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Understanding the baryon cycle is crucial to forming an accurate picture of the evolution of galaxies, as gas
inflows and outflows vary throughout a galaxy’s lifetime and affect its star formation rate. At redshift z ∼ 2, it
is highly unusual to observe star-forming galaxies with significant inflow but no outflow component. We present
spectroscopic analysis of a galaxy at redshift z = 2.452 which exhibits signs of inflow in several ultraviolet
ISM absorption lines, and no outflow. The absorption lines are redshifted by ∼290 km s−1 with respect to the
systemic redshift. Modeling stellar continuum features suggests that this galaxy has a low metallicity (∼5%
solar) and a very young starburst with age ∼4 Myr dominating the ultraviolet luminosity. 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 yet to become sufficiently strong to launch
strong outflow signatures. The gas inflow velocity suggests an approximate halo mass of ∼ 1011M⊙, a regime
in which simulations predict that bursty star formation is common at this redshift. The rarity of observations
of redshifted ISM gas absorption is likely due to the short time scale on which these conditions are present in
systems undergoing bursty star formation.

1. INTRODUCTION

Galaxy formation is a complex process which is not yet
fully understood. The growth of galaxies is driven by grav-
itational accretion, which provides the gas from which new
stars form, and is regulated by outflows of gas driven by star
formation and supermassive black hole feedback [1]. These
inflow and outflow processes are collectively known as the
baryon cycle. All models of galaxy evolution must account
for outflow to accord with observational data [e.g., 2].

Gas is ejected through several major mechanisms associ-
ated with star formation: radiation pressure, where momen-
tum from photons is transferred to the ambient interstellar
medium (ISM); supernovae, when a massive star’s core col-
lapses and releases enormous amounts of energy; and stellar
winds, which consist of gas being ejected from a star’s atmo-
sphere. These processes collectively eject large-scale outflows
of gas from galaxies when the star formation density exceeds
a threshold of >∼ 0.1 M⊙ yr−1 [3].

Rates of inflow, outflow, and star formation vary through-
out a galaxy’s lifetime. The cosmic star formation density
is observed to reach a peak during the period between ap-
proximately z ∼ 2–3, referred to as “cosmic noon” [4]. At
these redshifts, large cosmological accretion rates and high
gas fractions within galaxies can result in bursty star forma-
tion (i.e., highly time-variable; [5, 6]). Bursty star formation
occurs when a large amount of gas is converted into stars on
short timescales, which may be driven by accretion or merger
events. This star formation and the associated strong outflows
deplete the ISM of a galaxy. This has the effect of halting
star formation until a sufficient gas reservoir is re-established
from inflows. This process is most pronounced in low-mass
galaxies, where gas can more easily escape the gravitational
potential well. It is also more common at high redshifts [7],
where specific accretion rates and gas fractions are higher.

Observationally it is well-established that essentially all star
forming galaxies at z >∼ 2 drive large-scale outflows. The
most ubiquitous outflow signature is the blueshift of interstel-
lar absorption lines (and redshift of Lyα emission) relative to a
galaxy’s systemic velocity [8, 9]. While inflowing gas should

also be prevalent, it is much harder to discern, and there are
relatively few clear cases of inflow signatures at cosmic noon.
Even in cases with redshifted absorption velocities indicating
inflows, outflowing gas is also prominent [9].

In this paper, we study the properties of a star-forming
galaxy at z = 2.452 which shows spectroscopic evidence of
inflowing gas, but no outflow. This galaxy is gravitationally
lensed by a foreground group at z = 0.214, enabling high-
quality spectroscopy thanks to the lensing magnification. The
lens system was identified in the Cambridge Sloan Survey of
Wide Arcs in the Sky (CSWA; this system ID is CSWA 128;
[10]) based on a bright multiply imaged arc at z = 2.225. The
z = 2.452 source was first identified using ground based AO
imaging by Sharma et al. [11], who estimated a redshift of
z ≃ 2.9, and is referred to therein as System 10. To maintain
clarity and consistency, we will refer to the target z = 2.452
galaxy as System 10 throughout this paper.

