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ABSTRACT

Using the IRAM Plateau de Bure Interferometer (PdBI) we have searched for the up-
per fine structure line of neutral carbon [C 1Py — 3P)), Vet = 809 GHz] and '*CO(J =
7 — 6) (Vg = 806GHz) towards the submillimetre galaxies (SMGs) GN20
(SMMJ123711.94-622212, z = 4.055) and GN 20.2 (SMM J123708.8+622202, z = 4.051).
The far-infrared continuum is detected at 8o significance in GN 20, with a flux density of
S1.8mm = 1.9 £ 0.2 mJy, while no continuum is detected in GN 20.2. Both sources are statisti-
cally undetected in both C1(*P, — 3P}) and '>CO(J = 7 — 6) lines; we derive line luminosity
limits for both C1and CO of L’ < 2 x 10'°Kkms~! pc?. Assuming carbon excitation tem-
peratures of T¢x = 30K (the galaxies’ measured dust temperatures), we infer C1 mass limits
of Mc, < 5.4 x 10° M@ (GN20) and Mc, < 6.8 x 100 Mg (GN20.2). The derived C1
abundance limits are <1.8 x 1073 for GN20 and <3.8 x 1073 for GN 20.2, implying that
the systems have Milky Way level carbon enrichment (X[C1]/X[H,]) or lower, similar to
high-redshift carbon-detected systems (at 5 x 107) but about 50 times less than the carbon
enrichment of local starburst galaxies. Observations of GN 20 and GN 20.2 in high-resolution
MERLIN+VLA (Multi-Element Radio Linked Interferometer Network+ Very Large Array)
radio maps of GOODS-N (Great Observatories Origin Deep Survey-North) are used to further
constrain the sizes and locations of active regions. We conclude that the physical gas properties
of young rapidly evolving systems like GN 20 and GN 20.2 are likely significantly different
than starburst/ULIRG (ultraluminous infrared galaxy) environments in the local Universe yet
similar to z ~ 2 SMGs. Unless gravitationally amplified examples can be found, observations
of galaxies like GN 20 will require the order of magnitude increase in sensitivity of the Ata-
cama Large Millimetre Array (ALMA) to constrain their C1 and high-J CO content, despite
the fact that they are the brightest systems at z ~ 4.

Key words: galaxies: evolution — galaxies: high-redshift — galaxies: individual: GN 20 —
galaxies: individual: GN 20.2 — galaxies: starburst.
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1 INTRODUCTION

Examining the molecular gas content of distant galaxies is fun-
damental to our understanding of galaxy formation and evolution
theories. Recent observations have shown that many distant objects
contain giant molecular gas reservoirs (>10'" M; for a review see
Solomon & Vanden Bout 2005). These gas repositories are thought
to provide the fuel needed to power the extreme starbursts ob-
served at high redshift through their far-infrared (FIR) luminosities,
Lpgr ~ 1012713 Lo (e.g. Frayer et al. 1999; Neri et al. 2003; Greve
et al. 2005; Tacconi et al. 2006; Chapman et al. 2008). In addi-
tion, detection of active galactic nucleus (AGN) in molecular gas
suggests a link between the most massive starbursts, the growth of
massive black holes and the onset of strong nuclear activity (Cop-
pin et al. 2008). Molecular gas has already been detected in about
60 high-redshift sources, from star-forming galaxies to quasars, at
redshifts 2 < z < 6.4 (Bertoldi et al. 2003; Walter et al. 2003; Greve
et al. 2005; Tacconi et al. 2006, 2008).

Carbon monoxide has bright rotational transitions and is there-
fore the most commonly observed tracer of molecular gas; how-
ever, CO lines are usually optically thick and difficult to model
(e.g. Narayanan et al. 2009). In contrast, observations of optically
thin neutral carbon (C1) can be used to derive gas physical prop-
erties without requiring detailed radiative transfer models. This is
because carbon has a 3P fine structure forming a simple, easily
analysed three-level system. The gas excitation temperature, neu-
tral carbon column density and mass may be derived independent
of any other information provided there are detections of both car-
bon lines, C1CP; — 3Py) (492 GHz) and C1(°P, — 3P;) (809 GHz)
(e.g. Stutzki et al. 1997; Weiss et al. 2003, 2005). Furthermore,
observations of either C1 line could potentially be used as a probe
of internal gas distribution which is independent from the more
luminous optically thick CO observations.

