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Abstract

We report the Australian Telescope Compact Array and Nobeyama 45 m telescope detection of a remarkably bright
(S11mm = 44 mly) submillimeter galaxy MM J154506.4—344318 in emission lines at 48.5 and 97.0 GHz,
respectively. We also identify part of an emission line at ~218.3 GHz using the Atacama Large Millimeter/
submillimeter Array (ALMA). Together with photometric redshift estimates and the ratio between the line and
infrared lumrnosrtres we conclude that the emission lines are most likely to be the J=2-1, 4-3, and 9-8
transitions of '2CO at redshift z = 3.753 4+ 0.001. ALMA 1.3 mm continuum imaging reveals an arc and a spot
separated by an angular distance of 176, indicative of a strongly lensed dusty star-forming galaxy with respective
molecular and dust masses of log M,o;/My ~ 11.5 and log My, /M =~ 9.4 after being corrected for ~6.6x
gravitational magnification. The inferred dust-to-gas mass ratio is found to be high (=0.0083) among coeval dusty
star-forming galaxies, implying the presence of a massive, chemically enriched reservoir of cool interstellar
medium at z = 4, or 1.6 Gyr after the Big Bang.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); High-redshift galaxies (734); Interstellar medium
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1. Introduction

Pioneering (sub)millimeter extragalactic surveys by bol-
ometer cameras on single-dish telescopes routinely discovered
submillimeter galaxies (SMGs; A. W. Blain et al. 2002;
C. M. Casey et al. 2014), dusty star-forming galaxies with
Lir > 10'% L., providing a laboratory to understand extreme
star formation, which cannot be seen in the local Universe.
Armed with next-generation (sub)millimeter cameras, square-
degree-scale surveys using far-infrared (FIR) to millimeter
single-dish telescopes (e.g., Herschel, S. Eales et al. 2010;
ASTE, K. S. Scott et al. 2012; APEX, A. Weil} et al. 2009;
JCMT, J. E. Geach et al. 2017; T. K. Garratt et al. 2023; SPT,
J. D. Vieira et al. 2010) yielded a number of extremely bright
(S1.1mm 2 30 mJy) SMGs, via early discovery and investigation
of this extremely bright population of SMGs (e.g.,

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

A. M. Swinbank et al. 2010; S. Ikarashi et al. 2011; A. Omont
et al. 2011).

Thanks to their apparent high luminosity by the aid of
gravitational magnification, the brightest SMGs offer a unique
opportunity to investigate their nature at the most intense peak
(typical star formation rates (SFRs) of ~ 10° M yr™') of star
formation (e.g., J. D. Vieira et al. 2013; J. S. Spilker et al.
2014, 2015; Z.-Y. Zhang et al. 2018; K. C. Litke et al. 2019;
M. Rybak et al. 2020; G. Gururajan et al. 2022). However, the
brightest SMGs are even brighter and rarer than existing (sub)
millimeter-bright sources, such as Herschel-ATLAS/SDP
(M. Negrello et al. 2010). It is indeed hard to spectroscopically
identify such brightest SMGs owing to their optical faintness;
only a couple of brightest SMGs are expected within ~10 deg?
(e.g., T. Takekoshi et al. 2013).

MM J154506.4—344318 (hereafter MM J1545) was initially
identified through the 4 deg® Lupus I molecular cloud survey
carried out using the AzTEC 1.1 mm camera (G. W. Wilson
et al. 2008) attached to the ASTE 10 m telescope (H. Ezawa
et al. 2004, 2008), as an Sy 1mm = 44 £ 5 mJy point-like object
at the edge of the Lupus I molecular cloud. Indeed, the close
proximity of this object to the molecular cloud misled us into
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classifyin% it as an extremely dense starless core shortly
(~10°-10 yr) before protostar formation, which is only
proposed theoretically (R. B. Larson 1969; K. Tomida et al.
2010).

Subsequent follow-up observations that we made using the
Submillimeter Array (SMA), Very Large Array, ASTE,
Nobeyama 45m, Nobeyama Millimeter Array, Subaru/
MOIRCS, and UKIRT/WFCAM, along with archival Spitzer
(MIPS and IRAC) and Herschel (SPIRE) data, however,
suggest a gravitationally lensed distant SMG at z ~ 4-5
(Y. Tamura et al. 2015). In particular, 6 cm and near-infrared
(NIR) emission cannot be explained by any of the latest models
of a starless core (e.g., K. Tomida et al. 2010, 2013). But a
lensed SMG located far beyond the Lupus I cloud by chance
(Y. Tamura et al. 2015) accounts for the multiwavelength
properties and brightness at (sub)millimeter wavelengths if a
low-z foreground galaxy seen in the NIR Kg band (J1545B)
gravitationally magnifies it.

