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Microwave response of a chiral Majorana interferometer
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We consider an interferometer based on artificially induced topological superconductivity and chiral
one-dimensional (1D) Majorana fermions. The (nontopological) superconducting island inducing the super-
conducting correlations in the topological substrate is assumed to be floating. This allows probing the physics
of interfering Majorana modes via microwave response, i.e., the frequency-dependent impedance between the
island and the earth. Namely, charging and discharging of the island is controlled by the time-delayed interference
of chiral Majorana excitations in both normal and Andreev channels. We argue that microwave measurements
provide a direct way to observe the physics of 1D chiral Majorana modes.
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I. INTRODUCTION

Physics of artificial topological superconductors with chi-
ral Majorana edge modes was a subject of intensive research
during the past decade [1-4]. Initially, these systems were
proposed in hybrid structures on surfaces of topological in-
sulators, covered by regular superconductors and magnetic
insulators [5]. Later on, heterostructures based on quantum
anomalous Hall insulators (QAHI) combined with regular
superconductors [6,7] were experimentally studied. However,
the reported evidence of the chiral Majorana fermions as a
half-quantized plateau in the two-terminal conductance [6] is
under debate [8]. Further experimental advances were made
in magnetic domains covered by superconducting monolayers
[9] and in similar in spirit van der Waals heterostructures [10]
(see also a theoretical proposal [11]). Surfaces of iron-based
superconductors [12] showed signs of topological supercon-
ductivity. An alternative realization of one-dimensional (1D)
Majorana edges in magnetic materials showing a spin liquid
phase was reported in Ref. [13].

Interferometers based on chiral Majorana modes should
allow probing the nontrivial physics of these systems [14-24].
The first proposals addressed the dc transport [14,15]. Later,
in a series of works the noise, braiding of Majorana edge
vortices, and time-resolved transport were studied [25-29].

Usually the regular superconductor, which induces the
superconducting correlations in the topological material, is
considered to have a fixed electrochemical potential. We, in
contrast, consider a floating island. This allows us investigat-
ing the time-resolved charging and discharging dynamics of
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the island, which can be measured using microwave experi-
mental techniques.

II. QUALITATIVE PICTURE

We consider a system depicted symbolically in Fig. 1(a).
Here, a single Ohmic contact serves as a source and a drain
of chiral Dirac modes. As the chiral Dirac mode approaches
the superconducting area it is split into two chiral Majorana
modes. The latter recombine later again into a chiral Dirac
mode. We assume the lengths of the two Majorana branches
[ and I, to be different, thus, two different propagation times
71 =1;/v and 7, = /v (v is a Fermi velocity of surface
states in a topological material). These time intervals deter-
mine the Thouless energy Ety = % and another energy
A= ﬁ > Ey. The superconducting island is floating and
is characterized by a self—cz;pacitance Cy or, equivalently, by

the charging energy E. = 2%0
Below, using the effective action technique we derive the
admittance Y,, (inverse impedance) of the island relative to
the ground (source and drain), which is due to the currents in
the edge modes. That is, Y,, corresponds to the admittance be-
tween points 1 and 2 in Fig. 1(a) without the self-capacitance
Co. The total admittance between points 1 and 2 in Fig. 1(a) is
a sum of Y, and that due to Cy, i.e., Y,, — iwCy. We obtain
(—1)”7TT ei(ll/v)w _ ei(lz/v)w

Y,/Go = 1
/Go + sinh [JTT%] iw

Y

where Gy = ¢* /(2w h) is the conductance quantum, kg is the
Boltzmann constant, 7' is the temperature of a Fermi liquid
in the Ohmic contact, and » is a number of vortices in the

©2021 American Physical Society
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FIG. 1. (a) Schematic description of the Majorana interferometer
with a floating superconducting island. Charge fluctuations on the
island are allowed due to the finite self-capacitance C # oo. Incident
Dirac mode v, (doubled line) with equilibrium distribution function,
imposed by the Ohmic contact, is scattered into a pair of Majo-
rana modes (x and n, single lines). x and n coherently propagate
along the edges of lengths /; and /, and are fused back into Y.
Scattering matrices of the lower and upper Y splittings (black bars)
are denoted by R and R*. Vortices in the superconductor induce
an additional phase difference nw between the interfering Majorana
modes. (b) Equivalent electric circuit describing the interferometer
in the linear-response regime with a transmission line attached for
measuring the microwave response. Points 1 and 2 correspond to
points 1 and 2 in (a). The input signal of a frequency w is sent to
a transmission line (TL) and a complex reflection coefficient A,, is
measured. TL is coupled to the superconductor through the coupling
capacitor C.

superconducting island. In what follows, we set kg = h =1
and restore them in final expressions.

