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ABSTRACT

We report on the discovery of cool gas inflows towards three star-forming galaxies at (z) ~ 2.30. Analysis of Keck Low-
Resolution Imaging Spectrometer spectroscopy reveals redshifted low-ionisation interstellar (LIS) metal absorption lines with
centroid velocities of 60 — 130 km s~!. These inflows represent some of the most robust detections of inflowing gas into isolated,
star-forming galaxies at high redshift. Our analysis suggests that the inflows are due to recycling metal-enriched gas from previous
ejections. Comparisons between the galaxies with inflows and a larger parent sample of 131 objects indicate that galaxies with
detected inflows may have higher specific star-formation rates (sSSFR) and star-formation-rate surface densities (Xgpr). However,
when additional galaxies without robustly detected inflows based on centroid velocity but whose LIS absorption line profiles
indicate large red-wing velocities are considered, galaxies with inflows do not show unique properties relative to those lacking
inflows. Additionally, we calculate the covering fraction of cool inflowing gas as a function of red-wing inflow velocity, finding
an enhancement in high sSFR binned galaxies, likely due to an increase in the amount of recycling gas. Together, these results
suggest that the low detection rate of galaxies with cool inflows is primarily related to the viewing angle rather than the physical
properties of the galaxies.
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1 INTRODUCTION are the dominant source of accretion at z < 1 (Oppenheimer et al.
2010; Henriques et al. 2013; Anglés-Alcdzar et al. 2017). While
inflows are commonly invoked to reconcile observations with the-
ory, how gas accretes onto galaxies remains an open question, and
is a top priority for astronomers in the coming decade (see priority
area: Unveiling the Drivers of Galaxy Growth, The Astronomy and
Astrophysics Decadal Survey 2021).

A key mechanism for the growth of galaxies is the conversion of cold
gas into stars. However, the gas reservoir around galaxies can only
sustain their star-formation rates (SFR) for a few gigayears (Leroy
et al. 2008; Saintonge et al. 2017; Tacconi et al. 2018). The accretion
of pristine gas from the intergalactic medium (IGM) into galaxies
is required to replenish their gas reservoirs throughout their evolu-
tion (Kennicutt 1983; Prochaska & Wolfe 2009; Bauermeister et al.
2010). The continuous accretion of metal-poor gas may also resolve
the discrepancy between the number of low metallicity stars observed
in the Milky Way and predictions from "closed-box" chemical evo-
Iution models, known as the G-Dwarf problem (van den Bergh 1962;
Schmidt 1963; Sommer-Larsen 1991). Additionally, cosmological

The problem of gas accretion from the IGM into galaxies has
been studied extensively by simulations. In the ‘classical’ theory
of galaxy formation, cold gas from the IGM falls into a dark matter
potential well, shock heats to the virial temperature of the dark matter
halo, forming a hot, gas-pressure-supported atmosphere in quasi-
) . i hydrostatic equilibrium, which can then radiatively cool and fall to
simulations suggest that inflows of recycled gas from past outflows the halo centre (Rees & Ostriker 1977: Silk 1977; White & Rees

1978). More recently, a new theoretical paradigm emerged in which
infalling cold gas does not shock heat to the virial temperature of the
* E-mail: aweld004 @ucr.edu dark matter halo (e.g., Keres et al. 2005; Dekel & Birnboim 2006;
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Faucher-Giguere et al. 2011). In this picture, galaxies in dark matter
halos below ~10'2 M at any redshift freely accrete cold gas from the
IGM via a “cold-mode”, as the gas cooling times are shorter than the
dynamical times. Once inside the dark matter halo, large-scale tidal
torques can align the accreting gas with a pre-existing disk, forming
a warped, extended “cold-flow disk™ that co-rotates with the central
disk (e.g., Stewart et al. 2011). Additionally, in massive halos (Mp,
> 102My) at z > 2, simulations predict that dense, collimated
“cold-streams” of gas can penetrate the hot medium surrounding a
massive galaxy and feed the central galaxy (e.g., Dekel & Birnboim
2006; Dekel et al. 2009).

Although simulations suggest that the accretion of cold gas is
crucial for the formation and evolution of galaxies, direct obser-
vational detections of such inflows are sparse. Fortuitously aligned
galaxy—quasar pair studies indicate that gas traced by low-ionisation
interstellar (LIS) metal absorption lines appears to co-rotate with the
host galaxy, which is interpreted as evidence of a “cold-flow disk"
(Kacprzak et al. 2010; Bouché et al. 2013, 2016; Diamond-Stanic
et al. 2016; Ho et al. 2019; Zabl et al. 2019). However, there are
different possible origins for the gas that cause LIS absorption lines,
such as outflows that can carry angular momentum when launched
from a rotating disk, complicating the tracing of accretion by co-
rotating LIS absorption lines. Recently, studies have shown evidence
of accretion from cold filamentary streams into the centre of massive
haloes at z ~ 3 (Daddi et al. 2021; Fu et al. 2021). Other studies, using
down-the-barrel observations, have reported redshifted LIS metal ab-
sorption lines in ~5% of star-forming galaxies at z ~ 1 (Rubin et al.
2012; Martin et al. 2012), similar to the small covering fractions
predicted by simulations (e.g., Faucher-Giguere & Keres 2011; Fu-
magalli et al. 2011, 2014; Faucher-Giguere et al. 2015). At higher
redshifts, z ~ 2 — 4.5, Calabro et al. (2022) found redshifted LIS lines
(v > 0 km s~1) in 34% of their star-forming galaxies. However, the
origin of inflowing gas in down-the-barrel observations is often am-
biguous, as the gas must have moderate metallicity to give rise to the
LIS absorption lines. The gas could be part of a filament of pristine,
low-metallicity gas from the IGM that mixed with metal-enriched
gas while moving through the circumgalactic medium (CGM) or the
re-accretion of gas previously ejected from the galaxy.

