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We propose the definitions of many-body topological invariants to detect symmetry-protected
topological phases protected by point group symmetry, using partial point group transformations
on a given short-range entangled quantum ground state. Here, partial point group transformations
gp are defined by point group transformations restricted to a spatial subregion D, which is closed
under the point group transformations and sufficiently larger than the bulk correlation length &.
By analytical and numerical calculations, we find that the ground state expectation value of the
partial point group transformations behaves generically as (GS|gp|GS) ~ exp [i@ o a%
Here, Area(dD) is the area of the boundary of the subregion D, and « is a dimensionless constant.
The complex phase of the expectation value 6 is quantized and serves as the topological invariant,
and 7 is a scale-independent topological contribution to the amplitude. The examples we consider
include the Zs and Zi¢ invariants of topological superconductors protected by inversion symmetry
in (1+1) and (34 1) dimensions, respectively, and the lens space topological invariants in (2 + 1)-
dimensional fermionic topological phases. Connections to topological quantum field theories and
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cobordism classification of symmetry-protected topological phases are discussed.
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I. INTRODUCTION
A. Topological phases in the presence of symmetries and topological quantum field theories

Topological phases of matter are gapped quantum phases which cannot be adiabatically connected to a trivial
state, i.e., tensor product state. Topological phases can be discussed in the presence of various symmetries, such
as time-reversal, charge conjugation, and/or space group symmetry. More specifically, it may occur that a gapped
quantum phase, which can be adiabatically connected to a trivial state in the absence of symmetries, cannot be
turned into a trivial phase once a certain set of symmetries are enforced. Such gapped quantum phases are called
symmetry-protected topological (SPT) phases. Topological insulators and superconductors are celebrated examples
of SPT phases of fermions.' ' Other examples of bosonic SPT phases have been also widely discussed.'®!72> On
the other hand, topologically ordered phases?% 35 are phases of matter which are topologically distinct from a trivial
state even in the absence of symmetries. Topologically ordered phases can be enriched by the presence of symmetries;
They can exhibit a particular pattern of symmetry fractionalization, which can be used to distinguish and characterize
different topologically ordered phases with symmetries. Topologically ordered phases of this kind are called symmetry-
enriched.?”*° Our main focus below will be SPT phases, although some of our discussion should be readily applicable
to symmetry-enriched topological phases as well.

For gapped phases of matter, it is reasonable to expect that their low-energy and long-wavelength physics is captured
by topological quantum field theories (TQFTs) of some sort. More specifically, let us consider topological phases
protected /enriched by a set of global symmetries, which form a symmetry group G. It is convenient to decompose
the symmetry group G into the part which consists of unitary on-site (or “internal”) symmetries (= G), and the
part which consists of symmetry transformations which reverse the orientation of spacetime manifolds, such as time-
reversal and parity. (Other spatial symmetries, such as point group symmetries, will be discussed momentarily, but
for now, we focus on orientation-reversing symmetries, such as parity, or reflection in one direction.) If the underlying
system includes fermions, it is convenient to include the fermion number parity to the latter part.

For the purpose of detecting (topological) properties of the gapped quantum phases, it is well-advised to couple
them to a background G gauge field. One can then integrate over all matter degrees of freedom (matter fields = {¢;})
of the topological phases. This procedure leads to the partition function

Z(X,n,A) = /H Deye™Sx{oikmA), (1.1)
i

Here, X is a closed (d + 1)-dimensional spacetime manifold, {¢;} includes all matter fields, A is the background G
gauge field which couples to the matter fields. On the other hand, 7 is a “structure” endowed to the manifold such as
an orientation, a Spin or Spin® structure for real or complex fermions, respectively.*® In short, the symmetry group
G of a given gapped (topological) phase enters into the corresponding partition function as the input data (X, n, A).

For gapped phases of matter, when the correlation length of the system is much shorter than the system size, the
resulting partition functions are expected not to depend very sensitively on the details of the spacetime manifold X,
and the background gauge field A. In particular, for topologically non-trivial gapped phases, the partition function
Z(X,n,A), or equivalently the effective action Serr(X,n,4) = —InZ(X,n, A), may have a topological term — a U(1)
phase of the partition function (the imaginary part of the Euclidean effective action), which is insensitive to the metric
on X (i.e., it is invariant under diffeomorphisms) as well as small variations of the background gauge field. In the
limit of zero-correlation length, the partition function consists solely of a topological term.

Put differently, the partition function Z(X,n, A) is expected to define a TQFT, or more precisely, the so-called G-
equivariant TQFT (or G-equivariant Spin TQFT if we are interested in fermionic condensed matter systems).5:47 54
For a given closed manifold X with background structures specified by (1, A), the TQFT yields a topological invariant.

When the gapped phase in question has no topological order as in an SPT phase, i.e., it has a unique ground state,?
it was further proposed that the corresponding partition function depends only on the certain equivalence classes of
the background manifolds (with structure n and the background gauge field), the cobordism class of (X,n,A).%5
Here, two (d + 1)-dimensional spacetime manifolds X7 o (with structure 7, 2 and background fields A; 5) are called
cobordant when one can find a (d + 2)-dimensional manifold Y with an appropriate background gauge field that can
interpolate (X1, 71, A1) and (X, 12, Az), i.e., Y = X; U Xs. This relation can be used to define equivalence classes of
(d+ 1)-dimensional manifolds (with a given structure and background gauge field configurations). It should be noted
that the claim that the partition function is cobordism invariant is more stringent than topological (diffeomorphism)
invariance.

One can further introduce an Abelian group structure to the equivalence classes of (X, 7, A) by taking the disjoint
union as an operation. The resulting group is called the cobordism group and denoted by Qﬁf_’ﬁl (BG), which is Abelian
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(e.g., Zn, L ® L) Here, BG is the classifying space of G.55°7 When there is no symmetry, we simply put a single
point as BG, BG = pt.

In topological theories in which the partition function is given by a pure phase, Z(X,n, A) can be thought of as a
homomorphism

Z Q0 (BG) = UL), (X,n,A)— Z(X,n,A). (1.2)

Thus, a useful way to classify possible topological U (1) phases of Z(X,n, A) is by using the cobordism group classifica-
tion of manifolds with structures.''1%2% It was proposed that the torsion part of the cobordism group Tor ijtf_l(BG)
provides a possible classification of topological phases of matter.

B. SPT invariants in terms of ground state wave functions

The purpose of the paper is to construct topological invariants, i.e., quantities which take the same value for all
points (Hamiltonians) in a given gapped quantum phase and can be used as “order parameters” of topological phases.
In particular, in the condensed matter context, we wish to define and compute the topological invariants for a given
Hamiltonian or a ground state, i.e., within the operator formalism. (We will mainly focus on ground states of fermionic
SPT phases, which are unique. The topological invariants in this context are often called SPT invariants.) The above
consideration suggests that the topological U(1) phase of the path integral evaluated on a suitable manifold with
structures [X, n, A] can be thought of as a meaningful topological invariant (SPT invariant). Our task is then to find
a way to “simulate” the path integral (1.1) defined for the data [X,n, A]. (It should be stressed that we are here
to construct many-body topological invariants, as opposed to single-particle topological invariants, which have been
commonly discussed in the literature.)

Of particular importance for our purposes is the generator [X,n, A] of the cobordism group fof_l(BG), which we
simply call the generating manifold in the following. It is on this manifold that evaluating the path integral (the
partition function) gives rise to a “least possible” or “most fundamental” topological U(1) phase; The topological
U(1) phases for other possible manifolds [X, 7, A] are given as an integer multiple of the topological U(1) phase for
the generating manifold.

Our proposal to define/construct the topological invariants can be summarized by the following set up and operations

(i)-(v):

() closed d-dimensional space manifolds M on which the Hamiltonian is defined,

(it) orientation or spin structures ny; on M,

)
(#i7) twisted boundary conditions (background flat gauge fields Apr) on M by on-site unitary symmetry G,
(iv) symmetry operations ¢ on the many-body Hilbert space,

(v) the partial (point group) operation gp on a subregion D of the space manifold M.

Let |GS(M, Anr,nar)) be the ground state of the Hamiltonian H(nas, Apr) with the spin structure s and the
twisted boundary condition Ay;. From (i — iv), we can extract a set of U(1) phases {!®(M:m:4.9)1 by

GIGS(M,nar, Apy)) = P Aar9) |GS (M, g(nar), 9(Anr))) (1.3)

where g(nas) and g(Ays) are the spin structure and twisted boundary condition mapped by symmetry transformation
g. In particular, when |GS(M,nar, Ar)) and |GS(M, g(nM),g(AM))> are in the same Hilbert space, we can extract
the U(1) phases by

(GS(M, g(na), 9(Am)) | §1GS(M,mar, Anr)) = ! 2(Mmar An.9) (1.4)

The wave function overlap (1.4), and hence the U(1) phase, can be readily interpreted as a spacetime path integral
on the spacetime which takes the form of a mapping torus,

X =M xy; 8" :=Mx[0,1]/((z,0) ~ (f(z),1)), (1.5)

where f : M — M is a diffeomorphism on X induced by the action of §. For instance, it can be simply the identity
f = id or the space inversion f : z — —z. Another example in (2 + 1)d is the case when M is the 2-torus 72 and f
is chosen as modular transformations acting on T2. In Refs. 58-64, the action of the modular transformations on the
ground state(s) is discussed, as a method to extract data of topological phases, i.e., representations of the mapping
class group of the space manifold.



C. Partial point group operation and spacetime path-integral

In some symmetry classes, the subset of the above ingredients (7)-(iv) is sufficient to define the topological invariant
for the generating manifold (see, for example, Refs. 59, 62, 65-70). For example, the generating manifold of Spin
cobordism group Qgpm(pt) = Zs, which is relevant for the topological classification of class D superconductors in
(1 + 1) dimensions, is the 2-torus T2 with periodic boundary conditions in both time and space directions.*”"* On
the other hand, there are other symmetry classes for which the generating manifold cannot be realized as a mapping
torus. For example, the generating manifold of Pin~ cobordism group Q5™ (pt) = Zg, which is relevant for the
topological classification of class D superconductors with reflection symmetry with B2 = (—1)¥ in (1 + 1) dimensions,
is the real projective plane RP2.'171 (Here (—1)F is the fermion number parity.) Since RP? is not a mapping torus,
the topological invariant cannot be constructed by using (4)-(iv).

In these cases, the last ingredient (v), partial symmetry operations which act on a given subregion D of the total
space manifold M, is necessary to construct topological invariants. For previous studies using partial symmetry
operations to detect properties of topological phases, see for example, Refs. 51, 66, 67, 72, and 73. In particular, our
approach, which applies to fermionic SPT phases in arbitrary dimensions, is partly motivated by Ref. 67. In Ref. 67,
Pollmann and Turner showed that the Zo invariant for the inversion-symmetric Haldane chain (a bosonic SPT phase)
can be detected by the partial inversion™ on the ground state. In the path-integral picture, the Pollmann-Turner
invariant is interpreted as the spacetime path-integral on the projective plane, RP2.°" Tu et al.”? also showed that
the partial lattice translation contains useful information on (2+41)-dimensional topologically ordered phases such as
the central charge and topological spins.

Let us now give a more detailed definition of partial symmetry operations. Specifically, we consider a Hamiltonian
which is invariant under G, §Hg§~! = H, g € G. The symmetry operation § acts on the underlying fermionic operators
as

gl@)g ™ = vi(g-2)Uj,  g10), =10),. g€G, (1.6)

where %T (x) is a fermion creation operator at @ € M, and 4, j represents internal degrees of freedom, and |0) p 18
the Fock vacuum of the v;(x) fermion. (We focus on fermionic systems here. A similar definition applies to bosonic
topological phases). We now choose a subregion D of M which is closed under the action of the group G, i.e.,

reD<g-xeDforany g € G. We define the partial transformation by restricting the transformation ¢ to the
subregion D as

Yi(g- @)Uy (x € D)

) @egp 20w =10h (L.7)

Il (2)ipt = {

for g € G. We take the subregion D such that the length scale of D is sufficiently larger than the correlation length
¢. For a given ground state |GSS) on M, the topological invariant associated with the symmetry G is given by the
expectation value (GS|Gp|GS) of the partial symmetry transformation.

Of particular importance is the case when § or gp is a point group operation. In this case, (GS|gp|GS) can be
interpreted, in the path-integral picture, as a path-integral on the spacetime manifold which may not be obtained as
a mapping torus. For example, let us consider partial reflection R; acting on a segment I of the total (1+ 1)d system.
The action of partial reflection Ryona ground state (represented here by using a (fermionic) matrix product state) is
shown schematically in Fig. 1 [a]. In the path-integral representation (Fig. 1 [b]), (GS|R;|GS) can be interpreted as
a path-integral on a manifold, which is obtained from the original spacetime by first introducing a slit [—e, €] x [0, L]
at time t = 0 and then applying reflection on the slit. This procedure is topologically equivalent to introducing a
cross-cap in the spacetime torus as shown in Fig. 1 [c¢]. For example, as we will show in Sec. IIT (see also Ref. 73),
for (14 1)d topological superconductors protected by reflection symmetry, the ground state expectation value of Ry
is given by

£
V2
where I = [0,L] is an interval on the circle with N sites, and ¢ is the correlation length. The U(1) phase e
correctly reproduces the known the Zg topological classification of (1 4 1)d topological superconductors protected by

reflection symmetry. Furthermore, we will confirm that the U(1) phase agrees with the result from the TQFT; the
corresponding (spin) TQFT path-integral on RP? is given by (or computes) the Zg Brown invariant of manifolds with

€

(GS|R;|GS) —» (LLN-L>¢), I=]0,1], (1.8)

i
=5



Partial reflection

(0] tﬁ Cross cap

FIG. 1. [a] Fermionic matrix product representation of the partial reflection. [b] Path integral representation of the partial
reflection. [c] One cross-cap on the torus.

Pin~ structure,'’ 7!

Z(szvn:t) = ei%v (19)

where 7. represent two different Pin~ structures associated with the non-contractible loop on RP2. (In the operator
formalism, the different Pin~ structures correspond to the presence or absence of the fermion parity operator (—1)
in the partial reflection — see Sec. III for details.)

Technically, the spacetime manifold created by the partial reflection (1.8) [Fig. 1 (c)] agrees with the real projective
plane RP? only up to a genus. This is however not a problem if phases of our interest are SPT phases, i.e., if the
underlying TQFT is invertible. More precisely, instead of Z(RP?,14), the expectation value of the partial reflection
is related to the partition function of a Pin™ TQFT on the connected sum of RP? and the 2-torus,

(GS,|R1|GS,) ~ Z((RP?, ny)#(SE x S}

ns

)5 a =ns,r, (1.10)

where the subscript a = 7,ns specifies the boundary condition of the circle S'; r/ns represents the periodic/anti-
periodic boundary condition, respectively; X#Y means the connected sum of X and Y. Note that, by the invertiblity
assumption, only a single ground state |GS,) appears on the LHS of (1.10). Since one can recast the RHS as
Z((RP2,13)#(SExSL,)) = Z(RP?,04)Z(SIxSL,)/Z(S?) = Z(RP?, 1), we conclude (GSu|R1|GS,) ~ Z(RP?,1y),
i.e., the equivalence between (1.8) and (1.9). (In this discussion, as noted earlier, the equivalence between the
expectation value of the partial reflection and the TQFT partition function holds only up to the amplitude (modulus)
— see (1.8); As for the partition function Z(S} x S!.) = 1, see (2.12) for details.) The above argument also shows
that the boundary condition imposed on the total space is not important. The same argument can be applied to the
partial point group transformation in any space dimensions as far as we consider SPT phases (invertible TQFT).

For generic partial symmetry transformations, from numerical and analytical calculations, we find the following
behavior

Area(0D)
i1 +

as a leading contribution to the expectation value for Area(9D)/£9~! > 1.7° Here, Area(0D) is the area of the
boundary of the subregion D, and « is a dimensionless constant. The complex phase 6 is well quantized for a
sufficiently large region D and represents a topological invariant. In addition, v is a scale-independent part of the
amplitude, and can be thought of as yet another topological contribution to the ground state expectation value of
the partial symmetry operation. It is natural to expect that the topological U(1) phase €% is the same as the TQFT
partition function Z(X,n, A).

In the following sections, we will show that this equivalence between the ground state expectation value of partial
point group transformations and TQFT partition functions holds quite generically, in any dimensions and for various
point group symmetries. For examples, in (2 + 1)-dimensional topological phases, the ground state expectation of the
partial rotation gives rise to the partition functions on the lens space. In (3 + 1) dimensions, the partial inversion
effectively induces a cross-cap and gives rise to the TQFT partition function on the 4-dimensional real projective
space RP?.

It should be noted that the cobordism classification of SPT phases using TQFT's, at least in its original form, does not
discuss point group operations other than those that reverse the orientation of the spacetime. For orientation-reversing

(GS|§p|GS) = exp |i0 + v — a (1.11)



symmetries, the corresponding partial transformations give rise to generating manifolds, and hence the desired SPT
invariants (at least for the examples studied in this paper). On the other hand, for partial transformations for other
point group symmetries, their connection to the cobordism classification of SPT phases using TQFTs is less obvious.
Even so, since the low-energy TQFTs descriptions of the form (1.1) are often Lorentz invariant, we expect that
the orientation-preserving point group operations, at least within the low-energy TQFTs, can be implemented as
on-site unitary operations. For example, n-fold discrete rotations (C,, rotations) can be implemented as Z,, discrete
unitary on-site symmetries. If so, the effects of point group symmetries can be incorporated by introducing a proper
background gauge field, e.g., by including the Z,, symmetries by taking G = Z,,. (For similar claims, see Ref. 76 and
77.) We will verify this claim for selected examples, non-chiral topological insulators in (2 + 1)d protected by C,
symmetry. Following the above discussion, the relevant cobordism group is Qgme (BZ,). The generating manifold
is the lens space L(n,1). We will show that, by using partial C,, rotations, we can simulate the path-integral on
the generating manifold L(n,1). Our calculations for explicit models strongly suggest that the partial point group
operations give rise to SPT invariants for SPT protected by the point group symmetries.

D. Bulk-boundary correspondence and the reduced density matrix

We confirm numerically the area law for the expectation value of the partial symmetry operation, Eq. (1.11), in
various examples. Intuitively, the area law also follows naturally from the bulk-boundary correspondence, which we
will make use of to develop our analytical calculations. Let us consider the reduced density matrix pp for the subregion
D,

e~ He

(1.12)
where Hp is the entanglement Hamiltonian. By the bulk-boundary correspondence of a SPT phase, we then expect
that the entanglement Hamiltonian Hg is given by, in the low energy subspace of the Hilbert space on the subregion
D, the physical Hamiltonian Hyp describing low-energy gapless boundary degrees of freedom 66:78.79:

Hp ~ %HaD. (1.13)

Here, the effective temperature in the reduced density matrix is given in terms of the bulk correlation length &, and
v is the velocity of the gapless excitation. The partial point group transformation §p induces a symmetry action
gop on the Hilbert space of the boundary theory; The point group transformation on the gapless theory Hgp can be
specified by explicitly expressing the boundary low-energy excitations of D in terms of the bulk degrees of freedom
1;(x). Then, the ground state expectation (1.11) can be written in terms of Hyp as

Trap [QaDe_%HaD]

(GSlaplGS) = Teplgopn] ~ = e

(1.14)

As an example, we will use this bulk-boundary correspondence to compute the expectation values of partial symmetry
operations in (241)-dimensional SPT phase by using the corresponding (1+41)-dimensional CFTs. We will also
present similar calculations for higher dimensions using free theories as the boundary theories. With these analytical
calculations, together with numerics, we will confirm the formula (1.11).

E. Outline

In this paper, we construct and evaluate many-body topological (SPT) invariants for various fermionic SPT phases.
In particular, for the cases with point group symmetries and unitary symmetries. Table I is the list of many-body
topological invariants for fermionic SPT phases studied in the present paper.