If this is the case, MM J1545 is the brightest of ~1400
SMGs found in the AzZTEC/ASTE 1.1 mm deep extragalactic
survey (e.g., K. Kohno et al. 2008; K. S. Scott et al. 2012) and
places an interesting constraint on the physical properties of
SMGs at the brightest end of 1.1 mm extragalactic source
counts. The shallow slope of the counts at Sy jm ~ 40 mJy is
also in favor of the presence of gravitational magniﬁcation
(T. Takekoshi et al. 2013; Y. Tamura et al. 2015).1‘

In this paper, we report the detection of MM J1545 in several
emission lines, which are most likely to be rotational transition
lines of carbon monoxide (CO), using the Australian Telescope
Compact Array (ATCA), the Nobeyama 45 m telescope, and
the Atacama Large Millimeter/submillimeter Array (ALMA).
We also present results of 0”4 resolution 1.3 mm continuum
imaging with ALMA, suggesting the existence of gravitational
magnification.

The rest of the paper is organized as follows: In Section 2 we
describe observations carried out using the ATCA and
Nobeyama 45 m telescopes. Section 3 describes the results. In
Section 4 we discuss the results and summarize the paper.

Throughout this paper we use a concordance cosmology with
the matter and dark energy densities €2,, = 0.3 and Q, = 0.7,
respectively, and a Hubble parameter Hy = 70 kms™' Mpc ™.

2. Observations
2.1. ATCA Observations and Data Reduction

The ATCA observations covering 37-50 GHz were made on
2013 October 10-12 and 2014 April 4-6 (program ID: C2910).
The array configurations employed in 2013 and 2014 were
H214 and H168, respectively, while we do not use the longest
baselines including the CA06 antenna because of their poor
atmospheric phase stability. The resulting baseline length is in
the range of 82-247 m and 61-192 m for the H214 and H168
configurations, respectively. The receivers were tuned to
mostly cover the Q band of ATCA, which required five tuning
setups covering 33.4-37.1 GHz, 36.9-40.6 GHz, 40.4-44.0
GHz, 43.6-47.2 GHz, and 46.8-50.4 GHz. The Ilowest-
frequency setup, however, was flagged because of poor
weather conditions. The Compact Array Broadband Backend

50f a certain, small fraction of galaxies at the brightest end of the number
counts are gravitationally magnified, the brightest end extends toward higher
flux densities, making the slope of the counts shallower at the highest flux
densities.
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correlator was configured with the 1 MHz resolution mode for
all of the receiver setups. The instrumental delay was checked
and fixed using the bright radio source 3C 279 before starting
the observing tracks. 3C279 was also used for bandpass
calibration. We observed J1451—375 (S7um ~ 1Jy, 10.7 deg
away from the target) every 10 minutes for complex gain
calibration. Mars was observed once a night for absolute flux
calibration. The absolute flux accuracy is estimated to
be <20%.

Calibration and imaging were processed using the MIRIAD
software (R. J. Sault et al. 1995). The data with poor phase
stability were flagged before imaging. The resulting integration
time per tuning was ~80-90 minutes on average. The
calibrated uv data were imaged using a natural weighting,
and then the dirty image was beam deconvolved down to a 1o
level using MIRIAD tasks invert and clean, respectively.
This yields a synthesized beam size of 5”8 x 3”7 (PA=
+81°) at 48.6 GHz. The resulting rms noise levels for a spectral
cube with a 200kms~' resolution and a continuum image
integrated over 13 GHz are 0.7-1.1 mJy beam ™' (depending on
observed frequencies) and 0.036 mJy beam ', respectively.

2.2. Nobeyama 45 m Observations and Data Reduction

In order to observe an upper-state transition of the emission
line detected with ATCA, we carried out the 45 m observations
during two periods, 2015 February 25-March 4 (D:
CG 141007) and 2016 February 26-March 8 (program ID:
CG 151009). Because of the low decl. of the source
(6 ~ —35°), the elevation angle at Nobeyama is in the range
of ~15°-20°. We used the two-beam dual-polarization TZ
receiver (T. Nakajima et al. 2013) together with the SAM45
digital spectrometer equipped with four spectral windows, each
of which has a 2048 MHz bandwidth and 4096 spectral
channels (D. Iono et al. 2012). The receiver and spectrometer
were tuned such that the lower sideband was centered at two
slightly different frequencies, 96.8 and 97.0 GHz, in order to
distinguish a broad spectral line in radio frequency from
potential baseline wiggles of the intermediate-frequency (IF)
bandpass. The beam size (half-power beamwidth) is 18”. The
native velocity resolution of the spectrometer is ~1.5kms ™'
per channel, whereas 64 adjacent channels were binned to
achieve ~100kms ' resolution. In total, four spectral
windows were configured to cover four IFs of two beams
and two polarizations.

