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ABSTRACT

Using deep JWST/NIRSpec spectra from the Blue Jay survey, we performed the first systematic investigation of neutral gas content
in massive galaxies at Cosmic Noon based on the Ca II H, K absorption lines. We analyzed a sample of nine galaxies at 1.8 < z < 2.8
with log M∗/M� > 10.6, for which we detected neutral gas absorption both in Ca II and in Na I. After removing the stellar continuum
using the best-fit model obtained with Prospector, we fitted the excess absorption due to neutral gas in the Ca II H, K doublet and
in the Na I D doublet, together with nearby emission lines produced by ionized gas. We measured covering fractions between 0.2 and
0.9 from the Ca II H and K lines, which are spectrally well resolved in the NIRSpec R ∼ 1000 observations, unlike the absorption
lines in the Na I D doublet. We measured the velocity shift, velocity dispersion, and column density separately for Ca II and Na I.
About half of the galaxies present blueshifted Ca II, indicative of an outflow of neutral gas and consistent with previous results based
on Na I. The velocity shift and the column density measured from Ca II are correlated with those measured from Na I, implying that
these absorption lines trace gas in similar physical conditions. However, the column densities are not in a 1:1 relation, meaning that
the relative amount of Ca II and Na I atoms along the line of sight varies with the gas column density. After investigating possible
reasons for this behavior, we derived an empirical relation between the column density of Ca II and the column density of Na I and,
in a more indirect way, of neutral hydrogen H I. With this calibration, we measured the mass outflow rates in Blue Jay galaxies using
the Ca II lines, finding values in the range ∼2.7−56 M�/yr, broadly consistent (within a factor of roughly five) with previous studies
of the Na I lines. The employment of Ca II lines offers a new way to infer properties of neutral gas from current and future JWST
observations of massive galaxies at Cosmic Noon and beyond.
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1. Introduction

Outflows are observed at all epochs, from the local Uni-
verse to galaxies at z ∼ 6 and beyond (e.g., Shapley et al.
2003; Veilleux et al. 2005; Weiner et al. 2009; Rubin et al. 2014;
Förster Schreiber et al. 2019). They are typically driven by stel-
lar feedback and/or active galactic nucleus (AGN) activity. Out-
flows have the capability to regulate the metal content of the
interstellar medium (ISM) and, most significantly, to influence
the process of star formation and quenching of galaxies. If the
outflow velocity is sufficiently high to overcome the halo escape
velocity, this can lead to the permanent removal of gas and the
shutdown of star formation. Even when the velocity is insuffi-
cient to remove the gas from the halo, outflows may play a key
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role in the rapid quenching of star formation by moving cold
gas from the inner parts of the galaxy to the hot circumgalac-
tic medium (e.g., Weinberger et al. 2017; Man & Belli 2018;
Trussler et al. 2020; Zinger et al. 2020).

Galaxies reach the peak of their star formation and
feedback activity at z ∼ 2, the so-called Cosmic Noon
(Madau & Dickinson 2014). Hence, Cosmic Noon is the best
epoch to study outflows and their impact on galaxy evolution.
Studies of emission lines, which trace gas in the warm ionized
phase, have revealed that the mass outflow rate at z ∼ 2 is
lower than what is required by theoretical models to suppress star
formation (Förster Schreiber et al. 2019; Lamperti et al. 2021).
These measurements, however, do not include the contribution
of cold gas, which is found in the molecular and neutral atomic
phases (Veilleux et al. 2020). In the local Universe, the neutral
mass outflow rate is observed to be ten to one hundred times
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larger than the ionized one (Roberts-Borsani 2020; Avery et al.
2022), suggesting that the ionized phase represents only a small
fraction of the outflow mass budget. It is therefore essential to
probe multiple gas phases when deriving the total mass outflow
rate, but this is particularly challenging at high redshift.

Recently, JWST observations have revealed the presence of
widespread neutral outflows in high-redshift galaxies, particu-
larly in massive recently quenched systems, where outflows are
likely driven by AGN feedback (Davies et al. 2024; Belli et al.
2024; D’Eugenio et al. 2024; Wu 2025; Valentino et al. 2025).
These studies are based on the detection of resonant absorption
lines due to neutral atomic gas, which were out of reach for
previous ground-based observatories but have now been made
accessible by the unprecedented sensitivity of JWST/NIRSpec.
The measured neutral mass outflow rates are on the order of
∼10−100 M�/yr, substantially higher than what previous studies
had found for the ionized phase. These new observations sug-
gest that galaxy outflows may be sufficiently powerful to cause
the quenching of star formation once the cold phase is taken into
account. However, measurements of neutral outflows at Cosmic
Noon are still affected by large systematic uncertainties due to
an unknown covering fraction, outflow geometry, and gas abun-
dances.

Many neutral outflow measurements are based on the study
of blueshifted absorption in the Na I D doublet (Na I λλ5890,
5896 Å), which has long been used to probe neutral outflows in
the local Universe due to its strength and convenient location in
the optical spectrum (Heckman et al. 2000; Rupke et al. 2002,
2005a,b; Martin 2005; Roberts-Borsani & Saintonge 2019;
Concas et al. 2019). Moreover, being an absorption line dou-
blet, Na I D provides substantially more information compared
to an individual transition, enabling one to break the degener-
acy between covering fraction and column density. However,
the Na I D doublet is often heavily blended due to the small
wavelength separation between the two absorption lines. This
can considerably limit the accuracy of two measurements that
are crucial for calculating the mass outflow rate: (1) the kine-
matics of the absorption lines; and (2) the equivalent widths of
the two separate doublet components, which are in turn used to
derive the column density and the covering fraction of the neutral
gas. To overcome this limitation, it is necessary to detect other
doublets with wider wavelength separations. A popular choice is
Mg II λλ2796,2803Å, which is in the rest-UV, and can thus be
observed with optical instruments up to z ∼ 2.5 (Tremonti et al.
2007; Weiner et al. 2009; Rubin et al. 2010). However, Mg II
and other rest-UV transitions (such as those due to Fe II) require
bright UV continuum emission by the source, which is not
present if the galaxy is quiescent and/or dusty. Moreover, when
multiple transitions are detected in the same galaxy, they can
yield mass outflow rates that differ by more than an order of mag-
nitude (Rubin et al. 2010; Valentino et al. 2025). This is due to
both observational limitations (saturation effects, imprecise dust
depletion correction) and physical reasons, since each species
traces a different range of gas temperatures. If we want to under-
stand the systematics involved in the measurement of neutral
outflows, employing a wide range of absorption lines is clearly
a priority.

