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ABSTRACT

Outflows are a key element in the baryon cycle of galaxies, impacting their evolution by extracting gas, momentum, and energy and then injecting
them into the surrounding medium. The properties of gas outflows provide a fundamental test for our models of how galaxies transition from
a phase of active star formation to quiescence. Here we report the detection of outflowing gas signatures in two recently quenched, massive
(M, ~ 10'2 M) galaxies at z = 4.106 (NS_274) and z = 7.276 (RUBIES-UDS-QG-z7) observed at rest-frame ultraviolet to near-infrared
wavelengths with JWST/NIRSpec. The outflows are traced by blueshifted magnesium (MglI) absorption lines, and in the case of the z = 4.1
system, also by iron (Fell) and sodium (Nal) features. Together, these transitions broadly trace the chemically enriched neutral phase of the
gaseous medium. The rest-frame optical spectra of the two sources are similar to those of local post-starburst galaxies, showing deep Balmer
stellar features, a relatively low D,4000 index, and minimal ongoing star formation on 10 Myr timescales, as traced by the lack of bright nebular
and recombination emission lines. This also suggests the absence of strong and radiatively efficient active galactic nucleus activity. The galaxies’
star formation histories are consistent with a recent and abrupt quenching, prior to which the average star formation rate was ~15 My yr~! over
the last 100 Myr of their lives. In the case of NS_274, dedicated millimeter observations allowed us to also strongly constrain the dust obscured
star formation rate to <12 Mg yr™!, unambiguously confirming its quiescence. Under simple geometrical assumptions, we derive mass loading
factors 17 = Moy /SFR Myr S 1 and >10 for the z = 4.1 and z = 7.3 systems, respectively, and a similarly pronounced difference in the energy
carried by the outflows. Supernova feedback could account for the mass and energy of the outflow in NS_274. However, the low mass loading
factor and average gas velocity (~180kms~!, which is lower than the stellar velocity dispersion) suggest that the observed outflow is likely not
the primary factor behind the quenching of NS_274, but it might represent a relic of the star formation process winding down. Star-formation-
related processes seem to also be insufficient to explain the extreme mass outflow rate of RUBIES-UDS-QG-z7, which would require an additional
ejective mechanism such as an undetected active galactic nucleus. Finally, the average outflow velocities per unit stellar mass, star formation rate,
and surface density of star formation rate are consistent with those of lower-redshift post-starburst galaxies, suggesting that outflows in rapidly
quenched galaxies might occur similarly across cosmic time. Our findings hint at the existence of a rich tapestry of galaxy quenching pathways
at high redshifts, and they highlight the importance of using large spectroscopic samples that map different spectral features to account for the
different timescales on which different mechanisms contribute to this process.
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1. Introduction

The physical mechanisms responsible for the suppression
of star formation in galaxies remain a major topic of
debate in modern astrophysics, especially after the spectro-
scopic confirmation of massive (stellar masses of M, ~
10"-11 A1) “quenched” systems in the first few hun-
dred million years (z ~ 3-7) of our Universe’s his-
tory (Glazebrook etal. 2017, 2024; Schreiber et al. 2018a;
Tanaka et al. 2019, 2024; Valentino et al. 2020; Forrest et al.
2020a,b, 2022; Carnall et al. 2023, 2024; Nanayakkara et al.
2024; Urbano Stawinski et al. 2024; Kakimoto et al. 2024;
Setton et al. 2024; Onoue et al. 2024; Kokorev et al. 2024;
Antwi-Danso et al. 2025; de Graaff et al. 2025a; Turner et al.
2025; Wu 2025; Weibel et al. 2025; Baker et al. 2025 among
others). Models and simulations have to invoke powerful winds
and gas ejection powered by active galactic nuclei (AGNs)

* Corresponding author.

in order to reproduce stellar masses and stellar mass func-
tions at z = 0, with a lesser role played by star formation
feedback, especially at the highest masses (see the reviews
by Somerville & Davé 2015; Naab & Ostriker 2017). However,
despite the huge effort to refine the feedback recipes imple-
mented in models, the number density and stellar masses
of quenched galaxies at z > 3 represent a challenge in
most, if not all, state-of-the-art cosmological simulations (e.g.,
Schreiber et al. 2018a; Merlin et al. 2019; Valentino et al. 2020,
2023; De Lucia et al. 2024; Lagos et al. 2025; Xie et al. 2024,
Baker et al. 2025).

The exact details of the physical models of AGN and stel-
lar feedback differ from simulation to simulation, but outflows
remain a staple mechanism to quench galaxies in most avail-
able models (Kurinchi-Vendhan et al. 2024; Lagos et al. 2025).
Different recipes and implementations might result in equally
robust stellar mass functions in the local Universe, but they pre-
dict different outflow properties — which thus become a powerful
tool for gaining insight into the physics governing galaxies.
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Observationally, multiphase gas flowing outward from star-
forming galaxies or systems harboring actively growing super-
massive black holes is well documented, especially up to cosmic
noon, based on the detection of both emission and absorp-
tion lines across the whole electromagnetic spectrum (e.g.,
Forster Schreiber & Wuyts 2020; Veilleux et al. 2020). Focusing
on the colder and denser outflow phases, the detection of low
ionization absorption features in the rest-frame ultraviolet (UV)
spectrum of galaxies has been a chief probe of their properties
(e.g., Frye et al. 2002; Shapley et al. 2003; Rupke et al. 2005;
Veilleux et al. 2005, 2020; Weiner et al. 2009; Rubin et al. 2014;
Xu et al. 2022; Mingozzi et al. 2022). This allowed the outflow
properties to be mapped across a large dynamic range of host
galaxy properties and various scaling relations to be established
(e.g., the average and maximum outflow velocity vs. stellar mass,
star formation rate, and surface densities; see Davis et al. 2023,
and references therein).

In massive systems, the mixture of intense star formation
and the simultaneous growth of central black holes makes the
outflow phenomenon more complicated to decipher. Moreover,
studying the population of recently quenched systems that likely
experienced the effects of both supernova (SN) and AGN-
powered feedback in their recent past, and are on their way to
quiescence, has been a particularly difficult task to undertake
given their relative rarity after cosmic noon and faintness at
UV wavelengths. In general, most observational studies ascer-
tained the presence of outflowing gas in recently quenched sys-
tems, both in the presence and absence of ongoing AGN activity
(e.g., Tremonti et al. 2007; Coil et al. 2011; Maltby et al. 2019;
Baron et al. 2020, 2022; Man et al. 2021; Davis et al. 2023;
Taylor et al. 2024; Sun et al. 2024).

At higher redshifts, when approaching the main epoch
of quenching of the most massive systems, galaxies show-
ing typical “post-starburst” signatures, such as deep Balmer
absorption lines, shallow D,4000 breaks, and weak emission
lines, naturally become more common (D’Eugenio et al. 2020;
Forrest et al. 2020b). This makes the study of this population
more appealing and urgent — and, thanks to JWST, feasible.
Interestingly, AGNs seem to be common in recently quenched
galaxies at z = 2-3 and above. Extreme optical line ratios,
broad emission features, and mid-infrared detections are rou-
tinely reported (e.g., Carnall et al. 2023; D’Eugenio et al. 2024;
Belli et al. 2024; Nanayakkara et al. 2024; Kokorev et al. 2024;
Onoue et al. 2024; Jietal. 2024). Ionized outflows on their
own (e.g., Kubo et al. 2022) are likely not sufficient to quench
star formation, but signatures of massive amounts of neutral
gas leaving quenched galaxies at z = 2 — 3 have recently
been reported in the literature (D’Eugenio et al. 2024; Belli et al.
2024; Davies et al. 2024). The simultaneous presence of high-
velocity (~1000kms™!) neutral outflows and AGN signatures
has been interpreted as the smoking gun of a causal connection
between the activity of supermassive black holes and quenching.
However, the contribution to the mass and energy budget of cold
outflows due to the last episode of star formation or its residu-
als is yet to be fully understood (see, e.g., Rupke et al. 2019, for
an example of a starburst-driven outflow in a massive galaxy).
This is especially true in the presence of outflows less extreme
in terms of velocity and mass.

