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ABSTRACT

We report the first detections of the [N ii] 122 μm line from a high-redshift galaxy. The line was strongly (>6σ )
detected from SMMJ02399−0136, and H1413 + 117 (the Cloverleaf QSO) using the Redshift (z) and Early Universe
Spectrometer on the Caltech Submillimeter Observatory. The lines from both sources are quite bright with line to
far-infrared (FIR) continuum luminosity ratios that are ∼7.0 × 10−4 (Cloverleaf) and 2.1 × 10−3 (SMMJ02399).
With ratios 2–10 times larger than the average value for nearby galaxies, neither source exhibits the line-to-
continuum deficits seen in nearby sources. The line strengths also indicate large ionized gas fractions, ∼8%–17%
of the molecular gas mass. The [O iii]/[N ii] line ratio is very sensitive to the effective temperature of ionizing stars
and the ionization parameter for emission arising in the narrow-line region (NLR) of an active galactic nucleus
(AGN). Using our previous detection of the [O iii] 88 μm line, the [O iii]/[N ii] line ratio for SMMJ02399−0136
indicates that the dominant source of the line emission is either stellar H ii regions ionized by O9.5 stars, or the
NLR of the AGN with ionization parameter log(U) = −3.3 to −4.0. A composite system, where 30%–50% of
the FIR lines arise in the NLR also matches the data. The Cloverleaf is best modeled by a superposition of ∼200
M82-like starbursts accounting for all of the FIR emission and 43% of the [N ii] line. The remainder may come
from the NLR. This work demonstrates the utility of the [N ii] and [O iii] lines in constraining properties of the
ionized medium.
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1. INTRODUCTION

The far-infrared (FIR) fine-structure lines from carbon, ni-
trogen, oxygen, and their ions serve as important, and in some
cases, dominant coolants of major phases of the interstellar
medium (ISM). In the 1980s, 1990s, and first decade of the
new century much work was done characterizing these lines in
the Milky Way and nearby galaxies (e.g., Stacey et al. 1991;
Wright et al. 1991; Malhotra et al. 2001; Luhman et al. 2003;
Brauher et al. 2008; Fischer et al. 2010). The advent of a new
generation of sensitive ground- and spaced-based submillime-
ter instruments (e.g., ZEUS; Z-Spec, and Herschel-SPIRE) is
now enabling the study of these lines to move beyond the local
universe. Lines such as the [C ii] 158 μm, [O iii] 88 and 52 μm,
and now the [N ii] 122 μm line, redshifted into the submillimeter
bands, are providing important details on the physical conditions
and excitation of gas in these early galaxies (e.g., Maiolino et al.
2005, 2009; Hailey-Dunsheath et al. 2010; Sturm et al. 2010;
Ivison et al. 2010b; Stacey et al. 2010; Ferkinhoff et al. 2010;
Valtchanov et al. 2011), essential to our understanding of the
star formation process during the peak epoch of star formation,
z ∼ 1–3 (Hopkins & Beacom 2006). Here, we report the detec-
tion of the [N ii] 122 μm line from SMMJ02399−0136 (here-
after SMMJ02399) at z = 2.81 and H1413 + 117 (the Cloverleaf
QSO) at z = 2.56. These detections are the first reported detec-
tion of this line from a galaxy at z > 0.09.

Nitrogen requires 14.5 eV photons for single ionization, so
that N + resides predominantly in H ii regions formed by late-O

or early-B type stars. The ground-state term of N + is split
into three levels leading to the 122 μm (3P2–3P1), and 205 μm
(3P1–3P0) fine structure lines. Because the lines are collisionally
populated, optically thin, and insensitive to gas temperature,
their line intensity yields a minimum ionized-gas mass and
the minimum numbers of photons capable of maintaining the
ionization equilibrium for the species. For the [N ii] lines this
means photons between 14.5 eV < hν < 30 eV and spectral
types between B2 and O8 stars.7

Comparing the line flux of [N ii] to [O iii] provides a very
sensitive probe of UV field hardness since 35 eV photons are
needed to form O++. Furthermore, because the [O iii] 88 μm
and [N ii] 122 μm emitting levels have similar critical densities
for thermalization (510 cm−3 and 310 cm−3, respectively),
the line ratio is very insensitive to gas density. This means
that for stellar radiation fields the line ratio constrains the
most luminous star on the main sequence and hence the
age of the stellar population (Figure 1, bottom axis). These
lines also arise from the narrow line region (NLR) of active
galactic nuclei (AGNs), in which case the ratio is a sensitive
indicator of the ionization parameter, U, of the NLR—defined
by the ratio of ionizing photons to number density of the gas
(Abel et al. 2009).

SMMJ02399 was the first submillimeter-selected galaxy
(Ivison et al. 1998). Lensed by a factor μ ∼ 2.38 (Ivison et al.

