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ABSTRACT

We have estimated the mass of metals in the molecular gas in 13 dusty star-forming galaxies at z ~ 4 in which the gas, based
on previous observations, lies in a cold rotating disc. We estimated the metal masses using either the submillimetre line or
continuum emission from three tracers of the overall metal content — carbon atoms, carbon monoxide molecules, and dust grains
— using the first simultaneous calibration of all three tracers. We obtain very similar mass estimates from the different tracers,
which are similar to the entire metal content of a present-day massive early-type galaxy. We used the dynamical masses of these
galaxies to estimate an upper limit on the mass of the molecular gas in each galaxy, allowing us to estimate a lower limit on the
metal abundance of the gas, finding values for many of the galaxies well above the solar value. We show that the high metal
masses and metal abundances are what is expected shortly after the formation of a galaxy for a top-heavy IMF. We suggest a
scenario for galaxy evolution in which massive galaxies reach a high metal abundance during their formation phase, which is
then gradually reduced by dry mergers with lower mass galaxies. We show that the metals in the outflows from high-redshift
dusty star-forming galaxies can quantitatively explain the long-standing puzzle that such a large fraction of the metals in galaxy

clusters (~~0.75) is in the intracluster gas rather than in the galaxies themselves.
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1 INTRODUCTION

One of the most distinctive properties of the galaxy population today
is the strong relationship between metal abundance and stellar mass,
with metal abundance increasing with stellar mass and reaching a
value of about twice the solar value at the highest masses (Gallazzi
et al. 2005). Prior to the launch of the JWST, there was evidence that
this relationship already existed for galaxies at z ~ 3 — 5, although
with the metal abundances a factor of ~4 lower than for galaxies
with the same stellar mass in the Universe today (Cullen et al. 2019).
Recent JWST observations have now shown this relationship was
already in place at z ~ 10, with the metal abundances lower by a
factor of 4 — 10 at the same stellar mass from the relationship today
(Fujimoto et al. 2023; Heintz et al. 2023; Langeroodi et al. 2023;
Curti et al. 2024).

Lower metal abundances for galaxies at high redshifts are, of
course, not really surprising because there has been less time than
for metals to have been made in stars and ejected into the ISM.
Nevertheless, there are signs in the Universe today that there must
have been a period of rapid metal production early in the history of
the Universe. The best evidence comes from rich clusters of galaxies,
in which the strong gravitational fields ensure that no metals should
have been lost from the cluster. In nearby rich clusters, roughly
75 percent of the metals are in the intracluster gas rather than in
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the galaxies (Portinari et al. 2004; Loewenstein 2013; Renzini &
Andreon 2014; Mernier & Biffi 2022). Clusters today are dominated
by elliptical and lenticular galaxies — early-type galaxies — in which
the current rate of star formation, and therefore metal production,
is low. The best estimates, based on the spectra of these galaxies,
suggest that most of their stars were formed during the first two
billion years after the big bang during a burst of star formation lasting
only >~ 5 x 10% years (Thomas et al. 2010). It therefore seems likely
that most of the metals that are in the intracluster gas today were
formed during this early period of star formation and then ejected
from the galaxies, although models based on this assumption have so
far failed to reproduce the mass of metals in the intracluster gas by a
factor of between 2 and 10 (Loewenstein 2013; Renzini & Andreon
2014).

The estimated star-formation rates of these galaxies during this
early period of star formation lie in the range 100-1000 My, year~".
Twenty-five years after they were discovered, the galaxies found in
the first submillimetre surveys (Smail, Ivison & Blain 1997; Barger
et al. 1998; Hughes et al. 1998; Eales et al. 1999) are still the
only galaxies in the correct redshift range and with the necessary
star-formation rates to be the ancestors of the massive early-type
galaxies in present-day clusters (Hughes et al. 1998; Lilly et al.
1999). The wide-field submillimetre surveys with the Herschel Space
Observatory and the South Pole Telescope (SPT) have discovered
many examples of these dusty star-forming galaxies (henceforth
DSFGs) with a star-formation rate > 1000 M, year~! (Bakx et al.
2018; Reuter et al. 2020).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

20z AINf €2 U0 159nB Aq 0200, L/S06Z/E/ZES/I0IE/SEIUL/WOY dNO"0IWepED.//:Sdyy WOy papeojumoq


http://orcid.org/0000-0003-3398-0052
http://orcid.org/0000-0002-1318-8343
http://orcid.org/0000-0002-3532-6970
mailto:EalesSA@cardiff.ac.uk
https://creativecommons.org/licenses/by/4.0/

2906  S. Eales et al.

The DSFGs must contain a large mass of dust, which is mostly
composed of metals, and they are therefore an exception to the
metal-poor high-redshift Universe revealed by the early JWST
observations. The dust, however, makes it challenging to use standard
optical techniques to measure their metal abundance, with estimates
of the visual extinction often having extreme values (e.g. Ay > 450
- Harrington et al. (2021)). On top of this problem, there is the addi-
tional problem that many of the brightest DSFGs are gravitationally
lensed, which means there is a bright galaxy sitting in front of the
DSFG, contaminating its optical emission.

In this paper, we have developed an alternative way of estimating
the mass of metals and the metal abundance in these galaxies. A
widely used technique for estimating the mass of the molecular gas
in a galaxy is to use the luminosity of a tracer of the gas to estimate its
mass. Carbon monoxide molecules (Bolatto, Wolfire & Leroy 2013;
Tacconi, Genzel & Sternberg 2020), carbon atoms (Papadopoulos &
Greve 2004), and dust grains (Eales et al. 2012; Scoville et al. 2016,
2017; Tacconi et al. 2020) have all been tried.

Whichever of the tracers is used, the calibration of this method is
ultimately based almost always on observations of the ISM in the
Galaxy, which suggests two obvious objections. The first is that an
implicit assumption of the method is that the conditions in the galaxy
of interest — the density, temperature, and structure of its molecular
gas, the physical and chemical properties of its dust grains — are the
same as in the Galaxy. The second objection, since all the tracers are
made of metals, is that an implicit assumption of the method is that
the metal abundance is the same as in the Galaxy. Given the evolution
seen in the relationship between metal abundance and stellar mass
(see above), this assumption seems particularly dubious if the galaxy
of interest is at high redshift (Scoville et al. 2016, 2017; Tacconi et al.
2020).

The second objection can be avoided if the method, as we do here,
is used to estimate the mass of the metals rather than the mass of
the molecular gas, since it then does not rely on any assumption
about the metal abundance. Dunne et al. (2022) have made the first
attempt to calibrate the tracer method which treats all tracers equally
rather than relying on one as a gold standard to calibrate the others
(Appendix A). We have used these new calibration factors to estimate
the mass of metals in the molecular gas for a sample of DSFGs at
z ~ 4. Although our method avoids the assumption of a universal
metal abundance, it still relies on the assumption that the critical
properties of the ISM on which the emission from the tracers depend
are the same as in the Galactic ISM.

This method is a way of estimating the total mass of metals but
not the metal abundance, which does require knowledge of the mass
of the molecular gas. However, we can estimate an upper limit on the
mass of the gas from an estimate of the dynamical mass of the galaxy.
A large proportion of the extreme DSFGs discovered with Herschel
and the South Pole Telescope are magnified by gravitational lenses,
which has made it possible to investigate the motion of the gas with
resolution as high as 50 pc (Dye et al. 2015). Observations of the
gas kinematics have revealed that the gas in many of these galaxies
is distributed in a cold rotating disc (Hodge et al. 2012; Dye et al.
2015; Neeleman et al. 2020; Rizzo et al. 2020; Fraternali et al. 2021;
Lelli et al. 2021; Rizzo et al. 2021; Dye et al. 2022), which makes it
possible to estimate the mass of the galaxy from the circular velocity
of the gas. By estimating the dynamical mass of each galaxy, we have
estimated an upper limit on the mass of the molecular gas, which has
allowed us to estimate a lower limit on the metal abundance.

The arrangement of the paper is as follows. Section 2 describes
our sample of galaxies. In Section 3 we describe our method for
estimating the mass of metals and the application of this method to
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Table 1. The sample.

