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Star formation and feedback at z~2

agree reasonably well with the measurements inferred from the UV slope or from SED

fitting. At z > 2, the FIR/FUV estimates have large uncertainties due to the similarly
large uncertainties required to extrapolate the observed FIR luminosity functions to a total

luminosity density. The values are larger than those for the UV-selected surveys, particu-

larly when compared to the UV values extrapolated to very faint luminosities. While it is
plausible that galaxies with lower star formation rates may have reduced extinction, it is

also likely that purely UV-selected samples at high redshift are biased against dusty star-

forming galaxies. As we have noted earlier, there is not yet a robust census for star-forming
galaxies at z ≫ 2 selected on the basis of dust emission alone, due to the sensitivity limits

of past and present far-infrared and submillimeter observatories, and the total amount of
star formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from far-ultraviolet (top right panel), infrared (bottom
right panel), and FUV+IR (left panel) rest-frame measurements. The data points with symbols are given
in Table 1. All UV luminosities have been converted to instantaneous star formation rate densities using
the factor KFUV = 1.15 × 10−28 (see eq. 10), valid for a Salpeter IMF. Far-infrared luminosities (8–
1000µm) have been converted to instantaneous star formation rates using the factor KIR = 4.5 × 10−44

(see eq. 11), also valid for a Salpeter IMF. The best-fit star formation rate density in equation (15) is
plotted in the three panels with the solid curve.

Figure 9 shows the history of cosmic star formation from UV and IR data following the

above prescriptions, together with the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ yr−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic star

formation history: a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing

and peaking at some point probably between z = 2 and 1.5, when the universe was about
3.5 Gyr old, followed by a gradual decline to the present day, roughly as ψ(z) ∝ (1 + z)2.7.

Cosmic Star Formation History 49

Madau & Dickinson 2014

Peak epoch of star 
formation 
Access to nebular 
emission lines + UV  
High quality spectra 
possible



Feedback in low mass galaxies

Moster et al 2010

See talk by Janice Lee



TIME

neutral 
hydrogen

ionized  
bubbles

ionized 
hydrogen

Low mass galaxies (probably) reionized the universe

Does galactic feedback 
facilitate the escape of 

LyC photons?



Galactic outflows ubiquitous at high redshifts 

Erb 2015

What are the 
properties of 
galactic outflows 
in low mass 
galaxies at high 
redshifts?

MS1512-cB58 
Pettini et al 2002
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Erb et al 2010

A low mass z~2 galaxy: rest-frame UV spectrum

H II regions and stars:  
Strong UV emission lines 
C III], O III], He II, C IV 
indicate low metallicity, high ionization
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Is this typical of low metallicity galaxies at 
high redshifts?



Selecting low metallicity, highly ionized galaxies

Typical metallicities 12+log(O/H) ~ 8.0 (~20% solar)
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Most extreme BPT galaxies have strong Lyα emission
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Most extreme BPT galaxies have strong Lyα emission
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Strong Lyα emission 
implies a lower covering 

fraction or column density 
of neutral hydrogen
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Individual galaxies: a closer look 
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Individual galaxies: a closer look 



Strong UV emission lines
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Maximum blueshifted velocities:

 ~1300 km s-1 (BX418), ~600 km s-1 (BX660) Erb et al in prep 
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BX660: much stronger low ionization absorption
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Low ionization absorption lines vary in strength



BX418 vs BX660: implications

Galaxies with similar metallicities, masses, 
morphologies and extreme emission line 
ratios may have significantly different 
outflow properties and Lyα profiles 

See talk by Anne Jaskot

Likely due to geometry, covering fraction/
column density of neutral hydrogen

Signatures of most extreme objects: 


High velocity, highly ionized outflow

Weak low ionization absorption: low 
covering fraction of neutral gas

Blueshifted Lyα emission

Most likely LyC emitters? La
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A low mass, low metallicity lensed galaxy at z~2
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Very high EW [OIII] (~2000 Å rest-frame) and Hβ emission (~500 Å)

Very high sSFR ~100 Gyr-1 (~8 Myr to form all stars at current rate)

z = 1.85 
M = 9 x 107 M� 
12 + log(O/H) = 7.5



Rest-frame UV spectrum
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Lyα emission

Berg et al in prep
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Interstellar absorption lines
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Interstellar absorption lines relatively weak (EW ~ 0.5 - 1 Å), 
narrow

Weak or no outflows (and ΣSFR = 20 M⦿ yr-1 kpc-1)

intervening
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Kinematics

Lyα peak separation 
290 km s-1 

Median low ionization 
Δv = 3 km s-1



Stellar + nebular He II emission

Broad He II emission:  
WR stars or very 
massive stars? 

Narrow component: 
nebular emission 
requires hard ionizing 
spectrum

Berg et al in prep

broad +  
narrow fit total fit
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More detailed modeling of 
stellar populations and ionizing 
spectrum in progress…

C IV 
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Hard ionizing spectrum required
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C IV in low metallicity 
galaxies — see also 

Stark et al 2014, 2015 
Berg et al 2016



Observations of more galaxies coming soon
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1200 1205 1210 1215 1220 1225 1230

Rest Wavelength (Å)
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More low mass, 
low metallicity 
z~2 galaxies: 

X-shooter and 
deep LRIS 
observations 
scheduled

Strong, unusually 
symmetric Lyα profiles 
Possible signature of 

LyC escape



Summary: feedback in low mass galaxies at z~2

Erb 2015

•Among low mass 
galaxies with similar 
metallicities and 
ionization states, 
feedback properties 
inferred from interstellar 
absorption lines and 
Lyα vary widely 

•Timescales? Geometric 
effects?  
Statistical sample 
needed


