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1. Metals

2. Mass

3. Dynamics

['m here to pour gas on the raging

arguments that aefine the CGM-Galax)

Connection. And hopefully start some
new confiagrations.




A Simulation Collaboration of 3 Institutions

Mon Jun 4 13:06 UTC

Liverpool John Moores
University (LJMU)-
Crain, McCarthy-
EAGLE, BAHAMAS

Leiden-

Schaye, Bahe-
EAGLE, C-EAGLE
/Hydrangea

CU Boulder- Oppenheimer- EAGLE-CGM- Non-
equilibrium, high-res zooms of a range of halos.
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The CGM oxygen (metal) budget spans the entire
range of ion states, and while it is important for
counting, metals can reveal the fundamentals of
CGM physics, dynamics, and evolution.

CGM Oxygen lon Fractions

m O] . Ol ov ovi

An accounting of metals ‘ —E - -
(Peeples+ 2014) and reconfirmed
by EAGLE-CGM zooms (Opp.+
2016) find more oxygen (metals)
in the CGM than in galaxies.
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nave most
A

= metais In EAGLE-CGM: From Opp.+ (2016), but
Il galaxles. expanded in halo mass (white numbers).

O VI has a global CGM ionization fraction of at most 2-3% for
sub-L* and L* and then dramatically declines.
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Collisionally ionized O VI has a temperature that
traces L* halos. Passive galaxies live in halos with  E

>10¢ K, and traced by oxygen mainly in OVIIl and EM
above. : 5
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The Elusive Oxygen Ladder

The Lynx Baryon Working Group

(Bregman, Kollmeier & Vikhlinin).

Capturing >50% of oxygen around Miky O VII (22 A)
Way-like galaxies.

Collisionally ionized O VI virial

temperature haloes (Opp., Crain+ 2016) O VI (1032 A)
may have additional O VI enhanced by O V(629 A)
flickering AGN photo-ionizing the inner

~100 kpc even if AGN is off most of the O IV (787 A)
time (Opp., Segers et al. 2018q).
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| and the Missing Mass
Problem of Halos

Accounting for all baryons through surveying H | Absorption.
Make mock spectra for direct comparison to real spectra.
Expand sample to COS-Halos, COS-Dwarfs, & COS-GASS.
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A mass accounting of a 10'29 M_, halo (a la Werk+ 2014):
-Expect 1.6x10'"" M, of baryons to be "closed”

-Galaxy component 3-5x1010 M,

-About 2-3x10'° M, of HI-traced mass corresponding

to the cool (~104 K) component of the CGM.

-Hot halos (>10° K) and gas ejected beyond R,y is the rest.

-cf. to cool CGM from Prochaska+ (2017) who calculates >M .




Different simulations are tuned to reproduce mainly
galaxy properties. Probes of the gas can often be
thought of as genuine predictions of the simulation model.

EAGLE/EAGLE-CGM
Picture

Nelson+ 2018ab

Galaxies: Color
Bimodality

CGM: COS-
Halos OVI
Bimodality

13 -12 -11 -10
log SSFR [yr ']




The halo gas fractions around ordinary galaxies is
very different between EAGLE and lllusiris-TNG.

EAGLE Stellar and AGN feedback llustris-TNG has AGN feedback
combine to make a monotonic transform halo baryons and

function of f ., with stellar and halo  make a kink in the fy,-M.-
Mass. relationship.

EAGLE-CGM

Picture
Oppenheimer (unpublished) Nelson+ 2018

log M+ [Mg]




N EAGLE-CGM
F-'f‘ ;»: Picture
Il 4 .

COS-Halos
Active

COS- Halos g
Passive | = ° .‘_f.-‘:.-. )
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150 kpc




% | An X-ray telescope that can distinguish these models is
i’,-‘ ‘ critical for understanding how and when superwind
|

/
&
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feedback operates around in L* halos.
’

EAGLE-CGM
Picture

Efficient stellar Stellar and AGN
feedback, lifting feedback continued

baryons outside haloes work, but foginside Ry

at early times. still Increases.
L m—

-—/

Mvir~] O] ] M@ Mvir~] O] 2.3 M@

Assumed baryon fraction evolution inside M,y, of an eventuadl
~10'23 halo at z=0.




COS-AGN- Berg+ (2018), don’t see any difference

between AGN and normal galaxies in their CGMs.
AGN have HI that is slightly stronger, but
no real kinematic difference.

