshifts from
the models of Popping et al. (2016). Although generally consistent with the
lower-redshift galaxies, the Supersample galaxies have significantly more dust
than predicted by the models. We also predict what Mdust a galaxy with

* = :M Mlog 10.7 would have at z=0 and z=1.2 based on the evolution of
fgas with z and assuming a constant dust to gas ratio. The dark triangle
(z=1.2) and square (z = 0) demonstrate that the predictions are consistent
with the measurements. The bar in the lower right indicates the estimated errors
on the 5MUSES and GOALS galaxies based on comparison with K-band
derived stellar masses. If the 5MUSES galaxies are overestimated, this would
explain the lack of consistency with the Popping et al. (2016) models at ~z 0.
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Currently limited to massive galaxies: 
LMT/TolTEC will measure the dust masses 
for galaxies 10 x less massive, and from 
2020-2022, will do so for tens of 
thousands of galaxies from z=0-10 

toltec.astro.umass.edu
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Need to look at PAH and [CII] in the same
galaxies to understand this connec:on:

Jed McKinney (UMass grad student) working 

on this in z~2 galaxies…..   Stay tuned! 



Evolving interstellar medium

1. Molecular gas
2. Dust content and dust obscuration
3. Ionized and neutral gas
4. Polycyclic Aromatic Hydrocarbons
5. AGN heating

log (- EW 11.3µm PAH Feature)  (µm)
lo

g 
( 

[N
eV

] 
/ [

N
el

l]
 )

-3  -2  -1  0  1  2

1

0

-1

-2

-3

-4

Mid-IR  AGNs
Optical AGNs

AGN Cont.

50%
25%

10%

1%

50%

100% SF Cont.

log ([NII]λ6583Å/Hα)
-2  -1  0  1

lo
g 

([
O

III
] λ

50
07

Å/
Hβ

)

SDSS DR7
Mid-IR  AGNs
D<15 Mpc Sample

HII

Seyferts

LINERs

1

0

-1

-2

Goulding & Alexander (2009) Spinoglio et al. 2017

z~0

z~0



Kirkpatrick et al. 2015

Evolving interstellar medium

1. Molecular gas
2. Dust content and dust obscuration
3. Ionized and neutral gas
4. Polycyclic Aromatic Hydrocarbons
5. AGN heating

z~1-2



Evolving interstellar medium: What does it all mean?

1. Molecular gas 
• gas fraction ⬆ ~10 from z=0-1

2. Dust content and dust obscuration
• dust mass ⬆ ~10 from z=0-1
• obscuration (per stellar mass) does not evolve from z=0-2.5

3. Ionized and neutral gas
• Line/LIR⬇ w/ LIR but deficit evolves to higher LIR from z=0-3

4. Polycyclic Aromatic Hydrocarbons
• Line/LIR⬇ w/ LIR but deficit evolves to higher LIR from z=0-3

5. AGN heating
• evolution not well constrained
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Fig. 5.— The relationship between nuclear SFR as traced by the 11.3 µm aromatic feature and BHAR as traced by [O iv]. Seyferts with
high accretion rates also tend to have enhanced nuclear SFRs. The solid line is the best-fit relationship (equation 4), and the dotted lines
show the 95% confidence interval on the regression line.

star-forming luminosity (e.g., see Figure 2), thus con-
cluding that this relationship is stronger than it actu-
ally is. The destruction of aromatic molecules by the
AGN does not appear to have a significant effect on the
11.3 µm aromatic feature in the circumnuclear environ-
ment of local Seyfert galaxies (Diamond-Stanic & Rieke
2010). That said, if such destruction were important, it
would mean that the connection between star-formation
rate and black hole accretion rate (a central result of this
paper, see Section 5) is actually stronger than we’ve pre-
sented. We therefore adopt the 11.3 µm aromatic feature
as the most robust tracer of the SFR for our sample. We
adopt an uncertainty of 0.2 dex on conversions between
the 11.3 µm aromatic feature strength and IR luminosity
based on the scatter in this ratio for the SINGS sam-
ple (Smith et al. 2007a) and an additional uncertainty of
0.2 dex for conversions between IR luminosity and SFR
(Rieke et al. 2009). Adding these in quadrature, the un-
certainty on SFRs obtained from equation 2 is 0.28 dex.

5. RESULTS

5.1. Black Hole Accretion v. Nuclear Star Formation

In Figure 5, we show the relationship between BHAR,
as traced by [O iv], and nuclear SFR, as traced by the
11.3 µm aromatic feature. A strong correlation is ap-
parent: Seyferts with larger BHARs tend to have larger
nuclear SFRs. We use the linear regression method8 out-
lined by Kelly (2007) to quantify the relationship be-
tween nuclear SFR and BHAR:

SFR(11.3 µm,M⊙ yr−1) = 7.6+9.8
−3.9

!

ṀBH

M⊙ yr−1

"0.80+0.14
−0.12

(4)
The uncertainties on the regression parameters above
correspond to the interval that includes 90% of the pos-
terior distribution for each parameter (see Table 2). The
best-fit regression line and 95% confidence interval, given
the uncertainties in the regression parameters, are shown
as solid and dashed lines in Figure 5. The observed scat-
ter around this relationship is 0.52 dex (treating BHAR
upper limits as detections), although the posterior me-
dian estimate of the intrinsic scatter is 0.37 dex (see Ta-

8 code available from the IDL Astronomy User’s Library (lin-
mix err.pro), http://idlastro.gsfc.nasa.gov/

Diamond-Stanic & Rieke 2012

Black hole accretion rates





JWST will extend these powerful MIR diagnostics to z~1-2 
and begin to spatially resolve 

NGC 1068, Le Floc’h et al. 2001
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Local ULIRGs: Stierwalt et al. 2013
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• The conditions in the interstellar 
medium in galaxies evolve from 
z=0-3: more gas, more dust, 
luminous [CII] and PAH emission

• Dust obscuration does not
evolve for a given stellar mass 
galaxy from z=0-2.5

• Origins Space Telescope will 
probe the full suite of ISM 
tracers in galaxies from z=0-8 
(see Friday talk by Lee Armus)