In this work, we explore the use of the Ca II H and K absorp-
tion lines (i.e., the Ca II λλ3934, 3969Å doublet) as a tracer
of outflows in massive galaxies at Cosmic Noon. This doublet
probes neutral gas, since the ionization potential for Ca II (11.9
eV) is lower than the hydrogen ionization potential. The main
limitation of the Ca II H and K lines is that they are also present
in the stellar spectrum, and are very strong for old stellar popula-

tions. This makes it difficult to detect the excess absorption from
neutral gas superimposed on the stellar absorption lines. For this
reason, Ca II H and K are typically not used in studies of local
galaxies. This challenge is partially mitigated at high redshift,
where stellar populations are young and have relatively weaker
Ca II absorption lines, although contamination is still present due
to absorption and/or emission in the Hε line, which happens to
be nearly coincident with the Ca II H wavelength. The advantage
of using Ca II H and K lines as diagnostics of neutral gas is that
they are redward of the Balmer break, and can therefore be easily
detected against a relatively strong continuum; moreover, their
wide wavelength separation makes it easy to spectrally resolve
the two lines.

The feasibility of detecting the neutral gas contribution to
the Ca II H and K lines has been demonstrated by Belli et al.
(2024) using JWST spectroscopy for COSMOS-11142, a mas-
sive galaxy at z = 2.45. In that galaxy, the neutral gas kine-
matics derived from Ca II H, K matches the Na I D kinematics,
thus confirming that the two doublets probe the same type of
gas. In the present study, we extend the analysis of the Ca II
H and K lines and the comparison to the Na I D properties to
the full sample of massive galaxies in the Blue Jay survey, from
which COSMOS-11142 was drawn. The description of the sur-
vey and the criteria used for the sample selection are reported
in Section 2, while Section 3 illustrates the method used for the
analysis of Na and Ca absorption lines. The gas kinematics are
analyzed in Section 4 and the column densities in Section 5. A
calibration of Ca II H, K as a probe of the neutral gas mass is
discussed in Section 6, and a summary of this work is presented
in Section 7.

2. Data and Sample selection

2.1. Blue Jay survey

In this study, we analyze spectroscopic data from the Blue
Jay survey, a JWST Cycle-1 program (GO 1810; PI Belli).
The aim of this survey is to study the stellar populations and
the ISM of 153 galaxies at Cosmic Noon. The spectra were
acquired with the NIRSpec Micro-Shutter Assembly (MSA,
Ferruit et al. 2022), adopting a spectral resolution R ≈ 1000.
This was achieved using three medium resolution gratings
(G140M, G235M, G395M) with exposure times of 13 h, 3.2 h,
and 1.6 h, respectively. The entire wavelength coverage provided
by the gratings is 1−5 µm, with some small gaps due to the phys-
ical separation between the two NIRSpec detectors. The obser-
vations were performed placing a slitlet with at least two MSA
open shutters on each target and applying a two-point A-B nod-
ding pattern along the slit. Empty shutters were used to pro-
vide a master background, which was then subtracted from each
spectrum. The spectroscopic data reduction was performed with
a modified version of the JWST Science Calibration Pipeline
v1.10.1 (Bushouse et al. 2023), using version 1093 of the Cal-
ibration Reference Data System.

The Blue Jay sample was selected in the COSMOS field
using Hubble Space Telescope (HST) observations provided
by CANDELS (Grogin et al. 2011; Koekemoer et al. 2011),
together with the photometric catalog of the 3D-HST team
(Skelton et al. 2014), which includes ground- and space-based
data. We exclude four filler targets at z ∼ 6 and 8 galaxies for
which spectral extraction failed, resulting in a final sample of
141 galaxies with stellar masses 9 < log(M∗/M�) < 11.5 and
redshifts 1.7 < z < 3.5. The sample is representative of the par-
ent galaxy population because it is selected to have a roughly
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uniform coverage in mass and redshift, and is not biased in color,
morphology, or specific star formation rate (sSFR). Additional
details on the target selection, observations, and data reduction
for the Blue Jay survey will be provided in Belli et al. (2025).

2.2. Stellar population modeling

The Na I D and Ca II H, K absorption lines observed in galaxy
spectra are produced both by stars and by neutral gas in the ISM
and/or the outflow. In order to study the neutral gas, it is thus
first necessary to remove the stellar contribution to the observed
absorption lines, which requires an accurate model of the stellar
spectrum. For each galaxy in the Blue Jay survey, we obtained
a stellar population model (together with inferred stellar pop-
ulation and dust properties) using Prospector (Johnson et al.
2021). We adopted the FSPS stellar population synthesis library
(Conroy et al. 2009; Conroy & Gunn 2010) with the MIST
isochrones (Choi et al. 2016) and the C3K spectral library
(Cargile et al. 2020), a Chabrier (2003) initial mass function,
a non-parametric star formation history with 14 age bins and
a continuity prior (Leja et al. 2019), dust attenuation and dust
emission. The models are then fit to the observed NIRSpec spec-
troscopy together with space-based broadband photometry from
HST and JWST/NIRCam (Skelton et al. 2014). The Na I D and
Ca II H, K lines are masked in the spectrum, together with emis-
sion lines due to ionized gas. Due to their small size, the MSA
shutters can only capture a fraction of the light emitted by the tar-
get. Therefore, during the Prospector fit a multiplicative poly-
nomial correction is applied to the spectrum to match it with
multi-band photometric data. This method simultaneously pro-
vides a flux calibration and a slit-loss correction. An exhaustive
description of the Prospector fits is given in Park et al. (2024);
the only difference with that work is that here we consider a
wider wavelength range when fitting the spectroscopy (3700 Å
to 13 700 Å in the rest frame), as done in Bugiani et al. (2025).
The fit results include the best-fit model of the stellar spectrum
across the full wavelength range of the NIRSpec observations,
together with measurements of physical properties such as stel-
lar mass and dust attenuation.

2.3. Sample selection

The goal of this study is to compare the neutral gas properties
derived from Ca II H and K to those derived from Na I D. For
this reason, we start with the sample of 30 galaxies from the Blue
Jay survey in which excess absorption in Na I due to neutral gas
was detected by Davies et al. (2024). We then applied a series of
further cuts to obtain the final sample:

– We removed two galaxies in which the Ca II lines fall in a
detector gap, and 2 galaxies with poor data reduction qual-
ity, preventing an accurate fitting of the absorption lines of
interest.

– For some galaxies, the signal-to-noise ratio (S/N) in the Ca II
H and K wavelength region is too low to robustly subtract the
stellar absorption lines and obtain meaningful constraints on
the neutral gas properties. We set this threshold at S/N> 5
per spectral pixel in the 3880–4020 Å region; 10 galaxies are
below this value and are removed from the sample (although
one of these galaxies, 7549, has a strong Ca II K absorption
which is clearly visible despite the low S/N).

