Shocks in Heliophgsics

Dana Longcope
LWS Heliophgsics Summer School
& Montana State University



Shocks in Heliophysics

JBOW SHOCK
y — MAGNE TOPAUSE
- //7 A/‘/
/
= /

MAGNETOTAIL

CURRENT SHEET

MAGNETOSHEATH

Vasyliunas, v.1 ch.10



Shocks in Hellophgslcs

Slow- Mode Shocks —

\‘\ !I’ ® Bt
\| |
Reconnegction diffusion region N
—i -
Inflow
Slow shock
/ Magnetic__ o \\
Outflow f"?ld lines \Q\ \\ N\
’ ’\«\x\x\x 5 ‘ NGO Fast-Mode Shock

Fast shock

\\ Deflection Sheath
/Ha Loop ~Prominence
L
[l
|

Loop-top hard
X-ray source

Tsuneta and Naito 1998

Ha Ribbon —
Forbes, T.G., and Malherbe 1986 (v.2 ch. 6)



Shocks in Heliophgsics
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Gold 1962

Cane, Reames, and von Rosenvinge 1988 (v. 2 ch. 7)



Shocks in Heliophysics
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X-ray loops
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Shocks in Heliophgsics

Forward &

Crooker, Gosling, et al. 1999 (v3, ch. 8)



Shocks in Heliophgsics

Bow Shock

Opherv2, ch.7
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Shocks on Earth




Shocks are...

SUN
L

e Caused bg a collision between

2 ditferent Plasmas |

e A hgcﬂroclynamic surprise:

one Plasma s not “exl:)ecting” the collision



Shocks in chlroclynamics

Viscosity, exchanges

mass i—[; = -V-[pv] thermal & kinetic energy
momentum é,(g;v) = V- pvv+ pI +6]
energy jt(;pvz +y’i1) =-V- [;pv2v+y_pv +0° v
T
kinetic thermal

: v,
viscous stress tensor 0y =4 “+— -39,V v



Mass
ot

momentum &(pv) 1+6 o= id + i -26.V-

Py =-V- [pVV+pI +O'] i = U &xj Jx. 39,;V"V
Jd -
energy —| % v’ | --v %pV2V+LpV +0° Vv
ot y —1 -1
e\
— collision
Vi
A




mass 7@

&Vi é)vj 2
momentum pvv+pI +a] Oy =l 4 —L =38,V v
i Y 2 DN NS S SR
energy > PV =-V- [z pvv+ pvV+0° Vv
ot y —1 y —1
pre-shock (1) post-shock (2) A
ssume
V.
Vs e— ! ..
° F Vs 1. Solution is
v Vv stationary in
1 2
R shock frame
Vi \ v, 2. Regions1 & 2 are
S uniform:
transform to ref. frame co-moving P1 V1 Pr P2 Vo P

w/ shock - shock frame



0=_V- [pV] jump (O=[[Pvn]]
- [[f]] = fz - fl
0=-V: [pvv+ pl +G] 0=[[pv,v+ pn]]

>

R V2 U N O =,
0 = V[zPVV"‘ PV OV \—[[ sov, v+ 5 py, ]]/
Jump conditions
(Rankine-Hugoniot)

A

pre-shock (1) Il post-shock (2)

I D
2. Regions1 & 2 are

Y, .
1 \ v, uniform:
ov




0=[[pv,]] pv, =const.

0 =[[pv,v+ phl] pv AT +[[plla =0

O=[[%pvnv2+#pvn]] pv, [[12 —p/P)]]=0

Case 1: pv, =0 -no flow across interface



0=[[pv,]] pv,, =const.

0 =[[pv,v+ phl] pv AT +[[plla =0

O=[[%pvnv2+%pvn]] pv, [[12 —p/P)]]=0

Case 1: pv, =0 -no flow across interface
= p,=p,; pressure balance

V2 Contact

I HOT I § cowp § : o
! discontinuity

1
P1 i related to linear
T, \ T, waves w/ =0
)

entropy mode: [[p]]#0
P1 / P2 shear mode: [[v,]] #0




0=[[ov,]] Case 2: pv, =const.=0
0=[[pv,v+pall 0=[[pv,+pll v, vl =0

1 2 = V,,=V, ,=¥%
0=[[zpv,v +#pvn]] L2

transform away

(pv* + p)* y-1  (yM*+1)°

2(PV)(%,0V3 +ﬁpv) } }/2 Mz[(y _HM?> +2] =F(M)

M __ Y _ Mach
/P number

F)

F(M1) =F(M2)

o — — — — —




pre-shock (1) é—  post-shock (2) M, =F'(F(M)))
super-sonic sub-sonic (y =DM? +2
) = M, = >
V, v, 2/M; -y +1
V4 Cs,2 2
)< v, (=DM +2
o i v, (y+D)M;
-
o S w p: __(r+DM;
R o (y=-DM?+2
P2 P =2VM12_V+1
P1 p, y+1
-
P> P>
S —s =Inl 22| =vInl =2
: / > = n( Py ) ’ n( P

|



Hypersonic limit

M;>>1 y=5/3
~DM; +2 _ 1
M2= (y 3 1+ MZQ 0/—1) _——
2yM;” -y +1 2y \5
v, (y=DM; +2 v, =D _1
v, (y+D)M’ v, (y+1]) 4
0, _ (y+ )M’ Py (y+D 4
o, (y-DM; +2 o (-1
P _ 2VM12 _V+1 Py eiMf

