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Supernova Remnants:e.g., Tycho’s SNR (SN 1572, |a)
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(T<0.lkeVor . ¢ :u -
Vsh <300 km/s) ieer - -

Supernova Remnants:Temporal Evolution

G1.9+0.3: Youngest SNR in our Galaxy
(age~140 yr, Bamba & Williams 22) ~ Late Sedov phase

Free Expansion Phase (w/ cleagReverse shock)
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Supernova Remnants:Emission Mechanism Examples
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Supernova Remnants:Emission Mechanism Examples
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the analogy to stellar winds, but in particular the
CR component of the Interstellar Medium (ISM) (:
does indeed secularly escape from the Galaxy to
space, leading to a picture schematically given in Fi
At least those CR particles which exist in the ne
of the solar system are observed to be well scattere
i.e. to be efficiently coupled to the interstellar gas ¢
field. The gaseous halo above a few kpc is probab.
has a higher degree of ionization than regions of
thus coupling should be even better up there, ex
in the isolated HVC’s. Since the CR pressure is
of the gas pressure, it does not only act on th
solar neighbourhood, but it must have in addition
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Parker 1968, 1969 for reviews of the early thir
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Roles of Galactic Cosmic Rays
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"Puzzling” Star Formation History

(the metal amount)
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Circum-Galactic Medium (CGM)
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Fermi Bubble & eROSITA Bubble

the analogy to stellar winds, but in particular the
CR component of the Interstellar Medium (ISM) (:
; . does indeed secularly escape from the Galaxy to
. h . space, leading to a picture schematically given in Fi
' A At least those CR particles which exist in the ne
of the solar system are observed to be well scatterec
i.e. to be efficiently coupled to the interstellar gas ¢
field. The gaseous halo above a [ew kpc 18 probab]
has a higher degree of ionization than regions of |

tlhiana mamrraadisa s Al Ad laa Avram lasattasr 11 thhasa o

Breitschwerdt+91

x q

Predehl+20

Outflow:

T ~ 0.1 keV (~virial temp. of the MW)

—eROSITA bubble is consistent with this expectation.
Should be launched at the disk (removing the metals)
— Formation mechanism is unclear...
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Galactic Wind Scenario (SJ&Asano 24)
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Assumption:

~10 % of SNe energy is consumed for launching the wind.
This assumption should be tested.

We consider a possibility:

*ISM heated by CRs around the CR sources™.

*Hadronic y -ray scenario Pert Pgas — 27, v
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CR component of the Interstellar Medium (ISM) (:
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JWST bubbles: Hints for 10 pc-1 kpc physics/phenomena?
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Implications: Star Formation ‘
Thermal Equilibrium Curve for ISM
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Implications: Star Formation

Network of Expanding Shells

HI Shell

Inutsuka+15
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Implications: Star Formation MWOERBE (Haywood-+14)
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the analogy to stellar winds, but in particular the
CR component of the Interstellar Medium (ISM) (:
does indeed secularly escape from the Galaxy to
space, leading to a picture schematically given in Fi
At least those CR particles which exist in the ne
of the solar system are observed to be well scatterec
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Old SNRs: Hints for 10 pc-1 kpc physics/phenomena?

Red: radio synchrotron
Blue: [OIII]A5007 HETEHZE>10 pcd*0ld SNR* T, &
Counpust TR 27 - 7=[Olll] A 5007HEHR.
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O*+2—55 eV
O+3—>77 eV



Old SNRs: Hints for 10 pc-1 kpc physics/phenomena?

Red: radio synchrotron y |
Blue: [OIII]A5007 | CIE: A1) Principal Processes.
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the analogy to stellar winds, but in particular the
CR component of the Interstellar Medium (ISM) (:
does indeed secularly escape from the Galaxy to
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thus coupling should be even better up there, ex
in the isolated HVC’s. Since the CR pressure is
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~Snowplow phase
(T<0.lkeVor . ¢ :u -
Vsh <300 km/s) ieer - -

Supernova Remnants:Temporal Evolution

G1.9+0.3: Youngest SNR in our Galaxy
(age~140 yr, Bamba & Williams 22) ~ Late Sedov phase

Free Expansion Phase (w/ cleagReverse shock)

SNR DEM L71 @LMC
(X-ray), age~a few kyr

SNR»Cygr'l'us'L'oop .
- (UV), age~10kyr.

