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Supernova Remnants:e.g., Tycho’s SNR (SN 1572, Ia)

X-ray image (Chandra archive)Radio (Reynoso+97, Decourchelle 17)

Spitzer 24 µm, 70 µm (Williams+13)

Hα (Winkler+07)

Gamma-ray (Fermi+VERITAS,
Archambault+17)

Supernova Remnant (SNR)
・Supernovaの*残骸*
天文学的に、SNとSNRを区別する厳密な
定義は無いとされる。発見者の気持ち次第。
・粒子加速の現場
・ダスト=惑星・生命の材料の生成場所？
・ISMの相転移（分子雲形成）を促す、重
要なエネルギー源（Mckee&Ostriker 77, 
Inutsuka+15）



Supernova Remnants:Temporal Evolution
G1.9+0.3: Youngest SNR in our Galaxy 
(age~140 yr, Bamba & Williams 22)
Free Expansion Phase

X-ray Radio

~ Early Sedov phase

~ Late Sedov phase
(w/ clear Reverse shock)

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

age~500 yr

SNR Cygnus Loop 
(UV), age~10 kyr

~ Snowplow phase
(T<0.1 keV or
Vsh < 300 km/s)

G70.0-21.5
Blue OIII, Red Hα
age ~ 10-100 kyr?



Supernova Remnants:Emission Mechanism Examples

Decourchelle 17

特に高エネルギー宇宙物学的
なものが抜粋されている
（X-ray 〜 Gamma-ray）。



特に高エネルギー宇宙物学的
なものが抜粋されている
（X-ray 〜 Gamma-ray）。

Decourchelle 17

Supernova Remnants:Emission Mechanism Examples

Gamma-ray (Fermi+VERITAS, Archambault+17, @ Tycho’s SNR)

今日の話とは直接関
係ないけど…
CR protonがKnee 
energyまで加速され
ているなら、~100 
TeVガンマ線が受
かって欲しい。

やらしい点だ…



upstream     → subscript “0”

downstream→ subscript “2”

宇宙線の加速効率問題（注入問題）

Diffusive Shock Acceleration (DSA)
→衝撃波を往復して粒子が加速していく

良いところ
①~PeV宇宙線を作りうるくらい，加速に
時間がかからない．
②被加速粒子のエネルギースペクトルが，
ベキ型になる．

ダメなところ
被加速粒子の量は予言しない．
→独立な検証が必要だが，特に理論的な理
解はほとんど進んでいない．



upstream     → subscript “0”

downstream→ subscript “2”

宇宙線の加速効率問題（注入問題）

Shimoda et al. (2022)
衝撃波形成時のエントロピー生成の考察から，宇宙
線生成量の理論的な制限に成功した．
→十分に時間が経過した衝撃波に対する宇宙線注入
モデルとしては、ほぼ世界初（のはず）。

δB

無衝突衝撃波では効かない



upstream     → subscript “0”

downstream→ subscript “2”

宇宙線の加速効率問題（注入問題）

Shimoda et al. (2022)
衝撃波形成時のエントロピー生成の考察から，宇宙
線生成量の理論的な制限に成功した．
→十分に時間が経過した衝撃波に対する宇宙線注入
モデルとしては、ほぼ世界初（のはず）。

マッハ数が小さいと加速しない



upstream     → subscript “0”

downstream→ subscript “2”

escape

宇宙線の逃走問題（拡散係数問題）

Diffusive Shock Acceleration (DSA)
→衝撃波を往復して粒子が加速していく

→Vshが小さくなると，衝撃波が拡散する
宇宙線に追いつけない．

→宇宙線が上流に逃走して加速終了．加速
により到達可能な最高エネルギーを決める．

「いつ，どれだけ逃走しているのか？」は
分かっていない．
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The energy spectrum of CRs

Molecular
Cloud

Supernova

Ionization

逃走宇宙線との闘争

どこから来たの？
→宇宙線起源問題
→少なくとも銀河の星形成活
動と関連する．
→宇宙線についてだけ考えて
いて，納得のいく答えが出せ
るのだろうか？
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加速現場からの逃走
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Roles of Galactic Cosmic Rays
Evolution of the Protoplanetary disk

CR ionization rate controls 
the size/life-time of
protoplanetary disk via the 
angular momentum 
transportation by B-field. 
→ Planet formation

The long-term SFR is 
regulated by the 
galactic wind driven 
by CRs.

→ Galaxy formation
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”Puzzling” Star Formation History
(the metal amount)

@ disk

SFR ~ 3 Mo/yr

Gas mass  ~ 109 Mo (Metallicity Zo ~ 0.01 → Metal mass ~ 107 Mo)

Salpeter IMF → Massive Star FR ~ 0.1 Mo/yr

Total Metal Mass Ejected by SNe

→ ~ (SFR) x (Massive Star fraction) x (CO core mass fraction) x (14 Gyr)

~ (3 Mo/yr) x (0.1) x (3 Mo/8 Mo) x (14 Gyr)

~ 1.6 x 109 Mo

~99 % of metals should be removed from the 
disk!
→ Persistent Outflow is required!
(SJ & Inutsuka 22, SJ, Inutsuka, & Nagashima 
24, SJ & Asano 24)

Xing & Rix (2022, by Gaia)

Plateau



Circum-Galactic Medium (CGM)

“Discovery” of hot, highly ionized 
medium around galaxies 
(Tumlinson+11, 17).

➢ OVI absorption line
→ Tionized ~ 3 x 105 K, NOVI ~ 1014 cm-

2

→ Estimated total gas mass

~ 1010–1012 Msun

Missing Metals may be in the 

Galactic halo.

→ The Outflow is required.

150 kpc



Fermi Bubble & eROSITA Bubble

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...

Breitschwerdt+91

Predehl+20



Galactic Wind Scenario (SJ&Asano 24)

Predehl+20

*Hadronic γ-ray scenario

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*.

pcr+ pgas → 2γ, ν

6 Shimoda & A sano

F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .

is calculat ed as
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where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)
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where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face

>0.5e-6 ph/cm2/s/str
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3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-
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is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-
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2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .
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where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face



JWST bubbles: Hints for 10 pc-1 kpc physics/phenomena?

NGC 628: SFR~1.7 Mo/yr (MWとコンパラ)
＞3000個のバブルが見つかってはいる。これの
サイズ分布は説明されていない

バブルを縁取る
ように星形成領
域が分布してい
る．



Implications: Star Formation

Inutsuka+15

Thermal Equilibrium Curve for ISM

Molecular cloud

Diffuse gas → Molecular gas → Star Formation
Massive stars

SN shocks, Expansion of Ionization Sphere, etc.



