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ABSTRACT

We present new CO (J = 5—4 and 7-6) and [C1] CP,—3P, and *P,;—3P,) emission line observations of the star-forming galaxy
D49 at the massive end of the main sequence at z = 3. We incorporate previous CO (J = 3-2) and optical-to-millimetre continuum
observations to fit its spectral energy distribution. Our results hint at high-J CO luminosities exceeding the expected location on
the empirical correlations with the infrared luminosity. [CI] emission fully consistent with the literature trends is found. We do not
retrieve any signatures of a bright active galactic nucleus that could boost the J = 5—4, 7—6 lines in either the infrared or X-ray bands,
but warm photon-dominated regions, shocks, or turbulence could in principle do so. We suggest that mechanical heating could be a
favourable mechanism able to enhance the gas emission at fixed infrared luminosity in D49 and other main-sequence star-forming
galaxies at high redshift, but further investigation is necessary to confirm this explanation. We derive molecular gas masses from dust,
CO, and [C1] that all agree within the uncertainties. Given its high star formation rate ~500 M, yr~! and stellar mass >10'"> M, the
short depletion timescale of <0.3 Gyr might indicate that D49 is experiencing its last growth spurt and will soon transit to quiescence.

Key words. galaxies: high-redshift — galaxies: evolution — galaxies: individual: D49 — galaxies: ISM —

galaxies: star formation — submillimeter: ISM

1. Introduction

Star formation plays an essential role in the evolution of galax-
ies. It is the driver of their stellar mass (M, ) growth; it leads to
the chemical enrichment of the interstellar and circumgalactic
media (ISM, CGM) via supernova explosions and stellar wind
ejections; and its cessation determines the death of galaxies and
their final transition to quiescence. It is now well established that
the ensemble of galaxies in the Universe forms stars at a pace
that, in terms of cosmic star formation rate (SFR) density, peaks
around z ~ 2-3, the period of maximum activity dubbed ‘cos-
mic noon’ (Madau & Dickinson 2014). Interestingly, most star-
forming galaxies seem to follow tight correlations between M,
and SFR, which is known as the main sequence of star forma-
tion (Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007),
and between the surface densities of gas mass (Z5) and SFR
(ZsFr), the Schmidt—Kennicutt relation (Kennicutt 1998b). Only
a small percentage of galaxies undergoing intense star formation
activity (dubbed “starbursts”) seem to fall out of the correlations
(Daddi et al. 2010; Genzel et al. 2010; Rodighiero et al. 2011,
2014; Tacconi et al. 2020). Accurate estimates of the amount and
properties of the molecular hydrogen reservoirs (Hy), the pri-

