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. . . especially when they are close to the image(s).



Motivation:

• Where do high-z starbursts fall on the 
Schmidt-Kenicutt relation? 

• In what ways does differential lensing 
affect unresolved characterizations of 
strongly lensed galaxies? 

• How well do global line ratios capture 
gas physical conditions within high-z 
galaxies? 



CO Excitation and the Schmidt-
Kennicutt Relation

• Choice in molecular gas tracer 
affects the Schmidt-Kenicutt 
relation in two ways: the index 
and the normalization 

• Index: Different excitation 
tracers are sensitive to 
different densities, making 
observed index dependent on 
gas conditions 

• Normalization: Many high-z 
observations are of mid-J CO 
lines; must assume excitation 
to get total molecular gas mass
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• Discovered in a systematic 
search for strongly-lensed 
star-forming galaxies in SDSS 
(Diehl et al. 2009) 

• Bright in both rest-UV and 
dust emission 

• Magnification ~ 12 

• z=2.26 main sequence galaxy 

based on SFRFIR vs. M★ 

(Saintonge et al. 2013) 

• Contains an AGN, but it is not 
significant at long wavelengths 
(Fadely et al. 2010)
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Observations

• VLA observations of CO(1-0) 

• VLT/SINFONI observations 

including Hα and NII 

• PdBI observations of CO(3-2) 

• ALMA observations (just ACA 
so far 12m array Monday!) of 
CO(7-6), CI(3P2-3P1), and 
1.3mm continuum 

• Photometry from optical 
through infrared
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Figure 1. HIFI spectrum of the [C ii] 158 µm line from
SDSS090122.37+181432.3, binned to 25 km s−1 resolution (black his-
togram). Plotted error bars are derived empirically from the rms of the
spectrum, measured at line-free frequencies. The overplotted model is a
centrally concentrated disk model, with vd,1/2 = 121 km s−1, σg = 29 km s−1,
and a negligible halo component. The resulting ratio of circular speed to
velocity dispersion is 4.2, and at the 95% confidence level, the ratio is >2.7.
(A color version of this figure is available in the online journal.)

effectively limited by sensitivity, since we can detect features
only when we combine enough frequency channels to get S/N
of a few in the feature.

We plot the [C ii] spectrum of S0901 in Figure 1 and of the
Clone in Figure 2, both at 25 km s−1 binning. S0901 has a flux of
1.3 K km s−1 (1.2×10−17 W m−2), and yields a S/N ! 4 per bin
for 11 bins above half-maximum intensity. The Clone is fainter,
with a flux of 0.3 K km s−1 (3.2 × 10−17 W m−2), and yields
S/N ∼ 3 per bin for 6 bins above half-maximum intensity.
We discuss these flux measurements further in Malhotra et al.
(2014), in the context of the full HELLO sample. In addition
to the spectra, we plot model line profiles from our fitting
procedures in Figures 1 and 2.

3. EMISSION LINE PROFILE FITTING

The observed [C ii] emission line profiles depend on the
rotation curves of the lensed galaxies. They also depend on
the spatial distribution of the emitting gas, which determines
how the different parts of the rotation curve are weighted in
forming the line profile. To model the line profiles, we adopt
commonly used fitting functions for the distributions of both
emitting material and of mass (which in turn determines the
rotation curve).

For the radial distribution of [C ii] surface brightness, we have
assumed an exponential disk model (Σ[C ii] = Σ0 exp(−r/r[C ii])),
which is able to produce models that fit the observed lines well
(see below). Of course, this does not mean that the gas distri-
bution must follow an exponential distribution. Different tracers
of galaxies’ interstellar gas often follow different distributions.
Neutral hydrogen (H i) tends to have a spatially extended dis-
tribution. Molecular gas can be centrally concentrated (as in
many starbursts and ultraluminous infrared galaxies), or can
show ring features, as in both our own Galaxy and M31. Hα
comes primarily from dense, ionized gas, and often shows com-