To understand the physical meaning of the admittance Y,
it is useful to plot the response I(¢) of the current flowing
into the island to a voltage pulse V (¢) applied to the contact
1 of Fig. 1(a). This is, of course, given by I(r) = [ dnY (t —
1)V (1), where Y (¢) is the Fourier image of Y,,. The responses
to §-like and steplike pulses at 7 = 0 are depicted in Figs. 2(a)
and 2(b), respectively. The instantaneous response provided
by the first term in Eq. (1) is explained by the immediate
adjustment of the current in the outgoing Dirac mode to the
new electrochemical potential of the island. This response
corresponds to the effective conductance Gy. The delayed

(a) (b)
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FIG. 2. Response of the current /(¢) to voltage pulses V (¢) ap-
plied to the superconducting island of the interferometer. (a) The
d-function-like pulse of V (¢) (upper panel) induces two response
signals (lower panel): an instantaneous § pulse and a delayed step
pulse at ¢ € [t;; t2]. If the integral over the voltage pulse equals to
the normal flux quantum V () = 2Lehé(t), then the instantaneous peak
in I(z) transfers a +e charge (at any temperature) and the delayed
pulse—a decreased charge +o7e in the Andreev (normal) reflection
regime. For a voltage pulse with an integral corresponding to the
superconducting flux quantum the transferred charges are halved as
discussed in Ref. [29]. Note that voltage pulses of such weights
go beyond the linear response considered here. (b) A steplike V (7)
(upper panel) induces an instantaneous steplike response with the
conductance G = Gy and a delayed response at ¢ € [1y; 72]. In the
latter G interpolates linearly from Gy to Gy + a7 Gy in the Andreev
(normal) reflection regime.

response is due to the interference of the Majorana excitations
created by the voltage pulse at# = 0. A similar effect (beyond
the linear response analyzed here) was considered in Ref. [29].
The delayed response corresponds either to the normal or
the Andreev reflection depending on the number of vortices
in the island. In this chiral interferometer, the Andreev and
normal reflections occur as a forward scattering from the
incident into the outgoing Dirac channel. These are nonlocal
in space and time processes with the amplitudes determined
by the phases acquired by chiral Majorana excitations. Due
to the spin texture of the Majorana modes a relative Berry
phase 7 is acquired in addition to the relative topological
phase nr due to n vortices in the superconductor. Hence, the
Andreev reflection regime is associated with odd n = 2k + 1
and the normal with even n = 2k, k € Z. The response to the
8-functional pulse coincides with Y (#) which is nothing but
the interferometer Green’s function. A response to an arbitrary
pulse is given by a convolution with Y (¢).

We note that the floating phase can be gauged out from
the superconductor into Dirac modes. We note a similarity
with the description of the transport in terms of wave pack-
ets induced by voltage pulses (sometimes called “levitons”
[30]). Namely, the immediate singular response in Fig. 2(a)
corresponds to an emission of a leviton into the outgoing
chiral channel. The delayed one is a transfer of another leviton
through Majorana edge modes.

At zero temperatures, for the steplike voltage pulse the
current finally stabilizes at the value corresponding to con-
ductance G = 2Gj in the Andreev reflection regime or G = 0
in the normal reflection regime [see Fig. 2(b)]. At finite T,
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the conductance saturates at the values attenuated by ther-
mal fluctuations, G+ = Gy £+ ar Gy with ar = ﬁ At
high temperatures 7T >> A, we obtain G+ — Gy, which cor-
responds to a completely suppressed interference between the
two Majorana branches.

The ac response Y,, depends on both Eq,, and A, whereas,
the dc response calculated in Refs. [14,15] does not involve
E1n,. We note that the admittance Y,, calculated here between
points 1 and 2 assumes that the source and drain are grounded
[see Fig. 1(a)]. In Refs. [14,15], the dc conductance was
calculated in the alternative setting where the drain and the
superconductor were grounded. The zero-frequency limit for
the admittance Y,,—( reproduces the results of those works for
dc conductances in the linear-response limit.

