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We present a microscopic derivation of the Cooper-pair insulator (CPI), a topologically ordered counterpart of
the s-wave superconductor. For this, we study a generalized model of electrons with attractive interactions with
the unitary renormalization group method. The effective Hamiltonian for the CPI corresponds to a gapped, insu-
lating state of quantum matter arising solely from interparticle interactions (and without any need for disorder or
coupling to an external magnetic field). The CPI ground-state manifold displays signatures of topological order,
including a fourfold degeneracy. The CPI effective Hamiltonian can be written in terms of Wilson loops and
contains a topological €-term known to be equivalent to the Chern-Simons term in two spatial dimensions. We
show that the long-ranged many-particle entanglement content of the CPI ground state is driven by interhelicity
two-particle scattering processes. The state with 6 = 0 possesses the largest bipartite entanglement entropy (EE)
and scales logarithmically with subsystem size (L). Passage from the CPI to the s-wave BCS superconducting
ground state at 7 = 0 under RG is demonstrated through the replacement of the long-ranged entanglement of the
former by the short-ranged entanglement of the latter. A study of the renormalization of the entanglement in k
space shows that the CPI state possesses a hierarchy of scales of entanglement, and that this hierarchy collapses
in the BCS state. Our work offers clear evidence for the microscopic origins of topological order in a prototypical

system and lays the foundation for similar investigations in other systems of correlated electrons.
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I. INTRODUCTION

Superconductivity is undoubtedly one of the best studied
examples of an emergent collective phenomenon in a system
of interacting electrons. While Cooper’s theory [1] demon-
strates that the presence of an attractive pairing interaction
can lead to the formation and condensation of two-electron
bound states (Cooper pair), the celebrated BCS theory [2]
well describes the superconducting nature of this condensate
of Cooper pairs in terms of a ground-state wave function with
a fluctuation in the number of Cooper pairs. Importantly, the
BCS theory provides microscopic insight into various super-
conducting properties, like the Meissner-Ochsenfeld effect,
phase stiffness and the supercurrent, the transition tempera-
ture, etc. The phenomenological Ginzburg Landau theory [3]
captures well the criticality of the superconducting transition
in terms of a second-order transition, involving the sponta-
neous breaking of the global U (1) symmetry of the electronic
Hamiltonian; this is known to be equivalent to the abelian-
Higgs field theory. The many-particle entanglement properties
of the BCS wave function have also been established more
recently [4,5].

In the presence of a magnetic field [6-8] and/or disorder
[9-11], a superconducting thin film has been observed to un-
dergo a transition to an insulating state of matter (see Ref. [12]
for a review). Several works, experimental [13—17] as well as
theoretical [18,19], offer evidence that this insulating state has

“sp14ip022 @iiserkol.ac.in
fslal@iiserkol.ac.in

2469-9950/2021/104(14)/144514(21)

144514-1

Cooper pairs present in it. Following Ref. [17], we henceforth
refer to this state as the Cooper-pair insulator. Notable among
various theoretical efforts on an insulating state composed of
Cooper pairs is the development of a phenomenological gauge
theory of Josephson junction arrays (JJA) [20], described by
a topological Chern-Simons field theory emerging out of the
nonlocal interaction between the quasiparticle and vortex ex-
citations of the superconducting system. Diamantini et al. [21]
show that such a topological insulating phase possesses, at
finite temperatures, a longitudinal conductance mediated by
time-reversal symmetry preserved counterpropagating edge
modes. Recently, an approach based on a microscopic ground-
state wave function for such a topological insulating state has
also been attempted [22].

Hansson et al. [23] further established that the abelian-
Higgs model equivalent of the s-wave superconductor (when
coupled to a dynamical gauge field) possesses other important
features of topological order, i.e., a nontrivial ground-state
degeneracy revealed on a multiply connected spatial mani-
fold (such as a torus) and charge fractionalization (see also
Ref. [24] for an alternative approach). The degenerate ground
states are labeled by topological quantum numbers corre-
sponding to the eigenvalues of Wilson and ’t-Hooft loops
[23-26]. More recently, the authors of Ref. [27] show that the
gapped topological bulk for s-wave pairing displays a vanish-
ing Hall conductance at 7 = 0. Further, they also study the
nature of the topological order in other spin-singlet supercon-
ductors [27]. The Cooper-pair insulating phase has also been
studied in lattice bosonic superconductors using vortex-boson
duality [28,29], and its topological order has been investigated
[30].
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The major outcome of this work involves the microscopic
derivation of the theory for a topologically ordered Cooper-
pair insulating phase. This is shown in Sec. II. Specifically, by
starting from a general model of electrons with attractive pair-
ing interactions, we derive an effective Hamiltonian for this
phase of quantum matter and demonstrate it to be an insulator
with a topologically ordered gapped ground-state manifold.
Importantly, we find that such a state is emergent from quan-
tum fluctuations arising purely from interparticle interactions.
Further, such quantum fluctuations preserve translational and
time-reversal invariance, and are not driven by either disor-
der or the coupling to an external magnetic field. Thus, the
effective theory of the CPI phase is described purely in terms
of Cooper pairs. This marks an important difference with the
gauge theories mentioned earlier (e.g., Ref. [21]) that require
the interplay of Cooper pair and vortex degrees of freedom.
We postpone a detailed discussion of the implications of this
point to the concluding section of our work.

We stress here that in obtaining the effective theory for
the CPI, the effect of vortices dynamically generated by
quantum fluctuations at 7 = 0 within the bare model have
been accounted for within the RG procedure [31]. Indeed, in
Ref. [31], some of us showed that the unitary RG method
reproduces the quantum BKT RG equations and resulting
T = 0 phase diagram of a system of interacting electrons in
one dimension. The BKT vortex binding-unbinding transition
corresponds to instabilities of the electronic Fermi surface,
and are described by the spin and charge vertex operators of
the associated sine-Gordon field theory. Topological aspects
of the zero mode of these vertex operators are understood from
their connection to nonlocal gauge transformations arising
from boundary condition changes on the fermionic Hilbert
space (at and near the Fermi surface). It was shown that the
unitary RG flow and the effective theories it obtains capture
accurately these changes in the boundary conditions of the
fermionic Hilbert space. In the same way, the unitary RG anal-
ysis presented by us for the CPI below captures the effects of
quantum fluctuation generated vortices on the phase diagram.

In meeting this goal, we begin with a generalized Hamil-
tonian for a Fermi liquid with a short-ranged repulsive
density-density interaction, as well as attractive pairing term.
Suitably rewritten in terms of Anderson pseudospins [32], this
corresponds to a reduced BCS Hamiltonian with additional
repulsive interactions familiar from Fermi liquid theory. Then,
using the unitary renormalization group (URG) technique re-
cently developed by some of us [31,33-37], we resolve in a
step-wise manner the quantum fluctuations arising from the
noncommutativity between the kinetic energy of the electrons
and the interparticle interactions. This involves decoupling
one electronic Fock state in the momentum space from all
the other states it was connected to, such that the occupation
number of the decoupled state is rendered as an integral of
motion. The decoupling proceeds in a hierarchical fashion
in terms of the kinetic energies of the electrons, from high
(near the Brillouin zone edge, UV) to low (near the Fermi
surface, IR), and an effective Hamiltonian is generated at
every step. For the sake of clarity, we have encapsulated the
major aspects of the URG method in Appendix A. As shown
in Sec. II, the RG flow stops at an IR fixed point, yielding a
low energy effective theory of a fixed number of Cooper pairs
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FIG. 1. Renormalization group phase diagram for the effective
pairing Hamiltonian given in Eq. (3). The y axis represents the
energy scale (w) for quantum fluctuations that are resolved under
the RG flow, while the x axis represents the repulsive interaction
(U) in the parent metal (whose electrons feel the additional attractive
pairing). The phase diagram clearly shows the existence of an emer-
gent Cooper-pair insulator (CPI) phase at low w (i.e., energy scales
proximate to the Fermi surface of the parent metal) for all U > 0.

but without any breaking of the macroscopic U (1) phase (i.e.,
with vanishing phase stiffness).

We find that the emergent fixed point effective theory
[Eq. (11)] involves a nonlocal renormalized interaction be-
tween all pseudospins within the window that is emergent in
k space around the erstwhile Fermi surface and described by
a collective zero-mode degree of freedom composed of these
pseudospins. In keeping with Ref. [17], we call this symmetry
unbroken phase of Cooper pairs the Cooper-pair insulator
(CPI). For readers who wish to skip the technical details, we
summarize our results below, as well as outline the plan of the
work.

A. Summary of results

The URG procedure involves an energy scale for quantum
fluctuations (w). In keeping with this, in Sec. II, the RG phase
diagram obtained in Fig. 1 clearly displays a quantum phase
transition separating a CPI phase (at low w) and a gapless
Fermi liquid metal (at higher w) for any repulsive interaction.
The CPI Hamiltonian corresponds to a collective quantum
rotor model coupled to an effective Aharanov-Bohm (AB)
flux (®) [38,39]. and reveals different ground states related
to one another by spectral flow upon tuning .

We have studied the topological features of the CPI state
in Sec. III. The gauge theoretic nature of the CPI Hamil-
tonian for the CPI is established by writing it in terms of
a nonlocal Wilson loop operator. Nontrivial topological de-
generacy and charge fractionalization signatures of the CPI
ground-state manifold are revealed through a flux-insertion
spectral flow argument [35,37,40,41]. This approach reveals
a plateauslike quantization of the number of Cooper pairs
(N, a topological quantum number) upon tuning ¢ through
integer values (Fig. 4), with the passage between the plateaus
signifying topological transitions (at half-integer values of
®). The CPI ground state is found to possess large helicity
cross-correlations (Fig. 6).
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In Sec. IV, we present the entanglement features of the CPI
ground state. The entanglement spectrum (ES) computed for
the lowest CPI ground state (& = 0) is found to be doubly de-
generate for all partitions of the system (Fig. 8), reflecting the
additional particle-hole symmetric nature of this CPI ground
state. This degeneracy is lifted at the first topological tran-
sition (& = 1/2, Fig. 8). The bipartite entanglement entropy
(EE) is shown to vary with the subsystem length L as InL
(Fig. 10). Further, the & = 0 plateau possesses the largest EE
(Fig. 11), and is rapidly lowered to zero as & is tuned toward
the gapless metal through various plateaus.

In Sec. V, we turn to the connection of the T = 0 CPI state
with the symmetry-broken BCS ground state (with a detailed
URG analysis shown in Appendix B). We show in Fig. 15
that a U (1) symmetry-breaking field promotes fluctuations in
the number of Cooper pairs, while lowering the fluctuations
in the conjugate global phase [42-45]. Further, in Fig. 16, we
show that symmetry breaking effectively destroys the helicity
cross-correlation (') among the Cooper pairs of the CPI state.
We find that an increasing symmetry-breaking field lowers the
inter-k entanglement between Cooper pairs present in the CPI
to zero, while raising the interspin entanglement to its BCS
value (Fig. 17) [4,5].

