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Questions

• Do we really need feedback on large scales? -- 
observational evidence

• What is the energy source? -- SNe or AGN

• How can we study chemical enrichment on 
cosmological scales? -- simulations

• What’s the next step?



Observational Evidence for Galactic Wind

X-ray + Opt + IR

z~0
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2.2. Co-Addition of DEEP2 Spectra

The median signal-to-noise ratio (S/N) of DEEP2 spectra in
the Mg ii sample near 2820 Å restframe is 0.55 per pixel, or
1.1 per FWHM. The typical exposure time of 1 hr is designed
for acceptable detection of nebular emission lines, but does not
yield S/N/pixel high enough to study absorption lines in detail
in most of the objects. We construct a high S/N composite by
co-adding spectra in their rest frame.

We co-add the spectra using an IDL routine written by mem-
bers of the DEEP2 team. From an input catalog of DEEP2 galax-
ies, the routine collects their one-dimensional extracted spectra,
corrects each for telluric absorption, shifts the wavelength scale
to the rest frame based on the DEEP2 catalog redshift, which
is derived from [O ii] in these objects, and co-adds the spectra,
weighting at each pixel by the inverse variance.

Weighting solely by the inverse variance would mean that
bright objects contribute super-linearly to the co-add, since they
have higher flux and lower variance. For the present sample, for
each spectrum we renormalized the inverse variance array so that
it has median of 1, prior to the telluric correction. The effect is to
retain the dependence of the inverse variance on wavelength in
each individual spectrum, e.g. due to night sky lines, but to take
out the object-to-object difference, to avoid weighting bright
galaxies more due to the higher S/N of their spectra. The co-
added spectrum is light-weighted, not equal-number-weighted,
across the galaxy sample. We did not flux-calibrate the spectra
prior to co-addition; since the galaxies occupy a narrow redshift
range, the instrumental response does not vary greatly in the
pixels contributing to a given rest wavelength. The pixel spacing
in the co-added spectrum is 13.8 km s!1 at 2800 Å. The S/N/
pixel in the co-added spectrum of 1406 galaxies is 21, and in
the subsamples of Section 6 the S/N/pixel is 8–14.

3. MG ii ABSORPTION IN DEEP2 GALAXIES

3.1. The Co-added Spectrum at z = 1.4

Figure 2 shows the full co-added spectrum of the 1406-
galaxy Mg ii sample. The spectrum is dominated by strong
[O ii] 3727 emission. There are prominent Balmer absorption
lines indicating a young stellar population with A stars, [Ne iii]
3869 emission, and some narrow Balmer emission. The UV
spectrum blueward of [O ii] is relatively featureless except for
weak He I 3188 Å emission, and strong absorption from Mg i at
2852 Å and the Mg ii doublet at 2796, 2803 Å.

In Figure 3 we extract the regions of the co-added spectrum
around the lines [O ii] 3726.0, 3728.8 Å, Mg ii 2795.5, 2802.7 Å,
and Mg i 2852.1 Å, and plot them on restframe velocity scales
derived from the DEEP2 catalog redshift. At this high redshift,
the DEEP2 redshift is based solely on fitting [O ii]. The [O ii]
doublet is thus necessarily fixed to zero velocity, here referenced
to the redder line at 3728.82 Å. The immediately visible result
is that the Mg ii and Mg i absorption lines are asymmetric and
blueshifted by a few hundred km s!1 with respect to the systemic
velocity defined by [O ii].

The lines of the [O ii] doublet are symmetric, with low-
intensity wings more extended than Gaussian. The wings could
be due to wings in individual galaxies or simply the fact that the
summation of Gaussians of different dispersions is not itself a
Gaussian. In local superwind galaxies, faint optical emission is
seen from high-velocity wings of a few hundred km s!1, from
shocked gas swept up by the wind (e.g., Bland & Tully 1988;
Heckman et al. 1990). The [Ne iii] line, which arises in AGN

Figure 2. Co-added spectrum of all 1406 galaxies in the Mg ii sample, in the
rest frame. The upper line is the spectrum, smoothed with a 5 pixel boxcar, and
the lower smooth line is the error spectrum of the smoothed co-add.

Figure 3. [O ii] 3726.0, 3728.8, Mg ii 2795.5, 2802.7, and Mg i 2852.1 Å lines
in the co-added spectrum of 1406 galaxies, relative to zero velocity as defined
by the redshift derived from [O ii]. The [O ii] doublet lines are at their nominal
systemic velocities, but the Mg i and both Mg ii lines show blueshifted and
asymmetric absorption profiles. The horizontal bars in the middle panel show
the extent of the windows used in Section 3.4 to measure absorption and excess
emission in individual spectra.

and in very blue star-forming galaxies, is much weaker than
[O ii], and has a small blueshift of 40 km s!1.

In local luminous infrared and starburst galaxies, the centroid
of optical emission can be slightly blueshifted with respect to the
systemic velocity, presumably due to emission from outflowing
gas. For IR-luminous galaxies, Mirabel & Sanders (1988), found
the optical catalog redshift was blueshifted by 90 km s!1

on average relative to the centroid of 21 cm H i emission. In
local edge-on starbursts, Lehnert & Heckman (1996) found the
nuclear emission lines blueshifted by a median of 25 km s!1

relative to the overall rotation curve. However, in our spectra,
since the galaxies are comparable in size to the slit width, [O ii]
emission is integrated over most of the galaxy. In our co-added
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Table 2
Mg ii Equivalent Width and Doublet Ratios

Category W2796
a, Å W2803

a, Å Ratio ! 0

No excess emission 1.54 1.37 1.13 !8 " 10
log M# < 9.88 1.24 1.26 0.98b >10
9.88 < log M# < 10.45 1.55 1.41 1.10 !10 " 20
log M#>10.45 1.73 1.48 1.17 !5
log SFR < 1.15 1.49 1.25 1.19b !5
1.15 < log SFR < 1.45 1.37 1.31 1.04 >10
log SFR > 1.45 1.67 1.47 1.14 !8

Notes.
a EW is computed only between 0 and "768 km s"1 and excludes above-
continuum pixels.
b Most strongly affected by emission.

eighteen of the Mg ii sample galaxies are in the Extended Groth
Strip and have HST Advanced Camera for Suryeys (ACS) I-
band imaging (Davis et al. 2007; Lotz et al. 2008). We divided
them up by axis ratio as measured with SExtractor (Bertin &
Arnouts 1996) in an attempt to separate face-on and edge-on
galaxies. We did not find a correlation between axis ratio and
wind strength or wind velocity. An examination of the ACS
images shows that the galaxies are too irregular and low surface
brightness to trust the axis ratio as a measure of disk inclination.
Many may not be disks. Because the imaging is at restframe U
band, the high-z galaxies are more irregular, and their images
appear to be highly affected by star-forming regions and by
dust.

