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Chiral Quantum Matter
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Realized in Superfluid *He-A & possibly the ground states in unconventional superconductors

Signatures: Chiral, Edge Fermions ~» Anomalous Hall Transport



Chiral Superconductors

Ground states exhibiting:

» Emergent Topology of a Broken-Symmetry Vacuum of Cooper Pairs
» Weyl-Majorana excitations of the Vacuum

» Ground-State Edge Currents and Angular Momemtum

» Broken P and T ~» Anomalous Hall-Type Transport



Chiral Superconductors

Ground states exhibiting:

» Emergent Topology of a Broken-Symmetry Vacuum of Cooper Pairs
» Weyl-Majorana excitations of the Vacuum

» Ground-State Edge Currents and Angular Momemtum

» Broken P and T ~» Anomalous Hall-Type Transport

Where are They?

» 3He-A: definitive chiral p-wave condensate; quantitative theory-experimental confirmation
» SroRuOy: proposed as the electronic analog of *He-A; evidence of chirality

» UPts: electronic analog to *He: Multiple Superconducting Phases; evidence of chirality
» Other candidates: URusSio; SrPtAs, doped graphene ...



The Pressure-Temperature Phase Diagram for Liquid 3He

Maximal Symmetry: G = S0(3)s x SO(3)L x U(1)n X P x T — Superfluid Phases of *He
34
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» J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)



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 l}
» L. Levitov et al., Science 340, 6134 (2013) S0(2)g X U(1)y, . X -

» A. Vorontsov & J. A. Sauls, PRL 98, 045301 (2007)
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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
E():th/Qﬂ‘kBTC%QO—sOnm l}
» L. Levitov et al., Science 340, 6134 (2013) sg(g)s X U(1)N_L X | Zo

» A. Vorontsov & J. A. Sauls, PRL 98, 045301 (2007)
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Momentum-Space Topology

Topology in Momentum Space

U(p) = A(p, +ip,) ~ e*i¥p

Winding Number of the Phase:

L,=+1
N —i]{d L mw,up) =L
ST BT IO T

» Massless Chiral Fermions
» Nodal Fermions in 3D
» Edge Fermions in 2D



Massless Chiral Fermions in the 2D ®He-A Film
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» M. Stone. R. Rov. PRB 69. 184511 (2004) » J. A. Sauls. Phys. Rev. B 84. 214509 (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/de,(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-p+ip) 2
> 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

Nhole/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
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3nm —>
! Ve
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» Bubble with R ~ 1.5 nm, > QPs mean free path I > R
0.1nm = Ay < B < £o 2 80nm > Mobility of %He 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)



Current bound to an electron bubble (kyR = 11.17)

A~ (Px+ip}) z

L(T — 0) ~ —hNpubble/21~ —1007% 1
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» Current: v = /,LJ_E +,UAH8 x 1 R. Salmelin, M. Salomaa & V. Mineev, PRL 63, 868 (1989)

» Hall ratio:  tana = van/ve = |pan/pL | J




Mobility of e-bubbles in *He-A (lkegami, et al., RIKEN)

Science 341, 59 (2013); JPSJ 82, 124607 (2013) JPSJ 84, 044602 (2015)
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Mobility of e-bubbles in *He-A (lkegami, et al., RIKEN)

Science 341, 59 (2013); JPSJ 82, 124607 (2013) JPSJ 84, 044602 (2015)
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Mobility of e-bubbles in *He-A (lkegami, et al., RIKEN)

Science 341, 59 (2013); JPSJ 82, 124607 (2313) JPSJ 84, 044602 (2015)
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Mobility of e-bubbles in *He-A (lkegami, et al., RIKEN)

Science 341, 59 (2013); JPSJ 82, 124607 (2313) JPSJ 84, 044602 (2015) ) 04
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Forces on the Electron bubble in *He-A:

d
g M(T: =e€ +Fqp, Fgp — force from quasiparticle collisions



Forces on the Electron bubble in *He-A:

d
g M(TZ =e€ +Fqp, Fgp — force from quasiparticle collisions
» Fop = —% -v, 1 — generalized Stokes tensor
o nL Dan 0 )
» 7= |(—mw mL 0] forbroken PT symmetry with 1| e,