We also consider the effects of a Josephson coupling in
Sec. V. Specifically, we consider two CPI systems coupled
via Josephson coupling, and one of whom is placed in an U (1)
symmetry-breaking field. In Fig. 19, we find that breaking the
symmetry in one of the CPI systems generates a proximity
induced phase coherence in the other. Indeed, an increasing
symmetry-breaking field together with a large Josephson cou-
pling turn a CPI into a phase stiff ground state. The generation
of a Josephson current through the phase-locking, however,
requires the separate symmetry breaking of the two individual
subsystems (Fig. 20).

In Sec. VI, we develop an entanglement RG study of the
CPI state using the technique developed by us in Refs. [31,58].
From this technique, we obtain a family of wave functions
under RG (ranging from the UV to the IR). We compute the
entanglement entropy of various sizes of partitions from this
set of wave functions, revealing the evolution of the entan-
glement entropy with RG. As shown in Fig. 23, the EE for
the constituent subblocks of the emergent CPI ground state
are clearly distinguished from that for all other partitions:
their EE varies little under RG from UV to IR, while that
of all others is lowered under RG from UV to IR. Further,
this analysis reveals a remarkable hierarchy of scales of en-
tanglement possessed by the CPI ground state. This hierarchy
of scales of entanglement gradually collapses upon tuning a
symmetry-breaking field (Fig. 24), until it is no longer present
in the BCS ground state (Fig. 25). Further, we can distinguish
scaling toward the BCS and CPI ground states under RG flow.
Finally, we conclude in Sec. VII with a discussion of some
broader implications of our work.

II. EFFECTIVE THEORY OF THE COOPER-PAIR
INSULATOR (CPI)

We begin by deriving an effective Hamiltonian for an insu-
lating state of matter composed of a fixed number of Cooper
pairs (referred to as the Cooper-pair insulator, or CPI, in the

Introduction). For this, we will carry out a renormalization
group (RG) calculation on a system of electrons in two dimen-
sions with a generalized pairing Hamiltonian, H = Z

where
§: | k|ck g0 —k —6C—K.—oCk'—q,0

palr z : €kl —
k#k' o

+ U Y = 1/2)(me = 1/2), (1)

kK

palr’

where with g denotes the pair-momenta, € the kinetic energy
for electrons about a circular Fermi surface, —|qu,’{,| is the at-
tractive pairing interaction, U (>0) a repulsive density-density
interaction, and ny = ) ck o~ Ck.o- Note that the case of a con-
stant |W/3a| Y(k, k', q) corresponds to the attractive Hubbard
model [46]. Here, we are interested in spin-singlet Cooper-
pair degrees of freedom formed out of pairs of electrons
with momenta k — g and —k (i.e., having a total pair mo-
mentum ¢ # 0). The appropriate occupation number channel
for excitations with such nonzero pair momenta is identified
by employing Anderson’s pseudospin contruction in the sub-
SPace ng_q.4 = N_g |-

Se = 5n-T-91, )

where 7 = (7%, 7%, t¥) are the Pauli matrices and ¢ =
(ckp»cly 1)- The pseudospins obey the standard commutation

relation for spin-1/2: [S,i, S}Z] = iejk,Sl{. Then, we write Hgau
as

pa1r= z :ek‘](

+UD S Si 3)
k£k!

SSJr

kq kq—l—H.c.)

_) Z‘ |

k£k'

where &, = €_; + €;4, is the kinetic energy for a pair of
electrons. To ensure the extensivity of the model, |quk/| =
|Vk‘§(,|/N (where N corresponds to the total number of pseu-
dospins, and hence 2N the total number of electrons). The
special case of H qalr with |W,3(,:0| and U = 0 is called the
Richardson pairing model (see Ref. [47] and references
therein).

Following the strategy developed in Refs. [31,33-37], we
now carry out a renormalization group analysis on H? pair> S€€
Appendix A for details. The RG equations obtained for € and

| kk,| are

s, 1 WA )
Alog Z( & U)7 )
Ao Chals iy
SO R
Alogi—é 4 (a)—ék""—g)
2 7

where the index (j) represents the RG step number, |Wk‘{,’((/,j )| =

|Vk‘{,’§;’ )|/NY (for N being the number of remnant pseu-
dospins at the jth RG step) and k, the momentum at a k-space
window (A) lying on a radial and around the circular Fermi
surface. The symbol w represents an energy scale for the quan-
tum fluctuations that lead to UV-IR mixing. Further, we note
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that the RG step index j starts from the number of pseudospin
(N) lying within the bare window A and proceeds to smaller
values. At every step of the RG, a pseudospin with momentum
ka lying on a given direction radial to the Fermi surface is
disentangled from the rest (Vk < ku); the U(1) symmetry of
the circular Fermi surface ensures that the RG is carried out
simultaneously for all pseudospins with momentum k, . Note
that the repulsive coupling U does not flow under RG, as
two-particle quantum fluctuations do not lead to the renormal-

ization of this term. Instead, it appears as a Hartree-shift in the
. . g(j)

pseudospin Greens function G, = [@ — % - %]‘1 present

in the RG equations given above [31,33-37].

It can be seen that the normalization for %,(c’)q is RG rel-
evant for @ > (&, ,/2 + U/4), while that for |Wk‘{,;(,/)| is RG

relevant for w < (é,((j)q/2 4+ U/4). Given that €_; = ¢ for

A

a circular Fermi surface, it is easily seen that €,§j; > 26,Ej ),

Therefore, given the denominator @ — élx ) /2 —U/4 in both
RG equations, the leading RG relevant g-sector for the lowest
quantum fluctuation energy scale (w = 0) corresponds to the
case of ¢ =0 (i.e., Cooper pairs with zero center of mass
momentum). Thus, we will henceforth study only the case of

=) 20D 5. D) =0 _ 70
Eigm0 =& =2¢ andH " =Hj, .

We define mode decompositions of the dispersion e,(cj ) and
the pairing coupling IVk(kj,)I as follows:

, 1 o iy 1 kI < G
=) ikl () ) ikI+k'1) |y ()
€ = —— E ee Vi’ =—= E e V,

1 - ke w 0 Kk |
VNG . N T
(6)

such that the RG equations for El(i )0 and \71(21()] 1—o are observed
to dominate under the RG flow over all other modes for a

thermodynamically large system:

AeY N
Re(Z2) =1 Re( o)=L @)
A€ AV,

10,140

The zero mode &% is related to the center of mass kinetic
energy € : E(()j) =0 e,ﬁf'))/\/W = V/NWe, Similarly,
the zero mode ‘70(({ ) is connected to its center of mass value
VD = (X Vi (INDY? = VP /ND. Thus, the RG rela-
tions of these zero modes is equivalent to the study of the
center of mass degrees of freedom,

|W(j)|2

1
-7-9

AeW) = — —A|W(j)|, (8)

where W) = V/NU_ In this way, we observe below the
emergence of the well-known reduced BCS model [2] at the
stable fixed point of the RG Eq. (8).

The relation between the two RG equations [Eq. (8)] leads
to a RG invariant: € 4+ |W|Y) = C, C € R. From this in-
variant, it can now be seen that when the kinetic energy €
is RG relevant, the attractive coupling W] is RG irrelevant,
and vice versa. We can now write the effective Hamiltonian

obtained at the stable fixed point of the RG flow as

2e* .1 v .
Hcoll = _F Z Sk - E - IN* Z(Sk Sk’ + H.C.)
k k#k'
+UD S Sia )
k#k'

where €, V* and N* are the fixed point values of €/), V()
and N, respectively, reached at the endpoint of the RG flow
(and V*/N* = C — &*). Finally, by defining the composite
pseudospin S= > k §k, we can rewrite the Hamiltonian H_;
(up to additive constants) as

2e* V*
Hoj = ——8 — ——(STS™ + 5§ +US?
coll N* 2N*( + )+
2e* V*
=85 — —(§?—S?)+ US?. 10
N N*( )+ (10)

While the first term arises from the electronic kinetic energy,
the second the potential energy saved by the formation of
bound pairs and the third represents the repulsive charging
energy cost of the electrons that form the Cooper pairs. Note
that the Hamiltonian Eq. (9) has the global U (1) symmetry of
the generalized pairing Hamiltonian Eq. (1). This is expected,
as RG transformations are symmetry preserving.

We present the RG phase diagram below in Fig. 1 by a
numerical solution of the RG equations for the electronic
dispersion along a radial to the circular Fermi surface being
€ = 2t cos(k), a bare window near the Fermi energy vy Ay =
0.3, a constant bare attractive coupling [V,1,| = 4¢/N and the
total number of pseudospins N = 51. The phase diagram is
presented in the plane of the effective quantum fluctuation
energy scale @ and the repulsive coupling U (and both are in
units of the kinetic energy bandwidth 4¢). It clearly shows that
the Cooper-pair insulator (CPI) is stabilized at lower values of
w for all U, and that a metallic phase (lying at higher values
of w) is obtained through a quantum phase transition into a
gapless Fermi liquid metallic phase.

For the sake of simplicity, we will henceforth focus on the
case of U = 0 [43,48-51],

2€* 4 V* 2 72
Hcoll = _N* S§¢ = ]W(S -S )s
V* V*
= —(§°— b)Y — —§2, 11
N*( ) N (11)

where ® = &*/V* and we have ignored a constant [
(é*/N*)z]. Further, for N* pseudospins, 0 < S(e Z) < N*/2,
—§ < §%(e Z) < § and the number of Cooper pairs is given
by N, = § — S§%. It is easily seen that both S and S* commute
with Hgoy. Further, Ho arises a global collective angular
momentum degree of freedom, S%, and possesses the form of
a quantum particle whose dynamics is confined to a circle
and coupled to an (effective) dimensionless AB flux ®. As
well will discuss in a later section, this points to a topological
property possessed by the ground-state manifold of its Hilbert
space.