The low detection rate of inflowing gas may be due to (1) the geom-
etry of accretion, and/or (2) weak redshifted absorption line profiles.
As simulations and observations have shown, the covering fraction of
inflows is relatively small (Faucher-Giguere & Kere§ 2011; Faucher-
Giguere et al. 2015). To be observable, a filament would need to be
well aligned with the line of sight so that a strong absorption feature
is produced. Additionally, inflows may be missed altogether due to
weak or absent absorption lines if the filament has low metallicity or
a small velocity such that outflows or bulk ISM motions dominate
the absorption line profiles (Kimm et al. 2011).

In this paper, we report on the identification of three star-forming
galaxies with observed inflows drawn from the MOSFIRE Deep
Evolution Field (MOSDEF; Kriek et al. 2015) Survey, which have
significant inflows based on LIS absorption lines measured from
deep (~7.5 hrs) rest-UV observations from the Keck Low Resolution
Imaging Spectrometer (LRIS; Oke et al. 1995; Steidel et al. 2003).
The primary objectives of this study are to (1) explore which, if
any, galactic properties differ between galaxies with robust inflows
and outflows; and (2) measure the covering fraction of inflowing gas
as a function of red-wing inflow velocity. The outline of this paper
is as follows. Section 2 describes the MOSDEF survey, follow-up
LRIS spectroscopy, stellar population models, and the approach for
measuring inflow velocity and galaxy properties. In Section 3, we
present our main results on the properties of the inflowing galaxies
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and discuss the implications in Section 4. The conclusions are sum-
marised in Section 5. Throughout this paper, we adopt a standard
cosmology with Q@ = 0.7, Qas = 0.3, and Hy = 70 km s~ 'Mpc 1.
All wavelengths are presented in the vacuum frame.

2 DATA AND MEASUREMENTS
2.1 MOSDEF Survey

The galaxies presented in this paper were drawn from the MOSDEF
Survey, which targeted ~1500 H-band selected galaxies and AGNs
at redshifts 1.4 < z < 3.8. The survey obtained moderate-resolution
(R ~3000-3600) near-infrared spectra using the Multi-Object Spec-
trometer for Infra-Red Exploration (MOSFIRE; McLean et al. 2012)
spectrograph over 48.5 nights between 2012 — 2016. Galaxies were
targeted for spectroscopy based on pre-existing spectroscopic, grism,
or photometric redshifts that placed them in three redshift ranges (z
=1.37 - 1.70, z = 2.09 — 2.61, and z = 2.95 — 3.80) where strong
rest-frame optical emission lines (e.g., HB, [O 1], Ha, [N11]) lie
in the YJHK transmission windows. For full details regarding the
MOSDEEF survey (targeting, data reduction, and sample properties),
we refer readers to Kriek et al. (2015).

Emission-line fluxes were measured by simultaneously fitting a
line with the best-fit SED model for the continuum and a Gaussian
function (see Reddy et al. (2022) for a complete description of the
SED modelling). For multiple lines that lie in close proximity, multi-
ple Gaussians were fit, such as the [O 11] doublet and Ha and the [N 11]
doublet, which were fitted with two and three Gaussians, respectively.
Systemic redshifts were derived from the strongest emission line,
usually He or [O 111]15008, and were used to fit the other rest-frame
optical nebular emission lines. Further details on emission-line mea-
surements and slit loss corrections are given in Kriek et al. (2015)
and Reddy et al. (2015).

Galaxy sizes and inclinations were estimated from the effective ra-
dius (Rg), within which half the total light of the galaxy is contained,
and the axis ratio (b/a), respectively, measured by van der Wel et al.
(2014)! using GALFIT (Peng et al. 2010) on HST/F160W images
from the CANDELS survey.

2.2 MOSDEF-LRIS Spectroscopy

In this study, we use a subset of galaxies drawn from the MOSDEF
survey with follow-up rest-frame UV spectroscopy, which provides
coverage of absorption and emission features from diffuse circum-
galactic gas (e.g., Lya, Si11, O1, C11). Here, we present an overview of
the sample and refer readers to Topping et al. (2020) and Reddy et al.
(2022) for more details on the sample selection, data collection, and
reduction. Objects for follow-up LRIS spectroscopy were prioritised
based on strong detections of rest-optical emission lines (H3, [O 1],
He, and [N 11]), with higher priority given to objects with confirmed
spectroscopic redshift at 1.90 < z < 2.65. Additional objects were
selected in the following order of priority: objects with Ha, HB, and
[O ] detected at > 30 and an upper limit on [N 11]; objects with
a confirmed systemic redshift from MOSDEF; objects observed as
part of the MOSDEEF survey without a successful systemic redshift
measurement, but with a prior spectroscopic or photometric redshift;
and finally, objects not observed with MOSFIRE, but with a prior
redshift from the 3D-HST survey that placed them within the redshift
ranges and magnitude limit of the MOSDEEF survey.

1 https://users.ugent.be/~avdrwel/research.html
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Figure 1. The three galaxies with significantly measured inflows. Left: F160W HST images. Each image is 4”'8 on a side, which corresponds to an angular
distance of 39 kpc at z = 2.3, and oriented such that North is up and East is left. The solid green and dashed blue outlines represent the MOSDEF and LRIS slit
placements, respectively. Centre: Comparison between the composite LIS metal absorption line profiles of the three inflow galaxies and a stack of 29 outflow
galaxies (Avy s + 30y, s < 0km s~ 1) as solid black and blue dot-dashed lines, respectively. The centroid velocity (Avy 1g) is marked with a dashed vertical line.

The dark grey shaded region marks the 1 o~ confidence interval. Right: Decomposition of absoprtion line profile into symmetric, interstellar absorption (purple
dashed Gaussian) and inflow absorption (solid red line) components, discussed in Section 2.3.3. The centroid velocity of the inflow component is marked with
ared dashed vertical line. The red shaded region marks the 1o~ confidence interval. For comparison, the dotted line marks the maximum red-wing velocity (see

Section 2.3.2).