While the Earth’s atmosphere has very low transmission at
the rest frequency of Ci1(*P, — 3Py) and is virtually opaque at
C1(*P, — 3P)), some studies of neutral carbon have been performed
in nearby sources where the lines are bright enough to be observed.
These include the Galactic Centre, molecular clouds in the galactic
disc, M82 and other nearby galaxies (e.g. White et al. 1994; Stutzki
et al. 1997; Gerin & Phillips 2000; Ojha et al. 2001; Israel & Baas
2002; Schneider et al. 2003; Kramer et al. 2004). These studies
show that C1 and CO emission trace each other well, independent
of the type of heating environment. Since they share similar critical
densities, 1, ~ 10° cm™, this suggests that the C1°P; — *P,) and
12CO(J =1 — 0) transitions arise from the same gas volume and
have similar excitation temperatures (Ikeda et al. 2002). In addi-
tion, several studies have found excellent agreement between C1
and CO derived H, masses in local ultraluminous infrared galax-
ies (ULIRGs; e.g. Gerin & Phillips 1998; Papadopoulos & Greve
2004).

Despite improved atmospheric observing conditions at the red-
shifted (z > 2) C1frequencies, observations of distant, faint sources
are particularly difficult; neutral carbon has only been confirmed
previously in four other high-redshift sources, three at z ~ 2.5
(Weiss etal. 2003, 2005) and one z =4.12 quasi-stellar object (QSO;
Pety et al. 2004). While it is challenging to detect, C11is a cooling
line and therefore is important in understanding the composition
of a galaxy’s dense interstellar medium (ISM). In high-redshift
sources, detection of C1 indicates that the ISM has condensed and
become significantly enriched while the Universe was still very
young.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 400, 670-676

Here we report on the search for the upper fine structure line of
neutral carbon, C1(*P, — 3P)), as well as the '2CO(J =7 — 6) line,
towards two of the highest redshift and most luminous submillime-
tre galaxies (SMGs), GN 20 [z = 4.055, SMM J123711.94-622212,
identified in Pope et al. (2006), whose redshift was accurately
measured in Daddi et al. (2009), hereafter referred to as DO09]
and GN 20.2 [z = 4.051, SMM J123708.84+622202, also detected
in 2CO(J = 4 — 3) in D09; originally from the catalogue of
Chapman et al. (2001)]. GN20 (Sgso = 20.3mJy) and GN20.2
(Sgs0 = 9.9 mly) are two of the brightest SMGs in Great Observa-
tories Origin Deep Survey-North (GOODS-N; see also Pope 2007).
Both of their rest-frame ultraviolet spectra lack any emission fea-
tures (D09) and are similar to the UV spectra of many other z ~
2.5 SMGs (Chapman et al. 2005). The absence of AGN character-
istics in optical spectra suggests that the gas is mainly heated by
star formation. Pope et al. (2006) have also shown that GN 20 has
a very similar spectral energy distribution (SED) and mid-infrared
(IR) spectral properties to other SMGs, as are its X-ray luminosity
and photon index (cf. Alexander et al. 2005).

In addition to our interferometric millimetre observations
from the Plateau de Bure Interferometer (PdBI), we present
high-resolution radio maps of both galaxies at 1.4 GHz from
MERLIN+VLA (Multi-Element Radio Linked Interferometer
Network+Very Large Array) to further characterize these bright
SMGs. We organize the paper as follows: observations are described
in Section 2; results are discussed in Section 3 and our discussion
of the implications on high-redshift SMG enrichment is given in
Section 4. Throughout, we use a A cold dark matter (ACDM) cos-
mology with Hy =71kms™! Mpc~! and Q,, = 0.27 (Hinshaw et al.
2009).

