Diffuse X-ray emission
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Observer oriented view

-

Gabriele Ponti (INAF-0A Brera, MPE) and the Hot Milk team
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Composition of diffuse emission

Discussion of different components

The Hot Milk project
The hot phase of the Milky Way and Milky Way-like galaxies



What is the diffuse X-ray emission?






Everything whi.eh |
IS not point like?
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What s the relatuon between dlffuse
-emission and X-ray background’?

What IS the correct chouce’?

Short answer: None and all...
Long answer: We need to understand the composition of the X-ray diffuse emission and-or background!




Composition of the background

Instrumental background Sky background (diffuse emission)



Composition of the background

Instrumental background

Filter wheel closed emission



Composition of the background

Instrumental background

Filter wheel closed emission
Cosmic ray

X-ray telescope (XMM)

Cosmic ray



Ti+V+Cr [4.4-4.6 + 4.85-5,05 + 5.2-5.7 keV] EPIC pn : Cu-Ka [7.8-8.2 keV]

Composition of the

Instrumental background

Filter wheel closed emission

EPIC pn : Ni-Ka |[7.3-7.8 keV| EFIC pn: Mo-Ka [17.1-17.7 keV]
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Composition of the background

Instrumental background

Filter wheel closed emission . TMB
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Composition of the background

Instrumental background

Filter wheel closed emission . TMB
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Composition of the background

Instrumental background

Filter wheel closed emission

Soft protons flares



Composition of the background

Instrumental background
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Filter wheel closed emission <+ - ' =

Soft protons flares l Yes, it is highly variable

M - -
open field line v
e
7).
——
i l
e
> 2 l -
-+
N
= |
Q
dfield line =
ey
—

quasi-parallel bo sh7ék 2x10* 4x10* 6x10*



Simone Piscitelli

Composition of the background
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Composition of the background




Composition of the background

Instrumental background

Filter wheel closed emission
Soft protons flares
Stray-light

Light leak, Optical loading, Ghost rays,
Out of time events, etc, etc, etc.



Composition of the background

Instrumental background Sky background (diffuse emission)
Filter wheel closed emission Solar wind charge exchange
Soft protons flares Local hot bubble ¥_Diffuse
Stray-light Hot interstellar medium ;; fﬁ.“é’ ) ISM
3) Galactic ridge

Light leak, Optical loading, Ghost rays, Galactic ridge X-ray emission ‘5‘3 gﬁtf?o?\,w'
Out of time events, etc, etc, etc. 6) CXB

Hot circumgalactic medium

Everything which

Galactic outflow . . .
is not point like?

Cosmic X-ray background

Absorption: complicating factor...

Point sources or diffuse emission?

0.2-2.0 keV



‘Solar wind charge exchange
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X-Diffuse

Solar wind charge exchange ) swox
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Diffuse X-ray emission from Heliosphere ’2T*

NASA scientific visualisation studio
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X-Diffuse

Solar wind charge exchange ) swor
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Local hot bubble X-Diffuse

i == 2) LHB - ISM
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X-Diffuse

2) LHB - ISM

A Bubbly Origin

for Stars Around the Sun




data — model
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Diffuse X-ray emussuon Iocal hot bubble
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1) SWCX
2) LHB - ISM

.. .Mike Yeung

Interstellar tunnels filled

with hot plasma
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Yeung, GP+24
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What is the interstellar medium made of?

Table 1: Components of the interstellar medium!'®!

