The ramp-up of interstellar medium enrichment at z > 4
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Fluorine is one of the most interesting elements for nuclear and stellar astrophysics’2. Fluo-
rine abundance was first measured for stars other than the Sun in 1992}, then for a handful
metal-poor stars®, which are likely to have formed in the early Universe. The main pro-
duction sites of fluorine are under debate and include asymptotic giant branch (AGB) stars,
v-process in core-collapse supernovae, and Wolf-Rayet (WR) stars*'°. Due to the difference
in the mass and lifetime of progenitor stars, high redshift observations of fluorine can help
constrain the mechanism of fluorine production in massive galaxies. Here, we report the de-
tection of HF (S/N = 8) in absorption in a gravitationally lensed dusty star-forming galaxy
at redshift z=4.4 with Ngp/Ng, as high as ~ 2 x 1077, indicating a very quick ramp-up of
the chemical enrichment in this high-z galaxy. At z=4.4, AGB stars of a few solar masses
are very unlikely to dominate the enrichment. Instead, we show that WR stars are required
to produce the observed fluorine abundance at this time, with other production mechanisms
becoming important at later times. These observations therefore provide an insight into the
underlying processes driving the ‘ramp-up’ phase of chemical enrichment alongside rapid
stellar mass assembly in a young massive galaxy.

We observed the gravitationally lensed galaxy NGP—190387 at z=4.420 at 211.6-230.0 GHz
(see Methods) with the Atacama Large Millimetre/submillimetre Array (ALMA) seeking to detect



the millimetre continuum and various molecular and atomic emission and absorption features in
this spectral range. Figure 1 shows 1.36-mm continuum contours (r.m.s = 15 uJy beam™1) over-
laid on a K-band image. The arc-like morphology of the millimetre emission and presence of
a counter image with identical emission lines confirm without ambiguity that NGP-190387 is
lensed by a foreground structure. Lensing was first suggested based on the spatial offset between
the millimetre-wave continuum emission and the sources detected in near-infrared imaging''. The
Gemini Near InfraRed Imager and spectrograph (NIRI) imaging, and data taken in the R and I-
bands with the Gemini Multi-Object Spectrograph-North (GMOS-N), reveal a group of at least
three massive galaxies, most likely members of the foreground lensing structure. The redshift
of the lensing group can be estimated from the K-band Hubble relation'?, suggesting they lie at
z ~ 1-1.5.

We detect a strong absorption profile corresponding unambiguously to the J = 1 — 0
transition of HF at 1,5y = 1232.48 GHz, redshifted to v,,s = 227.39 GHz at 2 = 4.420 (Figure 2).
Other emission features are also present, mostly from H,O. We show the line-averaged absorption
contours in Figure 1. In Figure 2, we present the continuum-subtracted millimetre-wave spectrum
centred at HF(1-0). The continuum flux density at the frequency of the line is x5, = 7.24+0.3 mJy,
where 1 is the magnification factor, which we estimate to be ;1 ~ 5 (see Methods). The HF(1-0)
line can be described adequately by a single Gaussian profile with FWHM = 416 4+ 39kms~*.
We measure an equivalent width of EW = 63 4= 10km s~ for the absorption line and a velocity-
integrated line flux of pSAV = —490 £ 80 mJy kms~! (uncertainties being computed by Monte-
Carlo simulations). The peak of the Gaussian is slightly offset from the expected position of
the transition for the systemic redshift (as defined by the emission lines) by —64 4+ 21 kms™'.
Therefore, the absorption line shows signs of asymmetry (see Figure 2). If we fit the line with a
double Gaussian, the centre of the strongest component is close to zero velocity, —23 £ 30kms~1,
and a weaker component is blue-shifted by —277 4 35kms~!. HF(1-0) is a potential tracer of

molecular outflows!3 14

, and therefore we could be seeing tentative evidence of a molecular outflow,
as has been detected in a high fraction of similarly luminous objects at high redshift!®>. However,
the reduced x? of the double Gaussian fit is not significantly better than the single Gaussian fit and
could be affected by differential lensing. For these reasons, we use the simple single Gaussian fit

in our analysis.