Source Redshift Gravitational Reference
magnification

SPTO0113-46 4.233 23.86 +£0.51 1
ALESS073.1 4.76 2
SPT0345-47 4.296 7.95+£0.48 1
SPT0418-47 4.225 32.7+2.66 1
SPT0441-46 4.48 12.73 £0.96 1
DLAO0817g 4.26 3
SDP81 3.042 159+0.7 4
AZTEC/C159 4.57 5,6
J1000+4-0234 4.54 5,6
GN20 4.05 7
ID141 4.24 5.5¢ 8
SPT2132-58 4.768 5.72+0.54 1
SPT2146-55 4.567 6.65+0.41 1

Note: References — 1: Reuter et al. (2020); 2: Lelli et al. (2021); 3: Neeleman
et al. (2020); 4: Dye et al. (2015); 5: Jones et al. (2017); 6: Fraternali et al.
(2021); 7: Hodge et al. (2012); 8: Dye et al. (2022). *Dye et al. (2022) do
not give an error for the gravitational magnification factor, but all the gas
and metal masses in this paper have been calculated from demagnified fluxes
which have errors that incorporate the uncertainties in the lensing model.
Also note that the ISM masses given by Dye et al. (2022) do not include a
correction for the effect of the cosmic microwave background (Section 3.2).

our sample. In Section 4, we use the dynamical masses of the galaxies
to estimate an upper limit on the mass of the molecular gas in each
galaxy and thus a lower limit on the galaxy’s metal abundance. In
this section, we also propose a solution to the well-known paradox
that the estimate of the mass of the molecular gas in a high-redshift
galaxy is often greater than the estimate of its dynamical mass. In
Section 5, we use chemical evolution models to interpret our results.
In Section 6 we discuss our results and we list our conclusions in
Section 7. We used the cosmological parameters given in Planck
Collaboration et al. (2016).

2 THE SAMPLE

We selected a sample of 13 high-redshift galaxies for which there is
evidence from the velocity profile (velocity versus radius) and from
the high value of the ratio of rotational velocity to velocity dispersion
(Section 4.1) that the gas in the galaxy lies in a cold rotating disc
(Table 1).

All the galaxies also have observations that make it possible to
estimate the mass of metals in the molecular gas, having at least
one, and in most cases more than one, of the following observations:
spectral line observations of CI1-0; spectral line observations of
either CO 1-0 or 2—-1; continuum observations of dust.

The CO observations were mostly made with the Australia
Telescope Compact Array (Aravena et al. 2016), which have a
resolution of ~~ 5 arcsec. The C I observations were all made with the
Atacama Millimeter Array (ALMA) (Bothwell et al. 2017; Dye et al.
2022). Apart from the high-resolution observations of ID141 (Dye
et al. 2022), these have a resolution of ~ 5 arcsec (Bothwell et al.
2017). Our main sources of dust observations were the compilation
of multi-frequency global dust measurements for the SPT galaxies
(Reuter et al. 2020) and our reanalysis of data in the ALMA archive
(Section 3.1). In the case of the dust, there is almost always a high-
resolution continuum image which makes it possible to be confident
that the dust is within the region covered by the dynamical analysis
e.g. Dye et al. (2015); Spilker et al. (2016); Dye et al. (2022).
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Eight of the 13 galaxies are gravitationally lensed, and for each of
these there is a lensing model with an estimate of the magnification
and its uncertainty (Table 1). Twelve of the sample are at z > 4 when
the Universe was less than 1.6 billion years old.

3 METAL MASSES

3.1 The method

Since molecular hydrogen does not itself emit spectral lines at the
typical temperature of the molecular phase of the ISM, the standard
method to estimate the mass of the molecular gas is from the
luminosity (L) of some ‘tracer’. The mass of the molecular gas
is then given by the equation

Mo = oL, 1)

where « is a calibration factor. Carbon atoms (C1), CO, and dust
grains have all been used as tracers. The calibration factor is almost
always ultimately based on observations of the molecular gas in the
Galaxy, from which it is possible to estimate the gas mass more
directly, for example from gamma-ray observations or from the
dynamical masses of molecular clouds (Bolatto et al. 2013; Tacconi
et al. 2020). Over the last decade the application of this technique
to high-redshift galaxies has led to the conclusion that as much as
90 per cent of the baryonic mass in a high-redshift galaxy is in the
form of gas (Scoville et al. 2016, 2017; Tacconi et al. 2018).

As we noted above (Section 1), an obvious concern with this tech-
nique is that it relies on the assumption that the metal abundance is
everywhere the same, which is especially dangerous when the galaxy
is at high redshift. Nevertheless, although sometimes an attempt is
made to correct the value of « for this effect using a measurement
of the metal abundance in the galaxy (Tacconi et al. 2020), this
measurement rarely has enough precision since the standard optical
techniques for estimating metal abundance all themselves have large
systematic uncertainties (Maiolino & Mannucci 2019). Therefore,
for the want of anything better, the assumption that the calibration
factors have the same values as in the Galaxy is the one that is often
made.

In this paper, we try to avoid this problem by using observations
of the tracers to estimate the mass of the metals rather than the mass
of the molecular gas. We calculate the mass of metals in a galaxy
from the luminosity of a tracer, L using the equation:

M = MW AMW L. (2)

In this equation, apw is the same calibration factor as in equa-
tion (1), to which we have added a subscript to show it is ultimately
based on observations in the Galaxy (Milky Way), and Apmw is the
metal abundance in the ISM in the Galaxy. We assume a metal
abundance in the ISM in the Galaxy of 86.9, based on the latest
estimates of the gas-to-dust ratio (167.2) and the fraction of the
metals that is incorporated in the dust (0.52) (Roman-Duval et al.
2022).

This equation should still be correct even if the metal abundance
in the galaxy that is being observed, Ay, is different from the value
in the Galaxy. For the optically thin tracers, dust, and C 1 (Harrington
et al. 2021; Papadopoulos, Dunne & Maddox 2022), the value of the
calibration factor for the galaxy, ag,, will be inversely proportional
to the galaxy’s metal abundance, and therefore gy A g = ctpw Amw-
This is not so obviously true for CO because the line emission
is optically thick. Nevertheless, although the dependence of CO
emission on metal abundance is still uncertain, the data does suggest
a similar relationship between agy and Agy (fig. 9 of Bolatto et al.
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Table 2. Continuum measurements from observations in the ALMA archive.

Source Frequency Flux density ALMA
(GHz) (udy) project code
ALESS 073.1 92.74 136 £22 2015.1.00040.S
J1000 + 0234 103.345 180+ 31 2016.1.00171.S
SDPS81 88.850 676 £98 2017.1.01694.S

2013). We emphasize that although we are now not making the
assumption that the metal abundance is the same as in the Galaxy,
we still need to make the assumption that the properties of the gas
and dust on which the calibration factors depend are the same as in
the Galaxy. For example, when using dust as the tracer we implicitly
assume that the dust mass-opacity coefficient is the same as the
Galactic value.

We estimated the metal masses for the galaxies in the sample
using observations of the following tracers: carbon atoms (CI),
carbon monoxide molecules (CO), and dust grains, with calibration
factors acr, oco, and agsoum, respectively. We used the calibration
factors from Dunne et al. (2022), which was the first attempt to
calibrate all three calibration factors simultaneously. The values
we assume are 1/agsoum = 6.9 x 102 W Hz~! Mg' for the dust,
aco = 4.0 Mg(K km s~! pc?)~! for the CO J =1 —0 line, and
acr = 17Mg(Kkms™! pc?)~! forthe CI J = 1 — 0 line. We assume
the uncertainties in the calibration factors agsoum, @co and ocy are
31 percent, 39 percent and 19 percent respectively, based on the
values estimated in their paper.

We restricted ourselves to observations that are least likely to be
affected by systematic uncertainties. We therefore used observations
of atomic carboninthe C1J = 1 — Olinebutnotinthe C1J =2 — 1
line because of the recent evidence of subthermal excitation, which
leads to large uncertainties in the estimates of the mass of molecular
gas from this line (Papadopoulos et al. 2022). We used observations
of carbon monoxide inthe / =1 —0and J =2 — 1 lines but not in
the higher J lines because the ratio of the line flux for these lines to
the line flux for the J/ = 1 — 0 line, on which the calibration is based,
depends strongly on the temperature of the gas. We estimated a line
flux for the / = 1 — O line from the line flux in the / =2 — 1 line
using the flux ratio CO2 — 1/1 — 0 = 2.97 £ 0.61, which we derived
from a study of carbon monoxide in a large sample of ultraluminous
infrared galaxies (Papadopoulos et al. 2012).

