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Abstract

Using the well-known trigonometric six-vertex solution of the Yang-Baxter equa-
tion we derive an integrable pairing Hamiltonian with anyonic degrees of freedom.
The exact algebraic Bethe ansatz solution is obtained using standard techniques.
From this model we obtain several limiting models, including the pairing Hamilto-
nian with p + ip-wave symmetry. An in-depth study of the p + ip model is then
undertaken, including a mean-field analysis, analytic and numerical solution of the
Bethe ansatz equations, and an investigation of the topological properties of the
ground-state wavefunction. Our main result is that the ground-state phase diagram
of the p+ ip model consists of three phases. There is the known boundary line with
gapless excitations that occurs for vanishing chemical potential, separating the topo-
logically trivial strong pairing phase and the topologically non-trivial weak pairing
phase. We argue that a second boundary line exists separating the weak pairing
phase from a topologically trivial weak coupling BCS phase, which includes the
Fermi sea in the limit of zero coupling. The ground state on this second boundary
line is the Moore-Read state.
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1 Introduction

Exactly solvable many-body models have played a very important role in various branches
of physics, especially in statistical mechanics and condensed matter. They have been
fundamental in the understanding of phase transitions and non-perturbative phenomena
in low-dimensional and strongly correlated systems. Prominent examples are provided
by the 2D Ising model, the 1D anisotropic Heisenberg model, the interacting 1D Bose
gas, and the 1D Hubbard model [8, 41]. The solvability and integrability of these and
related models emerges from a common algebraic structure, due to the quantum Yang-
Baxter equation satisfied by the so called R-matrix. The R-matrix is the basic object
of the Quantum Inverse Scattering Method (QISM) [4I]. It allows for the construction
of a one parameter family of commuting transfer matrices whose expansion, in powers
of the spectral parameter, generates an infinite set of conserved quantities including the
Hamiltonian of the system. For the anisotropic Heisenberg model, also known as the XXZ
model, the R-matrix is the six-vertex trigonometric solution of the Yang-Baxter equation
and it depends on a spectral parameter u and the quantum parameter ¢ related to the
anisotropy as A = (¢* + ¢?)/2.

A closely related family of exactly solvable models are the Richardson-Gaudin models,
where the most prominent examples are the Richardson model of BCS superconductivity
[9], 406, 54, [62] [69] and the Gaudin spin models [23] (for a review see [14]). The common
algebraic structure of this family is the classical Yang-Baxter equation satisfied by the
classical r-matrix. This latter equation is obtained from the quasi-classical limit of the
quantum Yang-Baxter equation through R(u) ~ 1+ hr(u). A feature of these models,
unlike the anisotropic Heisenberg model, is the dependence of the Hamiltonian on a large
number of parameters. In the Richardson model, they are the energies of the single
particle levels and the BCS coupling constant, while in the Gaudin model they are the
position of the spins. This abundance of parameters has its origin in the transfer matrix
which is the product of R-matrices with shifted spectral parameters. This is called an
inhomogeneous transfer matrix. This situation must be compared with the anisotropic
Heisenberg model whose transfer matrix is homogeneous, which is the reason why the
Hamiltonian of this model only depends on g¢.

Thus the majority of models constructed so far are based either on a homogeneous
transfer matrix (e.g. anisotropic Heisenberg model), or in the quasi-classical limit of
an inhomogeneous transfer matrix (Richardson-Gaudin models). It is also of interest
to construct physical models from an inhomogenous transfer matrix before one takes
the quasi-classical limit. The first result of this paper is to construct such a model
starting from the trigonometric six-vertex R-matrix discussed above. This model describes
the pairing interaction of anyonic particles with braiding statistics in momentum space
parameterized by ¢, and for that reason it can be termed an anyonic pairing model. These
anyons should be distinguished from the real space anyons which satisfy braiding statistics
in 1D [6] or in 2D [44] [64].

The one-body version of the anyonic pairing Hamiltonian we obtain coincides with
the quantum mechanical Hamiltonian proposed by Glazek and Wilson in 2002, which
furnishes a simple example of a renormalization group with limit cycles [24, 25]. The
latter work inspired the construction of a BCS model with s-wave symmetry and time
reversal symmetry-breaking where the renormalization group also has limit cycles [45].
The mean-field gap equation of this BCS model has an infinite number of solutions related
by discrete scale invariance, which explains its name: Russian doll BCS model. This model
was shown in reference [16] to be exactly solvable by the QISM using a rational R matrix.
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Figure 1: Web of integrable pairing models.
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The relation between the mean-field and the exact solution of this model was established
in reference [4]. It then comes as no surprise that the Russian doll BCS model can be
obtained from the anyonic pairing model in the limit where the trigonometric R-matrix
becomes rational. However, if the quasi-classical limit of the anyonic pairing model is
taken before the rational limit a BCS model with p + ip-wave symmetry is obtained, as
has been reported in [33]. Taking a rational limit of the latter model or a quasi-classical
limit of the Russian doll model one arrives to the well known s-wave BCS model of
Richardson [54]. Finally, one can take the limit where the BCS coupling constant, of both
the s- wave and p + ip-wave models, goes to infinity obtaining two Gaudin models. The
web of relations between all these models is shown in Fig. ().

The first part of this paper, Sect. 2, is devoted to the construction of the anyonic
pairing model using the QISM and the derivation of the eigenvalues of the transfer matrix.
In Sect. 3 the relationships of the models in Fig. [Il are shown, giving a unified picture of
the pairing models that can be obtained from the trigonometric R— matrix. In Appendix
A we collect the more technical computation of the wavefunction and scalar products of
the anyonic model, as well as its relation with the aforementioned Glazek-Wilson model.

The bulk of the paper, Sect. 4, is devoted to a detailed study of the exactly solvable
p + ip-wave model which was initiated in [33]. In recent years this model has received
considerable attention due to the existence of vortices with non-trivial braiding statistics
[53, 32) 60], with the potential for implementing topological quantum computation [50].
Furthermore, there are some experimental indications that SreRuQy is such a chiral p-
wave superconductor [42], supporting topological vortices [12] B5]. In the realm of cold
atoms there are also possibilities to realize p + ip-wave paired phases [11], 29] 31l [43]
through experiments involving Feshbach resonaces [21] 22, 134] [51], [66], [67].

We begin our study of the p+ip model using the BCS mean-field theory, to determine
the phase diagram in the plane (1/g,z), where 1/g is the inverse of the BCS coupling
constant and x is the fraction of occupied energy levels. This phase diagram is divided
into three regions denoted as weak coupling, weak pairing and strong pairing in the
terminology introduced by Read and Green [53]. The strong and weak pairing regions are
separated by a line in the (1/g, ) plane where the chemical potential vanishes, giving rise
to a second-order phase transition and a topological transition described by a winding
number in momentum space introduced by Volovik [60]. The latter two regions are related
by a strong-weak duality which connects two ground states having the same total energy,
and value of the gap, while the chemical potential differs in the sign. On the other hand,
the weak pairing and weak coupling regions are separated by another line in the (1/g, z)
plane which can be called the Moore-Read line because the projected BCS state coincides
precisely with the Moore-Read pfaffian state related to the Fractional Quantum Hall state
at filling fration 5/2. All the points of this line have zero total energy and are mapped,



under the duality transformation, into the vaccum state. However the gap does not vanish
on this line and the nature of the transition is rather subtle since, as we show below, it
is associated to a discontinuity of the ground state energy, or in another words a zeroth
order phase transition. Volovik has discussed the existence of a Higgs like phase transition
for the p+ ip model, meaning a qualitative change in the dispersion relation of the quasi-
particles [61]. We find that this type of transition occurs on a line located in the weak
coupling region, which is close, but not identical, to the Moore-Read line. A peculiarity
of the Read-Green and the Moore-Read lines is that they are insensitive to the particular
choice of the energy levels, and in that sense they are topological. This feature is not
shared by the Volovik line whose position in the phase diagram depends on the energy
level distribution.

The analysis of Sect. 4 continues with the computation of the fidelity susceptibility
which confirms, as expected, the singular nature of the Read-Green line, while the Moore-
Read line does not show any special feature. Next we analyze the continuum limit of the
Bethe ansatz equations of the p + ip model using an electrostatic analogy which allows
us to uncover the complex structure of the arcs formed by the roots of the Bethe ansatz
equations. We also recover the mean-field gap and chemical potential equations as was
done in previous works for the BCS model with s-wave symmetry [23, 55, 56]. The
structure of the arcs, the values of the ground state energy, gaps, chemical potential and
occupation numbers are compared with the numerical results obtained by solving the
Bethe ansatz equations for systems with finite size, finding a resonable agreement. A
detailed analysis of the exact solution allow us to understand the weak-strong duality
in terms of a dressing operation that maps exact eigenstates between those two regions.
The physical picture that emerges is that the ground state of the weak pairing region is
formed by strongly localized pairs and by delocalized pairs with zero energy. We then
discuss the zeroth order phase transition and the winding number of the mean-field and
exact solutions. For the mean-field solution the winding number vanishes in the strong
pairing region while it does not in the weak pairing and weak coupling regions. However
in the exact solution the winding number only vanishes in the weak pairing region where
it counts the number of Bethe ansatz equation roots that are equal to zero. In this sense
the winding number plays the role of a topological order parameter for the weak pairing
region. Another qualitative distinction between the weak pairing and weak coupling
regions is derived by studying the structure of the vortex wavefunction by means of the
Bogolioubov-de Gennes equations. We find that the vortex wavefunction has an oscillatory
behaviour in the weak coupling region which does not appear in the weak pairing region.

Finally, in Appendices A and B we discuss several technical issues: relation between
the Glazek-Wilson model and the anyonic model, computation of wavefunction scalar
products and correlation functions of the anyonic pairing and the p + ip models, a g¢-
deformed version of the Moore-Read state, solution of the gap and chemical potential
equations.

2 Construction of an integrable anyonic pairing model

2.1 The Yang—Baxter equation

A systematic method to construct integrable quantum systems is through the Quantum
Inverse Scattering Method (QISM) [4I]. The key element in this approach is a solution
of the Yang-Baxter equation [8, 38|, commonly known as an R-matrix. This is a linear



operator acting on a two-fold tensor product space which is dependent on € C known as
the spectral parameter. Denoting the R-matrix as R(z) € End(V ® V), the Yang-Baxter
equation reads

Rig(z/y) Riz(w) Rz (y) = Ras(y) Ruz(w) Raa(z/y) (1)

which acts on the three-fold space V ® V ® V. The subscripts above refer to the spaces
on which the operators act. E.g.

The specific example we will use is the well-known X X Z solution associated with the
quantum algebra U,[sl (2)]E| [39]

(¢Px —q2z71) 0 | 0 0
0 (@=27) | (#—q7) 0
R(x) = _ _ _ -
0 (@—q?) | (@—27 0
0 0 | 0 (¢*x —q 227"

We define the local L-operator as L(z) = R(xq™') which is a solution of
Rz (x/y)Laz(x)Las(y) = Las(y)Lis(z) Raa(z/y) (2)

as a consequence of ([Il). It is customary to consider L(z) € End(V ® V) as acting on the
tensor product of an “auxiliary” space and a local “quantum” space. We use the subscript
a to denote the auxiliary space and the labels j = 1, ..., L for the local quantum spaces of
a many-body system.

To apply the QISM to construct a pairing Hamiltonian we next introduce the hard-
core boson (Cooper pair) operators in terms of fermion operators. Let {c}a,cjg D] =
1,...,L,0 = £}, denote a set of creation and annihilation operators with the usual canon-
ical anticommutation relations and where the labels + refer to time-reversed pairs. The
hard-core boson operators are defined

bj = cj_cjy, b} = c}+cT-_.
We also set N; = b;bj as the Cooper pair number operator such that the total number of

Cooper pairs in a system is given by the eigenvalue of

N=>N;

J=1

Throughout we will use M to denote the eigenvalues of N.

For each j the local Hilbert space of states is four-dimensional. Excluding the subspace
of states which contain unpaired fermions reduces the local Hilbert spaces to dimension
two, spanned by the vacuum |0) and the paired state b}|0>. Now expressing the linear
operators of the quantum space of the L-operator in terms of hard-core boson operators
we have

2N, —1 I-2N;
. — qa 0 2 -2 0 bj -1 q J 0
Lyj(z) = = ( 0 g 2N ) +("—q7) ( b} 0 € 0 Nl

Tt is convenient for our purposes to express the deformation parameter as ¢? rather than the more
familiar q.




noting that
N = (¢" = 1)N; + I.

Using the L-operator in this form, we will next apply the QISM to construct an integrable
pairing Hamiltonian with anyonic degrees of freedom.

2.2 Transfer matrix, Hamiltonian, and exact solution

The most common use of the QISM is to construct a transfer matrix on a closed chain
(to adopt the language of spin models). Here we use this approach with a “twist” in
the boundary conditions, which will be chosen in a sector dependent manner as described
below. The quantum space for such a model is the L-fold tensor product space W = V&I,
We introduce the monodromy matrix 7'(z) € End(V ® W) defined by

T(x) =U,Lay (:L’zl_l)Lag(ngl)....LaL (xzzl)

- ( exp(—ia) 0 ) .

0 exp(ia)

where

The monodromy matrix is commonly expressed in a matrix form as

= 7 i) )

where the entries are operators acting on W. As a result of (2]) and
[U®U, R(x)]=0
it follows that
Rap(z/y)Ta(z)Ty(y) = Ty (y)Ta(@) Rav (2 /y) (3)

which is an operator equation on V ® V ® W, with the two auxiliary spaces labelled by
a and b.
Defining the transfer matrix to be

t(z) = tr (T(x)) = T) (2) + T3 (x).

it follows from (B]) that the transfer matrices form a commutative family; i.e.
[t(x), t(y)] =0  Va,y € C. (4)
The transfer matrices can be expanded in a Laurent series
L
t(x) = Z )i
j=—L

and because of ({]) the co-efficients commute

[t(j), t(k)} =0, —L<j k<L



One may check directly that the transfer matrix commutes with NV, so the Hilbert space
of states can be decomposed into sectors labelled by the eigenvalues M of N. The leading
order terms in the expansion are

L

MeHa— (H Zj—l) (exp<_ia/)q2N—L +exp(io/)qL_2N)

j=1
t= = 0.

