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The Left Hand of the Electron, Issac Asimov, circa 1971

» An Essay on the Discovery of Parity Violation by the Weak Interaction

THE LEFT HAND
OFTHEELECTRON

» ... And Reflections on Mirror Symmetry in Nature



Parity Violation in Beta Decay of ®’Co - Physical Review 105, 1413 (1957)

Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia Universily, New Vork, New York
AND

E. AMBLER, R. W. Havywarp, D. D. HoppEs, aND R. P. Hubpsox,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)
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» T.D. Lee and C. N. Yang, Phys Rev 104, 204 (1956)
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Chirality in Nature

Molecular Chiral Enantiomers

Handedness: Broken Mirror Symmetry
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Chirality in Nature

Molecular Chiral Enantiomers

Handedness: Broken Mirror Symmetry

Chiral Diatomic Molecules
U(r) = f(r) (v +iy)

Mirror

Broken Mirror Symmetries

I, \IJ(I‘) = f(?“) ('T - iy)
Broken Time-Reversal Symmetry

TU(r) = f(r) (z —iy)

Realized in Quantum Condensates



Parity Violation in a Superfluid Vacuum of Liquid *He

Chiral P-wave BCS Condensate
N/2

[y ) = [// s e ! (c: )L, (v)] | vac)

Vo (r) = £(I71/€) (2 +y) xSie)
» P.W. Anderson & P. Morel, Phys. Rev. 123, 1911 (1961)

S0(3)s x SO(3)L x U(1)n X T x P —> 80(2)g x U(1)y,_ X |22

Realized as the Ground State of Superfluid *He



Realization of Broken Time-Reversal and Mirror Symmetry by the Vacuum State of *He Films
» Length Scale for Strong Confinement: S0(3)s x S0(3)L X U(1)y x T x P
§0=hvf/27rkBTcm20—80nm ,U
» L. Levitov et al., Science 340, 6134 (2013)

» A. Vorontsov & J. A. Sauls, PRL 98, 045301 (2007)

Stripe Phase
I L,=1,5.=0
% 10 20
D/€0 Ground-State Angular Momentum
) = N
(0 W) (et )= n 7
Uy U/ anum 0 po +ipy ~ e Open Question



Signatures of Broken T and P Symmetry in *He-A

What is the Evidence for Chirality of Superfluid *He-A?
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Signatures of Broken T and P Symmetry in *He-A

What is the Evidence for Chirality of Superfluid *He-A?

Broken T and P ~~ Anomalous Hall Effect for Electrons in *He-A

Broken Symmetries ~» Topology of *He-A

Chirality + Topology ~~ Chiral Edge States



Real-Space vs. Momentum-Space Topology

Topology in Real Space
U(r) = [@(r)| ™ Phase Winding

C 1 - 1
N = — dl- —
R SR ]
» Massless Fermions confined in the
Vortex Core

Im[V¥] € {0, +1,+2, ...



Real-Space vs. Momentum-Space Topology
Topology in Real Space
U(r) = [W(r)|e”™

(o

Chiral Symmetry ~
Topology in Momentum Space

U(p) = A(ps L ipy) ~ =%

Phase Winding

1 - 1
Ne = — dl- —Im[V¥ 0,+1,+£2,...
o= 5= § df im(vI) € 0,21, 42,
» Massless Fermions confined in the
Vortex Core

Topological Quantum Number: L, = +1

1 1
ND:—%d-ilmV\I/ =l
» Massless Chiral Fermions
» Nodal Fermions in 3D
» Edge Fermions in 2D



Massless Chiral Fermions in the 2D ®He-A Film

Edge Fermions: G%, (p,e;z) = T pr’ e~v/¢a =hvp/2A ~10° A > h
g edge(p ) € + Z'y o Ebs(pH) gA f/ /pf

> & = —cpj with c = A/p; < vy » Broken P & T ~» Edge Current
1.0—= Chiral Edge State Dispersion
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» J. A Sauls. Phvs. Rev. B 84 214500 (2011)



Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid

> R> & ~ 100nm

» Sheet Current :

JE/de¢(w)




Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid

> R> & ~ 100nm

» Sheet Current :

JE/dmL,(w)

> Quantized Sheet Current: %nh (n = N/V = *He density)

» Edge Current Counter-Circulates: - w.r.t. Chirality: l1=+z



Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid
A~(PX+1P2 z
> R> & ~ 100nm

» Sheet Current :

JE/dew(x)

~>

> Quantized Sheet Current: inh (n = N/V = *He density)

1 "
» Edge Current Counter-Circulates: J = ~1 nh w.r.t. Chirality: 1 = +z

> Angular Momentum: L. = 27 h R® x (f% nh) = —(Nhole/2) b

Niole/2 = Number of 3He Cooper Pairs excluded from the Hole

. An object in ®He-A inherits angular momentum from the Condensate of Chiral Pairs!