We only used dust as a tracer if there was an observation close
in rest-frame wavelength to 850 pm, the wavelength at which the
dust method is calibrated (Dunne et al. 2022), which in practice
mostly meant observations in ALMA Band 3. We found unpublished
observations in the ALMA archive for three galaxies, and we
measured new flux densities for these, which are given in Table 2.
Where there were continuum observations at many wavelengths
(Reuter et al. 2020) we fitted a modified blackbody (F, o B, v#)
to the flux densities at wavelengths > 500um, using a single dust
temperature and a dust emissivity index B = 2. The advantage of
estimating the dust temperature from only long-wavelength flux
measurements is that the estimate should be closer to the mass-
weighted dust temperature; the inclusion of flux measurements on
the short-wavelength side of the blackbody peak biases the estimate
towards the luminosity-weighted dust temperature (Eales, Wynn-
Williams & Duncan 1989). Our estimated dust temperatures for
these galaxies are listed in Table 3 and they support the argument
that the mass-weighted dust temperature, even for galaxies with very
high star-formation rates, is>~ 25 K (Scoville et al. 2016). For these
galaxies, we have estimated the rest-frame flux density at 850 um
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Table 3. The mass of metals.

Metal masses with no CMB

Metal masses with CMB

Source correction(lO9 MO) correction(lO9 MO) Tf V4
CO C1 Dust CO C1 Dust (K) (Zo) References

SPTO0113-46 0.79+0.36 1.09 £0.30 0.58+0.21 1.50 £0.69 1.70 £0.47 1.01 £0.37 19.8 0.99+0.24 2,34
ALESS073.1 1.20 £+ 0.60 2.4240.85 2.534+1.26 3.934+1.38 2.54+0.9 1.5
SPT0345-47 2.58+1.18 2.14+0.79 4.95+2.28 386+£1.42 32.7 6.1£2.0 2,34
SPT0418-47 0.44+0.21 0.58+0.18 0.22+0.08 0.81+£0.34 0.91+0.28 0.39+0.15 18.4 0.73+£0.20 234
SPT0441-46 0.91+0.43 1.21£0.55 0.92+0.34 1.84 £0.80 2.00£0.91 1.76 £0.66 21.9 27+£0.8 2,34
DLAO0817g 1.05+£0.55 1.96+1.03 1.5+0.9 6
SDP81 1.61 £0.69 1.394+0.48 253£1.15 1.76 £0.61 33+£1.1 1,7
AZTEC/C159 1.31+£0.63 3.80+1.84 1.5+1.2 8
J1000 + 0234 2.384+0.85 3.60£1.29 0.94+0.35 1
GN20 10.40+5.54 5.47+2.03 18.63 £9.89 7.73+£2.87 0.96+0.38 9,10
ID141 3.68+£1.61 391 +£1.08 4.67+1.51 7.59+3.33 5.77+£2.52 6.95+£2.25 49+19 11
SPT2132-58 1.99+0.91 1.30+0.54 2.47+0.93 426+1.95 2.304+0.97 513+1.94 253 57+1.9 234
SPT2146-55 1.79+£0.85 3.57+£1.17 1.87£0.70 3.68+£1.72 6.02£1.97 3.66£1.36 26.5 129+£3.6 2,34

Notes:*Dust temperature obtained by fitting a modified blackbody to the flux measurements at wavelengths > 500 um (see the text). References: 1: This
paper; 2: Reuter et al. (2020); 3: Aravena et al. (2016); 4: Bothwell et al. (2017); 5: Coppin et al. (2010); 6: Neeleman et al. (2020); 7: Dye et al. (2015); 8:
Jiménez-Andrade et al. (2018); 9: Hodge et al. (2012); 10: Daddi et al. (2009); 11: Dye et al. (2022).

from the best-fitting modified blackbody. For the galaxies for which
there is only a flux measurement at a single wavelength, we estimated
the rest-frame flux density at 850 wm from this measurement and a
modified blackbody with a dust temperature of 25 K and g = 2.

Where necessary we corrected the line and continuum fluxes for
the gravitational magnification factors given in Table 1. We have
estimated errors in our metal masses by adding the following errors
in quadrature: the error in the calibration factor (see above), the error
in the flux of the tracer, and, where applicable, the errors in the
gravitational magnification factor and the CO 2 — 1/1 — 0 line ratio.
All the galaxies in the sample have observations of at least one tracer,
10 have observations of two tracers, and seven have observations of
all three.

3.2 Corrections for the cosmic microwave background

At these redshifts, the cosmic microwave background (CMB) can
have a large effect on submillimetre and radio observations, leading
to underestimates in both line and continuum flux measurements.
‘We have made corrections to the line and continuum fluxes using the
method in da Cunha et al. (2013). In this work, we estimate metal
masses both with and without a correction for the CMB because of
the potential for errors introduced by the assumptions necessary in
making this correction.

For optically thin radiation, which is the case for the dust
continuum radiation at long wavelengths and the C1J = 1 — 0 line
(Harrington et al. 2021; Papadopoulos et al. 2022), the CMB correc-
tions only depend on the temperature of the dust and the excitation
temperature of the gas, respectively. For the dust, we corrected the
continuum flux densities for each galaxy using equations (12) and
(18) in da Cunha et al. (2013) on the assumption that the temperature
of the dust if it were not for the CMB would be 25 K (Section 3.1).
We then estimated the rest-frame 850-um flux density from the
corrected flux densities using the procedure described in Section 3.1.
The excitation temperature of the C11 — 0 line for DSFGs is ~25 K
(Papadopoulos et al. 2022), very similar to our estimates of the dust
temperature (Section 3.1), which is what one would expect if the
dust temperature and kinetic temperature are the same and the gas
is in local thermodynamical equilibrium. For the CI, we therefore
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assumed the same temperature and used the same equations to make
the CMB correction.

The corrections for the CO J =1—0 and J =2 — 1 lines are
not so obvious since the lines are optically thick, which means
the corrections should depend on the opacity of the gas as well
as on its temperature (da Cunha et al. 2013). The uncertainties in
the corrections from the inclusion of opacity are so large that we
decided not to try to include the effect of opacity but to apply the
same method as for the optically thin C 1line. Our CMB corrections
for the CO lines therefore show the possible size of the effect of
the CMB, but the actual size of the correction for these lines is very
uncertain.

3.3 Results

Table 3 lists our estimates of the mass of metals using the three
independent tracers, with and without a correction for the CMB. The
results are shown in Fig. 1. The figure shows that there is very good
agreement between the masses calculated using the different tracers.
For nine out of 10 galaxies, the different mass measurements are
consistent within the errors. The only exception is SPT0345-47, for
which the estimates from CO and dust are in very good agreement, but
both are higher than the 3o upper limit from the C11 — 0 observation.

The line at the bottom of each panel shows an estimate of the
mass of metals in the molecular phase of the ISM in the Galaxy
(1.3 x 107 Mg), which we have calculated from an estimate of the
mass of molecular gas in the Galaxy of ~ 1.1 x 10° Mg, (Yin et al.
2009) and estimates of the gas-to-dust ratio (167.2) and of the fraction
of metals in dust (0.52) from Roman-Duval et al. (2022). The mass of
metals in the ISM in these high-redshift galaxies is therefore ~100-
1000 times greater than the mass of metals in the molecular gas in
the Galaxy today.

Since it seems likely that the DSFGs are the ancestors of present-
day massive early-type galaxies (Section 1), it is interesting to
compare the masses of metals for the two populations. A useful low-
redshift benchmark is the Herschel Reference Survey (HRS), which
is a volume-limited sample of galaxies that includes the Virgo Cluster
(Boselli et al. 2010; Eales et al. 2017). Since most of the metals in an
early-type galaxy are contained in the stars, we have estimated the
metal mass for the HRS early-type galaxies from estimates of their
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Figure 1. Estimates of the mass of metals in the molecular gas in the 13 DSFGs estimated from CO lines (blue), the C11 — O line (red) and dust continuum
emission (green). The upper panel shows the estimates without a correction for the effect of the CMB, the lower panel the estimates after this correction has
been made. The horizontal line shows an estimate of the mass of metals in the molecular gas in the Galaxy today (see text). The horizontal purple band shows
an estimate of the range of metal mass for the most massive early-type galaxies in the Universe today (see text).

stellar masses (De Vis et al. 2017) and a stellar metal abundance
of log10(Z/Z) = 0.3, appropriate for the galaxies with the highest
masses (Gallazzi et al. 2005). In the figure, the purple horizontal band
shows the range of metal mass for the HRS early-type galaxies, from
the one with the largest stellar mass down to the one with the tenth
largest stellar mass. When the correction for the CMB is included
(lower panel), the DSFGs contain a mass of metals very similar to
that in their probable descendants in the Universe today.