mary fuel for the formation of new stars, therefore become the
key to understanding how galaxies evolve across cosmic time.
The lack of dipole moment and the warm temperatures
(~500 K) necessary to excite the first rotational transition make
H, difficult to be directly detected in galaxies. Thus, alterna-
tive proxies are used to trace the bulk of their cold molecu-
lar gas and measure its mass (My,s). Carbon monoxide (CO),
the second most abundant molecule after H,, is a traditional
choice. However, its first rotational transition CO(J = 1-0)
(Vrest = 115.27 GHz; hereafter CO (1-0) ) is difficult to observe
for galaxies at the peak of star formation activity at cos-
mic noon (z ~ 2-3). Moreover, the conversion from the
CO luminosity to Mg, depends on the physical conditions of
local ISM (Carilli & Walter 2013). Optically thin dust emis-
sion has emerged as a reliable and observationally inexpen-
sive alternative. The My, can be estimated by multiplying dust
masses (Mgyy) from the modelling of the far-infrared spectral
energy distribution (SED) by a metallicity-dependent gas-to-dust
ratio (Magdis et al. 2011, 2012; Berta et al. 2016). In alterna-
tive, My, can be derived directly from single sub-millimetre
band observations calibrated against CO (Scoville et al. 2014,
2016; Liuetal. 2019a,b; Kaasinen et al. 2019). In the past,
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the [C1]CP,—3Py) and [CI]CP,—3P)) transitions of neutral
atomic carbon (viesr = 492.16 GHz and 809.34 GHz, respec-
tively; hereafter [CI] (1-0) and [CI] (2—1)) were brought for-
ward to serve as potentially robust tracers of M,, and were
even better than the traditional CO under certain circum-
stances (e.g. Papadopoulos & Greve 2004; Papadopoulos et al.
2004; Madden et al. 2020; Dunne et al. 2022). Being opti-
cally thin even in the most extreme star-forming environ-
ment (Harrington et al. 2021), [CI] line fluxes can be con-
verted t0 Mg, with an assumption of the gas excitation
and an abundance (Papadopoulos etal. 2004). Furthermore,
the combination of several CO and [CI] transitions can con-
strain the properties and plausible gas heating mechanisms
in galaxies (e.g. Bothwell et al. 2017; Harrington et al. 2021;
Liu et al. 2021; Papadopoulos et al. 2022). However, due to
their intrinsic brightness, observations and modelling of typ-
ical galaxies on the main sequence of star formation at cos-
mic noon have been explored to a much lesser extent com-
pared to their starbursting counterparts (Valentino et al. 2020;
Brisbin et al. 2019; Bourne et al. 2019; Boogaard et al. 2020;
Henriquez-Brocal et al. 2022).

Here we present a comprehensive study of the massive
star-forming galaxy D49 located at the high-mass end of the
main sequence at z = 2.84 (Magdis et al. 2017). This object is
spectroscopically confirmed via Lyman-a (Steidel et al. 2003;
Shapley et al. 2003) and CO (3-2) (Magdis et al. 2017). More-
over, its SED is finely sampled from the optical to the millimetre
regime. This makes D49 a perfect test-bed for the calibration
of different gas tracers and the exploration of the molecular gas
properties on the main sequence, possibly during the last epoch
of assembly before quenching.

In this Letter we present new measurements of the CO (5—4),
CO (7-6), [CI](2—1), and [CI] (1-0) emission lines and their
underlying dust continuum using the NOrthern Extended Mil-
limetre Array (NOEMA). When estimating gas masses, we
assume Mg,s ~ My, to be consistent with the Magdis et al.
(2017) values. We adopt throughout Q,, = 0.3, Qy = 0.7,
Hy =71kms~! Mpc~!, and a Chabrier (2003) IMF.

2. Observations

D49 is a massive and infrared-bright galaxy, originally identi-
fied from the optically selected (U, G, R) sample of Lyman-
break galaxies (LBGs) in the Extended Groth Strip field (EGS)
at z ~ 3 in Steidel et al. (2003). We observed D49 with NOEMA
(W18DT, PIL: I. Cortzen). The antennas were pointed at (RA,
Dec) = (14h:17m:295.234, 52°:347:34” .450). The galaxy red-
shift z = 2.846 is known from previous detections of the
CO(3-2) line (Magdis et al. 2017) and from optical spectroscopy
described in Steidel et al. (2003). Therefore, the expected fre-
quencies of CO (7-6), + [CI] (2—1), and CO (5-4), + [CI] (1-0)
are 209.74+210.43 GHz and 149.84 GHz+127.97 GHz, respec-
tively, falling in Bands 3 and 2. We observed D49 in each band
for 2.5h in D configuration on March 28 and April 13, 2019.
The data were calibrated by the standard pipeline contained
in the GILDAS package'. In the images cleaned with default
recipes with MAPPING (Hogbom 1974), the final beam sizes are
1.93” x 1.48” (PA = 62°) and 3.19” x 2.50” (PA = 63°) at
Band3/1.3 mm and Band 2/2 mm, respectively. The spectra were
extracted with circular Gaussian profiles centred at the location
of the CO (3—2) emission and with a fixed full width at half max-
imum (FWHM) of 0.6” (= 4.8 kpc at z = 2.84) to be consistent

I https://www.iram.fr/IRAMFR/GILDAS
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Table 1. Best-fit results of CO and [CI] lines of D49, obtained by fixing
the redshift and FWHM for CO (5—4), CO (7-6), and [CI] (2—1).

