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ABSTRACT

The baryon cycle is crucial for understanding galaxy formation, as gas inflows and outflows vary
throughout a galaxy’s lifetime and affect its star formation rate. Despite the necessity of accretion
for galaxy growth at high redshifts, direct observations of inflowing gas have proven elusive especially
at z 2 2. We present spectroscopic analysis of a galaxy at redshift z = 2.45 which exhibits signs
of inflow in several ultraviolet interstellar absorption lines, with no clear outflow signatures. The
absorption lines are redshifted by ~250 kms~! with respect to the systemic redshift, and C 1v shows
a prominent inverse P-Cygni profile. Simple stellar population models suggest that this galaxy has a
low metallicity (~5% solar), with a very young starburst of age ~4 Myr dominating the ultraviolet
luminosity. The gas inflow velocity and nebular velocity dispersion suggest an approximate halo mass
of order ~ 10! M, a regime in which simulations predict that bursty star formation is common at this
redshift. We conclude that this system is likely in the beginning of a cycle of bursty star formation,
where inflow and star formation rates are high, but where supernovae and other feedback processes
have not yet launched strong outflows. In this scenario, we expect the inflow-dominated phase to be
observable (e.g., with net redshifted ISM absorption) for only a short timescale after a starburst onset.
This result represents a promising avenue for probing the full baryon cycle, including inflows, during
the formative phases of low-mass galaxies at high redshifts.

Keywords: Galaxy formation (595), Galaxy evolution (594), High-redshift galaxies (734), Interstellar

absorption (831), Circumgalactic medium (1879)

1. INTRODUCTION

The growth of galaxies is driven by gravitational ac-
cretion, a process that channels intergalactic and cir-
cumgalactic gas into galaxies, providing the essential
material for star formation (e.g., Tumlinson et al. 2017).
Gas inflow is a critical component of the baryon cycle,
which underscores the continuous import of gas as a fun-
damental driver of galactic evolution and star formation
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rates. The gas accretion is, however, modulated by sig-
nificant outflows of gas driven by star formation and
supermassive black hole feedback (e.g., Murray et al.
2005; Hopkins et al. 2012). The efficiency and scale
of gas inflows and outflows are closely coupled to the
gravitational potential, and they can vary significantly
among different galaxies and over their lifespans (e.g.,
Somerville & Davé 2015).

Despite the critical role of gas accretion in galac-
tic evolution, observational signatures of accretion have
proven elusive, especially at high redshifts. Star-forming
galaxies at z 2 2 instead almost ubiquitously exhibit
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strong outflows (e.g., Shapley et al. 2003; Steidel et al.
2010; Pahl et al. 2020; Weldon et al. 2023). The
presence of outflowing gas is most commonly detected
via blueshifted interstellar (IS) absorption lines and/or
redshifted Lyman-alpha (Lya) emission in “down-the-
barrel” (DTB) spectra of galaxies. These spectral fea-
tures are widely interpreted as indicators of gas being
transported by large-scale, volume-filling galactic out-
flows driven by star formation and supermassive black
hole feedback (e.g., Faucher-Giguere & Oh 2023). Gas
inflows are expected to show redshifted absorption and
blueshifted resonant emission in DTB spectra, opposite
to the P-Cygni outflow profile, yet it is clear that out-
flowing gas dominates this signature in the vast majority
of star-forming galaxies studied to date (with only a few
percent being dominated by inflows at z ~ 2; Weldon
et al. 2023). These outflows are believed to contribute
significantly to the circumgalactic medium (CGM), with
observations showing that the majority of heavy ele-
ments produced by star formation now reside outside
of galaxies (in their CGM or beyond; e.g., Peeples et al.
2014; Jones et al. 2018; Sanders et al. 2021).

The lack of observed inflows toward galaxies may
partly arise from a low covering fraction of the accret-
ing gas. Theoretical work suggests that cold accretion
via filamentary inflows can channel gas through nar-
row pathways into galaxies, resulting in limited cov-
erage in DTB spectra (e.g., Dekel et al. 2009; Stew-
art et al. 2011). Statistical analyses of background
galaxy sightlines additionally reveal that cool gas (T' <
10* K) within the virial radius (ryi;) predominantly com-
prises kinematically outflowing material (Chen et al.
2020), highlighting the observational bias toward out-
flows viewed down-the-barrel. Observational evidence of
inflows at high redshifts has instead come from spatially
extended Lya emission in the CGM, tracing cool gas
which may indeed form narrow streams (e.g., Vanzella
et al. 2017; Martin et al. 2019). Yet despite the paucity
of observational signatures, inflows must nonetheless
dominate over outflows in terms of total mass flux in
order for galaxies to grow more massive over time.