3.4 Limitations of the method

We have used the calibration factors from Dunne et al. (2022), but
their values are actually very similar to the other recent best estimates
in the literature. Our value for acg - 4.0 Mg (K km s7! pc?)™!) is
very similar to the value adopted in the latest big review article on
the subject: aco = 4.36 0.9 Mg (K km s~! pc?)~! (Tacconi et al.
2020). It is lower than the value of aco = 6.5 Mg (K km s~! pc?)~!
adopted by Scoville and collaborators (Scoville et al. 2016) but
adopting this value would make the metal masses of the DSFGs
even higher. Our value for the calibration factor for the dust
emission (1/agsoum = 6.9 x 102 W Hz™' Mg is very similar
to the value adopted in Scoville et al. (2016) (1/ags0um = 6.2 X
10'2 W Hz™! Mal). Our value for the calibration factor for atomic
carbon (ac; = 17.0 Mg (K km s™! pc?)~!) is also similar to the value

found in the most comparable large study (Heintz & Watson 2020):
acr = 21.478 Mg (K km s~! pc?)~!.

Although our method does not require an assumption about
the metal abundance in the galaxy, it still does rely on the same
assumption as the widely used method for estimating the mass of
molecular gas: that the physical and chemical properties of the ISM
on which the calibration factors depend are the same as in the Galaxy.

4 WHAT DO THE DYNAMICAL MASSES TELL
USs?

4.1 Estimates of the masses

The evidence that the gas in the DSFGs lies in a cold rotating disc
is two-fold. First, the DSFGs all have velocity profiles (velocity
versus radius) that are very similar to the velocity profiles of rotating
disc galaxies in the Universe today. Second, the galaxies mostly have
ratios of v, /o > 10, in which v, is the rotational velocity of the gas
and o its velocity dispersion. Such a high ratio suggests that gravity
in the galaxy is being balanced by centripetal force rather than by the
internal pressure provided by the spread in stellar velocities. All 13
galaxies have published estimates of their dynamical masses, which
are listed in Table 4. In all cases, these have been obtained using
modelling packages such as 3DBarolo (Di Teodoro & Fraternali
2015), which make it possible to vary the velocities in concentric
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Table 4. Dynamical Masses.

Mass from Our Mass Radius Correction for
Source literature estimate asymmetric drift Reference

(10" Mo) (10" Mg) (kpc) (per centage)
SPTO0113-46 1.1£0.1 0.93+0.13 32 1.0 Rizzo et al. (2021)
ALESS073.1 0.55+0.13 0.89+0.19 35 5.0 Lelli et al. (2021)
SPT0345-47 0.40+0.03 0.48 +£0.08 3.0 8.2 Rizzo et al. (2021)
SPT0418-47 0.25+0.02 0.53+£0.08 35 2.1 Rizzo et al. (2020)
SPT0441-46 0.324+0.02 0.48 +£0.09 2.0 1.4 Rizzo et al. (2021)
DLAO0817g 0.91+0.29 0.90+0.19 42 26 Neeleman et al. (2020)
SDPS81 0.38 +£0.06 0.41+£0.08 1.5 9.8 Dye et al. (2015)
AZTEC/C159 1.4+£0.7 1.8+ 1.1 3.0 0.2 Fraternali et al. (2021)
J1000 + 0234 23+03 27403 4.0 0.8 Fraternali et al. (2021)
GN20 6.4+2.8 63+1.5 7.0 18 Hodge et al. (2012)
ID141 1.0£0.5 0.95+0.29 2.0 2.0 Dye et al. (2022)
SPT2132-58 0.39+£0.04 0.38 +£0.08 4.0 1.3 Rizzo et al. (2021)
SPT2146-55 0.224+0.02 0.23 £0.04 2.7 2.0 Rizzo et al. (2021)

rings around the centre of the galaxy, and also the position of the
centre and the inclination and position angle of the disc, until the
model provides a good fit to the spectroscopic data.

For six of the 13 galaxies, the authors of the mass estimate have
made an explicit correction for the effect of the stellar pressure,
the ‘asymmetric drift’. In the other studies, the authors have simply
assumed it is negligible because of the high ratio of v, /o . For each of
the galaxies, we have used the data in the original papers to estimate
the relative contributions of the asymmetric drift and the centripetal
force, and where necessary made a correction to the published masses
(Appendix B). For all but two galaxies the correction to the mass is
<10 percent.

The original papers sometimes list separate estimates of the
baryonic and non-baryonic masses (where they have done this we list
the former in Table 4). In order to check that there are no systematic
errors in the original analysis, we have made our own estimates of the
total dynamical masses from the velocity profiles and the estimates
of the galaxy inclination in the original papers.

We made our estimates of the mass from the equation

1)27'

My = ————,
T Gsin(i)?

3)
in which v is the rotational velocity of the gas at a distance r from
the centre of the galaxy and i is the estimate of the inclination of
the disc. We have made a correction to these estimates for the effect
of asymmetric drift (Appendix B). Equation (3) gives the correct
mass interior to r if the density distribution is spherically symmetric.
If the density is not spherically symmetric our mass estimates will
be too high (Walter et al. 1997) — by roughly 40 percent if the
mass is distributed in a razor-thin exponential disc.! We calculated
errors in the mass estimates by combining the errors in velocity and
inclination. Table 4 lists our mass estimates and the distance from
the centre of the DSFG at which we made the estimate.

The published mass estimates and own estimates are in good
agreement for 10 out of the 13 galaxies, which agrees with the
evidence that non-baryonic matter is negligible in the central regions
of high-redshift galaxies (Genzel et al. 2017). For the three galaxies
where there is a significant discrepancy, our mass estimate is higher
than the published mass by a factor of 1.6 for ALESS073.1, by a
factor of 2.1 for SPT0418-47 and by a factor of 1.5 for SPT0441-46.

1Bovy 2022.
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4.2 The mass of the molecular gas versus dynamical mass

We estimated the mass of the molecular gas in each galaxy using
equation (1) rather than equation (2) but otherwise followed the
procedure described in Section 3.1, which means our mass estimates
are equal to the metal mass estimates in Table 3 multiplied by the gas-
to-metal ratio (86.9). Since the dynamical masses we have measured
ourselves are slightly larger than the ones in the literature, and
therefore place a less stringent upper limit on the mass of molecular
gas, to be conservative we have used our mass estimates rather than
the published ones.

Ideally, we would compare the dynamical mass with an estimate
of the mass of molecular gas made within the same radius used to
estimate the dynamical mass. This is possible for the observations
of the dust, for which there are high-resolution observations that
show the emission is coming from within the radius listed in Table 4
(Daddi et al. 2009; Dye et al. 2015; Spilker et al. 2016; Dye et al.
2022). However, most of the CO and C Iobservations (Aravena et al.
2016; Bothwell et al. 2017) do not have enough resolution to show
definitively whether the CO and C Iemission is coming from within
the region covered by the dynamical analysis. In the case of the CO
observations, this is because of the lack of a telescope with enough
resolution and in the case of the CI this is because of the need for
impractically long integration times with ALMA.

Nevertheless, there is a high-resolution map of C11 — 0 for one
galaxy (Dye et al. 2022) and there is one galaxy that has a large
enough angular size that CO 1-0 observations have enough resolution
(Hodge et al. 2012). In both galaxies, the line emission from the
tracer does come from within the region covered by the dynamical
analysis. Furthermore, detailed radiative modelling of multiple CO
and Cllines from 24 high-redshift DSFGs (Harrington et al. 2021)
suggests that the emission in these lines is typically from a region
within 3 kpc of the centre of the galaxy, very similar for most of
the galaxies to the radius of the region covered by the dynamical
analysis (Table 4). However, we cannot say for certain that in all 13
galaxies the C Iand CO emission is confined to the region covered by
the dynamical analysis.

Fig. 2 shows the comparison between the dynamical mass and
the mass of the molecular gas. The dynamical mass is a measure of
the total mass, which is the sum of the masses of all the galaxy’s
components: gas, stars, and non-baryonic matter. But Fig. 2 shows
that for many of the galaxies the estimate of the mass of the gas is
actually higher than the estimate of the total mass. This paradox has
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Figure 2. A comparison of the dynamical mass of each DSFG with an estimate of the mass of its gas made using three different tracers: carbon monoxide
(blue), atomic carbon (red), and dust grains (green). The estimate of the dynamical mass is shown by a black diamond if the source is gravitationally lensed and
a black square otherwise. The upper panel shows the estimates of the gas mass with no correction for the CMB, the lower panel shows the estimates after this

correction has been made (see the text).

been spotted many times before when CO has been used as a tracer,
but the figure shows that there is the same problem when C 1and dust
are used. There is, of course, the caveat that, as we noted above, for
many of the galaxies we cannot be sure that the C1and CO emission
is confined within the region covered by the dynamical analysis, but
we note that the discrepancies when dust is used as a tracer are just
as large as for the other two tracers. Moreover, the galaxy for which
there is a high-resolution map in C11-0, ID141 (Dye et al. 2022), is
one of the best examples of this paradox.