In Figure 3, we velocity-register and normalise other emission lines detected during the same
observation in ALMA Bands 3, 4 and 6. These include several water transitions, CO(7-6) and the
two atomic carbon transitions [C I] (1-0) and [C1] (2-1). The emission lines all have a very similar
shape reminiscent of the double horned profile of a rotating disk, although merger dynamics could
also produce this profile. In contrast, the HF(1-0) absorption line has a profile best described by a
single Gaussian with a similar full width at zero intensity as the emission lines. Given the similarity



of the profiles of the emission line molecular gas tracers, which span a wide range of excitation
conditions (e.g. [C 1] (1-0) traces diffuse molecular gas while the high-J CO and water lines trace
denser and warmer material), at first it might seem surprising that HF(1-0) has a different line
profile. A simple explanation is that in order to be seen in absorption, the HF-laden gas must be
in the foreground of an illuminating continuum source. If, as the emission-line profiles hint, the
galaxy is a rotating disk inclined to the line-of-sight, then we will preferentially see absorption due
to gas at the near-side of the structure, and thus the full kinematic imprint of the disk rotation will
not be observed in the HF(1-0) absorption line.

Aside from the interest in this element from a chemical evolution perspective, HF is po-
tentially an excellent tracer of molecular hydrogen in the diffuse interstellar medium (ISM)!'6-1°
and could be effective to calibrate other tracers over a large range of conditions. Indeed, the main
channel for HF formation is through a direct exothermic reaction of fluorine with molecular hydro-
gen: Hy + F —— HF + H, with fluorine being the only element that reacts with H; in this way?’.
Once formed, HF is difficult to destroy under most interstellar conditions even in low-density
environments'® and is therefore the dominant gas-phase reservoir of fluorine!®, representing nearly
100% of gas-phase fluorine over a wide range of temperatures and densities?!. Despite the rela-
tively low abundance of fluorine, the extraordinary stability of HF allows the accumulation of large
amounts of this molecule in the ISM. Since the first detection of HF(2—1) in absorption towards
Sagittarius B2?! with the Infrared Space Observatory, HF(1-0) has been observed several times
in absorption and in emission in the Milky Way. HF has also been detected mostly in absorption
in a handful of other local galaxies (see Figure 4-left panel). At higher redshifts, observations
are scarce: the molecule has only been detected quasars; in absorption in PKS 1830—211!%%] at
z = 0.9, in the Cloverleaf”® at z = 2.6 and in emission in BR 1202—0725 at = = 4.7("*). This
makes NGP-190387, in addition to being the most distant detection observed in absorption, the
only detection outside of the local Universe in a non-quasar host.

We observe both HF absorption and [C 1] (1-0) emission in this galaxy. While we must
take care to consider the radiative transfer effects alluded to above, we can use this information
to estimate the HF/H, abundance, since [C1] (1-0) offers an independent tracer of H,?*. We
derive Ngp > 5 x 10 cm™2 and Ny, = (2.1 £ 0.4) x10** cm~2 (see Methods). This implies an
abundance ratio Nygp/ Ny, > 2 x107°.

We compare our measurement with others from the literature, spanning Galactic studies to
the distant Universe, in Figure 4-left panel. With the caveat that our HF abundance should be taken
as a lower limit, the ratio Nyp /Ny, in NGP-190387 may be up to one order of magnitude below
that measured for the Solar neighbourhood?® and in diffuse clouds within the Milky Way!”-26:27_ It
is important to consider what internal processes could affect the observed abundance ratio. While