S Av FWHM log L’
Uykms™] [kms™'] [Kkms™' pc?]
CO(3-2) 1.10+0.18 501+35 10.62+0.07
CO(5-4) 223+0.16 590+25 10.50 +0.03
CO(7-6) 2.43+0.15 590+25 10.24 +0.03
[CII(2-1) 0.98+0.12 590+25  9.84 +0.05
[CT](1-0) <0.44 590 <9.93

Notes. The upper limit on [CI] (1-0) is computed within +30,, with
the best-fit redshift 2C0(5-4) = 2CO(7-6) = Z[Crje-1) = 2.847. CO(3-2) is
from Magdis et al. (2017).

with the results in Magdis et al. (2017). The extraction was per-
formed in the u—v space with the task UV_FIT. The continuum
emission was extracted in a similar way after averaging the line-
free spectral windows. Given the spatial resolution, we did not
resolve the source. This is further confirmed by the consistent
continuum flux densities extracted by fitting the emission with
a circular Gaussian, a point source profile, and by reading the
brightest pixel in the cleaned image.

3. Results
3.1. CO and [CI] emission lines

In the extracted spectra shown in Fig. 1, we fit Gaussian profiles
for lines and a power-law dust continuum to the observed data.
We fixed the redshift and line widths of the three clearly detected
lines (CO (5—-4) at 140, CO (7-6) at 160, and [CI] (2—1) at 80),
assuming that the molecules and atoms producing them belong
to the same regions of the unresolved galaxy. The best-fit results
are listed in Table 1. The best-fit redshift and line FWHM are
(2.8469 + 0.0001) and (590 + 25)kms~!, which are similar to
those in Magdis et al. (2017). We then derived L’ line luminosi-
ties as in Solomon & Vanden Bout (2005):
L. [Kkms™ pc?] = 3.25 x 10"S e Avv i DI(1 + ). (1)
Here SjineAv is the integrated line flux in Jykms™!, Dy is the
luminosity distance in Mpc, and vqs is the observed frequency
of the emission line in GHz. We also fit the spectra without fixing
line width and redshift and the results are fully consistent within
the uncertainties.

We did not detect any significant [CI] (1-0) emission line
(Fig. 1). We thus set an upper limit following Eq. (7) in
Bothwell et al. (2013),

S[CI](I—O)AU <3x I'MSchannel X V60’Udl), (2)

where rmScpannel 1S the root mean square per channel estimated
locally around the expected location of the line, o, is the line
width that we impose to be identical to that of all the other lines
(FWHM = 2.355 X 0,), and dv is the channel velocity width.
We computed a conservative upper limit within +30, (Fig. 1),

corresponding to the V6 factor in Eq. (2).

3.2. Spectral energy distribution modelling

We modelled the full SED of D49 with the novel algorithm
Stardust? (Kokorev et al.2021). Stardust can simultaneously,

2 https://github.com/VasilyKokorev/stardust
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Fig. 1. Spectra of (a) CO(7-6) + [CI](2-1), (b) CO(5-4), and (c)
[CI] (1-0) emission of D49. The binned step width is ~90kms™! in
panels (a) and (c) and ~40km s~ in panel (b). The red curves indicate
the fitted Gaussian profiles combined with a power-law dust continuum,
the latter shown by a dashed line. The blue and green shaded areas in
panel (c) indicate the 10, and +30, velocity width used to set the upper
limit on [CI] (1-0).
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Fig. 2. Spectral energy distribution of D49. The red open squares and
downward arrow indicate the fitted photometry and upper limits. The
black line shows the Stardust best-fit SED, while the contribution
from stars and dust are respectively shown as a blue and red filled
region. The grey region presents the predicted contribution from radio
continuum, based on the radio-FIR model described in Delvecchio et al.
(2021).