While outflows statistically dominate observed CGM
kinematics, the outflow, inflow, and star-formation rates
of galaxies vary substantially across cosmic time. The
peak in cosmic star formation density occurs at z ~ 2—
3 (Madau & Dickinson 2014), coinciding with galaxies
having large gas fractions and high accretion rates (e.g.,
Muratov et al. 2015; Tacconi et al. 2020). Consequently,
galaxies at this epoch can undergo intense and highly
time-variable “bursty” star formation (Atek et al. 2014;
Sparre et al. 2017). The phenomenon of bursty star for-
mation is especially prominent in dwarf galaxies (stel-

lar mass M, < 109Mg), where shallow gravitational
potentials are more affected by stellar feedback, lead-
ing to cyclical star formation patterns (e.g., Guo et al.
2016). Recent observations at z 2 6 have further high-
lighted the importance of bursty star formation, which
may partly explain the number density of galaxies with
high UV luminosity (Finkelstein et al. 2022; Harikane
et al. 2023) as well as galaxies exhibiting post-starburst
stellar populations (Carnall et al. 2023; Looser et al.
2024; Langeroodi & Hjorth 2024). This underscores the
importance of understanding galaxy-gas interactions in
the bursty star formation regime. Notably for this work,
bursty star formation patterns may potentially allow ob-
servations of inflow-dominated CGM kinematics during
periods between starbursts, when galactic-scale outflows
are absent.

While bursty star formation is expected to be most
prevalent in low-mass and high-redshift galaxies, such
sources are challenging to observe spectroscopically due
to their faintness (typically observed optical magnitudes
> 25 for galaxies with stellar mass M, < 109Mg at
z ~ 2.5). However, magnification from strong gravi-
tational lensing can provide a valuable means to probe
their physical properties (e.g., Richard et al. 2011; Stark
et al. 2014; Snapp-Kolas et al. 2023; Keerthi Vasan et al.
2023, 2024).

In this paper we study a low-mass galaxy at z = 2.45
which is strongly lensed by a foreground galaxy group
at z = 0.214. The lens system, identified in the Cam-
bridge Sloan Survey of Wide Arcs in the Sky (CSWA;
Belokurov et al. 2009) with a designated ID of CSWA
128, was initially recognized due to a bright strongly
lensed source at z = 2.225 (Stark et al. 2013). The
z = 2.45 source was first identified from adaptive op-
tics imaging by Sharma et al. (2018), who estimated its
redshift as z ~ 2.9, although our spectroscopic analysis
reveals a redshift of z = 2.45. In their work, the source
was labeled System 10. For consistency, we will also
refer to this z = 2.45 galaxy as System 10 throughout
this study. Figure 1 shows the foreground z = 2.225
source and System 10. The galaxy has a faint intrinsic
magnitude g = 27.7 £ 0.2 but has three highly magni-
fied images with observed g < 25.5 (see Section 3.4 and
Sharma et al. 2018, for discussion of photometry and
lensing magnification), making spectroscopic observa-
tions feasible. As we describe herein, this galaxy shows
prominent spectroscopic evidence of inflowing gas from
an inverse P-Cygni interstellar C 1v profile and other
features, with no clear outflow signatures.

The structure of this paper is as follows. In Section 2
we discuss the spectroscopic data collection and process-
ing. Section 3 describes our analysis, which includes es-
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tablishing the systemic redshift, measuring the velocity
profile of several interstellar absorption lines, and model-
ing the stellar continuum to determine age and metallic-
ity. In Section 4 we discuss our findings in the context
of previous observational work and theoretical predic-
tions. Finally, we discuss our conclusions and prospects
for future study in Section 5. We adopt a ACDM cos-
mology with Hy = 70 km s~ Mpc™*, Q, = 0.7, and
Q,, = 0.3. Magnitudes are reported in the AB system
(Oke & Gunn 1983).

2. DATA

CSWA 128 was observed with the Keck Cosmic Web
Imager (KCWI; Morrissey et al. 2018) on 2 June 2019
and 19-20 June 2020 for a total integration time of
8.2 hours. We used the Medium slicer and blue low-
resolution (BL) grating with a central wavelength of
4500 A, providing a 16x20 arcsec field of view with
wavelength coverage 3500-5500 A and spectral resolu-
tion 2.4 A FWHM (R =~ 1800). Data were taken in or-
thogonal position angles of 45 and 135 degrees in order
to achieve an approximately circular point spread func-
tion in the combined data cube. Sky conditions were
clear to partly cloudy (up to ~0.5 mag extinction), with
seeing ranging from 077-1725 FWHM. The data were
reduced following the procedure described in Mortensen
et al. (2021). In short, we used the KDERP-v1.0.2
pipeline which removes instrument signatures and per-
forms sky subtraction, wavelength calibration, and spa-
tial rectification, including a correction for differential
atmospheric refraction. The reduced datacubes were fit
with a 2D first order polynomial to correct for residual
structure. Individual exposures were then aligned and
median combined to produce the final datacube used in
this work. Figure 1 shows a false-color image obtained
by summing the reduced datacube in three broad wave-
length ranges spanning 3500 — 5500 A.