We will construct a Hamiltonian in terms of the operator ¢(“=2), where the choice of the

variable a will depend on the sector labelled by M. Setting

g = exp(if)
= o+ B(L—2M + 2)
we define
1 L L
H = AL 4+ 2 2
4sin(20) sin(«) 31:[1 %+ 2eos(a) ; %
The Hamiltonian may be expressed as
L
sin(273) ,
H = Z ZN; — sn(a — 27) Z 2k (exp(—ia)dldy, + h.c.) (5)
j=1 k>r

with

L
_ AN —21
dj = bj H q k y
k=j+1

L
d = of T ™, (6)
k=j+1

«, [ are assumed to be real and h.c. denotes hermitian conjugate. Due to the non-local
action of the operators d}, d; they satisfy

djdk = q4dkdj 7>k
did, = ¢ 'dyd j>k
amongst other relations, and therefore can be viewed as anyonic creation and annihilation

operators. By the nature of the above construction, the anyonic Hamiltonian is integrable
as it commutes with all terms in the expansion of the transfer matrix. That is

(H, 9] =0, j=-L,..,L

establishing that the tU) provide a set of conserved operatorsﬁ.
Recall that the derivation of the Hamiltonian was made using a restricted subspace of
the Hilbert space obtained by excluding unpaired states. By noting that the second term

2In principle for integrability to hold one would need to check that the number of independent con-
served operators is not less that the number of degrees of freedom.



in (B)), which describes the scattering of Cooper pairs, vanishes on unpaired statedd it is
straightforward to extend the action of the Hamiltonian to the full 4*-dimensional Hilbert
space. We define anyonic creation and annihilation operators {a} ajr g =1L}
which are defined in terms of the canonical fermion operators through

L
_ 2npe—1
ajo - Cjcr H q 7,
k=j+1

L
aj, = Cj, q “
k=j+1

where nj, = c}acjo. These operators satisfy the relations

{ajo, ajp} ={ajr, ar-} = 0, (7)
{ajo, al,} = 0,1, (8)

Aol = —QUieQjo j>k 9)

a}aakg = —q_lakoa;(, j>k (10)

and those relations obtained by taking hermitian conjugates. The usual fermionic com-
mutation relations are recovered in the limit ¢ — 1. Then the Hamiltonian

: L
1 sin(2 ,
= 55 z (nj++mnj_)— ﬁg 212y <exp(—za)al+al_ak_ak++h.c.)
J=1

k>r

is an extension to the 4/-dimensional Hilbert space which has the same action as (F]) when
the unpaired states are excluded.

Having constructed the Hamiltonian through the QISM it is a standard calculation to
obtain the exact solution through the algebraic Bethe ansatz. We simply present the key
results. Explicit details relevant to the derivation of the formulae below may be found in

[26], 40, 41, [62].

The first step is to identify that the vacuum state |0) admits the properties
Ti(x)]0) = a(x)]0),

T,

Y

T3

=

(
(
(
(

8
~— ~— ~—
~ ~— ~—
RN
=

8

where

L
a(xr) = exp(— H q lrz !t —qr 'z,

L

da) = explic) [[laxz" — g e 2).
k=1

We then look for eigenstates of t(x) in the form

= [T 72w 10

3In standard BCS theory this phenomenon is well-known and goes by the name of the blocking effect,

e.g. see [63]).




where Y = {y;}. Note that

[P (), TY ()] =0

so the operators may be ordered arbitrarily. Using the algebraic relations amongst the
T;(x) operators, this leads to the eigenvalues A(z) of the transfer matrix being given by

[26], 40, 41, [62]

- Y
Az) = exp(— H ¢ ezt — gtz H ?2]
k=1 =TT
L M 9 92 29
. _ 1 q T —qY;
+ exp(ia) H(q:vzkl —q e ) H ﬁ
k=1 j=1 Yj
L M 2 409
= —q Y
= exp(—ia) H(:czk Ytz H R !
k=1 j=1 y]
L M2 4,2
_ T qy
+ exp(ic) H(zzkl —q %z )H 5
k=1 —1 VY

such that the parameters {y;} satisfy the Bethe ansatz equations

L - M 4,-2,2
_ 1- q2ym2zz 1 —q'yn"y;
k=1 j#mM m-Zj

To obtain the energy expression F for the Hamiltonian (f), it is a matter of expanding
the transfer matrix eigenvalues in the Laurent series

giving

L
1
B - AT 2 42 2
4sin(20) sin(«) H % + 2cos(a) Z %

sin?iorzl(—aéﬁ) Z v (12)

We leave to Appendix the computation of the scalar product and correlators for this
model.

From the form of the Hamiltonian () and the definition of the operators d;, eq. (G
one can see that the model parameters can be restricted to the domain 0 < o, f < 7. If
a = 0 the Hamiltonian (5] reduces to

Formally eq. (I2)) yields that the energies are zero. However in this limit the roots y; can
be divergent, such that non-zero energies do occur.

10



It is possible to generalise the above construction in a number of ways. Instead of
using the closed chain transfer matrix construction, one can adopt the open chain version
developed by Sklyanin [58]. In this manner a Hamiltonian is obtained which not only
involves scattering interactions between the anyonic pair operators given by (@), but
also their complex conjugates. A second route is to use different solutions of the Yang—
Baxter equation. An obvious choice would be to employ Baxter’s eight-vertex solution
[7,18]. But this solution suffers from the fact that it is not U(1) invariant which prohibits
the construction of a Hamiltonian which conserves particle number. Beyond this there
are however many known solutions of the Yang-Baxter equation which do possess U(1)
symmetries, particularly those associated with representations of the quantum algebras
U,lg] where g is a classical simple Lie algebra (e.g. see [37]). In principle these can be
applied for the construction of models, which in particular cases will provide anyonic
generalisations of integrable pairing models based on bosonic or fermionic degrees of
freedom.

3 Limiting cases

3.1 Russian doll and s-wave BCS models

An example of a many-body system which admits a cyclic Renormalization Group (RG)
equation analogous to the Glazek-Wilson Hamiltonian (see (I03) of Appendix [A.1]) was
studied in [45]. The many-body Hamiltonian was taken to be the s-wave BCS model with
complex-valued coupling parameter, later to become known as the Russian Doll (RD)
BCS model. The cyclic RG was discovered through a mean-field analysis. Subsequently
in [I6] it was proved that the RD BCS model is integrable, and in [4] the connection
between the Bethe ansatz solution and the RG equation was exposed. Next we will show
that the RD BCS model can be obtained as a limiting case of the anyonic pairing model
([@). Moreover the exact solution for the usual s-wave BCS model, which was first found
in [54], is obtained by performing a second limiting procedure.

We introduce a new variable 77 and define the parameters i, k = 1,..., L and v;, j =
1,..., M through

2 = exp(2Per/n)
y; = exp(2Bv;/n)

and redefine the Hamiltonian () by a simple rescaling and additional conserved term

n
~ sin(20) (H = N)

so the energy expression ([I2)) becomes

M
B nsin(a
 sin(a — 2B sin(20) ; sm

Now we take what is known as the rational limit 5 — 0 to obtain the following expressions
for the Hamiltonian, Bethe ansatz equations, and energy respectively

L L
H = QZngj - GZ (exp(—ia)bib, +h.c.) (13)
j=1

k>r

11



L : M :
, vj —€p —in/2 Vj — Uy — M) ,
exp(—2ia) [T S —2 _ YT 0m T g N 14
( )gvj—€k+zn/2 l;[jvj—vm—l—m (14)
M
E = 2 g vj + GM cos(a). (15)

J=1

where G = n/sin(a). This is the exact solution for the Russian Doll BCS model in
terms of the parameterisation used in [16]. Applying the same limiting procedure to the
expressions ([T2[IT7)) derived in Appendix[A.2yields the wavefunction scalar product and
one-point functions given in [16].

Performing a second limiting procedure to the Russian Doll Hamiltonian yields the
s-wave Hamiltonian. To make this result explicit we implement the following change of
variable & — na and add the conserved quantity —GN to the Hamiltonian ([3]). Taking
the quasi-classical limit n — 0 we obtain from (I3T4IT5])

L L
H = 2) gN;—G> bl (16)
Jj=1 k,r=1
L M
2 1 2
— + = , j=1..M (17)
G ;vj—sk ;vm—vj

M
E = 2) v (18)
j=1

where G = 1/a. Up to a change in notational conventions this is precisely the exact
solution first given in [54].

3.2 The p+ ip-wave BCS model

The Hamiltonian of the BCS pairing model with p + ip-wave symmetry was introduced
in reference [33]

Kk? G , :
H = Z om i — Im (ko — iky) (K, + ik) el e (19)
M, KAk

where ¢y, CL are destruction and creation operators of two-dimensional polarised fermions
with momentum k = (k,, k), m is their mass and G is a dimensionless coupling constant
which is positive for an attractive interaction. We remark that we impose no constraint
on the choice for the ultraviolet cut-off, which we denote as w. Likewise the distribution
of the momenta k is arbitrary other than the assumption that all momentum states arise
in time-reversed pairs k and —k. In particular this means that a one-dimensional system
is obtained by simply setting all £, = 0.

We shall discuss now how this Hamiltonian can be obtained from another limiting
case of the Hamiltonian (B)), which establishes the integrablity of the p + ip-wave BCS
model. The strategy here is to take the quasi-classical limit first, rather than the rational
limit. While this general approach has previously appeared in the literature to construct
integrable Hamiltonians in the context of Gaudin algebras [II, 2, 4] [I5], the connection
with the p 4+ ip model has thus far not been made apparent for reasons we will discuss
below.

12



Introducing the parameterisation

a = —iyt
po= —iwp

and taking the limit v — 0 leads to the Hamiltonian

L L
3 2p 3
k>r

with the Bethe ansatz equations and energies given respectively by

L 22 M y2
—o—dpy St = S
k=1 ym k j;émyj ym
y M
E = —— 2
t—2p,zyj
7=1
Next we set
2p 2

t—2p «a/f—2

in terms of which we have

L L
H = ZZ?NJ—Gszzr (b:[bk+h.c.),
j=1 k>r
Gl L+o2M—1 <~ 1 Mo
Y s = D
U ,;y%—zli ;y%—yi

M
E = (1+G)) v
j=1

To show that (22]) is equivalent to (I9), we first define the Cooper pair operators
EL = CLCT_k, Z;k = C_kCk, Nk = Z;Lgk,
which have odd symmetry (consistent with p-wave pairing):

b= b,  Ne=N_y.

We let K denote the set of momenta where k, > 0 and no restriction placed on k,, so
that we avoid issues with double counting. Excluding the unpaired states and setting

m = 1, the Hamiltonian (I9) takes the form

H = Z 2 N — G Z 2z exp(—ig) exp(id )bl b

keK k#k/eK

(25)

where 2, = |k| and exp(igy) = (k, + ik,)/k*. Performing the unitary transformation

BL = exp(z'qbk)bf{, b = exp(—igk )by

13
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and using the integers rather than k to enumerate the momentum states in the half plane
brings (25) into (I9).

Note that the main results derived for the exact solution of the p + ip model, viz.
[2324]), are functions of the squares of the Bethe roots. Throughout the subsequent
analyses (with the exception of Appendices [B.3 and [B.4]) we will simplify the notation by
making the substitution

Y3 =y (27)

In terms of the original parameterisation, we may now write that the exact eigenstates
of the Hamiltonian (I9) with M fermion pairs are given by

M .
k, — ik
)y =T[Cw)lo), Cw=> 1{27—%1‘ e (28)
j=1 keK y
where the rapidities y;, j = 1, ..., M satisfy the Bethe ansatz equations
M
qg 1 1 1
L4 - =0, m=1,...,M (29)
Yj 2k€ZK+yj—k2 ;Z/j—yz

with 2¢ = 1/G — L 4+ 2M — 1. The total energy of the state (28] is given by

E=(1+G)) v (30)

This limiting case is closely related to other models which have been constructed using
the hyperbolic Gaudin algebras [1l 2, 4], 15]. In fact the conserved operators for the
Hamiltonian (22) which are obtained by taking the quasi-classical limit of the operators
{t(qz;) : j = 1,..., L} are equivalent to those which are discussed in [, 2, 14, 5] with
an important difference due to the coupling parameter of the overarching anyonic model
being defined in a sector-dependent manner. To make this explicit, expressing the leading
term expansion as

g(qzk> ~ 1 = 2py7y
we find

L
22z 2+ 27
B 1 k<l + 1 k l
7= (G = L+2M)N, - <2 2 (bkbz+bkbz)+zz p

— (2N N; — Ny, — Nl)) (31)
Ik %k

k

Besides a constant term, the difference with the conserved operators in [1l 2] [14] [15] is
the M- and L-dependence on the co-efficient of N,. Through the conserved operators we
can write for each sector with fixed M

H = Zz(Tk—M)

@
] =

B
I

1

The eigenvalues A, of the 7, are

V)

2

- 2 T Yj
e = Z 2

[\

i=1
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which follows from taking the leading terms in the expansion of (I09) in Appendix [A.2]
One may check, with the help of [23]), that

E = (1+G)) o

L
> R — M)
k=1
as required.

It is important to clarify here the reason why the conserved operators are said to be
associated with hyperbolic Gaudin algebras. Introducing the scaling parameter v we set

1 1

&= In(z), v = In(y;). (32)

Through this change of variables the Bethe ansatz equations (23]) can be expressed as

% —L2M+ Y coth(v(on —e)) = 23 coth(v(v, — v;)) (33)
k=1 jFEm

and in a similar way the expressions for 7, and A\, can be written in terms of hyperbolic
functions. In this form, we can now take the rational limit to recover the s-wave BCS
model from the p + ip model. We redefine the Hamiltonian (22]) as

H = YH-0+0)N).

v

Then setting G — vG and taking the limit v — 0, 2223124]) reproduce (IGI7IS).