at low redshift and low Hy column density (N, < 10?3 cm™2), the ratio Ny, /Ngr seems to follow
a clear trend with a low scatter (consistent with the trend found in the “diffuse cloud abundance”,
1.8 x 1078 [}y at high redshift and high Hy column density, the trend is less clear. Although it is
difficult to draw conclusions with so few robust detections of HF at high redshift, it is interesting
to note a possible plateau in the HF column density at high H, density, with Ngp ~ 5 x 10 cm=2.
NGP-190387 could be the first high redshift example for which an abundance consistent with that
found in the diffuse clouds of the local Universe cannot be excluded. Investigations of a larger
number of high redshift galaxies at several periods of their evolution will be needed to understand
the abundance of fluorine at high Hy column density. It has been suggested that the Ny /Ny,
ratio can decrease sharply in dense environments'®, possibly due to accretion (including freeze-
out) of HF onto dust grains'®. This phenomenon might be prevalent in the high density, dusty
environment of the ISM in galaxies such as NGP-190387%]. If the low ratio of Nyp /Ny, is
only due to depletion, that is, the observed relative abundance of the two components is only due
to evolution of the gas-phase, we can estimate that the fluorine nuclei in the gas phase to HF
molecules in the solid phase ratio, R = np a5/ nHF,Sohdm, is less than 20% in NGP-190387. In this
scenario, the main fraction of fluorine in NGP-190387 would be locked up in dust. However we
think this level of freeze-out unlikely as the Cosmic microwave background (CMB) temperature
at the redshift of the source is Ty ~ 15K, and dust is likely to be in the vicinity of an intense

starburst (see Methods).

A simpler explanation for the relatively low HF abundance relative to Hy, compared to So-
lar is the picture where early galaxies are gas-rich, with high molecular gas fractions?® and star-
formation rates, but enrichment of the ISM is still ramping up. The origin of fluorine is still poorly
understood and not well constrained, and so-far, fluorine nucleosynthesis processes have only been
observationally confirmed in AGB stars®. The formation of fluorine in AGB stars during the ther-
mally pulsing phase depends on the stars’ initial masses and metallicity, with a production that is
higher for initial masses 2—4 M ** with a peak at ~3Mg?l. AGB stars can produce more than
50% of the total fluorine in the Solar neighbourhood®'. The lifetimes of 2—4 M, stars are about
0.2-0.9 Gyr at low metallicities. It is expected that the F/H ratio is much lower than the Solar,
since F is produced from low-mass stars during their AGB phase. If the star formation history of
NGP-190387 were similar to our Milky Way Galaxy, the fluorine abundance would be ~ 1% of
the Solar neighbourhood abundance at redshift of 4.4, since there is not enough time to have the
enrichment not only from AGB stars but also from massive stars. However, this galaxy experience
an episode of intense star formation (see Methods). With a timescale of less than 0.1 Gyr, it could
be possible to reproduce the observed F/H with a rapid enrichment from massive stars via super-
novae. If the star formation timescale is longer, then it would be necessary to have extra sources,
which are WR stars, i.e., rotating massive stars.



At z = 4.4 the contribution to fluorine production by AGB stars is therefore small, unless (i)
the formation redshift is very high (z > 10; when the Universe was 450 Myr old, 900 Myr before
z=4.4), (ii) a significant fraction of stars have formed almost instantaneously, and (iii) this galaxy
is already chemically evolved with the stellar metallicity greater than 0.1 Z;, (see Methods). How-
ever, this problem can be solved with the inclusion of WR stars. In Figure 4-right panel, we show
the predictions of state-of-the-art chemical evolution models with and without WR contribution.
The evolution of the fluorine abundance, [F/H| ~ log;,[Nur/Nu,/(Nro/Nu )], in the ISM of
NGP-190387 is calculated with so-called one-zone model*?, which includes the metal-dependent
nucleosynthesis yields of the full mass range of stars.

