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Abstract

We present observations of [N 11] 205 ym, [O 111] 88 um and dust emission in a strongly-
lensed, submillimeter galaxy (SMG) at z = 6.0, G09.83808, with the Atacama Large
Millimeter/submillimeter Array (ALMA). Both [N 11] and [O 111] line emissions are detected at
> 120 in the 0.8”-resolution maps. Lens modeling indicates that the spatial distribution of the
dust continuum emission is well characterized by a compact disk with an effective radius of
0.64+0.02 kpc and a high infrared surface brightness of Zjg = (1.8 4+ 0.3) x 102 L, kpc2.
This result supports that G09.83808 is the progenitors of compact quiescent galaxies at z ~ 4,

© 2018. Astronomical Society of Japan.
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where the majority of its stars are expected to be formed through a strong and short burst
of star formation. G09.83808 and other lensed SMGs show a decreasing trend of the [N 11]
line to infrared luminosity ratio with increasing continuum flux density ratio between 63 ym
and 158 um, as seen in local luminous infrared galaxies (LIRGs). The decreasing trend can
be reproduced by photoionization models with increasing ionization parameters. Furthermore,
by combining the [N 11}/[O 111] luminosity ratio with far-infrared continuum flux density ratio in
(G09.83808, we infer that the gas phase metallicity is already Z ~ 0.5 — 0.7 Z.. G09.83808 is
likely one of the earliest galaxies that has been chemically enriched at the end of reionization.

Key words: galaxies: high-redshift — galaxies: starburst — galaxies: ISM

1 Introduction

The most massive galaxies form earliest in the Universe,
known as downsizing of galaxy formation (e.g., Cowie
et al. 1996, Thomas et al. 2010). This naturally motivates
us to explore massive mature galaxies at the highest red-
shift. The current record redshift of spectroscopically con-
firmed quiescent galaxies (QGs) is z = 4.01 (Tanaka et al.
2019) and many QGs have been identified at z =3 — 4
(e.g., Schreiber et al. 2018). They are extremely compact
in the rest-frame optical with an effective radius of less
than 1 kpc (e.g., Kubo et al. 2018). The compact stellar
distribution could be related to bursty star formation his-
tories with star formation rate (SFR) of several hundreds
Muyr~! in the center, as implied by near-infrared spec-
troscopic studies (e.g., Glazebrook et al. 2017, Valentino
et al. 2020). These findings suggest that starburst galaxies
at z =5 — 7 such as bright submillimeter galaxies (SMGs)
are good candidates for the progenitors of massive QGs
at z =3 — 4 (see also Toft et al. 2014; Ikarashi et al. 2015).

For understanding how the most massive galaxies
grow in such an early universe, we study the star-forming
activities and the physical conditions in the interstellar
medium (ISM) of a strongly-lensed SMG at z = 6.027,
G09.83808 (Zavala et al. 2018). G09.83808 is one of three
bright SMGs so far discovered at z > 6, and is a more
common populations of starburst galaxies with the in-
trinsic 870 ym flux density of Sgygine: ~ 4 mJy, compared
to the other two extreme ones with Sgygine > 10 m]y
(Riechers et al. 2013; Marrone et al. 2018). In this work,
we focus on the far-infrared fine structure lines of nitro-
gen [N II]ps and oxygen [O Ill]gg. Nitrogen line emis-
sion is especially important for understanding the chem-
ical evolution of galaxies because nitrogen is mainly pro-
duced from carbon and oxygen already present in stars
through the CNO cycle, referred to as secondary ele-
ment (e.g., Kobayashi et al. 2020). Nitrogen is formed
in intermediate-mass stars which are longer-lived than
massive stars, inducing a time-delay. Thus, an enhanced

ratio between [N II]ys and [O II]gg luminosity implies
that galaxies experienced many cycles of star formation.
Recent ALMA observations have detected nitrogen lines
(IN I1]p5 or [N I]12) in galaxies at z ~ 5 (e.g., Pavesi et al.
2019, Cunningham et al. 2020). But galaxies where both
nitrogen and oxygen lines are detected are limited to z <5
(De Breuck et al. 2019; Tadaki et al. 2019), except for bright
quasars (Novak et al. 2019; Li et al. 2020). For pushing
studies of ISM in starburst galaxies to higher redshift, we
observe the [O TiI]gg line emission (vps=482.9 GHz) and
[N 11]205 (Vops=207.9 GHz), as well as the 0.6 mm and 1.5
mm continuum emission, in G09.83808.