but independently fit linear combinations of stellar active
galactic nuclei (AGN), and dust templates without explic-
itly imposing an energy balance between the absorbed UV-
optical radiation and the IR emission. The latter is often
assumed in SED modelling (e.g., CIGALE, Burgarella et al. 2005;
Noll et al. 2009; Boquien et al. 2019; MAGPHYS da Cunha et al.
2008; Battisti etal. 2019). This approach assumes that the

Table 2. Stardust fitting result.

logLir[Lo] 12.75 + 0.02
SFR[M yr'] 566 + 24
logMdust[Mo] 9.27 +£0.03
logMg,s[Mo] 11.19 £ 0.03
logM,[Mo] 11.61 +0.16
Gas-to-dust ratio 83

stellar and dust emissions are spatially coincident, meaning
that the UV absorption and the subsequent re-emission at IR
wavelengths occur in the same environment (da Cunha et al.
2008). However, resolved observations of distant galaxies at
z ~ 2 have revealed offsets between the dust and stellar spa-
tial distributions, challenging the energy balance assumption
(Chen et al. 2017; Calistro Rivera et al. 2018; Cochrane et al.
2021). We thus relinquish this assumption in our models.
For each component, we used the standard libraries released
with Stardust: stellar population synthesis models in com-
mon with eazy from Brammer et al. (2008), AGN templates
in Mullaney et al. (2011), and dust emission from Draine & Li
(2007) and Draine et al. (2014). The modelled photometric data,
including the new dust continuum emission measurements pre-
sented in this work, are listed in Table A.1 and the best-fit SED
is shown in Fig. 2. We list the best-fit properties returned by
Stardust in Table 2. Even including the AGN templates, the
best fit does not favour a meaningful solution with a strong
AGN. Its possible contribution to the total IR budget is fagn =
LIR,AGN/LIR,total = 0.01 £ 0.33, with S/N <« 3 on LIR,AGN)~
In other words, the emission can be fully accounted for with
stellar and dust templates. We find that the infrared luminos-
ity Lir(8—1000wm) and dust mass Mg,y are consistent with
those in Magdis et al. (2017), while Stardust returns 0.3 dex
larger M,. We convert Lig into SFR as L [Log] = 10'0 x
SFR [My yr~'] (Kennicutt 1998a for a Chabrier 2003 IMF).
Assuming that D49 follows the fundamental metallicity relation
(FMR, Mannucci et al. 2010), we derive a gas-to-dust ratio of
0gpr(12 + log(O/H) = 8.71 ~ Z3) =~ 83 following Magdis et al.
(2017).

4. Discussion

4.1. CO and [CI] emission compared with that of other
galaxies

In Fig. 3, we show the location of D49 in the Lir—(Ly, ./Lir)
planes. As a comparison, we plot the local and high-redshift
samples in Valentino et al. (2020, 2021) and galaxies from the
ALMA Spectroscopic Survey in the Hubble Ultra Deep Field
(ASPECS, Boogaard et al. 2020). We recomputed the best-fit
linear correlations between line luminosities and Lig in the loga-
rithmic space using 1inmix? (Kelly 2007). The best-fit parame-
ters and intrinsic scatters (o~ < 0.3 dex) are reported in Fig. 3 and
are consistent with previous works (Greve et al. 2014; Liu et al.
2015; Daddi et al. 2015; Yang et al. 2017; Valentino et al. 2020).
D49 displays some of the highest L¢q 5 4 and L,CO(7—6)/LIR
ratios in our literature compilation, falling in the 93rd and 96th
percentiles of the distributions. The measured L’CO(S_ 4)/LIR and
LE?O(7—6)/L1R ratios are 1.9% (1.30) and 3.3x (2.40°) higher than
the medians of the ensemble of local and distant galaxies. These

