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A brief history of the Universe
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hydrogen
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Universe expands and cools



The cosmic dark ages

400 thousand – 400 million years after the Big Bang
Universe contains dark matter, neutral hydrogen and 
helium gas



Reionization

First stars and galaxies emit ionizing radiation
Gas between galaxies becomes ionized
Last major phase change in the universe



How did reionization happen?

Artist’s conception 
of a galaxy in the 
early Universe
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Galaxies are surrounded by neutral hydrogen
Hard for ionizing radiation to get out
How do we get enough photons?



How did reionization happen?

Need many energetic photons 
escaping from many galaxies





Starburst galaxies
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Starburst galaxies: galactic outflows



Galactic outflows

Intense star formation 
in small volume
Energy from 
supernovae and stellar 
winds, momentum 
from radiation 
pressure drive gas out 
of galaxies
Complex, not 
understood in detail



Growing galaxies in boxes
z=4

z=3

z=2

NHI (cm-2) T (K)NHI (cm-2) T (K)kpc

FIRE simulations 
Faucher-Giguere et al 2015
left: neutral hydrogen density
right: temperature

Multiple driving 
mechanisms for outflows
Dominant mechanism 
may depend on galaxy 
type
Wide range in 
temperature, velocity in all 
galaxies



The importance of galactic outflows

Regulate star 
formation

Star formation 
in Orion



Do outflows shut off star formation?
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How do galaxies change over time?



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
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Looking back in time
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Galaxies at the peak epoch of star formation

6 Law et al.

Fig. 2.— Continued
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Rest-frame UV spectrum of galaxy at z~2



Rest-frame UV spectrum of galaxy at z~2

continuum: 
light from hot, massive stars



Rest-frame UV spectrum of galaxy at z~2

continuum: 
light from hot, massive stars

absorption lines from outflowing gas



Rest-frame UV spectrum of galaxy at z~2

continuum: 
light from hot, massive stars

absorption lines from outflowing gas

Lyα emission line 
from hydrogen gas
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Lyα and Resonant Scattering

n=1

n=2

n=3

γ

Re-emitted photons have 
Doppler shift due to the 

velocity of the atom

Result is scattering of the photon, 
in both space and wavelength:

resonant scattering

Lyα : n=2 to n=1 transition of 
neutral H, 121.5 nm

Neutral hydrogen in or 
near galaxies absorbs 

and re-emits Lyα photons 

Measuring Doppler shifts of 
photons then reveals velocity 
structure in the absorbing gas



Most galaxies are starburst galaxies

A further difficulty with observations of galactic outflows at high
redshift is the low spectral resolution at which such observations are
generally made, since these galaxies are typically too faint for observa-
tions at high resolution. Low resolution results in blending between
absorption lines from outflowing and non-outflowing components of
gas in the galaxy, with the result that the centroid of the interstellar
absorption lines is a crude measurement of the outflow velocity at best;
this centroid may be strongly influenced by the strength and width of
absorption from gas at the redshift of the galaxy itself. This problem
can be improved with the use of spectra of gravitationally lensed
galaxies, in which magnification by a foreground galaxy or cluster of
galaxies can result in the amplification of flux by a factor of 30 or more.

The brightness of these galaxies then allows for higher-resolution spec-
tra in which the velocity structure of the interstellar gas can be studied in
much more detail. An example of absorption lines in a gravitationally
lensed galaxy is shown in Fig. 5. These lines show an absorption com-
ponent at zero velocity, corresponding to the interstellar medium of the
galaxy, a strong outflowing component centred at approximately
2250 km s21, and a tail of outflowing gas with velocities extending to
2750 km s21 (ref. 61). More recent studies of additional lensed galaxies,
and of high-signal-to-noise-ratio composite spectra of large samples of
galaxies, indicate that such maximum velocities are typical, with winds
extending to velocities of 2800 km s21 (refs 5, 62–64).

Examinations of the ultraviolet spectra of galaxies at 1.5= z= 4 have
indicated that outflows are prevalent at these redshifts, and have pro-
vided estimates of their typical velocities, but many questions remain.
One such question is whether or not the scalings of outflow properties
observed in the local Universe also hold at high redshift. At z < 1.4,
outflow velocity is observed to scale with star-formation rate with a
comparable scaling to the local relation4, but studies at higher redshifts
have shown mixed or inconclusive results, possibly owing to the lack of
dynamic range in the samples because of the inability to measure out-
flow velocities in very faint galaxies at high redshifts. Thus, the inclusion
of faint objects in spectroscopic samples at high redshifts is key to
understanding the properties of feedback in the early Universe.