The target of this study is the z = 2.45 source with
three lensed images shown in Figure 1, first identified
as a multiply imaged galaxy and denoted System 10 by
Sharma et al. (2018) based on adaptive optics imaging
(right panel of Figure 1). From their lens model, this
galaxy was estimated to have a redshift of z = 2.90+0.25
(Sharma et al. 2018). Our KCWI data confirm the mul-
tiple images with a spectroscopic redshift of z = 2.45
(Figure 2; Section 3.1). The KCWI datacube is affected
by variable sky subtraction residuals, resulting from a
dearth of blank sky regions in this lensing group field,
with amplitude comparable to the flux of our target.
We correct for this residual structure using the aver-
age of blank sky spaxels near each of the target images.
The reference sky regions are shown in Figure 1; addi-

tional blank sky regions were also used to estimate the
uncertainty in our spectra. We subtract the adjacent
sky residual from the spectrum of each lensed image of
System 10, and confirm that the spectra of all three
images have consistent shapes. We then sum the spec-
tra of all three images to increase the signal-to-noise
ratio. The resulting 1-D summed spectrum is shown
in Figure 2. In the summed spectrum, the continuum
is detected with signal-to-noise ratio of 5.7 per spectral
pixel at rest-frame 1350 A, which is representative of the
regions used in this work. Numerous nebular emission
and interstellar absorption lines are detected with high
significance at the galaxy’s redshift, as well as interven-
ing absorption from the circumgalactic medium of the
bright foreground lensed source at z = 2.225.

3. ANALYSIS

System 10 exhibits strong C 1v AA1549, 1551 neb-
ular emission characteristic of young, hot stars (e.g.,
Senchyna et al. 2022). The interstellar absorption com-
ponents of this C 1v feature are clearly redshifted com-
pared to the nebular emission components, which is a
robust signature that System 10 is experiencing gas in-
flow (e.g., Carr & Scarlata 2022). In fact all of the well-
detected ISM absorption lines have centroids which are
are redshifted with respect to the nebular emission, indi-
cating that the absorbing medium has a positive line-of-
sight velocity (i.e., inflowing) relative to the star-forming
regions. As redshifted absorption is unusual in galaxies
at this cosmic epoch (e.g., observed in only 3 out of 134
galaxies by Weldon et al. 2023; see also Steidel et al.
2010), we explore the characteristics of this absorption
and offer a theoretically-motivated explanation of this
phenomenon. In this section we describe the measure-
ment of systemic redshift, inflowing gas kinematics, and
modeling of the young stellar population properties.

3.1. Systemic redshift

While we detect nebular emission from the
C 1v AA1549, 1551 doublet, it does not necessarily
trace the systemic redshift due to resonant scattering.
Ideally we would use stellar or non-resonant nebular
emission lines to determine the redshift, but none are
detected in the spectrum of System 10. We instead
use fluorescent fine structure emission lines, which have
been shown to trace the systemic redshift of z ~ 2
galaxies within < 40 kms™! (Kornei et al. 2013; Jones
et al. 2012; Prochaska et al. 2011; Erb et al. 2012). We
fit the Si 1r* A1264 and A1533 emission lines each with a
single Gaussian profile plus a linear continuum. These
lines have signal-to-noise ratios of 5.9 and 4.8, respec-
tively. We do not attempt to measure Si 1* A\1309
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Figure 1. Images of the CSWA 128 lens system. Both panels are oriented with north up and east to the left. Three magnified
images of System 10 are marked in each panel. Left panel: Optical false-color image obtained by averaging the KCWI datacube
used in this work over three wavelength ranges (blue: A = 3500-4100 A, green: \ = 4200-4800 A, red: X = 4900-5500 A).
White outlines show the regions used to extract spectra for each image of System 10, and red outlines indicate the regions used
to correct sky subtraction residuals around each image. Right panel: Keck NIRC2 near-IR adaptive optics image (see Sharma
et al. 2018 for details). Images of system 10 (z = 2.45) are circled in red and images of the z = 2.225 foreground galaxy are
circled in blue. The target galaxy images are spatially compact despite the lensing magnification.

