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Introduction: chiral superfluids?

Chiral superfluid (SF): Cooper pairing of electrons carrying finite angular momentum.
E.g. spinless 2d fermions w/ p-wave interaction: “p + ip” SF,

A(p) = ~(WpW_p) = py £ip,,.

- parity (P) and time-reversal (T) broken.  Angular momentum / particle: s = £1/2.
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Slab with ‘diffuse’ walls

A
Experimental observations: e ©
‘é 4
@ A-phase in *He film under nanoscale confinement. 24 A
[Ikegami et al,, Science "13; Levitin et al,, Science '13] & ° Ny .
1 7 liquid
@ Edge modes of 2d superconductors. O —
[Xu et al., PRL "15; Ménard et al., Nature comm. '17] Temporaurs (mig

Phase diagram of a confined
3He film (Levitin).
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Properties of chiral superfluids

Topological properties

W= (g, ),

Eq = q2/2m - H
o: Pauli matrices.
[Alicea, RPP "12]

A= [ WHW, H, =
q 9’'avq q Mg e
h(q): mapping from Brillouin zone to the sphere.

@ Phase transition between a trivial strongly paired and
topological weakly paired phases.

@ Chiral Majorana edge states at interface.

Trivial
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topological weakly paired phases.

@ Chiral Majorana edge states at interface.

Trivial

Focus of this presentation: transport properties.
P and T broken — possibility of dissipationless “odd” transport.
[Read and Green, PRB '00]
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0dd transport coefficients (1): conductivity

(J: U(1) current, E: electric field)

U(1) charge conservation — conductivity tensor o’ Ji = 0lE;

o' in a isotropic 2d system

o'l(a) = g'd'/q?0,(a?) + (67 - 9'q/ 1q*)or(q?) + €7 0" (q?)

eV=1¢€l=-¢
o, 1: usual longitudinal / transverse conductivities

o™ Hall conductivity
@ Determines the odd part of conductivity o/ = -0/
@ Dissipationless

@ Vanishes unless T symmetry is broken
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0dd transport coefficients (11): defining viscosity

Displacement d;u; and velocity gradients 9;u; — internal forces F.

Stress tensor TV fixes the forces.

Linear response
T = AR @ pu + dyup) /2 - T3yt + 3y1g) /2

ijkl.

ARl elastic modulus, n/*": viscosity

Félix Rose (Group Schmidt)

T symmetric

F = TndS
dS = ndS

Internal forces F over a
surface element dS

- ikl = itk _ piikt,

AUy + 9,U, symmetric
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0dd transport coefficients (11): defining viscosity

Displacement d;u; and velocity gradients 9;u; — internal forces F.

Stress tensor TV fixes the forces. F = TndS
dS = ndS

Linear response
T = AR @ pu + dyup) /2 - T3yt + 3y1g) /2

. . Internal forces F over a
ARl elastic modulus, n*t: viscosity surface element ds

T symmetric . . -
] ) - nukl - nulk - n]lkl'
OU; + 0.l symmetric

Noether current interpretation

Translation invariance — conserved momentum density, currents Ti

ARt and niikl; associated transport coefficients
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Odd transport coefficients (I11): odd viscosity

Symmetry under exchange of two pairs of indices (ij), (kRl): decomposition n = n, +n,.

2"’ = nﬁ“j: even part — bulk, shear viscosities.
ngkl = - nﬁlii: odd viscosity. [Avron et al., PRL "95]
\ e @ n, doesn’t exist in 3d.
— @ One component in an isotropic system:
H
ijrt 1N
- o = 7(€ik6jl + €jp0j( + €6j + €)6jp)-
~ \

. @ Dissipationless transport.
Velocity field under an external force.

@ Nonvanishing only if T broken.

’ n": “Hall” viscosity
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Hall viscosity in litterature

Recent activity: observation proposals, different systems...
[Lucas and Surowka, PRE "14; Sherafati et al., PRB "16; Delacretaz and Gromov, PRL '17; Scaffidi et

al., PRL "17, Tuegel and Hugues, PRB "17]

2.1
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0ob— “9aql
100 200 300
Cc Temperature, T (K)

Observation of (non-quantized) odd viscosity in graphene  [Berdyugin et al,, Science "19]

(measurement of electric potential near voltage gates)
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Properties in quantum fluids

[Read, PRB '09]: in paired quantum Hall states and chiral SFs,

1 ny: ground state density
n' = —fings. s € @: angular momentum / part.

N

Félix Rose (Group Schmidt) Hall viscosity of a 2d chiral p + ip superconductor October 23, 2019 8 /24



Properties in quantum fluids

[Read, PRB '09]: in paired quantum Hall states and chiral SFs,

1 ny: ground state density
n' = —fings. s € @: angular momentum / part.