Observations were performed over nine nights in 2017 and 2018
in the COSMOS, GOODS-S, GOODS-N, and AEGIS fields using
nine multi-object slit masks milled with 172 slits. The instrumental
setup included a dichroic to split the incoming beam at ~5000 A into
the blue and red arms of LRIS. We configured the blue side with the
400 lines/mm grism, and the red side with the 600 lines/mm grating.
This configuration provided continuous spectral coverage from the
atmospheric cut-off at 3100A up to a typical wavelength of ~7000A,
depending on the position of the slit within the spectroscopic field
of view. The seeing ranged from /6 to 1”72 with a typical value
of 0”/8. The rest-frame spectra were continuum normalised around
each LIS absorption line. The local continuum was determined by
fitting a linear function between the average flux in two spectral
windows, bluewards and redwards of the LIS absorption line. The
spectral windows, listed in Table 1, were chosen to bracket the line
and exclude other spectral features.

2.3 Galaxy Properties and Measurements
2.3.1 Sample Selection

Several criteria were applied to the parent MOSDEF-LRIS sample
to create a sample with robust systemic (zsys) and LIS absorption

line redshifts (zy 1g) for our analysis. We select objects with secure
systemic redshifts from MOSDEF spectroscopy. Specifically, objects
must have more than one emission line with an integrated line flux
with S/N > 2. Next, any objects for which the LRIS spectra contained
irreparable artifacts that were too noisy to yield a robust absorption-
line redshift were removed. Active galactic nuclei (AGNs) identified
by IR colors, X-ray emission, and/or the [N1]/Ha line ratio were
removed (Coil et al. 2015; Azadi et al. 2017, 2018; Leung et al.
2019). Finally, objects for which the MOSFIRE or LRIS spectra
indicate that the target may be blended with a foreground object
were removed.

These criteria result in a final sample of 134 galaxies, of which
39 galaxies (29%) exhibit redshifted LIS metal absorption lines. For
our inflow analysis, galaxies that have redshifted absorption lines
with centroids statistically consistent with being redshifted (Avy g
- 30—"Aus > 0 km s~!, see Section 2.3.2) are considered to have
inflowing gas, reducing the sample to three galaxies (hereafter the
“LRIS-Inflow” sample). Similarly, 29 galaxies have blueshifted cen-
troids (Avy 1s + 30—"Aus <0kms~!)indicating outflowing gas. Figure
1 presents images, composite and decomposed (see Section 2.3.3)
LIS absorption line profiles of the LRIS-Inflow galaxies. Figure A1l
presents individual optical emission and LIS absorption lines of the
LRIS-Inflow galaxies.

MNRAS 000, 1-10 (2015)
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As the absorption line centroids reflect the overall velocity dis-
tribution of the gas, galaxies may have a large amount of inflowing
gas masked by more prevalent outflowing gas or gas at zero sys-
temic velocity. To increase the sample size of "inflowing" galaxies,
we consider galaxies whose LIS absorption line profiles are skewed
redward, indicating a large fraction of inflowing gas, see Figure 2.
We define a skewness ratio (Vasan G. C. et al. 2022)2 as

. Vmax,blue
Skewness Ratio = | ——21¢

-1, &)

Vmax,red

where Viax plue and Viax red are the outflow and inflow and velocity
at 100% of the continuum (Section 2.3.2). A negative Skewness Ratio
indicates that the red-wing is more extended than the blue-wing.
Galaxies with Skewness Ratio + 20 gkewness Ratio < 0 and vimax red
= Vmax,blue > 300 km s~!, corresponding to the velocity resolution
of the LRIS observations, are added to the LRIS-Inflow sample to
create a second, larger sample of galaxies with inflowing gas. We
adopt these thresholds because they are rather conservative, such that
the selected galaxies likely have a substantial amount of inflowing
gas.

2.3.2 Velocity Measurements

Using systemic redshifts and LIS absorption line redshifts, we mea-
sured centroid velocities from the redshift difference:

c(zLis — Zsys)
1+ zsys

Avygs = )
where zy1g is taken from Topping et al. (2020). Briefly, z 15 was
obtained by fitting the absorption lines with Gaussian functions and
a quadratic function for the local continuum, then determining the
centroids of the Gaussians. Uncertainties were determined by per-
turbing the LRIS spectra by the corresponding error spectra, refitting
the lines, and recalculating the centroids. Any LIS absorption lines
with poor fits were excluded in the calculation of the average zj s,
which is typically based on two lines for a given galaxy. The uncer-
tainties of the centroid velocities (O'VALIS) are taken as the standard
deviation of many realisations after perturbing zsys and zy 15 by their
corresponding errors and recalculating Avy g.

In addition to centroid velocities, another technique for estimating
velocities uses the wings of the absorption line profile. In the down-
barrel-observations, Avy 1s represents the sum of all outflowing, in-
flowing, and interstellar gas at or near zgys. Gas near the systemic
redshift will naturally shift the centroid towards zero systemic veloc-
ity. To better estimate the velocity of inflowing (outflowing) gas, we
consider the red (blue) wings of the absorption line profiles. Previous
outflow studies have either used the velocity where the absorption
feature reaches some percent of the continuum level (Martin 2005;
Weiner et al. 2009; Chisholm et al. 2015; Du et al. 2016; Weldon et al.
2022) or the maximum velocity where the absorption feature returns
to the continuum level (Steidel et al. 2010; Kornei et al. 2012; Rubin
et al. 2014; Weldon et al. 2022). We measure the inflow and outflow
velocity at 80% (vgo,red V80,blue) and 100% (Vinax, red> Vmax,blue) Of
the continuum following a similar approach as Kornei et al. (2012)
and Weldon et al. (2022). Using the normalised spectra, we identify
the absolute minimum of a detected absorption feature, then move to-
wards longer (v;eq) or shorter (vy,e) Wavelengths, checking the sum

2 The Skewness Ratio presented in this study measures the skewness of the
absorption line profile with respect to 0 km s~!, as oppose to Vasan G. C.
et al. (2022) which measures skewness with respect to the centroid velocity.
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Table 1. Spectral Windows

Line Arest (A)*  Blue Window (A)®  Red Window (A)P
Ly« 1215.67 1195 - 1202 1225 - 1235
Sin 1260.42 1245 - 1252 1270 - 1275
Ou+Sin 1303.27 1285 - 1293 1312- 1318
Cu 1334.53 1320 - 1330 1342 - 1351
Sin 1526.71 1512 - 1520 1535 - 1540

4 Rest-frame vacuum wavelength, taken from the Atomic Spectra
Database website of the National Institute of Standards and Technol-
ogy (NIST), https://www.nist.gov/pml/atomic-spectra-database.

b Wavelength window over which continuum fitting was performed.