2 OBSERVATIONS

2.1 Molecular line observations

Observations were carried out with the IRAM PdBI through 2008
August, with a five-dish D-configuration (i.e. compact). We used
the 2-mm receivers tuned to 159.873 GHz, mid-way between
the expected redshifted frequencies of the C1CP, — 3P)(Vret =
809.342 GHz) and >CO(J =7 — 6) (Vyest = 806.651 GHz) transi-
tions for GN 20 at z = 4.055 and GN 20.2 at z = 4.051. The pointing
centre was closer to GN 20 than to GN 20.2; since they are both off
phase centre, their fluxes require primary beam attenuation correc-
tion factors of 1.11 (GN 20) and 2.62 (GN 20.2). This observation
was made possible because of the redshift measurement from the
2CO(J = 4 — 3) D09 observation. The synthesized beam size at
160 GHz is &3 arcsec. Calibration was obtained every 12 min us-
ing the standard hot/cold-load absorber measurements. The source
3C454.3 was used for absolute flux calibration. The antenna gain
was found to be consistent with the standard value of 29 Jy K
at 160 GHz. We estimate the flux density scale to be accurate to
about £15 per cent.

Data were recorded using both polarizations overlapping, cov-
ering a 900-MHz bandwidth. The total on-source integration time
was 8 h. The data were processed using the GILDAS packages cLIC
and MAPPING and analysed with our own IDL-based routines. The
extracted data cube (two sky coordinate axes and one spectral axis)
has an rms noise of 0.6 mJy. For clarity of presentation, we have
regridded the data to a velocity resolution of ~37 kms~' (20 MHz).
No obvious (>50) emission lines are seen in the data; however, the
next section statistically tests for the presence of FIR continuum
and CO and C1emission lines.
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Figure 1. MERLIN+VLA radio contour overlay on HST/ACS BVi colour
images of GN 20 and GN 20.2. The field sizes are 3 x 3arcsec? and the
MERLIN beam size is 0.3 arcsec (outer contour of corner inset is the FWHM
of the beam). The levels of the radio contours are drawn at 3,4, 5, 7 and 100°;
the rms noise in the MERLIN+VLA images is 2.9 and 4.6 pJy for GN 20
and GN 20.2, respectively. The centre of the SMA continuum emission
analysed by Iono et al. (2006) and Younger et al. (2008) is marked by the
green cross on the GN 20 map. The emission centroid for GN 20 in the
mid-IR [Spitzer IRAC/MIPS (Infrared Array Camera/Multiband Imaging
Photometer for Spitzer)] is consistent with the radio and FIR continuum
position. The FIR—optical offset for GN 20 is significant at the 3o level.

2.2 MERLIN+VLA radio imaging

High-resolution observations from the MERLIN (Thomasson 1986)
were obtained for these sources as described in Muxlow et al.
(2005), with an rms noise of ~5 puJybeam~'. While GN 20 or
GN 20.2 were not imaged directly in Muxlow et al. (2005), the
source is within the sensitive region of the data (Lovell Telescope
primary beam). A combined MERLIN+VLA map was then con-
structed, with a sensitivity of 3—4 pJy beam™' and high positional
accuracy (tens of mas). In Fig. 1, we show MERLIN radio con-
tours on top of the Hubble Space Telescope (HST) BVi tricolour
images (Giavalisco et al. 2004)." The field size is 3 x 3 arcsec?

I'Based on observations made with the NASA/ESA HST, and obtained
from the Hubble Legacy Archive, which is a collaboration among the Space
Telescope Science Institute (STScI/NASA), the Space Telescope European
Coordinating Facility (STECF/ESA) and the Canadian Astronomy Data
Centre (CADC/NRC/CSA).

Table 1. Observed and derived properties of GN 20 and GN 20.2.

