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Chapter 5

Deep Constraints on [CII]158µm
in JADES-GS-z14-0:
Further Evidence for a Galaxy
with Low Gas Content at z=14.2

We present deep ALMA observations targeting the [CII]158µm line in JADES-

GS-z14-0, the most distant known galaxy at z=14.1793. We do not de-

tect the [CII]158µm line in our deep observations, implying a luminosity

of <6×107 L⊙ (3σ) for the target. Comparing this with the detected

[OIII]88µm line, we constrain the [OIII]/[CII] ratio to be >3.5, significantly

improving our probe of the ionization parameter U . The observed ratio is

higher than analogues in the local universe, but consistent with galaxies

at z ≈ 6-9. Through ISM modeling, we infer extreme ionizing conditions

with log(U)> −2.0, likely requiring a young stellar population. Our mod-

eling also indicates a relatively low gas density (51+116
−32 cm−3), significantly

lower than expected from lower redshift trends. We infer a relatively high

gas-phase metallicity (16±6% solar) consistent with previous results and

implying a rapid build-up of metals. Finally, using [CII] as a molecu-

lar/cold gas mass tracer, we infer a low gas fraction (fgas,mol < 0.77),

consistent with previous estimates of the dynamical mass from [OIII]88µm.

Combined with the low observed gas density, lack of dust and high ion-

ization parameter, this suggests strong feedback processes are playing an

important role in the evolution of this galaxy. Our observations show that

JADES-GS-z14-0 is a rapidly evolving galaxy with extreme ISM condi-

tions, shedding light on the earliest phases of galaxy formation.

Schouws, Bouwens, Algera, Smit, Kumari, Rowland,
van Leeuwen, Sommovigo, Ferrara, Oesch, Ormerod, Stefanon,

Herard-Demanche, Hodge, Fudamoto, Röttgering, and van der Werf

arXiv:2502.01610 (2025)
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5.1 INTRODUCTION

The discovery and spectroscopic confirmation of galaxies at z > 10 has

recently become possible due to the groundbreaking capabilities offered by

the James Webb Space Telescope (JWST ) (e.g., Curtis-Lake et al. 2023;

Zavala et al. 2024a). While initial follow-up with the Atacama Large Mil-

limeter/submillimeter Array (ALMA) of bright JWST targets was largely

unsuccessful (e.g. Bakx et al. 2023; Popping 2023; Yoon et al. 2023; Fuji-

moto et al. 2023; Kaasinen et al. 2023), this changed with the detection of

[OIII]88µm in JADES-GS-z14-0 (hereafter GS-z14) at z = 14.1793±0.0007

(Carniani et al. 2024a; Schouws et al. 2024) and GHZ2/GLASSz12 at

z = 12.3327±0.0035 (Zavala et al. 2024b). This has provided a new and

unique view of these galaxies, revealing a rapid build-up of metals, rel-

atively low densities and potentially a low gas fraction (Carniani et al.

2024a; Schouws et al. 2024; Zavala et al. 2024b) and has opened the door

for further studies of z > 10 galaxies with ALMA.

These developments have provided a glimpse into the physical condi-

tions of the interstellar medium (ISM) for the earliest galaxies, which has

been a longstanding goal in high redshift astronomy (e.g., Robertson 2022).

Emission lines provide us with key information to constrain these physical

conditions. The advent of JWST has revolutionized the detection of rest-

frame optical emission lines that have traditionally been essential to char-

acterize the ISM. However, this becomes much more challenging at z > 9.5

when strong rest-frame optical emission lines like [OIII]λλ4959,5007Å and

Hβ move out of the spectral coverage of NIRSpec. While these lines can

still be targeted by MIRI (Zavala et al. 2024a; Álvarez-Márquez et al.

2024), the cost is much higher due to the lower sensitivity of MIRI and

lack of multiplexing. In this regime, ALMA can provide competitive and

complementary insights that rival or exceed those possible with JWST

(Schouws et al. 2024; Carniani et al. 2024a).

The aim of this study is to report on new deep [CII]158µm observations

of GS-z14, currently the most distant spectroscopically-confirmed galaxy

known. GS-z14 has measurements of [OIII]88µm , CIII]λλ1907,9Å, and

a photometric constraint on [OIII]λλ4959,5007Å+ Hβ (Carniani et al.

