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Recently, there has been renewed interest in studies of criticality in the spin quantum Hall effect, realized in
the Altland-Zirnbauer symmetry class C of disordered, noninteracting fermions in two spatial dimensions. In
our study, we develop a nonperturbative analysis of the replica two-dimensional nonlinear sigma model in class
C. We explicitly construct the instanton solution with a unit topological charge. By treating fluctuations around
the instanton at the Gaussian level, we calculate the instanton correction to the disorder-averaged logarithm of

the partition function. We compute nonperturbative corrections to the anomalous dimensions of pure power-law
scaling local operators, which determine the spectrum of generalized multifractality. We also calculate instanton
corrections to the renormalized longitudinal and Hall spin conductivities and determine the topology of the phase
diagram for class C. Our results demonstrate that the spin quantum Hall effect is indeed a close cousin of the

integer quantum Hall effect.

DOI: 10.1103/PhysRevB.110.165431

I. INTRODUCTION

The prototypical example of a quantum phase transition in
disordered noninteracting fermionic systems is the Anderson
localization/delocalization transition [1]. After more than 60
years of active research on Anderson localization, its physics
and related phenomena are well understood (see Refs. [2,3]
for a review). Perhaps the most intriguing discovery in the
realm of Anderson localization was the discovery of the in-
teger quantum Hall effect (iqgHe) [4,5] that realizes Anderson
transitions between topologically nontrivial localized phases.
The understanding of the synergy between topology and quan-
tum interference in the iqHe has stimulated search of other
topological Anderson transitions. It was found [6-11] that
there are exist ten different (Altland-Zirnbauer) symmetry
classes of disordered noninteracting Hamiltonians. In addi-
tion, each spatial dimension admits five out of ten symmetry
classes with nontrivial topology [12—14]. Physics in each of
ten symmetry classes is described by the corresponding effec-
tive long-wave field theory—nonlinear sigma model (NLo M)
(see Ref. [2] for a review). The nontrivial topology is reflected
by the presence of the topological term (either ¢ term or
Wess-Zumino-Witten-Novikov term) in the NLoM action.

In two spatial dimensions the corresponding Anderson
transitions between different topological phases occur at
strong coupling typically. Thus, criticality is not accessible
within effective long-wave description in terms of NLoM.
Nevertheless, the nonperturbative (instanton) analysis of
NLoM in a weak coupling regime allows one to understand
the structure of the phase diagram and explain quantization
of the proper physical observable. A well-known example of
such a situation is the integer quantum Hall effect (igHe).
The igHe phase diagram and the quantization of the Hall
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conductance has been understood on the basis of existence
of instantons—topologically nontrivial solutions of classical
equations of motion for the NLoM action [15-22].

Recently, the interest in the igHe has been renewed in
the context of a critical theory for the Anderson transition
between different topological phases (plateau-plateau transi-
tion). For a long time it has been suggested [23-28] that the
Wess-Zumino-Novikov-Witten models are an ultimate confor-
mal critical theory for the Anderson transition in the iqHe.
However, the critical theory predicts not only the localization
length exponent but also anomalous dimensions of various
local operators. Examples of such operators are the disorder
averaged moments of the local density of states (LDoS), v(x),
which demonstrate pure power-law scaling with the system
size, (vI(x))~L~*@  at criticality [29-31]. In addition to the
moments of LDoS there are many more pure scaling observ-
ables [32]. The corresponding operators can be expressed in
terms of the disorder averages of specific combinations of
wave functions [33-36]. The corresponding set of generalized
multifractal exponents x; is unique for each symmetry class
and dimensionality (see Refs. [37,38] for a review). Provided
the local conformal invariance and Abelian fusion rules for
the pure scaling operators hold, the generalized multifractal
exponents x; were proven to have a parabolic form with a
single free parameter only [39—41]. The validity of this pre-
diction has been debated in numerical simulations [2,40,42].
One more interesting aspect of recent discussions of the iqgHe
criticality is the numerical evidence that the magnitude of the
localization length exponent in the iqHe transition varies with
a change of geometry of a random potential [43—47].

The igHe has a close cousin, the spin quantum Hall effect
(sqHe) that occurs in superconducting class C [48-50]. The
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analog of the integer quantized Hall conductivity is the spin
Hall conductivity that describes the response of the spin cur-
rent to the gradient of the external magnetic field'. The sqHe
has very similar phenomenology as the iqHe, in particular, it
has even integer quantized spin Hall conductivity, Anderson
transitions between different topological phases, description
in terms of the NLoM (see Ref. [2] for a review). Addition-
ally, the sqHe has an advantage: an infinite set of anomalous
dimensions of local operators has been computed analytically
at criticality by mapping to the classical percolation problem
[34,53-57]. Recently, the sqHe criticality has been intensively
tested against description by the conformal field theory. It was
shown [34-36,40,55,58,59] that although the numerical data
for the generalized multifractal exponents x, reproduce exact
analytical results obtained from mapping to percolation, there
is a clear evidence for a violation of parabolicity. These results
prove a lack of the local conformal invariance at the sqHe
transition in d = 2. There is an alternative point of view on
breaking of the generalized parabolicity and the presence of
local conformal invariance. As it has recently been proposed
[60], it can be explained by a nonperturbative reconstruction
of nonlinear o-model manifold, when renormalization group
(RG) flow reaches strong coupling limit.

The absence of plausible candidates for the critical theory
of the sqHe transition makes nonperturbative weak coupling
analysis of the corresponding NLoM to be of interest. Sur-
prisingly, the nonperturbative analysis of the NLoM for class
C is absent so far in the literature. In our paper we fill this gap
by developing the instanton analysis of the replica NLoM in
the class C. In particular,

(i) we construct the instanton solution for the replica
NLoM in the class C, cf. Egs. (15) and (107);

(i) employing the Pauli-Villars regularization scheme
[61], we calculate the instanton correction to the partition
function, cf. Eq. (64);

(iii) we apply the developed methodology to computa-
tion of nonperturbative corrections to the average LDoS, cf.
Eq. (86), and to the anomalous dimensions of the local deriva-
tiveless eigenoperators (with respect to the renormalization
group), cf. Eq. (96), that determine the spectrum of general-
ized multifractality;

(iv) we calculate instanton corrections to the renormalized
longitudinal and Hall spin conductivities and extract the two-
parameter nonperturbative renormalization group equations,
cf. Eq. (106).

Our results support a general idea that the sqHe is in many
ways very similar to the iqHe.

The outline of the paper is as follows. We start from
the formalism of the replica Pruisken’s NLoM for class
C (Sec. II). In Sec. III we present construction of instan-
tons with topological charge £1 for class C and analysis
of Gaussian fluctuations around it. The instanton contribu-
tion to the partition function is computed in Sec. IV. Next
we present computation and analysis of instanton corrections
to the anomalous dimensions of pure scaling eigenoperators

'"We note that similar relation between the spin current and the
gradient of the magnetic field is realized in thin films of the superfluid
3He-A [51,52].

(Sec. V). In Sec. VI we compute instanton corrections to the
longitudinal and Hall spin conductivities and rewrite them in
terms of two-parameter renormalization group equations. We
end the paper with discussions and conclusions (Sec. VII).
Details of lengthy calculations are given in Appendixes.

II. PRUISKEN’S NLoM FOR CLASS C
A. NLoM action

We use formalism of Finkel’stein’s NLoM for the sym-
metry of class C (see Refs. [62-66] for details) adapted for
noninteracting electrons. We exclude interaction term, reduce
the space of positive and negative Matsubara frequencies
to the retarded-advanced (RA) space, leaving two frequen-
cies only. In this way we obtain the following form of the
Pruisken’s NLoM:

NS —% Tr(VQ)* + %/Tr[sijVjQVkQ], (1)
where [ = [d’x and & denotes Levi-Civita symbol with
&xy = —&y = 1. The field Q is a traceless Hermitian matrix,
defined on N, xN, replica, 2x2 retarded-advanced and 2x2
spin spaces. It satisfies a nonlinear constraint and Bogoliubov-
de Gennes (BdG) symmetry constraint:

=1, 9=-0, Q9=sL0Q"Lys,,

0 SO® ir
Ly = A . 2
‘ <50 ® 1 0 >RA @

Here subscript RA implies matrix acting in the RA space.
The parameter g (gy) denotes bare dimensionless longitudinal
(transverse) spin conductance, 1, stands for the unit marix in
replica space, and s; are standard Pauli matrices. We note
that the last (topological) term in the right-hand side (r.h.s.)
of Eq. (1) has exactly the same form as the one in class A
[17].

Non-linear constraint on @ matrix and BdG symmetry re-
lation define o-model target manifold: Q € Sp(4N,)/U(2N,).
In the end of all calculation we should take the replica limit:
N, — 0. In order to resolve nonlinear constraint we can
rewrite Q matrix in terms of nonuniform matrix rotations:

Q=T'AT, A=030s®1, 3)

where T € Sp(4N,), o3 is the corresponding Pauli matrix in
the RA space. The matrix A is so-called metallic saddle-point.
It is convenient to realize the rotation matrices 7 belonging
to Sp(4N,) as the 4N, x4N, matrices satisfying the following
conditions:

T =T, (T H'Les, = 21T )

The first relation in Eq. (4) restricts the number of independent
real variables of the matrix 7 to be equal to (4N,)? as given
for U(4N,) group. The second condition in Eq. (4) reduces
the number of independent real variables down to 2(2N,)? +
(2N,) as it should be for Sp(4N,).