due to contamination by intervening absorption at is consistent with zg, measured from the fine structure
z = 2.225 (Figure 2). Each Si 11* line was fit sepa- lines.
rately, with free parameters for its redshift, amplitude, We now turn to the C 1v AA1549, 1551 doublet which
and width. The Si 1* emission lines were fit indepen- shows a complex mix of nebular emission, interstellar ab-
dently from the associated Si 11 absorption lines, as they sorption, and stellar P-Cygni features (Figure 3). The
are known to have different kinematic profiles. Table nebular emission component is a valuable diagnostic of
1 lists the best-fit redshifts for each feature. The two bulk inflow and outflow due to resonant scattering ef-
Si 11* lines are in reasonable agreement with a difference fects, which can broaden the emission lines and cause
of 110 & 70 kms~!, and we adopt their average as our their peaks to shift. In the case of inflowing gas, the
best estimate of the true systemic redshift of System 10: emission component can be scattered to shorter wave-
Zays = 2.4515 % 0.0004. lengths. We model the total profile as the sum of a
We can also estimate the redshift from nebular stellar continuum template (see Section 3.3), and dou-
Si v AA1393, 1402 emission. While these are resonant ble Gaussian profiles for both the emission and absorp-
lines, they exhibit less interstellar absorption than C 1v tion components following the same procedure as for
and thus are likely to be closer to the true systemic the Si 1v doublet. The best-fit total profile is shown in
value. We fit the Si 1v complex with two Gaussian pro- Figure 3. We find redshifts of the emission component
files for the nebular emission, and two Gaussians for the Zem = 2.45062 4 0.00008 and the absorption component
interstellar absorption, all convolved with a Gaussian of Zabs = 2.4547 £+ 0.0002.
2.4 A FWHM to account for the instrument line spread The C 1v emission redshift is indeed lower than zgys
function. The model has four free parameters each for corresponding to a blueshift of —72 & 38 kms~!. We
the absorption and emission components: the amplitude interpret this as the bias from resonant scattering by
of the A1393 A line, the ratio of the 1402 A amplitude inflowing gas. Moreover, the blueshifted C 1v nebular
relative to the 1393 A line, their common line width (i.e., emission relative to interstellar absorption (Figure 3) is
Gaussian o), and common redshift. The resulting best- unambiguous and is clear evidence of inflowing gas. The

fit emission redshift of z = 2.4514 4+ 0.0005 (Table 1) presence of inflows is therefore a robust conclusion based
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Figure 2. Top: Rest-frame spectrum of System 10, obtained by summing the three multiple images. Solid red lines indicate
strong features at the redshift of System 10, including ISM absorption which shows signatures of gas inflow. Dashed blue lines
indicate intervening absorption features at the redshift z = 2.225 of the brighter arc, arising from its circumgalactic medium.
Spectral regions affected by intervening absorption are not used in this work. Bottom left: The summed spectrum zoomed in
around the Ly« feature. The red side of Ly« is affected by intervening O 1 A1302 and Si 11 A1304 absorption from the foreground
arc, such that we cannot reliably determine the Lya emission properties. However there is clearly a component of blueshifted
Ly« emission, indicative of low H 1 column density or inflowing gas. Bottom center: The summed spectrum zoomed in around
the Si 1* A\1264, 1533 fine structure emission lines. The Si 11* A1309 line is not used in this work because it is affected
by intervening absorption. Bottom right: Average velocity profile of several strong ISM absorption lines with respect to the
systemic redshift of the galaxy. The red line shows a best-fit Gaussian profile. The absorption is clearly redshifted, indicating
inflowing gas, while the absorption at negative (blueshifted) velocities is nearly zero. Shaded regions in all panels show the lo
uncertainty.

on the C 1v profile, regardless of uncertainty in the pre- for the mass of System 10. In brief, we use nebular emis-
cise systemic redshift. sion line widths to estimate dynamical mass within the
region of detected emission, while the ISM inflow veloc-

Line Redshift ity provides constraints on the total halo mass. We cal-

Si r* 21264 2.4521 £ 0.0007 culate gas velocities using the systemic redshift found

Si1v AA1393, 1402 | 2.4514 £ 0.0005 in Section 3.1 based on Si 11* emission. For ISM ab-

Si 1r* A1533 2.4508 £ 0.0005 sorption, we examined the strongest features covered by

Table 1. The redshifts found by fitting ionized silicon emis- the KCWI spectra which include several low- and high-
sion lines present in our data. Fluorescent Si 11* lines are ionization species (labeled in Figure 2). Several strong
expected to trace the systemic redshift, while Si v may transitions, most notably Lya (at observed A ~ 4200 A)
be affected by resonant scattering. In this work we adopt and O 1 A\1302 + Si 11 A\1304 (at observed A ~ 4500 A)7

the average of the Si 11* lines as the true systemic redshift,

are blended with intervening absorption features from
Zsys = 2.4515 £ 0.0004.

the foreground z = 2.225 arc. These blended features
are not used in the analysis of System 10’s proper-
ties. We thus restrict the ISM absorption analysis to
3.2. ISM gas kinematics and dynamical mass
We now turn to the gas kinematics, from both nebular
emission and ISM absorption, and consider implications
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Top left: Stellar continuum models for a simple stellar population showing the effect of varying metallicity (Z) at

fixed age. The weak P-Cygni stellar wind absorption component clearly favors a low metallicity (Z < 0.001, or < 10% solar,
for an age of 4 Myr). Regions of the spectrum affected by strong non-stellar features are masked in gray. Top right: Similar to
the center panel, showing the effect of varying the age. For a metallicity Z = 0.001, the stellar wind absorption indicates ages
< 5 Myr. While ages > 15 Myr can also provide a reasonable fit to the C 1v stellar wind, they cannot explain the strong nebular
component which requires very massive (thus young) stars. Bottom: Spectrum of System 10 in the region of C 1v. Nebular
emission is prominent, with interstellar absorption redshifted relative to the emission features, clearly indicative of inflows. The
best fit model of the C 1v feature is shown in red. This model includes the stellar component, nebular emission, and interstellar

absorption.

