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the Circumgalactic Medium
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OVI & NV

NV 1242.80 77eV 98 eV
OVI 1030.91 /77eV 138 eV

Wiersma, Schaye, & Smith (2009)
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Log Nxv/Noy,

b-parameters Suggest Turbulence

Large Doppler Parameters
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Mixing is Driven by (Unresolved) Turbulence

log(E(K)) 4

Input of energy
at largest scales

slope =-5/3
in inertial range

Energy cascade
through inertial effects

Viscous dissipation
dominates

i Inertial Range |
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Eddy turnover time t4,, = L/V,
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MAIHEM

Models of Agitated and llluminated Hindering
and Emitting Media

12 Elements (65 Species, 240 reactions)
H through H*

He through He?" Built on the FLASH CODE

C through C>*

N through Né¢* An implicit Runge-Kutta Method (4t
O through O7* order) evolves the species, with
Ne through Ne’* subcyling as needed

Na through Na?*

Mg through Mg** Collisional ionization,

Si through Si>* radiative and dielectronic

S through $4* recombinations,

Ca through Ca# charge transfer reactions,

Fe through Fe3* photoionizations.

Gray, ES, Kasen (2015), Gray & ES (2016,2017)



No lonizing Background
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Turbulent Media
(Cooling, & lonizations/Recombinations)
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What sets the parameter space?

Metallicity,
Spectral Shape
lonization parameter (U=n,/n,,),
Turbulent velocity (V;) ,
nxL;:
Energy input per unit mass: «V:3/L;
Cooling rate per mass: x n

Gray, ES, Kasen (2015), Gray & ES (2016,2017)



Impact of Turbulence on Phase Diagrams (U=0)
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Impact of Turbulence on Phase Diagrams (U=-4)
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Impact of Turbulence on Phase Diagrams (U=-2)
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Table 5: Results for U~1.0x107%,