Electron bubbles in the Normal Fermi liquid phase of >He

Z 3
, He E

X
A "
3nm —>
! Ve
-—£&
» Bubble with R ~ 1.5 nm, > QPs mean free path I > R
0.1nm = Ay < B < £o 2 80nm > Mobility of 3He is independent of T for

> Effective mass M ~ 100ms3 T. < T <50 mK

(ms — atomic mass of 3He) B. Josephson and J. Leckner, PRL 23, 111 (1969)
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ve VaH

> Current: v = | € + pan€ X 1 R saimelin, M. Salomaa & V. Mineev, PRL 63, 868 (1989)

» Hall ratio:  tanoa = vau/ve = |pan/11 | |




Detection of Broken Time-Reversal & Mirror Symmetry in *He-A

Measurement of the Transverse e- mobility in
Superfluid 3He Films

f=0.06-6Hz
Vp=01-1V

left electrode -
O 1, =1"+il'
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right electrode 4®] %, =
O @) - r .yl
< 50 IO | I, =1, +il,

electron O -
bubbles

H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)



Detection of Broken Time-Reversal & Mirror Symmetry in “He-A

Measurement of the Transverse e- mobility in

Superfluid 3He Films
f=0.06 -6 Hz left electrode P
Vi,=01-1V ﬂlL:ILHIL
right electrode 4@} % = _
= < 50 ° 45 T L=l +il,

" electron
bubbles

Transverse Force from Skew Scattering
~s Al =11, =0
o1

U= uLE+ ;ng/fxﬁ} O

H. Ikegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)
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Detection of Broken Time-Reversal & Mirror Symmetry in *He-A

Transverse e- bubble current in 3He-A

AT o[

B [Tesla]

£ o £
3

AI’L’ITL 20 T T T

-20 " I " I N 1 "
0.2 0.4 0.6 0.8 1
T (mK)

H. lkegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)
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Detection of Broken Time-Reversal & Mirror Symmetry in *He-A

Zero Transverse € current in 3He-B (7 - symmetric phase)
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H. lkegami, Y. Tsutsumi, K. Kono, Science 341, 59-62 (2013)



Detection of Broken Time-Reversal & Mirror Symmetry in *He-A

Zero Transverse € current in *He-B (7 - symmetric phase)
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e~ Mobility in ®*He-A - Anomalous Hall Angle

Ve VaH
. ~ 2 » Hall ratio: tana = vy /ve = n
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> H. lkegami et al., Science 341, 59 (2013); JPSJ 82, 124607 (2013); JPSJ 84, 044602 (2015)



Theory of Electrons in Chiral Superfluids

» Structure of Electrons in Superfluid 3He-A

» Forces of Moving Electrons in Superfluid 3He-A

4

» Scattering Theory of *He Quasiparticles by Electron Bubbles



Forces on the Electron bubble in *He-A:
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g Md%, =e€ +Fqp, Fgp - force from quasiparticle collisions



Forces on the Electron bubble in *He-A:

d . . ..
> MoTZ =e€ +Fqp, Fgp - force from quasiparticle collisions
» Fop = —%} Vv, ? — generalized Stokes tensor
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Forces on the Electron bubble in *He-A:

dv
M-— =¢e€ +Fop,
> Mg Tt e

g A d
» Fop=—n-v, n

Fgp — force from quasiparticle collisions

— generalized Stokes tensor

o nL Nan 0 )
»n=|—Naww mnL O for broken PT symmetry with 1 || e,
0 0 77”
dv R
PME—GS N1V + v>< Beg, for& L1

C ~
> Beg = _;T]AHI

Beg ~ 10 —10*T 111



Forces on the Electron bubble in *He-A:

d . . ..
> Md%fl =e€ + Fqp, Fgp — force from quasiparticle collisions
» Fop = —? Vv, ? — generalized Stokes tensor
o nL Tan 0 )
»n=|—Naww mnL O for broken PT symmetry with 1 || e,
0 0 77”
dv R
PME—GS N1V + v>< Beg, for& L1