Forces on the Electron bubble in 3He-A:

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

dt
» Fop = —(ﬁ -V, (ﬁ — generalized Stokes tensor
o nL Nanw 0 R
»n=|—-—0wm 7L O for broken PT symmetry with 1| e,
0 0
dv R
Ma—eff IR v>< Beg, for€ L1

> Ber = —gnAHi Beg ~ 10> —10*T 1Nl



Forces on the Electron bubble in 3He-A:

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

dt
» Fop = —(ﬁ -V, (ﬁ — generalized Stokes tensor
o nL Nanw 0 R
»n=|—-—0wm 7L O for broken PT symmetry with 1| e,
0 0
dv R
Ma—eff IR v>< Beg, for€ L1

> Ber = —gnAHi Beg ~ 10> —10*T 1Nl

d -1
Mobility: dit’ —0 ~ v=7E where §i=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 7.1/
TR %, B)=TE k) + / %Tﬁ(k’, k”)[G?(k”, E) - GRK, E)]T?(k”, K, E)
. e+ —Ak = 272
o — S TR WY - Ty VAT i
2. E2 T k 2m*
€ k —A (k) 675}6 m
» Normal-state T-matrix:
- WA N tR(l;l f() 0 a
THE k)= ("N & & -h (Namb
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) - B2 K2
= | e . Bx= g+ 15G0P, & ="
€ k\ —AT(k)  e—¢&

TR &, E)=TH(K k) + / TR0 KGR, B) - GR, B)|FE(K" K, B)

GE(k,E) =

» Normal-state T-matrix:

R /{./ 1.
TH (K k) = (tN(l; k) 7@}3(7%,’7&)];[) in p-h (Nambu) space, where
R (kK k Z (20 + 1)e”t sin 6, P,(k’ - k), Pi(z) — Legendre function
—0

» Hard-sphere potential ~ tand; = j;(ksR)/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)



Theoretical Results for the Drag and Transverse Forces
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Branch Conversion Scattering in a Chiral Condensate



Comparison between Theory and Experiment for the Drag and Transverse Forces
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Summary

» Electrons in *He-A are “dressed” by a spectrum of Chiral Fermions
> Electrons are “Left handed” in a Right-handed Chiral Vacuum ~» L, ~ —100#A
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Summary
Electrons in 2He-A are “dressed” by a spectrum of Chiral Fermions
Electrons are “Left handed” in a Right-handed Chiral Vacuum ~~ L, ~ —100h

Experiment: RIKEN mobility experiments ~» Observation an AHE in 3He-A
Origin: Broken Mirror & Time-Reversal Symmetry



Summary

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

> Electrons are “Left handed” in a Right-handed Chiral Vacuum ~» L, ~ —100#A

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

» Origin: Broken Mirror & Time-Reversal Symmetry

» Theory: Scattering of Bogoliubov QPs by the dressed lon ~~
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Summary

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

> Electrons are “Left handed” in a Right-handed Chiral Vacuum ~» L, ~ —100#A

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

» Origin: Broken Mirror & Time-Reversal Symmetry

» Theory: Scattering of Bogoliubov QPs by the dressed lon ~~

e Drag Force (—n,v) e Transverse Force (Ev X Beg)
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Anomalous Hall Field: By ~ ——% k% (k;R)? (”““) 1~10°—10"T1
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This theory fails as T — 0



Frontier Topic at Low Temperatures Transport

Radiation Dominated Motion of Electrons in a Chiral Vacuum



Vanishing of the Effective Magnetic Field for 7' — 0 Breakdown of Laminar Flow
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Vanishing of the Effective Magnetic Field for 7' — 0 Breakdown of Laminar Flow
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Breakdown of Scattering Theory for T" — 0

4.0

B Viabe
3.5 -0 VLandau

T/T.