III. PROPOSED MEASUREMENT

We propose to couple the superconducting island to a mi-
crowave waveguide (transmission line) as shown in Fig. 1(b).
One should be able to measure the reflection amplitude given
by
Zn + 1/(—ioC) + 1/(Y, — iwCy)’

Here, Zy, is a transmission line impedance, which in an
idealized situation approaches Z; &~ 376.7 2, the free space
impedance. The experimentally relevant capacitances should
be on the same order C ~ Cy. The reflection coefficient is
close to A, = —1. This means that the measured response
is determined by the fine-structure constant @ = ZyGy ~ %,
i.e., the effect is on the order of 1%. The function A, shows
decaying oscillations as a function of @ with periods propor-
tional to Et, and A [see Figs. 3(a) and 3(b)]. We mention
that contemporary experimental methods allow to increase Z;
up to the resistance quantum 1/Gy and even higher. This is
possible in superinductors realized as ladders of Josephson
junctions [31,32] and high-kinetic-inductance materials [33].
Thus, the effect can be enhanced significantly.

Equation (2) allows one to extract Y,, from the experimental
data for A, [and, thus, Y (¢)]. An observation of the delayed
response can be a conclusive evidence of interfering Majorana
fermions.

An observation of the delayed response can be disrupted by
quasiparticle poisoning and by fluctuations of vortices parity.
On the other hand, the random charge fluctuations, which are
usually the main mechanism of the noise, do not pose any
problem as they decouple in the linear-response regime.

Two possible physical realizations of the interferometer are
depicted in Fig. 4. The first realization is a QAHI film covered
by a superconductor as shown in Fig. 4(a). The second real-
ization is a 3D topological insulator covered with magnetic
insulators of opposite magnetizations and a superconductor
[Fig. 4(b)].

Ay = —1 +

@

IV. A SKETCH OF THE DERIVATION

A. Limit of zero phase fluctuations: Scattering approach and
effective action

We first describe the mean-field situation in which the
superconducting order parameter A does not fluctuate. Since
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FIG. 3. Reflection coefficient A,, as a function frequency w and
temperature 7. (a) |A,| in the Andreev reflection regime with odd
n and (b) |1,| in the normal reflection regime with even n. |A,|
oscillates as a function of @ with two subperiods given by A and
Ery,. The amplitude of oscillations decays exponentially with 7. The
deviation of |A,| from unity is on the order of ~1%. Data shown
for asymmetric device /,/l; =4/3 and A/Em, = 7. The charging
energy is equal to the level spacing, which means E. = 2w Ety,, or
Cy = % % We also assume C = Cy. (c¢) and (d) Parametric plots
of Re A, and Im A,, for w € [0, 20E1;].

we have just a single superconducting island we can as-
sume A to be real. The Bogoliubov—de Gennes equations
describing setups, such as those in Fig. 4(b) have been ex-
tensively discussed in the literature [5,14]. At low energies,
only the Dirac or Majorana edge modes are relevant since
the bulk is gapped everywhere. For the Dirac edge mode,
which emerges from the source, the action reads S;,[¥] =
[dxidtdx,dty Yin(x1,0)G ™ (x1, X2, 1, £2)Yin (x2,12). For  the
relevant values of x; and x, (between the source and the first
Y splitting) the inverse propagator G~! is obtained by the
Fourier transform of

—2iony,

-1 _ | o—vk+io(1—2n)
Gro [ vk—w+i0(l—2nk)i|' G)

- 2io(1—ny)

Here, n, = 1/(1 +exp ”T—k) is the equilibrium distribution
function dictated by the Ohmic contact, and o is an in-
finitesimal positive frequency. This is a matrix in the
4 basis of the Keldysh space (Pauli matrices in this
space are denoted by o) [34]. Introducing the Nambu
spinor Wi, = [Vin, Yin]” we rewrite the action as Sip[¥i,] =
5 Ut G Wy, where G L = £,¥ G -t 1[G _ 1"
and ¥ = 1(¥ £i%). The Pauli matrices ¥ act in the
Gor’kov-Nambu particle-hole space, and 7, = %1 corre-
sponds to electronlike or holelike state in the Dirac channel.
The scattering matrix R for the lower (first) ¥ splitting
describes the conversion of an incident Dirac electron and hole
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FIG. 4. Possible physical realizations of the interferometer. (a) A
heterostructure composed of QAHI and a superconducting island.
Incident Dirac modes (double lines) split at the ¥ splittings (black
bars) into Majorana modes (single lines), which surround a topo-
logical superconducting region (light purple shaded region). (b) The
device is realized on top of a three-dimensional (3D) topological
insulator, which is covered by magnetic insulators with opposite
magnetizations (up and down arrows) and a superconductor. Chi-
ral Dirac fermions propagate along the magnetic domain walls and
convert into Majorana modes at the interface to the superconducting
area.

