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Galaxies and hot gas

Coma Cluster

Hot gas around galaxies:

* Diffuse ~ virial radius (100-1000s kpc)
* 106-107K, emits X-ray

Intracluster medium(ICM)

Virgo

Great Atfractor
WA\ Local Group

-

Andromeda .
Intragroup medium (IGriv)

kil M},}‘,};«

Faucher-Giguere & Oh. 2023

Copyright:S. Gottlober, G. Yeps, A. Klypin, A. Khalatyan (Clues)
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Galaxies and hot gas

To heat gas:

- Gravitational heat of accreted gas ( ) - AGN or stellar feedbacks (
Observed Lx-Mhaio: slope=1.4-2.0 - eJect & heat gas
Gravitation-only model: slope=1.0 —— |
1046 e | e warmgas: T' ~ 10* — 10° K '\‘ ;:\'_ m:t::‘f?:\zze A:?:%%EE,:’

- @ E11 &% S17 : INIA
@& L5 ¢ 120 :
1 0 45 and radio jets
(%)
Q
<4
=4
g 1044
N
o™
|
j)1043§ B=1.0
~ Lo RAWT o i B~1.48+0.12
ll;? ’ — e B~1.47+0.06
w 1042 — B ~1.42+0.03
L
chaotic iglcdpsccretion
10 103 qplda . 4pl5 multiphase rain Xray plasma halo

M (My) . .
Lovisari et al. 2021 -~ ° Gaspari et al. 2020
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Galaxies and hot gas

To heat gas:

- Gravitational heat of accreted gas ( ) - AGN or stellar feedbacks (
Observed Lx-Mhaio: slope=1.4-2.0 - eJect & heat gas
Gravitation-only model: slope=1.0 ——
1046 i SR S warm gas: T ~ 10° — 10° K A:;’;E%EE:
. E1l * 517 coldgas: T ~ 10° — 10° K
® L15 4 120 j
s
. 1045
O
2 Hot gas and its X-ray emission imprint information about galaxy evolution
E 10%4
. o
j1043
‘T' ....... B~1.48+0.12
N — e B~1.47+0.06
Ll 1042 3 ~ 1.42+0.03
104 % [} = S ) T Y € Xray plasima halo

Mso0 (Mo)

Lovisari et al. 2021 Gaspari et al. 2020
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(Gas in simulations

Stellar feedback AGN feedback
MQ()()C S 1012M@ MZ()()C 2 1012M®

~~/

Simulations with different
feedback models:

Outflows to -
] OWS tC
several R, Outflows to

~ Rao0c EAG L E Ry00c several Ry

Outflows recycled
[nflows prevented within Rygq,

beyond R,
» '(Nc | '
200 Inflows prevented

beyond R,

SIMBA

Depleted | Moderate High Depleted
CGM f; N CGM f, T CGM f,

[Inflows prevented

Inflows able
at ~ Rygoc

to enter Ry,

T

(I(il[\gdhf ?itj]c(;:‘(; | R Moderate
' - 200c "M £
: within Ry, L CGM f,

Outflows to
Inflows able i
- AV200c¢

) enter R.
to enter Ry, Inflows prevented

Wright et al. 2024 at ~ Ry

Yi Zhang yizhang@mpa-garching.mpg.de



mailto:yizhang@mpa-garching.mpg.de

Hot gas in simulation

Comparing simulations to
observations:
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Hot gas in simulation

Comparing simulations to
observations:

Only Mhalo >1013 (Mstar>1 0l 1)
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Detect hot CGM

- Use XMM-Newton, Chandra, Suzaku

- Nearby massive galaxies (<50 Mpc, Mstar>101" Msolar ~Mhaio=1013)

- X-ray emission out to ~100 kpc  <0.5 Ruir
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Detect hot CGM

