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Abstract: Ultraluminous Infrared Galaxies at z<0.3 are 
regarded as the low redshift baseline for redshift evolution 
of obscured starbursts. Comparisons with SMGs allow us to 
determine how starbursts have changed across the history 
of galaxy evolution. ULIRGs studies can provide insights 
into more distant populations. HERUS is the largest 
Herschel survey of low z ULIRGs, with spectroscopic and 
photometric data for a complete sample of IRAS 60μm 
selected ULIRGs. Data includes PACS line spectroscopy, 
SPIRE FTS line surveys and SPIRE photometry, with 
complementary data from SHINING for some objects.

The Sample: A complete sample of local ULIRGS (ie. Lfir 
> 1012 Lsun with z<0.3 and F60 > 1.8 Jy. The total number 
of objects selected in this way is 43. The sample includes 
two objects, 3C273 and IRAS13451+1232, whose far IR 
SED is dominated by non-thermal emission. Plentiful 
ancillary data for all these sources exist, including IRS 
mid-IR spectroscopy.

PACS Line Spectroscopy: Line spectroscopy of [OIII], 
[NIII], [OI], [NII], [OI], [CII] were obtained for all targets, 
and of [OH] for for those at z<0.262 (Farrah et al., 2013; 
Spoon et al., 2013).The Astrophysical Journal, 776:38 (28pp), 2013 October 10 Farrah et al.
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Figure 2. One-dimensional spectra of each line for the second eight objects in Table 1, excluding Mrk 231 (see Fischer et al. 2010). The labeling of the plot is the
same as in Figure 1.
(A color version of this figure is available in the online journal.)
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Example line spectra from PACS (Farrah et al., 2013).

Line to continuum ratios vs. Lfir for HERUS ULIRGs and 
lower L systems. Our ULIRGs are line deficient 

compared to less luminous systems, especially in the 
case of [CII] 

Molecular Outflows: Examination of OH lines for the 24 
objects studied finds P-Cygni profiles and thus embedded 
molecular outflows in the nuclei. 15/24 sources have 
outflow velocities >700 kms-1, suggesting they are driven by 
AGN. Three sources have outflow velocities greater than 
that of Mrk 231 (shown below) (Spoon et al., 2013).
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Figure 6. Comparison of the normalized OH119 profiles of IRAS 00188−0856, 03158+4227, and 20100−4156 (gray surfaces) with the OH119 profile of Mrk 231
(black line; Fischer et al. 2010).

Table 4
Quantities Measured from the OH119 Absorption Component

Galaxy vobs
max

a vmax
b Balnicity

(km s−1) (km s−1) (km s−1)

00188−0856 −1805 −1781 118
00397−1312
01003−2238 −1272 −1238 194
Mrk 1014
03158+4227 −2065 −2044 350
03521+0028 −232 >−100 <1
06035−7102 −1155 −1117 81
06206−6315 −805 −750 31
07598+6508 −1225 −1190 15
08311−2459
10378+1109 −1332 −1300 149
11095−0238
12071−0444 −967 −922 53
3C273
13451+1232
Mrk 463
15462−0450 −972 −927 61
16090−0139 −1451 −1422 53
19254−7245 −1163 −1126 39
20087−0308 −864 −812 24
20100−4156 −1635 −1609 177
20414−1651 −249 >−100 2
23230−6926 −894 −845 20
23253−5415 −712 −650 8
Mrk 231c −1594 −1573 120

Notes. The estimated uncertainty for all vmax velocities is
±200 km s−1 the estimated uncertainty for the balnicity is 15%.
a Terminal velocity as observed.
b Terminal velocity corrected for turbulence (100 km s−1) and
spectral resolution in quadrature.
c SHINING source (Fischer et al. 2010) processed using our
methods.

of the normalized continuum as the cut-off for integrating
the absorption profile is rooted in the uncertainty in our
choice of the continuum level. Excluding the first 2% of the
absorption feature therefore ensures that we are never integrating
a “false” absorption. The resulting balnicities have an estimated
uncertainty of 15% and are tabulated in Table 4. Five ULIRGs
have balnicities comparable to or exceeding that of Mrk 231.