Wikipedia

) Scale . Primary
Fractional ) Temperature Density State of )
Component volume height K) et | e observational
(pc) P yarog techniques
Molecular
<1% 8(
clouds
Cold net HOt
mediv VVarm-hot
CNM
CNM Warmn HO
Warnr
Warm H|
neutre
mediu COld HI
(WNM)
Warm
ionized
, 20-50% | 10(
medium
(WIM)
H Il regions <1%
Coronal gas Ionized L
. absorption lines
Hot lonized 30-70% 1000 108-107 1074-1072 (metals of highly ionized
medium ° | 3000 also highly | O 0 1ONIZ€
o metals, primarily
(HIM) ionized)

e Local SNRs
* |onized regions

Hot intercloud gas
* Dilute SNRs

¢ |onized surfaces

Cox 05

in the ultraviolet

Warm intercloud gas

e Evaporating clouds

Tepid intercloud gas
¢ Local hotter regions
e Evaporating clouds
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X-Diffuse

1) SWCX
2) LHB - ISM

Thermal wind

* From escaping hot
intercloud gas

Or, a hot halo

Galactic fountain 1

* From escaping hot
intercloud gas
which cools

Galactic fountain 2

* From superbubbles
breaking out
above the disk

Thick quiescent disk
e Superbubbles confined
e Spiral density waves
* |onization mechanism?



X-Diffuse

What is the interstellar medium made of? % swex

Table 1: Components of the interstellar medium!®! 2) LHB - ISM
Scale Prima 1,3 :
Fractional Temperature Density State of ry Wikipedia
Component olume height (K) (particles/em®) | hydro observational
volu rogen
(pc) P yarog techniques
Radio and Cox 05
infrared 5
Molecular 5 4n6 1 O
<1% 80 10-20 10=-10 molecular molecular
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absorption lines "% ,,"
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| rpti » N senett 4
(CNM) P A: : ’
Warm 104 T- - -l
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ionized o o ¥ IRl TR, IS T e 1.
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o absorption lines
Hot ionized 1000- 6 4n7 4 5 (metals _ o O O 1 1 1 O 1 OO 1 OOO
, 30-70% 10°-10 10710~ , of highly ionized .
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in the ultraviolet n (cm -3 )



X-Diffuse

Diffuse X-ray emission: local hot bubble swor
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X-Diffuse

The Cosmic X-ray background ) swo

2) LHB - ISM
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The Cosmlc X-ray background

Resolved into point sources (/

2) LHB - ISM
Hasinger +01
Spectrum 6) CXB
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The Galactic ridge X-ray emission

Krivonos +07

Hard X-rays:

Revnivtsev +09

Spectrum of the GRXE per unit

X-Diffuse
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3) Galactic ridge
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The Galactic ridge X-ray emission o
Krivonos +07 3) Galactic ridge

17—60 keV
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The Galactic ridge X-ray emission

Revnivtsev +09

Close to (~1°) Galactic center
Galactic ridge resolved (>80%)
In point sources
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The Galactic ridge X-ray emission

Uchiyama +11

X-Diffuse

1) SWCX
2) LHB - ISM
3) Galactic ridge
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Very hot plasma exists within 1° from Sgr A*
L>1041 erg s

Is this true???



Short summary:

X-Diffuse
Back-Instrumental 1) SWCX
1) FWC 2) LHB - ISM
2) Soft protons 3) Galactic ridge
3) Straylight 4) Hot CGM

4) etc. etc. etc. AT 5) Outflow

6) CXB

Diffuse

Foreground



e == The hot phase of the Milky Way

~-160
. light years

70
7 o
e -90°

Gabnele Pontu (INAF-OA Brera, MPE) and the Hot Milk team

X. Zheng, N. Locatelli, M. Yeung, H. Zhang, Y. Zhang, K. Anastasopoulou, S. Mondal, G. Stel, S. Mackey, J. Kmes
T. Liu, J. Comparat, K. Dennerl, A. Merloni, J. Sanders, M. Sasaki, M. Morris, K. Egg, M. Freyberg, S. Shreeram, A. Strong
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How do galaxies evolve?
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The Baryon cycle

Hot Baryons:

Bulk of Baryons
Re-condensation
Driver outflows




The CGM in realistic simulations

Tumlinson +17 Ramesh +22

100kpc Gas column density
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AGN and Starbursts iInfluence CGM
AGN - | Starburst

M 82: Hubble/Spitzer/Chandra

= Understand feedback between nucleus and CGM
MS 0735.6+7421: Chandra/Hubble/VLA
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" Do normal galaxies influence their CGM?
' e nuclear Cthlty .
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* . e 5 ' M83: Subaru/ESO/Hubble
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Si X, S xv, Ar xvili

Atlas of all (~15) SNR in the region
3.5%10-4 yr-1 < SN rate < 15x%x10-4 yr-1

Massive kinetic energy input ~ 1.1x1040° erg s-1

-» Powering outflows to
Galactic center lobe?