We also classified the galaxies by eye into six broad morpho-
logical types: face-on, edge-on, chain, irregular, merger, and
compact, finding 37, 13, 18, 28, 3, and 19, respectively. The
large number of chain, irregular, and compact galaxies indicates
that many z = 1.4 galaxies are not obviously disky in the rest
U. When we co-add the spectra within each type, we find that
all types exhibit blueshifted Mg ii absorption—even the three
mergers have enough signal to detect it. However, the noise in
the spectra and the variance among individual objects within a
type prevent us from determining whether the outflows in one
type are stronger than another. Note however that the merger
fraction is low, as is true of z ! 1 galaxies in general (Lotz et al.
2008). While many galaxies are irregular or disturbed, major
mergers are not a prerequisite for driving a wind in this sample.

In the ACS imaging, the median of the galaxies’ Petrosian
radii is 5.2 kpc and there is a weak correlation between size
and magnitude, and no obvious correlation between size and
outflow. These tests show that winds are found across all star-
forming types at z = 1.4, but they neither prove nor disprove
collimation of winds in this sample. A larger number of galaxies
with HST near-IR imaging, and spectra at Mg ii, are needed to
search for collimation and morphological type dependence.

7. ANALYSIS AND DISCUSSION

7.1. Physical Properties of the Outflow

The amount of gas contained in the outflows is of great
interest in gauging its importance to galactic and IGM evolution.
Because the Mg ii lines are optically thick, approaching the
“flat part” of the curve of growth, we cannot infer column
density directly from the equivalent width. Here we use the
classical doublet ratio method to approximate the optical depth
and column density (Spitzer 1968; see also Jenkins 1986 and
Rupke et al. 2005a).

Figure 15. Upper panel: outflow velocity at which wind Mg ii absorption is
10% and 25% of continuum, for co-added spectra in three bins of stellar mass
(filled points). The filled circles and horizontal error bars show the median and
±34% range of galaxies in the mass bin. The open circles and vertical errorbars
are the median and ±34% range of escape velocity computed from the [O ii]
linewidth of galaxies in that bin, Vesc = 6" ([O ii]). The Xes are the average
escape velocity from the [O ii] dispersion in the co-added spectrum. Lower
panel: the EW of outflow Mg ii absorption in the co-added spectra in three bins
of stellar mass.

Figure 16. As Figure 15, but for SFR(FUV). Upper panel: outflow velocity
at which wind Mg ii absorption is 10% and 25% (filled circles) in three bins
of SFR(FUV). The open circles and vertical error bars are the median escape
velocity Vesc = 6" ([O ii]), and the Xes are the average Vesc from the co-added
[O ii] linewidth. Lower panel: EW of outflow Mg ii absorption in three bins of
SFR(FUV).

The EW ratio of the two Mg ii lines, W2796/W2803, varies from
2 to 1 for optical depth ! from 0 to infinity. For a single absorber,
there is a relation between the EW ratio and the optical depth at
line center !0 (C in the notation of Spitzer 1968, Table 2.1). For
an ensemble of absorbers, the relation does not strictly apply,

4.3. Star Formation Rate

From the spectrum reproduced in Figure 7, we measure
an H! flux FH! ! "2:9 # 0:1$ % 10&16 ergs s&1 cm&2. In the
adopted cosmology, this implies an H! luminosity LH! !
"3:5 # 0:1$ % 1042 h&2

70 ergs s&1. With Kennicutt’s (1998)
calibration,

SFR"M'yr
&1$ ! 7:9% 10&42LH! "ergs&1$; "4$

we then deduce a star formation rate SFR ! "28 # 1$M' yr&1.
An independent estimate of the SFR is provided by the UV

continuum at 1500 Å:

SFR"M' Myr&1$ ! 1:4% 10&28L1500 "ergs&1 Hz&1$ "5$

(Kennicutt 1998); both equations (4) and (5) assume contin-
uous star formation with a Salpeter slope for the IMF from 0.1
to 100 M'. At z ! 1:411, 1500 Å corresponds to an observed
wavelength of 3617 Å, close to the center of the bandpass of
our Un filter (Steidel et al. 2003). Then, the measured Un !
22:22 (AB) of Q1397-BM1163 corresponds to SFR ! 30 M'
yr&1. The good agreement between the values of SFR deduced
from the H! and the far-UV continuum luminosities is not
unusual for bright UV-selected galaxies (Erb et al. 2003). To
a first approximation, it presumably indicates that the UV
continuum does not suffer a large amount of extinction by dust
(see the discussion of this point by Erb et al. 2003).

4.4. Kinematics of the Interstellar Medium

From the Gaussian fit of the H! line in Q1307-BM1163 we
deduce a one-dimensional velocity dispersion of the ionized
gas " ! 126 km s&1 and a redshift zH ii ! 1:4105. The former
is close to the mean h"i ! 110 km s&1 of the sample of 16
(mostly BX) galaxies at hzH iii ! 2:28 analyzed by Erb et al.
(2003). It is, however, significantly higher than the mean
h"i ! 78 km s&1 of the 16 Lyman break galaxies at z ’ 3
studied by Pettini et al. (2001) and in fact exceeds the highest
value found in that sample, " ! 116 # 8 km s&1. Erb et al.
(2003) commented on the apparent increase in velocity dis-
persion of star-forming galaxies between z ( 3 and (2; it will
be interesting to explore such kinematic evolution in more
detail and to lower redshifts once our near-IR survey of BX
and BM galaxies is more advanced.