Partly overlapping results were already reported in our previous paper, Ref. 73. In Ref. 73, we reported the
construction of topological invariants, taking as examples, (1+1) and (3+1)-dimensional topological superconductors
protected by an orientation-reversing symmetry (an inversion or time-reversal). (We shall recapitulate some essential
points of Ref. 73 with regard to the partial reflection in (1 + 1)d SPT phases.) The result for the case of time-reversal
symmetry is one of the main differences, between Ref. 73 and the present work, i.e., here we focus on point group
symmetries and unitary symmetries. Because of the anti-unitary nature of time-reversal, the construction of many-
body topological invariants is somewhat more complicated, and involves the so-called partial transpose (or its proper
extension to fermionic systems).



TABLE I. List of many-body topological invariants for fermionic SPT phases in the present paper. The first column specifies
symmetry classes. “A” and “D” represent Altland-Zirnbauer symmetry classes.® R, C, (—I)F , Chn, and [ are reflection, charge
conjugation, fermion parity, n-fold rotation, and inversion symmetries, respectively.

Symmetry class S(Erarfe CT;;;%Z?S?L Spacetime manifold | Topological invariant Comment Sec.
Spin F |GSr) is the ground state
D 1 Q5P (pt) = Zo T? (GS: | (1) | GS,) with PBC. ITA
D+ R, Pint B . Full reflection on the
R 1 Q5 (pt) = Zy Klein bottle (GS- | R|GS;) ground state with PBC 1B
N |GS(0)) is the ground
A2+ ¢, 1 Qgpi“CJr (pt) > Za 7?2 (GS(m) | C|GS(m)) state with the twisted 1Ic
c =1 (GS(0) [ C1GS(0)) boundary condition by 6.
D+ R, 1| Qfin (pt) =7 RP? (GS|R;|GS) Partial reflection A
R2 — (71)F 2" (pt) =ZLs I
Bond center partial
reflection. A U(1) phase
A+ R 1 Q5™ (pt) = Z4 RP? GS|R:|GS associated with Ris | IIIB
2 p
chosen so that
R? = (-1)F.
D+ R, Pint _ . 1 n runs over {(r,r), (r,ns),
R 1 2 QX (pt) = Zy Klein bottle xS [L,(GS(n) | R|GS(n)) (ns, 1), (ns,ns)} sectors. 11D
chiral Spin TQFT with
D+C 2 background Lens space L(n, 1 GS|Cnp|GS Partial n-fold rotation IVB
+ Chn,
(Cn)n — (71)F framing
nonchiral )
D + Cs, 2 QSP"™(BZs) = Zs RP3 (GS|C2,p |GS) Partial 2-fold rotation IvC
(Ca)? = (—1)F
nznjhgal 2 Qgpinc (BZ,) Lens space L(n, 1) (GS|Ch,p | GS) Partial n-fold rotation |[IV D2
o ]3—{_]1’)1, 3 QFint (pt) = Z1s RP* (GS|Ip|GS) Partial inversion VA
Partial inversion. A U(1)
A+1 3 | QY (pt) = Zs ® Zy |RP* for subgroup Zs (GS|Ip|GS) phase associated with [ is VB

chosen so that
I’ = (-1)F.




Another difference between Ref. 73 and this work is that in Ref. 73 the path-integral representation of many-body
topological invariant was developed, which can be applied to a given Hamiltonian without the knowledge of the
ground state wave function. There, the spacetime manifold is discretized by using the Suzuki-Trotter decomposition
of the thermal density matrix. We showed how to introduce a cross-cap in the spacetime path integral by using
orientation-reversing symmetries. In the present paper, however, we focus on the operator formalism, in which the
input data for the many-body topological invariants is a ground state wave function of SPT phases.

The rest of the paper is organized as follows:

e We start, in Sec. II, by first introducing examples of topological invariants generated by mapping tori for
fermionic topological phases. For these cases, partial transformations are not necessary to discuss their topo-
logical invariants.

e In Sec. ITI, partial reflection in (1 4+ 1) dimensions is discussed. There, we illustrate that for some symmetry
classes it is not sufficient to use full symmetry transformations to topological phases. We show that the ground
state expectation value of partial reflection faithfully captures the Zg topological invariant for class D topological
superconductors with reflection symmetry.

e In Sec. IV, we discuss partial C,, rotations in (2 + 1)-dimensional topological phases. By using the modular
properties of CFTs, the ground state expectation values of partial rotations will be interpreted as partition
functions of the (2 + 1)-dimensional TQFTs on the lens space. The relation between partial rotations and the
Spin® cobordism classification for on-site Z,, symmetry will be discussed.

e In Sec. V, we show that partial inversion can be used to construct the topological invariant of (34 1)-dimensional
topological phases protected by inversion symmetry. We also discuss the general formula for the ground state
expectation of partial inversion on topological superconductor and insulator in any even spacetime dimension,
by using their boundary Dirac fermion theory on a sphere.

e Finally, we conclude in Sec. VI with some discussion and outlooks. We also explain technical details in four
appendices.

II. SYMMETRY TRANSFORMATION ON TWISTED GROUND STATES

In this section, we discuss fermionic SPT phases that can be detected by “full” (as opposed to partial) symmetry
transformation on the twisted ground states, such as (1 + 1)d class D topological superconductors. It is sufficient for
detecting the topological invariants not to use the partial symmetry transformations, for example, (1 4+ 1)d bosonic
SPT phases with on-site unitary symmetry*”51:67 and (1+1)d class D superconductor?”. In bosonic SPT phases with
on-site symmetry, Hung-Wen®? generalized this approach to those in higher spacetime dimensions, where they also
discussed modular transformations on the space manifold. However, for fermionic topological phases, there are few
literatures for this approach to detect topological invariants, thus, it might be useful to explain details.

A. (14 1)d topological superconductors (Q5°™ (pt) = Zs)

We start with the definition of the many-body Zs topological invariant for (141)d superconductors. The topological
classification is given by the spin cobordism group

QP (pt) = Zy. (2.1)

The generating manifold is the 2-torus 72 with periodic boundary conditions for time and space directions.” In the
operator formalism, the path integral on the generating manifold corresponds to the expectation value of the fermion
parity with respect to the ground state on a closed space circle with the periodic boundary condition.47-81,32

1. The Kitaev Majorana chain and the many-body Z2 invariant

Our construction of the SPT invariant can be best explained by taking an example — the Kitaev Majorana chain.®?

Let us consider a closed chain with IV sites. Let f; be complex fermions defined on the j-site. Then, the Hamiltonian
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of the Kitaev chain is given by

N-1

Z [— fJTfj+1 — fifj+1+he] £ %[* = fvh + h.c.]. (2.2)

Jj=1

1
H’r‘/ns = 5

This Hamiltonian is fine-tuned such that it is at a renormalization group fixed point with zero correlation length. The
subscript r and ns represent the periodic boundary condition (the “Ramond” sector) fy+1 = f1, and the anti-periodic
boundary condition (the “Neveu-Schwarz” sector) fyy1 = —f1, respectively. The fermion parity operator (—1) is
defined by

(—1)F = (1) X i s, (2.3)
The anti-periodic boundary condition can be thought of as a symmetry twist by the fermion parity (—1)¥. (This
symmetry twist can be interpreted as an introduction of a topological defect, i.e. the location of the defect can move

along the closed chain by a local unitary transformation. )
Introducing real fermion operators CJI-', cf at the j-th site by

cf =i(f;— 1), f=f+1l (2.4)

the Hamiltonian and the fermion number parity can be rewritten as
i V=
R.L L F . L R L R L R
Hyns = 9 Z G Cit1 i CNCI? (=17 = (—ieyey)(—icgey’) -+ - (—ieyey). (2.5)

It is also convenient to introduce complex fermions g; living on the bond (j,j + 1) as

e+ icL+1 - icL+1
In terms of gj, g}, the Hamiltonian is written as
N-1 1 1
Hepms = (9595 = 5] % [okon = 5] (2.7)
j=1
The ground states |G'S,/,,s) of H,/,, are given by
|GS,) = 10g),  |GSns) = g 10g) , (2.8)

where |0g4) is the Fock vacuum of g; fermions. Explicitly, the ground states |GS, /,s) can be written in terms of the
f;j fermions and their Fock vacuum |0y) as

GSrma) ~ | T+ ) F T = 1D 10g)

J

~ > > AR AN A ) (2.9)

n:odd/even 1<p; <pa<--<pp <N

up to a normalization. Here, we used the abbreviation [[,(1 = f;) =01+ fJTV)
As advocated above, we consider the the fermion number parity of the ground state of H,./,,,. Noticing the following
relation between the fermion parities defined for f; and g; fermions

(D" = (-1,
(-1 = (~1)Z2 99 = (—icleh)(—icfek) - (—ickel), (2.10)
the fermion number parity of the ground states is computed as

(~1)FIGS,) = ~1GS,),  (~D)T |GS,s) = [GSs) - (2.11)
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The odd fermion parity of the ground state for the periodic boundary condition is the hallmark of (1+ 1)d topological
superconductors. While the above result (2.11) (and hence (2.12) below) is derived for the specific model (2.2), the
Kitaev chain in the limit of zero correlation length, the same result holds for any gapped Zs nontrivial superconductors
with a unique ground state on a closed chain, since the fermion number parity (—1)% has a definite Zy value on ground
states |G'S,/,s). We show, as an example, the explicit form of the ground state with a exactly solvable model with a
many-body interaction and finite correlation length®* in Sec. IL A 3.

To compare these results with the (1+1)d spin TQFT, we recast our result in the form of partition functions. Since
our theory is gapped, the partition functions in the zero temperature limit consist only of the ground states,

Z(T?, (r,r)) = Tr, [(=1)"] = (GS. I(—l)FIGSr> =-1,
Z(T?, (ns,r)) = Tr, [1] = (GS,|GS;) =
Z(T?,(r,ns)) = Tro [(-1)"] = <GSns\(— )F1GSns) =1
Z(T?, (ns,ns)) = Trps[1] = (GSps|GSns) = 1. (2.12)

Here, the notation Z (T2, (a,b)) means the partition function on 72 with a-(b-)boundary condition for the time (space)
direction. Recall that the periodic boundary condition for the time direction in the path integral picture corresponds
to, in the operator picture, the insertion of the fermion number parity (—1) operator in the trace. Moreover, notice
that these results are modular invariant: the modular transformations on T2 permutes (r,ns), (ns,r) and (ns,ns)
sectors while the (r,r) sector is unchanged.

To further support the claim that the fermion number parity of the ground states with twisted boundary conditions
is an SPT invariant, we now compare the above partition functions (2.12) of the Kitaev model with the Arf invariant
of Spin structures,!! which is a Zs-valued function

Arf : Spin(M) — Zo = {0,1} (2.13)

on Spin structures of a given oriented manifold M. See Appendix A for a review of the Arf invariant, where we illustrate
how to compute the Arf invariants on a given oriented 2-manifold. The Arf invariants on T? are summarized in (A.11),
which coincide with the torus partition functions (2.12) of the Kitaev chain with twisted boundary conditions, says,

Z(T? n) = (=1)2 e Spin(T?). (2.14)

2. The trivial phase

Let us consider the Hamiltonian

N . N

~ 1
Hijs =Y [Hh = 5] =52 el (2.15)

j=1 j=1

which realizes a trivial superconductor. There is no difference between r and ns sectors since there is no hopping
term. The ground state is just the Fock vacuum of f fermions,

|GSEN Y = 10y) . (2.16)

r/ns
The partition functions (SPT invariants) can be computed as
212, (r,7)) = Ty [ (-1)F] = (@S| (-1)F|GSI™) =1,
2T, (ns, 7)) = Ty [1] = (GSI|GSIT) = 1,
Z"(T?, (r,ns)) = Tras[(-1)7] = (G (D TIGS,Y) = 1
Z"V(T? (ns,ns)) = Tr,,[1] = (GSTV|GSTYY = 1. (2.17)

r

There is no spin structure dependence, which is consistent with the triviality of this phase.

3. An example of interacting Magjorana chains

To demonstrate that the definition of the Zy SPT invariant (2.12) is applicable to interacting Majorana chains, we
consider an example of the many-body ground states of an interacting Majorana chain discussed in Ref. 84. Let us
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consider the following Hamiltonian including an extended Hubbard interaction

N—-1
Hyne= Y [=tflfin+ Afifipa+he] £ [—tffi+ Afxfr+ hc]
=1
’ " N N 1
-5 STULE+ it =D+ U (= 5) (Pl i — 2) (2.18)
j=1 j=1

with p = 4\/U2 +tU + t2 A% The ground state is given by

|G Sy s () ~ H(1+Oéf})¢H(1*af}r) 105) (2.19)

J

where « is defined by @ = 4/cot 37 6 = tan™! (2A / u). Clearly, the R sector consists only of odd numbers of fermions
and shows the nontrivial Z, invariant (GS,(c) | (—1)F ’ GSp(a)) = —1.

B. (1+ 1)d superconductors protected by reflection (QP”‘ (pt) = Z2)

Next, we consider (1 + 1)d topological superconductors protected by reflection R with R? = 1. These topolog-
ical superconductors can be thought of as a CPT dual of class DIII topological superconductors. The topological
classification is given by the Pin™ cobordism group'®"!

Q5" (pt) = Zo, (2.20)
and the generating manifold is the Klein bottle K B. Since the Klein bottle is realized in the mapping torus
S'xp S' = 8" % [0,1)/((2.0) ~ (~a.1)). (2.21)

we expect that the many-body Zs invariant can be computable by using full symmetry operations on the twisted
ground states.

1. A nontrivial model and the many-body Zso invariant

We consider the reflection symmetric pair of Kitaev chains, Eq. (2.2),

2

—1
1 1

Hepms =5, [ = £l fror = Frifrgen + hel £ 3 [— £l nfra = Frnfra +he]
1
N—-1

<.
Il

1
+ [ fj7jf$7j+1 + frifri+1 +he] £ 3 [— fI7Nf¢,1 + finfii+hel. (2.22)

DN =

=1

We consider reflection that exchanges two flavors 1 and | as

qu]t,jRil = fE,ijJrl? RfljRil = f;,ijer R|Of> - ‘Of>v (2.23)

where [0y) is the Fock vacuum of the f; and f| fermions. The ground states |GS, /) of the R and NS sectors are
given by

@Sy = (2 >t t)X Y fsl) e @2
n:odd/even 1<p1 <---<pp, <N m:odd/even 1<q1 < <gm <N

Then, we have

_|GS,
RIGS, jns) = { | G‘Sns>> . (2.25)
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Thus, the many-body Zs invariant is given by the ground state expectation value of full reflection on the supercon-
ducting chain with the periodic boundary condition,

Z(KB, (ns,r)) = Tr,[R] = (GS,|R|GS,) = —1. (2.26)

This agrees with the cobordism classification (2.20).

C. (1+1)d insulators with charge conjugation symmetry (Qgpi““ (pt))

Our next example concerns (1 + 1)d topological insulators protected by charge conjugation with C? = 1, where the
action of C' on the fermionic Fock space is defined as

CYl(x)C™ = Ciypi(x), CC* =1, C]0) = |full), (2.27)

where 1/12 (z) is a complex fermion operator defined on a closed ring of length L, |0) and |full) are the Fock vacuum
and the fully occupied state of 1/1;7 (z) fermions, respectively. This symmetry is relevant to, for example, the fermionic
Hubbard model at half filling. At the level of non-interacting fermions, the ensemble of single-particles Hamiltonians
with this symmetry is equivalent to the ensemble of BAG Hamiltonians (symmetry class D in Altland-Zirnbauer
symmetry classes®®), where C plays the role of the particle-hole symmetry (constraint) for Nambu spinors. The
topological classification for this symmetry class in (1 4 1)d is Zy in the absence of interactions, and this is expected
to be so even in the presence of interactions. In the following, we give the definition of the many-body Z, invariant
in terms of the ground state with twisted boundary conditions. The relevant spin structures here for insulators with
charge-conjugation symmetry are called Spin®" structures. This has to be distinguished from Spin structures for
charge neutral fermions in superconductors.

1. The Zso equivariant line bundle

For our construction of the Z, many-body topological invariant we consider twsited spatial boundary conditions by
symmetry of the problem. Thanks to the U(1) particle number conservation, we can introduce the twisted boundary
condition ¥(z + L) = e (x). Let |GS(A)) be the ground state of the Hamiltonian with the twist 6 € U(1). Since
charge conjugation C flips the U(1) flux, we have a Zs-equivariant complex line bundle over the flux space U(1):

C1GS(0)) = D |GS(—=0)), e ?Deio(=0) =1, (2.28)

This Zs-equivariant structure leads to the Zs quantization of the Berry phase

7 =exp | 7{ " (GS(60)|05|GS(6)) | = ) =10(0) — \G5(m)|O1CGS ()

_W (GS(0)[C|GS(0) e {£1}. (2.29)

Here we used foﬂ do (GS(0)|0g|GS(9)) = foﬂ df (GS(0)|C710,C|GS(0))) = i(e(m) — ¢(0)) — f_oﬂ df (GS(0)|0eGS(0)).
This is a candidate of the many-body Zs invariant. Our remaining task is to show that the existence of a model with
nontrivial Zsy invariant.

2. A nontrivial model and the Zo invariant

Let us consider the following two orbital model of complex fermions a;,b; in a closed ring,
H=> blaj +blar + hec., (2.30)
j=1
This model is invariant under the charge conjugation symmetry defined by

Ca;C~' =al, Cb;C~'=—bl, C0)= |full). (2.31)
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We introduce the U(1)-twisted Hamiltonian H(6) by

N—-1
blaji1 +e Pblar + he, CH(O)C™ = H(-0). (2.32)
j=1

By introducing “bond” complex fermions ¢;,d;(j =1,... N —1),cn(0),dn(8) as

bj +aj1 bj—aj
o TG g T g N ),
Cj \/§ J \/i (] )
by + e q by — e ay
9) = , dy(8) = ——— 2.33
the Hamiltonian H(#) can be written as
N-1
= [chej — did;] + ki (0)en (0) — dly (0)dn (0). (2.34)
j=1
The ground state of H () is obtained by filling d; and dx () fermions,
|GS(0)) = d} ---dly_,dN(6) [0). (2.35)

An explicit calculation shows that the Berry phase for |GS(f)) is non-trivial, v = —1. This can be confirmed from
the Zg-equivariant structure on the ground state |GS(#)). By making use of

CdiC™ =—¢;(j=1,....,N—1), Cd\(0)C~' = —cn(-0),
en (=0l al = —e?dl (—0) + bl alen(—0), (2.36)

then we have the nontrivial Zs-equivariant line bundle over U(1) as

C|GS(0)) ~ ¢y -en—1en(0) |full)
~er-enoren(@)al - -albl - bl |0)
~ e |GS(—0)). (2.37)

8. Z2 anomaly on the edge state

Let us now have a further look at the topological non-triviality of the model, from the point of view of its boundaries.
By the bulk-boundary correspondence, the non-trivial bulk topological invariant (y = —1) is expected to manifests
itself, in the presence of boundaries (edges), as a quantum anomaly. Let us now consider a topological insulator with
the non-trivial bulk Zs invariant with open boundary conditions, and focus on the low-energy excitations of the one
of the edges. There is a fermion zero mode created /annihilated by a complex fermion creation operator a'/a. The
charge conjugation (particle-hole) operator C' acts on the fermion mode as Ca'C~! = a. The edge theory defined in
terms of a', a is anomalous in the sense that both the U(1) charge conservation and charge conjugation C' symmetries
(the total symmetry group = U(1) x C) cannot be imposed on a unique ground state. In fact, the ground state with
the U(1) symmetry (having a definite particle number) is either |[0) or af|0). However, C' exchanges |0) and af |0)
(where we set C'[0) ~ a'|0)). It is also easy to see that this anomaly is Z in the sense that if we stack two identical
copies of the system, this anomaly disappears.

4.  Cut and glue construction and the Za invariant

Once the physics at the edge of non-trivial Zs topological insulators are understood, one can use the cut and glue
construction™ to give a proof that the corresponding bulk Zy invariant (2.29) is nontrivial. Let us consider an interval
I = [0, N] of the Zy nontrivial insulating chain. The low-energy excitations can be described by two sets of edge

complex fermion creation/annihilation operators, {al,a,} and {b;r\,, by} The action of C on these fermion opeartors
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is given by CaJ{C’_1 = a1 and Cb}L\,C_1 = —by. The unique ground state of the Hamiltonian on the closed chain can
be approximated by the ground state of the following gluing Hamiltonian

Hyue(0) = e~ b\ ay + hec., (2.38)

where we have introduced the twisted boundary condition by the U(1) symmetry. A direct calculation shows that
the Zy invariant (2.29) is nontrivial, v = —1.

