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Figure 5. L[C ii]/LFIR as a function of LCO(1–0)/LFIR for Galactic star-forming regions (crosses), local starburst nuclei (filled squares), local non-starburst nuclei (open
squares), local normal galaxies (triangles), local ULIRGs (black dots), our redshift 1–2 sources (asterisks with error bars), and high-z sources (cyan diamonds).
CO(1–0) luminosities for local galaxies are taken from the literature and from J. Graciá-Carpio et al. (2010, in preparation). For the high-z sources, we estimate
CO(1–0) as described in the text. Overplotted are the PDR model values for as a function of n and G0 from PDRT, and Kaufman et al. (1999). The solid blue rectangle
to the left of the trend line is 30 Doradus. Note that within this simple diagnostic diagram, we have not subtracted off the fraction of FIR radiation that arises from
non-PDR sources (e.g., cirrus emission) in normal spiral galaxies. Making this correction would move these sources to the upper right (smaller n and G). Since
starburst galaxies are dominated by the PDR fraction, no such correction is necessary for them. This plot is based on observed values of the tracers and is intended
as a first-order diagnostic tool. To properly use the underlying PDR models, one needs to subtract off the fraction of the [C ii] line arising in the ionized medium and
multiply the CO line intensity by a factor of two.
(A color version of this figure is available in the online journal.)

and AGNs are associated with each other on galactic scales and
that vigorous star formation is occurring on these scales as well.

4.3. The AGN-dominated Systems

There are two important results specific to our AGN-
dominated sample that appear in our PDR analysis. First, that
the derived FUV fields for the AGN-dominated sample are typi-
cally eight times those of the star formation-dominated sample,
and second that the inferred sizes of the star formation regions
are roughly the same for the two types of sources. Both of these
results depend on our assumption that both the [C ii] line and the
FIR continuum largely arise from star formation in both types
of systems.

4.3.1. How Much [C ii] Does the AGN Produce?

It is clear that the [C ii] emission we observe from the AGN-
dominated systems can be modeled by an extended starburst
enveloping the AGN. However, it is important to challenge
that model by asking how much [C ii] radiation we expect
to arise from AGN excited gas. Observation of the [C ii] line
from resolved nearby systems containing AGN suggests that
this fraction is small: mapping of nearby composite systems
(e.g., Cen A and NGC 1068) shows that most of the [C ii]
luminosity arises from the outer regions of the galaxy rather
than from the nucleus (Unger et al. 2000; Crawford et al. 1985),
an effect that will undoubtedly get more pronounced if the [C ii]
line is observed at higher angular resolution than is presented by
the (55!!–70!!, corresponding to "1–5 kpc scale) beams. These
local systems, however, are known to have powerful starbursts
enveloping the AGN, and within the relatively large (55!!–70!!)
beams used for these studies, the starburst component cannot be
ignored. However, the distant, extreme luminosity systems may

be different. There are three regions from which [C ii] radiation
may arise in an AGN environment: the broad-line region (BLR),
the narrow-line region (NLR), and the neutral gas in the torus.

The BLR is eliminated from consideration due to the rela-
tively narrow (<600 km s#1) line widths that we observe in the
[C ii] line, compared with the very broad (>5000 km s#1) line
emission seen in optical BLR spectra. One can also show that
the NLR is also not likely an important source. The brightness
of the [O iii] 5007 Å line relates to the bolometric luminosity of
AGN by L[O iii] " Lbol/3500 (Kauffmann & Heckman 2005). If
we assume the NLR has “typical” parameters (n " 2000 cm#3;
Peterson 1997), then for an effective temperature of the radiation
field in excess of "36,000 K, the ratio of the expected [O iii]
5007 Å luminosity to that of [C ii] is >20:1, where we have used
the ionization models presented in Rubin (1985). Therefore we
expect L[C ii]/Lbol <10#5, so that it is unlikely that more than
a few percent of the observed [C ii] line radiation arises from
the NLR.

Within an AGN, it is commonly thought that gas from a
nearby molecular torus slowly accretes onto the central massive
black hole creating an accretion luminosity that in turn irradiates
the molecular torus with a very intense, power law X-ray
spectrum. Models of the heating, cooling, and chemistry of these
X-ray-dominated regions (XDRs) have shown that the FIR line
emission from the XDRs can dominate the PDR line emission
from a source, predominately due to the large penetration depth
of hard X-ray photons. Here, we estimate the expected [C ii]
flux from the molecular torus by first making an estimate of
the fraction of the observed FIR continuum that arises from the
torus and then using available XDR models to constraint the
expected [C ii]/FIR ratio from the XDRs.

Ruiz et al. (2007) made a detailed study of the relationship be-
tween the 2–10 keV X-ray, FIR, IR, and bolometric luminosities
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Figure 5. L[C ii]/LFIR as a function of LCO(1–0)/LFIR for Galactic star-forming regions (crosses), local starburst nuclei (filled squares), local non-starburst nuclei (open
squares), local normal galaxies (triangles), local ULIRGs (black dots), our redshift 1–2 sources (asterisks with error bars), and high-z sources (cyan diamonds).
CO(1–0) luminosities for local galaxies are taken from the literature and from J. Graciá-Carpio et al. (2010, in preparation). For the high-z sources, we estimate
CO(1–0) as described in the text. Overplotted are the PDR model values for as a function of n and G0 from PDRT, and Kaufman et al. (1999). The solid blue rectangle
to the left of the trend line is 30 Doradus. Note that within this simple diagnostic diagram, we have not subtracted off the fraction of FIR radiation that arises from
non-PDR sources (e.g., cirrus emission) in normal spiral galaxies. Making this correction would move these sources to the upper right (smaller n and G). Since
starburst galaxies are dominated by the PDR fraction, no such correction is necessary for them. This plot is based on observed values of the tracers and is intended
as a first-order diagnostic tool. To properly use the underlying PDR models, one needs to subtract off the fraction of the [C ii] line arising in the ionized medium and
multiply the CO line intensity by a factor of two.
(A color version of this figure is available in the online journal.)

and AGNs are associated with each other on galactic scales and
that vigorous star formation is occurring on these scales as well.