2024b,a; Schouws et al. 2024; Helton et al. 2024). Although this makes

GS-z14 one of the best characterized z > 10 galaxies, this suite of emis-

sion lines is insufficient for an unambiguous characterization of its ISM,

with sizable uncertainties in key parameters, particularly the ionization
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parameter (Carniani et al. 2024a; Schouws et al. 2024). Fortunately, with

sensitive observations of [CII]158µm we can substantially reduce many ex-

isting uncertainties in our modeling of the ISM conditions of GS-z14.

Of particular relevance is the [OIII]88µm /[CII]158µm ratio (hereafter

[OIII]/[CII]), which provides us with invaluable constraints on the ion-

ization conditions in the ISM (e.g. Arata et al. 2020; Harikane et al. 2023;

Katz et al. 2022). This ratio also has been a key focus of study both in the

local universe and galaxies at z ∼ 6-9, facilitating direct comparisons to

our observational results (Inoue et al. 2016; Hashimoto et al. 2019; Laporte

et al. 2019; Bakx et al. 2020; Carniani et al. 2020; Harikane et al. 2020;

Akins et al. 2022; Witstok et al. 2022; Algera et al. 2024; Bakx et al. 2024;

Fujimoto et al. 2024).

Throughout this paper we assume a standard ΛCDM cosmology with

H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7. Magnitudes are

presented in the AB system (Oke & Gunn 1983). For star formation

rates (SFR) and stellar masses, we adopt a Chabrier initial mass function

(Chabrier 2003). Error-bars indicate the 68% confidence interval unless

specified otherwise. All measured and derived physical quantities are cor-

rected for gravitational lensing by a factor of 1.17× (Carniani et al. 2024b).

Logarithms use base 10 unless specified otherwise.

5.2 OBSERVATIONS AND DATA-REDUCTION

5.2.1 Previous Observations

GS-z14 is the most distant galaxy currently known and simultaneously

the second most luminous z > 8 galaxy with a spectroscopic redshift (only

GN-z11 is more luminous by a factor ∼2×: Oesch et al. 2016; Bunker

et al. 2023). In contrast to other bright z > 10 galaxies (e.g., GN-z11 or

GHZ2: Castellano et al. 2024), GS-z14 has a relatively extended morphol-

ogy (FWHM∼0.16′′), indicating that its luminosity is primarily driven by

star formation as opposed to an active galactic nucleus (AGN).

It was initially discovered in deep imaging of the GOODS-South field ob-

tained by the JWST Advanced Deep Extragalactic Survey (JADES; Eisen-

stein et al. 2023a), the First Reionization Epoch Spectroscopic COmplete

Survey (FRESCO; Oesch et al. 2023), and JADES Origins Field (JOF)

program (Eisenstein et al. 2023b) and subsequently targeted for follow-up

spectroscopy with NIRSpec.

The NIRSpec spectroscopy showed a strong break at ∼1.85µm, consis-

tent with a Lyman break at z ∼ 14, but also a lack of strong rest-frame
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Figure 5.1. Sensitive constraints just obtained on [CII]158µm emission from GS-z14
with ALMA (2024.A.00007.S: PI Schouws). Left Panel: Moment-0 map collapsed over
130 km/s at the expected frequency of [CII]158µm . To provide a sense of the noise levels,
a 10”×10” area is presented, with contours drawn at the −3, −2, 2 and 3-σ levels, where
dashed contours are used for the negative significance levels. The ALMA beam-size is
shown as a red ellipse in the lower left corner. The position of GS-z14 is highlighted by
the red cross-hairs at the center. Right Panel: Spectrum extracted within a 0.5′′aperture
centered on the position of GS-z14 (blue bars). A small amount of smoothing (bin size
of 2-spectral elements) is applied. The spectral coverage is limited due to its proximity
of [CII]158µm to the edge of ALMA Band 4 at 125 GHz. For context, emission from
[OIII]88µm line is also using a similar aperture and extraction scheme (red bars). The
red-dashed line shows the Schouws et al. (2024) fit to the [OIII]88µm line. It is clear
that [CII]158µm is not detected. (We note that equal flux in both lines would result in
a ratio [OIII]/[CII]∼1.8 due to the dependence of the derived luminosity on frequency,
e.g., Solomon et al. 1992).

