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WHAT IS THE CIRCUMGALACTIC MEDIUM (CGM)?

'Egten.d'gdeI :'d?i-sk-.’_i -Ngc291_5 From the “edge” of the
| o 2 R stellar body to the “edge”
of the DM halo

10 kpc
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Gas falls into galaxies Galactic structures

from the CGM/IGM Stars & blackholes (disks and bulges)
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Gas flows out ( Stars & BHs ) Feedback and
of galaxies into inject energy, dynamical evolution

the CGM/IGM momentum, and change the distribution
metals into the ISM of gas and stars

Adapted from Newman+2019



COSMIC BARYON BUDGET

galaxies® 74+ 2%

cold gas® 1.7+0.4%

de Graaff, Cai, Heymans, Peacock (2019)
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THE MULTI-SCALE & MULTIPHASE CHALLENGE OF TRACKING THE BARYON CYCLE

L dark matter

The lllustris Collaboration



THE MULTI-SCALE & MULTIPHASE CHALLENGE OF TRACKING THE BARYON CYCLE

stars

The lllustris Collaboration



THE MULTI-SCALE & MULTIPHASE CHALLENGE OF TRACKING THE BARYON CYCLE
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THE MULTI-SCALE & MULTIPHASE CHALLENGE OF TRACKING THE BARYON CYCLE
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THE MULTI-SCALE & MULTIPHASE CHALLENGE OF TRACKING THE BARYON CYCLE
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THE MULTI-SCALE & MULTIPHASE CHALLENGE OF TRACKING THE BARYON CYCLE
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THE MULTI-SCALE & MULTIPHASE CHALLENGE OF TRACKING THE BARYON CYCLE

Torrey+2019

GasMass
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DIFFICULTIES IN MAPPING THE DIFFUSE COSMIC WEB Simcoe (2004)

€ mission cosmic web
of light

e coOmNSED
quasar

quasar spectrum

(a) simulated cosmic web B (b) emission -(c) absorption




Line profiles

dl
From radiative transfer, d—” = —nyo, I, + j, with optical depth 7,(s) = |nyo,ds = Nxo,
§ J

Considering a resolved line protile ¢(Av) , 7, = Nx 0, p(Av) and ¢(Av) # (v — v;)
What are possible line broadening mechanisms?

(1) Intrinsic line width (wings): finite life time of the upper level acts like a damping term

[ /472
The solution takes the form of Lorentz profile ®(Av) = A0 2/ W( 2 where I is the damping coefficient
v | 47
1 1 . . . . 1 . i A 2 - 9 -
(2) Doppler motion (line core) : Maxwellian distribution ®(Av) = ﬁ)\ék exp (AL) X exp 727;:;

.. b
The Doppler width is Ay, = b — = — and therefore the Doppler parameter and line-of-sight velocity
C

]
dispersion are related according to b = \/5 o,

.. : : : 2T ik
In principle, the observed line width constrains the gas temperature b= = 1.29 x 10* \/Z cms !
. . . . 28T
But turbulent motions and bulk flows are also expected to contribute to the observed line width b = - b7

™m



LyQa emission

For photoionization, absorption of ionizing photons is accompanied by recombination, generating a series of

recombination lines.

thy o

4

In the case of Lya, the recombination emissivity j, = nn,n,a(T), where n = 0.68 (0.41) is the

fraction of recombinations that result in a Lya photon under optically thick (thin) conditions

2
C': clumping factor C = (7

()2
/

Hthin hULya Y 1 +z - ny NH
SB — all+— ) nNy=77x10"1 ere s~ cm™? arcsec ™2
Lya = 4721 + 2)° ( ZX) HOH ( 3 ) (O.l cm—3) ( 100cm2) ~©

The observed Lya surface brightness of optically-thin (highly-ionized) gas is

. e s 1 [(®L , L .
Under photo-ionization equilibrium, nyl" = nn,a(T) where I' = o= J h—”ay dv is the photo-ionization rate, vy 1s
r=J, 1%

LL

the frequency of at the Lyman edge, and o, is the hydrogen photo-ionization cross-section.