into a pair of Majorana particles y; and 7,

1 1
|:Xout;k:| _ ]é|: '_lb'in;k :|’ Ié _ 75 Zi ) (4)
Nout:k Win;fk 2 2

The Hermitian conjugated Rt of the upper (second) Y
splitting describes the conversion of Majorana modes into out-

going Dirac fermions: [ Vousk ]:Iéﬂxm;k]. Finally, a relation
out;—k Nin:k
between in- and out-Dirac states Win=[Vin:k win;,k]r and

\pout;kz[WOut;k 1ﬁout;—k]T reads
Bouck = St Vini- 5)

Here, the scattering matrix is found as S = R*FiR where
Fj. = diag{(—1)"T'e*1 ¢*b} determines Berry, topological,
and dynamic phases k/; » of coherently propagating Majorana
excitations.

With the help of the above-introduced scattering matrix
we now transform from the basis of incoming Dirac states to
the basis of exact scattering states. That is, the field U, now
annihilates an exact scattering state in the whole setup. The

action retains its form, i.e.,

. I [, w1y
Sol¥] = Efxy%x(;—lw. (6)
The scattering matrix allows us to represent the current
flowing into the island I = ev(¥in ¥in— Yout Yout ) as
v 1. .y o
Iv] = E‘prxJp,k‘I/k, (N
where the matrix va,k =T, — vS’;fZS’k has a nondiagonal
structure in momentum and Gor’kov-Nambu spaces.

B. Regime of fluctuating phase: Gauge transform and
derivation of the interaction part S;, in the effective action

Next we allow the phase ® of the order parameter A =
|Ale’® to fluctuate. The scattering of Dirac fermions becomes
inelastic in this case; the energy-dependent [35] scattering
matrix obtains a nonstationary structure. Below we derive
an interaction term in the action which couples fermion and
boson degrees of freedom. We perform a standard gauge
transformation of fermion phases [34,36,37], which makes
the superconducting order parameter real, |Ale’® — |A|. The
Majorana edge modes are transformed accordingly, and we
extend the gauge transformation infinitesimally into the in-
coming and outgoing Dirac modes. That is

Yin(r. 1) = exp [ 361x = (21 = OO Y1), ®)

where z; is the coordinate of the first ¥ splittings and € — 0
at the later stage of the derivation. Similarly,

You . 1) = exp [ 3612 +€) = X100 [You . 1), 9)

where z, is the coordinate of the second Y splitting. The
discrete symmetry ® — & + 47 is preserved.

In the above-discussed gauge transform, we encounter the
6-function regularization problem because we go beyond the
long-wavelength approximation. We resolve it using a dis-
cretized tight-binding approach. The derivation is based on
four steps (a)-(d) schematically illustrated in Fig. 5. Let us
map chiral Dirac modes ¥, and 1/, onto a line with the co-
ordinate x [Fig. 5(a)]. The Y splittings are located at x = z; »,
the incident mode 1, scatters into a pair of Majorana modes
surrounding the topological superconductor with the floating
phase of the order parameter |A|e’®, which, in turn, fuse into
wout-

In the second step [see Fig. 5(b)], we gauge out the super-
conducting phase |A|e’® — |A| in accordance with Egs. (8)
and (9). As mentioned, we extend the the steplike gauge
transformation slightly beyond the superconductor, i.e., we
perform it in the interval z; — € < x < zp + €. This gives two
phase drops at x = z; — € and x = z; + €, which are marked
by red crosses.

In the third step we transform the chiral modes v, and
WYou to a nonchiral mode v (x) on a semiaxis [Fig. 5(c)]. Both
phase drops are now merged into one, which is marked by the
red bar. In this representation the problem is similar to that
considered in Ref. [30]. In the final step, the nonchiral ¥ near
the phase drop is mapped onto a 1D tight-binding lattice of
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FIG. 5. Schematic of S;,; derivation: (a) representation of chiral
modes on a line, (b) gauge transformations (8) and (9), (c) mapping
onto the nonchiral mode, and (d) mapping of the mode v near the
phase drop onto a fermion lattice with H + §H.

fermions [Fig. 5(d)]. The corresponding tight-binding Hamil-
tonian for ® = 0 reads

N it . e
A=3 D (@16 = Efensn). (10)
It has a spectrum ¢ = ¢ sin(ka) with k € [—%, %], t is a hop-

ping energy, and a is a lattice constant. In the low-energy limit
& K t, we obtain right (left) moving fermions near k = 0 (k =
+7%). These states determine the long-wavelength behavior of
in- and out-chiral fermions in our setting.

