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Redshift
z

Universe
age / 109 yr

0 13.7

1 5.9

2 3.3

4 1.6

6 0.95

8 0.65

1000 0.0004

Looking back in time!

Evolution of galaxies:  production of stars, metals, and molecules

IN A GALAXY FAR AWAY ...
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CO in quasars

QSOS:  FEW MOLECULAR LINE OBSERVATIONS

• For z>2:  

~35000 quasars known

~30 have CO detections

• Small number due to:   
sensitivity,  bandwidth, ...

• Typically single object studies  

• ~ 1/3 QSOs are FIR bright
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CO in z=4-5 quasars

CO IN z = 4 - 5 QUASARS

5Knudsen, Bertoldi et al.



CO in z=4-5 quasars
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SDSS Plate 1780, MJD 53090, Rerun 26, Fiber

529

See the CAS Explorer page for more information on this object

File type Directory File name

The extracted, calibrated spectrum for this fiber, with 1d parameters 1d_26/1780/1d spSpec-53090-1780-529.fit

Plot of the extracted, calibrated spectrum for this fiber, in gif image 1d_26/1780/gif spPlot-53090-1780-529.gif

Plot of the extracted, calibrated spectrum for this fiber, in gzipped postscript 1d_26/1780/gif spPlot-53090-1780-529.ps.gz

Atlas image of this object ss_26/1780/spAtlas spAtlas-1780-53090-529.fit

List of objects in the plate with imaging parameters ss_26/1780 spObj-1780-53090-26.fit

Log file from the 1d data reduction ss_26/1780 spDiag1d-53090-1780.par

The extracted, calibrated spectra for a plate 2d_26/1780 spPlate-1780-53090.fits

best fit spectroscopic classifications and redshifts 2d_26/1780 spZbest-1780-53090.fits

line fits for the spectra 2d_26/1780 spZline-1780-53090.fits

all fit spectroscopic classifications and redshifts 2d_26/1780 spZall-1780-53090.fits

Gzipped, tarred collection of spPlate and spSpec files for the plate ss_tar_26 1780.tar.gz

A tar file with the output of the SEGUE Stellar Parameter Pipeline sspp_26 1780-53090.tgz

Example:  J0808 
zsdss=4.4562, 
zCO=4.4173
Vdiff = -2145 km/s

Some other cases have 
large differences in 
literature redshifts with 
Vdiff up to 7000 km/s Kn
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H2 at high-z

H2 AT Z=2.8
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Figure 2. IRS spectrum of the galaxy, taken in the long-low mode. The data are
presented as the shaded histogram, with the uncertainties shown by the hashed
histogram. The dot-dashed line indicates the best fit from PAHFIT, while the
dashed curves correspond to fits to the individual PAH lines using Drude profiles
and the formulae from Smith et al. (2007). The vertical marks above the spectrum
denote all spectral features robustly detected in our analysis.
(A color version of this figure is available in the online journal.)

2.2. HST Imaging

We obtained imaging with the HST Wide Field Camera 3
(Kimble et al. 2008) on 2009 November 19 and 20 (Cycle 17,
proposal 11099, PI: Bradač), and with the Advanced Camera
for Surveys (ACS; Ford et al. 2003) on 2006 October 12 and
13 (Cycle 15, proposal 10863, PI: Gonzalez) and 2004 October
21 (Cycle 13, proposal 10200, PI: Jones). The new WFC3 data
consist of two overlapping WFC3/IR pointings in F110W and
F160W, with total integration times at the location of the lensed
LIRG (where the WFC3 pointings overlap) of 13 ks and 14
ks, respectively. The ACS data, which are described in Paper I,
include F606W, F775W, and F850LP imaging.

All images were processed using standard calibration files
and stacked using custom software from the HAGGLeS project
(P. J. Marshall et al. 2010, in preparation) that is based
upon MultiDrizzle (Koekemoer et al. 2002). To register
the F850LP, F110W, and F160W images with the astrometric
accuracy needed for this analysis (in particular since the standard
distortion model we used did not give sufficient accuracy to
simply align overlapping pointings), we determine the offsets
among the images by extracting high signal-to-noise (S/N)
objects in the individual, distortion corrected exposures. We
use SExtractor (Bertin & Arnouts 1996) and the IRAF routine
geomap to identify the objects and calculate the residual shifts
and rotation of individual exposures, which were then fed back
into Multidrizzle. We use square as the final drizzling kernel
and an output pixel scale of 0.′′1; this is smaller than the original
pixel scale of the WFC3/IR, but larger than ACS CCD, allowing
us to exploit the dithering of the observations and improve the
sampling of the point-spread function.

3. ANALYSIS AND RESULTS

3.1. PAH Features and Redshift

The IRS spectrum for the galaxy is presented in Figure 2. The
6.2 µm, 7.7 µm, and 8.6 µm PAH complexes are detected in the
spectrum. We also tentatively detect the H2 0–0 S(4) line, which
is discussed separately in Section 3.8. We use Drude profiles,
as in Smith et al. (2007), to model each spectral feature and

Table 1
Observed Fluxes and Magnitudesa

Quantity Value

f (6.2 µm) 1.4 ± 0.2 × 10−14 erg s−1 cm−2

f (7.7 µm) 6.3 ± 1.2 × 10−14 erg s−1 cm−2

f (8.6 µm) 5.2 ± 3.3 × 10−14 erg s−1 cm−2

f (H2S(4)) 5.8 ± 1.9 × 10−15 erg s−1 cm−2

f (H2S(5)) 2.5 ± 1.2 × 10−15 erg s−1 cm−2

f (7.7 µm)/f(6.2 µm) 4.5 ± 1.1
mF160W 23.80 ± 0.1 (AB)

Note. a All quoted values are for the combination of images A and B.

use a power law to fit the underlying continuum. We derive
the redshift from the two strongest PAH features (6.2 µm and
7.7 µm), obtaining z = 2.791 ± 0.007. This redshift confirms
the photometric redshifts in the literature (z ∼ 2.7–2.9; Wilson
et al. 2008; Gonzalez et al. 2009; Rex et al. 2009).

The derived fluxes for the PAH features are listed in
Table 1. The flux ratio for the two highest S/N lines,
f (7.7 µm)/f (6.2 µm) = 4.5 ± 1.1, can be compared with re-
sults from Pope et al. (2008) for SMGs. The star formation
dominated SMGs in the Pope et al. sample (z ∼ 1–2.5) have
flux ratios in the range of 1.4–3.5 for these PAH lines—some-
what lower than the ratio we observe, but with a range that
overlaps the 1σ uncertainty for this galaxy.

3.2. WFC3 Imaging of the Lensed Galaxy

With the new HST WFC3 imaging we repeat the photometric
analysis described in Paper I to try to identify the lensed galaxy
in high-resolution photometry. We show in Figure 3 (left panel)
a composite color image constructed from the F850LP, F110W,
and F160W images. The lensed galaxy can be seen in the
composite image as a faint red arc that contains brighter knots
of emission in the vicinity of images A and B from the Spitzer
data.

We use GALFIT version 3.0 to model and subtract foreground
objects near the location of the lensed galaxy. The object,
which is not detected in F850LP (Paper I), is detected in
F110W but is too faint relative to the model residuals to
recover robust photometry. The arc is bright, however, in F160W
(Figure 3, right panel). To verify that this arc is indeed the same
lensed galaxy as identified at longer wavelengths, we measure
the flux ratio for the two lobes of the arc. Specifically, we
extract the fluxes within polygonal apertures enclosing each
of the bright emission regions and correct for the sky using
background apertures placed on nearby blank sky regions.
We measure a flux ratio B/A = 1.4 ± 0.3—consistent with
results at longer wavelengths in Paper I (see also Section 3.3).
The total magnitude for the entire arc (images A and B) is
mF160W = 23.80 ± 0.1 (AB), which corresponds to a flux
density of 1.1 ± 0.1 µJy. As shall become clear in Section 3.3,
without magnification this object would be extremely faint, with
mF160W ≈ 28.8. We refrain from quoting a flux density at
F110W due to the lower contrast with the foreground galaxy
and higher associated systematic uncertainties.

3.3. Magnification

Conversion of the PAH line fluxes to luminosities requires
not only the redshift but also a determination of the lensing
magnification. We use the same mass maps described in Paper I.
Consequently, the only changes from the previous analysis are
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Figure 3. HST imaging of a 14′′ × 9′′ region encompassing the lensed galaxy. The image on the left is a color composite using the F850LP, F110W, and F160W
bands for blue, green, and red, respectively. Despite the bright foreground galaxy, the lensed galaxy can be seen as a red arc with two lobes. On the right, we show the
F160W image of the same region after the bright foreground objects have been modeled with GALFIT and subtracted. In this image, we also mask the cores of the
three brightest objects for clarity. The arc, which is clearly visible in this image, breaks up into two lobes corresponding to images A and B in the IRAC imaging from
Paper I. Crosses denote the positions previously reported based upon IRAC photometry. The offsets are consistent with the uncertainties in the IRAC positions due to
source blending. North is up and east is to the left.
(A color version of this figure is available in the online journal.)

the spectroscopic redshift and improved astrometric positions.
The former has only a modest impact, whereas the latter have
a more significant impact because of the steep magnification
gradient near the critical curve.