G70.0-21.5
Blue Olll, Red Ha
age ~ 10-100 kyr?



Old SNRs: Hints for 10 pc-1 kpc physics/phenomena?

Red: radio synchrotron |
Blue: [0'"]A5007 CIE: A(T) Principal Processes.

*Cooling time*

rekp T (1A} ~) 500 yoine /1 cm~ ¥y~ YT/ 10° K)

Sedov time & [RIEE.
OId SNREERES &, HF VYIS
BT ES,

heating sourceHh’HE ?

Mt

v { ’ ; CR?b‘jJX %bﬂ?ﬂ?%ﬁlﬁﬁ'ﬁﬁ

° &, EhrollonTWNWS,
1stionization potentials: s ﬁfﬁ”ﬂ@ﬁi‘:fié, %fﬂﬁ%
NP 52 % diskdHIcEh 3 &k
0+3—77 eV RL.
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Galactic Wind Scenario (SJ&Asano 24)

f -
s N ‘
: A ,_

Predehl+20

— 10714

-

<
-
n

X-ray Intensity (erg/cm?/s/amin?

-

<
—
(o))

r

Assumption:

~10 % of SNe energy is consumed for launching the wind.
This assumption should be tested.

We consider a possibility:

*ISM heated by CRs around the CR sources™.

*Hadronic y -ray scenario Pert Pgas — 27, v



S0l | R HEEMEEEE (one of them)

REFHERIFFET DL ?

FHRNERIZICEEL SN D
.A B —BEENOBICEHIEEIND

/\/ > SBARET 3

L, (S ZTILEENIX, BIFIEIE)

shock (2=0) —E L7z 0 BAEURT %
—HRADMAINS

(e.g., Kulsrud 2005)

upstream  — subscript “0”

downstream— subscript “2”

- SNRA GEENT-& T ATISMA M I NE L EDEY S5 3.

- CRINEZFE IBLIZEREINTUWLS (e.g., Acterberg+81, Zweibel 20, Yokoyama & Ohira 23) #%, ZE[E
DEZTALL DD >TUWEL (microphysicsh &K DD DHA) .

- CROEFET, HRADEESHVCENFHVRELNESZTHI3DhBEERINTULEWL (RiFEHZ) .



The CR-hydrodynamics

dp B
ot TV (pv) =0 P, Is the pressure of thermal gas
’OCZ — Y (P, + Pu) P, is the CR pressure

The energy equation is ...

The 1st law of
dQ f d(Eg + Ecr) + (Pg + Pcr)dv thermodyr:/\e/amics should

/ include the CRs
‘ erad+dQconv+dQvis+dch+- -

Radiation, (thermal) convection, viscosity, CRs energy interactions, -



The CR-hydrodynamics: the energy equation

-irﬂp:_EE_FEdI'J — ﬂr.d.n+?'{E?T}+ﬂm'mr

ai g dt
de Eex + Py d _ Energy Exchange
n‘:r a fr - dl:: = V- [DVey) = Langr (CRs heat the gas)

Fp = {1y — 1)eg = 2e, /3

For = (Yor — 1)eer = £ /3



The CR-hydrodynamics: the energy equation

dF i1 ’|-
2 -CG'> = GpT.Pa) C = 4f ”P ..
Oy = R(pTR) T Pe) = L(pT)+V (K°VT) LR
LNp.T) = (- 1) LraagleT),
H{F~T~ -P:.r] — {’i"n. - 1} 'El.'nl i.'r{n"-".-T~ -Pl.'r:l:
—
o - I||":"l.'r-!'-'-;rr
V s Energy Exchange effect
R[J‘Jl Tl F:r} = ? : I:_.Dvpcr} - 'TIFIH:
Ver — 1 1
T = -1 2 d{F; + Fs)

df

— i'r:lli:g L El.'rg]jl:l ~ (1 — 7. JH

Fp =7 —1l)eg = 2e, /3
For = (Yer — 1)€er = e /3

The CR heating produces
additional total pressurel




The CR-hydrodynamics: the energy equation

Fy=1{m —1leg =2e/3  The CR heating produces
Poo = (Ver — L)€y = Ecrf3 additional total pressure!