- Beﬁ:_gnAHi Beg ~ 10 —10*T Il

d -1
Mobility: 2 = 0 ~ v= HS, where 1 = e<1_7>
o H H

v



T-matrix description of Quasiparticle-lon scattering

» Lippmann-Schwinger equation for the T-matrix (e = E +in; n — ()+):

3 7./
TR %, B)=TE k) + / %T}?(k’, k”)[é?(k”, E) - GRK, E)]T?(k”, K, E)
. 1 e+&  —AK) - B2 K2
G5, B) = 5 ! C Be= @+ IARP, &= -
SR\ AR e-s @

» Normal-state T-matrix:

TII\}(I;/» R) _ (tﬁ (l;', f()

0
2 2 in p-h (N
. f[tﬁ(fk',fk)]f) in p-h (Nambu) space



v\k’ Ak/
T-matrix description of Quasiparticle-lon scattering @

» Lippmann-Schwinger equation for the T-matrix (e = E +in; n — ()+):
d3k//
(2m)?

1 e+& —AK) - 22
2_E2 AR e—g 5 £ +1Aak)2, §k:2

TEK K B) =T, K) + TR0 KOG, B) - GROC B)|TE (K K, )

GE(k,E) =

» Normal-state T-matrix:
R {./ 1
TH(K k) = (tN(lg k) f[tﬁ(f?(',ff()ﬂ) in p-h (Nambu) space, where
R (K k) Z (20 + 1)e” sin 6, P,(k’ - k), Pi(z) — Legendre function
=0

» Hard-sphere potential ~ tan§; = j;(kyR)/ni(ksR) — spherical Bessel functions

» kyR — determined by the Normal-State Mobility ~» kR =11.17 (R = 1.42nm)



Weyl Fermion Spectrum bound to the Electron Bubble

2
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Weyl Fermion Spectrum bound to the Electron Bubble

2
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Current bound to an electron bubble (kyR = 11.17)
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» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)




Determination of the Stokes Tensor from the QP-lon T-matrix
(i) Fermi's golden rule and the QP scattering rate:
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Determination of the Stokes Tensor from the QP-lon T-matrix
(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming
2 Ny NP 1 ——— L
(K, k) = T WK KB - Bo). WK, k) =7 > (Ko7 |Ts]ko,7) [

(ii) Drag force from QP-ion collisions (linear in v):  » Baym et al. PRL 22, 20 (1969)

Fop = — > h(k' —k) [hk'vfk (- aaf;) — nkv(l — fi) <—%)} k', k)
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Determination of the Stokes Tensor from the QP-lon T-matrix
(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming
2 2p & 2 By L ’ 7 )
F(k’,k):%W(k’,k)&(Ek/—Ek), WK,k =5 Y (Ko7 |Ts]kor)[

T'oliTo

(ii) Drag force from QP-ion collisions (linear in v):  » Baym et al. PRL 22, 20 (1969)

/ ’ 8fk’ 8fk ’
Fop = — > (k' —k) [hk vf <— ) — hkv(l — fu) <_7>] (', k)
== o (e o) (-

(iii) Microscopic reversibility condition: W (k’,k : +1) = W (k, k' : 1)

Broken T and mirror symmetries in *He-A = fixed I ~» W (k' k) # W(k,k') J




Determination of the Stokes Tensor from the QP-lon T-matrix
(i) Fermi's golden rule and the QP scattering rate:

outgoing incoming
2 PN PN 1 T
(K, k) = T WK KB - Bo). WK, k) =7 > (Ko7 |Ts]ko,7) [

(ii) Drag force from QP-ion collisions (linear in v):  » Baym et al. PRL 22, 20 (1969)

Fop = — > h(k' —k) [hk'vfk <— %f;) — nkv(l — fi) <—%)} k', k)

k,k’

(iii) Microscopic reversibility condition: W (k’,k : +1) = W (k, k' : 1)

Broken T and mirror symmetries in *He-A = fixed I ~» W (k' k) # W(k,k') J
(iv) Generalized Stokes tensor:

- of nL mau 0
And ij = dE | —2— i (E hed
Fop=—17-v ~ i n3pf/0 ( 8E>UJ( )J n=/|-nwm no O
0 0 m
kS
ng = 37@ — ®He particle density, 0;;(FE) — transport scattering cross section,
™

f(E) = [exp(E/kpT) +1]"" - Fermi Distribution



Mirror-symmetric scattering = longitudinal drag force

e 1o}
FQP = —(1_7> -V, Nig = ngpf/ dFE —27’)“ O’ij(E)
o OF

Subdivide by mirror symmetry: \:k/
W, k) = WORK) + WO, k),

(+) ,3/ / L TR T :
o H(E)="2 A ZE (K - k) (K — k)] S— (K, K E
i (B)=7 N S = I( )G = kj)] S )