GN 20 GN20.2
RAMERLIN+VLA (J2000) 12:37:11.96 12:37:08.80
Dec.MERLIN+vVLA (J2000) +62:22:12.4 +62:22:01.9
RAj60 (J2000) 12:37:11.89
Dec.160 (J2000) +62:22:12.4 .
S1.4% (Wy) 738 +12.8 170.0 & 12.8
S3mm® (mly) 0.33 <0.2
Sl.2mma (mJY) 9.3 <2.7
S1.1mm® (mly) 1.5
Sgs0¢ (mJy) 20.3 9.9
R1/2 MERLIN+VLA (arcsec) 0.38 £ 0.15 0.30
B 1.4 (derived) 1.5 (fixed)
Lrr (Le) 1.0 x 10" 5.0 x 10"
Tdust (K) 30+ 4 30+ 12
zcop-31° 4.055 +0.001 4.051 +0.003
Icop—3)” Jykms™) 1.54+02 09403
L'cop—3)” (Kkms™! pc?) 6.2 x 10'° 3.7 x 1010
My, > Mg) 5.0 x 1010 3.0 x 1010
S160 continuum (mJy) 1.9+0.2 05+03
Icop—6) = Ici Jykms™1)¢ <12 <19
L'cop—6) = L'ci (Kkms™! pc?) <1.6 x 10'0 <2.5 x 10'0
My, (from CO[7—6]) M) <1.3 x 1010 <2.0 x 101
Mcilr,, M@) <5.4 x 10° <6.8 x 10°
X[C1]/X[H 7] <1.8 x 1073 <38 x 107

Notes. We fit modified blackbodies to the FIR continuum flux densities (see
Section 3.1) to derive dust temperature and Lpjr . B is reliably constrained
to 1.4 for GN 20 and fixed to 1.5 for GN 20.2.

“Observed continuum flux densities from the literature at 850 pm (Pope et al.
2006), 1.1 mm (Perera et al. 2008), 1.2 mm (Greve et al. 2008) and 3 mm
(D09). Upper limits for GN 20.2 are 2o . The radio flux (S.4) is measured
at 1.4 GHz from VLA.

bObserved properties from D09, given here for comparison.

“Derived from the measured D09 CO[4—3] line strength. D09 assumes a
constant brightness temperature between 2cO(J =1— 0)and 12CO(J =
4 — 3) to derive My, , but here we assume that L'cou—31/L copi—0) =
8/16 (Cf. Weiss et al. 2007) and L/CO[7—6]/L/C0[1—O] = 8/49 (Cf. Weiss
et al. 2007). We also assume a conversion factor X = My, /L/CO =0.8Mp
(Kkms™! pcz)’1 (cf. Downes & Solomon 1998).

dLine intensity limits are 2o In this data, both /co and /¢, limits are equal
since the noise measurement in each frequency range is equal, as are the
assumed linewidths (700 kms™1).

and the restoring beam size is 0.3 arcsec. We measure the centre
of MERLIN+VLA radio emission as 12:37:11.96, +62:22:12.4 for
GN 20 and 12:37:08.80, +62:22:01.9 for GN 20.2.

3 RESULTS

3.1 The continuum contribution at 1.88 mm

Interpreting the detectability and significance of emission lines in
the millimetre requires an estimation of the expected continuum
contribution at the wavelength of observations (160 GHz, which is
a wavelength of ~1.88 mm). Independent of our PdBI observations,
we estimate the continuum flux at 1.88 mm by fitting modified-
blackbody SEDs to the galaxies’ FIR flux measurements. The con-
tinuum flux densities for GN 20 and GN 20.2 are given in Table 1.
We fixed the emissivities of the galaxies to 8 = 1.4 for GN 20 (see
Pope 2007) and B = 1.5 for GN 20.2 is common practice for galax-
ies in which B is not well constrained, although we note that letting
B vary has a minimal effect, <10 per cent, on the continuum flux.
With these SED constraints we measure the dust temperatures and

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 400, 670-676
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Figure 2. The SED fits to the FIR measured photometry of GN 20 (black)
and GN 20.2 (grey). The inferred continuum flux densities at 1.88 mm are
shown as large diamonds: 1.8 & 0.4mJy for GN20 and 0.8 £ 0.4mly
for GN'20.2. Their full SEDs from 10 um near-IR to 10-cm radio (rest
wavelength) are shown in the inset; the area outlined in the dotted box is the
zoomed-in region shown in the larger plot.