In the current discussion, we are concerned primarily with
images A and B. The WFC3 astrometry moves both images A
and B slightly closer to the critical curve and consequently
raises the derived magnifications. At the location of image
A we compute a magnification |µA| ∼ 32 and at image B
we obtain |µB | ∼ 69. The measured flux ratio of the two
images from Paper I is 1.47 ± 0.05. To estimate the range
of plausible magnification for the blended IRS spectrum, we
take individually the predicted magnifications for A and B at
the locations of peak emission for each arc and combine these
with the observed flux ratio.8 We find that the total combined
magnification is |µAB | ∼ 80–115. In subsequent discussions,
we will quote quantities in terms of µAB/100 to reflect the
intrinsic uncertainty in the magnification. In Paper I, we used
µA/25, which corresponds to µAB = 80.

3.4. Presence of an AGN

In Paper I, we considered the question of whether the infrared
emission in this object is driven by star formation or AGN
activity. Based upon the hint of spatial extension in the IRAC
data and lack of X-ray detection, we argued that the emission
cannot be purely due to an AGN. We further concluded that
the observed mid-infrared colors (4.5 to 24 µm) indicated that
the source spectral energy distribution may be a composite with
contributions from both starburst and AGN contributions.

We now revisit this question based upon both the IRS
spectroscopy and WFC3 imaging. From the spectral analysis
we can also place an upper bound on the contribution of the
AGN to the mid-infrared emission by estimating the fraction
of the flux contained in the power-law continuum. From the
5.7 to 8.8 µm rest frame, the continuum contributes ∼45% of
the total emission, confirming that the AGN is not dominant at
mid-infrared wavelengths, but leaving the possibility that it may
be a significant contributor to the far-infrared emission.

Additional information is provided by the WFC3 imaging, in
which we resolve the target galaxy into gravitational arcs. As
discussed in Section 3.2, the flux ratio for components A and

8 Our magnification maps do not have the accuracy to resolve structure on the
scale of the arcs, so we do use this point estimate rather than averaging over
the photometric apertures.

B in the F160W observations is consistent with the 24 µm flux
ratio. Because we are probing near the critical curves where there
are strong magnification gradients, this should not necessarily
be the case unless the stellar emission and PAH emission have
similar spatial distributions within the galaxy. Thus, the WFC3
data further support the picture that in this galaxy the mid- and
far-infrared emission is dominated by star formation.

3.5. Stellar Population Age and Mass

We present in Figure 4 the full spectral energy distribution
for the combination of images A and B, including all published
data. Given the redshift, we can now repeat the analyses of the
SED presented in Paper I to refine the physical constraints on
the system.

We first use HyperZ (Bolzonella et al. 2000) to derive im-
proved constraints on the age of the dominant stellar pop-
ulation and total internal absorption of the system. As in
Paper I, the input spectral templates are based upon the 2007
Charlot & Bruzual models with the Padova 1994 evolutionary
tracks (Bertelli et al. 1994) and a Chabrier (2003) mass function.
We use a Calzetti et al. (2000) extinction law to estimate the in-
ternal extinction, and fit the photometry at observed wavelengths
λ < 10 µm to exclude PAH emission. We refer the reader to
Paper I for further details. In deriving confidence intervals on
the age and extinction, we find that the data are best fit by a
10 Myr population. The solutions for the emission-weighted
age bifurcate though, permitting both very young templates and
solutions with ages of a few Gyr. The 90% confidence intervals
on the age are t < 90 Myr and 1.4 Gyr < t < 2.6 Gyr. We note
however that strong observed submillimeter emission provides
a compelling argument for a very young stellar population. The
extinction meanwhile is constrained to be AV = 3.8+0.5

−1.0 (90%
confidence). The confidence interval reduces to AV = 3.8+0.5

−0.2
if one considers only the younger age solutions.

Next, we update our estimate of the stellar mass using the
code kcorrect (Blanton & Roweis 2007), as in Paper I. We
fit the combined flux from images A and B, using the data at
observed wavelengths of 1.5–8 µm. For z = 2.79 and AV = 3.8,
we obtain a stellar mass M∗ = 4 × 109(µAB/100)−1M&.9 This
value is roughly a factor of 3 lower than the previously published

9 An important caveat to keep in mind is that systematic uncertainties in
stellar mass estimates can yield a factor of 2 or greater errors (Conroy et al.
2009).

|magnification| ~ 80 x

Lensed dwarf galaxy
M* ~ 4x109 Msun

H2:  Tex = 377 K
     MH2 = 2x108Msun

Gonzalez et al. 2010
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discussed in Lu10 and Ne10. Here we report new measurements
of the H2O 202−111 line in SDP.17b using the IRAM Plateau de
Bure interferometer (PdBI), which confirm the line and enable a
more detailed study of its properties.

We adopt a cosmology with H0 = 71 km s−1 Mpc−1, ΩM =
0.27, ΩΛ = 0.73 (Spergel et al. 2003).

2. Water lines in high-z galaxies

Conducting studies of H2O in high-z galaxies is important. If
is not locked in grains, H2O may be one of the most abundant
molecules in the gas. It is known to be a tracer of the dense, warm
gas and possibly of strong infrared radiation because its large
dipole and high energy levels make its excitation difficult and
sensitive to the interstellar conditions (González-Alfonso et al.
2010, hereafter G-A10).

Spectra from the Infrared Space Observatory (ISO) have
shown that the far-infrared H2O lines are prominent in lo-
cal ultra-luminous infrared galaxies (ULIRGs) and composite
AGN/starburst galaxies, such as Mrk 231 and Arp 220, which
show a series of H2O lines in absorption (González-Alfonso
et al. 2008, 2004). The recent Herschel SPIRE FTS submil-
limeter spectrum of Mrk 231 provides a wealth of molecular
emission lines including high-J CO lines up to J = 13, seven
rotational lines of H2O almost comparable in strength to the
CO emission lines, as well as other species (OH+, H2O+, and
HF) which had not been observed before in external galaxies
(van der Werf et al. 2010 (hereafter vdW10); G-A10); Fischer
et al. 2010). A high intensity of the H2O lines implies a high H2O
column density in a compact nuclear component, and thus a H2O
abundance approaching 10−6 (G-A10). This is most probably the
consequence of shocks, cosmic rays, dense hot cores, possibly a
moderated XDR (X-ray dominated, see e.g. Meijerink & Spaans
2005) chemistry, and/or an “undepleted chemistry” where grain
mantles have evaporated. Therefore a composite model might be
necessary to explain the water emission – shocks excited by the
mechanical energy of the starburst or perhaps an AGN may en-
hance the gas phase abundance of water, while a strong infrared
radiation field from an intense starburst or AGN (similar to
Mrk 231) may be responsible for the high excitation. As stressed
by G-A10, the high H2O/CO ratio makes it unlikely that the
H2O emission originates in classical photon-dominated regions
(PDR), since in the Orion Bar, the proto-typical Galactic PDR,
CO lines are a factor ≥50 stronger than the H2O lines. Similarly,
in the starburst galaxy M82, this ratio is ≈40 (Weiß et al. 2010).
Cosmic-ray-dominated chemistry (see e.g. Papadopoulos 2010)
appears to be excluded because it is unable to heat the gas to suf-
ficiently high temperatures. The favoured model for explaining
these extraordinary features implies a high H2O abundance and
the presence of a small star-forming disk, composed of clumps
of dense gas exposed to strong ultraviolet radiation, dominating
the emission of CO lines up to J = 8 (vdW10, G-A10). X-rays
from the accreting supermassive black hole in Mrk 231 are likely
to contribute significantly to the excitation and chemistry of the
inner disk, as shown by the presence of OH+ and H2O+ lines.

