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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)
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Chirality in Nature

Molecular Chiral Enantiomers

Handedness: Broken Mirror Symmetry
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Molecular Chiral Enantiomers

Handedness: Broken Mirror Symmetry

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

Mirror

Broken Mirror Symmetries
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Broken Time-Reversal Symmetry
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Chirality in Nature

Molecular Chiral Enantiomers

Handedness: Broken Mirror Symmetry

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

Mirror

Broken Mirror Symmetries

[, ¥(r) = f(r) (z — iy)
Broken Time-Reversal Symmetry

TU(r) = f(r) (z —iy)
Realized in Superfluid *He-A



Superfluid Phases of %He in a Magpnetic Field for P < Ppcp _ 3 1
Zeeman Energy for Spin-Triplet Pairing U:=9. /d r Ba [AA ]aﬁ Bg J

Chiral ABM State =2

L.=1,85.=0
“Isotropic” BW State
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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

Spontaneous Symmetry Breaking ~» Emergent Topology of *He-A

Chirality + Topology ~~ Weyl-Majorana Edge States & Chiral Edge Currents



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
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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: =4z



Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid
A~(PX+1P2 z

> R> & ~ 100nm

» Sheet Current :

JE/dew(x)

~>

1
> Quantized Sheet Current: 1 nh (n= N/V = *He density)

» Edge Current Counter-Circulates: J = —i nh w.r.t. Chirality: =4z
» Angular Momentum: L, = 27 h R* x (—i nh) = —(Nhote/2) b

Nhole = Number of 3He atoms excluded from the Hole
. An object in ®He-A inherits angular momentum from the Condensate of Chiral Pairs!

» J. A. Sauls, Phys. Rev. B 84, 214509 (2011)



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:  tana = va/ve = |pan/pL| |




Current bound to an electron bubble (kyR = 11.17)

> ®

Chiral 3He-A =
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» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016) L(T & a
= O) ~ _ﬁNbubble/2l ~ —100Ah1

» JAS PRB 84 214500 (2011)



Skew Scattering of Quasiparticles by Bubble Edge Currents

V= +7%  Structure of an Ion embedded in He-A

(pz +ipy)  (pg —ipy) oo L
€ A-{- AA{r) eti2¢ ... Chiral ... A .Hall" .
bubble T DD @ g
- Currents .-, .. auasiparticle

e o A ERA MRS . LS “wind”

h/pr<RZ &

JAS & M. Eschrig, New J. Phys. | I,075008 (2009)




Mobility of Electron Bubbles in *He-A
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P> H. lkegami et al., Science 341, 59 (2013); JPSJ 82, 124607 (2013); JPSJ 84, 044602 (2015)
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» Hall ratio: tano =
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Forces on the Electron bubble in *He-A:

d
g MCT‘; =e€ +Fqp, Fgp - force from quasiparticle collisions



Forces on the Electron bubble in *He-A:

d
> Mdi‘tf =e€ +Fqp, Fgp - force from quasiparticle collisions
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Forces on the Electron bubble in *He-A:

d
» MY — cg +Fqp, Fgp — force from quasiparticle collisions

dt
» Fop = —7{ -V, 77) — generalized Stokes tensor
- nL Nan 0 .
> 7 — 9w M1 O for chiral symmetry with 1| e,
0 0 ’I7||
dv A
PME—CE niv+ v>< Beg, for& L1
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Forces on the Electron bubble in *He-A:

d
» MY — cg +Fqp, Fgp — force from quasiparticle collisions

dt
» Fop = —7{ -V, 77) — generalized Stokes tensor
- nL Nan 0 .
> 7 — 9w M1 O for chiral symmetry with 1| e,
0 0 ’I7||
dv A
PME—CE niv+ v>< Beg, for& L1

> Beﬁ=—gnAHi B ~ 103 — 10T 11!

d —il
Mobility: CT: —0 ~ v=1E where ji=en

v

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



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)



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

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



Comparison between Theory and Experiment for the Drag and Transverse Forces
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» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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» O. Shevtsov and JAS, JLTP 187, 340353 (2017)



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%:eEJreVX 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

e R @3/2—%\1 Eg/Ql
Reynold’s Number for flow past an electron bubble in *He-A: 2= N n T—0 T ’