4.3 Possible solutions of the paradox

This paradox has been noted many times before in papers in which
CO has been used to estimate the gas mass. Our results show that
the same problem is present when carbon atoms and dust grains
are used. Unless the assumptions used in the dynamical estimates
are completely wrong, or the emission from the tracer is mostly
from outside the region covered by the kinematic observations
(Section 4.2), the only way to make the gas masses consistent with
the dynamical masses is to reduce the values of the three calibration
factors.

A crucial point to note when thinking about this issue is that
the good agreement between the gas mass estimates made with the
different tracers implies that if the calibration factors are lower than
the Galactic values, all three must be lower by a similar factor. This

conclusion is supported by the analysis in Dunne et al. (2022) of 407
galaxies in the redshift range 0 < z < 5. By examining the ratios of
the luminosity of the emission from the three tracers, these authors
concluded that there was no difference in the ratios of the calibration
factors between normal galaxies and DSFGs and between DSFGs at
z<3andz > 3.

There are two possible explanations of why the calibration factors
for the DSFGs might be lower than the Galactic values. The first is
that the difference is caused by some differences between the ISM
in the galaxy and in the Galaxy in the critical properties on which
the calibration factors depend. The explanation that is commonly
made for a low value of aco, for example, is that the molecular gas
in a DSFG has a higher temperature and lower density than in the
Galaxy (Downes & Solomon 1998). In Appendix A, we consider the
properties of the ISM that might lead to a change in the calibration
factor. For each tracer, there is one plausible difference between the
ISM in a high-redshift DSFG and the Galactic ISM that might lead
to a change in the calibration factor.

In the case of CO, the obvious possibility, suggested by the high
star-formation rate in these galaxies, is that the ISM in a high-
redshift DSFG is warmer and less dense than the Galactic ISM,
which would lead to a lower value of a¢¢. The original motivation
for this suggestion were some CO observations which suggested that
this is the case in two low-redshift DSFGs (Downes & Solomon
1998). It is worth noting, however, that the results from the first
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comprehensive multi-line investigation of CO in a large sample of
high-redshift DSFGs Harrington et al. (2021) suggest that the ISM
in these galaxies is not dominated by a low-density component. The
authors of this study concluded that much of the CO in the high-
redshift DSFGs is in warm dense gas, which they argued would have
been missed by the observations in the low-J CO transitions used to
observe the two low-redshift DSFGs (Harrington et al. 2021), leading
to an estimate of the value of oo in the earlier study that was too
low.

In the case of CI, the most plausible possibility, suggested by
the high star-formation rates in these galaxies, is that an increase
in the density of cosmic rays leads to a change in the carbon
chemistry, increasing the abundance of CIrelative to CO (Bisbas,
Papadopoulos & Viti 2015; Glover & Clark 2016; Gong et al. 2020;
Bisbas, Tan & Tanaka 2021; Dunne et al. 2022) and decreasing the
value of ocy.

In the case of the dust, there are several ways that the dust grains
might differ from those in the Galaxy: in their chemical composition,
structures, sizes, and shapes, all of which might change the value of
the calibration factor (Clark et al. 2016). The obvious way to make
the value of the calibration factor lower in a DSFG is if the sizes of
the grains there are generally smaller than in the Galaxy.

The essential problem with this explanation is that each of the three
calibration factors depends on very different properties of the ISM.
Even if there was any evidence that the critical properties of the ISM
on which the calibration factors depend are different in high-redshift
galaxies, which isn’t the case even for CO (Harrington et al. 2021),
it would be a remarkable coincidence if they were different in such a
way that the calibration factors for all three tracers were reduced by
the same amount.

The second simpler explanation is that the metal abundance in
the DSFGs is higher than in the Galaxy today. This provides a
straightforward explanation of why the calibration factors for dust
and C Iare lower by the same factor because the emission from both
is optically thin and inversely proportional to metal abundance. It
is not a perfect explanation because the relationship between the
optically thick CO emission and metal abundance is more uncertain,
but a compilation of the data is at least consistent with a similar
relationship to that for the other two tracers (Bolatto et al. 2013; see
their fig. 9), and if so the calibration factor for the CO would decrease
in the same way as for the other two tracers.

For the rest of this paper, we will follow Occam’s Razor and
assume that the second explanation is the correct one, although
we cannot rule out the first. If we are wrong and the calibration
factors are lower by a factor of X because of differences in the
physics/chemistry/structure of the ISM/dust grains, our estimates of
the metal masses in Section 3 will be too high by the same factor.

4.4 Metal abundances

We have estimated a lower limit to the metal abundance of each
galaxy from the equation:

Z M metals

= s T @
Zo ~ Mgy x 0.0142

in which M s is our estimate of the mass of the metals, in which the
corrections for the CMB have been included, Mgy, is the dynamical
mass, and the number on the right-hand side is the bulk metal fraction
of the Sun (Asplund et al. 2009). Our estimates of the limits on Z,
which range from 0.9Z to 12.9Z, are listed in Table 3 and a
histogram of the values is shown in Fig. 3.
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Figure 3. Estimates of the lower limit on the metal abundance for the 13
galaxies (Section 4.4).

There are estimates of the metal abundances in the literature for
three of our targets. The previous estimates and our lower limits are
consistent for two galaxies but not for the third. For ALESS073.1 the
previous estimate, from far-infrared spectral lines, is that Z/Z is in
the range 0.6-3 (De Breuck et al. 2014), which is consistent with our
lower limit of 2.5 4 0.9. For SPT0418—47, the previous estimates,
from far-infrared line measurements (0.3 < Z/Z, < 1.3, De Breuck
etal. (2019)) and from JWST spectroscopy (Z/Zs =~ 1.6, Peng et al.
(2023), are consistent with our lower limit (Z/Zg > 0.73 = 0.2. The
inconsistency is for SDP81. There are two estimates from far-infrared
spectral lines: Z/Zs < 2 (Rigopoulou et al. 2018) and Z/Z; ~ 0.5
(Rybak et al. 2023). The second at least is inconsistent with our lower
limit: Z/Zg > 3.3+ 1.1.

5 METALS INSIDE AND OUTSIDE
GALAXIES-CHEMICAL EVOLUTION MODELS

Such high metal masses and metal abundances at such early times
are perhaps surprising because there would have been much less time
to make the metals. We have used two chemical-evolution models
to investigate whether it is possible to make such large masses of
metals so quickly.

The first is the widely used gas-regulation model (Lilly et al. 2013;
Peng & Maiolino 2014). In this model, there is a flow of gas from
the intergalactic medium into the galaxy, and there is also an outflow
with a rate proportional to the galaxy’s star-formation rate, which
leads eventually to the mass of the ISM reaching an equilibrium
value. The mass of metals that are produced in this model depends
on the strength of the outflow and the form of the stellar initial mass
function (IMF).

The gas-regulation model is based on the ‘instantaneous recycling
approximation’, in which it is assumed that all the metals produced
by a newly formed population of stars are made the moment the stars
are born and immediately released into the ISM. This assumption is
likely to be a poor one for high-redshift DSFGs because of their very
short gas depletion times (Dye et al. 2015, 2022). We have therefore
also included the predictions of a model that does not include this
assumption, which we constructed to model the evolution of one
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of the galaxies in our sample (Dye et al. 2022). This model also
includes more realistic inflows and outflows and takes account of the
dependence of stellar yields on metal abundance.

5.1 The gas-regulation model

In this model, there is an outflow with a rate equal to a constant (A)
times the galaxy’s star formation rate, which leads to the mass of
the ISM eventually reaching an equilibrium value (hence the term
‘gas regulation’). We use the analytic formalism of Peng & Maiolino
(2014), which makes it possible to follow the evolution of a galaxy
fromt = 0tot >> 14, when the galaxy asymptotically approaches
an equilibrium state. In this equilibrium state, the gas mass, the metal
abundance in the gas, and the mass of metals in the gas are constants,
although the mass of stars continues to rise as new stars are born.
The equilibrium time, 7.4 is given by

- _ Tdep _ 1
eq — -
I—-R+A e(l—R+A)

in which 7, is the depletion time (the ratio of the gas mass to the star-
formation rate), € is the inverse of this (the star formation efficiency),
and R is the fraction of the mass of a cohort of newly formed stars
that are eventually returned to the ISM, which in the instantaneous
recycling approximation happens immediately. We have expressed
the time dependence of our models in units of the equilibrium time
so they apply to all galaxies and do not vary with the values of €, R,
and A in individual galaxies.