The importance of low-mass galaxies
While observations of low-mass galaxies (here defined as galaxies with
stellar masses =109M[) are necessary to an understanding of how
feedback operates in the distant Universe, these objects are also import-
ant in their own right. Measurements of the rest-frame ultraviolet
luminosity function of galaxies indicate that, by z . 0.75, the faint-
end slope is steeper than in the local Universe, and it remains steep
and may even increase out to the highest redshifts at which it can be
measured65–68. Studies of samples of galaxies lensed by massive clusters
also indicate that this slope remains steep down to the faintest observ-
able magnitudes69,70. These results indicate that faint, low-mass galaxies
host a substantial fraction of the star formation in the high-redshift
Universe, while also making it clear that the determination of the
contribution of faint galaxies to the global density of star formation
depends on assumptions regarding the stellar populations of these
faint galaxies. The metallicities, dust properties and ages of these
objects are not yet well characterized65,69.

Faint galaxies are now also being recognized as the probable key to
the reionization of the Universe. Ionizing photons from the first stars
and galaxies reionized the intergalactic medium, and observations now
constrain the epoch at which this occurred. Spectra of quasars at z . 6
reveal broad, total absorption at wavelengths just short of the Lya emis-
sion line in the spectrum of the quasar itself (the Gunn–Peterson effect),
indicating the presence of neutral hydrogen in the surrounding
intergalactic medium and thus suggesting the completion of reioniza-
tion at z < 6 (ref. 71). Observations of the cosmic microwave back-
ground also constrain the redshift of reionization, through the
increased optical depth as cosmic microwave background photons scat-
ter off newly free electrons. Measurements of this optical depth place the
redshift of reionization at z < 10–11, assuming that it was a nearly
instantaneous process72,73; it is more likely, however, that reionization
proceeded more gradually, beginning at z . 10 and completing at
z < 6–7 (ref. 74). The production and escape of sufficient numbers of
ionizing photons remains a challenge for models of reionization, with
current models suggesting that large numbers of faint galaxies are
required75,76.

The optical depth of the intergalactic medium precludes detection of
ionizing photons at all redshifts z> 4, but studies at z < 3 now suggest
that the escape fraction may be higher in faint galaxies selected by Lya
emission than in brighter, continuum-selected Lyman break galaxies (gal-
axies identified via broad-band imaging in filters bracketing the drop in flux
at the ionization edge of hydrogen)77–79. Although many uncertainties
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Figure 4 | Two schematic models of a spherical galactic outflow. a, A model
in which the covering fraction of neutral hydrogen in the outflow is nearly
complete. b, The covering fraction of neutral gas is lower, resulting in
substantial residual intensity in the low ionization absorption lines, Lya
emission that is blueshifted as well as redshifted, and the potential escape of
ionizing Lyman continuum photons. The spectra in a show low ionization
absorption and Lya emission from the z 5 2.7 lensed galaxy MS1512-cB5861,
and the spectra in b show absorption and emission from the z 5 0.23 galaxy
J09211450956,82. Spectra in a courtesy of M. Pettini. Spectra in b adapted from
figures 4 and 8 of ref. 56 (IOP Publishing, American Astronomical Society).
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The importance of faint galaxies
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The importance of faint galaxies

-2 -1.5
-21.5

-21

-20.5

-20 Re
dd

y 
& 

St
eid

el 
20

09

Nu
m

be
r o

f G
ala

xie
s

Vo
lum

e

Galaxy Luminositybright faint

rises steeply:
lots of faint 
galaxies!

Remember: we need a lot of 
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Properties of faint, low mass galaxies
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Rest-frame UV spectrum of low mass galaxy at z~2



Properties of faint, low mass galaxies
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Rest-frame UV spectrum of low mass galaxy at z~2
Unusually strong emission lines: 
little chemical enrichment, highly ionized



Properties of faint, low mass galaxies
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Rest-frame UV spectrum of low mass galaxy at z~2

Absorption lines from outflowing gas



Properties of faint, low mass galaxies
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Rest-frame UV spectrum of low mass galaxy at z~2

Strong lines from highly ionized gas

Absorption lines from outflowing gas



Properties of faint, low mass galaxies
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Strong lines from highly ionized gas