Implications: Star Formation

Inutsuka+15

・天の川銀河の体積

Vg~(0.3 kpc)xπ(10 kpc)2~102 kpc3

・１つのシェルが占める体積

Vs ~ (0.1 kpc)^3~10-3 kpc3

・天の川銀河全体を穴だらけにするのに必
要なSNの個数

Nsn ~ Vg/Vs ~ 105

・シェルが~0.1 kpc拡がるのにかかる時間

Ts ~ (0.1 kpc)/(10 km/s) ~ 10 Myr

・必要なMSの形成率

MSFR ~ Nsn/Ts x Ms

~ 0.1 Mo/yr(Ms/10Mo)

・IMFからMSのmass fractionは~0.1

SFR ~ MSFR/0.1 ~ 1 Mo/yr



Implications: Star Formation

Inutsuka+15

MWの星形成率（Haywood+14）

MWで提案されている星形成シナリオは，最近の観
測と（1=10くらいの気持ちで）整合的．
*Bubble-Filament Paradigm* by Inutsuka
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F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .

is calculat ed as

"̇ (Eγ ) = 2Eγ

Z

E t h

q̇⇡ (E⇡ )
p

E 2
⇡ − m2

⇡ c4
dE⇡ , (16)

where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)
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where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face
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Red: radio synchrotron
Blue: [OIII]λ5007

1st ionization potentials:
O+1→35 eV
O+2→55 eV
O+3→77 eV

推定半径>10 pcの*Old SNR*で，最
近見つかった[OIII]λ5007輝線．

電波シンクロトロンのシェル
（shock面）よりも*遠く*で明るい．
→なんで？？？
著者のFesen et al. 2024は，CRの関
与について言及しているけれども，
具体的なシナリオ・物理過程は不明．
要するに，単純な説明がない．



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

Red: radio synchrotron
Blue: [OIII]λ5007

1st ionization potentials:
O+1→35 eV
O+2→55 eV
O+3→77 eV

*Cooling time*

Sedov timeと同程度．
Old SNRだと思うと，あまりに
短すぎる．
heating sourceが必要？

CRがガスを加熱する可能性自
体は，昔から知られている．
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F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .
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The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser
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where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face
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F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .

is calculat ed as

"̇ (Eγ ) = 2Eγ
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dE⇡ , (16)

where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)
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where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.

-0.5

0

0.5

1

1.5

0 10 20 30 40 50 60

(a) co-rotating halo
10°<b<20°

20°<b<30°

30°<b<40°

40°<b<50°

1
(1

0
-6

-2
-1

-1
-1

)

Galactic Longitude, l (degree)

-0.5

0

0.5

1

1.5

0 10 20 30 40 50 60

(b) dissipated case
10°<b<20°

20°<b<30°

30°<b<40°

40°<b<50°

1
(1

0
-6

-2
s

-1
-1

-1
)

Galactic Longitude, l (degree)

F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face

・半径~ 1 pc，~100 yrの若いSNRから逃走
・半径 ~ 10 kpcで，~10 Myrで星形成する銀河円盤からの逃走
長さで４桁（体積で１２桁），時間で５桁のギャップを埋めて，かつ宇
宙年齢14 Gyrで持続する星形成活動と整合的に理解せよ．



逃走宇宙線との闘争

escape

加速現場からの逃走

銀河系からの逃走

~1 pc

~10 kpc
~10 pc-1 kpc

ISM中の輸送・伝搬

？

・半径~ 1 pc，~100 yrの若いSNRから逃走
・半径 ~ 10 kpcで，~10 Myrで星形成する銀河円盤からの逃走（JS & 
Inutsuka 2022; JS & Asano 2024）
長さで４桁（体積で１２桁），時間で５桁のギャップを埋めて，かつ宇
宙年齢14 Gyrで持続する星形成活動と整合的に（JS, Inutsuka, & 
Nagashima 2024）理解せよ．
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F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .
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where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)
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where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face
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F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .
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where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)
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where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face



Supernova Remnants:Temporal Evolution
G1.9+0.3: Youngest SNR in our Galaxy 
(age~140 yr, Bamba & Williams 22)
Free Expansion Phase

X-ray Radio

~ Early Sedov phase

~ Late Sedov phase
(w/ clear Reverse shock)

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

age~500 yr

SNR Cygnus Loop 
(UV), age~10 kyr

~ Snowplow phase
(T<0.1 keV or
Vsh < 300 km/s)

G70.0-21.5
Blue OIII, Red Hα
age ~ 10-100 kyr?



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

Red: radio synchrotron
Blue: [OIII]λ5007

1st ionization potentials:
O+1→35 eV
O+2→55 eV
O+3→77 eV

*Cooling time*

Sedov timeと同程度．
Old SNRだと思うと，あまりに
短すぎる．
heating sourceが必要？

CRがガスを加熱する可能性自
体は，昔から知られている．
＊銀河風の種になる，高温希薄
ガスをdiskの中に作れるとなお
良し．



Galactic Wind Scenario (SJ&Asano 24)

Predehl+20

*Hadronic γ-ray scenario

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*.

pcr+ pgas → 2γ, ν

6 Shimoda & A sano

F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .

is calculat ed as

"̇ (Eγ ) = 2Eγ

Z

E t h

q̇⇡ (E⇡ )
p

E 2
⇡ − m2

⇡ c4
dE⇡ , (16)

where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)

J γ ⇠
D

4⇡

ncr nwσhc

m⇡ c2

Eγ

m⇡ c2
+

m⇡ c2

4Eγ

− 1.6

⇠0.5⇥10− 6 ph cm− 2 s− 1 GeV− 1 st r− 1

✓
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◆ ⇣ ecr

0.1 eV cm− 3

⌘

⇣ nw

10− 2 cm− 3

⌘✓ Eγ

1 GeV

◆ − 1.6

(17)

where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face

>0.5e-6 ph/cm2/s/str



upstream     → subscript “0”

downstream→ subscript “2”

宇宙線加熱機構（one of them）

escape

逃走宇宙線が存在すると？

δB

宇宙線が電磁場に散乱される
→運動量がδBに輸送される
→δBが成長する
（ここで止まれば、磁場増幅）
→成長したδBが散逸する
→ガスが加熱される

・SNRから離れたところでISMが加熱されるなどが起こりうる．
・CR加熱率は色々提案されている（e.g., Acterberg+81, Zweibel 20, Yokoyama & Ohira 23）が、実際
のところよく分かっていない（microphysicsがよく分からん）．
・CRの有無で，ガスの運動や熱力学的状態がどう変わるかも整備されていない（流体力学）．

(e.g., Kulsrud 2005)



The CR-hydrodynamics

The energy equation is …

Pg is the pressure of thermal gas

Pcr is the CR pressure

The 1st law of 
thermodynamics should 
include the CRs

dQrad+dQconv+dQvis+dQcr+…

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



The CR-hydrodynamics: the energy equation

Energy Exchange
(CRs heat the gas)



The CR-hydrodynamics: the energy equation

Energy Exchange effect

The CR heating produces 
additional total pressure!



