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How do metals in the CGM (and the IGM) get there?

® There are metals out there in the CGM & IGM (e.g, Cowie & Songaila 1998; Schaye et al. 2003;
Adelberger et al. 2003, 2005; Aguirre et al. 2008; Danforth & Shull 2008; Simcoe et al. 201 );

® Association of metal absorbers and galaxies (e.g,Adelberger et al. 2003, 2005; Bordoloi et al.
2011)

Metals are there since high redshift -- Q(C V), Q(Si IV) remain approx. constant
since Z ~ 4.5 (e.g., Ryan-Weber et al. 2009; Cooksey et al. 2010,201 1)

Galactic-scale outflows observed in
high-z galaxies and local starburst

galaxies (e.g., Pettini et al. 2001; Martin 2005;
Weiner et al. 2009; Steidel et al. 2010)
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Simulations: Cosmological Volume vs. Zoom-in Galaxies

Hydrodynamical simulations

cosmological volumes (e.g,Aguirre et al.
2005; Oppenheimer & Dave 2006, 2008; Wiersma
et al. 2009; Cen et al. 2010; Shen et al. 2010; Smith

et al. 2010)




The ‘Eris’ Simulation
Guedes et al. 201 I, arXiv:1103.6030

The soldiers fought like wolves while Eris, the Lady of Sorrow, watched with pleasure.
—The lliad

® TreeSPH code Gasoline (Wadsley et al. 2004)

® SF.dp+/dt = EsFPgas/tdyn = Pgas'> When gas has ny > nsr

® Blastwave feedback model for SN I (Stinson et al. 2006): radiative cooling prohibited
for the super-bubble expansion phase (McKee & Ostriker 1977)

® Metals produced self-consistently from SN la and SN Il following yields from
Woosley & Weaver (1995)




Eris: General Properties at the Current Epoch

® Atz =0,a close analog of the Milky Way Galaxy (Guedes et al.201 |)

No classical
‘angular
momentum
problem’

Data points from Xue et al. 2008 Observations from Behroozi et al. (2010)



Eris at Redshift z = 3

Rest-Frame B, U and NUV stellar composite of the Eris at z = 3, using SUNRISE
(Jonsson 2006)
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500 x 500 x 10 kpc
slice, projected to x-
y plane, disk edge-on
Max projected
averaged velocity
~224 km/s (host)
and 106 km/s

(satellite)




When are the CGM metals produced?

éen

<z > 4.0-5.0




Epochs of Metal Production

0 kpc—30 kpc 50 kpc—100 kpc

Within 3 1.2x107 ] 6x10°
Rvir, both 1.0x107 j 5x10°¢
the host and . 8.Ox‘|065 " 4x106§
its satellites < g ox105} 1 sx10%
contributes = ]
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The Journey of Metals: Inflow vs. Outflow?
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Contribution of Host, Satellites Progenitors and

Companions

Host galaxy
Progenitors Host and its

Companions !
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Contribution from Satellites

| evolution of metals produced at 7 < z < 5 in satellite only

—1000 —-300 o) 300 1000 —-300 0 200 1000
12



1000

300

600

400

i (km/s)

Outflow Properties: Wind Speed
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Outflow properties: Mass-loading Factor & Metallicity
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Effect of Turbulent Metal Mixing

500 x 500 x 50 kpc thick slice




Effect of Turbulent Metal Mixing
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Conclusions & Summary

® Metal enrichment in the CGM is a complicated process - the host galaxy,

satellite progenitors and satellite companions all contribute to the metals in
the CGM

® Host and its progenitors contributes up to ~ 3 Rvir, satellites
companions dominate metal production at r > 3 Rvir

® Metals in low density regions were enriched earlier, ~ 50 % of metals at ® ~
| (at z = 3) were ejected at z > 5;
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Mass of Metal-producing Halos
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Smagorinsky Model of Turbulent Diffusion

® Most basic turbulent model: (Kturb has units of velocity X length)

‘Z_j + V.V = —(y = Du(V.v) + Vi, Vi

® Smagorinsky model (Mon.Weather Review 1963) -- Diffusion Coefficient determined by
velocity Shear
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