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ABSTRACT

In this paper we present our imaging observations on the CO (7—6) line and its underlying continuum
emission of the young submillimeter galaxy LESS 073 at redshift 4.755, using the Atacama Large
Millimeter /submillimeter Array (ALMA). At the achieved resolution of ~1”.2 x 0”.9 (8 x 6 kpc?),
the CO (7—6) emission is largely unresolved (with a deconvolved size of 1”.1(+0".5) x 0”.9(+0".8).),
and the continuum emission is totally unresolved. The CO (7—6) line emission has an integrated
flux of 0.86 4 0.08 Jy kms™!, and a line width of 343 40 kms~!. The continuum emission has a
flux density of 0.51 mJy. By fitting the observed far-infrared (FIR) spectral energy distribution of
LESS 073 with a single-temperature modified blackbody function, we obtained a dust temperature
Taust = 57.6 £ 3.5 K, 60-t0-100 pum flux density ratio feo/f100 = 0.86 £ 0.08, and total infrared
luminosity Lig = (5.840.9) x 102 L. The SED-fit-based fg0/ f100 is consistent with those estimated
from various line ratios as advocated by our earlier work, indicating that those proposed line-ratio-
based method can be used to practically derive fgo/f100 for high-z sources. The total molecular gas
mass of LESS 073 is (3.3 £ 1.7) x 10'° My, and the inferred gas depletion time is about 43 Myr.
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1. INTRODUCTION

Star formation (SF) transforms gas into stars and thus
is one of the most fundamental drivers of galaxy evo-
lution. It is crucial to have an effective way to derive
star formation rates (SFRs) for galaxies spanning a large
range of look-back times in order to understand galaxy
evolution leading back to initial conditions. Currently,
SEFRs have been inferred using continuum or spectral line
emission from a wide range of wavelengths (e.g., Calzetti
et al. 2009 and references therein; Kennicutt & Evans
2012; Zhao et al. 2013, 2016; De Looze et al. 2014;
Sargsyan et al. 2014; Daddi et al. 2015; Liu et al.
2015; Lu et al. 2015, hereafter Lul5). Among these SFR
indicators, the ones (e.g., Zhao et a. 2013; De Looze et
al. 2014; Sargsyan et al. 2014; Lulb) recently calibrated
with far-infrared (FIR) emission lines are of particular
interest since not only they are less affected by dust ex-
tinction but they can also be followed up by the Atacama
Large Millimeter /submillimeter Array (ALMA; Wootten
& Thompson 2009) over a large redshift range.

Based on a sample of local luminous infrared galaxies
(LIRGs; Lig = L(8—1000 pm) > 10 L) observed with
the Herschel Space Observatory (Pilbratt et al. 2010),
Lul5 proposed that the combination of CO (7—6) (rest-
frame 806.652 GHz) and either the [C11] 158 pm (1900.56
GHz; hereafter [C11]) or [N11] 205 pm line (1461.134
GHz; hereafter [N11]) can be used to simultaneously
estimate the SFR and FIR color (i.e., the rest-frame
60-t0-100 pm flux ratio, hereafter feo/f100) in high-z
galaxies. For local LIRGs and ultra-LIRGs (ULIRGs;
Lir > 10'2Lg), SFRs inferred from the CO (7—6) line
luminosity (Lco (7—6)) have an accuracy of 30%, irre-
spective of whether the galaxy hosts an active galactic
nucleus (AGN) or not (Lu et al. 2014, 2015, 2017a),

whereas SFRs derived with the [C11] (for normal star-
forming galaxies; Sargsyan et al. 2014; but see Diaz-
Santos et al. 2017 for LIRGs) and [N 11] lines would have
an uncertainty of a factor of 2 (e.g., Zhao et al. 2013,
2016). Meanwhile, one can employ the steep dependence
of the [C11]/CO (7—6) (or [N11]/CO (7—6)) luminosity
ratio on feo/ f100 to derive feo/f100 (i-e., the dust tem-
perature Tqust; Lul5), which is essentially related to the
average SFR surface density, Ygpr (Liu et al. 2015; Lutz
et al. 2016), another fundamental parameter character-
izing star formation in galaxies. Alternatively, one can
estimate fgo/ f100 from the [C1] 370 um to CO (7—6) flux
ratio (hereafter [C1]/CO (7—6); Lu et al. 2017a; Lu et
al. 2018), which has the advantage that both lines can be
observed simultaneously within one side frequency band
(4 GHz) of ALMA since they are only separated by 2.7
GHz (rest-frame) in frequency.

