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What is CKW State?

VxB=EkB

Eigen-state of the V x operator.

Solution by Chandrasekhar & Kendall (1957)

1
Tlm =V x (rwlm) ’ Slm = %V X Tlma

wlm(kv Ty 07 ¢) = \/ﬁ]l(lmﬁ) Ylm(97 ¢)

W?,,:n = Tyn = Sim,
+ +
V x W, ==xkW, .
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What is CKW State?

Magnetic line
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Figure from:
M. N. Chernodub,
arXiv:1002.1473

(d)
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History on CKW State

Chandrasekhar-Kendall-Woltjer

m List and Schliter (1954) pointed that cosmic
magnetic fields might often satisfy

V xB=kB

m Chandrasekhar, Kendall, Woltjer (1955s)

studied it as force-free field S Chandrasekhar

m Woltjer (1958): minimum-energy configuration (1910-1995)
for a fixed helicity

m J.B. Taylor (1974): natural-end configuration
in classical plasma

Astrophysics, plasma physics, early universe...
How about QGP?
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CKW & CME

CME
j=o0,B
Ampere's law

VxB=0,B

m 2010, M. N. Chernodub, arXiv:1002.1473
m 2015, Y. Hirono, D. Kharzeev, Yi Yin, PhysRevD.92.125031

VxB =o0E+0,B, 0 9
= —B=79(V°B+0,VxB
{VXE - 2B g2 =1 x )

1
n=s
They identify the final state as the CKW state.
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cE VS 0, B

VxB=0cE+0,B

ocE VS 0,B
= 0, =0, no CKW; What does “strong” mean,

quantitatively?
m 0, strong enough = CKW.
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cE VS 0, B

VxB=0cE+0,B

ocE VS 0,B
= 0, =0, no CKW; What does “strong” mean,

quantitatively?
m 0, strong enough = CKW.

Popular choices:
m const.
mo(t)~ 7 o (t) ~tF
B 0y X Hf = Hioral — Hmag

Hirono et al: 0 = 09, 0 < Hiotal — Hmag
Our work: arbitrary function of time o(t), o, (%)
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Expansion of magnetic field

Expand B by CKW basis,
(x, 1) Z / [0 (6 WW (6 B) + o (6 W (x: B)]

Helicity
H:/d3xA.B:/O dkk[g+(t,/€)—9—(tvk)]7

g (k, t) = 237, lag, (K, ).
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Equation and solution

Equation:
0
5B = 7 (VB + 0,V x B)
4
jt%m(t k) = n(— + oy k)ais, (1, k),
%gi(t’ R) = 20(—F + oy k) g (1, ).
Solution:

O‘ch(t? k) _ O‘?En(t()? k)e—lcQA(t):l:k@(t),
g:l:(t7 k‘) _ g:l:(t07 k)e—2k2A(t)i2k9(t)’

ft t)dt, O(t ftﬁ
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(x, 1) Z/ P RWE (x5 k) + o (8 kYW, (x5 k)]

V x Wi (x; k) = £kW7 (x; k)
B is CKW state, if
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Measurement of CKW state

Our goal:

Given V x B =j and B.
Measure how nearly B is parallel with j.

cos? () 4B _ (f d3xj-B)2
G,3)(B,B)  [#Bzj-j[ BzB B

cos? 0(t) < 1,
4.B)” < (j.j) (B, B)
cos? O(t) = 1, iff CKW state is reached.
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Condition for CKW

We prove that:
For g(to, k) = 3, cnke 2M1¢=F 12 condition for cos? 0(t) — 1 is:

L S o) dt

o0\ e m(B)dt
fti n(t)oy (t)dt grows faster in time than W/ft(t) n(t)dt

7’]:

= OQ.

Q=

%B =nV’B + 170,V x B
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Helicity divergence

T
10127 | 3
169 /l ] g+ (to, k) ~ ke 2
/
108} / 1 o o'X
2 0%t // a) | const. | const.
0
= 10 = / b) | const. 0
102 TR / ] c) | const. | t1/2
Al Sy - :
wel| " ) "‘q\—\\ ] d) | 173 172
10°f| —m ¢ \'"§:§_:\ ]
02| —— d) S Why?
B induces B itself!

10 10° 10' 10° 10° 10* 10° 10° 10’ 10°® 10°

t/L
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How to avoid this divergence,

meanwhile realize the CKW state?

Xiao-liang Xia BB% (USTC) Hefei, Aug 25, 2016 16 / 22



How to avoid this divergence,
meanwhile realize the CKW state?

0.6

Negative feedback
UXL/HttJtal

cos?0(t) Ux(t) X Hiotal — H( t)

0.4 e
o, asymptotic
oy =H =0,

0.2f

0.0}
107 10° 10! 102 10° 10* 10° 10° 10’ 10%® 10°

t/L

Manuel et al, PhysRevD.92.074018
Hirono et al, PhysRevD.92.125031
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How to avoid this divergence,

meanwhile realize the CKW state?

For arbitrary o(£) and initial spectrum g, (o, k) ~ k"e 2kC1—F*C3

O(1) ~ \/A(1)plog [A(H "2/ (r+D)],

plog() is inverse function of y = ze®,

jt t)dt, ©(t fton Yo (1) dt.

©(1) grows faster than /A(t) = CKW state.
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We study the time evolution of the magnetic field with CME.

m We define a measure cos? 0(t) for the CKW state.
cos? O(t) — 1 is more intuitive than a+/7(t, k) — 6(k—F).

Im

m We find condition that the CKW state can be reached:
(i) the presence of oy;

(ii) fti no, dt grows faster in time than ftz ndt.

o(t), oy(t) are arbitrary function of time.

m We discuss system in which the CKW state can be reached, avoiding
unphysical divergence.
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Thank you!



backup: W[m

Win are CKW states
V x Wi (x; k) = kWi (x; k)

Orthogonality

/ FaW (3 k) - W2

lama

(X kl) k (k k/)511l26m1m258182
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backup: CKW VS Fourier

CKW basis: scalar coefficient, vector base

B= Z/ P OW (x5 k) + oy (K, )W (x; 5)]
H- /0 dbklgy (4 F) — g (4 B)

%gi(t, K) = 20(— 2 £ o k) g (8, B)

Fourier basis: vector coefficient, scalar base

B= ZBkexp(zk-x)
k
Z'BkXBz
H= VZT-k
k
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backup: Helicity

V x Wi (x;k) = kW (x; k)

+ are positive/negative magnetic helicity

A(x, t) = Z/OO #k[a;n(t, Wi (x; k) — ay,, (L, )W, (x; F)]

B(x, | Z/ (i (6 W (s B) + ar (6 W (x; B)]

H:/d3a:A-B = /Ooo dkk[ge(t, k) — g_(t, k)],
gﬂ:(k? t) = %Zl,m |0‘?7:n(k7 t)’2-
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