The CR-hydrodynamics: the energy equation

The CR heating produces 
additional total pressure!

What happens???
→Test by Simple Numerical Model



The CR-hydrodynamics: Simple Numerical Model

1D spherical
Uniform medium
Put *CR bomb*

CR transport equation

CR Heating

CR initial conditionCR diffusion coefficient

Consistent with TeV-Halo & 
PeV CR acceleration @Sedov

CR total energy = 1050 erg



The CR-hydrodynamics: Simple Numerical Model

？

CRs w/ 1050 erg 
can make hot gas 
and can keep it at 
106 K during 1 Myr



The CR-hydrodynamics: Simple Numerical Model

？

w/o CRs (Oku+22)

Thermal bomb
w/ ~5x1051 erg

CRs w/ 1050 erg 
can make hot gas 
and can keep it at 
106 K during 1 Myr
More Efficient?



The CR-hydrodynamics: the energy equation

Energy Exchange
(CRs heat the gas)

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: [OIII]λ5007

1st ionization potentials:
O+1→35 eV
O+2→55 eV
O+3→77 eV

*Cooling time*

Sedov timeと同程度．
Old SNRだと思うと，あまりに
短すぎる．
heating sourceが必要？

CRがガスを加熱する可能性自
体は，昔から知られている．
＊銀河風の種になる，高温希薄
ガスをdiskの中に作れるとなお
良し．→作れそうなので良し



逃走宇宙線との闘争

escape

加速現場からの逃走

銀河系からの逃走

~1 pc

~10 kpc
~10 pc-1 kpc

ISM中の輸送・伝搬

？
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F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .

is calculat ed as

"̇ (Eγ ) = 2Eγ

Z

E t h

q̇⇡ (E⇡ )
p

E 2
⇡ − m2

⇡ c4
dE⇡ , (16)

where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)

J γ ⇠
D

4⇡

ncr nwσhc

m⇡ c2

Eγ

m⇡ c2
+
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(17)

where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face



Microquasars



Ruoyu-Liu氏のスライドより



HMXB & LMXB distribution 
(Yue+arxiv2412.13889)



Substructureを説明する？



Fermi & eROSITA Bubbles



The Galactic Evolution Scenario



@ disk

SFR ~ 3 Mo/yr

Gas mass  ~ 109 Mo (Metallicity Zo ~ 0.01 → Metal mass ~ 107 Mo)

Salpeter IMF → Massive Star Formation Rate ~ 0.1 Mo/yr

Total Metal Mass Ejected by SNe over Cosmic age

→ ~ (SFR) x (Massive Star fraction) x (CO core mass fraction) x (14 Gyr)

~ (3 Mo/yr) x (0.1) x (3 Mo/8 Mo) x (14 Gyr)

~ 1.6 x 109 Mo

~99 % of metals should be removed from the disk!
→ Persistent Outflow is required!
(see, Shimoda, Inutsuka, & Nagashima 2024 for details)

The Galactic Evolution Scenario



@ disk

SFR ~ 3 Mo/yr

Gas mass  ~ 109 Mo (Metallicity Zo ~ 0.01 → Metal mass ~ 107 Mo)

Salpeter IMF → Massive Star Formation Rate ~ 0.1 Mo/yr

Total Metal Mass Ejected by SNe over Cosmic age

→ ~ (SFR) x (Massive Star fraction) x (CO core mass fraction) x (14 Gyr)

~ (3 Mo/yr) x (0.1) x (3 Mo/8 Mo) x (14 Gyr)

~ 1.6 x 109 Mo

Xing & Rix (2022, by Gaia)

Plateau

~99 % of metals should be removed from the 
disk!
→ Persistent Outflow is required!
(SJ & Inutsuka 22, SJ, Inutsuka, & Nagashima 
24, SJ & Asano 24)

The Galactic Evolution Scenario



Galactic disk
(~ 10 kpc)

Virial radius
(~300 kpc)

Mgas ~ 109 Msun

SFR ~ 3 Msun/yr

→ The  gas is depleted within ~ 1 Gyr < 

tuniv=13.8Gyr!

CGM contains ~1010–1012 Msun gas!
From obs. of external galaxies.
→ metal polluted
→ Wind is invoked (SJ & Inutsuka22)
Number density: ~10-3 cm-3

Mass loss rate   : ~ several Msun/yr

DM: ~ 1012 Msun

Available gas: ~ 1011

Msun

Stars: ~ 4-6 x 1010 Msun

→ Why half?

Cosmological accretion flow (IGM)

How much gas 
finally 
accretes???

Illustration of the Scenario



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

Essen
ce

*Breitschwerdt+91 extended the pioneering work by Ipavich 75, 
and estimated that the mass loss rate due to the wind is  ~ 1 

Msun/yr.

B-field

flow

Radiative cooling → T < T_vir → wind never launching

CRs scattered by δB
→Momentum transferred to δB
→δB grows
→dissipation of δB
→Thermal gas heated

(e.g., Kulsrud 2005)

(Shapiro & Field 76)

Heating by CRs→ Comparable with Radiative cooling!

CR

δB



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

Essen
ce

*Breitschwerdt+91 extended the pioneering work by Ipavich 75, 
and estimated that the mass loss rate due to the wind is  ~ 1 

Msun/yr.

B-field

flow

Radiative cooling → T < T_vir → wind never launching

(Shapiro & Field 76)

Heating by CRs→ Comparable with Radiative cooling!

Shimoda & Inutsuka 2022

The reasonable physical parameters result 
in the comparable heating rate!



What is essence?

Galactic wind

Temperature (<10 kpc): ~sub keV

Number density            : ~10-3 /cc

Mass loss rate               : ~ several 

Msun/yr
➢ The X-ray emitting gas at the disk becomes the 

wind.
➢ The origin of the Galactic Diffuse X-ray Emission 

is an *open question*.
If ~10% of SNe energy is consumed for the X-ray 
gas…

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

sub keV, 10-3 /cc (Nakashima+18)



What is essence?

~ 4 Mo/yr by SNe

Accretion flow

baryon accretion

The baryon accretion rate
→ Use the results of the DM N-body 
simulation
(Rodriguez-Puebla+16)

fcb: cosmic baryon fraction

~ 7 Mo/yr



What is essence?