B. Nonunitary matrix rotation

The model defined in Sec. II A reduces to the 4 x4 matrix
theory in single-replica limit N, = 1. Even with such size of
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matrix Q calculations might become too tedious. In order to
avoid this difficulty, we perform nonunitary rotation of the
matrix basis, introducing new matrix Q as

1 1 0 0
_ 0 0 —1 1 i,
o=U"'ouU, U= ® —.
1 =1 0 0 2
0 0 1 1)
(5)

Here the subscript RA, S implies matrix acting in the com-
bined RA and spin spaces. We use peculiarities of symplectic
group to change the antisymmetric matrix, which defines BdG
symmetry relation in such a way that it acts in the spin space
only:

0=-0, 0=s0"s. ©)

Also we note that the rotation (5) changes the definition of
the metallic saddle point:

A—>A=Tra®s:®1,. 7

It is easy to check, that the transformation (5) does not change
the form of the action (1). After the transformation (5) we
cannot distinguish RA and replica spaces, therefore, it is
convenient to introduce new notation: n = 2N, for dimension
of the combined RA/replica space. After the above trans-
formation, the NLoM reduces to the 2 x 2 matrix theory in
single-replica limit, n = 1.

III. INSTANTONS WITH TOPOLOGICAL
CHARGESC ==+1

A. Construction of the instanton solution

In order to obtain the saddle-point solutions with nontrivial
topology we use Bogomolny inequality:

Tr(V,Q +iQV,Q)* > 0. (8)

It can be rewritten equivalently as

1
— | Tr(VQ)* > =[C[Q]. ©
16 J,
Here we introduce the topological charge
1
ClQl = —— [ Tre;x QV;QV, Q. (10)
lorwi J,

Therefore, stable matrix field configurations, which minimize
the action should satisfy the self-duality equation:

vV, 0+iQv,Q=0. 1rn)

We note that Eq. (11) is invariant under transformation (5).
Therefore, we construct solution of this equation in the rotated
basis as follows. At first, we set the number of replicas in the
rotated basis equal to unity, n = 1. Then, similar to class A
[19], we use Belavin-Polyakov instanton to solve Eq. (11) by
the matrix

(n=1) e |2 - 6(2) 2epe;
Ainst = 2 * 2 N | (]2)
epe) —(|el| —eo)
where
A Z—20
Q= ———, e =

Viz =2l + 22 Viz —2lF + 22

Here z = x + iy stands for the complex coordinate, the com-
plex zo denotes a position of the instanton’s center and A
stands for its scale size. Generalization of solution (12) to the
case of n > 1 is constructed in the form that explicitly violates
the replica symmetry:

(n=1)
AP0 0
(n>1) 0 S3 0
Ainst = (14)
0 0 . S3

r

Here the lower index r denotes that the matrix is written
in the replica space. Topolog%ical charge (10) for this solu-
tion is equal to one: C [Ai(g; )] = 1. Solution with negative
topological charge can be obtained by complex conjugation
of solution (14). Therefore, full instanton manifold can be
written in terms of the unitary rotations 7y and R about the
metallic saddle point A:
Qinst = 7?)71A'(n>1)76 == 7?)71]?71&}?76»

st

e} 0 ¢ O
. (R O o i, 0o o (15)
R=<o i) =[-e, 0 & o
! o o o 1, .

Here 7y € Sp(2n) stands for an arbitrary global unitary rota-
tion, which describes the orientation of the instanton in the
coset space Sp(2n)/U(n). One can check that Qj, satisfies
BdG symmetry relation (6). The classical action for the in-
stanton solution (15) is finite:

S =-—ng+ingn. (16)

We note that the classical action S is independent of z, A,
and 7y, i.e., they can be identified as zero modes. In contrast
to the case of class A, it is convenient to split gz on even
integer part and fractional part:

gn=2k+90/n, keZ, —-nm<?9<m. (17)

We note that a change of ¢ from —m to m corresponds to
change of gy on 2 rather than on 1 as in the class A.

B. Fluctuations near the instanton solution

In order to construct perturbation theory around the in-
stanton solution we use exponential parametrization of the Q
matrix:

Q=R'"WR, V=e"2p"" (18)

The matrix W has to satisfy the following constraints:
(W,A}=0, Wi = —W, and W = —W. Consequently, the
matrix W can be parametrized by nxn complex symmetric
matrix 0,

(0 W T .
W = (—ﬁ)* O)Sp, W =w. (19)

The presence of instanton can be interpreted as appearance
of the non-Abelian vector potential, A; = RV jR’l, in the
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NLoM action, e.g.,
_%/Tr(VQ)2 - /Tr(VjV —AD. QO

Using symmetries of the fields @ and @* we can expand action
(20) to the second order in W, W*:

58, = —gfdxuz(r)[wuo(z)w*“ i Z w00y
8 a=2
n
) Z waﬂo(O)w*aﬁ + 2Zwla0(l)w*lai|’
l<a<p<n a=2
(21
where 72 = x> 4+y? and the Greek indices denote matrix

structure in the replica space. Here we define the operators

@ (% + A%)? ia ’ a
o9 = — T Vj+r2+12£jkxk — 5 (22)
and the measure
2\

We note that the set of operators O and the measure ()
are exactly the same as the ones that arise in analysis of
fluctuations around the instanton in class A [19].

The natural appearance of the measure % (r) indicates that
it is convenient to employ inverse stereographic projection
from the flat space onto the sphere with a radius A. Therefore,
we should introduce new coordinates, the spherical angles:

1’2 _ )\‘2
r2 4+ 22
In terms of the spherical coordinates, the quantities e; and e
can be written as

[1—n [1+1n
ey = T, e = Tee, (25)

while the operators 0 become

cos¢p = =17, 6O =arctan ()—)) (24)
X

o 9 19 a9

0@ =——|(-n )— - —
n n 1—-n%2060%2 1-—1n0d0
a?l+n a
a-rn_ g 26
+41—’7 > (26)

Eigensystem for operators (26) can be found in a standard
way as the solution of Schrodinger-type equation

0o (n,0) = EDD(n, 0). 27)

Here the eigenfunctions are normalized with respect to the
measure dnd6. The eigenfunctions are expressed in terms of
Jacobi polynomials:

D" —=n) d" (11—t
2nn) (14 )P dyr (1 4+ n)—8"

PPy = (28)
as [19]

O\, = e M (1—mi(1—P) T PYEM (), (29)

TABLE I. Number of fields for operators O@.

Operator Number of fields w*? Degeneracy
o0 n? —n)/2 1
ov n—1) 2
o® 1 3

where s, =0, 1,1 for a =0, 1, 2, respectively. The eigen-
states are enumerated by the angular momentum J =
0,1,2,... fora=0and J=1,2,3,... fora=1,2. The
corresponding momentum projections satisfy —J — a(a —
1)/2 < M < J — s,. The normalization constants read [67]

JTUFMF T Faa=D) DT T=MF1=5,)

C(fl)
JM T oM +1+a(a— 1)/2fr(])
NoIES _
J+1 ’ a=0,
a=1, (30)
V2I+1 _
NAIOESVE a=2.

The eigenenergies are given as
EY = =5, +1—s,+a). (31)

We emphasize that the eigenenergy vanishes for the smallest
allowed angular momentum, Ej(i)s =0.

C. Analysis of the zero modes

There are several zero-energy modes for the operators 0@,
From Table I we can compute the number of the zero modes
to be equal to n”> 4 3n + 2.

We also note, that one can rewrite eigenfunctions corre-
sponding to the modes with zero eigenenergies in terms of ey
and e;:

1 1 1
o = — o = e;, o =_——¢;
00" o LT o Lo an
/ / [3
2 _ 2 2 _ 2) _ 2
q>1 o= nel, @1’71 = —€péq, CDI,O = Eeo.

(32)

Now we show that each zero mode is related with corre-
sponding instanton degree of freedom (collective coordinate).
For this purpose we introduce small deviations of instanton
degrees of freedom: &; = {A, xo, yo} and generators ¢, which
can be defined as an expansion of global rotation matrices 7
near the identity matrix:

To=1+1it. (33)
In this way we find
Q(&; +88)) = R (§,)(A + [A, BDR()).
B = iR(&)tR™" (&) — 8&;R(£))(0:, R (&))).
(34)

Comparing the above equations with Eq. (18), we relate fluc-
tuation matrix @ and the zero modes as

w=2(iRR" — 8§R(0:R7")),,- 35)
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U(1)

FIG. 1. The symmetry-breaking pattern in terms of generators
(33) for an arbitrary matrix 7 € Sp(2n). The off-diagonal elements
corresponding to 7’ € Sp(2n)/U(n) are shown by pink color. The di-
agonal elements corresponding to T € U(1) U U(n)/[U(1) x U(n —
1)] are shown in blue and violet colors.