We have used the following equations taken directly from Peng &
Maiolino (2014):

(&)

- L 1= eifeq 6)
T e(1—R+A)
t

Mo — [} 1—R t 1 _;q @

WU —RAA? | 7o ¢

t t

7 Y 1 77:e P (1—;%)

gas T 5 A —e q l—e e (8)

TI1-R+A

In these equations, y is the yield, the mass of metals produced by
one solar mass of stars, and & is the rate at which gas is flowing onto
the galaxy. We can combine equations (6) and (8) to get an estimate
of the total mass of metals in the ISM:

M nerars = Zgas Mgas (9)

We then combine equations (6), (7), and (9) to calculate the ratio
of the metal mass to the total mass (M, + My,). Neither this ratio
nor the metal abundance of the ISM (equation 8) depends on the
values of @ or € but they do depend on the values of R, y, and A.
The first two of these depend on the choice of the IMF.

5.2 A bespoke model

The instantaneous recycling assumption may be particularly poor for
high-redshift DSFGs because of their very short gas-depletion and
dynamical times (Dye et al. 2015, 2022). We have therefore also
used a chemical evolution model we developed for the z = 4.24
DSFG ID141, which does not include this assumption and which
incorporates the lifetimes of the stars that make the metals (Dye
et al. 2022). We refer the reader to our earlier paper for more details

Metal factories in the early Universe 2913

Table 5. Our assumptions about the return fraction and yield.“

IMF Yield (y) Return fraction (R)
Salpeter 0.023 0.24
Chabrier 0.040 0.38
Top-heavy (Cappellari et al. 2012) 0.088 0.80
Top-heavy (Zhang et al. 2018) 0.085 0.65

2 We use the definition of yield in Peng & Maiolino (2014).

of the model but, in brief, the galaxy starts as a cloud of gas with no
heavy elements, with the gas then being converted into stars using
an assumed IMF and star-formation history. Outflows of gas and
metals are based on prescriptions of feedback from stars and active
galactic nuclei, and the model includes inflows via accretion from the
cosmic web. Stars eject gas, metals, and dust in each generation based
on prescriptions for the stellar yield of low-mass (van den Hoek &
Groenewegen 1997) and high-mass stars (Maeder 1992) and for the
remnant mass function (De Vis et al. 2021).

5.3 Results

We have considered four different forms for the IMF. The first two
are the commonly used Chabrier and Salpeter IMFs. The other two
are top-heavy IMFs in which there is a higher proportion of high-
mass stars. One of these was proposed to explain the dynamics of
low-redshift elliptical galaxies (Cappellari et al. 2012), the other to
explain the observations of isotopologues of carbon monoxide in
four DSFGs (Zhang et al. 2018). We have estimated the values of the
return fraction, R, and the yield, y, for each IMF from a compendium
of stellar yields (Nomoto, Kobayashi & Tominaga 2013). The values
are listed in Table 5.

The predictions of both models for the ratio of metal mass to
total mass (gas plus stars) versus time are shown in Fig. 4 and
the predictions for metal abundance versus time in Fig. 5. Time
is plotted in units of the equilibrium time, a key parameter of the gas-
regulation model, along the top of each figure. To give an impression
of the timescales, we have calculated the value of 7.4 in years using
a Chabrier IMF and the properties of the galaxy ID141 (Dye et al.
2022), and then plotted time in the usual units along the bottom of
the figures, although strictly this is only correct for one galaxy and
one form of the IMF. We stopped the model based on ID141 (Dye
et al. 2022) when it reached a stellar mass of 5 x 10'' Mg when we
assume an outflow clears the galaxy of its ISM (Romano et al. 2017).
The left panel in each figure shows the predictions for the standard
Chabrier and Salpter IMFs and the right panels show the predictions
for the top-heavy IMFs.

In Fig. 4, we have compared the predictions of the models to our
estimates of the ratio of metal mass to total mass for the DSFGs.
In making these estimates, we have assumed that the total mass
is given by the dynamical mass. In Fig. 5, we have compared the
model predictions to our estimates of the lower limits on the metal
abundance, which are listed in Table 3. Since the ages of the galaxies
are unknown, we have plotted our estimates for the DSFGs in both
figures at arbitrary points along the time axis. Note that our estimates
for the DSFGs in the two figures have a simple scaling. The difference
in the two figures is that in Fig. 4 we are using the models to predict
the ratio of mass of metals in the gas to the total mass (gas plus stars)
and in Fig. 5 we are using the models to predict the metal abundance
in the gas.

Fig. 4 shows that the predictions of both models are very similar,
with the only difference being, as expected, that the ratio of metal
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Figure 4. The ratio of the mass of ISM metals to the total galaxy mass (gas plus stars) plotted against time. The squares show our estimates for the 13 DSFGs,
which, since we don’t know their ages, are plotted at arbitrary positions along the time axis. The thick lines show the predictions of the gas-regulation model,
in which metals are instantaneously ejected into the ISM. The thin lines show the predictions of a model that includes the delay in metal production that arises
from the lifetimes of the stars. The left panel shows the predictions for two standard IMFs (Chabrier and Salpeter) and the right panel for two IMFs with a
larger proportion of high-mass stars (Cappellari et al. 2012; Zhang et al. 2018) (key at top of each panel). The continuous, dot-dashed, and dashed lines show
the predictions for different outflow parameters: A = 0, 1, 2, respectively. Time is expressed in units of the equilibrium time used in the gas-regulation model
along the top of the figure and in years along the bottom of the figure (see the text).

mass to total mass peaks later for the model that includes a delay
from stellar lifetimes. Nevertheless, even in this model, the peak is
reached very early, only ~ 2 x 10% years after the galaxy begins to
form, much less than the time since the big bang at these redshifts.

The left-hand panel of Fig. 4 shows that the model predictions for
metal mass over total mass for the two standard forms of the IMF
are too low compared with our estimates of this ratio for the DSFGs.
In the case of metal abundance, the left-hand panel of Fig. 5 shows
that it is possible to reproduce our estimates of metal abundance
(actually lower limits on metal abundance) for a standard IMF and
a closed-box model, although not so well if there is an outflow. A
closed-box model, however, seems implausible given the evidence
for outflows from star-forming galaxies in the high-redshift Universe
(Spilker et al. 2018; Jones et al. 2019; Ginolfi et al. 2020; Veilleux
et al. 2020).

The right-hand panels in both figures show that with a top-heavy
IMF the model predictions agree much better with our estimates. We
note that although we don’t know the ages of these galaxies, it seems
likely that we are seeing them at an epoch at which the dust mass, and
therefore the mass of metals in the ISM, was at close to its maximum
value, simply because of the strong selection bias towards high dust
masses for the galaxies discovered in a submillimetre survey.

The curves in both figures for both sets of models are sensitive
to the choice of input yields and the chosen remnant mass function
(which in turn affects the return fraction R). Different stellar yield
tables (Karakas et al. 2018; Limongi & Chieffi 2018), for example,
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can reduce the yield, y, and hence the metal abundance, Z,,, by
20-30 per cent for the Cappellari IMF (Cappellari et al. 2012). This
is not enough to affect the conclusions above.

5.4 The metals in the intracluster gas

Our analysis shows that the DSFGs contain very large masses of
metals. There is plenty of evidence for massive outflows of gas
from high-redshift DSFGs (Spilker et al. 2018; Jones et al. 2019;
Ginolfi et al. 2020; Veilleux et al. 2020), suggesting that a significant
proportion of the metals produced in the galaxies should have been
ejected into intergalactic space. In this section, we will investigate
the possibility that these ejected metals might be the solution to
the long-standing conundrum that ~75 percent of the metals in
rich clusters of galaxies are in the intergalactic gas rather than in
the galaxies themselves (Loewenstein 2013; Renzini & Andreon
2014).