D. (24 1)d superconductor with reflection symmetry (Qgi“+ (pt) = Z2)

In this section, we give the many-body definition of the Zy topological invariant for (2 + 1)-dimensional super-
conductors protected by reflection symmetry with R2 = 1. Topological superconductors in this symmetry class can
be considered as a CPT dual of class DIII topological superconductors in (2 + 1)d. Here, the reflection acts on the
fermion creation operator 1/);[ (z,y) as

R} (z,y)R™ = ¢l (—z, )Ry, R*=1, (2.39)

where (z,y) is the spatial coordinate and i, j are the flavor (orbital, spin, etc.) indices. The topological classification
is given by the Pin* cobordism group

QFn" (pt) = 7. (2.40)

The generating manifold of the cobordism group Zs is KB x S' (KB = the Klein bottle),” which is a mapping
torus. In other words, in the operator formalism, the many-body Zs, invariant can be constructed by considering a
fully symmetry action on twisted ground states.

1. The Z2 equivariant line bundle

Let us consider a superconductor on 2-torus 7. There are four distinct spin structures: {(r,r), (r,ns), (ns,r), (ns,ns)}.
Since the reflection transformation R preserves these spin structures, we have the following Z, equivariant bundle
over four points:

R|GS(n) = (=1)""|GS(m),  n e {(r,r),(r,ns), (ns,r), (ns,ns)}. (2.41)

To remove “weak indices” (2.26) arising from (1+1)d superconductors with reflection symmetry, we define the “strong”
Zs invariant (—1)” specific to (2 + 1)d superconductors by

(1) = 11 (1), (2.42)
ne{(r,r),(r,ns),(ns,r),(ns,ns)}

In the following, we show an example of a Zy nontrivial model.

2. A nontrivial model and the many-body Z2 invariant
A model Hamiltonian is a reflection symmetric pair of (p, + ip,) and (p; — ip,) superconductors

H= Z w;(kz)(m —cos ky — cosky)y(k) + % Z(sin kg + isin ky)lﬁ;(kﬁ/}i(—k) + h.c.
k k

+ 3 (k) (m — cosk, — cosky )y (k) + % > (sink, — isinky,)y] (k)v](—k) + h.c. (2.43)
k k

The reflection R acts on the fermion fields as
Riﬂi(’%a ky)R_l = "/)I(kwv _ky)7 R"/’I(kwv ky)R_l = wi(k‘l" _ky)’ R0) = [0}, (2.44)

where |0) is the Fock vacuum of the v | fermions. The ground state for each spin structure is given by the following
BCS form:3!
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2N, 27Ny

e For the R-R sector, the set of allowed momenta are (k;,k,) = (=, =%

), and the ground state is given by

(7)) = W - exp > (g0 Rl (R)sl () + g0 ](R)0] (R} [0}, (245)

ke>0
k#(0,0),(0,7),(7,0), (7,7)

e For the NS-NS sector, the set of allowed momenta are (kg, ky) = (3£ (n, + 1), 2%(n, + 3)), and the ground state

is given by
(s, ms)) = exp (Z {2 () (ks (k) + g(kwj(k)wﬂ—k)}) 0). (2.46)
ke>0
e For the R-NS sector, the set of allowed momenta are (ky,k,) = (2=, 2 (n, + 1)), and the ground state is
given by
(7, ns)) = exp (Z {2 () (ks (k) + g<k>w1<k>w1<k>}> 0). (2.47)
ks >0
e For the NS-R sector, the set of allowed momenta are (kg k,) = (22 (n, + 1), 22™), and the ground state is
given by
(W (ns, 1)) = exp (Z Lo oyl (k)i (k) + g_<k>w1<k>¢1<k>}> 0). (2.48)
ks >0

Here, g+ (k) is given by

€1 + sin® k, + sin® ky — e,
g+ (k) =

, =m — cosky — cosk,, 2.49
sink, Fisink, Gl M08 08 Fy (249)

and \I/TUP is the contribution from unpaired fermions and given by

%(o,ow{(m)wﬂo,wwi(w,O)wi(o,me(m)wI(o,w)zz{(w,O) (m < —2)
i . ) ¥(0,0)0 (Oaﬂ')wi(ﬂa0)¢I(070)¢I(0,F)¢I(ﬂ',0) (—2<m<0)
AN 1 1 (2.50)
1/1']‘(07 0)1/@(07 0) EO < m)< 2)
1 2<m

Since the condensate of Cooper pairs in the BCS ground states is reflection symmetric, a nontrivial phase arises from
unpaired fermions:

—|U(r,r —2<m<0,0<m<?2
R (r,7)) :{ |\II|('r,('r)> % Em <<—2,§<m)< <2 ’

R|W(n)) =[¥(n)) (n€{(r,ns),(ns,r), (ns,ns)}). (2.51)
Thus, the topological invariant is (—1)¥ = —1 for topologically nontrivial phases (—2 < m < 0,0 < m < 2).

III. PARTIAL REFLECTIONS

We now discuss some (1 + 1)d SPT phases, of which the detection requires the real projective plane RP? as a
generating manifold of the relevant cobordism group. For example, (1 4+ 1)d bosonic SPT phases with reflection
symmetry is classified by the unoriented cobordism group QS (pt) = Z, with the generating manifold RP2.2> Other
fermionic examples are discussed in the subsequent sections. Topologically, RP? is realized by introducing a cross-cap
on the spacetime manifold S?. In the operator formalism, introducing a cross-cap is intuitively equivalent to acting
with a partial reflection R; on an interval I of a closed ring S!, as shown in Fig. 1. In (1 + 1)d bosonic SPT phases
protected by reflection symmetry, Pollmann and Turner showed that the expectation value of the partial reflection
(GS|R[|GS) on the ground state |GS) faithfully captures the Zs SPT invariant.5” In this section, we extend this
approach to fermionic SPT phases. Some contents of this section were also discussed in Ref. 73.
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A. (14 1)d topological superconductors protected by reflection (Q5™ (pt) = Zs)

Let us consider (1 + 1)d topological superconductors protected by reflection R with R2 = (—1)¥. These topolog-
ical superconductors can be thought of as a CPT dual of class BDI topological superconductors. The topological
classification is given by the Pin~ cobordism group”

Q™ (pt) = Zs, (3.1)

and the generating manifold is the real projective plane RP2.

1. The Klein bottle partition function and the Za invariant

In the following, we first show that the action of symmetry (=reflection) on the ground states in the presence
of twisted boundary conditions is not sufficient to capture the Zg classification. In fact, from the space-time path-
integral, this corresponds to the partition function defined on the spacetime Klein bottle, which is not the generating
manifold. The Klein bottle generates a modulo 4 subgroup of the Zg group.

We consider the same model as (2.2) on a closed ring. This model is invariant under the following reflection
symmetry

RfIRT =ifl_, ., RfR™'=—ifn_j4, (3.2)
or equivalently,
RCJL}T1 = cﬁ,_jﬂ, Rchfl = —cﬁ_jﬂ (3.3)

in terms of real fermions introduced in (2.4). In terms of the real fermions ch, cf, the reflection transformation R is
explicitly written by

N
T
R=: exp[— ZZc]Lcﬁ_j_H] 5 (3.4)
j=1
where we introduced the normal ordering : - - - : with respect to the Fock vacuum |0f) of f; fermions to fix the overall

phase of R, R|0;) = |07). Observe that R? = (—1)¥, and hence R here generates a Z, symmetry. From the concrete
expressions (2.9) of the ground states |G'S,/,,s), we obtain

R|GST/”S> = Z Z ianT\’*p1+1thffp2+1"'f]]:lfanrl |0f>

n:odd/even 1<p; <p2<--<pp <N

1|GS,
- { \lasmi (3

In other words, the partition function on the Klein bottle (K B) with the periodic boundary condition for the space
direction provides the Z, sub group invariant:

Z(KB, (ns,r)) = Tr,[R] = (GS,|R|GS,) =i. (3.6)

In other words, the full reflection cannot capture the Zg invariant.

2.  Partial reflection and the Zs invariant

We have shown that the partial reflection faithfully defines the many-body Zg invariant in Ref. 73. Here, we give
a quick derivation of the Zg invariant by using the “cut and glue” construction of the reduced density matrix for
topological phases.”™ Let |G'S) be a ground state belonging to the 1 € Zg topological phase. We wish to compute the
expectation value of partial reflection (GS|R;|GS), where I = [1, M] is an interval in a whole closed chain S = [0, N].
If M and N — M are sufficiently larger than the correlation length of the bulk, the reduced density matrix on the
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interval I, p; = tr7(|GS) (GS|), is approximated by the exponential of the entanglement Hamiltonian, consisting only
of edge Majorana fermions:

~ 1 1
H = gcoRclL + 50%01%/[“. (3.7)

Defining “in” and “out” complex fermions f;, and fo,: by

A S~ 59
2 2
the ground state of H is
GS) = —=(7h + FLa)10). (39)
/2 in
The partial reflection acts only on the f:n fermion as
Rifi,Ri' =ifl, RifduRi' = flus Rrl0)=0). (3.10)
Hence, we obtain
(GS|RI|GS) = Tem(Ripr) = it = L% (3.11)

2 V2

The U(1) phase e correctly captures the Zg classification. In fact, the phase of (GS|R;|GS) coincides with the
Brown invariant of the Pin~ structure on RP2."! (For the description of the Brown invariant, see Appendix A 2.)
Furthermore, with the partial reflection, the amplitude of the wave function overlap (the partition function) is reduced
from 1 to 1/v/2. This “loss of the amplitude” is also of topological origin, which is the quantum dimension of the
edge Majorana fermion.

In the remainder of this section, we present two non-trivial applications of the partial reflection: First, we use the
partial reflection to map out the phase diagram of the disordered Kitaev Majorana chain. Second, we apply it to the
exact ground state of an interacting Majorana chain and show that it yields the expected Zg phase.

3. Case study 1: Robustness of partial reflection against random disorder

In what follows, we compute the Zg invariant for a microscopic realization of class D (with reflection symmetry)
topological superconductors in the presence of a random chemical potential disorder. In particular, we study the
robustness of the partial reflection against random disorder, and also show that we can use the many-body Zg
topological invariant to map out the phase diagram of the disordered Majorana chain, by reproducing the known
results.8%-86 The lattice Hamiltonian consists of two parts H = Heiean + Hais where Helean is the Hamiltonian of the
Kitaev Majorana chain,

= _Z [tfg‘Tﬂfj - Af;+1f; +H~C~] - #Zf;fjw (3.12)
j

J

and the disorder term is

Hyis =Y _viflfi, (3.13)
J

where v; is a random number uniformly distributed over the range [-W/2,W/2] and W is the disorder strength.
Figure 2 shows the complex phase of the averaged partial reflection Z = (GS|R;|GS) for various values of W over
a wide range of chemical potential including the trivial and topological phases. It is interesting to note that the
topological region (characterized by £/Z = m/4) expands a little bit as the disorder strength is increased. This is
similar to the disorder induced topological phase due to quadratic corrections on the lattice models, which has been
discussed in the context of the 2D and 3D topological insulators.®” 8% In addition, we provide the complex phase of
the partial reflection for one realization of disorder in Fig. 3. It is evident from this figure that the phase is quite
robust to moderate disorder.
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FIG. 2. (Color online) Complex phase of the partial reflection Z = (GS|R;|GS) for the disordered Kitaev Majorana chain.
Each curve represents an ensemble average over 1000 samples. Solid lines are guides for the eye. Here, we set A =t, N = 200
and Npare = 100.

We use the complex phase associated with the partial reflection to map out the phase diagram of the disordered
Majorana chain as shown in Fig. 4(b). For reference, we compute the phase boundary between the trivial and
topological phases as a function of disorder strength W, using the transfer matrix approach®>5¢ (see Fig. 4(a)). In
the case of our model, the Majorana chain with nearest neighbor hopping, the Lyapunov exponent can be found
analytically,

N+vz

A= J;H;O;ZI

1/2
_ / dmln|u+wW||

~1/2 2t
2+ Wt
- % — (1+1n2t)|. (3.14)
12p — W|w=

The phase boundary can then be identified as a line of critical points at which A — oo is diverging. The diverging
A is indicative of delocalized states at zero chemical potential which are in turn responsible for the topological phase
transition. We show in Fig. 4(b) that the transfer matrix and our results are in remarkable agreement.

4. Case study 2: Partial reflection in the interacting Majorana chain

In this part, we consider the many-body Zg invariant in the presence of interactions. We use the exact many-body
ground state constructed for the interacting Majorana chain in Ref. 84:

H==>[tfl fi = Al f] + Hel MZ £t + 4UZ —1/2)(nj41 — 1/2). (3.15)

J

For parameter values satisfying the condition yu = 4/U? + tU + (12 — A2)/4 can be written in a closed form as

|ler(ns)> = |\P?f—> + |\Ijg>7 (316)
where
N
wg) = —— = [l <arh0)
+ (14 a?)N/2 i J
j:
1 aft tatl aft

= Aramens et et ), (3.17)

corresponding to odd (even) fermion parity sectors associated with (anti-)periodic boundary condition where o =
V/cot(0/2) and 6 = arctan(2A/u). In the following, we analytically derive that the amplitudes and complex phases of
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FIG. 3. (Color online) Complex phase of the partial reflection Z = (GS|R;|GS) for one realization of the disorder potential.
Panels (a)-(f) represent different disorder strength from W =1 to W = 6 (same as the legend in Fig. 2). Solid lines are guides
for the eye. Here, we set A =¢, N = 200 and Npart = 100.
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FIG. 4. (Color online) Phase diagram of the disordered Kitaev Majorana chain. (a) Color code is the Lyapunov exponent cal-
culated using the transfer matrix approach (3.14), and (b) color code is the complex phase of the partial reflection (GS|R;|GS).
In panel (b), the red curve shows the phase boundary which is analytically determined by the transfer matrix as shown in (a).
Here, we set A =¢, N =200 and Npare = 100.

partial reflection for a generic value of a converge to the anticipated values 1/4/2 and 7/4 in (3.11), as we approach
the long-chain limit (compared to the correlation length).

We prove our result for the case with anti-periodic boundary condition. A similar derivation can be carried out for
the case of periodic boundary condition. Consider a long chain with IV sites in total and M sites in the subsystem
such that N = 2M (we take M to be even which means reflection with respect to the central link). The wave function
is given by

N

‘\Iln8> = H(l +O‘f;'r)

0 3.18
o o) (318)

neeven

Jj=1
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where the normalization factor is
1
Ay (n) = 5[(1 +a?)"+ (1 -a?)"). (3.19)

For simplicity we choose the sites 1 to M to be in the subsystem. The wave function can be rewritten as

1
) = @D EL Ot afl)FL| o)
1
_ 14+ a2t F(e Tng)T a2t F(O)TFO(Z)T 0
0 A A E B (el P 0
« (e)t (O)T ()1 (et
+ + fi)FOTRe FOTEE 0 3.20
A(N)[(fl fir) AR ¢ 110) . (3.20)
We define the new operators
o)e) M—1
ofe)t _ t
F“L H (1 + afj) nEodd/even7
j=2
(o/e€) O
ofe)t _ f
Fout H (1 + O[fj) nGodd/cvcn' (321)
j=M+1
The partial reflection is defined by
RifIR;" = z'ijijl), for 1<j <M. (3.22)
Note that
0| F2R FOT 10y = iA_(M — 2),
(O] B Ry FST [0) = Ay (M —2), (3.23)
where A4 (n) is defined in (3.19). So, we have
1
ZN = (Vns| Rr |Wns) =A™ [(1+a") A (M —2)AL (N — M) +i(1+a*)A_(M —2)A_(N — M)]
2 2
+ ﬁ AL (M —2)A_(N — M)+ A_(M — 2) A (N — M)] (3.24)
In the thermodynamic limit N — oo, this becomes
. o (1 +OZ ) —2 . 2/.
1\}E>HOOZN = S0+ (14 a*) (1 +1) +2a%(i + 1))
1+4
= 3.25
2 ’ ( )
which is identical to (3.11). Here, we use the fact that
(3.26)

lim Ay (n) = %(1 + a?)".

n—oo

B. (1+1)d insulators protected by reflection (Q°™ (pt) = Z4)

Next, we move on to the system described by complex fermions in the presence of reflection symmetry. Specifically,
we consider a reflection transformation acting on a multiplet of complex fermions operators ;(x,t) together with a

U(1) transformation as
Ua RO (2, 1) [Ua R = ] (—z, t)e T Ry;. (3.27)
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This operation, when used along with twisted boundary conditions, enables us to put the theory on an unoriented
manifold with the Pin® structure. In (1 + 1)-dimensions, the corresponding cobordism group is °7

Q5™ (pt) = Za, (3.28)

which implies there are 4 topologically distinct phases. The generating manifold is RP2. In this section, we will see
that the expectation value of full reflection captures the Zs subgroup of the Z, topological classification, whereas the
expectation value of partial reflection with an appropriate U(1) phase as introduced in Eq. (3.27) provides the Z4
invariant.

1. The Z2 equivariant line bundle

The existence of the many-body Zs topological invariant, which is a subgroup of the Z, classification, can be
understood by the Zs-equivariant structure of the line bundle over the flux space in the same way as Eqgs. (2.28) and
(2.29). On the closed space circle S, we have a Zs-equivariant complex line bundle

R|GS(9)) = &9 |GS(-0)), (3.29)

where |GS(6)) is the ground state under the twisted boundary condition ¥(z + L) = ¢?4(z). Then, we have the Z,
quantization of the Berry phase

"0 <GS(0)|89GS(9)>} = @iﬂﬁilﬁgigff

~ = exp [ € +1. (3.30)

0

A Zs nontrivial model is the same as (2.30) with the reflection symmetry defined by
RalR™' =bl_,.,, RbIR'=al_, .. (3.31)

One can show that R|GS(0)) ~ € |¥(—0)), which implies the nontrivial Zy Berry phase v = —1.

2. Partial reflection and the Za invariant

In a way similar to Sec. III A2, we show that partial reflection provides the Z, invariant. There are two issues
specific to Pin® structures: the choice of U(1) phase associated with partial reflection, and the choice of the center of
reflection, i.e., a lattice site or bond center.

Here, we calculate the partial reflection for the fixed point model (2.30). The ground state is given by

GS) = by —afbf —a} Vi —aby By, —al 10). (3.32)
V2 V2 V2 V2

The partial reflection [U,R]; acts on interval I = {1,..., M} as

[UaRl1al[UaR]T = 7,1 [UaRIBI USRI = e ™al,_; 1, [UaRII0)=10), (j=1,....M). (3.33)

Even M and odd M correspond to the case of reflection centered at a lattice site or at a bond, respectively. We have
1 .
(GS|[UsR]/|GS) = 5(f1)%M<M*1> sin ae "M, (3.34)

To obtain the quantum dimension of the edge complex fermions, a can be chosen as o = +7, which implies that only
bond center partial reflection (odd M) provides Z, phases =i.

IV. PARTIAL ROTATIONS

In this section, we introduce a kind of nonlocal operators, partial n-fold rotations C,, p, acting on a subdisk region
D in the 2-dimensional space manifold M. We find that the expectation value of partial rotations on the ground
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FIG. 5. (a) Partial rotation on the ground state |¥). The figure shows the partial Cy4 rotation. (b) A construction of lens
space L(n,1). The figure shows the boundary (22 S?) of a 3-ball. The boundary of upper hemisphere is rotated by 27/n angle,
and glued into the boundary of lower hemisphere. The shadow regions are identified.

state (GS | Cy,.p | GS) (see Fig. 5 (a)) provides scale-independent quantities which characterize topological properties
of the bulk, if the length of the boundary of the subdisk D is sufficiently larger than the correlation length of bulk.
Intuitively, the action of partial C,, rotation can be thought of as a generalization of the procedure introducing a
cross-cap, which gives rise to lens spaces L(n, 1) if we act the partial rotation on S? (see Fig. 5 (b)). In particular,
the case of n = 2 corresponds to RP3 = L(2,1).