In addition, these lines are among the most luminous
gas cooling lines, and thus important for cooling the in-
terstellar medium (ISM). Further, they probe different
gas phases in galaxies. The [CI] and CO (1-0) lines
come mainly from neutral medium (e.g., photon domi-
nated regions; PDRs; Tielens & Hollenbach 1985) with
relatively low density since their critical densities (ncyit)
are only ~10% cm~3. Recent observations suggest that
the [C1] lines can trace the total molecular gas as the
CO (1-0) line does (Jiao et al. 2017). Unlike the [C1]
and CO (1-0) lines, however, the CO (7—6) line traces
the warm (excitation temperature Tox = 150 K) and
dense (ncrit~105 cm_3) molecular gas that is in close
proximity to the location of current or very recent SF ac-
tivity. As shown in Lu et al. (2014, 2017a), the spectral
line energy distribution (SLED) of LIRGs is generally
peaking around the CO (7—6) line. Although the [C11]
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line is considered a primary tracer of PDRs (Tielens &
Hollenbach 1985), it can also arise from ionized gas since
it only takes ~11.3 eV to turn C into C*. On the other
hand, the [N11] line comes exclusively from ionized gas,
and traces mainly diffuse, warm ISM due to its low crit-
ical density (44 cm~2; Oberst et al. 2006). In summary,
these lines form a valuable set of extinction-free probes
into the properties of SF and gas in galaxies, especially
high-z objects.

In this paper, we present our ALMA imaging of
the CO (7—6) line in LESS 073 (also known as
LESS J033229.4—275619), which lies at z = 4.755 in
the Extended Chandra Deep Field South. It hosts a
Compton-thick AGN as revealed by the Chandra data
(Xue et al. 2011), and is identified as a submillime-
tre galaxy (SMG) using ALMA high-resolution contin-
uum observations (Hodge et al. 2013). Its properties,
including line emission (e.g. CO(2—1), Coppin et al.
2010; [C11], De Breuck et al. 2011, 2014; Gullberg et
al. 2018; and [N11], Nagao et al. 2012) and continuum
emission (Coppin et al. 2009; Biggs et al. 2011; Ward-
low et al. 2011; Gilli et al. 2014), have been studied ex-
tensively throughout X-ray to mm/submm bands. Our
new ALMA observations of the CO (7—6) and [C1] lines
and the corresponding continuum emission at ~370 pm
(rest-frame) provide new insights into its properties of
the (warm and dense) molecular gas and star formation.
The paper is organized as follows: we describe our ob-
servations and data reduction in Section 2, present our
results and discussion in Section 3, and summarize briefly
in the last section. Throughout the paper, we adopt a
Hubble constant of Hy = 71 km s~ Mpc™!, Oy = 0.27,
and Qn = 0.73 (Spergel et al. 2007). At z = 4.755,
the luminosity distance (Dy,) is 44,866 Mpc and 17 cor-
responds to 6.6 kpc.

2. OBSERVATIONS AND DATA REDUCTION

The CO (7—6) imaging observations of LESS 073 were
conducted in two equal-duration runs on March 4 and
26, 2016, using the Band 4 receivers of ALMA in the
time division mode (TDM) with a velocity resolution of
~33.5 kms~!. In each observation, the four basebands
(i.e.,“Spectral Windows”; SPWs 0-3) were centered at
the sky frequencies of 140.15, 142.15, 128.15 and 130.11
GHz, respectively, each with a bandwidth of about 2
GHz. During the observations, 42 and 38 12-meter anten-
nas were used respectively, with baselines ranging from
15 to 460 meters. The total on-source integration is 9
minutes. The pointing, phase, bandpass and flux cali-
brations were based on J0334—4008 and J0348—2749.