Figure 2. Like Figure 1, but for SDSSJ120602.09+514229.5 (the Clone). Here,
the signal-to-noise ratio is lower, and a range of models provide acceptable
fits to the data. The modeling procedures are described in Section 3. We plot
four representative cases. The dashed red line shows the model with the highest
likelihood among our MCMC simulation results, a “pure” double-horned line
profile where most of the emitting gas is on the flat part of the rotation curve,
and the velocity dispersion is very small. If we consider only models with
σg > 7 km s−1 (motivated by typical motions within thin disks), the best fit
(shown as the solid red line) remains double-horned, but with very extended
wings, here driven by a rotation curve that continues rising beyond the spatial
extent of the emitting gas. Finally, we plot two dispersion-dominated models.
The first (red dotted line) is effectively a pure Gaussian, with σg = 98 km s−1

and negligible rotation. The second (blue solid line) matches the results of Jones
et al. (2013), from spatially resolved near-IR spectra, having vd,1/2 = 70 km s−1,
xds = 1.1, and σg = 94 km s−1. The ratio of circular speed to velocity dispersion
spans a wide range for these and other acceptable models of the Clone’s [C ii]
emission (see Figure 3).
(A color version of this figure is available in the online journal.)

plex and patchy distributions that trace the distribution of young
star-forming regions.

A double-horned line profile basically requires that most of
the emitting material be in significant motion with respect to the
center of mass. Given that galactic rotation curves rise steeply
in the central regions and then flatten out, there are two “usual”
ways to achieve this. First, the gas can be in an extended disk,
with most of the mass on the flat part of the rotation curve.
This is the common case for H i (Springob et al. 2005). Second,
the gas can be in a more compact ring-like configuration, with
little material to emit in the regions where rotation is slow.
This has been observed, e.g., for CO line emission in NGC 759
(Wiklind et al. 1997). Since [C ii] 158 µm emission comes in
some combination from the diffuse warm neutral medium, PDRs
at molecular cloud surfaces, and ionized regions, we do not
expect a simple analogy with other main ISM tracers. We begin
by considering the extended disk possibility in detail, and then
examine how our conclusions would be affected for the case of
a [C ii] ring.

We model the rotation curve using a disk + halo model for
the gravitating mass. The halo has a mass volume density of
ρ ∝ (1 + r/rh)−2 and an asymptotic rotation speed of vh. The
disk component has a mass surface density of Σ ∝ exp(−r/rd )
and a peak rotation speed of vd . We can relate vd to other
disk parameters as vd ≈ 0.5463

√
GMdisk/rd , where Mdisk is

the total mass of the exponential disk. vd corresponds to the

3

Herschel/HIFI spectra of CII

Rhoads et al. 2014

Strong Lensing and Line Profiles



Differences in the relative line profiles of the two transitions for each 
image imply differential lensing
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• J0901 crosses caustic → all of J0901 is doubly imaged (southern and 
western images), part of J0901 is quadruply imaged (northern image) 

• Southern image has additional perturber → Western spectra likely 
most representative of true line profile
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Resolved Schmidt-Kennicutt Relation

• Index measured using a Monte Carlo technique (Blanc et 
al. 2009; Leroy et al. 2013) that avoids biases due to 

surface brightness cuts (2σ shown) 

• CO(1-0) and CO(3-2) indices are borderline inconsistent
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Lensing-corrected

• CO(1–0) index consistent with before; CO(3–2) is a poor fit 

• Offset consistent with global (uv-matched) excitation of 
r3,1=0.71±0.11
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Comparisons to Other Galaxies

• All indices are 
~consistent 
with N=1 

• Accounting 
for both 
obscured and 
unobscured 
star formation 
is critical! (see 
also Genzel et 
al. 2013)

SMM J14011 (z=2.6)

N=0.98±0.14

(Sharon et al. 2013)

GN20 (z=4.05)

N=2.1±1.0

(Hodge et al. 2015)

HLS0918 (z=5.2)

N=???

(Rawle et al. 2014)

Local Galaxies

N=0.95±0.15

(Leroy et al. 2013)

EGS13011166 (z=1.5)

N=1.14±0.1

(Genzel et al. 2013)
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Spatially Resolved Metallicity Maps
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• Image plane: clipped at 2σ in Hα, De-lensed: clipped at 2σ in NII 

• Clear metallicity gradient 

• Central region affected by AGN (too high NII/Hα)



Spatially Resolved CO Excitation Maps
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• Evidence for an excitation gradient (but not 
near the central AGN?) 

• De-lensed image looks most similar to least-
disturbed western image



Summary

• For Schmidt-Kennicutt at high-z, beware 
conversion factors and extinction corrections 

• Star formation efficiency does appear higher 
for at least some high-z galaxies 

• Beware interpreting integrated properties of 
strongly lensed galaxies 

• Tentative confirmation of spatially varying 
CO excitation



Bonus material!



Reconstructed Maps
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ALMA Observations
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