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Figure 4.10 The evolution of the mean flux decrement of the Ly-a for­
est from the reference simulation ( "mcd_40_256" ) and the convergence test 
( "mcd_45_256" and "mcd_45_512"). The UV background was attenuated by a 
factor of 2 as discussed in the text. 
Color symbols with error bars indicate the observational data. Green dia­
monds: Bernardi et al. (2003); data here are derived from their original evo­
lution of effective optical depth , Teff in their Fig. 4; Blue triangles: Schaye 
et al. (2003) ; data here are derived from the original Teff ( cf. equation 4.6) 
after removal of pixels contaminated by metal lines (Table 5) ; Red solid dots: 
Kirkman et al. (2007) ; Cyan asterisks: Faucher-Giguere et al. (2008); derived 
from their Teff evolution after contamination correction (Table 1) . 
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et al., 2003). The Schaye et al. (2003) and Faucher-Giguere et al. (2008) data 

are contamination corrected and our results compare better with these data. 

Hence, a factor of 2 seems sufficient and we use this value for all subsequent 

calculations. Due to limitations of the observations, the exact shape and in­

tensity of extragalactic UV is poorly constrained. Recent radiative transfer 

calculations from Haardt and Madau found a similarly lower UV background 

intensity compared to their previous result in Haardt & Madau (2005) (pri­

vate communication with Francesco Haardt). The attenuated UV background 

is only used in the analysis, but not in the entire simulation. The star for­

mation model is also only calibrated for the unattenuated UV. Although for 

the diffuse, highly ionized primordial IGM, the effect of photoionization on 

gas dynamics is small (Croft et al., 1998), UV does affect metal cooling and 

hence star formation. Thus, by using the original UV background without 

attenuation, our metal cooling calculation may have overestimated the effect 

of photo-ionization. However, along with other authors, we are also neglecting 

local ionizing sources which correct the UV upward to a significantly greater 

extent within galaxies. These details of ISM physics are potentially important 

but beyond current capabilities where we must rely upon relatively crude ISM 

models. 

Focusing on the convergence test, with high resolution (dot-dashed line) 

the Lya decrement evolves very similarly with redshift, but is a few percent 

smaller than the lower resolution (dashed line) run. The decrease in D Lyo: is 

consistent with the increase in SFR and nHI· It can be interpreted as when 

more gas accretes onto galaxies and forms stars for high resolution, the H I 

content in the IGM (probed by the Lya forest) decreases. 
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4.2 Metal Enrichment History 

We now examine the enrichment of the IGM through the metal distribution 

in different gas phases. We examine how they evolve and the effects of metal 

diffusion and cooling. The gas phases were defined using the convention of 

Wiersma et al. (2009). All the gas that has hydrogen number densities nH > 

0.1 cm-3 is star forming gas (SF gas). Of all the non-star forming gas (non­

SF gas), gas with 105K < T < 107K is the warm-hot intergalactic medium 

(WHIM) and gas with T > 107 K is the intracluster medium (ICM). Of the 

cooler medium (T < 105 K), that with overdensity pj Pmean > 100 is associated 

with galactic halos, while that with pj Pmean < 100 is the diffuse IGM ( cf. 

Figure 4.11). Note that these definitions are somewhat arbitrary and there 

is no well-defined border for each gas phase. In particular, at low redshift, a 

substantial part of the WHIM comes from the shock-heated gas accreting onto 

galaxies so it is likely to be associated with galactic halos. However, by these 

definitions gas is roughly divided according to its location and key physical 

processes. 

4.2.1 Evolution of Gas and Metal Fractions 

Figure 4.12 shows how the mass fractions of stars and each gas phase evolve. 

Almost all baryonic mass is in the diffuse IGM at z=7. By z=O, the mass 

fractions in stars, the diffuse IGM and the shock heated WHIM are about 

20%, 40% and 40%, respectively for the moderate resolution runs. The stellar 

mass fraction at z =0 is consistent with observations (Wilkins et al., 2008, and 

references therein), although close to the high end. A large amount of WHIM 

forms at low redshift when gas is shock heated when falling into halos. The 

107 



PhD Thesis - S. Shen 

8 

6 

4 

IGM 

McMaster Physics and Astronomy 

Cold Halo Gas 

J .. 
. • ., 

: ~ 

2~~~~~~~~~~~~~~~~~~~ 

- 2 0 2 4 6 8 

Figure 4.11 Distribution of gas particles from the reference run in the 
temperature-density (p - T) phase diagram at z = 0. The dashed lines in­
dicate the definitions of the diffuse IGM, the cold halo gas, the star forming 
(SF) gas, the WHIM and the ICM. Here the density criterion for star forming 
gas, nH > 0.1cm-3

, is converted to an overdensity criterion pj Pmean 2:, 5.1 x 105 . 

See detailed definitions of different gas phases in the text. These definitions 
are the same as in Wiersma et al. (2009) 

mass fraction of WHIM gas is consistent with SPH simulations using explicit 

galactic superwind models (Oppenheimer & Dave, 2006; Choi & agamine, 

2009), and simulations using an Eulerian code (Cen & Ostriker, 2006). The 

amount of star forming gas (ISM) and galactic halo gas evolves similarly to the 

SFH shown in Figure 4.2, reflecting the close relationship between the ISM, 

halo gas and SF activity. 

The blue and cyan lines in Figure 4.12 show the convergence of mass 
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fractions. At high redshift, the 5123 simulation has a larger mass fraction 

in stars, the ISM, halo gas and the WHIM. Resolving smaller halos at large 

z increases the amount of gas in galaxies (halos and the ISM) and enhances 

SF. Consequently, enhanced stellar feedback increases the amount of WHIM. 

This effect is more significant at higher redshift and decreases with time. The 

WHIM fraction converges at z < 4. The ISM and halo gas fractions reach 

similar values as in the low resolution run at z =2, although they seem to de­

cline slightly faster towards low z. A similar trend is also seen in the evolution 

of nHI as described in Section 4.1.2. This is expected because most of the 

neutral gas in the Universe located in galaxies. For the stellar mass, however, 

there is about 37 % more in the high resolution run at z = 2. Although it is 

still difficult to predict the stellar fraction at z = 0, we expect that the differ­

ence will be lower at z = 0 since there is already no excess in the reservoir gas 

(the ISM) at z =2. In fact, early star formation seen in the high resolution 

simulation may consume the gas that would otherwise contribute to SF at low 

redshift, hence the SFR may decline faster towards low z. 

Figures 4.13 show how the metal fractions present in stars and different 

gas phases evolve. At z = 7, gas (SF and Non-SF) contains the majority of 

the metals while stars contain only a few percent, which is possibly because 

the time scale for gas consumption is longer than the age of the Universe, 

so that metals in the ISM do not have enough time to be incorporated into 

stars. With metal diffusion, initially the non-SF gas (the IGM + halo gas) 

and the SF gas (i.e. the ISM) contain comparable amounts of metals, with the 

former having slightly more in most runs. With time, the metal fraction in 

the non-SF gas decreases and the metals budget is dominated by the ISM and 

later by stars. As z=O, 80% to 90% of metals reside in stars. The IGM and 
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Figure 4.12 The evolution of the baryon mass fraction in various gas phases 
and stars. The gas is divided into star forming gas , diffuse IGM, halo gas and 
WHIM according to the definition described in the text. Black: the standard 
run "mcd_40_256" . Red: the run with metal cooling turned off. Green: the 
run with no metal diffusion. Cyan: medium resolution run in the convergence 
test "mcd_45_256" . Blue: high resolution run "mcd_45_512". The meaning of 
each line type in each panel is defined by the legends in that panel. 
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halo has about 10% of the metals and the ISM has only a few percent. That 

the IGM contains a larger fraction of metals at higher redshifts suggests that 

the IGM enrichment process is efficient at early epochs, possibly because it is 

easier for wind material to leave the shallow potential wells of early objects. 

For different phases of the IGM, metal fractions in both the WHIM and the 

diffuse IGM decrease with time. For example, in the standard run, the WHIM 

metal fraction decreases from,...._, 40% at z=7 to about 10% at z=O, the metal 

fraction in diffuse IGM decreases from ,...._, 10% to ,...._, 1%. The ICM, on the other 

hand, increases its share of metals as galaxy clusters form at low redshift. 

Figure 4.14 shows how different wind models can result in different en­

richment histories by comparing our results of metal fraction evolution with 

the ones from Wiersma et al. (2009) (red lines) and Dave & Oppenheimer 

(2007) (blue lines). Both used kinetic feedback and explicit wind models char­

acterized by a wind speed ( Vw) and a mass-loading factor ( TJ). The former uses 

fixed values for the wind parameters and wind materials are not decoupled 

while ejected (Dalla Vecchia & Schaye, 2008). The latter adopted the "mo­

mentum driven wind" model (Murray et al., 2005) with Vw proportional to 

the galaxies velocity dispersion and TJ inversely proportional to it. The winds 

are also hydrodynamically decoupled when ejected into the ISM. For the def­

inition of different gas phases, Dave & Oppenheimer (2007) used a different 

criteria for their shock heated WHIM gas (T > 3 x 104 K) and for halo gas 

(which includes hot intracluster gas). Thus the comparison between Dave & 

Oppenheimer (2007) and this work is not direct, but such a comparison can 

still be indicative. 