During observations, we position-switched the two beams of
TZ with a period of 20 s (visiting on and off positions for 5 s
each, plus antenna slew time), so that one of the beams is
always on source. Intensity calibration was made 2-3 times per
hour by using the standard single-temperature chopper-wheel
method. Note that the atmosphere is reasonably approximated
by a plane-parallel slab even for such low elevation angles. The
pointing was checked every 1 hr, and pointing accuracy during
the runs was typically 3" rms under moderate wind speeds
<5ms'. The focusing correction was made at the secondary
mirror based on a model describing homologous deformation
of the primary mirror, while no additional focusing correction
was made, which potentially limited the accuracy of our
aperture efficiency estimate. The standard calibration source
M17SW was observed several times at similar elevation angles
for aperture efficiency (7,,) measurements. By comparing the
observed peak temperature of CS (2-1) (T = 3.6 K) with a
past measurement of its main-beam temperature (T = 9.0 K),
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the main-beam efficiency was estimated to be mp ~ 0.40. If
assuming a typical conversion of nyp = 1.277ap,”’ Nap ~ 0.33,
which corresponds to a gain of ~4.7 Jy K~'. According to the
45 m status report in the 20152016 season,'” this is 80% of
the TZ aperture efficiency measured at 98 GHz at an elevation
angle of ~40°, which is consistent with but slightly lower than
the past estimates, which is likely due to the low elevation
angles of our observations.

Prior to the data reduction, we selected the data with good
pointing accuracy under good wind speeds (<3 ms ') and fair
system noise temperatures (s < 200 K), leaving the data
taken on 2016 February 26-28 and March 1, 3, and 4.
Flagging, spectral baselining, and coadding of the calibrated
spectra were done using the ATNF Spectral Analysis Package
(ASAP) shipped with CASA (version 5.0.0; CASA Team et al.
2022). We loaded the observed data (in the format of
NEWSTARM. Ikeda et al. 2001) into CASA as the ASAP
Scantable format. We then flagged the data with rms noise
levels being higher than those expected from the nominal
system noise temperature, where spectral baseline fluctuations
likely dominate the noise levels of the instantaneous spectra.
The resulting on-source time is 5.46 hr. The offset and slope of
each 5s spectrum are subtracted by fitting a linear function to
the spectral baseline. The central =~ 1000 km s~ where the
line is expected and the ~200km s~ ' band edges were masked
when the linear fitting is performed. The baseline-subtracted
spectra are coadded with weighting of TS;SZ to obtain the final
spectrum. The resulting rms noise level with a 100 kms™'
resolution is 1.8 mJy.

2.3. ALMA Imaging

We used high angular resolution ALMA imaging data in
order to search for another spectral line and to confirm the
presence of strong lensing. As part of the Soul of Lupus with
ALMA (SOLA; M. Saito et al. 2015) project, the 1 mm
continuum data were taken on 2016 April 1 (ID: 2015.1.00512.
S; PI: Itziar de Gregorio-Monsalvo) using the Band 6 receivers
in the C36-2 to C36-3 configurations (A. Santamaria-Miranda
et al. 2021). The receivers were tuned at v o = 225.267 GHz
(1.3 mm). The correlators with the frequency-division mode
were configured so that one of the basebands covered
2 x 0.469 GHz for a local CO (2-1) line, whereas the rest
were assigned to cover 3 x 1.875 GHz. The sky condition was
reasonable with a precipitable water vapor of 1.6 mm. The
complex gain was calibrated using a nearby radio-loud quasar
J1534—-3526. The bandpass calibration was performed on
J1517-2422, which was also used as a secondary flux
calibrator (S»33gu, = 2.17 = 0.11Jy on 2016 March 27).
The resulting on-source time was 211 s.

The uv data were calibrated in a standard manner using
CASA (ver. 4.5.3). The calibrated uv data were then imaged
using the CASA task clean with natural weighting to make a
spectral cube, resulting in a synthesized beam of 0795 x 0782
(PA = —82°) and rms noise level of 0.94 mly beam ! at a
spectral resolution of 15.625 MHz. For continuum imaging, we
employ the superuniform weighting to achieve a high spatial
resolution, which yields a synthesized beam of 0751 x 0”46

16 Assuming a Gaussian approximation for the beam solid angle and an
aperture illumination with —12 dB edge taper (J. W. M. Baars 2007).
"7 hitps: / /www.nro.nao.ac.jp/~nro45mrt/html/prop /eff /eff2015.html
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(PA = —690) and point-source sensitivity of 0.14 mJy beam .

The absolute flux accuracy is estimated to be 10%.