1.0

Electron Bubble Velocity
Va = unEn = 1.01 x 10 *m/s
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Maximum Landau critical velocity
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kv Te
Nodal Superfluids:
Ve = A(p)/ps — 0 for p — Pnode
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(p)
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» Radiation Dominated Damping for
T <0.1Te



Radiation Damping - Pair-Breaking at 7' — 0

Is their a transverse component of the radiation backaction?

Quasiparticle Radiation

{ f

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

Stochastic Radiative Dynamics

Fluctuations of the Chiral Vacuum



Frontier Topic: Low Temperature Transport in Chiral Superconductors




Frontier Topic: Low Temperature Transport in Chiral Superconductors

» Anomalous Thermal Hall Conductivity () could provide
detection of Broken Time-Reversal and Mirror Symmetries in the Bulk

4

Introduce non-magnetic impurity disorder into a Chiral Superconductor

A(p) = A (p £ ipy) ¥

JQ = —K:ijVjT ~ Ray 75 0

7



Anomalous Hall Response of Chiral SCs - Wave Ngampruetikorn, S12-2

Edge and Bulk Hall Effects

Edge Hall Effect Bulk Hall Effect

<+ Thermal Hall conductance for * [nduced by impurity scattering

Chiral p-wave states [Read&Green in the bulk

(2000]

Feedge _ kT * Often dominant when present
“Y 67h

<+ Could be sensitive to surface

quality

% Both indicate Broken TRS & Mirror Symmetry %



Strong Correlation Physics and the Low-Temperature Phases of *He

» Strong Interactions in >He

» Spin-Fluctuation-Mediated Pairing in *He
» Nearly Ferromagnetic or Nearly Localized?

» Strong-Coupling Theory of Superfluid 3He
» Beyond Weak-coupling BCS pairing

» The Stabilization of the A phase - circa 2018



Paramagnon Exchange: Ferromagnetic Spin Fluctuations ~» Odd-Parity, Spin-Triplet Pairing for *He

» A. Layzer and D. Fay, Int. J. Magn. 1, 135 (1971)
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» S=1, S, =0, *1 Cooper Pairs:
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Paramagnon Exchange: Ferromagnetic Spin Fluctuations ~» Odd-Parity, Spin-Triplet Pairing for *He

» A. Layzer and D. Fay, Int. J. Magn. 1, 135 (1971)
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> —g; is a function of I ~ 0.75 & &~ 5h/py
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S=1, S, =0, £1 Cooper Pairs:
R S P B o M A

> [ =1 (p-wave) is dominant pairing channel

> pu+ipy ~sinfy eTPP i = 41
> ﬁzNCOSGIS ~ly, =0
> By —ipy ~sinfy e PP sl = —1

v

[ = 3 (f-wave) is attractive, but
sub-dominant to the p-wave channel



Paramagnon Exchange: Ferromagnetic Spin Fluctuations ~~ Odd-Parity, Spin-Triplet Pairing for *He

v

v

» A. Layzer and D. Fay, Int. J. Magn. 1, 135 (1971)
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Weak-Coupling BCS Theory based on V:
» ~~ a unique ground state: A(p) = (ida,) - d(p)

-

with d(p) = Ap~ L=1,5=1and J=0.

Il =1 (p-wave) is dominant pairing channel .
(p ) P & » ~ Fully gapped excitations: E, = /&2 + A2
> e t+ipy ~sin0p e PP el =1 » ~» BW order parameter for all p, T'.
> Pz ~ cosby - ~ 1l =0 » R. Balian and N. Werthamer, PR 131, 1553 (1963)
> By —ipy ~sinfy e PP sl = —1

[ = 3 (f-wave) is attractive, but

sub-dominant to the p-wave channel



Paramagnon Exchange: Ferromagnetic Spin Fluctuations ~~ Odd-Parity, Spin-Triplet Pairing for *He

v

v

» A. Layzer and D. Fay, Int. J. Magn. 1, 135 (1971)
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Weak-Coupling BCS Theory based on V:
» ~~ a unique ground state: A(p) = (ida,) - d(p)

-

with d(p) = Ap~ L=1,5=1and J=0.