Another important aspect of the internal kinematics of
LBGs is the large velocity differences that are nearly always
measured between interstellar absorption lines, nebular emis-
sion lines, and Ly! emission. If we take the nebular lines to be
at the systemic redshifts of the galaxies, the interstellar ab-
sorption lines and Ly! are respectively blue- and redshifted by
several hundred km s&1 (Pettini et al. 2001; Shapley et al
2003). In this respect also Q1307-BM1163 is no exception—
the numerous interstellar lines in the spectrum have centroids
that are blueshifted by 300 km s&1 with respect to the redshift
defined by the H! emission line, and have velocity widths
of (650 km s&1; both of these values are quite typical
[cf. Pettini et al. 2001, 2002b; Shapley et al. 2003].) This
kinematic pattern is most simply explained as being due to
large-scale outflows from the galaxies, presumably powered by
the energy deposited into the interstellar medium (ISM) by the
star formation activity. The resulting ‘‘superwinds’’ are likely
to have a far-reaching impact on the surrounding intergalactic
medium and are probably at the root of the strong correlation

between LBGs and IGM metals found by Adelberger et al.
(2003).

Indeed, a major motivation for pursuing galaxies in the
redshift desert is to investigate how the galaxy-IGM connec-
tion evolves from z ( 3 to lower redshifts. We can already
address one aspect of this question by examining the velocity
differences between interstellar absorption, nebular emission,
and Ly! in 27 BX and BM galaxies, which we have observed
at H! with NIRSPEC and which also have LRIS-B spectra of
sufficiently high quality to measure absorption and (when
present) Ly! redshifts with confidence.

The results of this exercise are shown in Figure 8. For
these 27 galaxies, the mean velocity offset of the interstellar
lines is h!v IS;absi ! &175 # 25 km s&1. For the 10 galaxies
among them that exhibit detectable Ly! emission, h!vLy! i !
)470 # 40 km s&1. These values, and their observed dis-
tributions, are very similar to those found at z ( 3 by Pettini
et al. (2001) and Shapley et al. (2003)—a comparison with the
data presented in Pettini et al. (2001) is included in Figure 8.
Thus, the superwinds generated in active sites of star forma-
tion appear to have similar kinematic characteristics from
z (3 down to at least z ( 1:5, even though their parent gal-
axies may become more massive over this redshift interval,
if the hints provided by the nebular line widths have been
correctly interpreted (Erb et al. 2003). These tentative con-
clusions make it all the more interesting to investigate how
the galaxy-IGM connection may evolve to lower redshifts.

5. NEAR-IR PHOTOMETRIC PROPERTIES

We end with a brief comment on the Ks-band magnitudes
and R&Ks colors of UV-selected star-forming galaxies in the

Fig. 8.—Velocity offsets of the interstellar absorption lines (blue-hatched
histogram) and, when present, Ly! emission (red-hatched histogram) relative
to the systemic redshifts defined by the nebular emission lines (vertical long-
dashed line). The top panel shows the results for z ( 3 LBGs presented by
Pettini et al. (2001); the bottom panel shows results for a subsample of 27 BX
and BM galaxies that have been observed with NIRSPEC at H! and also have
high-quality LRIS-B spectra. The velocity offsets seen in BX and BM galaxies
are similar, in bothmagnitude and distribution, to those typical of LBGs at z ( 3.
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timation method in its entirety, but it should be equally
valid.

7.3. Comparison to other results

Figure 35 compares our results from Table 3 (modeling
approach) with other measurements from galaxy surveys,
but must be interpreted with care. The UZC points may
contain excess large-scale power due to selection function
e!ects (Padmanabhan et al. 2000; THX02), and the an-
gular SDSS points measured from the early data release
sample are di"cult to interpret because of their extremely
broad window functions. Only the SDSS, APM and angu-
lar SDSS points can be interpreted as measuring the large-
scale matter power spectrum with constant bias, since the
others have not been corrected for the red-tilting e!ect
of luminosity-dependent bias. The Percival et al. (2001)
2dFGRS analysis unfortunately cannot be directly plotted
in the figure because of its complicated window functions.

Figure 36 is the same as Figure 35, but restricted to a
comparison of decorrelated power spectra, those for SDSS,
2dFGRS and PSCz. Because the power spectra are decor-
related, it is fair to do “chi-by-eye” when examining this
Figure. The similarity in the bumps and wiggles between

Fig. 35.— Comparison with other galaxy power spectrum measure-
ments. Numerous caveats must be borne in mind when interpreting
this figure. Our SDSS power spectrum measurements are those from
Figure 22, corrected for the red-tilting e!ect of luminosity dependent
bias. The purely angular analyses of the APM survey (Efstathiou
& Moody 2001) and the SDSS (the points are from Tegmark et al.
2002 for galaxies in the magnitude range 21 < r! < 22 — see also
Dodelson et al. 2002) should also be free of this e!ect, but rep-
resent di!erent mixtures of luminosities. The 2dFGRS points are
from the analysis of HTX02, and like the PSCz points (HTP00) and
the UZC points (THX02) have not been corrected for this e!ect,
whereas the Percival et al. 2dFGRS analysis should be una"icted
by such red-tilting. The influential PD94 points (Table 1 from Pea-
cock & Dodds 1994), summarizing the state-of-the-art a decade ago,
are shown assuming IRAS bias of unity and the then fashionable
density parameter #m = 1.

Fig. 36.— Same as Figure 35, but restricted to a comparison
of decorrelated power spectra, those for SDSS, 2dFGRS and PSCz.
The similarity in the bumps and wiggles between the three power
spectra is intriguing.

Fig. 37.— Comparison of our results with other P (k) constraints.
The location of CMB, cluster, lensing and Ly! forest points in this
plane depends on the cosmic matter budget (and, for the CMB,
on the reionization optical depth "), so requiring consistency with
SDSS constrains these cosmological parameters without assumptions
about the primordial power spectrum. This figure is for the case of a
“vanilla” flat scalar scale-invariant model with #m = 0.28, h = 0.72
and #b/#m = 0.16, " = 0.17 (Spergel et al. 2003; Verde et al. 2003,
Tegmark et al. 2003b), assuming b! = 0.92 for the SDSS galaxies.