In general, with the efficient decoupled wind model, Dave & Oppen­

heimer (2007) obtained a large fraction of metals in the IGM, less in stars 
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Figure 4.13 The evolution of metal fraction in various gas phases and stars. 
The gas is divided as star forming gas, diffuse IGM, halo gas and WHIM 
according to the definition described in the text. Black: the standard run 
"mcd_4Q_256" . Red: the run with metal cooling turned off. Green: the run 
with no metal diffusion. Cyan: medium resolution run in the convergence test 
"mcd_45_256". Blue: high resolution run "mcd_45_512". The meaning of each 
line type in each panel is defined by the legends in that panel. 
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and the ISM. The most significant difference is that most metals reside in the 

cooler, diffuse IGM from 1.5 < z < 6, before stars start to dominate the metal 

content. In Wiersma et al. (2009), ISM contains most of the metals from early 

epochs until z I'V 1.5 and then stars dominate. In this work, the IGM and 

the ISM contains comparable amount of metals at early epochs, until below 

z I'V 4 the ISM contains most metals and below z I'V 2 stars dominates. There­

fore, although all the results agree on that stars dominates the metal budget 

at z I'V 0, different models result in rather different enrichment histories. In 

this work and in Wiersma et al. (2009), metals in the IGM are primarily in 

the WHIM, with a smaller fraction in the diffuse IGM. This remains the case 

for the entire cosmic history, which differs from Dave & Oppenheimer (2007). 

This is probably because they use hydrodynamically decoupled winds. As 

their superwinds originate in cold SF gas were hydrodynamically decoupled, 

the wind material does not interact with the dense ISM, and thus is likely to 

remain cool. Our feedback model ejects SN energy into the surroundings and 

suppresses the gas cooling and the winds are generated by thermal pressure, 

which makes them more likely to be hot and in the WHIM phase. Wiersma et 

al. (2009) obtained a similar result when the kinetic energy is injected locally 

and the winds interact with the ISM and shocks. While more controlled sim­

ulations are necessary to explain the difference in detail, it seems that subgrid 

feedback models alter metal enrichment significantly. Exactly how our adia­

batic SN feedback generates winds and enriches the IGM will be discussed in 

Chapter 5. 

Focusing back on Figure 4.13, the high resolution simulation increases 

the metal fraction in stars while decreasing it in the ISM and non-SF gas. 

Between different phases of the non-SF gas, halo gas and the diffuse IGM 
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Figure 4.14 The evolution of metal fraction in various gas phases and stars 
in comparison with results from Wiersma et al. (2009) (red lines) and Dave 
& Oppenheimer (2007) (blue lines). Only the result from the reference run is 
plotted for simplicity. ote that Dave & Oppenheimer (2007) used a different 
criteria for its shock heated WHIM gas (T > 3 x 104 K) and for halo gas. 
Their halo gas were identified as all gas belong to identified halos but not 
star-forming, thus includes hot intracluster gas. 
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increase their shares of metals, while metal fractions in the WHIM decrease. 

There are two possible causes. First of all, with high resolution SN feedback 

events are more frequent but each has smaller impact. As a result, particles 

that receive feedback energy and metals generally have shorter cooling shut-off 

times in the blastwave model ( cf. Figure 18 in Stinson et al. (2006) ). Thus 

they can be cooled more efficiently by metal cooling to the diffuse IGM, or 

to the cool halo gas. Second, with high resolution, halos of smaller mass (in 

particular < 1011 M8) are better resolved thus have more SF and feedback 

activities, as seen in Section 4.1.1. Because the halos are small, the winds 

generated do not need to have high temperature to leave the potentials of 

the halos. No clear convergence is seen at z = 2 when the high resolution 

simulation was terminated. The differences in stars, the ISM, halo gas and 

the WHIM are 17%, 25%, 14% and 41%, respectively. However the trend of 

metal fraction evolution as a function of redshift remains similar for high and 

low resolution runs. The general conclusions about enrichment efficiency and 

about metal distribution in each phase also remain the same. 

4.2.2 Evolution of Metallicity 

Figure 4.15 shows how the mass weighted metallicity in stars and the gas 

phases evolves. Stars and SF gas have the highest metallicities throughout 

the simulation. The metallicities are about 10-2 Z0 at z = 6-7 and steadily 

increase to "' 0.5 solar at z=O. At z =0, the value is in agreement with the 

observed stellar metallicities in galaxy groups, Z* "' 0.6 Z0 (Finoguenov et 

al., 2003) and simulation results from Dave & Oppenheimer (2007). However, 

it is about 0.5 dex lower than the measurement from Gallazzi et al. (2008) 
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(diamond symbol in left upper panel of Figure 4.15), although our total stellar 

metal density (Oz) is 4-5x 10-5 at z = 0, consistent with the Gallazzi et al. 

(2008) value. Because the stellar metal density is a product of stellar density 

(0*) and metallicity (Z*), i.e., Oz = O*Z*, the fact that our simulations have 

the correct amount of total stellar metals and low stellar metallicity implies 

our models produce too many stars at z "" 0, which is shown in the SFH 

( cf. Section 4.1.1). The low metallicity may be because we used a relatively 

low yield. In fact the metallicities in all gas phases from our simulation are 

generally lower than in Wiersma et al. (2009), who used a more recent, higher 

yield. At z = 2, the stellar metallicity is consistent, but slightly lower than 

the observation by Halliday et al. (2008). 

Metallicities of stars and SF gas are similar throughout the simulation. 

The non-SF gas has an overall similar trend of evolution as the stars and SF 

gas, but is less enriched on average. The metallicity of the diffuse IGM evolves 

significantly but is much less enriched comparing to other phases. At z=O it 

is only 10-2·5 Z0 . The metallicities of the WHIM and the ICM evolve slowly 

with a slight decreasing trend, despite their rapid mass increase at low redshift. 

Both values vary between 0.01 Z0 and 0.1 Z0 . Since WHIM and the cool 

diffuse IGM contains similar mass at z = 0, the fact that WHIM metallicity is 

much higher than the diffuse gas implies our IGM enrichment process happens 

primarily in the WHIM. The convergence is better for metallicity than metal 

fractions, and the metallicities of most gas phases are nearly converged at z = 

2. The largest difference is seen for the diffuse IGM and the halo gas, where the 

high resolution run has about 43% and 26% higher metallicites, respectively. 

Again, it is due to better resolving the dwarf halos and the feedback gas has 

a shorter cooling shut-off time so is more likely to be cooled to < 105 K. 
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We computed the mean metallicities of the halo gas and the ISM and 

compared it with the metallicity evolution of the DLAs and sub-DLAs from 

Prochaska et al. (2003) (triangle symbols in the bottom right panel of Fig­

ure 4.15). The DLA and sub-DLA systems trace the gas in galactic disks and 

halos. Our results compare well with observations. We also compare the dif­

fuse IGM metallicity with observations from Schaye et al. (2003) using C IV 

lines (square symbol) and Aguirre et al. (2008) using 0 VI lines (cross symbol) 

at z "' 2.5. Our result is smaller than both observations even for the high res­

olution case, but the latter does bring the results closer to observations. This 

suggests that increasing the resolution even more may be helpful, or some ad­

ditional feedback mechanisms which can enrich the diffuse IGM is probably 

necessary here. For the intracluster medium, observations found higher metal­

licities than our results at z=O, about 0.2 -0.5 Z8 (Aguirre & Schaye, 2007, 

and references therein). This inconsistency may be because the AGN feedback 

is absent in the simulations. Moreover, the size of our simulation also limits 

the number of galaxy clusters that can form (below the cosmic average). Since 

our simulations were designed for studying metal enrichment in the IGM, we 

will not further address the intracluster medium. 

4.2.3 The Effects of Metal Cooling and Metal Diffusion 

4.2.3.1 The Effects of Metal Cooling 

The red curves in Figure 4.12 show the evolution of mass fraction without 

metal cooling. At z = 0, metal cooling increases the stellar and halo mass 

fraction each by "' 14%, increases the SF gas fraction by 32%, and decreases 

the WHIM fraction by 7%. This result reflects the fact that metals enhance 

----------·------
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Figure 4.15 The evolution of metallicity in stars and various gas phases de­
scribed in the text. The same legend as in Figure 4.12 and Figure 4.13 is 
used. The solar metallicity is defined as Z0 = 0.0127. Observational data: 
Diamond: stellar metallicity at z = 0 ( Gallazzi et al., 2008). Asterisk: stellar 
metallicity at z = 2 from Halliday et al. (2008) . Triangles: the metallicity 
evolution of DLA and sub-DLA systems from Prochaska et al. (2003). Cross: 
the IGM metallicity traced by 0 VI from Aguirre et al. (2008) ; Square: the 
IGM metallicity traced by C IV from Schaye et al. (2003). The observations 
were scaled to the same solar abundance as the simulations. Z0 = 0.0127 
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the cooling at WHIM temperatures (105 K -107 K) and thus more WHIM cools 

onto galaxies and forms stars. The mass of diffuse IGM is almost unaffected 

by metal cooling ("' 1% decrease at z =0) as its metallicity is very low, as 

shown in Figure 4.15. 

Similarly, Figure 4.13 shows that the metal cooling significantly de­

creases the metal fraction in the WHIM and increases it in the halo gas and 

the SF gas, because it enhances the cooling of enriched WHIM onto galactic 

halos and disks. At z=O, the decrease in WHIM gas is "' 24%, the increase 

in halo gas is"' 42%. For stars and SF gas the increments are 14% and 32%, 

respectively. For the WHIM and the halo gas, the effects of cooling in metal 

fractions (which traces the enriched gas) are larger than in mass fractions 

(which traces the total gas). For stars and SF gas, the effect of metal cooling 

is similar in both mass and metal fractions. For the diffuse IGM, metal cooling 

increases its metal fraction at z > 1.5, but decreases it at lower redshift. The 

early increase is likely due to the cooling of WHIM to become diffuse IGM, 

while the later decrease is probably because the diffuse IGM itself is enriched 

enough so that metal cooling can enhance its accretion onto halos. 

