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ABSTRACT

We present a detailed analysis of the far-infrared (-IR) properties of the bright, lensed, z = 2.3, submillimetre-selected galaxy
(SMG), SMMJ2135−0102 (hereafter SMMJ2135), using new observations with Herschel, SCUBA-2 and the Very Large Array
(VLA). These data allow us to constrain the galaxy’s spectral energy distribution (SED) and show that it has an intrinsic
rest-frame 8–1000-µm luminosity, Lbol, of (2.3 ± 0.2) × 1012 L⊙ and a likely star-formation rate (SFR) of ∼ 400M⊙ yr−1. The
galaxy sits on the far-IR/radio correlation for far-IR-selected galaxies. At >

∼ 70µm, the SED can be described adequately by
dust components with dust temperatures, Td ∼ 30 and 60k. Using SPIRE’s Fourier Transform Spectrometer (FTS) we report a
detection of the [C ii] 158µm cooling line. If the [C ii], CO and far-IR continuum arise in photo-dissociation regions (PDRs), we
derive a characteristic gas density, n ∼ 103 cm−3, and a far-ultraviolet (-UV) radiation field, G0, 10

3
× stronger than the Milky

Way. L[CII]/Lbol is significantly higher than in local ultra-luminous IR galaxies (ULIRGs) but similar to the values found in local
star-forming galaxies and starburst nuclei. This is consistent with SMMJ2135 being powered by starburst clumps distributed
across ∼2 kpc, evidence that SMGs are not simply scaled-up ULIRGs. Our results show that SPIRE’s FTS has the ability to
measure the redshifts of distant, obscured galaxies via the blind detection of atomic cooling lines, but it will not be competitive
with ground-based CO-line searches. It will, however, allow detailed study of the integrated properties of high-redshift galaxies, as
well as the chemistry of their interstellar medium (ISM), once more suitably bright candidates have been found.
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1. Introduction

Submillimetre (submm) surveys have uncovered a popula-
tion of intrinsically luminous, but highly obscured, galaxies
at high redshift. However, even with instrinsic luminosities
of ∼ 1013 L⊙ (e.g. Ivison et al. 1998), the brightest SMGs
are still challenging targets for observational studies. In the
submm and far-IR, where the bulk of their luminosity es-
capes, the brightest SMGs have observed flux densities of
only ∼ 10mJy at 850µm, peaking at ∼ 50mJy at the wave-
lengths probed by Herschel. To alleviate this photon star-
vation, submm surveys often exploit gravitational lensing
via massive, foreground galaxy clusters, thereby enhancing
the apparent brightness of SMGs at all wavelengths (e.g.
Smail et al. 1997; Chapman et al. 2002; Cowie et al. 2002).

Recently, Swinbank et al. (2010) exploited the cluster
lensing technique using the Large Apex Bolometer Camera
(LABOCA – Siringo et al. 2009) on the 12-m Atacama
Pathfinder Experiment (APEX) telescope to map the clus-
ter, MACSJ2135−01 (z = 0.325), and thereby discovered
SMMJ2135, an SMG with S870µm = 106mJy. Its bright-
ness is due to very high amplification (by 32.5 ± 4.5) by
the foreground cluster (similarly bright sources may have

⋆ Herschel is an ESA space observatory with science instru-
ments provided by European-led Principal Investigator consor-
tia and with important participation from NASA.

recently been unearthed by the South Pole Telescope –
Vieira et al. 2010). The lens model for SMMJ2135 is well
constrained and its redshift (z = 2.3259± 0.0001, derived
from the detection of CO J=1–0 in a blind search) and in-
trinsic flux (3.3± 0.5mJy) are typical of SMGs found close
to the confusion limit in submm surveys. SMMJ2135 thus
presents an opportunity to study a member of this impor-
tant population at high signal-to-noise and with the spatial
and spectral resolution necessary to determine the detailed
far-IR spectral properties of SMGs. Due to the high mag-
nification, it is feasible to apply some of the observational
tools used on local star-forming galaxies to understand the
processes of star formation at high redshift. Indeed, we can
employ diagnostics capable of determining the flux of ionis-
ing radiation and the SFR, thus determining the state of the
overwhelming majority of the atomic and molecular gas in
this galaxy (Wolfire et al. 1990; Hollenbach & Tielens 1999;
Kaufman et al. 1999).