FIR luminosities that are given in Table 1. The SED fits to both
galaxies may be seen in Fig. 2. From these fits we infer that the
1.88-mm flux generated by FIR continuum should be 1.8 &= 0.4 and
0.8 =+ 0.4 mJy for GN 20 and GN 20.2, respectively.

Having inferred the expected continuum level we must now
measure the continuum from the 160-GHz PdBI observations. A
one-dimensional (1D) spectrum for each object is first extracted
at the peak integrated flux position, shown in Fig. 3. If we ignore
the possible presence of emission lines, the average flux over the
whole bandwidth is 1.9 & 0.2mlJy for GN 20 and 0.5 £+ 0.3 mly
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for GN 20.2. The latter is consistent with the expected continuum
flux, 0.8 &= 0.4 mJy, for GN 20.2, therefore, we conclude that neither
C1(P, — 3P)) nor ?CO(J = 7 — 6) is detected in GN 20.2. The
GN 20 average flux is consistent with the expected continuum level,
1.8 mJy, but since there is a large uncertainty in the expected flux at
1.88 mm, it needs to be further examined to see if the flux excess is
due to the partial detection of C1and CO lines.

3.2 Placing limits on C1(°P, — 3P;) and >CO(J =7 — 6)

Fig. 3 shows extracted 1D spectra alongside integrated channel maps
for GN 20 and GN 20.2. The maps are centred on each galaxy’s VLA
radio position, and the 1D spectra are extracted at the point of peak
integrated flux for GN 20 and at the VLA centroid for GN 20.2. Our
observations have a ~0.6 mJy rms noise near GN 20 and 1.6 mJy
rms noise near GN 20.2 across the entire 900-MHz bandwidth.

To measure the continuum without allowing contamination from
possible line emission, we must extract the portion of the GN 20
spectrum where line emission is anticipated. We use the measured
D09 redshift and linewidth of >’CO(J = 4 — 3) (z = 4.055 and
Av ~ 700kms™') as an a priori condition and we apply them
to both 2CO(J = 7 — 6) and C1°P, — 3P)) lines. Unfortu-
nately, the narrow bandwidth limits the ‘non-line’ spectral portion
to a small number of channels, specifically those with frequencies
159.75 < vops < 159.95 GHz or vy, > 160.25 GHz. We measure the
continuum flux density in this spectral region to be S160(GN 20) =
1.4 + 0.3 mly. This suggests that a flux excess does exist around
the expected lines, from 159.95 < v, < 160.25 GHz (the C1 line
region) and at vo,s < 159.75 GHz (the CO line region). To test the

13muy

10mJy

7mly

4mly

N
N

—2myy

~5mJy

9.0° 8.5° 8.0°
Right Ascension 12" 37™

Velocity Relative to Cl at z=4.051
500 1000

Velocity Relu;gg to CO(7-6) ot zé—-4.051

FLUX [mJy beam™]

160.2 160.0 159.8 159.6
Observed Frequency [GHz]

Figure 3. The 160-GHz maps and spectra for GN 20 (left) and GN 20.2 (right). The 20 x 20 arcsec? maps are integrated over the whole bandwidth; 4, 5, 6
and 7o contours are overplotted (the detection of GN 20 is 8c). The ~3-arcsec beam shape is shown as a lower right insert in each map. The 20-MHz spectra
are extracted at the peak flux position of GN 20 and at the VLA centroid position for GN 20.2. The average flux, or continuum estimation in the absence of line
emission, is shown as a horizontal red line bounded by 1o uncertainties (red dotted lines). The expected frequency centres of the C1 and CO emission lines

(based on the D09 redshift) are marked by dashed grey vertical lines.
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significance of these excesses, we measure the mean flux density in
each region and compare it to the ‘non-line’ flux. The average flux
density is 1.6 &= 0.3 mJy in the C1 line region and 2.5 &+ 0.4 mJy in
the CO region. Both excesses are of low significance (<20); thus,
we conclude that neither >’CO(J = 7 — 6) nor C1CP, — 3Py) is
detected in GN 20.