3.3 The Gaudin models

The Gaudin model can be considered as the G — oo limit of the corresponding s- wave and
p-wave models introduced above. In the s-wave model the U(1) symmetry is promoted to
a SU(2) symmetry and the Gaudin model can be regarded as a rotational invariant spin
chain with local spin 1/2 operators S; whose dynamics is described by a set of commuting
operators

R=Y ="—2  [R.,R]=0

These operators are simultaneously diagonalized by the Richardson ansatz in terms of a
set of rapidities ¢; satisfying the G — oo limit of the Bethe ansatz equations (1), namely

L M
1 2 .

E i E P j=1.,N

k=1 4 °k jm M

The p-wave Gaudin model corresponds to the trigonometric version considered earlier
with the commuting operators given by the G — oo limit of the operators 7 defined in
eq. (3I). The corresponding Bethe ansatz equations are given by the G — oo limit of

[29), or equivalently (B3]).

15



4 Analysis of the p + ip model

4.1 Ground-state phase diagram from BCS mean-field theory

To undertake the mean-field analysis of the p 4+ ip model it is more convenient to work
with the Hamiltonian
k? 1 G ; AR WA N |
H = Z 5 OOk~ Z(kx —iky)(K, +ik,) el wew (34)

2m
k kK’

which differs from (I9) only in that the double sum is now not restricted to k # +k’. The
differences between using ([I9) and (34]) will be discussed at the end of Subsection [LT1]
The derivation of the gap and chemical potential equations which give the mean-field
solution of ([B4]) follows now standard techniques which are a straightforward extension of
the original methods of the BCS paper [5]. Here we will only outline the main steps. First
we assume that the number of fermions is even and that in the ground state of the system
all fermions are paired. Our convention will again be to use N to denote the Cooper pair
number operator and M for the eigenvalues of N. The BCS order parameter associated

to (B4) is

A= %Z(km + ik, ) (c_xci)

k

in terms of which the Hamiltonian (34]) can be approximated as

1 A . |A2
H ~ ka e — 1 Z (A (ko — iky)ckel + h.c.) + yrel + M
k k

where & = k?/2m — p/2 and p/2 is the chemical potential. This Hamiltonian can be
diagonalized by a Bogoliubov transformation. By minimising the energy, and fixing the
expectation value of the number of Cooper pairs to be M, it is found that the gap A = \A|
and chemical potential are the solutions of the equations

K> 1
) = = (35)
G2 V= ) KA G
1 1
— OM L+~ 36
g kezm V(K2 — )2 + K2A? G (%)

where we have set m = 1 and 2L is the total number of momentum states below the
cut-off w. The mean-field expression for the ground-state energy is

1 2k? + A? — 2
E0:§Zk2(1— I 2). (37)
rek, 24/ (k2 — )2 + kK2A
The normalised ground state is given by
) = ] (wd + vicleel)0) (38)

keK
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where

NN

1+ K —n
V(K2 — p)? + K2A?

2 1 k? —pu
™ = S (1-
2 V(K2 — )2 + K2A?

and the phases must be chosen such that

(l{ix + iky)A*Uk
Uk

=2E(k)—k*+p

is real. Above, F(k) is the quasiparticle energy spectrum

Ek) = %\/(k2 — )2 + k2A2. (39)

To obtain an approximation for the ground state with a fixed number of Cooper pairs
M, one can take a projection of ([B8]). Writing (B8]) as

_ Uk
U) = ! —ctel 110
) H Uy | eXp Z ukckc—k 10),

keK keK

projection onto a fixed number of M pairs gives

M

)y =1 a(k)cic | 10) (40)

where
v 2B(k) -k +p
u (kg 4 ik,)AF

g(k) = (41)

4.1.1 The Moore-Read and Read-Green lines

By analysing the above mean-field results we can piece together the various phases of
the model. To some extent this has been undertaken in [53], and we will first review
their findings. Then we will extend the analysis to expose a duality that exists in the
ground-state phase diagram.

Following [53], note that the spectrum is gapless at © = 0 as |k| — 0. Furthermore,
the behaviour of g(k) as |k| — 0 depends on the sign of y,

ky —ik,, <0,
a(k) ~ { (ks +iky), > 0.

It was argued in [53] that p = 0 corresponds to a topological phase transition, a subject
we will return to later in Subsection 3] From (B0) it is seen that g = 0 necessarily
implies



Introducing the filling fraction z = M /L and defining g = GL we equivalently have

S ”

We will refer to ([42]) as the Read-Green (RG) line of the phase diagram.
In real space the state ([d0) takes the form of a pfaffian

@b(rla cee 1“2M) = A[ﬂ(rl - 1"2) .. ~@(1“2M—1 - rzM)]

where A denotes the antisymmetrization of the positions and g(r) is the Fourier transform
of g(k). We will refer to the case u = 0 as the Read-Green (RG) state. For 1 > 0 the large
distance behaviour is g(r) ~ 1/(z+iy), which asymptotically reproduces the Moore-Read
(MR) state found in studies of the Fractional Quantum Hall Effect [49] (see Appendix
[B.1l for the derivation of this result and its comparison with the exact wavefunctions in
real space). In momentum space co-ordinates the (unnormalised) MR state of M Cooper
pairs is
M
1
_ Tt
IMR) = | > Tk, Ok 0). (43)

keK

Upon closer inspection of the mean-field equations we find that the MR state (43))
coincides (up to normalisation) with the projected ground state (40) whenever

A? =4y (44)

The result is easily verified by simply substituting (44]) into ([B9MI]). Furthermore, sub-
stituting (44)) into (BHB06) and adding these equations yields

1
M=L—-—
G’
or in terms of the filling fraction
1
r=1——. 45
; (45)

We will refer to (45) as the MR line of the phase diagram. Finally, we substitute (44
into (B7) to obtain

This means that the condensation energy of the state equals the energy of the Fermi sea!

From the above considerations we gain an initial insight into topological properties of
the model. Both the RG line given by (42]), for which the excitation spectrum becomes
gapless as |k| — 0, and the MR line given by (X)), for which the ground-state energy
is zero, hold independent of the choice of distribution for the momenta k. These are
properties of the model that are protected (in a topological sense to be discussed in
Subsection .3]) from perturbations of the system which are reflected by changes in the
momentum distribution.

Both the RG and MR lines can be viewed as boundary lines in the ground-state phase
diagram relative to a duality property of the mean-field solution, which is our next item
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to discuss. First we introduce parameters a and b related to the chemical potential and
the gap by

A? A?
a,b=p——+ Ay — — 47
e Tk (47)
which simply allows us to write the quadratic term under the square root in (BH30) in
terms of its roots:

V(K2 — )2 + K2A = /(k2 — a)(k2 — D).

The parameters a and b can either both be real, or form a complex pair in which case we
denote them as € 0. In either case they satisfy the relation

u? = ab.
We see from ([B7) that in terms of a and b the ground-state energy reads

1 o+ 2k* —a —b
Eo=3 2k <1 2\/(k2—a)(k2—b)) (48)

keK

which is independent of the sign of . On the other hand, the sign of the p coincides, by
eq. ([B4), with that of

1 1
=Llz—=+—]. 49
w=r(o-5+5) (49)
This implies the existence of a duality between phases which we will denote as weak
pairing and strong pairing, adopting the terminology of [53]. Specifically, the two ground
states with filling fractions xy (with g > 0) and zg (with g < 0) satisfying

1
aw +as=1— - (50)
9

share the same values of a,b, g, u?. Besides differing in the sign of u, they also differ in
the values of A. One can check that the required map which preserves (1) is

A? = AT —dpu
po= —p

Finally, from (48]) we see these ground states have the same mean-field energy, and from
[B9) the same excitation spectrum above them.

Taking into account all these considerations, the ground state of the model consists of
three phases detailed in Table 1. In the weak coupling BCS phase where x > 1 —1/g, a
and b form a complex pair parameterized by € and 6. When x = 1 — 1/g, the MR line,
both a and b are equal and real. This line is dual to the vacuum. From (39) the mean-field
solution predicts this line is gapped, so it is not clear at this stage in what sense the MR
line might be considered a phase transition. We shall come back to this issue later on
when we discuss the solution of the model in terms of the Bethe ansatz equations. The
two regions denoted weak pairing and strong pairing, for which the parameters a and b
are real and negative, are separated by the critical RG line where the chemical potential
1 = 0 and the excitation gap vanishes. The RG line is self-dual.
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‘ Phase ‘ a,b ‘ w, A ‘ x

Weak coupling BCS €+1id pu> A%/4 z>1—g !
Moore-Read line a=b=—pu w=A%/4 rtyr=1—g !
Weak pairing a<b<0 |[0<pu<A?/4a|(1-ghH2<z<l—9g!
Read-Green line a<b= =70 rre = (1—-g71)/2
Strong pairing a<b<0 <0 r<(1—g1)/2

Table 1: Phases of the p + ip model in terms of the mean-field variables u, A, a, b.
To solve the mean-field gap (BH) and chemical potential ([B6]) equations for the case
of large L it is useful to undertake a continuum limit whereby the sums are replaced by

integrals. Making the change of variable £ = k? /w we introduce a density function p(&)
with the choice of normalisation
1
/ dép(é) = 1.
0

The densities are chosen as
(51)

which corresponds to free fermions in one dimension (1D), and
ple) =1 (52)

for free fermions in two dimensions (2D). The integral approximations of (BE30) are

LR S 11O (53)
g 0 (€—a)(e—0b)
_1 i = ab e P
2" 2 ‘ \/7)/0 e (54

where @ = a/w, b = b/w. From (B7) we obtain the ground-state energy per pair as

0 = ld{—:ep()(l—Q 2e—a-) ) (55)

2

The integral equation approximations become exact in the thermodynamic limit L — oo,
which requires that G — 0, M — oo in order for ¢ = GL, x = M/L to remain finite.
Solutions of (G5354) are given in Appendix [B.Il Numerical results are presented in Figs.
and [ below.

To conclude here, we turn to the comparison between the Hamiltonians (I9) and (B4]).
Excluding the subspace of unpaired states we have

HG) =1+GH(G/(1+G))

which shows that H is equivalent to H up to a scaling factor 1 + GG and the redefintion
of the coupling G — G/(1 + G). For systems with an even number of fermions, the
mean-field ground states of H and H are equal in the thermodynamic limit since we take
G — 0.
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4.1.2 The Volovik line

The energy gap between the ground and first excited states is the minimum of the quasi-
particle excitation energies as given by ([B9). In order to make comparison with later
results for finite-sized systems where the total fermion number is fixed, we will consider
an elementary excitation to be associated with two quasiparticle excitations. From (39)
we find that the gap gy, is

|1l p< A2,
Egap

\/A2 (A — A2), u> A2,

For ;1 > A?/2 the quasiparticle energy has a minimum at a non zero momentum k
different from zero, while for ;1 < A?/2 the minimum is achieved at k = 0. This situation
is reminiscent of the Higgs transition that takes places for a scalar field with a quartic
potential [61]. For this reason we call the case ;1 = A?/2 the Volovik line in the p+ip phase
diagram. In this instance eliminating A from the gap and chemical potential equations

BABa) gives

1

Z _ oM -+t

keK, Vk4+r“ G

Further eliminating the 1/G term we obtain the equation of the Volovik line

kZ—p
:17—— 2LZ N (56)

which lies in the weak coupling BCS phase. In contrast to the RG (@2) and MR ({5
line equations, the Volovik line is dependent on the distribution of the momenta k and
consequently is not topologically protected. In the continuum limit the equation (56
reads

1 1/1___ E— i
r=—-—= dg p(&)—— 57

which relates the filling fraction x with the value of the normalized chemical potential f.
In 2D the gap equation (53) becomes

éz—ﬂ+\/1+ﬁ2

which can be easily inverted to yield ji as a function of g. Plugging that result into the
integral of (&1 gives the Volovik line for the 2D model

1 g+g‘1+2)

1 _
x=—<1—91+§(9—91)10g (58)

2 g—g7!

In 1D the gap equation (53]) yields

L_ 1, (137 1
9—3/1 2,1 274747 /12
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Weak Coupling BCS phase ———
Weak Pairing phase ===
Strong Pairing phase ———
Volovik %ine 2D ——

Volovik line 1D ----------
Moore-Read line ———
Read-Green line ===«

T 1/2 S

A\

‘L;\

1/g

Figure 2: Ground-state phase diagram of the p + ip model in terms of the inverse coupling 1/g and
filling fraction # = M/L. Phase boundaries are given by the Read-Green line (u = 0) and the Moore-
Read line (u = A?/4). The phase boundary conditions are independent of the choice of the momentum
distribution, and independent of the ultraviolet cut-off. Also shown are the Volovik lines corresponding
to 1D and 2D momentum distributions.

which together with the integration of (&) gives

1 115 1
= (1-g '+ 5 (-2 =
x 2( g + 2,1 (472747 /12))

which is the equation of the Volovik line in 1D. In Fig. 2l we depict the Volovik lines, of
the 1D and 2D models, on the the phase diagram of the p 4+ ¢p model. One can see that
they lie close to the MR line although do not coincide with it. As explained earlier the
Volovik line depends on the choice of the energy level density p(¢), while the MR and RG
lines are independent of it.

4.1.3 Fidelity susceptibility

The notion of fidelity has been adopted in a variety of ways to characterise quantum
phase transitions [65, [68]. Here we focus on one such formulation, which is the fidelity
susceptibility [28].

The fidelity susceptibility yr is defined as

B dV | d¥ B A v U d¥
X = \da | dG aG aG /-
For the mean-field wavefunction this reduces to

B dipx | di \ duy \ > do \
v - Tlale) - 2 (@) (@)

keK keK

The derivatives of uy and vy with respect to G can be computed in terms of

dn _ i _

dG—C, E_d
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Figure 3: Mean-field order parameter, A, and chemical potential, y, solution of the gap and chemical
potential equations in 2D for filling fractions = 1/4,1/2 and 3/4, vs. g. The rectangles over the curves
indicate, from left to right, the Volovik, Moore-Read and Read-Green points (x = 1/4); the Volovik and
Moore-Read points (xz = 1/2), and the Volovik point (x = 3/4).