Il =1 (p-wave) is dominant pairing channel .
(p ) P & » ~ Fully gapped excitations: E, = /&2 + A2
> e t+ipy ~sin0p e PP el =1 » ~» BW order parameter for all p, T'.
> Pz ~ cosby - ~ 1l =0 » R. Balian and N. Werthamer, PR 131, 1553 (1963)
> By —ipy ~sinfy e PP sl = —1

[ = 3 (f-wave) is attractive, but

Not the Whole Story

sub-dominant to the p-wave channel



The Pressure-Temperature Phase Diagram for Liquid 3He

Maximal Symmetry: G = S0(3)s x SO(3)L x U(1)n X P x T — Superfluid Phases of *He
34
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T /mK

» J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)



Spin Fluctuation Exchange: Feedback Effect ~» Stabilization of *He-A

Spin-Triplet Pairing Fluctuations modify the Spin-Fluctuation Pairing Interaction

st(‘]l) =

» S =1 pairing fluctuations modify V;:
SVsp ¢ 8Xpar X —xN (AAT)
|A) ~ (e +ipy) (| 1) +] 1)) ~ Xy, =0
| BY ~ (Pe +ipy)| ) + (o +iDy)| 1) + D | T+ 41)) ~ X ~ —xv (|A]/2Te)?

“Feedback” Stabilization of 3He-A

» P. W. Anderson and W. Brinkman, PRL 30, 1108 (1973) » W. Brinkman, J. Serene, and P. Anderson, PRA 10, 2386 (1974)



SHe: Nearly Ferromagnetic vs. Almost Localized

Paramagnon Theory (Levin and Valls, Phys. Rep. 1 1983):1
» Spin Susceptibility in Paramagnon Theory: x/xp = 17 > 1

4

3He is near to a ferromagnetic instability

4

finite, but long-lived FM spin fluctuations.
Effective Mass: m*/m —1 =1n(1/(1 —I))

v

*

» Fermi Liquid Theory: x/xp = ﬁ/;; > 1

» Exchange Interaction: Fy = —0.70 to —0.75 is nearly constant
.. X/ Xp increases with pressure mainly due m*/m
\
3He is nearly localized (3 la Mott) due to short-range repulsive interactions
P. W. Anderson, W. Brinkman, Scottish Summer School, St. Andrews (1975).
» 3He is very incompressible: F ~ 10 to 100 at p = 34 bar

» D. Vollhardt, RMP 56, 101 (1984)

v



The Pressure-Temperature Phase Diagram for Liquid 3He

Maximal Symmetry: G = S0(3)s x SO(3)L x U(1)n X P x T — Superfluid Phases of *He
34
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» J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)



Tri-Critical Points in Landau Theory: —  Ferro-electric Transition in BaTiO3

Phase Diagram for Ferro-Electric Transitions

pl

> a(p,Tc) = 0 ~~ Ferro-electric transition

v

> Electric Polarization: P = P& + P,j + P.2 bi(p,Tc) > 0, ba(p,Tc) > 0 ~ Tetragonal FE

v

» Landau Free Energy Functional: bi(p,T.) > 0, ba(p, T=) < 0 ~» Rhombohedaral FE

QP] = alp,T)(P;+ P, +P?)
+ bi(p,T)(Ps + P + P2)
+ ba(p,T)(PIP] + PP + PIPY)

ba(p, Ts) =0 ~- 1% Order Transition Line

v

> T.(pc) = Te(pe) ~ tri-critical point



Maximal Symmetry: G = S0(3)s x SO(3)L x U(1)y X P x T — Superfluid Phases of *He

J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)

34
30

24

18

p/bar

12

6

0

0.0

“Isotropic” BW State

TAB

B

0.5

» Ginzburg-Landau Free Energy Functi%nalz

Q4] = o(p, T)Tr {447} +3° 8o, T) 1V[4]

=1
> a(Te,p) =0 ~ Te(p)
a(p, T)?
> Q = 1)
45T =~ . T)

> Ba = Pass and B = P12 + 3B345
> AB(p,Tas) = 0 ~ Tas(p)

Microscopic Theory:
> a(p,T) = sNi(T —Te)
> Weak-Coupling:

281 = B = —B5° =

8., T) = B(p) + (

7¢(3)Ny

—Bi =ps = *m
> Leading Order Strong-Coupling:

> BE(p, T) ~ B*(p) x (wnlT[P)es (Elf)

T

T.