We also retrieved public pipeline-processed Band 3 and 7
images (ID: 2019.1.00245.S and 2018.1.00126.S; PI: Itziar de
Gregorio-Monsalvo) from the ALMA data archive for a
subsequent spectral energy distribution (SED) analysis
(Section 4.2). The beam sizes of the Band 3 and 7 data are
2"7 x 272 and 0789 x 0”75, respectively. The noise levels
are 0.04 and 0.12 mJy beam ', respectively. The absolute flux
accuracy is estimated to be 10%.

3. Results
3.1. CO Detections and Redshift Identification

Across the ATCA 37-50 GHz spectrum and the integrated
intensity map in Figure 1, we detect an 8.60 emission
line at 485GHz at a pOSitiOl’l of (ajz()()(), (5]20()0) =
(15h45m68 35, —34° 4317" 8), which is in agreement with
the previous SMA position, (000, O52000)=(15"45™6% 347, =
—34° 43'18” 18) (Y. Tamura et al. 2015). The offset between
the ATCA and SMA positions is consistent with a statistical
error (074 + 0”3), strongly suggesting that the emission
feature is the counterpart to MM J1545. The velocity
width and continuum-subtracted flux of MM J1545 are 543 £
106kms~' and SAV = 3.0 & 0.5Jy km s, respectively, as
listed in Table 1, which are typical among '*CO emission lines
found in lensed SMGs. As reported by Y. Tamura et al. (2015),
we also detect the continuum emission at 0.21 £ 0.04 mJy. The
40.4 and 46.9 GHz flux densities are 0.18 + 0.06 mJy and
0.23 £ 0.06 mly, respectively, yielding the 7mm spectral
index of o ~ 1.4, where « is defined as S, < v*. As we will see
in Section 4.2, we find that the obtained slope is shallower than
what is expected for a single-component dust emission and that
the flux density exceeds the prediction from the best-fitting
modified blackbody, which suggests an additional contribution
from an even lower Ty, component and/or free—free emission.

Figure 2 shows the resulting ATCA, 45m, and ALMA
spectra. The 45 m spectrum shows a broad 5.80 emission line
at 97.0 GHz and at a velocity resolution of 100 kms ™', with a
velocity-integrated flux of 6.5 £ 0.7 Jykms™'. The velocity
width is 625 4+ 120kms ™', which is in good agreement with
that of ATCA (Table 1). The frequency is almost exactly twice
that of the ATCA emission line, which supports that they are
emission lines of two rotational transitions of CO, where the
upper-state quantum numbers are related as J4s,, = 2JaTCA-

Furthermore, we found a 130 enhancement at the edge
(218.3 GHz) of one of the ALMA spectral windows. The
enhancement is so bright that the most likely interpretation is
the blue part of another CO transition. A slight spatial offset
between the integrated intensity and 1.3 mm continuum images
(see the inset of the ALMA spectrum in Figure 2) is probably
caused by the blue part of the line being associated with the
northern component of the western arc, which we will see in
Section 3.2. If this is the case, the only solution that explains
ATCA, 45m, and ALMA detections is the CO (2-1), (4-3),
and (9-8) transitions at the redshift of z = 3.753 4+ 0.001.

This is consistent with previous photometric redshift estimates
derived from mid-IR-to-radio photometry and SED templates of
dusty star-forming galaxies (Arp 220, SMM J2135—0201, and
average SMG; L. Silva et al. 1998; M. Michatowski et al. 2010;
A. M. Swinbank et al. 2010): z = 4.67°03%, 4.067017, and
4207087, respectively (Y. Tamura et al. 2015; all error bars
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Figure 1. The ATCA spectrum and image of MM J1545. Left: the 13 GHz wide ATCA spectrum with a 200 km s~ ' resolution. Four tunings are shown in different
colors. The inset highlights the line feature outlined by the dotted box. The continuum is not subtracted. Right: the CO (2-1) integrated intensity image of MM J1545
taken with ATCA, which shows an 8.6 line feature at the SMA position marked with a plus sign (Y. Tamura et al. 2015). The contours start at 20 with a separation of
20. Negative values are shown with dashed contours. The synthesized beam size is indicated by an ellipse in the lower left corner.

Table 1
The ATCA and Nobeyama 45 m Results

Line CO (2-1) CO (4-3)
52000 15h45m6'35
812000 —34°43'17'8
Frequency (GHz)" 48.51 + 0.007 96.99 + 0.017
2co" 3.7523 + 0.0006 3.7537 + 0.0006
FWHM (km s~ ') 543 + 106 625 + 120
SAV (Jy kms™)° 3.0 £ 0.5 6.5 +0.7
Lo (10" K kms™! pc?)° 42407 23+02

Mot (10" M)

088! 052)"!
19- (&) s (5)

Notes.