1.2

0.8 |

0.6

Egap

04

0.2

Figure 4: The mean-field energy gap Egap versus coupling constant g for a 2D momentum density
distribution as given by (52)). From top to bottom the curves shown correspond to the filling fractions
x = 3/4, 1/2, 1/4. The squares over the curves indicate, from left to right, the Volovik, Moore-Read, and
Read-Green points respectively.

which never vanish for G > 0, as can be seen from Fig. 3 Now

(&) + () - alotdocnr

In the mean-field theory gapless excitations occur when ¢g = = 0. Now

i T | (F0) (Ao
05050 |\ dG G -

This indicates the fidelity susceptibility is divergent on the Read-Green line. The expres-
sion of xr in the continuum limit is given by
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Figure 5: Plot of the mean-field fidelity susceptibility (59) as a function of the coupling g for z = 1/4.
The 2D momentum distribution (52)) is used and the fidelity susceptibility is in units of L. The singularity
at g. = 2 is apparent. Arrows indicate from left to right the Volovik, Moore-Read, and Read-Green points
respectiveley. The inset emphasises the logarithmic character of this singularity, with the distance to the
critical point g. shown on a logarithmic scale. The two data sets correspond to both cases g > ¢. and

9 < G-

L3 Y TeA+dEe-p) ]’
XF - Z 0 dE p(g) € [(E _ /1)2 €AQ:| (59)
where p A
[ B _
— = — =d.
dg —© dg

In Fig. Bl we plot xr as a function of g for z = 1/4. The results show a logarithmic
divergence at the Read-Green point g. = 2, reflecting that the model is critical here.

4.2 Analysis of the Bethe ansatz equations in the continuum
limit
4.2.1 The electrostatic analogy

For the s-wave BCS model, the relationship between the mean-field gap and chemical
potential equations and the exact Bethe ansatz solution was first explored by Gaudin
[23]. This was achieved by use of an electrostatic analogy, whereby the Bethe ansatz
equations represent the equilibrium conditions for a two-dimensional system of fixed and
mobile charges. Further studies along this line for the s-wave case can be found in [55] [56].
Our aim below is to extend this approach for the p + ¢p model. In the general framework
of exactly solvable models based on hyperbolic Gaudin algebras this type of study has
previously been conducted in [I]. There the mapping from the hyperbolic form of the
Bethe ansatz equation such as ([33) to a set of algebraic equations was implemented by
a change of variable. However this change of variable is not the same as ([B82), so the
algebraic form considered in [I] is different from (23)).

Taking into account the change of notational conventions as described by (27]), let us
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write the Bethe ansatz equation (23] as

2

lym_zk

m=1,...,.M (60)

N —

L
k= j;ém

where ¢q is given by ([@9). This equation admits an electrostatic analogy associating —1/2
charges at the fixed positions 27, a —qg charge at the origin, and mobile +1 charges with
positions y;. With these assignments (60]) amounts to the vanishing of the total electric

field acting on the charge y,,. The continuum limit of (60) is given by (we shall follow
the conventions of references [23] [55]):

/dp - /|d —0, Vel (61)
Q €U

where Q = (0,w) denotes the interval on the real line where lie the energy levels which
can be associated to a negative charge density —p(e) such that

/Owdap(e) = g

The function r(y) denotes the charge density associated to the roots y,, which lie on an
arc [' of the complex plane. It satisfies

/Idy\ r
I

while the energy (24)) in the continuum limit is given by

/F dyl y r(y) = E. (62)

For the ground-state roots the topology of the arc I' depends crucially on the domain of
the phase diagram one is exploring. In each phase I' consists of the union of several types
of arcs whose properties are given in Table 2. Table 3 displays the arcs associated to the
different phases of the model. We shall first comment on the results contained in these
tables and will give the derivation later.

An arc of type I'4 is a segment of the real line (0,e,4) which is contained in the real
interval Q. At G = 0, all the roots y,, associated to the ground state lie on I'4, where
€4 = p only depends on the filling fraction x. When the coupling is switched on, g > 0,
the roots closer to the Fermi level form a complex arc I'g parameterized by its end points
a,b = e +19, and which cuts the real axis at €4 whose value has also changed slightly. In
the weak coupling BCS phase, I" is the union of the arcs I'y and I'g. This type of arc is
the familiar one encoutered in the solution of the s-wave model [23 55]. As g increases,
the arc I'g enlarges and bends towards the negative real axis. At the Moore-Read line
the complex arc closes and is denoted by I'c. This arc cuts the real axis at €4 > 0 and
a = b < 0. Some real roots may still remain, so that I" at the Moore-Read line is the union
I'4UT'¢. In the weak pairing phase the closed arc I'c remains but there appear some new
roots on the negative real axis forming the open arc I'p = (a,b). Hence I' = ', UT«UTp.
As g increases further, the closed arc I'¢ shrinks and I'p becomes larger until g reaches
the Read-Green line, where I'c disappears. Finally in the strong pairing phase there are
only negative real roots. In Fig. [0l we display the types of arcs depending on the region
of the phase diagram together with the exact numerical roots.
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Figure 6: Representation of the electrostatic arcs in several regions of the phase diagram. The roots of
the Bethe ansatz equations for L = 64 and M = 16 are also shown. For the four smaller figures, the same
horizontal scale is used which is shown explicitly for case (d). Cases (a) and (b) have the same vertical
scale, as do cases (c¢) and (d). We note that while the roots lie close to the electrostatic arc in cases (a),
(c) and (d), the agreement is not as good in case (b) which lies near the Moore-Read line.

‘ Type ‘ Reality ‘ Topology ‘ Parameters ‘ Meaning ‘

s real open (0,e4) € Q | Fermi pairs
' | complex open €+id BCS pairs
I'c | complex | closed €q,a =0 BCS pairs
I'p real open (a,b) £ Q | BEC pairs

Table 2: Classification of the arcs containing the roots of the Bethe ansatz equation (GI)).

‘ Phase ‘ r ‘
Weak coupling BCS r'4ulp
Moore-Read line 'yule
Weak pairing Ir'yul'cul'p
Read-Green line I'p
Strong pairing I'p

Table 3: Structure of the electrostatic arcs in the different phases of the p + ip model.

Next we consider the solution of (6]]) in the different regions of the phase diagram.

4.2.2 Weak coupling BCS phase

In this region I' = 'y UT'p, where 'y = (0,£4), €4 < w and I'g is a complex arc with
end points € +7d. In the continuum limit, the roots belonging to I'4 lie between the z7.
Recalling that the charge associated to the y,, is +1, while that associated to the 27 is
—1/2, one finds that the effect of the arc I'4 can be taken into account by writing (GIl) as

€A w /
—/ 4= L) +/ 4= L) —@—P/ \dy'| C(y) =0, Vy ey (63)
o =y Jo, -y y vy Y~y

To solve this equation we introduce a function h(y) which is analytic outside I'g, Q2 and
0, and has a branch cut on the arc I'g, such that
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) Myl = 5=(he () ~ b)) dy, €T (69

1
where h(y) and h_(y) are the limiting values of h(y) to the right and left of I'g. The
appropiate ansatz for h(y) is

) = () | [ a2 - 9] (65)

ey ¥

where

R(y)=/(y—a)ly —b) =/ (y — €)* + &2 (66)

such that R(e) is positive on the interval (wa,w) and negative on (0,w,4). In particular
R(0) < 0. Using (64]) one can write the last term of (G3]) as

p/r |dy/‘M:/L dy’ h(y) (67)

v —y 2Ty —y

where Lp is a counterclockwise contour surrounding I'g. Plugging (63) into (67)) and
deforming the contour Lg around €2, 0 and oo one finds

[l M) [ R [ R QRO [y g

52Ty —y E—y N €E—Y Y

The solution of the electrostatic equation (63) is obtained with the choices

pe) o © o pe) 90

GRY E A A = R ) o)
Observe that the last equation in (68]) coincides, up to a rescaling of the variables, with
the chemical potential equation (54)) (use |R(0)| = vab = |p|). In the s-wave model the
analogue of (G8) provides the gap equation. However for the p + ¢p model the roles of
the gap and chemical potential equations are reversed. To find the gap equation from the
electrostatic model one has to compute the number of roots on the arc I':

M = |@ww+/

s I'p

|@ww=2lmkma+/“f%mw (69)

Ly 2Tl

Plugging (60) into (69) and deforming the contour Lg as done above, one finds

1 / Y crle)

26 Jo (e — €)% + 62
where we have also used (68]). This is the gap equation (G3]). The energy of the solution
can be computed from (62)
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A dy
E =/ ldyl y r(y) +/ ldyly r(y) = 2/ de € p(e) +/ 5 ¥ 1Y) (70)
I I's 0 Ly <Mt
As in the case of equation (G8]), we substitute ([63]) into (70) and after the contour defor-
mation of Lg one finds

E= /Ow de p(e) € (1 — C E_;)Z = 52) (71)

in agreement with (BH). This formula is similar to the one found for the s-wave model
except for the fact that is missing a constant term —4§%/4 corresponding to the conden-
sation energy [23] [55]. Finally, the equation for the arc I'p is given by the equipotential
equation

Y
RU dy'h(y@}:o, yers

0

while the density of roots is

)= by, yeTs

4.2.3 Moore—Read line

This case is reached when the arc I'g studied in the previous subsection closes, i.e. § = 0,
so that @ = b = e. The function R(y) defined in eq. (G0) becomes R(y) =y — a, so it no
longer has a branch cut. To find the closed arc I'¢ one introduces an analytic function
s(y) satisfying

r(y) |dy| = s(y) dy, yeTle.

The Bethe anstaz equation is similar to (G3)), i.e.

EA w /
—/ 4= L) +/ g 28) —@—P/ \dy'| Tl(y) —0, Wy eTlc (72)
0 €E—Y ea €Y Yy T'c Yy

where €4 is the point where I'c cuts the positive real axis. The analogue of (7)) is

r(y’ sy
P ay) 2 [ av W) (73)
I'c y -y I'c y -y

where I'¢ is the counterclockwise contour containing the complex roots. To solve (72) we
choose the following ansatz

s(y) = — [ /Q e 8 @] (74)

i E—yY y
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which is motivated by the two level s-wave model where the roots form a closed loop
when the coupling constant is less than half the distance between the two levels [23] [55].
Introducing ([74)) into ([73]) one can check that (2] holds (we use that ch dy'/(y' —y) =im

for y € I'c). The total number of roots M is given by

EA 1
M:2/ dsp(s)—l—/ dy s(y) =29 — z=1——
0 I'c 9

which shows that the criterion for the Moore-Read line is reproduced. The chemical
potential equation is equivalent to the vanishing of the potential s(y) at the point a
where ' cuts the real axis, i.e.

do = —a/o dsgp(_g)a <= s(a) = 0.

The latter condition follows from continuity of the weak coupling case since the density
of roots on the arc I'p also vanishes at the end points.
The equation of the arc I'¢ is given by

I [ I s(y’)] —0, yeTe (75)

Yo

where 1, is a point of I'¢ which can be taken as a. Doing the integral one finds

Re UQ dep(e) log (;__50) — qlog i] — 0. (76)

In 1D this equation becomes, in normalized variables (i.e. y — wy)

o (20) om0 +m () - o]

while in 2D it is

1 1 —1 1
Re [—ylog (1——) + 1o log (1——) +log<y ) —(1——)log£] =0.
Yy Yo Yo — 1 g Yo

These eqs. have two real solutions, corresponding to the intersections points of IT'.
with the real axis: yo = a/w and y = £4/w. The total energy can be computed in a way
similar to eq. ([Z0) and the result is

ca
E:2/ daap(a)—l—/ dy y s(y) =0,
0 L¢o

which agrees with the mean-field result ([#6]). This result can also be obtained as a limit
of eq.([T]) by setting 6 =0 and e = a < 0.
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4.2.4 Weak pairing phase

This is the most complicated phase concerning the structure of the arc I' which consists
now of three pieces, ' = 'y UT'c UTl'p, where I'y = (0,¢4), I'p = (a,b) and I'¢ is a closed
arc that touches the points eg = b and £4 on the real line. Combining the results of the
two previous cases we introduce a function h(y) associated to the open arc I'p

mmszﬂlﬂwﬁﬂ—Q] (77)

ey ¥
and a function s(y) associated to the closed arc I'¢, i.e.

st) = oty | [ - 2], (78)

T E—y Y
where

Rly)=+vy—a)y—>), a<b<0

which is always positive for ¢ € Q. The electrostatic equation (61l reads,

€A w d/h / !
_/ d&.p(a)+/ dgp(a)_q_o:/ i/(y)+/ dylsl(y)’ yeTo or T
0 e—y Jo, €e—-y vy Lp 2™y =y Jo. Y -y

and it is solved by the ansatze ([T, [[8) provided

and

“ . ple) _ Qo
/0 dE% =—-Q= RO (80)

The last equation coincides with the chemical potential equation (54]) since u = R(0) =
ab > 0. On the other hand the gap eq.(53)) is obtained from the counting of the number
of roots M

M:2/0€Ad5p(5)+/rcdys(y)+/LD%h(y):>/0wdg (Ejp;;:‘()g_b) :%.(81)

The total energy is given by

E = Q/OEAdsgp(e)+Acdyy8(y)+/ ﬂyh(y)

Ly 27l

I _e—(atb)/2
= /Odap(€)6<1 (5—a)(5—b)> (82)

which coincides with (B3)). Finally the equation for the closed arc I'c is the same as (73]
with s(y) replaced by ([[8). The results obtained so far must reproduce those found ealier
for the Moore-Read line. Indeed, if a — b, one can check that the function s(y) given in

([78) coincides with (74).
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4.2.5 Read—Green line

This case can be obtained from the previous one taking the limit b — 0. One can easily
prove that the number of roots on I'y and I'¢ is zero so that all the roots lie in the open
arc I'p. The gap and chemical potential equations and energy are given by (RORTIR2I)
setting b = 0. The criticality of this line can be seen from the fact that the function
R(e)/2, which is the mean-field energy of the excitations, vanishes as /e o |k| when
|k| — 0. Note that this also means that the density of roots is divergent at the origin, as
can be deduced from (7).