Tegmark et al. (2004)

WMAP5, 7
(Komatsu ‘09, ’10)
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Hydrodynamic Simulations 

• GADGET-3 SPH code (Springel ’05+") modified with metal 
cooling, new SF and galactic outflow models w/ variable 
velocity, etc.

• LBG/LAE@z=3-6, massive gal, EROs, DLAs, .... 

• Choi & KN ‘09a,b, ’10

radiative cooling/heating, star formation, SN & galactic wind feedback

(KN+ 04ab, 05ab, 07, 08a,b)

[h!1Mpc] [h!1
M"] [h!1kpc]

2 Yajima et al.

Series Box-size Np mDM mgas ! zend

N144L10 10.0 2 ! 1443 2.01 ! 107 4.09 ! 106 2.78 2.75

N216L10 10.0 2 ! 2163 5.95 ! 106 1.21 ! 106 1.85 2.75

N400L10 10.0 2 ! 4003 9.37 ! 105 1.91 ! 105 1.00 2.75

N400L34 33.75 2 ! 4003 3.60 ! 107 7.33 ! 106 3.38 1.00

N400L100 100. 2 ! 4003 9.37 ! 108 1.91 ! 108 10. 0.0

N600L100 100. 2 ! 6003 2.78 ! 108 5.65 ! 107 6.67 0.0

Table 1. Series of simulations employed for the present study. The box-size is given in units of h!1Mpc, Np is the particle number of
dark matter and gas (hence ! 2), mDM and mgas are the masses of dark matter and gas particles in units of h!1M", respectively, !

is the comoving gravitational softening length in units of h!1kpc, and zend is the ending redshift of the simulation. The value of ! is a
measure of spatial resolution.
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Figure 3. Star formation rate per unit area versus gas surface density in a
self-consistent simulation of a disc galaxy that quiescently forms stars. The
symbols show azimuthally averaged measurements obtained for our fiducial
choice of t!0 = 2.1 Gyr. The dashed inclined line gives the Kennicutt law
of equation (25), and the vertical line marks the observed cut-off of star
formation.

slope of the Schmidt law. Interestingly, the cut-off induced by the
best-fitting value of t!

0 also lies approximately in the right location.
It is presently unclear whether this has any profound significance,
or whether it is just a fortunate coincidence in the present simple
model. Recall that the cut-off in the model is induced by an imposed
physical density threshold " th for the onset of cloud formation, and
that this density is tied to the value for the star formation time-scale.

Finally, we examine how well full three-dimensional (3D) simu-
lations of spiral galaxies obey the Kennicutt law that we used to set
the star formation time-scale. In Fig. 3, we show azimuthally aver-
aged measurements obtained for our fiducial choice of t!

0 = 2.1 Gyr
in a compound galaxy consisting of a dark halo, and a star-forming
gaseous disc. There is good agreement with the corresponding an-
alytic curve in Fig. 2, validating the numerical implementation of
the multiphase model in our simulation code.

4 W I N D S A N D S TA R BU R S T S

4.1 Winds

As summarized above, our multiphase model leads to the establish-
ment of a physically motivated and numerically well-controlled reg-
ulation cycle for star formation in gas that has cooled and collapsed
to high baryonic overdensities. Gas contained in dark matter haloes
can thus cool and settle into rotationally supported discs where the
baryons are gradually converted into stars, at a rate consistent with
observations of local disc galaxies. In this model, the thickness and
the star formation rates of gaseous discs are regulated by supernova
feedback, which essentially provides finite pressure support to the
star-forming ISM, thereby preventing it from collapsing gravita-
tionally to exceedingly high densities, and also allowing gaseous
discs to form that are reasonably stable against axisymmetric
perturbations.

However, it is clear that the model we have outlined so far will
not be able to account for the rich phenomenology associated with

starbursts and galactic outflows, which are observed at both low
(e.g. Bland-Hawthorn 1995; Heckman et al. 1995, 2000; Lehnert &
Heckman 1996; Dahlem et al. 1997) and high redshifts (e.g. Pettini
et al. 2000, 2001; Frye, Broadhurst & Benitez 2002). This is because
our multiphase model by itself offers no obvious route for baryons to
climb out of galactic potential wells after having collapsed into them
as a result of cooling. Note that for the hybrid model of quiescent
star formation we explicitly assume that the cold clouds and the hot
surrounding medium remain tightly coupled at all times. The high
entropy gas of supernova remnants is thus trapped in potential wells
by being tied into a rapid cycle of cloud formation and evaporation.
In principle, tidal stripping of enriched gas in galaxy interactions
(Gnedin & Ostriker 1997) could lead to a transport of enriched gas
back into the low-density IGM. However, high-resolution simula-
tions of galaxy collisions (Barnes 1988; Barnes & Hernquist 1992;
Hernquist 1992, 1993) have shown that such dynamical removal of
gas from the inner regions of galaxies appears to be rather ineffi-
cient, especially for the deep potential wells expected for haloes in
CDM universes (Springel & White 1999).

On the other hand, it is becoming increasingly clear that galac-
tic winds and outflows may play a crucial role not only in chem-
ically enriching and possibly heating the IGM (Nath & Trentham
1997; Aguirre et al. 2001a,b,c; Madau, Ferrara & Rees 2001), in
polluting the IGM with dust (Aguirre 1999a,b), and in enriching
the intracluster and intragroup medium, but may also be an im-
portant mechanism in regulating star formation on galactic scales
(Scannapieco, Ferrara & Broadhurst 2000; Scannapieco &
Broadhurst 2001a,b). Since winds can reheat and transport collapsed
material from the centre of a galaxy back to its extended dark matter
halo and even beyond, they can help to reduce the overall cosmic star
formation rate to a level consistent with observational constraints.
Because radiative cooling is very efficient at high redshifts and in
small haloes (White & Rees 1978; White & Frenk 1991), numer-
ical simulations of galaxy formation typically either overproduce
stars compared with the luminosity density of the Universe, or har-
bour too much cold gas in galaxies. The self-regulated model we
present above will also suffer from this problem, because it does not
drastically alter the total amount of gas that cools. It is plausible,
however, that galactic winds may solve this ‘overcooling’ problem,
provided that they can expel sufficient quantities of gas from the cen-
tres of low-mass galaxies. Removal of such low-angular momentum
material may also help to resolve the problem of disc sizes being
too small in CDM theories (Navarro & White 1994b; Navarro &
Steinmetz 2000; Binney, Gerhard & Silk 2001). Note that semi-
analytic models of galaxy formation must also invoke feedback pro-
cesses that reheat cold gas and return to the extended galactic halo
or eject it altogether.