The number density of galaxies similar to Mrk 231 is ex-
pected to be at least two orders of magnitude higher at high than
at low redshift (Fabian et al. 2000; Alexander et al. 2005). They
should represent a significant fraction of all submillimeter galax-
ies (SMGs), and thus of lensed SMGs detected by Herschel. At
high-z, the far-infrared lines of molecular species such as H2O
are redshifted into the atmospheric sub/millimeter windows. For
strongly lensed sources, these molecular lines are within the de-
tection reach of present sub/millimeter interferometers such as

Fig. 1. Spectrum of the para H2O 202−111 emission line towards
SDP.17b, where the velocity scale is centred on its observed fre-
quency at 298.93 GHz (corresponding to z = 2.3049). The rms noise is
∼4.7 mJy/beam in 31.6 MHz channels. A Gaussian fit to the H2O spec-
trum is shown as a solid line while the dotted line shows the underlying
dust continuum emission. The H2O line is clearly asymmetric and not
well fit by a Gaussian profile.

the Plateau de Bure Interferometer (PdBI) and future facilities
such as ALMA and NOEMA. Tentative detections of H2O were
reported in the Cloverleaf for the 220−111 transition (Bradford
et al. 2009, Table 2) and IRAS F10214 for the 211−202 tran-
sition (Casoli et al. 1994). In addition, luminous water masers
(νrest = 22.2 GHz) were detected in a lensed quasar at z = 2.64
(Impellizzeri et al. 2008) and tentatively in F10214 (McKean
et al. 2011). The H2O 110–101 line was also detected in absorp-
tion at z = 0.685 towards B0218+357 by Combes & Wiklind
(1997). It is likely that in the near future, the whole set of molec-
ular lines (including the water lines) seen in Mrk 231 and other
local sources (vdW10, Fischer et al. 2010) will be detectable
with ALMA in high-z lensed galaxies, provided they are compa-
rable to Mrk 231.

3. Observations and results

In order to confirm the detection towards SDP.17b of the red-
shifted H2O 202−111 emission line, we used the PdBI with six
antennae and the new “Band 4” receiver, which covers the fre-
quency range 277–371 GHz. Because the wide-band correlator,
WideX, provides a contiguous frequency coverage of 3.6 GHz
in dual polarization, it allowed us to include the frequency of
297 GHz at the edge of the bandpass where Lu10 reported a
second strong, but partially blended line, which they identi-
fied as the CO(5–4) emission of the lensing galaxy SDP.17a at
z = 0.942 ± 0.004.

First observations were made in the compact D-
configuration on 2011 January 3 in conditions with good
atmospheric phase stability (seeing of 0.7′′) and reasonable
transparency (PWV ≤ 0.5 mm). They were complemented by
observations in extended A- and B-configurations in February
and March 2011. With a total of ∼6.2 h on-source integration,
a strong signal was detected both in the continuum and in
the purported H2O line (Fig. 1). The dust continuum flux
density at 1.0 mm is 32.3 ± 2 mJy, which agrees well with
the value derived from Z-Spec by Lu10, and used in the SED
fits of Ne10 and Lu10. However, the respective contributions
of SDP.17b and SDP.17a to this value remain uncertain. The
maximum flux density and integrated intensity of the H2O line
are 29 mJy and 7.8 ± 0.5 Jy km s−1, respectively, with a FWHM
of 250 ± 60 km s−1. The line central frequency of 298.93 GHz
corresponds to z = 2.3049 ± 0.0006, which is consistent with
the value reported by Lu10, 2.308 ± 0.011.

L3, page 2 of 5

Lensed Herschel source:
SPD.17b, z=2.305
H2O / CO similar to Mrk231
(Omont et al. 2011)

para H2O 202 - 111 987.9GHz 

H2O 616 - 523 22.2GHz maser

Lensed quasar: 
MG 0414+0534, z=2.64
Possibly associated with circum-
nuclear accretion disk or jet
(Impellizzeri et al. 2008)
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Figure 1. CARMA spectra of the HCN(J = 6→5), HCO+(J = 6→5) (left), HNC(J = 6→5) (middle), and continuum emission at 2.76, 2.71, and 2.84 mm (left to
right) toward APM 08279+5255 at a resolution of ∼85 km s−1 (31.25 MHz). The velocity scales are relative to the tuning frequencies of 108.611 GHz (left) and
110.751 GHz (middle) and the central frequency of both LSBs at 105.391 GHz (right). The rms per velocity bin are 0.95, 0.88, and ∼0.65–0.92 mJy (left to right).
The solid curves show simultaneous Gaussian fits to the line and continuum emission where applicable.
(A color version of this figure is available in the online journal.)

Table 1
Measured Line Fluxes and Luminosities in APM 08279+5255

Line I L′

(Jy km s−1) (1010 µ−1
L K km s−1 pc2)

HCO+(J = 6→5) 1.01 ± 0.19 3.0 ± 0.6
HCN(J = 6→5) 1.65 ± 0.19 4.9 ± 0.6
HNC(J = 6→5) 0.86 ± 0.24 2.4 ± 0.7
HC3N(J = 57→56)a <0.34 <1.0
HC3N(J = 59→58) <0.52 <1.5
HC3N(J = 60→59) <0.49 <1.4
SiO(J = 12→11) <0.44 <1.3

Notes. All limits are 3σ , extracted over a line width of 400 km s−1. Luminosities
are derived as described by Solomon et al. (1992): L′(K km s−1 pc2) =
3.25 × 107 × I × ν−2

obs × D2
L × (1 + z)−3, where I is the velocity-integrated

line flux in Jy km s−1, DL is the luminosity distance in Mpc (z = 3.911), and
νobs is the observed frequency in GHz. The given luminosities are not corrected
for the lensing magnification factor of µL = 4.2 (Riechers et al. 2009).
a Covered by both frequency settings.

We also searched for HC3N J = 57→56, 59→58, and
60→59, as well as SiO(J = 12→11) emission within the
covered spectral range, including the LSBs (combined spectrum
shown in the right panel of Figure 1). Marginal excess flux is
seen close to the peak position of the redshifted HC3N(J =
57→56) line in the overlap region of both LSB setups, which
we however consider not detected in the following. We place 3σ
limits of 0.34, 0.52, 0.49, and 0.44 Jy km s−1 on the integrated
fluxes from these lines, extracted over a fixed velocity range of
400 km s−1 (see Table 1). We also attempted to stack all three
HC3N lines, which results in no clear signal above the formal
3σ limit of 0.26 Jy km s−1. We however note that due to the
uncertainties in extraction, this “stacked” limit has to be treated
with caution.

3.2. Millimeter Continuum Emission

As mentioned above, we have detected ∼2.8 mm (rest-frame
∼560 µm) continuum emission toward the host galaxy of the

Table 2
Measured Continuum Fluxes in APM 08279+5255

νobs λobs λrest Sν

(GHz) (mm) (µm) (mJy)

110.7 2.71 551 2.17 ± 0.19
108.6 2.76 562 2.08 ± 0.22
105.4a 2.84 579 2.04 ± 0.08

107.5b 2.79 568 2.08 ± 0.07

Notes.
a Combined LSB data from both setups.
b Averaged over all continuum data.

z = 3.91 quasar APM 08279+5255. Emission was detected
at high signal-to-noise in each sideband of the two frequency
setups. Thus, continuum fluxes were extracted by fitting a
two-dimensional, elliptical Gaussian to the source in the u − v
plane for each sideband and frequency setting, excluding ranges
where line emission was detected. The individual values are
listed in Table 2, and are fully consistent with the continuum
fluxes obtained from the simultaneous line/continuum fits to the
spectra as outlined above. A combination of all measurements
yields an average continuum flux of 2.08 ± 0.07 mJy at 2.79 mm,
consistent with the spectral energy distribution (SED) of the
source (Riechers et al. 2009).

3.3. Line Luminosities and Ratios

From the line intensities, we derive line luminosities
and limits of L′

HCN(6−5) = (4.9 ± 0.6), L′
HCO+(6−5) =

(3.0 ± 0.6), L′
HNC(6−5) = (2.4 ± 0.7), L′

HC3N(57−56) < 1.0,
L′

HC3N(59−58) < 1.5, L′
HC3N(60−59) < 1.4, and L′

SiO(12−11) <

1.3 × 1010 µ−1
L K km s−1 pc2 (Table 1; not corrected for the

lensing magnification factor of µL = 4.2; Riechers et al. 2009).
This corresponds to J = 6→5 L′ ratios of HCN/CO = 0.46

± 0.07, HCO+/CO = 0.28 ± 0.06, and HNC/CO = 0.23 ± 0.07
(relative to CO J = 1→0; Riechers et al. 2009). Such high line
ratios would be unusual even in the respective ground-state (J =

APM08279 (z=3.9)

HCO+ 1-0HCN 1-0 CN 3-2 CS 3-2 

VLA

Cloverleaf (z=2.6)

e.g. Solomon et al. 2003; Garcia-Burillo et al. 2006; Riechers et al. 2007, 2009, 2011
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TABLE 1
Observational Results

Parameter Value

a (J2000) . . . . . . . . . . . . . . . . . . 08h31m41s.73! 0s.01
d (J2000) . . . . . . . . . . . . . . . . . . . 52"45!17".4! 0".1

a . . . . . . . . . . . . . . . . . .V !HCO (5–4) 90! 50 km s"1
. . . . . . . . . . . . . . . . . . . .I !HCO (5–4) 0.87! 0.13 Jy km s"1
b . . . . . . . . . . . . . . . . . .′L !HCO (5–4) (3.5! 0.6)#1010 K km s"1 pc2

90.8 GHz continuum . . . . . . 1.2! 0.13 mJy
a Velocity referred to z p 3.911 (derived from CO lines).
b Uncorrected for lensing.