We note here, however, that the emergent Hilbert space
corresponding to H.q possesses the property of spectral flow.
First, observe that minimisation of the energy is achieved
under RG flow for the case of ® = &*/V* — 0+ by a ground
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state possessing S = N*/2 and §° = 0, corresponding to the
largest number of Cooper pairs (N, = N*/2). Spectral flow
refers to the existence of ground states, corresponding to other
positive integer values of S, that can be reached under RG for
values of the effective AB flux @ > 1 flowing to the same
positive integer. As we will now see, this emergent quanti-
zation of the effective AB flux & under RG also provides a
relation between the RG invariant C and the quantum fluctu-
ation scale w. As shown in Appendix A, the final fixed point
value of €* is given by €* = 2w — % Using this together with
the relation for the RG invariant is C = &* 4 |W|*, we find the
effective flux at the IR fixed point is

€* 2w — % 20 — % Z (12
— — — = = S .
Ve T NAWH T NA(C 20+ 9)

For the case of U = 0, this leads to

1 4+ nN*
C=2w<+—n)—>2w for n>1. (13)
nN*

Finally, we note that the ground-state wave function of
the U(1)-symmetric CPI state with ¢ =0 (i.e., at strong
coupling) is given by

N
1) =N<Zcik¢c,z) |vac), (14)
k

where [vac) is the state that contains no Cooper pairs, and N is
anormalization factor. By acting with Hoy on |/,), we obtain
the ground-state energy density as

E _ Vo VNN
N*_ N*2 - N*2 2

2+

AN
T N) = "2

To gauge the accuracy of the effective Hamiltonian [Eq. (11)]
and ground-state wave function [Eq. (14)] obtained from
the RG procedure, we compare the ground energy density
value obtained in the thermodynamic limit [Eq. (15)] from a
finite-size scaling analysis with that obtained from a finite-
size scaling for exact diagonalization (ED) studies of small
systems of the bare Hamiltonian Hgair [Eq. (1)] for U =
0, V3,1 = 2 (in units of a hopping parameter t), [W%,| = 2/N.
For a U (1)-symmetric Fermi surface, it suffices to compare
the energy density value obtained along any one diameter of
the spherical Fermi volume. As is shown in Fig. 2, we find
excellent agreement between the results obtained in the ther-
modynamic limit from the two approaches: E,/N* >~ —0.254¢
from the RG, as against E,/N* >~ —0.252¢ obtained from ED.
This indicates the efficiency of the RG method in preserving
the spectral content during the flow toward the stable IR fixed
point, and offers confidence in the analyses of subsequent
sections that offer insight into the properties of the CPI phase.

N*> 1. (15

III. TOPOLOGICAL FEATURES OF THE CPI

We will, in this section, study the topological properties
of the many-body system described by the stable fixed point
effective Hamiltonian H.o [Eq. (11)] obtained from the RG.

—0.2504 -0.25412- s /,//
-7 s
/.4'/ /)
- 7
-0.251 ls™ s
-0.25424-— v ke
0.00005  0.00025 -~
E o
Ni —0.252 == ';‘,ﬁ._._ ————d
ke
b
7
-0.253 P
o
/‘/
-0.254 ,,“/.
0.000 0.004 1 0.008 0.012
N*
FIG. 2. Finite-size scaling of the ground-state energy
density E,/N* under RG for system sizes N = 100,

202,406, 814,1600, 3200, 6400, 12 800,25 600,51 200 (blue circles
from right to left). N* is the number of pseudospins within the
emergent subspace at the stable fixed point of the RG. The red
dash-dot line shows a linear fit to the finite-size scaling data.
The blue dash-dot line shows the thermodynamic limit value for
E,/N obtained from a finite-size scaling exact diagonalization
study of small systems ranging between 5 and 15 pseudospins.
Inset: Zoom of RG finite-size scaling data for N = 3200, 6400,
12 800, 25 600, 51 200.

A. Topological nature of the effective theory

We begin by showing that the effective Hamiltonian for the
plateau state in the strong coupling limit (i.e., with €* = 0)
system) is purely topological. This will be done by rewriting
Ho(*=0)= —]Vv—z(Sf +57) in terms of emergent Wilson
loop operators defined on a torus created by imposing periodic
boundary conditions in the A-direction (i.e., the window in k
space that defines the CPI state, see Fig. 3 below).

We define the k-space translation (75, brown curved line in
Fig. 3) and twist operators (Og, blue dashed line in Fig. 3)

N*—1
. . N 2 ;
Ts:Shs = Shysns 05 = exp|:—' ”SZA,{|’ (16)
n=0
where the twist operator O’Y spans all values of A in the §

direction and imparts a gradual twist to the pseudospins S’ ,
such that the total twist imparted across the § direction is 27.

FIG. 3. (Left) Effective k-space window (dark gray) of size 2A
around the Fermi surface (FS, yellow circle) formed under RG for the
CPI phase. § represents a given direction in k space normal to the FS.
(Right) Construction of the respective twist (Os, 0,) and translation
operators (T, Ts ) defined on the torus created by imposing periodic
boundary conditions on emergent window in k space (i.e., on all
directions §).
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Further, we can also define a composite twist operator that
spans the entire torus shown in Fig. 3,

N*—1 i N*—1
= Opi; = exp| — Shoars |- (17
rll:!) R"§ p|: N* Z mMdysa,R xj| a7

n,m=0
Then, we compute the following (nonlocal) Wilson loop op-
erator W [i = (x, y)] defined in terms of 7; and O',

N1
2mi ;
=T0'T, "0’ = exp|: E S,’nA!R,,{|

m,n=0

N*—1
X exp [2711' > SfAZO,R,,ﬁ], (18)

n=0

where the first term on the right-hand side imparts the twist
to the center of mass of the torus of pseudospins. The
second denotes the trivial phase twist accumulated at a vir-
tual boundary defined on the torus by the curve A =0,
exp[2mi Z;V;(} S%_o.zes] = 1. Thus, we obtain the composite
pseudospin [S', i = (x, y)] in terms of Wi as

Z SmA R =

such that the U (1)-symmetric effective Hamiltonian obtained
from the RG can be written purely in terms of the emergent
Wi as

*

Im[ In (W})], (19)

Hco]] = —;—*Im[ln (Wf)] -

VLS fimin V)]

i=x,y

(20)

This shows us that the U (1) symmetry is encoded in the in-
variance of the Wilson loops W; large gauge transformations
[26,52], and that the nonlocal nature of their dynamics is
encoded in the dependence of H.,; on W{ In this way, we
can clearly see the emergence of an effective gauge theory
from the microscopic Hamiltonian Eq. (1).

We note that H.,; can also be written in terms of another
set of emergent Wilson loop operators W; obtained from a
different pair of translation and twist operators defined on the
torus (see Fig. 3)

o N
Ts, i Shs— Sj\ Ry O) = exp|:mi nS’ R,,S:|, 21
n=0
such that we can redefine as earlier the following composite
twist (O') and pseudospin ($') and the Wilson loop W; as

N*—1 27 N*—1
O =[] O = exp|:—t > mSisa R} (22)
m=0 n,m=0

St = sz—nlm[ln (€™ Wi)]. Wi=T, 070" (23)

We can once again write the effective Hamiltonian H.oj; as

o X lim[n (W)

Z*
Hcoll = —;—zlm[ln (Wé)] -

(24)

where €5 = €* — N*V*/2.

The fact that the effective Hamiltonian (H,,;) obtained
from the RG can be written completely in terms of global
collective gauge degrees of freedom (i.e., the Wilson loops Wi
and W) is not surprising. Indeed, following Refs. [20,23] on
the effective theory for the CPI phase being a Chern-Simons
gauge field theory, we expect that the effective Hamiltonian
for the CPI cannot be written in terms of local degrees of
freedom. Thus, for finite and nonzero €*, the association of
a U(1)-symmetric Chern-Simons gauge field theory with the
effective quantum rotor Hamiltonian H. [Eq. (11)] in O-
spatial dimensions can be argued for as follows. The action
corresponding to H, contains a 0-dimensional topological

6-term [38]
eN* (P 3
o =i / 4 2® (25)
V* 0 31

written in terms of a global phase ¢ conjugate to S%, such that

NEZ
4mh

and with a Berry phase given by y =27 & =27 ® [38]. It
was shown by Yao and Lee [53] that such a -term in O-spatial
dimensions is in precise correspondence with a U (1) Chern-
Simons topological term in 2-spatial dimensions. Hansson
et al. [23] show that the Chern-Simons term encodes a topo-
logical coupling of the vorticity (or winding number part) of
the global phase field ¢ to a field associated with the quasi-
particle excitations. In this way, they show that the system,
in the presence of a dynamical gauge field, possesses gauge
invariance under large gauge transformations. Further, they
argue that the time-reversal invariance of the original problem
necessitates that the K-matrix of the equivalent 2-flavor mixed
Chern-Simons theory is K = 20, (see also Ref. [27]). Then,
the topological ground-state degeneracy on a torus of genus g
is given by |Det(K)|$ = 4¢ [26]. This is in agreement with the
degeneracy observed for the topologically ordered condensate
of vortices observed in Ref. [23], arising from the coupling the
global phase of the superconducting ground state to dynamical
electromagnetic gauge fields. Next, we will demonstrate the
fourfold degeneracy for the special case of €* = 0 = ¢

—ilid /3¢ = §* = _%[S’f, = [anf‘, anly], (26)

B. Topological degeneracy at ® = 0.

To unveil a ground-state degeneracy at ® = 0, we follow
the adiabatic flux insertion treatment of Oshikawa [54]. For
this, we define the following momentum translation (7} ) (see
Fig. 3) and twist (0 1) operators:

75, = e, O = exp{ st(m)} (27)
p=0
S(ZR”ks) = Z Si\(kmﬁ)’ (28)
Awpig)
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where @;, denotes the center of mass angular position along

SA . VVlth t]llS, we ﬁnd
) \
k;=0

= OJt explin (2n+ )] = O e (29)

T 05T = Oy e p[ (NSZ

where we have set Ziv (I)S,Z< =0 and §§ = (2n + 1) (and
2n 4 1 being the number of pseudospm states in the dlrectlon
§) in the second line to obtain the third. Thus,

[T, 0%} =0, [HW,T,1=0=[H®,0%]. (30)

These relations imply the existence of two degenerate states
labeled by the center of mass angular position along §; (®3,)

1©;, =0), [0, =m), €29}

with transitions from one to the other taking place via the twist
operator Opy,

0;}1 |9;, =0) = |©;, =m). (32)

We now unveil another twofold degeneracy of the ground-
state manifold. By first defining pseudospin degrees of
freedom along a given direction of momentum space (5) that
are resolved in terms of the eigenvalue of the helicity operator
(n ==,

S8z 3,z
§55 = 8,185
k

we define a helicity twist operator 02,

8§57 = Z%,H S,i;;k, (33)
k

02 _ ei%(o.sgm.sf’y (34)
Then, we define the helicity inversion operator 7y,
§ _ iY@z 8,2
Th= et isi s (35)

where H $ corresponds to the generator of helicity inversion of
the center of mass along 5. These helicity twist and translation
operators follow the algebra,

TR0 TS = onexp['z (255 - [§3-Z+§§*Z])]

= 0, x exp(i2n85°)

— 0;] x 652ﬂ(2n+1)% — O;Ieir[’ (36)

where we have set [5'8’Z + S“f’z] =0 and S'gz 2n + 1)— in

the second line to obtain the third. Thus,
[T5. 045} =0, [H®,Ti]=0=[H",0}]. 37

Again, these relations imply the existence of two degenerate
states labeled by the eigenvalue of the generator of helicity
inversion (H;) of the center of mass along §,

Hi=0). |H =) G9)

with transitions from one to the other taking place via the twist
operator Opy,

Th |H =0)= |H! = 7). (39)

Importantly, we find that
[7i- o] = 0= [0}, 03]
{Ti. 04} =0={T:,, 0}, }. (40)

Thus, these four operators together label the fourfold degen-
erate ground-state manifold. As noted above, this matches the
result for the phenomenological BF Chern-Simons gauge field
theory formulation of Hansson et al. [23].
Finally, the topological order is protected by the spectral
gap,
V*

Alop =Eg:=1 — Esiz0 = m’ 4D
separating the degenerate ground-state manifold from the
lowest lying excited state of the effective Hamiltonian H.y
[Eq. (11)]. Further, these ground states are also separated
from the single-particle excitations by a many-body gap
(Amp) that arises from the helicity backscattering term,
v* /N*)Zk(Sk*S:k + H.c.), contained within the effective
Hamiltonian H o [Eq. (11)] [55],

v* _
A = (Yol D (SIS, +He)lgo).  (42)

k

C. Spectral flow, plateau ground states, and topological
quantum numbers

As mentioned in the previous subsection, by tuning the
ratio ® = &*/V*, we can access ground states with different
number of Cooper-pair bound states (i.e., the eigenvalue of the
operator 5%). We will now study the passage between these
ground states, and also show the journey toward a metal-
lic (gapless) ground state (i.e., with a vanishing number of
Cooper-pair bound states).