In the standard model with nucleosynthesis yields that are consistent with the chemical evo-
lution of the Milky Way, the first and second peaks of the fluorine abundance evolution (that we
can see at z ~ 4.4 and z ~ 3 in the Figure 4-right panel) are caused by core-collapse supernovae
(13-50M,,1*')) and AGB stars (1-8 M,1?)), respectively (we note that the contribution from super-
AGB stars (8—10M ) is also included in the models but they make no difference®!). With only
AGB stars, the model fluorine abundance is too low to explain the observations. In addition to
the standard model, we also show a model including stellar rotation, which predicts a significant
contribution from WR stars even at very low metallicities. In this case, pre-supernova and core-
collapse supernova yields are taken from the literature®® (set “R” , for set Recommended??) with
stellar rotation of 300kms~! at 13-120 M, in addition to the same yields for super-AGB and
AGB yields as in the standard model, and considering that all stars with mass greater than 25 My
fully collapse to a black hole (except for pre-supernova mass-loss). This contribution from WR
stars should be considered as a maximum as the high rotation velocity is assumed for all massive
stars regardless of metallicity; note that in observations of nearby stars, the peak of rotational ve-
locity is much smaller®*. It is also important to note that the fluorine abundance also depends on
the stellar initial mass function (IMF), and a Kroupa IMF with a slope of x = 1.3 is adopted for
0.01-120 M, in these models. A more bottom-heavy IMF would give enhanced AGB contribution
but a lower contribution from supernovae and WR stars, resulting in lower F abundances than in
these models. The flattest IMF with the slope of x = 1.1 gives a ~0.4 dex higher abundance, which
is also not large enough to explain the observation unless the star formation timescale is extremely
short.

The predicted fluorine abundance with the inclusion of WR stars increases very quickly to
reach the observed value of NGP-190387, and stays high afterwards. This may add further obser-
vational evidence (and the first outside the Milky Way) of the need of WR stars in the nucleosyn-
thesis of fluorine and further strengthens the hypothesis that WR stars are a dominant channel of
ISM chemical enrichment during the key formation epoch of massive galaxies in the early Uni-
verse. Novae can also be fluorine producers® but do not contribute in our high-redshift galaxy due



to the long timescale.

Methods

Galaxy selection HATLAS J133337.6+241541, hereafter NGP-190387, was discovered®® in the
H-ATLAS survey?” (Herschel Astrophysical Terahertz Large Area Survey), which was under-
taken with the Spectral and Photometric Imaging Receiver®® (SPIRE) on-board the Herschel Space
Observatory®. NGP-190387 was identified as a ‘500-um riser’?, with Sas0 < Ss50 < S500, which
identifies potential high-redshift (= > 4) dusty star-forming galaxies (DSFGs). The redshift
(z = 4.42040.001) and astrometric position (13"33™37.47¢%, +24°15'39.3" J2000) of NGP-190387
were measured unambiguously using the NOrthern Extended Millimetre Array (NOEMA) through
12CO(5-4) and (4-3) line emission'!. This study detects multiple additional emission lines at the
same position and redshift.

Data reduction The ALMA observations were carried out on 20 March 2018 during the ALMA
Cycle 5 campaign (project 2017.1.00510.S). The observations used 46 antennas of the 12 m array,
in configuration C43—4 in Band 6. The target was observed for 61.5 min (on-source integration
time 42.3 min) to reach a median r.m.s. per 40-kms~! channel of 0.14 mJy beam™! in Band 6.
The full width half maximum (FWHM) synthesised beam size is 0”88 x 0757 at position angle
29.5°. J1229+0203 and J1327+2210 were observed as calibrators; the flux density scale should be
accurate to 5 per cent. The data were calibrated using the Common Astronomy Software Applica-
tions (CASA) ALMA pipeline v.5.6.1-8/*!). We used CASA task t c1ean, employing multi-scale
cleaning using a geometric progression of scales*?, with natural weighting to maximise sensitivity,
masking the central region. Continuum subtraction was performed in UV-space using the line-free
channels with the CASA task uvcont sub. New continuum subtracted cubes have been created
using the same procedure as before. Galaxy sizes (including error estimations**) were obtained us-
ing the CASA task imfit in each channel. The sizes presented in this paper are the deconvolved
sizes, uncorrected for magnification factor unless otherwise stated. For a S/N of ~3 per channel,
the reliable size measurement limit for an interferometre is approximately half the beam size**.

Infrared properties We estimate a rest-frame 8—1000-,m infrared luminosity, uncorrected for
gravitational amplification, of log;o (¢ Lir /L) = 13.540.2 from the SED-fitting code CIGALE®.
We measure the dust temperature by fitting a modified blackbody model with emissivity § =
1.5146:47] T, = 4242 K. Even for the highest plausible magnifications, this suggests a prodigious
star-formation rate, SFR =~ 3500/ u M, yr~*, for a Kroupa initial mass function*®#.