Fig. 1.—Spectrum of the HCO! (5–4) line detected toward the peak of
integrated line intensity in APM 08279!5255 at (a, d)p (08h31m41s.73,
52"45!17".4). Velocities ( " 0) have been rescaled with respect to the COv v
redshift of z p 3.911 (Downes et al. 1999). The dashed line shows the Gaussian
fit to the HCO! (5–4) emission, and the highlighted channels in intervals I
and III identify the range for line-free continuum emission.

Fig. 2.—Left: Total (continuum plus line) velocity-integrated emission map of APM 08279!5255. The total emission has been integrated from " 0 p "900v v
to 900 km s"1. Levels are "3 j (dotted contours) and 3 j to 15 j in steps of 3 j (1 j p 0.17 Jy km s"1). Right: HCO! (5–4) line emission maps obtained after
subtraction of the continuum source for the three velocity intervals (I, II, III) defined in Fig. 1. (a) I p ["900, "400] km s"1, (b) II p ["400, 550] km s"1,
(c) IIIp [550, 900] km s"1. The levels in (a–c) are "0.39 (dotted contours), 0.39, 0.52, 0.65, and 0.78 Jy km s"1 (equivalent to "3 j, 3 j, 4 j, 5 j, and 6 j for
channel II). To derive the continuum map, we used channels I and III (see Fig. 1). The filled ellipse in each panel represents the 1".46#1".20 (P.A.p 94")
synthesized beam. The (Da, Dd)-offsets (in arcseconds) are relative to the peak of continuum!line emission, at (08h31m41s.73, 52"45!17".4), identified by the crosses.
[See the electronic edition of the Journal for a color version of this figure.]

2. OBSERVATIONS

We observed APM 08279!5255 with the IRAM six-element
array in its B configuration on 2006 March 13. The spectral
correlator was adjusted to z p 3.911 and centered on redshifted
HCO! (5–4) (rest frequency at 445.903 GHz) to cover an ef-
fective bandwidth of 580 MHz (equivalent to ∼1800 km s"1).
The size of the synthesized beam was 1".46#1".20 (P.A.p
94") at the observing frequency (90.797 GHz). APM
08279!5255 was observed for a total integration time of
9.5 hr on-source. During the observations, the atmospheric
phase stability on the most extended baselines was always bet-
ter than 20", typical for excellent winter conditions. The ab-
solute flux density scale was calibrated using 3C 84 and
0836!710 and should be accurate to better than 10%. We have
used the GILDAS package for the data reduction and analysis.
The average 1j noise in channels of 20 MHz width is estimated
to be 0.5 mJy beam"1. The phase tracking center of these
observations is at J2000 (a0, d0)p (08h31m41s.57, 52"45!17".7),
coincident with that used by Wagg et al. (2005) in their HCN
observations. To calculate luminosities, we assume a L cos-
mology described by H0 p 70 km s"1, QL p 0.7, and Qm p
0.3 (Spergel et al. 2003). Throughout this Letter, the velocity
scale is referred to the CO redshift, z p 3.911.

3. RESULTS

We have detected the HCO! (5–4) line and the dust con-
tinuum emission (at 670 mm), both emitted in the submilli-
meter range and redshifted to 3.3 mm, in APM 08279!5255.
The overall results are summarized in Table 1. Figure 1 shows
the spectrum of the HCO! (5–4) line (continuum not sub-

tracted) toward the peak of integrated intensity at (a, d) p
(08h31m41s.73, 52"45!17".4) (see Fig. 2). Within the errors, the
peak position is in agreement with that determined from pre-
vious millimeter continuum maps (Downes et al. 1999; Wagg
et al. 2005). The velocity coverage encompasses the full extent
of the HCO! line emission. Data from the line-free sidebands
with velocities below "400 km s"1 and above 550 km s"1

(intervals I and III, defined in Fig. 1) were combined with
natural weighting to estimate the continuum emission at
90.8 GHz to be ∼1.2! 0.13 mJy, in good agreement with the
value of 1.2! 0.3 mJy at 93.9 GHz from Downes et al. (1999).
The channel maps of Figure 2 obtained for the three velocity

intervals defined in Figure 1 (I, II, and III) clearly show that
HCO! (5–4) line emission is only detected from "400 km s"1
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range in H2 density to about 104.9Y105.5 cm!3. Models with
lower density fail to reproduce the observed 4 ! 3 flux densities
for both molecules. Similarly, higher densities overpredict the
3 ! 2 and 4 ! 3 lines even for very cold temperatures of 15 K.
The kinetic temperature is poorly constrained from the mod-
els (see also the LVG models in Jackson et al. 1995; our Fig. 8,
dotted and dashed lines); however, a kinetic temperature of 50 K
is the most plausible solution as it is consistent with the dust
temperature (Melo et al. 2002) and also in agreement with mod-
els of the CO SED (Güsten et al. 2006). We note that a tem-
perature of "100 K, as derived by Bradford et al. (2003) cannot
be ruled out by the model. With this, a good match to both line
SEDs in our fixed chemistry framework is provided by an H2

density of 105.2 cm!3, a kinetic gas temperature of Tkin ¼ 50 K,
and an area filling factor of about 1% (Fig. 8, solid line). All
solutions whichmatch the data predict that HCN andHCO+ lines
are optically thick and subthermally excited, even in the ground
transition of HCN and HCO+. For the 50 K model we get an
excitation temperature Tex of 26 K for HCN(1 ! 0) and of 42 K
for HCO+(1 ! 0) and all higher transitions have lower Tex. For a
very cold solution of 20K (nH2

¼ 105:5 cm!3) the HCO+(1 ! 0)
emission would be close to being thermalized.

Although the area filling factors for HCN and HCO+ differ
slightly for a given nH2

YTkin LVG input, the good agreement of
the model predicted SEDs for HCN and HCO+ with the obser-
vations suggests that the emission from HCN and HCO+ arise
from a common volume.Q3 We repeat the analysis for the central posi-
tion of NGC 253 after convolving the data to a resolution of 2000.
For our LVG model with n(H2) ¼ 105:2 cm!3 and Tkin ¼ 50 K,
the results are consistent with those derived from 2700 resolution.
The only difference is the area filling factor which increases for
higher resolution. If we apply the same LVG model to the total
flux within the maps covered by the OVRO and APEX obser-
vations, the LVG predicted HCN and HCO+(4 ! 3) fluxes are
slightly higher than the observed values which suggests that the
HCN and the HCO+ excitation is somewhat lower in the outer
most regions of the data cubes. At a fixed temperature of Tkin ¼
50 K, however, a small decrease of the H2 density to n(H2) ¼
105:1 cm!3 is sufficient to bring the model prediction and the ob-
servations into agreement.

In summary, the constant HCN/HCO+ flux ratio across the
starburst disk would require a highly unlikely conspiracy be-

tween varying abundances and excitation conditions. Hence, it is
safe to conclude that there is no significant abundance gradient
across the disk.

4.2. Comparison to Excitation Conditions in Other Galaxies

We have used our new HCN observations as well as data from
the literature to compare the excitation of the dense gas via the
HCNSEDs inNGC 253,M82, NGC 4945, NGC 6240,Mrk 231,
and Arp 220 (references are given in the caption of Fig. 9). We
restrict ourselves here to HCN, because it provides the most

Fig. 8.—HCO+ (right) and HCN (left) line SEDs toward the nucleus of NGC 253 in a 2700 beam. The data points are from Nguyen-Q-Rieu et al. (1992; triangles),
Paglione et al. (1997) and Paglione (1997) (HCN and HCO+, respectively, open squares), and this work (Table 1; solid squares and circle). The lines in both diagrams
are selected single-component LVG model fluxes for [n(H2), Tkin ] combinations; solid line: 105.2 cm!3, 50 K; dashed line: 104.9 cm!3, 150 K; dotted line: 105.5 cm!3,
20 K. The implied area filling factors are 1.4%, 2.0%, and 1.6% for HCN and 0.9%, 1.6%, and 1.1% for HCO+.