Now we consider two sites n = m and n = m + 1 where
the phase drop ® # 0 occurs [it is shown by the red cross in
Fig. 5(d)]. The discrete version of the gauge transforms (8)
and (9) correspond to =& /2 phase shifts accumulated when
a fermion hops between these cites. The modification of the

J

472 8E,

matrix elements describing the hopping between cites m and
m+1, t — te*®/2 in (10) results in H being added to the
full Hamiltonian H — H + §H. Here

y_ i [ dkdp i i o) —ika —~i(®)2

H:z Wc,ic,,[e AP 1) —eka (e~ ®/2) 1)),

an

(Without loss of generality we set m = —1 in this expression.)
The low-energy limit of 8H yields Sy after identifying ra —
v, & — VYin atka < 1 and & — Yoy at ka ~ Fm. After the
transition to this long-wavelength limit we send € to zero.

As a result, we obtain an interaction term in the action,

U]
A

Sin[V, @] = /dz(@ sin ®/2 + (cos ®/2 — 1)).
e

12)

Here U[¥] = hav(Yin Vi, + Youly) With a being the lat-
tice constant. It is important to keep here the term U,
although one could be tempted to drop it in the continuous
long-wavelength limit. This term provides an important regu-
larization in what follows.

C. Quasiclassical Keldysh functional
These steps lead to the following effective action on the
Keldysh contour C:

We
8m2

y 2 1 y
S[VY, d>]=/|: —PI[V]—
C 28

@2 |dr + So[¥]. (13
165 }+o[]()

(We set ¢ = h = kg = 1 below and restore them in the final
expressions.) The first term in (13) is the usual charging
energy where we have employed the Josephson relation V =
®/2, V being the scalar potential. We assume that the fluctu-
ations of phase ® are small (quasiclassical regime) because of
large Cy. Thus, we have expanded S, up to a quadratic order
in ®. This yields the second term giving a linear coupling of
the phase variable to the current fluctuations, and the third one,
which plays a role of the diamagnetic counterterm. It involves
a divergent negative energy of the ground state, —(U), where
(U) =av % The cutoff momentum is chosen as k. = % such
that the upper frequency cutoff in our theory v, = vk, and we
obtain (U) = w, /7.

Integrating over W we obtain the effective action for the
phase S[®] = —i In{[ D[¥]exp(iS[¥, ®])}. It reads

S[®] = /qpq(t)<_& _ Lz;f) &y (t)dt — i%Tr ln|:i+%(V},,(t—t')fp,k[az¢cl(t/)+00d>q(t/)/2]i|. (14)

(The prefactor 1/2 in front of Tr In is due the Pfaffian, which appears after the integration over the nonindependent Grassmann
fields in the Gor’kov-Nambu formalism.) The Keldysh rotation from ®(¢.) to the classical and quantum components @ (¢) =
%[dD(tJr) + @(z_)] and ®q(¢) = P(t)—P(z-) is performed. In the quasiclassical approach we expand (14) up to second order
in @ and ®,. This gives a dissipative action of the Caldeira-Leggett type [38],

1 ? do 1 dw 0 —iwY* D w
D= | =P wPaw—"+= | —[Pi-0 Pg_oll. : y ’ 1
stel S/EC Gl +8/27r[ < @ ][szw i Re[Y,]w coth %Méq,w} (1%
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(see the Appendix for details of the derivation). This action
is represented in Keldysh o space where the matrix possesses
the causality structure [34]. There are retarded and advanced
parts of the current correlator in the off-diagonal of this ma-
trix. The Keldysh term in the right bottom corner reproduces
the fluctuation-dissipation theorem in this methodology (see
Sec. 1 in the Appendix). We note that the second-order ex-
pansion of the logarithm produces a divergent term, which,
as usual, appears in Caldeira-Leggett theory with linearized
coupling between & and /. The diamagnetic counterterm
in (13) (xw.) cancels this divergency (see Sec. 2 in the
Appendix).

D. Nonstationary scattering matrix

Alternatively, to the use of the steplike gauge transform
that extends infinitesimally into the incoming and the
outgoing Dirac modes and that results in Sjy, one can
embed the superconducting phase into a nonstationary
scattering matrix S¢(z,t'), similar to Refs. [34,36,37]. This
scattering matrix incorporates the propagation in the Majorana
edge channels and relates the local Dirac fields near the
respective Y splittings, Uou(zo +€,1) = fS’(t, Wi (2 —
€,t)dt’. Here, St —t)=R'F(t—t)R and F()=
v [ EFe ™M = diag{(—1)""18(t — 11),8(t — 1)} After
the gauge transformation the scattering matrix acquires
the form
So(t, 1) = e~ (/2EIOP+a:200218 (1 _ 47

x @/ DEIO P )+0:04(1)/2] {t,1'} € [—o0, o0l

(16)
Integrating now over the fermionic degrees of freedom in the

spirit of Refs. [34,37] one could obtain the effective action for
the phase variable ®.