Normalised Flux

0.4

—1000 —-500 0 500 1000
Velocity [km s71]

Figure 2. Average LIS metal absorption profile of GOODS-N 24328. An
example of a galaxy with a negatively skewed profile (Skewness Ratio =
-0.47+0.17) added to the LRIS-Inflow galaxies to create a larger "inflow"
subsample. The centroid velocity (Avyis) is marked with a dotted vertical
line. The dark grey shaded region marks the 1o confidence on the centroid
velocity.

of the flux and its uncertainty at each wavelength step. We record the
first wavelengths at which this sum exceeds 0.8 and 1.0, for vgg and
Vmax, respectively, perturb the spectrum by its error spectrum and
repeat the same procedure many times. The average and standard de-
viation, after 30~ clipping, of the trials are then used to calculate vg,
vmax, and their uncertainties. This entire process was repeated for
each detected LIS feature, listed in Table 1, adopting vgp and vmax
as the average of the detected LIS features. For the 134 galaxies,
v80.red (Vmax,red) ranges from —228 to 662 km s~1 (=218 to 766 km
s~1) with a mean of 200+150 km s~! (300+188 km s~!). For the
LRIS-Inflow galaxies, vgo red (Vmax,red) Tanges from 328 to 662 km
s7! (413 to 766 km s 1) with a mean of 525143 km s~! (720+156
kms~h).

2.3.3 Decomposition into Symmetric and Redshifted Absorption

A complementary approach to isolate the inflowing gas is to sepa-
rate its absorption from the intrinsic absorption of interstellar gas. In
the down-barrel-observations, the LIS metal absorption lines probe
the velocity of gas seen along the line of sight towards a galaxy.
Interstellar gas within the galaxy will absorb close to the systemic
redshift (i.e., v ~ 0 km s~ 1) with a velocity range set by the galac-
tic rotation curve and velocity dispersion. Inflowing gas gives rise
to redshifted absorption (at v > 0 km s~1), while outflowing gas
produces blueshifted absorption (v < 0 km s~h. In principle, the
redshifted (blueshifted) absorption is a mixture of interstellar and
inflowing (outflowing) absorption. However, without detections of
driven outflows from the LRIS-Inflow galaxies, it is difficult to sep-



arate outflowing gas from the blue-wing of interstellar absorption.
To determine properties of the inflowing gas, we attempt to separate
it from the systemic, interstellar gas by adopting a simple three-
component model:

Fops = C() + Asys + Ainflow> (3)

where F, is the observed flux density, C(1) is the underlying linear
continuum of the galaxy, Agys is the systemic absorption from inter-
stellar gas at or near zsys, and Ajpfoy is the absorption from inflowing
gas.

We begin by creating a composite LIS absorption line profile. For
each galaxy, the flux and error around each detected LIS line are
interpolated onto a common velocity grid. The composite flux is
then taken as the average flux of the detected lines, and the error
is estimated by adding the error of the lines in quadrature. For the
decomposition, we perform two preliminary fits and one final fit. The
first preliminary fit uses a linear continuum with a Gaussian to fit
the absorption profile using curve fit, a non-linear least squares
fitting routine from the scipy.optimize subpackage. We use this
fit to divide the composite spectra by a linear continuum, normalising
the spectrum to 1. Next, we fit a Gaussian for the systemic absorption
to the blue-side of F,s/C — 1, using only the pixels at —1600 < v
< 0 km s~!. The free parameters are a constant continuum level,
absorption intensity, and velocity dispersion; the central velocity is
held fixed at 0 km s~!. We use the resulting values and errors of this
second fit as initial values for the final fit, which is done using emcee,
a Python Markov chain Monte Carlo (MCMC) ensemble sampler.
Finally, we subtract the systemic absorption from the normalised
spectra to obtain the redshifted absorption of the inflowing gas.

The right panels of Figure 1 show the decomposition applied to
LRIS-Inflow galaxies. The centroid velocity of the inflowing gas
(Veen,red; red dashed line) is measured at the absolute minimum
of the redshifted absorption component, and its error is estimated
by perturbing the composite profile by its error, and repeating the
decomposition many times. The velocity of the inflow absorption
presents an intermediate case between the centroid of the observed
profile and maximum red-wing velocity.

2.3.4 Galaxy properties

In this study, we analyse several of the global galaxy properties (e.g.,
SFR, mass, star-formation-rate surface density, inclination) discussed
in Weldon et al. (2022). Here, we briefly summarise the measure-
ments and refer readers to Weldon et al. (2022) for more details.
Stellar masses (My) and SFRs were derived from spectral energy
distribution (SED) modelling, adopting a Bruzual & Charlot (2003,
hereafter BC03) stellar population synthesis model, Chabrier (2003)
initial mass function, constant star formation histories (SFH), Small
Magellanic Cloud (SMC) attenuation curve (Fitzpatrick & Massa
1990; Gordon et al. 2003), and sub-solar metallicity (Z. = 0.28Z3)
3. The sample has a stellar mass range of 8.6 < log(Mx/Mg) <
10.9 with a median log(M4/Me) of 9.9 and SFR range from 0.32

3 A steep SMC-like attenuation curve and sub-solar metallicities have been
found to provide self-consistent SFRs with those derived using other methods
(Reddy et al. 2018b, 2022). However, other studies have suggested that a
Calzetti et al. (2000) attenuation curve and solar metallicity provide a better
description for high-mass (log(M«/Mgo) > 10.04) star-forming galaxies at
z ~2 (Reddy et al. 2018a; Shivaei et al. 2020). If instead we assume a Calzetti
et al. (2000) attenuation curve and solar metallicities for high-mass galaxies,
on average, stellar masses are 0.06 dex higher and SFRs are 0.4 dex higher.