4.2.6 Strong pairing phase

In this case all the roots lie on the open arc I'p = (a,b) belonging to the negative real
axis. As in the weak pairing phase we introduce the function h(y) given by ([{17), so that
the electrostatic equation becomes

/dgp(f)_@:/ dy' hy') yeTy,
0

-y Y Ly 2miy —y’

The solution of this equation is provided by

and

lq]
/980(5) =-Q= W

Notice the change of sign of the equation for () as compared to (79). Computing the
number of roots on the arc gives the gap equation:

1 w
[T ep(e)

26 Jo (e—a)e —b)

The total energy is given by

E = /LD % y h(y) = /Ow de p(e) e (1 _ 5(;£aa%)-(:)126)> .

4.3 'Topological properties of the ground state

4.3.1 Dressing and duality

Above we established, through use of the electrostatic analogy, that the continuum limit
of the Bethe ansatz equations for the ground state is in agreement with the mean-field
solution. However with reference to Fig. [6 we see a noticeable discrepancy between the
theoretical arc and the position of the roots near the Moore-Read line. Here we re-examine
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the Bethe ansatz equations in the case of finite-sized systems to clarify some subtle issues
about the nature of the ground state. Using an algebraic approach we will introduce the
concept of dressing of states, which gives a different perspective on the duality that was
seen in the mean-field analysis.

For a generic splitting of the set of roots Y into nonintersecting sets Y’ and Z such
that Y =Y’ U Z, we can express the Bethe ansatz equations (23] as

L
Gl'—L+2M -1+
Zym -
2Ym 2
B Z y_ T y_ > Ym €Y’ (83)
Ui €Y A ym Ym — Yj y, €2 Ym — Yj
Gt '—L+2M—1+ Z
k=1 ym - k
2y QW
B Z ?/_ .+Z y_ 5 Ym € Z. (84)
Ui €EZ,y A Ym Ym — Yj = Ym — Yj

Setting |Y’| = M’ and |Z| = P we take the sum over elements in Z in (84) to give

PG —L+2M—1)+ Y Z

ymeZ ket Im T zk
2Um, 2Um,
yj€Z7ym€Z,yj7éym m J yjeYlvymEZ m J
2Ym
—PP-1)+ Y Y (85)
Ym — yj

ijY/,ymGZ

Suppose that at some limiting value of G we have

Ym # 0  forall y, €Y',
Yn = 0 forall y,, € Z.

Taking note that M’ + P = M equation (8H) informs us that
P=G'-L+2M = P=L-2M -G, (86)

while from (B3]) we obtain

G L+2M—1+Z = > 2Ym +2P, yn €Y’
=1 Ym — k U €Y YA Ym Ym — yj
L 2
= G L+2M’—1+Z = ¥ Im_ oy EY (87)
p Ym = Ui EAY;#Ym Ym = Yj

Equation (&7 is simply the set of Bethe ansatz equations for a system of M’ Cooper pairs.
The above calculations suggest that given such a solution set Y, we can augment it with
P additional roots which all have zero value to obtain the solution set Y, provided that
P is given by (8d]). It is important to check that this solution set is indeed valid for there
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are known examples where the roots of the Bethe ansatz equations must be distinct, most
noticibly the repulsive Bose gas [36].

A fairly straightforward calculation, using proof by induction, leads to the following
commutator identity for H in the form ([22)

[H, C*(0)] = PQ'C"'(0)(GL —1— GP —2GN) (88)

where

L
Q= > bl
k=1

If we partition the Hilbert space of states into subspaces defined by the eigenvalues M’
of the Cooper pair number operator IV, there exists a subspace on which the commutator
([B8) vanishes whenever P = L — 2M' — G~ which is precisely equation (8G)). That is to
say given any eigenstate |¢(Y”)) with M’ Cooper pairs, we can construct a new eigenstate
p(Y)) = CF(0)|¢(Y)) of M = M’ + P Cooper pairs and the same energy as |¢(Y"))
provided (B6]) holds. Whenever this is the case we say that the state |¢(Y)) is a dressing
of the state |¢(Y”)).

To explore in more depth the consequences of this result, we first note that P must
necessarily be a non-negative integer. In terms of the filling fraction ' = M’/L, non-

negativity of P implies that
, 1 1
r<-(1--
2 g

so that the state |¢(Y”’)) belongs to the strong pairing phase. Letting © = M/L =
(M’ 4 P)/L denote the filling of the dressed state we find

r4+a =1- !
g
which is simply the duality relation (50]) obtained from the mean-field theory. We can
immediately conclude that [¢(Y')) belongs to the weak pairing phase. However one signif-
icant point about this derivation of the duality is that it only applies in particular cases
when the coupling ¢ is rational. This aspect has some ramifications to which we will
return later.

For the moment, we will consider a simple example of dressing. Starting with the
sector of the Hilbert space where the number of Cooper pairs is zero there is only one
state, that being the vacuum |0). We can dress this state with M additional Cooper pairs
where, by equation (86), we must choose

M=P=L-G™ (89)

There is no reason yet to expect that the dressed state will be the ground state in the
sector with M Cooper pairs. However we do recognise that (89]) is precisely the equation
of the MR line (3] found from mean-field theory, for which the mean-field ground-state
energy is zero. The dressed state will have the same energy as the vacuum, which is also
zero. Performing the dressing gives us



which is precisely the MR state ([43]). Recall that the projected mean-field wavefunction
gives the MR state as the ground state on the MR line with zero energy. We can show
that this is indeed the ground-state. In fact, in all instances dressing a ground state in
the strong pairing phase leads to a ground state in the weak pairing phase, which we now
show follows from the Perron-Frobenius theorem.

By adding an appropriate constant term to (22 we obtain an operator with strictly
negative entries for each sector of M’ pairs. The Perron-Frobenius theorem tells us that
the ground-state vector of this operator can be normalised such that all components of
the vector are strictly positive. Applying the dressing operator C(0) with P given by
([B@) to the ground-state of M’ pairs leads to an eigenstate of (22) in the weak pairing
phase, which also has strictly positive components. By the Perron-Frobenius theorem,
this must be the ground state in the weak pairing phase for M’ + P pairs.

It is of importance to compare this result with the previous discussions of the solution
in the thermodynamic limit described in Subsection There, it was concluded that
on the MR line the ground-state roots formed a closed arc in the complex plane. In the
finite system, we have now found that all ground-state roots are zero on the MR line. In
both instances the ground-state energy was found to be zero. One way to resolve this
apparent contradiction would be to suggest that the assumption used in Subsection 2]
viz. that in the thermodynamic limit the ground-state roots form a dense arc in complex
plane, was not valid. To investigate this matter further we next turn our attentions to
the numerical solution of the Bethe anastz equations.

4.3.2 Numerical solution of the Bethe ansatz equations for finite systems

First we will discuss the behaviour of the roots in the three different regions. Later
we will discuss properties across all regions. The numerical solutions of the Bethe ansatz
equations are obtained starting from the initial condition y,, — (1+G)k* (m =1,..., M)
as G — 0, with the k chosen to fill the Fermi sea. As ¢ increases, the roots y,,, closest to
the Fermi level become complex pairs. When ¢g approaches the MR-line the roots bend
towards the origin, and at the value x = x)/r all the roots collapse onto the origin. At
larger values of g one enters the weak pairing phase where all the roots are non-zero,
except at some rational values of g where a fraction of the roots collapse again. Finally,
in the strong pairing regime all the roots become real and they belong to the interval
(a,b) on the negative real axis. The RG-line is obtained when b = 0, in which case the
quasiparticle energy (B39) becomes gapless.

In the weak coupling regime the parameters a, b appearing in (A1) give the end points
of the complex arcs shown in Figs. [(a) - [[(d) for the 1D and 2D models (recall Table 1).
On the MR line a and b become real and equal, giving F = 0 from (48)), and the complex
arc closes satisfying eq. ([70)).

Fig. [(e) shows how the roots approach this closed arc for increasing values of M at
g=199 and z =1/2. For g =2 and = M/L = 1/2 (MR line) all roots collapse to the
origin in any finite system. The continuous arc is the solution of eq. (7@) corresponding
to g = 2,z = 1/2, where L — oo is taken before ¢ — 2. However the exact solution
of the Bethe ansatz equations (29) is y,, = 0,Vm, exactly giving the Moore-Read state
[49] C(0)M|0) which also has total energy E = 0. In Fig. [I(f) we plot the real part
of the Bethe ansatz equations roots for a 2D momentum distribution in a system with
M = 8,L = 32. The Moore-Read points, in which all the roots collapse to zero, are
clearly noticeable. This fact presents a paradoxical situation where the thermodynamic
limit does not commute with the limit where the coupling g approaches the MR line from
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the weak coupling BCS phase.

In the strong pairing phase we expect from the calculations in the continuum limit
that the ground-state roots should be real and negative. Moreover, the Perron-Frobenius
theorem indicates that there can only be one such set of roots with this property. This
fact makes the numerical analysis of the ground-state roots fairly efficient in the strong
pairing phase, since the solution converges quickly to the unique real and negative solution
set. In all instances we considered we always found a numerical solution set of real and
negative roots in this phase.

To illustrate the results for this phase we define the discrete root density to be

1
") = B D )

(90)

which we have plotted in Fig. [ for a system with L = 450 and M = 150. The results
compare the cases ¢ = 3, the Read-Green line, and g = 20. As discussed in Subsection
the continuum limit of the Bethe ansatz equations predicts a divergence in the root
density at the origin when the coupling is on the Read-Green line. The numerical results
support this picture with the value of the root density at the origin for g = 3 several times
larger than for g = 20.

In Fig. @ we plot the exact and mean-field energy of the ground state of a 2D system,
showing results for the two filling fractions z = 1/2,1/4. Observe that at the MR coupling
the exact and mean-field energies coincide, i.e. £ = 0. For x = 1/4 there is a departure
between the exact and mean-field results in the strong pairing phase, which disappears
for large systems.

In Fig. [0(a) we plot the expectation values of the Cooper pair density (N,) (using
[I7 in Appendix [A.2). In Fig. [[0(b) we plot the exact and mean-field values of the the
fluctuation parameter C' defined as

3TN = (N))?). (91)

Jj=1

C:

SIS

In both of these instances there is reasonably good agreement between the mean-field and
the exact results.
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Figure 7: Real and imaginary parts of the roots of the Bethe ansatz equations in several regimes for
several values of the coupling constant g. In the cases (c,d,e) the corresponding electrostatic arcs are also
shown: (a) 1D model, M = 31, L = 62, (b) 1D model, M = 16, L = 64, (c¢) 2D model, M = 31, L = 62,
(d) 2D model, M = 16, L = 64 (e) 2D model, g = 1.99, M = 8,14,31, L = 2M. Notice that the MR point
is g =2, x = 1/2. (f) Real part of the Bethe ansatz equation roots for 2D momentum distribution with
M = 8, L = 32. The range of g covers both the weak pairing and strong pairing phases. The dressing
points, in which some of the roots collapse to zero, can be seen to occur at regular intervals between
gMR = 4/3 and JRG = 2.
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Figure 8: Discrete root densities as given by (@0) for L = 450 and M = 150. The momenta have been
chosen as |k| = m, m = 1,...,450. The left graph shows results for the coupling choices g = 10, 15, 20,
which correspond to the strong pairing phase. The support of the discrete root density lies on the negative
real axis, and in each case the maximum value does not occur at the endpoint. For comparison, the right
graph shows analogous results for ¢ = 3 corresponding to the Read—Green line. Here the maximum value
of the discrete root density occurs at the endpoint of the support at y = 0. Note also the different scale
for the vertical axis.
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Figure 9: Comparison between the exact and mean-field ground state energy in 2D for z = 1/2, M =
14, L = 28 (left) and © = 1/4, M = 16, L = 64 (right). The arrows indicate, from left to right, the values
of the coupling g corresponding to the Volovik, Moore-Read and Read-Green lines. For z = 1/2 the latter
point is absent.

4.3.3 A zeroth-order quantum phase transition

We have already observed that the MR line has the peculiar property that the behaviour
of the roots of the Bethe ansatz equations in the limits ¢ — gygr, L — oo depends
on the order in which the limits are taken. Another curious property of the MR line is
the discontinuity of the ground-state energy F(g,z) in the thermodynamic limit as the
filling fraction = approaches the value x);r from the weak pairing region. To derive this
result, for finite L. we take the one-pair state and dress it to give the dual GS in the weak
pairing region. The filling z; of the dressed state is given by (B0), setting z;; = 1/L,
i.e. x; = xpp — 1/L, which approaches ;g =1 —1/g as L — oco. Since the MR pairs
carry no energy, the ground-state energy of the dressed state coincides with the one-pair
energy. To compute this energy we consider the Bethe ansatz equation for one Cooper
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Figure 10: a) Cooper pair expectation values of the n-th level, (N,,), for a 2D momentum distribution
system with M = 24, L = 48, for several values of g. The values of g corresponding to the weak coupling
BCS phase. The mean-field counterpart of this magnitude is also shown for each value of g and z=1/2
(continuous lines). (b) The parameter C' as given by ([@1l), measuring fluctuations of the expected value
of the ocupation number is plotted as a function of g. Results are shown using the roots of the Bethe
ansatz equations for a M=8, L=32 system, and for mean-field case in the continuum limit with = 1/4.
The arrows indicate the Volovik, Moore-Read and Read-Green points.

pair and take the continuum limit (i.e. eq. (29) with M = 1). For simplicity we take the
momentum distribution to be that for free particles in 2D, i.e. p(¢) = L/w. This leads to

1 Y 1 “de 1
L———1= —1--= - .
G 2 y—k? g 7 /0 wy—e
This equation has a unique negative energy solution y < 0 satisfying

g w Yy—w

which we denote as y = £(g). From here one derives the aforementioned discontinuity on
the MR line zp;p =1 — g1,

Jim E(g,z1) = £(9) # E(9,2mr) =0

which may reasonably be termed a zeroth-order quantum phase transition. We note
that in thermodynamic systems analogous zeroth-order transitions have been discussed
in [10, 13} .