The data were reduced with CASA 4.5.3 (McMullin
et al. 2007). The calibrated data sets were combined
and cleaned using the Briggs weightings with robust =
0.0, and have nearly identical synthesized beams for the
line and continuum emission, with the full width at half
maximum (FWHM) of 17.22x0”.95 (1”.19x0".90 for the
continuum) and a position angle of ~87°. The continuum
was measured using data in SPWs 0-3 by excluding the
line emission channels. For the CO (7—6) and [C1] line
emission, the cube was generated using the data in SPW-
0, which encompasses both lines (separated by only 0.47
GHz at the redshift of 4.755) with an effective bandpass
of about 4000 kms~1.

In order to increase the signal-to-noise ratio (S/N), we
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Figure 1. CO (7—6) line emission contours of the integrated
map superimposed on (a) the integrated CO (7—6) map, and
(b) the 386um continuum. The contour levels are [3,4,5] X o
(¢ = 81 Jy kms™! beam~!). The open ellipse in (a) gives the
region used to measure the total flux and extract the spectrum.
The filled ellipse in (a) and (b) show the beam shapes.

binned spectral cubes into channels with the width of
dv = 100 kms~'. The noise for these channel maps
in CO (7—6) is about 0.3 mJy beam~!. For the con-
tinuum, the lo rms noise is about 40 pJy beam™!.
The zeroth moment map is integrated over the LSR ra-
dio velocity range of v = —217 — 382 kms~! (zero ve-
locity corresponding to 806.652/5.755=140.16542 GHz),
which excludes the [C1] emission in the datacube of
100 kms~! channel maps, and its 1o rms noise is 81
mJy kms~! beam~!. All noise measurements were per-
formed on the maps before the primary beam correc-
tion, and unless otherwise stated, flux measurements are
based on the images after the primary beam correction,
whereas all of the figures are produced using the results
before the primary beam correction.

3. RESULTS AND DISCUSSION
3.1. Line Emission
3.1.1. CO (7—6) Emission
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Figure 2. [C1] (the first four lowest velocity channels) and CO (7—6) line emission contours of the channel maps, overlaid on the integrated

CO (7—6) emission image. The red contour levels are [2,3,4,5] X o (6~0.3 mJy beam™1).

Equivalent negative contours are shown by

black curves. In each channel, the central LSR (radio) velocity is labeled.

In Figure la we show the integrated CO (7—6) emis-
sion map (i.e., the moment zero map) and its contours.
The solid and open ellipses respectively give the beam
and the region we used to extract the spectrum. The
line emission is largely unresovled, with a deconvolved
size (FWHM) of 17.1(£0".5) x 0”.9(£0".8), which is very
close to the beam size and thus suffers a large uncertainty
(as given in the parentheses), and a highly uncertain po-
sition angle of 94 £ 70°.

From the intensity map we can see a tail towards
the west. This tail only exists in the two channels of
v=—117.5and 82.5 kms~!, as shown in Figure 2, which
plots the channel maps. Unlike the [C11] data presented
in De Breuck et al. (2014), we can not see any no rotat-
ing pattern in the channel maps of the CO (7—6) emis-
sion. This might be due to the fact that both our spatial

and velocity resolutions are much lower than that in De
Breuck et al. (2014).

To obtain the integrated line flux (fco (7—¢)), we used
three different methods: (1) Perform aperture photome-
try within the open ellipse shown in Figure la, and we
find foo (7—¢) = 0.83 +0.04 Jy kms™*; (2) Fit the 1-d
spectrum (as shown in Figure 3) with a Gaussian profile
and we have fco(7—g) = 0.89 £0.09 Jy kms™!; and (3)
Use the CASA task imfit to fit the 2-d image and we ob-
tain fco (7—6) = 0.86 & 0.21 Jy km s—1. All three fluxes
are consistent well with each other, and thus we adopt
the averaged fco(7—) = 0.86 £ 0.08 Jy kms™! as the
final result.

