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Overview and Motivation

@ An inhomogeneous magnetic field (MF) can produce work on
neutral fermions with anomalous magnetic moment=—They
can create neutral fermions from vacuum.

@ Examples: Neutron (u, = —1.9130427(5)u,, 4y = €/2my)

and possible Neutrinos',

© MF up to 108G can be generated during a supernova
explosion (can create neutrino-antineutrino pairs),

@ MF around B ~ 10'°G, can be generated in heavy-ion
collisions at RHIC and LHC,

© Superconducting cosmic string could generate fields more then
103G in their vicinities. B/ ~ 10?°G can create
neutron-antineutron pairs.

-I-C. Giunti, A. Studenikin, (2009), M. Dvornikov, arXiv:1011.4300, M. Deniz, et al, (2010)and A.G. Beda, et al

(2007).
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Dirac-Pauli equationt

Relativistic description of spin 1/2 neutral fermions

(7Bu = m = 5o Fu () 9 () =0,

i
= — K v .
5[l
External magnetic field: Nonuniform and constant in

z-direction:B (y) = (0,0, B, (y)) , B:(y) = Fa1 (y) .
The complete set of solutions is

P, (t,r) =exp(—ipot + ipxx +ip;z) P, (y),

where* 1 _(y): eigenvectors of mutually commuting of p°, p*, p°,
Rand T, = i, — uB, (y),

v

A u
py_/ay, o

—-1/2
R = [1 + (pz/w)2] (s7°7*p:/w ++°%,)
t, = X (’Ylpx + 72ﬁ2> + mX;,

-I-W. Pauli, Rev. Mod. Phys. 13 (1941). *S. P. Gavrilov and D. M. Gitman, arXiv:1107.4243.
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Eigenvalue and quadratic equation

R, (y) =sp,(y), s ==L po = w\/m.

[tz =B, (y) —swlp, (y) =0, n=(pcpzws).

P, (v) can be presented as

Do (r) = 3 (L4 R) [ + 1By (y) + 5] 9, (1) (L4 ix7) v,

{92 4+ + p2 + ixidy B (y) — [+ 5B, (V) } @ (v) =0

@ The problem is technically reduced to the problem of
charged particle in a field given by a nonlinear scalar
potential. Thus we can use results elaborated for the pair
creation by electric barriers (Klein effect).

+A. I. Nikishov, Nucl. Phys. B 21 (1970).
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Structure of the external magnetic fields

@ We will consider external magnetic fields which are
homogeneous at asymptotic regions y — =o00.

@ The fields and its derivative obeys B, (£o0) = 0 and
9, B; (y) > 0, respectively.

BAy)
A

>y
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Asymptotic conditions and inner product

1)At y — £oo the MF is homogeneous: Thus we construct two
sets {7, (t,r)} and {Q/J r)} of independent solutions,

—idy zj#’n(y) = gPyGPn(t,r), {=signgp,  y — —o0;
—idy %, (t,r) = ‘p, Y, (t,r), {=signp,, y — +oo.

2)MF exist during a suff. large time T — oco. Then one can
ignore effects of its switching on and off

(W0 ¥)e = [ B0 (607} (£0) doy — (9,9,
Wo¥), = [ WE(E0907, (1) dedetz,

3)y, (t,r) satisfy the periodic conditions in t, x, z with sufficiently
large periods Ly, L, — 0.
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Orthonormality relations

By using the asymptotic conditions, we satisfy the orthonormality
relations

(abn'g/ %)y = 01,07 710nm (Qpn,? r,b,,/)y = 010z o/ Onn

where

1, = sign7ts (L), 1 = sign7s (R);

s (L/R) = w —sU. g ; ms (L) = ms (R) + sU;
U=Ur—- U, >0,

U =—uB,(—) <0, Ugp=—uB,(+)>0.



Orthonormality relations

Two complete sets 1, (t,r) and ¢y, (t,r) are related as follows:

m S, () = +¢( ) (+1€)—-¢n(r,r>g(_(€);
Mrey,(tr) = "9, (g (T]) — Ty, (e ()

where

(0 70,), =0 (). 5 (1) = ()’

Unitarity relations:

g(“l)e(+[F) e (1-)e () = emmtes
e(c1)el)—e(s17)eCl) = ommedpe

Then g (+|7) and g (4 |~ ) are independent.
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General aspects of the QFT description®

Classical description: Classification of particle/antiparticle states

@ The classical energy on the xy plane is

jwh| = /P2 + P2 (y) + m2 £ s |p| B (v) . Be(%00) 20,

@ s = +1: B,(y) accelerates antiparticle along the axis y,
particles - in the opposite direction.

@ s = —1: B,(y) accelerates particle along the axis y,
antiparticles - in the opposite direction.

@ It is enough to consider only one case, let say s = +1.

1S. P. Gavrilov and D. M. Gitman, (in preparation).



General aspects in QFT
0®00000

General aspects of the QFT description

Constraints on the external MF for the particle creation case
o Ify
U= —u[B;(+00) — B,(—00)] > 27,4, (ﬂx = \/m) ,

—uB,(—00) + 11y < w < —uB,(40) — 71y

final particles are situated in the range S;and final
antiparticles in the range Sg =Particle creation range.