In this paper we present spectroscopic and photomet-
ric far-IR/submm measurements of SMMJ2135 made using
Herschel (Pilbratt et al. 2010). We also include new obser-
vations with the James Clerk Maxwell Telescope (JCMT)
and VLA. We use these observations to constrain the SED
of SMMJ2135 and measure or set firm limits for the line
fluxes from the main atomic cooling lines.

http://arxiv.org/abs/1005.1071v1
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2. Observations

To complement the existing submm photometry of
SMMJ2135, observations at 250, 350 and 500µm were ob-
tained with SPIRE (Griffin et al. 2010). The field was ob-
served first using the ‘small-map mode’, where orthogonal
scans produce a useful cross-linked area of ∼16 arcmin2.
We used four repetitions, giving an on-source integration
time of ∼200 s. Processing relied on the SPIRE Scan Map
Pipeline (Griffin et al. 2008), which deglitches, flux cal-
ibrates and performs various corrections. After removal
of a linear baseline, images were made using the stan-
dard naive mapper within the Herschel Interactive Pipeline
Environment (HIPE v2.0). From the final maps, we identify
a ∼100-σ source at the position of SMMJ2135 in all bands;
its flux densities are listed in Table 1.

SMMJ2135 was also observed for 7 ks using the cen-
tral pixels of SPIRE’s FTS (covering λobs = 197–670µm)
on 2009 December 9, to search for [C ii] 158µm, redshifted
to 524µm. Even with the benefit of extreme amplifi-
cation, SMMJ2135 represents an extremely faint target
in the context of the SPIRE spectrometer: the standard
pipeline reduction shows significant problems with the over-
all flux level in both the high- and low-frequency channels
(SSW, SLW). Rather than rely on the pipeline, we used
the variation in bolometer temperature to transform the
source and dark interferograms into spectra which were
then subtracted and divided by a calibration spectrum of
Uranus (rather than the much fainter asteroid, Vesta –
see Swinyard et al. 2010). Variations in instrument tem-
perature between the observations of the dark sky and the
source can cause large relative variations in the SLW spec-
trum. Here, we determined the overall net flux of the source,
with no subtraction or addition of flux from the variation in
instrument temperature. We then inspected the SLW data
and compared to the spectrum expected from the subtrac-
tion of two blackbodies at the temperatures recorded in
the housekeeping data. The difference in model instrument
temperatures in the dark sky and the source observation
are therefore varied (by less than 1%) until a match be-
tween the overall flux level from the photometer and SSW
is achieved.

New observations were also carried out with the
Submillimetre Common-User Bolometer Array-2 (SCUBA-
2 – Holland et al. 2006), a large-format bolometer camera
for the JCMT, designed to produce simultaneous contin-
uum images at 450 and 850µm. These data were obtained
during 2009 November 29, during early commissioning,
with one 32×40 transition-edge sensor (TES) array at each
of 450 and 850µm, giving a field of view of ∼ 3′ × 3.5′ (the
final commissioned instrument will have four such arrays
at each wavelength). The total integration time was 3.6 ks.
Pointing checks and flux calibration was achieved via ob-
servations of Neptune and Uranus, immediately before and
after the science exposures. Data reduction was carried out
using the Submm User Reduction Facility (smurf), which
flatfields and stacks the images, and removes atmospheric
emission. Measured flux densities are listed in Table 1.