~ 4 Mo/yr by SNe

~ 7 Mo/yr

Heywood 14

A
g
e
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f 
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u
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Consequent star formation at the disk

✓ Almost constant SFR
→ quasi steady-state
→ SFR ~ 7 Mo/yr – 4 Mo/yr ~ 3 Mo/yr

*Metals are removed from the disk



What is essence?

~ 4 Mo/yr by SNe

~ 7 Mo/yr

*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 ~ 106 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)

Done (SJ+2024)



Fermi Bubble & eROSITA Bubble

Predehl+20

*Hadronic γ-ray scenario

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

pcr+ pgas → 2γ, ν

Breitschwerdt+91
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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.

Fig. 4. Profiles along Galactic meridian zones (circles) together with the corresponding models (solid lines). As in the case of the COBE/DIRBE
data (Fig. 2), the maps are folded over the central meridian and 10 meridian profiles are extracted following the same method described in Fig. 2.
The left panel shows the atomic hydrogen profiles, and the right panel shows the molecular hydrogen profiles.

panel of Fig. 4. The smooth model, however, follows the actual
distribution fairly well.

As in the case of the COBE/DIRBE maps, we also present
the residuals (in percentage) between the model and the obser-
vations as a function of the Galaxy’s area. We do that in Table 5
(last two rows).

Having determined the geometrical characteristics of the dis-
tributions and the central densities, it is then straightforward to
compute the total mass of the cold dust Mc, the warm dust Mw,
the mass of the molecular hydrogen MH2

, and the mass of the
atomic hydrogen MHI by integrating the respective three dimen-
sional distributions in space. For distributions of the form of
Eqs. (1), (3), and (10) for the warm dust, the cold dust, and the
molecular hydrogen, respectively, this integration gives

M = 4πρ(0, 0)zh2, (13)

with h being the scalelength of the distribution, z the scaleheight,
and ρ(0, 0) the central density of the material. If we also include
an inner cut-off in the distribution with a truncation radius Rt, as
we do for the atomic hydrogen (Eq. (11)), the integration then
gives

M = 4πρ(0, 0)zh(Rt + h) exp −
Rt

h
· (14)

Using the values for the fitted parameters presented in Tables 2
and 4 and the above equations, we then find Mc = 7.0 ×
107 M , Mw = 2.2 × 105 M , MH2

= 1.3 × 109 M ,

and MHI = 8.2 × 109 M . The total gas-to-dust mass ratio be-
comes (MH2

+MHI)/ (Mc +Mw) = 135, which is in fair agreement
with the value of 160 ± 60 reported in Sodroski et al. (1994).

6. Discussion

6.1. Comparison of the model with the FIRAS data

To further establish the validity of the model, we compare it with
the COBE/FIRAS data. In Fig. 5 we present the spectrum of the
Galaxy in several directions along the Galactic plane averaged
over an area of ±10 degrees in latitude and 10 degrees in longi-
tude centered on the Galactic equator and at 5, 10, 20, 30, 60,
90, 120, and 140 degrees in longitude. On average, the model is
in good agreement with the data. The deviation in some cases
is to be expected due to the non-axisymmetric nature of the real
distribution of the dust.

Evidence supporting the previous statement comes from a
comparison of the “global” SED of the Milky Way constructed
by averaging the COBE/FIRAS maps in all the directions on the
sky with the predicted SED from our model. This is shown in
Fig. 6 (top panel).

The goodness of the fit can be evaluated by looking at the
residuals between the model and the observations which are pre-
sented in the bottom panel of Fig. 6. From this plot we see
that 82% of the data points on this SED show residuals from
the modeled SED that are less than 10%. In particular, 14%,
24%, 47%, 82%, and 93% of the data points show residuals

Gas distribution @the disk
Misiriotis+06

H2, data H2, model

HI, data HI, model
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Fig. 1. The COBE/DIRBE maps of the Galaxy (left panels) in direct comparison with the fitted model (right panels). From top to bottom the 1.2,
2.2, 60, 100, 140, and 240 µm maps are presented for the Galactic latitude range of −30 to 30 degrees. The maps were made in Mollweide
projection (Snyder 1987).

Table 4. Parameters for gas distribution (see text for a detailed descrip-
tion of each parameter).

Parameter Units Value

ρH2
(0, 0) cm−3 4.06

hH2
kpc 2.57

zH2
kpc 0.08

ρHI(0, 0) cm−3 0.32
hHI kpc 18.24
zHI kpc 0.52
Rt kpc 2.75

and 2.2 µm maps. Finally, in Table 4 we present the values of the
parameters for the distribution of the molecular and the atomic
hydrogen.

Having determined all the parameters for the dust and the
stellar distributions, we can now create the model images of the
Galaxy at each wavelength to compare with the observed im-
ages. This is what we do in Fig. 1, where the observations at
different wavelengths (left panels) are compared with the model
images (right panel). The 1.2, 2.2, 60, 100, 140, and 240 µm
images are shown from top to bottom. In these images the x-
and y-axes are the Galactic longitude and latitude in degrees
with the Galactic center at (0, 0), while positive and negative
longitudes are the southern and northern regions of the sky, re-
spectively. Positive and negative latitudes are regions above and
below the Galactic plane, respectively.

As it is obvious from Fig. 1, our model and the observa-
tions compare quite well for all the different wavelengths. The

NIR (1.2, 2.2 µm) maps (two top panels) show the characteris-
tic dust lane crossing the bulge along the Galactic plane which,
at these wavelengths, is poorly visible (compared to the optical
wavelengths). The stellar disk is well described by the smooth
exponential distribution used in the model (Sect. 3). The FIR (60,
100, 140, and 240 µm) maps (third, fourth, fifth, and sixth panels
from the top, respectively) show the diffuse dust emission along
the Galactic plane. Given the simplicity of the axisymmetric dis-
tributions that were used, the model quite accurately reproduces
the observed emission at these wavelengths.

To get a better view of the goodness of the fit of the model
to the data, we produce vertical profiles of the surface bright-
ness along 10 meridian zones of 10 degrees width each. This is
shown in Fig. 2, where in each panel we overplot the model to
the data for each wavelength (1.2, 2.2, 60, 100, 140, and 240 µm,
as indicated with the wavelength value inside each panel). In
each panel (of different wavelength) the averaged profiles along
the longitude meridians of 0, 5, 10, 20, 30, 60, 90, 120, 140,
and 180 degrees are presented shifted with each other by a fac-
tor of 10 in surface brightness for reasons of clarity. As one can
see, the agreement between the model and the observations is
quite good.

We note here that in the first two panels of Fig. 2 the absorp-
tion by dust is seen as a dip in the first few meridian profiles.
The dip is more prominent at 1.2 µm than at 2.2 µm. The 60 µm
emission is mainly due to the warm dust that traces regions of
star formation. The 240 µm emission traces the diffuse cold dust.