4.5. Correlations of vmax and Balnicity with Other Observables

Here, we follow the SHINING team (Sturm et al. 2011) and
look for a correlation between the maximum OH119 outflow
velocity and measures of the power of the AGN and the starburst.

To infer the power of the AGN in a ULIRG, we measure the
slope of the mid-IR continuum between 15 and 30 µm and use
the zero-point calibration from Veilleux et al. (2009) to convert
the relative AGN contribution to Lbol, α, to the bolometric AGN
luminosity LAGN,bol. We estimate the uncertainty in α to be
±0.15.

Lbol itself is assumed to be 1.15 × LIR, which Veilleux et al.
(2009) deem appropriate for ULIRGs. The star formation rate
(SFR) is inferred from the fraction of LIR that is not powered by
the AGN, 1 − α, and is defined as SFR = (1 − α) × 10−10 LIR
(Sturm et al. 2011).

In Figure 7, we plot the maximum outflow velocity for 17 out
of 24 of our sources as a function of AGN luminosity and SFR.
Also shown is Mrk 231, the SHINING source (Fischer et al.
2010) that we analyzed in the same way as the HERUS sample.
The upper panel of Figure 7 suggests a trend of increasing
maximum OH outflow velocity with increasing AGN power.
The trend appears steeper for sources with a high silicate optical
depth than for sources with a lower silicate optical depth. All
four starburst-dominated sources (color coded blue) furthermore
show maximum outflow velocities below ∼800 km s−1, while
all four AGN-dominated sources (color coded green) display
maximum outflow velocities in excess of 900 km s−1. The lower
panel of Figure 7 is a scatter plot, suggesting no correlation
between f(30 µm)/f(15 µm) based SFR and the maximum OH
outflow velocity in our sample. A similar lack of correlation is
obtained using a polycyclic aromatic hydrocarbon (PAH) flux
based SFR (Farrah et al. 2007, their Equation (5)). The above
findings are consistent with the results presented by Sturm et al.
(2011) for a sample of six ULIRGs and one starburst galaxy
observed in the OH119, OH79, and OH6524 doublets.

As shown in Figure 8, a correlation also appears to exist
between the AGN luminosity and the balnicity of the OH119
doublet. Apart from a few notable outliers, the power law cor-
relation holds over a factor of four in AGN luminosity. This
result may be surprising since the OH119 doublet is generally
optically thick and thus the depth of the feature is not neces-
sarily a true measure of the OH column probed. Outliers in
this plot, IRAS 10378+1109, 12071−0444, 16090−0139, Mrk
231, and especially IRAS 07598+6508, happen to also be out-
liers in the top panel of Figure 7. The trends in both plots
would improve if the AGN fraction α was underestimated be-
yond our adopted uncertainty of 15% for IRAS 10378+1109
(α = 0.30) and overestimated for IRAS 12071−0444 (α =
0.75), 16090−0139 (α = 0.43), and Mrk 231 (α = 0.81). For

24 Transition between the second and third excited states on the Π3/2 ladder of
OH. The doublet lines are centered at 65.132 and 65.279 µm, respectively.
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Observed OH profiles (grey) compared to that of Mrk231 (line)
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Figure 10. Comparison of the normalized 119 µm OH doublet profile to the
scaled emission line profiles at 12.81 µm [Ne ii] (red), 15.56 µm [Ne iii] (blue),
and 158 µm [C ii] (black). All four sources show broad [C ii] pedestal emission,
consistent with a Gaussian profile of FWHM of 800–1150 km s−1 (black dashed
lines). The spectral resolution of the OH119 line is shown by a dashed black
Gaussian profile in the bottom right corner of each panel. The Spitzer-IRS-SH
spectral resolution is shown as a light gray profile.
(A color version of this figure is available in the online journal.)