In this work we studied two distant and recently quenched
galaxies that show signatures of outflowing gas: NS_274 at
z = 4.106 and RUBIES-UDS-QG-z7 at z = 7.276. Their red-
shifts were first confirmed with JWST/NIRSpec observations in
Frye et al. (2024) and Weibel et al. (2025), respectively. These
two sources stand out as the most distant quenched galaxies with
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high S/N coverage of the rest-frame UV and optical spectra at
medium and high spectral resolution in our archival search and
dedicated survey with JWST/NIRSpec (the “DeepDive” project;
Ito et al. 2025b). They thus allowed us to explore a new red-
shift regime; future work on population studies at lower redshifts
(z ~ 2-3) will follow. In particular, in this work we confirm
and refine the redshift of RUBIES-UDS-QG-z7 thanks to newly
acquired data with a G235M/F170LP grating and filter combi-
nation, and a custom reduction pipeline that is able to recover
the whole wavelength coverage allowed by the long-pass filter
and position on the detector (Brammer et al., in prep.). Here we
mainly focus on the iron (Fe) and magnesium (Mg) absorption
features in the rest-frame UV and their blueshifts, which indicate
the presence of cold outflowing gas. In addition, we indepen-
dently reanalyzed the properties of NS_274, which are presented
in Wu (2025), and incorporated information from the sodium
doublet Nal D at rest-frame optical wavelengths. The spectra and
photometry analyzed in this work are available online'.

Throughout this work, we make use of the AB system to
report magnitudes (Oke & Gunn 1983). We adopt a A cold dark
matter cosmology with Q,, = 0.3, Qy = 0.7, and Hy =
70kms~! Mpc™!.

2. Data
2.1. Imaging

NS_274? lies behind the galaxy cluster PLCK G165.7+67.0
at z = 0.35 (G165 in brief). This field was imaged as
part of the JWST Prime Extragalactic Areas for Reionization
and Lensing Science (PEARLS) guaranteed time observations
(Program ID, PID, 1176, PI: R. Windhorst). Follow-up Near
Infrared Camera (NIRCam; Rieke et al. 2023) imaging and
Near Infrared Spectrograph (NIRSpec, Jakobsen et al. 2022;
Ferruit et al. 2022) spectroscopy was acquired in a JWST dis-
ruptive Director’s Discretionary Time program (PID 4446; PI:
B. Frye; see Frye et al. 2024 for the analysis of all JWST obser-
vations in this field). This field also benefits from ample ancil-
lary data, such as infrared imaging with the Wide Field Cam-
era 3 (WFC3) onboard the Hubble Space Telescope (HST)
(GO-14223; PI: B. Frye, Fryeetal. 2019), Very Large Array
(VLA) observations (Pascale et al. 2022), XMM-Newton obser-
vations (AO22, #92030; PI: B. Frye), and large ground-based
telescope observations (see Frye et al. 2024; Kamieneski et al.
2024 for a full description; Cafiameras et al. 2018 for previ-
ous work on this field). For the purpose of this work, we uti-
lized the available JWST and HST imaging in 8 bands cov-
ering the 0.9—4.4 um range. The images were retrieved from
the DAWN JWST Archive (DJA)* and homogeneously reduced
with GRIZLI (Brammer 2023) as described in Valentino et al.
(2023). The photometry was extracted from a combined image
(mosaic version v7.0) of the available NIRCam long-wavelength
filters in circular apertures (0.5” diameter) with the pythonic ver-
sion of SourceExtractor (Bertin & Arnouts 1996; Barbary 2016)
and corrected to total within an elliptical Kron aperture (Kron
1980). The aperture correction was computed on the combined
long wavelength image and applied to all bands (Valentino et al.
2023). Moreover, we corrected for the minimal extinction of
the Milky Way (E(B — V) = 0.0165) based on the maps in

! 10.5281/zenodo. 15518189

2 The spectroscopic follow-up was primarily designed to characterize
the multiply lensed supernova SN HOpe presented in Frye et al. (2024).
For our target, we adopt the name it has in this work.

3 https://dawn-cph.github.io/dja/index.html
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Schlafly & Finkbeiner (2011). For reference, the observed mag-
nitude in the F200W filter (mpy0ow ap = 23.34 + 0.05) is con-
sistent with previously reported estimates (Frye et al. 2024; Wu
2025). Finally, we checked for the gravitational lensing effect
of the cluster at the location of NS_274, finding a mild mag-
nification correction of 4 = 2.0 = 0.2 in the recent maps
by Kamieneski et al. (2024) — without strongly distorting the
shape*.

In addition to optical and near-infrared imaging, we
obtained coverage of NS_274 at 1.3mm (260 um rest-frame)
with the NOrthern Extended Millimetre Array (NOEMA; ID:
W23CUO001, PIs: Gémez-Guijarro & Valentino). The target was
observed for 11.6 hours from May to September 2024 in D con-
figuration. The frequency tunings are 212.5-220.0 GHz in the
lower sideband and 228-235.5 GHz in the upper sideband. We
reduced and calibrated the data using the GILDAS pipeline at
the IRAM headquarters in Grenoble. We produced wuv visibil-
ity tables and performed analysis in the uv space, following the
methods described in Jin et al. (2019, 2022, 2024). The clean
continuum image was produced using the GILDAS HOGBOM
clean routine. The final data product reaches a continuum sensi-
tivity of 33 wJy at a central frequency of 224 GHz. The result-
ing synthesized beam is 1”785 x 1”780, and thus the source is
unresolved. We do not detect the dust continuum emission from
NS_274. We thus placed a 30 upper limit on its observed flux
density of pF260um,rest < 0.1 mJy (over a beam, considering that
the source is unresolved). We show in Fig. 1 a red-green-blue
(RGB) image of NS_274%, where we overlay the contours of the
dust continuum emission recorded with NOEMA.

RUBIES-UDS-QG-z7 falls in the footprint of the Public
Release IMaging for Extragalactic Research program (PRIMER;
PID 1837, PI: J. Dunlop) in the UDS field. In this case, we
made use of the available JWST NIRCam and Mid-Infrared
Instrument (MIRI) imaging (v7.2) available on DJA and cov-
ering the 0.9—18 um interval. For consistency with the analysis
in Weibel et al. (2025), we adopted their total photometry,
extracted in 0732 diameter apertures in point-spread-function-
(PSF-)matched images, then corrected for aperture effects and
the extinction of our Galaxy. The procedure is detailed in
Weibel et al. (2024), to which a custom extraction of the
MIRI photometry in 0”5 diameter apertures in the F770W and
F1800W images has been added. We note that following a pro-
cedure similar to that employed for NS_274 returns fluxes ~20%
fainter without introducing any significant color differences, thus
not appreciably affecting the results of this paper.

2.2. Spectroscopy

JWST/NIRSpec Micro-Shutter Array (MSA) spectra of sources
in the G165 cluster field were obtained with the PRISM/CLEAR
(0.7-53um, R = 20-300), medium resolution gratings
G140M/F100LP (0.9-1.8 um, R ~ 1000), and G235M/F170LP
(1.6-32um, R =~ 1000) on April 22, 2023 (PID 4446,
PI: B. Frye). The science exposure times were 4420s,
6696s, and 919s for G140M/F100LP, G235M/F170LP, and the
PRISM/CLEAR observations, respectively (Frye et al. 2024).
NS_274 was among the targeted sources. The spectra were
acquired with a three-microshutter configuration and a three-
nod nodding pattern. Also in this case, we retrieved the spec-

* We note that this target is outside the field of view of the lensed image
constraints used in the models (Frye et al. 2024).