4.2.3.2 The Effects of Metal Diffusion 

Metal diffusion produces similar effects on mass fraction as metal cooling, as 

shown by the green curves in Figure 4.12. Metal diffusion contaminates large 

amounts of otherwise pristine gas with metals, enabling it to cool through 

metal lines from WHIM to SF gas or halo gas, and enhances the SFR. As it 

depends on the metal cooling, the effects of metal diffusion on mass fraction 

are smaller in magnitude than having metal cooling off (similar to the effects 

on the SFH). At z = 0, the increase in halo and stellar mass fractions are 
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about 7% and 5%, respectively, and the decrease in WHIM is rv 3%. 

The green curves in Figure 4.13 show the direct impact of metal diffu­

sion on the metal content of various gas phases. Metal diffusion increases the 

metal content of stars, the ISM and halo gas (i.e., gas in the galaxies), and 

decreases the metal content of the WHIM, the ICM and the diffuse IGM (i.e., 

the IGM). This is counter intuitive since one expects diffusion to distribute the 

metals more evenly. However, as the enriched gas is ejected out of the galax­

ies, metal diffusion mixes its metals with the ambient gas (i.e., the ISM and 

the galactic halos) along the outflow trajectory so that by the time the out­

flow reaches the IGM (WHIM, diffuse gas or the ICM), its metal content has 

decreased. In other words, diffusion prevents highly enriched gas from trans­

porting all its metals to the WHIM. This is further discussed in Section 4.3. 

Metal diffusion may alleviate the problem found in previous SPH simulations 

where the metals are too inhomogeneous (e.g., Aguirre et al., 2005). In fu­

ture work, I will make a detailed analysis of the effects of metal diffusion in 

observable ions such as C III, C IV and 0 VI. 

The impact of metal diffusion changes with redshift. It is more signif­

icant at high redshift for the WHIM, the halo, the ISM and the stars. For 

example, from z = 7 to z = 0, the increase in star metal fraction varies from 

0.4% to 580%, in SF gas from 7% to rv 60%, in halo gas from 30% to 300%. 

The decrease in the WHIM metal fraction varies from 0.6% to 60%. Since 

diffusion arises from velocity shear, the diffusion effects are high near winds. 

The concurrent decrease in the WHIM metals and the increase in stellar, SF 

or halo metals imply that the winds take metals from galaxies directly to the 

WHIM. The fact that the diffusion impact is higher at high redshift suggests 

that the winds between these phases are more effective at early times. 
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4.3 Distribution of Gas and Metals in Density 

and Temperature at z==O 

In this section, we examine the detailed distribution of mass and metals in 

the density-temperature (p-T) phase diagram at z=O. In Figure 4.16, the 

green contours indicate the mass distribution of gas across the phase diagram 

while the labeled darker contours indicate mean metallicities for that gas. 

The upper panel shows the standard run ( "mcd_40_256") while the bottom 

panel has diffusion turned off ( "nmd_40_256"). Looking at the standard run, 

it can be seen that gas with T < 104K and p < 10 Pmean follow a power 

law equation of state (EOS). It is heated by photoionization and cooled by 

adiabatic expansion and has generally not participated in star formation or 

feedback, following the standard expectation for the diffuse IGM (e.g. Hui 

& Gnedin, 1997). At p > 10 Pmean, the gas distribution splits into high 

and low temperature branches. The low temperature branch extends to star­

forming gas in galaxies. Due to metal cooling, gas with p > 10
4

Pmean can 

reach temperatures below the atomic hydrogen cooling cut-off at "' 104 K 

The WHIM is apparent as the less dense gas with temperatures above 105 K 

There is less gas around "' 105·5 K compared to the peaks at 104K and 106·5K 

due to the peak in metal cooling rates at 105 to 106 K 

The WHIM arises from both metal enriched winds and pristine virial 

shocks. Wind material can get out to very low densities but, with realistic 

diffusion operating, the typical metallicities are not that high and the cooling 

times can be very long. The most enriched gas is at the highest densities: 

star forming gas in galaxies. The metallicity of this gas can be super-solar. 

The highly enriched gas (near solar metallicities) is all above p / Pmean rv 104 . 
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Figure 4.16 Distribution of gas and its metallicity in the p-T phase diagram 
of the reference simulation at z=O. The green contours indicate the gas mass 
distribution , and the black,magenta and blue contours with labels indicate the 
metallicities. From low to high , the metallicity labels are [Fe/ H] = -3.0, -2.0, 
-1.5, -1.0, -0.5 and 0.0. Solar metallicity is defined as Z0 = 0.0127. The upper 
panel is the standard run with metal diffusion and the bottom panel is without 
diffusion. 
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The metallicity decreases as the wind propagates and mixes moving to lower 

densities. This steady progression with density can be seen in the hot gas 

(T > 105 K). The WHIM is enriched up to 10-2 Z8 to 10-1 Z0, while the 

diffuse IGM following the power-law EOS is barely enriched. The metallicity 

contours in Figure 4.16 show that metal enriched IGM is hotter than this 

diffuse phase. 

The metallicity distribution on the phase diagram without metal diffu­

sion in the bottom panel of Figure 4.16 is similar, but the metals are less evenly 

distributed. In particular, more low density material becomes enriched. For 

example, some gas around Trv 104 K and pj Pmean "' 0.01 has metallicities up 

to 0.1 solar. On the other hand, relatively dense, cool halo gas (pj Pmean > 100, 

T< 105K) is less enriched, as shown in the plot by the horizontal strip of lower 

metallicities extends to higher densities. As discussed in Section 4.2.3, this is 

because, without metal diffusion, the metals are locked into the original wind 

material and must travel with it. 

The above effect of metal diffusion is shown intuitively in Figure 4.17. 

The left panel shows the density distribution of a slice of the volume for the 

reference run at z = 0. The middle and the right panel shows the metallicity 

distribution of the same slice from the reference run and from the run with­

out metal diffusion. While the left and middle panels show a clear relation 

between density and metallicity, the right panel shows that there are a large 

number of highly enriched gas particles surrounding the galaxies (because the 

visualization tool always plots light-colored particles on the top, the underly­

ing distribution is partially covered). These are the particles ejected as winds 

from the enriched ISM, but the metals were locked in them as they leave the 

galaxies because there is no mixing. 
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Figure 4.17 Snapshots of a slice of the simulation box ( 40 Mpc x 40 Mpc 
x 2 Mpc) at z = 0. The left and central panel are the density and metal­
licity distribution for the reference simulation "mcd_40_256" and the right 
panel is the metallicity distribution for the simulation without metal diffusion 
"nmd_40_256" . The color bars indicate the logarithmic scale of the density in 
unit of cosmic mean density (for left panel) and the metallicity in unit of solar 
metallicity (for middle and right panel). We have adopted Z0 = 0.0127 for 
solar metallicity. 
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Figure 4.18 The probability density function (PDF) of the metal mass over: 
temperature (left panel); density(center panel) ; and metallicity (right panel) 
at z=O. Solid lines: the reference simulation; Dashed lines: the simulation 
without metal diffusion; Dot-dashed lines: the simulation without metal cool­
ing. 
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Figure 4.18 shows the metal-mass-weighted probability density func­

tions (PDF) over temperature, density and metallicity. Bimodal distributions 

are seen in the PDF of all three variables. As seen in the leftmost panel, metal 

cooling is efficient at WHIM temperatures and shifts a substantial amount of 

material from the WHIM to lower temperatures and the sharp peak of gas 

at 104K associated with primordial cooling is removed. Without diffusion, 

super-enriched gas is present which is able to cool to nearly 100 K. Without 

diffusion, enriched gas is also able to travel to extremely low densities as seen 

in the second panel. 

The impact of metal diffusion is clear in the metallicity distribution 

(the rightmost panel in Figure 4.18). With metal diffusion, there is a large 

increase in material at low metallicites, Z < 0.1 Z0 ). Without diffusion the 

metals concentrate in a spike just above 0.1 Z0 associated with the early 

distribution of metals from a star formation event. Turbulent mixing spreads 

the metals from the wind material to the surroundings so that substantially 

more gas contains metals at low levels. An increase in low metallicity gas was 

also achieved in Wiersma et al. (2009) using a local smoothing technique, but a 

physically motivated diffusion model results in the metals being substantially 

redistributed in space as seen in the second panel of the figure. 

4.4 The Density-Metallicity p- Z Relationship 

and the Effect of Metal Diffusion 

Since metals are produced in stars in the densest environments in galaxies and 

ejected through galactic winds to the low-density IGM with finite speed, it 
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is expected that there should be a positive relation between gas metallicity 

and density. Observationally, this density-metallicity relation can be inferred 

from certain metal tracers in QSO absorption spectra. For example, Schaye 

et al. (2003) used pixel statistics of the C IV line and found the carbon abun­

dance follows a log-linear relation with density:[C / H] = -3.47 + 0.08(z- 3) + 

0.65(log8-0.5) (8 is the overdensity) at z = 1.8-4.1. It was found that compar­

ing to the observed p- Z relationship with the ones extracted from simulations 

can give non-trivial constraints on models of galactic winds (Oppenheimer & 

Dave, 2006; Choi & Nagamine, 2010), although large uncertainties remain be­

cause the ionization states of the metal tracers sensitively depend on how gas 

is distributed in the density-temperature phase space and on the uncertain 

shape of the ionizing UV background (Schaye et al., 2003; Oppenheimer & 

Dave, 2006). 