To determine the radio properties of the galaxy, ob-
servations with the VLA were obtained during late 2009.
SMMJ2135 was observed in the C and X bands for 10 and
5 ks, respectively. The C-band observations were taken in
spectral-line mode, to search for redshifted 22-GHz water
maser emission, though only continuum was detected; con-

Fig. 1. The rest-frame near-IR–radio SED of SMMJ2135,
with new Herschel, SCUBA-2 and VLA observations com-
plementing existing photometry (Swinbank et al. 2010).
The FTS spectrum is shown in blue. In the rest-frame op-
tical to mid-IR regime, SMMJ2135 is less luminous than
Arp 220 and considerably fainter than M82, possibly re-
flecting strong dust obscuration. We model the SED using
a two-component dust model (solid, black line) comprising
two modified blackbodies (β = +2.0) with Td = 30 and
60k. The solid blue line denotes a stellar fit to the rest-
frame UV–near-IR photometry. Inset is a colour image, cen-
tred on SMMJ2135, generated from the SPIRE 250-, 350-
and 500-µm observations (N, up; E, left).

tinuum emission was also detected convincingly in the X
band (Table 1).

Fig. 2. Region around the redshifted [C ii] 158µm, the
strongest atomic fine-structure line detected by our FTS
spectrum of SMMJ2135. Dashed line: best Gaussian fit,
with vlsr = −180±150km s−1, which corresponds to strong
components in the HCN, C i and CO lines (Danielson et al.,
in preparation). Using the line flux and following equation 1
of Hailey-Dunsheath et al. (2010), we estimate a gas mass,
M[CII] ∼ 4 × 109M⊙, which is ∼25% of the total molecu-
lar gas mass, similar to the ratio found in local starburst
galaxies (Stacey et al. 1991).
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Fig. 3. L[CII]/Lbol versus LCO(1−0)/Lbol for SMMJ2135
compared to star-forming regions, star-forming galaxies
and ULIRGs in the local Universe. This figure is adapted
from Hailey-Dunsheath et al. (2010) and shows the ra-
tios for powerful, high-redshift QSOs as well as the SMG,
MIPSJ1428+35. Tracks for PDR models of gas den-
sity, n, and far-UV field strength, G0, are taken from
Kaufman et al. (1999). We see that the gas in SMMJ2135
experiences a far-UV field similar to that seen in local
ULIRGs, but is at much lower densities than the typical
material in such systems.

Table 1. Photometry

Wavelength Fluxa (mJy) Observatory/Instrument
250µm 366± 55 Herschel/SPIRE
350µm 429± 64 Herschel/SPIRE
352µm 520± 70 APEX/SABOCAb

434µm 430± 40 SMAb

450µm 480± 54 SCUBA-2
500µm 325± 49 Herschel/SPIRE
850µm 115± 13 SCUBA-2
870µm 106± 12 APEX/LABOCAb

1.2mm 26± 4 SMAb

2.17mm 2.0± 0.25 PdBIb

2.80mm 1.4± 0.25 PdBIb

8.57mm 0.13± 0.05 GBT/Zpectrometerb

3.55 cm 0.240± 0.030 VLA/X
4.49 cm 0.240± 0.055 VLA/C

a Errors include uncertainty in absolute flux calibration.
b See Swinbank et al. (2010), also for λobs < 250µm.

3. Analysis and discussion

3.1. Far-infrared SED

The new observations clearly identify a turnover in the SED
of SMMJ2135 at ∼350µm (Fig. 1). We use the far-IR pho-
tometry (Table 1 and Swinbank et al. 2010) to calculate
its rest-frame 8–1000-µm luminosity directly, which is due
largely to dust-reprocessed UV light and provides a measure
of its instantaneous SFR. Correcting for lensing amplifica-
tion, we find Lbol = (2.3± 0.2)× 1012 L⊙, indicating a SFR
of ∼400M⊙ yr−1 (Kennicutt 1998). Lbol is thus compara-
ble to that of Arp 220 and rather higher than that quoted

Table 2. Spectral-line and bolometric luminosities.