LyQa emission

Y
Photo-ionization equilibrium implies that j , « ng . At the same time, neutral fraction xy ~ any (1 + ﬁ) / I

In the optically-thin regime, Lya emission is independent of the strength ot the ionizing source, leading to

4 —1 2
1+ L R SB, .,
(Ngp) = 2.2 x 10V Tz L =l cm™?
3 1030 erg s—lcm—2 arcsec—2 100 kpc 1017 erg s~ cm—2 arcsec—2

In the optically-thick regime, self-shielding becomes important and Lya emission scales with the strength of the

4 2
i O 1+ ® R L
=4.0x 107" : — L erg s~ ! cm™* arcsec ™
(1 +2)* = 3 0.5 100 kpc 1030 erg s—1 Hz~!

What happens to a Lyad photon after it is generated?

lonizing source SB;,

the resonant absorption cross section for Lya in 104 K gas is 10,000 times

larger than ionizing cross section

JW

Lya photons from 2p to 1s will be scattered (re-absorbed & re-emitted) many

L

optical photons elscape

L=

times. Because of random motion of particles at ~ 10 km /s, each scattered

photon undergoes random walk in frequency. The photons that are scattered

into the wings of the line profile will have a higher probability to escape. Lya photons scatter in

space and freque



Ly(] line proﬁle: a measure of the underlying gas kinematics

Static cloud -
Roughly speaking
> Peak separation o Ny
while peak ratio o v,
infall :
. (see Verhamme et al
> 2006; Dijkstra 2017;
Gronke et al. 2015)
outflow N

e Ha, [OIN]
Adapted from Yang et al. (2014)



Ly(] line proﬁle: a measure of the underlying gas kinematics What about Ha?

Static cloud -
Roughly speaking
> Peak separation o Ny
while peak ratio o v,
infall s
. (see Verhamme et al
> 2006; Dijkstra 2017;
Gronke et al. 2015)
outflow N

e Ha, [OIN]
Adapted from Yang et al. (2014)



Emission

Extraplanar diffuse ionized gas around nearby galaxies
Line-emitting nebulae in galaxy groups and quasar host halos

Lya nebulae around distant star-forming galaxies/quasars

. Turbulence in the CGM



Lya

Spectral features of star-forming galaxies from far-uv to optical
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Extraplanar Diffuse lonized Gas (eDIG)

disk-halo interfaces with structural, kinematic, and chemical clues about the feedback and accretion processes

A velocity-integrated Ha map of the Milky Way Physical properties:
(WHAM-SS: PI: L. M. Haffner)

°* T~(06-15)x104K

* <neg>~0.03-0.08 cm-3

* H+/H~1

* fv~0.2-0.4 within 1z|~2-3 kpc

* eDIG tends toward systemic velocity (Av = -50 km/s in projection)

* Large scale height, h,~ 1 kpc, compared to what can be
supported by thermal pressure, h;~ 0.3 kpc

* Elevated line ratios, e.g., [NIl]/Ha, [SIl}/Haq,

Reynolds et al. (1973); Reynolds (1991); Lehnert &
Heckman (1995); Rossa & Dettmar (2003)



Extraplanar Diffuse lonized Gas (eDIG)

Under hydrostatic equilibrium

0P(z, R)

07 07

contributions from Py, Pg, and/or P,

P.,s and p are related according to

gas(Z9 R) = 52(2) ,O(Z, R),

2 _

velocity dispersion, o° = th + o7

turb ’

constrained using optical emission lines

NGC3511

Zhu, Boettcher, & Chen (2023)

= — p(z, R)— and P can have

N
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Mapping Cool Intragroup Gas in Emission
A previously known damped Lya absorber of N(HI) = 5 x 10! cm™ and [M/H] = — 0.8 + 0.1at z=0.313

(e.g., Bergeron & Boisse 1991; Lane+1998; Rao & Turnshek 2000; Chen & Lanzetta 2003; Kacprzak+2010; Kanekar+2014; Guber+2018; Peroux+2019)
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Mapping Cool Intragroup Gas in Emission

New MUSE observations confirm the presence of a galaxy
group at z =0.313 with oy = 128 km/s, Mh ~ 3 x 1012 Mo
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But also reveal wide-spread gaseous streams,
connecting between group members

[Olll] relative to z = 0.31266
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Chen et al. (2019)




SBy, ~2.5x 1071 C

Mapping Cool Intragroup Gas in Emission
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Mapping Cool Intragroup Gas in Emission
Chen et al. (2019)

strong line ratios indicate that shocks and/or turbulent mixing layers contribute significantly to the ionization of the gas