As shown in Figure 3, our spatially integrated line
profile has an FWHM of 343 & 40 kms~!, much wider
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Figure 3. Spatially integrated CO (7—6) line profile (after pri-
mary beam correction; solid line) extracted within the open ellipse
in Figure 1. The velocity is relative to z = 4.755. The dotted line
gives the Gaussian fitting result, and vertical dashed line marks
the expected position of the [C1] line.

than those from the CO (2—1) (160 & 45 kms~!; Cop-
pin et al. 2010) and [N11] (230 + 22 kms™!; Nagao et
al. 2012) lines, but consistent with that from the [C11]
line (~350 kms™!; De Breuck et al. 2014). The best-fit
Gaussian profile also gives a central velocity of 39 kms™!,
indicating a redshift of 4.7558, in good agreement with
those obtained from the CO (2—1), [C11] and [N11] lines.

Following Solomon & Vanden Bout (2005),
we calculate the line luminosity and obtain
Lo 7y = (1.54£0.16) x 10’ K kms~! pc?. Com-
paring our L, (7—6) with L, (2-1) from Coppin et
al. (2010), we find that the brightness tempera-
ture ratio of CO (7—6)/CO (2—1) of LESS 073 is
~0.8£0.2, indicating that the CO emissionat J =7
is nearly thermalized. To have a direct view of
the CO excitation of different types of galaxies,
we plot the mean CO SLEDs for local (Liu et al.
2015) and high-z (Carilli & Walter 2013; Stran-
det et al. 2017; Yang et al. 2017; Venemans et
al. 2017; Canameras et al. 2018) objects, as well
as three individual galaxies, NGC 7771 (Lu et al.
2017), Arp 220 (Rangwala et al. 2011; Lu et al.
2017) and Mrk 231 (van der Werf et al. 2010;
Lu et al. 2017), in Figure 4. Obviously, high-z
QSO/AGNs, including LESS 073, have the high-
est excitation CO SLED peaking at J~7—9, which
agrees well with the compact region and high SFR
in their host galaxies, and/or the harder radiation
field from the central AGNs.

3.1.2. [C1] Emission

In Figure 3 we also marked the expected position of the
[C1] emission. Indeed, there exists a peak with a S/N~4.
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Figure 4. FIR luminosity-normalised mean CO SLEDs for local
(green symbols) and high-z (red symbols) objects. Jgp is included
in y-axis so that the unit of y-axis is comparable to velocity inte-
grated flux density. Local galaxies (squares) adopted from Liu et al.
(2015) mostly have 10°Le < Lig < 10'2Lg). Here we also include
three individual galaxies: a LIRG, NGC 7771 (Lu et al. 2017), a
typical ULIRG, Arp220 (Rangwala et al. 2011; Lu et al. 2017), and
an AGN-dominated ULIRG, Mrk 231 (van der Werf et al. 2010;
Lu et al. 2017). High-redshift sources are from Carilli & Walter
(2013), Strandet et al. (2017), Yang et al. (2017), Venemans et
al. (2017), and Caniameras et al. (2018). We can see clearly that
the CO SLEDs show different shapes: they peak at J~4 for local
galaxies (including NGC 7771), remain flat (4 < J < 9) for the two
ULIRGs Arp 220 and Mrk 231, and for high-z SMGs, and show
peak at J~7—9 for high-z AGN/QSOs.

In the channel maps we can also see these two channels
(the top right two panels in Figure 2). To estimate the
total flux of [C1], we simply sum the two channels and get
fieg = 0.23+0.08 Jy kms™!, yielding a line luminosity
of Licy = (4.0+£1.4) x 10° K kms~! pc?.