Col. (em~?) |[ LOE16 | 1.0E17 29E17 1.0E18 | 7.1E17 1.4E18 7.1E18 14E19  14E18 43E18 14E19 43E19 57E1S 14EI9 57E19 10E19 29E19 10E20 29E20 1
oyp (kmst) 5.8 11.5 11.5 11.5 20.2 20.2 20.2 20.2 346 346 346 346 6.2 46.2 46.2 5.7 577 57.7 57.7
Tow (10" K) 1.5 49 13 0.9 3.2 1.1 0.6 0.5 58 13 04 0.6 1.6 12 12 22 11 0.4 0.5
Mpw 0.4 0.7 1.1 13 14 26 3.7 36 19 42 88 74 6.0 7.0 75 7.1 93 143 14.9 l
H -1.0 -3.6 -1.0 -1.2 -2.5 -1.1 -0.9 -0.8 -3.0 -0.9 -0.6 0.7 09 0.7 07 -10 0.7 -0.6 -0.6 ‘
2 by -0.0 -0.0 0.0 -0.0 -0.0 -0.0 -0.1 0.1 -0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 0.1 -0.1 |
He -0.1 -2.1 0.5 0.9 -1.6 -0.8 -0.7 0.6 -25 0.7 -0.5 -0.5 06 05 05 0.7 0.5 0.4 -0.5
He* 0.5 -0.0 0.2 0.1 -0.0 0.1 <0.1 0.1 -04 0.1 -0.2 -0.2 0.2 0.2 02 -0.2 0.2 0.2 0.2
He?* -2.7 -1.7 -1.7 -1.3 -1.2 -1.5 -14 -1.5 -0.2 -1.4 -1.7 -1.6 -1.4 -1.5 -14 -1.0 -1.5 -1.7 -1.6
C -2.2 -2.9 -23 -24 -23 -2.1 -19 -1.9 -2.7 -1.8 -1.6 -1.7 -18 -16 -1.7 -1.7 -1.6 -1.6 -1.6
c* -0.1 -0.5 -0.2 -0.2 -0.3 -0.1 -0.1 -0.1 -0.7 0.1 0.1 -0.1 0.1 0.1 0.1 -0.2 -0.1 -0.1 -0.1
c+ -0.7 -0.2 0.5 0.5 -0.3 -0.6 -0.6 0.7 -0.2 -0.6 -0.8 0.7 0.6 0.7 07 0.6 0.7 0.8 -08
c -3.8 -23 -34 -3.2 -24 -3.2 -3.0 -3.0 -1.0 -26 -32 -28 -21 -24 -23 -18 -25 -3.0 -28
cH -7.3 -5.0 6.7 -6.1 -4.3 -5.7 -5.0 -4.9 -1.1 -38 -5.3 -4.5 -2.7 -28 -22 -2.0 -3.2 -4.7 -38
CH -11.0 -89  -10.1 -9.2 ~74 -8.7 -7.6 -T.4 -4.1 -6.9 -8.1 -6.9 5.7 -5.5 -4.2 -5.0 -6.0 -7.1 -6.2
N -1.3 -2.6 -14 -1.2 -2.0 -1.1 -0.8 0.7 -25 -09 -0.5 -06 09 0.7 06  -09 0.6 -0.5 -0.5
N* -0.0 -0.2 0.0 0.1 -0.2 0.1 0.1 0.1 -0.5 -0.1 -0.2 -0.2 0.1 -0.1 02 0.1 -0.2 -0.2 0.2
N2+ -1.4 -04 -1.3 -1.1 -0.5 -1.2 -1.1 -1.1 -03 -1.1 -14 -1.2 -1.1 -1.2 -1.1 -0.9 -1.2 -1.3 -1.3 |
N3+ -4.3 -2.2 -4.0 -34 -22 -3.3 -2.8 -2.7 -0.9 -25 -29 -26 -20 -23 -21 -1.7 -24 -2.6 -2.5
Ni+ -7.8 -5.0 -7.2 6.1 4.7 -5.8 4.7 -4.5 -2.1 -4.0 A7 -4.1 -3.1 -33 -28 2.6 -3.5 -4.1 -3.8
NS+ -10.8 -8.2 -9.9 -8.5 -7.1 -8.1 -6.6 -6.3 -2.5 -5.1 -6.8 -5.9 -3.7 -3.6 -26 -2.6 -3.9 -5.9 -4.7
O <10 -3.1 -1.0 -1.2 -2.5 -1.1 -0.8 0.8 -3.1 09 -0.6 06 08 07 07 09 0.7 -0.6 0.5
OF -0.1 -0.2 -0.1 -0.1 -0.2 -0.1 -0.1 -0.1 -0.6 -0.1 -0.1 -0.1 0.1 0.1 0.1 -0.1 -0.1 -0.2 -0.2
0% -1.7 -0.5 -1.5 -1.3 -0.5 -1.3 -13 -1.4 -0.2 -1.2 -1.6 -14 -1.1 -13 -13 0.9 -1.3 -1.6 -1.5
o “4.5 2.1 -4.1 -3.5 -2.0 -3.3 -29 -2.9 -08 <25 -32 -26 -20 -22 -21 <17 -24 -28 <25
ot -T1 -4.6 6.7 -5.8 -4.2 -54 -4.6 -4.4 -2.1 -4.0 -4.9 -4.0 -3.1 -32 -28 -2.6 -3.5 -4.3 -3.7
o -10.0 -7.8 -9.3 -8.1 -6.9 1.7 -6.5 -6.2 -3.5 -54 6.7 -56 43 -43 -34 -34 -4.4 -5.8 -5.0 ‘
o <134 <115 <124 <110 98  -104 -8.7 -8.3 -44 6.9 9.0 7.7 -5.1 4.7 -30 3.6 4.7 <78 -6.0
o™ -179 | -16.1 -164  -149 | -13.7 -14.1 -11.9  -114 -79 -11.1 -120 -108 -8.6 -78 -5.5 -7.2 -83 -108 -9.0