5 The image was produced with TRILOGY by D. Coe, https://
github.com/dancoe/Trilogy
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Fig. 1. RGB color image of NS_274 at z = 4.1061 overlaid with
NOEMA 1.3 mm contours. The 10” x 10” background image is a color
composite of six available wide-band NIRCam filters. The dashed and
solid white contours indicate the [-30-, =207, — 10, 10, 20, 307] dust con-
tinuum emission at a 260 um rest frame wavelength, determined with
NOEMA observations. The elliptical patch indicates the size of the
beam.

tra from the DJA (version v3). These were reduced with the
MSAEXP pipeline (Brammer 2024) along the same lines detailed
in Heintz et al. (2025) and de Graaff et al. (2025b). The cur-
rent public version of MSAEXP includes updated reference files
and improves on the absolute and color-dependent flux calibra-
tion and the bar shadow correction. The spectra were optimally
extracted (Horne 1986) and their noise budget conservatively
scaled up such that the residuals of a wavelength-dependent
polynomial model subtracted to the spectrum are normally dis-
tributed, as expected for pure background integrations (although
localized noise correlation due to the line spread function could
induce deviations from this assumption). This corresponds to a
~25%, 25%, and 45% noise median increase for the PRISM,
G140M, and G235M spectra. Finally, we anchored the spectra to
the total photometry as derived in Sect. 2.1 to correct for resid-
ual slit losses. We applied a fourth-order polynomial correction
to the spectra, which resulted in slowly varying rescaling on the
order of 5-40%, the most extreme correction being at the very
blue end of the PRISM spectrum. The results are robust against
the choice of alternative scaling functions (spline and Cheby-
shev polynomials) and the degree of the polynomial (a simple
constant or parabolic functional form already corrects for most
of the offset between the spectra and the total photometry). The
photometry and spectra of NS_274 are shown in Fig. 2.
NIRSpec/MSA spectra of RUBIES-UDS-QG-z7 were
obtained on July 25, 2024, with PRISM/CLEAR and
G395M/F290LP as part of the Red Unknowns: Bright Infrared
Extragalactic Survey survey (RUBIES, PID 4233, PIs: A. de
Graaff & G. Brammer; de Graaff et al. 2025b). Both spectra
were acquired with 2880s combined integrations with a three-
microshutter configuration and a three-nod nodding pattern.
These spectra were reduced following the same steps as detailed
above. The photometry and PRISM spectrum of RUBIES-UDS-
QG-z7 are shown in Fig. 3. The G395M spectrum does not
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Fig. 2. Spectra, photometry, and SED modeling of NS_274 at z = 4.1061 + 0.0003. Top: Photometry (blue squares), JWST/NIRSpec medium
resolution spectra (G140M+G235M, black line), and their uncertainties (gray line) that we jointly modeled with BAGPIPES (red line) in the
observed frame. The normalized residuals of the modeling are shown in the lower inset. For reference, we also show the PRISM spectrum (blue).
Center: Rest-frame UV spectrum covered by the G140M grating. Bottom: Rest-frame optical spectrum covered by the G235M grating. We mark
in red the expected location of emission and absorption lines at the derived systemic redshift, zs,.c = 4.1061, as labeled. The flux densities in the

bottom panels have been rescaled by (1 + z) to conserve the energy.

show any appreciable absorption features at high enough S/N
(Weibel et al. 2025), which resulted in relatively loose initial
redshift constraints (z = 7.29 + 0.01).

On July 23, 2024, a G235M/F170LP spectrum was also
obtained as part of the “DeepDive” survey (PID 3567, PI: F.
Valentino; Ito et al. 2025b). A similar nodding pattern was used
also in this case, but leaving three extra shutters open for an
optimal background subtraction. The total integration time was
of 10590s. The G235M/F170LP grating was processed with a
customized version of MSAEXP (v4) that allowed us to recover
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the whole wavelength range permitted by the combination of the
F170LP long-pass filter and projection on the detector (Brammer
et al., in prep.). The distributed JWST pipeline automatically
cuts the red end of the grating spectra to avoid contamination
of the primary first spectral order with higher orders, which
appear at predictable locations and intensities (Jakobsen et al.
2022). However, by extending the wavelengthrange® pipeline

° https: //jwst-pipeline.readthedocs.io/en/latest/
jwst/references_general /wavelengthrange_reffile.html
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RUBIES-UDS-QG-z7 (z=7.2758)
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Fig. 3. Spectra, photometry, and SED modeling of RUBIES-UDS-QG-z7 at z

7.2758 + 0.0011. Top: Photometry (blue squares), the

JWST/NIRSpec PRISM spectrum (black line), and its uncertainty (gray line) that we jointly modeled with BAGPIPES (red line) in the observed
frame. The normalized residuals of the modeling are shown in the lower inset. Center: Rest-frame UV spectrum covered by the extended G235M
grating. Bottom: Rest-frame optical spectrum covered by the G395M grating. We mark in red the expected location of emission and absorption
lines at the derived systemic redshift, zge. = 7.2758, as labeled. The flux densities in the bottom panels have been rescaled by (1 + z) to conserve

the energy.

reference file and calibrating the intensities of the second and
third order spectra (which include the full response of the tele-
scope, the shape of the filters, and flat-fielding, all summarized
in a revised sensitivity curve), the full spectrum recorded on
the detector can be recovered. The sensitivity curve extend-
ing beyond the nominal coverage of the filter (1.6-3.2 um) was
derived from the wavelength and flux commissioning and cali-
bration programs COM PIDs 1125 (PI: J. Muzerolle Page) and
1128 (PI: N. Luetzgendorf) and CAL PID 1538 (PI: K. Gordon).

This allowed us to extend the spectrum up to 4.2 um, now cru-
cially covering the full Balmer break (Fig. 3). The normalization
and continuum shape of the extended G235M/F170LP spectrum
are consistent with those of the G395M/F290LP spectrum in the
overlapping regions without introducing any further corrections.
Given the intrinsic red spectrum of the target and the decreas-
ing transmission of the G235M disperser at 4 > 2.3 um, the
uncertainties on the flux calibration after modeling the contami-
nation of the higher order spectra are comparable with the errors
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on the standard absolute calibration. In addition, the extended
G235M spectrum has an approximately 1.7 times higher spectral
resolution than G395M at a given wavelength where they over-
lap. Finally, to avoid spurious systematics when comparing our
analysis with that of Weibel et al. (2025), we anchored both the
extended G235M and the G395M spectra to their PRISM data.
In this case, the median noise rescaling amounts to 10% and 50%
for the PRISM and G235M, respectively, and no appreciable dif-
ference for G395M’.

3. Methods
3.1. Spectrophotometric modeling
3.1.1. NS _274

Initially, we re-derived the systemic redshift of NS_274 by mod-
eling the stellar absorption features in the rest-frame optical
probed by the G235M grating (Fig. 2). We did so with the Penal-
ized PiXel Fitting (pPXF) code (Cappellari & Emsellem 2004)
and following an approach similar to that in Cappellari (2023).
We used models from the Flexible Stellar Population Synthesis
(FSPS) library (Conroy & Gunn 2010) normalized around the
rest-frame optical V-band. We ran the code twice: we initially
masked regions potentially contaminated by emission lines, then
identified and excluded 30 outlier pixels, and reran the model-
ing. We allowed only for multiplicative fourth-order polynomi-
als as correction factors to the overall shape of the spectrum, but
this choice did not affect the robustness of the redshift solution
(Zspee = 4.1061 £ 0.0003, which is slightly lower than, but con-
sistent with, the z = 4.1076 + 0.0023 first reported in Table 2 of
Frye et al. 2024) and of the stellar velocity dispersion estimate.
We derived a value of o, = 255:33 kms~! by modeling the stel-
lar absorption features in the spectrum, excluding deep Balmer
lines (HB, Hy, and H¢) and other portions of the wavelength
range possibly impacted by strong emission lines ([OIII] and
[O11]). We corrected this estimate for the wavelength-dependent
instrumental resolution, which we assumed was a factor of
1.3 higher than the nominal resolving power (de Graaff et al.
2025b). Finally, we attempted to add an ionized gas compo-
nent typically responsible for the emission of bright rest-frame
optical emission lines (e.g., Balmer lines, [O1I], and [OIII]),
but we did not retrieve any meaningful detections. We thus
place upper limits on the emission lines fluxes covered by the
G235M grating by assuming a line width identical to that of the
stellar absorption® (see Ubler et al. 2024 and references therein
for a recent discussion on this assumption). These values are
reported in Table 1. The uncertainties are derived by boot-
strapping the spectrum 500 times and repeating the modeling
procedure.