MOSDEF-LRIS: Inflows 5
— T —————————
251 1 Red-Skewed ]
[ EZA LRIS-Inflow ]
20; Remaining Galaxies —
15F ]
= I ]
10F ]
5k ]
0: Il Y/ £/ 4 A I/ 7/A 1 I ]
2 4 6 8 10 12
SNR/pixel

Figure 3. Distribution of UV continuum signal-to-noise ratio (SNR) per pixel
over the wavelength range 1425A < A < 1500A. Hashed red, open purple, and
solid grey bars represent inflowing, redward-skewed, and remaining galaxies,
respectively. Neither the LRIS-Inflow nor red-skewed galaxies appear biased
towards higher SNRs, suggesting that the SNR does not play a significant role
in whether their properties differ from the remaining galaxies.

< 10g(SFR/Mg yr~1) < 1.97 with a median log(SFR/Mg yr~') of
0.93. In addition, dynamical (Mqy,) and baryonic mass (Mpy, =
Mgy, + Mgas) were calculated following the procedure of Price et al.
(2020). Dynamical masses were derived using circular velocities
measured from 2D spectra with detected rotation or inferred using
integrated velocity dispersions and the best-fit ensemble V/o from
galaxies without detected rotation, while Mg,s was estimated from
the Schmidt-Kennicutt (Kennicutt 1989) relation between Xgpr and
Ygas-

Absorption-line studies indicate that outflows are ubiquitous in
z > 2 star-forming galaxies (e.g., Shapley et al. 2003; Steidel et al.
2010). Observations suggest that outflow velocity increases with the
SFR and star-formation-rate surface density (Xgpgr) of a galaxy (e.g.,
see Weldon et al. 2022, and references therein). This result implies
that detectable inflowing gas may only occur in galaxies with low
SFRs or ggr when outflows would be weak or absent. We have
chosen to focus on SFR[SED] when discussing SFR as of the 134
galaxies 23% lack significant Ha and/or HS detections. However,
as the SFR[SED] is tightly correlated with stellar mass (i.e., both
quantities are sensitive to the normalisation of the best-fit SED), Ha
SFRs are used to calculate specific SFR (sSFR), using the conversion
factor from Reddy et al. (2018b) for a BCO3 stellar population syn-
thesis model and sub-solar metallicity adopted for the SED fitting.
The star-formation-rate surface density is then defined as Xgpr =
SFR[SED]/(Z;TR]%:). Additionally, at a given SFR, outflows may be
more effectively launched from a shallow galaxy potential (i.e., low
stellar, dynamical, and/or baryonic mass) relative to a deep poten-
tial (Reddy et al. 2022). To examine the frequency of galaxies with
observed inflows on both Xgpr and the galaxy potential, we define
the specific star-formation-rate surface density (Zsspr) as XgSFR =
SFR[Hoz]/(ZnR%M x), where My is the stellar, dynamical, or bary-
onic mass.

3 PROPERTIES OF INFLOWING GALAXIES

In this section, we compare the properties of the three LRIS-Inflow
galaxies to those of the remaining LRIS galaxies. Of particular in-

Our main results do not significantly change if we were to alter the assumed
attenuation curve.
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Figure 4. The distribution of various galactic properties, with the same style as Figure 3. left: log(SFR), left centre: 1og(sSFR), right centre: log(XsFRr), right:
Inclination. The p-values of the KS and AD tests between the inflowing and remaining galaxies (red) and inflowing, redward-skewed and remaining galaxies
(magenta) are shown in the upper corners of each panel. Of the three inflowing galaxies, one does not have a robust Rg, limiting our analysis to two inflowing

galaxies for Xgpr and inclination.

terest is whether the star-formation activity or inclination of the two
groups differ significantly. In typical star-forming galaxies, inflows
are theorised to enter along the major axis, either as part of a filament
or "cold-flow disk", while outflows emerge perpendicular to the disk
in a biconical structure (e.g., Katz & White 1993; Bordoloi et al.
2011; Stewart et al. 2011; Bouché et al. 2012; Kacprzak et al. 2012).
On the other hand, outflows are theorised to be driven by energy in-
jected into the ISM by supernovae; radiation pressure acting on cool,
dusty material; cosmic rays; or a combination of these mechanisms
(Ipavich 1975; Chevalier & Clegg 1985; Murray et al. 2005, 2011).
As galactic outflows are a common feature of actively star-forming
galaxies (e.g., Shapley et al. 2003; Steidel et al. 2010; Weldon et al.
2022), observable inflows may be biased towards edge-on galaxies
with low star-formation rates, where inflows could potentially domi-
nate over outflows.

The detection of LIS metal absorption lines shifted away from
systemic redshift requires a high signal-to-noise ratio (SNR) in the
UV continuum. However, galaxies with high SNR are also associated
with a high SFR. Therefore, it is important to check whether the three
LRIS-inflow galaxies may be biased towards higher SFRs relative to
the underlying sample. To investigate this possibility, we calculate
the SNR per pixel over the wavelength range 1425A < 1 < 1500A.
As shown in Figure 3, neither the LRIS-Inflow (red-hashed) nor the
red-skewed (open purple) galaxies are biased toward high SNRs. The
SNR of the continuum does not appear to play a significant role in
whether the properties of these subsamples differ from the remaining
galaxies.