Breakdown of Laminar Flow for 7" — 0 Vanishing of the Chiral Magnetic Field
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Breakdown of Laminar Flow for 7" — 0 Vanishing of the Chiral Magnetic Field
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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




Feynman-Vernon Path-Integral Formulation of the Dynamics

> lon 4 *He (“Bath” of quantum & thermal fluctuations) + *He-lon Interation:
P2
H= o —cE-R+ Houn + Hin,  Hint[R)] = Z_T ¢/d:z.\pg(r)v(r “R)U.(r)



Feynman-Vernon Path-Integral Formulation of the Dynamics

> lon 4 *He (“Bath” of quantum & thermal fluctuations) + *He-lon Interation:
2

P
H = m = GE R+ Hbath + Hmt, mt Z,ri/d?)r‘lﬂ— R)lI/a(r)

> Reduced density matrix (RDM) for the lon: f(R,R’,t) = (R|f(t)|R/) = Troaen { (RIA(8)R) },



Feynman-Vernon Path-Integral Formulation of the Dynamics

> lon 4 *He (“Bath” of quantum & thermal fluctuations) + *He-lon Interation:
2

P
H = m = GE R+ Hbath + Hmt, mt Z,ri/d?)r‘lﬂ— R)\I/a(l‘)

> Reduced density matrix (RDM) for the lon: f(R,R’,t) = (R|f(t)|R’) = Trpamn {RrR

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

(HIR)},



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(t)|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(Ri,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 52
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,
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~ “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;




Summary
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>

>

>
>
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>

>

Electrons in 2He-A are “dressed” by a spectrum of Weyl Fermions

Electrons in ®He-A are “Left handed” in a Right-handed Chiral Vacuum
~> Lz ~ _(Nbubble/2)h ~ —100h

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

Scattering of Bogoliubov QPs by the dressed lon
~» Drag Force (—nv) and Transverse Force (Ev X Beys) on the lon
c

@
Anomalous Hall Field: By ~ — k3 (ks R)* DA ) 1108 — 10° T1
3m? YN

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

Ongoing: Radiation Dominated Motion of Electrons and lons in a Chiral Vacuum

New directions for Transport in *He-A & Chiral Superconductors
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» After Hubbard-Stratonovich transformation the RDM propagator becomes:

J(R,R',t;R;, R, to) o</’D£ S[&(t)]/@X/@Y
exp{—;/t:dT {MX-Y—&-eE~Y+Y-<K[X](7)>—Y-§}}

> Integrating out Y we arrive at the Langevin equation:

MX + |e|B + <K[X] (t)> — eI ()



» After Hubbard-Stratonovich transformation the RDM propagator becomes:

JRR 6 R R ) o [ D¢ 3le(0)] [0 [0y
i [t ..
exp{—/ dr {MX-Y—&— eE-Y +Y- <K[X1(T)> —Y-§}}
h Jy,
> Integrating out Y we arrive at the Langevin equation:
MX + |e|E + <K[X] (t)> — ¢Xl(y)

o self-consistent stochastic equation (mean force and stochastic field depend on X)
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» After Hubbard-Stratonovich transformation the RDM propagator becomes:

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

oo {4 [ 1o v (100 v |

> Integrating out Y we arrive at the Langevin equation:
MX + |e|E + <K[X] (t)> — ¢Xl(y)

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:

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

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



v

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:
~ MV + |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)> M@y 2 e+ <K[V] (t)> i <<K[2V] (t)>>

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

£

=0



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(f(/af{; i) # W(Ra Rl§i) J




Confinement: Superfluid Phases of *He in Thin Films

Symmetry or Normal Liquid ®He: G = S0(3)s x S0(2)L x U(1)y X P x T

» Length Scale for Strong Confinement:
& = hvy/2nkpTe ~ 20 — 80 nm



Confinement: Superfluid Phases of *He in Thin Films

Symmetry or Normal Liquid ®He: G = S0(3)s x S0(2)L x U(1)y X P x T

» Length Scale for Strong Confinement:
& = hvy/2nkpTe ~ 20 — 80 nm
A. Vorontsov & JAS, PRL, 2007




Hamiltonian for quasi-2D Chiral Superconductor (SroRuO4 & *He-A Film):
~» Momentum-Space Topology offNgtingBogaliypov F e(p, + ip,) R
H= . s =) 7
c(pe —ipy)  —(p["/2m" —p)
= A 2
= (cpx, Fepy,§(P)) with [m(p)|* = (Ip|*/2m — p)” +*|pl* > 0, n #0