The structure of this paper is as follows. In Section 2 we
discuss the spectroscopic data collection and processing. Sec-
tion 3 describes our analysis, which includes estimating the
systemic redshift by fitting the prominent C IV emission (a
strong emission doublet produced by triply ionized carbon)
and other features, determining the velocity profile of sev-
eral interstellar absorption lines relative to the systemic red-
shift, and modeling the stellar continuum to determine age
and metallicity. In Section 4 we discuss our findings in the
context of previous observational work and theoretical pre-
dictions. Finally, we discuss our conclusions and prospects
for future study in Section 5.

2. DATA

CSWA 128 was observed with the Keck Cosmic Web Im-
ager (KCWI; [12]) on 2 June 2019 and 19-20 June 2020 for
a total integration time of 8.2 hours. We used the medium
slicer and BL grating, providing a 16×20 arcsec field of view
with wavlength coverage 3500-5500 Å and spectral resolution
2.4 Å FWHM (R ≃ 1800). Data were taken in orthogonal
position angles of 45 and 135 degrees in order to achieve an
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FIG. 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: White-light optical image obtained by averaging the KCWI

datacube used in this work over λ = 3500–5500 Å. Black outlines show the region 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 [11] for details).

approximately circular point spread function in the combined
data cube. Sky conditions were clear to partly cloudy (up
to ∼0.5 mag extinction), with FWHM seeing ranging from
0.7–1.25 arcsec. The data were reduced following the proce-
dure described in [13]. In short, we used the KDERP-v1.0.2
pipeline which removes instrument signatures, subtracts back-
ground signals from the region of sky being studied, and per-
forms wavelength calibration and spatial rectification, includ-
ing a correction for differential atmospheric refraction. The
reduced datacubes were fit with a 2D first order polynomial
to correct for any nonzero residual structure. Individual ex-
posures were then aligned and averaged to produce the final
datacube used in this work. Figure 1 shows the white-light im-
age obtained by taking a mean of the reduced datacube over
observed wavelengths 3500–5500 Å.

The target of this study is the three lensed images shown
in Figure 1, first identified as a multiply imaged galaxy by
Sharma et al. [11] based on adaptive optics imaging. From
their lens model, this galaxy was estimated to have a redshift
of z = 2.90 ± 0.25 [11]. Our KCWI spectra confirm the
multiple images with an unambiguous redshift of z = 2.45
(Figure 2; Section 3 A). 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 resid-
ual structure using the average of blank sky spaxels near each
of the target image. The reference sky regions are shown in
Figure 1. Additional blank sky regions were also used to es-
timate the uncertainty in our spectra. We subtract the adja-
cent sky residual from the spectrum of each lensed image of
System 10, and confirm that all three images have consistent

spectral shapes. We then sum the spectra of all three images to
increase the signal-to-noise ratio. The resulting 1-D summed
spectrum is shown in Figure 2.

3. ANALYSIS

System 10 exhibits strong C IV λλ1549, 1551 doublet
emission characteristic of young, hot stars [14]. C IV refers
to an atomic transition from carbon which has been triply ion-
ized. In general, transitions are referred to by the element
and ionization state they occur in, starting by notating neu-
tral atoms with the Roman numeral I. The interstellar absorp-
tion components of this C IV feature are clearly redshifted
compared to the nebular emission components, which is a
robust sign that System 10 is experiencing inflow. All of
the well-detected ISM absorption lines are redshifted with re-
spect to the nebular emission redshift, indicating that the ab-
sorbing medium has a positive line-of-sight velocity relative
to the stars (i.e., inflowing). Of these lines, only the Si II
λ1260 shows any significant blueshifted component. As red-
shifted absorption is unusual in galaxies at this cosmic epoch,
we explore the characteristics of this absorption and offer a
theoretically-motivated explanation of this phenomenon. In
this section, we will detail how we measure the redshift from
these lines and quantify the inflowing gas characteristics by
modelling the lines and stellar continuum.
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FIG. 2: Top: Spectrum of System 10, obtained by summing the three multiple images. Solid red lines indicate strong ISM
absorption features at the redshift of System 10, which show 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: Spectrum in the region of C IV . Nebular emission is
prominent, with interstellar absorption which is redshifted relative to the emission features, indicative of inflows. The best fit

model of the C IV feature is shown in red. Bottom right: Average velocity profile of several strong ISM absorption lines with
respect to the rest frame of the galaxy. Note that the absorption for negative (blueshifted) velocities is nearly zero.