In the following, we first temporarily depart from SPT phases and consider partial rotations in chiral topological
phases, and present the calculation of their ground state expectation value using their edge CFT. In this context, the
ground state expectation value of partial rotation can be used to extract a combination of modular S and T matrices:
It turns out that the low energy quasi particle description is consistent with lens space partition functions of (24 1)d
TQFTs.?39 Our derivation of the formula for the partial rotation is similar to Ref. 72, where they introduced the
partial lattice translation on the cylinder. The surgery construction of lens spaces from the solid torus is summarized
in Appendix B.

A. (24 1)d chiral topological phase and partial rotation and lens space

Let us consider a (2 4 1)d chiral topological phase. For simplicity, we assume that the ground state is unique.
We further assume the bulk is symmetric under C), rotation symmetry. Here we consider a right moving CFT with
dispersion (k) ~ vk for the boundary theories, where v > 0 is the velocity of excitations. The cases with left moving
chiral CFT will be briefly discussed later.

We would like to estimate the expectation value of the partial rotation (GS|C,, p|GS) on a subdisk D for the
ground state over a space manifold M. The edge chiral CFT is described by Hamiltonian and momentum operators

2mv c H
H= 7 (Lo 24)7 va, (4.1)
where c is the central charge, and L = [0D| is the length of the boundary. By using the cut and glue construction,”
the reduced density matrix pp for the subdisk D is approximated by the edge CFT with temperature determined by
the correlation length & of bulk,

_¢
e wH

N Tr[e—%H] ' (42

PD

Then, partial C,, rotation is nothing but translation by L/n on the edge CFT,

2

(@S(C plGS) = T THe ] TR B g, Xal(F ) (4.3)
7 Tr [6_%H] ZaGirreps. XU«(%)
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where
Xa(T) = tlra[eQ’”'T(L"_TC4 ] (4.4)

is the Virasoro character of the a-th irreducible representation, and the summation ) runs over Virasoro

a€irreps.

representations of the CFT realized in the boundary 0D. The generator of the translation, P, was normalized as

P:= %(H—E@:%[Lo—i—@o—iﬁ (4.5)

so that P|vac) = 0 on the vacuum state |vac) of the CFT. Here, Ey = (vac|H|vac) is the vacuum energy.
We want to estimate (4.3) for a sufficiently large subdisc, {/L < 1. Using modular transformations,

. 1 1 " —nil " ) 1
Xa (zﬁ — n) = SavXop <_i€ — 1) = (ST )abXb (_23+1> = (ST S)abXb <n2€ + n) s (4~6)

n

(4.3) can be expressed as a low-temperature partition function as

“LO)ii) Zaeirreps. Zb(ST”S)abxb(rif;‘Lg + %)
Zaeirreps. Zb SabXb(%)
where S and T" are modular matrices. Notice that ), runs over all irreps. of the theory, which should be contrasted

with Zaemeps_. This formula enables us to estimate the ground state expectation value of the partial rotation through
the highest weight state |hy),

27
e n

(GS|Cnp|GS) =

(4.7)

el ozt p
m=0
i 2w L > 1 L 1
= i) AT (14 37 ()T G
m>1
~ e =) 3 (o) (4.8)

where hy, is the conformal weight and p(m) is the number of states with energy hj + m. Subleading contributions are

_2xL
suppressed by the factor e »?¢. In the same way,

L x . > _2nL w c
Xb <Z§> — ¢ F (o =5) <1 + Z p(m)e nZe ) ~ e T =g7) (4.9)
m>1

The mapping torus 72 x g7 g S built from the modular transformation ST™S is knows as the lens space L(n, 1).%
Thus, the partial C, rotation is related to the partition function on the lens space.

1. Left mover chiral CFT

For a left-mover chiral edge excitation with dispersion (k) ~ —vk (v > 0), the momentum operator is changed to

P = —H /v, which leads to the formula of the partial rotation for the left-mover chiral topological phases
Tr[eiﬁ%efghq
(GS|Cy,p|GS) = ———F——
Tr [e*?H ]
62;”1 (Lo)=23) Zaeirrcps. XU«(% + %)

Zaeirreps. XG(%)
2mi

e (ko) =53) Zaeirreps. Zb(STinS)abXb(#gg - %)
Zaeirrcps. Zb SabXb(%) ,

This is the complex conjugate of Eq. (4.3). Thus, the non-chiral CFT without on-site symmetry cannot provide
nontrivial U(1) phases in partial rotations. However, if there is an on-site symmetry, we can associate the partial
on-site transformation with the partial rotation, which offers a nontrivial U(1) phase as shown in Sec. IV C.

(4.10)
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B. (2+1)d (ps — ipy) chiral superconductor with rotation symmetry

For an application of partial rotations, let us consider a (p, — ip,) superconductor:
A , A )
= 32 [0 09 gy~ 000+ G0 )k — )0 )+ GO )0 ) (411)

where A(k) = A(ky — iky) (A > 0) is the gap function and k is momentum. We introduce a polar coordinate
(z,y) = (rcos ¢, rsin¢). This model has the following continuum rotation symmetry Cy,

Covl(r,0)Cy " = e 50l (ro+0), Cox = (-1 (4.12)

Note that the 27 rotation is the fermion parity.
On the disk geometry, the system supports a right-moving gapless chiral real fermion mode ~y(¢) localized at the
boundary. The fermion mode «(¢) can be constructed explicitly as

Lo
(o 2T
up to a normalization constant, where the chemical potential p(r) is chosen such that a finite disk geometry is realized,
p(r) >0 for r < £ and p(r) < 0 for r > £, and L is the circumference. (See Appendix D1 for the derivation of Eq.
(4.13).) y(¢) obeys the real condition vf(¢) = v(¢) and the antiperiodic boundary condition (¢ + L) = —~(¢), which
reflects the absence of exact zero energy states since there is no 7-flux inside the disk D.°! The Hamiltonian of the
edge theory is given by

) ~ [ THEY(r, ¢) + e %‘%wT(rw)}ef%)dwv (4.13)

_2mA 1 H
H,. ( _ 7)’ p=2 414
mEZ"!‘g

The free real chiral fermion CFT is characterized by the data®?

1 11
== hi,hy, h 4.1
& 2a (1a Py ) (O 2 16) ( 5)

11 V2 (1
S=-(1 1 2|, T=e2 -1 : (4.16)

V2 V2 0 %

where c is the chiral central charge, (h1, hy, ho) is the set of dimensions (topological spin) in the CFT (for the vacuum,
fermion, and Ising spin sectors, respectively), and the modular S and T" matrices are given in the basis (1,1, 0). The
Virasoro representations that appear in the NS sector is [1] & [¢].

1. Partial C,, rotation

Let us consider partial C), := Cy_ 2m rotation. First, we need to specify the action of the Cy rotation on the gapless

edge excitation y(¢), which can be read off from the concrete expression (4.13) as
- 6L
Coy(0)Cyt = (L + ﬁ) (4.17)

This is consistent with Co, = (—1) because of the anti-periodic boundary condition. From the formula (4.7), the
expectation value of partial C,, rotation on the (p, — ip,) superconductor is given by

—As D amt,p Zb(STnS)abXb(#éLg + )
D a1, Db SabXb(%)

From (4.15), the matrix elements (ST"S)q are given by

(GS|Cn, p|GS) = (4.18)

% \/5_(_1)71\/>
CVE- (1)E (4.19)
2 —2(-1)"

[\

_ T+ (=)™ +2e8™ 14 (—1)" +2es™
ST"S = e 3™ . — | 14 (=1)" — 287 1+ (=1)" 4 257
V24 (-D)"V2 V24 (-1)"V2

\)
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and hence we have

) (n2+2)7i
2zi (p, — L) ST"S). . —J € 2m  (n: even) 4.20
e = .
T ersm=; (n: oven (4.20)
n? i
o2 (hy— ) n 2(:05(%7)6( o (n: even)
2 Z (ST"S)ay = (n? 1 (4.21)
a1 e (n: odd)
A 0 (n: even)
22 (ho—31) T"S = n2_1)mi 4.22
¢ azlw %e_% (n: odd) (422)
To evaluate Eq. (4.18) to the leading order, we note
e~ 2§iﬁxb (12L§ + 1) ~ o (o= ei%(hbf‘%g). (4.23)
n n

There is an even odd effect: The leading contributions come from the vacuum sector b = 1 for even n, and the b = o
quasiparticle for odd n, whereas the b = 1 quasipaticle contributes to the next leading contribution. Summarizing,
we have

n? s s
- CE (- ) %

exp _ (n’=Lymi 1)7” —Inv2-(1+ %)4182’?} (n: odd)

exp (n: even)

(GS|Cy.p|GS) ~ (4.24)

For odd n, in addition to the topological U(1) phase, there is a topological amplitude e~ \/5, which is an analog of
the topological entanglement entropy.”>%* Here we show some examples of partial C,, p rotations:

(@S]Cs,p|G5) ~ exp | - % _ Z%ﬁ (4.25)
(@S]C3 p|GS) ~ exp | - %Z Cnva— %% 418} (4.26)
(@S]C1,p|GS) ~ exp [ - %’ _ %%%} (4.27)
(GS|Cs p|GS) ~ exp E %z Vo %%418] (4.28)
(GS|Co.p|GS) ~ exp[ 32 QZL 418} (4.29)
(GS|Cr.p|GS) ~ exp [— @ V2 - %%418} (4.30)
(GS|Cs.p|GS) ~ exp [ ’ 23 2ZL 418} (4.31)
(GS|Co.p|GS) ~ exp [— L :i’ QZL 418] (4.32)

By including higher energy states in Xb(#sz + %), we can estimate the expectation value of partial rotation to higher
orders in £/L <« 1. For example, the expectation value of partial C,, rotations at next-to-leading order is given by

(GS|Cn.p|GS)
e R~ B g conm) R (0= d+ 2512 (¢ even, 1 £ 8(mod 16))
n242)mi ™
~ e TR zﬁl ef(lfn%)ﬁ%(l — 67%%)7_ (n: even, n = 8(mod 16)) (4.33)
%e‘ {n 2?1717/)7”6_(1—"_"%)%% + e(" Blnl)me_[(l_n%)%s'i_zb]%’ (n : odd)

For example,

(GS|Cy.p|GS) ~ e e 18 E a5 (14 V2e T e 525 ). (4.34)
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FIG. 6. (Color online) (a) Partial C4 rotation on the square lattice, and (b) Partial Cs rotation on the hexagonal lattice.

2. Partial fermion parity

In fermionic topological phases, the fermion parity symmetry is always preserved. Here, we consider the partial

fermion parity flip (—1)% on the ground state of the (p, — ip,) superconductor. The partial fermion parity flip was

discussed in detection of quantum phases in some literature.?®-%> The bulk fermion parity transformation induces the
edge fermion parity transformation through (4.13) as

(=D)FA(O(=1)" = —7(0). (4.35)

Then, the partial fermion parity flip on the disk D is given by

(GSI(-1)5lGs) = -

Tr[(—1)Fe 3 1] xa(%) —xw(F) _ oS — Sw)x ()
) L

Tr[e=+H] X1(E) +xw(E) XS0+ Sun)xa ()
V2xo () 1 2m¢
_ e vz 2wy 4.
() +xu(E) ™ ° p Va6 120

We observe that there emerges a scale-independent, topological contribution to the amplitude, e™ V2 In topologically

trivial phases there is no such topological amplitude associated with the partial fermion parity flip since the entan-
glement Hamiltonian is trivial. Hence, the existence of a finite topological amplitude in the partial fermion parity flip
is a hallmark of topologically nontrivial phases.

8. Numerical results for lattice models

In this section, we provide numerical results for partial rotation using the lattice realizations of topological super-
conductors in class D. We should note that point group symmetries in two dimensional Bravais lattices are limited
to four possible cases which are Cy, Cs3,C4, and Cs. Here, we study two models: (p, — ip,) superconductors (4.11)
on the square lattice and on the hexagonal lattice. The former can be furnished with Cy or Cy symmetry groups and
the latter can have Cy, C3, and Cg symmetries. In the following, we verify that the partial rotation in these systems
obeys the generic form of Eq. (1.11). In particular, we show that the complex phase 6 and the area law coefficient «
match those predicted in Eq. (4.24). We find the expectation value of the partial rotation by rearranging the position
of lattice sites inside the subsystem as shown in Fig. 6 and then compute the inner product of the two wave functions
Z = (GS|C,,p |GS). One important fact here is that the subsystem must be invariant under C,, rotation, otherwise
we cannot perform this procedure, since the full lattice after performing the partial C,, rotation will not be the same
as the original one, if the subsystem is not C,, symmetric.

As the first model, we consider the tight-binding Hamiltonian

1
H o= =0 STkt 0L g he] 5 STAGL gl + AvL gl +he] - n Y el (4.37)

X X

on a square lattice with the basis vectors i and j. For —2¢ < p < 0, this model describes a (p; + ip,) superconductor
where the long-wavelength theory around k = 0 is given by Eq. (4.11). Figure 7(a) shows the complex phase of the
partial Cy and Cj rotations as a function of p. It is evident that £Z = Im1In (GS|C,, p|GS) is zero in the trivial phase,
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FIG. 7. (Color online) Complex phase ZZ = ImIn (GS|Cy,p|GS) of the partial rotation over (a) square lattice, and (b)
hexagonal lattice. We set t = A. The total number of sites is N = 322 and the size of the transformed subsystem is Npars = 162
for (a) and Npare = 217 where R = 8 for (b).

Ratio Eq. (4.24) Numerics Difference (%)

C2/Cy 4/5 0.810 12
Co/Cs  27/35  0.754 2.3
Cs/Cs  44/35  1.262 0.4

TABLE II. Ratios of area-law coefficients in Eq. (4.24) for Hamiltonian (4.37). t = A and p = —1.

while it is quantized in the topological phase and the numerical values are in perfect agreement with the predicted
values from Eq. (4.24).

In order to realize Cs point group symmetry and its subgroups C3 and Cs, we study the hexagonal lattice version
of the (p; — ipy) superconductor, given by the Hamiltonian

t 1 )
_ i <A 00 T
H=-3 > Whie, tx+hel+ 3 > liae Pl o L+ he]l —py wly, (4.38)
X,m x x
o . . e _ 1 ﬁ . _ 1 ﬁ .
where m = 1,2, 3 denotes the nearest-neighbor lattice vectors e; = i, ez = 5i+ 5°j, and e3 = —5i+ 5>j. The phase

0., is the angle between nearest-neighbor link and the horizontal axis, i.e. cos#f,, = e,,-i. Notice that e; —ex;+e3 =0
which means only two vectors out of the three are independent and can be used to construct a basis for the lattice.
Here, the chiral (p, — ip,) superconductor is realized in the limit —3¢ < g < t where the long wavelength theory is
determined by expanding near k = 0. The results are shown in Fig. 7(b) which conform with Eq. (4.24).

We also check the exponentiated area law behavior by looking at the amplitude of the partial rotation as a function
of subsystem size. We show some typical results for the partial Cy and Cg rotations in Figs. 8(a) and (b), respectively.
The linear behavior in terms of subsystem perimeter is evident. In addition, we look at the ratio of the area law
coefficients given by Eq. (4.24) where the microscopic quantity £ is cancelled and as a result we should get a model-
independent (topological) value. Table IT shows that the numerically calculated ratios are quite close to the values
predicted by Eq. (4.24).

Let us now make our final remark in this section regarding the topological contribution 7 in Eq. (1.11). A direct
way to compute this quantity is by looking at the y-intercept of the area law plots (InZ versus L). However, we
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FIG. 8. (Color online) Amplitude |Z| = | (GS|Cr,p|GS)| of (a) partial C4 rotation on the square lattice (4.37), and (b)
partial Cs rotation on the hexagonal lattice (4.38) for various values of the chemical potential u. Here, we set ¢ = A. The total
number of sites is N = 32% and the dimension of the subsystem is given in terms of L and R (see Fig. 6) in each case. Solid
lines are linear fits to data points.

n/t

FIG. 9. (Color online) (a) The scheme to extract topological contribution v in the partial fermion parity transformation
(4.39). (b) Numerical results for the (p, — ip,) superconductor (Eq. (4.37)) as a function of the chemical potential p. We set
t = A. Here, the total system size is N = 402 and the size of subsystem A is N4 = 162.

should note that the expression (1.11) is derived for subsystems with smooth edges and any partitioning of a lattice
inevitably results in sharp corners. Therefore, the y-intercept method is likely to fail on lattice models due to extra
contributions from the corners which add to 7 and make the evaluation of - imprecise. Fortunately, there is a
scheme?% to overcome this issue and remove the corner terms by writing the v in the following way

Y= ln|ZA| +In |ZB| + 1n|Zc| —In |ZAB| —In |ZAO| - 1n|ZBc| +1n|ZABc| (4.39)

where A, B, and C are three corner sharing subsystems as shown in Fig. 9(a). We use this scheme to extract the
topological contribution Inv/2 in the partial fermion parity flip as given in Eq. (4.36). We compute 7y over a wide
range of p and the results are shown in Fig. 9. Away from the critical point in the topological phase, v is quantized to
In /2. The same procedure can be done for the hexagonal lattice which yields the same results (we do not show them
here). It is worth noting that the above scheme cannot be used for partial C,, rotation since, as mentioned earlier, in

order to compute the partial rotation all subsystems must be C),-invariant and this is not the case for some segments
such as C' and BC.
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C. (2+ 1)d nonchiral superconductors with C; rotation symmetry (57" (BZ:))

Fermionic SPT phases (which are non-chiral) with on-site Zs symmetry are classified by the spin cobordism group
Qgpln(BZQ) = Zg where BZy is the classifying space of Zy group.!!:%7:%8 The generating manifold of the Qgpln(BZQ)
group is 3d real projective space RP3 with an appropriate background Z, gauge field. A generating model Hamiltonian
is given by the (p; +ipy)+ © (pz — ipy), superconductor

H:HT—FHJ,,

k2
HTN:ZﬂN(k)(Q )y, (K Z wm )k £ iky 0L, (=) + h.c], (4.40)
k

with the on-site Zs flavor symmetry
UL, (@)U =5l (2). (4.41)

That is to say, the fermion parity symmetry for each spin up and down fermions is separately preserved.

To introduce a cross-cap to have RP? as the spacetime, we need to consider partial Co rotation in the canonical
formalism (i.e., in terms of a given ground state wave function). However, there is no Cy rotation symmetry a priori
in this model. Thus, instead of imposing the non-spatial Zs symmetry, we consider C5 symmetry in advance. The
breakdown of the Z classification of (2 + 1)d class D non-chiral superconductors with Cy rotation symmetry®? is also
given by Zg!'%, which is natural from the point of view of TQFTs since Cy rotation symmetry is an orientation
preserving symmetry. The translation from the non-spatial Zy symmetry to the Cy rotation symmetry in the same
topological class is as follows: We introduce a combined rotation symmetry Co = UC from the on-site Zs symmetry U
and the inherent continuum rotation symmetry for chiral (p,+ip,) superconductors ngjt / J,(:B)C(; 1 eFib/ 21@ / 1(Coz)

introduced in (4.12), where Cy = C;. Then, the C, rotation is defined as
C2Q/JT/¢( ) “/}T/i( :B) (4'42)

Under this Cj rotation symmetry, the model Hamiltonian (4.40) is the generating model of the Zg group. Finally, we
can forget the on-site Zy symmetry U and the continuum rotation symmetry Cy: the Zg classification is ensured only
by the C5 rotation symmetry.

Let us evaluate the ground state expectation value of partial 52 rotation. The contribution from the (p; — ipy),
sector is the same as (4.25). On the other hand, for the (p, + ip,); sector, since the gapless edge excitation has

left-moving chirality, the expectation value of partial Cs rotation is given by

(GS;|Ca,p|GSy)

e Y, { (ST~28)1 = (ST28)yp }x (¢ — 3)
Zazl,w Zb abXb(?)
e 1 (4.43)

Therefore, the total expectation value is

&=

(GS|Ca.p|GS) = (GSy|Ca.p|GSt) (GS}|Ca.p|GS,) ~ e~ T e 278 (4.44)

Thus, the U(1) phase in the expectation value of partial C, rotation does capture the Zg classification.