Figure 4.19 shows the density-metallicity relationship from our simula­

tion and the effect of metal diffusion. At z = 2, the reference run (solid line) 

produces a positive, near-linear relation between the density and metallicity 

in logarithmic space for 0.5 ;S pj Pmean ;S 3. At the low density end the metal­

licity drops quickly, and at high density the metallicity curve flattens. The 

simulation without metal diffusion increases the under-dense gas metallicity 

by about a factor of 3 while it decreases it for halo gas (with overdensities 

2:, 100). Overall, no diffusion results in a shallower slope. This implies that 

when there is no metal diffusion, more metals propagate to the low density 

IGM, because metals locked in gas particles were carried entirely as the gas 

particles were ejected into the IGM. The simulation gives a metallicity slightly 

higher than observations from Schaye et al. (2003), but mostly within or close 

to the + 1a scatter line. This is much smaller in all density ranges than the 
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Figure 4.19 Metallicity-density relationship at z = 2 (left panel) and z = 0 
(right panel) for simulations "mcd_40_256" , "nmd_40_256" and "nmc_40_256". 
The effect of metal diffusion is shown in the excess at the low over density range 
and the decrease of metallicity in the halo gas. The left panel also shows the 
observational result from Schaye et al. (2003) (green solid line with green dot­
ted lines indicating 10" scatter) and results from simulations by Oppenheimer 
& Dave (2006) who use explicit galactic winds. Blue line indicates their "vzw" 
wind model and red line indicates their "mzw" model. 

metallicity from Oppenheimer & Dave (2006), indicating that their explicit 

wind model may enrich the IGM too efficiently. The uncertainties mentioned 

above (in deriving metallicity from certain metal absorbers) remain as possi­

ble causes for the discrepancy between observations and simulations. We defer 

detailed comparison of specific elements with observations to future work. 

At z = 0, the metallicity of all gas increases mildly. The increment is 

most significant at low density regions, making the log-linear relation extend 

to lower density (log(p/ Pmean) rv 0). It indicates that from redshift 2 to 0, 

metals propagate further into the low density IGM as the wind material travels. 

On the other hand , in the high density region (p/ Pmean > 1000) the slope 

increases compared to z = 2, implying that metals within galaxies accumulate 
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Figure 4.20 Metallicity-density relationship at z = 2 for simulations 
"mcd_45_256" (solid line) and "nmd_45_512" (dashed line). The observational 
result from Schaye et al. (2003) (green solid line with green dotted lines indi­
cating 10" scatter) is also shown in the same figure. 

through time, and winds are not as efficient there. Metal diffusion affects the 

relationship at z = 0 similarly as it does at z = 2. Overall , at z = 0, the 

shape of the density-metallicity relation is similar to that of z = 2, and the 

metallicity is still slightly higher but close to observations. 

Figure 4.20 shows the level of convergence in the density-metallicity 

relationship . At z = 2 the results from high and low resolution runs converge 

reasonably well. This is consistent with previous results described in Section 

4.2.2 , in which the metallicities of different gas phases evolve similarly for the 

high and low resolution runs. Because metallicity is a relative value, the more 

significant differences caused by resolution in absolute values (such as total 
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gas mass and metal mass) can cancel out when metallicity is computed. The 

metallicity magnitude is again higher but is not far from the results by Schaye 

et al. (2003). 

4.5 Summary 

In this Chapter we described the major results from the simulations and dis­

cussed their implications. First we examined the global properties of the sim­

ulations box such as the SFH, the evolution of total neutral hydrogen nHI 

and the evolution of the mean flux decrement of the Lya Forest < DLya >. 

The simulations produced a star formation history (SFH) broadly consistent 

with observations down to redshift z ,..._, 0.5, and a steady cosmic total neutral 

hydrogen fraction (OHI) that compares relatively well with observations. This 

demonstrates that, unlike most explicit wind models, adiabatic feedback is able 

to suppresses the global star formation rate (SFR) while not disrupting the gas 

accretion onto galaxies. At z < 0.5, the simulations suffer the"overcooling" 

problem and produce too many stars. The overproduction of stars comes from 

large halos (2: 1012M0 ). It is likely that in these objects stellar feedback is not 

sufficient to suppress the cooling of gas and other forms of feedback such as 

the feedback from AGN are necessary. The resolution effect is most prominent 

in halos less massive than 1010M0 , because the moderate resolution runs do 

not resolve these halos. In this mass range, with increasing resolution, both 

nHI and the SFR increase significantly which makes the results compare better 

with observations at z 2: 3. For resolved halos (> 1010M0 ), the evolution of 

nHI converges well, but the SFR is slightly too high. In brief, we conclude 

that with increased resolution we approach a more realistic nHI, but the star 
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formation model should be adjusted accordingly so as not overproduce stars. 

The evolution of < DLya > in our simulations is consistent with observations 

to z "' 3-4, if the magnitude of the UV background is lowered with respect to 

the Haardt & Madau (2005) rates in CLOUDY. Resolution does not impact on 

the < DLya > evolution since the Lyo: Forest traces the diffuse, low density 

IGM which are fully resolved even in the lower resolution runs. 

Second, we investigate the evolution of mass and metals in stars and 

different gas phases. As the universe evolves, there is a rapid increase in 

the amount of warm-hot intergalactic medium (WHIM) and a decrease in the 

cooler diffuse IGM. The metal content of the Universe evolves with initial 

metals largely residing in the IGM and later metal production in star forming 

gas, which is ultimately being locked in stars at the present day. These trends 

reflect the more effective wind escape at high redshift. IGM metals primarily 

reside in the WHIM, in contrast to the results of Oppenheimer & Dave (2006) 

and Dave & Oppenheimer (2007), who found that metals largely reside in the 

diffuse, cool IGM, as the wind gas starts cool with kinetic feedback and less 

likely to be heated up when the wind material is decoupled from the ISM. Our 

result is however in agreement with Wiersma et al. (2009) who also used kinetic 

feedback but with local energy injection and hydrodynamically non-decoupled 

wind models. The metallicity evolution of the gas in galaxies compares well 

with observations of Damped Lyman o: (DLA) systems and sub-DLA systems 

from Prochaska et al. (2003), but the metallicity of the diffuse, cool IGM 

at z "' 2.5 is less than the observations by Schaye et al. (2003) and Aguirre 

et al. (2008), suggesting that either higher resolution or additional feedback 

for enriching the diffuse IGM is probably necessary. At z = 0, the stellar 

metallicity is less than observed (Gallazzi et al., 2008), although the total 
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stellar metal density is consistent with the Gallazzi et al. (2008) value. This 

implies that the metal yield in our model is probably too small. With increased 

resolution, the basic trend of metal fraction evolution and enrichment efficiency 

in different gas phases remains unchanged. However, the high resolution run 

has a larger metal fraction in the cool, diffuse IGM, because it resolves the 

small halos better at higher redshift, and winds ejected from small halos are 

generally cooler. 

Third, we investigated the effect of metal cooling and diffusion on the 

global properties of simulations and the distributions of metals in different 

gas phases. For metal diffusion, we further studied its effect in the density­

temperature phase diagram at z =0 and the distribution of baryons as function 

of the galaxy mass. Metals enhance the cooling of the WHIM, allowing the gas 

to cool and join galactic disks. Metals also enable cooling below 104K. Metal 

cooling decreases the mass and metal fractions of the WHIM while increasing 

the metals in stars, halos and SF gas, and increasing the SFR by 20% and Om 

by 17% at z =0. These differences are smaller than the ones found in Choi & 

Nagamine (2009) and Schaye et al. (2010). The former used a metal cooling 

rate without UV radiation and thus may overestimate the cooling rate at the 

IGM temperature. The latter has UV dependent metal cooling but higher 

overall metal yields. With realistic diffusion included, metals mix between 

winds and surrounding gas before they leave the galaxies, decreasing the metal 

content in the WHIM and diffuse IGM but increasing it in the galactic halo and 

star forming gas. It prevents enriched, hot winds from creating highly-enriched 

low density regions, and makes the density-metallicity relation smoother so it 

follows a nearly log-linear relation in the density range log(p/ Pmean) = 0- 4. 

The results imply that metal diffusion and metal cooling are essential to model 
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the IGM enrichment and must be included in simulations. 
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Characterizing Wind Properties 

The primary difference between the simulations presented in this work 

and earlier enrichment studies is the mechanism for galactic wind generation. 

Earlier simulations explicitly added velocity to gas in regions where stars form. 

Here feedback only added thermal energy and prevented gas cooling accord­

ing to a recipe developed using simulations of isolated Milky Way-like disks 

and dwarf galaxies. We have shown in the previous Chapter that adiabatic 

feedback can regulate star formation down to z > 0.5 and cause substantial 

mass loss from galaxies to enrich the IGM. However, since winds are produced 

dynamically as a result of feedback instead of via a wind recipe, it is helpful 

to characterize the wind generation mechanisms. In this Chapter, we exam­

ine mass loss as a function of halo mass for our baseline simulations. The 

purpose is to understand how the adiabatic feedback generates winds that 

enrich the IGM. As discussed in the previous chapter, our approach allows 

scope for more vigorous feedback. Additional feedback models such as explicit 

superwinds and subgrid AGN models may be included in future enrichment 
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studies. 

5.1 Properties of Baryons within and outside 

of Halos with Different Masses 

We identified halos using a friends-of-friends (FOF) group finder with linking 

length E = ~ of the inter-particle separation ("" 30 kpc for the reference run) 

to find material inside regions of overdensity ~ ~125. We compared the 

baryon fraction ( Mbary / lvftot) of material inside the halos (black solid line) as 

a function of total halo mass at z = 0 with the cosmic mean (Ob/Om, dotted 

line) in Figure 5 .1. The baryon content is low for low mass halos ( < 1010 M 0 ). 

It increases quickly with mass in the intermediate range, and stays near the 

cosmic mean beyond "" 2 x 1011 M 0 . Halos of mass less than 2 x 1011 M 0 

contain less than the cosmic mean in baryons, indicating that gas was either 

prevented from accreting onto those halos, or was ejected/stripped from them. 