Details on the computation of Ny, To determine Ny, we use the [C1] (1-0) emission line and
assumed a C1/H, conversion factor X¢i:

Ny, [em™] = X¢p [em™2 (K kms ™)™ x Weyp [K kms™] (1
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where Ny, i1s the Hy column density and W is the integrated brightness temperature of the
[C1] (1-0) transition. Integrating over the source we measure Wep = (6.4 4+ 1.2) x 103 Kkms™!
(the uncertainties were calculated performing 10 000 Monte-Carlo simulations perturbing the mea-
surement randomly within the uncertainties). We assume X¢y = (3.34:0.2) x 10 cm =2 (Kkms~!)~!
from the ratio between the Hy mass and the line luminosity L/CI(l—O):

Mpo [M 1
Ker [em™ (Khems™) ™) = Lo, E?Lmeil A 16X 100 M, peZem?]
with uLt;y o) = (6.0 £0.3) x 10" Kkm s~ pc?, iMuz = (3.2 £ 0.2) x 10" Mg, using®*>":
a2 [ Xcra-o) - A\ 1
My, [Ms] = 1375.81 - < = ) (107) Q1o Sc1Av [Jy kms™], 3)

with the Einstein coefficient A =7.93x 1078571, the [C 1]-to-H, abundance ratio X{,; =3x 107> [
and Q, = 0.6/ the excitation factor. This result has then been divided by 1.36 to remove the con-
tribution from helium. This ratio is consistent with that found for local ULIRGs>* giving Ny, =
(2.1£0.4) x 10** cm™2. Although for nearby galaxies, atomic hydrogen dominates the total mass
of gas in galaxies, this proportion is reversed for more distant galaxies due to a strong increase in
molecular hydrogen®3>° and we adopt My, + My ~ My, valid at z > 0.4[2%,

The [C 1] (1-0) surface brightness of the galaxy (W(y) is given by’

1 ? 1 A km s~ 1
Wer [Kkms‘l]—< +2z)c SCIAv:1.38><106( + 2) Sc1Av [Jy km s~

5.2 O 4
2k V2 S V% [GHz] Q; [arcsec?] “)

where v is the observed frequency, k the Boltzmann constant, €2 the source solid angle (€25 = 76 ,in O max/
4In(2)), and S¢1 Av the velocity integrated flux density. We corrected the observed [C 1] (1-0) flux
for the CMB>® by assuming local thermodynamic equilibrium (LTE) between the gas and the dust.
This represents 24+2% of the flux that had to be corrected (added) in the column density calcu-
lation above. The size of the [C1] (1-0) emission line is too uncertain in Band 3 to be measured
accurately, the beam size in Band 3 is 1.39” x 0.95”. We took advantage of the higher resolu-
tion in Band 6, to estimate the size of the emission line. We assume that the CO(10-9) emission
line traces the same material as [C 1] (1-0)[2*3%%! (both lines show similar profiles) and its size
can therefore be used to calculate the H, column density. In addition, because HF has the same
spatial distribution as CO(10-9) (see Details on the computation of Nyr), they are both reason-
able tracers of the spatial distribution of the gas responsible for the emission/absorption. The
CO(10-9) emission line being partially blended with the emission line of water HoO(315-251) (see
Figure 2-left panel), and since there is no significant variation in size between these two compo-
nents, we have considered the average size of these blended elements. We measure a source size
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of (0.70” £ 0.05") x (0.28"” £ 0.04"), the uncertainties corresponding to the standard deviation
of the sample means. For ULIRGs, there may be a fine structure deficit. For this reason, we also
calculated Ny, from the continuum and water emission lines of NGP-190387. The results from
these different techniques give comparable results.

