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1+1 dim

Fermions localized by baby Skyrmions
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Summary and outlook



Fermions localization on the kink in 1+1 dim

1 5 il 1 5 9 R.Jackiw and C.Rebbi
L =3 (0u9)” + 07" 0ut + gty — 5 (¢° — 1) Phys. Rev. D13 3398 (1976)

@ Field equations: Y oY = g ; 0,0 ¢ = 2¢(1 — ¢ — g
- } _ _—iet [ V1 — V2 T
Fixed background (g«1): | ¥ =e ( 1+ o ) /d:c vyl =1
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@ Fermionic modes
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@ Fermionic modes
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@ N=1 SUSY kink [ L= % (0u8)” + ipy 1 + gopihnp — % (¢*-1)° J

{

[ LN:1 = (3I~b¢)2 + ZQZ’)’Maui,b + F2 + 2FW — W’QZ’(,b ]

F - auxiliary field: F =-W

{

| Lves = a9 + i 0 - Wiy -w? | wig) -
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@ SUSY transformations:  §¢ = ny); o0 =n (YO, — W)

1 1
Fermionic zero mode of the kink: Yo = — coshz
Grassmann-valued deformation of the bosonic field




Backreaction of the fermions

Kink + A; mode Kink + B, mode

Scale symmetry of the massless model: ¢, =0 for any values of the coupling g




Baby Skyrme model

(J. Verbaarschot (1986), L.Bogolubskaya& I Bogolubsky (1989)
R.A. Leese et al (1990)

¢ = (9", 9% ¢%); ¢% - 9% = 1; ¢: % — 5
Q= ﬁ fd2$ 5abcsij¢aai¢baj¢c =

Derrick's scaling theorem: Skyrme term provides a scale
but cannot stabilise the soliton: potential term is necessary

[ esu="2(5:0)" - % (815 % 808) - V(@) |

E > +47Q equality is possible if kK =4 and k9 =0

@ Symmetric ansatz:

¢' = sin f(r) cos(Qp — 9);
¢' = sin f(r)sin(Qyp — 9);
¢% = cos f(r)




Baby Skyrme model

Potential of the baby Skyrme model: potential term U(¢) may be chosen almost

arbitrarily, however must vanish at infinity for a given vacuum field value in order to
. . . . a _
ensure existance of the finite energy solutions: qb(o) = (0, 0, 1)

Several potential terms have been studied in great detail:
@ “Old” model, with U(¢) = m?(1 — ¢3) <= weak attraction

@ Holomorphic model, with [J(¢) = m> (1-— )4 <= Wweak repulsion

@ “Double vacuum” model, with [J(¢) = m?(1 — ¢3) <= sirong attraction




Baby Skyrme model: solitons
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Research

Nanosize magnetic whirlpools could be the future of data storage
(2 August 2016)

The use of nanoscale magnetic whirlpools, known as magnetic
skyrmions, to create novel and efficient ways to store data will be
explored in a new £7M research programme led by Durham
University.

Skyrmions, which are a new quantum mechanical state of matter,
could be used to make our day-to-day gadgets, such as mobile
phones and laptops, much smaller and cheaper whilst using less
energy and generating less heat.

Could magnetic
skyrmions hold the
answer to better data
storage?

It is hoped better and more in-depth knowledge of skyrmions could
address society’s ever-increasing demands for processing and storing
large amounts of data and improve current hard drive technology.

Revolutionise data storage

Scientists first predicted the existence of skyrmions in 1962 but they were only discovered experimentally in
magnetic materials in 2009.

The UK team, funded by the Engineering and Physical Sciences Research Council (EPSRC), now aims to make
a step change in our understanding of skyrmions with the goal of producing a new type of demonstrator device in
partnership with industry.

Skyrmions, tiny swirling patterns in magnetic fields, can be created, manipulated and controlled in certain
magnetic materials. Inside a skyrmion, magnetic moments point in different directions in a self-organised vortex.



Baby ISkyrme model: Applicatiohs
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A Heisenberg-type model of interacting spins
A model of the topological quantum Hall effect
Elementary excitations in quantum Hall magnets
Soft matter (Liquid crystals)

 Models of condensed matter systems with
intrinsic and induced chirality
Chiral magnetic structures with DM interaction
Applications in future development of data
storage technologies?




Fermion-Skyrmion system in 2+1 dim

e [ Lgp = — ( ,ﬂﬁ) ( ;u¢ X 8V¢) — ""'OU(Qb)}

[EZESk—'_Ef}

\ [Ef— (z'y“c’? — gT - qb m)\I! }
@ Rescaling:

K4 K2
r— —r v — /4:0—>—/<:0, g — , m — m

Vkokse =1, Ko, m,

Stationary modes: ¥ = ¢(7~, e)e—ist

@ Fermionic density:  p = Y31 = T, /dzcz: Yl =1
@ Hamiltonian:

H= / &z T HY + / &z (% (akq?)z + % (akq? x an$)2 + Ko U)



@ Field equations:

Scalar current

N

Ju = Q; X (%q;-l- 81/5 (3’/5' (q; x 8u$))

Hip = s (—idkde + g7 G +m) § = e

0," = Ko Guo X B+ 96 X (17Y)

\

Spin-lsospin fermions

@ Rotationally invariant configuration:

1 vy (r)eilf

¢ = sin f(r) cos no; . . jvg () ei(t+m)?