4.3. The AGN-dominated Systems

There are two important results specific to our AGN-
dominated sample that appear in our PDR analysis. First, that
the derived FUV fields for the AGN-dominated sample are typi-
cally eight times those of the star formation-dominated sample,
and second that the inferred sizes of the star formation regions
are roughly the same for the two types of sources. Both of these
results depend on our assumption that both the [C ii] line and the
FIR continuum largely arise from star formation in both types
of systems.

4.3.1. How Much [C ii] Does the AGN Produce?

It is clear that the [C ii] emission we observe from the AGN-
dominated systems can be modeled by an extended starburst
enveloping the AGN. However, it is important to challenge
that model by asking how much [C ii] radiation we expect
to arise from AGN excited gas. Observation of the [C ii] line
from resolved nearby systems containing AGN suggests that
this fraction is small: mapping of nearby composite systems
(e.g., Cen A and NGC 1068) shows that most of the [C ii]
luminosity arises from the outer regions of the galaxy rather
than from the nucleus (Unger et al. 2000; Crawford et al. 1985),
an effect that will undoubtedly get more pronounced if the [C ii]
line is observed at higher angular resolution than is presented by
the (55!!–70!!, corresponding to "1–5 kpc scale) beams. These
local systems, however, are known to have powerful starbursts
enveloping the AGN, and within the relatively large (55!!–70!!)
beams used for these studies, the starburst component cannot be
ignored. However, the distant, extreme luminosity systems may

be different. There are three regions from which [C ii] radiation
may arise in an AGN environment: the broad-line region (BLR),
the narrow-line region (NLR), and the neutral gas in the torus.

The BLR is eliminated from consideration due to the rela-
tively narrow (<600 km s#1) line widths that we observe in the
[C ii] line, compared with the very broad (>5000 km s#1) line
emission seen in optical BLR spectra. One can also show that
the NLR is also not likely an important source. The brightness
of the [O iii] 5007 Å line relates to the bolometric luminosity of
AGN by L[O iii] " Lbol/3500 (Kauffmann & Heckman 2005). If
we assume the NLR has “typical” parameters (n " 2000 cm#3;
Peterson 1997), then for an effective temperature of the radiation
field in excess of "36,000 K, the ratio of the expected [O iii]
5007 Å luminosity to that of [C ii] is >20:1, where we have used
the ionization models presented in Rubin (1985). Therefore we
expect L[C ii]/Lbol <10#5, so that it is unlikely that more than
a few percent of the observed [C ii] line radiation arises from
the NLR.

Within an AGN, it is commonly thought that gas from a
nearby molecular torus slowly accretes onto the central massive
black hole creating an accretion luminosity that in turn irradiates
the molecular torus with a very intense, power law X-ray
spectrum. Models of the heating, cooling, and chemistry of these
X-ray-dominated regions (XDRs) have shown that the FIR line
emission from the XDRs can dominate the PDR line emission
from a source, predominately due to the large penetration depth
of hard X-ray photons. Here, we estimate the expected [C ii]
flux from the molecular torus by first making an estimate of
the fraction of the observed FIR continuum that arises from the
torus and then using available XDR models to constraint the
expected [C ii]/FIR ratio from the XDRs.

Ruiz et al. (2007) made a detailed study of the relationship be-
tween the 2–10 keV X-ray, FIR, IR, and bolometric luminosities
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Fig. 9. (Left) Evolution up to z ! 2.3 of the comoving number density of “normal” galaxies (i.e. 107 L! < Lir < 1011 L!; black filled triangles),
LIRGs (orange filled diamonds) and ULIRGs (red filled stars). The green circles represent the total number of galaxies which are above the 24µm
detection limit of the surveys presented here, i.e. Lir > Lflux limit

ir . The z ! 0 points are taken from Sanders et al. (2003). (Right) Evolution of the
comoving IR energy density up to z ! 2.3 (upper striped area) and the relative contribution of “normal” galaxies (yellow filled area), LIRGs
(orange filled area) and ULIRGs (red filled area). The areas are defined using all the solutions compatible within 1! with the infrared LF. Black
arrows show the comoving IR energy density derived by stacking the 70µm image at all IRAC sources positions (S IRAC

3.6 µm > 0.6 µJy). The axis on
the right side of the diagram shows the evolution of the SFR density under the assumption that the SFR andLIR are related by Eq. (3) for a Salpeter
IMF.

Fig. 10. (Left) Evolution of the comoving IR energy density up to z ! 2.3. Blue empty circles represent the results obtained by Caputi et al. (2007)
for the global evolution of the comoving energy density (solid line) and the relative contribution of “normal” galaxies (dot line), LIRGs (dashed
line) and ULIRGs (dot dashed line). Filled black star represents the comoving IR energy density of the Universe inferred at z ! 2.3 by Reddy et al.
(2008) while open star shows the relative contribution of LIRGs. Filled areas are as in Fig. 9. (Right) Evolution of the comoving SFR density up
to z ! 2.3 assuming that SFR and LIR are related by Eq. (3) for a Salpeter IMF. Filled areas are as in Fig. 9. The dotted line represents the SFR
measured using the UV light not corrected for dust extinction (Tresse et al. 2007). The dashed line represents the total SFR density defined as the
sum of the SFR density estimated using our infrared observations and the SFR density obtained from the UV light uncorrected for dust extinction.
Light blue diamonds are taken from Hopkins & Beacom (2006) and represent the SFR densities estimated using various estimators. Dark blue
triangles represent the SFR density estimated by Seymour et al. (2008) using deep radio observations. Green circles represent the SFR density
estimated by Smolčić et al. (2009) using deep 20 cm observations and dark blue squares represent the relative contribution of ULIRGs to this SFR
density.

comes from the extrapolation to low luminosities of the infrared
LF where we have no constraints. To cross check our results
we compute a lower limit on the comoving IR LD by stacking
70 µm images at the positions of all IRAC sources in each red-
shift bin of interest (i.e., S IRAC

3.6µm > 0.6 µJy; up arrows in Fig. 9
right). This analysis is possible because the correlation between
L70 µm/(1+z) and LIR is quasi-linear at this redshift, and hence
!S (70 µm) " !LIR. The stacking result is fully consistent with
the value based on the integration of the extrapolated best fit to
our infrared LF.