Fig. 9.—Comparison of the HCN line SEDs of selected local galaxies. The
SEDs are shown for NGC 253 (this paper; no data points plotted; Fig. 8), M82
(solid squares; Seaquist & Frayer 2000), Arp 220 (open squares; Greve et al.
2006 and references therein), NGC 6240 (open triangles; Greve et al. 2006 and
references therein [For the SED fit to NGC 6240 we have used the HCN(1 ! 0)
flux measurement of Solomon et al. (1992), as the more recent value by Greve
et al. (2006) does not provide a good fit in conjunction with the HCN(3 ! 2)
and HCN(4 ! 3) measurements.]), Mrk 231 (solid triangles; Papadopoulos
2007), and NGC 4945 (open circles; Wang et al. 2004). The HCN line SEDs are
normalized by their HCN(1 ! 0) flux density.
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Figure 4. HCN excitation ladder (spectral line energy distribution; points) and
LVG models (lines) for APM 08279+5255, accounting for both collisional and
radiative excitation. The HCN(J = 5→4) data point is from Weiß et al. (2007).
The models give ngas = 104.2 cm−3, Tkin = TIR = 220 K, and infrared field-filling
factors of IRff = 0.3–0.7 (shown in steps of 0.1).
(A color version of this figure is available in the online journal.)

is currently not possible to properly constrain similar models
for the HCO+ and HNC line excitation. However, due to
similar rovibrational bending modes (ν2 = 1 at 12.1 and
21.6 µm), it is likely that similar conclusions hold for the
HCO+ and HNC excitation. The bending modes of HCN,
HCO+, and HNC all lie close to the peak of the dust SED
of APM 08279+5255 (Weiß et al. 2007; Riechers et al. 2009),
which would make such a scenario plausible. Also, the organic
compound HC3N has several bending modes in this wavelength
regime (e.g., Wyrowski et al. 1999), which would make a
substantial HC3N(J = 49→48) contribution to HCO+(J = 5→4)
plausible. Luminous, high-J HC3N emission consistent with
radiative excitation scenarios is observed in nearby galaxies
like NGC 4418 (Aalto et al. 2007a). On the other hand, the
lowest rovibrational transition of the diatomic molecule CN lies
at 4.9 µm (see also Guelin et al. 2007), which lies substantially
beyond the peak of the SED. No strong 4.9 µm (observed
frame 24 µm) CN absorption is detected toward the bright mid-
infrared continuum of APM 08279+5255 in deep Spitzer Space
Telescope spectroscopy (D. Riechers et al. 2010, in preparation).
Thus, IR pumping is likely substantially less effective for CN
(relative to HCN, HCO+, and HNC), which may contrast9 the
relatively high CN(N = 4→3) luminosity suggested by Guelin
et al. (2007), depending on the actual CN abundance. However,
luminous CN(N = 3→2) emission was detected toward another
distant lensed galaxy, the Cloverleaf quasar (z = 2.56; Riechers
et al. 2007b).

If CN and/or HC3N transitions close to those blended with
HNC(J = 5→4) and HCO+(J = 5→4) are found to be much
fainter than expected based on the L′ estimates by Guelin et al.

9 The high CO excitation in APM 08279+5255 can be explained by
collisional excitation alone (Weiß et al. 2007); however, due to its higher
critical density, collisional excitation of CN is substantially less effective than
for CO.

(CN) and above (HC3N), a more complex scenario would be
required to explain the different HCN, HCO+, and HNC line
ratios in the J = 5→4 and 6→5 transitions. In this case, it
will become necessary to investigate the different efficiency
with which the IR radiation field excites their bending modes in
more detail, which may lead to high but different excitation for
the rotational ladders of these molecules.

5.2. HNC/HCN Ratio

Recent studies of HCN and HNC emission in nearby infrared-
luminous galaxies have revealed sources with high HNC/
HCN ratios and high HNC excitation. Two scenarios were
brought forward to explain these high ratios: IR pumping and/
or increased abundances of HNC in the presence of X-ray-
dominated regions (XDRs, often found in regions impacted by
emission from active galactic nuclei; Aalto et al. 2007b). On
the one hand, we find that HCN(J = 6→5)/HCO+(J = 6→5)
> 1, which is the opposite to what is expected in the XDR
scenario (Aalto et al. 2007b). However, we note that our LVG
models show that the HCN(J = 6→5) line (and thus, likely
also the HNC J = 6→5 line) is only moderately optically thick,
abundance effects thus cannot be ruled out. On the other hand,
the HNC(J = 6→5)/HCN(J = 6→5) ratio of 0.50 ± 0.15 in
APM 08279+5255 also fits well into the IR-pumping scenario:
in nearby infrared-luminous galaxies, the gas is warm enough
to efficiently pump HNC (through the 21.6 µm bending mode
with an energy level of hν/k = 669 K and Einstein A coefficient
of AIR = 5.2 s−1), but not HCN (through the 14.0 µm bending
mode hν/k = 1027 K and AIR = 1.7 s−1; Aalto et al. 2007b),
leading to a high HNC/HCN L′ ratio in high-J transitions. In
APM 08279+5255, the dust and gas are warm enough to also
efficiently pump HCN at high rates, so the line ratio depends
mostly on the fraction of the HNC or HCN-emitting gas that
is exposed to the IR radiation field and optical depth effects
(given that the fraction of L′ in the J = 6→5 transitions due to
collisional excitation is likely small). This allows for a broad
range of HNC/HCN ratios, and thus is consistent with the
comparatively low J = 6→5 ratio, especially in combination
with the high excitation of both molecular line spectral energy
distributions (SLEDs). Similar arguments can be made for the
relative strength of HCO+, which has its fundamental 12.1 µm
bending mode at slightly higher energy than HCN.

5.3. Detectability of Mid-IR Pumping Lines

Given the SED and brightness of the high-J rotational lines of
HCN, HNC, and HCO+, pumping by mid-IR rovibrational tran-
sitions appears plausible. As the abundance of these molecules is
high enough to yield bright rotational lines in emission, the ques-
tion arises whether or not the pumping transitions themselves
may be detectable (which would place better constraints on the
abundance of these molecules). The 14.0 µm HCN feature was
detected in absorption in nearby (U)LIRGs (Lahuis et al. 2007).
Indeed, sources such as Arp 220 or NGC 4418 show deep ab-
sorption features (10%–30% of the continuum flux), indicating
high HCN abundances, and evidence for pumping of the rota-
tional HCN lines. The ν2 = 1 lines of HCO+, HCN, and HNC
are at rest-frame 12.1, 14.0, and 21.6 µm, i.e., observed frame
59.4, 68.8, and 106.1 µm, which is within the wavelength range
of the Photodetector Array Camera and Spectrometer (PACS)
on board the Herschel Space Observatory (e.g., Poglitsch et al.
2010). APM 08279+5255 has continuum fluxes of 511 ± 51
and 951 ± 228 mJy at 60 and 100 µm (Irwin et al. 1998). Thus,

Riechers et al. 2011

APM08279:
Strong IR radiation field.
Collisional excitation not enough, 
likely radiative excitation
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Fig. 4.— vs. . All galaxies with a high dense molecular gas fractionL L /LFIR HCN CO
of , whether local or high z, are IR-luminous ( ). The11L /L 1 0.06 L 1 10 LHCN CO FIR ,

high-zEMGs are indicatedwith filled circles, local LIRGs andULIRGswithcrosses,
and normal spirals with open circles. The high-z EMGs show a high ratio of dense
to total molecular gas similar to ULIRGs but even higher FIR luminosity.

have FIR luminosities ( )11 11L 1 7# 10 L L 1 9# 10 LFIR , IR ,

have an average ratio of 880 with a 1 j dispersion of (!330,
"250) (K km s"1 pc2)"1. These are the closest analogs to theL,

EMGs. Two of the high-z HCN detections (Cloverleaf and SMM
J16359) lead to values within the range expected from′L /LFIR HCN
nearby galaxies, similar to the ratio in the best-known ULIRG
Arp 220 with (K km s"1 pc2)"1. The three′L /L p 1340 LFIR HCN ,

other detections have ratios about twice that of Arp 220. Only
three of the 65 local galaxies have ratios in this range (2200–
2600). Four measurements yield high upper limits to ,′L /LFIR HCN
outside the distribution expected from local galaxies including
ULIRGs. There are also three weak upper limits that are not very
useful. Combining the detections and upper limits, the star for-
mation rate per solar mass of dense gas, measured by

, is higher in EMGs than in the local universe, including′L /LFIR HCN
ULIRGs, by a factor of ∼2.0–2.5.
It should be noted that with the exception of four SMGs, in-

cluding the HCN detection reported here, all other EMGs in our
sample host known AGNs. Were the FIR luminosities of these
EMGs to be corrected by the amount contributed by their AGNs,
the points plotted would, in principle, come into better agreement
with the low-z correlation. However, for the three quasars where
the corrections have been calculated (F10214!4724, D. Downes
& P. M. Solomon 2007, in preparation; Cloverleaf, Weiss et al.
2003; APM 08279!5255, Weiss et al. 2005, 2007) the corrections
are significant only for APM 08279, a highly luminous IR source
with an unusual hot dust component (200 K) connected with the
QSO. Note that here we have used the rest-frame FIR for all
galaxies, local and high z, instead of the IR luminosity that was
used in GS04a for the local HCN sample.
Table 3 and Figure 4 show that the ratio for the′ ′L /LHCN CO