D Yy +1 D y+1



Entrop9’5 tale

s,2s, =» pre-shock must be supersonic
=» fluid goes from super- to sub-sonic
=» fluid slows down crossing shock
=>» fluid compresses crossing shock

viscosity=0 =» s,=s5,

0 p
5(%/0\/2 +%) =-V- [%pvzv+ﬁpv -{G' \

viscosity does not appear in jump conditions (conservation laws)
but it is necessary for transition from 1 to 2

Q: what goes wrong if we setu=07? I

Q: is that diff. from taking uw—=>07? u- - —> const.



A nearbg shock
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Farther

(the picture
before May)

Axford & Suess 1994
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Hundhausen 1973 (v.3, ch.8)
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/ Sun
High-speed stream colliding
with slower wind creates
2 shocks:
Forward shock
Reverse shock
Both move outward (v.>0)
Q: which way is n for each?

L.
0 1.0 20 30
HELIOCENTRIC DISTANCE, AU



Shocks in MHD

P o

Pl Lov]

d(;;v) -V [pvv 4ﬂBB+(p+LB )I+5]
0

(2pv +y1p+8ﬂB ) -V- [2,01/ v+y1pv—4ﬂ(va)xB+a V]

(.

kinetic thermal magnetic

ot

@=—VX[VXB]
ot

0=V-B
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0=-V: [%pvzv+%1pv—ﬁ(va)xB+5- V]

-

0=—Vx[va]
0=V-B
SR V’27
Bl S 1 B
o g7




- _V- [pv] 0=[[pv,]] pv, = const.
0=[[B, 1]l B, = const.

=-V- [pvv—ﬁBB+(p+ —B )I +O’]
pv. [[V]]-B,[[B]l/4x +[[p+B*/8x]ln=0

pv, [[vil=B,I[[B]l/47

\K
NUJ




0=-V- [pv] pv, =const,
0=V-B B, = const.

0=-V- [pvv— ﬁBB+(p+8%TB2)T +5]

| x4V = B,[B)/47 | 0 = B, [[B]]

Casel: pv =0

Case 2: B, =0 Case 1a: B.=0
. VY; Tangential Discontinuity
Bl S /XB
LS Case 1b: [[B]]=0

X
\A

Contact Discontinuity



Case 1la: Tangential Disc.
v,=0, B,=0

0=-V- [pVV—ﬁBB+(p+§BZ)T+6]

0=-V [pv] pv, = const.

0=V-B B, = const.

P,

.

[[p+B°/8x]n=0

An equilibrium current
sheet separating uniform B
fields w/ different angles.

* total pressure balance

* possible shear

B,%/8n



Case 1b: Contact Disc. 0=-V-[pv] pv, =const.

v.=0, [[B]]=0 0=V-B B, =const.
0=-V: -pvv—ﬁBB+(p+8%B2)T+5] [[p]In=0
0=-Vx[vxB] [[v]]1=0

A P P, '
related to linear
T, \ T, waves w/ =0
)
4 entropy mode: [[p]]#0
P1 / P2 —shegrmede—{Ped=0—




Case 2: perpendicular shock pv, [[v]]= B UBAT4x

B,=0, v,#0 = V=V ,=V,

transform away

0=-V-|pvv- BB +(p+& )i +5] [[pv? + p+B*/8x]] =0

-
Il

-V- [zpv V+og Lpv—-=(vxB)xB+0- V]

[[ pvv +—1pv +EBV 11=0

0=-Vx|vxB] [[Bv,]]=0
vV, V,
>
; * HD shock w/ 2 “*fluids”
B
' T ] ] ! * plasma: v=5/3
— * mag. field:  y=2
B, /A B> P,
=5 /
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Case 3: General MHD shock v [[v,]1=B [[B,]1/47

B,#0, v, #0 ey =Y
0=-V-: [,OV] pv, = const.=0 cannot transform away V,
0=V-B B, =const.=0
can transform to
=-V- pVV - 4171 BB + (p + — B )I + 5—] deHoffman-Teller frame
vn
0=-V 2/ov V+ﬁpV—4ﬂ(VXB)XB+O' V] VdHT=VJ.,1_B1BJ
n,l
0=-Vx|vxB] In dH-T frame:
‘v, || B,