Law +11; Crocker +11; 12;
Yoast-Hull +14; Jouvin +15

Ponti +15

Ponti +15

t plasma to trace past activity

ATLAS OF DIFFUSE X-RAY EMITTING FEATURES

Nuame Other nume Coordinates Size References
(1,b) arcsec
STAR CLUSTERS:
Central star cluster 3599442, -0.046 0.33 45,116,117,118
Quintuplet 0.1604, -0.0591 0.5 1,63,11
Arches G0.12+0.02 0.1217,0.0188 0.7 123456,7893940,11
Sh2-10 DBOD-6 0.3072,-0.2000 1.92 10,11.1263,11
Sh2-17 DBO0-58 0.0013,0.1588 1.65 13.63,11
DB00-05 G0.33-0.18 0.31 -0.19 0.4 226311
SNR - BUBBLES - SUPER-BUBBLES:
G359.0-09 G358.5-09 - G359.1-09 359.03,096 26 x 20 X-R4851,75,76 81,119,120
(G359.07-0.02 G359.0-00 35907002 22 x 10 R 14 48 51.66
(G359.12-0.05 359.12,-005 24 X 16 X 66
G359.10-0.5 359.10,-0.51 22 X 22 X-R 3748 51,56,74,75,81,120,121
(:359.41-0.12 35941,-0.12 3.5 X b.0 X 14
Chimney 359464004 6.8 X 2.3 X 14
(G359.73-0.351 359.73-0.35 4 X 58
(3359.77-0.09 Superbubble 359.84,-0.14 20 x 16 X 15.16,17.58
(G359.79-026h 359.79-0.26 8 x 5.2 X 15.16,17.58
G0.00.1677 0.00,-0.16 X This work
(3359.87+).44 Cane 359.87 +0.44 11 X 56 R 43
(G359.85+0.39
20pc Ser A™* s lobes 359.94, -0.04 5.88 R 32,33,34,17
G35992-0.09% Parachute - G359.93-0.07 359.92,0.09 1 R 3538,434758,6061
Sgr A BEast G0.0+0.0 359.963, -0.053 3.2 X 2.5 X-R 5,18,1920 48,75 81
G0.1-0.1 Arc Bubble 0.109,-0.108 13.6 x 11 X This work
GO0.13,-0.12b 0.13,-0.12 g x3 X 17
G0224-0032 0.224-0.032 2.3 x1.6 X This work
G0.30+0.04 G0.3+0.0 0.34 +0.045 14 x 8.8 R2148518182
G0.34+0.05
(().3340.04
G0.40-0.02 Suzaku J1746.4-28354 0.40,-002 4.7TxX 7.4 X 22
G0.42.0.04
(G0 52-0.046 0.519 0.046¢ 2.4 x bH.1 This work
G0.357-0.001 0.57,-0.001 1.5 x 2.9 This work
GO370.0187 CXO J174702.6-282733 0.570,-0.018 ().2 X 23,2458 59.68.80
GO614+40017 Suzaku 11747 ()-2824.5 0.614+0.01 2.2 X 4.8 X 22,6579
G09+01%2 SNR 09+0.1 0.867,+0073 7.6 X 7.2 R2526,2728294875 81,82
DS1 (:1.2-010) 1.17 40.00 3.4 X 6.9 X 3]
Sgr D SNR G1.02-0.18 1.02-0.17 10 x 8.0 R30314851.75.7781.82
G1.05-0.15
G1.05-0.1
G1.00.1
G14-0.1 14.-0.10 10 x 10 R738182