) 60 T0) J




Strong-Coupling GL Theory: Inhomogeneous Phases of Superfluid *He in Confined Geometries
» R. Regan et al., QFS 2018 (Poster P28.3)
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» Rotating 3He-B - P. Hakonen et al. 1983



Strong-Coupling GL Theory: Inhomogeneous Phases of Superfluid *He in Confined Geometries

» R.R t al., QFS 2018 (Poster P28.3 i i
egan et al., Q (Poster ) » V. Dmitriev et al.,PRL 115, ” J.Wiman, S. Laine, E. Thuneberg & JAS, (2018).
A-Cdre N3 165304 (2015)
30 . >
25 a

D-Core|

Y s 20 22 o4 > “He Confined in Nematic
T (mK) rog T/T.

070 075 0.80  0.85 090 095  1.00

» Rotating 3He-B - P. Hakonen et al. 1983 » Discovery: % Quantum Vortices - S. Autti et al. PRL (2016)



Strong-Coupling GL Theory: Inhomogeneous Phases of Superfluid *He in Confined Geometries

» R. Regan et al., QFS 2018 (Poster P28.3)
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» A. Zimmerman (NU ULT)
» Six new phases of 3He
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» V. Dmitriev et al.,PRL 115,
165304 (2015)

» 2He Confined in Nematic
Aerogel

» J.Wiman, S. Laine, E. Thuneberg & JAS, (2018).
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» Discovery: % Quantum Vortices - S. Autti et al. PRL (2016)

» J.J. Wiman & JAS, PRL (2018)
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Strong-Coupling GL Theory: Inhomogeneous Phases of Superfluid *He in Confined Geometries

» R. Regan et al., QFS 2018 (Poster P28.3)
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The *He Paradigm: Strongly Correlated Fermi-Liquid Superconductors

» Microscopic extension of strong-coupling GL theory to all T’



The *He Paradigm: Strongly Correlated Fermi-Liquid Superconductors
» Microscopic extension of strong-coupling GL theory to all T’

Quasiclassical reduction of the Luttinger-Ward functional

T d3p oA
Q= 2§/WT1~4{AEG
+in[-GR' + AS] - n[-G3)]} + AB[AG]

_ [ G, en) F(p, en)
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The ?He Paradigm: Strongly Correlated Fermi-Liquid Superconductors
» Microscopic extension of strong-coupling GL theory to all T’

Quasiclassical reduction of the Luttinger-Ward functional

T d3p oA
Q= 2§/WT1~4{AZG
+in[-GR' + AS] - n[-G3)]} + AB[AG]

_ B G(p, n) F(p, €n)
G(p, en) = <FT(@ —en) —G"(—p, —en))

I @) = Ai(ﬁ: en) AA(ﬁy en)
36,0 = (a1(5 ) —5*(pen)
SQUS] /65 (f, €n) = 0and 6Q[S]/6G™ (5, €n) = 0
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The ?He Paradigm: Strongly Correlated Fermi-Liquid Superconductors

» Microscopic extension of strong-coupling GL theory to all T’

Quasiclassical reduction of the Luttinger-Ward functional

T d3p a A
0= fEEZ/WTm{AEG

Hn[-GR' + AS] - ln[féx,l)]} + AD[A)

66 = (g1 o)

. G
S5, en) = (AT

(ﬁ: en)
(P, —¢€n)

F(p, €n)
_Gtr(_ﬁv —Gn)

Ca )

8Q[S]/65 (5, €n) = 0and 6Q[S)/6G* (B, €n) = 0

S = Saa = 269[G)/6G"

D. Rainer & J. Serene, Phys. Rev. B 13, 4745 (1976)

T

. .. T
Expansion in —

h
Er préo’

1
2

am - CED

JAS & J. Serene, Phys. Rev. B 24, 181 (1981) » J. Wiman & JAS, (2018) [QFS: P26.16]