We are thus motivated to extend our feedback model to account
for galactic winds driven by star formation. Winds have been in-
vestigated in a number of theoretical studies (Mac Low & Ferrara
1999; Efstathiou 2000; Aguirre et al. 2001a,b,c; Madau et al. 2001;
Scannapieco et al. 2001 among others), but the mechanism by which
galactic outflows originate is not yet well understood. In the star-
forming multiphase medium, it is plausible that not all of the hot
gas in supernova remnants will remain confined to the disc by being
quickly used up to evaporate cold clouds. Instead, supernova bub-
bles close to the surface of a star-forming region may break out of a
disc and vent their hot gas into galactic haloes. As a result, a galactic-
scale wind associated with star formation may develop. Note that
this process does not necessarily require a prominent starburst, but
could be a common phenomenon even with quiescent star formation
(Efstathiou 2000). In the latter case, winds may often not be strong

C! 2003 RAS, MNRAS 339, 289–311

Yepes+ ’97; Springel & Hernquist ’03
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Figure 7. Time evolution of the gas flow in a halo of total mass Mvir = 1010 h!1M". The velocity field is represented by arrows and
the logarithm of the gas density is indicated as a colour-scale. Labels in each panel give the elapsed time in h!1Gyr since the start of the
simulation. A wind of speed 242 km s!1 is included in this model, considerably higher than the escape speed of vesc ! 130 kms!1 from
this halo. As a result, a galactic super-wind develops which blows out of the galaxy, entraining a significant fraction of the gas from the
halo.
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enough to escape from all but the smallest galaxies, but they can
nevertheless represent a crucial process for transporting metals and
energy released by supernovae into the extended galactic halo.

Unfortunately, our understanding of the small-scale hydrodynam-
ics that is actually responsible for driving winds is crude, although
high-resolution simulations of starbursts (Mac Low & Ferrara 1999)
provide some clues concerning the physics. Here, we will not at-
tempt to formulate a detailed theory for the production of winds,
but will rather use a phenomenological approach that can easily
be combined with our model for star formation and feedback. To
this end, we will parametrize the winds in analogy with Aguirre
et al. (2001b), who studied wind propagation and metal enrichment
of the IGM using detailed analytic models applied to a sequence
of simulation time slices. Their phenomenological model of winds
was constructed to be physically and energetically plausible, to be
simple, and to be constrained by observational data to the extent
possible, an approach we will also follow.

We start by assuming that the disc mass-loss rate that goes into a
wind, Ṁw, is proportional to the star formation rate itself, namely

Ṁw = !Ṁ", (26)

where ! is a coefficient of the order of unity, and Ṁ" is the formation
rate of long-lived stars. In fact, Martin (1999) presents observational
evidence that the disc mass-loss rates of local galaxies are of the
order of the star formation rates themselves, with Ṁw/Ṁ" ! 1–5,
and without evidence for any dependence on galactic rotation speed.
Note that Ṁw just describes the rate at which gas is lost from a disc
and fed into a wind. Whether or not this material will be able to
escape from the halo will then depend on a number of factors: the
velocity to which the gas is accelerated, the amount of intervening
and entrained gas, and the depth of the potential well of the halo. If
the wind is slow and the halo is of sufficient mass, the gas ejected
from the disc will remain bound to the halo, and may later fall back
to the star-forming region, giving rise to a galactic ‘fountain’. On
the other hand, even a slow wind may escape dwarf galaxies and,
at sufficiently high redshift, can potentially pollute a large volume
without overly perturbing the thermal structure of the low-density
IGM. Note that for values of ! above unity, a wind is expected to
greatly suppress star formation in galaxies that are of low enough
mass to allow the wind to escape. We will adopt ! = 2 in our fiducial
wind model, consistent with the observations of Martin (1999).

We further assume that the wind carries a fixed fraction # of the
supernova energy. Equating the kinetic energy in the wind with the
energy input by supernovae,

1
2

Ṁwv2
w = #$SN Ṁ", (27)

we obtain the velocity of the wind when it leaves the disc as

vw =
!

2%#uSN

!(1 " %)
. (28)

We will treat # as a further parameter of the wind model. For sim-
plicity, we do not reduce the amount of energy available for thermal
heating of the hot phase of the multiphase medium by the amount
that is put into the wind, i.e. the total energy we inject when winds
are included effectively becomes $ #

SN = (1 + # )$SN. Of course, it
would also be possible to reduce the thermal heating accordingly,
such that the total injected energy remains constant. However, this
has the side-effect that then the model parameters A0 and t"

0 have to
be slightly adjusted in order to maintain the match to the Kennicutt
law, which would make it more involved to compare models with
different values of # . Also note that for the procedure we selected

here, we can use values for # that are of the order of unity, or even
larger. Such models can be energetically justified by alluding to the
substantial uncertainty of the value of $SN, which may well be be
a factor of 2–3 larger than the default value we adopted here. In
fact, based on observations of galactic outflows, the wind energy
is expected to be of the order of $SN, in which case it constitutes
a sizeable fraction of the overall supernova energy input. We will
assume # = 0.25 in most of the test simulations discussed in this
paper. In principle, it should be possible to use observations of the
cosmic star formation history or the metal enrichment of the IGM to
constrain this parameter. Finally, we note that we do not explicitly
model a distribution of wind velocities in this study. Of course, some
variation of the local wind speed will be automatically produced by
the dynamics of local gas interactions.

4.2 Starbursts

We have shown that our hybrid model leads to an efficient self-
regulation of star formation, which can be understood in terms of an
effective equation of state. In general, the model is thus best viewed
as describing quiescent star formation, where the star formation
rate will in general only gradually accelerate when the gas density
is increased, in accordance with the empirical Schmidt law. The
winds we have introduced as an extension of this model will not
change this picture. We specifically postulate that a wind leaves a
star-forming region without significantly perturbing it dynamically,
and our numerical implementation of wind formation is designed to
ensure this behaviour. Winds thus merely reduce the amount of gas
available for star formation. Depending on the depth of the potential
well, the gas may or may not come back to the galactic disc at a
later time and become available for star formation again.