P =F 4+ F; Pleg + leal, e — ea])

= Pleg, )+ %

What happens???
—Test by Simple Numerical Model



The CR-hydrodynamics: Simple Numerical Model

tD.?pherlca(lj. CR transport equation
Nnirorm meaium
0ot o - VMew N e ar
PUt *CR bomb* thy + % - ieN — I VN —d { 1 .."l.l} = — VAN
CR Heating
« CRdiffusion coefficient CR initial condition
i N (r/H.}E “‘“]'[_{m -1 (-} ]
| CR total energy = 105 erg
; Consistent with TeV-Halo & |
: PeV CR acceleration @Sedov |



The CR-hydrodynamics: Simple Numerical Model

oo CRs w/ 10%0 erg

108 . .
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The CR-hydrodynamics: Simple Numerical Model

o om——————————  CRs w/ 10%0 erg

10t 163 163 164 100 10°

- | can make hot gas

i and can keep it at
| 106 K during 1 Myr

More Efficient?

JWST - 7.7um
. - :

r (pc)

T ®)
2

10 102

n (cm)

w/0 CRs (Oku+22)
80 i '_ 101

60
40 m
100 E
20 =
G Z
v
2 0 c
- S
-20 g
1071 g
-40 =
—60
—-80 102
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v
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(v} 2
2 o0 ©
= [
5 o
—20 10 5
|_
—-40
10
-60
—80 103
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Figure 2. Slice plot of gas number density and temperature distribution at
t = 0.53 Myr for the case of nyy = 1 em %, Z=Z, Atgy = 0.1 Myr. The inner
red circle shows Ry, while the outer cyan circle shows Ry,



The CR-hydrodynamics: the energy equation

deg _EgT Fy dp — -'r::r.uJ.F: + . II.IT_'?T} +-Eu|:|:|.l:r|

ai g i
de Ecr + Fer dp _ Energy Exchange
Iﬂr - o : d V- (DVey) = Laner (CRs heat the gas)
P=FK+F = Pleg+ el e — e

Pleg, ) + ]EE_Il

CR heating — Increasing total pressure — prefer to form hot & tenuous gas

Cooling rate decreases



Old SNRs: Hints for 10 pc-1 kpc physics/phenomena?

Red: radio synchrotron |
Blue: [0'"]A5007 CIE: A(T) Principal Processes.

*Cooling time*

rekp T (1A} ~) 500 yoine /1 cm~ ¥y~ YT/ 10° K)

Sedov time & [RIEE.
OId SNREERES &, HF VYIS
BT ES,

heating sourceHh’HE ?

Mt

v { ’ ; CR?b‘jJX %bﬂ?&'@' % E.I-ﬁlé'l‘ét E

° &, EhrollonTWNWS,
1st1ionization potentials: s ﬁfﬁ”ﬂ@ﬁi‘: y AN . %fﬂﬁ%
NP 52 % diskdHIcEh 3 &k
0+3—77 eV BL., " fnZ5GDTEREL
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the analogy to stellar winds, but in particular the
CR component of the Interstellar Medium (ISM) (:
does indeed secularly escape from the Galaxy to
space, leading to a picture schematically given in Fi
At least those CR particles which exist in the ne
of the solar system are observed to be well scatterec
i.e. to be efficiently coupled to the interstellar gas ¢
field. The gaseous halo above a few kpc is probab.
has a higher degree of ionization than regions of
thus coupling should be even better up there, ex
in the isolated HVC’s. Since the CR pressure is
of the gas press — zZmmm EhaS|
solar neighbourh
dynamical effect /
Parker 1968, 19(¢
matter). Because
their nresanre ors
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Microquasars



Ruoyu-LiukkdD X7 4 K& V)
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Flux (erg cm“s ')
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o

V4641 Sgr

) 1 2 | 4 3 o '
H
r

V4641 Sgr {

10

100 1000
Energy (TeV)

H.ES. S PRELIMINARY

courtesy of L. Olivera-Nieto

—._ _f.‘]

CEEECEETEETEITIE

274.94+0.0
8

274.94+0.0
8

Rect. 274.87+0.05
eGauss 274.87+0.05

2PS

-25.97+0.09
-25.111+0.12

-25.72+0.09
-25.721+0.09

N/A N/A N/A 130.1

1.78+0.24 0.18+0.30 848+6  133.7
0.52+0.10 0.1+0.2 86 +6 132.9



HMXB & LMXB distribution

(Yue—‘—arxivf2412.13889)
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Figure 1. Projection of the sample pulsars on to the Galactic plane. H
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SubstructurexsxBAd % ?
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FIG. 3. Proton spectrum measured by CALET (red circles)
compared with the expenimental results of AMS-02 [6],
CREAM-II [42], and DAMPE [39). The hawched band shows
the total uncertainty for CALET & the guadratic sum of the
various uncertainties. The dark blue colored band shows the total
uncertainty for DAMPE. The proton flux in tabular form can be
found in the Supplemental Material [67).