@ [OI11]/[OT1]>1 | ]
A [O111]/[O11]>1/3 —

(f)

—0.5

Y% group galaxies

1 | ]
: o pRe o :
i __‘«\\A I_E i _
= i o ]
~ R .
s
g Or T -
B i

.
.
. —
\
\
\
I|IIII|IIII|I‘I 1 1 | 1

[o111)/[011] > 1/3 §[O111]/[O11] > 1 § : —1.5 -1 1o_g0t?\111]/ﬁao 0.5

gas stripping in low-mass galaxy groups is effective in releasing metal-enriched gas from

star-forming regions, producing absorption systems in QSO spectra;




Mapping Gas Flows in Halos around Star-forming Galaxies in the Early Epoch

Ax (kpc) Erb et al (201 8)

67 50 34 17 00 -17 -34 -50 —6.7

HST WFC3/F160W le-18 r— : 1e-19 r— :
20 I | R
oL | 4 B -I—
Y 15f l _ i |
B = I r Q | -
S i 3 0.50 ff L[
o » 1.0F > l :
5 o 1.0 | < 0.25 L]
© : il
= 0.5 | 0.00 1'————5——‘—|_—L[-— -
I I -
U T T ~0.25 o
0.0FT===== -l e Sk M 7 20 0 ! 1 L F l
-1000 -500 0 500 1000 20 15 10 5 0 -5 -10-15-20 -1000 -500 0 500 1000
08 06 04 0.2Aa (g.r(();secgo.z -0.4 -06 -0.8 Velocity (km s™1) Ax (kpc) Velocity (km s™1)
A low-mass (M., = 5 X 10° M) Extended Lya emission is detected out to
and low-metallicity (Z=0.25 Z0o) ~ 25 kpc with a clear spatial variation In
star-forming galaxy with a half- the observed double-peak profile,
light radius of 1.5 kpcatz=2.3 revealing a mixture of infall and outflows

Extracting kinematic properties requires a
detailed Lya radiative transfer model



https://ui.adsabs.harvard.edu/abs/2018ApJ...862L..10E/abstract

Mapping Gas Flows in Halos around Star-forming Galaxies
M. Chen, HWC et al. (2021)
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2629C/abstract

Mapping Gas Flows in Halos around Star-forming Galaxies

M. Chen, HWC et al. (2021)
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2629C/abstract

Relative Flux

Spatial variations of Lya profiles are apparent
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Mapping Gas Flows in Halos around Star-forming Galaxies
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2629C/abstract

Mapping Feeding and Feedback in Quasar Host Halos

Ubiquitous Lya nebulae around z=3-4 quasars In contrast, roughly 1/3 of QSOs at z<1 have extended line-emitting nebulae
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Mapping Feeding and Feedback in Quasar Host Halos

* Declining [OllI}/[OIl] ratio with distance from the QSO supports the gas being photo ionized by the QSO
®* Matching kinematics and morphologies to interacting galaxy pairs in the quasar host group support an origin in stripped

ISM rather than large-scale quasar outflows

7 | | | | I | | | I | | | I | | | I | | | I | | | | S—' ¥ x A — % -y
- @ S.E. (filament) - . 00@)0 = 8 PKS 0405—123 [() I]
6 | @® S (stripped ISM) h 3 {
O E.S.E. (stripped ISM) i
A H.S. (Quasar host ISM) ® ’ b
% I~ 5 - ]
.
SR 4 | = ® -
SE [ A
oo, i
10 F A ¢ -
o Oe
O 2 DE] —
&
I A —
A
O i l | l I | l | | | | | | | | | I | | | I | | | | i 'l ‘ ’ 4
o 2 4 6 &8 10 12 14

0 2 40 60 80 100 120 ' o p
d [kpc] SB [107"" ergcm™ s~ arcsec™ | Johnson et al. (2018)



TURBULENT ENERGY CASCADE IN THE DIFFUSE CGM

- moments of the velocity structure functions (VSFs)
Sp(r) = (|v(x) — v(x +1)P) r6(P)

The Kolmogorov theory predicts that {(p) = p/3 for
homogeneous, isotropic, and incompressible fluids

. |FS observations of Ha filaments in intracluster
medium enables turbulence measurements.

- The VSFs are found to be steeper than Kolmogorov.