Strong-Correlations in 3He: Effective Interactions J. Wiman, (2018) [QFS: P26.16]
p1, @ b2, ﬂ

= bar0pp v(q1) +Favy - Fpp J(@1) — dapdpy v(q2) — Fap - Fpy 3(q2)

D3, Y b4, p
> v(q) - spin-independent potential

> j(q) - exchange interaction



Strong-Correlations in 3He: Effective Interactions J. Wiman, (2018) [QFS: P26.16]
p1, @ b2, ﬂ

= bar0pp v(q1) +Favy - Fpp J(@1) — dapdpy v(q2) — Fap - Fpy 3(q2)

p3, ¥ b4, p ] M

> v(q) - spin-independ al § | 4 Mott /i
v(q) - spin-independent potentia AFM!
o 2t |
> j(q) - exchange interaction C or \_//":\ s \\/ \
2l b\ = O0F —3p ]
» To leading order in £/Ejy: iMbar i i "
b | -k
> p; =psp; and €, =0 | i 0 \
8

o

> q1 =ps—p1 and g2 = ps — p1 00 t1/2kF 8 10 00 02 o.g/ng.s 08 10



Strong-Correlations in 3He: Effective Interactions J. wiman, (2018) [QFS:

p1, &«

p3, ¥

> v(q) - spin-independent potential

> j(q) - exchange interaction

» To leading order in £/Ejy:

b2, ﬂ

Pa, p

> pi = pff)i and e; =0

> qi1 =p3—Pp1and q2 = ps — p1

» v(q) and j(q) determine:

—
© ®
g

<
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JE

0.0

h
0.2

@

04 06
q/2ke

> Landau Interactions: Forward scattering (ps = p1)
> Thermodynamics: C, /T, m™/m, x/XpPaui, C1, Co, - - .

» Transport: k, Ds, 1, o, ...
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= bar0pp v(q1) +Favy - Fpp J(@1) — dapdpy v(q2) — Fap - Fpy 3(q2)
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Strong-Correlations in 3He: Effective Interactions J. wiman, (2018) [QFS:

p1, &«

p3, ¥

> v(q) - spin-independent potential

> j(q) - exchange interaction

» To leading order in £/Ejy:

b2, ﬂ

Pa, p

> pi = pff)i ande¢; =0

> qi1 =p3—Pp1and q2 = ps — p1

» v(q) and j(q) determine:
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> Landau Interactions: Forward scattering (ps = p1)
> Thermodynamics: C, /T, m™/m, x/XpPaui, C1, Co, - - .

» Transport: k, Ds, 1, o, ...

» Strong-Coupling Free Energy: AQ[A];
D. S. Greywall, Phys. Rev. B 33, 7520 (1986)

ACB/TC, ACA/TC

10

= bar0pp v(q1) +Favy - Fpp J(@1) — dapdpy v(q2) — Fap - Fpy 3(q2)

P26.16]

IS
T

Mott /i

04 06 08
q/2kf



Strong-Correlations in 3He: Effective Interactions J. Wiman, (2018) [QFS: P26.16]
p1, @ b2, ﬂ

= bar0pp v(q1) +Favy - Fpp J(@1) — dapdpy v(q2) — Fap - Fpy 3(q2)

>

D3, Y b4, p
> v(q) - spin-independent potential

<

IS
T

Mott /4

(
>.
/

> j(q) - exchange interaction =
)

» To leading order in £/Ejy:

| 4 P = pff)l and €; = 0 s L
> g1 =p3—P1and q2 = ps — p1 00 o2 0‘14/216:96
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» v(q) and j(q) determine:

> Landau Interactions: Forward scattering (ps = p1)

> Thermodynamics: C, /T, m™/m, x/XpPaui, C1, Co, - - .

» Transport: k, Ds, 1, o, ...

» Strong-Coupling Free Energy: AQ[A]; ACg/T., ACa/Te . ‘ ‘
D. S. Greywall, Phys. Rev. B 33, 7520 (1986) 02 04 0.6 08 Lo
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Thank You!

The End