We have investigated this possibility by extending the gas-
regulation model (Section 5.1). On the assumption that the metal
abundance in the outflowing gas is the same as in the ISM in the
galaxy, the mass of metals ejected into intergalactic space is given
by:

Tfinal
Mejecled metals — / ZgasASFR dr (10)
0

20z AInf £ uo 3senb Aq £0.200../S062/€/2€S/2I01HE/SBIUW/WOD dNO"DlWapedk//:sdiy Wolj papeojumoq



Time/T Time/T
0 10 10

15 0 15 20

—— Chabrier IMF
— Salpeter IMF

—— Top heavy IMF
—— Capellari IMF

Z/Z

-
| -
\
\
B
N\
P T,

H

20 30 40
Time/107years

30 40
Time/107years

Figure 5. Metal abundance of the ISM plotted against cosmic time. The
squares show our estimates of this for the 13 DSFGs (Table 3), which, since
we don’t know their ages, are plotted at arbitrary positions along the time
axis. The thick lines show the predictions of the gas-regulation model, in
which metals are instantaneously ejected into the ISM. The thin lines show
the predictions of a model that includes the delay in the metal production that
arises from the lifetimes of the stars. The left panel shows the predictions
for two standard IMFs (Chabrier and Salpeter) and the right panel for two
IMFs with a larger proportion of high-mass stars (Cappellari et al. 2012;
Zhang et al. 2018) (key at top of each panel). The continuous, dot-dashed
and dashed lines show the predictions for different outflow parameters: A =
0, 1, 2, respectively. Time is expressed in units of the equilibrium time used
in the gas-regulation model along the top of the figure and in years along the
bottom of the figure (see the text).

in which SFR is the star-formation rate, which is given by:

SFR = (1—¢ %) (11)

1-R+A
The predicted mass of metals that is incorporated in the stars within
a galaxy is given by:

Ifinal
Minegass, stars = (1 — R)/ ZgasSFR dr (12)
0

The predicted metal abundance of the stars is then given by:
Syt Z 00 SFR dt

ZLgars = Tfinal
[l SER di

13)

Fig. 6 shows a comparison with the observations of the predictions
of this model for the metal abundance in present-day cluster galaxies
and for the ratio of the mass of metals that is in the cluster gas to
the mass of metals that is in the galaxies in the cluster. The metal
abundance is given by equation (13), the ratio of the metal masses by
equations (10) and (12). The mass ratio is independent of #g,, and
the metal abundance is only weakly dependent on it — we have set
its value to 20 7. We have plotted the predictions for outflows with
A of 1 and 2, typical of the values for high-redshift DSFGs (Ginolfi
et al. 2020), and for the four forms of the IMF. The horizontal purple
band shows the observed range of the metal ratio for present-day rich
clusters (Renzini & Andreon 2014) and the two vertical lines show
solar metal abundance (Asplund et al. 2009) and twice solar metal
abundance, which is typical of the massive early-type galaxies in
clusters (Gallazzi et al. 2005). Several of the models predict values
in roughly the right area, showing that the outflow of metals from
high-redshift DSFGs is a quantitatively plausible solution of this
puzzle.
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Figure 6. The ratio of the mass of metals in the gas in present-day rich
clusters to the mass of metals in the cluster galaxies versus the metal
abundance in the galaxies. The horizontal purple band shows the observed
range for the mass ratio (Renzini & Andreon 2014). The vertical lines
show solar metal abundance (Asplund et al. 2009) and twice solar metal
abundance, typical of the massive early-type galaxies in cluster today.The
coloured symbols show the prediction of eight models: blue—top-heavy IMF
(Zhang et al. 2018); red—Chabrier IMF; purple—top-heavy IMF (Cappellari
et al. 2012); green—Salpeter IMF; circles - A = 1; squares - A = 2.

6 DISCUSSION

6.1 The observational results

‘We have two main observational results: (1) the mass of metals in
the molecular gas in a high-redshift DSFG is very high, as large as
the entire metal content of a massive low-redshift early-type galaxy;
(2) the metal abundance is also very high, often well over the solar
value. In this section, we will discuss the limitations of these results.
In the following section we will discuss their implications for galaxy
evolution.

The first result seems robust. It is based on the estimates of the
calibration factors of the CI, CO, and dust tracers made by Dunne
et al. (2022), but these are quite similar to the other recent estimates
in the literature (Section 3.4). The discrepancies between the ISM
and dynamical mass estimates in Fig. 2 imply that the true calibration
factors for the high-redshift DSFGs must be lower than these
values, but as long as this decrease is caused by an increase in the
metal abundance rather than physical/chemical/structural changes
in the ISM/dust, our estimates of the metal mass are unaffected
(Section 4.3).

For the second result, there are two causes for concern. The first
is the accuracy of the dynamical masses. Although we have checked
the published masses by making our own estimates, both sets do
rely on the assumption that the gas is distributed in a cold rotating
disc. Although the velocity profiles do look remarkably like the
rotation curves of present-day disc galaxies (see, for example, the
high-resolution velocity profile for SDP81 in Dye et al. 2015), it is
possible that these may yet prove to have an alternative explanation.

A more immediate concern is that we cannot be always sure
the CO and CI emission is from within the region traced by the
dynamical analysis. There have been some recent claimed detections
of molecular gas in the haloes around high-redshift AGN (Jones
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et al. 2023; Scholtz et al. 2023), which, if it was also true of the
DSFGs, would reduce the conflict between the ISM and dynamical
mass and weaken the limit on the metal abundance. To estimate
the possible size of this effect, we used the results of Scholtz et al.
(2023), who used a stacking analysis to search for extended emission
in the C12 — 1 line around a sample of extremely red quasars.
They estimated average molecular masses of 10'08+014 M and
10'0-2£0-16 M for the galaxy and halo components, respectively. If
these proportions were also true of the DSFGs, our limits on metal
abundance would be lower by ~20 per cent, although our estimates
of the total metal masses would be unaffected.

6.2 Implications for galaxy evolution

The metal abundance in galaxies are generally less at high redshifts,
with the metal abundance of a galaxy at z ~ 4 being a factor of ~ 4
lower than a galaxy of the same stellar mass in the Universe today
(Cullen et al. 2019). There is already evidence in the literature that
the high-redshift DSFGs are an anomaly, with most estimates of the
metal abundance being at roughly solar or above (De Breuck et al.
2014; Wardlow et al. 2017; Rigopoulou et al. 2018; De Breuck et al.
2019; Peng et al. 2022; Rybak et al. 2023). Our results support this
conclusion.

We have used chemical-evolution models to show that it is possible
to produce such high metal masses and metal abundances shortly
after the formation of a galaxy (Section 5). In these models, the mass
of metals in the ISM is at its highest only ~ 2 x 10® years after the
galaxy begins to form, much less than the age of the Universe at these
redshifts. The high values for the ratio of metal mass to total mass
(Fig. 4) and for metal abundance (Fig. 5) can only be reproduced by
the models if the IMF has a higher fraction of high-mass stars than
the standard IMFs. Observations of CO isotopologues in four DSFGs
also imply these galaxies have a top-heavy IMF (Zhang et al. 2018).

We used these models to show that the metals in the outflows are a
possible explanation of the metals in the gas in present-day clusters
(Section 5.4). Fig. 6 shows that this conclusion does not require a
top-heavy IMF; the success of the models is due to the large masses
of metals carried by the outflows rather than the metal abundance,
which is the result that requires a top-heavy IMF. Our model is, of
course, very simple, and we have applied it to a sample of extreme
DSFGs, which are likely to be the ancestors of only the most massive
early-type galaxies. A conclusive demonstration that the metals in
galactic outflows are the source of the metals in the intracluster gas
would require the model to include galaxies covering the whole range
of stellar masses seen in present-day clusters.

Our estimates of the metal abundance in the high-redshift DSFGs
are surprisingly large, often even larger than the values for the
galaxies that are likely to be their descendants, the most massive
early-type galaxies in the Universe today, which have a metal
abundance about twice solar (Gallazzi et al. 2005). Is there a way
that the subsequent evolution of the DSFG might have reduced its
initial metal abundance? The evolutionary route from a DSFG, a
galaxy with a small physical size but with a huge star-formation
rate, to a massive early-type galaxy in the Universe today, a galaxy
with a large physical size but a low star-formation rate, is still very
uncertain (Tacchella et al. 2016). We speculate that it is the sequence
of mergers that must have occurred to increase the size of the galaxy
that has reduced its initial metal abundance. Since models of the
stellar populations of present-day early-type galaxies imply that
relatively few stars were formed after the DSFG epoch (Thomas
et al. 2010), it seems likely that most of these mergers would have
been dry mergers, with the DSFG-descended galaxy always being
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the most massive member of the merger because otherwise its mass
would have grown too much by the present day. Given the strong
relationship between metal abundance and stellar mass seen at all
epochs (Section 1), it therefore seems likely that each merger would
have further reduced the metal abundance.

7 CONCLUSIONS

We have estimated the mass of metals in the molecular gas in 13
dusty star-forming galaxies (DSFGs) at z ~ 4 for which previous
observations have shown that the gas lies in a cold rotating disc.
We estimated the metal masses using observations of CO in either
the J=1—0orJ =2 — 1 lines, observations of atomic carbon in
the C11 — 0 line and continuum observations of dust. In making
our estimates, we used the first mutually consistent estimates of the
calibration factors for the three tracers (Dunne et al. 2022). There
were observations of at least two tracers for 10 out of 13 galaxies and
observations of all three for 7 galaxies. Our method is independent
of the metal abundance in the galaxy, in contrast to the widely used
method in which the tracer is used to estimate the ISM mass. We
obtained the following results:

(1) We obtained very similar mass estimates from the different
tracers, our estimates being similar to the entire metal content of a
massive present-day early-type galaxy.