R

Topologlcal\{ \\““
d*p om  Orm +1; pu>0adA#0
Nop = . e ) = ;
2D 7T/ (2m)2 m(p) (apm apy) { 0; p<0aA=0

“Vacuum” (A = 0) with Nop = 0 [ *He-A (A # 0) with Nop = 1

| Zaie By (i s [l Sl e iz (Bde|



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



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)]|



Weyl Fermion Spectrum bound to the Electron Bubble

2

€ exp —6 M
= =1.7x107" —
N n3proy = M x Vs
tand, = ji(k; R)/mu(ksR) = off = % (+ 1) sin(Gies — &) ~ kpR=1117

f1=0



Weyl Fermion Spectrum bound to the Electron Bubble

2

e =T g m
= = =1.7x107" —
HN n3proy Hn Vs

4 fe o)
tand; = ji(kyR)/nu(kyR) = oN = k;r

(1+1)sin®*(§41 — 6) ~ kfR=11.17

f =0
lma.x
N(r,FE) = N (r, E), lmax ~ kR
03 (r,E) m:zz:max (r,E) f
=
~ 0.2
= E
0.1
N
N
0.0 \\ k
N
A




Current bound to an electron bubble (kyR = 11.17)

> ®

Chiral 3He-A =

® -
200 T T T T T T T
1 - - T T
. 3
150| Y ]
o~ =< 1r
g 5-1F
x 100 < 1
= —
50 5001000 1500 2000 2500 |
kygr
0 1 1 1 1 1 1
0 20 10 60 80 100 120 140
kg
i(r)/vs NekpTe = jo(r)ée
» O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016) L(T & a
= O) ~ _ﬁNbubble/2l ~ —100Ah1

» JAS PRB 84 214500 (2011)



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
0 ) 10 15 20 25



Comparison between Theory and Experiment for the Drag and Transverse Forces

T

10%¢

10°k
10'k
§ E
< 103
—
=
10%E
1[)15’ — theory
F|O O experiment
1[)() T L
0.0 0.2 0.4 0.6 0.8 1.0
T/T.
L
> pL=e 5 5
N1+ Nan
TIAH
> pAH = —€ 55—
L+ Man

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

tan o

O e e 5 0 B s e e e s e s
r — theory b
i * ® & Exp. red
: [ ] Exp. blue :
0.2 =

[ ¢ :

oif t % 1
* _

0%"!1

.0 0.2 0.4 0.6 0.8 1.0
T/T,
> tana = Bad| _ TAR
JZan nL
» Hard-Sphere Model:
kfR=11.17

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



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)

100 = L i I —_ Itheory 1
. T T T t + ¢ & Exp. red []
: ¥ 8 Exp. blue i
0.2+ ]
s | t ]
: f
ol fH

,

0%"1|

.0 0.2 0.4 0.6 0.8 1.0
T/T.

03r———T+—"T1 "1 T
05 : : : ]
negative ion 03 “ + { + J
04f ‘!d. 1 0.2 B
® 47x10" m* 1
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g 031 d 1 & { ]
c 10 i
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o1 **% | f ]
\‘: 1
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Comparison with Experiment for Models for the QP-ion potential

0.1

0.0

Label ‘ Potential ‘ Parameters
Model A hard sphere kfR=11.17
Model B attractive well with a repulsive core Up = 100Es,Us = 10E¢, ky R = 11, R/R’ = 0.36
Model C random phase shifts model 1 lmax = 11
Model D random phase shifts model 2 Urnpss = 1k}
Model E Paschl-Teller-like Up =1.01Es, kR =22.15,a = 3 X 10_5, n=4
Model F Paschl-Teller-like Up =2Ef,kyR=19.28, a = 6 X 10_5, n=4

(©) (e) 10° T T

£ £

3 3

£ £

(d [63)