Details on the computation of Nyr For extragalactic sources the HF absorption is generally
expected to be physically associated with the source(s) of far-infrared continuum, unless the galaxy
is seen edge-on or there is a foreground component in the direction of the continuum source. We
note that in the case of NGP-190387, the [C1] (1-0) profile that is used to estimate Ny, mimics
the profiles of the excited CO and H5O lines (Figure 3), so that there is no evidence for detached
foreground low-excitation gas. The HF(1-0) absorption profile is slightly blueshifted (~ 60 km
s~1) relative to the emission [C 1], CO and H,O profiles, but this is a rather common characteristic
of local ULIRGs where the excited OH 65um absorption, radiatively pumped by the nuclear far-
IR field, is also slightly blueshifted relative to the [C 1] 158;m emission line®!. Furthermore, the
velocity coverage of HF(1-0) is the same as that of the CO and H,O lines.

If the HF is physically associated with the continuum, we should then consider the excitation
effects of the infrared radiation on HF(1-0), and also the fact that only the HF in front of the con-
tinuum will produce absorption. In order to consider these effects and quantify their impact on the
estimation of Nyp, we have modeled the source using the non-LTE, non-local approach®®, where
dust and molecules are assumed to be mixed. Any geometrical effect is ignored by considering
a spherically symmetric source; even if the actual geometry is a disk, it can be considered in a
first approach as an ensemble of these spherical clouds, and EWyr(; o) would be the same for the
individual clouds and for the ensemble.

By taking the following parameters in the model: a dust temperature of 50 K, 7399 = 2, cor-
responding to N, ~ 1.3x10%* cm™2 (consistent with the value found by the [C 1] (1-0) line) for
gas-to-dust ratio of 100, V.1, =240 km s~ and by excluding the effects of the collisions, we tested
two different values of the HF column density: Ny = 5x 10 cm™2 and Ngp = 5x 10" cm™2. The
absorption produced in the Nyp = 5x10' cm~2 model is very weak, with only EWnri-0) = 8
km s~'. In contrast, the Ngp = 5x10' cm™2 model gives EWpp(1_g) = 66 km s™*, in agreement
with the observations. Since a lower value of Vi, (i.e. a profile broadened by systemic mo-
tions rather than by turbulence alone) would increase the required Nyp, the HF column density of
5 x 10' cm™2 would be still considered a lower limit; we conservatively estimate an abundance of
2 x 107 with 0.4 dex of uncertainty (Figure 4).

We also measured the deconvolved size of the HF(1-0) absorption using the CASA task
imfit after subtraction of the continuum. In order to be consistent with the emission line size
measurements, we multiplied the flux density by -1. Because of the weaker signal of the HF(1—
0) absorption line compared to the emission lines (see Figure 2-left panel), the size measurement



could only be made on fewer channels and may suffer from more uncertainty. We measure a source
size of (0.59” £0.06") x (0.19” £0.07”), the uncertainties corresponding to the standard deviation
of the individual sizes across different channels. The measured size of the HF(1-0) absorption line
is slightly smaller than the emission line region we consider for the gas. However, as the sizes
are consistent within uncertainties, we consider that the assumption of considering that the Hy gas
probes the same region as HF is justified.

Chemical evolution models The fluorine evolution depends on the star-formation history (SFH),
in addition to the enrichment source and IMF as already discussed. This galaxy is extremely
faint/not detected across the UV-optical-NIR, and therefore we have only limited constraints on
the SFH from stellar population modelling®’. We therefore investigated and modelled all possible
SFHs varying i) star formation efficiency (SFR/M,,s), 1) duration of star burst, iii) the fraction of
additional, older stellar population, iv) the formation epoch of the old stellar population, v) gas
accretion timescale, and vi) the IMF. Based on its observed properties (infrared luminosity, gas
mass, SF timescale), this galaxy is similar to submillimetre galaxies (SMGs). We therefore found
that 1i1), iv), and v) are not important for chemical evolution of galaxies. There is no observational
indication that the IMF of this galaxy should be different from that in the Milky Way, and thus we
present the models with the Kroupa IMF in Figure 4-right panel. We then find that the observed
F/H ratio of NGP-190387 can be reproduced (A) if the star formation timescale is shorter than 0.3
Gyr, or (B) with significant F production from WR stars.