Using a lower resolution (2 x 1283 particles) run (not plotted here), we ruled out 

that the decrease below "" 1011 Jyf0 is a resolution effect. Possible mechanisms 

that cause the mass loss include: 1. Background UV radiation heats the gas 

and prevents it from accreting onto dwarf galaxies; 2. Tidal stripping during 

merger events; 3. Winds generated from the stellar feedback mechanism. 

We investigated where the "lost" baryons are at the current epoch 

by pairing each gas particle with its dark matter (DM) partner at the same 

location in the initial conditions. We identified the gas particles that remain 

in the IGM (i.e. do not belong to any groups) even though their partner dark 

matter particle has accreted onto a halo at z=O. When plotting any properties 
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of this gas as a function of halo mass, we are referring to the mass of halos 

to which the DM partner of the gas belongs. Note that this method only 

considers the difference between the initial condition and the snapshot at z 

= 0, so it does not differentiate re-accretion of gas after ejection. Hence the 

result here is used as a qualitative indication of the fate of the "lost" gas. A 

more precise description would require tracking the dynamical history of the 

gas particles. Furthermore, because halos evolve and generally increase their 

mass towards low redshift, as more gas accretes onto them or merger events 

take place, the halo masses plotted here (which are measured at z =0) may be 

higher than the mass when the winds were ejected. We will address this issue in 

Section 5.2. According to its temperature, this gas was categorized as WHIM 

(105K < T < 107K ) or cooler, diffuse gas (T < 105K). Figure 5.2 shows the 

WHIM fraction (black line with error bars). For comparison, the gas inside 

halos was also categorized in the same way as warm-hot halo gas and cool 

halo gas, and the warm-hot gas fraction is shown in the same figure (red line 

with error bars). Despite the large error bars, the curves show that gas within 

or escaped from smaller halos tends to be cooler than that associated with 

larger halos. For gas within halos, this is expected because larger halos have 

larger gravitational potentials and higher virial temperatures. For gas escaped 

from halos as winds, it indicates that our winds do interact with the halo gas 

as they leave. This is probably because the winds are not hydrodynamically 

decoupled in our model. 

We investigated the role of stellar feedback and winds in the efficient 

mass loss by tracing the density history of the "lost" gas up to z = 5 to identify 

winds. If its highest overdensity, p(z)max/ Pmean, was larger than 100, and its 

current density is less than half of the maximum (p(z = 0) < 0.5 p(z)rnax), 
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Figure 5.1 Distribution of baryon and stellar mass fractions of halos and wind 
fraction escaped from halos , as a function of total halo mass in the reference 
run (z=O). Black solid line: baryon fraction (includes gas and stars) in halos. 
Dotted line: the cosmic mean value. Dashed line: stellar mass fraction. To 
indicate how halos of different mass lose gas and the role of stellar feedback 
and winds, we identify the lost gas by pairing each gas particle with its dark 
matter neighbour in the initial condition, and finding the ones who have their 
DM partners within halos but are themselves in the IGM. When plotting this 
gas as a function of halo mass, we mean the mass of halos that its pairing dark 
matter particle belongs to. The gas found in this method is further split to 
the WHIM phase (105 K < T < 107K) and the cooler IGM phase (T < 105K). 
Among this gas, winds were identified by tracing the density history of the 
gas using p(z )max/ Pmean > 100 and p(z = 0) < 0.5 p(z )max· Blue solid line: 
mass fraction of the halo baryons that escaped as wind and are currently in 
the WHIM. Red solid line: mass fraction of the halo baryons that escaped as 
wind and are currently in the diffuse IGM. 
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Figure 5.2 For the gas that is currently within or outside of a certain halo , the 
mass fraction of this gas that is in the warm-hot phase (105 K < T < 107K) , 
as a function of the halo mass. Black curve with error bars: mass fraction of 
the gas outside of halos (identified by the partner DM particles) that is in the 
warm-hot phase (i.e. WHIM) . Red curve with error bars: mass fraction of halo 
gas that is in the warm-hot phase. 

then the gas is considered ejected as wind material. Since the gas density was 

measured only when snapshots were generated every ~z = 0.25, it is possible 

that some wind gas was omitted. However, we verified this density method in 

the non-diffusion simulation, where winds can be identified by the metallicities 

of the particles. Our density method successfully detects the same material 

identified by metals. The blue and red lines in Figure 5.1 indicate fractions of 

gas that was expelled from halos as winds , and is currently in the WHIM and 

cool IGM phase, respectively. We also plotted the stellar mass fractions in the 

same figure (dashed line). 
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Our results show that baryon loss due to winds is most efficient in in­

termediate mass ranges, 1010 to 1011 M 0 . This is also the range where the 

stellar fraction increases rapidly, which reflects the correlation between star 

formation and wind generation. Below 1010 M 0 , both the baryon fraction and 

stellar mass fraction of the halos are very low. We traced the accretion history 

of the "lost" baryons and found most of the gas has never accreted onto any 

objects. Considering the star formation rate does not converge well, especially 

in this mass range, higher resolution is probably necessary to further investi­

gate these objects. However, it is likely that heating due to the background 

UV radiation prevents gas accreting onto such halos, since UV heating can 

bring gas temperatures to 104 K -105 K, comparable to the virial temperature 

of dwarf galaxies with mass ;S 1010 Nfsun· Wind fractions start to decrease 

when M > 1010·5M0 . This may be caused by: 1. A decrease of wind escape 

efficiency with increasing halo gravitational potentials; and/or 2. A decrease 

of star formation efficiency as halo mass increases, as indicated in the decline 

of stellar fraction in Figure 5.1. The latter is probably due to the increase in 

cooling time, as the virial temperature of the halo increases and the cooling 

rate decreases beyond 106 K (ref. Figure 3.5). For halos with mass» 1012M0 , 

virialized gas can have a longer cooling time than the Hubble time and hence 

fuel supplies for SF activities can be greatly reduced (Rees & Ostriker, 1977). 

It is worth noting that the stellar fraction from our simulation is larger than 

observations (e.g., Guo et al., 2009) so there is an "overcooling" problem, in 

which gas in simulations tends to cool too rapidly and form more stars com­

pared to observations. It was suggested that feedback from Active Galactic 

Nuclei (AGN) may alleviate this problem (e.g. McCarthy et al., 2009) espe­

cially for galaxy groups. However, an investigation of AGN feedback is beyond 
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the scope of this work, and we use the stellar fraction curve only to indicate 

SF activities in different mass halos. 

The colored lines in Figure 5.1 show that the wind material can be 

in WHIM or cooler IGM phases. Galaxies of all masses larger than 1010M0 

generate winds in the form of WHIM, while only galaxies that are in the range 

1010 
- 1012 Jov10 have cool wind gas. We tracked the temperature history for 

this cool wind gas and found that about 60% of it had T > 105 K when it was 

generated and has subsequently cooled. 

Figure 5.3 shows the metallicity distribution for the baryons within 

halos, WHIM and diffuse gas as functions of halo mass. The metallicity for 

all gas is low for halos with mass .:S 1010M0 . For the diffuse IGM and the 

WHIM, this is probably because this gas has never accreted onto galaxies and 

experienced star formation. For the gas in halos, the metallicity is still low 

due to low star formation. In the intermediate mass range, the metallicity of 

the gas in halos increases significantly, because the baryon content of halos 

increases and the galaxies undergo multiple star formation events and accu-

mulate metals. Consequently, winds are enhanced, increasing the metallicities 

in the diffuse and WHIM gas outside those halos. The metallicity of baryons 

in halos saturates above ,....., 1011 M0 , reflecting the decline of SF activity with 

increasing halo mass. The metallicities of the escaped material (in both the 

WHIM and cooler IGM phase) decreases, possibly due to the inefficiency of 

winds leaving more massive objects and the decline of star formation. Note 

that the amount of diffuse gas is very small in massive objects beyond 1012M0 

so the metallicities have large uncertainties. 

The dashed lines in Figure 5.3 show the metallicities of different gas 

phases for the non-diffusion run. The effects of metal diffusion are seen in two 
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aspects. First, metal diffusion contaminates the gas that is prevented from 

accreting due to UV or stripped by tidal forces, as indicated in the increase of 

the metallicity of the gas formerly associated with low mass halos when metal 

diffusion is on. Second, metal diffusion allows winds to lose metals along 

the wind trajectory, therefore significantly decreasing the metallicity in winds, 

while increasing it in halo gas. This is reflected in the metallicity decrease of 

the gas outside halos (both the WHIM and the diffuse gas) at masses larger 

than 1010M0 , and the increase in the metallicity of the baryons within halos. 

Without diffusion almost all metals in the unbound gas are locked in wind 

material (98% of all metals in the WHIM and 99% of all metals in the diffuse 

IGM). In the full model, including metal diffusion, the numbers decrease to 

58% and 80%, respectively. 

5.2 Wind Tracing- When and Where does the 

Enrichment Happen? 

We described in the previous section how haloes with different masses lose 

their gas and the possible mechanisms for mass loss. Figures 5.1 and 5.3 

indicate that winds at z = 0 mostly came from halos that are currently in the 

intermediate mass range, 1010 to 1011 M0 . Comparing the stellar mass fraction 

in these halos, we found that the wind generation in this mass range is closely 

related to star formation activity. However, the method does not capture the 

mass of the halo when the wind was ejected and the time (redshift) of such 

enrichment events. In this section we attempt to answer this question by 

tracing the wind particles back to high redshift. We will also investigate the 
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Figure 5.3 The distribution of metallicities of baryons within halos and differ­
ent phases of gas escaped from halos (described in the caption of Figure 5.1) 
as a function of total group mass at z = 0. The solar metallicity used in this 
plot is z0 = 0.0127. 

relation between current wind properties (e.g. density and temperature) and 

their origin. 