3 3
z i ; (Y 00 3 i ‘ ; i0




Mobility of an electron bubble in the Normal Fermi Liquid

o
(i) (K k; B) = > (21 + Dt (B) R (K - k)
=0



Mobility of an electron bubble in the Normal Fermi Liquid

o
(i) (K k; B) = > (21 + Dt (B) R (K - k)
=0
1 )
(i) t’(E) = _Tewl sin o

NS



Mobility of an electron bubble in the Normal Fermi Liquid

o
(i) (K k; B) = > (21 + Dt (B) R (K - k)
=0
1 .
(i) tf(E) = _ere"” sin 0

... do m* 2 PP
(1) 2o = (o) s B)P



Mobility of an electron bubble in the Normal Fermi Liquid

o
(i) (K k; B) = > (21 + Dt (B) R (K - k)
=0

1 .
(i) t’(E) = _Tewl sin o
TNy

... do m* 2 PP
(1) 2o = (o) s B)P

. o dQy ., do
(iv) oy :/ e (1 —k.k/)ko/ — 2 IZ (14 1)sin? (841 — &)




Mobility of an electron bubble in the Normal Fermi Liquid

o
(i) (K k; B) = > (21 + Dt (B) R (K - k)
=0

1 .
(i) t’(E) = _Tewl sin o

. o Ay . ., do

(iv) oy :/ = (1-— k.k/)ko/ — 2 IE_ (14 1)sin? (841 — &)
: e

(V) Hn ngpfO'H’ by fr N3 32



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)]|



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'®



Angular Momentum of Chiral P-wave Condensates



Angular Momentum of Chiral P-wave Condensates
Chiral P-wave BEC Molecules or BCS Pairs (N Fermions):

N/2
|on) = [//drldm Parsn(t1 —12) Wl (1), (r2) | |vac) \ \ \ 1 \ \\\ 1”‘\1\ \
> 5155 (r) = f([r]/€) (2 +1Y) Xs15,(S =1, Ms =0)
» BEC (¢ < a) vs. BCS (€ > a) I
L. = (N/2)h

< , O



Angular Momentum of Chiral P-wave Condensates

Chiral P-wave BEC Molecules or BCS Pairs (N Fermions):
N/2

|on) = V/dr1dr2 Parsn(t1 —12) Wl (1), (r2) | |vac)

> a5, (r) = f(|r]/€) (T +1iy) Xs1s5(S =1, Ms =0) \ \ \ 1 \ H 1 w
> BEC (£ < a) vs. BCS (€ > a) S

L. = (N/2)h

L. = (N/2)h(a/€)> < (N/2)i ? (P.W. Anderson & P. Morel, 1960, A. Leggett, 1975)



Angular Momentum of Chiral P-wave Condensates
Chiral P-wave BEC Molecules or BCS Pairs (N Fermions):

N/2
|on) = V/drldFQ Ps1ss(r1 —12) BI, (£)Yl, (r2)| | vac) \ \ \ l \ H l”‘\H \
> 0aes (T) = F(IE|/E) (T4 5Y) Xeyss(S =1, Ms = 0) |
» BEC(E<a)ws. BCS(E>a) __

L. = (N/2)h

L. = (N/2)hi(a/€)® < (N/2)h ? (P.W. Anderson & P. Morel, 1960, A. Leggett, 1975)
> L.|Pn) = (N/2)h | Py ) independent of (a/E)! - McClure-Takagi (PRL, 1979)



Angular Momentum of Chiral P-wave Condensates
Chiral P-wave BEC Molecules or BCS Pairs (N Fermions):

N/2
|on) = V/drldFQ Ps1ss(r1 —12) BI, (£)Yl, (r2)| | vac) \ \ \ l \ H l”‘\H \
> 0aes (T) = F(IE|/E) (T4 5Y) Xeyss(S =1, Ms = 0) |
» BEC(E<a)ws. BCS(E>a) __

L. = (N/2)h

L. = (N/2)hi(a/€)® < (N/2)h ? (P.W. Anderson & P. Morel, 1960, A. Leggett, 1975)
> L.|Pn) = (N/2)h | Py ) independent of (a/E)! - McClure-Takagi (PRL, 1979)



Bogoliubov Hamiltonian for Fermions

BCS Mean Field: Aas(r,x') = V(1) i ()3(x")) = Aas(r, p) with p = £V,



Bogoliubov Hamiltonian for Fermions

BCS Mean Field: Aas(r,x') = V(1) i ()3(x")) = Aas(r, p) with p = £V,

Hamiltonian:

H o= /drwur)s(p)wa@)%/dr @' [ Bas (0, YL (R OL ()AL (Yo (1 )b (1)] (1)