7 Stellar-types from Vacca et al. 1996.
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Figure 1. Observed [O iii]/[N ii] line ratio from SMMJ02399 with error limits, and the expected line ratio as a function of the effective stellar temperature from the
Rubin (1985) H ii region models (lower axis) and ionization parameter of the NLR models from Groves et al. (2004; upper axis). The H ii region models are plotted
for several gas densities, while the NLR models are plotted for various power-law indices, α, and gas densities.

(A color version of this figure is available in the online journal.)

2010a, hereafter I10a), it still has a very large intrinsic FIR lumi-
nosity,8 LFIR ∼ 1.22 × 1013 L� (Frayer et al 1998) and molec-
ular gas content, M(H2) ∼ 1 × 1011 M� (I10a). SMMJ02399
is a composite AGN/starburst system that contains four dis-
tinct components within ∼3′′ radius in the sky plane. Initial
BVR imaging identified two components: L1, associated with
the broad-absorption-line quasar (BAL), and L2, which exhibits
very blue emission extending ∼3′′ to the east of L1 (Ivison
et al. 1998). I10a identified two additional components—L1N
and L2SW—in Hubble Space Telescope/Advanced Camera for
Surveys/Near-Infrared Camera and Multi-Object Spectrometer
images and argued that the FIR luminosity arises from L2SW
based on Very Large Array (VLA) 1.4 GHz continuum and
EVLA CO(1–0) maps. While the FIR emission is dominated by
L2SW, the combined SED of the entire system is dominated by
the AGN in L1. Because L2SW has very red near/mid-infrared
colors, and is coincident with the molecular gas and 1.3 mm
continuum emission peaks, it is likely the site of a massive
young starburst reflected in its large FIR luminosity (I10a). It is
suggested that the individual components may be independent
galaxies at different stages of a merger process (I10a). With
its 11′′ FWHM beam, the present observations using ZEUS on
the Caltech Submillimeter Observatory (CSO) enclose all of the
components.

Ferkinhoff et al. 2010 (hereafter F10) detected the [O iii]
88 μm line from SMMJ02399 with L[OIII]/LFIR ∼ 3.6 × 10−3.
By comparing this with the Hα and [O iii] 5007 lines, they
argued that the system contains a massive starburst with a stellar
mass distribution topped by O7.5 stars and an ionized gas mass
of MHII ∼ (1–10) × 109 M�. Our present detection of the [N ii]
122 μm line refines and constrains this estimate.

8 We assume a flat cosmology with ΩΛ = 0.73 and H0 = 71 km s−1 Mpc−1.

The Cloverleaf quasar (H1413 + 117) is also a lensed (μ ∼ 11)
BAL quasar. First detected in an optical spectroscopic survey
(Hazard et al. 1984), it is a composite system with a partially
obscured AGN dominating the ∼7 × 1013 L� bolometric lu-
minosity. Based on strong PAH emission, Lutz et al. (2007)
conclude that an extreme starburst dominates the FIR, with
LFIR ∼ 5%–10% LBol. The Cloverleaf is well studied in molec-
ular gas tracers (e.g., CO, [CI], 13CO; cf. Weiß et al 2003;
Barvainis et al 1997; Bradford et al. 2009; Henkel et al. 2010).
Bradford et al. (2009) find that its molecular gas reservoir,
M(H2) = 0.2–5 × 1010 M�, fills a disk between 325 and 650 pc
in radius and the hard X-ray flux from the AGN heats the molec-
ular ISM, resulting in a top heavy stellar initial mass function.

2. OBSERVATIONS

We used ZEUS (Hailey-Dunsheath 2009; Stacey et al. 2008)
at the 10.4 m CSO9 on Mauna Kea, HI. ZEUS is a direct-
detection echelle-grating spectrometer with R ∼ 1000 (see above
references for details). Both sources were observed in 2011
January in a chopping and nodding mode with a chop rate of
2 Hz and azimuthal amplitude of 30′′. For SMMJ02399, the
line was detected (6.4σ ) in 1.9 hr integration time through a
line of sight (LOS) transmission of 32%. For the Cloverleaf, the
line was detected (5.7σ ) in 1.5 hr with an LOS transmission of
42%. Spectral calibration was obtained using a CO-absorption
gas cell, while flux calibration and spectral response flats
were obtained with an LN2 cold load. Telescope coupling was
measured with observations of Uranus. The final spectra are
shown in Figure 2.

9 The CSO telescope is operated by the California Institute of Technology,
under funding from the NSF, grant AST-0838261.
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Figure 2. ZEUS/CSO detections of the [N ii] 122 μm lines from SMMJ02399−0136 (left) and the Cloverleaf (right) plotted vs. their rest-frame velocities. Spectral
bins are ∼1 resolution element, and equal to 200 km s−1 for SMMJ02399 and 300 km s−1 for the Cloverleaf. The continuum emission has been subtracted.