Fermi & eROSITA Bubbles



The Galactic Evolution Scenario

20

Heywood 14

C
=
) Z I=N Total mass of DM: ~ 1012 M,
B & Total mass of stars: ~ 4-6 x 101° M
S _’_.—L‘J— sun
s 2
= | .
: . :M Current SFR: ~1 M, /yr
] ij\-ﬁj\ir_ N\ Total gas mass: ~ 10° M,
’\_]_\_L - -
- -l Cf. Bland-Hawthorn & Gerhard 16, the Planck Collaboration 18

c 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Lookback time [Gyr]

@ From the current MW ...

1. The gas should be depleted within ~ 1 Gyr !
2. Replenishment of gas is required.
3. Galactic halo (CGM) may be a dominant gas reservoir.



SFR [Msun/yr]

20

15

10

The Galactic Evolution Scenario

Z=U
|

Heywood 14

N |

Age of Sun

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Lookback time [Gyr]

@ disk
SFR ~ 3 Molyr
Gas mass ~ 10° Mo (Metallicity Zo ~ 0.01 — Metal mass ~ 10’ Mo)

Salpeter IMF — Massive Star Formation Rate ~ 0.1 Mol/yr

Total Metal Mass Ejected by SNe over Cosmic age

— ~ (SFR) x (Massive Star fraction) x (CO core mass fraction) x (14 Gyr)
~ (3 Molyr) x (0.1) x (3 Mo/8 Mo) x (14 Gyr)
~ 1.6 x 10° Mo

~99 % of metals should be removed from the diskl

— Persistent Outflow is required!
(see, Shimoda, Inutsuka, & Nagashima 2024 for details)



SFR [Msun/yr]
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15

10

[Fe/H]

The Galactic Evolution Scenario

S Heylwo;ad 14 @ disk
5 1L % SFR ~ 3 Molyr
<
;Tﬂ"'r— Salpeter IMF — Massive Star Formation Rate ~ 0.1 Mol/yr
oA L |
T Real Total Metal Mass Ejected by SNe over Cosmic age
o - e | — ~(SFR) x (Massive Star fraction) x (CO core mass fraction) x (14 Gyr)
S R ~ (3 Molyr) x (0.1) x (3 Mo/8 Mo) x (14 Gyr)
0.5
’ ~99 % of metals from the
©° diskl

— Persistent Outflow is required!
(SJ & Inutsuka 22, SJ, Inutsuka, & Nagashima

24, ST & Asano 29)

10

7 (Gyr)

15
Xing & Rix (2022, by Gaia)



Tllustration of the

Scenario

How much gas
finally
accretes???

the analogy to ds, but in particular the
CR component o Tnterstellar Medium (ISM) (s
does indeed secul escape from the Galaxy to

space, leading to a picture schemaltically given in Fi

At least those CR particles which exist in the ne
of the solar system are observed to be well scatterec
ic. to be efficiently coupled to the interstellar gas ¢
e gaseous halo above a [ew kpc is probabl
ha her degree of ionization than regions of

g should be gven better up there, ex

ed HVC's. Si the CR pressure is
essure, it doe\ not only act on th
burhood, bat it st have in addition .
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1969 for reviews \of the early thip

i
Galactic dis
(~ 10 kpc)
“ their nressnre ora

matter). Because CRs do not cof]l radiatively, w

dieni to act on th{ oas all alone
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DM: ~ 101? Mg,
Available gas: ~ 1011

sun

Stars: ~ 4-6 x 10° M,

— Why half?

il — metal polluted
1— Wind is invoked (SJ & Inutsuk
{ Number density: ~10-3 cm3

{Mass loss rate : ~several M, /yr

CGM contains ~101°-10** M, gas!
From obs. of external galaxies.