Absorption lines from outflowing gas

Weak lines from weakly ionized gas



Most galaxies are starburst galaxies

A further difficulty with observations of galactic outflows at high
redshift is the low spectral resolution at which such observations are
generally made, since these galaxies are typically too faint for observa-
tions at high resolution. Low resolution results in blending between
absorption lines from outflowing and non-outflowing components of
gas in the galaxy, with the result that the centroid of the interstellar
absorption lines is a crude measurement of the outflow velocity at best;
this centroid may be strongly influenced by the strength and width of
absorption from gas at the redshift of the galaxy itself. This problem
can be improved with the use of spectra of gravitationally lensed
galaxies, in which magnification by a foreground galaxy or cluster of
galaxies can result in the amplification of flux by a factor of 30 or more.

The brightness of these galaxies then allows for higher-resolution spec-
tra in which the velocity structure of the interstellar gas can be studied in
much more detail. An example of absorption lines in a gravitationally
lensed galaxy is shown in Fig. 5. These lines show an absorption com-
ponent at zero velocity, corresponding to the interstellar medium of the
galaxy, a strong outflowing component centred at approximately
2250 km s21, and a tail of outflowing gas with velocities extending to
2750 km s21 (ref. 61). More recent studies of additional lensed galaxies,
and of high-signal-to-noise-ratio composite spectra of large samples of
galaxies, indicate that such maximum velocities are typical, with winds
extending to velocities of 2800 km s21 (refs 5, 62–64).

Examinations of the ultraviolet spectra of galaxies at 1.5= z= 4 have
indicated that outflows are prevalent at these redshifts, and have pro-
vided estimates of their typical velocities, but many questions remain.
One such question is whether or not the scalings of outflow properties
observed in the local Universe also hold at high redshift. At z < 1.4,
outflow velocity is observed to scale with star-formation rate with a
comparable scaling to the local relation4, but studies at higher redshifts
have shown mixed or inconclusive results, possibly owing to the lack of
dynamic range in the samples because of the inability to measure out-
flow velocities in very faint galaxies at high redshifts. Thus, the inclusion
of faint objects in spectroscopic samples at high redshifts is key to
understanding the properties of feedback in the early Universe.

The importance of low-mass galaxies
While observations of low-mass galaxies (here defined as galaxies with
stellar masses =109M[) are necessary to an understanding of how
feedback operates in the distant Universe, these objects are also import-
ant in their own right. Measurements of the rest-frame ultraviolet
luminosity function of galaxies indicate that, by z . 0.75, the faint-
end slope is steeper than in the local Universe, and it remains steep
and may even increase out to the highest redshifts at which it can be
measured65–68. Studies of samples of galaxies lensed by massive clusters
also indicate that this slope remains steep down to the faintest observ-
able magnitudes69,70. These results indicate that faint, low-mass galaxies
host a substantial fraction of the star formation in the high-redshift
Universe, while also making it clear that the determination of the
contribution of faint galaxies to the global density of star formation
depends on assumptions regarding the stellar populations of these
faint galaxies. The metallicities, dust properties and ages of these
objects are not yet well characterized65,69.

Faint galaxies are now also being recognized as the probable key to
the reionization of the Universe. Ionizing photons from the first stars
and galaxies reionized the intergalactic medium, and observations now
constrain the epoch at which this occurred. Spectra of quasars at z . 6
reveal broad, total absorption at wavelengths just short of the Lya emis-
sion line in the spectrum of the quasar itself (the Gunn–Peterson effect),
indicating the presence of neutral hydrogen in the surrounding
intergalactic medium and thus suggesting the completion of reioniza-
tion at z < 6 (ref. 71). Observations of the cosmic microwave back-
ground also constrain the redshift of reionization, through the
increased optical depth as cosmic microwave background photons scat-
ter off newly free electrons. Measurements of this optical depth place the
redshift of reionization at z < 10–11, assuming that it was a nearly
instantaneous process72,73; it is more likely, however, that reionization
proceeded more gradually, beginning at z . 10 and completing at
z < 6–7 (ref. 74). The production and escape of sufficient numbers of
ionizing photons remains a challenge for models of reionization, with
current models suggesting that large numbers of faint galaxies are
required75,76.