- Use ROSAT
- Mean texp=300s over sky

ROSAT PSPC All-Sky Survey
MPE Garching G ' Galactic Coordinates

Zero Centered

Yi Zhang yizhang@mpa-garching.mpg.de


mailto:yizhang@mpa-garching.mpg.de

Detect hot CGM

- Use ROSAT
- Mean texp=300s over sky

- Take galaxy catalog from surveys at other bands (optical, IR)
ROSAT PSPC All-Sky Survey

Zero Centered

MPE Garching e Galactic Coordinates - Select interested galaxy sample (redshift, Mstar, SFR)

- Stack X-ray emission around galaxies
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Detect hot CGM

- Use ROSAT
- Mean texp=300s over sky

Stack galaxies to increase statistics

- Take galaxy catalog from surveys at other bands (optical, IR)
ROSAT PSPC 3/4 keV All-Sky Survey

Zero Centered

MPE Garching R Galactic Coordinates - Select interested galaxy sample (redshift, Mstar, SFR)

- Stack X-ray emission around galaxies
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Detect hot CGM

- Use ROSAT
- Mean texp=300s over sky

3/4 keV

ROSAT PSPC
MPE Garching

All-Sky Survey
Galactic Coordinates
Zero Centered
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- Take galaxy catalog from surveys at other bands (optical, IR)
- Select interested galaxy sample (redshift, Mstar, SFR)
- Stack X-ray emission around galaxies
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Detect hot CGM

- Use ROSAT
- Mean texp=300s over sky

3/4 keV

ROSAT PSPC
MPE Garching

All-Sky Survey
Galactic Coordinates
Zero Centered
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- Take galaxy catalog from surveys at other bands (optical, IR)
- Select interested galaxy sample (redshift, Mstar, SFR)

- Stack X-ray emission around galaxies
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Detect hot CGM

- Use ROSAT
- Mean texp=300s over sky

3/4 keV

ROSAT PSPC
MPE Garching

All-Sky Survey
Galactic Coordinates
Zero Centered
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- Take galaxy catalog from surveys at other bands (optical, IR)
- Select interested galaxy sample (redshift, Mstar, SFR)

- Stack X-ray emission around galaxies

kT (keV)
0{2 01.3 0;4 0;6 1.'0 2;0 3.'0 4;0 5'.0
- Total X-ray ~Mstar
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Detect hot CGM

Questions:
* How bright and extended is the CGM around <1011 solar mass galaxies?
- How hot CGM relate to galaxy properties (Mhaio, M, SFR)?

- Constraint on the galaxy evolution models?

ET (keV) mmmm FAGLE s TNG = SIMBA
0;2 01.3 0;4 0;6 1{.0 2'.0 3;0 4;0 5;0
- = raﬂ)ius (I(Z?’C) 20 i el 4 Total X-ray ~Mstar + O 8 £ Kugel+23 (X-I'aY)
,,,,, S | 3l | @ Akino+22 (WL). &
:: :xc:k: kg - 43F .— ) % C} g
c:\ 2| XRB (from 2:5-7 keV)- - % ol O 6 5
|E 10 f XRB (from K-band) f o .
g b 421 il \< G
© j g’ o == X 0.4
E 10-3 — SX - PB-SPB-SWCX—E 2 41 | -i-:-;-‘ -§\ é) .
-8 e ool v i, RS St + <=
R S Rk e o oy | B T — Wright et al. 2024
| ol | 4 00 il
10" 10° .1 - 1 13 13.5 14 145
radius (") 10.0 10.5 | 11.](\)/[ 11.5 12.0 l M M
0g M, Og
10(Ms00c /M)
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Detect hot CGM

Questions:
* How bright and extended is the CGM around <1011 solar mass galaxies?
- How hot CGM relate to galaxy properties (Mhaio, M, SFR)?

- Constraint on the galaxy evolution models?