Once the systemic redshift was determined, we simulta-
neously modeled NIRCam and WFC3 photometry and the
combined NIRSpec grating data using BAGPIPES (Carnall et al.
2018, 2020). We masked spectral regions potentially contam-
inated by the absorption of the interstellar medium (iron and
magnesium lines in the rest-frame UV, the calcium and sodium
doublets in the optical). We adopted Bruzual & Charlot (2003)
stellar population synthesis models, the parameterization of the

7 At this point, the reader might wonder about the extension of the
spectra of NS_274. We briefly describe their content and limitations in
Appendix A.

8 See Appendix A for an attempt to measure emission lines in the
extended G235M spectrum.
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dust attenuation law in Salim et al. (2018, with fixed UV bump
amplitude, B = 1, and slope deviation from a Calzetti et al. 2000
law, 6 = —0.2, for a shape similar to that in Kriek & Conroy
2013), and a default Kroupa & Boily (2002) initial mass func-
tion (IMF). We adopted a double-power law star formation his-
tory (SFH), which offers enough flexibility to capture a fast rise
and decline of the star formation rate (SFR) in the past. We fixed
the value of the stellar velocity dispersion to oy = 255kms™".
The adopted priors and their shapes are collected in Table B.1
and shown in Fig. B.2.

The fitted data and best model are shown in Fig. 2, while
we report best-fit parameters of interest in Table 1. A corner
plot with the posterior distributions of such parameters is shown
in Appendix B.1. We tested these results against the use of
looser priors, different parameterizations of the SFHs (e.g., log-
normal and delayed 7-models), and a different code (Fast++;
Schreiber et al. 2018b). We also attempted to model the photom-
etry, grating, and PRISM independently or combined. Finally,
we explored the effect of the imposed priors on the final esti-
mates of interesting physical quantities at test. We found the
best-fit estimates to be consistent across this range of tests and
robust against the choice of the priors. Predictably, the range
of parameter estimates obtained under different assumptions is
larger than what implied by the statistical uncertainties with a
single set of priors and premises (see Pacifici et al. 2023 for a
comparative study of systematic effects in spectral energy dis-
tribution modeling). As an example, these tests provide M, esti-
mates varying within a ~0.2 dex range encompassing our fiducial
values in Table 1.

Accounting for the magnification effect (u = 2.0 + 0.2), we
estimate an intrinsic stellar mass of ~4 x 10' M. The spec-
tral energy distribution (SED) modeling suggests that NS_274
underwent a short and intense (peak uSFR ~ 500 Mg yr~')
growth spurt approximately ~500Myr prior to the time of
observations, leaving behind some modest level of SFR over
the last 100 Myr (intrinsic SFRgomyr = 10.7*0] Mo yr™!) and
10Myr (SFRigmy: = 9.0%0) Mo yr™'; Fig. 4). We also con-
strain the dust obscured SFR by rescaling a modified black
body with dust temperature Ty, = 35K and S slope of
1.8 (Witstok et al. 2023) to the upper limit on the continuum
emission at 260 um rest-frame, while accounting for the effect
of the cosmic microwave background (da Cunha et al. 2013).
The resulting SFR1r 5-1000um, Using the conversion in Kennicutt
(1998) adapted for our assumed IMF and corrected for the mag-
nification factor, is <12 M yr~! (at the 30 level). This value is
consistent with the estimate from the modeling of the shorter
wavelength SED, also characterized by a low estimate of Ay.
The absence of strong [O1I], [O1II], and HB emission further
constrains the more recent SFR on shorter timescales of 10 Myr.
It also implies the absence of a a bright AGN radiating efficiently
(e.g., [OTI)/HB= 1.172; but see Appendix A and Wu 2025 for
caveats and limits on faint and radiatively inefficient AGN activ-
ity). Table 1 reports the constraints on SFR from the emission
lines assuming the conversion in Kennicutt (1998) for HB and
Kewley et al. (2004) for [O11], correcting for the dust attenua-
tion for the stellar continuum from the SED modeling and for
the assumed IMF. These constraints place NS_274 in a post-
starburst phase, as also supported by the deep stellar Balmer
absorption lines. Estimates of the Lick indices (Hy, = 6.91 +
0.80 A and H6,, = 7.83+0.75 A, Worthey & Ottaviani 1997) and
of the D,4000 index (D,4000 = 1.25+0.02, Balogh et al. 1999),
computed following the procedure detailed in Gallazzi et al.
2014, are indeed typical of post-starburst systems in the local
Universe.
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Table 1. Measurements and physical properties.

Property NS_274 RUBIES-UDS-QG-z7
RA [deg] 171.8236199 34.4296173
Dec [deg] 42.4696455 -5.1122962
Zspec 4.1061 + 0.0003 7.2758 + 0.0011
u 20+02 1

w [NeTI1]A3870 107" cgs] 2.4%28 -

w1 [011]A3729 [1071 cgs] <6.6 -

1 HBA4863 [107" cgs] 8.0*37 -

w [OTI]A5008 [1071 cgs] 8.9%39 -

U MEoow.AB [Mag] 23.34 +0.05 26.31 +0.06
log(M, /M) 10.57+902 10.137997
Ay [mag] 0.40f8:8i O.50f8:?8
SFR 00 myr [Mo yr'] 107791 3343
SFRomyr [Mo yr™'] 9.0*01 <2
SFRIR, 3-1000um [Mo yr~'] <12 -
SFRom [Mo yr™'] <0.4 -
SFRys [Mo yr '] 1.5%07 -
log(SSFRl()OMyr/yI'_l) —954j88§ —87t(1)g
o, [kms™'] 255%3 -

Avoy [kms™!] -182+50 —-169 + 46
Runaj [pc] 262*11 209+32
NSersic 6.5f8:g 2.431):3
log(Mayn/Mo) 10.18f8:ig -
log(N(Fell)/cm™2) 15.00 = 0.19 -
log(N(MglI)/cm™?) 15.35 +£0.74 ~17.9
log(N(Nal)/cm™2) 12.15 £ 0.59 -
log(N(Hp.)/cm™2) 21.19+0.19 -
log(N(Hyg)/cm™2) 20.57 +0.74 ~23.1
log(N(Hy,)/cm™2) 19.79 + 0.59 -

Mou [Moyr'] (Fe, Mg, Na) (513, 117, 02405 (=,~269,-)
n (Fe, Mg, Na) (0.2793,0.1704, 0.01*5:04) (-, ~12,-)

Notes. Upper limits at 30~ The [Nelll], [O1I], HB, and [OIII] fluxes refer to emission lines obtained after subtracting the underlying stellar
continuum. M, and 7 are computed assuming vy = Avor and SFR oo wmyr (Sect. 4 for a discussion of alternative options).

3.1.2. RUBIES-UDS-QG-z7

The extended G235M spectrum shows absorption features that
are not visible in the G395M spectrum (Fig. 5). While the depth
of the spectrum does not allow for a robust estimate of the stel-
lar velocity dispersion from these lines, a collective model of
their wavelengths tightly constrains the redshift. To combine
the information from both the G235M and G395M spectra at
their respective resolutions, we proceeded as follows. We ran
pPXF with a similar setting as for NS_274 on the extended
G235M spectrum. We then took the best-fit template at its intrin-
sic resolution and simultaneously fitted it to both the G235M
and G395M spectra, convolving the model to their correspond-
ing resolution curves. We allowed for a normalization rescaling
for each spectrum, but the shape of the template was fixed. The
remaining free parameters were the redshift and the velocity dis-

persion. The fitting procedure was implemented using EMCEE
(Foreman-Mackey et al. 2013), where we assumed a Gaussian
likelihood and flat priors. The best-fit model is shown in Fig. 5,
corresponding to z = 7.2758 + 0.0011, which is consistent with
the PRISM-based determination. The corner plot with the pos-
terior distributions of the free parameters is shown in Fig. B.3.
As noted, the velocity dispersion is poorly constrained, which is
why it was not considered any further in the analysis.

For consistency with the work by Weibel et al. (2025), we
opted for modeling the PRISM spectrum and photometry with
BAGPIPES using the same set of assumptions as for our fiducial
model of NS_274, but fixing the redshift to our revised esti-
mate. The best-fit parameters (Table 1) and the overall shape
of the SFHs are broadly consistent with those reported in
Weibel et al. (2025). The modeled data and the best-fit models
are shown in Fig. 3. Also in this case, the modeling suggests that
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Fig. 4. SFHs of our targets. We show the best-fit double power-law
SFHs of RUBIES-UDS-QG-z7 (orange) and NS_274 (blue) and their
uncertainties. The age of the Universe is truncated at the observed red-
shift of NS_274. The orange segment marks the observed redshift of
RUBIES-UDS-QG-z7.