Figure 11. Comparison of the normalized 119 µm OH doublet profile to the
scaled and smoothed emission line profiles of 63 µm [O i] (purple), 122 µm
[N ii] (orange), and 158 µm [C ii] (black) lines. The strong absorption in the
blue wing of the 122 µm [N ii] line is likely due to outflowing o-H2O 432–423
(121.7191 µm; v = −440 km s−1; Fischer et al. 2010). The [O i] line appears
to be self-absorbed at velocities around −100 km s−1. Departures from pure
Gaussian behavior can also be seen in [C ii] and [N ii] at those velocities. The
spectral resolution of the OH119 line is shown by a dashed black Gaussian
profile in the bottom right corner.
(A color version of this figure is available in the online journal.)

4.6.3. [N ii] Line Profiles

For some sources in our sample, the 122 µm [N ii] line is
broader than the [C ii] line—more than would be expected
based on the difference in spectral resolving power between their
observed wavelengths. An extreme case may be Mrk 1014, for
which the intrinsic FWHMs differ by a factor of two (Figure 2).
We speculate that these differences may be due to differences
in critical density between the 122 µm [N ii] and the [C ii] lines
in ionized gas, in the sense that the [N ii] line may be tracing
denser gas deeper in the galaxy potential well than the [C ii] line
does. Note that some of our 122 µm [N ii] profiles are affected
by absorption/emission due to the high-lying 432–423 transition
of o-H2O at 121.7191 µm, 430 km s−1 in the blue wing of the
[N ii] line (Fischer et al. 2010; González-Alfonso et al. 2010),
although absorption by HF at the same wavelength cannot be
ruled out (Fischer et al. 2010).

The clearest and most extreme example in our sample is
IRAS 20414−1651, whose [N ii] line profile is shown in
Figure 11 along with the line profiles of [C ii], 63 µm [O i], and
OH119. The same source also shows the only clear case of self-
absorption of 63 µm [O i] emission in our sample, indicating that
there is cold neutral oxygen gas (photodissociation regions) in
the line of sight to the central region (Poglitsch et al. 1996).
Another clear example of 121.7191 µm H2O absorption is
IRAS 20087−0308. H2O emission is tentatively detected in
IRAS 00397−1312 at almost the same strength as the [N ii] line
there.

4.6.4. Comparison of Fine-structure Line Profiles to OH119 Profiles

A source-by-source comparison of the galaxy-integrated fine-
structure and OH119 line profiles, as visualized in Figures 2, 10,
and 11, allows us to make several observations about the gas
kinematics of the ionized, neutral, and molecular gas in our

17

Four sources show high velocity 
wings in [CII] implying neutral gas 
outflow masses 2-4 x 108 Msun. 
The most extreme example is 
IRAS 20414−1651 which also 
shows broad [NII] wings (shown 
here).

FTS Spectroscopy: Provides a line survey from 200 to 
670 μm. Multiple CO, water & other lines detected. CO 
SLEDS allow diagnostics of exciting radiation field 
(Pearson et al., 2016).

– 38 –

Fig. 13.— Line fitting results for IRAS 19297-0406, IRAS 14348-1447, IRAS 06035-7102, IRAS

22491-1808, IRAS 14378-3651, IRAS 23365+3604, IRAS 19254-7245, IRAS 09022-3615, IRAS

08572+3915, IRAS 15250+3609. The processed spectra (blue) are shown with the model fits

overlaid (green). Photometry points are also shown (black dots). Fitted line species are indicated

by the vertical bars.

– 47 –

Fig. 22.— Example fit for a 3 component temperature model generated by the Radex non-LTE

radiative transfer code (van der Tak et al. 2007) for IRAS 0922-3615. The CO SLED is fit by a

cold (47K) component for the low-J transitions, warm (205K) component for the mid-J transitions

and a hot (415K) component for the high-J transitions. The reduced χ2 for this fit is below unity.