*

Virial radi"t}s. SFR ~

*

(~300 kpc) .| = The gas is depleted within ~1 Gyr <

Mgas ~ 10° Mg,

3 M, fyr

=13 8GyE



Outflow Model (SJ & Inutsuka 2022)
w/ Radiative cooling & CR diffusion

the analogy to stellar winds, but in particular the
ﬁ ponent of the Interstellar Medium (ISM) (s
fl meed secularly escape from the Galaxy to
space, leading to a picture schematically given in Fi
At least those CR particles which exist in the ne
of the solar system are observed to be well scatterec
ie. to be efficiently coupled to the interstellar gas :
field. The gaseous halo above a few kpc is probabl
has a higher degree of ionization than regions of |
thus coupling should be even better up there, ex
in the isolated HVC’s. Since thc CR pressure is
of the gas pressure, it does not only act on th
solar neighbourhood, but it must have m addition .
dynamical effect on the overall gas and field confi
Parker 1968, 1969 for reviews of the carly thin

matter). Because CRs do not cool radiatively, w
their nresstire osradient to act on the eas all alone

S meap v Taviw wimmaseeineas b B LR S

and the to jpaafullygionyzed (by disk OB stars from below, and
globula g-he'F. FvF!l as QSO's from above) that diffusion
becomes negligible compared to Alfvénic drili. The combined
pressure gradients of gas, CRs and waves should then gradually
accelerate the gas away from the disk with mass velocity u
(Fig. 2).

The average field direction is also influenced by CR effects
even in the lower disk {|z] < Llkpc): the Parker instability
(Parker, 1966) of an assumed equilibrium between the confining
gravitational field and the disruptive CR and magnetic field
pressures will lead to an inflation of field lines, which might
allow CRs plus gas to escape into closed magnetic bubbles. This
is topologically different from open field lines which extend to
|z| = oo, but nevertheless adds to any galactic mass loss.

Thus in detail we expect a complicated configuration of
disk and halo. On average, however, and on spatial scales of

parameters are ¢
A= (205 x 1040
respectively.

The halo potet

GM
B (x) = —20

T

where Myg = 1.
‘\('R%-l-ZZ,XER/
The existence

‘Essen ‘

(Shapiro & Field 76)
‘Radiative cooling — T < T_vir — wind never launchir

Heating by CRs— Comparable with Radiative coolin

CRs scattered by 0 B

—Momentum transferred to 0 B
— 0 B grows

—dissipation of 0B
—Thermal gas heated

[' = |VAVP,| (erg/cc/s) (e.g., Kulsrud 2005)

CR

0B

wiondiBp@iischwerdt+91 extended the pioneering work by Ipavich 75,

the Galaxy there

of wsgmgsestimated that the mass loss rate due to the wind is ~1

In this modcl
corresM%iaﬁ/fyr_



Outflow Model (SJ & Inutsuka 2022)
w/ Radiative cooling & CR diffusion

the analogy to stellar winds, but in particular the

ﬁ ponent of the Interstellar Medium (ISM) (s
fl meed secularly escape from the Galaxy to
space, leading to a picture schematically given in Fi

At least those CR particles which exist in the ne
of the solar system are observed to be well scatterec
ie. to be efficiently coupled to the interstellar gas :
field. The gaseous halo above a few kpc is probabl
has a higher degree of ionization than regions of |
thus coupling should be even better up there, ex
in the isolated HVC’s. Since thc CR pressure is
of the gas pressure, it does not only act on th
solar neighbourhood, but it must have m addition .
dynamical effect on the overall gas and field confi
Parker 1968, 1969 for reviews of the carly thin

matter). Because CRs do not cool radiatively, w
their nresstire osradient to act on the eas all alone

‘Essen

(Shapiro & Field 76)

‘Radiative cooling — T < T_vir — wind never launchir

Heating by CRs— Comparable with Radiative coolin
Shimoda & Inutsuka 2022

n2A
Qw

—_— .1(
0.9 7

n

HCI'

0-3 cm~

5/2 / B
;)

A

1 uG

—1 —1
Pcr

0.3eV cm—3

S meap v Taviw wimmaseeineas b B LR S

and the to jpaafullygionyzed (by disk OB stars from below, and
globula g-he'F. FvF!l as QSO's from above) that diffusion
becomes negligible compared to Alfvénic drili. The combined
pressure gradients of gas, CRs and waves should then gradually
accelerate the gas away from the disk with mass velocity u
(Fig. 2).

