I the

educa:i‘::\i:?::iﬁ::i‘;: abdus salam
argadon international centre for theoretical physics
() |
nnnnnnn ::::;:;:TJ;

SMR 1435/2

WORKSHOP ON THEORETICAL
PLASMA ASTROPHYSICS

11 - 22 November 2002

Hydrodynamics and
Magnetohydrodynamics

E.N. Parker

Dept. of Physics,' University of Chicago, USA

These are preliminary lecture notes, intended only for distribution to participants.

strada costiera, | | - 34014 trieste italy - tel. +3% 04022401 || fax +39 040224163 - sci_info@ictp.triestedt - www.ictp.trieste.it






Prelimin 2z Remarks

loncermay hydradynamics & mapacls hychadr 1w
M nature,whem no one applies enitray

electiial paledials

Busik Roiat: The dynamiis of gases -.4',1
maaehzed Plaimas 18 descviioadl by Fhe

suvhw of Nouwilar nad Mérwel)

Coander fhe Jacoe -Scale boll matisn of

gades, plasmas, nad magnein held



TH 13 ofden s9died hai:
1. Hydradpnamis dees not avpoh o callisionhes;
Falte: As weshalisee, the hydvadymami. memer i

egvatho, hatnohm-‘y {odo wifh collisfony,
2. HAD dees nat vpph fo a callisiontess phsm
o¢ teo 2 partially donited Gas. lapel,

becavse bhe scalas Onm's lau daes nef apob,
False: Ohms law &3 nofdie asis for MRD,

3, The ”’W‘.‘ fietd 1) Covisd by e corrend,
fo "i\g electnc cwrzenl @3 *& basn th&
False: The currentis ¢creaded s d dvven v [B.

Newtas & Minwell provide ficld egurirens
ia terms af B wud v, nat g 3l E,

Q. The ovesan dpndmical behiuér caa loe
represeqted i sa eguivale, e lectvit

Civtwil

False: The cumw# Hows i J'h. foame of
ve ference o Mwhiih B =0



5. It must be shown thatl Fhe i0us dvd elechons
move ia Fveh @ Wy 3§ *c SW’ /y Ampwe.
False: Nowton's equs. sad Mbiwell’s egus dve
furdamneats) laws of mduwe. So Fhes
are atomatialy compatile,

You cannet c0asirved 3 physical niuvho—;
in whioh J‘My are wn{lwdory

Subseqvea" view gva phs wi bl dupl» Jots
of equatons. Thep are iattaded o

back grovad. dnd shaulé not distracd

alrentidr from Hhe hm phrsudl Facls
and relatieag.



Ny erodynamics

(onsde, e 3 epe~saale Bulk mehdy of
a Sas, '770- M"V”*UPQA&'JOJ fm;, v miy
wot,callide wifh dchotive, |
Assume that He Parlier drese NMEr0y
Fhat Yhe LY JQAJ":}; o e Sicwatel
‘defired .

Dencte the chancienitt scple o f e
88 dynamis loy L. The lecs) scate 4l

defirera chi raciensis Volume sz?
N isihe looa) nompe Lennlly, Reguije

i ') %e i} fre sRleliig)
Fluf-"vlflﬂg Q‘N“’Jt e 3, &‘-"_':i’z

faal well defued Jaca)

There is thea

ME M J VG'O‘” v




The I-nmz ke of change of L hocs)

densiby ib gl lo He negshve
Jwer’eacc oﬁﬁeﬁwx of J‘h&} Jenr)-#;.