Table 1
Source Parameters

Source Parameter Units SMMJ02399 Reference The Cloverleaf Reference

R.A. . . . 02h39m51.9s . . . 14h15m46.3s . . .

Decl. . . . −01◦35′59′ ′ . . . 11◦29′44 ′ ′ . . .

z 2.8076 Genzel et al. 2003 2.5579 Barvainis et al. 1997
DL Gpc 23.8 . . . 20.96 . . .

Lensing Magnificationa 2.38 I10a 11 Venturini & Solomon 2003
[N ii]122 μm line fluxb 10−18 W m−2 3.46 ± 0.54 This work 3.03 ± 0.29 This work
[O iii] 88 μm line fluxb 10−18 W m−2 6.04 ± 1.46 F10 . . . . . .

LFIR L� 1.22E13 Weiß et al. 2007 5.58E12 Weiß et al. 2003

Notes.
a All values are deboosted using the lensing-magnification factors indicated.
b Statistical uncertainties only. Flux calibration uncertainties are ∼30%.

3. RESULTS

3.1. Line Luminosity

Table 1 lists the source and line parameters. The line is
bright with L[NII]/LFIR ∼ 7.0 × 10−4 and 2.1 × 10−3 for the
Cloverleaf and SMMJ02399, respectively. For nearby systems
the typical range is L[NII]/LFIR ∼ 3 × 10−5 to 1 × 10−3 (Graciá-
Carpio et al. 2011). While the Cloverleaf does lie within this
range, it is ∼2 times larger than the average ratio. SMMJ02399,
on the other hand, is 10 times the average value. The lines
from both sources are clearly narrow (<400–600 km s−1)
suggesting the line arises from the NLR and/or from H ii
regions.

Genzel et al. (2003) detect two velocity components in the
CO emission from SMMJ02399 at ∼420 km s−1 to the red
and blue of the nominal systemic redshift of z = 2.8076 that
are associated with the L1 and L2 components, respectively.
F10 only detected one component in the [O iii] 88 μm line,
which at low significance, is shifted ∼400 km s−1 to the blue of
z = 2.8076. Here, we clearly detect the blue component in the
[N ii] 122 μm line with a hint (2.9σ ) of the red component
(1.54 ± 0.54 × 10−18 W m−2). All values and discussion are
restricted to the blue, L2 associated component of the [N ii] line.
Subsequently, we strongly prefer the star formation explanation
of the line emission even though we will show (Section 4.2.1)
that both the [N ii] and [O iii] line fluxes are consistent with
having arisen in the NLR.

3.2. Minimum Mass of Ionized Gas

A minimum ionized gas mass, Mmin(H + ), associated with the
line emission occurs in the high-density, high-temperature limit
assuming that all nitrogen in the H ii regions is singly ionized
(see F10). This occurs in regions ionized by B2 to O8 stars.
Mmin(H + ) is then

Mmin(H +) = F ([N ii])
(
4π D2

L

)

g2

gt
A21hν21

mH

χ (N+)
,

where A21 and g2 are the Einstein A coefficient (7.5 × 10−6 s−1)
and statistical weight (5) of the 3P2 emitting level, gt =∑

gi exp(−ΔEi/kT ) is the partition function, h is Planck’s
constant, ν21 is the 122 μm line frequency, DL is the lu-
minosity distance, mH is the hydrogen mass, and χ (N + ) is
the N + /H + abundance ratio. For the minimum mass case,
χ (N + ) = χ (N), the total N/H abundance ratio. We assume
“H ii region” gas-phase nitrogen abundance for both sources
(9.3 × 10−5; Savage & Sembach 1996), so that Mmin(H + ) =
4.0 × 1010 M� and 2.5 × 109 M�, and the minimum ionized-
gas to molecular-gas mass ratio, Mmin(H + )/M(H2), is 0.17
and 0.08 for SMMJ02399 and the Cloverleaf, respectively.
For SMMJ0299 this is ∼10 times larger than the ratio ob-
tained by F10 based on the [O iii] 88 μm line. However, if the
H ii regions are formed by cooler stars than the F10 model,
with effective temperatures of ∼36,000 K for example, then
only ∼13% of the oxygen is doubly ionized and the minimum
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Figure 3. Left: Mmin(H + )/M(H2) fraction as determined using the [N ii] and [O iii] lines vs. the [O iii]/[N ii] line ratio for local galaxies from Brauher et al. 2008,
SMMJ02399, and line estimates for SMMJ2135−0102 from Ivison et al. (2010b). The error bars are the computed values and the symbols their average. Also shown
is the mass fraction for M82 from Lord et al. 1996 (blue cross). Right: SFR surface density vs. the Mmin(H + )/M(H2) fraction for SMMJ02399, the Cloverleaf,
APM08279 + 5255, SMMJ2135−0102, a sample of high-z sources with [C ii] 158 μm detections (Stacey et al. 2010), and the local sample. The SFR surface densities
are from the literature or from their FIR luminosity using the Kennicutt (1998) scaling law.