Bogoliubov Hamiltonian for Fermions

BCS Mean Field: Aas(r,x') = V(1) i ()3(x")) = Aas(r, p) with p = £V,

Hamiltonian:

H o= / el (R (0) / drf dr' [ Ao (v, YL (0) 0] () + AL (r, ) a (1 )iba (1)]
Bogoliubov Transformation: fy:m :/dr {un,a(r)zpl(r) + vy 0 (i0y)ap(r)Yps (r)}

H=~FEs+ Z 5n,a'7£a')’na with {'Yna,’yjl/ﬁ} = 6nn/5aﬁ

n,a

(1)



Bogoliubov Hamiltonian for Fermions

BCS Mean Field: Aas(r,x') = V(1) i ()3(x")) = Aas(r, p) with p = £V,

Hamiltonian:

U= [arol@emalerry anf ar [ Aas e WAEWHE )+ A, W (0 o)
Bogoliubov Transformation: 7., :/dr {un,a(r)wl(r) + Vn,alioy)as (r)¥s (1‘)}

H = ES + Z En,a'YiLa’Yna with {’Ynayryz/@} = 5nn/5aﬁ

n,a

Nambu-Bogoliubov Spinors: | ) = (u) with u = (UT) v = <vT) obey
v uy vy

(20 2 ©)-0) = sep-wn-den

(1)



2D Chiral A-phase

3He-A confined in a thin cylindrical cavity - h < & and R > &.

» 2D Chiral ABM State:
d(p) = Az (p. +ipy)/ps ~ €"'%P

> Fully Gapped: |d(p)]” = A®

Bogoliubov Equations for Fermionic Excitations: p - =V
i

( pl*/2m* = A(ps +ipy)/ps ) (U) (U>
=

A(pz —ipy)/ps  —IpI*/2m" +pu ) \v v

Anderson’s Iso-spin Representation with particle-hole (Nambu) matrices 7= (71,72, 73)

H=(pl*/2m—p) s+ [Ap. 7 F Ap, 2] /p; =ma(p)- 7



Topological Invariant for Digmipyc| 'i%ﬂh“@ﬂ%%’f&"é%’géﬁjﬁ{ 2D *He-A : H = m( )7
~ m = (epy, Fepy,E(p)) with m(p)|* = (\p| /2m — ,u) +APP>0,u#0

/'/l

"l/ /!//// A
%‘M:/ W

> 0and A #£ 0
uw<0ocA=0

“Vacuum” (A = 0) with Nop =0 ||| *He-A(A # 0) with Nop = 1

|Zero Energy Fermions| 1 [Confined on the Edge|



Weyl Fermions in the 2D Chiral SrRuO4and Al-ye A Films
Edge Fermions: G, . (p,&;z) = PR TLIN

e +iv — ew(p)))
Confinement: & = hvy/2A = 102 — 10° A > h/p;

> € = —cp) with » Broken P & T ~» Edge Current
CcC = A/pf < Uf 1.0 Chiral Edge State Dispersion

N — &(n)

0.5

(.0 |Fermi Energy

—0.5

-1.0
X -10 -08 —-0.6 —-04 —-0.2 ()/.0 02 04 06 08 1.0




Ground-State Angular Momentum of *He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

> Ri, Rz, R1 — R2 > &

> Sheet Current: J = %lnh (n = N/V = *He density)

1
» Counter-propagating Edge Currents: J1 = —J2 = 1 nh

» Angular Momentum:

L. = 2rh (R — R2) x inh _ (N/2)h



Ground-State Angular Momentum of *He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

> Ri, Rz, R1 — R2 > &

> Sheet Current: J = %lnh (n = N/V = *He density)

1
» Counter-propagating Edge Currents: J1 = —J2 = 1 nh

» Angular Momentum:

L. =2rh (R} — R3) x inh = (N/2)h McClure-Takagi's Global Symmetry Result PRL 43, 596 (1979)



Chiral Edge Currents 1
Local Density of States: N(p,z;e) = ——Im gR(p, x;€)
o



Chiral Edge Currents 1
Local Density of States: N(p,z;e) = ——Im gR(p, x;€)
o

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p,z;€) = 2Ny v(p) [N(p,z;2) — N(p', ;)]

Vacuum




Chiral Edge Currents 1
Local Density of States: N(p,z;e) = ——Im gR(p, x;€)
o

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p,z;€) = 2Ny v(p) [N(p,z;2) — N(p', ;)]