We recall that for ® = 0, the ground state is given by
[Ve) = |S =N*/2, 5% = 0),i.e., astate with N* Cooper pairs.
The action of S* on |v,) is

+ N* — _ Q2 z N_*
St —=. VS =SS+ 8+ )| =, 1
2 2
ol N*—i-l N7 1 43)
2\ 2 27

i.e., lowers the Cooper-pair number by 1. Energetically, this
is equivalent to a value of the parameter ® in H,, within
the range 0.5 < @ < 1.5. In the same way, 5 < ® < 7 +
1 (m € Z) leads to a ground state [N*/2, m), such that for
® > (N* —1)/2, we attain a ground state with a vanishing
number of Cooper pairs. This amounts to reducing the spectral
gap of the CPI phase in a steplike manner, until a gapless spec-
trum (the “metal”) is attained. Thus, tuning the parameter ®
amounts to a process of spectral flow between various ground
states. Each gapped ground state (corresponding to different
values of S$%) possesses topological features (as discussed in
the previous subsection).

At zero temperature, in the presence of a pairing-induced
gap A, these gapped ground states will show plateaus in
a variation of (S%) with ® =¢&*/V* (see Fig. 4 for a
small kgT = 0.04). Further, it is easily seen that at various
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] —1
41 —] 0.20
27 r0.10<
LIOUULUL,,
0 2 4

o

FIG. 4. Variation of (S%) (red curve, and y axis on left) and (AS?)
(blue curve, and y axis on right) with effective AB flux & at small
temperature 7 = 0.01 (in units of kg). (S°) and (AS?) are computed
using the effective CPI Hamiltonian Eq. (11). See text for discussion.

half-integer values of ® = m + 1/2, the ground state becomes
degenerate via level-crossings, i.e., a linear combination of
IS =N*/2,5 =m)and |S = N*/2,5* =m+ 1),

N*
7,m+ 1>, (44)

N*
= on) o
where |c; | + |c2|*> = 1. As shown in Fig. 4, these correspond
to transitions between plateaus in (S°) and lead to large fluc-
tuations ((AS?)) in S%. It can be shown that the largest (AS?)
is obtained for ¢; =1/ V2 = c>. As noted above, the final
level-crossing is attained at ® = (N* — 1)/2. In Fig. 5, we
show a variation of the energy for excited states obtained
from H,o; (computed with respect to the ground-state energy)
with the parameter ®, and where the color scale denotes the
number (N,) of Cooper pairs in a given state. The plot clearly
shows the collapse of the excitation spectrum of the gapped
plateaus as @ is tuned toward passage from the final plateau
into the gapless metal (white space in Fig. 5).

This is reinforced by a study of the helicity cross corre-
lation (Y), i.e., interhelicity two-particle scattering, defined
as

Y= (STST) 4+ (S7SH) —2(ST)(S7), (45)

where the expectation value is taken with respect to the
ground state. For |/,) =[S, §* = M), it can be shown that

FIG. 5. Variation of the energy spectrum (E, y axis) of the ef-
fective CPI Hamiltonian [Eq. (11)] with the effective AB flux & (x
axis) for a system of 200 electrons. The color scale represents the
number of Cooper pairs (N¢). The bright yellow border represents
the transition between the metal (white region) and CPI phases upon
tuning .

0.8

0.41

0.0+, . . . ; :
0 20 40 60 80 100
M

FIG. 6. Variation of the normalized helicity cross correlation (1)
with the ground-state eigenvalue of S, (M) for a system of 200
electrons. M is increased by increasing the flux ®. The large values
of Y for M — 0O characterizes the stable CPI phase, and the curve
represents the passage to the metal (Y — 0 as M — 100).

Y =2(5* + S — M?). A plot of Y versus M in Fig. 6 shows
that the strength of interhelicity scattering gradually reduces
as M increases, i.e., the parameter @ is tuned toward the
gapless metal.

Upon increasing the temperature, the plateaus are steadily
degraded and the fluctuations (AS?) at the transitions increase
in strength (Fig. 4). In Fig. 7, we show a plot of (AS?) against
(S%) obtained from H,, for different values of the parame-
ter ® and temperature 7 for the case of S =1, 8* =0, 1.
The blue curves are for —1 < & < 0 (with —1 < (§%) < 0)
and the green curves are for 0 < ® < 1 (with 0 < (S%) < 1).
The direction of the arrows denote the lowering of temper-
ature. Figure 7 shows that lowering 7' generically leads to
a plateau ground state ((S°) =0, =1, (AS?) = 0). However,
there also exist special cases when lowering 7 leads to (unsta-
ble) ground states located precisely at the plateau transitions
((S*) = 1/2 = £(AS?)). While the figure shows the numeri-
cal computation for H.o; with S = 1, we have observed that a
similar plot for a much larger value of S also shows the same
“dome”-like structure of the curves.

0.8

0.0;

-1 -05 00 05 1
(5%)

FIG. 7. Variation of (S;) and )AS,) with lowering temperature
(from 7' = 1000 to T' = 0O (in units of k), and indicated through ar-
rows) and flux & = 0 toward the three CPI ground states S, = 0, £1
that are reached for the § = 1 system. (S;) and )AS,) are computed
using the CPI Hamiltonian [Eq. (11)]. See text for discussion.
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IV. ENTANGLEMENT FEATURES OF THE CPI

A. Entanglement spectrum

We begin our discussion of the entanglement features of the
CPI phase with an investigation of the entanglement spectrum
for the plateau ground states, whose wave function is given
by |¥p) = |5, S;) for ® = m, m € Z. We will also present the
entanglement spectrum at the plateau transitions where the
ground state is degenerate, Ypr = %(IS, S +1S, S+ 1))
for ® =m/2,m € Z. We first Schmidt decompose the state
|[¥p) (with n = S 4 N*/2 4-pseudospins) into subsystems
of length L and N* — L (with [ and n —[ %-pseudospins,
respectively),

Lmax
Wp) =Y MILD®IN* =L n—1I),  (46)
I=lin
where A} are the Schmidt coefficients. The number / ranges
within [, and /. given by

Imax =n for n <L and 47)
=L for n>1L, (48)
lmin=0 for n<(N*—L) and (49)

=n—(N*—L) for n<(N*—L). (50)

From the pure state density matrix pp = |{p)(¥p|, Wwe can
then obtain a reduced density matrix ppyp (n) for a subsystem
of L pseudospins

Lmax

per(m) = Y (M)’ IL. DL, 1], 1)

[=lnin

The Schmidt coefficients (A}) are determined by the combina-
torial factor that specifies the number of ways one can choose
[ 1 spins from n 4 spins:
CLcN*fL
() =~
cyN
_ LI(N* — L)!Inl(N* — n)!
TINL=D'(n=DIN* =L —n+DIN*!"

At the plateau transitions, we start with a pure state density
matrix obtained from the linear superposition state [ypr),
ppr = |¥pr)(¥pr|, and proceed identically as above to ob-
tain the reduced density matrix pprp(n). The ES is obtained
from the Schmidt eigenvalues, &/ = —log, (A7), for ppy.(n)
and ppry (n) with given values of N* and L.

For a fixed N* = 488 pseudospins, we plot the ES for
various values of the reduced partition size L for the case
of the plateau at strong coupling ® = 0 and the first plateau
transition at ® = 1/2 in Figs. 8(a) and 8(b), respectively. The
double degeneracy of all levels in the ES for all L at ® = 0 is
revealed by the small splitting revealed at ® = 1/2. This dou-
ble degeneracy for the entire spectrum reflects the additional
particle-hole symmetric nature of the CPI ground state at
® = 0, and corroborated by the degeneracy lifting precisely at
the transition point (& = 1/2). We have checked that a similar
degeneracy of the ES is revealed for all other plateau ground
states at ® =m, m € Z,m > 0 for only a bipartitioning of
the system L = N*/2. For instance, in Fig. 9, we present the

(52)

0 50 100 _ 150
L

INEXXXXXX X )

o

N

0 50 100 150 200 240

FIG. 8. Entanglement spectrum (ES, & = —log,1;) of a subsys-
tem of size L in the ground-state wave function at & = 0 [Eq. (14),
upper plot] and at ® = 1/2 [Eq. (44), lower plot] for a system of
N* = 488 Cooper pairs and as a function of the subsystem size L.
The index i labels the ES eigenvalues. The upper inset shows the
double degeneracy for all levels, while the lower inset shows that the
degeneracy is lifted at & = 1/2.

ES at a weak coupling plateau & = 240 and plateau transition
@ = 240.5 for a system of N* = 488 pseudospins. Here too,
the plots clearly show the double degeneracy of the plateau
and the degeneracy lifting at the transition. The restricted de-
generacy of the ES for all bi-partitioned CPI plateaus ground
states with @ > 0 may be associated with their topological
order. However, this requires further investigation.

B. Entanglement Entropy of the plateau ground
states and transitions

We now compute the bipartite entanglement entropy in
momentum space for various plateau ground states obtained
by tuning the parameter ¢. As before, we take a system where
N* and L are the total number of pseudospins and number of
pseudospins within the reduced subsystem, while n and [ are
the number of P-pseudospins within N* and L, respectively.
The bipartite entanglement entropy (Sgg) can simply from the
Schmidt coefficients (A}) via the following formula:

lmax
See(n. L) = — Y di i (L)["log, |3 (L)

[=lmin

2
)

(53)

where d; is the degeneracy factor for the /th state of the
entanglement spectrum. We have observed earlier in Fig. 8(a)
that for the case of the strong coupling ground state at =
0, d; =2VI due to the two topologically distinct sectors
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200 240

0 50 100 _ 150
L

4.55 - -_

4.501 -

0 50 100 150
L

200 240

FIG. 9. Entanglement spectrum (ES, & = —log,;) of a subsys-
tem of size L in the ground-state wave function at ® = 240 [Eq. (14),
upper plot] and at ® = 240.5 [Eq. (44), lower plot] for a system of
N* = 488 Cooper pairs and as a function of the subsystem size L.
The index i labels the ES eigenvalues. The inset in the lower figure
shows the lifting of degeneracies observed in the upper plot.