EMGs is similar to that found in the local ULIRG population
with the highest and an average of 0.16 (for′ ′L /L p 0.27HCN CO
five detections) compared with a maximum of 0.26 and an
average of 0.13 for local ULIRGs. If we leave out APM 08279,
the highest EMG value is 0.18 and the average is 0.13. Normal
spiral galaxies have an average ratio of 0.03. Thus, EMGs and
ULIRGs have in common a high fraction of dense molecular
gas compared to total molecular gas. All of the EMGs meet
the luminous starburst criteria (Fig. 4) found by GS04a. Kohno
(2005) claimed that nearby AGNs tend to have exceptionally
high HCN/CO ratios, presumably due to the X-ray–dominated
regions near AGNs. But we did not find any similar cases in
the AGN-dominated EMG sample at high z as their HCN/CO
ratios are comparable to that of local ULIRGs (Fig. 4). HCN
observations of the local host galaxies of infrared-excess
Palomar-Green QSOs also show that there is no evidence that

the global HCN emission is enhanced relative to CO in galaxies
hosting luminous AGNs (Evans et al. 2006).
In conclusion, we find that the EMGs have large quantities

of dense molecular gas with HCN luminosities higher, on av-
erage, than local ULIRGs. They also have a high dense gas
mass fraction, similar to ULIRGs. But, on average, they have
a higher star formation rate per unit dense molecular gas than
ULIRGs or local normal large spirals.
Significant progress requires the power of the Atacama Large

Millimeter Array (ALMA), which will dramatically increase
both the sample size and the quality of the measurements, to
obtain rotational ladders, refine density estimates, and test other
molecules such as HCO , HNC, CS, etc., for measuring the!

physical properties of dense star-forming gas at high z.
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Figure 2. The integrated 12CO SLED for SMM J2135 showing that the SLED peaks around Jupper = 6 (similar to M 82, but with proportionally stronger
12CO(1–0)). The central panel shows the results of LVG modelling applied to the integrated SLED, which requires two temperature phases to yield an adequate
fit. In this model, they have characteristic temperatures of Tkin = 25 and 60 K and densities of n = 102.7 and 103.6 cm−3, respectively (we associate these two
phases with a cool, extended disc and hotter, more compact, clumps). The right-hand panel shows a similar comparison but now using a PDR model (Meijerink
et al. 2007; see Section 3.2.1), which again requires a combination of both low- and high-density phases to adequately fit the integrated SLED.

Using this dynamical mass and the minimum gas mass, we place
a lower limit on the gas fraction of Mgas/Mdyn ! 0.19. This ratio
is similar to the ratio for typical starburst nuclei and the ratio of
30 per cent found in M 82 (Devereux et al. 1994). Compared to other
high-redshift submillimetre galaxies (SMGs), using the 12CO(3–2)
observations from Greve et al. (2005) and adopting α = 0.8 and
R3,1 = 0.58 ± 0.05 from Ivison et al. (2010c), we find a median
gas mass ratio of 50 per cent for luminous SMGs, whilst Tacconi
et al. (2008) derived a gas mass fraction of 0.3 for more typical
star-forming galaxies at similar redshifts. We stress, however, that
compared to the gas mass of 6 × 108 M# within the central 1.2 kpc
of M 82 (Young & Scoville 1984), our gas mass is nearly two orders
of magnitude higher, underlining the more extreme conditions in the
central regions of SMM J2135.

In order to provide a simple comparison with previous stud-
ies, we estimate the gas mass of SMM J2135 using a conver-
sion factor of α ∼ 0.8 which applies to the smoothly distributed,
high-pressure, largely molecular ISM measured in local ULIRGs
(Downes & Solomon 1998; Solomon & Vanden Bout 2005, al-
though recent local studies on high-Jupper CO lines imply multi-
phase ISM in ULIRGs as opposed to smoothly distributed) and is
also the canonical value used for high-redshift LIRGs and ULIRGs
(Stark et al. 2008; Tacconi et al. 2008). This value of α is com-
fortably between the upper and lower limits calculated above. With
this assumption, the 12CO(1–0) line luminosity yields a total gas
mass of MH2 = (1.4 ± 0.1) × 1010 M# (see also Swinbank et al.
2010).

Taking our estimate of the total gas mass and the expected size
of ∼1 kpc for the system (Swinbank et al. 2010), we derive an
average column density of ∼ 1024 cm−2, which is comparable to
the molecular hydrogen density in Arp 220, averaged over a similar
region (Gerin & Phillips 1998), but much higher than the density
in typical starburst galaxies, such as M 82. However, this estimate
gives an average over the system which we know to be structured
and so indicates that the column density is very high in parts of this
source. The associated extinction is expected to exceed AV ∼ 103,
suggesting significant absorption even in the far-IR and moreover
that the emission from some of the more common species we see is
optically thick. With this extinction, coupled with our high value for
G0 (derived in Section 3.2.1), high-IR luminosity and potentially

high cosmic-ray flux (see below), it is probable that momentum-
driven outflows will result. These outflows could be either photon-
driven (Thompson, Quataert & Murray 2005) or cosmic ray driven
(Socrates, Davis & Ramirez-Ruiz 2008) and will impact both the
dynamics of the gas in the system and the steady-state assumption
in our PDR modelling (Section 3.2.1).

We can now compare the star formation efficiency (SFE) in
SMM J2135 to that in the wider SMG and ULIRG populations.
First we note that the far-IR luminosity of SMM J2135 is LFIR =
(2.3 ± 0.1) × 1012 L# (Ivison et al. 2010b), which indicates an SFR
of ∼ 400 ± 20 M# yr−1 (Kennicutt 1998) assuming a Salpeter IMF.
We combine the SFR and gas mass to estimate the SFE following
Greve et al. (2005), SFE = LFIR/MH2 resulting in SFE ∼ 165 ±
7 L# M−1

# . This is comfortably within the limit derived by Scov-
ille (2004) of [LFIR/MH2 ]max = 500 L# M−1

# , assuming Eddington-
limited accretion of gas on to OB star clusters. 12CO(1–0) mea-
surements in local ULIRGs derive an SFE of 180 ± 160 L# M−1

# ,
which is comparable to that in our source. The SFE of our source
is also comparable to the median SFE of 210 ± 80 L# M−1

# for the
sample of luminous SMGs of Greve et al. (2005), after correcting
the latter using R3,1 = 0.58 as appropriate for SMGs (Harris et al.
2010; Ivison et al. 2010c).

We begin modelling this system by noting that the 870-µm
SMA observations and comparison to the LABOCA flux reveal
four bright, compact clumps embedded in a much more extended
system with the clumps emitting ∼80 per cent of the total luminos-
ity, and the rest of the emission emerging from a more extended
component (Swinbank et al. 2010). Motivated by this structure, we
fit a two-component model to the dust spectral energy distribution
(SED), fixing the characteristic temperature of the cool (presumably
more extended) component at 30 K and allowing the size and the
characteristic temperature of the clumps to vary. The best fit yields
a characteristic size for the clumps of r ∼ 200 pc at a temperature
of Td,warm = 57 ± 3 K, while the extended component has a size of
r ∼ 1000 pc at Td,cool = 30 K. The dust mass of both the extended
component and the clumps is then (1.5 ± 0.2) × 108 M#, which
is similar to the mass determined for the cool dust component in
Ivison et al. (2010b). The inferred clump size is somewhat larger
than the size of the dust emission regions seen in the highest resolu-
tion 870-µm SMA maps, where the clumps appear to be 100–200 pc

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 410, 1687–1702

LVG model PDR model
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IRAM 30m CO SED survey
(1, 2, 3mm bands) Weiss, Walter, Downes, Henkel, in prep.
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Weiss et al., in prep.
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MASSIVE GAS RESERVOIRS
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z~2 gal’s: not extreme starbursts, but massive gas reservoirs

§ 6 of 6 detected in CO, ~10 kpc size
§ Mgas> 1010 Mo ~ high-z HyLIRG  !
! (SMG, QSO host)
But:
§ SFR < 10% HyLIRG

§ 5 arcmin-2  (vs 0.05 for SMGs)
   => common, ‘normal’ high-z galaxies
- SFR/M* const. w/ M*: ‘pre-downsizing’

Daddi ea. 2007, 2008, 2009, Tacconi et al. 2010, Genzel et al. 2010

HST

PdBI
CO(2-1)
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OTHER GALAXIES, DIFFERENT EXCITATION
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§ CO excitation = Milky Way (but Mgas > 10x MW)

§ LFIR/L’CO = MW << ULIRGs/SMGs
§ Gas depletion timescales > few x108 yrs

LFIR/L’CO

MW

low z

high z

Milky Way

Cold molecular gas in massive disk galaxies at z = 1.5 5

1 2 3 4
Rotational Quantum Number, J
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1.4
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m
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Antennae overlap

Inner MW

NGC6946

BzK-21000
BzK-4171
BzK-16000

Fig. 5.— CO excitation ladder or CO SED for BzK-21000 (solid
black circles). The black solid, dashed and dotted lines show repre-
sentative LVG models 1, 2 and 3 from Dannerbauer et al. (2009),
respectively. The open stars and open circles show the CO 1−0 and
CO 2 − 1 integrated flux densities for BzK-4171 and BzK-16000,
scaled to the CO 2−1 emission of BzK-21000 for comparison. The
open triangle, open square and asterisk symbols illustrate the CO
SED of the Milky Way, the Antennae overlap region and the spiral
galaxy NGC6946, normalized to the CO 2 − 1 emission of BzK-
21000. The LVG models that reproduce the data for these objects
are shown as gray solid lines. A small horizontal shift has been
applied to the data points to enhance the visibility.

and 0.28± 0.08 Jy km s−1 in BzK-4171, BzK-21000 and
BzK-16000, respectively. We use the integrated line in-
tensities to compute the CO line luminosities through
L′
CO = 3.25 × 107(1 + z)−1D2

Lν
−2
obsICO, where DL is the

luminosity distance at redshift z and νobs is the observed
frequency (Solomon et al. 1997).
A comparison of the CO 1 − 0 maps with optical and

the radio positions (Fig. 4) shows a small offset of ∼ 0.3′′

from the CO peak position in the case of BzK-4171. This
is well within the range expected given the low signifi-
cance of the detection. For the other sources, the CO
emission is consistent (< 0.2′′) with the position of the
radio and optical source.