Line λrest Fluxa Luminosity
(µm) (×10−17 Wm−2) (L⊙)

[O i] 63.18 3σ < 4.5 3σ < 14.9× 109

[O iii] 88.36 3σ < 2.4 3σ < 8.0× 109

[N ii] 122.10 3σ < 1.4 3σ < 4.7× 109

[O i] 145.53 3σ < 2.5 3σ < 8.5× 109

[C ii] 157.74 1.7 ± 0.4 (5.5 ± 1.3) × 109

CO(1–0) 2602.6 2.14 ± 0.12b (8.0 ± 0.4) × 105

Lbol ... ... (2.3± 0.2) × 1012

a Line width constrained to instrumental resolution.
b Jy km s−1.

by Swinbank et al. (2010) who integrated the best modi-
fied blackbody fit to the 350-, 434- and 870-µm emission,
missing much of the energy at rest-frame ∼8–100µm.

If we parameterise the far-IR SED of SMMJ2135 us-
ing a modified blackbody spectrum, a single component
model with Td = 34k underestimates S70µm by ∼100×.
A two-component model with Td = 30 and 60k pro-
vides a significantly improved fit (Fig. 1). The mass of
dust associated with the warm and cool components are
Mwarm

d = 106 and M cool
d = 4 × 108M⊙ (adopting the

parameters used by Dunne et al. 2000). Given the cold
molecular gas mass derived from the CO(1–0) emission
(Mgas = (16 ± 1) × 109M⊙ – Swinbank et al. 2010), this
suggests a gas-to-dust ratio of Mgas/Md ∼ 40, rather lower
than that of the Milky Way, 120, and Lyman-break galaxies
(∼100; e.g. Coppin et al. 2007) but consistent with typical
SMGs (∼60; e.g. Coppin et al. 2008) given that the uncer-
tainties are considerable.

3.2. Radio properties

If the radio spectrum of SMMJ2135 follows a Sν ∝ ν−0.7

power law, which is consistent with the data but by no
means certain (Fig. 1; Table 1), then its radio luminosity
is L1.4GHz = 9 × 1023WHz−1 so that qIR = 2.42 ± 0.06,
entirely consistent with the far-IR/radio correlation for 250-
µm-selected galaxies (<qIR>= 2.40 – Ivison et al. 2010a).

3.3. Spectral properties

The full FTS spectrum (Fig. 1) covers the major fine-
structure cooling lines and we detect one strong emission
line, [C ii]λ158µm, at the 4.3-σ level (Fig. 2). Table 2
presents the best-fit flux with the width constrained to the
instrumental resolution. The flux is not sensitive to the fit
parameters, for example returning values well within 1 σ for
a line fixed at vlsr = 0km s−1. The FTS spectrum covers
several other lines and although we see hints of emission
associated with [O i]λ145µm and [N ii]λ122µm, we have
chosen to report conservative upper limits (best-bet flux
plus 3σ) on these and other lines in Table 2.

[C ii] is one of the brightest emission lines in star-
forming galaxies, typically accounting for 0.1–1% of Lbol. It
arises from the warm and dense PDRs that form on the UV-
illuminated surfaces of molecular clouds, though the [C ii]
flux from diffuse H ii regions or from diffuse PDRs can be
considerable (e.g. Madden et al. 1993; Lord et al. 1996). In
local star-forming galaxies, L[C II]/Lbol and L[CII]/LCO(1−0)
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provide a sensitive test of the physical conditions within the
ISM. For SMMJ2135 we find L[CII]/Lbol = (2.4±0.6)×10−3

and LCO(1−0)/Lbol = (3.5±0.5)±×10−7 and compare these
to measurements of local galaxy populations in Fig. 3. We
see that L[CII]/LCO(1−0) in SMMJ2135 is similar to local
ULIRGs, but that LCO(1−0)/Lbol is consistent with the ra-
tios found in more typical star-forming galaxies and nuclei.