To get a better feeling of the goodness of the fit, we present
the relative percentage of the residuals as a function of the per-
centage of the Galaxy’s area. We do that in Table 5 where, for
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3.3. The molecular and atomic hydrogen

The two gas phases (HI and H2), being totally independent from
the dust and stars, are treated separately from the rest of the com-
ponents. The distribution of the molecular hydrogen (H2) is as-
sumed to follow the CO emission. Although it is rather clumpy,
it can be, to a first approximation, described by an axisymmetric
exponential disk (e.g., Regan et al. 2001, for the the large-scale
distribution of CO in other nearby galaxies). Thus, the distribu-
tion of H2 as a function of the position in the galaxy is given by

ρH2
(R, z) = ρH2

(0, 0) exp −
R

hH2

−
|z|

zH2

, (10)

where ρH2
(0, 0) is the density of the H2 molecules in the center

of the galaxy, hH2
is the scalelength, and zH2

is the scaleheight of
the distribution.

For the atomic hydrogen (HI), we assume a similar distri-
bution, but we also introduce an inner truncation radius to ac-
count for the absence of HI in the central parts of the Galaxy,
as indicated by the relevant map (see Kalberla et al. 2005). The
distribution of HI is then given by

ρHI(R, z) =
ρHI(0, 0) exp − R

hHI
− |z|
zHI

, ρ > Rt
0 , ρ < Rt

(11)

with ρHI(0, 0) as the HI density at the center of the galaxy
(of the untruncated disk), Rt as the inner truncation radius, hHI

as the scalelength, and zHI as the scaleheight of the distribu-
tion. Although more sophisticated functional expressions have
been suggested for the description of the HI distribution (i.e.,
van den Bosch 2000), we adopt the simplest possible descrip-
tion.

The model column density of the molecular and the atomic
hydrogen along any line of sight is then calculated by

Igas(l,b) =
Earth

s0

ds ρgas(R, z) (12)

with ρgas(R, z) being equal to either the molecular ρH2
(R, z)

or the atomic ρHI(R, z) hydrogen distribution (see Eqs. (10)
and (11), respectively). The molecular hydrogen distribution is
then parametrized by three parameters (ρH2

(0, 0),hH2
, and zH2

),
while the atomic hydrogen distribution, by four (ρHI(0, 0),hHI,
zHI, and Rt).

4. The fitting procedure

Having a computationally intensive radiative transfer model
with 15 parameters in total to compute (9 for the dust distribu-
tion and 6 for the stellar distribution; see Sect. 3), we proceed in
two steps. We first constrain the 9 parameters that define the dust
distribution and the temperature of the cold dust component by
fitting the model FIR intensity (Eq. (6)) to the FIR data (i.e., 60,
100, 140, and 240 µm). Then, having defined the dust distribu-
tion, we fit Eq. (7) to the NIR maps to constrain parameters that
describe the stellar distribution.

A third step, treated separately, is to determine the parame-
ters that describe the H2 and HI distributions.

In all three steps, the observed surface brightness (or the col-
umn density in the case of the gas) is compared with the com-
puted surface brightness from the model. Before going into a
detailed χ2 minimization to find those values of the parameters
that best describe the Galaxy, we fit simple exponential profiles
to the surface brightness and in directions vertical and parallel to

Table 1.Masked sources in DIRBE maps.

Source Central l,b Subtracted area
(degrees) (sq. degrees)

Galactic center 0, 0 10 × 10
Orion arm –80, 0 20 × 20
High latitude 10, 20 20 × 20
Magellanic clouds 80, –30 20 × 20
M31 –120, –20 30 × 20

Table 2. Parameters for the dust distribution (see text for a detailed
description of each parameter).

Parameter Units Value

ρw(0, 0) gr cm−3 1.22 × 10−27

hw kpc 3.3
zw kpc 0.09

ρc(0, 0) gr cm−3 1.51 × 10−25

hc kpc 5.0
zc kpc 0.1
Tc(0, 0) K 19.2
hT kpc 48
zT kpc 500

Table 3. Parameters for the stellar distribution (see text for a detailed
description of each parameter).

Parameter Unit Value

(1.2 µm) (2.2 µm)

ηdisk erg s−1cm−3Hz−1 srad−1 5.49 × 10−38 9.94 × 10−38

hs kpc 2.5 2.2
zs kpc 0.16 0.12

ηbulge erg s−1 cm−3 Hz−1 srad−1 2.07 × 10−34 2.03 × 10−35

Re kpc 0.68 0.79
a/ b – 0.61 0.63

the disk (see Xilouris et al. 1997, for more details). In this way,
good estimates of the geometrical characteristics are derived and
are used as initial guesses in a χ2 minimization algorithm. The
minimization is done using the Steve Moshier C translation of
the public domain Levenberg-Marquardt solver of the Argonne
National Laboratories MINPACK mathematical library3. We al-
ways test the uniqueness of the best values of the parameters de-
rived by the fit by altering the initial values of the fit by as much
as ∼30−40%. In all cases the values returned by the fit were the
ones that we present.

For all the DIRBE maps, we used the data within the latitude
range of −40 to 40 degrees. This was done because outside this
latitude range the signal drops significantly with no usable input
to the model. Some regions were also masked from the DIRBE
maps due to their large deviation from the Galactic emission (see
Table 1).

5. Results

Having described the way to perform the fitting of the model to
the DIRBE maps (Sect. 4), we derive the values of the parame-
ters of the model that best fit the data. The fitted parameters are
presented in Tables 2−4. In Table 2 we give the values of the
parameters that describe the dust distribution inside the Galactic
disk. In Table 3 we present the values of the parameters for the
stellar distribution as they have been determined from the 1.2
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the disk (see Xilouris et al. 1997, for more details). In this way,
good estimates of the geometrical characteristics are derived and
are used as initial guesses in a χ2 minimization algorithm. The
minimization is done using the Steve Moshier C translation of
the public domain Levenberg-Marquardt solver of the Argonne
National Laboratories MINPACK mathematical library3. We al-
ways test the uniqueness of the best values of the parameters de-
rived by the fit by altering the initial values of the fit by as much
as ∼30−40%. In all cases the values returned by the fit were the
ones that we present.

For all the DIRBE maps, we used the data within the latitude
range of −40 to 40 degrees. This was done because outside this
latitude range the signal drops significantly with no usable input
to the model. Some regions were also masked from the DIRBE
maps due to their large deviation from the Galactic emission (see
Table 1).