Adopting the CO-based [C1]-to-total gas conversion
factor of 12.5 Mg (K kms™! pc?)~! in Jiao et al. (2017),
we estimate the total molecular gas mass Mu, c1 =
(5.0 £ 1.8) x 1019 M. Our derived My, c1 is con-
sistent within 30 uncertainties with that (Mu, co =
(1.6 £ 0.3) x 1019 M) derived in Coppin et al. (2010)
using the CO (2—1) luminosity. Following Scoville
et al. (2016), we further calculate the total molec-
ular gas mass using the rest-frame 850 um flux den-
sity from our fit to the FIR spectral energy distribu-
tion (SED; see the following section for detail), and
obtain My, cont = (2.4 &+ 0.7) x 10* Mg, which is
~5 — 15 times higher than My, cr and Mu, co. We
note that Scoville et al. (2016) adopted a CO-to-Hs
conversion factor (aco) of 6.5 Mg (K kms™! pc?)~1
while aco = 0.8 Mg (K kms™! pc?)~!, which is usually
used for ultra-luminous infrared galaxies and SMGs (e.g.,
Downes & Solomon 1998), was adopted in the former two
estimates. Therefore, taking into account the large differ-
ence in aco, these three independent estimates are con-
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Figure 5. The FIR SED (observed frame) of LESS 073, with the
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lines (i.e., the shading region) give all model results at the 95%
confidence level for the optically thick case.

sistent with each other. Here we adopt the average value
of MHQ,CI and MHz,CO; i.e., ]\414[2 = (33:|: 17) X 1010 M@
as the final total molecular gas mass.

3.2. Continuum Emission

The continuum (rest-frame 385 pm) map is shown in
Figure 1b with the CO (7—6) contours overlaid. Ob-
viously our observation does not resolve the continuum
emission. This seems not surprising: The continuum
emission at 158 pm, which is very marginally resolved
(beam size: 0”.64 x 0”.44; De Breuck et al. 2014), only
has a FWHM size of 07.29 4+ 0.06 (1.9 & 0.4 kpc), and
further high-resolution (0”.16) observations at rest-frame
~150 pm show that LESS 073 has a FWHM size of
0”.34 £ 0"”.02 (2.2 + 0.1 kpc); though the continuums
at ~150 — 160 and 385 pm could have different sizes.
Measured within the same elliptical aperture as shown
in Figure la (a = 17.9 and b = 1”.3), the flux density of
the continuum is 0.51 £ 0.02 mJy.

Figure 5 plots the FIR spectral energy distribution
(SED) of LESS 073, where we have added a calibra-
tion uncertainty of 5%, following Bonato et al. (2018),
for ALMA photometric points that no calibration uncer-
tainties were reported in the original references. Apart
from the new data presented in this work, the remained
photometric points are collected from the literature (De
Breuck et al. 2014; Gilli et al. 2014 and see references
therein). To fit the observed SED, we adopt a general
single-temperature-modified blackbody, i.e.,

S(Vops) o< (1 — e_T(V))B(V, Tdust) (1)

where B(v, T) is the Planck function, and 7(v) = (v/1vp)”
is the optical depth, g is the dust emissivity power law
index and vy is the rest frequency where the dust becomes
optically thick (i.e. (1) = 1). In the optically thin case,
equation (1) simplifies to Sv oc P B(v, Tyust)-

To take the upper limits into account, we adopt the
method proposed in Sawicki (2012) during the fitting
process. We further fix 8 = 1.8 (Planck Collaboration
et al. 2011) due to our limited data points. For the
general optically thick case, vy is set to be 1.5 THz (i.e.
Mo = ¢/vy = 200 pm) according to the measurements

Table 1
Derived Physical Parameters from the SED Fitting

T. log L log L
Model 2 dust g LIR 2 LFIR
odel X () S/ o) (Lo)
Thick 1.87 57.6(3.5) 0.86(0.08) 12.76(0.07) 12.60(0.06)
Thin 1.42  35.8(1.9) 0.81(0.12) 12.76(0.10) 12.65(0.09)
Note. — Numbers in the parentheses give the 1o uncertainties.

in a number of local and distant starburst galaxies (e.g.,
Conley et al. 2011; Rangwala et al. 2011; Fu et al. 2012).
For the optically thin model, data points with observed-
frame wavelength of 160 pm and shortward, which are
clearly on the Wien tail where small grains likely domi-
nate the emission, are excluded from the fitting process.
As shown by the red lines in Figure 5, both the general
optically thick and the optically thin models can fit the
observed SED well. In the optically thick case, however,
the best-fit Tqust (57.6 £ 3.5) is much higher than that
(35.8 £ 1.9) from the optically thin model.