ET (keV) mmmm FAGLE s TNG = SIMBA
0;2 01.3 0;4 0;6 1{.0 2'.0 3;0 4;0 5;0
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X-ray telescope: eROSITA

We use eROSITA, with sensitivity than ROSAT

Observation plan: all sky survey, scan the sky every 6 months

After a few days After a few weeks After 6 months

Yi Zhang yizhang@mpa-garching.mpg.de
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X-ray telescope: eROSITA

We use eROSITA, with sensitivity than ROSAT

Observation plan: all sky survey, scan the sky every 6 months

After a few days After a few weeks

Yi Zhang yizhang@mpa-garching.mpg.de Merloni et al. 2024
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Stacking - eRASS:4 & SDSS
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Stacking - eRASS:4 & SDSS

4 rounds of scans (eRASS:4)
We take the SDSS DR7-main galaxy sample (r<17.77): 98 |

 Stellar mass and SFR from MPA-JHU catalog

- BPT diagram applied to identify AGN-hosting galaxy (MPA-
JHU)

 Self-calibrated halo-based group finder -> central/satellite
galaxy, halo mass (Tinker et al. 2021)

» Volume-limited galaxy sample
0.20

J B
....

85,222 central galaxies
_30,992 satellite galaxies

-
=
(¥

g
=
=

Spectroscopic redshift

o
o
(¥

10.0 10.2 10.4 10.6 10.8 11.0 11.2 11.4
log(Stellar mass)
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Stacking - eRASS:4 & SDSS

4 rounds of scans (eRASS:4)
We take the SDSS DR7-main galaxy sample (r<17.77): 98
 Stellar mass and SFR from MPA-JHU catalog
- BPT diagram applied to identify AGN-hosting galaxy (MPA-

JHU)
 Self-calibrated halo-based group finder -> central/satellite

galaxy, halo mass (Tlnker et aI 2021)
* Volume-limmiow

We measure the mean X-ray properties of galaxies in a Mstar Or Mhaio bIN

g
=
=

Spectroscopic

o
o
(¥

100 102 104 106 108 110 11.2 11.4
log(Stellar mass)
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O1.How bright and extended is the hot CGM?
Results |: X-ray surface brightness profile of CGM

-

-
W
~

- Mask detected X-ray sources + model undetected sources

-> Obtain the hot CGM emission

-

-
W
&)

- We detect the extended hot CGM X-ray emission to Ruir
Fit with a beta model: beta=0.4, Sx~r-14

-

-
W
Ul

| 44+

0g(M+)=10.5-11.0

0g(M«)=11.0-11.25 S

og(M«)=11.25-11.5
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Zhang et al. 2024a R, [kpc]
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Results Il-I: LX, CGM ~ Mstar, Mhalo 2.How does it relate to galaxy properties?

10 ‘ .
4 Ly cow, Zhang et al. 2024b (this work) + previous works |
4 Anderson et al. 2015 _+_ 9 Lyx total, Zhang et al.2024b (this work) 3
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Lx measurements for Mstar<1011 galaxies . .
power law with an index=1.3

1038 |—L—L|—|—|—rm | - |—|—rrrI 1038 T TTTIT. T T TTTm T T TTTI. T T TTIT

1010 1011 1012 1011 1012 1013 1014 1015I
Mx« [Mq ] Msooc [Mo ]

Yi Zhang yizhang@mpa-garching.mpg.de
12


mailto:yizhang@mpa-garching.mpg.de

Comparison to simulations (thermal origin of X-ray)

Grayson et al. 2025:

" Build galaxy samples in simulations with the same Mstar and redshift
0.15 1134 distribution as the observations.
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Comparison to simulations (hon-thermal origin of X-ray)

Thermal X-ray can not explain the observed profile slope, cosmic ray + CMB non-thermal X-ray is necessary

Pcr-Supported

MW-Mass FIRE Sim., with CRs
CR-IC Toy Model (E4o, '1)100) [H25]

N Pin-Supported
Io 1036 Toy Model
o, n MW-Mass FIRE Sim, no CRs
A - C-TNG (Lau+25)
— i C-SIMBA (Lau+25)
| :
0 .
o0 .
e
L.
> 10%% |
R, C
C\I] -
10 .
S S
T .
1034 (Observations
- MW-Mass CGM Obs. (Z24)
(= = MW-Mass Obs. Best-Fit (Z24)l

101 10°
impact parameter [kpc]
Ponnada et al. 2026
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1.How bright and extended is the hot CGM?