RUBIES-UDS-QG-z7 experienced a short and vigorous
main formation burst (peak SFR ~200 M, yr~!) approximately
~150Myr prior to the observed redshift, immediately fol-
lowed by an abrupt suppression of the SFR (SFRigomyr =
333 Moyr™! and SFRygmyr < 2Moyr! at 30 Fig. 4). As
noted in the past (de Graaff et al. 2025a), the unconstrained stel-
lar metallicity does have an impact on the reconstructed SFH and
SFR estimates. In this case, the preferred solution (Z ~ 0.5Zy)
is in between the low- (~0.1 Zy) and high-Z (~Z;) models in
Weibel et al. (2025). On shorter timescales, the upper limit on
the emission lines set a constraint on the SFR of <6 M yr’1
(Weibel et al. 2025).

3.2. Modeling the rest-frame UV and optical absorption
features tracing outflowing neutral gas

A few rest-frame UV absorption lines tracing the presence of
neutral gas from low-ionization elements in galaxies (Mg1I dou-
blet at 112796, 2803; Fell at 442586, 2600; 2374, 2383) are
robustly detected in the G140M spectrum of NS_274 (Fig. 6).
Absorption features at similar redshifts are also at least tenta-
tively detected (e.g., MgI at A42853). In the rest-frame optical
covered by the G235M grating, we also robustly detect the NaT
A45891, 5897 doublet in absorption (Nal D, although blended
at this resolution), indicating an additional dense component in
the neutral gas-phase. Common to all these features is a blueshift
compared to the systemic redshift derived from the well-detected
stellar absorption features, indicating a substantial column of
outflowing gas in the line of sight. In the case of RUBIES-UDS-
QG-z7, given the limited S/N and coverage, we are only able to
robustly detect the presence of Mg1I (Fig. 6).

To explore the properties of the outflowing gas, we con-
sistently modeled these absorption features with VOIGTFIT
(Krogager 2018)” following the approach in Heintz et al. (2023).
The code models the lines with Voigt profiles at the delivered
spectral resolution and returns the column densities, N, and
broadening parameters, b, due to thermal and turbulent motions
for an arbitrary number of velocity components. Since absorp-

° https://github.com/jkrogager/VoigtFit
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z=7.2758 = 0.0011

Fa obs [10712 erg cm=2 572 A-1] x (1 + 2)

F — G235M
3600 3700 3800 3900 4000 4100 4200
Arest = Aops/ (1 + 2) [A]

Fig. 5. Zoomed-in view of the Balmer break region of RUBIES-UDS-
QG-z7 in the G395M spectrum from Weibel et al. (2025, top) and our
extended G235M spectrum (bottom). The black and gray lines show
the data and their uncertainties. The red lines indicate the best-fit model
(Sect. 3.1.2). The red ticks indicate the most notable absorption features,
as labeled.

tion from stars and the interstellar medium (or even emission
from the latter) can arise at the systemic redshift (Sugahara et al.
2017; Manetal. 2021; Davies et al. 2024), when modeling
the lines in the spectra of NS_274, we implemented a two-
component model, with one at fixed z = zypec. We also ran the
code iteratively: a first pass with free broadening parameter and
velocity offsets, Avog, to determine the latter, followed by a sec-
ond iteration at fixed parameters to derive the column densi-
ties of the outflowing component. However, given the available
resolving power (R =~ 1000) and depth, the final estimates of
N are affected by significant uncertainties (Table 1). The same
conditions also limit more refined modeling of stellar popula-
tion in the rest-frame UV (Maltby et al. 2019), which we thus
leave for future work with better data quality (but see Wu 2025
for an attempt). When simultaneously modeling the Fe, Mg, and
Na transitions, we tied their broadening parameter and veloc-
ity structure, assuming that they physically trace the bulk of
the neutral gas-phase in galaxies. Considering that the ioniza-
tion potentials of the elements considered here (Na 5.1eV, Fe
7.9eV, Mg 7.6 eV) are comparable and lower than that of hydro-
gen (13.6eV), this assumption is physically motivated. Finally,
we note that, in principle, log(N(MgII)) might be underestimated
due to saturation of the line core. Given the limited informa-
tion in the spectra of RUBIES-UDS-QG-z7, we did not attempt
a two-component model and fixed » = 100 km ™!, which is con-
sistent with the results for NS_274. We caution the reader that
this might lead to an underestimate of the velocity offset and of
log(N). Deeper and higher resolution spectra will help address
several of these issues in the future.

The best-fit models obtained with VOIGTFIT are shown in
Fig. 6. We derive an average velocity offset of the absorbing gas
of Aveg = —182 + 50km s~ and —169 + 46kms™' for NS_274
and RUBIES-UDS-QG-z7, respectively, with tails extending up
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Fig. 6. Blueshifted absorption features. Left panels: Continuum-normalized spectrum (black line) and its uncertainties (gray line) around Fell,
Mgll+Mgl, and Nal D lines for NS_274. Rightmost panel: G235M spectrum around Mgll+Mgl for RUBIES-UDS-QG-z7. The best-fit model
with VOIGTFIT is marked by the solid red line. The systemic velocity for each line is marked by dashed red lines.

to a few hundred kms™'. In the case of NS_274, the veloc-
ity structure is derived from the joint modeling of the Mg1I,
Mg1, Fen, and Nal lines mentioned above, and the offset is
consistent with the estimate first reported in Wu (2025). How-
ever, the wavelength shifts of each line are consistent. These
results indicate that the dominant neutral gas column is associ-
ated with the outflowing gas. The estimated column densities are
reported in Table 1. We converted log(N(Fell)), log(N(Mgll)),
and log(N(Nal)) into log(Ny), assuming a gas-phase metallicity
and empirical depletion patterns, under the same assumptions
detailed in Wu (2025):

log(Ny) = 10g(Nx) — Odepl,x — 10g(Nx/Nu)o — log(Z/Z5), (1)
where X = Fe, Mg, and Na; d4cp1, x is the metal depletion onto
dust (0pe = —1.7, 6mg = —0.8 are the median values in the

Galactic disk (Jenkins 2009); and 6n, = —0.95 is the canoni-
cal estimate for the Milky Way from Savage & Sembach 1996);
log(Nx/Nu)e are the solar abundance patterns for Fe (—4.49),
Mg (—4.42), and Na (-5.69, Savage & Sembach 1996); and Z
the metallicity of the targets. We included a neutral fraction cor-
rection of a factor of ten for Nal, but this number could be sub-
stantially higher in the extreme conditions of a recent burst of
star formation or AGN activity at high redshifts (Veilleux et al.
2020). We do not apply any ionization corrections for Fe and Mg,
assuming that the singly ionized ions are the dominant popula-
tion. This allows us to draw a direct comparison with the anal-
ysis in Wu (2025) without introducing major systematics. For
reference, we assume Z = Z. The values from our spectropho-
tometric modeling are consistent with it, but they are a source
of major uncertainty. This is particularly true for RUBIES-UDS-
QG-z7, whose high redshift would suggest a metallicity lower
than and an abundance pattern different from solar (Weibel et al.
2025).

Finally, we note that, at this stage, the velocity offset can in
principle be interpreted as due to a genuine neutral gaseous out-
flow or from a cloud intervening gas along the line of sight. How-
ever, this second possibility is disfavored by the absence of cred-
ible galaxies associated with the putative absorbers along the line
of sight in the surrounding of our targets. Moreover, the implied
high column densities (Sect. 4) require a non-negligible level
of metal enrichment, and thus underlying stellar mass, which is
not detected (although low surface brightness galaxies that fall
below the flux limit cannot be ruled out).