(A color version of this figure is available in the online journal.)

ionized-gas/molecular-gas mass ratio obtained using the [O iii]
line is consistent with the value obtained using the [N ii] line
above.

4. DISCUSSION

4.1. Ionized Gas Mass

It is clear that both SMMJ02399 and the Cloverleaf have
a very significant amount of ionized gas. Figure 3 shows
Mmin(H + )/M(H2) versus the [O iii] 88 μm/[N ii] 122 μm line
ratio for SMMJ02399, the high-z source SMMJ2135−0102
(Ivison et al. 2010b), and nearby sources observed by ISO
(Brauher et al. 2008), all calculated using the method described
above. The line ratio for our source is similar to that of the
other sources, but the minimum ionized mass fractions for
the Cloverleaf (8%) and SMMJ02399 (17%), are significantly
larger than for the nearby sources. However, we estimate
Mmin(H + )/M(H2) ∼ 1% for M82, while Lord et al. (1996)
determined Mmin(H + )/M(H2) ∼ 12% for this nearby starburst
galaxy. This suggests that Mmin(H + )/M(H2) for many local
galaxies may be significantly larger than the minimum values in
Figure 3, so that the high-z mass fractions may not be unusual.

The very large star formation rates observed for both
SMMJ02399 and the Cloverleaf might naturally produce their
large Mmin(H + )/M(H2) fractions. A higher star formation
rate (SFR) means more H ii regions and more ionized gas
to produce the bright [N ii] emission we observe. To test
this idea we plot (Figure 3, right) the SFR surface den-
sity versus Mmin(H + )/M(H2) for the nearby sample (only the
[N ii] derived values are shown), SMMJ02399, the Clover-
leaf, APM08279 + 5255 (based on [O iii] from F10), and
a set of high-z [C ii] sources (Stacey et al. 2010), where
Mmin(H + )/M(H2) is estimated by assuming 30% of the ob-
served [C ii] line emission arises in H ii regions (Oberst
et al. 2006). There is indeed a strong trend of increasing
Mmin(H + )/M(H2) with increasing star formation. Additionally,
all of the high-z sources with SFR � 1000 M� yr−1 reside
at the upper end of the star-formation/mass-fraction relation

suggesting that the large ionized mass can be accounted for
solely by their enhanced SFR.

Graciá-Carpio et al. (2011) find an FIR-line/FIR-continuum
deficit for all FIR lines observed with Herschel/PACs with LFIR/
M(H2) � 80 L� M�−1. They argue that the deficit results from
higher ionization parameters in these systems. Furthermore, the
line deficits and higher ionization parameters are signatures
of merger-driven star formation with an associated increase
in star formation efficiency. Our observations, those from
F10, and the recent [O iii] 88 μm detection from H-ATLAS
J090311.6 + 003906 (Valtchanov et al. 2011) show no such
deficit. At present, there are few high-z observations available to
test for a high-z deficit, but if future observations show similar
ratios to those reported here, then the Graciá-Carpio et al. (2011)
model does not describe the high-z population.

4.2. Gas Excitation Mechanisms

Both SMMJ02399 and the Cloverleaf are composite systems,
so that [N ii] emission may arise in the AGN’s NLR and/or
stellar H ii regions. Unfortunately only a few UV, optical,
or IR lines are reported so that standard AGN/star-forming
diagnostics are of limited utility (e.g., BPT diagram; Kewley
et al. 2006). Here we analyze the [N ii] 122 μm line in both
star-forming and AGN paradigms using the H ii region models
from Rubin (1985) and the NLR models of Groves et al. (2004).

Rubin (1985) calculates the expected intensities of H ii-region
emission lines as functions of gas density, effective stellar
temperature, Teff , and metallicity. Here we use the “K” models
with O/H = 6.76 × 10−4 and N/H = 1.15 × 10−4. These
abundances are near the “H ii region” values of Savage &
Sembach (1996). We also examine the lower metallicity “D”
models with O/H = 1.27 × 10−4, and N/H = 1.42 × 10−5.
In all cases, we use the “49” models with stars producing 1049

Lyman continuum photons per second regardless of Teff .
The Groves et al. (2004) models are radiation-pressure

dominated and include dust. Their parameter space includes
typical ranges for gas density (nH = 102–104 cm−3), power-law
index of the ionizing source (α = −1.2 to −2.0), and ionization
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Table 2
Comparison between the Cloverleaf and M82