A. Systemic redshift

We modeled the C IV λλ1549, 1551 emission and absorp-
tion features using a sum of four Gaussian profiles convolved
with a Gaussian with FWHM 2.4 Å to account for the line
spread function from the spectral resolution of KCWI. We
used the scipy curve fit function for all fits discussed in
this paper. The model has four free parameters each for the
absorption and emission components, representing the ampli-
tude of the λ = 1548.195 Å line, the spread (i.e., Gaussian σ
width, corresponding to the distribution of observed redshifts
of the feature), the relative amplitude of the 1550.770 Å line
compared to the 1548.195 Å line, and the redshift. The values
found for each of these parameters are summarized in Table
1.

Emission Absorption
Redshift 2.45062 ± 0.00008 2.4547± 0.0002

Amplitude 1549 3.08 ± 0.59 -1.50 ± 0.28
Relative amplitude 1551 0.500 ± 0.096 0.83 ±0.24

Spread (Å) 0.54 ± 0.11 1.50 ± 0.24

TABLE 1: Summary of the best fit parameters of the C IV
model.

The C IV lines are resonant lines, such that scattering can
broaden the emission lines and cause their peaks to shift. In
the case of inflowing gas, the emission lines can be scattered to
shorter wavelengths. Resonant scattering in the CGM may be
less likely for metal-poor, high redshift systems [14], but this
effect must be considered. Because the C IV may be scattered,
it does not necessarily trace the true systemic redshift.

In an effort to quantify the resonant scattering of the C IV
lines, we measured the redshift of Si II*λ 1264 and λ 1533
fine structure transitions, and the emission component of the
Si IV λ1939, 1402 features, which can also be good estimates
of a galaxy’s systemic redshift. This is complicated by the
facts that Si IV lines are also resonant, and that the observed
redshift of the Si II* lines may be shifted by the spatial dis-
tribution of inflowing and outflowing gas. We modeled these
four silicon ion emission lines. We fit each Si II* emission in-
dependently with a Gaussian profile. The Si IV lines are close
in wavelength and emitted by the same ion, so we used a joint
fit for both lines following the same procedure as for C IV .
Table 2 lists the best-fit redshift for each of these lines.

The measured redshift from the C IV lines is indeed lower
than values obtained from the Si lines, as one might expect
from resonant scattering. This suggests that the C IV model
may underestimate the true systemic redshift by ∼ 70 km s−1

based on the average of the other lines.
To quantify the resonant scattering of the C IV lines and
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Line Redshift Estimate
Si II* 1264 Å 2.4521 ± 0.0007

Si IV 1393, 1402 Å 2.4514 ± 0.0005
Si II* 1533Å 2.4508 ± 0.0005

TABLE 2: The redshifts found by fitting each of four ionized
silicon emission lines present in our data.

obtain a more accurate estimate of the systemic redshift, we
assume that the Si II* lines reflect the true, unscattered red-
shift, although they have a much lower signal to noise ratio
than the C IV lines. We find that the difference between the
two Si II* lines detected is 110 ± 70 km s−1, which is con-
sistent with the fact that Si II* lines tend to trace systemic
redshift within 50 km s−1. The average velocity of the Si II*
lines with respect to the redshift of the C IV lines is 72 ± 38
km s−1, so it is likely that the C IV lines are scattered blue-
ward by 70 km s−1. We adopt the average of the Si II* lines,
z = 2.4515±0.0004, as the best estimate of the true systemic
redshift for our analysis purposes.

Despite the uncertainty in the precise redshift of System
10, it is abundantly clear that this galaxy has matter inflowing
relative to its rest frame and very little outflow because the ab-
sorption component of the C IV feature is redshifted relative
to the emission component.