The optical depth of the intergalactic medium precludes detection of
ionizing photons at all redshifts z> 4, but studies at z < 3 now suggest
that the escape fraction may be higher in faint galaxies selected by Lya
emission than in brighter, continuum-selected Lyman break galaxies (gal-
axies identified via broad-band imaging in filters bracketing the drop in flux
at the ionization edge of hydrogen)77–79. Although many uncertainties
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Figure 4 | Two schematic models of a spherical galactic outflow. a, A model
in which the covering fraction of neutral hydrogen in the outflow is nearly
complete. b, The covering fraction of neutral gas is lower, resulting in
substantial residual intensity in the low ionization absorption lines, Lya
emission that is blueshifted as well as redshifted, and the potential escape of
ionizing Lyman continuum photons. The spectra in a show low ionization
absorption and Lya emission from the z 5 2.7 lensed galaxy MS1512-cB5861,
and the spectra in b show absorption and emission from the z 5 0.23 galaxy
J09211450956,82. Spectra in a courtesy of M. Pettini. Spectra in b adapted from
figures 4 and 8 of ref. 56 (IOP Publishing, American Astronomical Society).
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Outflows in faint galaxies

A further difficulty with observations of galactic outflows at high
redshift is the low spectral resolution at which such observations are
generally made, since these galaxies are typically too faint for observa-
tions at high resolution. Low resolution results in blending between
absorption lines from outflowing and non-outflowing components of
gas in the galaxy, with the result that the centroid of the interstellar
absorption lines is a crude measurement of the outflow velocity at best;
this centroid may be strongly influenced by the strength and width of
absorption from gas at the redshift of the galaxy itself. This problem
can be improved with the use of spectra of gravitationally lensed
galaxies, in which magnification by a foreground galaxy or cluster of
galaxies can result in the amplification of flux by a factor of 30 or more.

The brightness of these galaxies then allows for higher-resolution spec-
tra in which the velocity structure of the interstellar gas can be studied in
much more detail. An example of absorption lines in a gravitationally
lensed galaxy is shown in Fig. 5. These lines show an absorption com-
ponent at zero velocity, corresponding to the interstellar medium of the
galaxy, a strong outflowing component centred at approximately
2250 km s21, and a tail of outflowing gas with velocities extending to
2750 km s21 (ref. 61). More recent studies of additional lensed galaxies,
and of high-signal-to-noise-ratio composite spectra of large samples of
galaxies, indicate that such maximum velocities are typical, with winds
extending to velocities of 2800 km s21 (refs 5, 62–64).

Examinations of the ultraviolet spectra of galaxies at 1.5= z= 4 have
indicated that outflows are prevalent at these redshifts, and have pro-
vided estimates of their typical velocities, but many questions remain.
One such question is whether or not the scalings of outflow properties
observed in the local Universe also hold at high redshift. At z < 1.4,
outflow velocity is observed to scale with star-formation rate with a
comparable scaling to the local relation4, but studies at higher redshifts
have shown mixed or inconclusive results, possibly owing to the lack of
dynamic range in the samples because of the inability to measure out-
flow velocities in very faint galaxies at high redshifts. Thus, the inclusion
of faint objects in spectroscopic samples at high redshifts is key to
understanding the properties of feedback in the early Universe.

The importance of low-mass galaxies
While observations of low-mass galaxies (here defined as galaxies with
stellar masses =109M[) are necessary to an understanding of how
feedback operates in the distant Universe, these objects are also import-
ant in their own right. Measurements of the rest-frame ultraviolet
luminosity function of galaxies indicate that, by z . 0.75, the faint-
end slope is steeper than in the local Universe, and it remains steep
and may even increase out to the highest redshifts at which it can be
measured65–68. Studies of samples of galaxies lensed by massive clusters
also indicate that this slope remains steep down to the faintest observ-
able magnitudes69,70. These results indicate that faint, low-mass galaxies
host a substantial fraction of the star formation in the high-redshift
Universe, while also making it clear that the determination of the
contribution of faint galaxies to the global density of star formation
depends on assumptions regarding the stellar populations of these
faint galaxies. The metallicities, dust properties and ages of these
objects are not yet well characterized65,69.

