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Star Formation Rate of MW
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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.
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Circum-Galactic Medium (CGM)
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Circum-Galactic Medium (CGM)

How much does CGM

.,,"An exchange of mass., o b ;
can occur? / contain available gas:

accretionl Toutflow > The CGM contains hot,

=)= i highly ionized gas with a

~ 1010 — 1012 |
Galactic disk mass of ~ 10 102 Mgyp °

(~ 10 kpc)

Virial radius ™"
(~300 kpc)



CGM of Milky Way
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The O, gas is also observed in MW.

(Bregman & Lloyd-Davies 07; Miller & Bregman 13, 15; Faerman+
17, 19; Nakashima+18, etc...)



CGM of Milky Way
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Problems of CGM

» Metal transfer to the CGM

How the metals are transferred to a scale height of > 100 kpc?
(Supernovae make a fountain flow with a scale height of ~ kpc,
Shapiro & Field 76)

— Galactic wind may be required.

» Cooling time of O,, gas < 0.1 Gyr (e.g. Faerman+17, 19)

If the gas is really cooled, our galaxy would suffer a
drastic mass accretion (like a galactic fountain flow).
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Circum-Galactic Medium (CGM)

Observations suggest that t

ne CGM contains a

sufficient gas to maintain the Galactic star formation.

From the cooling time of gas, we expect an accretion

flow of the CGM gas, but it
picture of MW.

is in conflict to the current

We should study what mechanisms control the mass
exchange between the galactic disk and CGM.

As a first step, we study the Galactic wind properties.




Galactic Wind: Previous stL

dies

CR spatial Wave Wave ) ala
author method . p. I v . V gas cooling g ?(y Notes
diffusion |generation| damping rotation
Breitschwerd analytic No Yes No No No Standard model
t+91
Zirakashvili+ w B-field
lyti Y Y Y N Y
96 analytic es es es o} es el T
Everett+08 | analytic No Yes Yes No No Compared with
X-ray obs.
Recchia+16 | analytic Yes Yes Yes No No w CR spectra
e e . local box
Girichidis+18| Numerical Yes No No Yes No
<B>=0
Dashyan & _ Global
Dubois 20 Numerical Yes Yes No Yes Yes B> £ 0
Hopkins+ 20 | Numerical Yes Yes Yes Yes Yes FIRE simulation
analytic :

Only Z > 1 kpc considered
10°> — 10° K gas at ~ 100 kpc scale due to the wave dissipation

Numerical :

Solve within a scale height of ~ kpc, simulation time is ~ 0.1 Gyr




author method CI.R spa-ltlal Wave_ Wav_e gas cooling gala?(y Notes
diffusion |generation| damping rotation
Breitschwerd analytic No Yes No No No Standard model
t+91
Zirakashvili+ _ w B-field
96 analytic Yes Yes Yes No Yes el
Everett+08 | analytic No Yes Yes No No Compared with
X-ray obs.
Recchia+16 | analytic Yes Yes Yes No No w CR spectra
e e . . . | box
Girichidis+18 | Numerical Yes We Study the ga |act|C Wi nd _0
Dashyan & |\ merical | Yes ~ with radiative cooling. bal
Dubois 20 +0
Hopkins+ 20 | Numerical Yes Yes Yes Yes Yes FIRE simulation
analytic :

Only Z > 1 kpc considered

10°> — 10° K gas at ~ 100 kpc scale due to the wave dissipation
Numerical :

Solve within a scale height of ~ kpc, simulation time is ~ 0.1 Gyr




Standard Model (Breitschwerdt+91)

flow ’ U
i ". ! \
\, \:.5 ‘ j ‘; t | Model description
:-\\\“'] ‘:\, A iV The galactic fountain flow is driven
: "j :4\/}"5‘: at a scale height of several kpc.
VoA g f The hot, tenuous gas is pushed by
/// % \ \ cosmic-rays, and eventually escaping
/ ER l ‘i.\ e as a galactic wind.

: B Va+ U
B-field : | o
1 Outgoing waves (due to
‘ ' ' CR + sources below)

Random directions of v

B
S " L=
‘ ;’—&ﬁ due to gas motions.
—-\/_\/_\\D Closed field # disk
(mainly)

————————— T
*Breitschwerdt+91 extended the pioneering
| < |
| R work by Ipavich 75, and estimated that the mass
| |

loss rate due to the wind is ~ 1 Mg,,/yr.