As discussed in Sect. 3, the role of obscured AGN on the
estimate of the infrared LF is still uncertain. Such results will
be debated until the Herschel infrared space observatory pro-
vides accurate far-infrared measurements for faint, high-redshift
galaxies. However, as shown by Murphy et al. (2009) using IRS
spectroscopy, the mid-IR continuum from an AGN appears to
scale with increasing 24 µm luminosity. As a result, the removal
of any additional contribution from obscured AGN activity will
only steepen the bright-end of the infrared LF. This would
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The Astrophysical Journal, 776:65 (15pp), 2013 October 20 Parkin et al.

Figure 2. Herschel PACS and SPIRE spectroscopic maps of M51 of the six fine-structure lines at their native resolution and pixel scale. We have applied a 3! cutoff
to all five PACS images, and the units are W m!2 sr!1. Contours of the total infrared flux are overlaid to direct the eye to the major features of the inner galaxy. We
note that the integrated intensity within each pixel of the [N ii]205 map is actually the average surface brightness over the 17"" beam of each bolometer in the FTS
array, and not the average over the 4"" pixel each bolometer is centered on.
(A color version of this figure is available in the online journal.)
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M51: 
[CII]    [NII] 122 

[OI] 63   [OI] 145 

[OIII] 88  [NII] 205 

(Parkin et al. ApJ 776, 2013) 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Fig. 3. Channel maps (spacing 24.85 km s!1) of [C!!] overlaid on the line-free 318.13+ 330.34 GHz dust continuum image. Contour levels start at
3!, where ! = 0.7 mJy/beam, and increase by

"
2. The open cross marks the position of the unresolved F160W image (Fig. 1). We note that the

dynamical centre coincides with the compact dust continuum source.

within the individual galaxies (Walter et al. 2009; Wagg et al.
2012; Gallerani et al. 2012; Carilli et al. 2013; Riechers et al.
2013; Willott et al. 2013; Wang et al. 2013a; Carniani et al.
2013; Rawle et al. 2014; Neri et al. 2014). We note that sev-
eral high redshift [C!!] detections did detect nearby companion
galaxies or di!erent components of lensed galaxies. Our ALMA
data have a peak S/N = 5–15 in each of the individual 25 km s!1

channels (Fig. 3), allowing us to kinematically model the [C!!]
emission in this high redshift system, despite the rather limited
spatial extent compared to the synthesised beam size (see also
Gnerucci et al. 2011).

The left panel of Fig. 4 shows the observed velocity field
of ALESS 73.1 obtained by fitting the [C!!] line with a single
Gaussian (results do not change significantly by fitting with two
Gaussians). The velocity field is dominated by rotation. We fit
the velocity field with a dynamical model assuming that the
ionised gas is circularly rotating in a thin disk, and that the disk
surface mass density distribution is exponential "(r) = "0e!r/r0 ,
where r is the distance from the disk centre and r0 is the scale
radius. We neglect all hydrodynamical e!ects, therefore the disk
motion is entirely determined by the gravitational potential. The
model also includes the e!ect of beam smearing (for details, see
Gnerucci et al. 2010, 2011). The central panel of Fig. 4 shows
our best fit (i.e. best-fit model convolved with the beam). The
right panel of Fig. 4 shows the residuals of the model, which
are very small (less than 10 km s!1 in absolute value over most
of the map). The bulk of the velocity field is very well fitted

by our simple rotating disk model, yielding a maximum de-
projected3 velocity vrot = 120± 10 km s!1, oriented at a position
angle 40# ± 1# north through east (Fig. 5 centre). The e!ective
half-light radius obtained by fitting a Gaussian to our model is
2.4±0.2 kpc; this is consistent with the 4.1 kpc diameter FWHM
measured in the integrated [C!!] image (see Sect. 3.1), and with
the turn-over radius of 2.2+2.0

!0.3 kpc obtained by modelling the
shape of the rotation curve using the multi-parameter fit from
Courteau (1997).

Figure 5 left shows a position velocity diagram extracted
from the cube across the major kinematic axis of the galaxy with
the model overplotted as contours. This highlights the rotation
seen in the system, but also shows that the luminosity weighting
of the [C!!] is not constant; the brightest [C!!] originates from
the higher velocity material. Indeed, the ratio of [C!!] flux be-
tween !100 to !50 km s!1 and 50–100 km s!1 is 1.7 (see also
Figs. 2 and 3). This non-uniformity suggests that the disk is ei-
ther gas-loaded on one side, or preferentially illuminated on one
side; we return to this in Sect. 3.4.