– We excluded seven galaxies where Ca II H is completely hid-
den by Hε emission, preventing a robust measurement of the
absorption line doublet properties (despite the detection of

Fig. 1. Distribution of stellar mass and sSFR for 141 galaxies from the
Blue Jay survey. Gray crosses mark systems with no detection of excess
Na I D absorption. Blue squares represent the sample of galaxies with
excess Na I D absorption due to neutral gas studied by Davies et al.
(2024). The galaxies analyzed in the present work are represented by
red circles, and they have both Na I and Ca II absorption excess clearly
detected.

Ca II K absorption). In at least one case (galaxy 11494) the
emission appears to be due to an imperfect fit to the stellar
continuum rather than to actual Hε emission. We verify that
the exclusion of galaxies with strong Hε does not change the
average sSFR of the sample in an appreciable way.

The final sample consists of nine galaxies in which excess
Na I absorption due to neutral gas is present by selection. We
also detect excess absorption in Ca II in every galaxy, as dis-
cussed in Section 3.2. The distribution of sSFR and stellar
mass for the selected galaxies is shown in Fig. 1 (red points),
and the values are listed in Table 1. Our sample is located
in the highest mass region of the survey and includes both
star-forming and quiescent systems. The mass range covered
is 10.6 . log(M∗/M�) . 11.7 and the redshift range is
1.8 . z . 2.8. A comparison to the parent sample of 30 galax-
ies with neutral gas detected in Na I by Davies et al. (2024, blue
squares in the figure) shows that the main reason for the lack
of low-mass galaxies in our sample is that Na I absorption by
neutral gas is not detected in these systems. We also investigate
the sample of Blue Jay galaxies without Na I detection, finding
only two tentative detections of excess absorption in Ca II H, K,
but the S/N is too low to perform a robust measurement of the
doublet properties.

Figure 2 shows a limited portion of the full spectral range for
one galaxy, COSMOS 9395. The spectrum includes the Ca II H,
K and Na I D absorption lines analyzed in this study, together
with other important emission and absorption lines such as the
Balmer series, [O III]λλ4960, 5008Å and [N II]λλ6549, 6585Å.
The observed NIRspec spectrum (blue curve) and the best-fit
stellar continuum provided by Prospector (dark pink curve)
are not perfectly matched at the Ca II and Na I wavelengths.
To verify this quantitatively, for each galaxy we calculate the
Ca II K equivalent width in the observed spectrum and then
in 100 stellar models randomly drawn from the posterior. The
observed equivalent width is always more than 1 Å larger than
the stellar model value, while the variation in equivalent width
among the models drawn from the posterior is on average 0.6 Å.
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Table 1. Sample properties from Prospector fit and emcee inference.

IDs z log(M∗/M�) sSFR log(NCa II) log(NNa I) σCa II σNa I ∆ VCa II ∆ VNa I C f

Gyr−1 km/s km/s km/s km/s

8002 2.7 10.7 2.4 13.7+0.8
−0.4 13.9+0.2

−0.1 359+80
−101 219+75

−79 −180+164
−158 −451+57

−36 0.4+0.4
−0.2

18668 2.1 11.2 0.004 14.4+0.3
−0.3 14.1+0.2

−0.1 <137 a 348+65
−88 −69+43

−50 −393+175
−83 0.6+0.2

−0.1
11142 2.4 11.1 0.02 13.6+0.3

−0.2 13.8+0.1
−0.1 92+28

−24 87+28
−25 −125+26

−26 −222+26
−26 0.7+0.2

−0.2
16874 2.1 10.6 0.6 14.0+0.5

−0.3 13.3+0.1
−0.2 115+107

−55 182+109
−66 −126+70

−70 −141+110
−91 0.5+0.3

−0.2
9395 2.1 10.9 0.002 13.6+0.5

−0.3 12.9+0.2
−0.4 247+97

−83 350+97
−141 102+89

−101 −62+203
−230 0.5+0.3

−0.3
18071 2.8 10.7 1.8 13.7+0.4

−0.2 13.1+0.2
−0.5 194+74

−53 285+123
−127 −122+59

−62 −234+229
−171 0.6+0.3

−0.3
16419 1.9 11.7 0.006 13.6+0.6

−0.5 13.3+0.1
−0.1 62+121

−49 406+57
−84 −14+87

−91 −35+108
−127 0.5+0.3

−0.3
10245 1.8 10.8 2.3 14.0+0.5

−0.3 13.5+0.1
−0.1 291+116

−101 113+87
−40 −19+93

−88 −102+63
−66 0.5+0.3

−0.2
19572 1.9 11.1 0.2 14.2+0.4

−0.2 13.8+0.1
−0.1 317+97

−99 86+33
−22 39+72

−87 104+21
−21 0.6+0.3

−0.2

Notes. The values of z, log(M∗/M�) and sSFR are from the Prospector fit to the observed photometry and spectroscopy. The measures of
log(NCa II), log(NNa I), ∆ VCa II, ∆ VNa I, C f are from fitting our model of neutral and ionized gas to the normalized spectrum. Column density,
velocity dispersion, and velocity shift are given separately for the fits to the Ca II and Na I doublets. The covering fraction C f is from the Ca II fit,
and is adopted as a fixed value in the Na I fit. σCa II and σNa I are the observed velocity dispersions corrected for the nominal spectral resolution,
which is likely an underestimate because it assumes uniform slit illumination (de Graaff et al. 2024). (a)The observed velocity dispersion is smaller
than the nominal one, so we adopted the observed value as an upper limit.

Fig. 2. NIRSpec spectrum of galaxy COSMOS 9395 at z ∼ 2.1.
The observed spectrum is shown in blue, and the shaded area
is the 1σ uncertainty, while the dark pink curve is the best-fit
stellar continuum provided by Prospector. Some of the most
important emission and absorption lines visible in this wave-
length range, including Ca II K, Ca II H and Na I D, are high-
lighted.

Hence, the stellar continuum model is not able to completely
reproduce these absorption lines, and a neutral gas component is
needed to explain the observed absorption excess.