Here the subscripts 12 correspond to the spin space structure
in the rotated basis. Explicit expressions for matrices and
symmetry relations for @ allows us to obtain the following
results:

A 87"
w!' = —4epet <it1'11—ﬁ)+2e§(%—it{"2'l)+2ie’f2t112',
w' = w* = 2i(eft!s — eot!®),
w® =2’ Ba>1 (36)

If one considers a similar task for the trivial topological
sector (C[Q] = 0), i.e., one makes an expansion around the
metallic saddle point A, one obtains

w = 2ir??. (37)

These are trivial zero modes corresponding to Ny = n? +n
real parameters. The number of zero modes for the instanton
solution can be split as follows:

W 43n+2=n+n+2n+2=~MNp
—

trivial instanton
+ 2n—-241 4+ 3 . (38)
—— ~—
instanton rotations &

In the last line of the above equation we separate the num-
ber of zero modes corresponding to the instanton parameters
& = {z0, A} from the number of zero modes correspond-
ing to generators of instanton rotations ¢. The above zero
mode structure corresponds to the symmetry-breaking pat-
tern shown in Fig. 1. The instanton breaks U(n) down to
U (n—1) explicitly. Therefore, we can present the zero modes
corresponding to rotations 7y around the instanton as a
product 7o = T7’, where 7' € Sp(2n)/U(n) and T € U(1) U
U(n)/[U(1) x U(n — 1)] describes the additional rotational
zero modes.

IV. CALCULATION OF THE PARTITION FUNCTION

In order to calculate the partition function we use the
fact, that total partition function can be written as sum over

contributions from all topological sectors:

z=Y =z, (39)

C=—00

where C is the integer-valued topological charge, see Eq. (10).
For a reason to be explained shortly, it is more convenient to
work with the quantity 7 = [1/(2r)] In Z. Analogously to the
statistical mechanics, F can be referred as the free energy. In
the replica limit, n — 0, F determines the disorder-averaged
logarithm of the partition function. Due to exponential small-
ness of configurations with |C| > 1, we can expand the
logarithm of the partition function in a series:
an%InZo+é+é+... (40)
Z 2y
Therefore, our main goal for this section is computation of the
instanton corrections to In Z, which we call the normalized
partition function in all calculations below.

Calculation of the partition function can be separated into
two parts. The first one is calculation of the contribution of
massive modes in Gaussian approximation. The second part
is integration over the zero modes, that should be carried out
exactly due to divergence of the corresponding determinants
in the Gaussian approximation.

Also, we notice that we are interested in calculation of the
normalized partition function, which is defined as

Zinsi _ / Dlw, w*]exp (S + 8S,)
Zy [ Dlw, w*]exp (8So)

, (41)

where Ziy = 2,1 = 2%, and 8y has the same form as 55,
(21) with all operators O® replaced by 0©.

A. Determinants for the massive modes

In this section we exclude all calculations related to the
zero modes, concentrating on obtaining the determinant due to
integration over the massive modes. Therefore, schematically
we rewrite Eq. (41) as:

Zinst

_ / Al 20, g D1e5+P. 42)
ZO zm

Here fz ., denotes the integral over the manifold of the zero
modes, A, is a functional associated with the contribution of
the zero modes, which will be defined below, and D is the
contribution of the massive modes. In this section our aim is
to compute D in the Gaussian approximation.

It is convenient to introduce Green’s functions for the op-
erators O in a standard way:

[JM ) (@) a) (I M|

Gu(n,0;1',60";0) =
Z EJ(“) +w

JM

(43)

Then we can calculate integral over w fields explic-
itly, using expansion in terms of the eigenfunctions of
operators O'@:

22

w*(n.0) = ——

\/E J.M

Uy @Y (44)
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Performing Gaussian integration over complex coefficients

ap .
Uy we obtain

D = (n—1)(Trln $G,(0) — Trln $Go(0)) + Trln G,(0)
—TrinGy(0) = —(n — DY — D@, (45)

Appearance of factors 1/2 under TrIn after integration over
um is due to last two terms in Eq. (21). It reflects symmetry
relations between matrix elements of fluctuation matrices W,
cf. Eq. (18).

The traces in Eq. (45) can be readily written in terms of the
eigenvalues of the operators O, However, these sums are
divergent. This fact reflects the infrared divergencies which
are well known to appear in the course of the perturbative
background field renormalization of the NLoM action. Usu-
ally, such divergences are treated by means of the dimensional
regularization scheme. However, since the instanton solution
exists strictly in two spatial dimensions we cannot use dimen-
sional regularization scheme. Fortunately, there exists other
regularization scheme, Pauli-Villars method [61], which can
be employed in two dimensions. We note that it was used
for computation of nonperturbative corrections in Yang-Mills
theory due to Belavin-Polyakov-Schwarz-Tyupkin instanton
[68]. Later this methodology has been adapted to the studies of
instanton effects in the iqgHe [19,22,67]. Below we will sketch
the derivation of the results for the regularized determinants.
More details can be found in Ref. [67].

The idea of the Pauli-Villars method is to introduce K + 1
copies of the quantum theory 8S,. In each copy the operators
0D are supplemented by the mass term M2, f=0,...,K,

ie. 09 — 0@ —l—/\/lff. It is assumed that Mo = 0 while
J

Mg > 1for f=1,...,K. The additional K copies of the
theory are served to cancel all the divergencies except the
logarithmic one. In order to extract the logarithmically diver-
gent contribution some of the additional copies are assumed
to contribute to the logarithm of the determinant, D, as if they
result from the integration over Grassmanian variables, i.e.,
contributing with the opposite sign in front of Tr In in Eq. (45).
In other words, one has to use the following substitution in
Eq. (49),

K
Trlnrb_lga(O) — ZefTrlnr,:lga(Mfc). (46)
=0

Here r, =1, 2 [see Eq. (45)], o =1, and ¢y = £1 for f =
1, ..., K. The particular sign of each & is chosen to be able
to cancel all divergencies except the logarithmic one. Then the
regularized versions of the functions D"?) become

1 1
DEZg):Alig;o[ch( ;“,ra)—dm(i,ra)}, (47)

where ry =2 and r, = 1, and

A
Dp(p,r) =Y 2/ In[r(J* = p)]

J=p+1
K A

+) ey 2m[r(2—pP+ MG 48
f=1  J=p

Evaluating the function ®,(p,r) under assumptions that
A > My > 1, we find (see Ref. [67] for details)

A 2p A K
CIDA(p,r)z—2p1nr+42]1n]+2p2—ZZ(J—p)an—szlnA+2lnr Z J+Zs‘f|:2A(A+1)lnA—A2
J=1 J=1 J=p+1 =1
A
IneA 1—6p
+——+2Mnr Z J-— 1an—2M}1an+2M}1nA—2p21nA}. (49)
J=p+1

Now we choose K =5 and set ¢y =&, =1 and &3 = g4 =
&s = —1. The masses satisfy the following two equations:

K K
Y epMi=0, > epMilmM;=0.  (50)
=1 f=1

Then, the above expression for the function @, (p, r) simpli-
fies drastically,

2p
1-6
Ou(p.r) = —2plnr+——L I M+2p° -2 (J—p)InJ
J=1
A IneA
+4ZJ1nJ—2A(A+1)lnA+A2— ,
J=1 3
(5D

(

where we introduced the so-called Pauli-Villars mass

K
InM=-> e InM,. (52)
f=1

Next, using the result (51), we can compute the regularized de-
terminants D{¢). Interestingly, they can be expressed in terms
of regularized determinants for the similar problem in class A,
see Ref. [67],

1 2 2
Dselé :Die;.A —In2, DEeg) ZDSeé,A’
DY), =—InM+3-2In2,
D® = _2InM+4—1In2—3In3. (53)

reg

Hence we obtain the final result for the regularized de-
terminant, coming from the integration over the massive
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modes
3(n—1
=n+1)InMe ™12~ %
+3In3 -+ 1)y —1/2). (54)
Here for the purposes that will be clear further, we added
and subtracted a constant (n + 1)(y — 1/2), where y &~ 0.577
stands for Euler constant. We emphasize that the Pauli-Villars
mass M controls divergencies in the fluctuation determinant
D. As we discussed above such divergences arise similar to
divergencies in the course of the perturbative renormalization
of the action due to elimination of the fast fluctuations on the
top of slow background field configuration.