Si 1r A1260, C 11 1334, and Si 11 A\1526'. We fit these
unblended lines, again using a Gaussian convolved with
the 2.4 A FHWM instrument line spread function. Ta-
ble 2 lists the velocity dispersions and centroids for each
line relative to the estimated systemic z = 2.4515.

To examine the ISM velocity structure at higher

Line Vabs (km sfl) o (km sfl)
rel. to zsys
Si 11 A1260 320 4 60 340 £ 120
C 11 A\1334 240 =+ 30 170 4+ 40
Si 11 A1526 200 =+ 70 220 + 60

Table 2. The best-fit velocity centroids (relative to systemic

signal-to-noise, we stacked the low-ionization line pro-
files (from Si 1 A\1260, A1526, and C 11 A1334). We
interpolated the spectrum around each of these lines
onto a common velocity grid, normalized the continuum

redshift zgys) and velocity dispersions (Gaussian o, corrected
for KCWT’s line spread function) for low ionization absorp-
tion lines.

around each line, and took the average flux. The re-
sulting average absorption profile is shown in the lower
right panel of Figure 2. A best-fit Gaussian profile is
also provided, although the dynamics of the absorbing

1 We note that higher ionization species Si 1Iv AA1393, 1402 and
C 1v AA1549,1551 show similarly redshifted interstellar absorp-
tion but are affected by resonant emission components.
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gas may be more complex than can be modeled with
a single Gaussian. From the fit we find a line of sight
velocity centroid of Viene = 250 & 30 kms™! relative to
Zsys (excluding ~35 km s~ uncertainty in Zsys 1tself),
and a velocity dispersion o = 200440 kms~'. As with
the C 1v profile discussed earlier, the positive velocity
of ISM absorption is clearly indicative of inflowing gas.
We note that this inflow is traced by, and thus enriched
with, heavy elements such as carbon and silicon. These
elements must have originated within a galaxy at some
previous time. The ISM absorption thus likely arises
from a galactic fountain process or possibly accretion
from an interacting galaxy.

We did not find significant variation between individ-
ual lines or between individual lensed images. The cen-
troid velocities from individual absorption line fits (Ta-
ble 2) all agree to within two standard deviations. There
is no significant variation between lensed images of the
system; the absorption velocity centroids of the indi-
vidual images of System 10 agree within one standard
deviation.

A key question is whether the ISM absorption veloc-
ity is compatible with gravitationally-driven inflow. We
thus consider the terminal accretion velocity (equivalent
to the escape velocity) using a NFW (Navarro, Frenk,
White: Navarro et al. 1997) halo model. An inflow (or
escape) velocity of 250 kms~! along the line of sight is
consistent with a minimum dark matter halo mass of ap-
proximately M, ~ 10'* M. This is notably lower mass
than typical spectroscopic samples of galaxies at cosmic
noon (M, ~ 102 Mg; e.g., Erb et al. 2006; Kriek et al.
2015; Turner et al. 2017), commensurate with the small
intrinsic size and low luminosity of System 10. We note
that this halo mass estimate represents a lower limit for
the case of recycling gas, which will not attain the ter-
minal velocity.

The nebular C 1v emission kinematics likewise indi-
cates a relatively low mass for System 10. The best-fit
emission line velocity dispersion is ¢ = 34 + 6 kms™!,
comparable to the lowest dispersions found in the sam-
ples of >100 cosmic noon galaxies from Erb et al. (2006)
and Price et al. (2016). Combined with the small size
observed in AO imaging, this indicates a substantially
lower mass than in typical spectroscopic samples at this
epoch. The dynamical mass is related to integrated ve-
locity dispersion ¢ by the relation

Mayn = Co*r/G, (1)

where the virial coefficient C' may vary between ~1-
5 depending on the mass distribution (e.g., Erb et al.
2006). For a typical C' = 3 (Price et al. 2016), we ob-
tain Mgy, ~ 4 X 108 Mg, within a galactocentric radius

r = 500 pc, which is roughly twice the effective radius
(accounting for lensing magnification; Section 3.4). This
is commensurate with the estimate of halo mass based
on inflow velocity, as well as abundance matching which
suggests that a halo mass of 10! M, corresponds to stel-
lar mass ~ 10% —10° M, (e.g., Behroozi et al. 2013). We
note that the stellar mass is likely of order half the dy-
namical mass within the galaxy, considering the high
typical gas fractions at this epoch (e.g., Tacconi et al.
2018; Sanders et al. 2023). We do not attempt to mea-
sure the stellar mass here given the lack of suitable pho-
tometric data.