2.4. Validating the stellar model

The measurements of the neutral gas properties are entirely
dependent on the accuracy of the stellar model derived with
Prospector, since we adopt that model to normalize the
observed NIRSpec data. In principle, a biased stellar contin-
uum model would lead to spurious residuals in the normalized
spectrum, which we would interpret as real absorption by neu-
tral gas. This could happen, for example, because of variations
in the [Ca/Fe] abundance in high-redshift galaxies, which can-
not be captured by our best-fit stellar model because the FSPS
library adopts a fixed solar abundance pattern. To test this possi-

bility, we consider the Ca II triplet absorption lines observed at
8500 Å, 8544 Å and 8664 Å. Since this triplet is not resonant,
it can only originate in stellar photospheres and not in cold neu-
tral gas. Any residuals in the spectrum around these wavelengths
must therefore be due to an imprecise stellar model.

We detect at least one absorption line of the Ca II triplet in
each galaxy, but the lines are faint, on the order of 5−15% of the
continuum, and appear rather noisy. We thus stack the spectra
of the nine galaxies in the 8400 Å–8700 Å wavelength region,
and show the result in the left panel of Fig. 3. The dark pink
curve is the stack of the Prospector fits, and correctly repro-
duces the observed absorption lines. The right panel shows the
residuals, i.e., the ratio of the observed stack to the stack of the
Prospector fits. The stacked residual flux is roughly constant
around zero, proving that the Prospector models of the stel-
lar spectra are correct. This result is similar to that obtained by
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Fig. 3. Stack of Ca II triplet lines for the sample galaxies. Left panel: Stack of the observed spectra (blue) and stack of the Prospector stellar
models (dark pink) for the nine galaxies in the sample, around the Ca II triplet. The stack is normalized so that the level of the continuum is
approximately 1. The Ca II triplet is precisely reproduced by the stellar models. Right panel: Stack of the residuals, i.e., observed spectra divided
by their best-fit stellar models. The dashed vertical lines mark the wavelengths of the absorption lines that are part of the Ca II triplet. Shaded areas
represent the 1σ uncertainty.

Davies et al. (2024), who performed an analogous test using the
Mg b absorption line in the Blue Jay subsample with Na I detec-
tions.

The fact that the best-fit spectrum is able to correctly repro-
duce the observed Ca II triplet represents an important vali-
dation of the method, and confirms that the stellar population
models are not systematically biased due to, for example, non-
solar [Ca/Fe] abundances. We thus conclude that any absorption
seen in resonant lines in excess to the best-fit stellar model must
be attributed to neutral gas.

3. Absorption line fitting

3.1. The model

Since the absorption due to neutral gas constitutes a multiplica-
tive term in the description of the observed galaxy spectrum,
our first step is to divide each NIRSpec spectrum by the best-
fit stellar continuum model obtained with Prospector. We then
model, in the “normalized” spectrum, the excess absorption in
Ca II H, K and Na I D due to neutral gas, following the method
outlined by Davies et al. (2024) for their analysis of Na I D.

We used the Rupke et al. (2005a) model:

I(λ) = 1 −C f + C f · e−τλ , (1)

which describes the intensity of an absorption line assuming a
unity continuum level. C f is the covering fraction along the line
of sight, which we assume is constant with wavelength (i.e., with
gas velocity). For the optical depth of a single absorption line, τλ,
we consider a Gaussian function with a central value given by

τ0 = 0.7580 ·
(

Nabs

1013 cm−2

)(
flu

0.4164

)(
λlu

1215.7 Å

)(
10 km/s

b

)
, (2)

where the oscillator strength flu and the central rest-frame wave-
length λlu are fixed for each transition (Draine 2011). The col-
umn density of the absorbing element, Nabs, and the Doppler
parameter b =

√
2σabs (where σabs is the absorption line velocity

dispersion), are free to vary. We also introduced a free velocity
shift ∆Vabs to account for the possible presence of outflows.

We develop a model that describes separately the Ca II
and Na I doublets based on the Eqs. (1) and (2). Each dou-
blet consists of two absorption lines with different oscillator
strength and rest-frame wavelength, but identical column den-
sity, velocity dispersion, and velocity shift relative to the galaxy
systemic velocity. We also account for the presence of nearby
emission lines, which contaminate the spectral region of interest
(Hε λ3970Å near Ca II H, and He I λ5875Å near Na I); we thus
introduced the following additive term to the model:

f (λ) =
Fem
√

2πσem
· exp

(
−

(λ − λem)2

2σ2
em

)
. (3)

The shape of the emission line is fitted by a single Gaussian
profile where σem is the velocity dispersion and Fem is the line
flux. Since we are working with the normalized spectrum, in
our model the flux Fem coincides with EWem, the emission line
equivalent width in units of Å. The emission line velocity is fixed
to the galaxy systemic value, while the velocity dispersion σem is
fixed to the value measured from other ionized emission lines in
the same spectrum (see Bugiani et al., in prep.), accounting for
the nominal wavelength-dependent spectral resolution provided
by the JWST documentation.

In principle, resonant transitions such as the Ca II and Na I
doublets can produce both absorption and emission lines. The
emission is typically redshifted, as it is produced by the receding
side of the outflow (e.g., Chen et al. 2010; Concas et al. 2019;
Baron et al. 2020). We do not include this component in the
model because we do not find evidence for redshifted emission in
our spectra. It is possible that weak resonant emission is present
and is partially infilling the absorption. This would cause a slight
underestimate of the absorption line equivalent width and of the
mass of the neutral outflow.

In conclusion, the model describing an absorption line dou-
blet and its neighboring emission line is characterized by five
free parameters: logarithmic column density of absorbing mate-
rial log10(Nabs); velocity shift and dispersion of the absorption
lines ∆Vabs and σabs; covering fraction C f ; intensity of the con-
taminant emission line EWem.
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Fig. 4. Corner plot showing the posterior distributions
of the Ca II parameters inferred by emcee, for galaxy
COSMOS 18071. For the posterior distribution func-
tion of each parameter, the blue line is the median and
the two dashed black lines are the 16th and the 84th per-
centiles.

3.2. Fitting results

For each galaxy, we fit our model separately for Ca II H, K
(with Hε in emission) in the range 3880–4020 Å, and for
Na I D (with He I in emission) in the range 5820–5960 Å.
We perform a Markov chain Monte Carlo (MCMC) analysis
(Hogg & Foreman-Mackey 2018; Sharma 2017) with the emcee
code (Foreman-Mackey et al. 2013), and infer the best-fit value
for the free parameters of the model. We adopted Jeffrey’s prior
for the column density and the velocity dispersion, and uniform
priors for the other parameters, with the following ranges:

– log10(Nabs/cm−2): [11, 15];
– σabs: [100, 500] km/s;
– ∆Vabs: [−500, 300] km/s;
– C f : [0, 1];
– EWem: [0, 10] Å.