Faint galaxies are now also being recognized as the probable key to
the reionization of the Universe. Ionizing photons from the first stars
and galaxies reionized the intergalactic medium, and observations now
constrain the epoch at which this occurred. Spectra of quasars at z . 6
reveal broad, total absorption at wavelengths just short of the Lya emis-
sion line in the spectrum of the quasar itself (the Gunn–Peterson effect),
indicating the presence of neutral hydrogen in the surrounding
intergalactic medium and thus suggesting the completion of reioniza-
tion at z < 6 (ref. 71). Observations of the cosmic microwave back-
ground also constrain the redshift of reionization, through the
increased optical depth as cosmic microwave background photons scat-
ter off newly free electrons. Measurements of this optical depth place the
redshift of reionization at z < 10–11, assuming that it was a nearly
instantaneous process72,73; it is more likely, however, that reionization
proceeded more gradually, beginning at z . 10 and completing at
z < 6–7 (ref. 74). The production and escape of sufficient numbers of
ionizing photons remains a challenge for models of reionization, with
current models suggesting that large numbers of faint galaxies are
required75,76.

The optical depth of the intergalactic medium precludes detection of
ionizing photons at all redshifts z> 4, but studies at z < 3 now suggest
that the escape fraction may be higher in faint galaxies selected by Lya
emission than in brighter, continuum-selected Lyman break galaxies (gal-
axies identified via broad-band imaging in filters bracketing the drop in flux
at the ionization edge of hydrogen)77–79. Although many uncertainties
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Figure 4 | Two schematic models of a spherical galactic outflow. a, A model
in which the covering fraction of neutral hydrogen in the outflow is nearly
complete. b, The covering fraction of neutral gas is lower, resulting in
substantial residual intensity in the low ionization absorption lines, Lya
emission that is blueshifted as well as redshifted, and the potential escape of
ionizing Lyman continuum photons. The spectra in a show low ionization
absorption and Lya emission from the z 5 2.7 lensed galaxy MS1512-cB5861,
and the spectra in b show absorption and emission from the z 5 0.23 galaxy
J09211450956,82. Spectra in a courtesy of M. Pettini. Spectra in b adapted from
figures 4 and 8 of ref. 56 (IOP Publishing, American Astronomical Society).
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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.
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Summary

A further difficulty with observations of galactic outflows at high
redshift is the low spectral resolution at which such observations are
generally made, since these galaxies are typically too faint for observa-
tions at high resolution. Low resolution results in blending between
absorption lines from outflowing and non-outflowing components of
gas in the galaxy, with the result that the centroid of the interstellar
absorption lines is a crude measurement of the outflow velocity at best;
this centroid may be strongly influenced by the strength and width of
absorption from gas at the redshift of the galaxy itself. This problem
can be improved with the use of spectra of gravitationally lensed
galaxies, in which magnification by a foreground galaxy or cluster of
galaxies can result in the amplification of flux by a factor of 30 or more.

The brightness of these galaxies then allows for higher-resolution spec-
tra in which the velocity structure of the interstellar gas can be studied in
much more detail. An example of absorption lines in a gravitationally
lensed galaxy is shown in Fig. 5. These lines show an absorption com-
ponent at zero velocity, corresponding to the interstellar medium of the
galaxy, a strong outflowing component centred at approximately
2250 km s21, and a tail of outflowing gas with velocities extending to
2750 km s21 (ref. 61). More recent studies of additional lensed galaxies,
and of high-signal-to-noise-ratio composite spectra of large samples of
galaxies, indicate that such maximum velocities are typical, with winds
extending to velocities of 2800 km s21 (refs 5, 62–64).

Examinations of the ultraviolet spectra of galaxies at 1.5= z= 4 have
indicated that outflows are prevalent at these redshifts, and have pro-
vided estimates of their typical velocities, but many questions remain.
One such question is whether or not the scalings of outflow properties
observed in the local Universe also hold at high redshift. At z < 1.4,
outflow velocity is observed to scale with star-formation rate with a
comparable scaling to the local relation4, but studies at higher redshifts
have shown mixed or inconclusive results, possibly owing to the lack of
dynamic range in the samples because of the inability to measure out-
flow velocities in very faint galaxies at high redshifts. Thus, the inclusion
of faint objects in spectroscopic samples at high redshifts is key to
understanding the properties of feedback in the early Universe.

The importance of low-mass galaxies
While observations of low-mass galaxies (here defined as galaxies with
stellar masses =109M[) are necessary to an understanding of how
feedback operates in the distant Universe, these objects are also import-
ant in their own right. Measurements of the rest-frame ultraviolet
luminosity function of galaxies indicate that, by z . 0.75, the faint-
end slope is steeper than in the local Universe, and it remains steep
and may even increase out to the highest redshifts at which it can be
measured65–68. Studies of samples of galaxies lensed by massive clusters
also indicate that this slope remains steep down to the faintest observ-
able magnitudes69,70. These results indicate that faint, low-mass galaxies
host a substantial fraction of the star formation in the high-redshift
Universe, while also making it clear that the determination of the
contribution of faint galaxies to the global density of star formation
depends on assumptions regarding the stellar populations of these
faint galaxies. The metallicities, dust properties and ages of these
objects are not yet well characterized65,69.