In Figure 4-right panel, we present the models with star formation timescales from 0.1 to 0.5
Gyr, which is a relative constant between SFR and gas fraction at a give time (also called depletion
timescale)*?. The gas fraction increases due to the accretion of pristine gas with an exponential
timescale of 1 Gyr in these models, and almost identical results are obtained with a longer timescale
(e.g., 5 Gyr); the accretion timescale would have an impact for a much longer star formation
timescale such as in our Milky Galaxy. The high SFR of this galaxy requires some mechanism
of a starburst, such as galaxy merger, and in that case, the duration of starburst is expected to be
as short as 0.1 Gyr. We also assume the formation epoch to be the epoch of reionization, z =
7.7191, which is most plausible; an earlier formation epoch (e.g., z = 10) results in a slightly more
old stellar population, and hence in a slightly higher F abundance at the onset of the starburst.
However, this contribution from old stellar populations is not important because the F abundance
rapidly increases during the starburst as seen in the Figure. Similarly, increasing the SFR before
the starburst (by a factor of 10) does not affect either. Finally, if the duration of starburst is longer
than in the models, the predicted gas fraction becomes too small for this galaxy at this redshift.

Our chemical evolution model includes the production of F from all plausible sources, i.e.,
core-collapse supernovae, AGB stars (including super-AGB stars), and WR stars using the most
recent nucleosynthesis yields®', self-consistently. There is an uncertainty of the F yields due to



the nuclear reaction rates and the description of stellar mass loss, rotation, and rotation-induced
mixing, which are calibrated by the observations of stars®>. '°F is synthesized from '*N in He
convective shell but can be destroyed by the reaction F(c, p)*?Ne, which is uncertain. The Wolf-
Rayet stars might not produce much F [%¥, but noted that their mass-loss rates, and hence F
yields, might be underestimated. It is also important to note that a significant production of F from
WR stars is required from the Galactic chemical evolution models®-3!+63

of stars® in the Milky Way.

and also the observational

Determination of the magnification factor The determination of the magnification factor has
been done in the UV plane using the VISILENS®% package. A detailed description of the
lens modeling will be presented in a companion paper. Using continuum emission, having first
subtracted the emission lines in Band 6 and taking the hypothesis of a single lens we obtain a
magnification factor yn = 4.9 £ 0.2.

Freeze-out of the fluorine on dust grains One hypothesis to explain the low abundance of hy-
drogen fluoride in NGP-190387 compared to the abundance in the vicinity of the sun is that HF
can condense onto dust grains. We have investigated this possibility by considering that the HF
abundance follows from balancing its adsorption onto dust grains and desorption®*~’!. The charac-
teristic time for the HF(1-0) to freeze-out (Txeese—out) i defined by®:

0.5
7-freeze—out<nH>frgas) [yT‘] =6.97 x 109 (g) nﬁ17 (5)

gas

where T, is the temperature of the gas, myy is the molecular weight of HF, and ny is the density
of hydrogen nuclei in m~3. The characteristic desorption time (Tdesorption) 18 more difficult to
estimate because it depends on the type of grain and is expressed as®:

3.17 x 107
Tdesorption(Tdust) [?JT] = —ElHF’ (6)
eXp <_ kq)—:dusl >

where Tg,s 1s the temperature of the dust, £ is the Boltzmann constant, and £}, yr is the bind-
ing energy of HF to the the dust grain surface. HF(1-0) may condense on to the dust grains
if Theeze—out < Tdesorption- BY taking the most conservative values of the parameters possible:
Tyas € [35 — 100K, Thust € [35 — 50K] and ny € [10° — 10° cm—?], and different values of
Ey, wr corresponding to Hydrogenated crystaline silica, CO ice on amorphous silica, and CO; ice
on amorphous silica®, the freeze-out phenomenon is negligible (the transition is highly dependent
on the temperature and occurs at ~ 20K). On the other hand, one possibility could lead to an ad-
sorption of HF on the grains, if they are covered by a pure water layer. This possibility has been
studied in the case of NGC 6334 I and I(N) and has been rejected®. While being well aware that the
conditions of the interstellar medium of NGP-190387 are not homogeneous and may suffer from
large local disparities, our conclusion is that freeze-out does not explain the low HF abundance
relative to the Solar abundance.
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Figure 1: ALMA contours of NGP-190387. The contours (4 to 160 in steps of 20) show the