« A number of factors complicates the interpretation
of these measurements, including PSF smoothing,

low volume filling, large-scale bulk flows (see e.g.,

Zhang et al. 2022)
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Mapping the Multiphase CGM with Absorption Spectroscopy

Q1100-264 at z=2.14
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Mapping the Multiphase CGM with Absorption Spec_tro_scc)py

Q1100-264 at z=2.14
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Tracers of multiphase CGM

Tumlinson, Peeples, Werk (2017)
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Mapping the Multiphase CGM with Absorption Spectroscopy

Cross-section characterization of different ions in galactic halos

Liang & Chen (2014)

Ensemble average 10E T T T TTTT] T T T T TTT1T T T T T T 17171 T ] AT T I TTT] T T T T T 17171 T T
E = E ! P E ———3 = 1 - |
I ] o 5 &5°
0O 51 4 O L
1 = i
= o B
. E O . i s .
= i < 0.1 E ® — < 0.1 - .
=) | 3 i ) ]
N 0.1 = — 8 g i
&L B EL. gh B
i 0.01 i — 0.01 | B
0.01 | — i . g
- Lya A1215 : - CII A1334 | CIV A1548
0001 EEEET ] Lol ] Lol ] ] 0001 L 111l | | 0001 Lol 1 Lol ] Ll
0.1 1 10 0.1 0.1 1 10
d /R, d /R,
I IIlIIII I I T T TTT 1 T T TTTT I I ||| I L I I ||||||| I I LI I I
1 - . | 1 —
- 0 5 ] ! - . O ] ]
P | ] P =]y = R R N
- D@[]j % i i 0 = [i@ O ] i
B DDEI ] B . (]
° - —_
< 01f . 4 = o1} 4 | = ot1f -
- ® a ] - s® 7 g - 3
% B e \L ih i § E § |
Boksenberg & Sargent '78; Boksenberg+’80; Bergeron ‘86; Cristiani 87; Lanzetta Z [ ‘. %% $ l ] Z | ? i Z i
& Bowen ’90,’92; Steidel '93; Steidel+'94; Lanzetta+'95; Bowen+'95; Steidel+’97; =" Wy - =" b 1Y
Guillemin & Bergeron ‘97; Le Brun+'97; Chen+‘98,01a; Tripp+'98; Chen+01b; 0.01 | J Ly miy g — 0.01 | g 0.01 | L JO R =
Churchill '01; Steidel+’02; Bowen+’02; Rao+’03; Churchill+’03; Adelberger+'03,’05; g % Y| ' . E 3 ™y
Stocke+'06; Kacprzak+’07,’10; Nestor+'07; Chen & Tinker '08; Barton & Cooke [ ! | i i T el ) i : | .
'09; Chen & Mulchaey '09; Chen+‘10a,b; Gauthier+’09,’10; Gauthier & Chen | S11I A1260 ( | | S11III A1206 }—r ! | | S1IV A1393 I $ ” |
'11,’12; Lovegrove & Simcoe '11; Rao+’11; Nestor+’11; Borthakur+’11; Tripp+'11; I '
PrOChaSka+’11; Ménard+’11;Tumllnson+’11;Thom+112; Raklc+’12,!13; Rud|e+!13; 0001 1 11 IIIII 1 1 11 11 Il | | 11 Illl| | | 0001 1 1 1 IIII| I III| | | 0001 1 11 lllll 1 1 |- Illll 1 1 [ lllll 1 1
: : : . , 0.1 1 10 0.1 1 10 0.1 1 10
Stocke+’13; Werk+'13; Borthakur+’13; Liang & Chen 14 ..... d /R d /R d /R
h h h




C
O
fd

O

©

| -
-

(@)

C
—

O

>

O

&

7p)

®

(@)

(@)
=

7p)

qv]

O

p -

@)
=

CONNECTING THE MULTIPHASE CGM WITH GALAXY PROPERTIES

bluer galaxies are found in more gas-rich halos: feeding or feedback?
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Pushing to the low mass regime at Mstar< 10° Mo
Mstar ~ 8€7 Mo at d = 16 kpc
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Pushing to the low mass regime at Mstar< 10° Mo

Mstar ~ 8€7 Mo at d = 16 kpc
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How do the clumps form and

evolve in low-mass halos?
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Resolving the physical properties
(nn, T, Z) from observed relative
abundance ratios between
different ions
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NECESSARY INGREDIENTS FOR ACCURATE IONIZATION MODELS