Let v = velocily of adivi dval pasfiise , with
AT
vi £ locsl mess Wulk veleclh
we = }Mlml veled fy f'elqilucb-e Iu YT P |
Compte men, ove Iocal Velone V=X’_
N =6? , Nvaz-\l? Do s T',Zﬁ’""'“'t')

Pochcie densily N, packicie flox Nug

N"‘—gN |
%?' W, e , %=-N%=:L

Memerhm dens.),
' |
. V i My; 2 Nmy;

Flen of MCma‘w J?ﬂhf;

-&g Mooy = -\i/ % Mviv, *éz Mw; wy



Flvx of momorivm J.énﬁ' i»

NMmwy + R pi; =¢ZM Wil

'S pressune feaser = flax of memsdunm dors
Pi | pre Correl ly J;:mal n:fhdu

Hence

?Nm.a-g NMviv; = “{p . BT

whee Fi s force Apolbod fnn wi H!wé.
NM + vOU | _ _2p |
(%lf a.m:) .SPEJ ¢ Fi



(e mpuft Pl
Taterpadicie wiiitions do ne} cmsene P

Ia h'l Wsene of scaticrng wliisrbrs
dad plama waves, deasify of memstum flon is

.ézmu.:u; = NMwv; + pij
v o

. Pl of TN deasily 1
_\!_,.Z MUiViUn & .('.,; M(v.'w-jlva‘wi)l"h*“)l

= NMvivine ¢ veP +V; Piu + iyt Tepn

Wth |
| -n:“; B 6 g M Wil Wy

Thfs:l'}«; heat blow 1ensor, repnunin’g *M
“-ﬂs- of Pl i‘f ansmﬂné@&b’» %Aemm! mkéw‘
The time vade of chirge OFH" monesjus

“"‘"" d?ﬂ fa’; fS ‘M ﬂlj&’u’& dtv(l}fdlf .f
e tohy $im of momenhw Flon densitr,



This relatdn can 2 reduced Yo

ie_-"s = 2ey +.,,.?%4

- -(v_"Fi "U"F;‘) = 57:“5

"Pc - 90 - W
J'b FM*1E£U th'?;;

Eaxamples: L_e.i-F' =28Tus =zo
Adisbahs, wllmn'leu |

L) .L @lﬁ %W»% 20 for C#}

oV .. Ov | v

% 52, F %’,f-@
dp .49,, N = &N
Tt= ] - ol



| L
Pn, P‘_‘a Pz N ._

T He preserie of collbicng , 2dd He Scotrsaty

d . .
f: "é (zﬁa "Pn ~3) oo

%‘ g-% (epu-P”-Pu)*'"' .

d 120, = . = Bag)® - .
Y O A S

F’pw ecthsidr depmmaded jﬂ! P;.’-?Pazg./ﬁas Ip

LI Sv
%l%i 2—:P thVT

The off disens) feims of Py con ke
repeesented by 3 sulahle w's*m;b_



MUD % Zased w\.ﬂ}‘u-aencq@l ot M
megache fiesd 3 }MW ramb .
tre. Hovd

af = Vs(wxﬁ)-e-dm‘mbén elw

Ceaméﬁ?a 33: wafr er0mmhy fmeletm

ad tons thad o ednnel Su@00s} ey Svifica
electde §ietd B! 14 e own Lame of redoon..

B's E+-pxB
I+B' =2, men
Ez-%id

wnd

%@? s Prlvx®)

The _result is MUD, reparda




8

Nete H\&i E p l&ys ne sienlfira,l dynansal role

% & D(..,‘_,) Eﬂ

Nede ‘fm Al Me emsk—aa_ b E d 13 04@91 twha)
bome of rcfema € He weitode, o s,

Sec €X2 Ml 1 V. Vasy hma_s; 20¢l, 6@@&
Res, Le%:.f, 28,2172

Sikilarh, 5 plapt ne dynsmuel vole beow 3
has re entgy Brd no sherphh.
Mele et 1n 2oy peol gosccus mediom, § 15
dober by B we ok B, pulidy encigy ot of
bie magnedi fold.

B cavses)), nel viee verra.