3 https://github.com/jmeyers314/linmix
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i o/Lir [Kkms™ pc? L3 ratios as a function of Lir. Clockwise, from top left: CO (5-4), CO (7-6), [CTII*P;—>Py), and [CIICP, — *Py).
D49 is shown as a red star, BX610 as a turquoise diamond, NGC 6240 as a purple square, and MD94 as a green triangle. The blue and orange
points are respectively from the local and high-redshift galaxy samples in Valentino et al. (2020), green points are the samples from Boogaard et al.
(2020), and pink points are from Valentino et al. (2021). BX610 and MD94 are not shown in the CO (5—4)-IR plane (top left) due to lack of
CO (5-4) observations. The black dashed and grey lines indicate the best fit in the log(Lir)—log(Ly;, ) space and random sampling of the posterior
distribution. Two galaxies in Valentino et al. (2021) are found to have high Lt ,/Lr ratios (pink down-pointing triangles in the upper left
panel), both of which are also found to have strong AGN signatures (fagn ~ Oé)). Three galaxies in Boogaard et al. (2020) are found to have

high Lt ;

/Lir ratios (green down-pointing triangles in the upper right panel, one of which is obscured by purple square). AGN signatures are

detected in two of them (fagn ~ 0.08), while the other one, with the highest L,coms)/LIR ratio, is labelled as a non-AGN.

differences further increase when comparing D49 with IR and
sub-millimetre selected high-redshift galaxies only (2.1x and
3.7x times higher at 1.70- and 2.00" for J,, = 5 and 7, respec-
tively). The significance is slightly reduced owing to the smaller
number statistics increasing the scatter. Interestingly, the ratios
are more consistent with those from the blind ASPECS survey
(Boogaard et al. 2020). However, we note that 25% (62.5%) of
the ASPECS sources with CO (5—-4) (CO (7-6)) detections in
Fig. 3 are X-ray detected sources and candidate AGN — which
might boost the molecular gas excitation. Our target is also
consistent with the literature sample and general trends in the
Lir—([C i]/Lir) luminosity planes.

4.2. Potential gas heating mechanisms

In the literature samples mentioned above, we highlighted
Q2343-BX610 and Q1700-MD94 (hereafter BX610 and MD94),
two massive star-forming main-sequence galaxies at z ~
2 (Brisbin et al. 2019; Henriquez-Brocal et al. 2022). These

L13, page 4 of 8

two galaxies have similar line and continuum coverage to
D49, despite being at slightly lower redshifts. We also note
NGC 6240, a widely studied local galaxy (e.g., Komossa et al.
2003; Rieke et al. 1985; Vignati et al. 1999). The reason is
clear from Fig. 3: all these galaxies occupy similar loci
in the L /Lr vs. L relations. For D49, we estimate
10g(L{7_¢)/Lir Kkm s pc? Lyl = (=2.50 + 0.04), while this
value is ~—2.32 for NGC 6240 (Meijerink et al. 2013), and
~=2.69 for BX610 (Brisbin et al. 2019). For MD94, we derive
its Lig [Le] from the SFR = 271 M, yr’1 (Tacconi et al. 2013)
with the same conversion adopted above. Also in this case we

find log(Li7_g)/Lir Kkm s™' pc? Lg!) = —2.50 consistent with

that of D49. All these galaxies exhibit a CO (7—-6) emission
brighter than what is expected from their Lir. Inverting the argu-
ment, following Eq. (1) in Luetal. (2015), the SFR of D49
derived by Lco-6) [Lo] would be ~3500 Mg yr~!, which is
~6X larger than what we derive from the SED fitting (SFR ~
600 M yr!). Figure 4 presents the CO spectral line energy dis-
tributions of these four galaxies, normalised by Lé:o<3-2)‘ Despite
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the undersampling at low-J for D49, its spectral line energy
distribution (SLED) shows a similar trend to those of NGC 6240
and BX610 at J > 3, while looking more excited than MD94.