All of the above considerations point towards the MR line signifying a phase boundary
which has significantly different properties to the RG line. In the latter case, both the
excitation spectrum is gapless and the mean-field fidelity susceptibility is divergent. These
are not properties associated with the MR line.

4.3.4 Winding number of wavefunctions

Here we formulate a description of the three phases in terms of the ground-state wave-
function topology. To this end we will use a winding number approach.
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Let us consider a continuous map S? — S?, given by a function g : (X,Y) — (gx, gy)
where (X,Y") and (gx, gy) are the stereographic coordinates of the spheres. The winding
number is defined as

1 dgx dgy 1/ 0J(gx,08y) 1
P = = dX dY 92
v 7&/0+ﬂ§+9%2 T Jge IX,Y) (1+g%+97)° 62

The function % is the Jacobian of g. An alternative way to write (92) is
L 0g0g dgdg) 1
=— [ dXdY | -2 - —— | ————— 93
R /Rz <8z 0z 0z0z) (1+ gg)? (93)

where g = gy +igy and z = X +1Y.
To start, we consider the exact eigenstate of (I9) for one Cooper pair, as given by (28]).
In the limit L — oo with one Cooper pair there are only two ground-state phases, the
weak coupling BCS phase and the strong pairing phase, with the transition point given
by g = 1 at which the ground-state energy is zero. In first quantized formulation we have
that the momentum-space wavefunction is
MMZﬁ;Z%

where £ denotes the energy. In terms of the complex variable z = k, + ik, the Jacobian
is given by -
Ogdg Ogog (22)2 — EFE

T 020z 020z (22— E)2(z2—E)

The winding number is then obtained as

1 e
w = 7T/RQOHC“"/’ dky[22+(zz_E)(zz—E)]2

o0 uw?— EE
- / M (BB
_{u—(E—l—E)u—i—uszEE .

o0

which yields

1 E=0,
w_{O,E#O (94)

In this manner we find a topological change in the wavefunction when the energy is zero,
or equivalently g = 1, consistent with the phase diagram Fig. 2l However in both the weak
coupling BCS phase and the strong pairing phase the wavefunction topology is trivial.

It is useful to contrast the above with the analogous result for the mean-field wave-
function. Up to a factor of A* which can be omitted, we have from @ETET)

e(z,2) —zZ+
P Y

9(z,2) = e(2,2) = /(22 — a)(2Z — b)

where ;2 = ab. The Jacobian is given by

1

=

a+b)zZ —2ab —2p e(2, %)) — (22)* (222 — a — b — 2e(z, Z))z] :
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We have found numerically that

1, p >0,
w=4q af(a—1), p=0, (95)
0, <0

where p = 0 corresponds to a choice a < 0,0 = 0. In this case the winding number is not
an integer at ;= 0 . The reason for this is that setting p = 0 gives

9(z,2) = (V2Z —a—V2Z)

which is not continuous at z = 0. The above shows very different topological predictions
between the exact wavefunction and the mean-field wavefunction, specifically with the
mean-field wavefunction having non-trivial topology in the weak coupling BCS phase.

To gain a further understanding of the many-body system, next we consider the exact
wavefunction for two Cooper pairs:

_ _ Z7Z7E Z,E,E + Z,Z_’E Z’Z’E’Z Z’
¢(z1,z1,z2’22):{9(1 1, B1)g(22, 22 2)09(1 1, B2)a(22, 22, 1) lei;z (96)

where g(z, z, F) is the one-pair wavefunction and F;, Fy are roots of the Bethe ansatz
equations (30), which can either be real or a complex conjugate pair. In order to apply the
winding number approach described above we reduce ([@6]) to a complex-valued function
by setting

9(z, B, Ey,c) = g(z, B, By, c) = (2,2 + ¢, By, Es)

for some ¢ # 0. Numerically we find
9, Ey=0, E,=0,

w = ]_, Elz(), EQ#O,
0, Ey#0, Ey#0.

This result shows that the winding number coincides with the number of MR pairs.

Equation (@3] is given an interesting interpretation if we parameterize g(z, Z) as in the
BCS model

v(z, 2)

g(z,2) = u(z, 2)u(z,2) +v(z,2)v(z,2) =1

u(z,z)’
where u and v are well defined functions in the complex plane. It can be shown that

w = QLM X dY [0y (7 Oy + T Oyv) — Oy (@ O+ Dxv)]. (97)
RZ

and from the Gauss theorem

' 2m de - -
w = lim - (@ Ogu + U Opv) (98)

r—00 0 e

where X +iY = re. This expression indicates that w measures the angular dependence
of the wave funcion g(z,z). The result ([@3]) for the BCS wavefunction can be derived
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analytically from (@8), by noticing that the proper definition of v and v depend on the
sign of the chemical potential, i.e.

zA e(z,2) —zzZ+p
u = ) U= - ) p >0,
V2e(z,2)(e(z,2) — 22 + ) 2e(2, 2)
i e(z,i)+zﬁ§—,u’ . zZA | <0
2(z,2) V2o 2o 0) + 25— p)
which leads to
w = lim |u(r,0)*=1, p>0, w=— lim [v(r,0)> =0, p<0.

T—00 T—00

Similarly, equation (@4) can be derived from (98)) using the following expression of the u
and v functions corresponding to the one pair wavefunction

z 1
U = —, V= —, E =0,
V1+zz V1+zz
2z—F z

) v = )
V0zZ — B>+ 22 V0zZ — B>+ 22

In the general case of an exact wavefunction with M pairs, having P vanishing rapidities,
the asymptotic expression of v and v immediately yields the expected value of w, i.e.

M ZM—-P
’

w ~ zZZ ~ ZMP

v = w=P

This result shows that non-trivial topology of the wavefunction can only be found in the
weak pairing phase.

As a final comment we note that the winding number w appears in a completely
different context, namely the O(3) non-linear sigma model in 2D. The order parameter of
the latter model is a three component unit vector 7, which can be constructed out of the
two component spinor ¢ = (u,v), as 7 = 1T7. Using this parametrization the winding
number w can be written as

1

wzg

/ d*x 7 - (9,71 % 0,i) e

R2

where ¢ is the 2D Levi-Civita tensor. This term appears in the action of the O(3) non-
linear sigma model multiplied by a parameter #, which is defined modulo 27. In a famous
work, Haldane mapped the 1D antiferromagnetic Heisenberg model of spin .S into the O(3)
non-linear sigma model with # = 275 [30]. The gapped nature of the integer spin chains
then follows from the gapped nature of the non-linear sigma model with # = 0 (mod 27).

4.4 Vortex wavefunctions

So far we have discussed the p + ip model for a constant value of the order parameter
A, which describes the system in the bulk. It is however of interest to study the effect
of vortices. As shown by Read and Green [53] there are vortices with zero energy when
the chemical potential p is positive. We shall show below that the structure of the
vortex wavefunction for p > 0 depends on the region of the phase diagram, with different
behaviours in the weak coupling BCS and weak pairing regimes. However the transition
between these two regimes is smooth in the mean-field analysis.
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We shall consider the Bogolioubov-de Gennes (BdG) equations in the simplest situa-
tion of a single vortex with rotational invariance characterized by an order parameter

Ar) = e |A(r)]

where [ is the vorticity and r, ¢ are the polar coordinates centered on the vortex. (We
shall closely follow the results of references [29, 53] [59] with the appropiate notational
changes: the mass is equal to 1, the gap A and the chemical potential in this paper are
twice those considered in the cited references.) The BdG equations are a set of coupled
equations for the functions wu,(r),v,(r), corresponding to energies FE,, which determine
the Bogolioubov quasiparticle operators =, by

. / &r [ (r)a(r) + v} (r)at(r)]

where a(r), af(r) are annihilation and creation operators of polarised electrons. The zero
energy solutions, i.e. F, = 0, can be choosen to satisfy the reality condition w,(r) = v,(r),
in which case the quasiparticle operator =, corresponds to a Majorana fermion. For odd
vorticity, [ = 2n— 1, the BAG equation for u(r) can be most conveniently written in terms
of a function y(r) defined through

) =) exp (5 [ 1807

0

X/ A27‘ n2

and it reads

T 4

Let us suppose that the order parameter |A(r)| vanishes inside a core of radius a and that
it reaches its bulk value, Aq, outside i.e.

0, O<r<a,
|A(T>|_{ Ay, a<r<oo.

The previous equation becomes

A2
r2x"+rx’+[(u—zo)72—n2}x =0, a<r<oo

Notice that the coefficient multiplying the r? term in the second equation changes sign
when crossing the MR line ;4 = A2/4. This fact leads to two different type of equations
corresponding to the weak coupling and weak pairing regimes. (We do not consider the
strong coupling regime where the vortices have a trivial topological structure [29, 53], [59].)

4.4.1 Weak coupling BCS phase
For the weak coupling BCS phase p > A2/4 we make the change of variables

A2
,U:k'g, /J“_ZO:kza

Eq. ([@9) becomes

x2Xxx+xXx+[x2—n2]X :O, LL’:]{JQT, O<r<a

y2ny+yXy+[y2_n2]X =0, y=kn a<r<oo
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whose solutions are Bessel functions. Let us denote by I and II the regions 0 < r < a
and a < r < oo respectively. Imposing that x is regular at » = 0 and infinity one has

X1 = AJn(k’Q’F),
X1r = BJn(]fT)+CYn(]€T)

The constants A, B, C' are found by matching the function u(r) and its derivative u/(r)
at the boundary r = a. The relation between u and x in the regions I and I7 is

ur(r) = xi(r),

urr(r) = xp(r)e 20/2 (100)
Hence
ur(a) = un(a) = xs(a) = xr(a)e™ ",
(@) = (@) = () = (o) — Sl

Combining these two equations one can write
xi(a) = xrr(a)e
Ag

Xi(a) + = xi(a) = X (@)e 80/

with the explicit expressions

Adn(koa) = (BJyn(ka) + CY,(ka))e 2/,
A (koJ,/@(k‘oa) + %Jn(koa)) = k(BJ!(ka) + CY,;(k‘a))e_“AO/?

This then leads to

1 A
— §a7re“A0/2 [kYé(ka)Jn(koa) — Y, (ka) (kOJ;L(k‘oa) + TOJn(koa))} :

SRS RNy

- %aﬂe“AO/Q {—k:J;L(k:a)Jn(k‘oa) + Jy(ka) (kOJ,'L(k:oa) + %Jn(koa))} :

For an infinitesimal core, a — 0, the zero mode is localized on an isolated vortex with
wavefunction

u(r) = Jn(kr) e‘AOTﬂ, r >0 (n > Ag/ll).

This result reproduces the one found by Gurarie and Radzihovsky [29]. The funcion wu(r)
has an oscillatory and decaying asymptotic behaviour dominated by Ay, i.e.

k
u(r) ~ —COS( :;;_ %) e Th/2, r — 00.

4.4.2 Weak pairing phase

To study the weak pairing case 0 < pu < A2/4 we make the change of variables
A2
p=ky, —pt =k,
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which corresponds to the replacement k& — ik in the previous case. The equation for y
becomes

2

TNz + 2Xz + [2° =P x =0, x=kor, 0<r<a,

Xy + Xy — [P0 x =0, y=kr, a<r<oc

whose solutions are Bessel functions in region I and modified Bessel functions in region
11I:

X1 = AJn(]{?(]T),
X1r = B[n(kT)+CKn(kT)

The computation of A, B, C' is similar to the previous one. The final solution is

= —qe™/? {ng(ka)Jn(koa) — K, (ka) (kOJ,’L(kOa)jL%Jn(koa))}, (101)

SNEG RNy

R {—k[ﬁl(k:a)Jn(koa) + I,(ka) (kOJ,’L(koa) + %Jn(koa))} :

In the limit @ — 0 one obtains
u(r) = I,(kr) e Bor/2, r>0 (< A3/4)

in agreement with [29]. It is important to notice that the exponential factor e=20"/2 in

equation (I00) is essential to get a convergent asymptotic behaviour of u(r). Assuming
that the coefficient B, given in eq. (IQI]), is non zero one finds for B # 0
u(r) ~ —=exp

Ny A2
\/; -r 7— I_'u , r — 0Q,

while if B = 0, the asymptotic behaviour of u(r) changes to
u(r) ~ —=exp

—@—l— A—g— — 00
NG " 3 1 M r .

which is a more localized vortex. The condition for this to happen is

1

1

Ko(ka) "% Ju(kea) 2

Kiyka)  Julhoa) _ Ao

B=0=k (102)

This equation has an infinite number of solutions for a as a function of 4 and Ag. In the
case where ka, koa >> 1, the solutions of eq. (I02) are

(52

Hence there is a minimal core size in order to have these more localized vortices. In Fig.
1 we plot the function wu(r) for several values of the coupling constant g. In the weak
coupling regime the function u(r) has an oscillatory behaviour, while in the weak pairing
regime the oscillations are absent. We observe that the different qualitative behaviour
depends on the region of the phase diagram.

k 7T—|—mT—|— t
~ — + — + arctan
0@ ~ o + - + arcta
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Figure 11: The wavefunction u(r) for the vortex solution with [ = —1 for z = 1/4 and several values
of the coupling constant g. The size of the core is @ = 6 in units of y/w. Left: weak coupling BCS region
for g = 0.3 — 0.13 in steps of 0.2. Right: weak pairing region for ¢ = 1.4 — 1.9 in steps of 0.1.