Lx 0.5 - 2keV, <Reo. LErQ/S]

Results ll-11: Lx, cem of star-forming and quiescent galaxies  2.How does it relate to galaxy properties?
Lx, cam - Mstar Lx, cam - Mhalo
1042 5
3 B Ly cem, sF+qu, Zhang et al. 2024 | W Ly cem, sE+qu, Zhang et al. 2024
1 + Lx.comsr o | T Lxcomsr
1 *+ Lx.cem qu 10 a + Lx,cem,qu
n
- S
a) —
1041 - e -
- <0
_ 3 a
_ 3 ]
40 _ q 3
s T 10%
- - =2 A
j LL]
103 10%°
1010 | | | | B i(;ll | 1012 [ 1 |_|_|_]|?813 I 1
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1.How bright and extended is the hot CGM?
2.How does it relate to galaxy properties?

What causes quenChmg? 3.Constraints on galaxy evolution models?

Lx, 0.5 - 2keV, <Rsg,. LEFQ/S]

LX~Mstellar LX~Mhalo
1042 5 - J L , Zhang et al. 2024
- Derive from Lx, com, s — Msooc, Tinker2021 + LX' CGM, SF+QU 9
Z Derive from Ly, cam, qu — Msooc, Tinker2021 1042 - LX' CGM, SF
1 + Lx,com, sF = + X,CGM, QU
7 <+ Lx.cemaqu —— -
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v Z
— >~ pu—
— g —
™
1040 - —|-L— | u'j
- ——t S 1040 —
- | X7 3
39 39 _
101010 ' oo I"]'_(511 10 T T T TTTTI T T TTTTT1 I

M* [M@]

Yi Zhang yizhang@mpa-garching.mpg.de

16

1012 1013
Msooc, Tinker2021 [M o ]



mailto:yizhang@mpa-garching.mpg.de

1.How bright and extended is the hot CGM?
2.How does it relate to galaxy properties?

What causes quenChmg? 3.Constraints on galaxy evolution models?

Lx, 0.5 - 2keV, <Rsg,. LEFQ/S]

LX~Mstellar Different Mhaio-Mstellar Of SF/QU LX~Mhalo
1042_ || I 1 | 1 | I || | 1 | I | 1 | | | I 1 1 - - .
- Derive from Lx, CGM,SF — MSOOc, Tinker2021 ) . . a + tx' CGM, SF+Qu- Zhang et al 2024
Z Derive from Ly, cem,qu — Msooc, Tinker2021 14+ 0 b S: stac Kin g / 1042 X, CGM, SF
- 4 Lx comsF 3 (Lensing) Y 4 = + Lx, com, QU
7 + Lx.comqu - . /@ -
pu / E :
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1041 5 @ o -
- —— 13 £ 104
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™
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40 _ —|'L— ol
10 E I 12 z 1040:
_ | . -l S
7] P Bilicki + 2021 (red) .
: == Bilicki + 2021 (blue) -
B i B More + 2011 (red) 7
7 1 1 B B \[oce L 2011 (hlue) =
— ® & Mandelbaum + 2016 (red) =
39 39 _
10 10 ! ! LN |11 - Used for our Sample § § Mandelbaum + 2016 (blue) |- 10 I T TTTTTI | T TTTTTI |
10 10 \ PR 1012 1013
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Lx, 0.5 - 2keV, <Repo. LEFG/S]

What causes quenChmg? 3.Constraints on galaxy evolution models?