To find out where the current (z=O) winds come from , we identified 

all the gas particles that do not belong to any FOF group. These particles 

were then tracked back in outputs at successively higher redshift (i.e. z = 

0.25 , 0.5 ... etc.). For each particle i, if it was found in a halo at a certain 

redshift in the history, then the halo mass ML1o and the redshift z!ject were 

recorded. Because of our limited time resolution in outputs, the actual time of 

ejection is between z!ject and z~ject - 0.25. If not , then the particle is searched 

in the next output (with z = z+ 0.25). The process is repeated until z = 
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5. If the particle had never been associated with any halo from z = 0 to z 

=5, then the gas was ejected as wind at z > 5, or the material never accreted 

onto any object. We can roughly differentiate the two from the metallicity 

of the gas, but because metal diffusion spreads wind metals to galactic halos, 

the method is not exact (on the other hand, for the simulation without metal 

diffusion, it can identify all the enriched wind at z >5). For all gas that 

was within a halo but is currently in the IGM, we further use the density 

criterion Pz=O < 0.5pmax (comoving density). If the criterion is satisfied then 

the gas particle is considered to be enriched wind material. Again we verify 

this method using the no diffusion ( "nmd_40_256") run and found the above 

method can fully detect the enriched winds. 

Now that we have obtained Mkato and z!ject' we first investigate what 

type of halos generate the enriched wind at z = 0 and its dependence on 

redshift. For each redshift range (z, z- ~z), the mass of metals produced in 

this redshift range and still in the IGM at z=O is computed by simply adding 

the metal mass of the particles that have z!ject = z. Similarly, using Mkalo' 

the metal mass in each redshift bin from halos of mass ranges 109 - 1010M0 , 

1010 - 1011M0 , 1011 - 1012M0 and> 1012 M0 is calculated. Figure 5.4 shows 

the amount of metals ejected from halos of different masses in each redshift 

bin normalized by the total amount of metals ejected from all halos since z = 

5. For all halo masses, the evolution of metal mass with redshift indicates that 

most wind material existing today were ejected recently. At all redshifts, the 

metal mass is dominated by halos in the range of 1010 - 1011M0 (about 50% 

to 70%), which is also demonstrated in Section 5.1 using a different method 

(the halo mass in section 5.1 is computed at z = 0, and here it is computed 

at the time where the wind is generated). At high redshift (z ,;::: 3) small 
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Figure 5.4 Plot showing the origin of enriched winds at z = 0. Each wind parti­
cle at z = 0 is tracked back until redshift 5. The last redshift when the particle 
was associated with a halo , Zeject , and the mass of the halo at that redshift, 
M H ala are recorded (see text for details). This plot shows the mass of metals 
ejected from halos in each mass range at each redshift , mz(Mhalo, z) , normal­
ized by the total metal mass (i.e., summed over all halos and all redshifts). 
The curves with different colors indicate different mass range as described in 
the legends. The curves add up to one at each bin. 

galaxy progenitors of mass 109 - 1010M0 do produce a substantial fraction of 

metals, as they dominate the halo population. This is not reflected in Figure 

5.1 in the previous section, because: 1. the absolute amount of wind mass 

produced by these objects at this redshift is very small, almost negligible, 

compared to the amount of baryons that have not accreted onto halos ; 2. the 

halos with 109 - 1010M0 at high redshift may grow and become > 1010M0 

at z =0. Towards lower redshift , the contribution from larger halos becomes 

important. Although with increasing halo mass the SF activity in individual 
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Figure 5.5 Left panel: the metal mass weighted mean halo mass < MHalo > 
(halos with which the wind particle is last associated) as a function of the over­
density of the wind material at z = 0. Right panel: the metal mass weighted 
ejection redshift < Zeject > as a function of the overdensity of the winds at z 
= 0. The winds are also split into warm-hot (105 K :=:; T < 107K) and cool 
(T < 105 K) phases according to their temperature at z = 0, and the quan­
tities < MHalo > and < Zeject > are plotted for each phase (dashed line and 
dot-dashed line indicate warm-hot phase and cool phase, respectively). The 
blue curves indicates the results from the simulation without metal diffusion. 

halos may decrease (as we see in Figure 5.1), the fraction of metals contributed 

by stars presently in large halos still increases toward lower redshift, because 

the population of large objects grows with time. It is interesting to compare 

this figure with Figure 4.3. At low redshift, the star formation rate in halos 

larger than 1012M0 is much higher than in halos of mass 1010 - 1011M0 , but 

the latter produces more winds. It reflects the fact that the mass loading 

factor of our pressure generated wind varies with halo mass. 

We now examine if there is any relationship between current properties 

of the wind materials, and when/where the winds originated. We bin the 

wind material according to its overdensity. In each density bin, we calculate 
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the metal mass weighted mean halo mass < MHalo >by 

(5.1) 

where mi, Zi and Mkalo is the mass, metallicity and the mass of halo with 

which the particle is last associated. The sum is over all particles in the density 

bin. Similarly, the metal mass weighted wind ejection redshift is 

(5.2) 

where z!ject is the redshift when the particle i was ejected as wind. The black 

solid lines in Figure 5.5 show < MHalo > and < Zeject > as a function of the 

overdensity of the wind material at z = 0. There is a clear positive correlation 

between density and MHalo, and a negative correlation between density and 

< Zeject >. In other words, metals currently in the higher density IGM were 

ejected more recently from larger mass objects. On the other hand, metals in 

the low density IGM are the ones ejected in earlier epochs from low mass halos. 

Considering that halo masses are lower at higher redshift, and that metals are 

generated in densest regions in galaxies and carried by winds to low density 

IGM, the correlation in the figure reflect the fact that it takes certain time for 

wind to reach the low density IGM, that is, the enrichment does not happen 

instantaneously. And because the correlation is strong, we can expect that the 

enrichment timescale is quite long. This is consistent with Aguirre et al. (2001) 

who found that wind travel time affects enrichment results, and with the more 

recent Wiersma et al. (2010), who used simulations with kinetic feedback and 

explicit winds. 
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Figure 5.6 The metal mass weighted mean halo mass < MHalo > (left panel) 
and the metal mass weighted ejection redshift < Zeject > (right panel) as a 
function of temperature of the winds at z = 0. The blue curves indicates 
results from the simulation without metal diffusion. 

The enriched winds are then divided into warm-hot (105 K::; T < 107K) 

and cool (T < 105 K) phases according to their temperature at z = 0. We 

repeat the calculation of< MHalo > and < Zeject > above, and plot the result 

in the same figure. It is found that warm-hot winds generally originated from 

higher mass halos, although the range of < MHalo > is quite large, varying 

from "' 1011 to > 1013M8 . In contrast, the origin of cool winds is mostly 

confined to less massive halos ( < MHalo > between 1010 to 1011 M8 ). Smaller 

halos have shallower gravitational potentials and lower virial temperatures 

and gas can easily escape from these halos without being heated to a very 

high temperature. This is consistent with the results shown in Figure 5.2. As 

to < Zeject >, because the warm-hot winds are generated in larger halos which 

are more populated at lower z, the average ejection redshift for warm-hot gas 

is lowered for the underdense gas pj Pmean < 0. 

The enriched wind particles are also binned according to their temper-
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ature, and the metal mass weighted mean halo mass and metal mass weighted 

ejection redshift are computed in each temperature bin according to Equation 

5.1 and Equation 5.2. The results are plotted in Figure 5.6. As expected, there 

is a strong correlation between wind temperature today (z=O) and the mass of 

halos that generated this wind. Wind particles that are still hot (2: 105K) at 

z = 0 generally originated in larger objects at lower redshift. It is interesting 

to note that below rv 104 K, the mean ejection redshift increases sharply with 

decreasing temperature, i.e. wind temperature is a strong indicator of how old 

the wind is. Above 104 K, all winds are relatively recent. This is likely related 

to the gas cooling rates. As shown in Figure 3.5, with metal cooling, the ra­

diative cooling rate is higher in the range of 104 - 107K than below 104 K for 

gas with the same density. Therefore winds that are still hot today need to be 

ejected relatively recently, otherwise they would have been cooled to < 104 K 

(although it does not rule out cases in which hot winds were generated at high 

redshift and enter the low density IGM, where the cooling time is long). In 

contrast, for the winds below 104K the cooling time is much longer, thus the 

wind temperature reflects its age. 

We also track the enriched winds for the simulation with no metal 

diffusion using the method described above. The blue curve in Figure 5.5 

and Figure 5.6 shows < MHalo > and < Zeject > as a function of density and 

temperature for the no diffusion run. It appears that metal diffusion does not 

significantly affect < MHalo > and the general trend of decreasing < Zeject > 

with increasing density remains (at least for winds with overdensity above 0.1). 

However, with metal diffusion < Zeject > is generally higher. This is related to 

how < Zeject > is computed. Without metal diffusion, outflow particles do not 

lose metals when they travel into the IGM. Thus winds generated at earlier 
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time have higher metallicity (Zi) than in the case when metal diffusion is on, 

and have more weight in calculating the metal mass weighted ejection redshift 

(cf. Equation 5.2). The right panel of Figure 5.6 shows that without metal 

diffusion, the average ejection redshift for gas beyond 104K increases. This 

can also be explained by the fact that winds generated at earlier epochs does 

not lose their metals and therefore have more weight in < Zeject >. 