3.3. Structural properties

Morphological properties for RUBIES-UDS-QG-z7 were
derived in Weibel et al. (2025) using the Bayesian code PYSER-

sIC (Pasha & Miller 2023)!°. The authors retrieve an effective

semimajor axis of Ryyj = 209*33 pc for a rather round shape

(axis ratio of Rpin/Rmaj = 0.89f8:‘1)§, where R, is the semiminor
axis) and a relatively low, but poorly constrained, Sersic (1968)
index of n = 2.4%3. We followed a similar procedure and
modeled the emission of NS_274 in the F200W band using the
same code. The choice of the band is a compromise between
mapping relatively long wavelengths (~4000 A rest frame)
at the highest possible resolution (sampled with a 0702 pixel
scale) and S/N. We built a PSF model by broadening the
profile derived with WEBBPSF (Perrin et al. 2014) to match the
width of observed unsaturated stars in the field, as described
in Ito et al. (2024). We modeled a single Sersic (1968) profile.
The source is resolved: we estimate an effective semimajor axis
of Rmgj = 262*7pc and a high n = 6.5*)¢ index. We applied
an average %> correction to the effective size to account for
the mild lensing effect. Nevertheless, this correction does not
substantially alter the conclusions of this work. The source is
slightly elongated (ellipticity € = 1 — Ruin/Rmaj = 0.497007). We
show the best-fit model and the residuals in Appendix B. These
results are consistent with the analysis with GALFIT (Peng et al.
2002) in Wu (2025), once the lensing correction is accounted
for.

Combined with the stellar velocity dispersion, we estimated
the dynamical mass expected for NS_274 as

Mayn = K(n) K(q) 0% Rungi/G, 2

where K(n) = 8.87 — 0.831n + 0.0241n* depends on the Sérsic
index n (Cappellari et al. 2006), K(q) = (0.87 + 0.38¢7378(1-9))2
depends on the projected axis ratio g (van der Wel et al. 2022),
Rumgj is the semimajor axis, and G is the gravitational con-
stant. After accounting for the lensing effect, log(M,/My) =
10.57f8:8§ is higher than, but in overall agreement with,

log(Mayn/Mo) = 10.18f8:}2, especially considering the numer-
ous assumptions on the stellar population and dynamical model-
ing behind each of these calculations and the typical systematic

uncertainties (~0.2 dex on the stellar mass).

4. Outflow properties

At this point we had ascertained the presence of MgII (and in
the case of NS_274 also Mgl1, Fe1l, and Nal D) blueshifted
absorption features in the spectra of two post-starburst, recently
quenched galaxies at high redshifts.

10 https://github.com/pysersic/pysersic
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Fig. 7. Average outflow velocity as a function of the stellar mass, SFRomyr, and surface density of SFR g my, (corrected by the magnification factor
for NS_274). Filled stars indicate the targets analyzed in this work. The colored filled circles represent the homogenized literature compilation of
Mg 11 outflows across redshifts from Davis et al. (2023, and references therein). The results from the stacking of post-starburst galaxies at z ~ 1.2
from Maltby et al. (2019) are shown with a red pentagon. The locations of two z ~ 3 recently quenched sources in Man et al. (2021) are marked

by gray squares.

How much gas is outflowing from these galaxies and at
what rate? Adopting the simple spherical thin-shell model in Wu
(2025) and Davies et al. (2024), we derived the outflowing mass
My and its rate My as

Moy = 1.4my QN(H) RZ,,

My =14 ny QNMH) Rout Vout» 3
where m;, is the proton mass, Q the solid angle subtended by the
outflow, R,y the shell radius, and v,y its velocity (Rupke et al.
2005). We adopt the same approach as in Wu (2025) to directly
compare with their results and avoid systematics. We thus
assume Q = 0.45 x 47 (based on Davies et al. 2024), Ry, =
2Ry, and voy = Avyg is the average outflow velocity from our
fit (Table 1). For NS_274, we obtain log(Mo,/Ms) = 7.4792

_0.3,
6.8f8;g, and 6.0f8:$ from Fe, Mg, and Na, respectively. The esti-
mate based on Fe is in good agreement with that reported in
Wu (2025, log(Mou/Me) ~ 7.8), while that derived from Mg is
~10x larger. The outflow mass from Fe and Mg are in agree-
ment, while that from Na is lower by ~1 dex at face value. This
might be due to the fact that the observed transitions, while
broadly tracing the neutral hydrogen phase of the ISM, are sensi-
tive to gas conditions, with Nal D preferentially being a proxy of
the colder and denser gas. For RUBIES-UDS-QG-z7, we derive
log(Mouwt/My) ~ 9.1 from Mg, based on a column density of
log(N(Mgll)/cm™2) ~ 17.9. These estimates are more uncertain
than those derived for NS_274 (largely due to the assumption
on b, the absence of S/N to constrain Fe lines, and a systemic
component) and their face values should be taken with a grain of
salt. The derived HI column density is remarkably high (Table 1)
and, if confirmed, its effects could be tested in deeper PRISM
data around the Lyman limit (e.g., Heintz et al. 2025).

We estimate mass outflow rates of My, ~ 0.2—5 Mg yr~! and
~269 M, yr‘1 for NS_274 and RUBIES-UDS-QG-z7, respec-
tively. The range in Moy for NS_274 reflects the difference
in log(N(H)) from Na and Fe. The high column density from
Mg dominates this high, albeit uncertain, estimate of Mo, for
RUBIES-UDS-QG-z7. The corresponding mass loading factors
are 7 = My /SFR ~ 0.01-0.2 and ~12 for NS_274 and
RUBIES-UDS-QG-z7, where we adopted the SFR averaged over
the last 100 Myr for the calculation. The estimates of Mgy and 77
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linearly depend on vy, and the mass loading factor is also sensi-
tive to the value of the SFR. On the one hand, adopting the alter-
native assumption of vy = Aveg + 207, where o is the velocity
dispersion of the outflow absorption feature (e.g., Davies et al.
2024), we would obtain My, and 7 estimates 1.8X higher for
both targets, given our modeling of the outflow velocity structure
with fixed b = 100 kms~! and assuming pure Doppler broaden-

ing (b = V20). We stress that higher resolution observations
are necessary to properly constrain » and break its degeneracy
with the column densities. On the other hand, assuming an esti-
mate of SFR averaged on shorter timescales, would have a lesser
effect on the estimate of 77 for NS_274 at fixed oy (SFR 100 Myr 18
~20% higher than SFRowmy,, Table 1). Instead, it would boost
even further n for RUBIES-UDS-QG-z7 (the 30 upper limit
of SFRjomyr < 2 Mo yr~! would correspond to a lower limit
on 77 more than ten times higher than that derived assuming
SFRgomyr). The choice of a shorter timescale is also consis-
tent with the expected time that an outflow would take to reach
our reference scale of Roy = 2Ry, With a constant vey = Aveg
(~2.5 Myr for both targets).

5. Discussion

5.1. Outflow velocities in recently quenched galaxies across
time

In Fig. 7 we show the average outflow velocities vy as a function
of M,, SFR, and SFR surface density (Xsgr = SFR/ (27TR§E)) for
samples of star-forming and post-starburst galaxies up to z ~
1.5-2 based on the large literature compilation in Davis et al.
(2023). In this case, we considered outflows predominantly
traced by Mg and Fe absorption to minimize the systematics
in the comparison (see Sun et al. 2024 for an analysis of out-
flows traced by Nal D in local post-starburst galaxies). Interest-
ingly, in terms of average outflow velocities, the neutral gas out-
flows in NS_274 and RUBIES-UDS-QG-z7 are broadly consis-
tent with those observed in local star-forming and post-starburst
galaxies at fixed M., SFR, or Xggr. The velocity offsets mea-
sured in two lensed recently quenched systems at z ~ 3 in
Man et al. (2021) and in the stacked spectra of post-starburst
galaxies at 1 < z < 1.4 in Maltby et al. (2019) are also shown for
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reference. In both cases, they are also consistent with the corre-
lations observed at lower redshifts.