Galactic latitude

ESA News/XMM-Newton/G. Pontl 2019, Nature
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Galactic latitude

ESA News/XMM-Newton/G. Rorﬂ;'i'ZO"’l 9, Nature
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Galactic latitude

ESA News/XMM-Newton/G. P,or"ﬂ:i 201 9, Nature
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Outflow has radio counterpart



Ponti+20

Multi-phase multi-epoch
Galactic outflow

Hot plasma (X-rays)
warm dust (mid-IR) =»
shocks (radio)

Coherent features
on > 102 pc scales

=» Deeply interconnected and linked to
the Galactic outflow

=» Strong shocks at the chimney-ISM
interface

| USSR X-rays: 1.5-2.6 keV
R RICTEEREY Radio: 1.284 GHz
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eROSITA (Spektr-RG)’s launch

Baikonur, July 13th, 2019

Source: Roscosmos -



Nlap the flows of hot Galactic Baryons

European Rosat all-sky soft X-ray survey ssssnise: | European

Research | . - NYEX Research
Council : N o ! ~r, | ' .'.'.e rc Council
- . 4 s i " @ .




Map the flows of hot Galactic Baryons

3 European
XL Research
-'.'.':e rc Council

A :. "

~ eROSITA (first 6 months)




Discovery of the eROSITA bubbles!

eROSITA 0.6-1 keV 800" = Predehl+21

70°
North Polar Spur appears part of a bubble > |

-~

-

50° /. 50°

40°

1
R

. 60
N
N

\T

-

»

A
"
f“'""

A
—

J‘L




Is the plasma volume filling? Shock he

Predehl+21

~

Surface brightness (counts s~ deg

Surface brightness (counts s~ deg)

20
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20

ated?

I | 1 I I | | | | l 1
+60°

T
-~ Volume filling
Thick (2 kpc) shell
Narrow
(0.2 kpec)
- shell

1 I LI I | L I LI I | L L l I

Relatively thick shell -s0°

'.I...‘I....I....IJ]....I.‘

100 50 0 -50 -100
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Connection between Fermi & eROSITA bubble

X-rays: eROSITA
y-rays: Fermi

Predehl+21

See also Yang+22; Gupta+22




Properties of the eROSITA bubbles!

~14 kpc
Predehls21 Lo < P .

Summary of properties

A

Distance: GC ~8 kpc

Brightness: 6x1038 erg s-1

kT: 0.3 keV

Rk o ’f TcooI: 1 9’(1 08 yr
. Ether: 1.3%10°% erg

= 10 times larger volume

=» 10 times more energy
than Fermi bubbles

~9 kpc To inflate = L~1041 erg s
for few 107 yr
Y

FBs S—— =» Strong impact on CGM!




Other traces of the outflow? Very hot plasma

Si X, S xv, Ar xvili

eROSITA bubbles L~1041 erg s-1 for few 107 yr

Recent star formation:
Massive kinetic energy input ~1.1%1040 erg s

Sgr A*’s recent activity = No hope...

ﬁ Excess of very hot plasma within central degree? | . .

Uchiyama +11

B

82—

-0

10

This work ——e—
Koyama+07 ~——e—
Yamauchi+09 —=—

Uchiyama +11

.2
arcmin
arcmin -

-1
-1

s nsessese e R L

Observed photons cm™ s
Observed photons cm™ s

0.01 0.1 1 10 0.1 1
Distance from Sgr A along the longitude |/.| (degree) Distance from Sgr A along the latitude |b.| (degree)



Other traces of the outflow? Very hot plasma

Anastasopoulou+22 Anastasopoulou+22

Fe xxv e Spitzer | )
20 | L 104 _. joger Fe xxv
- & & T | ==- Model 2 /i
o X XMM )
S 0° P, @ @tes | S p
= & ' @ 1 o
< & > 10-¢
1 T
10° 5° L, 107 - . " "
Central degrees =» 2x excess Improved mass distribution - -1 0 1
f (deg) b (deg)
If very hot plasma: L>1041 erg s-* Lower L~1041 erg s-1
Koyama+07+09+18; Yamauchi+09; Uchiyama+11; Nishiyama+13; Heard+13 10"5: -
~ . o . ; - ==+ Model 1
, ". : - Model 2
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. X SNR W28
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Fe xxv profile
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For Zre = 1.9%Z,

- L~fewx1040 erg s-1

=» Not enough for
eROSITA bubbles'

Almost no excess If Zre = 1.9%Z,
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Are eROSITA bubbles common in galaxies?