Brisbin et al. (2019) showed how a single photon-dominated
region (PDR) model is not sufficient to explain the line ratios in
BX610. At least one additional warm PDR component should
be introduced, considering this heating source only. However,
since the CO emission is brighter than expected from L,
and thus from SFR-driven heating mechanisms, one would
either conclude that either CO (7-6) is not a good SFR tracer
(Brisbin et al. 2019) or that other possibilities not affecting Lig
should be considered.

Brisbin et al. (2019) proposed slow shocks as alternative
contributors to the CO excitation in BX610. These were brought
forward also in the case of NGC 6240 (Meijerink et al. 2013;
Lu et al. 2014). However, while shocks in NGC 6240 are driven
by the collision of two galaxies, their origin in BX610 and other
high-redshift galaxies on and above the main sequence remains
unknown. Turbulence could also contribute to the heating of the
ISM in strongly star-forming galaxies (Harrington et al. 2021).
High-redshift galaxies are more gas rich than local objects and
the ISM densities and temperatures increase at leastuptoz ~ 1.5
(Liu et al. 2021), which naturally leads to more turbulent ISM
and shocks originating from higher Mach numbers.

X-ray dominated regions (XDRs, Wolfire et al. 2022) could
also contribute to the enhancement of high-J CO transitions.
This might be the case for MD94, for which Erb et al. (2006)
determined the existence of an AGN from spectra. In addi-
tion, signatures of low-luminosity AGN have been found in
NGC 6240 and BX610 (Rosenberg et al. 2015; Bolatto et al.
2015). Interestingly, the CO excitation in MD94 does not seem
as high as for the remaining three galaxies, at least up to
CO (7-6) (Fig. 4). The absence of X-ray emission (Magdis et al.
2017) and strong mid-IR excess in our target D49 makes the
AGN solution less favourable.

At this stage, the relatively small number of transitions
observed for D49 and other high-redshift objects does not allow us
to strongly constrain the contribution of different heating mech-
anisms. For reference only, large velocity gradient (LVG) mod-
elling with a minimal set of free parameters (gas densities ny,
kinetic temperatures Tii,, and [CI]/CO ratios; Liu et al. 2021)
returns log(ny/cm™3) = 3.7 + 0.2, but not meaningful con-
straints on the remaining variables. It is even less likely that a
complex model with more parameters can be constrained by the
current data. A simple PDR model (pdrtpy, Pound & Wolfire
2023) would favour ~1dex higher densities, inconsistent with
the LVG result, and would suffer from a series of limitations
that are well documented in the literature (Papadopoulos & Greve
2004; Papadopoulos et al. 2022; Harrington et al. 2021; Liu et al.
2021). Slow C-shocks in high-density environments (v ~
10kms~!, ny ~ 10* cm™?) would be able to reproduce some of the
CO line ratios observed in D49 (L’CO(7_6) <L and L,

CO(5-4) 0(3-2)°
Table A1l in Flower & Foréts 2010).

4.3. Benchmarking gas tracers in a main-sequence galaxy

D49 offers the opportunity to estimate My, from several differ-
ent tracers and cross-check their calibrations. We summarise the
results of our multi-variate approach in Table A.2.

First, we re-derived Mg,, from CO (3-2) applying an exci-
tation correction factor of r3; = 0.5 + 0.15 and a CO conver-
sion factor of aco = 3.5 consistent with Magdis et al. (2017).
We then turned to dust-based estimates and derived Mg, from
the full SED modelling with Stardust or single-band extrap-

]
100 1 1—, e
N
|
<M
~
> !
:'J/ ) —4— D49
w1077 —— NGC 6240
BX610
—4— MDY4
2 4 6 8 10 12
UpperJ
Fig. 4. CO spectral line energy distributions of D49, compared to
BX610, NGC 6240, and MD94, normalised by their own L,coo-z) (see

inset for colour-coding).

olations from the Rayleigh-Jeans tail (Scoville et al. 2016). We
allowed for metallicity-dependent gas-to-dust ratios dgpr(Z) at
fixed solar metallicity or for implementing the FMR (Sect. 3.2).
Finally, we took advantage of the availability of both [C1] tran-
sitions. As local thermodynamic equilibrium (LTE) is not neces-
sarily fulfilled in galaxies (Papadopoulos et al. 2022), we derived
hydrogen mass under non-LTE assumption as