4+ Bn—-2)In2 -4

B. Jacobian for the zero modes

Detailed calculation of the Jacobian for collective modes
can be found in Ref. [19]. In this section we present resulting
expression and explain peculiarities arising in the case of class
C. In order to derive the zero-mode Jacobian we use explicit
expressions for coefficients ”ﬁw in terms of the instanton
degrees of freedom (36): ’

4 g S 271g
=Sl - 5 ). =,

2rg (87 .
o = T(_ —if'). e = s,
glti"lla, ”00 = w/27'[gltf‘2’3, B>a>1.
(55)

The above expressions can be rewritten in terms of Jacobi
matrices with block structure in replica space:

[ 8 0 SA
11 11 322
(Rewy y, Imuy ) = 0 _\/@ (;1111>a (56)

1 1 10 10
(Reuy' 5, Imuy'_,, Reu)’), Imu;"))

21
0 —y3 0 0 ) /Reel]
VE o 0 o [y
2 21 Yo
=0 0 -fm
(57)
(Rewy®y, Imuj®_;, Reuy$, Tmu;%)
0 -—Jmg 0 0 Re ;3
|vmE o 0 0 ||Imzrfy
| o 0 0 —ymg||Rerlt |
0 0 —JTg 0 Imtllf’
(58)
o o 0 —J/27g\ (Retf
(Reufy, Tmugh) = o ) (59)
: V2rg 0 Im1

with 8 > o > 1. Using these explicit expressions for the
blocks of the full Jacobi matrix, we derive the following
Jacobian for collective modes:

28 4g

n—2 2 n(nfl)/2. 60
TR S (60)

|Jmst |
Here we present the result as a product of four factors, which
correspond to block matrices (56)—(59). Jacobian for the triv-

ial topological sector can be derived in similar way, using
Eq. (37):

ol = (2g)""+1/2, (61)

Therefore, resulting answer for the contribution from the zero
modes acquires the following form:

_ 8¢t [ drodi [ D[T'] [ DIT]
[ Am =i [ ey @

where global rotations 7~ € Sp(2n)/U(n) corresponding to
the zero modes in the absence of the instanton, while T €
U)UUm)/[U(1)xU(n — 1)] are additional rotational zero
mode induced by the presence of the instanton (see Fig. 1).

C. Partition function

Using Eq. (42), we calculate the instanton correction to the
partition function. Since 7’ and T describe the zero modes,
integration over them is reduced to the volume of the corre-
sponding manifolds, which were computed, for example, in
Refs. [69,70]:

(63)

/ D[T]zvol[U(l)]Vol[ U@ }_ 2"

U()xU(m—1)| Tn)

After all substitutions we find the following one-instanton
contribution to the partition function

Zinst nn+1) / drod A = .
— Gn n+ ng(M)+lz9,
Z 5 3 (rg)""e

22n+3 efnf(n+ 1y

F'n+2)°

= (64)

Here we introduce one-loop renormalized spin conductance in
Pauli-Villars regularization scheme (see Appendix A),

n+1

gM)=g—Boln Me" 1% By = (65)

In the replica limit, n — 0, the correction Zi,g /2y is propor-
tional to n.

The result (64) is derived within the Gaussian theory for the
fluctuations around the instanton solutions. Therefore, g in the
prefactor of the exponent under the integral sign in Eq. (64)
remains unrenormalized. It is natural to expect [71-74] that
treatment of fluctuations beyond the Gaussian approximation
will result in substitution of g by g(M) in the preexponential
factor also. However, such a calculation is beyond the scope
of the present paper.
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In order the result (64) for Zi, /2y becomes operative,
one has to relate the Pauli-Villars mass M with the instanton
size A. Fortunately, the form of Eq. (65) suggests the form
of such a relation. A key observation is that the correction to
the conductance in the flat space due to elimination of fast
fluctuations with spatial scales between the ultraviolet length
scale £ and the running scale A has exactly the same form
as Eq. (65) but with A/¢ under the logarithm instead of M.
Therefore, one concludes that M = ¢\ /¢ where ¢ is some
constant. Within a particular scheme, this constant can be
fixed to the magnitude { = e/2 (see Appendix E). Therefore,
the correction Zj,i/ Zy depends on a particular value of ¢, i.e.,
on a method of transformation from the theory of fluctuations
on the sphere and in the flat space. This known to occur in the
class A also [67].

V. INSTANTON CORRECTIONS FOR PURE
SCALING EIGENOPERATORS

As was outlined in Sec. I, there is an infinite set of local
operators demonstrating pure scaling at sqHe criticality. In
this section, we will compute instanton corrections to the
anomalous dimensions of gradientless local operators C, [Q].
Each such operator is an eigenoperator with respect to the
renormalization group and, consequently, the corresponding
physical observable demonstrates a pure scaling behavior at
criticality characterized by a critical exponent x;, Ky[Q] ~
L™ where L is the system size. The operators /Cy [Q] can be
enumerated by a tuple A = (Aq, ..., A;) of integer numbers,
Al = Xy 2 ... x> 0, which are the highest weight of cor-
responding irreducible representation of Sp(2n)/U(n) [32].
Each operator IC,[Q] involves |A| = Ay + - - - + A; operators
Q. The simplest example of such pure scaling observables are
the disorder-averaged moments of the LDoS, (v?). They cor-
respond to the operators K, [Q] with A = (q) (see for details
Ref. [33]).

An operator O averaged over the NLoM can be written as
a sum over topological sectors,

Zins + zx
#) +(0) 1 +(O)_ +...
0

(66)

(0) ~ (0)0<1 -

For computation of averages at nontrivial topological sectors,
we employ the saddle-point approximation near the instan-
ton solution, taking into account Gaussian fluctuations in
the action only. As above, we restrict our considerations by
the contribution from the topological sector with C = £1.
We note that one has to take into account that in fact there
are many instanton solutions with a given topological charge
parametrized by the zero-mode manifold of A, zp, and T.
Therefore, one has to sum contributions to (O)4; from all
such instanton solutions (for more detailed discussion see
Ref. [67]). The weight of each contribution is fixed by the
expression (64) for Zi,i/Zy. Then, we find

(0)T(ng)n+lefﬂg(./\/l):til7 ,

(67)

nn+1) drod i
<0>:t1 = n/ 0

2 23

where we introduce

o f D[T]O[Qinst]
- vol T

We remind that here T € U(1) U U(n)/[U(1)xU(n—1)]. As
it was shown in Ref. [67], for computation of anomalous
dimensions for pure-scaling operators without derivatives, it is
enough to restrict instanton zero-modes manifold to only such
rotational zero modes, which commute with A, i.e., to the
diagonal blocks in Fig. 1. They are precisely T rotations. We
took explicitly into account that the operator O evaluated on
the instanton solution mights depend on the unitary rotations
T. We note that below we will work with operators expressed
in terms of the original @ matrices.

(0)r , (68)

A. LDoS

The disorder-averaged LDoS (v) corresponds to the pure
scaling operator KC(1)[ @], which involves a single Q matrix. It
can be written explicitly as [66]

KnlQl = 3[trQk — Qi3] (69)

where tr is trace over spin space and « is a fixed replica
index. We note that the average LDoS is determined as (v) =
v (K(1)[Q]) where vy is the bare value of the LDoS. As well-
known [2] the disorder-averaged LDoS depends on the energy
as a power-law at sqHe criticality. To simplify calculations we
will study the scaling of (v) at zero energy with the system
size L. Then, lowest order perturbative treatment results in the
following expression:

(©)
Ya L 14+n
<v>=vpen<L>=vo(1+%1n ) ) =——.

¢
(70)

It is convenient to use parametrization of instanton solution
in terms of deviation from a metallic saddle point A:
Qg = A +U™'T'pTU,
U(n)
e ————— U u@). 71)
U()xU(n—1)

Here, we remind, the rotation matrix U is defined in Eq. (5).
The matrix p has only four nonzero matrix elements:

pas = —pl_ = =2e2,  pil = (o) = 2e0er. (72)

We write down expansion for the operator K1) computed on
the instanton solution (71) and averaged over T rotations:

1
(K[ Qinse)T = Ztr[A%% — A%d]

1 —lp—1 ao
+ZZp1(tr[U T pTUTS, )y (73)
pr==%

We note that the matrix T acts as a 2n x 2n block-diagonal
matrix in a spin space, see Fig. 1. Therefore, we can write
T=T,(1+5s3)/24+T_(1 —s3)/2, where T is n X n matrix
bel(inging to Te U(1)UUMm)/[U(1)xU(n—1)], while T_ =
(T2H".
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For averaging in Eq. (73) over T rotations we use the
following relations (see Refs. [75] and [22]):

—1I\alplby ﬁ
(THITor = pat (74

[8;3]/8016 + 801/38)/8]

lotllﬂ 1\ 118
(AT T P

(75)

After averaging, we should contract the similar contribution
from the trivial topological sector proportional to normalized
partition function. Then we obtain

(n+1) d_)" n+1
7 Gn/ . (g)

X e—ﬂg(M)+iﬂ/dr0M()i'-0). (76)

(’C(1)[Qinsl]>T = -

Here w(rp) is the measure, induced by instanton, see Eq. (23).
The term in the second line of Eq. (76) has an ultraviolet
divergence due to integration over the instanton position ry.
To treat this divergence we are forced to take into account
Gaussian fluctuations around the instanton in the preexpo-
nential factor. After performing straightforward calculations
(see Appendix D), we find the following expression for the
instanton correction to the disorder-averaged LDoS,

8Vinst = Vo((K1)[ Qinst]) T + (K1) [ Qi) 1) = ﬂ)/(1 'G,

di
x/T(ng)"“e‘”g(M)cosﬁ/drou(}:h)

(0)
v0(1+ MU M) 7
g

We note that the last line of Eq. (77) coincides with the
perturbative renormalization of the LDoS in the flat space,
cf. Eq. (70). The Pauli-Villars masses in Eq. (77) can be
translated into the expression for the flat space by a trick with
a spatial varying mass method [21]. Physical idea behind this
method is that the instanton solution centered at the spatial
point ry acts for the Gaussian fluctuations of Q(r = 0) as a
slow-varying background field with a spatial scale 1/u(rp).
Taking this into account, we write

Svinst = Vo (K1) Qinst D1+ () [ Qi 1) = 71} G
x/d%(ng)”“e_”g(mcosﬂ/dro'u(m)upert
x [1/p(ro)]. (78)

Here we also substituted the Pauli-Villars mass M by ¢ /¢
in the argument of g in the exponent. To be precise, we define
[cf. Eq. (65)]

8(0) =g — Boln(e’ ™21 /0). (79)
The decay of vper (1/1) at small p (at long length scales)

makes the integral over r in the last line of Eq. (78) conver-
gent (see Fig. 2). Performing integration over ry in Eq. (78)

— nlro)v(p(ro))

— n(ro)z2)(1(r0))

— u(ro)z,y(1(ro))

0.5 F

7‘0/)\

FIG. 2. Schematic plot of rj integrands in Egs. (78) and (91).