Property Units The Cloverleafa Reference M82 Reference Cloverleaf/M82 Ratio

[N ii] 122 μm luminosity (L�) 3.89E09 This work 8.36E06 Colbert et al. 1999 470
PAH 6.2 μm luminosity (L�) 1.93E10 Lutz et al. 2007 1.72E08 Wild et al. 1992 110
PAH 7.7 μm luminosity (L�) 7.84E10 Lutz et al. 2007 4.60E08 Wild et al. 1992 165
FIR luminosity (L�) 5.58E12 Weiß et al. 2003 2.75E10 b 202
Molecular gas mass (M�) 3.00E10 Weiß et al. 2003 1.80E08 Wild et al. 1992. 170
[N ii]/FIR . . . 0.0007 . . . 0.0003 . . . 2.3
6.2/FIR . . . 0.0035 . . . 0.0062 . . . 0.55
7.7/FIR . . . 0.014 . . . 0.017 . . . 0.84

Notes.
a Cloverleaf values are intrinsic.
b Average of the values from Colbert et al. 1999 (3.2 × 1010 L�) and Rice et al. 1988 (2.3 × 1010 L�).

parameter, log(U) = 0 to −4.0. We restrict our analysis to the
solar-metallicity, 1 Z�, and 25% solar-metallicity, 0.25 Z�,
models with abundances similar to the “K” and “D” Rubin
(1985) models.

4.2.1. SMMJ02399

For SMMJ02399, F10 compared their [O iii] 88 μm line
to sparsely sampled [O iii] 5007 Å and Hα maps, and found
that the gas is ionized by O7.5 (Teff = 40,000) stars and has
ne ∼ 100–1000 cm−3, depending on metallicity. Here, using
only the [O iii] 88 μm/[N ii] 122 μm line ratio, the best-fit
H ii region models have similar densities: 100 (“K” model)
or 1000 cm−3 (“D” model). However, the line ratio strongly
constrains the ionization source at O9.5 (Teff = 35,000 K)
stars ionizing a total of (1–4) × 109 H ii regions. These stars
are significantly cooler than expected by F10 demonstrating the
utility of the two lines to tightly constrain the stellar populations.

The best-fit “K” model suggests an ionized gas mass of
4.8 × 1010 M� or 16% of the molecular gas mass, in agreement
with the estimate in Section 4.2. The lower-metallicity “D”
models predict Mmin(H + )/M(H2) ∼ 48%. The increase in
Mmin(H + ) reflects the lowered N and O abundance. The total
luminosity of the stars from the “K” model solutions accounts
for 100% of LFIR, but is 28 times larger for the “D” model.
This eliminates the “D” model solution since detailed studies
of SMMJ02399 require that Loptical � LFIR (Ivison et al. 1998).
Curiously, the optical line estimates from F10 do not fit the
present models. For the best-fit “K” H ii region model, the [O iii]
5007 and Hα line predictions are respectively 10 times weaker,
and 4 times stronger than observed. However, the discrepancy
between the optical and FIR lines is not entirely unexpected
since the optical lines are very susceptible to extinction effects
and their strengths were scaling estimates (F10).

For the NLR models the [N ii] 122 μm/[O iii] 88 μm line
ratio constrains ionization parameter to between log(U) = −3.4
to −3.7 for the solar-metallicity model (see Figure 1) and
log(U) =−3.3 to −4 for the low-metallicity model (Groves et al.
2004). The power-law index is also slightly constrained for the
low-metallicity model to between −2 and −1.7. The [O iii] 5007
Å/88 μm line ratio provides a constraint on gas density, yielding
ne ∼ 500 cm−3 and ne ∼ 500–1000 cm−3 for the solar and
quarter-solar metallicity models, respectively. With the lines
observed, we are unable to constrain the metallicity. The
observed [O iii] 5007 Å/Hα ratio does not fit our NLR model as
the Hα fluxes are 10 times weaker than the NLR model predicts.

The fact that the [O iii] 5007 Å strength is inconsistent with
our H ii region model, but consistent with our NLR model so-

lutions suggests a composite model is appropriate. Indeed the
AGN is likely responsible for between 25% and 75% of the FIR
luminosity (Frayer et al. 1998; Bautz et al. 2000). A compos-
ite solution has H ii regions, with ne ∼ 100 cm−3, formed by
slightly coolers stars (O9.5, Teff = 34,500 K) than the pure star
formation model. The NLRs can then account for half the line lu-
minosity given a slightly higher ionization parameter, log(U) =
−3.3 to −3.45, and ne ∼ 500 cm−3. Alternatively, for an H ii re-
gion with ne ∼ 1000 cm−3 and an NLR ionization parameter,
log(U) = −3.25 to −3.4, ∼30% of the line emission is
attributable to the AGNs and ∼70% to star formation.