UV emission lines, resulting in considerable uncertainty in the spectro-

scopic redshift estimate (z = 14.32+0.08
−0.20) (Carniani et al. 2024b).

GS-z14 was subsequently targeted in an ALMA DDT programme

(#2023.A.00037.S: PI Schouws) to scan for the luminous [OIII]88µm line.

These observations were successful, resulting in a 6.6σ detection of the

[OIII]88µm line at z=14.1793±0.0007 in only 2.3 hours on-source inte-

gration (Carniani et al. 2024a; Schouws et al. 2024). The discovered

[OIII]88µm line detection further confirmed the reality of the tentative 3.7σ

CIII]λλ1907,9Å line candidate that was previously identified in the NIR-

Spec spectroscopy.

Finally, GS-z14 is also detected by MIRI in the F770W filter (Helton

et al. 2024). This filter covers the rest-frame optical emission of GS-z14,

corresponding to wavelengths of 4.4 to 5.7µm, enabling a constraint on the

luminosity of the strong [OIII]λλ4959,5007Å and Hβ emission lines.
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Figure 5.2. Comparison of the limiting [CII]158µm luminosity (downward arrow) in-
ferred from GS-z14 against its SFR. The horizontal line associated with the upper limit
extends over the full range in SFR derived for GS-z14 from Carniani et al. (2024b) and
Helton et al. (2024). Previous studies have revealed a tight correlation between the SFR
and L[CII] in local galaxies (De Looze et al. 2014) and at high-redshift (e.g. Carniani
et al. 2017; Schaerer et al. 2020, Schouws et al. in prep.) GS-z14 lies below the relation
over the full range of SFRs.

5.2.2 ALMA [CII]158µm Follow-up

The observations presented in this work were obtained as part of a Cycle

11 Director’s Discretionary Time (DDT) program (#2024.A.00007.S, PI:

Schouws). We target the [CII]158µm line, which is expected at 125.20 GHz

and falls just within ALMA Band 4 (i.e. within 0.2 GHz from the edge of

the band). We use a standard observing set-up with a single tuning and

two spectral windows in each of the side-bands.

The observations were carried out between 11 and 19 January 2025 with

an average PWV of 2.38mm (ranging from 1.67mm to 2.98mm), achieving

the requested sensitivity in 8.15 hours on-source (12.2 hours including over-

heads). The target was observed with a moderately compact configuration

with baselines ranging from 15m to 783m, resulting in a natural-weighted

synthesized beam with a resolution of 1.35×0.99′′ at the expected fre-

quency of [CII]158µm . At this resolution, we expect that all [CII]158µm flux
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from GS-z14 lies within a single beam, preventing signal dilution and loss

of S/N (e.g. Carniani et al. 2020). The resolution is furthermore similar

to the previous observations targeting the [OIII]88µm line (Schouws et al.

2024).

For the imaging, we use reduced and calibrated measurement sets ob-

tained through the ALMA archival data service. The individual measure-

ment sets are combined and time-averaged in bins of 30 seconds to reduce

data-volume and we carefully verify that time-average smearing does not

impact fluxes even at the edge of the field of view (e.g. Thompson et al.

2017).

Imaging of the calibrated visibilities was performed with natural weight-

ing using the tclean task in Casa (v6.6.1-17) (Casa; Hunter et al.

2023). We clean to a depth of 3σ using automasking with the recom-

mended settings for low-resolution ALMA data (Kepley et al. 2020). At

the expected [CII]158µm frequency, we generate a moment-0 map including

channels within 130 km/s, to approximately match the inferred FWHM of

the [OIII]88µm line (126 km/s). The resulting moment-0 map has a rms of

7.2 mJy·km/s.

We do not detect continuum emission from GS-z14, constraining the

flux to < 9.5µJy beam−1 (3σ). This is slightly deeper than the previous

constraints from the ALMA Band 6 observations (< 15.1µJy beam−1),

but does not improve constraints on the dust content of GS-z14 due to the

shape of the dust SED. We therefore refer to Schouws et al. (2024) for a

more detailed discussion on the dust content of GS-z14.