B. ISM gas kinematics and dynamical mass

We used the estimate of the systemic redshift found in Sec-
tion 3 A to calculate the ISM gas velocity relative to the galaxy
itself. We examined the strongest ISM absorption lines cov-
ered by the KCWI spectra. The spectra cover multiple strong
ISM transitions from low- and high-ionization species (See
Figure 2). Note that several features in this spectrum, most
notably Lyman α at observed wavelength λ ∼ 4200 Å and the
Si II λ1302 and O I λ1304 features at observed wavelength
λ ∼ 4500 Å are blended with intervening absorption features
from the foreground z = 2.225 arc. These blended features
are not used in the analysis of System 10’s properties. The
lines available for this analysis were Si II λ1260, C II λ1334,
Si II λ1526, and the Si IV λ1393, 1402 doublet.

We modeled these unblended lines, again using a Gaussian
convolved with the FWHM 2.4 Å instrument line spread func-
tion. Table 3 lists the velocity dispersions and centroids for
each line relative to the estimated systemic z = 2.4515. Note
that Si IV is also a resonant doublet, such that the absorption
component may appear more redshifted than the intrinsic in-
flowing gas.

We also transformed the neighborhood around each line to
rest-frame velocity space, and averaged the flux in each neigh-
borhood. We fitted this average spectrum to a Gaussian. The
bottom right panel of Figure 2 shows this along with the fit.

We averaged the line velocity profiles to characterize gen-
eral properties of the inflowing material. By fitting this av-
eraged profile, we found that the absorbing gas has a radial
velocity centroid of 290 ± 20 km s−1 and a velocity disper-

Line Vabs relative to zsys(km s−1) σ (km s−1)
Si II 1260 Å 420± 80 371±100
C II 1334 Å 330±50 170±40

Si IV 1393, 1402 Å 30± 110 130±140
Si II 1526 Å 170±60 220±60

TABLE 3: The velocities relative to zsysand velocity
dispersions found by fitting each absorption line.

sion of σ = 196 ± 5 km s−1 relative to zsys(see Figure 2).
We find that the inflowing gas is enriched with heavy metals
such as carbon and silicon, which must have originated in a
galaxy at some point previously. The gas likely came from
this galaxy or is part of an ongoing galaxy merger.

By contrast, Steidel et al. [9], who measured ISM veloc-
ity centroids from the rest-frame UV spectra of 89 galaxies at
similar z ∼ 2.5, found little evidence for infalling gas. The
expected signature of such gas is a redshifted absorption ve-
locity between 0 and 300 km s−1 with respect to the systemic
velocity, and with line profiles reversed with respect to those
they found for outflowing gas [9]. This galaxy shows pre-
cisely these signatures, as seen in Figure 3. From the redshifts
of several ISM absorption lines, we estimate that gas is en-
tering this galaxy at a velocity of 293±20 km sec−1. The
velocity profile is reversed from those found by [9], with the
highest absorption at the redshifted end of the profile.

To determine whether the velocity found is compatible with
gravitationally-driven inflow, we also studied the mass of the
galaxy. In Appendix A, we calculate the velocity gained by
an object falling towards the galactic center from the virial
radius as a function of halo mass. We use a standard NFW
model for the density of a dark matter halo. We find that a
velocity of 293 km sec−1 is consistent with a dark matter halo
of mass of approximately 1011M⊙. This is on the low end for
the samples of galaxies at cosmic noon studied by [15] [9],
but is a reasonable estimate.

The baryonic mass of a galaxy is a small fraction of the
total dynamical mass (with baryons making up an average of
approximately 10% of the total mass [15] [16]), but like the
total dynamical mass, can also give an estimate of the galaxy’s
relative size. A halo mass of 1011M⊙ corresponds to a stellar
mass of approximately 108−109M⊙ [17]. The baryonic mass
is related to the galaxy’s velocity dispersion σ by the relation

Mdyn = Cσ2r/G, (1)

where C may vary between 1 and 5 depending on the distri-
bution of mass within in a galaxy [15]. Although the precise
value of C may vary, this relationship means that the veloc-
ity dispersion is an important metric related to the galaxy’s
mass. We calculate the velocity dispersion of the emission
lines to be 34 ± 6 km sec−1. This is one of the lowest ve-
locity dispersions found in a survey of 110 galaxies at cosmic
noon presented by [15]. This galaxy’s emission shows a very
low velocity dispersion compared to other galaxies at similar
redshifts, which suggests that it is low in mass [15] [9].
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FIG. 3: A plot of the redshift vs ISM absorption line velocities of a sample of galaxies at redshift z ∼ 2. Blue circles represent
the sample of galaxies studied in [9][15], while the red cross represents System 10. System 10 shows a clear inflow, in contrast

to the Steidel sample, which all have negative or near-zero velocities.