4.2.2. The Cloverleaf (H1413 + 117)

Besides our [N ii] 122 μm detection, there are no other FIR
lines detected from the Cloverleaf for constraining source
properties. However, the 6.2 and 7.7 μm PAH features
(Lutz et al 2007), and the Hα (1.3 × 10−20 W cm−2),
Hβ (3.3 × 10−21 W cm−2), and [O iii] 5007 Å (1.0 ×
10−21 W cm−2) lines are detected (Hill et al. 1993). Due to the
moderate resolving power of the optical observations it is not
clear if any emission arises from broad-line components. Here
we assume that the optical lines are narrow and arise either in
the NLR or stellar H ii regions.

The [O iii] 5007 Å/Hα and [N ii] 122 μm/Hβ ratios and
line strengths are best fit by Rubin (1985) “K” models with
(2–3) × 107 H ii regions ionized by O9–O8.5 stars (Teff =
36,000–37,000 K). These H ii regions have ne ∼ 100 cm−3,
and MHII ∼ (8–10) × 109 M� (the lower value for the O9 stars),
so that MHII/M(H2) ∼ 30%. The line ratios are inconsistent with
the low metallicity “D” models. The best-fit H ii region model
can account for 50%–80% of the observed LFIR.

This H ii region model is similar to that obtained for M82
(Lord et al. 1996; Colbert et al. 1999). However, Weiß et al.
(2003) determine that the Cloverleaf contains both a 115K
warm-dust component—likely heated by the AGN—and a 50 K
cool-dust component that Lutz et al. (2007) attribute to a massive
starburst, which dominates the FIR luminosity of the system.
The Cloverleaf’s cool-dust component is well matched by the
single dust component in M82 (48 K, Colbert et al 1999; 50K,
Negishi et al. 2001) as are the Cloverleaf’s 6.2 and 7.7 μm PAH
feature to FIR continuum ratios (Table 2). Therefore, we model
the Cloverleaf starburst as a superposition of ∼200 M82-like
starbursts to account for the Cloverleaf’s FIR luminosity and
molecular-gas mass being ∼200 times larger than M82’s.
However, the Cloverleaf’s [N ii] line is ∼470 times stronger than
M82’s, consequently this model can only attribute ∼43% of the
observed [N ii] luminosity to the star formation and associated
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cool-dust component of the Cloverleaf. The remaining [N ii]
line flux may arise, along with the warm-dust component, in the
NLR of the Cloverleaf.

5. SUMMARY AND OUTLOOK

We have made the first detections of the [N ii] 122 μm line at
high-z. The line traces AGN and starburst activity providing
constraints on stellar populations and AGN/NLR ionization
parameters. Further constraints on source properties require
additional FIR spectroscopy and the high spatial resolution that
Herschel and/or ALMA may provide.

We find that high-z galaxies with high-SFR have large
quantities of ionized gas resulting in strong line emission. At
high redshifts, there is no decline in LFIR−Line/LFIR at high LFIR
as seen locally (Graciá-Carpio et al. 2011), so that the FIR lines
may be easier to detect from other high-z sources than one might
expect extrapolating from local samples. If the strong emission
holds true for additional high-z sources, then we will have
identified further evidence that galaxies in the past underwent
star formation in a significantly different manner than they do
today.
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Fischer, J., Sturm, E., González-Alfonso, E., et al. 2010, A&A, 518, L41
Frayer, D., Ivison, R. J., Scoville, N. Z., et al. 1998, ApJ, 506, L7

Genzel, R., Baker, A. J., Tacconi, L. J., et al. 2003, ApJ, 584, 633
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Sturm, E., Verma, A., Graciá-Carpio, J., et al. 2010, A&A, 518, L36
Vacca, W. D., Garmany, C. D., & Shull, J. M. 1996, ApJ, 460, 914
Valtchanov, I., Virdee, J., Ivison, R. J., et al. 2011, MNRAS, 415, 3473
Venturini, S., & Solomon, P. 2003, ApJ, 590, 740
Weiß, A., Downes, D., Neri, R., et al. 2007, A&A, 467, 955
Weiß, A., Henkel, C., Downes, D., & Walter, F. 2003, A&A, 409, L42
Wild, W., Harris, A. I., Eckart, A., et al. 1992, A&A, 265, 447
Wright, E. L., Mather, J. C., Bennett, C. L., et al. 1991, ApJ, 381, 200