(ii) When we estimated the mass of the ISM rather than the mass
of the metals, we found that our estimate was often higher than
the estimate of the dynamical mass. This paradox has been noticed
before for CO, but the same is true when carbon atoms or dust grains
are used as the tracer.

(iii) We argue that the most likely solution of this paradox is
that the metal abundances in the high-redshift DSFGs are of-
ten higher than in the Galaxy. The alternative explanation, that
the calibration factors are lower because of differences in the
physics/chemistry/structure of the ISM/dust, seems unlikely because
these differences would have to conspire to reduce all three calibra-
tion factors by the same amount.

(iv) On the assumption that our solution is the correct one,
we estimated lower limits to the metal abundance (Z/Zy) in the
molecular gas in these galaxies of between 0.9 and 12.9. The main
caveat is that we cannot be sure for all galaxies that the CO and
Clemission is confined to the region covered by the dynamical
analysis.

(v) We have used chemical evolution models to show that it is
possible to produce such high metal masses and abundances shortly
after the formation of a galaxy as long as the stellar IMF in the galaxy
is top-heavy.

(vi) We used these models to show that the metals in the outflows
from these galaxies can explain quantitatively the long-standing
conundrum that ~75 percent of the metals in present-day rich
clusters are in the intracluster gas rather than in the galaxies.

(vii) Our estimates of the metal abundance in the DSFGs are
sometimes higher than the values of the metal abundance in the
galaxies today that are their probable descendants. We speculate that
the explanation is the gradual dilution of the metal content by a
sequence of dry mergers.
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APPENDIX A: DIFFERENCES IN THE ISM OF A
HIGH-REDSHIFT GALAXY THAT MIGHT LEAD
TO A CHANGE IN THE CALIBRATION
FACTORS FOR THE ISM TRACERS

We briefly discuss here some of the possible differences between the
ISM of a high-redshift galaxy and the ISM of the Galaxy which might
lead to a difference in the calibration factor for each of the tracers. We
refer the reader to (Dunne et al. 2022) for a fuller discussion. Dunne
et al. (2022) made the first attempt to estimate the three calibration
factors simultaneously without assuming that one was more reliable
than the others. Their sample included 407 galaxies ranging from
nearby discs to DSFGs out to z 2~ 6.

They estimated the calibration factors by minimizing the variance
in the three luminosity ratios: Lco/Ler, Leo/Lausts Ler/Laust: They
found no evidence for any variation of these ratios with redshift,
in agreement with our conclusion that the ratios of the calibration
factors must be the same at high and low redshift. Since there is no
way of measuring the mass of molecular gas directly, their method,
like those used in all similar studies, was ultimately based on an
assumption about the Galactic ISM, in their case that the gas-to-dust
ratio is the same as in the Galaxy.

We reproduce here three equations from that paper (equations 9,
10, and 11) which show how the calibration factors depend on
the properties of the ISM. We use these equations to discuss how
differences between the ISM in a high-redshift galaxy and the
Galactic ISM might lead to a change in the calibration factor.

For key equation for C11is:

X -1 -1
ac = 16.8 [%} (@> MoK km s~ pe?)™! (Al)

1.6 x 1 0.48

in which X¢; = [C°/H,], the abundance ratio of carbon atoms
relative to hydrogen molecules, and Q) is the is fraction of the
carbon atoms in the J = 1 state.

The calibration factor might be different from the value assumed in
this paper if either Xy or Qo are different from the values assumed
by Dunne et al. (2022). The dependence of Q;y on the density and
temperature of the gas in none-LTE conditions is derived analytically
in the appendix of Papadopoulos & Greve (2004). Figure D1 in
Appendix D of Dunne et al. (2022) shows that for a reasonable range
of n (300 < n < 10, 000 cm~ and Tk (25 < Ty < 80 K) Q;¢ does
not go outside the range 0.35 to 0.53. Therefore, it seems unlikely
that changes in the density and temperature of the gas will lead to
large changes in the calibration factor. In particular, changing the
value from that assumed by Dunne et al. (2022) (0.48) to 0.53 will
only lower the calibration factor by a factor of ~10 per cent.

The other factor, X¢; depends in a straightforward way on the
metal abundance and the fraction of carbon that is the atomic form.
The first of these we don’t discuss here because this is our alternative
explanation of the change in the calibration factor. A plausible reason
why the proportion of atomic carbon might be higher in a high-
redshift DSFG, which would lead to a lower value of «(y, is that
the density of cosmic rays might well be higher, which would lead
to a change in the carbon chemistry and increase the abundance of
Crrelative to CO (Bisbas et al. 2015; Glover & Clark 2016; Gong
et al. 2020; Bisbas et al. 2021; Dunne et al. 2022). We note, though,
that Dunne et al. (2022) do not find any difference between the value
of acy for high-redshift DSFGs and galaxies at the same redshift
with lower star-formation rates, which would be likely to have lower
densities of cosmic rays.
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The key equation for dust is:

1.628 x 10'6 /24.5\ "
1.36ky Toe

in which Ty, is the mass-weighted dust temperature and «y is a
constant of proportionality linking the mass of gas and the mass
of dust. The latter depends in a straightforward way on the metal
abundance, the fraction of the metals in the dust grains, and the
submillimetre mass-opacity coefficient (the submillimetre opacity
for a unit mass of dust).

The explanation of a difference in the calibration factor is unlikely
to be a difference in Ty, because the values we directly estimated
for six of our sample (Table 3) are similar to the value assumed
in Dunne et al. (2022) (24.5 K). We don’t discuss a change in the
metal abundance here because this is our preferred explanation of
the change in the calibration factor. The fraction of the metals bound
up in dust grains is already high in the Galaxy (0.52, Roman-Duval
et al. (2022), so it seems unlikely it would be much higher in a
high-redshift DSFG.

The most plausible way to change this calibration factor would be
if the dust grains in the DSFG are different in some way — in their
chemistry, structures, shapes or sizes — from those in the Galaxy
(Clark et al. 2016). The easiest way to make the calibration factor
smaller would be if the dust grains are smaller than in the Galaxy,
increasing the total surface of the dust grains for a given mass of
dust.

On the large-velocity-gradient assumption, the key equation for
COis:

ogs0 = W Hz ' M} (A2)

NG
aco = 2.65 TH~ K MoK km s~! pc?] ™! (A3)
b

in which ny, in the average density of the molecular gas in cm™>,

Ty, is the brightness temperature of the CO 1-0 line and K,;, describes
the average dynamic state of the gas (Dunne et al. 2022). The obvious
way to make this calibration factor smaller in the DSFG if is if the
density of the gas is lower and/or the temperature is higher, which
is plausible since the intensity of the optical/UV radiation field is
likely to be higher in a high-redshift DSFG because of its higher
star-formation rate. We note, though, that Dunne et al. (2022) do
not find any difference between the value of aco for high-redshift
DSFGs and galaxies at the same redshift with lower star-formation
rates. We also note that two of the key results of the most extensive
multi-line CO observations of high-redshift DSFGs (Harrington et al.
2021) are (a) that the ISM in these galaxies is dominated by warm
dense gas and (b) that the calibration factor is similar to its Galactic
value.

APPENDIX B: CORRECTION FOR THE EFFECT
OF ASYMMETRIC DRIFT

We have made a correction to the dynamical masses for the effect
of stellar pressure (asymmetric drift) for the six galaxies for which
this correction was not made in the original analysis in the literature,
using the formalism given in appendix A of Bouché et al. (2022).
The gravitational potential is given by:

GM
ﬁ - Ufm +no? (L) (B1)
ra

r

in which v, is the rotational velocity, o is the velocity dispersion,
rq is the scale length of the disc, and n is a numerical constant of
order unity. The value of 1 depends on the model assumed for the
disc (Bouché et al. 2022). We have assumed a value of 1 appropriate
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for a disc in which the disc thickness and velocity dispersion have
no radial dependence. The fractional correction to the masses for
asymmetric drift is given by the ratio of the second to the first term
on the right-hand side of the equation. We have estimated this from
the data in the original papers, and our estimates are listed in Table 4.
For all but two galaxies the correction is <10 per cent. We have used
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these estimates to correct the masses for asymmetric drift for the

seven galaxies in the sample for which this effect was not included
in the original analysis.
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