 Value and error are derived from a single-component Gaussian fit.

® Value and error are derived from a spectral integration over a range of £35
from the observed-frame frequency of CO, i.e., vco/(1 + Z), where Z and & are
obtained from the average redshift (z = 3.753) and the average FWHM
(590 km s~ ') between the two observations.

© Values are not corrected for lensing magnification.

9A CO (1-0)-to-M,,; conversion factor aco = 4.0 M, (K km s~ pc?)~!
(L. Dunne et al. 2022) is assumed. R, and R4 are the CO (2-1)-to-CO
(1-0) and CO (4-3)-to-CO (1-0) brightness temperature ratios, respectively.
R>; = 0.88 £ 0.07 and Ry; = 0.52 £ 0.14 (K. C. Harrington et al. 2021) are
assumed throughout the paper.

represent the 68% confidence intervals). We find only a single line
over the 13 GHz bandwidth of ATCA, which also places a
redshift upper limit of z < 7 if the line is '*CO. If the transitions
are (/ = 1-0 and 2-1) or (/ = 3-2 and 6-5), the redshift would be
z = 1.876 or 6.128, respectively, which are unlikely because they
are well outside the photometric redshift estimates from the SED
fits and cannot explain the ALMA spectrum.

In order to further assess the attribution of the lines, we use
the LFIR-to-LéO correlation (e.g., D. Tono et al. 2009) to predict
a CO intensity at 48.5GHz from the FIR luminosity of
MM J1545 by following the prescription presented by
Y. Tamura et al. (2014). If we assume the redshift of
z = 3.753, the inferred FIR luminosity is estimated to be
log Lpr /L ~ 13.5-14 as presented in Section 4.2. This yields
a CO (3-2) luminosity of Leg ~ 2 x 10! Kkm s~ pc?, which is
almost similar to the CO (2-1) luminosity if assuming a typical
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Figure 2. The CO spectrum of MM J1545. From top to bottom the ATCA,
Nobeyama Radio Observatory 45 m, and ALMA Band 6 spectra are shown.
The orange curve shows the best-fitting Gaussian. The inset in the bottom panel

shows the 4" x 4" images of CO (9-8) (contours at —2a, 20, 30, -+ , 130 with
o = 63 mlJy km s~') overlaid on the 1.3 mm continuum.

luminosity ratio of Lc’0(372) /Léo(z,l) 2 0.88 found in dusty
star-forming galaxies (e.g., K. C. Harrington et al. 2021). The
predicted flux is then Icg o—1y ~ 1-2 Jy km s~ !, which is consistent
with that observed at 48.5 GHz with ATCA. This also rules
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Figure 3. (a) The superuniform-weighted ALMA 1.3 mm continuum image (contours) overlaid on the Subaru/MOIRCS Kj-band image. The contours are drawn at
(5,10, 15, --- ) x o, where 0 = 0.14 mJy beam ™' is the 1o noise level. The beam size is indicated by the hatched ellipse in the lower left corner. The Ks-band image
shows the foreground lensing galaxy J1545B (Y. Tamura et al. 2015). (b) The modeled image plane brightness that is convolved by ALMA’s point-spread function
(PSF). The contours are drawn at 10%, 20%, --- 90% of the peak brightness. The large and small ellipses represent the critical curve. (c) Same as panel (b), but
deconvolved by the ALMA PSF. (d) The modeled source plane brightness with the caustics (solid curves).

out other possible lines, such as '3CO, HCN, and HCO™,
since the non-"2CO lines should be an order of magnitude fainter.
Thus, we conclude that the emission lines at 48.5, 97.0, and
2182 GHz are attributed to three '>CO rotational transitions of
J = 2-1, 4-3, and 9-8, respectively.

3.2. ALMA Imaging and Gravitational Lens Model

As shown in Figure 3(a), the resulting ALMA continuum
image reveals an arc to the west with an unresolved spot to the
east, strongly suggesting the presence of strong lensing. The
image shows at least two brightness peaks embedded in the
western arc, suggesting two star-forming clumps embedded in
this galaxy. We use the gravitational lens code, GLAFIC
(M. Oguri 2010), to simply model the galaxy—galaxy lensing
system. As a mass model, we assume a cored singular
isothermal ellipsoid situated at z = 0.5. The photo-z of the
lensing galaxy J1545B (Y. Tamura et al. 2015; see the
background Kg-band image in Figure 3(a)) is not constrained
very well, while the separation of 1”76 = 26k is reproduced for
z = 0.5 if the velocity dispersion of J1545B follows the NIR
version of the Faber-Jackson relation (F. La Barbera et al.
2010), as discussed in Y. Tamura et al. (2015). We first use
only the positions of the two peaks to roughly constrain the
mass model. We then perform a y? fit to the observed
brightness distribution to put more stringent constraints on the
mass model and intrinsic source brightness on the source plane.