1.36-mm continuum (cyan) and HF absorption line (yellow). The background image is a K-band
image from Gemini/NIRI. The ALMA synthesised beam is shown in the lower left-hand corner.
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Figure 2: ALMA spectrum of NGP-190387. a: Spectrum in Band 6 without continuum subtrac-
tion. The position of emission and absorption lines are indicated by vertical lines and labelled. For
comparison, the Arp 220 spectrum’?, shifted and scaled by arbitrary units is also displayed in gray.
The frequency gap is due to the separation of the ALMA spectral windows. By inspection, the plot
of the flux density without continuum subtraction shows that the absorption line is not saturated.
By integrating the S/N over the absorption line, we obtain an S/N = 8. b: Observed HF(1-0) line
profile (Ve = 1232.48 GHz!™), continuum subtracted. The spectral resolution is 40 km s, with
the velocity scale centered on the HF(1-0) transition at z = 4.420. The single and double com-
ponent Gaussian fits are displayed in black and red respectively, with dashed lines indicating the
individual components of the double Gaussian fit. The error bars show the uncertainties on the flux
measurement given by imfit. The bottom panel shows the residuals (data - model) in units of
mlJy in black for the single Gaussian fit and in red for the double Gaussian fit. In theses two panels,
the flux density is not corrected by the magnification factor (1 ~ 5).

13



T I T T T T I T T T T I T
—(]) I HQO (211—202

[ — HF (1 )
2r CO (7-6) — H20 (321-312)

L [C1] (1-0 —— M0 (220-211)
15 (2 ' i

(e}
T T

|
—_
T T

Normalized Flux density [mJy]

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
—1000 —500 0 500 1000
Velocity [km s7}]

Figure 3: Overlay of the different ALMA lines. We displayed the different lines present in
the three ALMA bands, omitting CO(10-9) and H,O(3;5-25;) due to blending and H,O™ lines
because of the low signal-to-noise. The pattern observed for the HF line at a velocity > 500 km s ™!
corresponds to the line HoO(299-211) (see Figure 2, left panel). For comparison, we also display
the HF(1-0) absorption line, normalised and multiplied by (-1) with a dashed black line.
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Figure 4: Evolution of fluorine abundance. a: HF column density plotted versus H, column
density. We compare our observations to literature data !> !4 17-19.22.23,26-28,69.72.74-80 of HF in ab-
sorption and emission (red squares) color-coded as a function of redshift. Upper/Lower limits (30)
not associated with a data point imply that the HF line has not been detected, while a limit asso-
ciated with a data point indicates that the method used by the authors may over/underestimate the
abundance of the chemical element. b: Top-panel: Contribution of SNe (blue), AGB (orange) and
WR stars (green) to the total amount of fluorine (SNe + AGB + WR) predicted by the different
chemical evolution models: timescale (7) = 0.1 Gyr (dotted line), 0.3 Gyr (dashed line), 0.5 Gyr
(solid line). The redshift of NGP-190387 is indicated by a vertical dashed gray line. Bottom-
panel: Fluorine abundance of NGP-190387 put into perspective with different chemical evolution
models. For the different models the blue, orange, and green lines take into account the production
of fluorine by the SNe only, SNe and AGB stars, and SNe, AGB and WR stars, respectively. With
a timescale longer than 0.1 Gyr, it would be necessary to have WR stars to reproduce the measured
fluorine abundance. This shows that Fluorine is already present in the interstellar medium at very
high redshift and WR stars could be the main Fluorine producer during the key formation epoch
of massive galaxies in the early Universe. In both panels, the Solar neighbourhood number ratio
of 3.63 x107% [»! is indicated with a dashed line and NGP-190387 is displayed as a large circle
outlined in black.
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