2 Observations

ALMA observations were executed on 2019 December
(Band-8) and 2019 October-2020 January (Band-5). On-
source time was 2.4 h and 1.6 h, respectively. The
maximum recovery scale is 34 and 62, respectively.
The data were calibrated in the standard manner us-
ing CASA (McMullin et al. 2007).
clean mask with the 0.6 mm continuum data by applying
CASA/AUTO-MULTITHRESH (Kepley et al. 2020) and Briggs
weighting with robust=+0.5. We use this mask for all

We first construct a

imaging of continuum and line emission. Then, we clean
the emission down to the 1.5¢ level to create contin-

uum and 100 km s~!

channel maps with robust=—0.5
and robust=+2.0, respectively. Figure 1 shows the ALMA
maps of the 0.6 mm, 1.5 mm continuum, [O IIIJgs and
[N 11]505 line emission in G09.83808, where two arcs of
counter-images are evident. The line emission is inte-
grated over the velocity range of —350 km s~! to +150 km
s~1. The beam size is 0756 x 0”38 for the 0.6 mm contin-
uum, 0748x0741 for the 1.5 mm continuum, 0/76x0"64
for the [O 111]gg , and 0!/84x0!'77 for the [N I1]05 line map.
The peak flux densities and noise levels are 7.46+0.17 m]Jy
beam™! (440) for the 0.6 mm continuum, 2.1040.03 m]y
beam ! (75¢) for the 1.5 mm continuum, 1.5940.12 Jy km
s~! beam™! (140) for the [O 1]gs , and 0.38+0.03 Jy km
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Fig. 1. Top: from left to right, the ALMA maps of 0.6 mm, 1.5 mm continuum, [O 111], and [N Ii]xs line emission are displayed. The mask region is shown in
the top left panel. Middle and bottom panels show the best-fit models produced by GLAFIC and the residuals, respectively. White dashed and solid contours
show the -4¢, -3¢ and +30, +40 levels in the residual maps. We use a scientific color scale from Crameri et al. (2020).

s~ ! beam ! (120) for the [N I1]5s line map. The total flux
densities and line fluxes in the mask region are 38.69+1.13
m]y for the 0.6 mm continuum, 9.91+0.19 m]y for the 1.5
mm continuum, 8.134:0.50 Jy km s~ for the [O 111]gg , and
1.4840.12 Jy km s~ ! for the [N Ii]ys line map. The un-
certainties are calculated as 10 X \/(Nmask/ Noeam ) Where
Nmask and Npeam is the areas of the mask region and the
clean beam, respectively.

3 Analysis and results
3.1 Gravitational lens modeling

Strong gravitational lensing produces multiple images of
abackground source, G09.83808 at z=6.027, in the ALMA
maps. A big advantage of submillimeter observations is
that the flux contribution of a foreground source, a mas-
sive quiescent galaxy at z = 0.776 (Fudamoto et al. 2017),
is negligible in this wavelength unlike optical and near-

infrared observations. For mass models of foreground
(lens) source, we assume a singular isothermal ellipsoid
with five parameters (xy-coordinates, ellipticity e, posi-
tion angle measured counterclockwise from North 6,, ve-
locity dispersion ¢,) and external perturbation with two
parameters (tidal shear 7y and position angle ,) in a simi-
lar way as in Tamura et al. (2015). The background source
is assumed to have an exponential disk with a Sérsic index
of n =1, characterized by six parameters (xy-coordinates,
flux, effective radius Res, major-to-minor axis ratio g and
position angle 6;), for both the continuum and line emis-
sions.