This flux asymmetry also illustrates the limits of our sym-
metric disk model. Significantly higher spatial resolution ob-
servations are needed to determine a reliable flux distribu-
tion within the disk (e.g. de Blok & Walter 2014). In order
to test the stability of our disk model and check if the non-
uniform flux distribution in the disk could bias our results,

3 Assuming i = 53#, see Sect. 3.3.1.
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Fig. 1. Maps of blueshifted (left) and redshifted (right) C+ emission in HDF 850.1, with the 0.98 mm continuum subtracted. These two channels are
each 470 km s!1 wide, centered on !205 km s!1 and +265 km s!1, with integration ranges of !440 km s!1 to +30 km s!1 (left) and +30 km s!1 to
+500 km s!1 (right). These velocities are relative to 307.267 GHz (C+ 158 µm at z = 5.1853). Contours are !3! (dashed), +3!, and then go up in
steps of 1! = 0.20 Jy beam!1 km s!1. The blueshifted, C+ north peak (left) is 1.6 Jy beam!1 km s!1, and its spatially integrated flux is 6.9 Jy km s!1.
The redshifted, C+ south peak (right) is 1.4 Jy beam!1 km s!1, and its spatially integrated flux is 3.0 Jy km s!1. The beam (lower left, in each panel),
is 0.38"" # 0.29"" at PA = 59$ (FWHM), with T "b/S = 118 K Jy!1. The cross marks the phase reference position, at 12:36:51.980, +62:12:25.70
(J2000). The C+-line contours are superimposed on a greyscale version (Downes et al. 1999) of the BVI image from the Hubble Deep Field.

Table 1. Positions, sizes, and fluxes of the HDF 850.1 merger galaxies.

RA Dec Major Minor PA C+ Velocity C+ Dust
12h36m 62$12" axis axis peak at peak flux flux

Data J2000 J2000 arcsec arcsec deg mJy km s!1 Jy km s!1 mJy

HDF 850.1 C+ line:

North galaxy
!440 to +30 km s!1: 51.989s 25.88"" 0.8"" 0.4"" !46$ 18.8 !200 6.9 2.2
South galaxy
+30 to +500 km s!1: 51.993s 25.57"" 0.4"" 0.4"" – 11 +130 3.0 2.4

HDF 850.1 dust continuum at 0.98 mm:

North+south galaxies
together: 51.993s 25.70"" 0.9"" 0.3"" !23$ – – 9.9 4.6

Lensing elliptical galaxy:

3-586.0 at z = 1.224: 52.090s 26.30"" – – – – – – <0.9

Notes. C+ and dust positions, sizes, and fluxes are from the maps and from Gaussian fits in the (u, v) plane. C+ peak fluxes and velocity peaks
are from Gaussian fits to the spatially-integrated spectrum. Errors: positions: ±0.004s in RA and ±0.03"" in Dec; sizes: ±0.1""; PA: ±5$; C+ fluxes:
±10%; dust flux ±20%. Velocities of the C+ line peaks are relative to 307.267 GHz (C+ 158 µm at z = 5.1853). Errors are ±20 km s!1. Position of
the elliptical galaxy is from Barger et al. (2008). Dust continuum limit for the elliptical is the 5! limit from this paper, Fig. 3 (middle).

measurements, the positional uncertainty of this nominal phase
center was verified on 1150+497 and 1300+580, and estimated
to be smaller than 0.03"", or one-tenth of the synthesized beam.

For the continuum, we used two line-free regions adjacent
to the C+ line, covering a total of 2 GHz. For the C+ line, we
subtracted the continuum in the (u, v) plane, and binned the data
into 40 MHz (39 km s!1) channels. The rms noise in the maps
is 0.21 mJy beam!1 in the continuum, and 1.42 mJy beam!1 per
40 MHz channel in the line.

Figure 1 shows two velocity-integrated maps of the C+ line,
with the continuum subtracted. They clearly show two distinct
peaks, with a separation of 0.3"", or a projected distance of
2 kpc,1 which we interpret as evidence for a merger of two

1 We assume H0 = 71 km s!1 Mpc!1, !M = 0.27, and !" = 0.73,
which gives an angular scale of 6.295 kpc (arcsec)!1 at z = 5.185.

galaxies, with the blueshifted galaxy to the north, and the red-
shifted galaxy to the south. The lower-intensity emission around
the two peaks covers an overall extent, down to the 3! contours,
of 1.1"" (projected size 7 kpc), in the southeast-to-northwest
direction. Table 1 lists the source positions, fluxes, and appar-
ent sizes derived from (u, v) fits to these maps. We see no or-
dered pattern of velocities suggesting rotation, neither in chan-
nel maps, nor in second-moment velocity contour maps (not
shown here). This absence of an ordered, monotonically pro-
gressing velocity pattern is similar to that observed in the sample
of SMG mergers studied by Menéndez-Delmestre et al. (2013).

Further evidence for a merger comes from the spectral pro-
files of the two components. Figure 2 shows the C+ spectra, spa-
tially integrated over the blueshifted north galaxy, the redshifted
south galaxy, and the total spectrum, spatially integrated over
both north+south galaxies together. Both the north and south
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from ionized 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The Astrophysical Journal Letters, 782:L17 (4pp), 2014 February 20 Decarli et al.

Figure 3. Luminosity ratio of [C ii] and [N ii] as a function of IR luminosity,
as measured in all the high-z galaxies for which [C ii] has been detected, and
sensitive [N ii] limits are available. Symbols are coded based on the galaxy type.
For LAE-2 in BR1202-0725, we have integrated the fluxes of both [C ii] and
[N ii] only in the velocity range observed in both lines (see Figure 2). The ratio
for LAE-1 would be a lower limit if follow-up observations were not to confirm
our tentative detection.
(A color version of this figure is available in the online journal.)

that we are probably witnessing a composite source in which
both H ii regions and dense molecular clouds play important
roles. Deeper data at higher spatial resolution and significantly
higher signal-to-noise with ALMA will allow us to perform a
velocity- and spatially resolved study of the [C ii]-to-[N ii] ratio,
thus disentangling the role of each component.

4. CONCLUSIONS

We have presented first [N ii] 205 µm observations in
BR1202-0725, an IR-bright system of interacting galaxies at
z ! 4.7. The system consists of a QSO, an SMG, and two
LAEs. We report [N ii] detections in the SMG and in the LAE-2.
We combine the observations of the [N ii] with previously pub-
lished [C ii] observations. The [C ii]-to-[N ii] luminosity ratios
span over one order of magnitude, being <5 in the LAEs, and
>5 in the SMG and in the QSO. We use this line ratio to put
constraints on the fraction of [C ii] associated with the ionized
phase of the ISM. The LAEs are well within the parameter space
of H ii regions. On the other hand, the [C ii] emission associated
with the neutral phase is high in the SMG and, most of all, in
the QSO. This is the first time that the relative importance of
the ionized versus neutral phases of the ISM can be directly
compared in high-z galaxies.