Faint galaxies are now also being recognized as the probable key to
the reionization of the Universe. Ionizing photons from the first stars
and galaxies reionized the intergalactic medium, and observations now
constrain the epoch at which this occurred. Spectra of quasars at z . 6
reveal broad, total absorption at wavelengths just short of the Lya emis-
sion line in the spectrum of the quasar itself (the Gunn–Peterson effect),
indicating the presence of neutral hydrogen in the surrounding
intergalactic medium and thus suggesting the completion of reioniza-
tion at z < 6 (ref. 71). Observations of the cosmic microwave back-
ground also constrain the redshift of reionization, through the
increased optical depth as cosmic microwave background photons scat-
ter off newly free electrons. Measurements of this optical depth place the
redshift of reionization at z < 10–11, assuming that it was a nearly
instantaneous process72,73; it is more likely, however, that reionization
proceeded more gradually, beginning at z . 10 and completing at
z < 6–7 (ref. 74). The production and escape of sufficient numbers of
ionizing photons remains a challenge for models of reionization, with
current models suggesting that large numbers of faint galaxies are
required75,76.

The optical depth of the intergalactic medium precludes detection of
ionizing photons at all redshifts z> 4, but studies at z < 3 now suggest
that the escape fraction may be higher in faint galaxies selected by Lya
emission than in brighter, continuum-selected Lyman break galaxies (gal-
axies identified via broad-band imaging in filters bracketing the drop in flux
at the ionization edge of hydrogen)77–79. Although many uncertainties
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Figure 4 | Two schematic models of a spherical galactic outflow. a, A model
in which the covering fraction of neutral hydrogen in the outflow is nearly
complete. b, The covering fraction of neutral gas is lower, resulting in
substantial residual intensity in the low ionization absorption lines, Lya
emission that is blueshifted as well as redshifted, and the potential escape of
ionizing Lyman continuum photons. The spectra in a show low ionization
absorption and Lya emission from the z 5 2.7 lensed galaxy MS1512-cB5861,
and the spectra in b show absorption and emission from the z 5 0.23 galaxy
J09211450956,82. Spectra in a courtesy of M. Pettini. Spectra in b adapted from
figures 4 and 8 of ref. 56 (IOP Publishing, American Astronomical Society).
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A further difficulty with observations of galactic outflows at high
redshift is the low spectral resolution at which such observations are
generally made, since these galaxies are typically too faint for observa-
tions at high resolution. Low resolution results in blending between
absorption lines from outflowing and non-outflowing components of
gas in the galaxy, with the result that the centroid of the interstellar
absorption lines is a crude measurement of the outflow velocity at best;
this centroid may be strongly influenced by the strength and width of
absorption from gas at the redshift of the galaxy itself. This problem
can be improved with the use of spectra of gravitationally lensed
galaxies, in which magnification by a foreground galaxy or cluster of
galaxies can result in the amplification of flux by a factor of 30 or more.

The brightness of these galaxies then allows for higher-resolution spec-
tra in which the velocity structure of the interstellar gas can be studied in
much more detail. An example of absorption lines in a gravitationally
lensed galaxy is shown in Fig. 5. These lines show an absorption com-
ponent at zero velocity, corresponding to the interstellar medium of the
galaxy, a strong outflowing component centred at approximately
2250 km s21, and a tail of outflowing gas with velocities extending to
2750 km s21 (ref. 61). More recent studies of additional lensed galaxies,
and of high-signal-to-noise-ratio composite spectra of large samples of
galaxies, indicate that such maximum velocities are typical, with winds
extending to velocities of 2800 km s21 (refs 5, 62–64).