It is interesting to note, however, that we expect the quiescent
mode of star formation to eventually become ‘explosive’ (i.e. very
rapid) for sufficiently high gas densities. Physically, it is plausi-
ble that self-regulation should break down at high densities. In the
self-regulated regime, cold clouds are constantly being formed and
evaporated. If clouds are not replenished by cooling, they will be
consumed on a time-scale t c = t"/(% A) = (&/& th)3/10t"

0/(% A0).
This time-scale t c describes the rate at which clouds are repro-
cessed. At the onset of star formation, it is approximately a factor of
100 shorter than the star formation time-scale itself, on the order
of a few times 107 yr. However, at higher densities, clouds are re-
processed more slowly, and eventually t c will become larger than
the maximum lifetime of individual clouds, which is estimated to
be as high as 108 yr for giant molecular clouds. At this point, it will
become difficult to maintain tight self-regulation because the clouds
will not survive long enough to await evaporation. Instead they may
all collapse and form stars on the time-scale of their lifetime, i.e. the
time-scale of star formation will suddenly become shorter in this
regime and deviate from the scaling we have assumed so far.

Since it is unclear how this transition to accelerated star forma-
tion proceeds in detail, we refrain from modelling it explicitly in this
study. However, we remark that already the effective pressure model
discussed so far shows a possibility for run-away star formation, for
purely dynamical reasons. Recall that the ISM is stabilized against
gravitational collapse by the effective pressure provided in the mul-
tiphase model. For sufficiently high densities, the corresponding
equation of state eventually becomes soft. More specifically, there
is a certain overdensity, where the local polytropic index falls below
a slope of 4

3 . It is well known that barotropic gas spheres with an
index below this value are unstable. We thus expect that once we as-
semble a sufficiently large amount of cold gas, the effective pressure
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Metals, collectively having the observed solar abundance pattern, are followed as a separate

hydro variable (analogous to the total gas density or nuetral hydrogen, HeI density, HeII

density) with the same hydrocode. We do not introduce any additional “di!usion” process

for the metals. We note that cooling process is never turned o!, before or after the deposition

of thermal energy, and hydrodynamic coupling between ejected baryons and surrounding gas

is not turned o! either, a departure from some of the previous simulations (e.g., Theuns et al.

2002a; Aguirre et al. 2005; Oppenheimer & Davé 2006; Dalla Vecchia & Schaye 2008; Shen

et al. 2009). This is physically made possible in part due to a deposition of energy at scales

that are comparable or larger than the Sedov radius in our current simulations, thanks to

our limited spatial resolution.
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Fig. 1.— Star formation rate density as a function of redshift for three models with di!ering

feedback coe"cients eGSW = 7 ! 10!6 (solid curve), eGSW = 1 ! 10!5 (dot-dashed curve),

eGSW = 3 ! 10!6 (dashed curve), compared with observational data taken from (from low

to high redshift): Heavens et al. (2004, 3 asterisks at z " 0), Nakamura et al. (2004, open

inverted triangle at z = 0), Lilly et al. (1996, open circles), Norman et al. (2004, filled

triangles), Cowie et al. (1999, open diamonds), Gabasch et al. (2004, open squares), Reddy

et al. (2005, cross at z = 2), Barger et al. (2000, open stars at z = 2 and 4.5), Steidel et al.

(1999, filled diamonds at z = 3, 4), Ouchi et al. (2004, filled squares at z = 4, 4.7), Giavalisco

et al. (2004, open triangles at z = 3 # 6), and Bouwens et al. (2005, filled inverted triangle

at z = 6). The data are converted to the values with the Chabrier IMF and common values

are assumed for dust extinction for the UV data.

The GSW strength is therefore controlled by one single adjustable parameter, eGSW . We

normalize eGSW by the requirement that the computed star formation rate (SFR) history

matches, as closely as possible, the observations over the redshift range z = 0 to z = 6 where

comparisons can be made. Figure 1 shows the SFR history for the three runs with non-zero

eGSW , (L,M,H). What is immediately evident is that the mechanical feedback strength from

– 36 –

3.3. Global Metal Enrichment of the IGM and Missing Metals

We now turn to present a global metal enrichment history of the IGM to supplement

what is captured by the C IV and O VI absorption lines. As in Cen & Ostriker (1999b),

in our analysis we divide the IGM into three components by temperature: (1) T < 105 K

cold-warm gas, which is in low density regions or cooling, star forming gas, (2) WHIM at

107 K> T > 105 K, (3) Hot X-ray emitting gas at T > 107K. One additional component

(4) is the baryons that have left the IGM and been condensed into stellar objects, which we

designate “stars”.
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Fig. 20.— shows the evolution of baryons for the four mutually exclusive components: (1)

T < 105 K cold-warm gas, (2) WHIM at 107 K> T > 105 K, (3) Hot X-ray emitting gas at

T > 107K and (4) “stars”.

Figure 20 shows the evolution of these four components. The overall evolution of the

four components are in good agreement with earlier findings (Cen & Ostriker 1999b; Davé

et al. 2001; Cen & Ostriker 2006) and relevant observations (e.g., Fukugita et al. 1998). In

particular, we see that 40! 50% of all baryons are in WHIM by the time z = 0, which is in

excellent agreement with our previous findings (Cen & Ostriker 1999b; Davé et al. 2001; Cen

& Ostriker 2006). It is also noted that " 40% of the baryons at z = 0 reside in a relatively

cool but di!use component with T < 105K (the triangles in Figure 20). It is likely that a

significant portion of this cool component at z = 0, in the form of Ly! forest, is already seen

by UV observations (e.g., Penton et al. 2004). As we noted earlier, the strength of feedback

from star formation is chosen to match the observed overall star formation history.