Deeper observations of this system, in particular using the
Atacama Large Millimeter Array, are crucial in order to con-
firm the tentative [N ii] detections reported here. In addition,
observations of other fine-structure lines (e.g., [O iii] and [O i])
will allow us to expand our analysis to different regimes (e.g.,

the highly ionized medium) and to put first constraints on other
parameters (e.g., metallicity) in this unique laboratory of star
formation in the early universe.

This work is based on observations carried out with the
IRAM Plateau de Bure Interferometer. IRAM is supported by
INSU/CNRS (France), MPG (Germany), and IGN (Spain). This
research made use of Astropy, a community-developed core
Python package for Astronomy (The Astropy Collaboration
2013). Support for R.D. was provided by the DFG priority
program 1573 “The physics of the interstellar medium.”
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Fig. 1. Velocity-integrated [N ii] map of LESS J0332 after the con-
tinuum subtraction, with the spatial sampling of 0.2 arcsec/pixel. The
velocity range from !558 km s!1 to !154 km s!1 (with respect to the
Ly! emission-line peak) is integrated. Contours at 3", 4", 5", 6", and
7" levels are also given in the map. The shape of the synthesized beam
is shown at the lower left-hand corner.

LESS J033229.4!275619 (hereafter LESS J0332). We selected
this SMG because this object is starburst-dominated and shows
intense [C ii] 158 µm emission (De Breuck et al. 2011), making
this SMG a good target for the [N ii] 205 µm observation. In this
Letter we report a clear [N ii] 205 µm detection based on our
ALMA cycle 0 observation, and discuss the chemical property
of a high-z SMG. Throughout this Letter, we adopt a cosmology
with H0 = 70 km s!1 Mpc!1, !m = 0.27, and !" = 0.73.

2. Observations and results

We observed LESS J0332 at z = 4.76, with the band 6 receiver on
the Atacama Large Millimeter/submillimeter Array (ALMA) in
the dual-polarization setup, as a cycle 0 program. The observa-
tion was carried out in three separated runs; on 2011 October 1,
2012 January 12, and 2012 January 13. Each observing run con-
sisted of 1.2 h and the total observing time is 3.6 h, including
overheads. The receiver was tuned to 253.96001 GHz to cover
the redshifted [N ii] 205 µm emission with the upper sideband,
whose redshift is based on our previous [C ii] 158 µm detection
(De Breuck et al. 2011). The lower sideband was used to cover
the redshifted CO(12!11) emission (#rest = 1381.995 GHz). The
correlator was used in the frequency domain mode with a band-
width of 1875 MHz (488.28 kHz " 3840 channels). The obser-
vation was performed with 18 antennas in the compact config-
uration, but the data obtained with one antenna was flagged out
in the last run due to its high system temperature. Callisto was
also observed as a flux calibrator. The bandpass and phase were
calibrated with J0522–364 and J0403–360, respectively. The at-
mospheric condition was PWV = 3.0!5.0 mm in the first run
and PWV = 1.0!2.0 mm for the last two runs.

The data were processed with Common Astronomy
Software Applications (CASA; McMullin et al. 2007; Petry
& the CASA Development Team 2012) in a standard manner.
A 70-channel (or equivalently, 40.54 km s!1) binning was ap-
plied to the data cube, and then the clean process was ap-
plied with the natural weighting, which gives a final synthesized
beam size of 1.67## " 1.48## (position angle = 26.8 degree). The
[N ii] 205 µm emission of LESS J0332 is clearly detected in the
continuum-subtracted binned channel map, as shown in Fig. 1.

Figure 2 shows the [N ii] 205 µm spectrum of LESS J0332
adopting an aperture size of 4.8 arcsec2, with the previously re-

Fig. 2. Top panel: ATCA CO(2!1) spectrum of LESS J0332 adopt-
ing a 90 km s!1 binning (Coppin et al. 2010). Middle panel: APEX
[C ii] 158 µm spectrum with a 28 km s!1 binning (De Breuck
et al. 2011). Bottom panel: ALMA [N ii] 205 µm spectrum with
a 41 km s!1 binning. All the spectrum is continuum-subtracted. The
best-fit Gaussian profile is overlaid on the [C ii] and [N ii] spectra. The
velocity is relative to the Ly! redshift, and the zero velocity is indicated
by the dotted line.

ported spectra of CO(2!1) (Coppin et al. 2010) and [C ii] 158 µm
(De Breuck et al. 2011). The [N ii] 205 µm detection significance
is $8". The emission line is fitted with a single Gaussian pro-
file. The best-fit result is parameterized by the peak frequency
of 253.868 ± 0.007 GHz, peak intensity of 2.58 ± 0.21 mJy,
FWHM of 230 ± 22 km s!1, and the velocity-integrated flux of
630 ± 78 mJy km s!1. The redshift inferred from the observed
[N ii] 205 µm frequency is z[NII] = 4.7555 ± 0.0002, which is
significantly blueshifted from the Ly! redshift. This blueshift is
probably caused by the Ly! absorption by the intergalactic neu-
tral hydrogen. The redshift is consistent with the CO(2!1) red-
shift, though there is a velocity o#set, significant at $2", be-
tween the [N ii] 205 µm and [C ii] 158 µm lines. This velocity
o#set may be a consequence of the modest signal-to-noise ratio
in the two spectra, especially in the [C ii] spectrum. Forthcoming
[C ii] ALMA observations of the same objects will either con-
firm or reconcile the velocity discrepancy. However, if this ve-
locity o#set is confirmed, this results in di#erent [N ii]/[C ii] flux
ratios in the blue and red components (see Sect. 3.2).