5 Conclusions

In summary, we have constructed an exactly solvable pairing model which contains in
various limits some of the most studied pairing models of current studies such as: the
Richardson model with s-wave symmetry, the p 4+ ip BCS model, the Russian doll BCS
model and the Gaudin models with s-wave and p-wave symmetries. We have computed
the wavefunctions scalar products and one-point and two-point correlators. Futhermore,
we have carried out an in depth study of the p 4+ ip model combining the exact solution
with mean-field methods. We have found the phase diagram of this model characteriz-
ing the various phases in terms of the fidelity susceptibility, topological invariants, and
other quantities such as the ground state energy, gap, chemical potential and occupation
numbers. We have also studied the structure of the vortex wave function which is shown
to depend on the region of the phase diagram. The richness of the p + ip model calls
for further studies concerning its behaviour. This task can be greaty facilitated by the
existence of an exact solution for studies such as entanglement [I7], correlation functions

[3, 18] and quenching [19] 20].
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A Calculations for the anyonic pairing model

A.1 Cyclic renormalisation group

In this Appendix we discuss how the Hamiltonian () is related to a known Hamiltonian,
viz. the Galzek—Wilson model [24], 25]. This model was introduced as a simple example
of a quantum mechanical system which admits a cyclic renormalisation group (RG) map.
As will be shown below, the Glazek—Wilson is simply the one-body version of the anyonic
pairing Hamiltonian (H). Cyclic behaviour of the RG also occurs in the many-body system,
and we will demonstrate how the RG equation is easily obtained from the Bethe ansatz
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equations.
The model introduced in [24], 25], which we will denote as Hgyw, is defined by the

matrix

Hew (n,m) = /&y Em(0pm — g — ih sign(n —m)) (103)

where M < n,m < N. In [24, 25] the &, are assumed to scale exponentially &, = ", u >
1 under which there is a discrete scale invariance n — n + 1 such that

Hn+1,m+1)=pH(n,m).

However this scale invariance is broken by the infra-red and ultra-violet cutoffs M and
N.

In [24], 25] the RG is performed by a Gaussian elimination procedure for the highest
component of the wavefunction in the Schrodinger equation, reducing N to N'— 1. Under
this process the result of the RG is that the coupling h remains invariant while the coupling
g renormalises as

gy + h?

. 104
T (104)

aN-1 =

Reparameterising the couplings in terms of angles ¢nr, x through

tan(gy) = ‘%N,
tan(xy) = h

the RG equation becomes

tan(¢a) + tan(x)
1 — tan(¢x) tan(x)

or equivalently, iterating the RG equation p times,

tan(pn_1) = = tan(¢y + X)

ON— P = = on + DX

A cycle occurs in the RG after p steps if y = 7/p since

gn—p = htan(ga—_,) = htan(gy + px) = htan(py + m) = gy

with the RG period given by

™

P= arctan(h)’

Next we show that (I03]) is equivalent to the one-pair version of (). The first thing
to observe is that for the one-pair version of (f) the string operators (@) appearing in the
definition of the anyonic creation and annihilation operators can be removed by a unitary
transformation. The Hamiltonian is then given in terms of the hard-core boson operators
as

sin(2/3)
one pair Z Z2N - m ; ZkRr eXp( ZOé)bTbk + h.c. )
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with the Hilbert space spanned by the one-body states
i) =0ot10),  j=1,..L
Here the energy is

sin(a) )
Eone— air  — .
P sin(a — 20) Y

such that
L
| 1 -y %4
exp(—2ia) | | ———— = 1.
g 1—q2y—2z;
Setting
Ev =z, g=tan(28)cot(a), h = tan(2p) (105)

yields

Heow = (1 - g)Hone—pair> N —-M=L.

To derive the RG equations from the Bethe ansatz, we only assume that the variables
2 are distinct and ordered 0 < 21 < 25 < ... < z;,. We may then write

— L-1 —
1— ¢’y 1— ¢’y %
—-2,2"

~ 1.
1—q2y=2z] 11— q %y %2

exp(—2ia).

Assuming |zz| >> |y|, which is a reasonable assumption for low energy states in a weakly
coupled system, we can eliminate the highest energy degree of freedom of the Hamiltonian
by making the approximation

1—q*y 2] ~ gt
1—q2y—2:2 ’
L—1
. . 1 — g2y =222
= exp(—2ia+4if) || ——=5% =~ 1
Thus for one RG step we have the renormalised coupling
an1 = ay — 20, (106)

while § remains invariant. Substituting back into (I08]) shows that, in terms of the How
coupling parameters, h is invariant while

grv—1 = tan(20)cot(ap_1)
tan(25) cot(an — 25)
B cot(anr) + tan(25)
= tan(20) 1 — tan(25) cot(apr)

gy + h?
L —gn
in agreement with (104)).
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For the many-body Hamiltonian (), a completely analogous approach can be taken
to establish the existence of the cyclic RG equation. Starting with the Bethe ansatz
equations ([[Il) we can make the same approximation as in the one-pair case by eliminating
the highest energy level, i.e. if |zp| >> |y,,| for all m = 1, ..., M then

1 — 2u—122
T Ym ZL2 ~ ¢ Vm=1,.., M
1—q2y,'21
and () gives

L-1 _ M 4,-2,2

, _ 1— q*y, 222 L= q Y y;
exp(—?za—l—étzﬂ) _—m_ = 7 5 o m = ]_,...,M.

,H 1—q2y,22} jg 1 —qy,2y;

This leads to exactly the same RG equation ([I06]) for «r, with § again invariant.

A.2 Wavefunction scalar product and correlation functions

One of the byproducts of formulating the model via the QISM is that it readily provides
access to the evaluation of correlation functions. Again, we will only outline these calcu-
lations. We will follow the general procedures of [40], where explicit details of derivations
can be found.

It is convenient to first rescale the L-operator as

1 0 | 0 0
“lp—gz—1 2_,—2
e - - (107)
g2 “lrx—qz?
0 qxq—q*ql:cfl | W 0
0 0 | 0 1
such that it has the properties
L(z) = I®l
q=1
I}(x) - P
r=q

with P the permutation operator. We also rescale the matrix U to be

7= ( eXp(BQia’) (1) ) .

These rescalings have the net effect of working with rescaled elements of the monodromy
matrix

Ti(w) = exp(—ia) (H ; 1_1$_12k>77<x>

o 1% 4

The transfer matrix eigenvalues of #(x) = T} () + T2(z) are now

- o Pyt -ty gty — Py
Az) = a@@)]] +d(x) [ [

—1 1 —1 1
SL’yj — YT LL’yj — YT

j=1 7j=1
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with

1:sz_1 —qrtz,

a(e) = exp(—2i) [ L

R B
Lo qry —q e

One reason for working with the the rescaled monodromy matrix is that it provides a

compact solution of the “inverse problem” of expressing the local operators b;, b}, N; in

terms of the elements of the monodromy matrix. The result, which is obtained by a minor
generalisation of the methods used in [16] [40] 47], is

bj = (1:[ f(%k)) Iy (q2;) (H ~_1(q21f)) :

k=1

Note that the operators {#(gz;) : j = 1,..., L} are conserved. Explicitly these are

f(qzk) = Ek(k_l)(qzkzlz_ll)...f/kl(qzszl)UkikL(qzkzzl)...Ek(,ﬁl)(qzkzk_il) (108)

where

qzkzz_l + q_lzk_lzl ( 2N+2N—2 2—2Nk—2Nl)
(0 — )Pzt — q 22 %) I I

¢ —q” t t
n (b b+ b b)
Pzt — g2z g N

Li(qzrz ™)

B U G R )

(¢ — q_l)(QQZkal — q_QZk_lZl)

The eigenvalues of #(gz;) are

M -1 —1
~ Y, — 4
Aqz) = | | 1 2 99 k_ . (109)

@) = (O[T (wy), (110)

@(Y)) = [[7w)10). (111)

i=1

If W = {w;} is a set of solutions of the Bethe ansatz equations (IIl), and Y = {y;} are
arbitrary parameters, then the Slavnov formula for the the scalar product is [57]

(@(W)|@(Y)) = C(W.Y) det(F(W,Y)) (112)
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where elements of the matrix F(W,Y') are given by

2 —2\ 3 M
q° —q 7)d(w;) [ . _ _ _
FW,Y); = ( — )_(1 ) a(y;) [ [wywn'a® = v; ' wag™)
(yjwi ™ —y; wy) it
~ M
+d(yy) [ [ wiwn'a ™ = yjlwmq2)> , (113)
m%i
and
C(W,Y) = ! (114)
7 Tl (™ — e ) (wwy = wy )
Note that )
C(Y,Y) =

M M _ _ :
I s ] G779

We remark that the Slavnov formula (I12) is a scalar product as opposed to an inner
product. However for the anyonic pairing model we expect, due to a lack of symmetries,
that generically there are no degeneracies in the energy spectrum for fixed particle number.
In such an instance the eigenstates must be real, up to an overall phase factor, in which
case the scalar product between any two eigenstates is equivalent to the inner product up
to a phase.

An application of the Slavnov formula (II2]) is that it allows us to compute the nor-
malised wavefunction overlap between two states with different values of the coupling
parameter «. Specifically this permits us to compute the fidelity, as defined in [65] [68],
which has been proposed as a technique to identify quantum phase transitions (for a
review see [28]). To make this point transparent, we start with the explicit form of the
monodromy matrix elements in terms of the elements of the L-operators which is

L

T]Z(x) = Z g;i“ [E'Zi’l(a:zzl)}L [El,z;(a:zgl)h [761 (a:zl_l)]l.
ki,kp=1
Since g is a diagonal matrix we can then write
L
Lw=g Y |I@gh)] - | | @), (115)
Kiyokp =1

and each of the operators

2ty 1)L, (116)
is not explicitly dependent on «. Consequently the explicit a-dependence of T;(l’) is
only in terms of an overall phase. Thus we can take the set W to be a solution of the
Bethe ansatz equations for a given coupling, say «;, and the set Y, which in general
may be arbitrary, to be a solution to the Bethe anstaz equations with a second choice
of the coupling, say as. This is not to say that the eigenstates of the Hamiltonian ()
are independent of «, but rather the dependence is implicit through the solution sets W
and Y of the Bethe ansatz equations. In this way the normalised wavefunction overlaps
between ground states with different values of the coupling o can be computed, which is
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in essence the computation of the ﬁdelityH Note however we cannot compute the overlaps
between ground states with different values of ¢ nor the z, since these parameters appear
explicitly in the operator elements (I14]).

Using the Slavnov formula and the solution of the inverse problem the form factors
(matrix elements) for the local operators b;, bj can also be written, although we will not
give details here (however see Appendix[B.4lfor an example). Our main objects of interest
for now are the one-point correlation functions, or expectation values, of the Cooper pair

number operators N; . We begin with the following form factor between two Bethe states

det(F(W,Y) + Q(W, y; x)),

where

M xw,;l — x_lwk
0(x) = [ % ,

1 -
and Q(W,Y’; ) is a rank-one matrix with elements

QW Y;z)y; = (¢* — ¢~*)d(wi)d(y;)

(xwi_1 — x—lwi)(ajwi—lq‘l — 7 w;q)

o 1 -2 1 9 a(z) - xwk_lq2—x_1wkq_2
><||(yjykq _yjka)l_CZ()ll 1 3 |-
k=1

P
T) ii TW 4 T wq

This expression enables us to compute the expectation value

(@) Nou| 2 (Y))

(Nm) = = =
(@(Y)[R(Y))
O(Y)|T3(qzm)|2(Y
1 (e RO T ) B
(e(V)|2(Y))
det(F (YY) + Q(Y, Y qzn))
= 1- . 11
det F(V. V) (117)
Note that for the present case because @(gz,) = 0, d(z) = 1 we have the following
simplification for the matrix Q(Y,Y; gz, ):
(¢*—q7?) M -1, 2
QY.Y:qzm)y = = YiVk 4~ Y; Ukq)-
’ (gzmy; " — a2 ) (i — 20 i) 1:[ i ’

A.3 Duality and the analogue of the Moore-Read state

The p + ip model was derived from the anyonic pairing model in a limit where the pa-
rameters «, 5 go to zero while keeping their ratio fixed, which gives the coupling constant
G =2/(aB™! —2) (recall 21)). One may ask wether the results obtained in this section

4In the context of the s-wave model this property has been exploited in [19, 20] to study quenching
dynamics.
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have an analogue in the anyonic pairing model. To answer this question we first look for
a solution of the Bethe ansatz equations ([Il) with the property that all the roots vanish,
ie.y; = 0(j=1,...,M). From eq. () this implies
M2 2 2,2
. o’ . q "Ym —qY;
exp(4if(L— M — — + 1)) = lim — 7 m=1,.., M.
Xp( Zﬁ( 2B )) yjl—>0 ' q2yr2n _ q—2y2_
j#m
The RHS of this equation is identically equal to 1 in the limit 5 — 0, which is why there
is such a solution in the p +ip model. One can readily check that this result remains true
for any [ provided

yfnocez’”m/M, m=1,.., M,
which implies

@ -1

M=1L % +1=L—-G .
This equation coincides with the condition (89) for the existence of a MR state in the
p + ip model. In the latter equation the parameter G should not be confused with the
coupling constant of the anyonic pairing model given by Gap = sin(24)/sin(a — 23),
except in the limit a;, f — 0. The corresponding eigenstate of the anyonic pairing model
has zero energy and it is an anyonic deformation of the MR state. Explicitly the state is

Lt M
\AMR>:<Zz—;> 0) .

As in the p + ip model we can look for a set of roots Y, where a subset Z of P roots
vanish, while the other set Y’ with M’ roots do not. The Bethe ansatz equations for the
roots in Z yield

a T
exp(dif(L—P—2M — =+ 1) =lim [ S22 Ym € 7
Y €LY FYm

while for the roots in Y’ the Bethe ansatz equations become

L - M 4,—2,2
, 1— q*y, 222 L =4y, y; /
exp(—2iq) H T g2y 2.2 = H = Ym €Y.
k=1 m “k ijY’,yj;ém m ]

Hence the roots in Y’ satisfy the same Bethe ansatz equations as the original model,
provided

P:L—QM’—%+1=L—2M’—G—1

which is the same condition as found in (86@]). Hence we expect that the duality symmetry
of the p 4 ip model to also be a property of the anyonic pairing model.
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B Calculations for the p + ip model

B.1 Solution of the gap and chemical potential equations

In this appendix we collate some results for the dimensionless parameters @ and b which
are solutions of equations (B3|54]). In all instances the results for the strong pairing phase
can be deduced from those of the weak pairing phase through use of the duality relation
(B0). Below, the convention for the elliptic integrals are as in [27]:

¢
E(¢, k) = /dx\/l—k2sin2x,
0

o
F(o,k) =

1— k2sin®x

With the density functions as given by (BI[52]), performing the integrals in (G3l54]) one
finds the following results.