*E,=v;XB;=0
*E,=v,XB,=0
‘v, || B,

* flow is parallel

Nl to field lines on
VK / both sides

«gw




Case 3: General MHD shock v [[v,]1=B [[B,]1/47

B,#0, v, #0 = Vv, #V,,
0=-V-: [,OV] pv, = const.=0 cannot transform away V,
0=V-B B, =const.=0
i can transform to
=-V-|pvv- ﬁBB + (p + éBZ)T + 5—] deHoffman-Teller frame
- _ Vi
=-V- _%pvzv+%pv —=(v B+o0 V] Vanr = Vi — B, B,
0=-V XW In dH-T frame:
‘v, || By
B, « E,=v;XB,=0
V1 /y * E,=Vv,XB, =0
\Y
Bl /’ 2 ° vz | | B2
// * flow is parallel
to field lines on

both sides



Jump conditions in
de Hoffman-Teller frame

(PV [[v.]]-B,[[B]]/47x =0
[[pv +p+B /8m]]=0

~N

[[ pv,v° +5pv,11=0

Shock characterized
by 3 dimensionless
pre-shock parameters:

‘Vl‘ vln

" [B|/J4m0, ~ B, I:[Amp,

B
0, = tan'l(—“) = tan‘l(b)
Bnl vnl

Use 3 jump. conds
to solve for
downstream

parameters
MAZ 62 Bz




ov, [[v]1]1-B,[[B]]/4x =0 [[(M: -Dtan0]]1=0

eliminate 6, in terms of 6,, M,,? and M,,?

etc. until...

F(My,Ms) = —(y+1)M§ + [(7— M7 +2(y+1) + ngbl +'y'tan291] My
- {2(7 —1)M} + O 12%127‘3 L+ (v — 2)M} tan? 91} M3
L= )M + B _ 0

cos? f;




Y51

F(My,Ms) = —(y+1)M§ + [(7—1)411;2+2(A,~+1)+ +'7'tan201] M3

cos? 6,
_ {2(7 Mz OFDA2B L ovar2 tan? 91} M3
cos= 04 <
—1 A-f?' ([
N O -DMi+96 _

cos? 6,

NB:
* P2/P1=Mp? [ Myy?
* region M,, > M,,
(p, < p,) disallowed
by 2"d law thermo.
*M,, = M,, reps.
3 linear waves
of MHD
* each shock: flow
faster (slower) than lin.
wave in region 1 (2)




/YIVIHD shocks
1.25 g —

N SAW//":“_: _________ SAS. fast: 1< MAZ < MAl
k \~ intermediate: M,, <1< M,,
B slow: M,, <M,, <1




1.2
1.0
0.8

0.6

0.4

/%M HD shocks
* fast: 1<M,, <My,
intermediate: M,,<1<M,,
slow: My, <M,, <1

[(M}; -Dtan6]]1 =0

6,>0,>0 B,<B, 0,>0,>0 B,;>B, 0,>0>8,
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Hgl:)ersonic limit

Y51

F(M1,Ms) = —(yv+1)M5 + [(w'—1>ﬂ-fi2+2(v+1)+cosog +vta-n291] Mj
-
_ {2(7 a4 QFDENB o2 tan? 91} M2
cos® 04 “
— 1)ME + 7f
L = UMy +960 _
cos* 04
F(My, M) ~ —(y+1)My + (y—1)M{M5 + --- =0 .
2 ‘1 3 Magnetic
M
= ! pressure:
l‘-‘[:_, ’}’—1 P1 Bt,l
only x16
B2 9 Plasma
~ noAI2 _ M2) ~ 2
pr = pr+ o (My—My) = prt = prun, pressure, no

limit
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ISEE-1 crosses bow shock
M,, = 8.1/cos(0,)

ISEE-1 PLASMA and MAGNETIC FIELD for BOWSHOCK NOV 7,I1977
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2 FM shocks
2 (1?) TDs

Ulysses

@ r=3.5 AU
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The Heliosphere’s Interstellar
Interaction: No Bow Shock

Science May 10, 2012

Breaking

D. J. McComas,?* D. Alexashov,? M. Bzowski,* H. Fahr,® J. Heerikhuisen,® V.
lzmocgenov,3 M. A. Lee,” E. Mobius,”® N. Pogorelov,® N. A. Schwadron,” G. P.
Zank
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Model reconnection

Slow- Mode Shocks —
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Intermediate Shocks

Reconnection
between
skewed fields
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Petschek & Thorne 1967 =5 0.5

< O



E‘ntropg’s Tale ... the sequel

o A shock converts kinetic to thermal energy
» How? What is the M~Phgsics’:’
— Collisions (i.e. Viscositg) — high enough clensitg
— Otherwise. .. (story not finished yet)
. lnstabilities) chaotic Particle motion, ...
» Related to acceleration of non-thermal Particles

e Easierif Par’ticles ggrate near shock:

uasi-perp. thermalizes easier than quasi-parallel
9 Perp 9 P
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196 Shocks in heliophysics
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Vi
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Vi

Vi
Vo —) ) -V,
E— >

Vy Vv,

Vi / v,
\ P>

P1

rarefaction

—)

co-moving frame

satisfies conservation
but violates 29 [aw TD

What happens instead?
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Forward shock

Voyager 2 at r=2.17 AU
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