Standard Model (Breitschwerdt+91)
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Basic Equations

—(pud) =0
- (pud)
ud—u = —i( +Per +Hbw) — e
1 dJ 1 dP dpcr Clpw
—— A —u?+h = —pu— — —u— 20 =-ANE L,
Ads | {pu(zu i 9)}] s g g P
1 d [ Ye 1 dpcr dpcr
Adz A{%_ 1(U+VA)Pcr - o — 1/43 ds }] = (U+VA)E CR transport eq.
Ld A §u—l— Va ) 2pw ¢ | = ud]ﬂ = VAdpc’" + Ly, Wave energy eq. (Dewar 70)
Adz 2 dz dz
BA = const
<(5B)2> dpcr 28 2 pM/pw B -1 32
w = , L’U) = , = ]_ - , = —
b 87 Vazg o r=3x100em’/s (== J\ TG ) P =35,
Plpe _ (dnpe\*  (utVa A &\ dlpe  qe(utVa/2) (o A
dz2 dz K A K dz K v A

Basic equations: (MHD) + (cosmic-ray) + (Alfven wave excited by CRs)
*Contributions of mean B-field are vanished because we consider a flow along the

mean field.



Wind Equation

2 2 ,
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Boundary Condition

BY 4B
A(z)@/ po = 1.67 X 1027 g cm ™3
2 » pgo = 2.8 x 107 dyne cm™?
! 7 Flux Tubs < 13 92
7 o rbe 0= 1.0 x 10" "° dyne cm
Zo=15kpc/ / pCT’ o y ,
’ " pwo = 4.0 x 107"° dyne cm™

/
/
/
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\\\ Disk <> |
\ 10 kpc  /
-~ We seek the wind solution by

T changing the initial velocity u,,.
>¢ The CR diffusion is omitted for
simplicity (x = 0).



Adiabatic Wind

Wave dissipation: L, =0

Radiative cooling: n*(I'-A) =0
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The gas temperature is too low to exist O,,,.

Oy, absorption line
2 Tionized ~ 3 X 10° K, Ny ~ 10 cm2
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Effects of Wave dissipation

Wave dissipation: L, = V,(dp./dz)

Radiative cooling: n*(I'-A) =0
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The wave dissipation leads to a high temperature
gas to allow existing of O,,.
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2 Tionized ~ 3 X 10° K, Ny ~ 10 cm2



Effects of radiative cooling

Wave dissipation: L, = V,(dp./dz)
Radiative cooling: n*(I"-A) = (collisional ionization equilibrium)
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If we consider the collisional ionization
equilibrium cooling function, there is no wind

solution.
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On Radiative Cooling Function
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The wind is tenuous (~1073 /cc) gas.

We should consider the
photoionization and delayed

» = recombination that may suppress
the cooling rate.
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We should explain the observed
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Effects of radiative cooling

Wave dissipation: L, = V,(dp./dz)
Radiative cooling: n*(I"-A) = (collisional equilibrium) X 0.1
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If we suppress the cooling function by a tenth,
there is wind solution.
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Effects of radiative cooling

Wave dissipation: L, = V,(dp./dz)

Radiative cooling: n*(I"-A) = (collisional equilibrium) X 0.1
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log A, log I [erg cm? s71]

log VF, [erg st em™)
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On Radiative Cooling Function

Radiation field: N/A

A
Initial 7

The cooling function corresponds
to the CIE case.

4 5 6 7 8
o T [K] The more gas cools, the more
cooling function increases.
No radiation field
i
T8 6 4 2 0 2 4

log v [keV]
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log VF, [erg st em™)
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no radiation
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log v [keV]

On Radiative Cooling Function

21 ¢

Radiation field:
ISM (Black 1987)
BG (Haardt & Madau 12)

The cooling function does not

change at T~ 109 K because of a
lack of soft X-ray photons.

How many photons are required?
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no radlatlon

ISM+BG —— f
ISM+BG+brems

ISM‘+B G+brf‘:ms = 'i

ISM+BG = ™

-4 -2
log v [keV]

0
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On Rad|at|ve Coohng Function

Radiation field:
ISM (Black 1987)
BG (Haardt & Madau 12)

We require ~ 10-? erg/s/cm?
photons to suppress the cooling
function.

-> supernovae?
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On Radiative Cooling Function

Lsn ~ 10* erg/s

9
Vaisk ~ 27 Raisk” H disk

_ o ( Raisk \~ [ Haisk
H o < 10 4 2 1S 1S
diske 5 107" erg/s/em (10 kpc) (500 b

x LsN
VF, ~ i S
disk

The supernovae may not provide
| the required ionizing photons.

- We are now studying other
' possibilities (other soft X-ray
' sources, effects of delayed

. ISM+BGebrems = ' recombination, etc...)
-8 -6 -4 2 0 2 4
log v [keV]




Summary

* Recent observations suggest that the CGM is main
reservoir of gas.

* The mass exchange between the CGM and Galactic disk is
invoked to maintain the star formation in MW.

* The Galactic wind may be responsible for the metal
polluted gas of CGM with a scale height of 100 kpc.

* We must derive how the gas cooling function is
suppressed by a tenth compared with the case of CIE.