N

If only one species, U(1) charge transport = momentum density transport
— Ward identity [Taylor and Randeria, PRA '10; Hoyos and Son, PRL '12; Bradlyn et al., PRB '12]
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Our main result

n" deduced from o": viscosity-conductivity equivalence?
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Our main result

n" deduced from o": viscosity-conductivity equivalence?
Above relation not completely general.

@ At finite q, two independent components ng'z)(w, q?) for isotropic systems

(1) [Golan et al., PRB "19]

No = n5'0* + nY1(g2 - g2)0® - 24,,0%] J

(oab)ijkl - (oa)ij(ob)kl _ (ob)i[(oa)kl
o n™M = —n": identified with the “usual” Hall viscosity.
o n®: usually subleading...

@ ..unless it is singular! With long-range forces, n?(w — 0,q — 0) ~ 1/q?

Long-range interactions like 2d Coulomb can break down the identity
Viscosity tensor contains more information than Hall conductivity! J
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Plan of the presentation

From here on:
@ Field theory setup for the calculation.
@ Conductivity and viscosity via diagrams.

@ Effect of Coulomb.
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Field theory definition of the transport coefficients

.6
@ U(1) current - electromagnetic field: J' ~ oA

Starting point: 1
- .. &S
action S @ Momentum current — non-flat metric: 7 ~ o
gij

(g;; ~ displacement gradient)

Linear response theory

electrical field

80"y~ o' [o.A - A1 — ol ~ w(,)])

ST ~ - on"Magy  — 07~ w(T?, T

= velocity gradient
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Induced action

Induced action ‘WIA, g] obtained by
) ) integrating out the fluctuating
iWIAg] _ ...] @iS[+iAg]
S e fields.
fields

@ “W: generating functional of connected correlation functions
(analog to free energy in stat. mech.!)

@ Transport coefficients (w* = w +i0%)
52w

62

(w,q) = iw 0’ (w, q),

(©,9) = L1, ) - 1AM, q) » (T
6g,~j6gk, 4 4 4
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Ward identity

Only one species — transport of momentum = transport of U(1) charge.

Formally: ‘W inherits microscopic symmetries of the original action

@ U(1) gauge transforms of parameter a(t, x)
) ) o WIA+6A, g +69] =W[A,g]J
@ change of coordinates x' - x' + §'(t, x)

mg;d,": preserve invariance for
time-dependent transforms
[Son and Wingate, Ann Phys '06]

6A; = -3,0 - §" A, - Apd.SF,

6A; = -0t - §"3A; - Ad;§* + mg;pd 8",

63;j = -€*3,9ij - Gikd;S" - gp;0;€".
Functional derivatives — identities between n-point correlation functions

m(w*Y2oy(w, &) = -q[5 (w, &%) - 4*ns"(w, @] |

[Geracie et al., PRD "15] Ne = n90* + n¥P1(q? - q;)0™ - 2q,9,0%]
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Microscopic versus effective action

What starting point for the actual calculation?

uv

v @ Microscopic theory
Start from fermionic action, contains “everything”

o Effective theory (Son, Hoyos, Moroz)
\—6 Low-energy physics from symmetry breaking
Simpler, but can be difficult to change setup

IR

Both approaches are complementary; we present here the microscopic calculation.
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BCS action with no sources (1)

Starting point

. L o
Slw*, y] = fw [BT+ o —u]w—/\(w Py*) - (wpy)
| S ——
* —’—free P— p-wave interaction Sint

Interaction decoupled via a pairing field:
K = (Exrzy)v K ~ ypy

. . % — 1 —i 1— 1 —
Sy, @] - S™y*, @, A LA = f—;(ﬂ ) - (wepwy) - EA (wxpwy) + aIAI2

X
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BCS action with no sources (I1)

Analog to s-wave superconductivity:

Grand potential

:[@ 8 = [ Dl ylexo(-Sly", w5, B)

(2, 1]
= 0.
a"

Mean-field:

4

Saddle-point configuration: A - p = Aye’®(p, = ip,)
@ Ay =0 — normal phase, A; #0 — SF

@ U(1) and SO(2) broken, but invariance under diagonal U(1) combination
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Coupling to sources

U(1) gauge field A,
3, - 3, - iy, volume elemer.1tA\/§
a-b- g,-ja'b’

Gaussian theory: discard fluctuations of the pairing field...
..while preserving the symmetries!

3 gapped modes — discarded.

@ A= eA — 4 excitation modes: ) o
phase 6 — crucial for U(1) gauge invariance.