C. Modeling stellar populations

We compared the observed stellar continuum with Binary
Population and Spectral Synthesis (BPASS) v2.2 [18] mod-
els of varying stellar ages and metallicities. These models
take an initial mass function (IMF), an age, and a metallicity
and output the intensity of light emitted at each wavelength
by the corresponding population of stars. The initial mass
function determines the number of stars of various masses at
the beginning, before the system evolves over the time period
given. In this case, we used imf135 300, corresponding to
the Salpeter IMF [19] with an upper mass cutoff of 300 M⊙,
which is considered to be standard by the creators of BPASS.

We fit the models to the observed spectra in several wave-
length ranges which are sensitive to the stellar age and metal-
licity. The ranges used correspond to the stellar wind features
C IV λλ1549, 1551 and Si IV λλ1394, 1403, and between
rest-frame 1350 − 1390 Å which contains photospheric ab-
sorption features and anchors the continuum level. These re-
gions were chosen to avoid strong interstellar absorption and
emission lines, which BPASS does not model. Accordingly
the wavelengths with narrow emission and ISM absorption
in C IV and Si IV were not used in the fit. We corrected
for the effects of dust reddening by scaling the models with
a power-law function in wavelength, λβ , which gives a rea-
sonable approximation and good match to the data over the
relatively narrow wavelength range considered here. The stel-
lar P-Cygni wind features are highly constraining, whereas
we do not resolve individual photospheric lines at the spec-
tral resolution of the KCWI data. Our data show weak stellar
winds (Figure 2), which suggests a low metallicity [14]. From
a χ2 analysis we find that the best-fit model has a metallicity
Z = 0.001 (5% of the solar value) and age of 4.0 Myr. This
is comparable to results from studies of strong C IV emit-
ters at z ∼ 0. In particular, Senchyna et al. [14] found that
galaxies with strong C IV nebular emission have ultraviolet

spectra dominated by stars between 3 and 22 Myr old, with
metallicities below 10% solar.

4. DISCUSSION

This galaxy’s absorption profile, indicating gas inflows and
no outflows, is highly unusual compared to previously stud-
ied star forming galaxies of similar redshift. The rarity of this
observational signature suggest that the conditions which cre-
ate it are short lived. An intriguing possibility is that we may
be witnessing the onset of a bursty star formation episode in
this galaxy. Cosmological simulations suggest galaxies of all
masses at cosmic noon tend to be undergoing a starburst less
than 20% of the time, with the fraction of stellar mass formed
in starbursts decreasing with increasing galaxy mass. In simu-
lations of low mass galaxies (M⋆

<∼ 109M⊙), nearly all stars
may be formed during starbursts [5]. Such simulations show a
time sequence whereby gas inflow triggers star formation, and
subsequently stellar feedback drives outflows, which remove
the gas and cause star formation to cease [7]. In this scenario,
we expect to see signatures of inflow and no outflow for only
a few million years at the beginning of a starburst before the
stellar feedback begins to take effect. In a starburst that lasts
50 Myr, this phase might last only 25 Myr. If a galaxy un-
dergoes starbursts less than 20% of the time [7], this suggests
that this type of signature might be present in around 10% of
galaxies of this mass, metallicity, and age.

Our BPASS modeling further suggests that this is a low-
mass galaxy seen shortly after the onset of a starburst. We find
that the ultraviolet emission is dominated by metal-poor stars
(suggesting a low stellar mass; [20]) with an age of only ∼4
Myr. Our dynamical measurements in Section 3 B also sug-
gest a low mass. Simulations suggest that starburst durations
can range from ∼ 3-50 Myr [5], compatible with our best-fit
age. At 4 Myr, many massive stars have yet to go supernova.
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Stellar winds, although strongest in massive young stars, are
weaker for metal-poor stars and indeed we see relatively weak
stellar P-Cygni features in our target. Radiation pressure also
couples more strongly to metallic elements, leading to less
transfer of momentum in a low metallicity galaxy. The com-
bination of these three factors could lead to weak outflows,
allowing absorption signatures to be dominated by inflowing
material.