Examinations of the ultraviolet spectra of galaxies at 1.5= z= 4 have
indicated that outflows are prevalent at these redshifts, and have pro-
vided estimates of their typical velocities, but many questions remain.
One such question is whether or not the scalings of outflow properties
observed in the local Universe also hold at high redshift. At z < 1.4,
outflow velocity is observed to scale with star-formation rate with a
comparable scaling to the local relation4, but studies at higher redshifts
have shown mixed or inconclusive results, possibly owing to the lack of
dynamic range in the samples because of the inability to measure out-
flow velocities in very faint galaxies at high redshifts. Thus, the inclusion
of faint objects in spectroscopic samples at high redshifts is key to
understanding the properties of feedback in the early Universe.

The importance of low-mass galaxies
While observations of low-mass galaxies (here defined as galaxies with
stellar masses =109M[) are necessary to an understanding of how
feedback operates in the distant Universe, these objects are also import-
ant in their own right. Measurements of the rest-frame ultraviolet
luminosity function of galaxies indicate that, by z . 0.75, the faint-
end slope is steeper than in the local Universe, and it remains steep
and may even increase out to the highest redshifts at which it can be
measured65–68. Studies of samples of galaxies lensed by massive clusters
also indicate that this slope remains steep down to the faintest observ-
able magnitudes69,70. These results indicate that faint, low-mass galaxies
host a substantial fraction of the star formation in the high-redshift
Universe, while also making it clear that the determination of the
contribution of faint galaxies to the global density of star formation
depends on assumptions regarding the stellar populations of these
faint galaxies. The metallicities, dust properties and ages of these
objects are not yet well characterized65,69.

Faint galaxies are now also being recognized as the probable key to
the reionization of the Universe. Ionizing photons from the first stars
and galaxies reionized the intergalactic medium, and observations now
constrain the epoch at which this occurred. Spectra of quasars at z . 6
reveal broad, total absorption at wavelengths just short of the Lya emis-
sion line in the spectrum of the quasar itself (the Gunn–Peterson effect),
indicating the presence of neutral hydrogen in the surrounding
intergalactic medium and thus suggesting the completion of reioniza-
tion at z < 6 (ref. 71). Observations of the cosmic microwave back-
ground also constrain the redshift of reionization, through the
increased optical depth as cosmic microwave background photons scat-
ter off newly free electrons. Measurements of this optical depth place the
redshift of reionization at z < 10–11, assuming that it was a nearly
instantaneous process72,73; it is more likely, however, that reionization
proceeded more gradually, beginning at z . 10 and completing at
z < 6–7 (ref. 74). The production and escape of sufficient numbers of
ionizing photons remains a challenge for models of reionization, with
current models suggesting that large numbers of faint galaxies are
required75,76.

The optical depth of the intergalactic medium precludes detection of
ionizing photons at all redshifts z> 4, but studies at z < 3 now suggest
that the escape fraction may be higher in faint galaxies selected by Lya
emission than in brighter, continuum-selected Lyman break galaxies (gal-
axies identified via broad-band imaging in filters bracketing the drop in flux
at the ionization edge of hydrogen)77–79. Although many uncertainties
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Figure 4 | Two schematic models of a spherical galactic outflow. a, A model
in which the covering fraction of neutral hydrogen in the outflow is nearly
complete. b, The covering fraction of neutral gas is lower, resulting in
substantial residual intensity in the low ionization absorption lines, Lya
emission that is blueshifted as well as redshifted, and the potential escape of
ionizing Lyman continuum photons. The spectra in a show low ionization
absorption and Lya emission from the z 5 2.7 lensed galaxy MS1512-cB5861,
and the spectra in b show absorption and emission from the z 5 0.23 galaxy
J09211450956,82. Spectra in a courtesy of M. Pettini. Spectra in b adapted from
figures 4 and 8 of ref. 56 (IOP Publishing, American Astronomical Society).
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A further difficulty with observations of galactic outflows at high
redshift is the low spectral resolution at which such observations are
generally made, since these galaxies are typically too faint for observa-
tions at high resolution. Low resolution results in blending between
absorption lines from outflowing and non-outflowing components of
gas in the galaxy, with the result that the centroid of the interstellar
absorption lines is a crude measurement of the outflow velocity at best;
this centroid may be strongly influenced by the strength and width of
absorption from gas at the redshift of the galaxy itself. This problem
can be improved with the use of spectra of gravitationally lensed
galaxies, in which magnification by a foreground galaxy or cluster of
galaxies can result in the amplification of flux by a factor of 30 or more.