D. (24 1)d topological insulators with rotation symmetry

In this section, we discuss partial rotations in (2 4+ 1)d Chern insulators. In Chern insulators (particle number
conserving systems), partial rotation can be combined with continuous U(1) phase rotation, which should be contrasted
with the case of superconductors where a partial rotation can be combined with the discrete Z, fermion parity
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transformation. To be specific, let us consider the following simple model realizing a chiral Chern insulator

H= ZW [77u)02+vkaz+vkay]¢(k)

=X [0 (o () (ks — ik, ] (Rak) + hc] . wlk) = (01 (k). o). (145)

This model is invariant under the continuous spatial rotation and the U(1) charge rotation

cl (@) = v'(Con) ()" D). O @ =), ber/z, (1.16)

On the disk geometry, the chiral Chern insulator supports a chiral (right-moving) gapless excitations localized on
the boundary, which can be created by the following complex fermion operator +(¢)

TED) e (2, 0) + ie /2l (r, ) ), (4.47)

where ¢ = L¢/27 is the spatial coordinate along the boundary, and L is the circumference of the boundary. We have
chosen the gauge of v(¢) such that v(¢) satisfies the anti-periodic boundary condition v(£ + L) = —~(¢). With this
boundary condition, the Hamiltonian and momentum operator for the edge mode can be written as

2 1 H
U Z sy Y 51 pP== (4.48)
meZ+1/2 v

where 7, is the m-th Fourier mode of v(¢). Here, the Hamiltonian and momentum operator are normal ordered with
respect to the Fermi sea which is filled with ~, (m < 0) fermions. A derivation of (4.47) and (4.48) are summarized
in Appendix D.

1. Partial rotation with U(1) charge transformation

We now calculate the expectation value of the partial Cy rotation together with the partial U(1) charge transfor-
mation. The partial rotation Cp p on the disk D combined with the partial U(1) transformation U, p acts on the
boundary fermion operators as

—271'11) T 97[/

UsCo' (0)(UnCo) ™" = Y+ 27r)' (4.49)

These transformations are generated by the momentum and the U(1) charge defined by

P=" % miafyms Q= > ioham: (4.50)
meZ+1/2 meZ+1/2

Here we regularized P and Q so that P|FS) = Q|FS) = 0 where |FS) is the Fermi sea of the edge theory. The
expectation value of Uy pCy p is given by

Tl"a:l|: —27iQb 71Pg£e %H} 6_%2; . i€ 0
(GS|Uy pCo p|GS) ~ & = 2’1’*2(? 2r) (4.51)
’ ' -+H 71 1(ﬁ)
Tr,_1 [6 L } LT

Here, Z, (7) is the partition function of the right-mover complex fermion theory defined on the spacetime torus with
twisted boundary conditions

01,1 4(0[7)
n(r) 7

where 0, (z|7) and n(7) is the generalized theta function and the Dedekind eta function, respectively.

Za,b(T) = Tr, [e—2m‘(@+a—%)(b—f) 27iT(Lo— 5 } _ (452)

101
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p=0p=1p=2p=3p=4p=5p=6p=Tp=
— _x ™
n=2 T I
— _ 27 ™ ™
n= 9 9 9
— _3r _ 7T ST _T
n=4 3 8 3 8
— _2r _ 7 27 27 _r
n=>5 5 5 5 5 5
n = _ 197 _ 137w 57 351 5 _ 137
- 36 36 36 36 36 36
— dr 37w 5m 5m _ 37
n= 7 7 0 7 7 0 7
n=8|-r _97 _ 37 7w 21w Im _ 3w _ 97
- 16 16 16 16 16 16 16 16
n = _ 20 _ 17 _ 87 e 281 281 e _ 8 _ 177
- 27 27 27 27 27 27 27 27 27

TABLE III. The U(1) phases of the partial Ur C,, rotation (4.58) of the topological insulator with rotational symmetry defined
in (4.45) forn=2,...,9and p=0,...,8.

We now specialize to partial n-fold rotation C,, := C2x combined with with the n-fold U(1) transformation Up=z
(p=0,...,n—1). By noting the a,b dependence and the modular transformation of Z, (1),

Zat1,6(T) = Zap(T), Zappr(r) = e 20D 7, (1),
; s} ]_ . 1 1
Za,b(T + 1) - eiﬂ-lang?Za,bfa(T)a Za,b(_f) = 6727”(0475)(b7§)Zlfb,a(T)a (453)
T
one can show
A ] ] 2 . .
e T Z1 p 1 (L) e TN 20 a1 e (B 4+ 1)
(GS|Uz pC,.p|GS) = ERTi R AR AL R (4.54)
" Z1 l(%) Zi1 %)
272 272

by the same modular transformation as (4.6). When the circumference of the disk is sufficiently larger than the
bulk correlation length, L > &, we can approximate (4.54) by taking lowest energy states. The denominator is
approximated as

i L n
71 <Z) ~ T (4.55)
272
As for the numerator, when n = even, the unique vacuum state |0)1 gives the leading contribution
2

iL 1
st (5 +3) =7

On the other hand, when n is odd, the ground state associated with the torus partition function has double degeneracy
originated from the zero mode. We have

iL 1\ _, il 1
st e T ) T2 e Ty
L

~ (emP/m 4 efmp/”)e%i(;%i—'r%)(%_ﬁ) = 2cos Lefr e ol (n : odd). (4.57)
n

L1 xi 2zL L
Z 1z ( e ) ~ e~ Torenic B (n : even). (4.56)

n2¢  n

N|=

3+

3

Zy,

|3

Combining these contributions,

12p2—n2 -2
e Ton

12p2-n241 . (14 2 y2xL 1
2cos "Pe™ T e (+32)% 31 (. 0dd)

) % o (n : even)

n

mip— (1=

(GS|Uz pCh,p|GS) ~ { (4.58)

The U(1) phases in (4.58) for n =2,...,9 and p =0,...,8 are summarized in Table III. We have confirmed that all
these results in the above table match with numerical calculations in two dimensional lattice models for n = 2, 3,4,
and 6.

The expectation value of the partial Uz C,, rotation is related to the appropriate TQFT partition function on L(n,1).

In the same way, the partial (U 2 c,)™ rotation with n and m being coprime is related to the the lens space L(n,m).
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p=0p=1p=2p=3p=4p=5p=6p=T7Tp=38
147 27 27
n=3 5 3 %
— 27 8w 8m 2m
n=5 0 5 5 5 5
_ 10 127 4 4m 127
n= 7 7 7 0 0 7 7
n = 507 27 207 50T 387 387 507 207 27T
- 27 27 27 27 27 27 27 27 27

TABLE IV. The U(1) phases of the partial (U» C,,)? rotation (4.59) of topological insulator with rotational symmetry defined
in (4.45) for n =3,5,7,9 and p=0,...,8.

The expectation value of the partial (UzC),)™ can be evaluated by using an appropriate modular transformation,
which is determined by the fraction expansion of 7= (see Appendix B.) For instance, for odd n = 2k + 1, the partial

(U%p+1 Cory1)? rotation is computed by using the modular transformation ST*ST—2S as

e~ HerEsy) 71 o €2
b3 (7~ 51)

(GS|(U_»_ pCasi1.p)?|GS)

PSR 7 3
13(2)
iwk(12k2+k(8—48p)+48p2—24p—3) . .
- 24k F12 Kk 4.59
o 23 34402 (@rrnze — w01 (4.59)
7 iL
3.3 (%)
i7rk'(3k2+k(2—12p)+12p276p71) (- . y2nL 1
~ e 6k+3 e (2k+1)2/ & 24

The U(1) phases in (4.59) for n = 3,5,7,9 and p = 0,...,8 are summarized in Table IV. Notice that the boundary
condition of the space direction is still anti-periodic after the modular transformation in (4.59), which implies that the
partition function is approximated by the single vacuum state as in (4.56). For even n = 2k, the partial (Uz Cor)?
transformation is the same as the partial Uz Cj, transformation computed in (4.57).

2. (2 + 1)d non-chiral topological insulators with rotation symmetry (Q5P™ (BZ,))

The calculations similar to the above results can be deployed to discuss a classification of SPT phases with C,
rotation symmetry in non-chiral topological insulators: We first construct a model Hamiltonian and the C,, symmetry
in a similar way to Sec. IV C; we then introduce the combined C,, symmetry from the model Hamiltonian with Z,
on-site symmetry and continuum rotation symmetry. The topological classification of non-chiral Chern insulators
with Z,, symmetry is given by the Spin® bordsim group Qgpmc (BZ,). The cobordism groups Qgpmc (BZ,) and their
generating manifolds are derived by Bahri and Gilkey®”'%? by use of the n-invariant of Dirac operators with a Spin®
structure. In Appendix E, we briefly summarize their results and a relation to the equivariant K-theory classification
at the free fermion level. .

The third column in Table V shows the cobordism group Qgpm‘(BZn) forn=2,...,9. (1—t) and (1—¢?) represent
generating model Hamiltonians as follows: We consider a 4 flavor non-chiral Chern insulator

2
Hi_pp = Zw;(k) {(;—m — o, + vkeo, + vkyoy}wl,(k)
k
2
+ Z ¢(§(k) [(2]677” - ;U')Uz + vkyo, — Ukyoy:| 1Z)O(k)a (460)
k
’(/Js(k) = (¢s71(k)71/)s,2(k))T’ § = p>07 p=> 1. (461)

Here, subscripts of ¢, (),s € {0,...n—1} mean 1-dimensional representations of the Z,, symmetry as Uts(x)U ! =
e~ % 1hy(x). As shown in Table V, the generating models of Q5P™ (BZ,,) for n > 3 are given by Hy_, and Hy_g
which generate independent cyclic groups. In addition to the Z,, symmetry, the Hamiltonian (4.60) has the continuum

rotation symmetry

Cotpl(x)Cy = 9] (Com)e™7/2 Corpd(x)Cyt = ¥l (Coz)e?7=/2. (4.62)
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Partial C~’n transformation | The partial (én)2 transformation Cobordism

Hi_, H, . Hy_, H, . QP (BZ,)
n=2 3 0 0 0 Z4[1 — 1]
n=3| % z Z Z Zs[l — 1] @ Zs[1 — 7]
n=4| % 0 z 0 Zg[l — 1] ® Zo[1 — 7
n=>5 = in 2?” &x Zs[1 — 1] ® Zs[1 — 7]
n=6 = 2n z z Zia[l — ] @ Z3[1 — 7]
n="7 I iz 2z & Zr[l —t] © Zr[1 — 2]
n= g z z ™ Zas[l — ] © Za[1 — t2]
n=9 % i Z &x Zo[l — 1] & Zo[1 — t7]

TABLE V. The 2nd and 3rd (4th and 5th) columns show the U(1) complex phases of the expectation value of the partial
Cyn ((C)?) rotation (GS|Cn|GS) ((GS|(Cn)?|GS)) on the Hamiltonian (4.60) with p = 1 and 2, respectively. The rightmost
column show the Spin® cobordsim group classification of SPT phases with on-site Z,, symmetry. The notation Zg4[1 — t?] means
that the Spin® cobordism group Q5™ (BZ,) consists of Z, groups generated by the Hamiltonian H; 4» defined in (4.60).

We introduce the combined n-fold rotation symmetry by C,, = UC,, where C,, = Cop_2x.

Let us evaluate the expectation value of the partial C,, rotation with respect to the ground state of (4.60). The
expectation value is expected to simulate the path integral (the partition function) on lens spaces with background
Spin® structures with a Z, gauge field. The contribution from the v, fermion, (GSp|C~‘n,D|GSp>, is the same as the
previous section. On the other hand, for the 1y fermion sector, since the gapless edge excitation has left-moving
chirality, the expectation value of the partial C,, rotation is given by the complex conjugate of (4.54),

B T‘I‘a:% [6“3%6_%1—1
(GSo|C.p|GSo) = :

- }:<GS|CH,D|GS>*. (4.63)
Tra:%{e_? }

In the same way, the expectation value of the partial (C,)? rotation with respect to the ground state (4.60) is

computed. The total U(1) phases of the expectation value (GS|Cp p|GS) and <GS|(C~'R7D)2|GS) are summarized in
Table V. To compare with SPT phases with on-site Z, symmetry, we list the Spin® cobordisms in the rightmost
column of Table V. N

It is interesting to note that, from Table V, the partial (C,)? rotation provides less information than the partial
C, rotation. Except for n = 2,6, the U(1) phase of the partial (C,)? rotation is twice that of the partial C,,
rotation. As an example, let us focus on the C3 rotation symmetry. The Spin® cobordism with Z3 on-site symmetry,
QSpi“C(BZg) = Z3 ® Z3, suggests the existence of two inequivalent/independent SPT phases which are generated by
Hamiltonians (4.60) with p = 1 and 2, respectively. In general, in order to confirm that the classification of SPT
phases is given by two or more Abelian groups (e.g., Z, ® Z,), multiple many-body invariants are needed. (Le.,
multiple many-body invariants are required to distinguish all possible SPT phases.) However, the partial C~’3 and
(C3)? rotations give rise to the same U(1) phases for ground states of both Hamiltonians Hy_, and H;_2, which
implies that the partial 63 and (53)2 rotations cannot distinguish these two series of SPT phases. The ground state

expectation value of the full C; rotation!03
two groups of SPT phases.

is a candidate for the manybody topological invariant to differentiate these

More generically, for even n, the expectation value of the partial 6n rotations gives rise to the U(1) phases which
are consistent with the cobordism classification of fermionic SPT phases protected by the on-site Z,, symmetry. On
the other hand, for odd n, there is a mismatch between partial C,, rotations and cobordism groups: The partial C,,
rotation gives at least one Zs,, SPT phase whereas Qgpmc (BZy,) = Zy, ® Zy,. This mismatch suggests that either one
of the following statements can be true: (i) The SPT phase protected by C,, rotation symmetry for odd n includes a
Za,, phase, which differs from the SPT phase protected by on-site Z,, symmetry. Le., the statement/conjecture made
in the end of Sec. IC is not correct in this case. (ii) The Zs, U(1) phases associated with the partial C,, rotation for
odd n is not stable; that is, it reduces to the Z,, U(1) phase under perturbations and/or disorder. We wish to clarify
this point in a future work.
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FIG. 10. Partial inversion on a ground state on 3d space torus T°. The partial inversion transformation is performed only on
inside of the 3-ball D (the shadow region).

E. (2+ 1)d nonchiral superconductors with C,, rotation symmetry (n > 3)

Here, we briefly comment on how to construct n-fold rotation symmetry in non-chiral superconductors for n > 3. To
this end, let us first consider how to realize an on-site Z,, symmetry in real fermion systems. Since a single-component
real fermion field does not have the U(1) phase degree of freedom, the Z, symmetry on the one-component real
fermion cannot be introduced except for n = 2. To define Z,, symmetry on real fermions, it is necessary to introduce
a complex fermion operator ¢(x) consisting of two real fermion operators x(x),n(x) as

o' (x) = x(x) +in(x), @)= x(x)— in(z). (4.64)
The on-site Z, symmetry is now defined such that the complex fermion operator transforms as a 1-dimensional
representation of Z,, U¢T(x)U~' = e=2m/"¢T(x), p = 0,...,n — 1, which is equivalent to in terms of the real
fermions,
. 2mp . 2mp 1 . 2mp 2mp
Ux(x)U™" = cos —x(x) + sin —n(x), Un(x)U~ " = —sin —x(x) + cos —n(x). (4.65)
n n n n

As the combined transformation Cs in Sec. IV D 2, the on-site Z,, phase rotation can be combined with C), rotation
to define C,, rotation. The computation of the ground state expectation value of the partial C,, rotation is recast into
the calculation presented in Sec. IVD 2.

V. PARTIAL INVERSIONS

There are SPT phases in (3 + 1)d, which are protected by orientation-reversing symmetry, and the generating
manifold of the relevant cobordism group is the 4d real projective space, RP*. For example, (3 + 1)d topological
superconductors with inversion/reflection symmetry, which are the CPT dual of class DIII time-reversal symmetric
topological superconductors, are classified by the Pin™ cobordism group, Q4P““+ (pt) = Z16. The abelian group Zi¢ is
generated by RP*.157! In this section, given a ground state wave function and symmetry actions, we aim at directly
computing the many-body topological invariant associated to RP*. RP? is not a mapping torus, and hence we need to
employ a partial symmetry operation similar to partial reflection introduced in Sec. III. Topologically, RP* is realized
by inserting a cross-cap in S*. The path-integral on RP* is expected to be simulated by considering an expectation
value of the partial inversion operator Ip defined for a subregion D, which is a three-ball of the total system (Fig. 10).

Taking (3 + 1)d topological superconductors and insulators as an example, we will demonstrate below that the
expectation value of the partial inversion correctly reproduces the known topological classification. We will evaluate
the expectation value of partial inversion both numerically and analytically. For our analytical calculations, we will
again make use of the cut and glue construction:” We assume that the reduced density matrix for the 3-ball D,
obtained by taking the partial trace Trp for the complimentary region D = T3\ D of the pure state |GS)(GS]|, is
given approximately by the canonical thermal density matrix of a gapless theory (CFT) realized on the boundary
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52 = 0D. The fictitious temperature is determined by the correlation length & of the bulk. Namely,
e’iH

Tr[e_%Hﬂ]’

s2

pp = Trps\p [ |GS) (GS|] ~ (5.1)

where v is a velocity of gapless theory on S?. The gapless theory is defined on the spacetime manifold S?(R) x S*(&/v)
where R is the radius of the 3-ball D. We assume, for simplicity, that the Hamiltonian Hg2 is rotation symmetric,
and exclude the possibility of surface topological order.2* The expectation value of the partial inversion is given in
terms of the gapless surface theory as the expectation value of an antipodal map Ig2 on S2:

Tr[Ig2e™ v Hs2]

GS|Ip|GS) ~
(@SlIIGS) ~ = e

Ig2:(0,0) — (mr— 0,9+ ), (5.2)

where (0, ¢) is the polar coordinates of S?. We will be interested in the behavior of (5.2) for sufficiently large R,
R>¢.

In this section, we deal with two examples of free theories: class D superconductors with inversion symmetry and
class A insulators with inversion symmetry. It will turn out that the surface CFT calculations of partial inversions
indeed provide Zj;s and Zg topological invariants.!'0:11:14:15:100,104 We also show numerical calculations for lattice
models, in which the results are consistent with the calculation of the surface CFTs. A generalization to higher
spacetime dimensions will be discussed at last.