Mirror-symmetric cross section: W('”')(l;'7 k) = [W (K, k) + W (k,k')]/2

doH) D &
K k E WK K)——
Qe (ks B) = (27”72) k’ 2
VE )l
~ Stokes Drag nm) = 77(+) L, niz) =mn) ., No transverse force [nfj')} » =0
i#£]



Mirror-antisymmetric scattering = transverse force

s e af
Fop=—1n-v, nij= nspf/o dE (—2@) oi;(E)

Subdivide by mirror symmetry: k/ k
W (k' k) = W (K k) + WK k), \/

0ii(B) = o (B) + o (B) , ‘//ﬁ/g- fﬁj;\\

(=)
=) 3/ A L, s do fpon [
o, (B)=— A — leiin(k’ x k)g k' Kk E)|f(E

Mirror-antisymmetric cross section: W ™) (k' k) = W (K, k) — W (k,k)]/2

=) . * 0\ 2 A
o0 @ sm) = (2 E__ wouky—2
dQ ’ 27Th2 o =

k B2 — |A(K)? B2 — |Adk)!2

(=) (

Transverse force  1)g,’ = —ny;)

=naH = anomalous Hall effect

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)



Differential cross section for Bogoliubov QP-lon Scattering kyR = 11.17

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)



Theoretical Results for the Drag and Transverse Forces
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» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)



Comparison between Theory and Experiment for the Drag and Transverse Forces

T
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< 103
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1[)15’ — theory
F|O O experiment
1[)() T L
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L
> pL=e 5 5
N1+ Nan
TIAH
> pAH = —€ 55—
L+ Man

» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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» Hard-Sphere Model:
kfR=11.17

» O. Shevtsov and JAS, JLTP 187, 340353 (2017)
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Summary

Electrons in ®He-A are “dressed” by a spectrum of Chiral Fermions

Electrons in ®He-A are “Left handed” in a Right-handed Chiral Vacuum
~ Ly 2 —(Npubble/2)h = =100 2

Experiment: RIKEN mobility experiments ~» Observation an AHE in 3He-A
Theory: ~ Quantitative account of RIKEN mobility experiments

Scattering of Bogoliubov QPs by the dressed lon ~~
e Drag Force (—n, V)
e Transverse Force (Sv X Beg)

c

®
Anomalous Hall Field: By ~ % k% (k;R)? ("A”) 1~10°—10'T1
3T TN

Mechanism: Skew/Andreev Scattering of Bogoliubov QPs by the dressed lon
Origin: Broken Mirror & Time-Reversal Symmetry ~~ W (k, k') # W (k’, k)
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Summary
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~ Ly 2 —(Npubble/2)h = =100 2

Experiment: RIKEN mobility experiments ~» Observation an AHE in 3He-A

Theory: ~~ Quantitative account of RIKEN mobility experiments

Scattering of Bogoliubov QPs by the dressed lon ~~
e Drag Force (—n, V)
e Transverse Force (Sv X Beg)

c

®
Anomalous Hall Field: By ~ % k% (k;R)? (”A”) 1~10°—10'T1
3T TN

Mechanism: Skew/Andreev Scattering of Bogoliubov QPs by the dressed lon
Origin: Broken Mirror & Time-Reversal Symmetry ~~ W (k, k') # W (k’, k)

Open Problem: Theory of Radiation Dominated Motion of Electrons in a Chiral Vacuum



Vanishing of the Effective Magnetic Field for 7' — 0 Breakdown of Laminar Flow

Bw= 59%x10°T <”ﬂ>
7N

19 x10*

0‘%40 0.2 0.4 0.6 0.8 1.0
T/T.

Nzey/TN|T=0.8T. ~ pr



Vanishing of the Effective Magnetic Field for 7' — 0 Breakdown of Laminar Flow

Bw= 59x10°T <M> i\ T\9/2
N Re=Ren (™) s~ (28
%10 n T—0 T
1.2 10f
10° 35
1.0 104 3.0
e 25
£2.0
0.8 102 S15
— ~ 1.0
=06 10N 0.5 ~ T
= ] 0 \
A e 10 0970 02 04 06 08 10
10~ T/T.
0.4 102
1073
0.2 10~
107°
0.
0 0.2 0.4 0.6 0.8 1.0 10-6
T/T. 0.0 0.2 04 0.6 08 1.0
. T/T.
Nay/IN|T=0.8T, X — Ren = 6.7 x 107¢

prR



Breakdown of Scattering Theory for 7" — 0

4.0

B Viabe
3.5 -0 VLandau

T/T.