The redshifted CO(12!11) emission is not detected in our
ALMA data. The inferred 3" upper limit on the velocity-
integrated flux is 344 mJy km s!1 (adopting the same aperture
size as adopted for the [N ii] 205 µm line and assuming the same
velocity profile).

The continuum emission at $obs $ 1.2 mm (i.e., $rest $
210 µm) is clearly detected with high accuracy. Its flux is
3.5 ± 0.1 mJy with the same aperture as adopted for the
[N ii] 205 µm measurement. These measurements were made by
combining the upper and lower sideband data and excluding the
channels a#ected by the [N ii] 205 µm emission and by a rela-
tively high noise level at the edges of the sidebands.

Both the [N ii] 205 µm emission and the continuum emission
are unresolved at our angular resolution. The two-dimensional
Gaussian fit on the velocity-integrated images results in the
major and minor axis FWHMs of 1.86 ± 0.44 arcsec and
1.31 ± 0.47 arcsec for the [N ii] 205 µm emission, and
1.72 ± 0.19 arcsec and 1.55 ± 0.21 arcsec for the continuum
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Table 1. Observed properties of LESS J033229.4–275619.

Parameter Value Reference
zLy! 4.762 ± 0.002 Coppin et al. (2009)
zCO(2!1) 4.755 ± 0.001 Coppin et al. (2010)
z[CII] 4.7534 ± 0.0009 De Breuck et al. (2011)
z[NII] 4.7555 ± 0.0002 this work
ICO(2!1) 0.09 ± 0.02 Jy km s!1 Coppin et al. (2010)
I[CII] 14.7 ± 2.2 Jy km s!1 De Breuck et al. (2011)
I[NII] 0.630 ± 0.078 Jy km s!1 this work
ICO(12!11) <0.344 Jy km s!1 (3") this paper
!VCO(2!1) 160 ± 65 km s!1 Coppin et al. (2010)
!V[CII] 161 ± 45 km s!1 De Breuck et al. (2011)
!V[NII] 230 ± 22 km s!1 this work

emission. Both results are consistent with the synthesized-beam
image shape.

3. Discussion

3.1. Possible AGN contribution

Gilli et al. (2011) reported the presence of a Compton-thick ac-
tive galactic nucleus (AGN) in LESS J0332. If the AGN con-
tributes significantly to the observed far-IR emission lines, its in-
terpretation would become accordingly more complex. Within
this context the CO spectral line energy distribution can help,
since it is sensitive to the heating energy source. CO lines at
high excitation levels are significantly stronger when the molec-
ular gas clouds are a"ected by the X-ray emission from AGNs
than in cases without AGNs (see, e.g., Spaans & Meijerink
2008). The nearby ULIRG-Quasar Mrk 231 shows strong high-
J CO lines up to J = 13!12, which are properly accounted
for by introducing X-ray dominated regions (XDRs) into mod-
els (van der Werf et al. 2010). At high-z the gravitationally
magnified quasar at z = 3.91, APM 08279+5255 also shows
strong high-J CO lines (Weiß et al. 2007; Bradford et al. 2011),
which are also well described by XDR models. The CO spec-
tral line energy distribution of other star-formation-dominated
high-z galaxies, such as SMM J16359+6612 at z = 2.5 (Weiß
et al. 2005) and IRAS F10214+4724 at z = 2.3 (Ao et al. 2008),
is completely di"erent from that of APM 08279+5255, showing
weaker high-J CO lines (see, e.g., Fig. 14 in Weiß et al. 2007).

By combining our upper limit on the CO(12!11) flux
and the previous measurement of the CO(2!1) flux (Coppin
et al. 2010), we obtain a 3" upper limit on the flux ra-
tio of CO(12!11)/CO(2!1) of 3.8. This upper limit is incon-
sistent with the CO spectral line energy distribution of the
quasar APM 08279+5255, but is fully consistent with other star-
formation-dominated high-z objects (see Fig. 14 in Weiß et al.
2007). This suggests that the molecular clouds in LESS J0332
are not described by XDR models, i.e., the AGN contribu-
tion to the heating and excitation of the ISM in LESS J0332
is not significant. This is consistent with our earlier study on
LESS J0332 (De Breuck et al. 2011), where we estimated that
the XDR contribution to the [C ii] 158 µm is "1.3%, based
on the absorption-corrected X-ray luminosity of L2!10 keV =
2.5 # 1044 erg s!1 (Gilli et al. 2011) and a scaling relation of
L[CII],AGN = 2 # 10!3 L2!10 keV (Stacey et al. 2010).

3.2. Gas metallicity

Based on our [N ii] 205 µm detection and our previous
[C ii] 158 µm detection (De Breuck et al. 2011) in LESS J0332,
the velocity-integrated flux ratio of [N ii]/[C ii] is inferred to be

Fig. 3. Observed [N ii]/[C ii] flux ratios compared with model pre-
dictions. The green hatched range denotes the observed range for
low-z galaxies. The horizontal dashed line shows our ALMA result on
LESS J0332, where the emission-line fluxes are measured by integrat-
ing the best-fit Gaussian function. Dotted magenta lines denote the flux
ratio at the red part (from !350 km s!1 to !150 km s!1) and blue part
(from !550 km s!1 to !350 km s!1) of the lines. The red and blue lines
show Cloudy model results as a function of Zgas with log nHII = 1.5
and 3.0 respectively, while solid and dashed lines denote the models
with log UHII = !2.5 and !3.5, respectively.

0.043 ± 0.008. Unfortunately, there are only few previous mea-
surements on the [N ii] 205 µm line in galaxies (mostly because
this line was not covered by the ISO/LWS wavelength range). In
the nearby universe, the flux ratio of [N ii]/[C ii] is reported only
for M 82 ("0.050; Petuchowski et al. 1994), Mrk 231 ("0.067;
Fischer et al. 2010), NGC 1097 ("0.017; Beirão et al. 2010),
and Arp 220 ("0.059; Rangwala et al. 2011). Therefore the
[N ii]/[C ii] flux ratio of LESS J0332 is similar to the observed
ratios reported for nearby galaxies, suggesting similar Zgas.