J

1 v 1y v
Sdiss[CD] = _ZETI. ln[1+EG[’(I_I,)JF,k[Gchcl(t/) + 0()q)q(t,)/2]i|~

V. CONCLUSIONS

We have analyzed the microwave dynamics of a Majorana
interferometer with a floating superconducting island in the
linear-response regime. We show that one can observe the
propagation and interference of Majorana excitations in the
two branches of the interferometer by measuring the spectrum
of microwaves reflected by the system. This is an alternative to
proposals dealing with the detection of current and noise in the
Ohmic contacts (sources or drains) of the interferometers. The
proposed technique could also be used in the time-resolved
manner, i.e., by sending microwave pulses and observing the
response delayed due to the finite propagation time and the
interference of the Majorana excitations.
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APPENDIX

1. Derivation of the dissipative part in the effective action

a. Quasiclassical approximation

The action for the phase ®(#) reads
(1L 2_ g2 .

S[®] = /C (22Ec[¢(t)/2] S(U)CD (t)>dt+8dlss[q)]~

(A1)

The first term describes the charging energy; E. = 1/2C, (in
full units E. = ¢?/2C,). The second term is the diamagnetic
one that follows from the quadratic expansion in (12). The
third term is a dissipative action,

(A2)

It is given by the logarithm of a Pfaffian: In Pf[G~' + %J ] = %Tr In[G™! + %J ®]. The Pfaffian appears after the integration
over the fermion fields. In the quasiclassical regime, the quadratic expansion is employed

1 dp . y
Sdiss[q)] = _iZTrO',T[/ dt/ %GP(O)‘IILP[(’ZCDC](I) +00q>q(t)/2]:|
. 1 ’ dpdk - INT / /
+ll—6Tr(,,f|:‘/dt dt /mcp(t—t )Jp,k[o'zq)cl(l )+ O'Oq)q(t )/2]

X(v}k(t/_t)jk,p[az@cl(t) + UOqu(t)/z]:| +---

(A3)

(Ad.a)

(A4.b)

We perform the usual Keldysh rotation to the classical and quantum components of ®(¢). These are given by ® (¢, ) = P (r) +
Dy(t)/2 and P(r_) = D(t) — Py(r)/2. The current matrix J,x = v, — vS;%ZSk [cf. Eq. (7)] can be represented as

v

Jp,k = U(Vp,kfv + Wp,kfz),

where

(A5)

2A

Vi = (=1)ylem lvE=pl/@Em) gin <—v(p ha k)>,

Wop = 1+ (1) ndpI/CEm o (

—”(p+k)). (A6)

2A
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Above we have used the matrix valued Green’s functions G
(the check symbol denotes the matrix structure in the Nambu
space). These are given by

Lok (A7)
Here G, x is a matrix in the Keldysh space given by

4L 1L
Gw,k=[f? @][g%”‘ ;‘Kf"}[? _f%} (A8)
w,k

2

VoG

The unitary matrices on the left- and right-hand sides pro-
duce the fermionic Keldysh rotation of the Green’s function
matrix in the middle. The latter is expressed in terms of
the retarded/advanced functions gw ¢ = (0 —vk Lio) and

Keldysh function g& = (¢f , — g/zhk) fi. Here, fi =1 —2m
|

and ny = 1 4+ exp[(vk — Ap)/T]17! is the Fermi distribution
function of the incident Dirac mode. The temperature T is
determined by the Ohmic contact. Au is a difference between
chemical potentials in the superconductor and the Ohmic con-
tact. We study the equilibrium regime, i.e., A = 0. In this
case, fy = —f_x = tanh % and the Green’s functions satisfy
sz._ « = —Gu. k. Hence, for the Nambu matrix we obtain

Go i = 10Gox- (A9)
b. Calculation of the trace over Nambu and Keldysh
indices in Sgjg

One can see that the first-order term given by (A3) is zero
due to Tr,[(v}w,kap, »] = 0 in the equilibrium case. Let us now
calculate the second order term given by Egs. (A4.a) and
(A4.b). First, we calculate the trace over Nambu 7 space (the
check symbol is eliminated here),

1 , [ dzdk _ ,
Sdiss[cb] = ZETI"G dt dt (27[)2 2v (V,,,ka,,, + WI’,ka,F)

XGp(t—t)o P (t") + 0gPg(t)/21Gr(t' —1)[o, Pei (1) + ood>q(t)/2]}.