5.3 RESULTS

5.3.1 Non-detection of [CII]158µm

We do not detect significant emission at the location and expected

[CII]158µm frequency of GS-z14. This is illustrated in Figure 5.1, where

we show the moment-0 map and spectrum as extracted within an aperture

with a diameter of 0.5′′ centered on GS-z14. We do not even find evi-

dence for tentative (∼1-2σ) [CII]158µm emission from GS-z14. For context,

we also include the extracted spectrum of [OIII]88µm for GS-z14 using the

same method.

126



102 103

EW[OIII]+Hβ (Å)
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Figure 5.3. [OIII]/[CII] ratio as a function of [OIII]4959,5007+Hβ equivalent width.
GS-z14 is shown as a lower limit (maroon), and its EW probability distribution from
Helton et al. (2024) is overlaid via the dotted line. High-z galaxies from the literature
are overplotted as black markers (Witstok et al. 2022; Algera et al. in preparation).
Moreover, low-redshift galaxies from the Dwarf Galaxy Survey are shown as grey symbols
(Kumari et al. 2024).

Based on the rms of the moment-0 map, we therefore constrain the ap-

parent [CII]158µm flux to be below <22 mJy·km/s (3σ). This corresponds

to a limiting luminosity of <6×107 L⊙ (corrected for lensing)1.

1

The impact of the cosmic microwave background (CMB) on [CII]158µm (assuming optically thin

transmission) can be estimated by η=Fobs
ν /Fintr

ν =1 − Bν(TCMB)/Bν(T
[CII]
spin ) (e.g. Kohandel

et al. 2019). The CMB temperature at this redshift is TCMB = 41.4K and the [CII]158µm spin
temperature depends strongly on the ISM conditions of the emitting gas. At high redshifts
[CII]158µm primarily originates from photo-dissociation region (PDR) (e.g. Gullberg et al. 2015;
Novak et al. 2019; Cormier et al. 2019), which have relatively high densities (log(ne) ∼ 2− 4).
Given the extreme nature of GS-z14, the kinetic temperature is likely to be high (Tkin ∼
500 − 1000K). Based on this, we estimate a spin temperature of T

[CII]
spin = 100 − 1000K (Gong

et al. 2012). This gives η ≈ 0.60−0.96, implying a potentially modest suppression of signal from
the CMB. Given the large uncertainty in the physical properties of the [CII]158µm emitting gas
in GS-z14, the reported [CII]158µm luminosities in the paper are not corrected for the impact of
the CMB
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Galaxies in the local and high redshift universe show a moderately tight

correlation between their SFRs and [CII]158µm luminosities (De Looze et al.

2014; Herrera-Camus et al. 2015; Schaerer et al. 2020). In Figure 5.2, we

show that the [CII]158µm luminosity of GS-z14 lies below this relation. The

estimated SFR of GS-z14 ranges from 10+2
−2 M⊙/yr (Carniani et al. 2024b)

to 25+6
−5 M⊙/yr (Helton et al. 2024). Depending on the assumed SFR, GS-

z14 falls either well below the relation or is marginally consistent, given the

observed 0.3dex scatter in the local relation (De Looze et al. 2014). For

the lower SFR estimates, the [CII]158µm deficit in GS-z14 would be a good

match to the deficiency seen in other high redshift galaxies (e.g. Harikane

et al. 2020; Binggeli et al. 2021; Glazer et al. 2024). This may therefore

indicate that the SFR estimate of Helton et al. (2024) for GS-z14 is too

high.

Leveraging our earlier determination of the [OIII]88µm luminosity

(2.1×108 L⊙: Schouws et al. 2024) for GS-z14, we constrain the

[OIII]88µm to [CII]158µm ratio to be >3.5. This is consistent with what

is typically observed for z∼6 - 9 galaxies, which show line ratios of

[OIII]/[CII] ≈ 2 − 10 (e.g. Harikane et al. 2020; Carniani et al. 2020;

Witstok et al. 2022; Algera et al. 2024).