3.3. Modelling the stellar spectrum

We fit the observed rest-ultraviolet stellar continuum
with Binary Population and Spectral Synthesis (BPASS;
Stanway & Eldridge 2018) v2.2 simple stellar popula-
tion models, in order to estimate the bulk properties of
the young stellar population. These models predict the
intensity of light emitted at each wavelength by a pop-
ulation of stars with an assumed initial mass function
(IMF), age, and metallicity. In this case we adopted
the Salpeter (1955) IMF with an upper mass cutoff of
300 Mg, considered to be standard (imf135_300) by the
authors of BPASS.

We fit the models to the spectrum of System 10 in
several wavelength ranges which are sensitive to the stel-
lar age and metallicity. The ranges used correspond to
the broad stellar wind features C 1v AA1549, 1551 and
Si v AA1393, 1402, and between rest-frame 1350-1390 A
which contains photospheric absorption features and an-
chors the continuum level. These regions were chosen to
avoid strong interstellar absorption and emission lines,
which are not included in the stellar models. Accord-
ingly the wavelength ranges with narrow nebular emis-
sion and ISM absorption in C 1v and Si IV were not
used in the fit. We corrected for the effects of dust red-
dening by scaling the models with a power-law function
in wavelength, \?, which gives a reasonable approxi-
mation and good match to the data over the relatively
narrow wavelength range considered here. [ is treated
as a free parameter to match the observed continuum
slope, with a best-fit value varying with model age and
metallicity. The stellar P-Cygni wind features are highly
constraining, whereas we do not resolve individual pho-
tospheric lines at the spectral resolution of the KCWI
data. Our data show weak stellar winds (Figures 2, 3),
suggesting a low metallicity (e.g., Senchyna et al. 2022).
From a x? analysis of BPASS models with age ranging
between 1 Myr and 40 Myr, and metallicity ranging be-
tween 0.00001 and 0.04, we find that the best-fit model
has a metallicity Z = 0.001 (~5% of the solar value)
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and age of 4.0 Myr. This is comparable to results from
studies of strong C 1v emitters at z ~ 0. In particular,
Senchyna et al. (2022) found that galaxies with strong
C 1v nebular emission such as in System 10 have ultra-
violet spectra dominated by stars between 3 and 22 Myr
old, with metallicities < 10% solar.

We verified that the conclusion of a very young and
metal-poor stellar population is robust to the assumed
stellar IMF and binarity. Repeating the analysis with
all IMFs described in Stanway & Eldridge (2018) gives
nearly identical results, including for broken power laws
with different high-mass slopes and the Chabrier (2003)
IMF, with both binary evolution and single stars only.
The best-fit age ranges from 3-5 Myr while the metal-
licity is consistently Z = 0.001.

3.4. Ultraviolet luminosity and star formation rate

We conduct photometric measurements using the
KCWI data, by summing the spectra multiplied by the
SDSS g filter throughput curve which is fully covered by
the KCWI spectral range. We compare with SDSS pho-
tometric measurements of objects in the field of view to
determine the zero point. We obtain apparent g magni-
tudes of 25.4, 25.0, and 25.4 for the northeast, central,
and southwest images of System 10 respectively, with an
uncertainty of 0.2 magnitudes in the zeropoint. From
the gravitational lensing model described in Sharma
et al. (2018), we obtain magnification factors pu = 8.2,
13.0, and 6.9 for each respective image. The intrinsic
magnitudes corrected for magnification are in reason-
able mutual agreement (g = 27.7, 27.8, 27.5) with mean
g = 27.7. We take the standard deviation of 0.12 magni-
tudes as an estimate of the combined lens magnification
and flux measurement uncertainties, although we cau-
tion that there may be additional systematic uncertainty
in the magnification. Adding the zeropoint uncertainty
in quadrature, the intrinsic magnitude of System 10 is
g=27.7+0.2.

The ultraviolet luminosity of System 10, as traced by
the observed optical (g band) flux, is far lower than the
majority of galaxies studied spectroscopically at similar
redshifts. The large samples at z ~ 2-3 studied by Erb
et al. (2006) and Steidel et al. (2010) have magnitudes
R < 255 (and g < 25.5) with typical g ~ 24.5. System
10 is thus approximately an order of magnitude fainter
(i-e., 2-3 magnitudes or a factor of ~ 10x lower lumi-
nosity). In terms of star formation rate, the observed
UV luminosity density corresponds to an unobscured
SFR = 0.6 Mg yr~! based on the Kennicutt (1998)
calibration assuming a constant star formation history.
This should be considered a lower limit, as a young age
and dust attenuation would both cause this SFR to be

underestimated. Using the lens model, we measure an
intrinsic effective radius of R, ~ 200-300 parsecs from
a Sérsic profile fit to source-plane reconstructed NIRC2
images of System 10 (Figure 1). This size combined with
the SFR limit corresponds to a surface density within

the effective radius of Ygrr = 1 Mg yr~! kpe=2.