A. (3+1)d superconductors with inversion symmetry (Q4Panr (pt) = Z16)

Let us consider (3 + 1)d topological superconductors protected by inversion symmetry I with 12 = (=1). The

topological classification is given by the Pint cobordism group, in‘ﬁ (pt) = Z16. Notice that the 7 rotation C; of
the real fermions are associated with +¢ phase as shown in (4.12), which implies that the inversion transformation
I = CxR with I? = (—=1)¥ in 3-space dimensions is equivalent to the reflection transformation with R? = 1, that is,
the Pin™ structure. The generating manifold is RP*.'71190 A convenient model Hamiltonian, which describes the
3He-B phase, is given by

H= ij v(k) [(% — )T+ Arpo k| U(K),  W(k) = (1 (k), ¢y (), v](—k), =1 (—k))T. (5.3)

The model is invariant under inversion defined by
i)™ =il (-z), (o =t1). (5-4)

To compute the expectation value of partial inversion using the cut and glue construction, we first look for the
effective surface theory on the boundary of the 3-ball.!% We consider the Hamiltonian (5.3) on the open 3-ball
with radius R. We introduce a polar coordinate (z,y,z) = (rsin 6 cos ¢, rsin 8 sin ¢, r cos §). Instead of specifying a
boundary condition, we consider the following Jackiw-Rebbi type domain wall one-particle Hamiltonian

H = —iA7, (020, + 04Oy + 0.0) + pu(r)Ts. (5.5)

with u(r) < 0 for r < R and p(r) > 0 for r > R. From a straightforward calculation (Appendix D2b), we obtain the
explicit form of the complex fermion operators v1(6, ) creating gapless surface excitations

; 0 ; 0 ') g
’YT(Ga ¢) ~ |: - 671% sin 5{”@(7"7 97 QS) + ’l,[}i(’l", 97 ¢)} + 81% COS 5{“/’1(7"7 9, ¢) - 1/’T(7"7 9, ¢)}:| e / %dr )

- % ) 0 o) oo
0,9) ~ [ = 7 cos S{w] (r,0.0) + vy (1,0,0)} — ' sin S {0](10,0) — iy (.0, 9)} [ eI (5.6)

Notice that the anti-periodic boundary condition in the ¢ direction, v7(0, ¢ + 27) = —7(6, ¢), is satisfied. In terms
of these fermion operators, the effective surface BAG Hamiltonian is given by

Hgo = / sin §dfdo (v'(6, ¢), —(0, ) H (—Wy(fa(b%;ﬁ)) ’

A 0 —i0p — =L a¢—m2;t9>

sin 6

E <_260+ 1 6¢_ ’Lccz)ta 0

sin 6

H:
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The one-particle Hamiltonian #H is solved by using the monopole harmonics
example, Ref. 106):

5 (see, for

Y (0,6) with g = £3

Y_é
H\Il:tn,m(ga QS) = i% =

Vinm(0,0),  Vinm(6,0) b
+n,m\Y,P), +n,m\Y, = = 1 )
R V2 \FiY? | (0,9)
1 3 1
=12, ... =—(n——-),... — = — —.
n < b m (’l’l 2)a 7” 27” 2

(5.8)
There is no zero mode, which is consistent with the absence of a monopole inside of the 3-ball D. The degeneracy of
the states with the eigenvalue :I:% is 2|n|. The explicit form of the monopole harmonics is

;106
= 2l 1)(l )'(l )' 0. _ 0\ _(m— —m—g,—m ;

Y/ =2m ( in — )~ (m+9) Zy—(m Q)P( g,—m+g) img
2(0,0) \/ =0+ 9] (sin 2) (cos 2) It (cosB)e

e [@EEDE—m A m) I+g
=1 \/ =~ )0 + g)! 2 (n)(

0 0
g—mt n> (Sin 5)2l72nfg+m(cos 5)2n+g7m

(5.9)
where P%(z) is the Jacobi polynominals and sum ), runs over all possible integers. The periodicities of eigenstates
agree with anti-periodic boundary condition of (6, ), Wiy, m(

m(0,0+21) = =V, (0,¢). In terms of these eigen
functions, we introduce the Bogoliubov operators XIL,m for the positive energy states by

1 1 1 _ 1
Xy = / sinededas[ﬁyn_g,mw,ww,¢)+%Y5_%7m<9,¢>v(e,¢>} (n>0). (5.10)

In terms of the Bogoliubov operators, the Hamiltonian Hg2> can be written as

A

R Z Z nX;rz,an,m-

nezZ,n>0 m:—(nfé)’... ,n,%’n,%

Hg =

(5.11)

1. Partial inversion

To compute the partial inversion on the surface theory (5.11), we first derive the antipodal transformation Ig2 on
the Bogoliubov operators x,,m. It is induced by the inversion transformation in the bulk (5.4) through (5.6), (5.7)
and (5.10) as

Isoxh I = i(=1)"X} e Ts2xnmlss =

g2 = —i(=1)"Xnm, (n>0). (5.12)
Here, we have used

I (0,6) I = —iy(m — 0,0 + ),

-

Iy(6, )T = i (m — 6,6 + ),
Vi, (r=0,04m) = (<1)"Y, % (6,0), Y-

n—

N|=

[N

7m(ﬂ— - 97¢+7T) ( )nzyz (6‘7¢)

n——’m

(5.13)
As explained around (5.2), the expectation value of the partial inversion is given by that of the antipodal map
within the surface theory:

Tr[Ig2e~ 5 Hs2 < (1 +i(—gq)m)*
(@S|pjas) ~ s LMo @riCoy™ - (5.14)
Tr[e~ AHSQ] [T, (1 +q*)>
Here we normalized the antipodal transformation Ig> so that Ig2 |0,) = |0,) where |0,) is the Fock vacuum of xp_m
fermions.

Equation (5.14) can be evaluated in the same way as in Ref. 107. Here we briefly sketch the method. What we
want to compute are

n=1

q) =Y nln(l+¢"), Ilg) =Y nln(l+i(—q)") (5.15)
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for § < 1 with ¢ = e=°. In terms of I1 »(g), the partial inversion is given by

(GS|Ip|GS) ~ exp [212(67%) — 2L (e~ ). (5.16)
By using the Cahen-Mellin integral
1 c+ioco
-y —ST(s)d 1
e omi )Y (s)ds (5.17)

for ¢ > 0, Re(y) > 0 and y~* on the principal branch (I'(s) is the Gamma function), I;(g) is written as

Il(q = 6_6) = — anr_l(_l)Te—5nr

n

o0 1 c+ic0
= —Zan_l(—l)’%/_v ds(énr)~°T'(s) (¢>0)
| peri
- dso=* {F(s)((s—l)(l—Z’s)C(s—l—l) , (5.18)

2mi c—100

where c is sufficiently far to the right. ((s) = >_,~ , n~* is the Riemann zeta function. From the contour integral, one
finds the contributions from the poles of the integrand F'(s) = I'(s){(s —1)(1 —27%)((s+ 1) as

Lig=e?)= > Res(Fys), (5.19)

s
s€poles

(There is no multiple pole in this case.) To estimate this for small § > 0, it is sufficient to include only poles with
Re(s) > 0. Furthermore, the pole at s = 0 is scale independent, i.e., it is a topological contribution. There are two
simple poles at s = 0 and s = 2. (Recall that ((s) has a single pole at s = 1 with residue 1, I'(s) has single poles at
integers n < 0 with residue (_nl!) , and ((s) has zeros at negative even integers. One of the poles at s = 0 is canceled
by zero of (1 —27%).) One can show

C3)0 2= —In(2) + — +---. (5.20)

Similarly, we obtain (see Appendix F)

cti00
(g = %) = / dsé—* [ — 2175 D(8)¢ (5 — 1)Ligy1(—i) — (1 — 21)0(s)¢(s — 1)Lis+1(i)}

B % —100
3 i 1 52
_ 3 s T ey O 5.21
5203 6 2Pt (5:21)
Here, Lig(z) := > 07, an is the polylogarithm function. Let us consider the imaginary part of I5(q),
1 c+i00
Im[I(g=e°)] = —/ dsd*T(s)¢(s — 1)(227° = 1)B(s + 1), (5.22)
2mi c—100
where S(s) =37 é;f{;s is the Dirichlet beta function. There is a dramatic cancellation: Since 8(s + 1) has zeros
at even negative integers s = —2, —4, —6, ..., all the poles from I'(s) are canceled with zeros! Moreover, the zero from

(2275 — 1) at s = 2 is canceled with the pole from (s — 1). Eventually, there remains only one pole at s = 0, which
implies an exactly scale-independent value

i3

-5
Im[lr(g=¢"°)] = ~16 (5.23)
Finally, we get the formula of partial inversion
(GS|Ip|GS) = | (GS|Ip|GS) [, Byop = —%» (5.24)
1 21 R\’
| (GS|Ip|GS) | ~ exp [ﬁ In(2) - 7:(3) (§> ] (5.25)

The topological U(1) phase e~ % is indeed consistent with the cobordism classification oy in® (pt) = Zs6. Also, observe
that in addition to the topological U(1) phase, a topological amplitude e12 n(2) appears.
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FIG. 11. (Color online) Complex phase of the partial inversion Z/Z = ImIn (GS|Ip|GS) computed for 3D inversion symmetric
topological superconductor (class D). Top. I (II) corresponds to the phase with odd (even) number of gapless Majorana surface
states. Here, we set t = A. The size of total system and subsystem are N = 12% and Npart = 63, respectively.

2. Numerical results for lattice systems

In this section, we provide a direct numerical evidence for the partial inversion of the three-dimensional lattice
models. A generating model in class D is given by the BAG Hamiltonian

H= % Ek: Tl (k) (k)P (k), (5.26)

on a cubic lattice, where
h(k) = [—t(cosky + cosk, + cosk,) — p] 7, + A [sin kg 7,0, + sin ky 7,0, +sink,7,0.] . (5.27)

in which the 7 and o matrices act on particle-hole and spin subspaces, respectively. As mentioned earlier, the above
Hamiltonian also describes the 3He-B phase. The inversion symmetry in this model is defined as in Eq. (5.4). This
model exhibits three different topological phases depending on the chemical i potential as follows:

1. |u| < ¢: Top. II. This phase supports an even number of 2d gapless Majorana surface states. It is topologically
equivalent to a stack of 2d topological superconductors in the same symmetry class.

2. t < |u| < 3t: Top. L. This phase hosts a 2d gapless Majorana surface states.
3. |u| > 3t: Trivial. No topological surface states.

Figure 11 shows the calculated complex phases ZZ = ImIn (GS|Ip|GS) of the partial inversion for various values
of p. This quantity is computed in a similar fashion to the two-dimensional case that is to calculate the inner product
Z = (GS|Ip|GS) after rearranging the lattice sites in the subsystem (to get Ip|GS)). Remarkably, the partial
inversion gives the correct Z1s and Zg phases in the topological phases characterized by odd and even number of
gapless Majorana surface modes, respectively. We should note that the latter case is topologically equivalent to
stacking two dimensional reflection symmetric class D SPT layers which obey a Zg classification.

3. Other partial symmetry operations

In addition to partial inversion, we now discuss three additional partial symmetry operations: partial fermion
parity, partial reflection, and partial w-rotation. In the partial fermion parity flip and the partial reflection, we have
a logarithmic term log(R/£) as will be shown in Eq. (5.31). The partial w-rotation gives rise to a scale-independent
contribution (5.39).

a. Partial fermion parity Following our discussion on (2 4 1)d topological superconductors in Sec. IVB 2, let us
consider the partial fermion parity flip on (3 + 1)d topological superconductors. Since the partial fermion parity flip
induces the fermion parity flip on the surface fermions as (—1)¥ x,.m(—1)" = —Xy,m, we have

n=1

Tr[e_%HSﬂ B HZO:1(1 +qn)2n

’I‘I.[(_l)Fe—%HS2j| - HOO (1 _ qn)2n

(GS|(-1)B|GS) ~ — exp |2[3(g = e %) — 2I)(q = ¢~ ) (5.28)
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with
s 00 c+ic0
Ii{g=e"%) = ;nln(l —q¢") = i ) dsd [F(s)((s - 1)¢(s+ 1)} (5.29)
The integrand has a double pole at s = 0, which leads to an algebraic power law for § = % ~ 0,
_s o 1 1
Is(g=e€e"°%) ~—((3)0"° — P In(6) — P +1n(A), (5.30)

where A = 1.2824... is the Glaisher-Kinkelin constant. Finally, we obtain the following formula for the expectation
value of the partial fermion parity in the (3 + 1)d topological superconductor

(@SI(~1)51GS) ~ exp [ - é 4 %111(2) +2In(4)+ %m <?) - Zg(g) (?)2] (5.31)

It should be noted that the logarithmic term appears in addition to the area law term. A similar logarithmic
contribution to the the entanglement entropy in gapped phases is discussed in Ref. 108, where the authors pointed
out that the non-flatness of the curvature of the boundary of a region D is a necessary condition to give a constant
part of the entanglement entropy.

b. Partial reflection The topological classification of (3 + 1)d superconductors with reflection symmetry with
R? =1 is the same as the topological classification of inversion symmetric superconductors discussed in Sec. VA, i.e.,
it is given by in'ﬁ (pt) = Z1¢, and the generating manifold is RP*. However, it seems difficult to make a 4d analog
of the cross-cap leading to RP* by using the reflection. Let us consider a general partial point group transformation
on a subregion D in a 3-space manifold. In order to make the resulting 4-manifold free from a singularity, the partial
transformation should act freely on the boundary 0D. In the case of the reflection x — —z, only the partial reflection
on the subregion in the form of [—L, L] x My (M is a 2-space manifold) meets this condition, which leads to the
4-manifold RP? x My, not RP*. Here, we discuss the partial reflection on a 3-ball D. Let us consider the reflection
symmetry R, for the model (5.3),

Rl (a,y, 2) B2 = 0 (2,y, —2)[o2] . (5.32)
By using the following relations
RZ’}/T(Q, ¢)Rz_1 = 7’7(7‘— - 07 ¢)7 RZ’Y(97 d))R;l = _Z’YT(’R— - 03 ¢)7
v, (m—0,0)= (—1)"+%‘mYn__§%7n_%_m(0, 9), Y, (m—6,0)= (—1)"%_"“1’7?_%,"_%_7”(97 ®), (5.33)

We see that the Bogoliubov operators are transformed as
RzXL,mRzl = (71)n+%7mXIL,ma RzXn,mR;1 = (71)n+%7an,ma (n > O) (534)

The half of degenerate energy states labeled by n have the negative reflection parity R, = —1. Then, the partial
reflection on the 3-ball D is given by

TR $0] I, (1 - )"
GS|R. p|GS) ~ = on=1 ., g=¢ R, 5.35
(GS|R=,0|GS) Tr[e_%HSQ} I— (1+q)" (5.35)

2l

which is exactly the square root of the partial fermion parity flip (5.28). This is real positive number and has no
information for the Z¢ classification.
¢. Partial w-rotation Finally, we consider the m-rotation symmetry of the model (5.3),

Czwj (.23, Y, Z)Cz_l = _i'(/);(_xa -Y, Z)[Uz]ji- (536)

From the point of view of TQFTs, the existence of m-rotation symmetry is equivalent to the on-site Zo symmetry, thus
we expect the topological classification is given by the Spin cobordism Qipin(BZQ) = Z.!! Here, the integer cobordism
group means that there is a topological action parameterized by a € U(1) through Hom [Qipin(BZg), U] =u(@).
a € U(1) is a material parameter determined by a model Hamiltonian similar to axion  term in (3+ 1)d insulators.%?
In the context of SPT phases, the topological action parameterized by U(1) does not mean the existence of a nontrivial
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SPT phase since all phases labeled by a € U(1) are adiabatically connected unless there is a symmetry fixing a € U(1)
to a discrete value.?
Here we compute the partial m-rotation on a 3-ball D. One can show

CA1(0,0)C" =~1(0, 6 + ), C(8,0)CC " =~(0,¢ + ),
Vi, (motm) = —i(-)"HYE L (0,0), YA (004w = —i(-)"HY L (0,6), (5.37)
then, we have
Coxh Ot =i(=1)™ 35Xt L Coxm Oyt = i(=1)™ 2 x, 1> 0). (5.38)

The expectation value of the partial w-rotation on the 3-ball D is given by

Tr[Coe 2] [ (1+ig")"(1 —ig")" _ o _ -5
(GS|C, p|GS) ~ Tr[e‘ﬁHSﬂ = T+ =exp |L1(¢g=e"E)—2L(¢=€" &)
1 21 R\?
~ exp [Eln(Q) TC) <§> } (5.39)

Note that this coincides with the amplitude part of the partial inversion (5.25).

Pin®

B. (34 1)d insulators with inversion symmetry (4" (pt) = Zs & Z2)
In this section, we consider (3 4+ 1)d topological insulators protected by inversion symmetry. The topological
classification is given by the Pin® cobordism®”
Qginc (pt) — ZS @ ZQ. (5.40)

The latter direct summand Zs arises from bosonic SPT phases corresponding to one of Zs of the unoriented cobordism
group Q¢ (pt) = Zo ® Z3.*'% Our focus here is on the former direct summand Zg. This part is generated by RP*, and
the following four-orbital free fermion model

H =Y vl (kyH(K)p(k), (k)= {tro}ro=12,
k

k2
H(k) = (% — w7+ A ko, (m,u,A>0), (5.41)

which is equivalent to the two copies of the (3 + 1)d superconductor (5.3). The inversion symmetry is defined by
i (x) 7' = T (—x)7,. (5.42)
In addition to the inversion symmetry, there is the U(1) charge conservation symmetry,
Uyt (@)U, ' = e ™)1 (). (5.43)

As in the case of (3 + 1)d topological superconductors protected by inversion, the expectation value of the partial
inversion is a candidate of the Zg SPT invariant. The U(1) phase in the expectation value of the partial inversion is
simply twice that of the (3 + 1)d superconductors. On the other hand, in the topological insulator system, there is
the additional charge U(1) symmetry, which can be combined with the partial inversion to introduce IpUp p, where
Ip and Uy, p is the partial inversion and partial U(1) transformation for the 3-ball D. We will focus on the role of
this U(1) twist.

1. Partial inversion with U(1) transformation

We first give an analytical evaluation of (GS|IpUy p|GS). In the same way as in Sec. VA, we have a surface
entanglement Hamiltonian on S? (see Appendix D2 a)

oo ”*%
A
HS2 = Z Z fn [XIL,an,m + X—n,mXT—n,m} N (544)

n=lm=—(n—-1
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Here, we have normal-ordered the fermion operators with respect to the fermi sea |F.S), which is defined by fully
occupying states created by XT—n,m (n > 0). In general, an entanglement chemical potential u. can be added, which is
determined by the geometries of the ball D and other region. Here, for simplicity, we assume p, = 0. The quasiparticles
operators XIL,m are obtained from the surface Dirac fermion operators in the spherical coordinate v 2(6, ¢) as

1 -1 1 1
XIL,m = /Sin Odode [ﬁYnfzé,m(g’qs)VI(eﬂb) - iTYnzfé,m(&(b)ryg(ead))}’
. 1 1 1 1
X m ::/sm9d9d¢[—y : (9,¢)ﬂ(9,¢)+zﬁyn3%)m(9,¢)yg(9,¢)}, (5.45)

where n > 0. The surface Dirac fermion operators are related to the bulk fermion operators as
71(0,6) ~ [ = % sin S {0y 1 (1,0,60) + 6] 0 (1,0,0))
+e'% cos g{iﬂ}i:Lg:Q(Ta 0,¢) + 7/’1:2,0:2(73 0, d’)}} e/’ wdr,’ (5.46)
14(0,0) ~ [71% con S {0l 1 rma(r0,6) + 0]y 1 (0,6))
et sin (0] oo, 0,0) + it g ool 0,0)}]e I (5.47)
From the transformation law

O, =Al(r—0,6+7), 0,8 =—l(x—0,6+7), (5.48)

and Eq. (5.13), we note the partial inversion and partial U (1) charge transformation act on the quasiparticle operators
Il .
Xn,m 88

IXL,mI_l = (_1)nXIz,m7 IXT—n,mI_l = _(_l)nXT—n,m’ (TL > 0)7
beianb_1 = 6727”'1’)(2,,". (5.49)

We fix constant phases associated with the antipodal map I and U(1) transformation so that I |F'S) = mbU, |FS) =
|F'S). Then, the expectation value of the combined partial inversion with partial U(1) charge transformation can be
evaluated as

Tr Ubfe’gﬁs2 0 (] 4 e2mib(_gyn)2n(] _ 2wib(_yn)2n
e q (1-e q
(GS|UTIGS) ~ [ — ] = sl = 1( )n)% o zn( kil (5.50)
Tr[e*KHsﬂ] [l (T +gm)?(1+qm)

From Appendix F, the phase and amplitude of this expectation value, (GS|UI|GS) = |(GS|UI|GS) |e?r, are
evaluated as

[(GS|UI|GS) | = exp [— (34(3) + i{Lig(e‘mb) + Lig(e“"”'b)}) (?)2 - %m‘sm(%b)‘

3 + cos(4md) ( 13 )2 125 + 68 cos(4mb) — cos(8mb) (2)4 L } 7 (5.52)

480 sin?(2mb) \ R 96768 sin*(27b)
for e=27 =£ 41, Notice that the result of the U(1) phase part e?wr is exact, which is independent of the scale £/R.
The quantized scale-independent U (1) phase (5.51) is somewhat unexpected from the viewpoint of Pin® structure. In
the Pin® structure on RP*, the holonomy associated to the Z, nontrivial loop threading the cross-cap is quantized
to 4. However, (5.51) means that even if the holonomy is not properly chosen to be e2™® = 4, the U(1) phase
of the partial inversion is well quantized. This agrees with the numerical calculation (see Fig. 13), where the plateau
structure of the U(1) phase becomes sharper as one increases the sizes of the subsystem. As b approaches the “phase
transition” points e 27 = 41, the higher-order terms proportional to (&/sin(27b)R)?* in (5.52) contribute to the
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FIG. 12. (Color online) The phase (£Z) and modulus (|Z]) of the expectation value of the partial inversion, Z = (GS|Ip|GS),
computed for the 3D inversion symmetric topological insulator (class A) as a function of the mass parameter m for various
values of the U(1) phase transformation b defined in Eq. (5.43). Strong (weak) TI refers to the phase with odd (even) number
of Dirac surface states. Here, we set t = r. The size of total system and subsystem are N = 12% and Npar, = 6, respectively.

amplitude. At the points e 27" = 41, there appears a double pole at s = 0 and it gives an algebraic correction to

the amplitude, in addition to the area law decay, as

| (GS|Up—0,1/21|GS) |

=exp[ 7((3)(E)Q+EIH(R)+121n(A)—1+1n(2) 1 (5)2 1 (5)4_.“]’

-2 \¢ 6 \¢ 6 720

R

25920

H (5.53)

c.f., (F.6) and (5.30).