ISM modelling has shown that the [OIII]/[CII] ratio correlates with the

ionization parameter, which can be elevated by bursts of recent star for-

mation (e.g. Ferrara et al. 2019; Algera et al. 2024). Observationally, re-

cent bursts in star formation result also enhance the equivalent width of

[OIII]λλ4959,5007Å+Hβ (hereafter EW[OIII]+Hβ) due to an increased con-

trast between enhanced emission lines driven by recent star formation and

the underlying stellar continuum.

These effects result in a tight correlation between EW[OIII]+Hβ and

[OIII]/[CII] as shown in Figure 5.3, we also show our constraint on

[OIII]/[CII] for GS-z14 in this figure together with the estimate for

EW[OIII]+Hβ from Helton et al. (2024) (370+360
−130 Å). Our constraint im-

plies that [OIII]/[CII] in GS-z14 is be higher than expected based on its

EW[OIII]+Hβ , but could also imply that EW[OIII]+Hβ might be underesti-

mated by Helton et al. (2024).

We discuss the physical implications of the [OIII]/[CII] ratio of GS-z14

in the context of the known high-redshift galaxy population in the next

section.
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Figure 5.4. Constraints on the ISM of GS-z14. Each panel shows constraints on two
ISM properties while we marginalize over the remaining parameter. We show 1, 2 and
3σ constraints for fits both with and without the constraints on [CII]158µm (red and gray
dashed contours, respectively). The inclusion of [CII]158µm significantly improves the
constraints on the ISM properties, particularly the ionization parameter. For reference
we also indicate previous estimates on the ISM properties of GS-z14 from Carniani et al.
(2024a) and Schouws et al. (2024) (with log(U) estimated by Ferrara 2024).

5.4 DISCUSSION

5.4.1 Constraints on the ISM of GS-z14

The detection of line emission from galaxies (or physically meaningful

limits) provides us with a powerful way to constrain the ISM conditions

in galaxies. In the case of GS-z14, flux measurements are available for

[OIII]88µm and CIII]λλ1907,9Å lines, an upper limit is now available on

[CII]158µm , and finally [OIII]λλ4959,5007Å+ Hβ fluxes have constraints

thanks to deep MIRI photometry on the source (Carniani et al. 2024b,a;

Helton et al. 2024; Schouws et al. 2024).

To enable a constraint on the ISM properties of GS-z14 based on these

measurements, we use Bayesian inference on an extensive grid of photo-

ionization models made with Cloudy (v17.02; Ferland et al. 2017). In

particular, the models consist of an HII region that smoothly transitions

into a PDR until a fixed optical depth (AV =10) in a plane parallel ge-

ometry. The models have three main parameters to describe the ISM, the

ionization parameter (U), density (n) and metallicity (Z). For more details

on the models, we refer to Witstok et al. (2022).

In Figure 5.4, we show the results of our fitting, both with and without

our new constraints on the [CII]158µm luminosity of GS-z14. The current

emission line constraints are well described by models with a high ioniza-

tion parameter, low density, and moderate metallicity (see Table 5.1).

This is consistent with previous modeling efforts of the ISM of high

redshift galaxies (e.g. Harikane et al. 2020; Katz et al. 2022; Nakazato et al.
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2023), showing that high ionization parameters are necessary to explain

the high observed [OIII]/[CII] ratios at z > 6. Our analysis suggests

that GS-z14 has a high log(U) > −2, which is consistent with the range

of ionization parameters found by Reddy et al. (2023) and Tang et al.

(2023) for a sample of z ≈ 3-9 galaxies observed with JWST/NIRSpec

(−3 ≲ logU ≲ −1.5). Moreover, the inferred value for GS-z14 is consistent

with the ionization parameter of GHZ2, for which Calabrò et al. (2024)

infer log(U) = −1.75±0.16. This suggests that high ionization parameters

are ubiquitous in the early Universe.

On the other hand, earlier estimates preferred lower values for the ion-

ization parameter for GS-z14. For instance, Helton et al. (2024) measured

log(U) ≈ −2.5 from NIRCam and MIRI F770W photometry, with the lat-

ter band containing the photometric signature of the [OIII]4959,5007 and

Hβ lines. Similarly, Carniani et al. (2024a) inferred a fiducial value of

log(U) = −2.39+0.23
−0.19 by also including the ALMA [OIII]88µm detection in

GS-z14. The higher log(U) > −2 we infer here highlights the value of

our current probe of [CII]158µm has for breaking the degeneracy between

ionization parameter, density and metallicity.