With no significant detection of CO or C1 lines, we attribute
all flux across the band to the FIR continuum, therefore, the mea-
sured continuum flux densities are 1.9 £+ 0.2mlJy for GN 20 and
0.5 4+ 0.3 mJy for GN 20.2. The latter is consistent with no detected
continuum. The former continuum measurement for GN 20 is sig-
nificant at the 8o level. Although some flux from the emission lines
might contribute to the flux density measurement of the contin-
uum, we have not accounted for this additional uncertainty in our
measurement.

We derive 20 upper limits to C 1 and CO line intensities assuming
the redshift and linewidth given by D09. For GN 20, we measure
Ic,~Ico < 1.2Jykms™! (both limits are equal since the assumed
linewidths and the noise measurements in each frequency range
are equal). For GN20.2, we measure /¢, & <1.9Jykms™!. The
corresponding limits to line luminosity are given in Table 1.

3.3 CO excitation and brightness temperature

For interpreting CO line intensities, the assumption of constant
brightness temperature has been widely taken a priori in the past
due to lack of relevant data. However, many recent observations of
multiple CO transitions in high-redshift sources have shown it to
be an unwarranted assumption (Dannerbauer et al. 2009). Although
detailed radiative transfer models demonstrate that the >CO(J =
1 — 0) and '>CO(J = 3 — 2) transitions are near thermal equilib-
rium (i.e. L'coq-0) & L'coi—2) for the three z ~ 2.5 sources stud-
ied (Weiss et al. 2005), there are several AGN-dominated galaxies
which do not have constant brightness temperature for high-J transi-
tions (e.g. FSC 1021444724, APM 0827945255 and the Cloverleaf
quasar). Here we adopt the brightness temperature conversions for
SMGs observed by Weiss et al. (2007), see their fig. 3; explicitly,
we assume flux density ratios of Scop—31/Scopi—op = 10.0 £ 0.8
and Scor—61/Sconi—oy = 8 £ 1. This implies L'copr—e1/ L cori-o) =
8/49 and L'cop7—6)/L copa—3 = 64/245. Working backwards from
the D09'2CO(J = 4 — 3) detection, this implies that ?CO(J =
7 — 6) in GN 20 would have luminosity ~1.6 x 10'® Kkms~' pc?.
We measure a line luminosity limit of <1.6 x 10" Kkms~! pc
2. While there are large uncertainties in our brightness tempera-
ture conversion assumption, this measured result for GN 20 agrees
with the estimated population of the higher J transitions according
to other high-z SMGs. Our data for GN 20.2 are less constraining
due to the greater noise; our limit on line luminosity is consistent
with L'copr_g; & 1.2 x 10 Kkms~! pc 2, which is the expected
luminosity extrapolated from the 2CO(J = 4 — 3) detection.

3.4 Radio source sizes

We use high-resolution MERLIN+VLA radio maps to constrain
the size of the 1.4-GHz emission, to better assess the contribu-
tions from AGN and starbursts. The measurements of angular size
were made using Alps software JMFIT, deconvolving the restoring
beam before attempting to derive the fitted Gaussian size. Since the
signal-to-noise ratio is quite low in GN 20, it is impossible to detect
component extensions smaller than the width of the restoring beam.
Fig. 1 shows the MERLIN4-VLA 1.4-GHz radio maps as contours

on top of HST Advanced Camera for Surveys (ACS) i-band imag-
ing. We measure the angular full width at half-maximum (FWHM)
of the GN 20 emission region to be 0.38 & 0.15 arcsec, but it is only
significant above the 0.3-arcsec beam size at the 2.40 level, while
the 0.5-arcsec radio—optical offset is significant at the 30 level.