First, we determine the parameters of the foreground
source by using the 1.5 mm continuum image, where
the spatial resolution and signal-to-noise ratio are better
than those of other images. We then use GLAFIC2 soft-
ware (Oguri 2010) to optimize the mass model of the fore-
ground source. Only the clean mask region is used for x*
minimization. To estimate the uncertainties of the best-
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fit parameters, we add a 10 noise map convolved by a
dirty beam to the clean image and repeat to fit the noise
added images. The best-fit parameters are e = 0.1170.92,
0, = 783 deg, 0, = 257.9793 km s~! for an isothermal
ellipsoid and 7 = 4.1728 x 1072 and 6,, = 47"}! deg for
an external shear. The uncertainties are based on the 16th
and 84th percentile of 500 MonteCarlo runs. The derived
position of the foreground source is nicely consistent with
the position in a deep z-band image (0’7 seeing) from the
second public data release of the Hyper Suprime-Cam in
Subaru Strategic Program (Aihara et al. 2019).

We also obtain the central position and the shape of the
1.5 mm continuum emission for the background source.
The spatial distribution is well characterized by an ex-
ponential disk with g = 0.93%)03 and 6, = 10873 deg.
Even if n is a free parameter, the best-fit value is n =
1.17f8ﬁ8, supporting that the dust continuum emission
has an exponential profile (Hodge et al. 2016; Fujimoto
et al. 2018). The total magnification factor, given by a ra-
tio between flux densities in the image and source plane,
ispu= 8.38f8:;§, which is consistent with the previous re-
sult from 0”1-resolution observations of 870 ym contin-
uum emission (¢ = 9.3 & 1.0; Zavala et al. 2018).

Next, we measure the intrinsic sizes of the continuum
and line emissions for the background source by fixing
the other parameters to the values obtained above. The
effective radii are 0711270992 for the 1.5 mm continuum,
(14 117Jj8:88§ for the 0.6 mm continuum, 0/ 21Jj8:8§ for the
[O 111]gg and 07 204_r8:8§ for the [N II]y5 line emission. The
dust emissions at different wavelength have a similar size
and both are more compact than the ionized gas emis-
sions.

Figure 1 shows the best-fit model and residuals for
each emission. The residual image of [O III]gs emission
shows three 43¢ peaks in the edges of the two arcs, cor-
responding to the direction of the minor axis of the disk
component in the source plane. Even if the position angle
is not fixed, the 3¢ residuals still remain. Given that the
emission peak is detected at 12c, the 3¢ deviation from an
exponential disk may suggest that G09.83808 has subcom-
ponents (clumps or small satellite galaxies) of ionized gas.
We require deeper and higher-resolution observations to
confirm the existence of these components.

3.2 Dust SED modeling

Combining the new ALMA continuum data with pho-
tometry from Herschel, JCMT, and LMT observations
(Ivison et al. 2016; Fudamoto et al. 2017; Zavala et al.
2018), we constrain the spectral energy distribution (SED)
of dust emission to estimate the total infrared luminosity,

6 LI I | LN LB AN A

——
@ G09.83808 (z=6.03) []
[ 2=3-6 lensed SMGs |1
51 =-z=1-4 SMGs =
[ z=2 DSFGs |
e-2=0 LIRGs

Rest [kpc]

log Lir [Lo]

Fig. 2. Intrinsic infrared luminosities versus circularized effective radii for
(G09.83808 at z = 6, strongly-lensed SMGs (Spilker et al. 2016), SMGs at z =
1— 4 (Gullberg et al. 2019; Dudzeviciuté et al. 2020), DSFGs at z = 2 (Tadaki
et al. 2020) and LIRGs at z = 0 (Lutz et al. 2016). A shaded region shows
the effective radius of the rest-frame optical emission in massive quiescent
galaxies at z ~ 4 (Kubo et al. 2018). Dashed lines correspond to the median
values of the infrared surface densities for each sample.

Lir. We assume flux calibration uncertainties of 5% and
10% in ALMA Band-5 and Band-8 observations. We fit
a modified blackbody radiation model, characterized by
dust temperature Ty, and an emissivity index B (Casey
etal. 2012), to the observed SEDs by using the CIGALE code
(Boquien et al. 2019). We fix the wavelength where the op-
tical depth is unity to 150 ym and the power law slope to
2.0. The best-fit model gives the total infrared luminos-
ity between 8 and 1000 ym of Lir = (4.670%) x 1012 L,
after correction of magnification effect, Tqyst = 51 =4 K,
and ﬁ:Z.ng:%. As the 0.6 mm continuum emission corre-
sponds to the peak of the dust SED, its spatial distribu-
tion probes where stars are intensively formed. We find
G09.83808 to have an infrared surface density of Zjr =
(1.8 4 0.3) x 10" L, kpc~2 within the circularized effec-
tive radius, Reff0.6mm=0.64£0.02 kpc.