While a high ionization parameter is a possible driver of the high

[OIII]/[CII] ratios of distant galaxies (e.g., Harikane et al. 2020), other

interpretations exist in the literature. For example, a low PDR covering

fraction is also expected to result in a high [OIII]/[CII] ratio (Harikane

et al. 2020), and is qualitatively consistent with the low inferred gas frac-

tion for GS-z14, which may suggest it hosts an outflow (Section 5.4.2).

Finally, the production of carbon is thought to lag behind that of oxygen,

which is also expected to result in elevated [OIII]/[CII] ratios (e.g., Katz

et al. 2022; Fujimoto et al. 2024; Nyhagen et al. 2024). However, leveraging

the CIII]λλ1907,9Å detection for GS-z14, Carniani et al. (2024a) do not

find evidence for an elevated C/O abundance in the galaxy, although the

uncertainties on the abundance ratio are large.

5.4.2 Low Gas Content in GS-z14: Evidence for A Post Outflow Phase?

In recent years, the [CII]158µm line has seen frequent use as a molecu-

lar gas mass tracer at high redshift (e.g., Zanella et al. 2018; Dessauges-

Zavadsky et al. 2020; Aravena et al. 2024), owing to the faintness of canon-

ical cold gas tracers such as CO at this epoch. While the precise conversion

from [CII]158µm luminosity to molecular gas mass remains debated (e.g.,

Casavecchia et al. 2024; Algera et al. 2025), we use the commonly adopted

130



Table 5.1. Properties of GS-z14

Parameter Value

RA 03:32:19.9049

Dec −27:51:20.265

Redshift 14.1793(7)

MUV
a −20.81 ± 0.16

Stellar Mass(log(M⊙))b 8.7+0.5
−0.4

Star Formation Rate (M⊙/yr) 10+2
−2

(a) ; 25+6
−5

(b)

CIII] Luminosity (108 L⊙)a 2.0±0.5c

[OIII]+Hβ Luminosity (108 L⊙)b 22±10c

[OIII]88µm Luminosity (108 L⊙)d 2.1±0.5

[CII]158µm Luminosity (108 L⊙) < 0.6e

[OIII]/[CII] > 3.5e

log(U)f > −2.0g

log(n) (cm−3)f 1.7+0.5
−0.4

Z/Z⊙
f 0.16+0.06

−0.06

Notes: All values have been corrected for a lensing magnification of 1.17× (Carniani et al.
2024b). a Value from Carniani et al. (2024b); b Value from Helton et al. (2024); c Corrected
for extinction; d Value from Schouws et al. (2024); e 3σ limit; f Based on the ISM fitting
presented in this work; g 95% confidence interval.

value from Zanella et al. (2018) of Mmol/M⊙ = 31L[CII]158µm
/L⊙ to place

an upper limit on the molecular gas mass of GS-z14 of log(Mmol/M⊙) < 9.2

(3σ).

Adopting the stellar mass from Helton et al. (2024) (Table 5.1), the

[CII]158µm -based gas mass estimate implies a gas fraction of fgas,mol =

Mmol/(Mmol + M⋆) < 0.77 for GS-z14. This is significantly below what

is expected for a galaxy with a metallicity of Z/Z⊙ ∼ 0.1 − 0.2 (c.f.,

fgas,mol ≳ 0.9; e.g., De Vis et al. 2019; Algera et al. 2025), which may

suggest the gas in GS-z14 is efficiently expelled through outflows.

The low [CII]158µm based gas mass estimate is consistent with the low

dynamical mass of GS-z14 based on the line width of the [OIII]88µm line

of log(Mdyn/M⊙) ∼ 9.0 (Carniani et al. 2024a; Schouws et al. 2024). After

subtracting the stellar mass, this dynamical estimate would imply a gas

fraction of only ∼30% (Carniani et al. 2024a).