X = %1. The appearance of the constant d; = 2 thus signifies
the influence of the topological nature of the ground-state
manifold on Sgg. In Fig. 10, we see that Sgg varies linearly
with log, (L) for N* = 10000 for a large range of L, departing
from the linear variation only very near the equipartitioning
value of L = N*/2. We have found the value of the slope

0 2 4 6 8 0 12
|n2L
FIG. 10. The red curve shows the variation of the entanglement
entropy (EE) with In, (L) (L is the subsystem size) for the CPI ground

state at & = 0 for a system of N* = 488 Cooper pairs. The blue curve
is a linear fit to the form 1/21ny(L) + 1. See text for discussion.

0 100 200 300 400 500
P
FIG. 11. Plot of bipartite entanglement entropy for various CPI
ground states corresponding to different various flux & of a system

of N* = 500 Cooper pairs. Inset shows the rapid fall of the bipartite
EE upon approaching the CPI-to-metal (¢ = 500) transition.

to be a simple number (1/2) as ® is varied through the first
2000 plateaus. However, it is not clear whether this indicates
a universality of plateaus ground states observed at strong
coupling with those at intermediate coupling. Unlike the ob-
servation of logarithmic scaling of Sgg with subsystem size in
141D quantum critical systems (see Ref. [56] and references
therein), the log-scaling observed by us in Fig. 10 is indicative
of the physics of a gapped ground state of the effectively
zero-dimensional Hamiltonian H.o [Eq. (11)] obtained from
the RG [57].

The value of the intercept [1, in units of log,(2)] is the
entanglement entropy of a subsystem size of L = 1 and cor-
responds to a maximally mixed pseudospin. The intercept is,
however, observed to decrease steadily beyond the first 200
plateaus as @ is varied, indicating that a single pseudospin’s
entanglement with the rest of the system within a plateau
ground state is lowered as @ is tuned toward weak coupling.
Further, in Fig. 11, we present the variation of the bipartite
Sgg with the parameter @ for a system with N* = 1000 = 2L.
The plot clearly shows that the ® = 0 plateau possesses the
largest entanglement content, and that this is rapidly lowered
to zero as @ is tuned through various plateaus toward the
gapless metal [57].

In contrast to Fig. 10 above, the entanglement entropy at
the first transition (& = 0.5, see Fig. 12) computed using
Eq. (44) for ¢; = 1/+/2 = ¢, for various system sizes N*
displays a nonmonotonic variation of Sgg with the subsystem
size L. Remarkably, Sgg displays a common peak at L* =7
for system sizes ranging between 100 < N* < 1000, with all
the curves collapsing onto a universal curve for L < L*. This
suggests that the entanglement content at the first plateau
transition is dominated by small subsystem size. While the
last data point in Fig. 12 corresponds to the equipartition
Sge(L = N*/2) for N* = 100, we have checked that Sgg(L =
N*/2) falls logarithmically with N*. As shown in Fig. 13, we
have also observed that the maximum value of Sgg observed
in Fig. 12 remains unchanged (as @ is tuned across various
plateau transitions for a system of size N* = 1000) until al-
most the very last few transitions, where it falls rapidly to zero.
However, L* increases gradually with @, climbing rapidly at
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FIG. 12. Variation of the entanglement entropy (Sgg) with sub-
system size L at the first plateau transition (® = 0.5) for various
system sizes in the range 100 < N* < 1000 Cooper pairs.

the last few transitions. This clearly demonstrates that the peak
in Sgg is a universal feature of the plateau transitions. We have
also observed that the Sgg for a single pseudospin (i.e., L = 1)
falls to zero gradually from its value at the first transition as
® is varied.

Finally, we present the computation of the entanglement
entropy of the plateau ground states and transitions at fi-
nite temperature. The thermal density matrix for the plateau
ground state [N* =25, n = S° + NT*) can be written as

e PE
PP =Y ——IN* m)(N",n, (54)

n

where B is the inverse temperature and Z the partition func-
tion. Equipartitioning the system precisely as described earlier
in Eqgs. (51) and (52) (with L = N*/2), we obtain the thermal
reduced density matrix as

~BE,
e 2
pL(B) = ——(A) I, D)L, 1. (55)
In
500
0.50 0.50 300
0.45 0.40 300 o
0.30 100 L300
x 0.40 490.0 500.0 *
i ' ' —
%) 0.35 r200
0.30 r100
0.25 0

05 1005 2005 3005 4005 5005

FIG. 13. Plot of the maximum entanglement entropy (Sgg*, red
curve, left y axis) and the corresponding subsystem size (L*, blue
curve, right y axis) at the transitions between various CPI ground
states as @ is varied for a system of N = 500 Cooper pairs. Inset:
Rapid variation of SEE* and L* with & upon approaching the CPI-to-
metal (& = 500) transition.

1.751 —0
e 0.25
1.50 1 + 05
— 0.75
1.251 — 1.0
= — 1.25
S 1.007 1.5
| 1,75
[;3 0.751 2.0
wn — 2.25
0.501 + 25
P 2.75
0.251 — 3.0
; — 3.25
0.00 + 35

0.00 0.50 1.00 1.50 2.00

1/p

FIG. 14. Variation of the equipartition entanglement entropy
[See(B)] with temperature (8~!) for a subsystem size L = 4 Cooper
pairs. Various colored curves correspond to the CPI ground states and
transition ground states at different values of the flux ®. See text for
discussion.

The reduced density matrix is easily seen to be diagonal,
2 e PEn

Z (56)

LoL(B))ir = é1.r Z (A7)

n

such that the entanglement entropy at a nonzero temperature
is obtained as

See(L, B) = — Y _[or(B)lis logyllpr (Bl (57)
1

Precisely the same formalism can also be carried out with the
state equal admixture state at the plateau transition (|¥)pr).
In Fig. 14, we present a numerical evaluation of Sgg(L, 8)
for a subsystem of L =4 pseudospins with varying kg7 =
B! for the first four plateaus (colored curves centered about
® =0, 1, 2 and 3) and transitions (+ symbol curves centered
about ® =0.5,1.5,2.5 and 3.5). While we have chosen a
small system here (N* = 8) for the sake of visual clarity, we
have checked that all features of the plot are qualitatively un-
changed for larger N*. Remarkably, the plot shows that the Sgg
corresponding to the transitions clearly separates all curves
arising from neighboring plateaus for temperatures kz7 <
V*. The Sgg curves for all @ corresponding to a plateau
collapse to a universal value at 7 = 0O characteristic of that
plateau. Thermal fluctuations are observed to affect the curves
of both the plateaus and the transitions in the same manner.
For instance, the position of the divergence of the curves for
a given plateau as T is increased suggests the robustness of
that plateau to thermal transitions. Clearly, the & = 0 plateau
(strong coupling) is the most robust, the ® = 1 slightly less
and so on, ending at the last plateau [at Sgg(7 = 0) = 0],
beyond which lies the gapless metal. Similarly, the curves for
transitions associated with higher plateaus depart from their
initial flat behavior at lower temperatures in comparison to
that for lower plateaus. The domination of thermal fluctua-
tions as 7 is raised is also clearly observed: various Sgg curves
corresponding to a particular 7 = 0 plateau show a linear
increase with T asymptotically, and with a slope common to
that of the Sgg curve for the transition that leads to the next
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plateau (e.g., the slopes of the Sgg curves for ® = 0, 0.25,
and 0.5 are the same for large T, etc.).

V. PASSAGE TO THE BCS GROUND STATE

To chart the passage from the number-fixed CPI ground
state to the conjugate phase-fixed BCS ground state, we
will carry out the RG analysis upon adding a global
U (1)-symmetry-breaking term (—2B) 8¢, B> 0) to the
collective Hamiltonian H.,y [Eq. (9)] with the repulsive
density-density interaction U = 0. The B field represents
a Josephson coupling to an external phase-fixed BCS su-
perconductor. We will show that at large B, the RG flow
leads to a BCS-like ground state. This will also be rein-
forced by studying the variation of several quantities with
the symmetry-breaking field B, e.g., inter-k entanglement,
helicity-partitioned entanglement, helicity cross-correlation,
pair number fluctuation, etc.

Thus, we begin with the Hamiltonian

2¢ 4 )
o =y 255 g 2O wHe) =2 ) S

(58)

The RG equations for € and V are those given earlier in Eq. (8)
(with W =V /N), while the RG for the symmetry-breaking
field B is found to be

A|BY| B 1 |WOBY|

)

Y (59)
Alog ~

In the regime w < %J) + ¥, both W and B are found to be RG
relevant. From the RG Egs. (8) and (59), we find

A . Al W]

N AW ||
AW ’ AB 2B AB

=55 (60

indicating that while both |W| and B grow to strong
coupling under the RG flow, the ratio |W|/B remains in-
variant. This shows that while the original BCS mean-field
Hamiltonian [2] is achieved only in the limit of the RG
invariant |W|/B — 0, a U (1)-symmetry-broken BCS-like ef-
fective Hamiltonian is emergent from the RG flow at strong
coupling,

HSB = Hcoll - B*va (61)

where H.qj is given in Eq. (10). Further, in Appendix B, we
show that the familiar form of an exponentially small spectral
gap is obtained from the RG flow to strong coupling in B.
In considering the effective Hamiltonian obtained from the
RG, we will henceforth drop the x symbol from all couplings.
Clearly, as [S%, Hsg] # 0, the total Cooper-pair number op-
erator (proportional to S%) is no longer a conserved quantity.
Further, the topological order parameter Z encountered earlier
is no longer a good order parameter, as [Z, Hsg] # 0: the
effective Hamiltonians H,, = Hsg(B = 0) and Hsg(B # 0)
are topologically inequivalent. We will demonstrate below
that, as B is tuned to larger values, the Cooper-pair number
fluctuations increase rapidly while the fluctuations in the con-
jugate U(1) global phase is lowered. This indicates that a

BCS-like ground state is attained under the RG flow of B to
strong coupling.

In commonality with the BCS ground state, the ground-
state wave function for Hgg is given by a linear superposition
of states with different S* [Eq. (14)],

N

D ag($H)IS, 59

1=

[V (B))

S

§—8%
ZaB(SZ)(chTcT_w) vac), (62)
k

Sz=-S

where the (normalized) coefficients ag(S°) are functions of
the symmetry-breaking field B. We will also show below that
several properties of |y (B)) closely resemble those of |gcs)
as B is tuned to large values. For instance, we will show that
at large B, |y (B)) leads to vanishing inter-k entanglement.
We recall that a vanishing inter-k entanglement entropy is a
special property of the BCS ground state, arising from the fact
that different k-momenta electron-pair states are decoupled
from one another.

A. Properties of the ground state

To obtain various properties of the ground state of the
effective Hamiltonian Hgg, we carry out exact diagonaliza-
tion computations for system sizes of N* = 50 Cooper pairs.
We compute various quantities related to the ground state,
e.g., fluctuation in the Cooper-pair number and the conjugate
global phase, helicity cross correlations, various measures of
entanglement etc.