The covering fraction and the column density are notoriously
degenerate; but this degeneracy can be broken by the relative
depth of the two absorption lines in a doublet. Thus, we leave
C f free when fitting the Ca II doublet, in which the two lines are
well resolved. The Na I doublet is, however, unresolved, and for
this reason we fix C f for Na I to the value measured for Ca II
in the same galaxy. This assumption is justified by the fact that
the two doublets are tracing the same neutral gas (as discussed
in Section 4).

Figure 4 shows an example of the posterior distribution for
the model parameters obtained from fitting Ca II and Hε in the
normalized spectrum of one galaxy in our sample. The degen-
eracy between the covering fraction and the column density is
clearly visible in the bottom left panel. The degeneracy is such
that the product of these two parameters is approximately con-
stant along the posterior distribution. In this case, the fit is unable
to strongly constrain the covering fraction despite having a well-

resolved Ca II doublet, because the Hε emission line is relatively
strong and can “hide” an arbitrary amount of absorption from the
underlying Ca II H line.

We show the Ca II and Na I doublets, together with the best-
fit from our model, for two representative galaxies in Fig. 5
(spectra for all sample galaxies are illustrated in Appendix A).
The best-fit model shown in the figure includes both the absorp-
tion lines due to neutral gas and the contaminating emission lines
due to ionized gas. Looking at Fig. 5, it is clear that the Ca II
doublet is well resolved, unlike the Na I doublet. However, the
Hε emission line, which is almost exactly on top of the Ca II H
absorption line, in some cases adds substantial uncertainty to the
fit results (as in right panel of Fig. 5). The Na I doublet is con-
taminated by He I emission, but this is less severe because He I
is slightly offset in wavelength compared to the absorption lines.

The absorption line parameters derived for Na I and Ca II are
listed in Table 1 for our sample. The velocity dispersions in the
table have been corrected for the nominal instrumental resolu-
tion, which in some cases may be underestimated because it was
derived for uniform slit illumination (de Graaff et al. 2024). The
kinematics and column densities measured for Na I are broadly
consistent with those obtained by Davies et al. (2024) from the
same data, despite the use of a slightly different methodology,
because in this work we first derive the covering fraction from
Ca II and then apply it to Na I. We also note that the best-fit
covering fractions are generally high, C f ∼ 0.4−0.7, but with
large uncertainties due to degeneracy resulting in a broad range
of possible values, C f ∼ 0.2−0.9.

4. Kinematics of neutral gas

The neutral gas detected via excess absorption in the Ca II H, K
lines may be part of the galaxy ISM, or may be found in an
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Fig. 5. Observed NIRSpec spectra divided by their stellar continuum (blue), with the best-fit model (orange) for galaxies 11142 and 16874. The
blue shadow is the flux uncertainty. For each galaxy the left panel shows the Ca II K, H absorption and Hε emission, while the right panel shows
the Na I D absorption and He I emission. The dashed vertical lines mark the systemic wavelength of the absorption lines.

Fig. 6. Kinematic properties of neutral gas. Left panel: Velocity shifts for neutral gas measured from Ca II vs. Na I. Error bars correspond to the 16th

and the 84th percentile of the probability distribution function from emcee. The red line represents the best-fit linear relation of the measurements
weighted by their errors, while the orange shadow is the 1σ error of the best-fit line. Right panel: Velocity dispersions of neutral gas inferred from
Ca II vs. Na I. The dashed green line represents the 1:1 relation. The velocity dispersion of Ca II lines of COSMOS-18668 is only an upper limit
represented by an arrow.

outflow. In order to discriminate between these two possibili-
ties, we need to analyze the gas kinematics: outflows observed
in absorption are always in front of the galaxy and therefore are
blueshifted with respect to the systemic velocity measured from
the stellar spectrum. We find that five out of nine galaxies have
a blueshifted absorption from the Ca II fit; three are consistent
with the systemic velocity; only 1 is redshifted. A similar break-
down is obtained when analyzing the Na I fit results. This is a
first indication that the two doublets trace the same neutral gas,
which in many cases is part of an outflow.

We compare the velocity shifts measured from Ca II and
Na I, ∆VCa II and ∆VNa I respectively, in the left panel of Fig. 6.
There is a clear correlation between the two measurements. This
is a strong indication that the Ca II H, K absorption lines trace
neutral gas that is in similar conditions to those of the gas traced
by Na I D. Incidentally, this is also a further validation of our
stellar population modeling – if the excess absorption was due
to an imperfect subtraction of the stellar component, we would
not expect to see such a clear correlation in the Ca II and Na I
kinematics. The red line in the figure represents the best-fit rela-
tion ∆VCa II = (0.5 ± 0.2) · ∆VNa I + (9 ± 34) km/s, which we
obtained accounting for the uncertainties in both the x and the
y axis. The detection of an outflow in the Ca II lines is gener-
ally consistent with outflows detected in Na I. Interestingly, the
only galaxy with a redshifted Na I absorption, COSMOS 19572,
also has a redshifted Ca II absorption, even though it is consis-

tent with the systemic value when the uncertainty is taken into
account. JWST imaging of this galaxy reveals that it is under-
going a merger, thus supporting the possibility of a neutral gas
inflow (Davies et al. 2024).

Based on the result obtained for the velocity shifts, we expect
to also observe a correlation between the velocity dispersions
measured from Ca II and Na I. However, as shown in the right
panel of Fig. 6, this correlation is not present, and the σCa II ver-
sus σNa I measurements appear to be randomly distributed. This
is a result of the large uncertainty in the measured velocity dis-
persion, which is on the order of 50%, fully consistent with the
observed scatter in the σCa II versus σNa I relation. It is plausi-
ble that such large uncertainties may also systematically affect
the velocity shift measurement, although to a lesser extent, and
thus explain why the relation between ∆VCa II and ∆VNa I devi-
ates from the 1:1 relation. As a test, we repeated the absorption
line fits fixing the velocity dispersion of Na I D to that mea-
sured from Ca II H and K, which should be more robust because
of the wider wavelength separation between the doublet lines.
However, this did not substantially change the relation between
∆VCa II and ∆VNa I. New NIRSpec observations with the high-
resolution grating will be able to resolve the Na I D doublet,
measure its kinematics to a higher degree of precision, and shed
light on these issues.

Finally, we compare the gas velocity to the sSFR, looking
for a possible correlation. As illustrated in Fig. 7, we do not find
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Fig. 7. Velocity shift vs sSFR, shown for both the Ca II and Na I
lines. No trend is apparent, suggesting the stellar feedback is likely not
responsible for the bulk of the observed neutral outflows.