@ Inner product on hyperplane t = const

/1/) (t,r)dr.

and standard QFT particle-antiparticle classification.
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Orthogonality relation on hyperplane t=const

L

(an, #);,/)t = (Sn,n/LxLzRv R = 2 Qdy,
—L

— \2
Q= ¢ ) [+ (w4 5B () 4219, ) ] 01, ).

where Ly, Ly — oo are parameters of volume regularization.
Integral R can be represented as

YL YR Ly
R:/L Qdy + Qdy+/ Qdy
—L Y

YL R
The leading contribution of R are R; ~ Ly and Rr ~ L,. Both
are from asymptotic ranges,

yL Ly
R =Ri+ Rrg, RLZ/L Q. dy, RR:/ Qrdy,
—L1 Y

R

Qun = (90, 0) [+ (e /R +5207,) ] 0
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Orthogonality of the wave functions

We can show that the orthogonality relation,

¢ =
(c¥nf9,) =0,

holds if L1 and L, satisfy the condition
75 (L) ) 7s (R)

Ly
Py tpy

-0,

where
(p) = s (P ~ 72 20, (%p) = [ (R)F ~ 72 >0

This relation express the ortogonality of particle and antiparticle
wave functions at given time instant.

@ We relate standard picture of stationary scattering by
one-dim. potential barrier, which is normally used in
QM, with standard QFT description that based on an
inner product on hyperplane t = const.
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In- and out- states

@ Sign of the physical momentum of particles obeys pfh = py.
For antiparticles pﬁh = —py,

Q@ "y, (t,r) and 4, (t,r) describe outgoing particles and
antiparticles

Q@ "¢, (t,r) and _1p, (t,r) describe incoming particles and
antiparticles

Q IN vacuum: absence of incoming (anti)particles=>Presence
of outgoing (anti)particles indicates stationary creation of
pairs from the vacuum.

By decomposing the component of QF operator with n € ), we
define creation and annnihilation operators,

¥, (t,r) = M1/2 [an (out) T4, (t.r) + b} (out) L4, (t,r)} ,
o (t0) = M2 [a, (in) “, (t.1) + 5 (in) —9, (e.1)]
M=2(L/T) | (R) / py | g (+| ).
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Bogolyubov transformation

Nonzero canonical anticommutation relations:

Lim]s = [an(out), af (out)]; = b
[by(in), b} (in)]+ = [ba(out), b (out)]+ = Ou.

The in-vacuum |0, in) and out-vacuum |0, out) definitions:

ap (in) |0, in) = b, (in) |0, in) =0, Vn;
an (out) |0, out) = b, (out) |0, out) =0, Vn.

(Bogolyubov transformation):

an(out) = g("|+) g (I+)anlin)—g (- |7) " b (in),
bi(out) = g("|+) "an(in)+g (- ") g (+|") bh(in).
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Mean number of created pairs

Differential mean number of created particles and antiparticles
NSY) = (0, in| & (out) a, (out) [0, in) = |g (_ [*)| 7,
NS = (0, in| bt (out) by (out) [0,in) = |g (+|7)|
Mean number of created pairs:
Ny = Ny = W,

Total number of created pairs:
N = ZN,,.
n
Probability for the vacuum to remain a vacuum:

P =laf =ep{rna-m}
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Linearly growing magnetic field

B(y)
A
B:
d,B.
5. L 57 5 Y
2

The quadratic equation can be written as WPC diff. eq.,

d2 2 2 2 . d B
{—d}/z—[erssz W +m +pctixpg B (Y)}(Pn,X (v) =0,



Linearly growing magnetic field

dé?

V|l B’

then the coefficient g (1|7) is,

2 , B
[d_gz—)\—kix] (Pn,x(g)zov E(y) = lu| (B'y + By) — w

g () = ¢ 2 11 180 2] (7 1) ()~ () )]

. . L
1_|pyy)|ay) Dy 1 [1+N)E(y)], nn= 5
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Linearly growing magnetic field

Asymptotic expression for the mean and total number of fermions created

or \/|u|B'L>> 1, m?/ |u| B' we have,

N = Je D) = e {1 gy e

b

b = (Fral@+Anv2jg—ef), i=(12).

X

1 ,
[’ 1‘ 3 sing; + ggsm%

The total number is calculated as

LLT = N,dw?
/dpxdpz/ nde
s==41

N

where is Wmax = ]],tB’| L/2.
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Linearly growing magnetic field

Asymptotic expression for the total number of fermions created

Final expressions: Total mean number

141n4) TLL, 12 |uB'|"’? 2
(1+1n4) [uB'| exp<—"'”>

N =
1673 |uB'|

Unlike the case of electric field, mean density N/V ~ L. Then the
total quanities are very sensitive to the length L of magnetic field

inhomogeneity.
Vacuum-to-vacuum transition probability

— ex B :oo ,3/2X _l7tm2
P, =e p( :BN>' ﬁ IZZ()(I+1) ep< |‘MB/|).
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Sauter type magnetic field

B, (y) = aBtanh (g) . 9,B, (y) = Bcosh2 (%) .
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Sauter type magnetic field

Mean number of fermions created

No = lg(-1")]
sinh (7af_) sinh (af.)
sinh [ (B_ — B+ 2|u[xB)] sinh [ (B, — B_ +2|pu|xB)

B, = JwTuB—R—m,
Fora > (1+ V) / /[l B,

N, = e ™.
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Conclusions

o Consistent QFT description of neutral particle creation
(due to their magnetic moments) by magnetic barriers is
formulated

o Problem is technically reduced to the problem of charge
particle creation by an electric barrier

o Features of neutral particle creation from the vacuum by
a growing magnetic field is studied

@ This mechanism may be responsible for the creation of
neutrino-antineutrino pair during the formation of a
neutron star.
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THANKS !
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