4. DISCUSSION

The interstellar gas absorption profile of System 10,
displaying inflows with no clear outflow signature, is
highly unusual in the context of previously studied star
forming galaxies at similar redshifts z ~ 2-3. The red-
shifted (inflowing) ISM absorption is in contrast with
the sample of Steidel et al. (2010), who measured ISM
velocity centroids in 89 galaxies at z ~ 2 using similar
methods, finding little evidence for inflowing gas. Like-
wise Weldon et al. (2023) find only 3 robust examples
of inflow-dominated ISM absorption in a sample of 134
galaxies at z ~ 2.3. We compare our results with the
ISM absorption velocity distribution from the Steidel
et al. (2010) and Weldon et al. (2023) samples in Fig-
ure 4, showing that System 10 is a clear outlier with a
large positive (inflowing) ISM velocity. Moreover, Sys-
tem 10 has an unambiguous inflow signature in the neb-
ular and interstellar component of C 1v, which shows
blueshifted emission and redshifted absorption. This is
opposite to the common P-Cygni-like profile which indi-
cates outflows (e.g., in the Ly« transition; we note that
Lya in System 10 is affected by intervening absorption
but does show a strong blueshifted emission component
visible in Figure 2).

An important aspect of the inflow into System 10 is
that it is detected in heavy element transitions (e.g.,
Si 11, C 1v), indicating a moderate metallicity. Thus we
are not witnessing accretion of pristine gas from the in-
tergalactic medium. Instead the accretion likely arises
from recycled gas which has been previously ejected via
outflows from the galaxy. We cannot rule out accretion
from an interacting companion, although we do not de-
tect any companion galaxies within the KCWTI field of
view, which probes projected distances of ~20-30 kpc
in the z = 2.45 source plane after correcting for the
lens magnification. Theoretical work also suggests that
accretion of recycling gas dominates over mergers and
companions at z ~ 2, especially at low masses (Anglés-
Alcazar et al. 2017).

The rarity of inflow-dominated ISM absorption signa-
tures suggests that the conditions which create it are
short-lived. An intriguing possibility is that we may be
witnessing the onset of a bursty star formation episode
in a low-mass galaxy. Cosmological simulations (e.g.,
Governato et al. 2010; FIRE: Hopkins et al. 2014; NI-
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Figure 4. Comparison of the ISM absorption velocity cen-
troid in System 10 with the sample of z ~ 2 galaxies studied
in Steidel et al. (2010) and Erb et al. (2006), shown as the
blue histogram. Three LRIS-Inflow galaxies studied in Wel-
don et al. (2023) out of a parent sample of 134 are shown as
the red histogram. System 10 is an outlier, with clear inflow
indicated by the +250 kms™! velocity (black line, with gray
shading showing the 1o uncertainty). In contrast, the blue
and red histograms show < 200 kms™! in all cases, with the
vast majority having blueshifted (negative) ISM velocities
corresponding to outflows. We note that System 10 has a
considerably lower dynamical mass as indicated by its small
velocity dispersion and radius, relative to the other samples
shown here. We posit that the inflow seen in System 10 is
associated with accretion-driven bursty star formation, pre-
dicted to occur only in such low-mass galaxies.

HAO: Dutton et al. 2016; APOSTLE and AURIGA:
Bose et al. 2019) suggest that galaxies at cosmic noon
undergo starbursts up to < 20% of the time, with the
fraction of stellar mass formed in starbursts being larger
for less massive galaxies (e.g., Atek et al. 2014). At low
masses M, < 10°Mg), nearly all stars may be formed
during starbursts (Sparre et al. 2017). Such simulations
show a time sequence whereby gas inflow triggers star
formation, and subsequently stellar feedback drives out-
flows, which remove the gas and cause star formation to
cease (e.g., Muratov et al. 2015; Barrow et al. 2020). The
inflow-dominated phase — before stellar feedback begins
driving significant outflows — is predicted to last only a
few Myr. Together with a ~ 100 Myr period for star-
bursts (e.g., Muratov et al. 2015; Ting & Ji 2024), this
type of inflow-dominated signature may be expected in
only <10% of galaxies at this stellar mass and redshift.

Our analysis of System 10’s ultraviolet spectrum fur-
ther supports the hypothesis that this is a low-mass
galaxy seen shortly after the onset of a starburst.
BPASS modeling indicates that the ultraviolet emission
is dominated by metal-poor stars (suggesting a low stel-
lar mass; e.g., Sanders et al. 2015) with an age of only

~4 Myr. Our measurements in Section 3.2 also support
a low dynamical mass of a few x10® M. Cosmological
simulations suggest that starburst durations can range
from ~ 3-50 Myr (e.g., Sparre et al. 2017), compatible
with our best-fit age. At 4 Myr, supernova feedback
has not yet peaked, and mechanical feedback from stel-
lar winds is expected to be weak in such metal-poor
systems (thus explaining the relatively weak stellar P-
Cygni features in System 10; Figures 2, 3). The young
age and low metallicity can thus lead to weak outflows,
such that the ISM absorption signatures are dominated
by inflowing material which is triggering the starburst.