Each of the IGM components is composed of di!erent regions that have gone through

distinct evolutionary paths and thus spans a wide range in density, shown in Figure 21. The

distribution of the cold-warm component (triangles) is always peaked at the mean density at

all redshifts, reflecting the initial gaussian distribution of gas around the cosmic mean and

However, the fact that GSWs do propagate some distance,
especially into the low-density regions, as shown in Figure 1,
suggests that some low column density Ly! clouds should be af-
fected to varying degrees. Figure 4 shows the temperature as a
function of Ly! cloud column density for the two cases with
(left ; run 1: N432L11M) and without (right ; run 2: N432L11L)
GSWs, respectively. It is evident that, while Ly! clouds with
column density NH i ! 1014 cm"2 are only affected modestly,
those with NH i # 1014 cm"2 are increasingly affected. A closer
examination suggests that roughly 25% of clouds with NH i #
1014 cm"2 are seen to experience significant heating by the GSW,
and the effect decreases toward higher columns.

Let us now turn to the main point of the paper. Could the GSW
transport metal-enriched gas to raise the metallicity of low-
density regions to a level consistent with the observed metal-
licity? Are there palpable signatures of GSWs on the Ly! forest?
Figure 5 shows the spatial distribution of metallicity in the IGM
with (left) and without (right) GSWs. It is visible from Figure 5
that, while other, gravitational (e.g., Gnedin 1998) and hydrody-
namic processes do transport metals to the vicinity (#$100 kpc)
of galaxies without GSWs (Fig. 5, right), GSWs appear to
play a more important role to transport the metals from gal-
axies to larger distances, in conjunction with other, gravitational
and nongravitational processes. The ‘‘metal bubbles’’ (reddish

Fig. 4.—Temperature as a function of Ly! cloud column density for the two cases with (left; run 1: N432L11M) and without (right; run 2: N432L11L) GSWs,
respectively, at z % 3. The five curves in each panel correspond to 10th, 25th, 50th, 75th, and 90th percentiles; i.e., 10% of the clouds have a temperature below the
bottom curve, while 90% have a temperature below the top curve, etc. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 5.—Projected metallicity of a slice of size 11 ;11h"2 Mpc2 comoving and a depth of 2.75 h"1 Mpc comoving at redshift z % 3 for a WMAP-normalized
!CDM model with (left) and without (right) GSWs, respectively. The strength of the GSWs is normalized to LBG observations. This is the same slice as in Fig. 1.
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the IGM, and reduces the star formation rate considerably,
such that this model turns only 8% of its baryons into stars.

Finally, we also show the result for a 2!1003 simulation
of our fiducial model. Here, the star formation rate is sub-
stantially larger at high redshift. This is expected because
the improved resolution now allows much more of the star
formation to be seen in low-mass objects that begin to form
abundantly at high redshift. It is thus clear that much better
resolution than was used in the 2! 503 runs is required to
obtain converged results in the high-redshift regime. How-
ever, this is not necessarily the case for the integrated star
formation rate. Since the elapsed time is rather small at
high redshift, the amount of stellar material formed then is
small compared to the total, despite the large star formation
rates. Therefore, the 2!1003 run produces only moderately
more stars by z = 0; the fraction of baryons is 14.8%, up
from 13.5% for the corresponding 2!503 run. Note that the
slight upturn seen in the 2!503 and 2!1003 runs with slow
winds at redshifts below " 0.5 is due to the small box size
of these simulations, which do not allow a proper sampling
of the halo mass function at low redshift, where in fact the
fundamental modes of the boxes already become non-linear.
In particular, the star formation rate begins to be domi-
nated by the few most massive halos in the box, and they
are able to reaccrete at low redshift some of the gas ejected
by winds out of their progenitor halos. If larger cosmological
volumes are simulated, such biases in the estimated mean of
the cosmic star formation density can be avoided (Springel
& Hernquist, 2002b).

6.3 Metal enrichment of the IGM

As we discussed in Section 4, galactic winds may be of crucial
importance for the transport of metals into the IGM, where
they have been observed in absorption line systems down to
very low column densities. In Figure 15, we show the mean
metallicity of the gas as a function of baryonic overdensity
in our cosmological simulations. We give results at redshifts
z = 4, z = 2.33, and z = 0, for runs carried out with our
fiducial parameters, both with and without winds.

It is evident that in the simulation without winds, met-
als are nearly confined to gas with overdensities ! > 10.
At redshift z = 0, such gas reaches a metallicity of about
10!4Z", where Z" is the solar metallicity. However, at red-
shifts higher than z > 2.3 even gas at overdensities 100
is well below 10!4Z", and thus falls significantly short of
the metallicities that are observed in the Ly-" forest at
these redshifts, as indicated by the shaded region (following
Aguirre et al., 2001a). Recall that in our self-regulated model
for star formation, stars begin to form only at high physical
densities, corresponding to baryonic overdensities of about
# 106 at z = 0. If winds are not included, only dynamical
stripping may bring metal-enriched gas from the ISM to the
lower density environments. The results of Fig. 15 suggest
that these processes are not e!cient enough to explain the
enrichment of the IGM.

However, including winds changes the enrichment pat-
tern significantly, as expected. Our fiducial model enriches
the IGM to an interesting metallicity of Z " 10!2.5 Z" for
the relevant densities. It is thus clear that a wind model like
the one discussed here can in principle account for the mean
metallicity of the IGM.
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Figure 15. Mean metallicity of the gas as a function of baryonic
overdensity. The three panels show results for redshifts z = 4,
z = 2.3, and z = 0, both for simulations with and without winds.
We follow Aguirre et al. (2001a) and use a shaded region to ap-
proximatively indicate the range of metallicities observed in Ly-!
absorption line studies at z ! 3.

Note that the distribution of metals in the gas is highly
inhomogeneous. This is seen in Figure 16, where we show
projected metallicity maps at redshifts z = 2.3 and z = 0.
The detailed metallicity distribution together with the in-
homogeneous heating pattern due to the winds potentially
yield signatures in the Ly-" forest that may be very con-
straining for the enrichment model discussed here. We plan
to address this question further in future work. Note that at
low velocities, winds will primarily be able to escape from
small haloes, pushing the epoch of enrichment of the IGM
to high redshift, when these haloes form abundantly, and
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Figure 12. Gas metallicity vs. Hi column density at z = 0 and
1. Each point in the figure represents one line-of-sight. Contours
are equally spaced on a logarithmic scale.

density at z = 3 in the simulations seems to be plausible,
the median metallicity of DLAs at z = 3 appears to be too
high (Z/Z! ! 1/3) compared to typically observed values of
Z/Z! ! 1/30 for DLAs (e.g. Pettini et al. 1999). There are
a number of possible explanations for this problem, and we
will briefly discuss some of the most prominent possibilities.