Q-n:] ¢ =sinf(r)sinng; YO =NO [ e

¢ = cos f(r) jug (r)ettnt1)e
gcosf+m  gem™sinf —e (0, — %) 0
2 gez‘nO sin f —gcos f +m 0 P (3T B %)
= | i (37« + %) 0 —gcos f —m —ge~ i sin f
\ 0 et (0, + ) —ge™ sin f gcos f —m )



=
® Generalized angular momentum: [Jk = -tV + — L QI+T® =~ ]

2 2
9, Y3 T3 1
J3__7’%+_+n§ [H,J5] =0, Jsp =Ky, K= 5(1"‘”"‘20
Ground state: kK =0 | == | = — 117 =0, n=-1
e A toi . q; $ +5q§ (—i7kOk + g3 + m)yp =0,
symptotic expansion: ~ Do —_— S
ymp P (A—l‘&o)5¢:0
[ T — 00 ]
B cos (nf — x)
Pair of orthogonal scalar dipoles  d¢ ~ K, (y/kor) | sin(nf — x)
0
(A — 4(g + m)2)u1,2 = 82’11,1,2 V1 ~ eil((P_X)Kl(\/ll(g + m)2 — g2 ’I“)
> .
(A —4(g £ m)*)v1 2 = %019 vg ~ M@= (\/4(g — m)? — €27)

Asymptotic fermionic field: a pair of orthogonal 2-poles,
together with a pair of collinear 2**-poles




Fermions couped to a baby Skyrmion
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Massless localized fermions:

m=0, us=v1, U3 = —vy

@ Solutions found numerically by the shooting
method;

@ Spectral flow is in agreement with the index
theorem

@ There are two types of the modes, the solutions
are characterized by the number of nodes
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Fermion-Skyrmion system: vanishing potential
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Fermion-Skyrmion system: Filling factor 2
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Magnetic SKyrmions
& Heisenberg model: [H — Z JijSiSj] => [ %/d% anm-anm} T T
i<j=1

/'

classical nearest neighbour interaction
mean field approximation

@ Dzyaloshinskii-Moriya - -
interaction: [HDM = ZDz'j (i x Sj)} - [D/d% m - (V x mﬂ

® Zeeman interaction: | Hegr = B-m T
%

Chiral magnetic Skyrmions:




Magnetic SKyrmions

Field equation: JAm — 2DV x m + B=0 m1 = sin f(r) cos(Qyp — 9);
mgo = sin f(r) sin(Qy — d);
a=2D/J, u=|B|/J mg = cos f(r)

/ Q2 \
E:27r/rdr{ f —|— sm2f—ucosf
4 (87 : L / Q .
sin(@Qm) sin(éd + Q=) | f* + — sin(2f)
Qci : sin(Qm) sin(d + Q) = { gzsind ’ g g 2 i
Bloch-type skyrmions: 6 =+ x/2 Néel-type skyrmions: =0, &

& __.,,..-.r'r"f"',. X
'fff #






Fermion-magnetic Skyrmion system in 2+1 dim

-

| H = Hox + Hy] - iHSk:;Wq;)ZDa (v>9) _E'ﬂ

5 N My = Tt43 (—w’“ak, + e Ay +m + g7 - $) mpJ
Ak: — E (07 —Y, .’E) b

Stationary configuration: q_; = $(r, 6), ¥ =1(r, 9)6—’5875

r

@ Field equations: Ad —2V X ¢+ B — gipT 937 = 0

[ 33 (—z'fykak + e Ap +m+ g7 - q’s’) b = szp}

Spin-lsospin fermions

\

vy (1)e®
ivg (1) eti+n)e

up (r)ettH1)e - Vi Tk
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@ Generalized angular momentum:

p@ = A
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Chiral Fermions bounded by a fermionic mode
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Chiral Fermions bounded by a fermionic mode
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@ Backreaction of the localized fermions may strongly affect the

form of the solitons

@ Localization of the fermions produces additional channels of
interaction between the solitons

@ Fermionic exchange interaction may bound solitons with
repulsive scalar interaction, e.g. Skyrmions with DM
interaction, or with holomorphic potential

@ Fermion-Skyrmion system in 3+1 dim?

@ Other topological solitons with localized fermions?

@ Dynamics of the solitons with localized fermionic modes?

@ Unconventional superconductivity in magnetic materials?
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