The fact that the average velocities detected in NS_274 and
RUBIES-UDS-QG-z7 at high redshift are overall consistent with
those observed in nearby post-starburst galaxies seems to sug-
gest that the mechanisms launching them during or shortly after
quenching are similar to those operating in the local Universe.
This is best captured in the tightest among the correlations, the
one between vy, and Zsgr (Heckman et al. 2015). In this case,
the typically higher SFRs at fixed stellar masses at high redshift
are balanced by an increasing compactness, so that the launch of
winds via copious star formation occurring in small volumes, as
one could expect to detect in early galaxies immediately after
quenching, is consistent with that observed in rarer, similarly
massive systems at low redshift. However, only larger samples
of recently quenched galaxies at z > 2—3 will tell us if this is the
case, or if a bona fide evolution of the vy, —2spr (and M,, SFR)
relations exists (Sugahara et al. 2017).

We also note that the scaling relations considered here do
not include any explicit terms to account for possible AGN
activity. Interestingly, samples specifically selected or consis-
tent with post-starburst galaxies shown in Fig. 7 do not show
evident signs of ongoing powerful AGN activity (Maltby et al.
2019; Davis et al. 2023; the sources in Man et al. 2021 may host
faint Type IT AGNs based on their [O III]/[O IT] ratios). Accord-
ing to our analysis, this is the case also for the galaxies analyzed
here (but see Appendix A and Wu 2025). Taken together, this
suggests that ongoing AGN activity is not necessarily required
to explain the average outflow velocities of NS_274, RUBIES-
UDS-QG-z7, but also lower-redshift post-starburst galaxies in
Flg 7 at fixed M*, SFR, or ZSFR-

5.2. Outflow masses, loading factors, and energetics

If the outflows in NS_274 and RUBIES-UDS-QG-z7 show
velocities similar to those observed in more local post-starburst
systems at fixed M, SFR and Zggg without invoking any strong
AGN contribution, the simple calculations in Sect. 4 depict a
partially different scenario, at least for RUBIES-UDS-QG-z7.

5.3. Outflows as relics of the star formation process winding
down in NS_274

For NS_274, we find that the mass loading factor =
My /SFR = 0.01-0.2 and the energy associated with the out-
flow (Egu = 0.5Moy?, ~ 0.2-5 x 10¥ergs™!) are consis-
tent with basic expectations for SNe-powered outflows, where
the minimum and maximum values of these ranges are derived
from the estimates of N(Nal) and N(Fell), respectively (Table 1).
To show this, we adopt the approach in Veilleux et al. (2005).
Based on the Starburst99 (Leitherer et al. 1999) models with
solar metallicity and a Salpeter (1955) IMF, we expect an injec-
tion of energy due to SNe on the order of Esy = 7 x 10* x
SFRigomyr = (7.5 £ 0.1) x 10* ergs™" and a mass outflow rate
Mgy = 0.26 X SFRgomyr = (2.8 £0.1) Mg, yr‘l. Even neglect-
ing a simple linear scaling to match the IMF of our choice
and assuming coupling with the ISM on the order of ~10% or
less, the injected energy is broadly consistent with our empirical
estimate for NS_274. This holds also assuming SFRowmy, and

Vout = Avor + 20 for the calculation (Eqy o v3,, thus 5.6 times
higher than in the case of vou = Avorr). Similarly, the mass out-
flow rate is in agreement with our observational estimate (Moys =

0.2—-5 Mg yr~!, Table 1). Taken with the findings described in the

previous section, it seems that the levels of star formation over
the last ~10-100 Myr are sufficient to explain the properties of
the outflows observed in NS_274 (Fig. 4). However, given the
slow average outflow velocity (Avoy ~ 180kms~!, lower than
the stellar velocity dispersion (o, ~ 250km s71), and the mass
loading factor n < 1, it is unlikely that the observed outflows are
responsible for the quenching of star formation in NS_274.

5.4. Extreme outflow properties might indicate undetected
AGN activity in RUBIES-UDS-QG-z7

The very large value of 7 > 10 and Eo ~ 2 x 10¥ergs™!

for RUBIES-UDS-QG-z7 give leeway to different interpreta-
tions. The mass outflow rate from Mg Il (My ~ 269 My, yr~' for
Uout = Avogr, 1.8% higher for a less conservative assumption on
Uout; Sect. 4) largely exceeds the value expected from SNe-driven
winds (Msn = 975" and <0.5 My yr™' assuming SFR ooy and
SFRomyr, rEspectively), suggesting a contribution from other
ejective mechanism, i.e., powered by an AGN. The injected
energy is broadly consistent with Esy = 2*§ x 10¥ ergs™
considering a 10% coupling with the ISM only by assuming
SFRigomyr and voy = Avog as representative, and the agree-
ment is largely due to the loose constraints on the recent SFR
estimate. In fact, adopting vy = Aveg + 20 would increase
Eoy by a factor of ~6 and SFR myr Would set an upper limit
on Esy < 10*ergs™. The findings for RUBIES-UDS-QG-
z7 are, thus, more consistent with those obtained from map-
ping the neutral gas outflows using the sodium Nal D tracer in
recently quenched galaxies at z = 2—3, carrying large amount of
gas masses and energies away from galaxies (Belli et al. 2024;
Davies et al. 2024), as simulations and models postulate, despite
the absence of clear ongoing AGN activity.

5.5. Caveats and future perspectives

Combined with recent findings on outflows and galaxy quench-
ing in the literature, our results for NS_274 and RUBIES-UDS-
QG-z7 contribute to describing this phenomenon as being as rich
and complex as it is in the local Universe, despite the much
shorter time frame in which it can occur. However, a few words
of caution are due.

First, we stress that the measurements and simple calcula-
tions in the previous sections are affected by significant uncer-
tainties and rely on several assumptions. As an example, in
the case of NS_274, the mass loading factor derived in this
work significantly differs from the range presented in Wu (2025,
n ~ 7-30), which drives us to different conclusions about the
origin of the observed outflows. The disparity is mainly ascrib-
able to the SFR estimate to compute 7. Different assumptions
in the modeling of the spectrophotometric data of NS_274 lead
to different SFR estimates than presented in Wu (2025). More-
over, as noted in Sect. 4, adopting SFRs averaged over 10 Myr or
100 Myr periods gives an idea of the expected systematic uncer-
tainties on 7 and the rest of the physical quantities depending
on these parameters. While the time necessary for an outflow
moving at voy = Aveg to reach Ry, would suggest to employ
10 Myr averaged SFRs, a timescale of 100 Myr is on the lower
end of the lifespan of outflows in the galaxy halos as suggested
by observational and theoretical studies (Davis et al. 2023, and
references therein). The choice of SFRgomy, also allows us to
directly compare our findings with those in the literature compi-
lation shown in Fig. 7. Together with the analysis of the origin of
possible faint emission lines in the optical rest-frame spectrum
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and the mild lensing correction, this is where our analysis of
NS_274 mainly differs from that presented in Wu (2025, see also
our Appendix A).

Second, definitive proof of the effect of AGN and stel-
lar feedback on their hosts remains hard to constrain even
with exquisite data and under consistent assumptions, given the
widely different spatial and temporal scales of several compet-
ing processes involved. In particular, extreme outflow properties
(e.g., velocities, masses, and energies) can be somewhat more
confidently associated with the action of AGNs than to SNe,
even in absence of typical signatures such as high optical line
ratios or broad lines in their spectra, as in the case of RUBIES-
UDS-QG-z7. This is because of the short-term AGN variability
(i.e., the imprint of an AGN on outflows can outlast its pres-
ence and detectability in recently quenched galaxies) and the fact
that the feedback mode that quenches star-formation in galaxies
can be characterized by low Eddington ratios in some models
(Lagos et al. 2025, even if this is still matter of debate, Choi et al.
2017; De Lucia et al. 2024; Farcy et al. 2025). The variability
and radiative inefficiency play also a role in the case of less
extreme outflows conditions, such as those we reconstructed for
NS_274 and similarly found in normal star-forming galaxies.
While in principle consistent with the energy, momentum, and
mass provided by SN feedback, low values of these quantities
do not exclude a significant contribution from AGNs a priori,
especially for galaxy-scale outflows and for those models where
gas entrainment in the circumgalactic medium plays a major role
(Mitchell et al. 2020).