Fig. 8. Relation between the column densities of Ca II and Na I. The red
line represents the best-fit linear relation of the measurements weighted
by their uncertainties. Error bars represent the 16th and 84th percentile
of the posterior distribution.

a trend, suggesting that most of the outflows observed in our
sample are due to AGN feedback and not stellar feedback. This
is consistent with the results of Davies et al. (2024) based on the
ionized emission line properties in the larger Blue Jay sample,
from which our galaxies are drawn.

5. Neutral gas column density

We compare the column densities of Ca II and Na I in Fig. 8. A
clear trend is present, which we fit with the following relation:

log NCa II = (0.55 ± 0.21) · log NNa I + (6.5 ± 0.1), (4)

where the column densities are expressed in units of cm−2. This
result is an additional confirmation that Ca II H, K and Na I D
trace similar types of gas. However, the relation is not 1:1, mean-
ing that the relative proportion of Ca II and Na I atoms changes
with the total amount of gas along the line of sight.

To further explore the relation between Ca II and Na I
column densities, let us consider the relation between each of
these metals and the column density of neutral hydrogen, NH I,
which dominates the mass budget of neutral gas. Following

Fig. 9. Logarithmic ratio of Ca and Na column densities as a function
of dust attenuation AV . The dashed red line marks the weighted mean,
while the orange shadow is the error on the weighted mean.

Rupke et al. (2005a) we can write the Na I column density as:

NNa I = NH I · (1 − yNa) 10[Na/H] (nNa/nH)� BNa, (5)

where (1 − yNa) is the ionization correction, [Na/H] is the Na
abundance in the galaxy relative to the solar value, (nNa/nH)�
is the Na abundance in the Sun, and BNa is the dust depletion.
Since most of the Na atoms are singly ionized, the ionization
correction is substantial, (1 − yNa) ≈ 0.1 (Rupke et al. 2005a).
In the case of Ca II the ionization correction is negligible since
we are directly probing the dominant ionization stage (see, e.g.,
Murray et al. 2007), so we can write

NCa II ' NH I · 10[Ca/H] (nCa/nH)� BCa. (6)

Given that the solar abundances of Ca and Na are very similar
(Asplund et al. 2021; Magg et al. 2022), we can write the ratio
of the column densities of the two elements as

NNa I

NCa II
' (1 − yNa) 10[Na/H]−[Ca/H] BNa

BCa
. (7)

This ratio varies systematically with the gas column density
because the relation between NNa I and NCa II is not 1:1. Unfor-
tunately, the three factors in Eq. (7) are extremely difficult to
measure directly, and show a wide variation in local studies. The
Na ionization correction is rarely measured and can vary by at
least a factor of two (Baron et al. 2020), while the Na abundance
in local galaxies spans 0.5 dex (Conroy et al. 2014). The dust
depletion is even more uncertain and, for Ca, can vary by up
to 4 dex depending on the amount of dust, as revealed by studies
of Milky Way gas clouds and galaxies at z < 0.5 (Hobbs 1974;
Phillips et al. 1984; Savage & Sembach 1996; Guber & Richter
2016).

In order to explore the role of dust depletion, we inves-
tigate whether the Na-to-Ca column density ratio depends on
the galaxy dust attenuation inferred by Prospector. This is
shown in Fig. 9, where AV is the diffuse component of the dust
in the ISM and is one of the two components in the model of
Charlot & Fall (2000) employed by Prospector (we do not use
the birth cloud component since the outflows are likely not co-
spatial with the star forming regions). There is no systematic
trend with dust attenuation, and galaxies are scattered around
the value of −0.3 dex, which is the weighted mean of the column
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Fig. 10. Column density ratio vs. NNa I. The dashed red line represent
the correlation between these quantities empirically derived for Milky
Way clouds (Murga et al. 2015).

density ratio. This suggests that the variation of the Na-to-Ca
column density ratio is not simply due to dust depletion; how-
ever, we note that the dust attenuation measured for a galaxy
by Prospector does not necessarily reflect the amount of dust
present in the neutral gas outflow. Similar results are obtained
for other physical parameters measured with Prospector: we
do not detect trends between the column density ratio and the
SFR, the mass, or the age of the galaxy.

A statistically robust relation between the Ca II and Na I col-
umn density has been derived for neutral gas clouds in the Milky
Way by Murga et al. (2015):

NNa I/NCa II =

(
NNa I

N2

)α2

, (8)

with N2 = (7.07 ± 0.82) · 1012 cm−2 and α2 = 0.58 ± 0.03. We
compare this relation with the results for our sample of z ∼ 2
galaxies in Fig. 10. Our galaxies follow a trend with a similar
slope (0.7 ± 0.3) to the Murga et al. (2015) relation, but with a
large offset: at high redshift, galaxies lie at a lower Na-to-Ca
ratio compared to an extrapolation of the local relation. This is
not surprising because we are comparing Milky Way measure-
ments performed on very small spatial scales to high-redshift
measurements taken over the entire galaxy extent. For example,
an overestimate of the covering fraction would move our points
to lower values of NNa I while leaving the column density ratio
unchanged, thus alleviating the tension with the local relation.
However, we can robustly exclude that the covering fractions are
overestimated by an order of magnitude because the maximum
depth reached by the neutral gas absorption lines gives a hard
lower limit of C f ∼ 0.2−0.4, which is not much lower than the
best-fit values.

One possibility is that the discrepancy observed in Fig. 10
simply reflects the different physical conditions found in z ∼ 2
galaxies compared to Milky Way clouds. However, another pos-
sibility is that the observed neutral gas in high-redshift galaxies
is clumpy: in this case the larger column density observed at
high redshift is due to a larger number of clumps, and not to a
change in their physical conditions. This would shift the points
towards larger NNa I values without altering the column density
ratio.

6. Tracing neutral outflows with Ca II H, K

Given that both the velocity and the column density of Ca II
are tightly correlated to those of Na I, we conclude that the
Ca II H and K lines can be used to trace neutral gas outflows
in alternative to, or together with, the widely used Na I D dou-
blet. The main challenge of estimating the total amount of gas,
which is mostly in the form of H atoms, from observations of
a trace element remains. This requires some form of conversion
between NCa II and NH I. Using a theoretical conversion based on
Eq. (6) would lead to systematic uncertainties of orders of mag-
nitude given the poorly constrained dust depletion of Ca. Instead,
we use our observations to derive a fully empirical conversion
between the Ca II and H I column densities.