Note }hat j 's drivea by the relation

oF — et
-ST.'? cRB 4FJ



Te A-e'g“cwmuig 'H\L Aynﬁqu‘&?d rele of E,iﬁ
- ecasider P”nhq's heceem for a collection
ot partices witlh mass 41540 bohon /o'(,r', &)

‘MA assocated chivsye dldwbg(fléﬂ g (r, &), The
indwidsd pactidie has velecih v 34ad
J. =V S(nt)

dv o
/0.2.& = S(E+ V_%B)
= EVE
= ALl
Utmg Maawells egvatiow, iFcon e shonn -Hul

J.‘. 8 ' .
flt

22
> p e 2M R
o s+ Py = 2 Lot
ot (pv+ c.‘-) orid N
whee
S W
Mijx -5 E 387 E:B; +8:8; Mawel
M- v ax  shess Jesse,
Ry = —pviv; Repnalds sivess fersor

Pe ¢ .Eq‘T'.B Poyntiayg | veclor



10

Note iwal, if witially each pariicle Is represesied
by a keelited Spike ia @IS, 1} R4 e meler
io avesyye over a poel volme V becawefre _e?v#w

e 3l lhot i Mmd §.

" Note et 16
Ea-9XB/¢

o Pe\okgh
an

where 0, U5 the veloihy, L 1B,
The Partide kinal eneyy, vasids ar

gievie SvE - jE
which ch e rewrilie v
£ {-,ov‘c-g: ¢+ 2P =0
wiih he slechamagaciic tang Fln e b>
Pev, 2 '

r
daaA.



No‘k- o H‘l& dynamics 15 3l 1 jems of

/o-.%NM; p=N%T, v, 0d B

when [E _.-.-‘OIW(

E 3vdy are veoe, passie gvadiliv.



(onsider fhe role o} 1 neglacied '

2—% - WCV:B)-&IWE'
Fer a um'uéq domivated pPhsm, j saE’
Heate F's 326 V%3 a4

- % . Vx(\o-xB) - Px@Px®

’L'-'-'d—fr-; ~ 0-3')([9"’/7"’" cm/sex,
Magneti Reyneids numbes

N = 4k

1

R Nr He vincipa) ebieckis bulk bampnt of B,



| Fer 2 partial, iomized 9ag

N wnvmber dansih of neviral sloms
Nz Avabbe denidy of | ous/slectrans

0 = mea bk velail of netnl gar
we mea ok veloih ob ders

Vs meam bolk velaidy of eleckony

T, & ion-nedrsl cothision Y imie

<, = slecian- navlv ol o WS §ime
< = lon=cleciran ilisida § 1t

P = pressure o} ne sl (7Y,

NM 431 z-Vp ¢+ AM (w-v) Lrm(v-
| - T Te

Conside~ a thobtly 0vnjred 935, n<eN



Neglect ton aad electron presswres,
do . . < w(9-\) _ -
e #(E-ﬂ- 4 yB) u(t.\a) w (v-we)

=

M ‘%‘.{ s+ e (£+ W_xeﬁ)- M(.:-\') .M gv-:_-w)
§= ne(w-v)

From Amperd's 13w

€
Vawe= - |
pyee ™B

Negledt bhe eleciran 24l ion nertrs . The sum of
H\chm e4n5. of mobes gives

| M‘- am(V-w) o en-(w-o)x?
T, Te |
= =« @xRx8
. J"w/c ’7!
Nence, for fle nevivel dloms

NM‘J{ t-vabe’éXB

which is the usval MAD momertun egn,



s

Noﬁe.-'\'\v\a)c
O = (915)13 ¢m/Te P B
I 4rn G 4xne(?
= 4 (PB)XB c-_u.z-. 47
J v+ 4’"‘9 MGQ
whert - : ~ '
e B)x8| 1B Ml?o'"/“(V‘tD)XB
<. ARI\CQ 4rne P
(Mitdm/Te) . ]p,w
4:me‘ [
Debiie