Second we use the Fourier transform G,(¢) = f dog, N
—w/2,

Siiss[P] = l—/dldt f o )221) (VkakP+kaWkp)/

iot

XTra{GwI,p[az cl(t ) + 0'0(:I)q(t )/Z]Gwz,k[o'z cl(t) + GO(bq(t)/z]}

= l—

1 dpdk
T dt dt’ / (Zn)zzvz(vp,kvk,p+Wp,ka,,,) / 3

1749
< f T (Gt [0:Pa) + 00 (1))

XGa_w/2,kl0: Pi(t) + 09Pq(2)/2]} .

(A10)
and transform the frequency variables as w; = Q + w/2, w) =
dwidw, it —0n)

(2n)?
do it
(A1)

Now we consider the last integral in (A11) and calculate the trace over the Keldysh space o. The result is expressed in terms of

g% and fi,
dQ ) ,
| ST Garsn L0001 + 000 )/ 216G 2l Bat) + 70(0)/21) (A12.0)
d2 1
/ 1 4g/?2 (w/2), kgAw/z)-m p[zcbcl(f ) — fi®q 2D (2) — [, ®q(0)] (A12.b)
dQ 1
+/ 5 280 /248 22, L Pa(1) + 2D f,®q (1) + 2®a (i) (Al2.c)
dQ 1 ,
+/ 52{2%0)@1(! Y fp — fk)g’?z_(w/z),kgfw/wrg,p (A12.d)
+20:(1)Dg () (fr — fp)g?w/2)+g,pg§2_(w/2),k (Al2.e)
_(Dq(t)q)q(l‘/)(fkfp - 1)[8’?2_(w/2)’kg§w/2)+9,p + g?w/2)+9,pg§2—(w/2).k]}~ (A12f)

c. Integration over frequency in S

The integration over 2 gives zero in (A12.b) and (Al12.c): [ gb_ /2. kgAmerg2 ,dQ2 =0 and & /2. kng/2)+Q ,dQ2 = 0.
This follows from the analytical properties of retarded and advanced Green’s functions. An integration of cross terms in (A12.d),
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(Al12.e), (A12.f) with gw ¢ = (0 — vk £ io) gives

d2 . 1749 .
f Eg?Z—(a}/Z),kgltf)/ZH-Q,p = lgf),p—k’ Eg?w/z)+9,pg§z—(w/z),k = _lg/z),p—k’ (A13)
and
d2
(g?z (/248242 T Elor2rr0.p80—mk) = (8 pok = & pi) = 278[@ — v(p = K)]. (A14)
Finally, we have
a2

Z—Tro{Gszw/z Lo @a(t") + 00Pq(t")/21Ga—w/2 k[0 D (t) + 00 Pq(1)/2]}

1
= S {i@aOPal)fy = fiO8h, pi = 1P PGV fr = f)l i

— Oy (1) Py () fify — Drdlw — v(p — K1} (A15)
At this stage we embed the result (A15) into (A11) and obtain

1 2 —i(t—t")w
Siiss[P] = — 16 drdr’ / o )2 (Vpkvkp+kaWkp)/_

x{ gDV fic — F)&E i + PelOPGEV fi — )& i
—i®y (D) fif — sl — v(p — K1), (A16)

d. Calculation of the retarded part in Sgiss
After the Fourier transform in (A16) for the fields ®¢/q(f) = f ‘;—;’CDC] /q.0» We represent the action in the standard Keldysh

form
dw 0 L cI:'clw
iss ® ~_ (bc —w ® —w @ ’ . Al
Saiss[®] = 8/271[ L a. ][gw ;cj[%w] (A

Here, the function £, and its complex conjugate L} are the retarded and advanced current-current correlators, respectively,
whereas /C, is the Keldysh component.
We now calculate the retarded component L,

dpdkv

o Gy 3 VeaVer + WoiWiep) (fic = I i (A18)
We start the calculation of this integral with the use of (A5) and (A7) for the current-current term that reads
Vo iViep + Wy Wi ) =2 — 2(—1)" cos[e/(2Er)] cos(&/A). (A19)

We change momentum variables as k = v™!(£ —¢/2) and p = v~!(£ + ¢/2) where £ and ¢ are new frequencies. After this
transform, the integration over & is performed as follows:

7: w - 1 — (=" 2E §—¢/2 E+¢e/2
) / e Tto[ 1&{1 — (—1)" cos[e/(2ETn)] CoS(S/A)}<tanh > — tanh 2 ) (A20)
= _8# 2( 1),, T [ (2 )] . [ (2 )] 21)
(27 )2 w—¢&+io € sinh ZL cos[e/(2Em )] sin[e/(2A)] |. (A

Before we perform the last integration over ¢, we extract the linear divergent constant term. We also use the representation

Em =47 and A =
1 [ de 1 i nT ' - i J
Lo b e de Loy —i(hie/v) _ ,ilhe/v) _ ,=ilhe/v) 4 ,ille/v) A22
27[2/_0)( + 2n2—£_w_i0|:a)~l—2( )sinh¥(e e e +e ) (A22)
=2 s+t ! znw+2m—( 1) —( hofv) — githolv) (A423)
= 2 B h 7-[ :

Thus, we arrive at one of the central results of this paper,

(A24)

W, iw
L, = = + —|:1 + (=1

aT (efhe/v) — (ibo/v))
2 ]

. 7TT .
sinh = iw
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We note that the presence of the imaginary and linear in frequency term oiw is accompanied by the divergent real one xw,.
This is dictated by the analytical (Kramers-Kronig) structure of the retarded function L,,.

e. Calculation of the Keldysh part in Sgiss. Fluctuation-dissipation relation
The Keldysh component is given by

dpdk
= im— / an 7 VpkVip + Wy kWi p)(1 = fifp)dlo —v(p — k)] (A25)
/ f o081~ (17 cosle/@Emlcoste/ AN (1 — tanh =2 anh S22 )50 -0y (a26)
=i - cos[e cos an an —¢
T ey T 2T 2T @
—w/2 2
—in / W{l — (—1Y cos[w/(2Em)] cos(& /A)}(l ~tanh ® 2;)/ tanh ° J;;"/ ) (A27)
" (= 21y —ZL - cosl/Em)] sinle/2A)] ) coth ~ (A28)
=—|w-—-2(— cos[w sin[w coth —.
2w sinh % T 2T
We note that using (A24) we obtain the relation,
1)
Ko =iIm[L,]coth —, A29
iIm[L,]co 5T (A29)
which reflects the fluctuation-dissipation theorem.
2. Cancellation of the divergent counterterm. Derivation of the admittance Y,,
a. Green’s functions for the phase
The quasiclassical action (A1) now reads
1
S[d] = UY®* (1) |dt + Saiss[ @
[1/(22E <>(>>+d[1
(U) 1
-/ %(z)(—T - g% ) Pa(tdt + Sal@)
2
1 [dow 0 35— U) + L5 [P0
= —f [P0 Pg-o0l| . 2k [ < } (A30)
8J 2m 3= —(U) + Lo Ko Dy
Since @ is real, the action (A17) can be represented as
d
S[o] = / © S @, D51, P (A31)
o,0'=cl,q
where
DX DR
D,=|"° @ A32
i o) (32
possesses the usual Keldysh structure,
4 4
D= Dh=—————  Di=(D-D})coth o (A33)
E—(U}—i—ﬁw E_(U>+£w
The fluctuation-dissipation relation (A29) for &C,, has been used in Dg .
[
b. Analysis of the linear-response function. Divergent terms —iw®d, /2, we have
cancellation. Admittance
The retarded component DX determines the response func- Vindw =0 =V, = iw®,/2. (A34)

tion for the phase variable. If an external current perturbation . .
Ixi(t) is applied then the following perturbation is added  Then, we obtain that Vi, = iw DRl . The total admit-
to the action Sexy = — ffleextdt = f i@(r)]ext(t)dt. The tance Yo, = Lo 1s given by

Vind
response is ¥, = szIext »- Assuming that the induced volt-
age Viyq is the difference between the potential in the Ohmic —iw 1 /o,
contact, which is set to zero, and in the superconductor V,, = Yotw = T <? —({U )) + Y. (A35)
C
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The first term is the admittance of the capacitor Cy. The
second term in parentheses consists of a divergent inductive
part and a counterterm. As shown after Eq. (13) these two
terms cancel each other. The third term is the admittance of
the system,

en 1 xT  (eholv) _ gitofv)y
Yo=(5)5= |1+ 1"
h 27T|: + )sinh% iw ]
(A36)

[we added here the dimensional prefactor ¢// and reinstate
the conductance quantum Gy in Eq. (1)]. Finally, we note that
the retarded and Keldysh components in the action (A30) can
be represented as follows:

L, =ioY, L5=—ioY: K,=iRe[Y,]ocoth %

(A37)
Thus, one arrives at Eq. (15).
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