We start with our best-fit relation between Ca II and Na I
column density, given in Eq. (4), which has a relatively small
scatter of 0.24 dex. We invert this relation and obtain an inferred
column density of Na I, given Ca II H, K observations. Next,
we need to convert this to a column density of hydrogen; one
way to achieve this is by taking the theoretical relation (Eq. (5))
and adopting nominal assumptions about ionization correction,
abundance, and dust depletion. Instead, we adopt the empirical
conversion derived by Moretti et al. (2025) by direct measure-
ment of H I and Na I column density for the neutral outflow in
a z = 2.45 galaxy, which was made uniquely possible by the
alignment with a background quasar:

log NH I = log NNa I + 7.5. (9)

We thus obtained a fully empirical conversion between the Ca II
and H I column density:

log NH I ≈ 1.8 · log NCa II − 4.3. (10)

This relation can be used to estimate the H I column density
in high-redshift galaxies when only the Ca II absorption lines
are available. We expect this relation to hold for all massive
galaxies (log M∗/M� > 10.6) at z ∼ 2, because the Blue Jay
sample is representative by design, and in this work we fur-
ther selected galaxies mostly based on stellar mass and with-
out strong biases in star formation rate or other galaxy proper-
ties. Naturally, the relation given in Eq. (10) can only be trusted
within the range of column densities probed by our sample,
which is 13.5 < log(NCa II/cm−2) < 14.5.

6.1. Hydrogen column density

We now infer NH I through the application of three distinct meth-
ods, and using both Na I and Ca II absorption lines. The methods
used for the calculation are the following:
1. Empirical relations: Both Eq. (9) and Eq. (10) are based on

the high-redshift Na I D calibration by Moretti et al. (2025);
2. Fixed dust depletion: We adopted the commonly used equa-

tions Eq. (5) and Eq. (6) by Rupke et al. (2005a), considering
a constant dust depletion δNa = −0.95 and δCa = −2.04 (the
latter being the mean dust depletion derived by Phillips et al.
1984);

3. Wakker & Mathis (2000): This work relates the elemental
abundances to the hydrogen column density NH I for the
interstellar medium in the Milky Way:

log(NH I) ≈ 1.2 log(NNa I) − 5.6. (11)

log(NH I) ≈ 4.5 log(NCa II) − 38.9; (12)
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Fig. 11. Comparison between log(NH I) inferred by different equations
as a function of log(NCa II). The three methods, and the corresponding
equations, are described in Section 6.1. Gray points on the background
are the measure of log(NH I) based on Na I absorption lines for each
equation.

Table 2 lists the hydrogen column densities estimated with
the different methods and using different absorption lines. The
results obtained from Na I using different methods are highly
consistent, and are in the range log(NH I) ≈ 20.4−21.8. The
results obtained with Ca II, instead, show substantial varia-
tions, with NH I ranging varying by more 2–4 dex according to
which method is adopted, as illustrated in Fig. 11. The esti-
mate of the hydrogen column density computed from Eq. (6)
strongly depends on the dust depletion, which is highly uncer-
tain in the case of Ca. Moreover, as the value of NCa II increases,
the discrepancy between Eq. (12) and the others grows due to
the extrapolation of a Milky Way study to high-redshift galax-
ies. This suggests that the more robust method is that based on
direct calibration at z ∼ 2, i.e., Eq. (9) and Eq. (10). Figure 11
also shows that NH I values derived from the application of the
empirical equation for Ca II match within the uncertainties the
results obtained from Na I (shown in gray), by construction. We
thus adopt the empirical relation for estimating NH I from the
observed absorption lines in the remainder of this work.

6.2. Outflow mass and mass outflow rate from Ca II

Once the H I column density is known, the outflow mass and
the mass outflow rate for each galaxy exhibiting a velocity
shift compatible with the presence of an outflow are calculated
through the following equations (Rupke et al. 2005b):

Mout =1.4mp · 4πCΩ C f NH I R2
out;

Ṁout =1.4mp · 4πCΩ C f NH I Routvout, (13)

where Rout and vout are the radius and velocity of the outflow,
and CΩ represents the fraction of solid angle covered by the
outflow. The radial extension of outflows at z ≥ 1 can vary
between .1 kpc and ∼3 kpc (Cresci et al. 2023; Veilleux et al.
2023; D’Eugenio et al. 2024). Due to the inability to directly
observe the radial extension, we assume Rout = 1 kpc, yield-
ing a potential underestimation of the mass outflow rates. We
also set CΩ = 0.5, according to neutral outflows studies in local
infrared galaxies (Rupke et al. 2005a). Notably, the column den-
sity enters these equations only as the product C f NH I, which

substantially reduces the impact of the degeneracy with the cov-
ering fraction, since the absorption line observations are able
to constrain this product much more precisely compared to C f
and NH I individually, as discussed in Sect. 3.2. To be consis-
tent with results from Davies et al. (2024) and facilitate compar-
ison, the outflow velocity for our sample of galaxies is defined
as vout = |∆V |+2σ, where ∆V is the velocity shift of the centroid
and σ the velocity dispersion of the absorption line.

The mass outflow rates are reported in Table 2 and are shown
in Fig. 12. The ones measured from Na I, with a median value
of Ṁout,Na I ≈ 39.3, are in agreement with the results reported
by Davies et al. (2024) for a larger sample of galaxies from the
Blue Jay survey, and consistent with properties of neutral out-
flows measured in star-forming galaxies and AGN host galax-
ies both in local Universe and at Cosmic Noon (Rupke et al.
2005a; Baron et al. 2020; Roberts-Borsani 2020; Cresci et al.
2023). Nevertheless, the outflow rates inferred from Ca II, with
a median value of Ṁout,Ca II ≈ 7.6, show a discrepancy of a factor
of ∼5 with the ones derived by Na I. This could be caused by the
different ionization level, and thus temperature range, traced by
the two lines (e.g., Valentino et al. 2025). However, the uncer-
tainties on these measurements are large, and may at least par-
tially explain the observed discrepancy.

Comparing the mass outflow rates from Na I and Ca II with
the SFRs of the five galaxies with an outflow, we notice that for
four out of five galaxies the mass outflow rate is higher than its
corresponding SFR. Consequently, the presence of outflows in
these galaxies could play an important role in the quenching of
star formation.

7. Summary and conclusions

In this work we have analyzed deep JWST/NIRSpec spectra
(R ∼ 1000) from the Blue Jay survey for nine quiescent and
star-forming galaxies with 10.6 < log(M∗/M�) < 11.7 and
1.8 < z < 2.8. Our main objective is to probe the neutral gas,
which in these galaxies has already been detected via Na I D
absorption, using the Ca II H, K absorption line doublet. After
removing the stellar contribution to the observed spectra we
have fit a model of the neutral gas absorption to the wavelength
regions around the Na I D and Ca II H, K lines, to measure the
kinematics and column densities. Our main results are the fol-
lowing:

– The velocity shifts measured from Ca II and Na I absorp-
tion lines are clearly correlated, indicating that the two ele-
ments trace gas in similar physical conditions. Neutral out-
flows traced by Na I can therefore be studied also using Ca II.
The velocity dispersions are not correlated, but this is con-
sistent with the large error bars in the measurements, partly
due to the relatively low R ∼ 1000 spectral resolution which
leads to a poorly resolved Na I D doublet.

