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Roles of Galactic Cosmic Rays

&

Evolution of the Protoplanetary disk

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

— Galaxy formation
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controls 10° 10
the size/life-time of
protoplanetary disk via the
angular momentum
transportation by B-field.
— Planet formation
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"Puzzling” Star Formation History
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Xing & Rix (2022, by Gaia)

(the metal amount)

@ disk
SFR ~ 3 Mo/yr

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)

~99 % of metals from the disk!

— Persistent Outflow is required!
(SJ & Inutsuka 22, SJ, Inutsuka, & Nagashima 24,

SJ & Asano 24)




Circum-Galactic Med

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

» Oy, absorption line
5 > Tionized ~ 3 X 10° K, Noyr ~ 101 cmr

- Estimated total gas mass
~1010-1012 M,
Missing Metals may be in the
Galactic halo.
— The Outflow is required.



Fermi Bubble & eROSITA Bubble

\ 4CR

Predehl+20 2 A /

Breitschwerdt+91

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...



Velocity
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upstream  — subscript “0”

downstream— subscript “2”

Diffusive Shock Acceleration (DSA)
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_~ Snowplow phase
(T<0.l keVor . .« :« .
Vsh <300 km/s) e+

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)
. R | : ‘.' ( 3

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

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

L B

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



Cooling function by SJ et al. 22 (high-Temp. side)
+ Koyama & Inutsuka 02 (low-Temp. side)
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Sl | FEARINEEERE  (one of them)
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(e.g., Kulsrud 2005)

upstream  — subscript “0”

downstream— subscript “2”

- SNRY GEENT-& A TISMAMBA I NI G EDKEIY 5 B,
- CRIN&vZEH) 3 4IREINTWLWS (e.g., Acterberg+81, Zweibel 20, Yokoyama & Ohira 23) 7%,

EREDEZALL DD > TULERL,
H < Hp,

Ho = ecr/Tres = 1.8 x 10720 erg em ™3 57 (eer /1 €V /cc)(Tres/1 Myr) ™




The CR-hydrodynamics

dp
ot Vipv) =0 P, is the pressure of thermal gas

pd_"" — _V (P, + P.) P 1s the CR pressure
dt &

The energy equation is ..

The 1st law of
dQ — d(Eg - Ecr) + (Pg + Pcr)dv thermodynamics should
— include the CRs

rerad—I_dQ conv+dQVis+dch+. ..

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



The CR-hydrodynamics: the energy equation

deg eg+ Psdp

— Lrad,g +V. (ICVT) + Lem,cra

dt p dt
decr e + Per dp Energy Exchange
i P ar V- (DVee) = Lemer (CRs heat the gas)

Py = (75 — 1)eg = 2¢4/3
Pcr — (/Ycr — 1)6(:1“ — 6Cr/3



The CR-hydrodynamics: the energy equation

d P o dp Vo F
— —(C,"— = G T PCI‘ C — K g7
dt ) dt (107 ) ) g ,0
dCftcr - Ccr2% = R(p7 T7 PCI‘) G(ﬂ) T7 Pcr) — E*(,O, T) + V- (IC*VT) -+ H’
Lp,T) = (vg—1)Lraag(p, 1),
H(,O, T, Pcr) = (’Yg — 1) Lem,cr(pa T, Pcr)a
C., = Yer Per
0
R(,O, T, PCl“) = V. (DVPCI") — T H,
_ Yer — 1 _ 1
Y% Ve — 1 9’

The CR heating produces
additional total pressure!



The CR-hydrodynamics: the energy equation

Py = (g — 1)eg = 2¢4/3 The CR heating produces
Pr =Yoo — e = ecr/3 additional total pressure!

P=P;+Px = Pleg+ler] e — le])

What happens???— Linear analysis



The CR-hydrodynamics

Linear Analysis in uniform medium

€cr (eV/cc), neq (/cc)
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CRs supplied by the
source (SNR)

Qex =H = 10

€cr

leV/cc

€cr

Ho

— 1.8 x 10726 erg cm S s <

Tres

)(

Tres
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Equilibrium condition
nl' — n*A(T) +H =0

108§ LILBLBLRALL LLELAE '\l LI | Tgl T TTTIT

107
100

~ 10°

= 104

~1 i
) 10 ¢

10!

l T Illlllll T ’l|||l|| T lllllll] T |||l||l|
radiative only

H = Hy/100
H = Hy/10 —e—
H:]—IO - =

10-3

104 103 102 10! 100

Neq (cm'3)



The CR-hydrodynamics: Linear Analysis in uniform medium

P/Prad

A

*0,.4="/N:the case w/o CR
P, = pT where T = kgT/m [cm® s 7]
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The CR-hydrodynamics: Linearized Equations

dp

— + V (pv) =0

o5 TV (pv)

dv

pr =~V (P + Fex)
d Py 2 dp
g = T
d Py o Cch@ — R(p, T, Pcr)