We also estimate the total infrared luminosities for
other strongly lensed SMGs, where the 870 ym contin-
uum sizes and magnification are measured (Weif3 et al.
2013; Strandet et al. 2016; Spilker et al. 2016) in the same
way as in G09.83808. Figure 2 shows the total infrared
luminosity and circularized effective radius of dust con-
tinuum emission for four different galaxy populations: 1)
strongly-lensed SMGs at z = 3 — 6 including G09.83808,
2) SMGs at z =1 — 4 (Gullberg et al. 2019; Dudzeviciaté
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et al. 2020), 3) massive dusty star-forming galaxies at z=2
(DSFGs; Tadaki et al. 2020), and 4) LIRGs at z = 0 (Lutz
et al. 2016). The four populations occupy different re-
gions in the Lir — Regs plane. For any combination of the
two populations, a KS test shows that the probability that
they are drawn from the same distribution is less than
1%. The median values of the infrared surface densities
are 2.5 x 10'? L, kpc2 for lensed SMGs, 1.0 x 10'2 L,
kpc=2 for SMGs, 1.6 x 10" Ly kpc=2 for DSFGs, and
0.8 x 10" L kpc~2? for LIRGs. Thus, lensed SMGs and
SMGs are undergoing intense starburst with a higher in-
frared surface density, compared to LIRGs and DSFGs.
The small difference between lensed SMGs and SMGs
may be due to the different redshift range (i.e. emis-
sions at different rest-frame wavelengths) and/or a large
magnification near caustics of gravitational lenses in ex-
tremely bright objects with S14 mm >20 mJy (Weifs et al.
2013). The effective radii of lensed SMGs are comparable
to those of massive QGs at z ~ 4 (0.52 £ 0.18 kpc in the
rest-frame optical; Kubo et al. 2018). The intense starburst
in the central compact region supports an evolutionary
link between (G09.83808 at z = 6 and massive QGs at z ~ 4.

4 Far-infrared line properties

UV photons from massive stars ionize the surrounding
gas and at the same time heat the dust. Then, thermal
radiation of the dust can be observed in the infrared.
A combination of fine structure lines such as [N II]gs
and [O 111]gg with infrared continuum emission can there-
fore provide with information about physical properties
of the ISM and ionizing sources (e.g., metallicity, gas
density and ionization parameter) in galaxies. We com-
pare the line-to-infrared luminosity ratio, L nm205 /Lir and
L[Onllgg/ Lir, in G09.83808 and other lensed SMGs at z =
3 — 6 with those in local LIRGs. Although the spatial dis-
tributions of ionized gas and dust are different, we use the
galaxy-integrated properties for straightforward compar-
ison.

4.1 Nitrogen line emission

Herschel observations of [N II]ys line in LIRGs at z ~
0 show that Linmj205/ Lir is anticorrelated with the con-
tinuum flux density ratio between 63 ym and 158 um,
Se3/ S15s (Diaz-Santos et al. 2017; Lu et al. 2017). For
lensed SMGs, we derive Sg3/S158 from the best-fit SED
(section 3.2). In both galaxy populations, there is a de-
creasing trend of LiN205 /L with increasing Se3/S1s8
(Figure 3). The trends could be related to a variation
in ionization parameter, defined as Uion = ¢(H)/c/ny

where ¢(H) is the flux of hydrogen-ionizing photons, ny
is the hydrogen density at the illuminated face of a cloud,
and c is the light speed. We use photoionization code
Cloudy v17.01 (Ferland et al. 2017) to compare the ob-
servations with models with different ionization param-
eters. We generate the input spectra of a single age star-
burst model with 20 Myr by using the Binary Population
and Spectral Synthesis (BPASS v2.0) code (Eldridge &
Stanway 2016). The initial gas density at illuminated face
is fixed to be ny=50 cm 3, which is the typical value in
local LIRGs (Diaz-Santos et al. 2017). We adopt solar el-
emental abundance ratios and gas-phase depletion fac-
tors, with taking into account secondary production of
nitrogen (Nagao et al. 2011) and assume a solar metallici-
ity. For dust, we assume Orion-type graphite and silicate
grains with a size distribution and abundance appropri-
ate for those along the line of sight to the Trapezium stars
in Orion. We stop calculations at the total hydrogen col-
umn density of N(H) = 10?2 cm 2 to avoid the dust tem-
perature becoming too low. We here do not intend to de-
termine each parameters from fitting, but aim to interpret
the observed trends from comparison with models.