6

http://dx.doi.org/10.1088/0004-637X/701/2/1147
http://adsabs.harvard.edu/abs/2009ApJ...701.1147A
http://adsabs.harvard.edu/abs/2009ApJ...701.1147A
http://dx.doi.org/10.1086/304382
http://adsabs.harvard.edu/abs/1997ApJ...484..695B
http://adsabs.harvard.edu/abs/1997ApJ...484..695B
http://dx.doi.org/10.1086/317272
http://adsabs.harvard.edu/abs/2000ApJ...543L.119B
http://adsabs.harvard.edu/abs/2000ApJ...543L.119B
http://dx.doi.org/10.1088/0004-637X/705/1/112
http://adsabs.harvard.edu/abs/2009ApJ...705..112B
http://adsabs.harvard.edu/abs/2009ApJ...705..112B
http://dx.doi.org/10.1086/590249
http://adsabs.harvard.edu/abs/2008ApJS..178..280B
http://adsabs.harvard.edu/abs/2008ApJS..178..280B
http://dx.doi.org/10.1086/306711
http://adsabs.harvard.edu/abs/1999ApJ...511..721C
http://adsabs.harvard.edu/abs/1999ApJ...511..721C
http://dx.doi.org/10.1088/2041-8205/714/1/L147
http://adsabs.harvard.edu/abs/2010ApJ...714L.147F
http://adsabs.harvard.edu/abs/2010ApJ...714L.147F
http://dx.doi.org/10.1051/0004-6361/201014676
http://adsabs.harvard.edu/abs/2010A&A...518L..41F
http://adsabs.harvard.edu/abs/2010A&A...518L..41F
http://dx.doi.org/10.1086/311639
http://adsabs.harvard.edu/abs/1998ApJ...506L...7F
http://adsabs.harvard.edu/abs/1998ApJ...506L...7F
http://dx.doi.org/10.1086/345718
http://adsabs.harvard.edu/abs/2003ApJ...584..633G
http://adsabs.harvard.edu/abs/2003ApJ...584..633G
http://dx.doi.org/10.1088/2041-8205/728/1/L7
http://adsabs.harvard.edu/abs/2011ApJ...728L...7G
http://adsabs.harvard.edu/abs/2011ApJ...728L...7G
http://dx.doi.org/10.1086/421113
http://adsabs.harvard.edu/abs/2004ApJS..153....9G
http://adsabs.harvard.edu/abs/2004ApJS..153....9G
http://dx.doi.org/10.1086/162174
http://adsabs.harvard.edu/abs/1984ApJ...282...33H
http://adsabs.harvard.edu/abs/1984ApJ...282...33H
http://adsabs.harvard.edu/abs/2009PhDT.........4H
http://dx.doi.org/10.1088/2041-8205/714/1/L162
http://adsabs.harvard.edu/abs/2010ApJ...714L.162H
http://adsabs.harvard.edu/abs/2010ApJ...714L.162H
http://dx.doi.org/10.1051/0004-6361/200912889
http://adsabs.harvard.edu/abs/2010A&A...516A.111H
http://adsabs.harvard.edu/abs/2010A&A...516A.111H
http://dx.doi.org/10.1086/186981
http://adsabs.harvard.edu/abs/1993ApJ...414L...1H
http://adsabs.harvard.edu/abs/1993ApJ...414L...1H
http://dx.doi.org/10.1086/506610
http://adsabs.harvard.edu/abs/2006ApJ...651..142H
http://adsabs.harvard.edu/abs/2006ApJ...651..142H
http://dx.doi.org/10.1046/j.1365-8711.1998.01677.x
http://adsabs.harvard.edu/abs/1998MNRAS.298..583I
http://adsabs.harvard.edu/abs/1998MNRAS.298..583I
http://dx.doi.org/10.1111/j.1365-2966.2010.16322.x
http://adsabs.harvard.edu/abs/2010MNRAS.404..198I
http://adsabs.harvard.edu/abs/2010MNRAS.404..198I
http://dx.doi.org/10.1051/0004-6361/201014548
http://adsabs.harvard.edu/abs/2010A&A...518L..35I
http://adsabs.harvard.edu/abs/2010A&A...518L..35I
http://dx.doi.org/10.1098/rsta.2004.1516
http://adsabs.harvard.edu/abs/2005RSPTA.363..621K
http://adsabs.harvard.edu/abs/2005RSPTA.363..621K
http://dx.doi.org/10.1086/305588
http://adsabs.harvard.edu/abs/1998ApJ...498..541K
http://adsabs.harvard.edu/abs/1998ApJ...498..541K
http://dx.doi.org/10.1111/j.1365-2966.2006.10859.x
http://adsabs.harvard.edu/abs/2006MNRAS.372..961K
http://adsabs.harvard.edu/abs/2006MNRAS.372..961K
http://dx.doi.org/10.1086/177455
http://adsabs.harvard.edu/abs/1996ApJ...465..703L