Ne -0.5 -3.0 -1.6 -20 -2.8 -1.7 -14 -1.4 -34 -1.5 -1.1 -11 -13 -12 -12 -14 -1.2 -1.0 -1.0
Ne* -0.2 -0.1 0.2 -04 -0.4 -0.3 -0.2 -0.2 -0.7 -03 -0.2 -02 0.2 02 02 -0.2 -0.2 -0.2 -0.2
Ne?* -1.0 -0.6 0.4 0.3 -0.3 -0.3 -04 0.4 -0.2 0.4 0.6 -0.5 0.5 05 05 04 0.5 0.6 06 |
Ne* -39 2.2 -3.0 <26 <17 <26 <25 <25 -08 -23 27 -24 -20 -2.1 -20 1.7 -22 <26 -23
Ne'** -T2 44 -6.1 -5.3 -3.7 -5.0 -4.2 -4.1 -1.9 -39 -4.5 -37 -3.1 -32 -27 -2.5 -34 -4.0 -3.4
Ne** -10.5 1T -9.1 -8.2 -6.5 76 -6.4 -6.2 -3.6 -5.4 6.7 -5.5 43 -43 -33 -3.5 44 -5.8 -5.0
Ne®* <144 <116 <130 <120 1001  -11.0 9.2 8.8 -5.8 <73 -9.6 -8.0 58 5.7 -39 4.7 5.4 -8.2 68
Ne™ -148 | -1356 -144 -136| -130 -137 -119 115 -84 99 -103 -107 -5 -72 -42 -6.0 66 -106 -8.6
Ne** -148 | -127 -143 -1356| -125 -136 -123 -123| -104 -126 -10.7 -132 a7 -88 -5.0 -7.1 -80 -121 105
Ne* -153 | -135 149 144 | 130 144 130 130 105 -129 104 139 -100 8.4 -4.0 7.2 82 <125 -104
Na -4.3 -5.9 -3.5 -2.7 5.0 -2.5 -1.7 -1.6 =53 -2.2 -13 -14 -22 -18 -1.6 2.3 -1.6 -1.2 -1.2 |
Na* -0.0 0.0 0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 0.0 0.0 0.0 -0.0 -0.0 -0.0 -0.0
Mg -2.0 -6.2 -1.7 -1.7 -4.0 -1.8 -18 -1.9 -4.5 -1.9 -1.9 -18 -1.9 -1.7 -1.7 -1.9 -1.7 -1.9 -1.8
Mg* -0.5 -3.2 0.2 -0.1 -2.0 -0.2 -0.1 0.1 -26 03 0.1 -0.1 03 0.2 0.1 -04 0.2 -0.1 -0.1
Mg?* -0.2 -0.0 0.5 -0.6 -0.0 -04 -0.7 0.7 -0.0 -0.3 -1.0 -0.8 03 -0.5 0.6 -0.2 -0.5 -0.9 -0.9
Si -34 A7 -3.5 -3.5 -4.2 -3.3 -3.0 -2.9 -4.6 -3.0 -26 2.7 -3.0 27 27, 29 27 <25 -2.5
Si* <01 -1.6 0.1 0.1 -1.1 0.1 -0.0 0.0 <16 0.1 -0.0 -0.0 0.2 -0.1 0.1 0.2 -0.1 -0.0 -0.0
St 0.6 -0.1 0.6 0.7 -0.1 0.7 -1.1 -1.3 -0.3 0.6 -2.1 -1.3 0.6 08 08 0.5 08 -2.0 -1.3 ‘
Sit+ -3.1 -1.1 -3.2 -3.1 -14 -28 -3.1 -3.2 -0.8 -2.1 -39 -29 -1.7 -20 21 -1.5 -2.1 -3.5 -28 |
Sit+ <72 -3.5 -T2 6.6 -3.2 5.1 5.4 -5.4 -0.5 -29 6.3 -44 -20 -23 <21 -1.6 -26 -5.4 -35
it 9.5 5.8 9.3 -84 -4.7 7.1 -6.6 6.4 -2.1 4.5 7.6 5.5 -3.6 -36 -28 -3.0 -3.9 6.4 4.5 J
Fe -39 6.6 -4.0 4.3 b4 -4.1 -4.1 -4.1 -6.0 -4.1 -4.0 -4.0 4.1 -4.0 4.0 -4.1 -4.0 -4.0 -3.8 1‘
Fet 0.5 -3.0 04 0.3 -2.1 0.3 0.1 0.1 2.7 03 -0.0 0.1 03 02 02 04 0.1 -0.0 <00
Fe* 0.2 04 0.2 0.3 0.2 0.3 0.7 0.9 0.7 0.4 -1.7 -1.0 0.4 0.6 06 04 0.6 -1.7 -1.1 ‘
Fe** -2.1 -0.2 -2.0 -1.8 0.6 <17 -1.9 21 -03 -14 -3.2 -20 -1.2 <14 -15 -1.0 -1.5 -28 -1.9
Fet* -1.8 -1.6 -4.5 -3.8 -1.7 -34 -3.0 -3.0 -0.5 -24 -44 -2.7 -1.9 -2.1 -19 . -15 -2.2 -3.7 -2.5 |

Notos: Abundnmainlm- are givun s logio(Fi/FY).
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Buie, Gray, & ES (in prep)
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Chevalier & Clegg Wind
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Chevalier & Clegg Wind
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