Predehl+21

eROSITA bubbles

Prediction: eROSITA bubbl
=» common in galaxies!

Pillepich+21
Milky Way galaxies in TNG (cosmological) simulations

=» Most galaxies posses X-ray bubbles
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Magnetised outflow from the Galactic center

S-PASS: tracing
magnetised plasma

Lobes permeated by
magnetic fields of
B~15 microgauss

Limb brightening spurs

E ‘ .

0 0.017 0.034 0.051 0.068 0.085 0.1 0.12 0.14 0.15 0.17

P (Jy per beam) Carretti+13



Magnetised spurs emerging from the disc
(@) HIETE

Zhang+24

Polarised synchrotron intensity Magnetic field direction
from WMAP (22.8 GHz) from polarised synchrotron
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Outflow associated with star forming ring

(a) Magnetic Ridges in the Halo vs Star Formation in the Disc
Zhang+24 —— A% NS
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The Galactic outflow plugs on star forming ring

Zhang+24

35 Hershel: 3-D map of star formation rate
Elia +22

Clumps with SFR > 0.02 Me yr-1 kpc-2

(able to launch galactic super winds)
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Magnetic field line feel halo differential rotation

Zhang+24 60°
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An updated picture of the Galactic outflow
FermiBubbles
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Magnetic halos are common in galaxies
I\ G C891 B Green: 2MASS H-Band

: Chandra 0.3-2keV

1.6um dust shows
the galactic disc

Magnetic halo

Magnetic Field:Krause 2009



The Milky Way has a powerful outflow!




Does the Milky Way host a hot CGM?

The view before eROSITA...



All XMM archive to study the Milky Way CGM

75

Miller & Bregman+15

@1 ? %)
I -» beta model with 8 =0.50%+0.03
Mhaio ~ 4.3 x 1010 M = ~50 % of missing baryons

=» Symbols much larger than XMM = Covered less than 0.1 % of the
field of vie

b = o o
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=» Model biassed at the center due
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Chandra survey of edge-on spiral galaxies

Li & Wang 13
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Apart from outflows in special cases (e.g. M82)
=>» Little evidence for an extended halo
Emission from disc-halo interface
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Li & Wang 13




How can we form galaxies without a hot halo?

LT (keV)
0.2 0.3 0.4 . 2.0 3.0 4.05.0
441 .
With cold clouds = tcooling iS +
short = no more hot CGM -
Marinacci+11; Voit+17; McCourt+18 43r —— ]
—a—
42— an o
ROSAT stacks of brightest q o
central galaxies 24 =
= 41} -
-» An extended hot halo is N
present around massive 401 e —4— |
galaxies Ea T
391
1 Anderson +15
10.0 1(3.5 11I.O 1i.5 12.0

log M,



Then eROSITA arrives....



The soft X-ray Universe: eROSITA images...




Xueying Zheng
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Morphologyof the circumgalactic medium

i A Nicola Locatelli

Xueying ”,
Zheng 4

Spherical halo?
(beta model?)

Both are required!

(But disc is dominant) )

v‘- —

|n.._‘,, T~

Or Exponential disc?
(corona? stars?)

