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Figure 1

A cartoon view of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from
the IGM (blue). Outflows emerge from the disk in pink and orange, while gas that was previously ejected is recycling. The
“di↵use gas” halo in varying tones of purple includes gas that is likely contributed by all these sources and mixed together
over time.

factor of 30 between sub-L⇤ and super-L⇤ galaxies. More generally, sub-L⇤ galaxies gener-

ally have extended bursty star formation histories, as opposed to the more continuous star

formation found in more massive galaxies, suggesting di↵erences in how and when these

galaxies acquire their star forming fuel. As this fuel is from the CGM, we must explain how

sub-L⇤ and L⇤ galaxies fuel star formation for longer than their ⌧dep.

2.1.2. What quenches galaxies and what keeps them that way?. How galaxies become and

remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b).

Proposed solutions to this problem involve controlling the gas supply, either by shutting

o↵ IGM accretion or keeping the CGM hot enough that it cannot cool and enter the ISM.

4 Tumlinson, Peeples, & Werk

Tumlinson et al. (2017)
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◯Outflow velocities increase at z > 2?
◯How large velocities are at z > 4?

Redshift Evolution of Outflow Velocity
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Goals of Our Work
This work study outflows in star-forming galaxies:

4

1. To measure outflow velocities in distant 
galaxies we can observe (at z~5–6).

2. To investigate the redshift evolution of the 
outflow velocities.

3. To discuss the fundamental galaxy property 
to determine the outflow velocities.



Challenges at High Redshift
◯Deep rest-UV spectra

needed for      
absorption-line analysis
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3. STELLAR POPULATION SYNTHESIS MODELS

In Steidel et al. (2014) we were concerned primarily with
constraining the shape of the ionizing radiation field respon-
sible for producing the observed nebular emission lines in the
KBSS-MOSFIRE ~z 2.3 sample; as a first approximation, we
parametrized the ionizing spectrum using a single-temperature
blackbody with temperature Teff .

10 In this paper, we are
interested in a more detailed comparison of the observed FUV
spectrum—in both its overall spectral shape and its photo-
spheric and stellar wind features–with state-of-the-art popula-
tion synthesis models having a range of stellar metallicities and
including additional physics deemed potentially important for
massive star populations.

As discussed in Section 1, advances in understanding
massive stars suggest that a realistic population synthesis of
the FUV spectrum of star-forming galaxies should include the
effects of lower mass-loss rates, the preponderance of binary
evolution, and the related phenomena of rapid stellar rotation
and QHE (e.g., Brott et al. 2011; Leitherer et al. 2014), all of
which may be essential to correctly predicting the stellar UV
spectrum and its evolution with time. As in Steidel et al.
(2014), we deliberately refrain from assuming that the stellar
metallicity of a population synthesis model need necessarily
match the ionized gas-phase abundance in the nebulae; in part
this is motivated by the desire to include the widest range of
plausible stellar energy distributions, but also because the
stellar spectra are primarily dependent on the total opacity,
which is dominated by Fe, and are relatively insensitive to O/H
(see, e.g., Rix et al. 2004). To date, essentially all population
synthesis models of the UV spectra of star-forming galaxies

assume solar abundance ratios.11 However, it seems possible—
or perhaps even likely, given the young inferred ages for most
high-redshift star-forming galaxies—that O/Fe may be
enhanced relative to solar as expected for an ISM that is
enriched primarily by core-collapse supernovae. If this is the
case, one might find that the best-matching stellar model is one
having a metallicity several times lower than the nebular
oxygen abundance. We return to a discussion of this issue in
Sections 8 and 9 below.

3.1. Model Details

The models we considered include the most recent revision
of Starburst99 (Leitherer et al. 2014), using the new weaker-
wind Geneva tracks without stellar rotation12 (referred to as
“S99-v00–[Z*],” where Z* is the assumed mass fraction of
metals). These are all “single-star” models, and thus do not
include binary evolution. We considered models with the
default Kroupa (2001) stellar IMF, with a power law index of
−2.30 over the mass range *- -:M M0.5 100, as well as
models with “flatter” IMF slopes of −2.00 and −1.70 (referred
to as S00-v00-[Z*]-IMF2.0 and S99-v00-[Z*]-IMF1.7). We
considered each of these for metallicities * =Z
0.001, 0.002, 0.008, 0.014( ), dictated by the available Geneva
tracks.
We have also included a suite of models from the new

release of “Binary Population and Spectral Synthesis”
(BPASSv213; Eldridge & Stanway 2016; Stanway

Figure 2. Stacked composite rest-frame UV spectrum of 30 galaxies in the initial KBSS-LM1 sample, with á ñ =z 2.396 0.111 (black histogram). Some prominent
emission and absorption features are identified, with color-coded labels: stellar absorption features (red), interstellar absorption features (dark green), nebular emission
lines (blue), and excited fine structure emission lines (dark violet). The emission line spectrum is discussed in Section 5.

10 Teff should not be confused with a stellar effective temperature that
reproduces the bolometric luminosity of a star given its physical size–in our
usage, Teff refers only to the overall spectral shape of the radiation field over the
range 1–4 Ryd that is most relevant to the observed emission lines.

11 An exception is Eldridge & Stanway (2012), who considered models with
depletion of C relative to O; C/O is discussed in more detail in 8.2.
12 We also considered the corresponding models with rotation as implemented
in Starburst99 using the Geneva tracks with rotation, but found that they were
indistinguishable (in terms of the observational constraints) from the non-
rotating models.
13 http://bpass.auckland.ac.nz

6

The Astrophysical Journal, 826:159 (29pp), 2016 August 1 Steidel et al.

Steidel et al. (2016)

◯No nebular emission lines
to determine systemic 
redshift

● Solution: deep UV spectrum & ALMA [CII]158μm
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Sample
◯Archival seven LBG spectra (PI: P. Capak)

□ DEIMOS rest-UV spectra (Texp〜 3.5h)

□ ALMA [CII] emission line (zerr〜 10 km/s)
□ z = 5–6 | log M* = 9.6–10.5
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modifid from Barisic et al. (2017) modified from Capak et al. (2015)
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Analysis — Rest-UV Spectra Stacking
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Result 1: Vmax vs. SFR
Red: SiII+CII

Orange: SiII,CII,SiIV
→ consistent

z~0,1,2 (Sugahara+17)
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Outflow velocity at z〜6 is comparable to one at z〜2

Vmax = 700+180
-110 km s-1
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Result 2: Vmax vs. Vcir

◯Halo circular velocity
□ M*→Mh Behroozi+13
□ Mh→Vcir Mo&White 02

◯Data points over z~0-6  
on the same relation

◯ agree with predictions
□ FIRE simulations: Muratov+15
□ IllustrisTNG: Nelson+19
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Vcir strongly correlates with Vmax
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Result 3: Redshift Evolution of Vmax

at fixed halo mass

If Vmax linearly correlates w Vcir

Evolution at M*〜1010.1M☉

Comparing to:
Jones+13 (×), Du+18 (◇)
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Vmax correlation with gal. properties
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Fast Outflows in Early SFGs at z=5–6

◯Sample & Analysis
□ LBGs observed with DEIMOS & ALMA (PI. P. Capak)

□ Vmax by fitting to abs. lines of composite spectrum

◯Results
□ Vmax = 700+180

-110 km s-1

□ Outflow velocity increases at z ~ 0→6 at a fixed M*
□ Vcir or SFR would be fundamental to determine Vmax
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Sugahara et al., 2019, ApJ, 886, 29
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