6 gauged away via transform gy — e®/2y: ‘Au - A, =A,-V,0/2e

@ In non-flat space, mean-field given by A, = Dp(1, i),

g’ = €96 ,,e'®, '@ vielbein (= local base)
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Calculation setup

Starting point in imaginary time

Sly, p*; A=A-V6,g] =
9’ (p; - eA)(p; - eA) )

1 . 1 .
ply - EAZ;e"’(wp;tp) - Eﬂae'O(W*Piw*)}

Jfaw[oc- et

2m
1
S[w, W, A, h] = -5 [ v(Gy -Tw ¥ = (p*, ) Nambu spinor
G F
° Gy(q) = ( (qi (@ ) bare propagator in absence of sources.
F@)" -G(-q)

@ TI: contribution from the sources — vertex.

1
Loop expansion: S[A, g] = - Trlog(-Gy' +T) = -Trlog G, + TrG,l + > TrGolGol + ...
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Conductivity

Polarization bubble

1
SIA=A-V6]= = > A,,Q"(q)A,,. 4 §
22 o f Q" ~ TrGrGr- ~ v

r~ktA,

Q"*(9)9,9,Q°"(q) ,
i A [Lutchyn et al., PRB’ 08]
449pQ°%(q)

—~

K#v(q)

KH KGQU qup KY
K*(q) - A —
4q9pQ g,k = 0 — gauge invariance

Félix Rose (Group Schmidt) Hall viscosity of a 2d chiral p + ip superconductor October 23, 2019 19 [ 24

[ o1 win =23 g, (e
q




Conductivity — result

2

sng  -q

Oyw,q) = h— ———
H(w, q) 2m? w? - 22

s = +1/2, ny density, ¢ sound velocity

@ In agreement with effective field theory. [Hoyos et al., PRB '13]
@ phase mode crucial for oy # 0.

@ Hall conductivity appears through odd part of density-current correlator Q"°(q).
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Viscosity

Similar setting, G = Gy' - T, I': gravity-fermion vertex.

ij kL
@ Phase mode plays no role. h? h

@ Only contribution: bubble.

Result:

@ Basic Ward identity satisfied.
@ Finite g: Ward needs né”.

° nf,z) — EFT (for the moment).
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Adding Coulomb interaction (I)

Coulomb interaction ~ e? fxx,(w*w)xvx_xl(tp*w)x, decoupled via field y.

Coulomb action Ay = Ay = Ay +x
Coupling to fermions:

. ]
Efvx-vx—iefxw*w Ac = Ai = Ai

va - va + Vq 0 QuOQOV
v [ Do 1Y@

RPA resummation of Coulomb

- . 1 - -
SIA=A-96]= = > A, Q" (@A,
q

1 .
SUA=A-V0L = 5 ) Ay 0 (0) Ay
q

KH K KkH K KM
= +
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Adding Coulomb interaction (I1)

Conductivity: adding Coulomb opens up a plasmon gap w,, = (nge’/m)"/?.

1/(w*)?>, no Coulomb
2 32 oy ~
sny -q ax“H

- const. Coulomb
2m? w? + w3 - c2q?

oy(w,q) =f

Félix Rose (Group Schmidt) Hall viscosity of a 2d chiral p + ip superconductor October 23, 2019 23/ 24



Adding Coulomb interaction (I1)

Conductivity: adding Coulomb opens up a plasmon gap w,, = (nge’/m)"/?.

, 1/(w*)?>, no Coulomb

i %.% ~ Coulomb
oW, Mo 4 const. oulom
H(w.q) = 2m2 w? + w} - c2q?

Viscosity: no coupling to Coulomb through the
metric-fermion vertex.

H unchanged - ™82 gH| =0 # "
n* unchanged » —=; 0 |q=0- znM.,

Subleading at RPA level.

Only way to reconciliate Ward identity: divergence of nﬁ,z)

242 2
o 2 1 c:q w
EFT calculation shows that qf,) = 22—2p2
q g’ -wi-w
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Summary and overlook

2d Coulomb — % ~ 1/q? divergent.
Ward identity broken; Hall conductivity—viscosity inequivalence

@ Shown with microscopic and effective action.

@ Article in preparation!

@ Remaining questions: 3d Coulomb, static limit, retardation effect.

@ 2d Coulomb realized in Josephson junction arrays. [Mooij et al., PRL90]

@ Application: theories for FQHE v = 1/2 state? [Son, PRX '15]

Thanks for your attention! ‘

-y -
Collaborators f.;

Omri Golan, Weizmann Sergej Moroz, TUM
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