Zheng, GP+24
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0.0087 0.013 0.017 0.023 0.03 0 |Bmod/|disk 1 Locatelli, GP+24a; see also Bluem+22




Nicola Locatelli

Tumlinson +17

Diffuse g as
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Zheng, GP+24
300 kpc
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Pseudo-temperature map from Oviil/Ovii

=» Thick (~10°) shell of (colder?) plasma

at the interface with the Galactic outfilow Xueying Zheng
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The merging of the LMC’s CGM with ours




The power of eROSITA’s spectra



Decomposing the soft X-ray background

i W

What is the com
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The warm-hot CGM in the eFEDS field

Ponti+23
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LHB: Local hot bubble kTHalo =0.153-0.178 keV  ~ kTvir
CGM: Circu.m Galactic medium Uncertainty on CXB @ 2)LHB-ISM
CXB: Cosmic Xo-ray background Abun = 0.05-0.10 Z. o 3) Galactic ridge
SWCX: Solar wind charge exchange S 4) Hot CGM

Corona =» Required! kTcoro = 0.4 - 0.7 keV ~ 6) CXB



The power of eROSITA’s spectra over the half sky



The composition of the X-ray background

Galactic north pole _ | '
0.1 | 1=227.34 b=-54.7  _
Surface & E Log(NH)=19.5
brightness <
o
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- <
Sky Tiles Z
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o t J
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S ° i
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o) X =
:8 O Energy (keV)
« =
> X2 red > 1.5

Good fit over most of the sky
even with oversimplified model

Ponti+sub - Galactic south pole
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Our new view of the hot CGM

Tumlinson +17
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DifoSe gas

Yes, also quiescent galaxies have

powerful outflows
Predehl+20; Yang+22; Mou+23; Gupta+23; Sharkar 24; Zhang+24

Shell at the edge between outflow &
unperturbed CGM zheng+24

We constrain the temperature
fluctuations of the CGM zneng+24

Virial halo ¢ model) + hotter disc component
Bluem +22; Ponti+23; Locatelli+24a

Is Goat Horn the collision of LMC & MW?

Locatelli+24b; Carr+24

Deeper view of local interstellar medium
Yeung+23;+24

Characterisation of heliospheric emission

Dennerl+24

Great!

But do other galaxies have hot CGM?
Can we go beyond few tens kpc?



Yi Zhang

Our new view of the hot CGM

Tumlinson +17

Dll‘fusegas R .
AGN+XRB+SAT
1037 best-fit 8 model ===
. Sx,stack (With mask) +

MW B ~0.42£0.12
1034 M31 8 ~0.37 £ 0.09
2M31 B ~ 0.35 + 0.02

X kpc :.‘: # % : 1 O 34

101
Yes, Milky Way-like galaxies do have hot CGM R, [kpc]

with B~04 Zhang+24a; +24b; +24c



Conclusions: Our new view of the hot CGM

Tumlinson +17

| Yes, also quiescent galaxies have
Diffuse gag powerful outflows
Predehl+20; Yang+22; Mou+23; Gupta+23; Sharkar 24; Zhang+24
Shell at the edge between outflow &
unperturbed CGM zheng+24
106-7 K
We constrain the temperature
fluctuations of the CGM zneng+24

Virial halo ¢ model) + hotter disc component
Bluem +22; Ponti+23; Locatelli+24a

Is Goat Horn the collision of LMC & MW?

Locatelli+24b; Carr+24

Deeper view of local interstellar medium
Yeung+23;+24

erc Hot Milk Characterisation of heliospheric emission
R 300 kpc Dennerl+24
| | Yes, Milky Way-like galaxies do have hot CGM
with B~04 Zhang+24a; +24b; +24c
The eROSITA bubbles have a non-thermal component
=» The star forming ring at the end of the bar contributes to the Galactic outflow

Zhang +24a




Final summary:

Instrumental background Sky background (diffuse emission)
Filter wheel closed emission Solar wind charge exchange
Soft protons flares Local hot bubble
Stray-light Hot interstellar medium
Light leak, Optical loading, Ghost rays, Galactic ridge X-ray emission
Out of time events, etc, etc, etc.
B o Hot circumgalactic medium
V wr Galactic outflow
Diffuse Cosmic X-ray background
Foreground

Absorption: complicating factor...

Point sources or diffuse emission?

0.2-2.0 keV