3.1. Gas properties

Our observations of the CO 1− 0 line emission can be
used to directly measure the amount of molecular gas
and star formation efficiency in the BzK galaxies. The
estimation of the molecular gas masses is typically done
by using a CO luminosity to gas mass conversion factor,
αCO. Comparing observations with simulations of star-
forming disk galaxies that reproduced the observed CO
2 − 1 line shapes and UV morphologies of three BzK
galaxies (two of which are in our sample), Daddi et al.
(2010a) estimated αCO = 3.6±0.8M# (K km s−1 pc2)−1,
close to the Galactic disk α. Assuming this value of αCO,
we compute the H2 masses given in Table 2.
The star formation efficiency of galaxies is defined as

the ratio between the IR luminosity and the CO 1 − 0
luminosity, SFE= LIR/L′

CO. Using the values for the
IR luminosity from Daddi et al. (2010a), we find SFE=
43, 142 and 44 L# (K km s−1 pc2)−1 for BzK-4171,
BzK-21000 and BzK-16000, respectively. We can also
compute the time in which the gas would be consumed if
the current SFR remains constant, τgas = M(H2)/SFR.
Using the SFRs found by Daddi et al. (2010a), we find

gas consumption lifetimes of ∼ 0.2 − 0.8 Gyr (see Ta-
ble 2). These values are comparable to those found by
Daddi et al. (2010a) and are similar those found for com-
parable galaxies at redshifts ∼ 1−3 (Tacconi et al. 2010).

3.2. Excitation of the molecular gas

In this section we study the properties of the molec-
ular gas in our BzK galaxies. All of our sources have
previously been detected in the CO 2 − 1 emission line.
However, only BzK-21000 has been detected in the CO
3− 2 line (Dannerbauer et al. 2009).
Figure 5 shows the velocity integrated CO line fluxes of

BzK-21000 as a function of rotational quantum number,
J . Also shown are the CO 1− 0 and CO 2− 1 integrated
line fluxes of BzK-4171 and BzK-16000, normalized to
the CO 2 − 1 intensity of BzK-21000 for comparison,
and the normalized CO intensities for the inner disk of
the Milky Way (Fixsen et al. 1999), the Antenna overlap
region (Zhu et al. 2003) and the spiral galaxy NGC6946
(Bayet et al. 2006).
From the velocity integrated line fluxes, we compute

the brightness temperature line ratios as r21 = T21/T10 =
(I21)/I10)×(ν10/ν21)2, where T21 and T10 are the bright-
ness temperatures, I21 and I10 are the integrated fluxes,
and ν21 and ν10 are the observed frequencies of the CO
2 − 1 and 1 − 0 emission lines, respectively. For LTE,
we expect this ratio to be r21 = 1. In our sources, we
measure brightness temperature line ratios of 0.80+0.35

−0.22,
1.22+0.61

−0.36 and 0.41+0.23
−0.13 for BzK-4171, BzK-21000 and

BzK-16000, respectively.
At the significance of our detections, it is not possible

to conclude whether the emission in the individual BzK
galaxies is thermalized or not up to J = 2. In BzK-
4171 and BzK-21000 the values of r21 suggest thermal
equilibrium, while in BzK-16000, the low value for r21
suggests that the CO emission is sub-thermal at J = 2.
However, this needs to be confirmed with deeper obser-
vations. For BzK-21000, the brightness temperature ra-
tio between CO 3 − 2 and CO 1 − 0 is r31 = 0.610.39−0.26,
compatible with the previous results of r31 ∼ 0.5 in this
galaxy by Dannerbauer et al. (2009).
For BzK-21000, we compute a Large Velocity Gra-

dient (LVG) model using our new CO 1 − 0 measure-
ment. We employ a single component LVG model that
assumes spherical geometry. We use the collision rates
from Flower (2001) with an ortho-para H2 ratio of 3 and a
CO abundance per velocity gradient [CO]/(dv/dr)=10−5

pc (km s−1)−1 (e.g., Weiß et al. 2005, 2007). Values that
resemble the CO emission are in the range Tkin = 20−150
K and n(H2) = 400 − 2500 cm−3. Since we do not
have sufficient constraints to fit the data with a specific
model, we thus discuss the three representative models
presented by Dannerbauer et al. (2009), as shown in Fig.
5. These models have Tkin = 25 K, n(H2) = 1300 cm−3

and a cloud filling factor of ∼2% (Model 1); Tkin = 90
K, n(H2) = 600 cm−3 and a similar cloud filling fac-
tor (Model 2); and Tkin = 10 K, n(H2) = 2500 cm−3

and a filling factor of 8% (Model 3). We see that all
these models can reasonably reproduce the data for BzK-
21000. This is expected as our CO 1−0 flux measurement
confirms the LVG-based prediction of Dannerbauer et al.
(2009), ICO 1−0 ∼ 0.15 Jy km s−1. Therefore, we ver-
ify that models with high Tkin and/or n(H2), as seen in

(Dannerbauer et al. 2009; Aravena et al. 2010)

K-band

2 arcsec

SMMJ163556
z = 4.04
no CO(4-3) - why?
(Knudsen et al. 2010)
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DISK DIMMING DUE TO CMB
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From Axel Weiss 



CO at high redshift

CO, C+, [CI] AT HIGH REDSHIFT
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ALMA simulations

MASSIVE GALAXIES AT Z=1.5-2.5,  ALMA SIMULATIONS

From:  Fabian Walter



ALMA simulations

QSOS AT Z=6 WITH ALMA

From:  Fabian Walter
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PAHS IN HIGH-Z GALAXIES
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Figure 11. PAH luminosities as a function of IR luminosity for the SMGs in our
sample and for those in Pope et al. (2008). We also include aperture-corrected
PAH luminosities of low-redshift nuclear starbursts (Brandl et al. 2006). The
line shows the best linear fit to both low-redshift and high-redshift objects (see
Equation (1)). At low redshifts, the 7.7µm luminosity correlates well with the
IR luminosity. At higher redshifts, SMGs appear to maintain such correlation.
(A color version of this figure is available in the online journal.)

total IR luminosity, which in the absence of an AGN is taken
to be a good tracer of star-forming activity (Kennicutt 1998).
Roussel et al. (2001) and Förster Schreiber et al. (2004) showed
that there exists a correlation between ISO 6.75 µm light and
Hα luminosity in local spirals and starburst galaxies. With the
advent of Spitzer, 8 µm IRAC results from Wu et al. (2005) and
Alonso-Herrero et al. (2006) further confirmed that the 8 µm-
band flux is closely associated with the star formation taking
place in low-redshift (z ! 0.2) luminous infrared galaxies with
LIR < 1012 L!.

More recently, several authors have exploited the 6.2 µm
PAH emission feature as a SFR indicator, based on the observed
correlation between the 6.2 µm PAH and total IR luminosity
(e.g., Brandl et al. 2006; Pope et al. 2008). The wavelength
coverage within our study gives us an insight to the 7.7 µm
PAH emission feature of 22 SMGs. In Figure 11, we show the
7.7 µm PAH luminosities as a function of IR luminosities for
SMGs and low-redshift starburst galaxies. We see that L7.7 µm
and LIR for low-redshift starbursts are well correlated and that
the SMGs extend this local correlation out to higher redshifts,
where we have assumed that the bulk of the total IR luminosity
can be associated with star formation (see Section 4.6). We find
that the best fit for the complete sample of objects at low- and
high-redshifts is

log(L8–1000 µm) = (1.01 ± 0.04) × log(L7.7 µm)
+ (1.72 ± 1.88). (1)

The spectral insight to the mid-IR emission of galaxies allows
us to disentangle the PAH emission from the AGN contribu-
tion to the underlying continuum, which remains otherwise in-
termixed in mid-IR broadband photometry. In the presence of
an AGN, the continuum contribution may be substantial and
even dominate the emission at these mid-IR bands (see for
example the continuum-dominated SMGs SMM J123553.26,
SMM J163650.43, and SMM J221737.39 in Figure 2). Taking

the IR luminosity as a proxy of star-forming activity (Kennicutt
1998), we use the relation between PAH luminosity and IR lu-
minosity to characterize the 7.7 µm PAH luminosity as an SFR
indicator. Based on this, we find that the 7.7 µm PAH luminosity
can be used as an SFR indicator following the following form:

log(SFR) = −41.6 + 1.01 × log(L7.7 µm), (2)

where L7.7 µm and SFR are in units of erg s−1 and M! yr−1,
respectively. The bulk of SMGs have PAH-derived SFRs ∼ few
×102–103 M! yr−1, consistent with the X-ray-derived SFRs by
Alexander et al. (2005) for SMGs in the CDF-North. We obtain
a median value of 〈SFR〉7.7 µm ∼ 1200 M! yr−1 for SMGs,
including the objects in Pope et al. (2008).