Three two-dimensional Gaussians are used for realization of the
source plane brightness: two compact axisymmetric Gaussians
and an extended Gaussian to represent two brightness peaks
and an extended diffuse component, respectively. Before
applying the x fits, we smooth the modeled image plane with
the clean beam of 0751 x 0745 (PA= —69°). We do not
consider a model fit in the visibility domain for simplicity. We
do not take an external shear into account because the degree of
freedom is small. A noise level of o = 0.15 mJy beam ™' is used
for x* calculation.

The results are shown in Figures 3(b), (c), and (d) for the
image and source planes. The centroid of J1545B on the
Kg-band image (Figure 3(a)) is in good agreement with the
predicted position of the mass model. The velocity dispersion
of the lens (200 km s~ ') is consistent with that estimated from
the Kg¢-band version of the Faber—Jackson relation (F. La
Barbera et al. 2010). The image plane reproduces the western
arc with two clumps and the eastern spot, although the
extended emission at low brightness levels is not reproduced
very well. On the source plane, we find an interesting spatial
structure that shows two bright spots embedded in an extended
disk, while high-resolution imaging is necessary to confirm
the detailed internal structure of MM J1545. The inferred
magnification factor is u, = 6.6, although this may have a
large uncertainty depending on the extent of source plane
brightness.



THE ASTROPHYSICAL JOURNAL, 981:51 (9pp), 2025 March 1

4. Discussions
4.1. Validity of the Magnification Factor

The ALMA image clearly reveals multiple images split by
the strong gravitational lensing effect, while the angular
resolution is still insufficient for full characterization of the
lensing system, which limits the accuracy of the magnification
factor. Instead, an excess of an observed CO luminosity from
the correlation between (unlensed) CO (1-0) luminosity and
velocity dispersion places an independent constraint on a
magnification factor (A. I. Harris et al. 2012). This empirical
luminosity—line width relation is similar to the Tully—Fisher
relation (R. B. Tully & J. R. Fisher 1977) relating the
luminosity and rotation velocity of spiral galaxies and has been
characterized for CO emission of the SMG population
(A. L. Harris et al. 2012; M. S. Bothwell et al. 2013) as

L& = (AVig)'7/3.5, )

where L(/;g are (unlensed) luminosities of CO (1-0) in units of
10" Kkms™! pc2 and AV, is the FWHM line width in units

of 400kms~'. The Lco—AV correlation of unlensed SMGs is
known to be scattered because of unknown inclination angles
of the SMGs, but this is still useful to roughly constrain the
magnification factors of lensed SMGs.

As we will see in the next section, the molecular masses
derived from CO (2-1) and (4-3) with their conversion factors,
R and Ry, typically found among SMGs (e.g., K. C. Harrin-
gton et al. 2021; M. Hagimoto et al. 2023) are almost the same,
suggesting that the inferred CO spectral line energy distribution
of MM J1545 is similar to those found in SMGs. Thus, it is
reasonable to assume LC/]O1 = 3.7R;' ~ 4.2 derived from CO
(2-1) for the CO (1-0) luminosity Equation (1) predicts the
CO (1-0) Iuminosity of Lco = (543/400)"7/3.5 ~ 0.48,
which requires ~9 x magnification to reach the apparent

CO (1-0) luminosity. Despite the ~0.5 dex scatter in the Lqg—
AV correlation, this is in reasonable agreement with the
magnification factor we derived in Section 3.2. Hereafter we
assume the magnification factor to be p, = 6.6.

4.2. Intrinsic Properties

Figure 4 shows the rest-frame FIR-to-millimeter SED of
MM J1545. In addition to photometry from the literature
(Y. Tamura et al. 2015), archival ALMA Band 3 and 7 data are
used. The aperture sizes we used for ALMA photometry are
375 (Band 3) and 2”0 (Bands 6 and 7). The modified
blackbody fits yield the dust temperature T, = 30.77]Z K
the emissivity index [uu = 1.957913, and the apparent IR
luminosity of logLir/Ls = 13.55 + 0.32 if we take into
account the heating from the cosmic microwave background
(Tems = 129K at z = 3.753) following the expression by
E. da Cunha et al. (2013). The emissivity index is higher than
that previously obtained (Bqus; = 1.4; Y. Tamura et al. 2015)
because the new ALMA 3 mm photometry makes the
Rayleigh—Jeans slope steeper. Although the origin of the flux
excess at 7mm is unknown, there could be an additional
component such as a lower Ty, component, which can be
confirmed by ALMA Band 1 observations.