In summary, in this section we tracked the history of the wind materials 

at z =0. It was found that: 1. halos with intermediate mass 1010 - 1011 M8 

dominate the wind generation at all redshift, but towards lower redshift the 

contributions from larger halos become important; 2. Metals in the cool, low 

density IGM today mostly originated from small halos at higher redshift, and 

metals in denser regions were generated more recently by higher mass halos. 

In future work, we will characterize in detail the behavior of winds generated 

by our feedback and the effects of metal and thermal diffusion using high 

resolution zoomed-in galaxy simulations. 

5.3 Characterizing the Mass Loading Factor 

of Winds 

Observations of local star burst galaxies (Veilleux et al., 2005, and references 

therein) have found correlations between the star formation rate (dM*jdt) 

and mass loss rate in winds (dMw/dt): dNfw/dt = 1]dM*/dt, where 17 is the 

mass loading factor and its value varies from 0.01 to ,......, 10. This relation is 

often built in to explicit wind models in which 1], together with the initial 

wind velocity Vw, are input parameters. In most implementations of explicit 
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wind models (e.g. Springe! & Hernquist, 2003; Dalla Vecchia & Schaye, 2008; 

Wiersma et al., 2009) a constant 77 is used. Other implementation such as 

the momentum driven wind model used in Oppenheimer & Dave (2006) and 

the variable velocity wind model in Choi & Nagamine (2010), adopt values of 

77 that are a function of the velocity dispersion of the galaxies that generate 

winds. In our simulations, winds are generated by the pressure force of the 

ISM and thus there are no free wind parameters. In this section we compute 

the effective mass loading factor from our simulations (as an outcome of our 

feedback model) at different redshifts and compare it with the mass loading 

factor in explicit wind models. We define the effective mass loading factor at 

each redshift interval (z, z + ~z) (~z = 0.25) by: ''leff = ~Moutflow/ ~M*. 

Here ~Moutflaw and ~J't/fstar are the mass of gas outflow ejected and the mass 

of stars formed in the redshift interval, respectively. 

It is difficult to capture what gas is part of an outflow at a certain 

redshift without tracing the evolution of all particles in the simulation. Winds 

generated at certain time may re-accrete back onto galaxies at a later timestep. 

By tracking a small sample of wind particles, we found that the percentage 

of re-accretion winds in our simulation is substantial. Thus if we track all 

the existing wind particles at z=O back in history (as in the previous section), 

we will miss most of wind from early epochs because they could have already 

re-accreted back onto galaxies. In this section, we use two different criteria to 

approximately identify outflows generated in each redshift interval. Although 

neither of the two can detect outflows precisely, the result is indicative and 

serves as a first step towards a detailed characterization of our wind model. 

1. Group identifier: If a particle i belongs to an FOF group at redshift z 

---------------------·-------·------~ 
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Figure 5. 7 The effective mass loading factor as a function of redshift calculated 
from the non-diffusion simulation "nmdA0_256". The mass loading factor here 
is an outcome of our feedback model, not a free parameter as in explicit wind 
models. The solid and dashed lines indicate different ways to identify outflows, 
one use the group information of the gas particle (solid line), the other use the 
metallicity increments (dashed line). See text for detailed description. 

but does not belong to any at z- 0.25, then it is an outflow particle. 

2. Metallicity identifier: If the metallicity of particle i at z - 0.25 is higher 

than at z, and Pi(z- 0.25) ~ 0.5pi(z), then this particle is a part of an 

outflow. 

We use the non-diffusion simulation "nmdA0_256" to avoid the com-

plexity of using the metal identifier when metal diffusion is turned on. Both 

criteria are quite strict. In the group identifier, particles need to be ejected out 

of the halo in the time interval of Llz. Depending on the velocity of winds, the 
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redshift and the mass of the halos, we may have omitted winds that cannot 

leave the group in Doz. The second, metal identifier, captures only the newly 

enriched winds, so any ISM gas that is entrained in the hot wind outflows is 

not taken into account. However, at the resolution of current cosmological­

scale simulations, neither the ISM nor the entrainment is well modeled. In 

our feedback model, gas that receives SN energy is the same as that which 

receives metals, the possibility of cold, heavy gas particles being ejected along 

with hot flows is probably small. Note that the group identifier does allow 

entrainment of unenriched gas. Figure 5. 7 shows that the group and metal 

identifier give similar T/ef f at z ~ 4, but at higher redshift the group identifier 

gives a larger TJeff, which is probably due to entrainment of unenriched gas. 

The effective mass loading factor T/ef f varies from "" 1 to 8 as a function of 

redshift. These values are in a similar range as the ones used in explicit wind 

models, but smaller than the ones in the momentum driven winds model used 

in Oppenheimer & Dave (2006) (their Fig. 4). However, uncertainties still 

exist in whether our methods can fully capture the winds. Moreover, our wind 

identification methods only capture wind material that escaped from halos, 

whereas in explicit wind models, the mass loss rate dMw / dt stands for all 

mass loss in winds when the winds were launched. Thus there is a factor of 

escape efficiency included in our effective mass loading factor, but not in the 

rJ in explicit wind models. And this can also cause a smaller 77 value from our 

results. 

At higher redshift the mass loading is higher. Considering that at 

higher redshifts smaller objects dominate, this trend implies that the mass 

loading factor decreases with increasing halo mass. This result is consistent 

with the "energy driven wind" and "momentum driven wind" pictures, where 

----------------------
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'rJ ex 1/CJ2 and 'rJ ex 1/CJ, respectively, with CJ being the velocity dispersion 

of the galaxy (Aguirre & Schaye, 2007, and references therein). With the 

method of wind identification used here, we are unable to characterize what 

type of wind our simulation generates from the blast-wave supernova feedback 

model. The result may also depend on resolution. We will leave further 

characterization of fJ as well as the wind velocity Vw for future work, where 

we will track particles in highly resolved galaxy samples and comparing it 

with observations of local starburst galaxies. However, the results presented 

in this and the previous chapter show that it is possible to use a physically 

motivated feedback recipe - a model that is designed based on the physics 

of SN explosions - to generate galactic winds and metal enrichment that are 

generally consistent with observations and also with the results from other 

works who used various explicit wind models. 

5.4 Summary 

In this Chapter we characterized the properties of the winds in our simulations 

and their generation mechanisms. We first investigated which type of galaxies 

generate most winds. We found that winds are most efficient for halos in the 

intermediate mass range of 1010M8 to about 1011M8 . Winds from intermediate 

mass halos dominate the metal ejection at all redshifts, though towards lower 

redshift the contribution from halos > 1011 M8 becomes important. Below 

1010M8 gas is likely to be prevented from accreting and forming stars due to 

UV heating and remains as low-metallicity gas, although resolution could also 

be a possible factor. Above about 1011 M8 , the mass fraction of wind gas in a 

given halo mass, mwind/mhalo, decreases along with the stellar mass fraction. 
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This is probably because the wind escape efficiency decreases with increasing 

halo potential and because of the decline of star formation activities especially 

for massive halos. 

We then examined the correlations between wind properties (density 

and temperature) at current epoch (z=O) and the origin of these winds. There 

is a positive correlation between the density of the wind and the average mass 

ofthe halo from which the wind was ejected, and a negative correlation between 

wind density and its ejection redshift. It indicates that metals in the low 

density IGM (far from the halos) were ejected in an earlier epoch from less 

massive halos, i.e. the wind speed affects the distribution of metal in the IGM. 

Using a relatively simple method, we also attempted to quantify the 

mass-loading factor and investigate its variation with redshift. Although these 

results are preliminary, they are consistent with the parameters used in explicit 

wind models, and it seems that the mass loading factor is larger for smaller 

halos, as predicted by both energy-driven and momentum-driven wind ideas. 
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Summary and Future Work 

We investigated the enrichment of the intergalactic medium with Smoothed 

Particle Hydrodynamics (SPH) cosmological simulations using an adiabatic 

stellar feedback model. In this model, galactic outflows are generated by the 

pressure forces in the interstellar medium (ISM) due to feedback energy. Gas 

cooling was turned off for the expansion time of the superbubbles (generated 

by co-existing supernova (SN) explosions) to allow feedback to act on resolved 

scales. The simulations incorporated a self-consistent metal cooling model 

with an ultraviolet (UV) ionizing background along with metal diffusion that 

models the turbulent mixing in the IGM and the ISM. Feedback from active 

galactic nuclei (AGN) was not included. 

We used CLOUDY (Ferland et al., 1998) to compute the radiative cool­

ing and heating under an evolving extragalactic background. It was found that 

photoionization due to the UV background significantly alters the metal cool­

ing rates at all temperatures investigated, from 100 K to 109 K. Above 104 Kit 

decreases the cooling rate and shifts the cooling peak to a higher temperature, 
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while below 104 K the UV increases the metal cooling rates, mainly due to the 

increase in free electrons. We investigated the effect of non-equilibrium ioniza-

tion on primordial species and found that it has a large impact on gas cooling 

when there is no UV radiation. With radiation the recombination timescale is 

short and the primordial gas is generally in ionization equilibrium. Although 

this work focused on IGM under UV radiation, we integrated the ionization 

equation for primordial species directly to capture any non-equilibrium at high 

reclshift. The effect of cosmic rays on IGM cooling was also investigated and 

it was found that for the IGM under a UV background, the effect is small. 

For this reason cosmic rays are not included in our cooling model. In brief, by 

incorporating UV radiation into the metal cooling calculation, we have con­

structed a more realistic heating/cooling model that is suitable for the IGM 

compared to cooling models used in most prior works (e.g., Choi & Nagamine, 

2009). Many uncertainties, such as stellar UV and cosmic rays still exist for 

modeling the ISM cooling, and subgrid models are probably necessary. An 

investigation of these topics is beyond the scope of the current work. 