5. Results

Having described the way to perform the fitting of the model to
the DIRBE maps (Sect. 4), we derive the values of the parame-
ters of the model that best fit the data. The fitted parameters are
presented in Tables 2−4. In Table 2 we give the values of the
parameters that describe the dust distribution inside the Galactic
disk. In Table 3 we present the values of the parameters for the
stellar distribution as they have been determined from the 1.2
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where f ms = 0.22 is the fract ion of massive stars est i-

mated by the Salpeter IMF and we consider the steady-

state approximat ion (see, Shimoda et al. 2023, for de-

tails). We equat e t he sur face out flow rat e densit y,

⌃̇ blown , t o t he supernova rat e densit y as

kTw

mp

⌃̇ blown (R) =
⌘blownEsn

m̄⇤,ms

⌃̇ sn (R), (5)

where Tw = 3 ⇥ 106 K is an assumed temperature of

the outflow gas (e.g., Kataoka et al. 2013; Nakashima

et al. 2018; Shimoda & Inutsuka 2022), mp is the pro-

ton mass, kB is theBoltzmann constant ,⌘blown = 0.05 is

the conversion efficiency, Esn = 1051 erg, and m̄⇤,ms =

30.9 M is the average stellar mass of massive stars

given by the IMF (the rat io of total mass to total num-

ber), respect ively. Note that the outflow rate from

the disk can be writ ten as ⌃̇ blown = ⌘w f ms⌃̇ sf , where

⌘w ⌘⌘blownmpEsn / (m̄⇤,mskB Tw ) ' 3.3.

We assume that the blown gas extends above and be-

low the disk with a scale height of zhl = 2 kpc which

corresponds to the height est imated in the classical

galact ic fountain scenario (Shapiro & Field 1976). I n

t his model, t he fount ain regions ar e laid on t he

disk wit h t he t hickness of zhl and t reat ed sep-

arat ely fr om t he disk region wit h t he t hickness

of H = 0.3 kpc. W e refer t o t he fount ain re-

gion as t he layer in t he fol lowing. The gas in the

layer is assumed to escape as the wind from a hight

of z = zhl with a speed of Cs,w =
p

kB Tw / (0.6mp) '

200 km s− 1(Tw / 3⇥106 K)1/ 2 to thehalo. Thedensity of

the wind is given under the steady-state approximat ion

as

⇢w ,hl (R) =
⌘w f ms

2Cs,w

⌃̇ sf (R), (6)

where the factor of 2 in the denominator represents the

two layers exist ing above and below the disk. The typi-

cal number density becomes

nw ⌘⇢w / mp ' 0.4⇥ 10− 3 cm− 3

✓
⌃ H2

10 M pc− 2

◆

,(7)

where ⌃̇ sf = (✏sf /⌧sf )⌃ H 2
is used. T he densit y is

consistent with the observed di↵use thermal X-rays un-

der the assumed temperature of kB Tw ' 0.3 keV. Note

that the crossing t ime of the blown gas over the layer,

zhl / Cs,w ' 10 Myr, and nw ' 0.4⇥ 10− 3 cm− 3 may give

ionizat ion states of the thermal X-ray emission consis-

tent with the observat ion (Yamamoto et al. 2022).

T he blown gas can be accelerat ed by t he CR

pressure and ext ended t o a region of z > zhl . I n

t he fol lowing, we give t he CR energy densit y t o

est imat e t he wind dynamics. N ot e t hat we are

mainly int erest ed in t he energy densit y of a rel-

at ively low-energy CR wit h an energy of ⇠ GeV

at t he halo in t his paper .

T he CR t ranspor t equat ion is simply assumed

by

@Ncr (r , γ)

@t
= Ṅcr ,s(r , γ) + Dcr (γ)r 2Ncr (r , γ), (8)

where Dcr (γ) is a di↵usion coefficient of CR and γ

is t he Lorent z fact or of CR, respect ively. Ṅcr ,s is

t he CR inject ion rat e densit y discussed lat er . W e

consider t he st eady-st at e solut ion in t his paper .

T he for mal solut ion is der ived as

Ncr (r , γ)⇡
⌧cr (γ)

4⇡H 2

Z
Ṅcr ,s(r

0, γ)

|r − r 0|
d3r 0, (9)

where ⌧cr = H 2/ Dcr (γ) is t he residence t ime of

CR at t he disk. From t he st udies of t he CR

composit ion of unst able radioact ive isot opes such

as Be10, t he residence t ime of t he low-energy CRs

is ⇠ 1 M yr (e.g., Gabici et al . 2019, for recent

reviews). I n t his paper , we assume t he residence

t ime as

⌧cr = 1 Myr
⇣γ

2

⌘− 0.6

, (10)

for simpl ici t y, which is equivalent ly Dcr '

1028(γ/ 2)0.6 cm2 s− 1(H/ 0.3 kpc)2. T he CR inject ion

rat e densit y is defined as

Ṅcr ,s = Ṅ0

⇣γ

2

⌘− 2.1

(γ ≥ 2), (11)

where t he nor mal izat ion fact or is given by

t he energy inject ion rat e densit y as ėcr ,s =
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the conversion efficiency, Esn = 1051 erg, and m̄⇤,ms =
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of H = 0.3 kpc. We refer t o t he fount ain re-

gion as t he layer in t he fol lowing. The gas in the

layer is assumed to escape as the wind from a hight

of z = zhl with a speed of Cs,w =
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where ⌃̇ sf = (✏sf /⌧sf )⌃ H2
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consistent with the observed di↵use thermal X-rays un-

der the assumed temperature of kB Tw ' 0.3 keV. Note

that the crossing t ime of the blown gas over the layer,

zhl / Cs,w ' 10 Myr, and nw ' 0.4⇥ 10− 3 cm− 3 may give

ionizat ion states of the thermal X-ray emission consis-

tent with the observat ion (Yamamoto et al. 2022).

T he blown gas can be accelerat ed by t he CR

pressure and ext ended t o a region of z > zhl . I n

t he fol lowing, we give t he CR energy densit y t o

est imat e t he wind dynamics. N ot e t hat we are

mainly int erest ed in t he energy densit y of a rel-

at ively low-energy CR wit h an energy of ⇠ GeV

at t he halo in t his paper .

T he CR t ranspor t equat ion is simply assumed

by

@Ncr (r , γ)

@t
= Ṅcr ,s(r , γ) + Dcr (γ)r 2Ncr (r , γ), (8)

where Dcr (γ) is a di↵usion coefficient of CR and γ

is t he Lorent z fact or of CR, respect ively. Ṅcr ,s is

t he CR inject ion rat e densit y discussed lat er . We

consider t he st eady-st at e solut ion in t his paper .