The optically thick model yields the total infrared
luminosity Lig of (5.8 £ 0.9) x 10'? L, the FIR
(42.5—122.5 pm) luminosity Lyr of (4.04:0.6)x 1012 L,
and feo/f100 of 0.86 £ 0.08, whereas the optically thin
model gives similar values (see Table 1). Using Lig
and Tyust in the Stefan—Boltzmann law, we obtain a
spherical source radii of Rgp, thick = 0.54 £ 0.03 kpc
and Rsp, thin = 1.4 £ 0.2 kpc, respectively for the opti-
cally thick and thin models. Bearing in mind that we
have assumed that the filling factor of the blackbody
(the starburst in this case) is equal to 1 when using the
Stefan—Boltzmann law, however, this situation is almost
never true since star-forming regions always break up in
many clumps when looked at sufficient angular resolu-
tion. Further, the total infrared luminosity could be un-
derestimated as we only fit the FIR part of the IR SED.
Therefore, RSB,thick and RSB,thin should be lower limit
of the true size.

As mentioned at the beginning of this section, the
observed size (Gaussian FWHM) of the continuum
emission at observed-frame 870 pm is 2.2 £ 0.1 kpc
(Hodge et al. 2016), which is in between Rgp, thick and
Rgp, thin- Given the fact that the sizes derived from the
Stefan—Boltzmann law are lower limits, it seems that the
source radius is more consistent with the estimation from
the optically thick model, and thus we adopt the best-fit
results from this model in the following analysis.

3.3. Line Ratios

Table 2 lists four line ratios, e.g., [C11]-, [N 11]- and [C1]-
to-CO (7—6) ratios, and the [N11]-to-[C 1] ratio, along
with the derived fg0/f100. We have used the equations
in Lul5, Lu et al. (2017b, 2018) to estimate fgo/f100
from the observed [N11]/CO (7—6), [C11]/CO (7—6) and
[C1]/CO (7—6), respectively. Further, we exploit the
correlation between [N11]/[C11] and feo/f100 to derive
feo/ froo0 using the observed [N11]/[C 11] ratio, i.e.

oo/ f100 = (—0.37 £ 0.09) — (0.96 % 0.08) log [N 1] /[0(112])

This correlation is the result of a least-square bisector fit
to the local (U)LIRG sample presented in Lul5, and has
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Table 2
Line Luminosity Ratios

Ratio Value? foo/f100?  Reference®
[C1]/CO (7—6) 1.30+£0.05 1.02+0.22 1
[N1]/CO (7—6) 0.12+0.07 1.10+0.15 2
[N'11] /[C 1] ~1.18+£0.09 0.76 +0.16 2,1
[C1/CO (7—6) —0.57+0.15 1.31+0.18 3

2 Ratios are in logarithmic sacle.

P FIR colors are derived with the relations presented in Lulb and
Lu et al. (2018).

¢ Reference for line (excluding CO (7—6)) fluxes: (1) De Breuck
et al. (2014); (2) Nagao et al. (2012); (3) this work.

a scatter of 0.16 dex in fs0/ f100-

As shown in Table 2, the FIR colors derived with var-
ious line ratios have an average value of 1.05 £ 0.09, and
are in agreement (within 1 —20) with that obtained from
the SED fit. Combining this result with those presented
in Lul5 and Lu et al. (2018), we can conclude that our
line-ratio based method, which has been calibrated using
the data of local (U)LIRGs, is able to efficiently estimate
f60/ fi00 in high-z sources with good accuracy.

We also note that the CO (7—6)-involved line ratios
tend to give larger feo/fi00. This is due to the fact
that the observed line-to-CO (7—6) ratios are 0.3 — 0.4
dex smaller than the average value of local (U)LIRGs at
f60/ f100~0.9, indicating a possible enhancement of the
CO (7—6) emission in LESS 073. We will further discuss
this in the following section.