(see Ref. [67] and Appendix E), we find

da
8Vins = G, / T(ng)”“v(ck)Hm[g(ck)]e‘”g(“) cos ¥,

(80)
where ¢ = e/2, and we introduced
y(O)
V() = v0|:1 + ln(e”_l/z)»/ﬁ):|. 81)
8
Also we defined the function
0)
(o) = T8V _ o .
ﬂO_Vm

It is worthwhile to mention that the function H,4) is propor-
tional to g. This fact can be understood in a following way. The
integral over ry in Eq. (76) diverges logarithmically at large
ro. However, the one-loop RG Eq. (79) implies a dynamically
generated localization length ~ exp(g/Bo). This length serves
as a natural infrared cut off for the overwise logarithmically
divergent integral in Eq. (76) thus resulting in a finite contri-
bution proportional to g.

Combining together the perturbative contribution (81) and
instanton correction (80), we find

(v) 5L da
— =1 +/ 77(1)[8()»), v]. (83)
ce

Vo

Here the function
0)
V(1) n+1 g
Ya)(g ¥) = — P + Gu(wg)"™ Hpay(gle "Scos.  (84)

can be interpreted as the anomalous dimension of the disorder-
averaged LDoS, which determine its scaling with the system
size L,

dn(v)
dlnz = y1)(g. D). (85)

Taking into account explicit expressions for y((1())) and By, see
Egs. (70) and (79), we find in the replica limit n — 0,

1
Yy (g D) = “re nGo(g)e ™8 cos.  (86)
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B. Operators with two Q matrices

There exist only two eigenoperators for |A| = 2. They in-
volve two Q matrices and correspond to two tuples: A = (2)
and A = (1,1). While the former corresponds to the second
moment of the LDoS, the later describes more involved cor-
relations of four wave functions of a random Hamiltonian
of class C symmetry [40]. These two eigenoperators can be
constructed explicitly as [66]

KalQl= 1 D0 (@) (03)pp P (87)

[71 P2=R/A

oX1a23P1P2

Here the correlation function P, is defined as

= tr Q%1% (x) tr Q5292(x)

Pip1 P2p2

+ o [QUe@QR ()], (88)

Pip2 P2p1

Pﬂtl wipipr __
A

The coefficients ) can be fixed by the condition that the
operator Py '**"'7 is the eigenoperator with respect to renor-
malization group transformation [66]. In particular, they are
given as i) = —1 and Mn@,1) = 2.

In order to study perturbative and nonperturbative renor-
malization of the pure scaling operators ICX[Q] itis convenient
to introduce the physical observable z), = z, )(Kx [Q]) with the
Zio) = 1. The lowest-order perturbative renormalization of the
operators yield

(0) L
(V)
o) =z, <1 +—1In —) (89)
g £
where the one-loop coefficients are given as [40]
1+ 2n 4+2n
0 _ 0 _
@~ "5 > YanT T ©0)

We repeat exactly the same steps as for computation of the
instanton corrections to LDoS in the previous section. After
substitution of parametrization (71) into Eq. (88) and with the
help of Eq. (75), we obtain

558™) = 20 (K[ Qi+ (Ka[ Qi 1) = 71,6,
dx
% / T(ng)"ﬂe*”g(m cosz?/drou(;())

x a(1/u(ro)). oD

We note that under the integral over r¢ in Eq. (91) we omitted
terms, which do not diverge in the ultraviolet, i.e., at ro —
oo. Surprisingly, the structure of Eq. (91) repeats exactly the
structure of instanton correction to the DOS. The specifics of
the eigenoperator is hidden into the one-loop coefficient y(o)

which appears in two places: as an overall factor and in the
expression for z, (1/u(rp)).

After integration over ry, we find

. da
57" = G, / T(ng)"+1m(§)\)%x[g(é“k)]e’”g(“) cos ¥,

(92)
where the function
2 gy(o)
Halg) = o 93)
Bo+ | " |

We note that in the derivation of expression (93) (see Ap-
pendix E) the negative sign of y;m has been important. It is
this negative sign results to decay of the integrand at ry — oo,
see Fig. 2. However, one can extend the expression to the
positive yx(o) as well [67]. The expression (93) holds for both
cases.

Repeating the same steps as in the previous section for
the LDoS, using Egs. (92) and (89), we find the instanton
correction to the anomalous dimension of the operators Ko
and K1) as follows:

0) (0)
dinz e . + 2¢Gn(rrg)”+ze’”g cos .
dInL g Bo + | 10)|

YA =
(94)

C. Operators with an arbitrary number of Q-matrices

As one can check, Eq. (91) is valid for an arbitrary
pure scaling operator corresponding to the tuple A (see Ap-
pendix B). Therefore, the result (94) holds also for an arbitrary
elgenoperator In the rephca limit, n — 0, the perturbative
coefficient yf ) for A = (A1, ..., Ag) s given as [40]

<°>_—Z,\(A+c, ci=1—4j. (95

Then, we find the following result for the anomalous dimen-
sion of the pure scaling operator in the replica limit, n — 0,

AL +¢) AL +¢) >
= Ce(mg) e ™8 cos, (96
"= "0 Tir o )
where Cc = 16e72"7 and we introduce the vector
c=1(c,...,c5). We note that the result (94) holds also

for the eigenoperator K(1y corresponding to the LDoS.
We emphasize that the instanton correction is expressed
via the quadratic Casimir operator A(A + ¢) similar to the
one-loop perturbative correction. Therefore, the result (96)
remains invariant under symmetry transformations, which are
consequence of Weyl-group invariance.

We note that the instanton contribution to the anomalous
dimensions y, at ¥ = m is of opposite sign with respect to the
one-loop perturbative correction. It implies that the instanton
effects reduce the multifractal behavior at % = .

VI. CORRECTIONS TO THE SPIN CONDUCTIVITIES

Our next aim is to compute instanton corrections to con-
ductivities with the help of NLoM formalism. The Kubo-type
expressions for longitudinal spin conductivity can be written
as follows (see Appendix C)

/ 8 1 ) )
§=8+ 8n(n+ 1)< Tr[A, QF + (Tr AQ)*> — (Tr 1) >
m / dx'(Tr[A, TOIA, T D). O7)

Here we introduce the matrix current J = OV Q. We note
that Eq. (97) produces correct perturbative renormalization
for g.
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Similar expression can be derived for the transverse spin
conductivity (see Appendix C),

g/H = gH+% /;/ Su,v(Tr[Afjp,(x)AJrjv(xl)])v (98)

where AL = (1 £ A)/2 stands for the projector on the re-
tarded and advanced blocks.