Remember, though that we cannoft yet
probe the inner CGM (<75 kpc).

Are Seyfert-like AGN just the beginning
of bulge building and CGM evacuation
for L* halos at low-z?

AGN
Stack
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Which one hosts a Milky
Way (My~10"2° My,) and
which one hosts the Virgo
cluster?

Moore+ (1999)

| begin with the question:
IS the CGM a scaled
down version of the ICM?

Dark matter halos are self-similar
to a very high degree.

The scalings from DM halos are
expected to be:

R ~ M1/3

v ~ M1/3

E ~ M5/3

J ~ M5/3

T ~ M2/3

Northwestern CGM Ben Oppenheimer




Top Virgo Cluster
Bottom Milky Way

| begin with the question:
Is the CGM a scaled

down version of the ICM?

The galaxies that form in their
centers certainly do not reflect
that self-similarity.

What about the CGM?

Northwestern CGM Ben Oppenheimer




Begin with: Is the CGM In hydrostatic
equilibrium (HSE)?

The Euler momentum equation can be written as,

Oppenheimer 2018

and use Gauss's theorem to integrate the various tferms at a
surface, with the gravitational term on the leff in terms of mass, M,;.
and all other terms on the right (e.g. Fang+ 2009, Lau+ 2013,
Nelson+ 2014, Suto+ 2013),

v

' 1
| 1S - (— P—(v-Vv— =
4G %,‘,( ( o VL (W V) o)

——
Mo = —— IS -V =
ot = UG }é‘,( 4
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What provides support to a hot halo?

The various terms can be calculated in a simulation:

j\lt()t — ]\ltlu'rm + j\[l‘()t + iz\jstrvum + 17\[:1(*(? Oppenhelmer 2018b
| ' .1 oP

Pure

oo wou vy Oun thermal HSE

1§ (v, 20 L Yo Ovr | Vs Ovry
1 ".u\'( (’l OR + R 00 + Rsin0 Od¢

(8) has
MTOT = therm

is the thermal support (i.e. the dP/dr term), the M, is the
centrifugal force term from tangential velocities, and are
streaming radial velocities and is negative if there is net inflow
inward. Acceleration term, ~of course describes non-zero
accelerations, e.g. due to hydro or gravity.




Previous Cluster Results

1015

1014

1013 Jels - Suto+ (2013)
NG from Cen Enzo

cluster

simulation

1012

10! —
100 200 500 1000

T [h,_1 kpc]

Finding that for a cluster mass (>10'4 M) gas (the ICM) is in hydrostatic
equilibrium (HSE) at the 80-90% level, but there are deviations primarily
due to “rotational” motions (M, .;), streaming ( ), and acceleration

( ).

Let us apply this analysis to lower mass haloes as well to see how self-

similarity is broken.
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Similar results as other cluster simulations

The Intracluster medium around a Virgo-like cluster is in hydrostatic equilibrium
at the 80-90% level. | talk about support terms: e.g. = /Mioi

log Moo= 15.48 log Moo= 15.48
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Expanded from Opp. 18b, usin BA_IBI/;\I [ o ‘
10 20 50 100 200 500 1000 2000 . 10 50 100 200 500 1000 2000

R [kpc] R [kpc]

10

is the thermal support (i.e. the dP/dr term) and is ~90%
S,o1 Is the centrifugal force term from tangential velocities and is ~10%
are streaming radial velocities and is a few %.
describes non-zero accelerations, not recorded for our clusters!
The + 5o F + =S, Should sumto 1, or M, = M.




The CGM is not well-described by

hydrostatic equilibrium around Milky Way-
mass galaxies.

. log Myp0o= 12.28 log Mygo= 12.28
- 2.0 . |
15 = M Mrat — Msream — Stherm Sacc Ssum
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Feedback is more significant vs. binding energy. The CGM is more
multi-phase here, so the result is messier.

The most unexpected finding- high tangential support of the inner hot
halo!




The CGM is not well-described by hydrostatic

equilibrium around Milky Way-mass galaxies.

log[M200]=12.0 = |Og[Mzccj =14.0 log[M200] =12.0 wes 0g[M200] = 14.0
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Using zoom simulations for L* halos (M,y,=10'2 M,,;) and group halos
(M,eo=1013 M) compared to cluster halos (M,5,=10'* M) shows @
progression.