http://adsabs.harvard.edu/abs/1996ApJ...465..703L
http://dx.doi.org/10.1086/376965
http://adsabs.harvard.edu/abs/2003ApJ...594..758L
http://adsabs.harvard.edu/abs/2003ApJ...594..758L
http://dx.doi.org/10.1086/518537
http://adsabs.harvard.edu/abs/2007ApJ...661L..25L
http://adsabs.harvard.edu/abs/2007ApJ...661L..25L
http://dx.doi.org/10.1086/431217
http://adsabs.harvard.edu/abs/2005ApJ...625L..83L
http://adsabs.harvard.edu/abs/2005ApJ...625L..83L
http://dx.doi.org/10.1051/0004-6361/200912265
http://adsabs.harvard.edu/abs/2009A&A...500L...1M
http://adsabs.harvard.edu/abs/2009A&A...500L...1M
http://dx.doi.org/10.1051/0004-6361:200500165
http://adsabs.harvard.edu/abs/2005A&A...440L..51M
http://adsabs.harvard.edu/abs/2005A&A...440L..51M
http://dx.doi.org/10.1086/323046
http://adsabs.harvard.edu/abs/2001ApJ...561..766M
http://adsabs.harvard.edu/abs/2001ApJ...561..766M
http://dx.doi.org/10.1051/0004-6361:20010817
http://adsabs.harvard.edu/abs/2001A&A...375..566N
http://adsabs.harvard.edu/abs/2001A&A...375..566N
http://dx.doi.org/10.1086/510289
http://adsabs.harvard.edu/abs/2006ApJ...652L.125O
http://adsabs.harvard.edu/abs/2006ApJ...652L.125O
http://dx.doi.org/10.1086/191283
http://adsabs.harvard.edu/abs/1988ApJS...68...91R
http://adsabs.harvard.edu/abs/1988ApJS...68...91R
http://dx.doi.org/10.1086/191007
http://adsabs.harvard.edu/abs/1985ApJS...57..349R
http://adsabs.harvard.edu/abs/1985ApJS...57..349R
http://dx.doi.org/10.1146/annurev.astro.34.1.279
http://adsabs.harvard.edu/abs/1996ARA&A..34..279S
http://adsabs.harvard.edu/abs/1996ARA&A..34..279S
http://dx.doi.org/10.1038/nature02149
http://adsabs.harvard.edu/abs/2003Natur.426..636S
http://adsabs.harvard.edu/abs/2003Natur.426..636S
http://dx.doi.org/10.1088/0004-637X/721/1/59
http://adsabs.harvard.edu/abs/2010ApJ...721...59S
http://adsabs.harvard.edu/abs/2010ApJ...721...59S
http://dx.doi.org/10.1086/170062
http://adsabs.harvard.edu/abs/1991ApJ...373..423S
http://adsabs.harvard.edu/abs/1991ApJ...373..423S
http://adsabs.harvard.edu/abs/2007ASPC..375...52S
http://adsabs.harvard.edu/abs/2000A&A...358..481S
http://adsabs.harvard.edu/abs/2000A&A...358..481S
http://dx.doi.org/10.1051/0004-6361/201014560
http://adsabs.harvard.edu/abs/2010A&A...518L..36S
http://adsabs.harvard.edu/abs/2010A&A...518L..36S
http://dx.doi.org/10.1086/177020
http://adsabs.harvard.edu/abs/1996ApJ...460..914V
http://adsabs.harvard.edu/abs/1996ApJ...460..914V
http://dx.doi.org/10.1111/j.1365-2966.2011.18959.x
http://adsabs.harvard.edu/abs/2011MNRAS.415.3473V
http://adsabs.harvard.edu/abs/2011MNRAS.415.3473V
http://dx.doi.org/10.1086/375050
http://adsabs.harvard.edu/abs/2003ApJ...590..740V
http://adsabs.harvard.edu/abs/2003ApJ...590..740V
http://dx.doi.org/10.1051/0004-6361:20066117
http://adsabs.harvard.edu/abs/2007A&A...467..955W
http://adsabs.harvard.edu/abs/2007A&A...467..955W
http://adsabs.harvard.edu/abs/2003A&A...409L..41W
http://adsabs.harvard.edu/abs/2003A&A...409L..41W
http://adsabs.harvard.edu/abs/1992A&A...265..447W
http://adsabs.harvard.edu/abs/1992A&A...265..447W
http://dx.doi.org/10.1086/170641
http://adsabs.harvard.edu/abs/1991ApJ...381..200W
http://adsabs.harvard.edu/abs/1991ApJ...381..200W

	1. INTRODUCTION
	2. OBSERVATIONS
	3. RESULTS
	4. Line Luminosity
	4.1. Minimum Mass of Ionized Gas

	5. DISCUSSION
	5.1. Ionized Gas Mass
	5.2. Gas Excitation Mechanisms

	6. SUMMARY AND OUTLOOK
	REFERENCES