Further evidence for feedback comes from the lack of dust in GS-z14 as

implied by the low AV =0.31 (Carniani et al. 2024b) and non-detection of

the dust continuum by ALMA (Carniani et al. 2024a; Schouws et al. 2024;
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Algera et al. 2025). Dust enrichment is expected to follow rapidly after the

onset of star formation as a consequence of production by Supernovae and

for the observed stellar mass, GS-z14 should consequently be detectable

with ALMA if all the dust was still present.

Detailed modeling of GS-z14 by Ferrara (2024) and Ferrara et al. (2024)

suggests that the galaxy recently experienced an outflow, causing its dust

to be blown out to large radii. Such an extended dust distribution is

subject to a less intense radiation field, enabling it to efficiently cool, and

rendering it undetectable at the current depth of the ALMA observations

while also explaining the low AV as observed by JWST. Following this

previous outflow event, Ferrara et al. (2024) suggest that GS-z14 currently

resides in a ‘post-outflow’ phase, characterized by a low current SFR and

little obscuration. In other words, the observable properties of GS-z14

appear to be shaped by strong feedback from the galaxy.

Finally, this would also be qualitatively consistent with the high ioniza-

tion parameter and low density we infer from our observations. The same

star-bursting phase would not only produce a young stellar population and

high ionization parameter (e.g. Reddy et al. 2023), but also drive strong

feedback in the galaxies, expelling or otherwise puffing up its gas reservoir,

leaving the source with the low gas density we infer (n ∼ 50 cm−3: well

below the typical densities observed for z ≳ 6 galaxies, e.g., Isobe et al.

2023).

5.5 SUMMARY

We presented new results based on sensitive ALMA observations of the

[CII]158µm line in JADES-GS-z14-0, the most distant galaxy currently

known at z = 14.1793 ± 0.0007 (Carniani et al. 2024b,a; Schouws et al.

2024). Our main conclusions are as follows:

• We do not detect the [CII]158µm line in GS-z14 down to a (lensing-

corrected) luminosity of L[CII]158µm
< 6 × 107 L⊙ at 3σ (Figure 5.1).

This places the galaxy below the [CII]158µm -SFR relation (Fig-

ure 5.2), which is qualitatively consistent with what has been observed

for low-SFR galaxies at z ≈ 6−9 (Harikane et al. 2020; Binggeli et al.

2021; Glazer et al. 2024).

• Combined with a previous detection of the [OIII]88µm line in GS-z14

(Carniani et al. 2024a; Schouws et al. 2024), we infer a lower limit on

its [OIII]/[CII] ratio of > 3.5 (Figure 5.3). While larger than what
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is typically seen in galaxies in the local Universe, this elevated line

ratio is consistent with that seen in many z∼6-9 galaxies (e.g. Inoue

et al. 2016).

• Leveraging the sensitive constraints on the [CII]158µm luminosity, we

investigate the ISM conditions of GS-z14 (Figure 5.4). In agree-

ment with analyses by Carniani et al. (2024b,a) and our own anal-

ysis (Schouws et al. 2024), we find that GS-z14 is already signifi-

cantly metal-enriched, with Z/Z⊙ = 0.16 ± 0.06. Crucially, our new

[CII]158µm observations allow us to break a previously existing degen-

eracy between the ionization parameter U and density of GS-z14. We

find an ionization parameter of log(U) > −2, higher than what was

previously inferred for the galaxy. Moreover, we infer a low density

for log(n/cm−3) of 1.7+0.5
−0.4.

• Using [CII]158µm as a gas mass tracer, we infer a low molecular gas

fraction of fgas,mol < 0.77 for GS-z14, consistent with that obtained

via a dynamical estimate from the previously detected [OIII]88µm line

(Carniani et al. 2024a). This is lower than expected for galaxies at a

metallicity similar to GS-z14 (e.g., see Algera et al. 2025), suggesting

the efficient removal of its gas through outflows.

Overall, the high ionization parameter, low gas density, lack of dust, and

low gas fraction of GS-z14 suggest the galaxy is subject to strong feedback

effects, likely driven by its star-bursting nature. These extreme physical

conditions highlight the complex nature of galaxy formation in the early

Universe.
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