A. Longitudinal spin conductivity

We start from calculation of the instanton corrections to g'.
Here we will proceed in a similar way as in Sec. V. We use the
approximation (66) in our calculations below. An important
remark is in order here. The longitudinal spin conductivity
involves two operators, cf. Eq. (97). These operators individ-
ually are not the eigenoperators of the renormalization group.
This situation is similar to the eigenoperator XC(z), cf. Eq. (88),
which is composed from two operators, each of which is not
eigenoperator under the action of the renormalization group.
Nevertheless, the full operator of spin conductivity is the RG
eigenoperator. In other words, within the background field
renormalization method, the renormalized conductivity can be
written as

88191 = Z,88[Q0] = Zo(8am[ Qo] + g/-,1901), 99)

where Qp = ’76_1A76 is a slow field and Z, is a renormal-
ization factor for the conductivity. Here g, corresponds to
the operator in the first line of Eq. (97) (diamagnetic con-
tribution) while g;_; is the operator in the second line of the
same equation (current-current contribution). Therefore, our
task is simplified and it is enough to compute the instanton
contribution to Z, from the one of the operators. For reasons to
be explained shortly, we compute the instanton contribution to
the current-current part of the spin conductivity, g;.;. It reads

g ) /
T 6dn(n+ 1) /dx (Tr[A, T@IA, T &))])

dxr
— -G, / T(n g e ™8 M) cos 9. (100)
Hence we obtain the final expression to the single instanton
correction to the dissipative spin conductance
dxr
8ginst = =Gy / T(ng)”%e*”g‘f M cos 9, (101)
where, we remind, g(¢ 1) is the spin conductance renormalized
within the perturbation theory, cf. Eq. (79). As in the previous
section, one can interpret the above correction in terms of the
nonperturbative contribution to the 8 function (for the finite
number of replica)
dg l+n

Be(g V) = ———

T + G (g)" e ™8 cos ¥

(102)

B. Transverse spin conductivity

Our next step is to compute the renormalization of
the transverse spin conductivity. We note that there are
no perturbative corrections to ggy. Using Eq. (98) and the

5F
41
Y
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(- . ‘ J
0 1 2

gH

FIG. 3. Sketch of the RG-flow diagram for spin conductivities in
class C, see Egs. (106).

approximation (66), we find

g2

| [ e A -Tuwn )

dh
- -G, / T(ng)"+3e—”gM sin ¥. (103)

With the help of Eq. (17), we write the instanton correction to
the 6 angle, cf. Eq. (17), as

d
8Ving = —11G, f T(ng)””e*”g(“) sin 9. (104)

The corresponding S function takes the following form:

d@/2n) G

Bo(g, ¥) = — il =7n(ng)"+3e_”gsinz9. (105)

C. Renormalization group equations for spin conductivities

In the replica limit, n — 0, using Egs. (102) and (105),
the RG equations for spin conductivities acquire the following
form:

dg 1

=————-D 3¢ ™8 cos ¥
dinL T 7’g c(rg)y’e ™ cos D,
do

= —nDc(rg) e ™ sin v, (106)

dInL
where D¢ = 8¢7277 /r ~ 0.2. Here we added the two-loop
perturbative correction to the longitudinal spin conductiv-
ity [76]. Equations (106) describe the flow of longitudinal
conductivity g and the fractional part of the transverse spin
conductivity 9, cf. Eq. (17), with increase of the system
size L.

Although the RG Eqgs. (106) have been derived in the
weak coupling regime, g >> 1, they help to understand the
overall phase diagram of the class C and quantization
of the transverse spin conductance (see Fig. 3). Similar to the
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case of class A, the instantons provide the mechanism for the
scale dependence of the theta-angle ¥, which is a fractional
part of gy. RG Eqgs. (106) predict that ¥ = 0 (g = 2k) is the
stable fixed line of the RG flow, while & = 7 (g =2k + 1)
is the unstable fixed line. It is the latter that corresponds to
the transition between spin quantum Hall phases with gy =
2k where k € Z. Although the instanton correction to the
renormalization of longitudinal spin conductivity is of antilo-
calization character at ¥ = m, its magnitude is not sufficient
to compensate the perturbative localization corrections. This
situation is not surprising since, as we have already mentioned
above, RG Egs. (106) are applicable at weak coupling, g > 1.
Based on numerical [77] and analytical [78] studies of the
critical spin conductance at the spin quantum Hall effect we
know that there exists an unstable fixed point at ¥ = 7 and
g = +/3/2. This fixed point describes the transition between
different topological phases in class C (see Fig. 3).

VII. DISCUSSIONS AND CONCLUSIONS

Before closing the paper, we will discuss some important
aspects of the obtained results.

A. Instanton solution for unrotated © matrix

Although instanton configuration has been discussed for
the Q matrix, it is interesting to see how it looks like before the
rotation. Performing the inverse transformation, cf. Eq. (5), we
obtain the instanton solution Qg in the following form (we
set N, =1andry =0)

r2so—A2s) rie’ (is,—s3)

r24a2 r24+22
Qinst = i, 2 2 (107)
_rie " (isy+s3) _risot+As)
r24a2 r2+A2 RA

It is crucial that the solution (107) has nontrivial structure in
the spin space. In other words rotations in the spin and RA
spaces are entangled. The naive construction of the instanton
solution for class C would be to place the class A instanton in
the upper diagonal block of matrix Q;, and constructing the
rest in a way consistent with the BdG symmetry. However,
such a procedure results in the instanton solution with the
topological charge 2. Therefore, the structure (107) is not a
trivial generalization of the class A instanton.

B. Manifestation of Weyl symmetry

The anomalous dimensions y;, cf. Eq. (96), determine
the flow of the physical observables z) (corresponding to
the eigenoperators Ky ) with the system size L. At criticality,
the dependence becomes a power law,

a~ L7 o= |Axa) + Ax, (108)

where the scaling exponents x; are given by magnitudes of
—¥ at the critical point. We note that anomalous dimension
A, describes the scaling of the pure scaling observables nor-
malized to the proper power of the disorder-averaged LDoS,
2/ (v)*. Important outcome of our result (96) for the in-
stanton contributions to the anomalous dimensions of the
eigenoperators under the action of RG is that they preserve
the Weyl-group symmetry relations. This symmetry relates the

anomalous dimensions of operators, which can be obtained
from each other by the following symmetry operations acting
on the tuple A = (A1, ..., Ay): reflection A; — —c; — A; and
permutation of some pair: A;; — Aj/; + (¢iyj — ¢j;i)/2. Since
it is known [33] that the existence of the Weyl symmetry is not
limited to the criticality, the Weyl symmetry of our nonpertur-
bative result (96) provides a strong consistency check.

We note also that the instanton correction, Eq. (96), breaks
the generalized parabolicity [anomalous dimension is not a
linear function of the combination A(A + ¢)]. Thus, instanton
analysis signals breaking of the generalized parabolicity al-
ready in weak coupling regime. This fact is consistent with
numerical data and analytical results from mapping to per-
colation at criticality that demonstrate clear evidence of a
violation of generalized parabolicity for the multifractal ex-
ponents x, [34-36,40,55,58,59,79].

C. Comparison with the integer quantum Hall effect

The instanton effects in the sqHe discussed in this paper is
a counterpart of the similar nonperturbative effects in the iqgHe
which has been studied with the help of the same technique,
NLoM [67]. Below, we will highlight the main distinctions
between these two cases.

First, we note the different target manifolds of NLoM.
In the case of the iqHe, the Q matrices lie in the coset
U(2n)/U(n) x U(n), while, as mentioned above, the target
manifold for class C has the form Sp(2n)/U(n). The latter is a
consequence of the presence of the additional BdG symmetry,
cf. Eq. (2). The difference in the target manifolds affects the
mechanism of symmetry breaking due to the instanton (see
Fig. 1). Due to the presence of an additional constraint on
the diagonal blocks of the Q matrix in class C, the volume
of the zero-mode manifold scales as ~n at n — 0. Hence the
instanton correction to the partition function turns out to be
linear in the replica number, which guarantees the presence of
a nonzero correction to the average logarithm of the partition
function and to the density of states. In contrast, in class A, the
volume of the zero-mode manifold scales ~n? in the replica
limit, n — O such that all corrections to the average logarithm
of the partition function and to the average density of states
(both perturbative and nonperturbative) vanish.

The second difference is the structure of the RG equa-
tions (106). The nonperturbative corrections to the 8 functions
for the spin conductivities, (102) and (105), have a stronger
power-law dependence on g in the pre-exponential factor than
it is in class A [19,67] (g* versus g*). This suggests that in
a weak coupling regime, g > 1, the rate of change of the
¥ angle in the class C is larger than that in the class A.
Interestingly, the situation remains similar at criticality. There
the rate of RG flow of the ¥ angle is controlled by inverse of
the localization length exponent v. As known [49,53,80], the
magnitude of v for the igHe is almost two times large than
in the case of the sqHe. Also we mention that the relative
magnitude of the instanton correction with respect to the per-
turbative one is the same for both classes. The g* prefactor of
the instanton correction in the case of class C is compensated
by the large perturbative contribution, ~g® (in contrast with
class A, where it is ~1/g only).
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D. Future directions

Our results pave the way for a future research in the
sqHe. First, it would be interesting to understand the instanton
corrections in the NLoM approach through the lens of the
percolation mapping.

Second, it is known [2,42,57,81,82] that scaling with the
system size of wave functions at the boundary of a system
undergoing bulk Anderson transition is different from the
corresponding scaling in the bulk. Recently, it was shown to
be true for generalized multifractality exponents [79]. Thus
it would be interesting to understand how to treat instanton
configurations in the presence of a boundary and to compute
instanton corrections to the anomalous dimensions of pure
scaling local operators at the boundary.

Thirdly, as known in the theory of iqHe [22,67], the fluc-
tuations of the topological term at the boundary corresponds
to the edge theory of chiral spinless fermions. It would be
interesting to study the edge theory that follows from the
fluctuations of the topological term at the boundary for the
sqHe. Also, it would be challenging to relate the thus derived
edge theory with microscopic theory of the sqHe.

Fourth, in the context of the igHe the instanton analysis
has been extended to the Finkel’stein NLoM that takes into
account the electron-electron interaction [22]. Recently, the
generalized multifractality for the sqHe has been extended to
the interacting case [66]. It would be interesting to adapt the
instanton analysis for the class C presented in this paper in
such a way to be able include the electron-electron interaction.