The decreasing trend of Linpjpos/Lir is successfully
reproduced by photoionization models in the range of
Uion = 107* — 1072 (Figure 3). As an ionization param-
eter becomes larger, the H' region expands. But the vol-
ume of H* region does not increase linearly with Ujen be-
cause UV photon in turn is used to heat the dust in the
expanded H™ region (Abel et al. 2009). The fraction of UV
photon available for ionization becomes smaller while all
of its energy is eventually converted into dust emission,
resulting in a decrease of Lnyp05/ Lir- On the other hand
since the UV photon per dust particle increases, the dust
temperature becomes higher, and then Se3/S153 becomes
larger (Abel et al. 2009; Rigopoulou et al. 2018). Therefore,
in both local and high-redshift galaxies, the decreasing
trend can be explained by higher ionization paremters.

4.2 Oxygen line emission

Unlike Lnj205/ Lir, the photoionization models predicts
increasing Lionss / Lir with increasing ionization param-
eter (Figuref 3). This is because only a small frac-
tion (<10%) of oxygen is doubly ionized at low ioniza-
tion parameter. Nevertheless, local LIRGs do not show
any correlation between Lionyss/Lir and Se3/Siss. The
Liomyss/Lir values of two lensed SMGs (G09.83808 at
z = 6.0 and SPT 0418-47 at z = 4.2; De Breuck et al.
2019) are also consistent with those in local LIRGs. From
comparisons with photoionization models, we find that
Liomss/ Lir is very sensitive to a variation in age of star
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Fig. 3. Left: [N 11]y5 line to infrared luminosity ratio as a function of S¢3/S158 continuum ratio for local LIRGs and strongly-lensed SMGs. Right: [O 111]ss 88
line to infrared luminosity ratios with the results from single starburst models with an age of 10, 20, and 30 Myr. A dashed dotted line show continuous star
formation models with an age of 20 Myr. The ionization parameter varies from Uion = 107 t0 Ujon = 1072,

formation, which changes the energy distribution of in-
cident radiation. The contribution of massive stars to
the incident radiation is larger for ages younger than 20
Myr, leading to higher Lionyss / Lir- The trend with chang-
ing age is almost orthogonal to the trend with changing
ionization parameter. Therefore, the ionization parame-
ter dependence of Lionyss/ Lir quickly disappear due to
a small variation in age of star formation. The impact of
age variation on [N II]yps is small because both trends are
parallel in the Lnyjpos5/ Lir—Se3/S15s plane. Single star-
burst model with even the younger age (< 10 Myr) and
continuous star formation models predict a much higher
Liomyss/ Lir of 1073 — 1072, which is similar to those in lo-
cal dwarf galaxies (Cormier et al. 2015).

We also note that these arguments are based on simple
spherical models in which all of [N 1I]05, [O I1I]gs and dust
emissions are radiated from the same clouds. If [O Ii1]gg
emission comes from a high density gas (g >1000 cm~3)
unlike [N 1I]05, photoionization models with a differ-
ent column density can reproduce a large variation in
Liomyss / Lir ratio (Fischer et al. 2014).

5 Gas-phase metallicity

In this section, we estimate the gas-phase metallicity
by using two measurements of [N II]ys/[O IiI]gg and
S¢3/S153 ratio in G09.83808. Since [N 1I]ys and
[O 111]gs lines have different critical densities and ioniza-
tion potential, its ratio depends not only on metallicity
but also on gas density and ionization parameter. In lo-