For each property (e.g., SFR, mass, XgpRr, inclination), we in-
vestigate whether the LRIS-Inflow galaxies have unique properties
compared to the remaining galaxies. As shown in Figure 4, the LRIS-
Inflow galaxies appear to have higher sSFR and XgpR relative to the
full sample, suggesting that both SFR and the gravitational poten-
tial well of a galaxy may be important factors in determining the
visibility of inflows. To quantitatively test whether the LRIS-Inflow
galaxies are drawn from the same parent distribution as the remaining
galaxies, we perform a Kolmogorov—Smirnov (KS) and Anderson-
Darling (AD) test. While these statistical tests are similar, the AD
test is more sensitive to the tails of the distributions than the KS test,
which makes it a more powerful statistic when dealing with small
sample sizes (Hou et al. 2009).

Of the properties investigated, both the KS and AD tests indicate
a <5% probability that the sSFR and Xgpr of the LRIS-Inflow and
remaining galaxies are drawn from the same distribution. On the other
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hand, the LRIS-Inflow galaxies have moderate (~45°) inclinations.
In part, these inclinations may reflect the lack of thin disks and/or
the difficulty of measuring structural properties robustly for high
redshift galaxies. The simple picture of biconical outflows along the
minor axis and inflows along the major axis may not be applicable
for galaxies without established disks. Rather, such galaxies may be
fed primarily by filamentary inflows that enter at random angles,
resulting in no significant relation between galaxy inclination and
the detection of inflows. However, we caution that these results are
based on a small number of galaxies4.

To extend this analysis towards larger samples, we perform KS
and AD tests on the distribution of properties between the inflowing
galaxies, redward-skewed galaxies (Section 2.3.1) and the remaining
galaxies. The tests indicate that all of the properties investigated are
statistically consistent with having been drawn from the same parent
distributions. Given the lack of significantly different properties with
this larger subsample, we suggest that the detection of inflowing
gas is likely dependent on the geometry and covering fraction of
the inflowing gas into a host galaxy’s potential well rather than the
particular physical properties of the host galaxy. In the next section,
we explore the accretion geometry of the galaxies.

4 DISCUSSION
4.1 Comparison to Simulations

We report on three star-forming galaxies at (z) ~ 2.3, whose spec-
tra show redshifted LIS metal absorption lines. As these detections
were made using LIS metal lines, they likely trace relatively metal-
enriched gas rather than pristine gas accreting from the IGM for
the first-time. The origin of this gas could be the re-accretion of
gas previously ejected from the galaxy or gas-rich satellite dwarf
galaxies being stripped and accreted onto the central galaxy. Several
cosmological simulations have investigated the origin of gas accreted
onto galaxies by considering pristine inflows, recycling gas, and in-
teractions with satellite galaxies (e.g., Anglés-Alcazar et al. 2017;
Grand et al. 2019; Mitchell et al. 2020). While simulations disagree
on the relative contributions to total gas accretion, they have found
that pristine inflows (Mitchell et al. 2020) or gas recycling (Anglés-
Alcazar et al. 2017) dominate the total accretion at z ~2, with satellite

4 One LRIS-Inflow galaxy does not have a robust Rg limiting our analysis
to two inflowing galaxies for Xgpg and inclination.



Table 2. Inflow Velocities
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Field V4D log(Mpaio/Mo) log(Mx/Mg) Vcen,reda Vmax,redb Vistream©
[kms™!] [kms™!] [kms™!]
COSMOS 4156 11.53+0.07 9.11+0.04 250100  413+51 9811
GOODS-S 40218 11.90+0.09 9.79+0.04 400+80 720+36 145+13
GOODS-S 40768 12.06+0.06 10.09+0.01 450+87 76661 158+11
 Centroid velocity of the inflowing gas (See Section 2.3.3).
Y Maximum inflow velocity (See Section 2.3.2).
¢ Cold stream inflow velocity
mergers and stripping contributing a non-trivial but minor amount. ' ' '
Without evidence of dwarf satellite galaxies in HST imaging, we 0.20 1
adopt the interpretation that the redshifted LIS lines are evidence of 5
the re-accretion of gas previously ejected from the galaxy. However, 5vo1sh 1
the LIS absorption lines may also arise from filamentary inflows g(;
from the IGM. Several studies have shown that the circumgalactic frgi =
medium (CGM) has a complex, multiphase structure in which metal- ? § 0.101 1
enriched gas may be distributed throughout (e.g., Tumlinson et al. g=
2017; Pointon et al. 2019). As pristine gas from the IGM moves S 0.05} ]
through the CGM, it may mix with enriched gas before accreting
onto the galactic disk, thus giving rise to the LIS absorption lines ) -
(Faucher-Giguere et al. 2015). However, the efficiency of mixing in 350 450 550 650 750
the CGM remains highly uncertain and requires high-resolution sim- Veo.red km/s]
ulations to properly resolve the small-scales where this mixing would ' ' ' ' ' '
take place. 0.20F 1
To investigate the origin of the inflowing gas in the LRIS-Inflow 5
galaxies, we compared their redshifted centroid velocities and maxi- §vo1st ]
mum red-wing inflow velocities to their predicted circular halo veloc- S g
ities (Veire,halo)- Cosmological simulations suggest that the average freg N
radial inflow velocity of filamentary streams is between 0.5V_irc halo gé 0.10¢ 1
and 0.8Vgirc halo (€-g., Keres et al. 2005; Goerdt & Ceverino 2015). % £
The Viirc halo 18 calculated using the following equations from Mo & O .05} ,
White (2002):

G Mo\
Vcirc,halo = (&) “4)
Thalo
G M, 13
halo -1
r =|— l+z s 5
halo IOOQmHS ( ) (5

where My, is the inferred halo mass from the redshift-dependent
stellar-halo mass ratio from Behroozi et al. (2019). The conver-
sion factor between Viirc halo and filamentary stream inflow velocity
(Vstream) 18 calculated using the redshift-My,, dependent function
from Goerdt & Ceverino (2015).