_ [ XICT ! A\
_ 2 1
My, = 1375.8D%(1 + 2) (10_5) (10_78_1)
X015 [c1y1-0)/Av, 3

where Ajp = 107710571 is the Einstein A coefficient
(Papadopoulos & Greve 2004; Bothwell et al. 2017). We adopt
the neutral carbon abundance for main-sequence galaxies at z ~
1.2 in Valentino et al. (2018) log X[CI] = (—4.7+0.1). According
to our measurements, we find a [CI] (2—1)/[CI] (1-0) line ratio
of R=S [CI](Z—l)AU/S [CI](l—O)AU > 2.25, where S Av are the veloc-
ity integrated fluxes in Jykms~'. We then derived the kinetic
temperature of [CI] as Tk, = aTqust adopting @ = 1.2 for main-
sequence galaxies (Papadopoulos et al. 2022) and dust temper-
ature Tguy = 41K (Magdis et al. 2017). Thus, Ty, ~ 49K.
For a typical gas density of n ~ 10*cm™, we expect excita-
tion corrections Q9 ~ 0.45 and Q,; =~ 0.3 (Figs. 4 and 5 in
Papadopoulos et al. 2022). We note that the helium contribution
is not included in Eq. (3). We thus include an additional factor
of 1.36 to account for the latter, thus resulting in a final esti-
mate of log(Mg.s/Mo) < 11.22 from [CI] (1-0). By replacing
all the [CI](1-0)-related terms with those for [CI] (2—-1), we
obtain a consistent Mg, upper limit, set by the uncertainty on
[CI] (1-0). As a cross-check, we applied the recent calibration
by Dunne et al. (2022). The authors found that [CI] (1-0) is the
preferred tracer for galaxies with log(Lir/Ls) > 11 with the
mean conversion factor aic; = (17.0 + 0.3 M) [Kkm s~ pc?]~!,
based on a sample of 407 metal-rich galaxies ranging from

local to z ~ 6. Given our upper limit on Licy, ;. We derive

Mgas = acilicy_g) < 10116 A1, consistent with our estimates.
As noted in Dunne et al. (2022), caution should be exerted when
deriving My, from [CI] (2—-1) given the uncertain excitation con-
ditions.

All the M, estimates for D49 are consistent within the
uncertainties and a factor of three or less, the highest being
that from CO (3-2). However, given the high CO excitation, a
higher r3; value for D49 could be expected. Among the examples

L13, page 5 of 8



Lei, H., et al.: A&A 673, L13 (2023)

detailed in the previous section, r3; = 1.1 = 0.2 is found for
NGC 6240, 0.9 + 0.2 for BX610, and 1.2 + 0.2 for MD94. By
adopting the average of these values (r3;) = 1.1 £ 0.1 (consis-
tent with thermalisation up to J = 3), we find log(Mg.s/Mo) =
11.14+0.08, more in line with the rest of the values in Table A.2.

4.4. Massive galaxy at the last stage of its evolution

Even considering a conservative upper limit of Mgy, <
10"-22 M, we estimate a gas depletion timescale of Tgep =
Mg,s/SFR < 0.29 Gyr. For reference, for their main-sequence
sample at z = 3.2, Schinnerer et al. (2016) found an average
Tdep = O.68f8:8§ Gyr. The high SFE of D49 is typical of star-
burst galaxies, but its location is on the main sequence (the dis-
tance from the parametrisation of Sargent et al. 2014 is AMS =
SFR/SFRys = 0.9). Therefore, if the gas reservoirs are not
replenished, D49 will exhaust its gas mass in a relatively short
time, and will possibly transit to quiescence. This would be con-
sistent with the fact that D49 is a very massive object in the
bending part of the main sequence (Schreiber et al. 2015). We
might thus be witnessing the ending growth spurt of this mas-
sive galaxy.