cal LIRGs, the gas density is mostly in a narrow range of
1,=20-100 cm 3 (Diaz-Santos et al. 2017). We assume that
the z = 6 galaxy has a line ratio of log(Linmj122/ LiNirj20s) =
0.20 = 0.18, which is the median value in LIRGs. This
assumption is consistent with previous observations of
SMGs at z ~ 4 (De Breuck et al. 2019; Lee et al. 2019). The
ionization parameter dependence more seriously affects
the estimates of metallicities when a [N 11]y2, /[O T11]gg line
ratio is used. [N III]s7 /[O IlI]gg with similar ionization po-
tential is considered to be a better indicator of metallicity
(Nagao et al. 2011; Pereira-Santaella et al. 2017). However,
either of [N 1I1]s; and [O T11I]gg lines at z > 6 is shifted
to be in frequency ranges where the atmospheric trans-
mission is low or even zero, except for z = 6.8 — 6.9 and
z="7.1—"7.3. In addition, as [N 1I1]s; emission at z ~ 7 can
be observed with ALMA Band-9 receivers, the required
integration time become by a factor of 60 larger than that
in Band-7 observations of [N II]i», line at the same lim-
iting flux. An approach of using a [N II]12, /[O IiI]gg line
ratio therefore has a great advantage for future measure-
ments of metallicity for a large sample once the depen-
dence of the ionization parameter is taken into account.
In local galaxies where both lines are detected
(Cormier et al. 2015; Ferndndez-Ontiveros et al. 2016;
Herrera-Camus et al. 2018), the [N T111]s;/[O T1il]gs ra-
tio is correlated with the [N 1I]122/[O 1IIJgg ratio,
though with a large dispersion (Figure 4).
ilar [N 1I]s7/[O 1I]gg ratio, galaxies with a higher
[N 11]122/[O 1iI]gg ratio tend to have a lower Sg3/Siss
ratio, corresponding to a lower ionization parameter.

At a sim-
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galaxies z = 0 (Cormier et al. 2015; Fernandez-Ontiveros et al. 2016;
Herrera-Camus et al. 2018). Color coding shows the Sg3/S158 continuum
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We therefore introduce the scaling relation to predict
[N 111]57/[O 111]ss ratio as log(Lnmys7/ Liommss ) pred = A +
Blog(Linin20s/ Liorimss) + Clog(Ses/ Siss). We determine
the coefficients to minimize the difference between the
predicted and observed [N 111]s7/[O 1iI]gg in local galax-
ies by ordinary least squares regression. Thus, we obtain
A=-0.21£0.02, B=0.454+0.03 and C=0.3240.07, with a dis-
persion of +0.14 dex in log(Lnmys7/ Liomss)-

By using the scaling relation, we infer
log(IN 11]57/[O 111]gg)=—0.554+0.09 where the uncer-
tainty includes that due to the conversion from [N II]ys
to [N 1I]12» as well as the measurement errors. This ratio
is relatively low compared to local LIRGs (Figure 5), but
implies Z = 0.5 — 0.7 Z according to the photoionization
models (section 4.1). Our result is consistent with previ-
ous studies, where it is claimed that SMGs at z =3 — 4
are chemically evolved with nearly solar metallicity (e.g.,
Rigopoulou et al. 2018; Tadaki et al. 2019; De Breuck et al.
2019). Numerical simulations also predict Z ~ 0.5 Z, at
z = 6 in the stellar mass range of log(M../ M) =10 — 10.5
(Torrey et al. 2019). High-resolution 3—4 ym observations
with the James Webb Space Telescope (JWST) will allow
us to obtain the stellar mass of strongly-lensed galaxies at
z =4 — 6 in separate from a foreground object. Therefore,
the ALMA-JWST synergetic observations will allow us to
probe the massive end of stellar mass-metallicity relation
for galaxies at z = 6, which has not been explored so far.

0.2

0.3

Gas phase metallicity [Z]
0.7

0.5

1.0

2.0

50

B z=0 LIRGs
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MANAN

-1 -0.5 0
-0.21 +0.45|09(L[NH]122/'.[0111]88)+0.32|09(Sﬁ3/8122)

Fig. 5. A histogram of [N 111]57/[O 111]gs ratio inferred from the scaling relation
for local LIRGs (blue; Diaz-Santos et al. 2017). A red hatched region shows
the range of G09.83808 at z = 6, including uncertainties on conversion from
[N 11]p05 to [N 11]122. The top x-axis denotes gas-phase metallicities based on
the photoionization models (section 4.1).
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