Another possibility is that line-of-sight effects may be
partly responsible for the dominant inflow signature ob-
served in System 10. Outflows may be occurring in a
direction away from the line of sight (i.e., not directly
between the star forming regions and the observer; Wel-
don et al. 2023). Outflowing gas not directly in front
of the young stars would not be observable in absorp-
tion, as no rest-frame ultraviolet starlight would shine
through it. Likewise, geometric effects may also be en-
hancing the inflow signature observed in System 10, if
the inflowing gas is located preferentially along the line
of sight. The intrinsic size of this galaxy is small com-
pared to the more massive galaxies typically studied at
z ~ 2, with R, ~ 200-300 pc in near-IR (rest-frame op-
tical) adaptive optics imaging which is sensitive to older
stellar populations (Figure 1; Section 3.4). Such geomet-
ric effects can be particularly strong in compact galaxies
such as this one. Regardless, the lack of outflow signa-
tures in ISM absorption is in stark contrast to samples
of more massive galaxies at similar redshift (e.g., Fig-
ure 4), which display a large outflow covering fraction
(e.g., Keerthi Vasan et al. 2023). Given that strong out-
flows are normally expected from the high star forma-
tion density in System 10 (¥srr = 1 Mg yr—!kpe=2,
see Section 3.4; Heckman 2001; Newman et al. 2012),
we view the covering fraction scenario as a less likely
explanation for the lack of outflow signatures.

In summary, the spectroscopic data support a sce-
nario whereby inflow-dominated ISM absorption is aris-
ing from bursty star formation in a low mass (and low
metallicity) dwarf galaxy, observed only a few Myr af-
ter a starburst onset. This behavior is common in FIRE
cosmological simulations of low mass galaxies at the red-
shift z ~ 2.5 of System 10 (Sparre et al. 2017; Muratov
et al. 2015), with a timescale compatible with the young
stellar population age found here (Section 3.3). The
lack of outflowing gas is explained by the young age, al-
though geometric effects cannot be ruled out. Based on
the starburst timescale and duty cycle in cosmological
simulations, we may expect such an inflow-dominated
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signature up to ~10% of the time in low-mass galaxies.
However, such galaxies are most easily observed dur-
ing starburst phases when their rest-frame ultraviolet
luminosity peaks. If this explanation is correct, then we
expect inflow signatures to be relatively common among
z 2 2 dwarf starburst galaxies, particularly those with
young starburst ages as inferred here from the ultravio-
let stellar spectrum. Gravitational lensing magnification
offers a pragmatic approach to characterize these intrin-
sically faint galaxies, and indeed the results herein are
only possible thanks to the combination of strong lens-
ing and deep exposures.

5. CONCLUSIONS

In this work we present deep spectroscopic observa-
tions of an intrinsically low-luminosity galaxy at redshift
z = 2.45, from an 8-hour integration with Keck/KCWI
aided by strong gravitational lensing magnification. The
intrinsic luminosity, nebular kinematics, and stellar
spectra indicate that the target is a low-mass and low-
metallicity (i.e., dwarf) galaxy with rest-UV emission
dominated by a very young (~4 Myr) stellar popula-
tion. Analysis of the nebular C 1v emission and several
prominent interstellar absorption lines reveal an unam-
biguous signature of inflowing gas, with a radial veloc-
ity of 250 £ 30 (stat.) £35 (sys.) kms~!. In contrast
to previous spectroscopic samples of more massive star-
forming galaxies at similar redshift, we do not see strong
signatures of outflows in the interstellar absorption. We
propose that the strong inflow and lack of outflow signa-
tures in this galaxy are a consequence of bursty star for-
mation, possibly combined with geometric effects from
the small size and line-of-sight viewing angle. We note
that the inflowing gas is observed in heavy element tran-
sitions, such that it is not pristine intergalactic gas, but
rather has been enriched by previous star formation.

Cosmological simulations support the picture of
inflow-dominated ISM kinematics during the onset of
a starburst in low-mass galaxies at z 2 2 (e.g., Muratov
et al. 2015; Sparre et al. 2017). This phase is expected to
be short-lived, which partly explains the rarity of this
observational signature. Much of the inflowing mate-
rial is predicted to be recycled from previous outflows
(e.g., Anglés-Alcézar et al. 2017; Ford et al. 2014), as re-
quired for the inflow signature we observe here in heavy
element transitions. To our knowledge, this work is the
first observational verification of the inflow-dominated
phase predicted to be common for dwarf galaxies at

such redshifts. The burstiness of star formation required
for this type of signature is uncommon among higher
mass galaxies (stellar mass > 10° M), which make up
the vast majority of spectroscopic observations at cos-
mic noon. If a survey of similarly low-mass galaxies at
cosmic noon were to be conducted, we predict that of
order 10% might show inflow-dominated ISM absorp-
tion profiles — with a higher fraction among those with
young starburst ages. Despite their low luminosity, this
work demonstrates the feasibility of deep rest-UV spec-
troscopy (e.g., combined with strong gravitational lens-
ing or with future extremely large telescopes) to study
the nature of bursty star formation and the baryon cycle
in low-mass galaxies.
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