The galaxy size is also quite small, including in near-IR
adaptive optics imaging, which is more sensitive to older stel-
lar populations because older stars emit longer wavelength
light (Figure 1). A possibility is that outflows may be oc-
curring in a direction away from the line of sight (i.e., in a
location not directly between the star forming regions and the
observer). Such geometric effects can be particularly strong in
compact galaxies such as this one. Outflowing gas not directly
in front of the star forming region would not be observable in
absorption signatures, as no starlight would shine through it.

These explanations do not explain the dearth of observa-
tions of inflow in other high redshift galaxies. Inflow fre-
quently occurs in streams, while outflow is more spherically
symmetric, meaning that line of sight effects are more relevant
for inflow. However, in lower redshift galaxies (0 < z < 1),
where outflows are still common [21], there are still obser-
vations of galaxies dominated by inflow [22]. However, ob-
servations of higher redshift galaxies do not show any with
significant inflow in the interstellar lines.

The data support the hypothesis that this profile is the result
of bursty star formation in a galaxy with a low metallicity and
low mass. FIRE simulations suggest that bursty star forma-
tion is most common in young, low mass galaxies with low
metallicity at high redshifts [11].

5. CONCLUSIONS

In this work, we presented spectroscopic measurements of
a galaxy at redshift z = 2.4505, magnified by strong gravita-
tional lensing. Analysis of the nebular emission and several
absorption lines prevalent in the interstellar medium reveal an
unambiguous signature of inflowing gas travelling with a ra-
dial velocity around 290± 20 km s−1. We propose that bursty
star formation, as well as potential effects of compactness and
the line-of-sight viewing angle, may be responsible for the
strong inflow and lack of outflow signature in the interstellar
UV absorption lines.

The majority of ISM velocity measurements available at
cosmic noon are in much more massive galaxies, which are
expected to be less bursty, i.e. with more continuous star for-

mation which drives continuous outflows. Galaxies with a
stellar mass of M∗ = 1010M⊙ spend less than half of their
time in burst cycles [5]. As discussed previously, the mass of
System 10, as implied by emission line width and metallicity,
is much lower than many other samples. Simulations predict
very bursty star formation for galaxies with stellar mass be-
low approximately 1010M⊙, but samples frequently contain
few to zero galaxies of that mass [15], [9].

This is the first galaxy at redshift z ∼ 2 observed to have
inflow and no outflow, and is one of a small number of low-
mass observed galaxies at high redshift. Cosmological sim-
ulations (such as FIRE) find that these inflowing states are
short-lived, which partly explains the rarity of this observa-
tional signature. The burstiness required to fuel this type of
pattern is uncommon in higher mass galaxies, which make up
the majority of spectroscopic observations at cosmic noon. If
a survey of young, low-mass galaxies at cosmic noon were to
be conducted, we predict that approximately 10% might show
a similar absorption profile. Although intrinsically faint, the
combination of strong gravitational lensing and high redshift
rest-UV spectroscopy offers a promising approach to study
the nature of bursty star formation and the baryon cycle in
low-mass galaxy formation.
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Reddy, M. Bogosavljević, G. C. Rudie, and O. Rakic. The
Structure and Kinematics of the Circum-Galactic Medium from
Far-UV Spectra of z˜2-3 Galaxies. The Astrophysical Journal,
717(1):289–322, July 2010. arXiv:1003.0679 [astro-ph].

[10] Daniel P. Stark, Matthew Auger, Vasily Belokurov, Tucker
Jones, Brant Robertson, Richard S. Ellis, David J. Sand, Alexei
Moiseev, Will Eagle, and Thomas Myers. The CASSOWARY
spectroscopy survey: a new sample of gravitationally lensed
galaxies in SDSS. Monthly Notices of the Royal Astronomical
Society, 436(2):1040–1056, December 2013.