SPIRE Photometry: SPIRE provides photometry at 250, 
350 and 500μm, extending our knowledge of the colours 
& SEDs of these objects (Clements et al., in prep).
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Local ULIRGs have warmer colours than local 250 μm 
selected sources or distant SMGs. Is this a result of 

selection at 60 rather than 250μm?

The Most Luminous 
Infrared Galaxy in 
the z<0.2 Universe: 
Line and SED 
modelling of IRAS 
08572+3915 using 
Herschel and IRS 
data suggests it is 
powered by an AGN 
with an edge on torus, 
with an underlying 
luminosity of 1.1 x 
1013 Lsun (Efstathiou et 
al., 2014). 

Observations and a model for IRAS 08572+3915 L19

Figure 2. Fit to the SED of IRAS 08572+3915 with a smooth edge-on torus
(blue dotted line) and a young starburst (red dashed line). The total emission
is given by the black solid line. Broad-band data (blue filled circles) are
from this work, Carico et al. (1988) and IRAS. The Spitzer/IRS spectrum
(Wang et al. 2011) is shown in magenta.

Figure 3. Best-fitting models to the SED of IRAS 08572+3915 with pure
smooth torus (blue dotted line), pure clumpy torus (green dot dashed line)
and pure starburst (red dashed line). The data are the same as those plotted
in Fig. 2.

We can now combine the submillimetre photometry presented
here with the Spitzer IRS spectrum from 5 to 35 µm, IRAS data
and near-IR photometry to get another constraint on the power
source. In Fig. 2, we present our best-fitting model for the SED of
IRAS 08572+3915 which is obtained by finding the combination
of starburst and smooth AGN torus models that minimizes χ2. Our
fitting code can return a pure AGN or a pure starburst model if it is
the preferred solution. We find that a pure AGN model (shown in
Fig. 3) has a reduced χ2

min of 9.1 whereas the corresponding value
for a pure starburst model is 15.8. The χ2

min of the AGN/starburst

combination is 3.25. The best-fitting starburst model has an age
of 0 Myr and an initial optical depth of the molecular clouds that
constitute the starburst of 75. The best-fitting torus model assumes
r2/r1 = 60, τ

eq
UV = 500, #0 = 75◦ and i = 88◦. Our grid of star-

burst and AGN torus models is fairly crude so we can get sensible
uncertainties only on the inclination and age of the starburst. We
find that even for $χ2 = 30, the uncertainty in inclination is 5◦ and
in age is 5 Myr. The 1–1000 µm starburst luminosity is predicted
to be 1012 L⊙ and the AGN apparent luminosity 6.6 × 1011 L⊙.
Because of the anisotropy of the emission of the torus, the lumi-
nosity of the AGN must be multiplied by the anisotropy correction
factor A of 14.6 to give the intrinsic luminosity of 9.6 × 1012 L⊙
(Efstathiou 2006). Assuming there is no processing of the AGN and
starburst emission by the host galaxy, the total luminosity of the
system is therefore predicted to be 1.1 × 1013 L⊙, 90 per cent of
which is due to the AGN. According to Rowan-Robinson & Wang
(2010; see their fig. 1), the nearest IRAS galaxy that exceeds the
1013 L⊙ threshold, and is therefore classified as a hyperluminous
infrared galaxy, lies at z > 0.3. Other IRAS galaxies within z < 0.3
may need a correction of their luminosity because of anisotropic
torus emission but such high anisotropy corrections are only ex-
pected for AGN with very deep silicate absorption features. IRAS
08572+3915 has the second deepest silicate feature in the sample of
Spoon et al. (2007), just shallower than that of IRAS 01298−0744
at a redshift of 0.136 18 which is also the galaxy with the high-
est silicate optical depth in the sample of Veilleux et al. (2009).
Although according to our model, IRAS 01298−0744 also needs a
large anisotropy correction, its intrinsic luminosity is estimated to
be only about 5 × 1012 L⊙. IRAS 08572+3915 may therefore be
the nearest hyperluminous infrared galaxy and the most luminous
infrared galaxy in the local (z < 0.2) Universe. The solution found
here is different from that found by Farrah et al. (2003) who only
considered broad-band data and estimated that the starburst in IRAS
08572+3915 is about a factor of 2 more luminous than the AGN
and the galaxy has a total IR luminosity of 1.5 × 1012 L⊙.