2. Numerical results for lattice systems

In this section, we study the standard Wilson-Dirac Hamiltonian on a cubic lattice as a simple model of the
three-dimensional inversion-symmetric TT'09111

He=y 3 [bhie (it — )+ hc] +m > wl, (5.54)

x
s=1,2,3
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FIG. 13. (Color online) The phase (£Z) and modulus (|Z]) of the expectation value of the partial inversion, Z = (GS|Ip|GS),
computed for the 3D inversion symmetric topological insulator as a function of the U(1) phase transformation b defined in
Eq. (5.43). Here, we set t = r and m = 2. The sizes of the whole system and the subsystem are N = 16% and Npart = L3,
respectively.

where the Dirac matrices are given by

I
063—7'1®Us—<c? %5)7 5—7'3®1—(0 _0]1)
S

In this convention the ¢ and 7 matrices act on the spin and orbital degrees of freedom respectively. Transforming to
reciprocal space, the Bloch Hamiltonian reads

h(k) = Z {tas sin ks — 3 cos kS} + mp.

s=1,2,3

This model can exhibit a non-trivial 3D TT phase protected by the inversion symmetry which is defined by Eq. (5.42).
In fact, as the mass parameter m is varied, the Hamiltonian shows the following phases:

1. |m| < r: weak TI with an even number of Dirac cones on each boundary surface.
2. r < |m| < 3r: strong TT with a single Dirac cone on each boundary surface.
3. |m| > 3r: trivial phase equivalent to the atomic limit.

As shown in Fig. 12, we compute the complex phase /Z = ImIn (GS|UyI|GS) of the partial inversion for various
values of the U(1) phase e??™ for ¢t = . The calculation procedure here is very similar to the two-dimensional case
where in order to get U,I |GS) we relocate the lattice points inside the subsystem according to the inversion symmetry
operator I and multiply the states by the U(1) phase given by U, and finally the inner product Z = (GS|UpI |GS)
is computed. In particular, we observe that as b changes from negative values to positive values the complex phase
transitions from —7/4 to w/4 (see Fig. 13). It is worth noting that as the subsystem is made larger, the transition
becomes sharper and sharper indicating that this change will turn into a discontinuity in the thermodynamic limit.
All these observations conform with our analytical results in the previous parts.

C. General even spacetime dimensions

The topological U(1) phase emerging in the expectation value of the partial inversion for inversion symmetric
topological superconductors can be generalized to any even spacetime dimensions. Let us consider the following BdG
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Hamiltonians which describe odd parity topological superconductors in (2p + 1)-space dimensions:

H— % ST Utk H(K)R(K), (k) = (k) v (—k)T,
k

2p+1
Hk)=AD  kLy+mloppa, {TuT0} =20, (nv=1,...,2p+2). (5.55)
p=1

Here, we consider the gamma matrices having the minimum possible dimension to satisfy the reality condition!!?

p=0,1 (mod 4) — 2PT! x 2P
p=2,3 (mod 4) — 2PT2 x 272, (5.56)
Inversion acts on the BdG Hamiltonian and the fermion operators as
THI ' =H, I)i(x)I™! =ipl(—x), (5.57)

Note that inversion (5.57) is CPT dual of time-reversal of class DIII for odd p and class BDI for even p: The
7 rotation of the real fermions is associated with +i phase as shown in (4.12), which implies that the inversion
transformation with 2 = (=1) in (2p + 1)-dimensions is equivalent to the reflection transformation with R? = 1
for odd p and R? = (—1)¥ for even p. Also, R? = 1 and R? = (—1)¥ correspond to the TRS with 7% = (—1)¥ and
T? = 1, respectively, due to the Wick rotation.'!

We consider the reduced density matrix for a (2p + 1)-dimensional ball of radius R, which can be described by the

surface theory on the sphere S?” (the Dirac Hamiltonian on S2P)113
A _ 2p — 1)i —1i _ 1. -
Heurt = = {( —i0p — % cot 8)yzp + 9%(€i - iwijkzjk) ; (5.58)
where we have used the polar coordmates The summations over i, j, k are 1mp1101t 6 is the angle from the north
pole, {ej}] Il is a vielbein on S, @;;, = l(C’”k C’m ij) with [€;,€;] = Zk 1 Cijrér, and 3ji, = []."j,].“k]

See Ref. 113 for more details. The dimension of gamma matrices {;}; 2p 7, is a half of (5.57). Eigenvalues of Hgyt are
given by!!?

A
Enp+=+—

R(n+p) (n=0,1,...), (5.59)

with degeneracy

2P(n+2p —1)lc p=0,1 (mod 4
Dop(n) = ( )”7 cp = {2 p=2 ( ) (5.60)

1
n!(2p —1)! ,3 (mod 4)
Similar to our discussion on Sec. V A 1, the U(1) phase of the expectation value of partial inversion is given by

m|In (GS|ID|GS>] =Im (g = e—%)’

Ioy(q) = In H (14 i(—q)"FP)P2p(m) — ZD2p )In(1 +i(—q)"*P). (5.61)
One can show
Im Ir,(q=e%) = R /C+m dsﬂé’sf(s)f (s —1)B(s+1) (5.62)
o 1= B 2mi c—100 (2p - 1)' P 7 ‘
where
fo(s =1):= ZW —1)(n* =2%) - (n* = (p—1)*)(—=1)"n~*", (5.63)
n=1

and B(s) = > 02, % is the Dirichlet beta function. All poles except for s = 0 are canceled, and there is a single

pole at s = 0. We get a scale-independent exact result

m[In(GS|Ip |GS) ]| = (—1)?(21) { s i) ig; " (5.64)
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This implies Zyy+s classification for p = 0,1 (mod 4) and Zgp+2 classification for p = 2,3 (mod 4), which are consistent
with Refs. 11, 100, and 104. Once again, note that inversion symmetry (5.57) is CPT dual of time-reversal of class
DIII for odd p and class BDI for even p.

The partial inversion on class A insulators with inversion symmetry in even spacetime dimensions is given by adding
the contribution from the negative energy eigenstates in (5.59), which leads to the twice of p = 0,1 (mod 4) cases in
(5.64),

Im[In(GS|Ip|GS)]|etassats = (—1)P(27) x 2P+, (5.65)

This is also consistent with Refs. 100 and 104 and the free fermion part of Pin® cobordism group'? Zgp+2 C Qg;’_}_; (pt).

VI. CONCLUSION

In this paper, we developed an approach to detect interacting fermionic SPT phases by introducing non-local order
parameters, the expectation value of partial point group transformations with respect to a given ground state wave
function on a closed space manifold. From the point of view of TQFTs, the interacting SPT invariants are defined
as partition functions (path-integrals) on generating spacetime manifolds of cobordism group. In order to simulate
the path integrals, in the operator formalism, on various generating manifolds such as real projective spaces and
lens spaces, we showed that the partial point group transformations provide a unified way for this purpose: The
SPT topological invariants emerge as the complex U(1) phases of the expectation value of the partial point group
transformations, if the subregion D is sufficiently larger than the bulk correlation length. In addition to the topological
U(1) phases, we find that the amplitude part also includes scale-independent contributions, which is another signature
of nontrivial SPT phases.

We confirm these results both by analytic calculations using gapless surface theories and by numerics in lattice
models. It is worth emphasizing that the definition of the partial point group transformation depends only on the
symmetry of the problem, which contrasts with the modular transformation on the ground states on the 2-torus
T2 59-61,63,64

Let us close by mentioning a number of interesting future directions.

— First, we focused in this paper on unitary symmetries. The definition of SPT invariants for SPT phases protected
by time-reversal symmetry (and more general anti-unitary symmetries) is not fully understood. In (1+1)d SPTs with
time-reversal symmetry, it is known that the partial transpose plays the role of “gauging time-reversal symmetry”
and yields real projective plane and Klein bottle for bosons®” and fermions.”™ The construction of SPT invariant for
more general higher space dimensions is an open problem.

— We note that our formula (1.11) can be applied to symmetry-enriched topological (SET) phases by point group
symmetry. In topologically ordered phases where there are ground state degeneracies depending on the space manifold
M, the ground state |GS) in the formula (1.11) is replaced by a linear combinations of degenerate ground states as
|GS) = 3. ¢ |GS:), ¢; € C, >, |ei|? = 1, where |GS;) is the ground state of the topological sector labeled by i. We
leave the detailed studies of SET phase for the future.

— Throughout this paper, we assumed that the entanglement chemical potential u. associated with the reduced
density matrix of the sub region D is zero. However, in general, y. can be nonzero, that depends on the geometry
of the region D and other details. The agreement between TQFT partition functions and the numerical calculation
of the partial point group transformations suggests that effect of a finite entanglement chemical potential can be
neglected in the boundary theory.

— Due to the lattice translational symmetry, numerical calculations of partial rotations in this paper are limited into
Cs,C5,Cy, and Cj rotations. It is an interesting problem to compute the partial rotations for rotation symmetries
which can not be defined on translational symmetric lattice systems such as C5 symmetry.
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Appendix A: Arf and Brown invariants

The purpose of this appendix is to introduce the Arf invariant''® (—1)A" () of Spin structures n € Spin(Z) on
given 2-dimensional oriented manifolds ¥,''%!'7 and the Brown invariant''® for Pin~ structures on unoriented 2-
manifolds. 17119

1. The Arf invariant

The obstruction to give a Spin structure on ¥ is measured by the 2nd Stiefel-Whitney class wo(TX) € H? (X, Zs).
For oriented 2-manifolds, i.e., Riemann surfaces ¥, with genus g, wa(X,) always disappears, hence one can define
Spin structures on ¥,. The set of spin structures Spin(¥,) on X, is equivalent to H'(3,,Zs) as a set. Here,
HY(%,, Z>) = Hom(m(X,), Z2) has 229 elements and can be thought of as the space of Zs-Wilson lines (background
nontrivial Z, gauge fields) on ¥,. It is known that H'(X,,Zs) acts on Spin(¥,) freely and transitively (i.e. Spin(X,)
is a H'(X,, Zs)-Torsor), which means any spin structures n € Spin(X,) can be given by an action of a Wilson line
a € H(X,,7Z3) on a some “reference” Spin structure 7. Note that there is no canonical choice of the reference spin
structure 79, which contrasts with Zs-Wilson lines where there is the zero flux in H'(X,,Z>). The absence of any
reference elements is a feature of “Torsor”. See, for example, Ref. 120 for details, where the equivalence between the
Spin structures and the Kasteleyn orientations in the dimer model is also explained.

The Arf invariant is defined in a pure algebraic manner. For a given vector space V over the field Zs and a fixed
bilinear form ¢ : V x V — Zs, one can define the Zs-valued Arf invariant of the quadratic forms Q2(V, ¢), which will
be described in Sec. A 1b.

It is known that the spin structures Spin(¥) on an oriented 2 manifold ¥ is equivalent to the quadratic forms
Q2(HY(2,Z2), [z Uy) on H'(X,Zs) with the intersection form [z Uy as a H' (X, Zs)-Torsor. (We do not explain
this equivalence in the present paper. See Ref. 120 for details.) This implies that one can define the Arf invariant
of the spin structures Spin(X), which is nothing but the Zs topological invariant of the Spin TQFT in 2 spacetime
dimensions. 14771

a. Simplicial calculus

To describe Zy-Wilson lines belonging to H!(X, Z2) and the intersection form f xUy in a rigorous way, we introduce
the simplicial calculus, according to Appendix A in Ref. 121.

Let K be a triangulation of ¥ and G be an Abelian group. A p-cochain f is a function over p-simplices {(vg, ..., vp)}
to G. We assume the vertices of K are ordered in some way. The space of p-chains is denoted by C?(K,G). The
differential operator § : CP(K,G) — CPT}(K,G) is defined by

p+1
(6f)(1)0, s 7U;D+1) = Z(il)lf(v(h s 7{)1" v 7Up+1) (Al)
i=0
for a (p+ 1) simplex (vg, v1, ..., vpt1), where ©; means that v; is excluded. One can show 62 = 0 as
P42
(6% f) (W0, -y vpya) = D (1) (6F) (0, -, Biy -, Upy2)
i=0
p+2 p+2
—Z H_]f ’U[),... ’U] ’1)p+2 +Z H_J 1f U() @i,...,@j,...,Uerg)
J<i i<j
=0. (A.2)

We define the coboundary BP(K,G) = Im[§ : CP7}(K,G) — CP(K,G)] and the cocycle ZP(K,G) = Ker[d :
CP(K,G) — CP*(K,G)] and the cohomology H?(K,G) := ZP(K,G)/B? (K, G).

If G is a commutative ring (for example, a cyclic group Z,), we can define the cup product U : CP(K,G) x
CIYK,G) — CPT(K,G) by

(FUG) (o, Vptrq) = f(vo, -, 0p)g(Ups - - -, Uptq)- (A.3)
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FIG. 14. (Color online) Wilson lines and the intersection forms.
(Here, the r.h.s. is the product of the ring G.) The cup product satisfies the Leibniz rule
§(fug)=46fUg+(=1)"fUdg. (A4)

Obviously, the cup product is well-defined in the cohomology HP (K, G) since 0(f Ug) =0 for 0 f = dg = 0.

b. A quadratic form and the Zs Arf invariant

Let V be a finite dimensional vector space over the field Zsy, and let ¢ : V x V' — Zs be a fixed bilinear form. A
quadratic form ¢q on (V, @) is a function q : V' — Zy (not a linear form) which satisfies

q(z +y) =q(x) +q(y) + o(x,y). (A.5)

Note that the difference (= sum) of two quadratic forms ¢; + ¢2 on (V, ¢) is a linear form on V because 2¢(z,y) = 0.
Therefore, the set Q2(V, ¢) of quadratic forms on (V, ¢) is a V*-torsor, i.e. all quadratic forms ¢ is given by the action
of a linear form f : V — Zy as (f - ¢)(z) := q(z) + f(z). The Arf invariant Arf(q) € {0,1} on the quadratic forms
Q2(V, ¢) is defined by

( I)Arf Z q(m ’ qc QQ(‘/v ¢)7 (A6)

\% |V zeV

where |V is the number of elements in V.

c. The Arf invariant for Spin structures on T

Let T? be the 2-torus. Let us consider the quadratic forms Q2 (H'(T?,Zs), [ xUy). Here H (T2, Zy) = Zo ®Zo =
{0, a4, ay,as; + ay} is generated by two different Wilson lines a, and a, along the x and y-directions. Intersection
forms are given as

/T2aIUa:,c:/TQayUayzo7 /TzamUayzl. (A7)

This is the even/odd parity of the number of intersections between Wilson lines. See Fig. 14. There are 2* = 16 kinds
of functions q : HY(T?, %) = Zy @ Zy — Z». The quadratic forms have to obey

o0 = al0) £ a0

qail) a’I )

alay) = q(ay) + q(0), (4.8)
q( )

az +ay) = q(az) +qlay) + 1.

q
=4q
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Then, ¢(0) = 0 and q(a; + ay) = q(a;) + g(ay) + 1. Solving these equations, we have |H'(T?,Zy)| = 4 distinct
quadratic forms:
Adns,ns (ax) =0, Qns,ns(ay) =0
Adns r(aaz) = Oa Ans r(ay) =1 A
’ ’ 9
Q'r,ns(aa:) = 17 QT,ns(ay) =0 ( )
QT,r(ax) =1, qr,r(ay) =1
These four different quadratic forms correspond to spin structures {(ns,ns), (ns,r), (r,ns), (r,r)}, where r (ns) rep-
resents the periodic (anti-periodic) boundary condition of the real fermion along the x or y-directions. Through the
bijection
Spin(T?) = Qo (H' (T2, Zg),/ zUy), (A.10)
T2
we identify a quadratic form ¢ € Q- (Hl(T2,Zg), fTQ x U y) with a spin structure € Spin(7?). Finally, we obtain
the Arf invariant for each spin structures Spin(7?) as

(_I)Arf(ns,ns) — (_I)Arf(ns,r) _ (_I)Arf(r,ns) -1

9

(=)A= g, (A.11)

This is the same as the partition function on T2 of the Kitaev chain model (2.12).

2. A Quadratic form and the Zg Brown invariant

In the same way, the Brown Zg invariant''® is constructed as follows. Let V be a finite dimensional vector space

over the field Zy and let ¢ : V X V — Zs be a fixed bilinear form. We consider a quadratic form ¢ on (V,¢) is a
function g : V' — Z,4 which satisfies

q(z +y) = q(x) + q(y) + 26(z,y). (A.12)

Note that the difference (= sum) of two quadratic forms ¢, g2 on (V, ¢) is a linear form on V since 4¢(z,y) = 0. The
set Q4(V, @) of quadratic forms ¢q : V' — Z4 is an V*-torsor by the action (f - ¢)(z) = ¢(z) + 2f(z) of f : V — Zy on
q € Q4(V,®). The Brown invariant 8(q) € Zsg is defined by

emP/s . W ;zq q € Qua(V, ), (A.13)
TE

where |V is the number of elements in V.

a. The Brown invariant for Pin~ structures on RP?

There is a canonical 1 to 1 correspondence between Pin~ structures on an unoriented surface ¥ and quadratic
forms ¢ : HY(X,Z2) — Z4."' Let RP? be the real projective plane. Let us consider Zj-valued quadratic forms
q: H (RP?,Zy) — Z4 with the intersection form Jgpe ©Uy. Here HY(RP?,Zy) = Zy = {0,a} is generated by the
Wilson line a for noncontractible loop of RP2. The intersection form is given by

/ aUa=1 (A.14)
RP?

See Fig. 15. There are 42 = 16 kinds of functions q : H'(RP?,Zy) — Z4. The quadratic form ¢ : H'(RP?,Zy) — Z4
should satisfy

q(0) = q(0) +¢(0),  qla+a) =qla) +q(a) + 2, (A.15)
which implies that there are two distinct quadratic forms:
¢ (@) =1, ¢ (a)=3 (A.16)

We identify these quadratic forms with two different Pin™ structures 1, ,7_ on RP?, respectively. Finally, we have
the Zg Brown invariant for each Pin~ structure as

e27ri6(n+)/8 — e7ri/47 62771’,8(7],)/8 _ e—ﬂ'i/4. (A17)

The former one is the U(1) phase part which appeared in (3.11).
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FIG. 15. (Color online) The Wilson line and the intersection form on RP?.

Appendix B: Lens space

The lens space L(p, q) = S3/Z, is defined by the quotient

27w 2qmi
P

21,6 P 29), (B.1)

(21,22) ~ (e

where (21, z2) with |21]? + |22|> = 1 represent the 3-sphere S®, and p and q are coprime.
The surgery construction of the lens space L(p, q) is given by the following modular transformation®

ST™=1§T™ =2 ... §T™ (B.2)
on the boundary of a solid torus in S3. Here, (m1,...,m;_1) is determined by the fraction expansion of (p, q)
D 1
—_—— =m -l . B.3
q ' My — ——o (B3)

my
For example, the surgery by ST"S leads to L(—n,1).