3.4. Star Formation Properties
3.4.1. Estimation of the SFR

To estimate the SFR of LESS 073, we assume a
Salpeter (1959) initial mass function and employ the
three calibrators, i.e. Lco(7—6) Ly and Lyr. The
total infrared luminosity is not adopted here since we
only fit the FIR part of the IR SED, and thus could un-
derestimate Lig. Using equation (1) in Lulb, we have
SFRco (7—6) = 33007 400" Mo yr~t. Since feo/fio0 =
0.86, we adopt the [N11] calibrator suitable for “warm”
(i.e., 0.6 < feo/f100 < 0.9) galaxies in Zhao et al. (2016),
and obtain SFRn; = 760f228 Mg, yr~! based on the
[N11] flux given in Nagao et al. (2012). Assuming
Lyrir = Lir/1.9 (e.g., Dale & Helou 2002) and us-
ing the SFR calibrator given in Kennicutt (1998),
we have SFRpig ~ 1300 4 200 M yr—!, where the
uncertainty from the calibrator itself is not taken
into account.

We can see that SFRyj; and SFRpr is con-
sistent with each other, whereas SFRco (7-6) is
about 3 — 4 times higher than the previous two
SFRs, though they are still consistent with each
other within 3¢ uncertainties. The apparently larger
SFR from the CO (7—6) line might also be attributed
to the enhanced CO emission in LESS 073. In fact,
the CO (7—6)-to-FIR luminosity ratio Lco (7—6)/Lrr
in LESS 073 is ~10~%20%0.08 " which is >3 higher than
the mean value (10~%61%0-12) for local (U)LIRGs (Lul5).
To further check whether LESS 073 is a true out-
lier or not, we plot Lgr against Lco(7—g), both
for local (U)LIRGs and for high-z objects, in
Figure 6. The solid and dashed lines are re-
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Figure 6. FIR luminosity plotted against the CO (7—6) lumi-
nosity. Local (U)LIRGs (red squares) are adopted from Lu et al.
(2015), and high-z sources (circles) are compiled from the literature
(Solomon et al. 2005, Carilli & Walter 2013, Strandet et al. 2017,
Yang et al. 2017, Venemans et al. 2017, and Canameras et al.
2018). Sources with an additional solid dot are AGN/QSOs. The
labeled galaxy NGC 6240 is a typical merger-driven shock-excited
object, and has a much higher CO-to-FIR luminosity ratio. We
also note that some sources are uncorrected for gravitational mag-
nification.

spectively the mean (Lco (7—¢)/Lrir = 107*%) and
30 (0 = 0.12) values for local (U)LIRGs from
Lu et al. (2015). Clearly, high-z objects fol-
low the local Lrir-Lco (7—6) relation (with mean
Lco (7—6)/Lrir = 10-*%%), but have a significantly
larger dispersion (0.29 dex). This larger disper-
sion in high-z objects might mainly be due to the
fact that they likely have a much larger error in
their Lyr as for many of them the FIR luminosity
was either derived from a FIR-radio correlation
or scaled from a sub-millimeter flux (see Carilli
& Walter 2013).

In spite of the small size of the samples, from
Figure 6 we note that, unlike local strong AGNs,
high-2 AGNs/QSOs tend to have a higher-than-
average Lco (7762/LFIR ratio (10~4491034) " Out of
the 7 high-z objects having > 30 deviation from
the local mean value, five are AGN/QSOs. This
result seems not unreasonable since these high-
z objects might have mechanical heating from
AGN-driven shocks and/or radio jets, which can
enhance the gas emission (see Lu et al. 2014 for
the local AGN-driven outflow galaxy NGC 1266,
and for the radio jet galaxy 3C 293). Further,
high-z gas-rich quasars usually are believed to
reside in merging system, which could also lead
to SF-unrelated mechanical heating from galaxy-
galaxy collision (e.g. NGC 6240 for a local exam-
ple; Meijerink et a. 2013; Lu et al. 2014).