* Dbroad spectral coverage of multiple ionization states Prodicted CGM Shase Tiewibaton
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NECESSARY INGREDIENTS FOR ACCURATE IONIZATION MODELS

* Dbroad spectral coverage of multiple ionization states

* high spectral resolution to differentiate gas kinematics and

resolve the multiphase structure
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NECESSARY INGREDIENTS FOR ACCURATE IONIZATION MODELS

* Dbroad spectral coverage of multiple ionization states

* high spectral resolution to differentiate gas kinematics and

resolve the multiphase structure
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NECESSARY INGREDIENTS FOR ACCURATE IONIZATION MODELS

* Dbroad spectral coverage of multiple ionization states

* high spectral resolution to differentiate gas kinematics and large scatter in ny between individual clumps
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NECESSARY INGREDIENTS FOR ACCURATE IONIZATION MODELS

broad spectral coverage of multiple ionization states

high spectral resolution to differentiate gas kinematics and

resolve the multiphase structure

Uncertainties in the ionizing radiation field, global & local
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NECESSARY INGREDIENTS FOR ACCURATE IONIZATION MODELS

broad spectral coverage of multiple ionization states

high spectral resolution to differentiate gas kinematics and

resolve the multiphase structure

Uncertainties in the ionizing radiation field, global & local
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log(N1/cm™)

NECESSARY INGREDIENTS FOR ACCURATE IONIZATION MODELS

broad spectral coverage of multiple ionization states

high spectral resolution to differentiate gas kinematics and
resolve the multiphase structure

local fluctuations in the ionizing radiation field

s photoionization by a standard UVB + BB brings better agreement 50 35 160 165 170
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NECESSARY INGREDIENTS FOR ACCURATE IONIZATION MODELS

broad spectral coverage of multiple ionization states

high spectral resolution to differentiate gas kinematics and

resolve the multiphase structure
local fluctuations in the ionizing radiation field

non-solar elemental abundance pattern

Elemental abundances of Milky Way stars

Matteucci 2021_:
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CONNECTING ENRICHMENT PATTERN FROM STARS/ISM TO THE CGM

The Cosmic Ultraviolet Baryon Survey (CUBS)

chemically evolved gas is seen in the low-metallicity CGM
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CONNECTING ENRICHMENT PATTERN FROM STARS/ISM TO THE CGM

. : . Zahedy+2021
complex mix of infall and outflows around a mature disk at z~0.4 yrets
200 0 200
11.5——m87— =
11.0f
Relative Velocity (km/s) 10.51 A 67
-200 -100 0 - +100 +200 12‘22
H 0 e o.0f
8.5}
(b) [OII] velocity map at z = 0.4353 8.0}
7.5} 109 Mstar / Mg
Ot e
=
O 3. 21 [a/H]
LLS g >or “
| {1y
—1.0} Ci = id
C3
e — —1.5}
: () {703 o | 2o, ©%
- % {+200 8 % | | |
B 10 23| ool mm
L Cg %\E°
[ [ ) 1. )
. §gl 1-200 E * 0.0} { %Cs
s 1-400 =& & C1 +
N B R R B B _osl
Chen+2020 0 20 40 60 80 Co
galactocentric radius (pkpc) vl
2200 0 200