At high-z [N ii] 205 µm has been detected in
HLS J091828.6+514223 at z = 5.24 (Combes et al. 2012),
APM 08279+5255 at z = 3.91, and MM 18423+5938 at
z = 3.93 (Decarli et al. 2012). However, their [C ii] 158 µm line
has not been observed and consequently their [N ii]/[C ii] ratio
is unknown (see Walter et al. 2009b, and references therein).
Therefore our [N ii] 205 µm detection allows us to infer the first
measurement of the diagnostic [N ii]/[C ii] flux ratio at high-z.
Note that there are many [N ii] 122 µm detections in nearby
galaxies (e.g., Graciá-Carpio et al. 2011) and also in a few
high-z galaxies (Ferkinho" et al. 2011). Although there are
attempts to infer the [N ii] 205 µm flux from the [N ii] 122 µm
emission (e.g., Decarli et al. 2012), this method may introduce
a large systematic error because the flux ratio of [N ii] 122 µm
and [N ii] 205 µm varies by a factor of "10, i.e., it is strongly
dependent on the gas density (see Oberst et al. 2006).

To explore the gas metallicity in LESS J0332 more quantita-
tively, we carried out model calculations using Cloudy (Ferland
et al. 1998) version 08.00. Since the [C ii] line arises in both
H ii regions and PDRs, a consistent treatment to connect those
two regions is required to investigate the [N ii]/[C ii] flux ra-
tio. We assumed a pressure-equilibrium gas cloud that is char-
acterized by certain gas densities and ionization parameters
at the illuminated face (nHII and UHII) for each model run.
Here we examine gas clouds with log nHII = 1.5 and 3.0,
and log UHII = !3.5 and !2.5, for Zgas/Z$ = 0.05!3.0. Note
that the gas density in PDRs is higher than log nHII under
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[CII] 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reprocessed 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and 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gas 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•  Grain charge buildup 
•  Saturation 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•  8 luminous star forming 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with PAH detections 

•  z=1‐2 

•  Redshift (z) Early Universe 
Spectrometer (ZEUS) 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S., PhD 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Cornell University, 2009. 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Submillimeter 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FIR Photometry from literature 

•  SCUBA  •  Herschel (HerMES) – 19 –

Fig. 3.— The best fit SED model from the library of Dale & Helou (2002) for each of

our sources. Photometry (diamonds) is listed in Table 6. Data from 24 µm observations

is plotted but not used in SED fit.

modeling and rely on multiple optical/NIR measurements to break degeneracies in star

formation history. A crude but e!ective estimation can be arrived at based solely on the

rest frame galaxy luminosity at !2 µm, a wavelength which yields nearly constant mass

to luminosity ratios which are less dependent on star formation histories (de Jong 1996;

Bell et al. 2003). The e!ectiveness of the 2 µm luminosity for the purpose of estimating

stellar masses has already been demonstrated at z!3 using IRAC 8 µm measurements

(Magdis et al. 2010), and here we extend the approach to z!1.8 where the appropriate rest

wavelength coincides with the IRAC 5.8 µm band. We take this IRAC band to represent

the rest frame 2 µm flux and directly use the relationship established by Magdis et al.

(2010):

log(M!/M") = 2.01(±0.65) " 0.35(±0.03) # M2µm, (3)
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Table 5: PDR model parameters.

Source PDR parameters

log(n cm3) log(G0) size (kpc)

MIPS 22530 3.75±0.25
0.25 2.25±0.25

0.25 2.9-9.1

SWIRE 3-9 3.5±0.5
0.5 2.5±0.25

0.25 2.2-6.3

SWIRE 3-14 3.5±0.25
0.5 2.75±0.25

0.25 1.4-3.0

SWIRE 3-18 3-5 2.0±0.25
0.5 2.3-6.5

SMM J03 3.25±0.25
0.25 2.25±0.25

0.25 2.6-8.0

SWIRE 4-5 4.25±0.25
0.5 1.25±0.5

0.5 3.1-10.0

SWIRE 4-15 4.25±0.25
0.5 2.25±0.25

0.75 2.3-6.4

SDSS J12 3.5±0.25
0.25 2.25±0.25

0.25 2.6-7.6

Note. — The size scale represents the summed areal extent of star formation powered PDRs. It is a

representative value only and its range is based on the most likely G0 value under the separate assumptions

of small and large mean free photon paths relative to cloud size as outlined in section 5 (and does not account

for the uncertainty on G0 or the uncertainty in the fraction of [CII] from PDRs). Representative n

and G0 values give the best PDR solution assuming 70% of observed [CII] is due to PDRs. Error

ranges are such that 68.27% of the power in the marginalized probability distribution of each parameter is

contained within.
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Summary 

•  ‘CII deficit’  ~ indicates mode of star formation 
•  [CII]/FIR ~ merger fraction? 

•  High z ULIRGS ‐ high [CII]/FIR ratios 
•  PDR paradigm 

•  Modest SF extended over several kpc scale 

•  Individual pictures emerging 
•  Shocks may be involved 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Table 5: PDR model parameters.