The simulations produced a star formation history (SFH) broadly con­

sistent with observations clown to reclshift z rv 0.5, and a steady cosmic total 

neutral hydrogen fraction (S1m) that compares relatively well with observa-

tions, although possible discrepancies in the observed S1m at z rv 2-3 allow for 

more vigorous mass-loss. This demonstrates that, unlike the superwincl mod-

els, adiabatic feedback suppresses the global star formation rate (SFR) while 

maintaining a regular supply of H I. As expected from the hierarchical struc-

ture formation model, the halos that dominate the global SFR evolve from 

dwarf galaxies at high redshift (z ""'5-6) to halos larger than the Milky Way 

at z rv 0. A similar trend was also seen in the S1m evolution. The overpro-

·----~-~-~~-~~-

161 



PhD Thesis - S. Shen McMaster Physics and Astronomy 

duction of stars at z < 0.5 comes from large halos, as in these objects stellar 

feedback is not sufficient to suppress the overcooling of gas and feedback from 

the AGN is probably necessary. The SFH from all halos below 1012M8 agrees 

with observations well to z = 0. With high resolution, the most prominent 

effect is seen in halos less than 1010M8 , in which both nHI and the SFR in­

crease significantly, and makes the total SFH and nHI at high redshifts agree 

better with observations. This is a resolution effect -the low resolution runs 

do not resolve halos less massive than 1010M8 . For intermediate to high mass 

halos, the evolution of nHI converges reasonably well. However, under the 

same star formation recipe (based on Katz et al. (1996) which is designed for 

relatively low resolution simulations), the high resolution run, being able to 

resolve density peaks better, produces a higher SFR. In general, we conclude 

that with increased resolution we approach a more realistic nHI, but the star 

formation model should be adjusted accordingly so as not overproduce stars. 

In the IGM, the evolution of the mean flux decrement in the Ly-a forest in 

our simulations is consistent with observations to z rov 3-4, if the magnitude 

of the UV background is lowered with respect to the Haardt & Madau (2005) 

rates in CLOUDY which is still consistent with observational constraints. 

As the universe evolves, there is a rapid increase in the amount of 

warm-hot intergalactic medium (WHIM) and a decrease in the cooler diffuse 

IGM. At z=O, the fraction of mass is in the WHIM ( rov 40%) is consistent with 

previous simulations employing different methods (e.g., Cen & Ostriker, 2006; 

Oppenheimer & Dave, 2006). The metal content of the Universe evolves with 

initial metals largely residing in the IGM and later metal production in star 

forming gas, which is ultimately being locked in stars at the present day. These 

trends reflect the more effective wind escape at high redshift. IGM metals 
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primarily reside in the WHIM, in contrast to the results of Oppenheimer & 

Dave (2006) and Dave & Oppenheimer (2007), who found that metals largely 

reside in the diffuse, cool IGM, as the wind gas starts cool with kinetic feedback 

and less likely to be heated up when the wind material is decoupled from the 

ISM. Our result is however in agreement with Wiersma et al. (2009) who also 

used kinetic feedback but with local energy injection and hydrodynamically 

non-decoupled wind models. The mean metallicities of stars, star forming gas, 

galactic halo gas and the cold diffuse IGM all increase with time, but those of 

the WHIM and the intercluster medium (ICM) remain mostly constant with a 

slight decreasing trend. The metallicity of the WHIM stays between 0.01 to 0.1 

Z0 , similar to the value found by Aguirre et al. (2005), Dave & Oppenheimer 

(2007) as well as Wiersma et al. (2009). The metallicity of the ICM is similar 

to the WHIM, which is smaller than the observed value, 0.2-0.5 Z0 , possibly 

due to absent AGN feedback. The metallicity evolution of the gas in galaxies 

compares well with observations of Damped Lyman a (DLA) systems and sub­

DLA systems from Prochaska et al. (2003), but the metallicity of the diffuse, 

cool IGM at z t'V 2.5 is less than the observations by Schaye et al. (2003) 

and Aguirre et al. (2008), suggesting that additional mechanisms for enriching 

the diffuse IGM is probably necessary here. At z = 0, the stellar metallicity 

is less than observed ( Gallazzi et al., 2008), although the total stellar metal 

density is consistent with the Gallazzi et al. (2008) value. This implies that the 

metal yield in our model is probably too small, which is also reflected in the 

result that our metallicities of all gas phases are smaller than that of Wiersma 

et al. (2009) who used more up-to-date yields. With increased resolution and 

higher overall SFR, the 5123 simulation has a larger fraction of metals in stars. 

Because it resolves the small halos better at higher redshift, and because winds 
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ejected from small halos are cooler, it has a larger metal fraction in the cool, 

diffuse IGM. This also causes the higher metallicity of the diffuse IGM and 

decreases the discrepancy between simulation and observation. However, the 

basic trend of metal fraction evolution and enrichment efficiency in different 

gas phases remains unchanged with resolution. 

We investigated the effect of metal cooling and diffusion on the SFH, the 

evolution of nm and the evolution of mass and metals in different phases. For 

metal diffusion, we further studied its effect in the density-temperature phase 

diagram at z =0 and the distribution of baryons as function of the galaxy mass. 

Metals enhance the cooling of the WHIM, allowing the gas to cool and join 

galactic disks. Metals also enable cooling below 104K. Metal cooling decreases 

the mass and metal fractions of the WHIM while increasing the metals in stars, 

halos and SF gas, and increasing the SFR by 20% and nm by 17% at z =0. 

These differences are smaller than the ones found in Choi & N agamine ( 2009) 

and Schaye et al. (2010). The former used a metal cooling rate without UV 

radiation and thus may overestimate the cooling rate at the IGM temperature. 

The latter has UV dependent metal cooling but higher overall metal yields. 

With realistic diffusion included, metals mix between winds and surrounding 

gas before they leave the galaxies, decreasing the metal content in the WHIM 

and diffuse IGM but increasing it in the galactic halo and star forming gas. It 

prevents enriched, hot winds from creating highly-enriched low density regions, 

and makes the density-metallicity relation smoother so it follows a nearly log­

linear relation in the density range log(p/ Pmean) = 0 - 4. A similar effect is 

also found in the density-metallicity relationship at z = 2. At z = 2, it is 

slightly higher than, but broadly consistent with, the observed relationship 

from Schaye et al. (2003). The results imply that metal diffusion and metal 
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cooling are essential to model the IGM enrichment and must be included in 

simulations. 

We characterized our galactic mass-loss and wind generation. For the 

current adiabatic feedback model, winds are most efficient for galaxies in the 

intermediate mass range of 1010M0 to about 1011 M0 . These winds dominate 

the metal ejection at all redshifts, though towards lower redshift the contribu­

tion from halos > 1011 M0 becomes important. Below 1010M0 gas is likely to 

be prevented from accreting due to UV heating and remains as low-metallicity 

gas (although resolution could also be a possible factor). Above about 1011 

M0 , the mass fraction of wind gas in a given halo mass, mwind/mhalo, decreases 

along with the stellar mass fraction. This is probably because the wind escape 

efficiency decreases with increasing halo potential and because of the decline 

of star formation activities especially for massive halos. Most winds were hot 

when generated, but the ones expelled from intermediate mass range galaxies, 

having temperatures rv 105 -106K, could cool through metal lines and become 

diffuse IGM rather than WHIM. For the current (z=O) existing enriched wind, 

there is a positive correlation between the density of the wind and the average 

mass of the halo from which the wind was ejected, and a negative correlation 

between wind density and its ejection redshift. It indicates that metals in the 

low density IGM (far from the halos) were ejected in an earlier epoch from 

less massive halos, i.e. the wind speed affects the distribution of metal in the 

IGM. This result is consistent with Wiersma et al. (2010) who used explicit 

wind models. Using a relatively simple method, we also attempted to quantify 

the mass-loading factor and investigate its variation with redshift. Although 

these results are preliminary, they are consistent with the parameters used in 

explicit wind models, and it seems that the mass loading factor is larger for 
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smaller halos, as predicted by both energy-driven and momentum-driven wind 

ideas. 

Based on the results presented here, further study of the IGM enrich­

ment will follow two directions. First, this work used a physically motivated 

feedback mechanism (the blastwave model), not a phenomenological prescrip­

tion, to generate galactic winds and enrich the IGM. The result shows that 

adiabatic feedback is able to reasonably regulate the SFH, the H I content in 

galaxies, and produce a enrichment history and a density-metallicity relation­

ship that are broadly consistent with observations. It would be interesting to 

investigate in depth how winds are generated from galaxies of different mass, 

and how closely various feedback "recipes" represent the winds in nature. It 

would also be interesting to examine how metal cooling and turbulent mixing 

alter the metal distribution in gas near galaxies. We plan to study this in 

the future using highly resolved isolated galaxies (or galaxy groups) formed 

in a cosmological context. Although we can no longer obtain the statistics 

of metal absorption systems, the result can be compared with observations of 

metals on the immediate environment of galaxies. Advances in high-resolution 

spectrography and observing methods are making it possible to directly map 

the circumgalactic material (e.g., Steidel et al., 2010). 

A second direction is to utilize cosmological simulations to generate 

metal absorption spectra at different redshifts (e.g., spectra of C IV at z ,....., 

2-3 or 0 VI at z = 0) to explore the distribution of metal absorbers and how 

different factors such as gas temperature and UV radiation, affect the metal 

absorption lines. In particular, with the installation of the Cosmic Origins 

Spectrograph (COS, Shull, 2009) and its high sensitivity in the UV, our abil­

ity to probe the IGM at low redshift, and the relation between the IGM and 
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galaxies has increased dramatically. A comparison of realistic spectra gener­

ated in simulations to the ones from next generation observations will shed new 

light on understanding the galaxy-IGM interactions and galaxy formation. 
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