Vacuum

Bound-State Edge Current at x =0

30|
0
%
2) ftz)
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Jy(pyx:£) /2Npve
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Chiral Edge Currents

Local Density of States: N(p,x;¢) =

Pair Time-Reversed Trajectories
Spectral Current Density :

J(p,z;€) = 2Ny v(p) [N(p,z;2) — N(p', ;)]

30

10

30

2|

Bound-State Edge Current at x =0

Jy(pyx;2) /2Npv

1
- Img”(p, z;€)

f(e)

H

—10

—30

—10

30

Vacuum

Continuum Edge Current at z = 10

Jy(py x:) /2Npve

=10

05

=10 05 0.0 0.5 0 5



Edge Currents and Angular Momentum

) . +py dp|| o
Ground-State Current Density: J(x) :/ p—/ J(p,x;€)
—py f —oo

Bound-State Contribution (R > £a):

AT Jo(p,z;€) = 2NjuvsAlps|p,e ™/

% [6(5 — ebs(py))) — 0(e — 5bs(plll))]

UHHWHIUMMMMHIW\HMNHN\WMW soun e g Caren:. [ d03,0) = B

Mass Current: vy — ps ~»J — §



Edge Currents and Angular Momentum

) . +py de o
Ground-State Current Density: J(x) :/ p—/ J(p,x;€)
—py f —oo

Bound-State Contribution (R > £a):
TN Jo(p,738) = 2NjusAlpg|p,e /%2
X [8(e = eus(pi)) = 8(e — ens(p'y))]

UHHWHIUMMMMHIW\HMNHN\WMW soun e g Caren:. [ d03,0) = B

Mass Current: vy — ps ~»J — §

> L= / d’r [rg,(r)] = Nh x2 Too Large vs. MT
v



Edge Currents and Angular Momentum

) . +py de o
Ground-State Current Density: J(x) :/ p—/ J(p,x;€)
—py f —oo

Bound-State Contribution (R > £a):

AT Jo(p,z;€) = 2NjuvsAlps|p,e ™/

% [6(5 — ebs(py))) — 0(e — 5bs(plll))]

UHHWHIUMMMMHIW\HMNHN\WMW soun e g Caren:. [ d03,0) = B

Mass Current: vy — ps ~»J — §

> L= / d’r [rg,(r)] = Nh x2 Too Large vs. MT
v

A2p2
C_ ® c A e2 A2
» Continuum (e < —A): Jo = 2Ng vg |pe| < > st (2 €A ac/vx) J

ez — et (py)




Edge Currents and Angular Momentum

) . +py de o
Ground-State Current Density: J(x) :/ p—/ J(p,x;€)
—py f —oo

Bound-State Contribution (R > £a):

AN Jo(p,z;€) = 2NjuvsAlps|p,e ™/

% [6(5 — ebs(py))) — 0(e — 5bs(plll))]

UHHWHIUMMMMHIW\HMNHN\WMW soun e g Caren:. [ d03,0) = B

Mass Current: vy — ps ~»J — §

> L= / d’r [rg,(r)] = Nh x2 Too Large vs. MT
v

A2p2
C_ ® c A e2 A2
» Continuum (e < —A): Jo = 2Ng vg |pe| < ) st (2 €A m/vx) J

ez — et (py)

> LS = / &r [7’ gg(r)} = —%Nh s L®% — (N/2)fi - MT Result Recovered!
1%



Thermal Excitation of Chiral Edge Fermions

Thermally Excited Edge Fermions Carry the Opposite Current

Jy(p|,x;€) /2Ngve

301

20F

10

f(e)forT/T.=0.5

a = —0.50m
a = —0.45m
a = —0.40m
a = —0.357
a=—0.30m
a = —0.25m
a = —0.20m
a = —0.157
a=—0.10m
a = —0.05m

a=—0.00r | |

a = 0.057
a=0.107
— 015z

a = 0.20m
o =0.257
a=0.30m
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Angular Momentum of *He-A vs. Temperature

J=nh X Veage(T) Vege(T) @ 1 — e(T/A? , T<A
» Thermal Signature of the Chiral Edge States
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Ground-State Angular Momentum of *He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

> Ri, Rz, R1 — R2 > &

> Sheet Current: J = %lnh (n = N/V = *He density)

1
» Counter-propagating Edge Currents: J1 = —J2 = 1 nh

» Angular Momentum:

L. = 2rh (R — R2) x inh _ (N/2)h



Ground-State Angular Momentum of *He-A in a Toroidal Geometry

3He-A confined in a toroidal cavity

> Ri, Rz, R1 — R2 > &

> Sheet Current: J = %lnh (n = N/V = *He density)

1
» Counter-propagating Edge Currents: J1 = —J2 = 1 nh

» Angular Momentum:

L. =2rh (R} — R3) x inh = (N/2)h McClure-Takagi's Global Symmetry Result PRL 43, 596 (1979)



Robustness of Edge Currents vs Edge States
Magnitude of Edge Currents are Protected by Symmetry
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Robustness of Edge Currents vs Edge States

Magnitude of Edge Currents are Protected by Symmetry

Specular Reflection

P

P

Propagating Chiral Fermions:
TA[p.|

€+ iy — es(py))
Edge Current: J = inh

oR(p,e;2) = g

Retro Reflection

Zero-Energy Fermions for all p:
R co) — 7T —2Az /vy

g (p,&;2) o

~ Edge Current: J =0



Non-Extensive Scaling of L. in a Toroidal Geometry

Magnitude of Edge Currents are Protected by Symmetry

» Sheet Current: J = f X inh

» Non-Specular Surfaces
0<f<1
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Magnitude of Edge Currents are Protected by Symmetry

» Sheet Current: J = f X inh

» Non-Specular Surfaces
0<f<1

Incomplete Screening of Counter-Propagating Currents

Scaling of L. with r = (R1/Rs)* 0<r<l1
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Non-Extensive Scaling of L. in a Toroidal Geometry

Magnitude of Edge Currents are Protected by Symmetry

» Sheet Current: J = f X inh

» Non-Specular Surfaces
0<f<1

Incomplete Screening of Counter-Propagating Currents
Scaling of L. with r = (R1/Rs)* 0<r<l1
>f1:l|f2: >f1=0’f2=1

L. = (N/2)hx (i) > (N/2) h L. = (N/2)hx (;) < —(N/2)h

» Strong violations of the McClure-Takagi Result



Detecting Chiral Edge Fermions in *He-A

Gyroscopic Experiment to Measure of L.(T)

Thermal Signature of Chiral Edge States

T

I_?;;FLON ot »Power Law for T' < 0.57,
AXIS Chiral Edge

Currents L.= (N/Q)ﬁ, (1- C(T/A)2 )

Specular Eag

— 5\ o » Incomplete Screening

APPLIED ROTATIONAL Ethbrlum Lz > (N/Z)h
VELOCITY Angular Momentum
SUPERFLUID GYROSCOPE

T=wxL,

Direct Signature of Edge Currents J

l Nan_spem[arane‘ Toroidal Geometry with Engineered Surfaces
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Long-Standing Challenge: The Ground-State Angular Momentum of *He-A

Possible Gyroscopic Experiment to Measure of L.(T")
» Hyoungsoon Choi (KAIST) [sub-micron mechanical gyroscope @ 200 uK]

Thermal Signature of Chiral Edge States

T

I?BRESFLON Dissipationless »Power Law for T' < 0.57,
Chiral Edge 2
e Currents L. = (N/2)h (1 - C(T/A) )
SpecularEag I

l Non-Specular Edge ‘ Toroidal Geometry with Engineered Surfaces

@ 5 » Incomplete Screening
APPLIED ROTATIONAL qepe
VELOGITY Equilibrium L. > (N/2)h

Angular Momentum

SUPERFLUID GYROSCOPE

T=wxLl,

Direct Signature of Edge Currents J
J. Clow and J. Reppy, Phys. Rev. A 5, 424-438

P J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
» Y. Tsutsumi, K. Machida, JPSJ 81, 074607 (2012)



Edge States & Edge Currents in Chiral Superconductors & *He-A

» Mesoscopic geometries: Edge states are important for transport

> Surface states, edge currents, and the angular momentum of chiral p-wave superfluids and superconductors,
JAS, Phys. Rev. B 84, 214509 (2011) [arXiv:1209.5501]

> Symmetry Protected Topological Superfluids and Superconductors — From the Basics to *He,
T. Mizushima, Y. Tsutsumi , T. Kawakami, M. Sato, M. Ichioka, K. Machida [arXiv:1508.00787]