The average field direction is also influenced by CR effects
even in the lower disk {|z] < Llkpc): the Parker instability
(Parker, 1966) of an assumed equilibrium between the confining
gravitational field and the disruptive CR and magnetic field
pressures will lead to an inflation of field lines, which might
allow CRs plus gas to escape into closed magnetic bubbles. This
is topologically different from open field lines which extend to
|z| = oo, but nevertheless adds to any galactic mass loss.

Thus in detail we expect a complicated configuration of
disk and halo. On average, however, and on spatial scales of

X

10 kne (20)
parameters are ¢ 10 kpC 10_22 crg Cm3 S_1

A= (205 x 1040
respectively.

The halo potet

The reasonable physical parameters result
in the comparable heating rate!

GMpg [
/] =
7{x) 7
where Myg = 1.
R%+ 22, x =R,

The existence «

wiondiBp@iischwerdt+91 extended the pioneering work by Ipavich 75,

the Galaxy there

ofl;ns@;pdsselstimated that the mass loss rate due to the wind is ~1
corrésM%iaﬁ/fyr_



What is essence”

Cosmological accretion flow (IGM)
“ ¥ .. _{Galactic wirld

A Te m pe ra tu re (< 1 O k pC> : ~SUb keytj:’c/m‘{\ 0.3~06keVO I ZIL¥—DXBERK, 0.6~TkeVERR. 1~2.3keVEMICEBMITLTARANTWET.
% Number density . ~103/cc
i Mass loss rate . ~ several

Galacticais |y s HOMTAE X-ray emitting gas at the disk becomes the
10kpe) 1L /' wind
/ » The origin of the Galactic Diffuse X-ray Emission
Vil s, IS an *open question®*.

If ~10% of SNe energy is consumed for the X-ray
§kﬂM 7 §a . s M A / (i> LSN kTw —1
2 my ats H v 2/ \0.1) \ 1022 erg/s ) \ 0.3 keV

Consistent with both X-ray observations and theoretical model o
(SJ & Inutsuka 2022)




What is essence”

Cosmologlcal accretion flow (IGM)

Virial radius™.,
(~300 kpc)

_{Accretion flow

20 | \ \ \ I T )
@ baryon accretiof Mb

15 | -

> 10 : : |

= My, = fenMpm

5 B ] [] ]

f.: cosmic baryon fractic

O~ \ \ \ | | \ L]

0 2 4 6 8 10 12 14

cosmic time (Gyr)

The baryon accretion rate

— Use the results of the DM N-body

simulation

(Rodriguez-Puebla+16)

~ 7 M,lyr



z=0 0.5 1 2 3

20

What is essence” r T ——

15

Cosmological accretion flow (IGM)

r ~ 4 M,/yr by SNe o | ﬂ_,_,— .

~ 7 M,lyr \ﬁ’ r

Loy
] )
‘\_\ YA
3 ] L7
+~, \‘\ 4 D‘=: 1 ~

Age of Sun

}

SFR [Msun/yr]
10

_(_‘ ]

i

o 1 2 3 4 &5 6 7 8 9 10 11 12 13 14
Lookback time [Gyr]

‘Consequent star formation at the |1|isk

Galactic disk ::.‘--"'i /
(~10kpe) ||+

Virial radius™,

(300 kp) v' Almost constant SFR
— quasi steady-state
— SFR ~7 M/ /yr—4 M. /yr ~3 M,lyr

*Metals are removed from the disk
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nat is essence”

Cosmological accretion flow (IGM)

~7

M, /yr

/ :l ~ 4 M,/yr by SNe

\ .\\ N7
R
ARRS .:,\: ','\
P

Galactic disk‘ »{ / ‘\' \
(~ 10 kpc) ,ﬂ l\ >

Virial radius™.,
(~300 kpc) .

Done (S5J+2024)

*Problems™
1. The origin of the X-ray emissions at/around
the Galactic disk.
—Numerical simulations imply its existence,

but actual physical processes are still under
debated.

2. The existence of the Cosmological accretion
gas onto the disk.

—If it has a virial temperature of ~ 10° K, the
observations are difficult (FUV ~ soft X-rays
are obscured).