Fifth, as known, by breaking the SU(2) spin-rotational
symmetry, the class C transforms into the class D, which hosts
the thermal quantum Hall effect in two dimensions [83]. The
corresponding NLo M looks similar to the NLoM for class C
and involves the topological 8 term. It would be interesting to
develop the instanton analysis for the case of class D, in partic-
ular, since in that class there exists other topological objects,
domain walls, describing jumps of the Q matrix between two
disconnected pieces of the NLoM target manifold [84—87].

Sixth, class A can be obtained from the class C by breaking
SU(2) symmetry down to U(1). It would be interesting to
implement such a symmetry breaking into NLoM and to
study transformation of the instanton solution (107) into the
instanton of class A.

E. Summary

In conclusion, we summarize all results, which are dis-
cussed above. We developed the nonperturbative analysis of
topological Anderson transition in the sqHe. Using NLoM
for the class C we found instanton solution with nontrivial
topological charge equal to %1, cf. Egs. (15) and (107). We
identified all collective coordinates (zero modes) of the in-
stanton and integrated over them exactly. We integrated within
Gaussian approximation over fluctuations around the instan-
ton. Thus we derived the instanton correction to the logarithm
of the partition function, cf. Eq. (64). Remarkably, due to the
structure of the NLoM manifold in class C, Sp(2N)/U(N),
this correction survives in the replica limit (in contrast to the
vanishing correction in class A). In addition, applying the
same methodology, we computed the instanton corrections to
the anomalous dimensions of all pure scaling local operators,

which determine the generalized multifractal spectrum in the
sqHe, cf. Eq. (96). Remarkably, instanton corrections do not
spoil the Weyl-group symmetry relations between anomalous
dimensions of different eigenoperators. We computed also
instanton corrections to the longitudinal and Hall spin conduc-
tivities. Interpreting the derived results as corrections to the
two parameter renormalization group equations, cf. Eq. (106),
we constructed the phase diagram for the sqHe. Finally, we
listed several new directions, which our work opens.
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APPENDIX A: EVALUATION OF LDoS AND THE SPIN
CONDUCTIVITY IN PAULI-VILLARS REGULARIZATION

In this Appendix we present the calculation of LDoS and
the spin conductivity in the trivial topological sector with the
help of the Pauli-Villars regularization scheme for class C. We
benefit from similar calculations for class A [22,67]. We find

v
Ki(A)

Vpert(M) = /DQ TrAQ e_S[Q]

=y — i / DWTeW 250 W]
4n

=v— 1(w‘)‘ﬁw*‘"ﬁ)o
2n

(1 _2(1+n)
8

Qo(n9;n9)>- (AD)

We can rewrite the Green’s function in coinciding points in
terms of new function:

1 0 =2/ +(1—s)
Go(nosn0) = Y0, YO =3 =, (A)
T J=J EJ

where J; =2 — (s —2)(s — 1)/2. Next we introduce the
function

A

rop =3

e (A3)
2 _ 2
J=p J P
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Similar to (49), the regularized function Y,{3’(p) is given as
follows:

L2 27 Ao
K0 =Y ey et Y
reg : 2_ 2 2 2_ 2
f=1 J:pJ p +Mf J=p+lj p
(A4)
‘We note that
Y® — lim yW) I+s (A5)
reg Aooo TeE 2 .

As in the main text, we assume existence of the cutoff A >
M. Applying the Euler-Maclaurin formula,

A

A
5 g(J)Z/ a4 SR D | g

ot ol 2 12

A

s

p+1
(A6)

and after some straightforward calculations we obtain

Y (p) =2In M +y — (1 +2p), (A7)

lim

A—o0
where ¥ (z) stands for the digamma function. Therefore, the
regularized expressions for Y® are given as

YO =2InM+2y —1,

reg

Yrgé) =2InM+2y — % (A8)
Using the above results, we find the perturbative correction to
the disorder-averaged LDoS:

0
yl( )

Vpert (M) ~ V(l + lnMey_]/z). (A9)
8

Next, we consider the one-loop renormalization of the spin
conductivity in the Pauli-Villars regularization scheme. We
start from considering the diamagnetic part of Eq. (97). Us-
ing exponential parametrization for fluctuations, Eq. (18), we
write

8gam = g(VM +V2)(TrW2(2+Tr1))SO. (A10)

As one can see this expression is analogous to the expression
obtained for the LDoS, cf. Eq. (A9). Therefore we obtain
immediately,

In Me? /2.

(1+n)
T

88am = — (ALD)

At the next step, we take into account the current-current
part (j-) of the correlation function for the spin conductivity.
There are only three non-zero contributions, which can be
written as

(TrV, W@V, W(x)),
— 2(Te[V, W @)W &)V, W @)W &)]),

H(Tr(V,W(x)V W) (A12)

All of these expressions can be obtained from expansion of
the following term:

/der [EVQ(x)] = / dsnV.-Tr[EQ(x)],
Q

E = fdx/Q(x/)VQ(x’)A. (A13)

Using the fact that the Q matrix at the boundary is the
constant, Q(x)|;o = Qp = const., to be consistent with the
quantization of the topological charge, we obtain

/ dsnV-Tr(EQy) =0, =+=Tr(EQ,) =0. (A14)
30

Therefore, there are no full-derivative contributions to the
longitudinal spin conductivity in Pauli-Villars regularization.
Finally, we obtain that only one relevant one-loop correction
to longitudinal spin conductivity g comes from diamagnetic
part, cf. Eq. (A11). It reads

(1+n)
T

gM) =g— In Me? 12, (A15)

APPENDIX B: RENORMALIZATION OF RG
EIGENOPERATORS WITH THREE Q MATRICES

In this Appendix we confirm the fulfillment of Eq. (94)
for the eigenoperators with three Q matrices. Following [66],

we define RG eigenoperators in terms of correlation functions
731110!201331?1['2113 .
L :

1

el = 64 Z (03)p1p1 (03) s (03) sy Py 217202,
pj=R/A

(BI)

where |A| = 3 and P} “***P'72P* can be written in terms of the
Q matrices as follows:

fp}'itﬁmﬂll?zm =tr Q% tr Q,Bﬁ tr QM-

P1P1 P2p2 P3p3
) oo Bu  oOmB
+ M2 tr Qpnm tr Qmm QP3P2

) af OB Ona
+ H3 tr QPIPZ QP2P3 QP3P1 :

(B2)

Here «, 8, i denote fixed different replica indices. In order to

Ki[Q] be the RG eigenoperator, the constants ,u;}‘f and ng)

should take only some specific values:

A=(3): uf=-3, u =2,
A=1):  ufV=1 ufV=-2,
r=1,1): @ =6, u{M =38 (B3)

Our aim is to compute nonperturbative renormalization of
Ki[Q]. It can be performed with the help of the saddle-point
approximation (66). Using the parametrization of Q in terms
of a deviation from the trivial saddle point A (71) and taking
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into account fluctuations in the action only, we obtain

A A A
el 3py 20 +3u8 e

_2n(n+1) n 8(n+2)
P 2ug + 13 +4)
dn(n+ 1)(n+2) il'

(Kx)il = <

A
P (M(21) +6)
2n(n+1)

(B4)

We note that we averaged over T rotations in Eq. (B4). Techni-
cally, it can be performed with the help of the generalization
of the expression (75) to the case with six unitary matrices,
which can be found, for example, in Ref. [75]. In Eq. (B4) we
use some specific notation for the functions averaged over the
instanton manifold

di .
(f)+1 =Gy / F(ng)"*‘e—"gw”’” f drof(ro). (BS)
Next step is to omit contributions, which are finite in the

ultraviolet. Surprisingly, it leads to Eq. (91), where we should
replace only expressions for the one-loop coefficients yx(o):

3n 4+ 3n
Vo @=-"1 Yen®=-———1  (B6)
943n
()
)’(1’1’1)(3) = - T (B7)

Repeating the spatial-varying mass procedure we obtain
instanton correction to the anomalous dimensions of the
eigenoperators K, with |A| = 3 in the form of Eq. (94).