Since the SFRs and metallicities of galaxies in the sim-
ulation at z = 3 seem plausible, one possible reason for
high metallicity in DLAs is that the feedback by galactic
winds is not e!cient enough in blowing out metals from
DLAs. Clearly, if the feedback by winds were stronger, then
star formation and hence metal creation in DLAs would be
more strongly suppressed. In fact, the SFR of systems with
20 < log NHI < 21 deviates slightly from the Kennicutt law
to higher values in our simulation. Reducing the SFR of
these systems would bring them down to values consistent
with the Kennicutt law.

However, simply making the winds stronger and blow-
ing out more gas will not necessarily decrease the metallic-
ity of DLAs much, because in our current simulation model,
the wind transports away metals and gas at the same time,
i.e. the wind’s initial metallicity is assumed to be equal to
that of the gas of the DLA, leaving the ratio of metal and
gas mass in the DLA unchanged.

It is however quite plausible that the wind is metal-
loaded compared to the gas in the DLA, as is for example
suggested by simulations of SN explosions (e.g. MacLow &
Ferrara 1999, Bromm et al. 2003). After all, the ejecta of SN

Figure 13. Evolution of the mean gas metallicity of DLAs as
a function of redshift. The symbols connected by solid lines give
the direct simulation results for the Q5, D5, and G5-runs. The
short-dashed lines at the bottom of the figure are the mean metal-
licities of the entire simulation boxes. Data points with error
bars show observations by Pettini et al. (1999) (open squares)
and Prochaska et al. (2003) (crosses). The long-dashed line is the
best-fit line obtained by performing a least-square fit to the mean
points of Prochaska et al. (2003), which exhibits a mild evolution
with a slope of !0.30 as a function of redshift.

are heavily enriched and inject large parts of the energy that
is assumed to ultimately drive the outflow. If the mixing with
other DLA-gas is not extremely e!cient before the outflow
occurs, it can then be expected that the wind material has
potentially much higher metallicity than the DLA, thereby
selectively removing metals.

A related possibility concerns the metallicities of the
cold and di"use phases of the DLA. In the present study,
we assumed that metals are always e!ciently and rapidly
mixed between the gas of the cold clouds and the ambient
medium, such that there is a homogeneous metal distribu-
tion in the DLA (operationally, we used only a single metal-
licity variable for each gas particle, reflecting this assump-
tion). However, this assumption may not be fully correct. If
the metals were preferentially kept in the hot phase of the
ISM after they are released by SN, then they would not be
observed in the cold gas that is responsible for the DLAs.
Since we did not track the metal distribution in cold and
hot phases separately in the current simulations, we may
then have overestimated the amount of metals in DLAs by
counting those in the hot phase as well as those in the cold
phase. Note that a more detailed tracking of metals in the
simulation, separately for hot and cold phases of the gas,
could in principle be done easily on a technical level. The
di!culty however lies in obtaining a reasonable description
of the physics that governs the exchange of metals between
the di"erent phases of the ISM, something that is presently
not attainable from either observation or theory.

The viability of the feedback model in the simulations

c" 2003 RAS, MNRAS 000, 1–18
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AGN feedback and metal enrichment of clusters 1681

Figure 7. Maps of emission weighted Fe abundance in the g51 cluster for the runs without feedback (NF; top left), with winds (W; top right) and with AGN
(AGN1 and AGN2; bottom left and bottom right, respectively). Each map has a side of 2Rvir. Abundance values are expressed in units of the solar value, as
reported by Grevesse & Sauval (1998), with colour coding specified in the right bar.

A rather different enrichment pattern is provided by AGN feed-
back (lower panels of Fig. 7). Despite the total amount of stars
produced in these two runs is smaller than for the run including
galactic winds, AGN feedback is highly efficient in spreading met-
als at high redshift, mostly in correspondence of the peak of BH
accretion activity. This demonstrates that AGN feedback provides
a rather high level of diffuse enrichment in the outskirts of galaxy
clusters and in the intergalactic medium surrounding them at low
redshift.

4.1 Profiles of iron abundance

We show in Fig. 8 the emission-weighted iron abundance profiles
obtained by averaging over the four simulated clusters with T sl >

3 keV (left-hand panel) and the five galaxy groups with T sl < 3
keV (right-hand panel), compared with observational results. Each
panel reports the results for the four adopted feedback schemes.
For reasons of clarity, we report the 1! scatter computed over the
ensemble of simulated clusters only for the AGN1 runs.

Figure 8. Comparison between the observed and the simulated profiles of emission-weighted iron metallicity. Left-hand panel: average ZFe profiles for galaxy
clusters with T 500 > 3 keV. Observational data points are taken from Leccardi & Molendi (2008a). Right-hand panel: average ZFe profiles for the five simulated
galaxy groups with T 500 < 3 keV. Observational data points are taken from Rasmussen & Ponman (2007). In both panels, different lines correspond to the
average profiles computed for the different runs: NF (blue short dashed line); galactic winds (W; green long dashed line); standard AGN feedback (AGN1; red
dot–dashed line); modified AGN feedback (AGN2; cyan solid line). For reasons of clarity, we show with 1! error bars over the ensemble of simulated clusters
only for the AGN1 runs.
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Summary & Future Work

• Significant evidence for chemical enrichment on cosmological 
scales by galactic outflows & AGNs. 

• Cosmological hydro sims can be a useful tool to constrain the 
feedback strength and its effect on IGM & galaxies.

• New models (energy-driven vs. momentum-driven) are being 
explored.

• QSO absorption systems (Lya forest, DLAs, etc.) are good 
probes of cosmic chemical enrichment. 

• Future:  AGN feedback, detailed chemistry w/ diff elements, 
yields, etc.