1.0

Electron Bubble Velocity
Va = unEn = 1.01 x 10 *m/s

VZNNENUH*N
n

Maximum Landau critical velocity
V" 2 155 X 10_4m/sAA7(T)

kv Te
Nodal Superfluids:
Ve = A(p)/ps — 0 for p — Pnode
EDoppler — pr
(p)

p

» Radiation Dominated Dampling for
T <017



Radiation Damping - Pair-Breaking at 7' — 0

Is their a transverse component of the radiation backaction?

\/\/\/\/

Stochastic Radiative Dynamics

Fluctuations of the Chiral Vacuum

» Mesoscopic lon coupled and driven through a Chiral “"Bath”



Thank You!

The End



Feynman-Vernon Path-Integral Formulation of the Dynamics

> lon 4 *He (“Bath” of quantum & thermal fluctuations) + *He-lon Interation:

P2
H = TM —cE - R+ Hbath I Hlnt, mt Z /d37«\IJT R)\I/a(r)
a="T,{
> Reduced density matrix (RDM) for the lon: f(R,R’,t) = (R|f(¢)|R’) = Trpamn {R|p(t)|R")},

> Time Evolution of the Reduced Density Matrix:
f(R,R/,t) = /dSRi/d3R§ J(R,R/,t;Ri, R}, to) fi(R:,R})

> Path integral representation of the RDM propagator over forward (R+) and backward (R_) sub-paths:

R/

o J(R, R, t; Ri, R}, to) /©R+/©R exp{h(S[R+] fS[R,])}F[R%R,],

R; R/

t 2
e S[R] = / dr {MZR +eE- R] — Action of a free lon
to

e F[Ry,R_|=Tr {ﬁT LA{gath[R,; t, to] Unatn [Roy ; , to]} — Feynman-Vernon influence functional



Stochastic Dynamics of an Heavy lon in a Quantum Bath

> Forward and backward paths in RDM propagator:
X — Ri+R_

Y =R, — R_ ~ fluctuations around “classical” trajectory

~ “classical” trajectory,




Stochastic Dynamics of an Heavy lon in a Quantum Bath

> Forward and backward paths in RDM propagator:
X — Ry +R-

Y =R, — R_ ~ fluctuations around “classical” trajectory

~ “classical” trajectory,

» Heavy, slow lon in a bath of light and fast gasiparticles:
M > m & |V| < vy — trajectory fluctuations are “small”




Stochastic Dynamics of an Heavy lon in a Quantum Bath

> Forward and backward paths in RDM propagator:
X — Ry +R-

Y =R, — R_ ~ fluctuations around “classical” trajectory

~ “classical” trajectory,

» Heavy, slow lon in a bath of light and fast gasiparticles:
M > m & |V| < vy — trajectory fluctuations are “small”

» Feynman-Vernon influence functional to ~ O(Y?):
FIX, Y] = Y i0[X, Y] = i®:[X, Y] — 02[X, Y]
—— N —

~O(Y) ~O(Y2)




Stochastic Dynamics of an Heavy lon in a Quantum Bath

> Forward and backward paths in RDM propagator:

Ri+R- . . .
X=—+T22" _ “lassical trajectory,

Y =R, — R_ ~ fluctuations around “classical” trajectory

» Heavy, slow lon in a bath of light and fast gasiparticles:
M > m & |V| < vy — trajectory fluctuations are “small”

» Feynman-Vernon influence functional to ~ O(Y?):
FIX, Y] = Y i0[X, Y] = i®:[X, Y] — 02[X, Y]
—— N —

~O(Y) ~O(Y?2)
» Hubbard-Stratonovich transformaﬁiont
_ 1
¥ — [oestewlen |3 [ arvn o),
to
&(t) ~» Stochastic Force on the lon




Stochastic Dynamics of an Heavy lon in a Quantum Bath

>

Forward and backward paths in RDM propagator:
X — Ry +R-

Y =R, — R_ ~ fluctuations around “classical” trajectory

~ “classical” trajectory,

Heavy, slow lon in a bath of light and fast gasiparticles:
M > m & |V| < vy — trajectory fluctuations are “small”