The CR-hydrodynamics: Linearized Equations

T

Gr = 0,6~ 0rG
at101 + ,0833’01 + ,an?ld — O, = F*—PA*(Q—XH%(W—W)—%TVQ,
Gp = %Z—p—fxﬂL%nﬂr’C—*W,
,0875”01 T angJ — O, . 7_20 P P
g = P—Crn
,0(9{&1 T 8ypg,1 — O, R, = —%(n —n7)
H
2 R, = ——=nr
(at o GP) Pg71 o (Cg at =+ Gp) P1 — Gchr,l — O, . _ﬁn Py
T P,

2 AOA  OlnA

(at — Rq) Pcr,l — (Ccr 6)t + Rp) P1 — RpPg,l — O, X T ToT T omT
OlnH _ OlnH _ OlnH
~ Olnp’ = OlnT’ fla = OlnP.,.’




The CR-hydrodynamics: Linearized Equations

v = Gp+ Ry
¢ = Gr+ R+ (Ry— Ry Cy® + (Gg — Gp) Cor”
07 (07 —C.2V?) = 0, (VO] +eV7) |
o —9 o= Gty — Gplly
— (V@t — eV )}Pg,lz(), ¢ = (Ry— R,)Gr+ (Gp—Go)R,
dP, dp
Cy = 02+Ccr2 —5 _ 2= — TPcr
/Ce - —Ce G(p, T, Per)
chr d
_Cch—p — R(vaapcr)



The CR-hydrodynamics: Linearized Equations

Know as Thermal Instability (Field 65) v = Gy+R,
07 (07 —C.2V?)  — 0, (VO] +€V7) |
v = GuR,—GpR,
— (267 —€V?)| P, =0, ;=

Sound Waves The CR heating effect

C. = /Cg? + Car? (disappear when R=0) APy odp
R dt &t
dP.. .2 dp

Gy + Ry + (R, — Ry) Cg” + (Gg — Gyp) Cr”

(Rq o RP)GT + (Gp o GQ)RT

G(p, T, Pe)

R(p,T, Pe)



The CR-hydrodynamics: Linearized Equations

Know as Thermal Instability (Field 65) v = Gy+R,
¢ = Gr+R.+ (R, — Ry)C®+ (Gy — Gyp) Cer?
[6,52 (8t2 _C*QVQ) - O (u0t2+éV2) ) — G.R,— G.R
~ (09, —&V7)| Py =0, ¢ = (Ry—Rp)Gy+(Gp—GR,

Sound Waves The CR heating effect

C. — \JCT O (disappear when R=0) W 29 _ 1Py

dt & dt
dP.. dp
_Ccr2— = R 7T>Pcr
‘ extract dt dt (v )

0; (8] — C.°V?) Py = v (af - §V2) Py 1




The CR-hydrodynamics: Linearized Equations

T=10*K

Know as Thermal Instability (Field 65)

07 (07 —C.°V?) = 8, (v0F +€V7)
— (267 —€V?)| P, =0,

Normalized Coefficients

Sound Waves The CR heating effect
C. = \/Co? + Car? (disappear when R=0)

Examples (Pcr=1eV/cc)
extract

0; (8] — C.°V?) Py = v (af - §V2) Py 1




The CR-hydrodynamics: Linearized Equations

Sound Waves Oscillating Force

i = —w’r+ fycos(wot)

0; (8 — C.°V?) Py = v (af - ;v2> Py 1

cos(wpt) — cos(wt)

x(t) = Acos(wt)+ fi
Making Oscillation ) SR L. Jpyn

Like Forced Oscillation

— Eigenvectors may show kind of resonance
P/ Pa

§q B Pg,l/Pg

(iw + Gp) (iwCer? — R,) — Rp(iwCy* — G,) Py

(iw+ Rq)(iwCs? — Gy) — G4(iwCer? — Ry) Py’

é_p pl/p _plT (1+Pcr,l)’

2

Pg,l/Pg_Pg,l Pg,l
ﬂ/T . p1T

gT =1- ’
Pg,l/Pg Pg,l

gv ng’Ul _ k'cCg 1+ Pcr,l .
Pg,l w Pg,l




The CR-hydrodynamics: Growth rates & Eigenvectors
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The CR-hydrodynamics: Growth rates & Eigenvectors
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The CR-hydrodynamics: Growth rates & Eigenvectors
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The CR-hydrodynamics: Growth

rates & Eigenvectors

Growth Rates (yr~ l)

Normalized Eigenvectors
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Outflow Launching?
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Fesen et al. 2024 report [OIIIJA5007 (in old SNRs)
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Summary

The Galactic Wind

- Invoked to explain metals in/around galaxies.

 Possibly explain eROSITA bubble & Fermi bubble simultaneously.

- We must find the formation mechanism of the “seed gas” in the disk.

The effects of CR heating

- The heating can be seen like forced oscillation (damped within ~0.1 Myr).
- Possibly work around CR sources like SNRs/PWNe.
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Diverse Phenomena