To test whether clumpy torus models can match the SED of
IRAS 08572+3915, we have compared its SED with the models
of Stalevski et al. (2012). We find that even the AGN torus models
with the most optically thick clumps (τ9.7 µm = 10) when observed
edge-on fail to match the deep silicate absorption feature of IRAS
08572+3915 (χ2

min = 28.8, see Fig. 3). A combined clumpy torus
and starburst fit gives a χ2

min of 13.3.
Determining the true distribution of dust in the torus (i.e. whether

it is smooth, filamentary, clumpy or two-phase medium) is important
not only for understanding the physics of the torus but also for
estimating the intrinsic luminosity of AGNs from the observed one.
Clumpy tori generally emit much more isotropically than smooth
tori (Nenkova et al. 2008; Hönig et al. 2011). Hönig et al. (2011)
estimate that at 15 µm type 1 AGN are only a factor of 1.4 more
luminous than type 2 AGN but according to the best-fitting torus
model presented here for IRAS 08572+3915, at 15 µm the ratio
of face-on/edge-on emission is of the order of 10 and this is what
makes this and other similar objects so intrinsically luminous.
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Figure 9. Comparison of the [O i]63/LIR, [N ii]/LIR, [O i]145/LIR, and
[C ii]/LIR ratios with LIR (Section 3.2.3). The colored points are our sample,
coded by optical class. ULIRGs with a gray annulus have a [Ne v]14.32
detection. The black points are taken from Brauher et al. (2008). The yellow and
light blue open symbols show the means and dispersions for the Brauher and
our samples, respectively. The ULIRGs show a deficit compared to the lower
luminosity systems in all four cases. There is, however, no clear dependence of
the deficit on optical class or the detection of [Ne v]14.32.
(A color version of this figure is available in the online journal.)

the mean ratios at 1011 L⊙ and 1012.2 L⊙, we find differences of
factors of 2.75, 4.46, 1.50, and 4.95 for [O i]63, [N ii], [O i]145,
and [C ii], respectively.

The four line deficits show no clear dependence on optical
spectral type, the presence of an obscured AGN (as diagnosed
from the detection of [Ne v]14.32, see Section 3.5), or on PAH
11.2 µm EW for any line. There are, however, trends with both
SSil and merger stage.

1. If SSil ! 1.4, then the [C ii] and [N ii] deficits increase with
increasing SSil. However, there is no obvious trend of the
[C ii] and [N ii] deficits with SSil at SSil " 1.4 (top left panel
of Figures 10 and 13). Conversely, the [O i] deficits show
no trends with SSil.

2. We find no evidence that the [N ii] and [O i] deficits depend
on merger stage, but the [C ii] deficit is stronger, on average,
in advanced mergers (classes IVb and V) than in early-
stage mergers (classes IIIa through IVa, top right panel of
Figure 10,20 see also Diaz-Santos et al. 2013).

Finally, in the bottom row of Figure 10, we plot L[C ii]/LIR
against LPAH/LIR as a function of merger stage and SSil. We see
consistent trends in both plots; ULIRGs in advanced mergers
and with SSil ! 2 have lower L[C ii]/LIR and LPAH/LIR ratios,
compared to ULIRGs in early-stage stage mergers and with
SSil ≃ 1.4–2.