LX~Mstellar + Different Mhaio-Mstellar of SF/QU = Lx~Mhalo
1042 5 : DL L e e - W Lx cGM, SF+ QU Zhang et al. 2024
- Derive from Ly, com, s — Msooc, Tinker2021 : ﬁ + L S
Z Derive from Ly, caom, qu — Msooc, Tinker2021 14+ ObS : Stac kl ng / 1042 X, CGM, SF
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e Wang & P%ggj 02025 10.5 11.0 1'- State of the art, Lx, cam -Mhalio is identical for
. —1 : : :
log M, |[h~"Mg] star-forming and quiescent galaxies.

- If halo mass anchors the hot gas, what is the
role of feedbacks?
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What causes quenching?

Some simulations predict same Mnaio-Mstellar for SF/QU: Some predict different Mnaio-Mstenar for SF/QU:

1+ ' rrrrr~rrrrrr-— 1] Frrrrrrrrrrr1rr-rrrr 13 NI DAL AL LA AL AL (R
14+ TNG 4 + EAGLE - - Illustris . i
—4— Simba — red galaxy
-4>= Simba — blue galaxy
—&— ref. 19 — red galaxy
14.5 1 —< ref. 19 — blue galaxy
¢ ref. 16 — red galaxy
M ref. 16 — blue galaxy

14071 SIMBA

1l 1L _' i 1=
10.0 10.5 11.0 11.5 10.0 10.5 11.0 11.5 10.0 10.5 11.0 11.5 §
lOgM* [h_lMQ] logM* [h_lMG)] 1OgM* [h_lMQ] i 13.0
o) Pl
AL IR L LI P =
- L-GALAXIES
- Are the merging history and galaxy environment il
more important than current models? )
12.0 -
Cui'et al. 2021
Quiescent 11.5 | | ' ' '
: : : 10.0 10.5 11.0 1.5 12.0 12.
: Star — forming - log Mx (M)
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Results ll-11: Not enough proof for anisotropic CGM

Anisotropy:
* Major axis: accretion; cooler and denser gas.

- Minor axis: AGN/stellar wind; hot, high metallicity, low-
density gas.

e
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Results lI-11: Not enough proof for anisotropic CGM

TNG100 Truong et al. 2022 EAGLE

Anisotropy:
» Major axis: accretion; cooler and denser gas.
- Minor axis: AGN/stellar wind; hot, high metallicity, low-

density gas.
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Results lI-11: Not enough proof for anisotropic CGM

GAL, log(M+«/M)=10.5-11.5, z<0.05, 0.5-2.0keV
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Results lI-11: Not enough proof for anisotropic CGM

log(M«/Ms)=10.5-11.5, DESI z-band

GAL, log(M+/M)=10.5-11.5, z<0.05, 0.5-2.0keV ' Optical disk
Minor axis -4
.......... | Major axis -4
N . acres == eROSITA PSF «+--:-- &
1037 = s .
) N 2 :
1036 Ol
‘—E—J.‘ §_‘

o e —60 -40  —20 0 20 40 60
%o - x [kpc]
1 O 35 ; % | convolved with eROSITA PSF

= I Disk in X-ray
- ?

10_34 ]
L
(O - - £
= 2 3 5
I =;—T:!::-§j -------- )+ ----------- ] S%
s | ) Sinald

O | | o rrrini 1 1 PP rrrhi
10° 10* 102
Rp [kpc]
—-60 -40 -20 X[Epc] 20 40 60

Zhang et al. in prep

Yi Zhang yizhang@mpa-garching.mpg.de
19

GAL, log(M«/M,)=10.5-11.5, z<0.05, 0.5-2.0 keV
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Summary

For galaxies with log(Mstar)=10.5-11.5, log(Mnaio)=12.5-14.0, redshift <0.2:

- We measure the hot CGM X-ray surface brightness profile out to the virial radius.

- We measure the Lx-Mstar relation, Lx-Msooc relation, and compare star-forming and quiescent galaxies.
- We do not find robust evidence for azimuthally anisotropic hot CGM emission.

- These measurements provide new benchmarks for galaxy evolution models.
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