3. The resultant disk & CGM conditions
(including CRs, metal, etc.) are still unclear.

We introduce one of the consequences of the Galactic wind (SJ & Asano 2024)



Fermi Bubble & eROSITA Bubble

the analogy to stellar winds, but in particular the
CR component of the Interstellar Medium (ISM) (:
1 : does indeed secularly escape from the Galaxy to

F S space, leading to a picture schematically given in Fi
. m‘ ‘ At least those CR particles which exist in the ne

. >
N g 4
g v »

the solar system are observed to be well scatterec
£. to be efficiently coupled to the interstellar gas ¢
eld. The gaseous halo above a few kpc 1s probabl
has a higher degree of ionization than regions of |

tlhiana mamrraadisa s Al Ad laa Avram lasattasr 11 thhasa o

Breitschwerdt+91

Predehl|+20

Using observational data of current MW, we will check
whether our scenario is consistent with the observed bubbles.

*Hadronic y -ray scen@wioPgss — 27, v



—— Gas distribution @the disk
Misiriotis+06

o0i0 Yoeouor MoCe NoeCu gr

H,, model

oo Mome moce AN.omGc

Fig. 3. The gas maps of the Galaxy (left panels) in direct comparison with the fitted model (right panels). The upper left panel shows the molecular
hydrogen distribution (Dame et al. 2001), while the atomic hydrogen distribution (Kalberla et al. 2005) is presented in the bottom left panel. Both
maps are given for the Galactic latitude range of —30 to 30 degrees.

R _ [

Parameter  Units  Value PH, (R,Z) = Py, (O, O) exp| -

Pu,(0,0) cm™  4.06 I ~ ,
I, koe 257 H> H>
ZH, Kpc 0.08

Pui(0,0) cm™3  0.32 R _ le(O, O) exp (_hi — ﬁ{L) Cp> R,
I kpc 18.24 pHI( ;Z) — 0 HI HI <R
Zhi kpc  0.52 , P t

R, Kpc 2.75




Gas distribution @the disk

Misiriotis+06

3 Total Mass at R < 30 kpc
1 oe M ~ 3.9 x 10” M
My, ~ 1.3 x 10” Mg

|
o
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05— Star Formation Rate
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Gas distribution @the disk

3 Total Mass at R < 30 kpc

- Mz ~ 3.9 x 10° M
, 5 My, =13 x 107 M,
=
€
1.5 (;E) ZSf — ifEHQ?
b Tsf
1 S | Ty/est = 0.5 Gyt
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Active Star Formation Region

0 R <5 kpc = Ry



Pert Pgas — 27, v Model Computation
Out boundary = 30 kpc

> CR transport

I, .
dv_w:—vpcr—g et ) = Ners(r,¥) + Der(V)r *Ne(r,y)
dt Pw Q@
> Steady-state /.
Wind parcels are prepared at each R and (W) Ners(ry) s
Z =z, Ner(r, ¥) 7 47H?2 r’—rol a
Their trajectories are computed like test ' § V?até_ 0.6
par"rlt lee Sa:na_logy to stellar winds, but in particular the =1 Myr 5 (D= 1028 cm2s71(y/2)06)
CR component of the Interstellar Medium (ISM) ( dh o 1

does indeed secularly escape from the Galaxy to I\icr,S = Ng 14
space, leading to a picture schematically given m Fi 2
At least those CR particles which exist in the ne ¥ 10% of SN energy—CR acceleration
Hot gasflalyesolar system are observed to be well scatterec

i.e.fto be efficiently coupled to the interstellar gas ¢ We estimate the wind
Z,, = 2 kfpfld. The gaseous halo above a few kpc is probabl dynamics assuming less

has’a higher degree of ionization than regions of |

midplane ~~..«tinr chanld ha avan hotm cive Hodsrdt 29 1 effiCienT CR he(l'l'ing.