Appendix C: Eta and theta functions

In this section, we summarize the properties of the Dedekind eta function n(7) and the generalized theta function
0a.5(2|7) used in the main text. For ¢ = ¢*™7 (Im 7 > 0), the Dedekind eta function is defined as

n(r) =q¢"#* [0 =g (C.1)

The theta function is defined as

Ha b(Z|T) = Z eiﬂr(n+a)2+27ri(n+a)(z+b)

nez
_ e2wia(z+b)q%a2 H (1 N qn) (1 + 627ri(z+b)qn+af%> (1 4 6*27i(z+b)q"*a*%)’ (02)
n=1

where we noted the Jacobi’s triple identity

Zeﬂ_i_rn2+2ﬂ_inv _ H (1 o e2mﬂ'i7—)(1 + e(2m71)7ri‘r+27riv)(1 + 6(2m71)7ri7'727riv). (03)
neEZ m=1

0a,(2|T) obeys the following periodicities and modular transformations

Oat1.6(2|7) = b4p(2]T), Oapr1(z|T) = e2”i“9a,b(z|7'), (C4)
g 1 ) im 2
Oup(z|T+1) = e~ mila +a)9a,b+a+1/2(z|7'), 0a7b(§| — ;) = \/—ire?Tieb T2 Op,—a(2|7), (C.5)

a(r 1) = e 2(), n(=2) = Vin(r). (C6)
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Appendix D: Derivation of boundary theories

Here, we summarize the derivation of gapless boundary theories in (2 + 1)d and (3 + 1)d free fermion topological
phases. We employ the same approach as Ref. 105; We first solve the radial part of the eigenvalue equation of single-
particle Hamiltonians, and then construct an effective single-particle boundary Hamiltonians for directions tangential
to the boundary.

1. Edge theory on the boundary of disc

Let us consider the following single-particle Hamiltonian describing a (2 + 1)d bulk topological phase defined on
the disc:

H = —i0,0, —i0y0y + m(r)o,. (D.1)
Here, the profile of the position-dependent m(r) (r = y/2? + y?) is chosen to create the disk geometry: m(r) < 0
for » < R and m(r) > 0 for » > R, where R is the radius of the disc. Introducing the polar coordinate (z,y) =
(rcos ¢, rsin @), H can be written as
H=H, +Hy,
. _ s 1 L
H, = e 5 [ — 0.0, + m(r)az]elﬁaz, Hy = ei%0 —0y(—10p — %)62%02. (D.2)
r

In the following, we approximately derive the wave function of the edge state and effective edge Hamiltonian. Since
gapless edge excitations are exponentially localized at r ~ R > & (£ is the correlation length of bulk which is
determined by the gap m(r)), the edge state wave function is approximated by solving H,. as

Hrbedae(7,0) =0, Geage(r, ®) ~ u(6) - 7137 C) e T u(g - 2m) = —u(9). (D.3)

Here u(¢) is a complex-valued function representing the ¢-dependence and obeys anti-periodic boundary condition

to account for the factor e?%7=. Since Gedge (T, @) is well localized at r» = R, we can replace 1/r by 1/R. Then, the
effective single-particle Hamiltonian for the edge excitations is given by

Hedge = /Td""[ﬁbedge(ra ¢)]TH¢¢edge(ra ¢) ~ %U*(¢)(_la¢)u(¢) (D'4)

In the following, we use the above result for the single-particle bulk and the corresponding edge Hamiltonians to
construct (second quantized) fermionic operators creating/annihilating edge excitations and the Hamiltonians. We
will discuss topological insulators and superconductors separately.

a. Chern insulator

Let () = (¢1(x),va(x))T be a two-orbital complex fermion and consider a Chern insulator on the disk
H= /d%w(m) [ — 1040y — iy Dy + m(r)o. | (). (D.5)

From (D.3), the complex fermion annihilation operator v(¢) for edge excitations is given by

V(@) ~ [e7 9l (r, ¢) + i B yl(r, ¢)] e STy (6 4 2m) = —4(9) (D.6)
with the Hamiltonian

1

=3 [ o7/ @)-i0.1(6) (D.7)
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b, (ps —ipy) superconductor
Let us consider the following model of a (p, — ip,) superconductor,
H= / Pa ¥ ()|~ i0,d, —i0,0, + m(r)o-|¥(@), V(@) = (b(a),v!(@)". (D.8)
From (D.3), the Majorana fermion operator v(¢), vf(¢) = v(¢), for edge excitations is given by
1) ~ [ HYI(r,0) + ¢TI @) /TN (6 4 2m) = —1(0) (D.9)
with the Hamiltonian

1 =3 [ d6(0)(-0:)1(9). (D.10)

2. Surface theory on the boundary of ball

Let us consider the following single-particle Hamiltonian
H = —ity(040, + 040y + 0,0;) + m(r)7, (D.11)

representing a bulk topological phase on a 3-ball. We assume m(r) < 0 for r < R and m(r) > 0 for r > R, where R is
the radius of the ball. By introducing polar coordinate (x,y, z) = (rsin 6 cos ¢, r sin 8 sin ¢, r cos §), H can be written
as

H="H,+Hoe
HT - eiigazeiiggy [ - iTxgzar + m(’I’)TZ] Gigayei%(’z,

. ' ! g 1 cos f sin 0 . _
H9,¢ = eflga'z@*’bga'y [;Txax(—iaa — ?y) —+ meUy(—la¢ _ ?O’z . T()'x) 61%%61§02. (D12)

Two-component wave functions of boundary gapless excitations ¢gu(r, 6, ¢) are well approximated by solving the
radial part as

Hr¢surf (7"7 97 ¢) = 07

bt (1,0, 6) ~ ¢ 130157 (“1<9,¢> @ ®((1)> uz(0, ) C) ®<(1)> >e_frm“/)dw’

Here u;(0,¢) (i = 1,2) are scalar functions representing the (6, ¢)-dependence and obey anti-periodic boundary
condition in ¢ to account for the factor €59 Since Gsurt (1, @) is well localized at r = R, we can approximate 1/r by

1/R. The effective single-particle Hamiltonian for the surface is given by
Hsurf = /TZdr[¢surf(ra ¢)]TH9,¢¢surf (’I", ¢)

1 —i0y — L., — icotd
~ 50060005 (g o 1 e T ERR T (09) 0y

sing Y¢ 2

a. (3 + 1)d topological insulator

Let ¢(z) = {¢r0(x)}r,0=1,2 be a four-orbital complex fermion. We consider a massive Dirac Hamiltonian defined
on a ball of radius R,

H= /dgwa(w)[—iTxa~8+m(r)Tz b(). (D.15)
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From (D.13), gapless surface excitations +; (6, ¢)(i = 1,2) are given by

_;¢ . 0.
N (0.0) ~ | = e F sin g {ivly o1 (n0,0) + vl o1 (0,6))
9 — (" m(r)dr
+eit cosf{wT 1Lo=2(r:0,0) +¢i:2,g:2(7’>97¢)}}e Jrm(r)dr
1(6,0) ~ [e7'% cos = G 1] 0
’72( ’ (b) € COS 2 {wTII,Uzl (’I’, ’ (b) + Z’L/}T:Zo:l(rv 9 d))}
2 . 0 . — [T m(r"dr’
4¢3 sin §{¢i:1,g:2 (r,0,0) + Z¢I:2’U:2 (r,0, qS)}] = J T m(rdr" (D.16)
and obey the boundary condition
%i(0, ¢+ 2m) = —7i(0,¢) (i=1,2). (D.17)
The effective Hamiltonian on S? is given by

0 _ —i0p — Sln08¢ — Lgtg 7(0, 0
a — icotd 0 72(97 ¢

2

= g [[soasas (3]0, 250,00 (_ ). o

109 +

sin 6’

b. (34 1)d topological superconductor

Let ¢(x) = {¢s(x)}s=1,; be a two-orbital complex fermion. We consider a topological superconductor on a ball of
radius R,

= [dev@)]-ine 0+ me)n|ue@), Ve = @) u@ )@ e D)

From (D.13), complex fermion operators ’yg (0,9)(i = 1,2) for gapless surface excitations are given by

, 0 ’ 0 A
(0, ) ~ [— e~'% sin S {01(r.0.0) + 0y (r.0.9)} + ¢'% cos o {iw)](r.0.9) - wme,@}]e—f m{rhar,
: 0 . 0 N
28(60,6) ~ [e7% cos Z{v](1,0,0) +i0,(1,0,0)} + €% sin S {w] (r.0,6) = iwy(r.0,)} [~/ 0D (D.20)

They satisfy V;r (0,9) = —71(0, ¢) and the boundary condition,

The effective Hamiltonian on S? is given by
1/, 0 ) Oy — LGN [ (0, 9)
J— T _ 0 smG [ 2 1\Ys
H R /Slneded(b(,h (aad))v ’71(97¢)> (—iag + Smea _ u:ot@ 0 ) (’YI( ,¢) ’ (D 22)

Appendix E: Spin° cobordism group Qgpinc (BZ,)

Spin® cobordism groups Qspmc (BG) for a cyclic group G = Z,, for any dimensions are computed in Ref. 102. The
result is

?zSPi“C(BZ ) = {A.(n) ® Z[CP?,CP*,...]} @ ker.(n,n), (E.1)
kerm nn @ TOI' QSpm 7 A2k+1(n) >~ (1 — t)/((l — t)k+2), A2k(n) =0, (E2)

where Q5P™ (BZ,,) is the kernel of the symmetry forgetting functor of Z,, symmetry, says,

QP (BZy) = Q™ (BZy) @ Q™ (pt). (E-3)
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(1 —t) and ((1 — t)**2) are R(Z,)-modules defined by ,
1=t ={0-DfOIf®) € RZa)}, ((1-0)"2) ={(1 - )" 2f(A)f(t) € R(Zn)}. (E4)

R(Z,) = Z[t]/(1 — t") is the representation ring of Z,. Z[CP% CP*,...] represents contributions from bosonic SPT
phases. As will be explained in Sec. E2, the ideal (1 — ¢) means non-chiral SPT phases of free fermions and the
quotient (1 —¢)/((1 —t)*) is interpreted as the breakdown of free fermionic classification by interactions.

For our purposes, only Qgpinc (BZ,,) is needed, in which there is no contribution from bosonic SPT phases. We have
Q5P(BZ,) = (1 —1)/((1 —1)%). (E.5)

Calculations for some n are illustrated in Sec. E 3.

1. Smith homomorphism

Pin® cobordism groups Qg,i“c (pt) in even spacetime dimensions are isomorphic to the Spin® cobordism group in
one-higher spacetime dimensions with Zs on-site symmetry. The Smith homomorphism provides an isomorphism'°?

5Spin® =~ SPinc
Qpyy (BZs) — Q5 (pt) (E.6)
in the present case. The Lh.s. means (2k + 1)d SPT phases of complex fermions with onsite Zy symmetry, which can

be computed by the formula (E.1, E.2). The r.h.s. represents (2k)d SPT phases of complex fermions with orientation
reversing symmetry (class A with reflection symmetry or class AIIIL, say). We show some examples in low dimensions

QY™ (pt) 2 Q3P™ (BZo) = Z4[As) = Za, E.7
QFn° (pt) = Q5PN (BZy) = Zs[As] @ (Zo[A1] ® ZICP?]) = Zs & Zo, E.8
QP (pt) =2 Q5P (BZy) = Zag[A7] ® (Z4[As] @ Z[CP?)) = Z1s ® Zs, (E.9)
Q5™ (pt) = QP (BZs) = Zaa[Ao] @ (Zs[As5] @ ZICP?)) & (Z2[A1] ® Z[CP*]) @ (Zo[A1] ® Z[(CP?)?))
=Z32®7g D Lo P Zo. (E.10)
Here we used the relation
(1=t)/(A=t)*2) =1 =)/ (281 — 1)) = Zyenr (E.11)

in the R(Zsy)-module. (E.11) is the breakdown formula of the free fermion topological phases in class A with reflection
symmetry or class AIIl, which is consistent with Refs. 100 and 104.

2. K-theory classification

The K-theory classification of (2d + 1)-dimensional class A topological insulators with on-site G symmetry is given
by the G-equivariant complex K-theory” 122123

Kg(5*) = R(G)® K(5*!) = R(G)® (Z® Z) = R(G) @ R(G), (E.12)

where G trivially acts on $2¢. We introduce the reduced K-theory to remove the trivial contribution from a point in
524 as

Ko(S*) = R(G), Kg(S*) = Ka(S*) @ Kg(pt) (E.13)

Here, R(G) is the representation ring of G, which is generated by irreps. of G and multiplicative structure is induced
by the tensor product of representations.

For our purposes, we consider Kz, (S?) = R(Z,) that represents the classification for Z, symmetry in 2 space
dimensions. The representation ring is given by

R(Zy) = Z[t]/(1 — ™) = {mo + mat + - + m,_1t" " m, € Z}. (E.14)



%)

A base element ¢ € R(Z,,) corresponds to the following chiral Chern insulator, in which the complex fermion operator
is in the the e=27%/" representation of Z, symmetry:

Hyp = Z (k) [kpop + kyoy + (m — k?)o.]v(k), (m>0), (E.15)
k
w(k) = (V1(k), va(k)T, UDT(R)U™ = 72700y (k). (E.16)
For general insulators specified by f(t) = mg +mt +---+m,_1t"~! € R(Z,), the 1st Chern number is given by the
sum ch { (f(t)) = f(1) =mo+mq + -+ + my_1. Thus, the subgroup representing non-chiral phases is characterized

by f(1) =0, which is the ideal (1 —t),
(1=t) ={A-0)f()|f(t) € R(Zn)}, (E.17)
where the basis is spanned by
-t 1% ... 1—t"1}. (E.18)

Here 1 — t? € R(Z,,) represent the following non-chiral topological insulators,
Hioor = 32 (k) [l + hyory + (m — K)o ()
k

+ ) Pl (k) [keow — kyoy + (m — K)o ]v (k),  (m > 0), (E.19)
k

where

'l/}s(k) = (ws,l(k)ay}sﬂ(k))Ta (5 :Ta \L)v
Upi(k)U™" = 0l(k), Ud[()U ™" = e *"7/"y{ (k). (E.20)

3. Calculations of (1 —1t)/((1 —t)3)

In this section, we illustrate the computation of the breakdown formula
Spin® ~
QP (BZy) = (1—1)/((1 —1)%). (E.21)

We show it for n = 2,3, 4.

Since (1 —t)3 =4 — 4t in R(Zs), we have
Q5P (BZy) 22 (1— ) /(1 — £)%) = (1 — 1) /(4 — 4t) = Zy[1 — 1]. (E.22)

Thus, the topological classification is given by Z4 and it is generated by the non-chiral topological insulator Hy_;.

b n=3
In the representation ring R(Zsz) = Z[t]/(1 — t*), ((1 —¢)*) reads ((1 —t)*) = (=3¢ + 3t?), which is spanned by
{3t +3t2 (=3t + 3t3)} = {3(1 —t) — 3(1 — t3),3(1 — t3)} ~ {3(1 — t),3(1 — t?)}. (E.23)
This leads to
Q5P (BZy) 22 (1 — 1) /(1 — 1)) = Zs[1 — t] & Zs[1 — t2]. (E.24)

H,_; and H;_;2 provide two independent generators of the Zs classification.
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(1 —1)3) = (1 — 3t + 3t2 — t?) is spanned by

{1 =3t +3t2 —3.4(1 — 3t + 3t — %), 42(1 — 3t + 3t* — )}
=31 -t) =301 —t)+ (1 -3, -1 —t)+3(1 —t3) =31 -3, (1 —t) — (1 —1%) +3(1 — t3)}
~{3(1—t) = 3(1 — %) + (1 —3),8(1 —t),2(1 — t*)}, (E.25)

then,
(1—=8)/((1—=1)%) = Zg[l — 1] ® Zo[1 — 7). (E.26)

The Zg and Zs direct summands are generated by the non-chiral topological phases, H;_; and H;_;2, respectively.

Appendix F: Calculations of [[>° (1 +¢e'*(—¢)")"

In this appendix, we compute

I(q ann + 2z(— Z 2n) In(1 + z¢* )—|—Z(2n—1)ln(1—zq2n_l) (F.1)
n=1 n=1
with a pure phase z = €', Using the Cahen-Mellin integral,
Z(Zn) In(1 + 2¢*") = Z 2n Zr —2)"g*""
n=1 n=1
[e%e] 1 c+ioco
= (2 e 20nr) T
g n Zr S ) ds(26nr)~°T(s)
1 ct100
- s> [ — ST () (s — 1)Lis+1(—z)],
2mi c—100
Z n—1)In(1 — z¢°" 1) = — Z(2n -1) Zr 1yrgn=1r
n=1 n=1 r=1
0 e . 1 c+ioco
= 2n—1 r— ds(6(2n — 1)r)~°T
ICED My BNCCER D
1 c+i00 . - )
== dsé [— T(s)(1 — 217)¢ (s — 1)L18+1(z)] (F.2)
™ c—100
We used
()= S (Re(s) > 1) (£.3)
YT r s @y YT '
and introduced the polylogarithm function
Lis(z) == Z v (F.4)
n=1

Then

)

_ =9 _L etiee —s| _ol—s _ . N _ 9l-s _ .
Ig=e°2)= / dso { 277°T(s)¢(s — 1)Lisg41(—2) — (1 = 2779)(s)¢(s — 1)Lis41(2) |- (F.5)

27Tl —ico
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The integrand has a double pole at s = 0 at z = +1 since Lis41(1) = ((s+ 1). From the contour integral, for small
0, we have following expansions:

= L1y — -2 _ 2y
Ig=e°2z=1)=—=((3)0" "+ 1 In(A) + 121 (5)+28805 ,
R L 211 1 13 e
Ig=e°2z=-1) 8<(3) 5 12 In(2) 4+ 21n(A) 5 In(9) 28805 , (F.6)

for z = £1, and for z # +1

_ ; 1 T 1 : : 1—15cos¢
I(g=e% 2=1¢€"%) = ——Lig(e**)6 2 + —{In(1 — €'®) — 2In(1 + '* — 52
(g=e7 2 =€) = —gLig(e™")d™" + T {In(l —'%) —2Im(1+ )} + e
Lo gigiea, 1 ) ¢ 1 -2 ¥ (0<¢p<m) 1—15cos ¢
= ——Liz(e*?)67? + —{In|2sin = | — 2In|2cos = — .9 22 — s
S iz(e*'?) +12{n\ sm2| n| (:052|}-&-12 %7% (=7 < 6 < 0) 1805 ¢
(F.7)
Here, A =2 1.2824... is the Glaisher-Kinkelin constant. Especially,
3 1 52
Ig=eb, 2= i) = 2 (3)6~2 — ~in(2) 5 =+ O
(=" 2 =%i) = 55¢(3) 5i ) F 5 T g0 T
Ig=e,2 =€)+ I(g =0,z = —~)
1 . — —mi (0 < ¢ < 7T) } 1 2
=——{Li + Lig(e=2%) 1572 ——ln 2sin ¢| + ;8 + —F—0"+ . F.8
! (L) ) singl+ { ¥ (OS0S T b s (F.9)
1. The imaginary part of I(g,e*™™")
If we look at the imaginary part of I(q, e?™*), we obtain the following formula:
) 1 . .
Im[[(q _ 6_5,2 — eme)] _ ?[I(q — 6_672 _ 62m:c) _ I(q _ 6_572 _ e—2mz)]
i
1 c+ioco Li 1(7627”-1) —Li +1(76727ri:1:)
= — dso~*[ — 21T — 1)t :
o [ ()C(s ~ 1) -
. Llé 1 eZTriz —Llé 1 e—27riz
(1= 2)(s)¢(s — 1) M) T ( )] (F.9)

In this expression, poles of I'(s) at odd negative integers are canceled with zeros of ((s — 1), and also poles of I'(s) at
even negative integers are also canceled since

Lin(2)+ (1) "Li_,(z7 ) =0 (n=1,2,3,...). (F.10)

The integrand has poles only at s = 0,2 and we get an exact result

Im[I(g=e 2 =€) = —§Bi(x+5) + BBz +1) - 3B:»,(?aerl)(S (-1/2 <z <0)
! ’ —ZBi(x+3) + %5 Bi(x) — 3 Bs(22)8" 0<z<1/2)

12

3(2

)02 (=1/2 <2 <0)
) —2

) E5@--Fa@+ D+ 1)
{ 7;€(I+ ;) - %x(z g)( ; 0<z<1/2) (F.11)

Here, Bi(z) =« — 3, B3(z) = x(x — 1)(z — 1) are the Bernoulli polynomials. At « = +%, Im[I(q = e7°,z = €2™'*)]
is d-independent, which is the origin of the very sharp plateau structure in the expectation value of partial inversion
in (3 4 1)d superconductors in Fig. 11.
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