Tono et al. (2006) showed that the 850-um Smithsonian Mil-
limetre Array (SMA) position of GN 20 was significantly offset
from the optical emission (0.8-arcsec offset also at the 3o level).
Younger et al. (2008) obtained higher resolution continuum imag-
ing of GN 20 with the SMA and constrained the size to 0.60 £
0.13 arcsec claiming it to be partially resolved. This is consistent
with our MERLIN+-VLA measured size of 0.38 £ 0.15 arcsec due
to the large uncertainties on both measurements. Because GN 20 is
not exceptionally bright in the radio (74 pJy), we cannot determine
if its asymmetric, extended MERLIN+VLA morphology is signif-
icant; therefore, we cannot rule out that GN 20 might be a radio
point source dominated by AGN activity.

The radio source size of GN20.2 is measured to be entirely
unresolved at <0.30 arcsec. Radio emission with S;4 > 100 py
at z = 4.051 constrained by R, < 0.30arcsec would have to
emit at a super-Eddington rate if it were completely dominated by
star formation (a calculation based on the theoretical maximum
star formation density given regulation by the dust Eddington limit
in dense starbursts: c.f. Elmegreen 1996; Thompson, Quataert &
Murray 2005). For this reason, GN 20.2’s radio emission is likely
partially generated, if not dominated by an AGN at the galaxy’s
core.

4 DISCUSSION

4.1 Neutral carbon and H, mass

Using the formulae given in Weiss et al. (2003) for the upper fine
structure line of neutral carbon C1°P, — 3P;), we can derive the
mass of neutral carbon via
2

Mc, = CmCI ::[37]2)100 Q(Tex)é eiTZ/TeX L,CI(3P24>3P1) (MQ)’ (])
where Q(T,) = 143 e T1/Tex 1-5 e~ 2/Tex 5 the neutral carbon parti-
tion function.? In the equation above, T| =23.6 K and T, = 62.5K
represent the energies above the ground state, L/CI(3P2 —3P)) is
given in Kkms~! pc 2, mc, is the mass of a single carbon atom and
C is the conversion between cm? and pc?, 9.5 x 103 cm?/pc?. This
assumes both carbon lines are in local thermodynamical equilibrium
(LTE) and that C1 emission is optically thin. Inserting numerical
values in equation (1) yields

1 !
Mey = 4566 x 107 Q(To) 5 /™ L s, M@)- ()

Determining M, definitively requires measurement of the exci-
tation temperature, which can only be done by detecting both
C1(’P, — 3Py) and C1(*P, — 3P;), the two C1 fine-structure lines.
If Tex cannot be measured directly, it is often assumed to be equal
to the characteristic dust temperature [although in the case of the
Cloverleaf quasar, Weiss et al. (2003) showed that T, = 30K, sig-
nificantly less than the dust temperature, 50 K]. As the excitation
temperature is unknown for both GN 20 and GN 20.2, we assume
that T'x = T qust, Which is appropriate, since here we are only able to
derive upper limits on carbon mass for both systems. If the excitation

2 We note that the negative sign in the exponent of 1/5 e~72/Tex was acciden-
tally omitted from the text of Weiss et al. (2003, 2005).
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temperature is less than the dust temperatures (like the Cloverleaf),
the upper limits on carbon mass would decrease. Without account-
ing for the possible magnification proposed by Pope (2007), we
derive upper limits on carbon mass of 5.4 x 10° M (GN20) and
6.8 x 10° M@ (GN20.2).

Table 1 also lists the limits on H, mass derived from the '?CO(J =
7 — 6) line luminosity limits, assuming brightness temperature
conversions from Weiss et al. (2007) (see their equation 5). We also
assume the standard ULIRG conversion factor X = My, /L¢y =
0.8Mp (Kkms™' pc?)~! (Downes & Solomon 1998). Both the
GN 20 and GN 20.2 2CO(J = 7 — 6) derived H, mass limits are
in agreement with the '>’CO(J =4 — 3) derived H, mass.