In Fig. 15, we present the variation of the fluctuations
in the Cooper-pair number ((AN) = (AS?), blue curve) and
conjugate global phase ({A¢), red curve). The plot clearly
shows the rapid decline in (A¢) as B is increased, together
with an equally rapid growth in (AN). We have also observed
that a plot of the number fluctuations (AS®) versus (S°) for
different values of ® and B is strikingly similar to Fig. 7.
Further, we shall see below that the entanglement content of
the fluctuations induced by a nonzero B are very different from
that induced by thermal fluctuations.

The red curve in Fig. 16 shows the variation of the helicity
cross correlations [Y', Eq. (45)] with B. The plot displays

3.6
1.501
1.001 -
= 13.23
4 a
0.501 i
| r2.8
0.001 * ) ; : :
0.00 0.01 0.02

FIG. 15. Variation of fluctuation in number of Cooper pairs
({AN), blue curve, left y axis) and global phase ({(A¢), red curve,
right y axis) with the global U (1) symmetry-breaking field B for a
system of N* = 50 Cooper pairs.
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the rapid decline of Y that is characteristic of the CPI
ground state toward zero as B is tuned to large values. This
is expected, as Y vanishes for the BCS ground state. The
blue curve in Fig. 16 shows the variation of the helicity-
partitioned entangled entropy (Z) with B. E is derived from
the reduced density matrix obtained by tracing out one of
the two helicities (n+ = sgn(k)sgn(c) = %1). The helicity-
partitioned ground-state wave function can be written as

J

follows:

S
[Ve(B)) = Y Cu(B) S, S* = m),

m=—S

Y. Dy 1S/2my58/2,my ), (63)

My, 1y

S, m) =

where D]"’s are Clebsch-Gordon coefficients given by

1

(SH2(S +m)!(S — m)!

My Mty

In the ground state, the total spin (S) is maximized, ensur-
ing that the total spin within each helicity sector is also
maximized (and taken to be S/2). By tracing over a cer-
tain helicity (), we obtain a reduced density matrix p, =
Try, [Ve(B)) (¥¢(B)|. The set of eigenvalues ({A;}) obtained by
diagonalizing p, then gives the helicity-partitioned entangle-
ment entropy & (i.e., a measure of the entanglement between
the opposite helicities),

E(B) = — Y _ M(B)log,[1;(B)]. (65)

The variation of this entanglement entropy with B is shown
via the blue curve in Fig. 16, displaying a rapid decline toward
zero in the entanglement between the helicities 1 and 7_ as
B is tuned to large values. This is consistent with the fact that
the BCS ground state does not possess helicity entanglement;
this arises simply from the fact that the BCS ground-state
wave function is a direct product state of pairs of electronic
momenta (k, —k).

However, as Cooper pairs in the s-wave BCS state are
spin singlets, there is a nonzero entanglement between the
two spins of a Cooper pair [4]. Thus, to distinguish the CPI
and BCS ground states further, we compute the entangle-
ment entropies Sk and Sgi; by partitioning the ground state
[W¢(B)) for an analytically tractable system of two Cooper

400
12.0
300
T 115
200 =
1.0
100
L0.5
0

00 02 04 06 08 10
B
FIG. 16. Variation of helicity cross correlations (Y, red curve,
left y axis) and helicity partitioned entanglement entropy (&, blue
curve, right y axis) in number of Cooper pairs ((AN), blue curve, left
y axis) with the global U (1) symmetry-breaking field B for a system
of N* = 50 Cooper pairs.

= (Sm,mn my_ X
++ \/(2S)'(§ _mﬂ+)!(§+mﬂ+)!(§

. (64)
- m,,f)!(% + mn—)!

(

pairs [(k; 1, —k1,|) and (ky 1, —k» )] in the momentum
variable (k;, k) and the spin variable (1, | ), respectively, for
the case of € = 0 (strong coupling limit) in the Hamiltonian
H.on [Eq. (10)]. For this system of two coupled pseudospins,
S = 1 and the ground-state wave function is

1
[VeB) = Y CuBIS = 1,5 =a), (66)

a=—1

where the coefficients C, are a function of the field B and the
coupling V/N given by

_ a+ a2+ 8p2 g>1 (1 11
6= (1) 2 (G- 5)
(67)

where N is the normalization factor, o = 1Zv and B = %.

By writing the states [S,S%) in the basis of |mgn_gy) ®
|mgrn_gy), ie., the states {]040;)r ® [040)x, 1040)r ®
[Th1 e 11410k @ 1040 ), 14106 ® [141 )4}, the den-
sity matrix p(B) = |W,(B)){W,(B)] is found to be

(ST A S
% |Col? |Col? c(ic/:1
_ 2 2 2 D
pB) = Co_ﬁ Gl G CO\CE . (63)
2 2 2 o)
C C GoC-y CoC_y C 2
1~-1 V2 V2 |C—1]

The momentum-partitioned reduced density matrix is then
obtained by tracing out the k' pseudospin from the density
matrix Eq. (68). The reduced density matrix p* is written in
the basis {|OT0¢>kv |l¢1¢>k},

1G> + %5 C“—fg‘ + (%
aq 6t o ppg| @
V2 V2 2
The inter-k entanglement is Sk calculated from the density
matrix p¥. As shown via the red curve in Fig. 17, S&; reduces
monotonically from its largest value at B=0 as B is in-
creased, displaying the destruction of the inter-k entanglement
of the CPI ground state in the passage toward the BCS ground
state.

Similarly, for the spin-partitioned entanglement entropy,
we trace out a given spin sector, say J. Then, the reduced
density matrix in the basis {|0xOx)4, [Oclp)s, [1k0k)4,

p* = Tryp(B) = [
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FIG. 17. Variation of spin partitioned entanglement entropy (S3p,
blue curve, left y axis) and momentum partitioned entanglement
entropy (S&, red curve, right y axis) with the global U (1) symmetry-
breaking field B for a prototypical system of N* = 2 Cooper pairs.

[1x 1)1} is
ICi> 0 0 0
o Gf o o
pl=Trp®B)=| = 2 I (70)
0 0 0 |C?

The spin-partitioned entanglement entropy SéE is obtained
from ,oﬁ As shown via the blue curve in Fig. 17, S]T:E increases
steadily from its smallest value at B = 0 as B is increased and
saturates as B >> 1. This shows the growth of the interspin
entanglement of the BCS ground state in the passage from
the CPI ground state. The limiting values of S{. at B =0
and B > 1 observed in Fig. 17 can be understood as follows.
AtB=0,wegetCy=1, C_; =C, =0, giving SEE for the
CPI ground state as log,2 = 1, as seen in Fig. 17. Similarly,
the diagonal elements of the diagonal density matrix Eq. (71)
at large B become (%, }‘, }1, %). This shows that pT(B > 1)
becomes maximally mixed in nature, leading to SEE(B > 1)
saturating to the value seen in Fig. 17,

S =—4 x ilog,1 = 2log,2 =2. (71)

This is a clear signature of the maximal entanglement of the
Cooper-pair singlets in the BCS ground state.

Another diagnostic of the difference between the ground
states at B =0 and B > 1 lies in the occupation for the k-
momentum electron

_ A AN |CO|2 2

() = Tr(ep™) = —= +1Cal" (72)
While at B =0, (nx) = (m) (e, B), (ng) > 1/2 as B> 1.
Given that (n;) follows the Fermi-Dirac distribution for the
BCS ground state [4], the result of (n;) = 1/2 obtained at
B > 1 indicates that the collective Hamiltonian Hsg [Eq. (61)]
in the presence of a large U(1) symmetry-breaking coupling
B describes the BCS superconductor near the Fermi surface.

We now present the entanglement entropy (Sgg) computed
from partitioning the ground state |,) (with spin S) of Hamil-
tonian Hgsg into two equal subsystems A and B such that
S =S4+ S, Sa = S/2 = Sp using the strategy adopted in
Egs. (46)—(53). In Fig. 18, we present a variation of Sgg
with B computed for a system of eight pseudospins and
for ground states of Hsg(B = 0) = H, at various values of

See(B)

FIG. 18. Variation of the equipartition entanglement entropy for
different CPI ground states and transition ground states (correspond-
ing to different integer and half-integer values of 0 < & < 4) with
the global U (1) symmetry-breaking field B for a system of N* = 8
Cooper pairs. Note that the nonmonotonic behavior of the purple
curve arise from the fact that this corresponds to the ground state
precisely at the transition from the CPI to the parent metal.

® = €/V. The plot shows the monotonic decrease for Sgg
with B for all ground states with a nonzero number of Cooper
pairs (0 < @ < 4), while the Sgg computed for the gapless
ground state at & = 4 shows a nonmonotonic variation with
B. The latter case corresponds to the entanglement related
to superconducting phase fluctuations in a mean-field BCS
Hamiltonian, i.e., a Hamiltonian Hsg in which the BS* term
induces pairing in the gapless spectrum of H.. While the
BCS ground state corresponding to a vanishingly small Sgg
is obtained for all these curves in the limit of large B, the
approach of the mean-field ground state is clearly different
from those with pre-existing Cooper-pair bound states: the
peak in the curve for ¢ = 4 likely arises due to the creation
of Cooper pairs in a gapless system.

B. The effect of a Josephson coupling

We end with a brief presentation of the effects of a Joseph-
son coupling between the bulk of two CPI systems A and B
(i.e., we are ignoring all effects from gapless edge states), each
of which is modeled by Hsg [Eq. (61)],

2¢, V. _
Hy= =350 S =5 D (S{Sy +He)
® keu ® k#k' e
—BHZS’C, w=A,B,
kep
Hyp=T Y (SFSy+e7S:50), (73)
keA,k'eB

where Hyp is the Josephson coupling between systems A
and B, with the phase ¢ dependent on the externally applied
voltage difference between the two systems [43]. We have
simulated the equations in Eq. (73) for two systems composed
of four pseudospins each.

First, we set the field B4 = 0, such that system A is in
a U(1) symmetric CPI phase and couple it with system B
(Hp) for several values of the field Bp and the Josephson
coupling T. The values of the parameters €4 = €5 =, V4 /Ny =
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FIG. 19. Plot of the induced phase stiffness (S}) in CPI system
A due to a Josephson coupling (with strength T") to CPI system B [in

presence of a global U (1) symmetry-breaking field (Bg)]. Various
curves correspond to different values of Bg.