Feynman-Vernon influence functional to ~ O(Y?):
FIX, Y] = Y i0[X, Y] = i®:[X, Y] — 02[X, Y]
—— N —

~O(Y) ~O(Y2)
Hubbard-Stratonovich tra nsformaﬁion

e [oeslewles |1 [ ar¥)-em)].

to
&(t) ~» Stochastic Force on the lon

Stochastic field correlation function:
St 1) = (KR @)K (t2)) — (K (1)) (K9 (2)),

K (0) = U X5t to] { W Hina X | Ubaen (X 1, 0,
(€. (860 (1)), = 2ReS N (. 19). (. VN=tr{ppr.. .}




v

v

After Hubbard-Stratonovich transformation the RDM propagator becomes:

JR, R, t;R;, R, to) o</©£ S[é(t)]/’DX/@Y

exp {

7

h

/t
to

dr {MX-Y—&-eE~Y+Y-<K[X](7)>—Y-§}}

Integrating out 'Y we arrive at the Langevin equation:

MX+wm+<Kma»=ém@

o self-consistent stochastic equation (mean force and stochastic field depend on X)
e describes semiclassical dynamics of the ion in presence of electric force and qp/gh
scattering/emission

Split ion’s velocity into regular and fluctuating components:

~ M+ |e|E+<K[V](t)>+ <K[1V](t)> + <K[2"](t)> =X
&

X(t) =V +v(t)

Approximate solution scheme:

<<K[1"] (t)>>£ =0: Mv+ <K[1V] (t)> My 2D e+ <K[V] (t)> i <<K[2V] (t)>>

static ion  ~O(lv/v¢|.€)  ~O(|v/vf|2,€2)

3

=0



Solution to the Langevin equation allows to extract the effective mass:
t
M, + / dryis(t— Ty (1) = €(1), x(w) 225 —iwdM ~> Meg = M +0M

Low velocity limit: i.e. small applied field E:  eE — n,tV =0,

Mot (T, M, R) = nv=o(T, R) + Nuct(T, M, R) . nv=o(T — 0) = nspyoy (py)
Josephson-Leckner (1969)

—16.35
SM 3 .- (1 . <k3T> 2) 1.008 101072
— 7 z Y f . - N L]
16401 m 2 4 Ef S 0s
__1.0061 I
—16.45 = § 0.6 .
=] g []
g J S04y o =
= -16.50 < 1004
) Q 0.2
&= 0 0002 0004 0006 0008 001
—16.55 T kpT/Ey
Z 1002 Niiuer ~ M2
—16.60
V=0 1073 — 1072
s 1.000 Tfluct
70.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05

kT /Ej kpT/E;




Momentum-Space Topology of Nambu-Bogoliubov Hamiltonian
Hamiltonian for 2D Chiral Superfluid (*He-A Thin Film & SroRuOy):
= [(pl*/2m* =) elpe + ipy) .
H= . 2 * = m(p)
c(pz —ipy)  —(Ipl°/2m" —p)

[

= . = 2
m = (cpy, Fepy,£(p)) with [m(p)|* = (|p|*/2m — p)” + P pl> >0, u#0



Momentum-Space Topology of Nambu-Bogoliubov Hamiltonian
Hamiltonian for 2D Chiral Superfluid (*He-A Thin Film & SroRuOy):
4 <<|p|2/2m* —) lelps +ipy) )

c(pe —ipy)  —(Ipl*/2m* — p)

[

= m(p) -

= . = 2
m = (cpy, Fepy,£(p)) with [m(p)|* = (|p|*/2m — p)” + P pl> >0, u#0

» Topological Invariant for 2D chiral SC <+ QED in d = 241 [G.E. Volovik, JETP 1988|:

om om _ ==1l B [,L>OandA;éO
m(p) <6pzxapy)_{ 0; p<O0xA=0

J




Momentum-Space Topology of Nambu-Bogoliubov Hamiltonian
Hamiltonian for 2D Chiral Superfluid (*He-A Thin Film & SroRuOy):
=~ ((pP/2m* =) elpe +ipy) ;
H= . 2 * = m(p)
c(pz —ipy)  —(Ipl"/2m" — p)