As listed in Table 2, the LRIS-Inflow galaxies have veep req rang-
ing from 250 to 450 km s~! and Vmax,red Tanging from 410 to 770
km s~ !, well above the 98 to 158 km s~! predictions for accretion
of pristine gas from filamentary streams or the typical velocity dis-
persion (~80 km s~1) of galaxies in the MOSDEF sample (Price
et al. 2020). These large inflow velocities imply that the LIS metal
lines are tracing motion separate from filamentary inflows or large-
scale ISM motion. Taken together, the large inflow velocities and
metal-enrichment of the gas that gives rise to the redshifted LIS
lines suggest that these lines are likely tracing the re-accretion of
metal-enriched gas previously ejected from the galaxy.

550 600 650 700 750 800 850 900
Vimax, red [km/s]

Figure 5. Top: Covering fraction of inflowing gas versus vgg req. Bottom:
Covering fraction of inflowing gas versus vmax red- The covering fraction is
taken as the fraction of galaxies with v.q equal to or greater than the given
velocity. The grey shaded regions mark the 68% confidence interval. The
dashed vertical line marks the dividing velocity calculated using a subsample
of galaxies with robust red-wing velocities (Vieq — 307y,,4 > 0 km s~h.

4.1.1 Future Simulations

Simulations have focused on measuring flow properties, such as out-
flow rates and mass-loading factors, that depend on the geometry
of the flows, which makes them notoriously difficult to compare
with observations.However, a different approach is to directly com-
pare observed absorption line profiles to "mock spectra" generated
from simulations. As the spatial distribution of the gas is known,
simulations could separate the outflowing, systemic, inflowing, and
recycling gas components and assess their relative contributions to
the observed absorption line profile. Tools such as TRIDENT (Hum-
mels et al. 2017), FOGGIE (Peeples et al. 2019), and SALT (Carr &
Scarlata 2022) are promising for such future analyses.
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Figure 6. The covering fraction of inflowing gas in "lower" (red) and "higher" (blue) bins of left: log(SFR), left centre: log(My /M), right centre: 1og(sSFR),
and right: log(Xsfr ). The average value of each bin is listed in the top of each panel. Top panels are plotted against vgg roq and bottom panels are against Vi, red-

The shaded regions mark the 68% confidence interval.

4.2 Covering Fraction of Inflowing Gas

The LRIS-Inflow galaxies do not exhibit unusual properties com-
pared to other galaxies, suggesting that the frequency of galaxies
with observed inflows is related to the geometry and covering frac-
tion of inflowing gas. Specifically, three galaxies with robust inflow
velocities in a sample of 134 imply that along a random sightline
through a galaxy, the chance of encountering an inflow (i.e., cov-
ering fraction) is ~2% =+ 1%. The low detection rate of inflowing
gas in the sample is consistent with previous studies at intermediate
redshifts. Rubin et al. (2012) traced gas flows using Mg II and Fe II
absorption lines in 101 z ~ 0.5 star-forming galaxies of a similar SFR
range but smaller stellar mass range compared to our sample (SFRs
~1-63 Mg yr_1 and log(My/Mg) ~ 9.5 - 11). They found six
galaxies with redshifted absorption lines indicating inflowing gas at
a 20 level. When compared to the remaining galaxies, their inflow-
ing galaxies were highly inclined, suggesting that inflows are more
likely along the major axis of a galaxy. Similarly, in a sample of 208
star-forming galaxies with SFRs ~ 1 —98 M yr~! and stellar masses
log(My/Mg) ~ 9.4 — 11.5 at z ~ 1, Martin et al. (2012) detected
inflowing gas at a 30~ level in ~4% of galaxies. Both of these studies
concluded that the low detection rate of inflowing gas was due to
the low covering fraction of cold streams or recycled gas circulating
in a galactic fountain. Alternatively, Calabro et al. (2022) analysed
330 z ~ 2 — 4.5 star-forming galaxies over a broad range of SFRs
from 1 to 500 Mg yr‘l, and stellar masses log(M«/Mg) ~ 8 — 10,
finding galaxies with redshifted LIS lines (Avirg > 0 km s~!) in
34% of their sample. The authors suggest that their high detection
rate of inflowing gas may be due to the increased role of inflows
at earlier cosmic times. Although, we note that the higher detection
rate of Calabro et al. (2022) may be a matter of definition. In the
MOSDEF-LRIS sample, 29% of galaxies have Avy g > 0 km s71
similar to Calabro et al. (2022).

Using the full statistical power of the MOSDEF-LRIS sample,
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we investigated the covering fraction of inflowing gas as a function
of red-wing inflow velocity. At a given velocity (v), we calculated
the fraction of galaxies with red-wing velocities (Vg red OF Vmax,red)
equal to or greater than v, perturbed the velocities by their uncer-
tainties, and repeated this calculation many times. The average and
standard deviation of the fraction found for each trial were taken as
the covering fraction and its uncertainty at each v. This calculation,
however, is only meaningful for velocities above which inflows be-
come prominent. Classifying galaxies as "inflowing" or "outflowing"
based solely on their red-wing velocity is difficult as different combi-
nations of centroids and line widths can produce the same absorption
line wing (i.e., a narrow, redshifted line and a broad, blueshifted line
could both have vax req = 100 km s~1)3. Due to this ambiguity, we
defined a "dividing" velocity as the v that maximised the fraction
of galaxies with veq > v and Avyg > 0 km s~ (true positives) or
with vreg < v and Avpys < 0 km s~! (true negatives). At each v, we
calculated the fraction of true positives and negatives, perturbed the
red-wing velocities by their uncertainties, and repeated this many
times. Figure 5 shows the chance of encountering inflowing gas of
at least speed v along a random sightline through a galaxy (i.e., cov-
ering fraction) as a function of vgg req and Vi, red- The covering
fraction is roughly 20%, 4%, and 0.3% for vgg req larger than 350
km s~!, 550 km s~!, and 750 km s~ !, respectively. In contrast, the
covering fraction is 12% (2%) for galaxies with vy, req larger than
550 km s~ (750 km s~1). The rapid decrease of inflowing gas cov-
ering fraction with red-wing velocity suggests that the low detection
rate of galaxies with cool inflows is related to the viewing angle. As
inflow velocity reaches speeds that may be more easily detected, the
covering faction decreases to levels such that observing inflowing
gas would be rare.