5. Conclusions

We presented robust (2100) NOEMA measurements of
CO (5-4), CO(7-6), [CI] (2—-1), and a conservative upper limit
on the [CI](1-0) emission from the massive main-sequence
galaxy D49 at z = 2.846. These add to previously available
CO (3—2) measurements from the literature. Armed with these
five lines and exquisite optical to millimetre photometry, we find
the following:

1. We measure a higher CO (7-6)-to-IR ratio than the aver-
age at low and high redshifts. With such a ratio, the SFR
predicted by CO (7-6) according to empirical Lir—Lco(7-6)
relations would be approximately six times larger than that
derived from its infrared luminosity. Either CO (7-6) is not
a good tracer of SFR in D49 or mechanisms enhancing
the high-J CO emission, but not affecting Lig, should be
considered.

2. By comparing D49 with selected IR-bright galaxies in the
local universe (NGC 6240) or objects on the main sequence
at z ~ 2 (BX610, MD94) displaying similar line ratios and
CO (7—-6) enhancements, we consider shocks or mechanical
heating in general as a possible cause of the excess CO (7—-6)
emission. The physical drivers of mechanical heating are
unknown for D49, but, as noted in the past, the high gas
densities and temperatures are conditions naturally favouring
turbulence, of which high CO excitation could be a reflec-
tion.

3. We benchmark gas mass estimates from CO, [C1], and dust
under several assumptions in D49, finding them overall con-
sistent within a factor of <3x.

4. Given its high SFR ~ 600 Mg yr~!, the ensuing gas deple-
tion time of D49 is <0.3 Gyr, indicating that it might pos-
sibly transition to quiescence shortly if no replenishment is
ensured.

Future observations mapping more CO lines would help us
to determine the SLED at much higher accuracy, also anchor-
ing to low-J transitions. Direct observations of H, lines (as a
shock tracer) in the mid-IR with JWST would allow us to con-
strain the conversion factor and understand what contributes to
the mechanical heating in D49.
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Appendix A: Data of D49 Table A.2. Hydrogen mass estimations by different methods.
In Tables A.1 and A.2 we list the photometric data we used in
SED fitting and the My, estimates described in Section 4.3. Method Estimated log(Mgas/Mo)
CO(r31) =0.5+0.15, aco = 3.5) 11.48 + 0.23@
Table A.1. Optical to millimetre photometry of D49. d6pZo 11.12 + 0.25@
dp “broken” FMR 11.34 + 0.25@
Band Flux [mJy] R-1J 11.29 + 031((1)
@ . Stardust fitting 11.19 +0.17®
uBand L51+1.01  x10 [CI]pair (non — LTE) <11.22®
gBand(“) 1.24 £ 0.21 X1073 [CI](l _ 0) (a'CI - 170) < 11.16(b)
rBand® 145+0.13  x1073
JBand® 2.15+036  x1073 @Magdis et al. (2017) ®This work
K Band@ 5924071  x1073
Spitzer IRAC 3.6 um®@ 1.41 £ 0.04 x1072
Spitzer IRAC 4.5 yum®@ 1.87 + 0.09 %1072
Spitzer IRAC 5.8 um'@ 223 +0.14 %1072
Spitzer IRAC 8.0 um®@ 2.53+0.14 x1072
Spitzer MIPS 24 ym® 0.09 +0.03

Herschel PACS 100 um®  4.27 +1.22

Herschel PACS 160 um®  12.21 +3.56
Herschel SPIRE 250 um®  15.08 + 1.80
Herschel SPIRE350 um®  18.19 + 1.84
Herschel SPIRE 500 um®  11.83 +2.37

IRAM 1.2 mm® 1.79 + 0.37
NOEMA 1.3 mm®@ 1.57 £ 0.04
NOEMA 2.0 mm®@ 0.30 + 0.03
NOEMA 2.3 mm© 0.21 +0.03

@Rigopoulou et al. (2006) ®Magdis et al. (2017) )This work
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