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The Interstellar Medium...

...Is everything that exists between the stars.

1. Gas

2. Dust

3. Radiation
4. Cosmic Rays

5. Magnetic Fields



Structure of the ISM

Tonized Gas:

- Very Hot Ionized Medium (HIM)
n~001cm3 T~10°K

- Warm Ionized Medium (WIM)
n~01lcm3 T~10%K

- HII Regions: T~104K n~0.1-10* cm-3

Neutral Gas:

- Warm Neutral Medium (WNM) YR
n~lcm3 T~ 6000 K o ' ot ': .

- Cold Neutral Medium (CNM) veduml | G, AU E -
n~50cm3 T~ 100 K O

Molecular Gas: Warm lonized Medium

n ~ 1000 Cm-3 T ~ 10 K HiL. NiL. Cll
"cores”": n~104-106cm3 T~ 10K
(Ultra High Vacuum: n~10% cm-3)



Dust Thermal Emission




Star Formation

Molecular Clouds (Birthplaces of Stars):
» Very Cold
MT,cr‘iT =Hh8 M 0 (n = 103 Cm_3, T=10 K)
but M jouq = 103 - 108M
«  Weakly Tonized
x; ~ 104

* Magnetized
B ~ several p6

"Gaseous Pillars - M16 ' HST - WFPC2

PRC95-44a - ST Scl OPO - November 2, 1995
J. Hester and P. Scowen (AZ State Univ.), NASA

Read more in Review here




Magneto Hydro Dynamics

Gaseous = fluid description HD V
Magnetized = MHD V

but weakly ionized = MHD



Hydro Dynamics

Lagrangian vs. Eulerian reference frames




Hydro Dynamics

Continuity Equation represents local mass conservation

The change in density of a Lagrangian fluid element is produced by a change
in the specific volume

8 — — — -
=a+U-Vp =—pV-i



Hydro Dynamics

Force Equation represents local momentum conservation
— :%‘t’“} (uV)u =g— —VP
Dt p

—

V.-g=—-4nGp

P =kp’



Magneto HD

Lorenz force for charged particles
— — 1 i —
F=—e(E+ —-U X B)

C

+

Maxwell's Equations

V-B = 0
- - 10B
VXE+ —= = 0

c Ot

V-E = A7 p
. - 10 AT -
V><B—1 N = 4—7TJ.

c Ot c



3 (n,i,e) fluid MHD

Ps = —pPsV * Vg §=mn,1,€
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P=Fkp V.-g=41Gpsor Fio = nivi2 [m1 i,
V-B=0 ] I I

_ , Force/volume  Collision frequency M
v . E o 477(72/@ Ze R nee) on fluid 1 due of a particle of engrmr;erg:r:er
to collisions species 1 with collision
aB with species 2 particles of species 2
— = —cV x E
ot
. OE .
cVxB=4dnj+ — J=n;Zev; —Ne.eVv,

ot



3 (n,i,e) fluid MHD

Ps = —pPsV * Vg §=mn,1,€

»

Ve = ~VP, — peg —nee(E+ ¢ x B) + F,; + Fe,,
C

vi=—-VP, —p,g+n;Ze(E+ Vi x B)+ F;c +F;,
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Pn Vi = _vpn — Png + Fne + Fnz
Dt/ Fio = —-Fou
P=Fkp V.-g=41Gpsor Fio = nivi2 mT:_m;LQ (v —v1)
V-B=0
V- -E =47(n; nee) =0
(;Z5<3 ) Zen; ~ en,

0B

— = —(cV X E

ot
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3 (n,i,e)fluid MHD

terminal velocity



3 (n,i,e) fluid MHD
(D%)Sps = —psV " Vg f

1
0= (nM)E + —{niZevi — neeve\) X B ‘|‘% ‘l‘}/z’e + Fen + an
C

Pn (%) Vi = _VPn — Pndg + Fne + Fnz .
mi1meo
P=Fkp V.-g=41Gpsor Fio = nivi2 [m1 e (vo — V1)]

V-B=0

V-E=0

0B
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VXB=-—] J = nee(vi —ve)



2 (n, i+e) fluid MHD
( ) ps = —pPsV - Vs
0

D
Pn <_) Vi =— —an — pn
Dt n Fi2 = —Fo

mimsg

P=Fkp V.-g=41Gpsor Fio = nivi2 [

mi + mo (v2 =)
V-B=0
V-E=0
0B
ot eV xE Zen; = ene
4
VxB=—] j=nee(v; — ve)



2 (n, i+e) fluid MHD

(Dgt) ps:_psv'vs

1,
0=-JxB+F., +F;,
C

D
on(57), ve Vo i<
n Fio = —Fo

mimsg

P=Fkp V.-g=41Gpsor Fio = nivi2 [

mi + mo (v2 =)
V-B=0
V-E=0
0B
ot eV X E Zen; X ene



2 (n, i+e) fluid MHD

(2) s = —psV - Vg Neutral particles
0

experience a
1 magnetic force
. ‘ due to collisions

— E‘] X B+ Fep + Fig, with charged
D | particles
On (Dt)nvn = —VP, — png E(V x B) x B
Fio = —-Fou
P=Fkp V.-g=41Gpsor Fio = nivi2 [mT:_m;LQ (v —v1)
V-B=0
V-E=0
0B
— = —cV X E
ot v Zen; =~ en,
47