-More deviations from HSE at lower mass.
-| predict a sub-centrifugally spinning hot halos around Milky Way-
like galaxies.




What causes the CGM 1o break self-
similarity- Cooling or Feedback?

| compare EAGLE-100
clusters (pink) with
"iIneffective feedback” to
L* galaxies without
feedback (purple) to
isolate the effect of

cooling.

These two samples have
similar descriptions for
hydrostatic support,
indicating that feedback is
primarily responsible.

7/31/18

log[M200] =12.0 == |og[M200] = 14.0

log[M200) =12.0 w— |0g[M00] = 14.0
log[M200) =13.0

Oppenheimer (2018b)
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What causes the CGM 1o break self-
similarity- Cooling or Feedback?

L* halos have far more
feedback energy imparted to
their halos with respect to the
binding energy (at least in
EAGLE).

©
£
o
W
~
W
(@)
o

-0.5

It is lucky feedback is not more
efficient, because maybe we
wouldn't have a MW galaxy to

13 14 15

live in.
log M200 [Mo ]

|
-
(=}

Oppenheimer (2018b)
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Feedback spins up hot halos

Buoyant stellar thermal
feedback allows hot gas to rise
to R, and beyond around L*
halos (Bower+ 2017).

Much of this gas launched at
z>1 makes up O VI halos
observed by COS-Halos (Opp.+
2016).

13 14 15

This gas also falls back into the log M200 [Mo ]
inner halo, much of it remaining : :
) Oppenheimer (2018b)- hot CGM spin
B} 5
warm-hot (>10°K) and gives the is as much as cool CGM for L* halos,

hot halo significant spin. but there is more hot gas and hot
total angular momentum- J_,,, equals
Jhot OF ~90 kpc.
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OVI halos are often sub-centrifugally
Sellalgligle

There is a sub-centrifugal rotating OVI halo tracing warm-
hot CGM in this 1012 M, halo. For this galaxy, an HI disc is
fed, but it is not the main stellar disc (see Stevens+ 2017).

7/31/18 Northwestern CGM Ben Oppenheimer




Warm-hot halos (T>10° K) of L*
galaxies rotate sub-centrifugally.

Simulated hot halos have
significant spin, but also

uncorrelated tangential motions,

all fed by superwind feedback.

Rotation of hot halos are not just
a theoretical constructs!

Our very own Milky Way hot halo
is spinning at v = 183+/-41 km s,
This Is sub-centrifugal rotation for
our halo, ~240 km s7'.

7/31/18 Northwestern CGM

The MW Hot Halo at <50 kpc
has net rotation in O VII.
Hodges-Kluck+ (2016);

Miller+ (2016); Bregman+
(20] 7) Ben Oppenheimer




L* Hot halos rotate sub-centrifuga
slightly over half the virial velocr

L* hot halos have significant | —vean hor 0glMz00] = 12.0

log[M200] =13.0

angular momentum from S| Ganhe oo
correlated rotation (Vign pot~0.5 i
Vi) OUT that does not

account for the total

tfangential support (Cign hot)-

Oppenheimer 2018b

Did you know the MW halo has more correlated

'\ rotation In Its hot halo that Is more well-allgned
with Its CGM cool disc than typlcal adue to [ts
gulescent merger nhistory since z=1 resulting In
our granda-aesign spiral morphoiogy?
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s there an inflection point in the baryon
content of halos as a function of mass?

BAHAMAS says poor clusters

are evacuated of >half their : FAGLE-CGM

baryons (from X-ray + S-Z). _ EAGLE-100
BAHAMAS

EAGLE-100 (main box) is
incorrect- poor clusters are
not baryonically closed.

EAGLE-CGM zooms consider

CGM observables (e.g. OVI

halos around L* galaxies), but

there are few constraints at ,

10125-10140 M., halos. 12.0 125 13.0 135 14.0
log M200 [Mo]

Can SMBH feedback Oppenheimer+ (|n prep.)

evacuate a maqgjority of arich

group’s/poor cluster’s

baryonic halo?
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Hot Gas Profiles across a factor of 1000 In
\ERES

Miller 2015 MW
EAGLE-CGM log[M;p0] = 12.0
EAGLE-CGM log[M3z00] = 13.0

EAGLE-CGM profiles match up to — EAGLE-CGM logittzng] = 135
predictions from Miller & Bregman e cAAS giNam 140
(2015) OVIIl emission profile in inner e eS8
50 kpc where it can be

observationally constrained.