5 We note that red-wing velocity is also dependent on the spectral resolution
of the observations.



A complementary question is how, if at all, the inflow covering
fraction varies with galactic properties. To investigate this, we di-
vided the full sample into “lower” (x + 0x < Xpmedian) and “higher”
(x - Ox > Xmedian) property bins. However, this simple division for
star-formation properties introduces significant SNR differences be-
tween the two bins. To account for the effect of continuum SNR,
we remeasure vyeq and vpjye for galaxies in the “higher” bins after
adding random noise to their spectra, so that their SNR falls within
the SNR range of galaxies in the “lower” bins. In Figure 6, we plot
the inflow covering fraction in bins of several galactic properties.
The covering fraction appears independent of SFR, stellar mass, and
Ysrr- On the other hand, in the “higher” sSFR bin, the covering
fraction is enhanced by a factor of 1.8+0.6 (3.0+1.2) at the vgg red
(Vmax,rea) dividing velocity. It is not surprising that the galaxies with
higher sSFR have an increased inflow covering fraction, as higher
gas accretion would allow for more star formation per unit mass.
The covering fraction could increase due to thicker filaments from
the IGM or more recycling gas in the CGM from previous outflows.
The down-the-barrel LRIS observations cannot distinguish between
these cases. However, in either case, the LIS absorption line profiles
would be red-skewed, as both cases increase the fraction of inflowing
gas relative to outflowing and interstellar gas. As a test, we compared
the skewness-ratio of the LIS absorption line profiles between the
"lower" and "higher" bins. A KS-test indicates a 3% probability that
galaxies in the lower and higher sSFR bins are drawn from the same
parent distribution, with the "higher" bin having a smaller skewness-
ratio (i.e., more red-skewed) than the “lower” bin. Conversely, the
SFR, stellar mass, and XggR bins each have a >40% probability of be-
ing drawn from the same skewness distribution. Thus, the increased
inflow covering fraction is likely due to more inflowing gas, such
as recycling gas, which in turns increases the star-formation rate per
unit mass.

5 CONCLUSIONS

We report on three star-forming galaxies from the MOSDEF Survey
with additional deep rest-UV observations from Keck/LRIS with
significantly measured centroid inflow velocities traced by LIS ab-
sorption lines. These inflows represent some of the most robust de-
tections of inflowing gas into isolated, star-forming galaxies at (z) ~
2.3. Centroid velocities are measured from the redshift difference
between zgys and zp 15, while fractional (vgg) and maximum (Vmax)
inflow (outflow) velocities are measured from the red (blue) wings of
LIS lines that may better trace inflowing (outflowing) gas. Our main
conclusions are as follows:

e The LRIS-Inflow galaxies have higher sSFR and Xgpr compared
to the remaining galaxies, suggesting that both SFR and the gravi-
tational potential of a galaxy are important in gas accretion. How-
ever, when other galaxies with large amounts of inflowing gas
are included, no property is unique. The frequency of galaxies
with observed inflows is then likely related to the geometry and
covering fraction of inflowing gas (Section 3).

e The inflow centroid (veep,red) and maximum inflow velocities
(Vmax,red) Of the LRIS-inflow galaxies are larger than predictions
for the accretion of pristine gas from filamentary streams. We in-
terpret the redshifted LIS absorptions lines of the LRIS-Inflow
galaxies as tracing metal-enriched inflowing gas, such as recycled
gas from previous ejections (Section 4.1).

e At a conservative level, the detection of three galaxies with sig-
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nificant inflows in a sample of 134 implies a covering fraction of
~2% =+ 1%. Based on the full statistical power of the sample, the
maximum covering fraction of cool inflowing gas at vg( req = 350
km s~! is 20% and at vppax req = 550 km s ™! is 12%.

o Galaxies with higher sSFR have an increased inflow covering
fraction, relative to those with lower sSFR. The larger covering
fraction may be due to thicker filaments from the IGM or an
increase in the amount of recycling gas in the CGM (Section 4.2).

Inflows of pristine gas from the IGM are required for galaxies to
sustain their SFRs throughout their evolution. Here, we have pre-
sented three galaxies with significant inflows in a large sample of z
~ 2 galaxies that push the limits of current ground-based facilities,
with full night (~7.5 hrs) observations needed to obtain sufficiently
high SNR spectra. These spectra, however, can only give a glimpse
into the complex nature of filamentary inflows and recycling gas.
To build a better understanding of inflows, higher resolution spectro-
scopic data and multiple sightlines through the CGM are necessary to
constrain the frequency and geometry of inflows and outflows around
individual galaxies. The increased sensitivity of the next generation
of 30-m extremely large telescopes will enable observations of faint
background galaxies, increasing the density of sightlines through the
CGM. In combination with deep IFU spectroscopy, studies will be
able to probe the distribution and kinematics of cool gas throughout
the CGM, which may allow one to differentiate between pristine gas
accretion and enriched recycled material.
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APPENDIX A: MOSFIRE AND LRIS SPECTRA

Here we present plots of the MOSFIRE and LRIS spectra of the
three galaxies with detected inflows. In each panel, the top row shows
strong rest-optical emission lines, while the bottom row show LIS
metal absorption lines.
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Figure Al. Plots of strong rest-optical emission and rest-UV absorption lines of the LRIS-Inflow galaxies from MOSFIRE and LRIS, respectively. Dotted
vertical lines mark sky lines. Dashed vertical lines mark the systemic absorption line centre. GOODS-S 40218 does not coverage of [OII].
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