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Relative Flux

Absorption lines are powerful
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1) Baryon cycle = accretion,
star formation, feedback



Molecular gas mirrors
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Need for accretion of cold gas from IGM
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2) Observational signatures
of feedback



(.GM physical properties vary with

angular orientation in cosmo simulations
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Outflows have higher metallicity than

inflows
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Metallicity 1s higher along the minor
versus major axes of galaxies
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3) Mult-physics, multi-phase

circumgalactic medium



Mula-physics CGM
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Mag field 1s higher along the minor

versus major axes of galaxies
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Mula-phase CGM



The Multi-Scale Multi-Phase Circumgalactic
Medium: Observed and Simulated

Lecture notes for the 527 (March 2023) Saas-Fee Advanced School, Switzerland.

Céline Péroux & Dylan Nelson

56 Céline Péroux & Dylan Nelson

Hands-on to analyzing cosmological galaxy formation simulations

[Hands-on #4] The baryon cycle: measuring mass flow rates

So far we have only looked at the distribution of gas in galaxies and halos, and the
physical properties of that gas. What about how this gas is moving? We can consider
the amount (i.e. rate) of gas inflow, and gas outflow, through the CGM.

The radial mass flux can be computed as

. oM 1 V- TI;
M=——=— i
ot Ar & ( |7 m)

where the subscript i enumerates gas cells with masses m; in a particular volume
of space, which we can take as a spherical shell with some thickness Ar from the
center of a (central) galaxy. Each gas cell position r; is **relative** to the subhalo
center, and the velocity v; is #*relative** to the subhalo bulk motion.

The term ‘l?li is the radial velocity vy, and if v > 0 we have outflow, while
Urad < 0 denotes inflow.

Exercise

We will again focus first on a single halo.

1. Pick a simulation and redshift of interest. Pick a halo of interest. (e.g. try the 100t

most massive halo in TNG100-1 at z = 0).

Load the needed fields to compute the distance, and radial velocity, of each gas

cell.

3. Use the distances to compute a radial mass density profile, i.e. in a number of bins
of distance, sum up the total gas mass, and divide by the volume of that spherical
shell. Plot the result in My, /kpc? as a function of distance in kpc.

b9

CP&Nelson+24/arXiv241107988



Spatially extended bekgrd source

Lensed Extended
Background Quasar Background Galaxy
Metals Metal
Coherence Cloud

@ mrmnnnnnns o G

D b ¢

Foreground Halo
with Metal Clouds

\4 \4 VYVYVYYY

Significance of detection =~ Equivalent Width, [A]  Centroid Velocity, [km/s] Absorption spread, [km/s]

= JWST, ELT

5 10 1 2 —200—-100 O 100 200 O 100 200
20 T : 1 1 1
1527 a. Zab5=2.0553 o
‘* - N - _l. a -0 -0 -0 &
n il A ] 3
10 %
o
e ohe @ MR e p 1= 8.34 kpc o 1= 8.34 kpc . 1= 8.34 kpc i

10 15 20 1 0 e R | 0 oal SECNE | 0 =1

CP+18, Kreckel+20, Augustin+21,
Afruni+23, Lopez+24



Alternative bekgrd sources:
Fast Radio Bursts

Intercluster
Medium (ICM)

. Media (CGM)
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Relative number

Fast Radio Bursts provide
clectron column density
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Large Samples of Fast Radio

Bursts are coming
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Karly detection in galaxy stack
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Hot gas 1s higher along the minor
versus major axes of galaxies?
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How does the absorbing gas relates
to galaxies?