*density is smoothed by Gaussian with the width of ~z, R I_r
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number density (cm’ 3)
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Initial rotation velocity: v, = 0.5 v,(R,z,)

Dissipation of Angular
Momentum happens
at the disk-halo interface?

the analogy to stellar winds, but in particular the

CR component of the Interstellar Medium (ISM) (;

does indeed secularly escape from the Galaxy to

space, leading to a picture schematically given m Fi

At least those CR particles which exist in the ne

Hot gasfldwzsolar systemfars ohserved o be well scatterec
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*density is smoothed by Gaussian with the width of ~z,

Color: Thermal X-ray

Contour: 1 GeV hadronic gamma-ray

\ |

Results

— 10714
5 Initial rotation velocity: v, = 0.5 v,\(R,z;)

Dissipation of Angular
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at the disk-halo interface?
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>he analogy to stellar winds, but in particular the
107® "R component of the Interstellar Medium (ISM) (;
does indeed secularly escape from the Galaxy to
space, leading to a picture schematically given m Fi

At least those CR particles which exist in the ne

Hot gasfldwesolar systemfars ahserved 2 be well scatterec
i.e.fio be efficiently coupled to the interstellar gas

Z, = 2 W The gaseous halo above a few kpc is probabl
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*density is smoothed by Gaussian with the width of ~z,

Color: Thermal X-ray
Contour: 1 GeV hadronic gamma-ray
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Results

*Gamma-ray from the disk is

consistent with the observation
(Strong+04).

o
l\l

| | -|5°<b<|5°
1 GeV —
Strong et al. (2004) e .

o
o
T

1 GeV Intensity (104 cm2 s! srr! GeV1)

-160 -100 -50 0 50 100 150
Galactic Longitude, | (degree)




1 GeV Intensity (10 GeV ecm2 s1 sr1)
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S
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(b) dlissipatéd c:aseI
25°%°<b<50°+Uniform background

Suetal (2010) = —~-

y ~ ™ i -
Uniform background ¢
| ] ] 1 ]
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Galactic Longitude, | (degree)

Results: vs. Fermi Bubble

*Hadronic y-ray

1. The intensity of 0.1-0.5e-6 is consistent.
2. The flat surface brightness profiles are
well reproduced.




X-ray Intensity (counts s1 cm¥ deg2)
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Galactic Longitude, | (degree)

(Ib) dissipéted casé

b = 60°
Predhl et al.(2020, South)
Predhl et al.(2020, North) _—

v
T Uniform Background
2
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Results: vs. eROSITA Bubble

*Thermal X-ray emissivity = n°A/4n
NA=10%3 erg cm?3 s is assumed
(Shimoda & Inutsuka 22)

1. The flat surface brightness profiles are
well reproduced.

2. The intensity depends on the assumed
emissivity.




*density is smoothed by Gaussian with the width of ~z,

[R¥]

— 107
g
9,
2 g
103 2
N b
:
=
AT e
M
(b) dissipated case
10
0 5 10 15
R (kpe)

Energetics (Lx ~ 103 erg/s)?
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Summary




*density is smoothed by Gaussian with the width of ~z,

[R¥]

— 107

z (kpe)
=)
number density (cm 3

Summary

102

Energetics (Lx ~ 103 erg/s)?— Lw~10* erg/s

Hardness (y-ray)?—Reacceleration@inner region

the Maximum energy of reaccelerated CRs?

— Inamoto-kun(figit < A) will examine this.




Prospects for New Motivations

> Reacceleration at the galactic halo
Can the turbulent halo re-accelerate CRs upto...?

High-energy Gamma-rays & Neutrinos can be emitted from

*usual/starburst* galaxies?

— I expect as a new candidate of the source of UHECRS .

» The Angular Momentum should be redistributed.
The gas w/ smaller AM will return to the disk.

The resultant AM will be recorded into the formed
in the disk will reflect the turbulent Halo.

Possible *Correlations™* among the CRs, Gamma-rays, Neutrinos,

The motions of

and Stellar Dynamics!

circular motion, km/s

-200 0 200

number density (cm'3)

Motions of 7,000,000 Gaia stars

Galactic disc

The Sausage

- '.‘2'00 0 2700”7 ——
radial motion, km/s

IMAGE: GAIA-SAUSAGE STRUCTURE DETECTED BY
THE GAIA SATELLITE IN VELOCITY SPACE. (CREDIT:
V. BELOKUROV ET AL. 2018, MNRAS, 478, 611).

https://www.eurekalert.org/news-releases/6
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Each galaxy may have turbulent Examine B-filed @ Halo!

halo w/ size of, say, ~10-100 kpc.



Hints: Case of NGC 4631 (starburst?, D~7 Mpc)

SFR ~ 1 - 5 Mo/yr (Rand+92, Hunter+86, Kennicutt+83

Richter+18
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