4

T L

lllllll

lmlwluf

—
—

80

I lllllllllll

30" = 200 kpc

e
(W}
—_
(W

25 L L A I R S B SN v R N R I R R B R R R I R S B R B R L R L R -
2.0 E L12 =
1.5 E . L = z=0.57616
1O & A S 1 A A L P o ien Yy pries Ll A A
0.5 ) "y ,-
().()_ i s N e ol Bt i s el Bl il Sl Bt Ml s . sl s Bl el e s IS Sl Sl el Tt et i s Wer— .
1515 1522 1529 1536 1543 1550
2'.') E 1 ] 1 1 1 1 I 1 1 \|\ ]l 1 1 I 1 1 1 1 1 1 I ] 1 1 1 1 ] l 1 1 1 1 ] 1 _:
2.0 E_L10 2 E
1’) ;’—. Y I ) . =
1'() e AL - k- \ N 0 A &0 T | VLI . o AR O MA s ’ , =
0.5 B , {
0.0 [ TRl Tl Al Sl Tl S Sl St Sl WS Sl St Sty S et s N M | T T Gl et Wl il Sl | [ S T
v 1550 1557 1564 1571 1578 1585
: .2-') = ] ] 1 1 I ] I ] 1 ] I I 1 I 1 ] I 1 1 ] I ] 1 ] 1 ] ] l 1 | ] ] 1 1 —::
= 920 E WO i 3
S 15 £ ' L . 3
x -
:,_—; 1(.) 5 t i 1 ] " "| /\ N ”
< 0.9
; 0.0 ] 1 LI 1 1 | I 1 1 1 [ ] i 1 [ 1 1 1 I | 1 L I . [ S T 1 1
o) 1585 1592 1599 1606 1613 1620
Z 2-") E ] ] 1 1 ] ] I 1 1 1 ] ] 1 I 1 ] ] 1 1 ] I 1 1 1 1 1 ] l 1 1 1 ] 1 1 _:.
2.0 E > ] =
- E 6 =
1.5 E - ; ; —
1.0 | FV n ol A ) 3 ! ] — 1 S ) _ib
0.5 E i R E
() () - -1 -1 _ " "1 ,l, -r -9+ -1 "1 _r 1 ‘i' D R S B B R 7]' -1 - -1 " "1 "1 "1 7[' I B I S R ']
1620 1627 1634 1641 1648 1655

AL lllllllllll

- E L4 [

') : ‘;
1.0 B ] A W L I — I I “ I

f, |
0.5 § ! r ,
()-() 1 1 1 L 1 L l"[ 1 1 1 1 1 l 1 | 1 1 1 L — 1 L 1 Ll l L1 L 1 1 1
1655 1662 1669 1676 1683 1690
925 LA R B S B EN B B S B S B EE R B B B S B BN B S S B SR B R R B B B N R
20 E ) E
15 B L2 =
1.0 RAMLE " ' - T ¥ . o 0T N ' s v . =
0.5 i i _
0.0 [ L1 T B S | | PR S I [ T S S S | I S T | I S T T S L 2 7
1690 1697 1704 1711 1718 1725 000
25 LI SN B S B Y (AL N S R S RN S D B SN B S N S N B S B S NN B SR B S B R Wavelength (A)
20 E =
—— L5 E S y T " L W

1.0 | b o Y Al ! s Al Nl ted : 11 B i r, 1 L ik ”

’ . oeticher+
0.0 o Sl Tl il el s Tl Sl sl Sl Tt Tl st Sl it S sl Sletis Wl Sl sl ielis Tl S el Tl Tl il il Tl Tl Sl sl St T

1725 1732 1739 1746 1753 1760

Observed wavelength (A)



Dependence of Internal turbulent energy on star formation history

1
Thermal energy in individual clumps is £, = 1 kT,
}/ —
where y = 5/3 for a monatomic gas
. 1 2
Turbulent energy is £, 4, = 2,umH b
5 YKT
The sound speed is ¢; =
H My
E 1 %
We have —— = 1 ‘where M = -2
Liotal 14 }/(}/2— )ﬂ 2 Cs

massive, quenched halos exhibit a higher internal

turbulent energy in the cool CGM than star-forming ones.
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THE TURBULENT VELOCITY-SIZE CORRELATION

High-resolution absorption spectroscopy of a suite of ionic The velocity-size relation shows that the turbulence is
transitions enables identifications of clumps as small as subsonic with a constant energy transfer rate of 0.001
I, ~ 1 pc and densities lower than ny ~ 107 cm™ cm?/s3from ~ 1 kpc to ~ 1 pc
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Summary on CGM Absorption

Great details have been learned from cross-section studies but a deeper understanding of the gas physics still relies on

resolved absorption component studies

High-resolution absorption spectra of distant QSOs provide unsurpassed sensitivities for probing the physical,

thermodynamic, and chemical conditions of the diffuse multiphase CGM

Large variations in density, metallicity, and abundance pattern are directly seen between individually-resolved

components arising in the same galactic halo and must be accounted for in ionization models.
Local fluctuations in the ionizing radiation field are possible, though no often.

Chemically evolved gas is seen in the low-metallicity CGM, indicating a mixture of chemically-enriched outflows and

accreted low-metallicity gas

. The CGM is turbulent, and the turbulence is subsonic with a energy transfer rate at the level of 1% of what is seen in star-

forming regions. In addition, massive quiescent halos show a higher fraction of turbulent energy than star-forming halos.