VxB=—] j:nee(vi—ve)



2 (n, i+e) fluid MHD

47‘(‘, _— 1

c - V, — V., = V x B
nee 4m

For Molecular Clouds (diffuse parts)
h, = h, =101 cm-3
B~10u6 lvi-v.|~10* cm/s = 10-° km/s
L ~ 10 cm

But in ISM 0.1 km/s < |v;|=|v.|=|v,| < 10 km/s
N
Vi ~ Ve

Since m, << m; => Plasma Density - p;



Single fluid MHD

Lf coupling due to collisions very effective Vn ~ Vi ~ Ve

D
), = _,v.
<Dt>p Py

D 1
p(E>V:—VP—pg—|—E(V><B)><B
%—]?:—CVXE b=

V.-g=4rGp
P = kp’

Cannotuse V- E = 0



Single fluid MHD

0= —n.e (E+—><B +k&&+\§<
_ _YeyB=-2«B

— D
(ﬁ)”‘"’v"’

D 1
— _VP-— — B) x B
p(Dt>V VP —pg+ —(VxB)x

Ideal MHD — a—B:Vx(va)

ot

V.g=4nGp
P =kp”




Alfvén's Theorem

D
(51)p =7~

1
p(ﬁt)v——VP—pg—l-E(VxB)xB

OB

E—VX(VXB)
V.g=4nGp
e B
— =0
dt

Ideal MHD =>"Flux Freezing”



Naive picture of Star Formation

a dark cloud b gravitational collapse C protostar envelope
bipolar /
flow

dense core

10,000 to
200,000 AU » 10000 AU-» time=0 —S500AU—> 100,000 years

d T Tauri star € pre-main-sequence star  f young stellar system

bipolar
How planetary debris

protoplanetary * digk
disk \
N\ 5

central

” oy
central
star

o

100,000 to 3,000,000 to
«— 100 AU — » 3,000,000 years 100 AU-—» 50,000,000 years i«

Greene 2001



Angular Momentum Problem
of Star Formation
Interstellar Cloud

Jcioud (M 5) ~10%° g cm? st (n~1cm3)
g




Angular Momentum Problem
of Star Formation

Interstellar Cloud

Jcloud @M o) ~ 10> gcmé st (n~1cm3)
Wide Binary

Jbinar‘y (2Mo, 1OOYF') ~ 10°3 g cm? st




Angular Momentum Problem
of Star Formation
Interstellar Cloud

Jcloud (ZM o) ~ 10°° g cm? st (n~1cm3) ‘
Wide Binary
Jbinar‘y (2M®: IOOYF') ~ 10%3 g cm? s

Solar System
J solar system* ™ 10! g cm? s




Magnetic Braking

Early stages of SF => B Flux "Frozen” in the gas
9

- . B = Byz,p = po =0
v(t) =vg(r,2)¢  B(t) = By(r, 2)¢ + Bo? .09
z
Dv 1 B2\ 1 A -
- = — S . N L
Dt T 4x (VxB)xB v (8#) i A (B-V)B T 1= —1 |
|
B
0 s el

- 2
0z0t 0z _ v,



Magnetic Braking

Torsional Alfvén waves —
propagate above and below
the fragment transfering
angular momentum

Mouschovias & Paleoplogou in the 80’s prooved analytically
that magnetic braking very efficient in solving the angular
momentum problem of SF in the early stages



Magnetic Flux Problem
of Star Formation

[ Z

Mass = p (4/3 © R3) = constant t ///r\‘\\ '
Flux freezing
Flux = B Area = B R%=constant | L | H {RL I |
_ D-3
p-R B p 2/3
B -~ R ay Dk

Interstellar medium
nrsm ~ 1 cm=>=> prgy —~ 10** g cm3

2/3
PISM

Star pyx —~ 1gcm



Magnetic Flux Problem
of Star Formation

In the deep interiors of cloud cores

V.2V, but V%V,

2 fluid MHD
0B . |
= = V x (v; x B) Flux frozzen in the plasmal
Dv, -
Pn M = —VP — png‘|—Fnz
Dt .
1 —  Coupled through collisions
0=-jxB+F,;,
C




Magnetic Flux Problem
of Star Formation

0B
_(975 —VX(ViXB)
add and subtract V,
0B
E—Vx(van):Vx[(Vi—vn)xB]:Vx(vaB)
—+V><(B><vn):V><{T (V x B) x B] x B}
ot AT Py,

Diffusion Equation albeit non-linear
(set v, =0 to see it)

Ambipolar Diffusion




Magnetic Flux Problem
of Star Formation

0B

— +V x(Bxv,) =V X
ot
O¢(r,t)
o
Diffusion coefficient Diffusi02n ’rimesgale ,
B2 L~ L T4
D 7 X UiTm TAD % Tni¥% > Tni
Pr

Ambipolar Diffusion timescale
small in high-density and low-ionization
molecular cloud cores
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3D Non-Ideal MHD Simulation
H., HCO*

Tritsis et al. in prep.



Conclusions

* MHD essential to understand the process of Star Formation

« Ideal MHD (good coupling of neutral and charged particles)
=> flux freezing => magnetic braking efficiently removes
angular momentum allowing the collapse

* Non-Ideal MHD => AD (and other diffusive processes) =>
redistribution of magnetic flux



Thank you!