IGM  Central Satellite Other Halo Background

Quasar
Inflow Outflow “*

Weng,CP+24, Grant+19




MUSE-ALMA Haloes:

mult-wavelength dataset

* neutral gas (HST UV spectro +
VLT /UVES+Keck/HIRES)

* ionised gas (VLT /MUSE)
* molecular gas (ALMA)

 stellar content (HST)
w cs0.0rg/~cperoux/MUSE_ALMA_Haloes.html




2D spectroscopy solved a
two-decade long'challenge

Simon Weng
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Keyresultl: Hl-rich galaxies

trace over densities
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Data processing (self-calibration

Jiahhang Chen
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Molecular gas kinematics

Capucine Bartefy
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Key Resultlll: coupling of
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Normalized flux

Cold tflow accretion

Modeled rotation curve (km s—1)
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Key Goal 1V: condensed

baryons census
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MUSE-ALMA Haloes Digital Twin
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Simon Weng
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4) Future:

connect with ssmulations,
Statistics



Dark Matter Power Spectrum
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Dynamical range challenge

Star clusters
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| CII| routinely used as a molecular

tracer at high-z
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Statstics
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2.8 million tibre-hours

Bouche+04,
Pieri+16, Lehner+22, Welsh+24

Number of Quasars

107 4

10° -

10° 5

10% 4

103 4

™\

N ® planned surveys
N Y ongoing surveys
\\\ © ByCycle survey
VISTA/AMOST
VISTA/4M% h|lgh r/esolutlon
: lowaresolu ‘
;SDSSI
;SDSS-V WHT/VVEAVE LRS
\
N\
\
N\
\\
: 'LAMOST .WHT/WEAVE-HRS
* s
AAT/2SLAQ N
\\
\
\0
VLT/X—Sho\;)l’_c_?r
w / L /ANDES
00 100 """1'65 108

Spectral Resolution, R

Kauffmann+109,
CP+23, ESO Messenger

> 1000x #



The By Cycle experiment
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Nicolas Guerra Varas
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Statistical approach to CGM map
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T'ake home Messages
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Time since Big Bang (Gyr)
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Timescale (Gyr)

Gas depletion timescale universal
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TNG50 Mock By Cycle Spectra

x 1.50 1

=

W 1.25

©

N 1.00-

‘©

g 0.75;

'5 -~~~ Noisy Spectrum

= 0.501 Noiseless Spectrum

6100 6200 6300 6400 5500 6600 6700 6800

1.50 -
1.25 -
1.00 -
0.75 ;

0.50 1

6230 6235 6240 6245 6250 6255
Wavelength [A]

Nelson+ in prep.



y [ckpe/h]

Map the Circumgalactic Medium
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b Cosmological incidence of Hi, H, C Typical density probed with Hi column
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Which physical process drives
the decrease in SFR history?

Stellar Mass Density SFR
HODRIBEI Hmas (S3y7) Lookback time (Gyr)
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Evolution neutral gas mass shallower
than stellar density
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2D spectroscopy

Image slice at a single
infrared wavelength ————own__

Spectral slice showing the
spectra across the entire
galactic nucleus

Galactic nucleus
seenin
combined
infrared light
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2D spectroscopy solved a
two-decade long challenge

= geometry

= physical prop
= metallicity

= kinematics

MUSEQUBES,
MEGAFLOW,
MAGG,
CUBS,
BASIC,

+




Mult-phase gas requires
multi-wavelength observations

STARS

like our sun
. energy source for life
C.“Cumgalactlc medium
MOLECULAR GAS

the fuel for star formation
observed by ASPECS

ATOMIC GAS

large reservoir of cold gas
in and around galaxies
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elusive hot plasma gas
in between galaxies
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Number of objects
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Fc};as column decreases
with radius
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Absorbers within Ryi,/2

Arjun Karki
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Simon Weng

Towards mapping gas
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Broad agreement with
observations

Simon Weng
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Time-dependent non-
cquilibrium chemistry
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Notyet a consensus on feedback

CGM mass fraction, gy
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Low-redshift Analog




Low-redshift Analog




Low-redshift Analog
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Mgll emission stacking
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Key Goal I: role of H2 gas
in Hl-selected galaxies

Victoria Bollo
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Do CGM physical properties vary with
angular orientation?




Current state of metallicity along the
minor versus major axes of galaxies
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