4.2 C1abundance in the molecular gas reservoir

Neutral carbon abundance, which is independent of magnification
and adopted cosmology, is estimated using the ratio of masses be-
tween Cr1 and H, through X[C1]/X[H,] = Mc,/(6 My,). We cal-
culate a carbon abundance upper limit using the My, value derived
by D09. We find that X[C1]/X[H ,] < 1.8 x 1073 for GN 20 and
X[C1]/X[H,] < 3.8 x 107 for GN 20.2. Both limits are consis-
tent with the C1 abundance in the Milky Way Galaxy, X[C1]/X[H
] =22 x 107 (Frerking et al. 1989), but are much lower than
the measured carbon abundances of local starburst galaxies ~ 1.5 x
1073 (~50 times the abundance of the Milky Way; e.g. Schilke et al.
1993; White et al. 1994). Israel & Baas (2001, 2003) find similar
carbon abundances in local ULIRGs although they account for total
carbon mass instead of C1alone. In comparison, the handful of car-
bon abundance measurements that have been made at high redshift
average to ~ 5 &3 x 1073 (e.g. Pety et al. 2004; Weiss et al. 2005).
This is consistent with both the Milky Way’s abundance and the
two limits we have derived for GN 20 and GN 20.2. We note that
an abundance near (or exceeding) that of the Milky Way implies
that the cold molecular gas in GN 20 or GN 20.2 would already be
significantly enriched 1.6 Gyr after the big bang (a possibility that
is not excluded by our limits). More observations of C1 and CO
in high-redshift galaxies and QSOs are needed to investigate pos-
sible C1 abundance variations with redshift or variations between
differently heated environments (star formation dominant versus
AGN).

5 CONCLUSIONS

GN 20 has become one of the best-studied high-redshift starburst
systems in the GOODS-N field, due to its high apparent infrared
luminosity. Its diverse multiwavelength coverage has revealed very
low apparent levels of AGN emission relative to its high star for-
mation. Observations of GN 20 in molecular emission lines have
allowed a characterization of the system’s gas properties, from the
strong detection of '2CO(J = 4 — 3) of D09 to the non-detections
of C1(*P, — 3P;) and '*CO(J =7 — 6) in this paper. We have also
characterized the molecular gas of GN 20.2, a nearby SMG at z =
4.051.

Millimetre and submillimetre continuum observations suggest a
continuum flux density at 160 GHz of S¢pcn, = 1.8 mJy for GN 20
and 0.8 mJy for GN 20.2. We measure 1.9 £ 0.2 mJy continuum for
GN 20 and 0.5 £ 0.3 mJy continuum emission from GN 20.2. The
former is significant at the 8¢ level while the latter is not statistically
different from zero.

GN20 and GN20.2 are undetected in CiCP, — 3P;) and
2CO(J = 7 — 6) using observations from the IRAM-PdBI
in the D-configuration at 160 GHz. Line intensity upper limits
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are given as Ico7-(GN20) = I¢,(GN20) <1.2Jykms~!, and
ICO[7_6](GN 202) = IC[(GN 202) <19 Jy km 571 .

High-resolution radio imaging from MERLIN+VLA shows that
the radio emission of GN 20 is extended over 0.38 £ 0.15 arcsec
(2.7kpc). This size is consistent with the FIR continuum size mea-
sured by Iono et al. (2006) and Younger et al. (2008). In contrast,
GN 20.2 is unresolved at <0.30arcsec (2.0kpc), suggesting that
AGN emission may dominate its radio emission.

The conditions for metal enrichment of the ISM of GN 20 and
GN 20.2 do not appear to differ greatly with other high-redshift
sources or the Milky Way. However, local starburst galaxies have
~50 times the carbon abundance of the high-z systems and the upper
limits for GN 20 and GN 20.2.

Future observations from the Atacama Large Millimetre Array
(ALMA) of cooling gas emission lines like C1(°P; — 3P;) and
C1CP, — 3Py) in high-redshift sources will significantly advance
the understanding of the relationship between early star formation
and metal enrichment. Although difficult (in the absence of a boost
from gravitational lensing) to observe with current instruments as
evidenced by the lack of detection in GN 20, one of the brightest
known high-redshift SMGs, C11is an excellent tracer of cold molec-
ular gas in galaxies. It may even provide useful constraints on gas
content when undetected relative to CO, and may be used as a pow-
erful diagnostic of galaxy evolution out to the highest observable
redshifts, especially in the light of the next generation of mm and
submm telescopes.
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