T he for mal solut ion is der ived as

Ncr (r , γ)⇡
⌧cr (γ)

4⇡H 2

Z
Ṅcr ,s(r

0, γ)

|r − r 0|
d3r 0, (9)

where ⌧cr = H 2/ Dcr (γ) is t he residence t ime of

CR at t he disk. From t he st udies of t he CR

composit ion of unst able radioact ive isot opes such

as B e10, t he residence t ime of t he low-energy CRs

is ⇠ 1 M yr (e.g., Gabici et al. 2019, for recent

reviews) . I n t his paper , we assume t he residence

t ime as

⌧cr = 1 Myr
⇣γ

2

⌘− 0.6

, (10)

for simpl ici t y, which is equivalent ly Dcr '

1028(γ/ 2)0.6 cm2 s− 1(H/ 0.3 kpc)2. T he CR inject ion

rat e density is defined as

Ṅcr ,s = Ṅ0

⇣γ

2

⌘− 2.1

(γ ≥ 2), (11)

where t he nor mal izat ion fact or is given by

t he energy inject ion rat e densit y as ėcr ,s =

＊10% of SN energy→CR acceleration

(Dcr ≈ 1028 cm2 s-1(γ/2)0.6)
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where f ms = 0.22 is the fract ion of massive stars est i-

mated by the Salpeter IMF and we consider the steady-

state approximat ion (see, Shimoda et al. 2023, for de-

tails). We equat e t he sur face out flow rat e densit y,

⌃̇ blown , t o t he supernova rat e densit y as

kTw

mp

⌃̇ blown(R) =
⌘blownEsn

m̄⇤,ms

⌃̇ sn(R), (5)

where Tw = 3 ⇥ 106 K is an assumed temperature of

the outflow gas (e.g., Kataoka et al. 2013; Nakashima

et al. 2018; Shimoda & Inutsuka 2022), mp is the pro-

ton mass, kB is theBoltzmann constant,⌘blown = 0.05 is

the conversion efficiency, Esn = 1051 erg, and m̄⇤,ms =

30.9 M is the average stellar mass of massive stars

given by the IMF (the rat io of total mass to total num-

ber), respect ively. Note that the outflow rate from

the disk can be writ ten as ⌃̇ blown = ⌘w f ms⌃̇ sf , where

⌘w ⌘⌘blownmpEsn / (m̄⇤,mskB Tw ) ' 3.3.

We assume that the blown gas extends above and be-

low the disk with a scale height of zhl = 2 kpc which

corresponds to the height est imated in the classical

galact ic fountain scenario (Shapiro & Field 1976). I n

t his model, t he fount ain regions are laid on t he

disk wit h t he t hickness of zhl and t reat ed sep-

arat ely from t he disk region wit h t he t hickness

of H = 0.3 kpc. We refer t o t he fount ain re-

gion as t he layer in t he fol lowing. The gas in the

layer is assumed to escape as the wind from a hight

of z = zhl with a speed of Cs,w =
p

kB Tw / (0.6mp) '

200 km s− 1(Tw / 3⇥106 K)1/ 2 to thehalo. Thedensity of

the wind is given under the steady-state approximat ion
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⇢w ,hl (R) =
⌘w f ms

2Cs,w

⌃̇ sf (R), (6)

where the factor of 2 in the denominator represents the

two layers exist ing above and below the disk. The typi-

cal number density becomes

nw ⌘⇢w / mp ' 0.4⇥ 10− 3 cm− 3

✓
⌃ H2

10 M pc− 2

◆

,(7)

where ⌃̇ sf = (✏sf /⌧sf )⌃ H2
is used. T he densit y is

consistent with the observed di↵use thermal X-rays un-

der the assumed temperature of kB Tw ' 0.3 keV. Note

that the crossing t ime of the blown gas over the layer,

zhl / Cs,w ' 10 Myr, and nw ' 0.4⇥ 10− 3 cm− 3 may give

ionizat ion states of the thermal X-ray emission consis-

tent with the observat ion (Yamamoto et al. 2022).

T he blown gas can be accelerat ed by t he CR

pressure and ext ended t o a region of z > zhl . I n

t he fol lowing, we give t he CR energy densit y t o

est imat e t he wind dynamics. N ot e t hat we are

mainly int erest ed in t he energy densit y of a rel-

at ively low-energy CR wit h an energy of ⇠ GeV

at t he halo in t his paper .

T he CR t ranspor t equat ion is simply assumed

by

@Ncr (r , γ)

@t
= Ṅcr ,s(r , γ) + Dcr (γ)r 2Ncr (r , γ), (8)

where Dcr (γ) is a di↵usion coefficient of CR and γ

is t he Lorent z fact or of CR, respect ively. Ṅcr ,s is

t he CR inject ion rat e densit y discussed lat er . We

consider t he st eady-st at e solut ion in t his paper .

T he formal solut ion is der ived as

Ncr (r , γ)⇡
⌧cr (γ)

4⇡H 2

Z
Ṅcr ,s(r

0, γ)

|r − r 0|
d3r 0, (9)

where ⌧cr = H 2/ Dcr (γ) is t he residence t ime of

CR at t he disk. From t he st udies of t he CR

composit ion of unst able radioact ive isot opes such

as Be10, t he residence t ime of t he low-energy CRs

is ⇠ 1 M yr (e.g., Gabici et al . 2019, for recent

reviews). I n t his paper , we assume t he residence

t ime as

⌧cr = 1 Myr
⇣γ

2

⌘− 0.6

, (10)

for simplicit y, which is equivalent ly Dcr '

1028(γ/ 2)0.6 cm2 s− 1(H/ 0.3 kpc)2. T he CR inject ion

rat e densit y is defined as

Ṅcr ,s = Ṅ0

⇣γ

2

⌘− 2.1

(γ ≥ 2), (11)

where t he normal izat ion fact or is given by

t he energy inject ion rat e densit y as ėcr ,s =

➢ Steady-state
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F igur e 4. The intensity sky maps of the hadronic gamma-

ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).

The contour shows the 1 GeV gamma-ray intensity

(photon cm− 2 s− 1 st r− 1) increasing by 0.25⇥10− 6 from 0 to

3⇥10− 6 . The red contours indicate the intensity larger than

0.5⇥10− 6 . The color shows the X-ray intensity under the as-

sumed emissivit y of nw⇤/ 4⇡ where⇤= 10− 23 erg cm3 s− 1 .

is calculat ed as

"̇ (Eγ ) = 2Eγ

Z

E t h

q̇⇡ (E⇡ )
p

E 2
⇡ − m2

⇡ c4
dE⇡ , (16)

where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)

J γ ⇠
D

4⇡

ncr nwσhc

m⇡ c2

Eγ

m⇡ c2
+

m⇡ c2

4Eγ

− 1.6

⇠0.5⇥10− 6 ph cm− 2 s− 1 GeV− 1 st r− 1

✓
D

10 kpc

◆ ⇣ ecr

0.1 eV cm− 3

⌘

⇣ nw

10− 2 cm− 3

⌘✓ Eγ

1 GeV

◆ − 1.6

(17)

where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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F igur e 5. The surface brightness profile of the 1 GeV

hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).