Lesaffre et al. (2013) demonstrate that the CO
emission can be more boosted than [C1i], [N11]
and [C1], when low-velocity (~10 km s~!) shocks



pass through a low-density (102—10* cm~?), mildly
UV-irradiated (sufficient to ionize the carbon)
molecular medium. This picture is consistent
with our results. Furthermore, we calculated
fe0/ f100 using these line ratios for NGC 6240 and
NGC 1266. We found that, similar to LESS 073,
the CO (7—6)-involved line ratios also predict
larger fs0/f100, whereas the [N 11]/[C11] ratio gives
fe0/ f100 closer to the observed value. Therefore,
it seems that SF-unrelated shocks tend to play
a role in heating the gas in LESS 073. In con-
sequence, the combination of the [C11] and [N 11]
lines is likely a more robust method for estimating
SFR and fs0/ f100 for such system, though a much
larger sample is needed to reach a solid conclu-
sion.

3.4.2. The SFR Surface Density

As shown in Liu et al. (2015) and Lutz et al.
(2016), Xspr is generally correlated both with fs0/ f100
and f70/f160, with a scatter as large as ~0.6 dex in
Ysrr. Using our best-fit result (e.g., feo/f100 = 0.86
and fr0/fi60 = 1.71), nevertheless, these two indepen-
dent correlations give comparable estimates for Ygpgr
of ~100 Mg yr—' kpc? for LESS 073, with an un-
certainty of a factor of 4. Further, we obtain Ygpr =
100773 Mg yr—! kpe™? using our SFRyyy and the FIR
size (Risopm = 1.1 kpc) at rest-frame ~150 pm from
Hodge et al. (2016), which is in good agreement with
those derived from the Ygpr —FIR color relations.

We can also have a rough estimation of Ygpgr using the
source size (Rsp, thick~540 pc) derived in §3.2, namely
Ssrr,sB = (8SFRyny/(7R?) ~ 400 Mg kpe . These
two Ygrr have a discrepancy of a factor of 4. However,
the size from Stefan—Boltzmann law is a lower limit and
the true ¥gpr should be larger than Xgpgr,sp, which is
indeed the case. The gas depletion time, Tqepletion =
Mgas/SFR = 3.2 x 1010 M, /760 Mg yr— = 4.2 x 107 yr
for LESS 073, is similar to the gas depletion timescale
for other SMGs (Carili & Walter 2013).

4. SUMMARY

In this paper we present our ALMA observations of
the CO (7—6) line emission and the continuum emission
at ~386 ym in the young starburst galaxy LESS 073 at
z = 4.755. Our main results are:

1. At the resolution of 17.22 x 0”.95 (1”.19 x 0”.90 for
the continuum), the CO (7—6) emission is largely
unresolved, and the continuum emission is totally
unresolved. The deconvolved size of the CO (7—6)
emission is 17.1(£0”.5) x 0”.9(£+0".8).

2. The CO (7—6) line has a width of 343 £40 kms~?.
Its integrated flux is 0.86 £ 0.08 Jy kms™!, corre-
sponding to a luminosity of (2.5 +0.3) x 10% L.
The [C1] line has an integrated flux of 0.23 +
0.08 Jy kms~!, corresponding to a luminosity of
(6.8 42.4) x 107 L. For the continuum emission,
it has a flux density of 0.51 mJy.

3. By fitting the observed FIR SED of LESS 073 with
a single-temperature modified blackbody, we ob-
tain Tyust = 57.6 £ 3.5 K, fo0/f100 = 0.86 £ 0.08,
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LFIR = (40 + 06) X 1012 L@, and LIR = (58 +
0.9) x 10'? L, making it a luminous ULIRG.

4. The SED-fit-based fg0/ f100 is consistent with those
derived from various line ratios. Therefore, our
line-ratio based method, which is originally pro-
posed in Lulb, can be practically used to derive
fe0/ f100 efficiently for high-z sources.

5. The total molecular gas mass of LESS 073 is (3.3 £
1.7) x 1019 M. Combing with the SFR estimated

using Ly, we obtain a depletion time of about
43 Myr.
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