“ng ul‘v +~/‘¢

R gt Pederser cacfficion
5 e

4xnQ
Mlrhm/re) m
\= Zene 4&'06‘ [ M/T: +m/ze " } o“‘ me



IS,

Wate b= B/8 . se nal
e gg[--w.b -0 L(pxb)xb]rb + ubxt)bebe]

E's %l APxb +u @*DJXB -p {(Wb)xb]x b]

T";‘""' bochion eq-afién
2B/ ot mc PxE
becomes
2 = Urtox b)- PP b)
1+ Ouf[[Pxn B1xb o (P X
This (s Hhe uswal MHD egu. wih e exira -km& -

I. 4cm of ht nmimt’aﬂmo} Laveaft force
o b

22 = wcnb)-w(.mp) quh b-of)



"The magnedn enermy €gualion < e wilicw

5 (koY + v [\o;b‘ enf +Bb2E, +o fx bl
=ev.§on (Oxbh g gt

. The vp'JM hand side reﬁeth'b He Jli_‘f-fpwm of
| mt_’adh. .nu’,," The femn & sSqvise brackeds
veweserts the ivu:pw} of wagnetic ene

Cons) der J’hlhllc% with AeneVaso

%5 " V(UK D) - 7 o Pk §

"%‘f'} WXy = -%ﬁ - Vavyi-ﬂk C'f_

Cte B larnm) | co =Dy
Ther

% = Vxloxw) + arC'Vxf

Meace

3 (0+ 2= Velox (b g )]



[} 4
Note Hhatl the Maui (verlicidy) cantv,louhen 1§

smalier O(1) coammred fo the magneli Lol

Aml that makes it the same ovder as res/sfive
'Y Ffu’l&u.

elew Rep
The Hail effect 15 3 small~scaje afted].

See JER, jol, losar-i0625, (199¢)



X 7%

If the ian Bnd elecivon pressvres, 1neriva , sad other

applied {ores IL; ,le pes valt mass e Mcjuded,
they

'-a&kg Vx(vxb) - 2 JENZ Ty 7 S d§]

eBo
U. . “ J - |
+€é’“.‘!e!%e{?%+m(7‘e' l.c)]

TSV BE A ety ety 1900

These exiva Jems Iaclvde Fhermoe o ing efleck

the Bievmann hﬂef, the EJJ»-gh-Swd

effect, ete. whick are all ney/igivie unde,
ordl:vbv, Ye

S shances,in astrapnrsicnl se Hidys,
| dnre -3¢ ale

ot walch ot for $he mal) scates

aﬂ'sl'ag Ia 'hqye-nin) di%an
FRcannectin, efe,

- % 0 [ 4 (01

})J-ﬂ%-ﬂ yap;‘J



- o
(o ibility of Newlon M 3x wel)

(onsider a alu‘n‘o«lﬂf‘p}m.,made we of
egl numbers of elechvors aad $iny/y "”‘."-"‘J tong

Cilc«h{e the clecvon ad ion mohitrs usinb the
9u:1|:~_’ center ipp/ouimvhan

Ve ‘Eé! | E.L"".‘LE’

The mehoa of Ju;m'.h-g- cO 0 /s

Veo+ L._"L.‘ oxqs‘--rﬁus ox [(39)5)
Nok that

Wede




The corrent densily 1s

Ies £ B v, -[ n. B v+ Nuﬁ'}

M‘ A‘“P’_"" law beum * |

~m5.: =7 (P *.bgr) {e9)8), [4 + 2:7%3
 So Ampert’s law it sdamelials safishod i

tre bulk velocily 0 Sabishar Newfors egvoia,



2o
Chew- Galdberyer - Low Appoximatids

Let L denste Scdie of piatma d field 1 Hhe
divection Vieay tre fieid, “There dce , the, owr

Avaiaake
_LW..=¢M(M_ |
AB =t mashal

ALN = conshad
Wt/ & carrhad

Hfw)-e- 4(89)-c

Seo