«+ McDonald 2017 Clusters
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Did you know the MU

nalo aensity profiie

pecomes fiattel

peyond 50 Kpcs Oppenheimer+ (in prep.)- McDonald+
cluster profile (baryonically closed)

reproduced for each halo mass for
uniform scale.
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Conclusions

Metals: are fun, because their ions make a diverse rainbow of
transitions that vary across halos. But they are also important
because they provide insights into the physics of the baryon
cycle: virial temperature thermometers, nature of cold
accretion, AGN mass, energy, & radiative feedback, & more.

Mass: EAGLE and lllustris-TNG have very similar galaxy and
COS-Halos predictions, but very different sequences of when
feedback evacuates halos. The Galaxy-SMBH-CGM Link
absolutely exists, but it's nature is currently unconstrainted.

Dynamics: Tangential velocity primarily provides support to
the inner hot halos of L* galaxies. Thermal feedback spins up
hot halos that rotate sub-centrifugally and obtain significant

angular momentum.
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Thanks Jonathan, CAFG, and Gretchen.
Questions?
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Most metals released from stars are
ejected into the CGM and IGM.

Oxygen Census

The oxygen fraction yielded by stars O, 4 divided in its
various phases: , , and CGM (shortfall is oxygen
beyond 2 R,,).
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The CGM oxygen (metal) budget spans the entire
range of ion states, and while it is important for
counting, metals can reveal the fundamentals of

Sub-L* -->

Very little oxygen in the CGM within 2xR,; is O VI as shown by
the green sliver. A global CGM ionization fraction of 2-3%.
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Galaxies are diverse, what beyond
halo mass best describes them?

There is no simple second parameter of galaxy formation that describes
the morphology and appearance of central galaxies at the same halo
Mass.

DM theory predicts that halo spin parameter, collapse time, or halo
merger history differentiate the appearance of galaxies.

The angular momentum of the cool (~104 K) CGM (extended HI discs) is
important for stellar discs. (Kyle Stewart’s work).

Recent work by Garrison-Kimmel with FIRE-2 finds the best predictor of
today’s morphology is halo gas spin parameter at z~1.

However, we need to ask fundamental questions about the CGM....




HI mass summed in COS-Halos
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Dynamic NEQ-AGN Run
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EAGLE-CGM Zooms

-Run zooms at 8x and é4x resolution
main EAGLE simulation (Schaye+ 2015).
Stellar and AGN feedback both included.

-Follow individual ions (e.g. O |- O IX) self-
consistently using non-equilibrium
ionization and cooling (Opp. & Schaye
2013a, Richings+ 2014a).

-Halos ranging from M,,,=10'%7 up to 10149
Msol'

-Purpose to simulate range of galaxy
morphologies observed by a survey like
COS-Halos.

’ . »

50 kpc across stellar maps

Y [Mpc)

0.0
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600 kpc across CGM maps
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The COS-AGN Survey- sight lines probing
active AGN halos.

Star Forming T PI- S. Ellison (Trystyn Berg-led paper)

Seyfert-level AGN- L, = 10#2-10%37 erg/s
Impact parameters- 80-300 kpc

log(sSFR/yr—')

@ COS-AGN (Cycle-22) ®m  Passive
® COS-AGN (HSLA) * Central Galaxy
Star Forming

log([ONI]/H}3)

KO3 AGN cut
KO1 AGN cut
Em SDSS
© COS-AGN sightlines

15 -1.0 -0.5 0.0
log([NI]/Ha)




Take away message #2

The CGM at least out to r=160 kpc is intimately tied to the

nature of galaxies, but is the correlation between O VI and
galactic star formation causal or incidental?

| will argue for the incidental relationship- O Vlis a virial
temperature thermometer and its lower levels around
passive galaxies is not directly related to recent feedback.

A few options to distinguish models:
1) Look at the CGMs around AGN, especially inside 75 kpc
2) Build Lynx X-ray telescope to observe CGM O VII & O VI

3) Observe the stellar population ages of z=0.2 passive
galaxies.
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The many Gyr tfransformation of the CGM

200 300 - 300

IgNy; [em 2] IgNow [em~2]

10 Gyrs of evolution transforming from a 10'?2 M., to a 10'* M, halo.
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