We do not believe that the line deficits arise from missing
an asymmetric or broad component (see Section 3.1.1), since

20 We also constructed the deficit plots as a function of merger stage using only
those sources with SSil < 1.4. The [C ii] deficit still strengthens with advancing
merger stage, while no trends emerge with merger stage for the other lines.

such components are rare, or that the deficits arise due to self-
absorption, since we see no self absorption in [C ii], which
shows the strongest deficit. We do, however, see self absorption
in [O i]63, which shows a weaker deficit. Instead, the stronger
[C ii] and [N ii] deficits in sources with higher SSil (at SSil ! 1.4)
are consistent with the H ii regions in ULIRGs being dustier
than H ii regions in lower luminosity systems. In this scenario
(Luhman et al. 2003; González-Alfonso et al. 2008; Abel et al.
2009; Graciá-Carpio et al. 2011), a higher fraction of the UV
photons are absorbed by dust rather than neutral Hydrogen, thus
contributing more to LIR but less to the photoionization heating
of gas in the H ii regions, and thus decreasing line emission
relative to LIR. This mechanism would also produce a deficit
in [C ii] and the “deficit” in the PAH emission, even if the bulk
of the [C ii] and PAHs are in the PDRs, since there would also
be fewer UV photons for photoelectric heating of the PDRs.
Furthermore, this mechanism is consistent with the [O i] deficits.
From Figure 3 of Graciá-Carpio et al. 2011, we see that the
conditions consistent with the observed deficits of all four lines
are nh " 300 cm−3 and 0.01 " ⟨U ⟩ " 0.1.

However, we propose that dustier H ii regions are not the sole
origin of the line deficits. This is based on three observations.
First, it is puzzling that we see no strong dependence of any of the
line deficits on SSil when SSil " 1.4; if the deficit arises entirely
in H ii regions, and if SSil is a proxy for the dust column in these
H ii regions at SSil ! 0, then we should see a dependence. We
note, however, that we have only a small sample, so we could
be missing a weak dependence, and the assumption that SSil
is a proxy for the dust column in H ii regions is not proven.21

Second, we see significant line deficits for some sources with
SSil < 0, i.e., a silicate emission feature. Third, only the [C ii]
deficit becomes stronger with advancing merger stage. If more
advanced mergers host dustier H ii regions, then we would also
see a dependence of the [N ii] deficit on merger stage.

These observations suggest that some fraction of the [C ii]
deficit is not driven by increased dust in H ii regions. We lack
the data to investigate this in detail, so we only briefly discuss
this further. We consider three possible origins: (1) increased
charging of dust grains (e.g., Malhotra et al. 2001), leading to
a lower gas heating efficiency, (2) a softer radiation field in the
diffuse ISM (e.g., Spaans et al. 1994), and (3) dense gas in the
PDRs, making [O i] the primary coolant rather than [C ii].

The third of these possibilities is feasible, but we do not
have the data to confirm or refute it as a mechanism. The
second possibility is unlikely, due to the energetic nature of star
formation in ULIRGs and considering the arguments in Luhman
et al. (2003). For the first possibility, if the origin of the additional
deficit in [C ii] is grain charging, then we would see a higher
G0 in advanced mergers compared to early stage mergers. The
advanced mergers have roughly an order of magnitude higher
value of G0 for about the same n (see Section 3.6).22 We therefore
infer, cautiously and with the caveat that we cannot rule out [O i]
being a major cooling line, that part of the [C ii] deficit arises
due to grain charging in PDRs or in the diffuse ISM. We further
propose that this increase in grain charge is not driven mainly
by a luminous AGN, obscured or otherwise, since we see no

21 It is also (arguably) puzzling that we see dependences on any line deficit at
SSil ! 1.4, since (some) models demand that silicate strengths greater than
about this value require smooth rather than clumpy dust distributions (Nenkova
et al. 2008).
22 We note though that this also holds for the trends discussed with SSil;
dividing into two samples with 1.4 < SSil < 2.1 and SSil > 2.1 yields a G0/n
ratio about a factor of three higher in the latter sample.
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