1D case

Weak coupling BCS phase: (a,b = € F id)

2= VR(FG) 289 ) + 2
g +R
1 1
4(x—§+%) = VRF(¢,k)
where
R=Ve&+6, ¢=2arctan(1/VR), k‘2:%<1—|—%>.

Moore-Read line: (a=b < 0,a = —|al)
1
—— =1 —+/l|al arctan(1/+/]al).

gMR

Weak pairing phase: (@ = —|al,b = —|bl, |a| > |b|)

1+ |al —

1
9
+ %) = I8l F(v,m)

N =

where

2 (x —
0]

Y = arcsin(1/4/1+(b]), m* =1 — H
a
Read-Green line: (a = —|a| < 0,b=0)

1
— =/1+ |a| —/|al.
JRG
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2D case

Weak coupling BCS: (a,b = € F i)

1—€e++V1 2 2¢
= \/1+R2—2E—R+Elog< Etvith 6),

B
g —€+ R
1 1 1—€é+v1+ R?—2€¢
2lr—=4+—1] = R log — ,
2 2g —€+ R
where
R=ve&+é.
Moore-Read line: (a=0b< 0,a = —|a|)

1
—— =1—|a|log(1 + 1/|al).
IMR

Weak pairing phase: (@ = —|al,b = —|bl, |a| > |b|)

Q|+~

_ T e [ VA VI

= S lal e+ B) — /labl + ‘*'b'“g<¢1+|a|+¢1+|g|>’
11\ V1+(a]+ 1+ b

(93—§+29) = 4/lab| log( N )

Read-Green line: (@ = —|a| < 0,b = 0)

1
— =1+ |a| - |a\log< + /1 + )
9RG |a|

B.2 Ground-state wavefunction: exact results versus mean-field
results

We first recall from eq. (28) that for the p + ip model

while in 1D this simplifies to
Z k:2 Ck —k
k>0

In the latter formulae we extended the domain of the momentum variables to include
negative values of k, which is done to properly account for the antisymmetry of the
wavefunction. Now we will compare the exact wavefunction with the mean-field one.

Recalling (0] we have
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) = (Z g(k) CLCH) 10)
k

This expression can be viewed as an average of the exact wavefunction (28) which involves
a product of pair operators characterized by the roots y,,. Read and Green have shown
[53] that in the limit where k — 0 the BCS wavefunction behaves as

a(k) ~ k., — il?y, <0, (strong— coup?ing),
1/(ky +iky,), p >0, (weak — coupling).

This behaviour can be compared with the wavefunction associated to the roots appearing

in (25),

ky — ik, ky —ik,, if k| << /|y,
ok, y) = w2 .~ - . i
k? — Yy 1/(]{31, + Zk‘y)? if |k| >> |y|

which in real space leads to

8(r,y) = / ) / " Pk 5 gk y) ~ 2 Ka(|2ly )

||

where z € C and K;(z) is a Bessel function. Using the asymptotic results K;(z) ~
1/z (|z] << 1) and Ky(z) ~ e *y/m/2z (|z| >> 1) one finds

22| Pe VYL 2] >> 1/ /Tyl
1/z, 2] << 1//lyl-
Hence at short distances all the pairs behave as in the Moore-Read wavefunction and at

large distances they show the typical behaviour associated to localized BCS pairs with a
correlation length

a(r,y) ~ {

1
~ Re(v=y)’
If most of the roots y lie near the origin then the overall behaviour of the exact wavefunc-

tion will be well described by the Moore-Read wavefunction.
In 1D the real-space wavefunction associated to a root y is given by

&y (118)

Q(I, y) - / dk €ka 12 = Z’]‘(‘Slgn(l’) e—‘x‘\/jy
- - Y

o0

which decays exponentially with a correlation length given by (II8]).
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B.3 Wavefunction scalar product and one-point correlation func-
tions
The wavefunction scalar product and one-point correlation functions of the p + ip model

can be obtained directly as a limiting case of the results in Appendix [A.2 The elements
of the L-operator (I0M) act locally, to leading order in 7, as

@) ~ T2 (1= N),
Liz) ~ " ipz_lb
) ~
1
Li(z) ~ 1—2m§irx -N
Now using (II5]) we have to leading order
Ti(x) ~ 4mz ————b!

We define the operator (cf. (28]))

L T
zibk
=D = (119)
j=1 J

such that the states of the system are of the form
M
=[Icwn o) (120)
j=1

where Y = {y;} are a solution set of the Bethe ansatz equations (23]). The formula for
the scalar products of the states (I20) follows from taking the appropriate limit of (I12).
For the limit of the matrix (II3)) the result is

4 2 M‘ ‘w—l_ '—1
YY), ~ iy =y wn) Qt‘QPZ

(yjw; " — yj_lwi)

2
J
2
.7 T m;éz .7

Recalling the Bethe ansatz equations in the form (20)), we can substitute into the above
to eliminate ¢:

M
FW,Y)y; ~ 4py’yw; H(ijl_l )
i
L M
2 w
x | 4p k +8p “
( ,; (wi = 2p) (v — 23) n%;i( ; —wz)(yf—w%)>



To simplify the calculation we introduce the diagonal matrices

-1 -1

W YW — YW
rWY), = & (—) Tt B,
’ ’ ' H]szl(ijk_l — yj_lwk)

j
1
II V)i = p———
(VI/? )] ]16p272w]2-
such that
1\ ﬁ
det(II(W,Y)) = ( ) < w-‘2>,
16p22 o J
detrn,Y) = ] ﬁ) TOVY)
j=1 \Yi
where
M -1 -1
o W T — Y W,
T(VV,Y) = A}[_[J_lﬂ(/ly] : _1yj _]1) :
Hj:lHk:l(ijk —Y; wy,)
Note that

TY,)Y) = CY,Y)
with C(W,Y) given by (I14]). Now defining

GOV,Y) = T TW, Y)F(V,Y)T(W,Y)

leads to
yj _ w L M w?
GOV.Y),; = 2 ( |
J yj — w? ; (w? —Zk — 22) n%;l(w?n—w?)(yjz—wgn)
We will also need
c(WY) [Tz (v =y wn)
T2(W)Y) T (" — yun) (wiwy,t — w ™ wp,)

M — —
Ha;ﬁb(yawb f- Ya 1wb)

X
M _ _ _ _
Hp>q(ypyq I — Yp lyq)(wqu t— wy Lwp)
2)2

- HH - y]_sk—w@

k= 1j;£k _yk

Keeping in mind that C(z) differs from the leading term in the expansion of T2(x) by a
scale factor, we now have

Hk 1 Hﬁsk( wl%)

T2y} — v (i —w))

(eW)]o(Y)) = det(G(W, Y)).
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Finally we can make explicit the square of the normalised wavefunction scalar product
F(W.Y) (equivalent to the square of the fidelity) between two states as a function of the
Bethe roots, but independent of the coupling G. The result is

s )
FVYS = ey e)Ie))
_eWY)  deGT,Y)P
T2 Y) det( GOV W) et G(Y. )

T W e det(G(W,Y))?
17— y7) (w? — wi) det(G(W, W)) det(G(Y,Y))

and we note

L M 9
2 y
G Y> Y)i = u -2 = )
%:¥) ; (7 — z2)? ; (7 — y&)?
GY,Y) 24; £ (121)
9 ij T 7 9 o9\ ? J-
’ (y7 — v})?

In a similar manner we obtain the formula for the one-point correlation functions from
the limit of (IT7)). The result is

det(G(Y,Y) — 2mWin(Y))

(Nom) =1 = det(G(Y,Y)) (122)
with G(Y,Y') given by (I2]]) and
WinlV))yy = =5 (123)

“ (yi - 251)2

B.4 Two-point correlation functions

Finally we turn our attention to the more technically demanding problem of calculating
two-point correlation functions. We will derive formulae for both the off-diagonal case
(bl b,) and the diagonal case (N,,N,). For the calculation of these results we extend the
methods used in [18] 52] 69] which were developed for the s-wave model.

First we consider the off-diagonal case. For any fixed n we may express the state

[6(Y)) as

M M
= [T cws)loy =TT (Culwe) + AZ8L) 10), (124)
B=1 B=1
where
~ M ZlblT 8 z
Culyp) =Y . Al=—5".
#Zn yﬁ - Zl2 y?a — 22

Keeping in mind that (bil)2 =0, b,|0) =0, we find

balo(Y)) = (n) T] Culwa)l0)
af

?
I
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= S TT (Ct) - Aty 0

" a]\jﬁ M M M
= > ATl cwaio)=> "> azami [T cw)lo). (125
B=1  a#pB B=1 a#p v#a,B

With the help of (I25]) we have that for m # n the unnornormalised two-point off-diagonal
correlation functions are

(V) [bbal0(Y)) = Z Aol TT Cva)l0)

aFB
_ZZA“AB )b, b, HC% 10)
B=1 a#p v#a,B
M M
_ Z AZo(V)Ibl, T C(wa)l0)
a#fB
B=1 a<p 77&0‘6

where in the last step we use the fact that the terms in the double sum are symmetric
with respect to interchange of the labels o and 3. Now the two-point correlation function
has been reduced to a sum of one-point form factors of b/ and a double sum over the
two-point form factors of bf bl . Recalling the definition ([IT), for the p + ip model the
inverse problem is easily solved as

2 _ 2
b = lim L —°m (y).

m Y—Zm Zm

Using this expression and the wavefunction scalar product formula we obtain the matrix
elements of both b and b} b,. For the one-point case the result is

2

V)b, [T Cwallo) = lim ——((v)|C(v) [] C(ya)l0)

V—Zm Zm

a7 aF#p
= K det(T7?)
where 77 is the M x M matrix with elements
(7o), = Gus j# B,
(Tﬁ)- = (Wm)w>

K8 = (y5—=z2), G = G(Y,Y) is given by ([IZ2I)), and W,, = W,,(Y') is given by (IZ3). (To
keep the notation compact, we hereafter omit the Y dependence on all such matrices.)
For the two-point form factors we have

)|bf bf H C(y,)|0)
y#o,B
(=22 (2 - 22 R
~ it T eictew) T1 ool
y#o,B
= K28 det(T20) (127)

59



where T2 is the M x M matrix with the elements
(Ton)y;, = G J# o,
(Taﬁ)m = Waia
(Tr?;g)lg = (Wm>i57

and

This leads to

M M
(GYV)Bhbale(Y)) = D Toudet(T)) = D> TouTrmdet(Ton)

p=1 B=1 a<p

g

where
jﬁ = APKP
(Y5 — 22)

Y5 — 22
s _ 240K
mme ks

22n(ya — 2m) (Y5 — 21)
(va —v3) (27 — 27)
We can conveniently express theﬂdeterminants of T8 aild T25 in a vector notation. Defin-
ing the M-dimensional vectors G;, j =1,..., M and W,,, m =1, ..., M to have entries
(G))i = Gy

ij

we can write

det(T,ﬁ) = )él,...,éﬁ_l,Wm,ég+1,...,éM,

det(ng) = ’G_?la"'7éa—1aWn>éa+17"'G_?B—lawmaéﬁ-i-l?'“aéM‘ .
Using standard properties of determinants we have
B Jlﬁ . r(fn—Q)B . . . . .
det(T,ﬁ) = G — J GQ, ,G _9 — WGﬁ_l,Gﬁ_LWm, GB+17 ceuy GM y
., 8 . J(B 28 .,
Z]aﬁdet Taﬁ = Jr(nﬁn_l)ﬁ Gy — ...,Gg_g (=18 Gg 1,Wn,Wm,G5+1,...,GM .
S
a<p

Combining these we have a single determinant expression

det(T%) Z J det(T29)
a<f

Jlﬁ . . (B 2)p .
Gl—ﬁez,...,eﬁ_z L GB 1, Gy — JEVW W G, Gl
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This allows us to express the off-diagonal two-point correlation functions as

(B b)) = (6(Y)b],bn|6(Y))

<¢(Y7|¢(Y7>
1
_ 8 8
E(e) ; Tindet(Dyy,)
where
(Wi —y3) (5 — 22) :
D). = Gij— — L Gig+1)s <p-1
( )’L] j (yjz yﬁ)(y‘]—i—l _ 22) (.7"1‘1) ] 5
227 (Y51 — 2 ) (Y3 — 22)
Drﬁnn = Gz —-1) — = . ’
(Dran) a1y B 3, — 2 (2, — 2)(yF — 22)?
Zm
Py = Gz
(Drﬁrm)ij = Gy, i>p

Next we consider the computation of the diagonal two-point correlation functions. To
facilitate this, we first note the commutation relation

Zm
2 _

[N,,., C(v)] = (128)

T
-

2
v m

With the help of the commutation relation (I28]), and the fact that each N,, vanishes on
the vacuum, we can write for m # n

(V)N Na[3(Y)) = (V) INuN, [] Cly)10)

p=1
M e M
= 2 IV T] Cwalo)
p=17p "m a#f
M M -
= i n o5 b
= > 2Zy it T1 Ctao
o=t 98 T Fm oz Yo & v#a,B
M M P
= 3N K det(T20)
B=1a¢ﬁy5 Zn Yo~ %
- M M
= 520D Jnndet(T).
B=1af

Using similar techniques as before, we can reduce the above to a sum of M determinants.
Doing this leads to the final result

(P(Y) [N N[ 9(Y))

R B
255%5<%}%%WQ%HJ%”%MMMO



where

(W3 —v3) (e — 22)

Drﬁrm L. = GZ— Gz i+1) j#ﬁ_lvﬁva
D)y = G =gy, =) o
(Y31 —¥3) (Wi — 20)
DP . = Giyp-1) — G+,
( )1(6—1) ( ) (yg_l — yg)(y§+1 - 272!7,) (B+1)
8 _ o Fm
Pudis = G
B _ “n
Pdaw = =

(Y — van) (i — 22)
(Y7 — Y)Y — 22)

(Enn)yy = Gij = GGy, j#FM—-1M,

Zn
(Emn)iar—1y = W= 2
Zm
(Emn)iM = (ylz_zgl)z‘
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