The brightness of these galaxies then allows for higher-resolution spec-
tra in which the velocity structure of the interstellar gas can be studied in
much more detail. An example of absorption lines in a gravitationally
lensed galaxy is shown in Fig. 5. These lines show an absorption com-
ponent at zero velocity, corresponding to the interstellar medium of the
galaxy, a strong outflowing component centred at approximately
2250 km s21, and a tail of outflowing gas with velocities extending to
2750 km s21 (ref. 61). More recent studies of additional lensed galaxies,
and of high-signal-to-noise-ratio composite spectra of large samples of
galaxies, indicate that such maximum velocities are typical, with winds
extending to velocities of 2800 km s21 (refs 5, 62–64).

Examinations of the ultraviolet spectra of galaxies at 1.5= z= 4 have
indicated that outflows are prevalent at these redshifts, and have pro-
vided estimates of their typical velocities, but many questions remain.
One such question is whether or not the scalings of outflow properties
observed in the local Universe also hold at high redshift. At z < 1.4,
outflow velocity is observed to scale with star-formation rate with a
comparable scaling to the local relation4, but studies at higher redshifts
have shown mixed or inconclusive results, possibly owing to the lack of
dynamic range in the samples because of the inability to measure out-
flow velocities in very faint galaxies at high redshifts. Thus, the inclusion
of faint objects in spectroscopic samples at high redshifts is key to
understanding the properties of feedback in the early Universe.

The importance of low-mass galaxies
While observations of low-mass galaxies (here defined as galaxies with
stellar masses =109M[) are necessary to an understanding of how
feedback operates in the distant Universe, these objects are also import-
ant in their own right. Measurements of the rest-frame ultraviolet
luminosity function of galaxies indicate that, by z . 0.75, the faint-
end slope is steeper than in the local Universe, and it remains steep
and may even increase out to the highest redshifts at which it can be
measured65–68. Studies of samples of galaxies lensed by massive clusters
also indicate that this slope remains steep down to the faintest observ-
able magnitudes69,70. These results indicate that faint, low-mass galaxies
host a substantial fraction of the star formation in the high-redshift
Universe, while also making it clear that the determination of the
contribution of faint galaxies to the global density of star formation
depends on assumptions regarding the stellar populations of these
faint galaxies. The metallicities, dust properties and ages of these
objects are not yet well characterized65,69.

Faint galaxies are now also being recognized as the probable key to
the reionization of the Universe. Ionizing photons from the first stars
and galaxies reionized the intergalactic medium, and observations now
constrain the epoch at which this occurred. Spectra of quasars at z . 6
reveal broad, total absorption at wavelengths just short of the Lya emis-
sion line in the spectrum of the quasar itself (the Gunn–Peterson effect),
indicating the presence of neutral hydrogen in the surrounding
intergalactic medium and thus suggesting the completion of reioniza-
tion at z < 6 (ref. 71). Observations of the cosmic microwave back-
ground also constrain the redshift of reionization, through the
increased optical depth as cosmic microwave background photons scat-
ter off newly free electrons. Measurements of this optical depth place the
redshift of reionization at z < 10–11, assuming that it was a nearly
instantaneous process72,73; it is more likely, however, that reionization
proceeded more gradually, beginning at z . 10 and completing at
z < 6–7 (ref. 74). The production and escape of sufficient numbers of
ionizing photons remains a challenge for models of reionization, with
current models suggesting that large numbers of faint galaxies are
required75,76.

The optical depth of the intergalactic medium precludes detection of
ionizing photons at all redshifts z> 4, but studies at z < 3 now suggest
that the escape fraction may be higher in faint galaxies selected by Lya
emission than in brighter, continuum-selected Lyman break galaxies (gal-
axies identified via broad-band imaging in filters bracketing the drop in flux
at the ionization edge of hydrogen)77–79. Although many uncertainties
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Figure 4 | Two schematic models of a spherical galactic outflow. a, A model
in which the covering fraction of neutral hydrogen in the outflow is nearly
complete. b, The covering fraction of neutral gas is lower, resulting in
substantial residual intensity in the low ionization absorption lines, Lya
emission that is blueshifted as well as redshifted, and the potential escape of
ionizing Lyman continuum photons. The spectra in a show low ionization
absorption and Lya emission from the z 5 2.7 lensed galaxy MS1512-cB5861,
and the spectra in b show absorption and emission from the z 5 0.23 galaxy
J09211450956,82. Spectra in a courtesy of M. Pettini. Spectra in b adapted from
figures 4 and 8 of ref. 56 (IOP Publishing, American Astronomical Society).
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