– The column densities of Ca II and Na I are also correlated,
supporting the idea that they trace similar gas phases. How-
ever, the relation is not 1:1, meaning that the NNa I/NCa II ratio
varies systematically with column density. This may depend
on the dust depletion of Ca atoms, but we do not find a trend
between the column density ratio and the galaxy dust atten-
uation, nor on any other galaxy properties. Compared to the
local relation derived for gas clouds in the Milky Way, our
sample shows a similar slope but a systematic offset, which
may suggest the presence of a clumpy medium with a large
number of clouds.

– We make use of our observed relation between the Ca II
and Na I column density, together with a recently published
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Table 2. Hydrogen column densities and mass outflow rates derived from Na I and Ca II.

Fixed dust depletion Wakker & Mathis (2000) Empirical relation Empirical relation
IDs logNH logNH logNH logNH logNH logNH Ṁout Ṁout

from Na I from Ca II from Na I from Ca II from Na I from Ca II from Na I from Ca II
Eq. (5) Eq. (6) Eq. (11) Eq. (12) Eq. (9) Eq. (10) M�/yr M�/yr

8002 21.6+0.2
−0.1 21.5+0.8

−0.4 21.5+0.3
−0.2 23.0+3.5

−1.8 21.5+0.2
−0.1 20.5+1.4

−0.7 73.0+100.9
−48.9 7.1+47.7

−4.8
18668 21.8+0.2

−0.1 22.1+0.3
−0.3 21.7+0.2

−0.2 25.9+1.4
−1.5 21.7+0.2

−0.1 21.6+0.6
−0.6 63.9+42.7

−22.6 55.9+134.0
−38.5

11142 21.4+0.1
−0.1 21.4+0.3

−0.2 21.3+0.1
−0.1 22.5+1.2

−0.7 21.3+0.1
−0.1 20.3+0.5

−0.3 27.0+9.8
−9.3 2.7+2.5

−1.0
16874 20.9+0.1

−0.2 21.7+0.5
−0.3 20.7+0.2

−0.2 24.0+2.2
−1.4 20.8+0.1

−0.2 20.8+0.9
−0.6 7.7+6.0

−3.6 9.4+34.6
−5.7

9395 20.6+0.2
−0.3 21.3+0.5

−0.3 20.3+0.2
−0.4 22.2+2.4

−1.3 20.4+0.2
−0.3 20.1+1.0

−0.5 - -
18071 20.7+0.2

−0.5 21.4+0.4
−0.2 20.4+0.3

−0.6 22.7+1.7
−0.9 20.6+0.2

−0.5 20.3+0.7
−0.4 7.0+7.9

−4.9 4.9+7.5
−2.3

16419 20.9+0.1
−0.1 21.4+0.6

−0.5 20.7+0.1
−0.1 22.4+2.5

−2.4 20.8+0.1
−0.1 20.2+1.0

−1.0 - -
10245 21.2+0.1

−0.1 21.7+0.5
−0.3 21.0+0.2

−0.2 24.1+2.3
−1.4 21.0+0.1

−0.1 20.9+0.9
−0.5 - -

19572 21.4+0.1
−0.1 21.9+0.4

−0.3 21.3+0.1
−0.1 24.9+1.7

−1.2 21.3+0.1
−0.1 21.2+0.7

−0.5 - -

Notes. The hydrogen column densities are computed through several equations illustrated in Sect. 6.1. The errors are 1σ of the measure.

Fig. 12. Mass outflow rates derived by Ca II absorption lines vs. Mass
outflow rate derived by Na I absorption lines in logarithmic scale. The
computation is performed only for NH I values inferred by Eq. (9) and
Eq. (10) (the empirical relations). The 1:1 relation is shown as a dashed
green line.

direct measurement of the Na-to-H column density ratio, to
derive an empirical conversion between the Ca II and the H I
column density, given in Eq. (10). This calibration is used to
estimate the properties of neutral gas outflows, such as out-
flow mass and mass outflow rate, which are consistent within
a factor of five with previous studies.

This work is the first systematic investigation of neutral gas in
high-redshift galaxies based on Ca II H, K, and further stud-
ies will likely improve our understanding of the physical pro-
cesses that set the Ca II column density and its relation with
other galaxy properties. New JWST/NIRSpec observations at a
higher spectral resolution targeting Na I D in this sample (GO
5427; PI Davies) will soon enable a more accurate comparison
of the Ca II and Na I properties, potentially shedding light on
some of the open questions.

Our work offers a new way to estimate the properties of neu-
tral outflows. The Ca II doublet has the advantage of being easily
resolved in medium-resolution spectra, but it can also be heav-
ily contaminated by the Hε line. Ca II can be used in alterna-

tive to, or together with, other absorption lines such as Na I D
and Mg II. Having access to a wide range of spectral features
to study the neutral phase is crucial in order to limit the system-
atic uncertainties and to expand as much as possible the sample
of galaxies with at least one measurement of neutral gas. This
gas phase appears to play a key role in the rapid quenching of
massive galaxies (Belli et al. 2024; D’Eugenio et al. 2024; Wu
2025) and, as JWST observations reveal quiescent galaxies at
increasingly higher redshift (Carnall et al. 2024; de Graaff et al.
2025; Weibel et al. 2025), it becomes crucial to characterize neu-
tral outflows in the earliest phases of cosmic history.
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Appendix A: Sample galaxy spectra

Spectra divided by the stellar continuum from Prospector of
Ca II ad Na I doublets for all galaxies, with their best-fit from
our model, are shown in Fig. A.1. The best-fit, represented by
the orange line, reproduces both absorption and emission lines
in the selected spectral region. Some Ca II and Na I doublet
spectra (e.g., galaxy 18071) are contaminated by Hε (left pan-
els) and He I (right panels) emission lines, which contribute to
the uncertainties in the absorption line measurements.

Fig. A.1. Observed NIRSpec spectra of the other seven galaxies divided by their stellar continuum (blue), with the best-fit model (orange). The
blue shadow is the flux uncertainty. For each galaxy the left panel shows the Ca II K, H absorption and Hε emission, while the right panel shows
the Na I D absorption and He I emission. The dashed vertical lines mark the systemic wavelength of the absorption lines.
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