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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?
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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
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Na I, Na D abs. lines
120-160 km/s outflows

z~3: LBG

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 = 6σ ([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.

Steidel+ ’04
common outflow vel
200-300 km/s

z~2

Metals also observed in ICM, groups, Lya forest, ...
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 starforming 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.

Concordance !CDM model
WMAP5, 7

7. ANALYSIS AND DISCUSSION

• Successful on large-scales
• Then, interpret galaxy

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
Fig. 36.— Same as Figure 35, but restricted to a comparison
classical doublet ratio method to approximate the optical depth
of decorrelated power spectra, those for SDSS, 2dFGRS and PSCz.
and column
densitypower
(Spitzer 1968; see also Jenkins 1986 and
The similarity in the bumps and wiggles between
the three
Rupke et al. 2005a).
spectra is intriguing.

observations in the context
of !CDM model

Fig. 37.— Comparison of our results with other P (k) constraints.

Tegmark
etCMB,
al. (2004)
The location of
cluster, lensing and Lyα forest points in this
plane depends on the cosmic matter budget (and, for the CMB,
on the reionization optical depth τ ), 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 Ωm = 0.28, h = 0.72

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 = 6σ ([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).

(Komatsu ‘09, ’10)

The EW ratio of the two Mg ii lines, W2796 /W2803 , varies from
2 to 1 for optical depth τ from 0 to infinity. For a single absorber,
there is a relation between the EW ratio and the optical depth at
line center τ0 (C in the notation of Spitzer 1968, Table 2.1). For
an ensemble of absorbers, the relation does not strictly apply,

WMAP
cosmology
(Komatsu ‘09, ’10)

Dark matter
only sim
Box size
100 Mpc/h
5003 ptcls

available on
my website

!CDM Cosmological
Hydrodynamic Simulations
• GADGET-3 SPH code (Springel ’05+") modified with metal

cooling, new SF and galactic outflow models w/ variable
velocity, etc.

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

• LBG/LAE@z=3-6, massive gal, EROs, DLAs, ....
(KN+ 04ab, 05ab, 07, 08a,b)
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• Choi & KN ‘09a,b, ’10
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
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1.00

N400L100

100.

2 × 4003

9.37 × 108

1.91 × 108
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2 × 6003

2.78 × 108

5.65 × 107

6.67

0.0
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[h Mpc]
[h M" ]
Table 1. Series of simulations employed for the present study. The box-size is given in units of h−1 Mpc, Np is the partic
dark matter and gas (hence × 2), mDM and mgas are the masses of dark matter and gas particles in units of h−1 M" , r
is the comoving gravitational softening length in units of h−1 kpc, and zend is the ending redshift of the simulation. The v
−1

−1

Star Formation Model

Katz ’92; Cen & Ostriker ’92

• 4 criteria for a cell (or a gas parcel) to be star-forming:
1.
2.
3.
4.

(overdense)
(contracting)
(cooling fast)
(Jeans unstable)

then,

For each star ptcl:
Population Synthesis Model
Chabrier IMF (~Kroupa)
[0, 100] Msun
6 metallicity
various filters
E(B-V)=0 ~ 1.0

Krumholz & Tan ‘07

if
(# K-S law)

(nth ~ 0.1 - 1 cm-3 suffices.)

Sub-grid/ptcl Multiphase ISM model
Yepes+ ’97; Springel & Hernquist ’03

cold gas

recycling mass frac.

log ΣSFR [ M yr-1 kpc-2 ]

SFR:

1
0
-1
-2
-3
-4
10

100
Σgas [ M pc-2 ]

1000

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.

subparticle multiphase ISM model

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 ρ 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) simulations of spiral galaxies obey the Kennicutt law that we used to set
the star formation time-scale. In Fig. 3, we show azimuthally averaged 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 analytic 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 B U R S T S
4.1 Winds
As summarized above, our multiphase model leads to the establish-
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Figure 7. Time evolution of the gas flow in a halo of total mass Mvir = 1010 h−1 M" . 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−1 Gyr 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 km s−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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"
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 ¼ 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.]

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 affected 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 lowdensity regions to a level consistent with the observed metallicity? 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 hydrodynamic 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 galaxies to larger distances, in conjunction with other, gravitational
and nongravitational processes. The ‘‘metal bubbles’’ (reddish
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Energy vs. Momentum driven wind
ṀW = η Ṁ! ,

Energy-driven:

Momentum-driven:

η : mass-loading factor
1
2
ṀW VW
∼ ĖSN ∼ SF R
2
!
"2
σ0
η=
σgal

VW ∼ Vesc ∼ σgal

σ0 ≈ 300 km s−1

ṀW VW ∼ Ṗrad ∼ SF R
η=

σ0
σgal

Radiation pressure from massive
stars and SNe is applied to the dust
particles, which entrains the wind

Higher mass-loading factor for lower mass galaxies!
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Direct probe of HI gas in high-z universe
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Cosmic Chemical Evolution w/ DLAs

AGN feedback and metal enrichment of clusters 1681
Star formation rate and metallicity of DLAs in cosmological simulations 15

• DLAs can probe cosmic

chemical evolution in and
near the galaxies

• The rate of evolution
• Data points: Pettini+ ’99;
Prochaska+ ’03

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
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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.