[

N . = 2
m = (cpy, Fepy,£(p)) with [m(p)|* = (|p|*/2m — p)” + P pl> >0, u#0

» Topological Invariant for 2D chiral SC <+ QED in d = 241 [G.E. Volovik, JETP 1988|:

d’p . (am am) +1; p>0amdA#0
N = _— . X — = Z
c mP) - (5, Oy 0; p<O0uaA=0

“Vacuum" (A = 0) & Nc =0 || ®He-A (A # 0) with Nc = 1

Zero Energy Fermions 1 Confined on the Edge




Superfluid Phases of *He in a Magnetic Field for P < Ppcp

Zeeman Energy for Spin-Triplet Pairing

04 06 08 L0
T [mK]

Spin-Triplet, P-wave Order Parameter

\IITT \IITwL _ —d, + idy d.
Uy Wy d. d, +idy

L.=1,8,=0
Ut = Wy = Po + iy
“Isotropic” BW State

J=0,J.=0
Uit = Pa — 1Py, Vi = Po + Py, Y1, = P2



Two Fluid Motion for a moving electron bubble as 7' — 0

» An ion moving through a fluid experiences a force originating from the scattering of excitations off the ion.
> 3He-A at T # 0 ®He-A: a condensate of chiral Cooper pairs & a fluid of “normal” chiral Fermions.

M%zeE—l—eVX Bw —nV

e Dynamical Effective Mass of the lon: M < Backflow & Virtual Excitations
e Stokes Drag Force on the lon: Fg.; = —nV < Dynamic Viscosity

e Chiral Effective Magnetic Field: By = fEnzyi < Anomalous Hall Response
e

2pVR
v

> Stokes' drag for a sphere of radius R: 7 = 67 v R ~» Reynold's Number: Re =

> Normal *He: p = 0.0819g/cm® v = ——— ~1.7x 10 °m?/V-s ~ R=142nm  kyR = 11.17
n3pfoy
» Derived Parameters: vy = 617NR =3.5x 107 % Pa-s Reny = 6.7 x 1076 Bn = EnN =59x10°T
T e

v

3 Re = Rey v —— L e !
Reynold's Number for flow past an electron bubble in “He-A: = e n T—0 T '




Determination of the Electron Bubble Radius

(i) Energy required to create a bubble:
4
E(R,P) = Ey(Uo, R) + 4nR2%y + ?WR‘?P, P — pressure

(i) For Uy — oo: Eg = —Uy + 72h*/2m.R? — ground state energy
(iii) Surface Energy: hydrostatic surface tension ~» v = 0.15 erg/cm?
(iv) Minimizing E w.r.t. R ~ P = 7h?*/4m.R° — 2v/R

(v) For zero pressure, P = 0:

72 1/4
R= <87r > ~238nm ~ keR=18.67
MeY

Transport ~ kyR = 11.17
» A. Ahonen et al., J. Low Temp. Phys., 30(1):205228, 1978



Mobility of an electron bubble in the Normal Fermi Liquid

o0
> t(K k E) = (21 + Dtf'(E)P(K - k)
=0



Mobility of an electron bubble in the Normal Fermi Liquid

> (k' k; E) =) (20 + Dt(E)P (K - k)
=0

1 .
> tl (E) = —r]\/vfe’wl(E) sin (sl(E)



Mobility of an electron bubble in the Normal Fermi Liquid

> (k' k; E) =) (20 + Dt(E)P (K - k)
=0

1 .
> th(E) = _ereusl(E) sin 51(E)

do m* \2 L,
= () 1@ B




Mobility of an electron bubble in the Normal Fermi Liquid

> (k' k; E) =) (20 + Dt(E)P (K - k)
=0
1 )
> tF(E) = ——— (B gin §(E)

TNy

do m* \2 L,
= () 1@ B

» Non-resonant scattering at T < Ey/kg ~ 3K ~ §(E ~ Ey)




Mobility of an electron bubble in the Normal Fermi Liquid

> (k' k; E) =) (20 + Dt(E)P (K - k)
=0

v

tH(E) = TN,

do m* \2 L,
= () 1@ B

Non-resonant scattering at T’ < Ey/kg =~ 3K ~ §(E ~ Ey)

(B sin §,(E)

v

Ay . do 47 & 9
v 1-k-k = — 1 -
On / . ( )ko/ kj% ;(l + 1) sin® (841 — &1)

v




Mobility of an electron bubble in the Normal Fermi Liquid
> (k' k; E) =) (20 + Dt(E)P (K - k)
=0

tH(E) = TN,

do m* \2 L,
= () 1@ B

Non-resonant scattering at T’ < Ey/kg =~ 3K ~ §(E ~ Ey)

dQy - o, do A & .9
v 1-k-k - 1 -

¢ hk i
= , = , ny — ———
M — pr f 3= 3.2

v

(B sin §,(E)

v

v




Theoretical Models for the QP-ion potential

Uy, r < R,
» U(r)=4q-U1, R<r<ZR,
0, r>R.