Promising approaches to countering the effect of the short-
term AGN variability rely on proxies of the integrated, rather
than instantaneous, effect of the growth of supermassive black
holes (e.g., their masses; Bluck et al. 2023) on their host galax-
ies. Valid attempts tested in the local Universe (e.g., Wang et al.
2024) are now extended to high-redshift samples (see the discus-
sions in Ito et al. 2025a; Baker et al. 2025; Onoue et al. 2024).
Tying these properties with those of outflows in larger samples of
galaxies similar to those presented here will be key to attenuate
the effect of different spatial and temporal scales, and to obtain
a more decisive evidence of how stellar and black hole masses
grow and coevolve from star-forming to quiescent phases.

6. Conclusions

We have reported the detection of signatures of outflowing gas in
the rest-UV and optical JWST/NIRSpec spectra of two massive
(M, ~ 10'92 M) and recently quenched galaxies: NS_274 at
z =4.1061 and RUBIES-UDS-QG-z7 at z = 7.2758. New obser-
vations with the G235M grating, reduced with a customized
version of the MSAEXP pipeline, allowed us to ascertain the red-
shift of RUBIES-UDS-QG-z7, which had previously only been
constrained by low-resolution PRISM data. The presence of gas
outflows is revealed by blueshifted ionized magnesium, iron,
and neutral sodium absorption features, which trace the neutral
hydrogen phase. Our analysis of the spectra of these galaxies
allowed us to reach the following conclusions.

— Both targets show signatures typical of recently quenched
star formation. The absence of strong emission lines and the
reconstructed SFHs from spectrophotometric modeling pre-
dict low SFRs on short (10 Myr) and intermediate (100 Myr)
scales (SFRgomyr ~ 15 Mo yr‘l). The quiescence of NS_274
is further confirmed by the lack of strong dust continuum
emission, which allows us to set an upper limit on the
obscured SFR of <12 Mg yr~!.
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— The measured outflow velocities (~180kms™!) are consis-
tent with those measured in post-starburst galaxies nearby
(z £ 0.7) and up to z ~ 1-3 at fixed M,, SFR, and Zspr
without strong signatures of ongoing AGN activity. This sug-
gests that outflows in galaxies quenched on short timescales
are powered by similar mechanisms across cosmic time. This
can be tested by tracing these scaling relations at z > 2-3
(in particular, the tightest one: vy, —Zspr) With large spectro-
scopic samples of recently quenched systems.

— Under simple assumptions, we derive outflow masses, rates,
loading factors, and energetics for both galaxies — finding
them to be rather different. For NS_274 at z = 4.1, bene-
fitting from higher quality spectra, we find values that are
in principle consistent with predictions for SN-powered out-
flows over timescales of 10-100 Myr. However, low values
of the mass loading factor (7 < 1) and velocities indicate
that it is unlikely that the observed outflows are responsible
for the star formation quenching.

— For RUBIES-UDS-QG-z7, the extreme mass loading factor
(n > 10) suggests the contribution of an undetected AGN
as a powering mechanism for the observed outflow. Inter-
estingly, this is not reflected in an extremely high average
outflow velocity. In fact, the observational estimate is con-
sistent with that recorded for the outflow in NS_274 and in
local post-starburst galaxies with similar M,, SFR, and/or
2srr Vvalues.

— Maybe more importantly, these case studies prove that it is
possible to detect neutral outflowing gas in distant (z > 4)
post-starburst galaxies via Mg and Fe in the rest-frame UV,
and Na in the optical, even with relatively inexpensive inte-
grations of a handful of hours with medium resolution grat-
ings with JWST/NIRSpec. The logical next step is to construct
larger samples to test scaling relations as a function of cosmic
time and compare outflow properties with model predictions
for instantaneous and integrated SN and AGN feedback; such
work would mitigate the effect of the wide range of spatial and
temporal scales involved in galaxy quenching.
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Appendix A: Extended spectra of NS_274

For full transparency, we ran the customized MSAEXP pipeline also on the G140M and G235M spectra of NS_274. In this case,
the advantage of extending the G140M spectrum is marginal compared with the gain obtained by processing the bluest spectrum
of RUBIES-UDS-QG-z7 — simply because a deep coverage of the rest-frame optical wavelengths is already available. The G235M
grating spectrum extension covers the He Balmer line and the [N I1]116549,6585 doublet. However, in the case of NS_274, the
extension comes with an uncertain absolute flux calibration and a systematic color gradient compared with the PRISM spectrum.
For reference, we reran the same pPXF modeling described in Sect. 3.1 and estimate a stellar velocity dispersion of o, = 278 + 23
km s~!, 10% higher than, but in agreement with the value in Table 1. We also estimate observed (thus, magnified) line fluxes of
[Nelll] = 2.8*2¢, [O1I] = 4.03%, HB= 2.333, [O1]=8.9*3%, Ha = 15.4%32, and [N11]16585 = 37.5%}0 all expressed in units
of 107" ergcm™2s7!. We stress that the flux calibration uncertainties, and especially the color term, influence the line fluxes and
their ratios non trivially, as the stellar continuum absorption features have to be modeled in order to derive the line emission. This
explains the difference in the HB flux measurement and its ratio with [O III] (log([O III]/HB) > —0.37 ratio at 30 in the extended
spectrum). At face value, we estimate log([NII]/Ha) = 0.39f8ﬁ (where the uncertainties are purely statistical), which would place
NS_274 beyond the extrapolation to z = 4 of the line dividing star-forming galaxies and AGNs in the BPT diagram (Baldwin et al.
1981) presented in Kewley et al. (2013). We note that the parameterization in Kewley et al. (2013) is not calibrated against data
at z = 4 and should be taken with a grain of salt. If confirmed, these emission line ratios would be potential evidence of a faint
AGN-powered emission, or at least non-star-formation-powered ionized emission, as first proposed in Wu (2025). Future, deeper
observations will test this possibility.
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Fig. A.1. Top: Flux density ratio between the PRISM and the G140M (blue line) and G235M (red line) grating spectra in the custom reduction of
NS_274. We mark with a solid line the extended wavelength coverage. Bottom: Extended G235M spectrum of NS_274 (black) and its uncertainties
(gray). The red line indicates the best-fit pPXF model of the stellar continuum. The panel on the right shows the location of the source in the BPT
diagram based on the measurements in the extended G235M spectrum. The dashed and solid black lines indicate the empirical parameterization
of the line dividing star-forming galaxies and AGNs by Kewley et al. (2013) at z = 0 and z = 4, respectively.

Appendix B: Modeling supplementary material Table B.1. Free parameters and priors for the spectrophotometric mod-

In Fig. B.1 we show the posterior distributions of the param- eling.

eters obtained by modeling the spectra and photometry of

NS_274 and RUBIES-UDS-QG-z7 as detailed in Sect. 3.1. Free parameter Prior Limits

Properties of the Priors are reported in Table B.1. We s'hf)w them 10g(Miommed/Mo) Uniform ©, 11.5)

in Fig. B.2. In Fig. B.3 we report the results of the joint best- .

fit modeling of the G235M and G395M spectra of RUBIES- Av Uniform 0.2)

UDS-QG-z7 to determine its exact spectroscopic redshift (see Z/Z Uniform 0.1,2)

Sect. 2.2). Finally, Fig. B.4 shows th.e NIRCam/FZOOW image 7/Gyr Uniform (0, H(Zobs))

of NS_274, the best-fit Sérsic described in Sect. 3.3, and the . . 2 1n3

residuals. a, B Logarithmic (1077, 107°)
Noise rescale spoise  Logarithmic (1, 10)
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Fig. B.1. Corner plots showing the posterior distributions of the parameters constrained with BAGPIPES as detailed in Sect. 3.1. Left: NS_274 at

z = 4.1061; Right: RUBIES-UDS-QG-z7 at z = 7.2758.
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Fig. B.2. Priors on the parameters listed in Table B.1 for NS_274.
Dashed black lines indicate the 16, 50, and 84% percentiles of the
distributions. In the SFH panel, we show randomly extracted SFHs
in gray. The orange area shows the 16-84% inter-percentile range.
Similar priors were applied to model the spectrum and photometry
of RUBIES-UDS-QG-z7.
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Fig. B.4. Sérsic modeling of NS_274. Left: 5 x 5” (~ 35 X 35 kpc at z = 4.1) F200W cutout image of our target. Center: Best-fit Sérsic model
(Sect. 3.3). Right: Residuals computed by subtracting the best-fit model from the input image.
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