If we take the magnification factor of p, = 6.6, the delensed
IR luminosity (log Lir/Ls = 12.73 £ 0.32) and corresponding

SFR (SFR = 80478/ M yr~! using the R. C. Kennicutt &
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Figure 4. Top: the FIR-to-millimeter SED of MM J1545 (the red curve). The
light-red band associated with the best-fitting SED represents the 68%
confidence interval. Bottom: the posterior distribution function (pdf) of the
parameters in the SED fits. The contours in the two-dimensional pdf are drawn
at 1o, 1.50, and 20. The vertical dashed lines in the marginalized one-
dimensional pdf are shown at 16th, 50th, and 84th percentiles. The flux
densities and the dust mass are not corrected for lensing magnification. See
Section 4.2 for details.

N. J. Evans 2012 conversion with the P. Kroupa et al. 1993
initial mass function) are similar to those of unlensed SMGs,
which are in the bright end (Sgs0,m ~ 10 mJy) of their number
counts (e.g., J. E. Geach et al. 2017; B. Hatsukade et al. 2018;
J. M. Simpson et al. 2020; S. Fujimoto et al. 2024).
Remarkably, the dust temperature found in MM J1545 is
relatively low among the SMGs with a similar unlensed Lig
(e.g., C. Reuter et al. 2020), indicating a massive dust mass. If
we approximate the dust mass absorption coefficient (x,) as
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Figure 5. The dust mass, molecular gas mass, and dust-to-gas mass ratio (DGR)
of MM J1545 (red filled square) in comparison with lensed (J. E. Birkin
et al. 2021, denoted as Bir21) and unlensed (C. Yang et al. 2017; K. C. Harrington
et al. 2021; M. Hagimoto et al. 2023, denoted as Yanl7, Har21, and Hag23,
respectively) submillimeter-bright galaxies as a function of redshift. The masses
are corrected for lensing. We assume aco = 4.0M, (K km s=! pc?)’!
and the same CO excitation ladder as K. C. Harrington et al. (2021) for a fair

comparison. The red open square indicates the dust mass and DGR of MM J1545
with an assumption of a possible lower dust emissivity (1, = 0.11 cm® g~'; see

Section 4.2). The dashed, dotted, and dashed—dotted curves represent predicted
redshift evolution of DGRs with stellar masses of log My, /M, = 10, 11, and 12,
respectively (R. Genzel et al. 2015; L. J. Tacconi et al. 2018).

ki (v /v Pas ) with (k,, v,) as (10.41 cm? gfl, 1900 GHz) from
B. T. Draine (2003), the lensed and delensed dust masses are
inferred to be log My, /Mo = 102 £ 0.1 and 94 + 0.1,
respectively. As shown in the top panel of Figure 5, the
intrinsic dust mass of MM J1545 is large even compared with
those of the largest dust reservoirs at z ~ 4, such as lensed
SMGs from the SPT (C. Yang et al. 2017) and Herschel
surveys (M. Hagimoto et al. 2023), as well as unlensed SMGs
(. E. Birkin et al. 2021) from AS2COSMOS (J. M. Simpson
et al. 2020), AS2UDS (S. M. Stach et al. 2019), and ALESS
(J. A. Hodge et al. 2013). This could, however, have a systematic
uncertainty depending on choice of the dust mass absorption
coefficient. The x, value often employed at 850 um (i.e., v, =
353 GHz) ranges from 0.04 cm?g~' (B. T. Draine & H. M. Lee
1984) to 0.3cm? ¢! (J. S. Mathis & G. Whiffen 1989), with an
intermediate value of 0.11cm®g~' (R. H. Hildebrand 1983),
which gives k, ~ 1-8cm®g~' with an intermediate value of
~3cem®g ! at v, = 1900 GHz if assuming By = 1.95. In this
case, the dust mass may be reduced by ~ 0.5 dex, yielding an
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intrinsic dust mass of log My,s/ M, = 8.9 £ 0.5, where the error
includes the systematic uncertainty arising from the choice of k.

In addition, the intrinsic molecular mass is estimated to be
large. The apparent molecular masses estimated from CO (2-1)
and (4-3) are Mo ~ 1.9 x 102 M and 1.5 x 10" M_, if we
assume CO (2-1)-to-CO (1-0) and CO (4-3)-to-CO (1-0)
brightness temperature ratios found in Planck-selected SMGs
(Ry; = 0.88 £ 0.07 and R4y = 0.52 £ 0.14, respectively;
K. C. Harrington et al. 2021) and a CO (1-0)-to-M,
conversion factor aco =4.0 M, (K km s=' pc?)’!
(L. Dunne et al. 2022; see Table 1). This indicates an intrinsic
molecular mass of logM,,/Ms ~ 11.5, although it could
decrease by ~(0.5 dex depending on the choice of acq. This is
comparable to the molecular masses found in the SMG
population at z ~ 4, as shown in the middle panel of
Figure 5.