Va/Np =1, and ¢ = m. In Fig. 19, we study the phase co-
herence being generated in system A by computing (S}) in
the ground state of the total system (H = Hu + Hp + Hap).
The blue line in Fig. 19 clearly shows that a Josephson cou-
pling between two systems that are individually in CPI phases
(B4 = 0 = Bp) cannot lead to phase coherence being induced
in either system A or B. However, for nonzero values of Bg,
the other curves in Fig. 19 shows that as system B already pos-
sesses some degree of phase coherence, an increasing nonzero
phase coherence is induced in system A via the Josephson
coupling with increasing Bg. Note, however, that while this
demonstrates the breaking of the U (1) symmetry of system A
via the Josephson coupling to the symmetry-broken system B,
the phases of the two systems are locked to one another with
zero relative phase difference [43]. This is demonstrated in a
plot of the total ground-state energy E(¢) as a function of the
phase ¢: the blue line in Fig. 20 clearly shows that a Josephson
current [J o 0E(¢p)/d¢] cannot be generated in the coupled
system for By = 0. However, in the presence of a nonzero
symmetry-breaking field B4, E(¢) shows a cosinusoidal vari-
ation with ¢ in Fig. 19. This shows that when the symmetry is
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FIG. 20. Plot of the total ground-state energy E(¢) for a CPI
system [placed in a gradually increasing U (1) symmetry-breaking
field B4] coupled to a BCS superconductor through Josephson tun-

neling as a function of their phase difference ¢. The various curves
correspond to different values of B,.
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Fixed Point After First Reverse RG Step

FIG. 21. Quantum circuit representation of (left panel) the
ground state of the fixed point CPI Hamiltonian and (right panel)
the ground state after the first step of the reverse unitary RG step.
Both are for a system of N* = 2 Cooper pairs.

separately broken in the two systems, a Josephson coupling
certainly induces a Josephson current. The results of this
subsection serve as predictions for the experimental search of
systems in the CPI ground state.

VI. ENTANGLEMENT RENORMALIZATION

Having explored the entanglement features of the topologi-
cally ordered CPI and symmetry-broken BCS ground states at
some length in previous sections, we now present an analysis
the T = 0 RG evolution of the many-particle entanglement
content of these ground states. For this, we follow the strat-
egy for entanglement renormalization that was developed in
Refs. [31,58]. For the sake of completeness, we outline briefly
the strategy below.

As we have seen earlier, the URG proceeds by disentan-
gling electronic states sequentially from the UV toward the
IR by the application of many-particle unitary transformations
(U, see Appendix A for further details). At the IR stable
fixed point, we have identified the ground-state wave func-
tion. Now, by reversing the RG flow through the sequential
applications of the appropriate U's, we generate a family
of ground-state wave functions ranging toward the UV. This
allows for the computation of several entanglement features
from each member of the family of wave functions, thereby
generating the RG flow of these entanglement features. As
discussed in detail in Refs. [31,58], the unitary operators U
of the URG method can be implemented as a quantum circuit,
i.e., in terms of a combination of universal two-qubit gates
(e.g., Hadamard, C-NOT and phase-shift gates). Below, in
Figs. 21 and 22, we show the quantum circuit realisations that
implement the reverse URG flow along one radial direction in
k space for the CPI and BCS wave functions, respectively.

As shown in Fig. 21, nodes 9 and 19 refer to the fermion
states residing just outside and just inside the Fermi surface,
respectively. The distance from the Fermi surface increases
with passage between states 9 to 0 (all outside the Fermi sur-
face), and with passage between states 19 to 10 (all inside the
Fermi surface). As indicated by the quantum circuit diagrams,
the reverse RG flow starts from the emergent CPI phase [de-
scribed by the effective Hamiltonian in Eq. (11)] obtained at
the stable fixed point and with a window of electronic states
given by N* (N* =2 in the figures). The reverse RG flow
proceeds by the re-entangling of two electronic states lying
outside the window at each step of the RG. We now present
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FIG. 22. Quantum circuit representation of (left panel) the
ground state of the fixed point BCS Hamiltonian and (right panel)
the ground state after the first step of the reverse unitary RG step.
Both are for a system of N* = 2 Cooper pairs.

the results of the RG evolution for the entanglement entropy of
a block in k space along a given radial direction for CPI and
the symmetry-broken phases. In Fig. 23, we present the RG
variation of the entanglement entropy computed for a block
(lying outside the Fermi surface) of varying size ranging from
one to ten fermionic states. The two plots are for different
sizes of the window (N*) for the emergent CPI phase: the
upper plot is for N* =2 (i.e., composed of states 9 and 19
only), while the lower is for N* = 8 (i.e., composed of states
6-9 and 16-19). Further, the reverse RG process increases
stepwise from step O (in the IR) toward the UV.
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FIG. 23. Plot for the RG variation of the entanglement entropy
S(n) for various block sizes 1 < n < 10 (in different colors) for a
CPI system with N* =2 (upper panel) and N* = 8 (lower panel)
Cooper pairs. See text for discussion.
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FIG. 24. Plot for the RG variation of the entanglement entropy
S(n) for various block sizes 1 < n < 10 (in different colors) for a CPI
system with N* = 2 (upper panel) and N* = 8 (lower panel) Cooper
pairs in the presence of a weak global U (1) symmetry-breaking field
B =5 x 107> (in units of the attractive pairing coupling V). Note
that the curves for n = 8, 9, and 10 are lying on top of one another.
See text for discussion.

The upper panel of Fig. 23 shows that block entropy for
all block sizes terminates at a universal value of § = 0.693 =
In 2, corresponding to the entanglement for the N* = 2 pseu-
dospins that form the emergent CPI window in the IR. Further,
the plots demonstrate that the block entanglement entropy of
block size 1 (i.e., for the state 9, one of the two states that
form the CPI ground state in the IR) increases slowly with
the RG flow from UV to IR. However, the block entropy of
all other block sizes (greater than one) decreases with the
stepwise decoupling of electronic states. Further, the entan-
glement entropy of the blocks varies nonlinearly with the
RG steps. Additionally, in the block entropy plots for N* = 8
(lower panel of Fig. 23), we see that the entanglement entropy
for all block sizes less than 4 (i.e., the size of the four states
9-6 that are part of the CPI ground state in the IR) are affected
very little by the RG flow. This is a remarkable display of the
fact that the entanglement of the electronic states proximate
to the Fermi surface (and that eventually form a part of the
emergent window) is quite robust under RG evolution and
distinguishes them from those that are decoupled along the
flow. Further, the CPI ground state possesses a hierarchy of
scales of entanglement defined by the various block sizes.

Next, we present the entanglement RG results for a system
in the presence of a bare symmetry-breaking field (B). In
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FIG. 25. Plot for the RG variation of the entanglement entropy
S(n) for various block sizes 1 < n < 10 (in different colors) for a CPI
system with N* = 2 (upper panel) and N* = 8 (lower panel) Cooper
pairs in the presence of a strong global U (1) symmetry-breaking field
B =25 x 1073 (in units of the attractive pairing coupling V). Note
that the curves for n = 8, 9, and 10 are lying on top of one another.
See text for discussion.

Fig. 24, we see that the presence of a very weak bare U(1)
symmetry-breaking field B ~ 5 x 107> (in units of V), the
entanglement RG flows from UV to IR are very similar to
those shown in Fig. 23 above for the CPI (i.e. for the case
of B =0), with only one difference: the final value of the
block entropies in the IR here is reduced with respect to those
obtained for the CPI. This indicates a gradual collapse of the
hierarchy of scales of entanglement of the CPI upon tuning
a symmetry-breaking field. Finally, in Fig. 25, we present
that the entanglement RG flows for a system with N* =4
for the case of a slightly larger (but still weak) bare U(1)
symmetry-breaking field B ~ 25 x 1072 (in units of V). Here,
we find that the entanglement curves for various block sizes
is very different to those obtained for the CPI (see Fig. 23).
For instance, the block entropy for both block sizes one and
two (i.e., corresponding to the two possible subblocks of the
emergent BCS ground state in the IR) have zero entangle-
ment entropy throughout the RG. There is, thus, no longer
any way to distinguish between the constituent blocks of
the BCS ground state under the RG. Further, the entangle-
ment entropy varies linearly with the RG steps for block
sizes >8.

VII. CONCLUSIONS AND DISCUSSIONS

We end with a discussion of some of the broader implica-
tions of our work. First, we comment on the significance of
our findings with regards to the subject of topological order
[59]. Unlike ordered states of matter belonging to the GLW
paradigm, a topologically ordered ground state does not arise
from breaking any symmetries and thus lacks a local order pa-
rameter. Instead, such ground states are invariant under large
gauge transformations, can be represented purely in terms of
nonlocal gauge operators (e.g., Wilson loops, etc.), and their
quantum dynamics can be captured by a topological gauge
field theory. When placed on a multiply connected manifold
(e.g., a torus), a topologically ordered system displays a non
trivial degeneracy of the ground-state manifold (protected by
a nonzero energy gap), as well as the existence of fractionally

charged topological excitations that interpolate between the
ground states. While the bulk of such a system is an incom-
pressible insulating state of matter (due to the spectral gap),
it can possess gapless current-carrying degrees of freedom at
its boundaries. It has also been shown that the ground states
of a topologically ordered system can possess signatures of
nontrivial many-particle entanglement, e.g., an entanglement
entropy (due to a real-space bipartitioning) proportional to
the degeneracy count of the ground-state manifold (called the
quantum dimension). While all of these properties are widely
believed to be the features and diagnostics of a topologically
ordered system, an overarching theoretical framework for
this subject remains an outstanding challenge. As the pairing
instability of the Fermi surface represents a paradigmatic phe-
nomenon for a system of interacting electrons, our insights
into the CPI represents an opportunity toward learning the
inner workings of emergent topological order in such systems,
as well as how it is different from the order captured by ground
states belonging to the GLW paradigm (e.g., the BCS ground
state).

The body of results presented for the CPI phase clearly
satisfy the diagnostics described above. We have established
analytically the topological degeneracy of the ground-state
manifold using flux insertion arguments, and shown that the
zero mode collective effective Hamiltonian for the CPI can
be written in terms of Wilson loop operators. This then paves
the way for connecting the topological 6 term in the effective
theory for the CPI with the 241 dimensional topological
Chern-Simons gauge field theory proposed for such systems
[20,23,27]. We have shown the origin of the spectral gap that
protects the ground-state manifold, and shown the spectral
flow property of such ground states with a variation in the
0 parameter: ground states form plateaus in 6 labeled by a
topological quantum number and with topological quantum
phase transitions separating them. Indeed, much of the phe-
nomenology observed by us is common with the properties of
topologically ordered fractional quantum Hall ground states
(see Ref. [59] and references therein). It will be interesting to
test these conclusions for systems of interacting electrons in
the presence of disorder [37] or incommensuration [60,61].

Our investigations of the entanglement features show clear
universal signatures that distinguish the topologically ordered
CPI ground states (plateaus) from those found at the transi-
tions between plateaus. The passage to the metallic state upon
tuning the effective Aharanov-Bohm flux of the fixed point
Hamiltonian is charted at zero as well as finite temperatures,
yielding clear signatures once again in the entanglement for
the CPI ground states. By carrying out the RG analysis in
the presence of a global U(1) symmetry-breaking term, a
detailed comparison between the CPI and BCS ground states
is also offered. This allows us to demonstrate the clear dis-
tinctions between these two kinds of ground states in terms
of many-particle entanglement and many-body correlations:
unlike the BCS state, the CPI ground state is found to pos-
sess various measures of entanglement. Further, we show
that, as CPI ground states lack phase stiffness, they cannot
show the Josephson effect (i.e., upon coupling two such CPI
systems through Cooper-pair tunneling). We stress that the
symmetry-breaking transition described here can only take
place at T =0 for a 2D system, and would be replaced
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by a Berezinskii-Kosterlitz-Thouless phase transition at finite
temperatures. While this limits the reach of our conclusions
for 2D systems, we plan to extend our analysis and results
to the pairing instabilities of a system of interacting elec-
trons in 3D at zero as well as finite temperatures in a future
work.