J

o, (iwg) = —Tng
X

APPENDIX C: DERIVATION OF KUBO FORMULA
FOR THE SPIN CONDUCTIVITY

Our aim is to derive Kubo-type formulas for spin conduc-
tivities, cf. Egs. (97) and (98). It can be done in several ways.
Here we present derivation based on Matsubara-Kubo for-
mula, which was obtained in Ref. [66] First, we introduce the
generalization of NLoM to the case of Matsubara frequency
space (Finkel’stein NLoM). The field O becomes a traceless
Hermitian matrix, defined on N, XN, replica, 2N,, x2N,, Mat-
subara and 2x2 spin spaces. It satisfies the same nonlinear
constraint, Q2 = 1, and BdG symmetry relation:

Q = —Q, Q = Szl:oQTI:osz,
(Lo)t =5, ., 8sy. (Cl)

Here we define fermionic Matsubara frequencies in a standard
way: &, = 7T (2n 4 1). Therefore, the trivial saddle point of
NLo M, taking into account Matsubara frequency space, has
the following form [66]:

A% = sgn £,8,m8""sp. (C2)

In such extended representation, Kubo formula for lon-
gitudinal spin conductivity can be written in terms of two
operators:

(Tr [I'ss, Q)[1%ss. Q) + % / / f ((Tr 1753 0(0)V Q) Tr I%5: O (x') VO (x')), (C3)

where (I,z' )ﬁ,ﬁ = (Sn,,,,,ké"‘ﬂ 3*Vsy. Next step is to average these two operators over unitary rotations of 0, which commute with
A. Tt can be performed with the help of the expressions similar to Eq. (75), where we should replace all indices on vector index
a — {ay, as, ap} in replica, spin, and Matsubara spaces. The averaged longitudinal spin conductivity operator consists of three
different averages only: (Tr [*s3U “1AUY, =0,
(Tr Igsstd ™' AUI 53U ' BU),, = Vi 1 [(Nyy — k)(Tr ATr B+ Tr AATr AB + Tr[AB — AAAB])
+ 2k(Tr A_LATr ALB + Tr A_LAA_B)] + V5[2(N,, — k) Tr AAAB
+ 2k(Tr A_ATr A.B+Tr A_AA_B)], (C4)

and

(Tr I¢ssU ™" AU T I% 83U~ BU),, = V1 1[(Ny, — k) Tr[A(B — B) + AAA(B — B)] + 2k Tr A_AA (B — B)]
+ V5[2(N,, — k) Tr AATr AB + 2k Tr A_LAA (B — B)]. (C5)

where the coefficients V, ; are given as follows:

1 1

Vij=—\, Vo=
MT e T T =

1
Vi=-—, (Co)
n

Here n = 2N,N,, and AL = (1 £ A)/2 denote projectors on the positive and negative Matsubara frequencies. After that,
choosing matrices A and B to be equal to © in Eq. (C4) and QV Q in Eq. (C5), we are able to write down the full expressions for
the spin conductivity. For convenience, we divide the derived expression into two parts: diamagnetic (without spatial derivatives)
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and current-current correlation function (with derivatives):

Gam(iwy) = —5<v1,1 [(Nm —k)(Tr(AQ) —Tr1 4+ (TrAQ)%) — §<Tr1 + Tr(AQ)* + (Tr AQ))]

4k

+ Va[2(N,y — k) Tr(AQ)* — gm 1+ Tr(AQ)* + (Tr AQ)Z)} — 4(2N,, — k>>

and

gtion =3 |

+Va[2(Ny — kXTr AT (x) - Tr AT () + k(Tr T (x) - T (&) — Tr AT (x) - AT (X)),

respectively. Here we introduce the matrix current J (x) =
O(x)V O(x). After performing the averaging, we reduce the
Matsubara frequency space to a single frequency and, thus,
set N,, = 1. Our consideration restricts only RA space, there-
fore, we can set k = 1, in other words we consider processes,
which change energy only at the first bosonic Matsubara fre-
quency. A strong consistency check of this reasoning is that
the entire part of Eqs. (C7) and (C8) proportional to N,, — k
vanishes during the background field renormalization proce-
dure. Therefore, for N,, = k = 1, Egs. (C7) and (C8) reduce
to Eq. (97) after some straightforward algebra.
Kubo formula for the transverse spin conductivity has the
form:
ol(iay) =

32kL2// e TrI¥s3Q(x)V , Q(x)
x Tri%s;Q( )V, Q). (C9)

In order to average the above expression, it is enough to
use Eq. (C5) only. After that we set N,, = k = | and obtain
Eq. (998).

APPENDIX D: ONE-LOOP CORRECTIONS TO LDoS
ON THE INSTANTON BACKGROUND

In this Appendix we justify the appearance of the renor-
malized observables in preexponential factors for instanton
corrections to the RG eigenoperators. We consider into ac-
count quantum fluctuations near instanton saddle point in the

J

(C7)

£ / ViA2WNw = )(Tr Tx) - T&) + Tr AT () - AT @) + k(Tr T (x) - T () = Tr AT (x) - AT (x'))]

(C8)

(

preexponential factor. Using Eq. (66), we write the following
expression for the renormalized LDoS:

Zm%t + Znst)

V(M) = imAQ)O(l -
0

+5, (TrAQ)+1 +5, " (TrAQ), (DD
The first term in the right-hand side of the above equa-
tion was calculated previously (see Appendix A). Here we
focus on calculation of the last two terms. Using exponential

parametrization for Q, we find
(Tr AQ), = (TrAQ) .,
+ 3(TrRART'AW?) 4,

~ (TrRART'A) 4
(D2)

We start from the term without fluctuation matrix field W:

. Z
(TrRAR'A) 41 = 2n 222 — n(n+ 1)G,
2
x/d%(ng)”“e‘”g(MH”/droﬂ(;O).

(D3)

We note that the first term, proportional to Zi,s can be rewrit-
ten as (Tr AA)oZinst/ 20 and it cancels out with the second
term in brackets in Eq. (D1). The second contribution in
Eq. (D2), which depends on quantum fluctuations, can be
calculated as follows:

1 n
2<TrRAR AW = ( ler* — eg)w w ), 4+ ((ler]” — g + Dw' w),,
a=2
w2 ) (e, (D4)
a=2 l<a<B<n
The above averages can be rewritten in terms of the Green’s functions at coinciding points:
1 I n—1 (n—1)(n-2)
5 (TRARTAW) 1 = —(<(|€1|2 = €)Ga)., + —5—{(le1l’ = & + )G}, + (1= D{Go) sy + ——7——(Go) 1 ).
(D5)
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We should subtract from this equation the contribution of the trivial topological sector %(Tr AAW?)o Zinst/ 2o [the second term

in brackets in Eq. (D1)], after that we obtain:

Zinst n—

1
—<((|€1|2—€%)92>H— z, Gt

((le]* — & + 1)gl>+1 —(n— 1)ﬂg0>-

z (D6)
2

Using the Pauli-Villars regularization scheme and representation of regularized Green’s functions in terms of Y function, cf.
Eq. (AS), we obtain with logarithmic accuracy, i.e., with neglect of all terms without large Pauli-Villars mass M:

(V' (M) = >
mg

dx

1 2]
(1 +n) n/\/lGn/ ?

(T[g)n+1€7ng(M)+h? f dr()M(rO) . (D7)

A

Taking into account a similar contribution with the negative topological charge, we obtain expression (78) for renormalized

LDoS.

APPENDIX E: CURING THE ULTRAVIOLET
DIVERGENCES BY MEANS OF THE SPATIAL
VARYING MASS METHOD

In this Appendix, we discuss the transformation of Eq. (77)
into Eq. (78). In order to cure the ultraviolet divergences, we
employ the scheme of spatially varying mass adapted from
Ref. [67]. First, we transfer from the curved space in which
the quantum correction to the LDoS is controlled by the Pauli-
Villars mass M to the flat space in which a relevant length
scale, which limits the quantum fluctuations is 1/u(rp),

0)
V(M) = V(M)(l - %) ln[,LL(ro)E./\/l])

o1+ ) =yl ED
g ()l

This expression we substitute into integral over instanton posi-
tion ry in Eq. (78). Next we convert the perturbative correction
with spatially dependent mass into the perturbative correction
at the length scale ¢ A where ¢ = ¢/2,

1
Wen = o / dro 12 (ro ()]
Tt

0)
Y,
- v0<1 4+ X, xuogeyl/z), ¢ = g (E2)
g

The above expression suggests the following correspondence
between Pauli-Villars mass and the instanton size A:

M = o, (E3)

Next we rewrite Eq. (78) in a more transparent form

da
8Vinst = Gy / T(ng)"“e—"g@“Amcos . (E4)

(

Here we introduce the amplitude A

o [F, uro) 2. .(0)
Ay = 7y / ™1 ) = ~27 01 /(0)
0

(L)
x / " dtin oy 20 (ES)
n

© all/uw0)]’

where the integral over ry runs until the system size L.
We assume that A, corresponds to the operator with nega-
tive anomalous dimension, y) < 0. In particular, this is the
case of LDoS. Using definition of the anomalous dimension
¥, we can rewrite the integrand as follows:

alu(ro)] /‘“WU) )
Rt EE - dfl . E6
22 [ (0)] P ( In 12(0) [in 21 (Fo)

We note that the condition y; < 0 guarantees the convergence
of integral over u(ry) as (L) — 0.

Now it is convenient to change integral variable from In
to g with the help of perturbative RG equation for g, see
Eq. (102). Then we obtain A; = z,[1/w(0)]Hx{g[1/1(0)]},
where we introduce the function

/w4 gl/n(ro)l g/
’H1=—2n2y;0)f 8 exp _/ gnfg) .
al1/n0) Be(8) diuo)  Bg(g)
(E7)

Using the one-loop results for y; and B, and integrating over
g and g, we obtain the expression (93). The result in the case
of positive anomalous dimensions y) can be obtained with
the help of a kind of analytic continuation (see Ref. [67] for
details).
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