Along with the intrinsic SFR, the molecular gas depletion
timescale is estimated to be ~0.4 Gyr. This appears to be
greater than those found in the SPT sources at z ~ 4 (C. Reuter
et al. 2020) whereas it is more similar to those in coeval (z ~ 4)
main-sequence galaxies (A. Saintonge et al. 2013). This trend
is consistent with that found in the Schmidt—Kennicutt relation
of dusty star-forming galaxies (M. Hagimoto et al. 2023),
where 71 Herschel-selected bright SMGs were compared with
the SPT and main-sequence galaxies. This implies that star
formation in MM J1545 is not very bursty, which is consistent
with the fact that the dust temperature is relatively low.

The intrinsic dust and molecular masses (log My,st/ M, =~ 9.4
and log My,01/ Mg, =~ 11.5) give the inferred dust-to-gas mass ratio
(DGR) of DGR = 0.0083. This value is even higher than that of
the Milky Way and is among the highest end of the DGR
distribution found in bright SPT and Herschel sources (C. Yang
et al. 2017; M. Hagimoto et al. 2023; see also C. Péroux &
J. C. Howk 2020), as shown in the bottom panel of Figure 5. The
inferred sum of gas and solid-phase metallicity would be at least
12 4+ log (O/H) = 8.5 or Z 2 0.6 Z, following the relation of
C. Péroux & J. C. Howk (2020) and is likely to be
12 + log(O/H) 2 8.9 or Z = 1Z, if the dust-to-metal mass
ratio is as high as <0.4 (C. Péroux & J. C. Howk 2020). The high
DGR or metallicity at z ~ 4 is indicative of the presence of an
underlying massive stellar component of MM J1545, which is not
seen in the current optical and NIR images. The curves in the
bottom panel of Figure 5 show the DGRs expected for the stellar
components with a stellar mass of log My,.,/M, = 10, 11, and
12. This suggests that MM J1545 should have a stellar component
with at least ZIO10 M_, and perhaps ~10"' M. We note that the
DGR may be smaller by ~0.5 dex if the smaller value is allowed
for dust mass as we saw before. If we take log My,s/ M =~ 8.9,
then the DGR is estimated to be DGR =~ 0.0027, which is
comparable to the typical values found in lensed and unlensed
SMGs or DSFGs at z ~ 4 but still indicates the highly enriched
interstellar medium (ISM) compared to coeval galaxies in general.

5. Conclusions

We report detections of two emission lines at 48.5 and
97.0GHz in an S;;mm = 44mlJy SMG, MM J154506.4
—344318 (MM J1545), using ATCA and the Nobeyama 45 m
telescope. We also find the blueshifted part of an emission line
at ~218.3 GHz using archival ALMA data. Together with the
photometric redshift estimates and the ratio between the line
and IR luminosities, we conclude that they are most likely to be
the (2-1), (4-3), and (9-8) rotational transitions of '“CO at



THE ASTROPHYSICAL JOURNAL, 981:51 (9pp), 2025 March 1

redshift z = 3.753 4+ 0.001. The ALMA continuum imaging
confirms MM J1545 to be a gravitationally lensed SMG with a
magnification factor of i, ~ 7, suggesting the presence of an
intrinsically massive, chemically enriched reservoir of cool
ISM at z = 3.75, or 1.6 Gyr after the Big Bang.

If assuming a nominal magnification of u, = 6.6 for
MM J1545, the intrinsic dust and molecular masses are still high
even after correcting for magnification (log Mgy /M ~ 9.4 and
log M1/ M, = 11.5), which is indicative of a high DGR
(~0.0083). Such a starburst galaxy with a chemically enriched
reservoir of cool ISM at z ~ 4 is rare even compared with existing
samples and will provide a unique opportunity to investigate
spatially resolved properties of ISM and star formation in the early
Universe. This work, however, only adds one additional source to
existing samples and thus does not provide stringent constraints
on the general properties of the extremely bright population of
dusty star-forming galaxies owing to a small sample size.
Expanding the extremely bright samples at z = 4 will address
the earlier chemical enrichment more thoroughly. Future (sub)
millimeter facilities for wide-field imaging (e.g., TolTEC;
G. W. Wilson et al. 2020) and wideband spectroscopy (e.g.,
DESHIMA 2.0, FINER; M. Rybak et al. 2022; A. Taniguchi et al.
2022; Y. Tamura et al. 2024) will allow us to investigate this
further. In addition, stellar and nebular properties in the rest-frame
optical are also necessary for comprehensive understanding.
Higher-resolution ALMA and James Webb Space Telescope
imaging will play an important role in fully characterizing the
physical properties of MM J1545.
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