[11] Soniya Sharma, Johan Richard, Tiantian Yuan, Anshu Gupta,
Lisa Kewley, Vera Patrı́cio, Nicha Leethochawalit, and
Tucker A. Jones. High Resolution spatial analysis of a z $\sim$
2 lensed galaxy using adaptive coadded source-plane recon-
struction. Monthly Notices of the Royal Astronomical Society,
481(2):1427–1440, December 2018. arXiv:1808.10468 [astro-
ph].

[12] Patrick Morrissey, Matuesz Matuszewski, D. Christopher Mar-
tin, James D. Neill, Harland Epps, Jason Fucik, Bob We-
ber, Behnam Darvish, Sean Adkins, Steve Allen, Randy Bar-
tos, Justin Belicki, Jerry Cabak, Shawn Callahan, Dave Cow-
ley, Marty Crabill, Willian Deich, Alex Delecroix, Greg
Doppman, David Hilyard, Ean James, Steve Kaye, Michael
Kokorowski, Shui Kwok, Kyle Lanclos, Steve Milner, Anna
Moore, Donal O’Sullivan, Prachi Parihar, Sam Park, Andrew
Phillips, Luca Rizzi, Constance Rockosi, Hector Rodriguez,
Yves Salaun, Kirk Seaman, David Sheikh, Jason Weiss, and
Ray Zarzaca. The Keck Cosmic Web Imager Integral Field
Spectrograph. The Astrophysical Journal, 864(1):93, Septem-
ber 2018. arXiv:1807.10356 [astro-ph].

[13] Kris Mortensen, Keerthi Vasan G. C, Tucker Jones, Claude-
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Appendix A: Halo mass calculations

We will calculate the velocity of gas falling inward from
the virial radius under the influence of gravity as a function of
halo mass to determine whether the inflow velocity measured
is plausible. The inflowing gas we observe is metal-enriched,
so it is likely being recycled within the halo, as gas from the
IGM would have much lower heavy element content. Thus,
we want to consider gas falling from a radius less than or equal
to the virial radius. Approximating the galaxy’s dark matter
halo as an isotropic sphere, we approximated the mass den-
sity of the dark matter halo of System 10 using NFW density
profiles [23], with the form

ρNFW(r) =
ρ0

xC(xC + 1)2
, x ≡ r

Rvir
. (A1)

The variable Rvir is the virial radius, which is the radius
inside which a gravitationally bound system, such as a galaxy,
obeys the virial theorem ⟨T ⟩ = − 1

2 ⟨U⟩. The virial radius is
typically used as a cutoff for the extent of a dark matter halo.
The other parameters, ρ0 and C, represent the mass density at
a critical radius r−2 and the concentration of the halo, or the
location of that critical radius, C = Rvir

r−2
. NFW mass density

profiles are a standard model for the density of a galaxy’s dark

matter halo. Although these profiles can deviate from the true
halo profile of a galaxy, these deviations are small for low
mass galaxies like this one [24].

The concentration is a function of the total mass, and we
used the following concentration-mass relation and parame-
ters provided by [24]:

C(M) = C0

(
M

1012h−1M⊙

)−γ
[
1 +

(
M

M0

)0.4
]

(A2)

with parameters C0 = 2.42, γ = 0.080, and M0 = 1.7 ×
1013h−1M⊙. These parameters correspond to a Planck cos-
mology with redshift of 2.5. The halo density profile is then
determined by a single free parameter ρ0, which maps to the
total dark matter halo mass. Under this model, a halo of
1011M⊙, as suggested by the inflow velocity, has a concen-
tration of approximately 3.3.

By calculating the change in gravitational potential of an
object falling from the virial radius to the center, we can cal-
culate the change in velocity experienced by such an object.
This free-fall velocity increases with total halo mass as shown
in Figure 4. According to this model, the 290 km s−1inflow
velocity we observe is consistent with a total halo mass be-
tween 1010 and 1011M⊙.
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FIG. 4: The change in velocity of an object at rest falling
from the virial radius of a galaxy to the center of a dark

matter halo as a function of total halo mass.
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