All of this leads us to conjecture that our results on the CPI
offer a broad framework for understanding topological order.
Specifically, we believe that various quantum liquid systems
displaying the hallmark signatures of topological order de-
scribed above are likely to be described by effective zero mode
collective Hamiltonians described in terms of Wilson loop
like nonlocal degrees of freedom. Using similar flux insertion
arguments, it should be possible to show that the ground-state
manifolds of such Hamiltonians display topological degener-
acy on the torus, etc. Indeed, similar conclusions have been
reached by some of us for the Mott liquid ground states of
the 2D Hubbard model discovered recently in Refs. [33,34],
and the spin liquid ground states of quantum spins coupled
through antiferromagnetic exchange on geometrically frus-
trated lattices [35,62,63]. It should be possible, therefore, to
chart out in a similar fashion the microscopic origins of vari-
ous kinds of topologically ordered quantum liquids. This will
go a long way in establishing a detailed understanding of the
universality of such phenomena.

We now comment on possible connections to the Bose
metal phase [64] that has been proposed to lie in between the
CPI and superconducting phases. This is based on a body of
recent work on thin film systems [6,65-78] have also revealed
the existence of an intervening metallic phase, called the
“Bose metal” phase [64], intervening between the supercon-
ducting and Cooper-pair insulating phases (see Ref. [79] for
a review). The gauge-theoretic approach of Ref. [21] posits
the Bose metal phase as a topological insulator phase aris-
ing from the interplay of Cooper-pair and vortex degrees of
freedom. While it is tempting to speculate that the 7 =0
topologically ordered CPI phase studied in the present work
evolves into the Bose metal at finite temperatures through a
Berezinskii-Kosterlitz-Thouless (BKT) type phase transition,
a recent microscopic wave-function-based approach by Dia-
mantini et al. [22] concludes that the Bose metal phase does
not possess signatures of topological order. Another important
point to note is that the CPI state observed by us is composed
purely of Cooper pairs. However, the bosonic topological
insulating Bose metal additionally needs vortex degrees of
freedom. Thus, the connection between the theory presented
here for the CPI and the gauge theory of Refs. [21,22] for
the Bose metal needs a careful investigation of the role of
vortices introduced into the CPI state, and how they likely
destroy the topological order of the CPI in leading to the Bose
metal. However, this lies well beyond the scope of the present
analysis, and we leave this for a future work.

We end with a brief discussion on where to search for such
CPI ground states. As we have seen here, the CPI state reached
from a generic nonnested Fermi surface is strongly susceptible
toward the effects of spontaneous symmetry breaking and the
emergence of the BCS s-wave superconducting ground state.
As mentioned earlier, some hints of the CPI have been found
to lie at the superconductor to insulator transition in recent
experiments on thin films. The existence of an insulating

state of Cooper pairs distinct from the Bose metal and super-
conducting states was also proposed in earlier literature on
Josephson junction arrays (JJAs, see Ref. [79] and references
therein). Further, the authors of Ref. [79] suggest that the
properties of this insulating phase arise from a macroscopic
Coulomb Blockade phenomenon where the entire Josephson
junction array acted as a single island of Cooper pairs with
a macroscopic charging energy. This is consistent with our
finding of a similar global charging energy for the CPI state
[given by the third term with coupling U in the CPI effective
Hamiltonian of Eq. (10)], and suggests that JJAs could be a
candidate system in which to search for the CPI.

Further, based on our recent study of the 2D Hub-
bard model [33,34], and its relevance to the physics of the
high-temperature superconducting hole doped cuprate Mott
insulators, we believe that the CPI ground states may well be
observed in those materials too. Specifically, in Ref. [34], we
observed the existence at 7 = 0 of a pseudogapped CPI state
of quantum matter lying above the d-wave superconducting
“dome” obtained upon optimally doping the Mott insulating
ground state of the 1/2-filled 2D Hubbard model with holes.
This pseudogapped phase arose from electronic differentia-
tion built into the electronic dispersion of the nested Fermi
surface of the 2D tight-binding model at 1/2-filling. Further,
the pseudogap phase showed a clear gapping of the anti-nodal
regions in k space that could be described in terms of a state
of matter containing Cooper-pair bound states but without
any global phase coherence. The large superconducting phase
fluctuations observed in this pseudogapped phase [34] are a
signature of the CPI, and are reminiscent of the findings from
Nernst effect measurements on the pseudogap phase of the
doped cuprates [80]. We believe, therefore, that the cuprates
are excellent candidate systems in which to search for the exis-
tence of the CPI phase. Following the suggestion of Ref. [81],
pressurised solid H,S may be another interesting candidate
system in which to search for the CPIL.
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APPENDIX A: HAMILTONIAN RG

We first briefly recapitulate the unitary RG method devel-
oped in Refs. [31,33-37], and then derive the RG equations
for the generalized pairing Hamiltonian Eq. (3). The RG
method adopted uses a unitary transformation to decouple
one single-particle Fock state |ko) from the rest of the
states it is interacting with. Very generally, one can write the
many-particle Hamiltonian as H = H” + H¥ + A , where
HP contains all single-particle and many-particle number
diagonal (kinetic energy and interaction) terms. H,gfy repre-
sents all the off-diagonal interaction terms connected to the
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single-particle state |ko), while ﬁ,ff, represents all off-
diagonal interaction terms among all (say, 2¥~!) single-
particle states other than |ko). Considering a many-particle
eigenstate of the Hamiltonian |¥) (a member of the full 2V
dimensional Hilbert space), we can write

Al) = (AP + AX + AX) W) = E|W), (A1)

where E is the eigenvalue for |W). One can rewrite the wave
function |W¥) in a Schmidt decomposed form as follows:

W) = ai|¥1) @ [Lis) + aolWo) @ |Oks), (A2)

where {|14), |Oxs)} live in a two-dimensional single-particle
Fock space and {|W;), |Wo)} lives in the remaining 2V~!
dimensional Hilbert space. We then proceed to remove all
quantum fluctuations connected between |k, o) with the other
|k" # k, o) states. For this, one can define transition operators
ko and ﬁ,;a as follows:

ail¥1) ® 1) = fif aolWo) ® [0k, ),
ao|¥o) ® [0ks) = Tko a1|W1) @ |1ie),

where |1;,) and |Ok,) represent the ny, = 1 and n, =0
states, respectively, and

(A3)

1 N
Nko = = Trio ¢ He o
e = T (AP — g (L — gy el

(A4)

Here, Tr;, () represents a partial trace in the Fock space over
the state |k, o). These transition operators have a fermionic
nature,
My o = fike = 1 = Mo My
P AT A A A2
(i o) = 1, [0y ko] =204 — 1, M, = 0. (AS)

Using the transition operators (9, ’7117) and Egs. (A3),
one can see that
W) = ai|¥1) ® |1ko) + aolWo) ® [0k
= a1|¥1) ® |lko) + fiko a11V1) ® [14o)
= a1(1 + o)1) ® |1io) = ar1™ W) @ |14o). (A6)
Thus, one can construct a unitary operator,
1
V2

that rotates the many-particle basis in such way that Uy, | V) =
Na), where o =0 or 1, and N is the normalization con-
stant. This unitary rotaion removes all quantum fluctuations
between the states |0y, ) and |1, ). Further, using the unitary
operator, the Hamiltonian can be written in the rotated basis
as

Ui = —=(1+ 1}, — o), (A7)

Uie AU, = LT (H) + T Trio (H T )

+ tolep, Treo (Hero ), ). (A8)

It is important to note that while e H(1 — i) # 0 (i.e.,
there existed nontrivial quantum fluctuations in the occupation
of single-particle Fock state given by n, ) prior to the applica-
tion of the unitary operator, subsequent to its application we

find

ko Ure HUL (1 — o) = 0 = [fgo, Uo HU; 1 = 0.
(A9)

The degree of freedom ny, is thus rendered an integral of
motion (IOM) of the RG flow. The RG equations can then
be obtained from the condition Eq. (A9).

Coming to the problem at hand, in the generalized pairing
Hamiltonian Eq. (3), we are working in the subspace given
by nis = n_i, [32]. Thus, at every step of the RG, we are
disentangling two single-particle states |k, o), | —k and —o)
simultaneously. We now proceed by rewriting the Hamilto-
nian in terms of Anderson pseudospins [32]

: 1 Wil o
= = S5, - 3) - DS, e
k k#k'
+UDY S5 Si (A10)
ktk'

such that the part of the Hamiltonian associated with the ky
pseudospin is given by

H! — —¢ z |W1§€N| - gt + §- u
W= Ty = 2 TSt TS
kotky

(Al1)

Applying the RG formalism to Hy, one obtains from the
condition Eq. (A9) the operator level RG equation for the
Hamiltonian in the low-energy sector for the quantum fluc-
tuation scale w as

W W
AH = (Z —| gk’v|r,:;S,:>GkN< > —| ksz|S,jrk;>.
Kty Ky
(A12)

From this, we derive the RG equations in the relevant channel
(¢ g = +%) for Cooper-pair bound state formation as

~(j ) |2
AE,E/L 1 |Wk(,{11’ |
= ~() ’
Mogg 4T
ARl _ 1 W Wkl (A13)
Alogh = 4 S _ Uy
Ay (w -T2 Z)

APPENDIX B: URG WITH SYMMETRY-BREAKING FIELD

We begin by including a global U(1) symmetry-breaking
term (—2|B| )_, S7) to the pairing Hamiltonian Eq. (A10) (but
with the repulsion coupling U = 0). Naturally, the symmetry-
breaking term now appears in the Hamiltonian involving
the node ky [Eq. (Al1)], as well as the operator RG equa-
tion [Eq. (A12)]. Subsequently, in the sector t,fN =+1/2,
we get the RG equations for &y, and [Wyy| precisely as
in Egs. (A13) (but with U = 0). Further, we obtain a RG
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equation for the symmetry-breaking field |B|,
1 1B WY,

A|BY)| _ B1)

=()

We now compute the spectral gap of the symmetry-broken

BCS superconducting phase. For this, taking |Wk(Aj]1/,| =woO

(a constant independent of k5 and k"), we note that the solu-
tion to the RG equation for B is given by

B©
Jj—1 1
1+ WO leo 26€0—&

The strong coupling RG fixed point of B — oo is
reached when the denominator of the above relation for B

Alogﬁ—é 2 (

BY —

(B2)

vanishes,

1 U Ertived’  N(E)IE
“wo = 23— 2E £y BY
(WO 2V - Er+hvpa©® 2(E — Ep)

where we have replaced the sum by an integral, N(EF) is the
electronic density of states (DOS) at the Fermi energy (Er),
€ by the continuous energy variable E and & by 2Er. A©
and A* correspond to the bare and final k-space cutoffs of the
RG flow. From here, we obtain the well-known relation for the
(exponentially small) BCS gap,
2
:|. (B4)

A= A9 exp |:——
IWoIN(EF)
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