Source PDR parameters

log(n cm3) log(G0) size (kpc)

MIPS 22530 3.75±0.25
0.25 2.25±0.25

0.25 2.9-9.1

SWIRE 3-9 3.5±0.5
0.5 2.5±0.25

0.25 2.2-6.3

SWIRE 3-14 3.5±0.25
0.5 2.75±0.25

0.25 1.4-3.0

SWIRE 3-18 3-5 2.0±0.25
0.5 2.3-6.5

SMM J03 3.25±0.25
0.25 2.25±0.25

0.25 2.6-8.0

SWIRE 4-5 4.25±0.25
0.5 1.25±0.5

0.5 3.1-10.0

SWIRE 4-15 4.25±0.25
0.5 2.25±0.25

0.75 2.3-6.4

SDSS J12 3.5±0.25
0.25 2.25±0.25

0.25 2.6-7.6

Note. — The size scale represents the summed areal extent of star formation powered PDRs. It is a

representative value only and its range is based on the most likely G0 value under the separate assumptions

of small and large mean free photon paths relative to cloud size as outlined in section 5 (and does not account

for the uncertainty on G0 or the uncertainty in the fraction of [CII] from PDRs). Representative n

and G0 values give the best PDR solution assuming 70% of observed [CII] is due to PDRs. Error

ranges are such that 68.27% of the power in the marginalized probability distribution of each parameter is

contained within.
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Fig. 4.— LFIR vs. F!(60)/F!(100). Local sources are from the sample of Brauher

et al. (2008). Our sources are indicated as diamonds. Although we believe the

luminosity in all of our sample is dominated by star formation, we note that

the three sources with marginal evidence for AGN in the literature (SMM J03,

SDSS J12, and MIPS 22530 - noted by red diamonds,) tend to have hotter dust

temperatures than those with no indication of an AGN present (green diamonds.)

All of our sources have significantly larger luminosities than the average local

galaxies of similar F60/F100 values. No corrections for gravitational lensing have

been made. Magnification corrections (if applicable and known) a!ect luminosity

only, and would bring our galaxy luminosities closer to those of the local galaxy

group.
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Fig. 5.— adapted from Figure 6 of Fiolet et al. (2009). Our sample is represented by

filled green and red diamonds. Their x error bars have been suppressed for clarity as we

only have order of magnitude stellar mass estimates. Red triangles represent the z!2 sources

presented by Fiolet et al. (2009), Large black symbols represent stacked subsets of the Fiolet

sample, small black symbols represent z!2 sources from Daddi et al. (2007). Green squares

trace the average trend in GOODS-N.

General Source Characteristics 
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Fig. 8.— Observed [OI] 63 µm/IR ratio vs. LIR. To compare to the sample of

Coppin et al. (2012), here we have used the infrared continuum range 40-500 µm.

Local sources (black circles) are from the compilation by Graciá-Carpio et al.

(2011) which includes additional data from Colbert et al. (1999); Malhotra et al.

(2001); Negishi et al. (2001); Luhman et al. (2003); Dale et al. (2004); Brauher

et al. (2008). Literature high redshift sources are denoted with purple stars

(Coppin et al. 2012; Brauher et al. 2008; Ivison et al. 2010; Valtchanov et al.

2011; Sturm et al. 2010). Our sample is marked with diamonds as before. In

our sample and also the sample from Coppin et al. (2012), there is one tentative

[OI] detection which we mark as an open diamond and star respectively.
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Fig. 9.— Observed [OI] 63 µm/[CII] line flux ratio as a function of the 60 to 100 µm color.

Symbols are as in Figure 7 with the addition of an open diamond indicating our

tentative [OI] detection. Local ULIRGs tend to have higher [OI]/[CII] ratios and warmer

dust temperatures. The [OI]/[CII] ratios in our sample are similar to local normal

sources. Even our sources with marginal AGN influence, which have warmer dust

temperatures, have [OI]/[CII] ratios more similar to local normal galaxies rather

than LIRGs.
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Fig. 10.— MIR IRS spectra fitted with PAHFIT (Smith et al. 2007). The green curve

is the overall fit, blue curves are PAH contributions, and the underlying gray curve is the

continuum fit by stellar and dust contributions. Sources of PAH spectra are noted in Table

4.

molecular cloud geometry in which both faces of externally irradiated molecular

clouds harbor PDRs. Cloud-to-cloud velocity variation generally allows us to

observe emission from multiple clumps without optical depth e!ects. The [OI]

line, however, is often optically thick on the surfaces of individual molecular clouds (Stacey

et al. 1983), so we will only detect [OI] emission from the front surfaces of clouds. To

account for this, we multiply the observed [OI] flux by two to match the plane parallel

models in the PDR toolbox. Geometry and velocity dispersion may vary, but

results from this simple approximation are generally successful at characterizing

observations on a galactic scale (eg. Malhotra et al. 2001; Vasta et al. 2010).

[CII], as previously mentioned, arises in both neutral and ionized gas. Without other
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Fig. 11.— Figure adapted from Figure 8 of Croxall et al. (2012). [CII]/PAH vs.

FIR color. [CII] is the observed line flux and PAH is the calculated total PAH

flux based on Equation 4 with the qualifications noted in the text. Our sources

(plotted as in previous figures) are plotted against sub-galactic star forming regions

in NGC 1097 (light blue triangles) and NGC 4559 (light green squares) (see Croxall et al.

(2012).) We have also plotted regions from (Stacey 2010) and Stephan’s Quintet as

in previous Figures. Our sample tends to lie between the [CII]/PAH ratios in

Stephan’s Quintet and those in local star forming regions.

observations characterizing the ionized medium we cannot be certain what

fraction of the observed [CII] should be accounted for by the PDR models.

Previous studies of many systems with [NII] and [CII] have shown the fraction

of [CII] from PDRs generally ranges from !40-90% (Malhotra et al. 2001; Vasta

et al. 2010). Although recent observations of extreme Lyman Alpha Emitters

have revealed rare sources in which most of the [CII] arises in HII regions,

Decarli et al. (2014) confirm that in SMGs [CII] is dominated by PDRs. In

particular, in nearby starburst sources NGC 253 (Carral et al. 1994) and M82

(Lord et al. 1996; Colbert et al. 1999) combined HII and PDR modeling has

shown !70% of the [CII] emission comes from PDRs and we take these sources

as representative analogs of our systems. This fraction is also very similar to the
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