5.2. Dust Distribution in SMGs

Our observed silicate optical depths correspond to a median
visual extinction of AV ∼ 6, assuming AV = (18.5±2)×τ9.7 µm
(Draine 2003). This is significantly higher than the values
estimated in previous near-IR studies, AV ∼ 1–4, based on
the Balmer decrement (Takata et al. 2006) and broadband
optical/near-IR colors (Smail et al. 2004; Swinbank et al.
2004). This difference demonstrates that these optically based
techniques are only capable of probing the less-obscured regions
of the SMGs and hence return lower values for AV. The mid-IR
gives us a supplementary insight to the star formation taking
place within the highly optically obscured regions of SMGs
and allows us to quantify the additional extinction at rest-frame
optical wavelengths unaccounted for by the Balmer decrement.
The difference in values for AV derived from the mid-IR and
the optical/near-IR indicates that Hα-derived SFRs can be
suppressed by up to a factor of " 100 when uncorrected for
internal extinction.

The range in silicate optical depths we find in SMGs, τ9.7 µm
∼ 0.05–1.2, falls below the typical values reported for both
local ULIRGs and AGNs (〈τ9.7 µm〉 ∼ 1.5; Shi et al. 2006; Hao
et al. 2007). Recent work by Desai et al. (2007) measured the
strength of silicate-absorption features in a large sample of
low-redshift ULIRGs from the IRAS Bright Galaxy Sample.
They find that cold ULIRGs, with steeper mid-IR spectra
S25 µm/S60 µm ! 0.2, have deeper silicate-absorption features
than warm ULIRGs, with S25 µm/S60 µm " 0.2. We find that
SMGs have τ9.7 µm values close to that of warm ULIRGs, such as
IRAS FSC05189 − 2524, and to the median value found for
star-forming low-redshift galaxies (〈τ9.7 µm〉 = 0.47 ± 0.38; see
Figure 7).

The strength of the silicate feature can provide insight into
the distribution of dust along the line of sight. The strong
silicate absorption measured for cold low-redshift ULIRGs can
be explained by a small, deeply embedded source with large
amounts of obscuring dust along the line of sight (Levenson et al.
2007). Shallower silicate-absorption features and the presence
of silicate-emission, such as found in the high-redshift mid-IR-
selected sources presented by Sajina et al. (2007) and warm
low-redshift ULIRGs suggest that the mid-IR has a direct view
to the hot thermal continuum source, possibly through a clumpy
obscuring medium.

The observed 7.7/6.2 PAH ratios of SMGs (Figure 6) are
on average lower than those seen in local nuclear starbursts.
This ratio is potentially sensitive to ionization and reddening,
with softer radiation fields and lower obscuration leading to
lower 7.7/6.2 ratios. When taken with the differences in silicate
absorption between SMGs and local ULIRGs, both these results
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Figure 3. Left: the median-combined rest-frame composite spectrum of 22 SMGs detected in our sample, with the shaded area representing the 1σ sample standard
deviation. We assume optical redshifts (C05), except for the five SMGs in which PAH features suggest an alternate redshift (see Section 4.1). The composite spectrum
is dominated by strong PAH emission at 6.2, 7.7, 8.6, 11.3, and 12.7 µm, with an underlying red continuum. All the spectra are normalized by their flux at λ = 8.5 µm
in the rest frame (see Section 3.1 for details). Right: composite spectra for subsets of SMGs in three separate redshift bins. These demonstrate that at λ > 10 µm our
composite spectrum is dominated by sources at z < 1.6. See Section 4.5.1 for discussion.
(A color version of this figure is available in the online journal.)

ical Satellite (IRAS) Bright Galaxy Sample studied by Armus
et al. (2006, 2007) and Desai et al. (2007), the low-redshift
nuclear starburst-dominated galaxies presented by Brandl et al.
(2006) and the mid-IR-selected high-redshift sources of Sajina
et al. (2007) and Farrah et al. (2008). We note that within the
context of PAH luminosities and EWs, we only include into
our discussion those objects for which we could distinguish
the PAH features. As we mentioned earlier, we have also in-
cluded in our comparisons the 13 SMGs in the GOODS-North
field studied by Pope et al. (2008), nine of which have optical
redshifts measured by C05 and thus naturally complement our
sample.

The thermal mid-IR continuum, arising either from starburst
or AGN activity can be described by a power law, Sν ∼ ν−αMIR ,
where the power-law index αMIR indicates the steepness of the
spectrum. Flatter mid-IR continua with low power-law indices
(αMIR ! 0.5) are usually associated with unobscured AGNs,
where emission from the hot dust close to the AGN is readily
observed. Steeper continua (αMIR " 0.5) are, on the other
hand, associated with starburst activity, but can also be found
in dust-obscured AGNs. Hence we determined the power-law
continuum index αMIR for the spectra in our sample to: (1)
characterize the continuum slope and investigate the underlying
energetics, and (2) define the continuum level on which PAH
emission features are superimposed.

To determine αMIR, we use the χ2 minimization idl routine
linfit to obtain the best linear fit to each SMG spectrum
in log(Sν)–log(ν) space. We first obtain the best linear fit
to each full spectrum and calculate the rms in the (data-fit)
residual spectrum. Then, we identify those wavelength regions
in the original spectrum where the data points lie more than
1× the rms away from this first linear fit. In this way, we
automatically identify the wavelength regions where emission
and absorption features are present. We then perform a second
round of linear fitting, where we exclude these wavelength

regions from the fit. We adopt the results of this second fit as our
final continuum, with the influence of emission and absorption
features minimized. The resulting fits to the continuum for each
spectrum are shown in Figure 2.

Having determined the continuum, we search for the presence
of PAH emission features at 6.2, 7.7, 8.6, 11.3, and 12.7 µm.
Since our objects cover a range in redshifts of z ∼ 0.65–3.2,
the wavelength coverage varies from ∼ 9–22 µm for the lowest
redshift SMG to ∼5–9 µm for that with the highest redshift. Out
of all detected SMGs in our sample, "90% cover the 7.7 µm
region of the spectrum, thus providing a large sample of 21
SMGs to investigate the spectral features within this important
wavelength region. We define a wavelength window around
each spectral feature and use the iraf task splot to fit the PAH
features with individual Gaussians, where the center and FWHM
are left as free parameters within the fitting window. We create
a cursor file specifying the fitting windows and continuum level
for each spectrum to automate the fitting process and avoid
the lack of reproducibleness inherent to other interactive fitting
tasks. The wavelength regions used to fit the 6.2, 7.7, 8.6,
11.3, and 12.7 µm PAH features were approximately 5.90–
6.60, 7.10–8.3, 8.30–8.90, 11.00–11.60, and 12.40–13.00 µm,
respectively. We adopt the splot output uncertainties in the
resulting PAH EWs and integrated fluxes, which account for the
noise level present in the spectra. These results are presented in
Table 2.

We take advantage of the PAH features in our spectra to
determine mid-IR redshifts for the SMGs in our sample. For
this, we derive a redshift associated with each PAH feature
from its observed central wavelength. The final PAH-based
redshift for spectra displaying multiple PAH features corre-
sponds to the weighted mean of the redshifts derived from
the individual PAH features, where the weights are provided
by the PAH-fitting uncertainties. We present these results in
Section 4.1.
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e.g. Menendez-Delmestre et al. 2009; Pope et al. 2008

- Low AGN contribution, intense starburst activity
- Differences with local starbursts, possibly due to extinction



Summary

SUMMARY

• Growing number of detections of molecular gas at high-z!

• Detections of HCN, HCO+, CN, H2O, only in a few extreme objects 
(quasars and lensed starburst galaxies).

• Excitation of gas shows a variety of conditions

• Example: The Eyelash - CO line SED shows the a composite of 
low-dense and high-dense gas.

• Massive galaxies with low excitation molecular gas.

• At high-z, the CMB will impact the observations of cold,  diffuse 
gas in e.g. disks.

• High-z PAH studies allowing to probe differences between high-z 
starbursts and local ULIRGs.

• With full-array ALMA, astrochemistry in high-z galaxies will 
become possible.
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