Each profile is averaged on the ranges of the Galact ic lat itude

shown in the legend.

Figur e 5 shows t he sur face br ight ness profi le of

t he hadr onic gamma-r ay aver aged on t he Galac-

t ic lat i t ude r anges of 10◦ < b < 20◦ , 20◦ < b < 30◦ ,

30◦ < b < 40◦ , and 40◦ < b < 50◦ (see, F igur e 23 of

A cker mann et al . 2014, for a compar ison) . T he

obser ved profi le of t he FB s at each b r ange r ises

fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face

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

>0.5e-6 ph/cm2/s/str
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dE⇡ , (16)

where E t h = Eγ + m2
⇡ c4/ (4Eγ ). T he int ensit y map

is obt ained by int egr at ing t he emissiv i t y along

t he l ine of sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser
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where m⇡ = 140 MeV is the pion mass, σh ⇠ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ⇠ ecr / mpc2. The est imated and numerically com-

puted J γ at Eγ = 1 GeV are consistent with the ob-

served intensit ies (e.g., Ackermann et al. 2014). Note

that J γ / ⌃̇ sf
2 in our model and the neut rino emission

with an intensity of ⇠ 0.1 J γ is also expected.
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fr om |l | ' 20◦ and flat t ens at |l | . 20◦ wit h t he

int ensi t y of ⇠ 0.5⇥ 10− 6 ph cm− 2 s− 1 sr− 1 GeV− 1.

T he dissipat ed case shows a good agr eement wit h

t he obser vat ion, whi le t he co-r ot at ing halo case

shows a shal lower profi le respect ing l t han t he

obser vat ion. T hus, t o explain t he FB s, t he dissi-

pat ed case is favor ed.

Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). The

amount of CRs and hadronic gamma-ray brightness

at the disk are consistent with the observat ions (e.g.,

St rong et al. 2004; Ackermann et al. 2012).

F igur e 7 shows t he sur face br ight ness profi les

of t he t her mal X -r ay at t he Galact ic lat i t udes of

b = 40◦ , b = 50◦ , and b = 60◦ (see, Pr edehl et al .

2020, for a compar ison) . T he obser ved sur face

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

>0.5e-6 ph/cm2/s/str

*Gamma-ray from the disk is 
consistent with the observation 
(Strong+04).
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F igur e 3. The t rajectories of the fluid elements (vectors).

The color map shows the wind density. The panels (a) and

(b) show the case of vw ,φ, i (R i , zh l ) = R i gR (R i , zh l ) (co-

rotat ing halo) and vw ,φ, i (R i , zh l ) = 0.5 R i gR (R i , zh l ) (dis-

sipated case), respect ively.

for simplicity. This assumpt ion is equivalent to the

isothermal gas with a temperature of ∼ 0.3 keV. The

hadronic gamma-ray emission from CRs via pp-collision

is calculated with the same method in Nishiwaki et al.

(2021). For the total cross-sect ion, we use the formulae

in Kamae et al. (2006, 2007). The energy dist ribut ion of

π0 produced in a collision is expressed by the formulae in

Kelner et al. (2006). With the π0-inject ion rate density

q̇π(Eπ) obtained with themethod above, thegamma-ray

emissivity due to π0-decay is calculated as

ε̇(Eγ ) = 2Eγ
E t h

q̇π(Eπ)

E 2
π − m2

πc4
dEπ, (16)

F igur e 4. The surface brightness of the 1 GeV hadronic

gamma-ray at the disk (solid line). The dots are derived

from St rong et al. (2004) as a guide.

where E t h = Eγ + m2
πc4/ (4Eγ ). The intensity map is

obtained by integrat ing the emissivity along the line of

sight .

The order of magnitude est imate of the hadronic

gamma-ray intensity, J γ , may be given by (Schlickeiser

2002)

J γ ∼
D

4π

ncr nwσh c

mπc2

Eγ

mπc2
+

mπc2

4Eγ

− 1.6

∼ 0.7 × 10− 6 ph cm− 2 s− 1 GeV− 1 st r− 1

D

3 kpc

ecr

1 eV cm− 3

nw

10− 2 cm− 3

Eγ

1 GeV

− 1.6

, (17)

where mπ = 140 MeV is the pion mass, σh ∼ 10− 26 cm2

is the cross-sect ion, D is the path length, and we use

ncr ∼ ecr / mpc2. Note that J γ ∝ Σ̇ sf
2 in our model and

the neutrino emission with a comparable intensity to J γ

is also expected.

3. RESULTS

The numerical results of the thermal X-ray and

hadronic gamma-ray intensit ies are presented here. We

compare the surface brightness profiles to the actual ob-

servat ions and predict the line-of-sight velocity dist ribu-

t ion of each co-rotat ing halo case and dissipated case for

future radio and X-ray observat ions.

Figure 4 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5◦ ). This

shows that the CR density we assumed consistent ly re-



Results: vs. Fermi Bubble

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

well reproduced.

*Hadronic γ-ray



Results: vs. eROSITA Bubble

1. The flat surface brightness profiles are 
well reproduced.

2. The intensity depends on the assumed 
emissivity.

*Thermal X-ray emissivity = n2Λ/4π
Λ=1023 erg cm3 s-1 is assumed
(Shimoda & Inutsuka 22)
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Summary
*density is smoothed by Gaussian with the width of ~zh

trajectory

Low Metallicity

High 
Metallicity

Energetics (Lx ~ 1039 erg/s)?→ Lw~1041 erg/s
Hardness (γ-ray)?→Reacceleration＠inner region
the Maximum energy of reaccelerated CRs?
→ Inamoto-kun(稲元くん) will examine this.



➢ 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 stars.

The motions of stars in the disk will reflect the turbulent Halo.

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

and Stellar Dynamics! 

Prospects for New Motivations

https://www.eurekalert.org/news-releases/620322



Turbulent Halo affects 
the UHECRs?

Galaxy Walls within 307 Mpc (Wikipedia)

Each galaxy may have turbulent 
halo w/ size of, say, ~10-100 kpc.

R ~ 1 kpc (B/1 µG)-1(Ecr/1 EeV)

Examine B-filed @ Halo!

Confined?



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

Mora & Krause 13, Beck 15

Carretti+13

Richter+18

Yamasaki+09
(Green is X-ray contour)

The external galaxies exhibit many 
information of the Halo.
I still don’t know the diversity... 

21 cm observations (Wakker & Woerden 97)

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