v

~ Hard-Sphere Potential: U; =0, R' = R, Uy — o0

» U(x) =Up [1 —tanh[(xz — b)/c]], = =kyr

v

U(z) = Up/ cosh®[az"], x = ksr (Pdschl-Teller-like potential)

v

Random phase shifts: {0;|/ = 1...lnax} are generated with Jg is an adjustable parameter

v

Parameters for all models are chosen to fit the experimental value of the normal-state
mobility, u5® = 1.7 x 107 m?/V - s



Theoretical Models for the QP-ion potential

Label | Potential Parameters

Model A | hard sphere kfR=11.17

Model B | repulsive core & attractive well | Up = 100E;,Uy = 10Ef,kgR’ =11, R/R' = 0.36
Model C random phase shifts model 1 ez = 111

Model D | random phase shifts model 2 Imax = 11

Model E | Pdschl-Teller-like Uo =1.01Ef,kfR =22.15,a0 = 3 x 1075 n=4
Model F | Pdaschl-Teller-like Up=2E;,kfR=19.28,a =6 x 107%n=4
Model G | hyperbolic tangent Uo = 1.01Ef,ky R = 14.93,b = 12.47,c = 0.246
Model H | hyperbolic tangent Uo =2E;,kyR=14.18,b = 11.92,c = 0.226
Model | soft sphere 1 Uo = 1.01Ef,ky R = 12.48

Model J soft sphere 2 Up =2E¢,kyR=11.95




Hard-sphere model with kR = 11.17 (Model A)
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Comparison with Experiment for Models for

(@)

3
=
5
S

the QP-ion potential

6 6
10 — © 10° ;
10°} 105 ]
10°L z 00 U1 -
g b
10°L = 10 N ]
0.5 Ed N
1024 X 102
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Broken Time-Reversal (T) & mirror (II,) symmetries in Chiral Superfluids

v

Broken TRS: T (py + ipy) = (Pz — iDy)

v

Broken mirror symmetry: I, - (pz + ipy) = (Do — iDy)

v

Chiral symmetry: C=T x I, ~ C- (P +iPy) = (Px + iDy)

A A ~

Microscopic reversibility for chiral superfluids: W(R', k; +1 ) =W(k,k'; —1)

v

v

. For BTRS: the chiral axis 1 is fixed ~ W(Elvk; i) == W(f(, RIQD J




Calculation of LDOS and Current Density
4 d3k a3k’ s e s
R/ _ ik'r’ —ikr AR 1,/
Gs(r',r,E) = / (2r)? / (27r)3€ e "Gg (k' k, E)
GE(K k, E) = (2n)*GE(k, E)ow i + GR(K, E)T5(K , k, E)GE(k, E)

AR _ 1 €+ &k —A(f()> _ . +

Gg(k, E) = 52_E12( (—AT(R) e—& )" e=E+in, n—0
_ 1 5R

N(r,B) = —5-Im {Tr [gs (r,r,E)]}
h .

1) = goghsT Z lim Tr (Vi = V)G (', 7, c0)

gfé(r r,F)= QM(r ren)| , formn >0

1€n—>E

G¥ (1 K, ~en) = [ ¥ (K, K e)]|



Angular momentum of an electron bubble in *He-A (k;R = 11.17)
a 47
L(T — 0) ~ —ANuuewel /2; Noubbie = 113 ERS ~ 200 3He atoms

S 5 S S S S ]
C 1.4 T T T T ]
s 12} 4 3
X = 1
= OF QL LoF 13
Z\T5z_ E;O.S— 1 3
N = 06 =
24 L o4} 1
= < ool 13
3 ! 3
%) 2_ O 02 04 06 08 10
- T/T, ]
] e e B e et e B e e e
0: 1 1 P 1
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Temperature scaling of the Stokes tensor components

T
» Forl— — —07:
or T

i

DL ) o —A(T) x y[/1— =

TN Te
i
I o A2(T) x 1 — —
Ui T.

T
For — — 0T:
g OrT

@

e (z)
TN Te
T <T>3
N T.



Multiple Andreev Scattering ~~ Formation of Weyl fermions on e-bubbles

SHe-A

A(k) = Asin fe'®