The [C ii] transition is a primary PDR coolant and is a
sensitive probe of both the physical conditions of the photo-
dissociated gas and the intensity of the ambient stellar ra-
diation field (Hollenbach & Tielens 1999). Hence using the
PDR models of Kaufman et al. (1999) we can determine an
acceptable range of temperature, T , and gas density, n, in
SMMJ2135, from our measurements of [C ii], CO(1–0) and
Lbol. In these models, L[CII]/LCO(1−0) is most sensitive to
n whilst L[CII]/Lbol is sensitive to the incident far-UV field
strength, G0, and hence T . Fig. 3 shows L[CII]/Lbol versus

LCO1−0/Lbol and suggests a best-fit density, n ∼ 103 cm−3,
with T ∼ 400k and G0 ∼ 103 (Kaufman et al. 1999). G0 is
measured in multiples of the local interstellar value, so the
far-UV radiation field illuminating the PDRs is ∼ 103×
more intense than that in the Milky Way, but compara-
ble to that found in local ULIRGs and the z = 1.3 SMG,
MIPSJ1428 (Hailey-Dunsheath et al. 2010), while the den-
sities in SMMJ2135 (n ∼ 103) are most similar to those
found in normal star-forming galaxies, 10–100× lower than
those seen in local ULIRGs.

Taken together, this suggests that the molecular emis-
sion does not reside in a single, compact region, illuminated
by an intense UV radiation field, but that the material
is more extended, with the high L[CII]/Lbol ratio then re-
flecting the lower density of this extended medium. Indeed,
Swinbank et al. (2010) show that although the rest-frame
260-µm emission is dominated by four star-forming regions,
each ∼100pc across, the emission extends over ∼2 kpc. The
size of the star-forming region in SMMJ2135 is also com-
parable to the sizes of the dense gas reservoirs inferred
from high-J CO mapping, ∼3 kpc (Tacconi et al. 2008).
Thus SMMJ2135 appears to be powered by an intense star-
burst whose influence is felt over a larger region than those
seen in local ULIRGs, as has been suggested for SMGs
using radio, submm and CO sizes (Biggs & Ivison 2008;
Younger et al. 2008; Biggs et al. 2010; Ivison et al. 2010b),
near- and mid-IR colours and spectra (Hainline et al. 2009;
Menéndez-Delmestre et al. 2009) and other far-IR spec-
troscopy (Hailey-Dunsheath et al. 2010).

4. Discussion & Conclusions

We have delineated the far-IR SED of a highly magnified
(but intrinsically typical) SMG, SMMJ2135, at z = 2.3. Its
rest-frame 8–1000-µm and 1.4-GHz luminosities are 2.3 ×
1012 L⊙ and 9×1023WHz−1, with SFR ∼ 400M⊙ yr−1, and
it sits on the far-IR/radio correlation for starburst galaxies.

Herschel FTS spectroscopy detects the redshifted
[C ii] 158µm emission line, allowing us to investigate the
properties of its ISM. The line luminosity suggests that the
mass of [C ii] is ∼25% of the molecular gas, similar to the
ratio found in local starbursts.

We use CO(1–0), [C ii] and Lbol to investigate the ISM’s
physical conditions. From a comparison with PDR models,
we derive a far-UV radiation field, G0, which is ∼ 103×
higher than that in the Milky Way, but comparable to those

found in ULIRGs. In contrast, we find a characteristic den-
sity, n ∼ 103 cm−3, which is lower than seen in ULIRGs, but
comparable to values seen in local star-forming galaxies and
nuclei, as well as a small number of high-redshift systems
where similar measurements have been made. Together
these results suggest that SMMJ2135 has a SFR intensity
similar to that seen in local ULIRGs, but distributed over a
larger volume. This is consistent with the ∼2-kpc distribu-
tion of star formation across this galaxy (Swinbank et al.
2010) and previous suggestions of extended star formation
in SMGs (e.g. Biggs & Ivison 2008).

Our results show that SPIRE’s FTS has the ability to
measure the redshifts of suitably bright and distant, ob-
scured galaxies via detection of atomic cooling lines such
as [C ii]. However, we estimate that >

∼10-hr integrations will
be required and this is not competitive with blind, ground-
based CO-line searches (e.g. Weiß et al. 2009), as evidenced
by the ease with which the redshift of SMMJ2135 was de-
termined using Zpectrometer on the Green Bank Telescope
(Swinbank et al. 2010). Nevertheless, our results show that
facilities such as Herschel and SCUBA-2 will allow detailed
study of the integrated properties of high-redshift galaxies
(through SED modelling), as well as the chemistry of their
ISM.
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