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Starting from Halperin multilayer systems we develop a hierarchical scheme that generates,
bosonic and fermionic, single-layer quantum Hall states (or vacua) of arbitrary filling factor. Our
scheme allows for the insertion of quasiparticle excitations with either Abelian or non-Abelian statis-
tics and quantum numbers that depend on the nature of the original vacuum. Most importantly,
it reveals a fusion mechanism for quasielectrons and magnetoexcitons that generalizes ideas about
particle fractionalization introduced in Commun. Phys. 5, 171 (2022) for the case of Laughlin
fluids. In addition, in the second quantization representation, we uncover the inherent topological
quantum order (or the off-diagonal long-range order) characterizing these vacua. In particular, we
illustrate the methodology by constructing generalized composite (generalized Read) operators for
the non-Abelian Pfaffian and Hafnian quantum fluid states.

I. INTRODUCTION

Fractional Quantum Hall (FQH) fluids have been in-
tensely studied for decades [1]. These topological fluids
portray quantum phases of interacting electronic matter,
in the presence of strong magnetic fields, with emergent
Abelian and non-Abelian excitations, anomalous elec-
tromagnetic response, and exquisitely quantized trans-
port properties. At a fundamental mathematical level
these fluid states are described by multivariate homoge-
neous polynomials of complex particle coordinates with
zeroes, when particles coalesce, that effectively encode
the topological characteristics of their excitations. These
polynomials are, generically, non-holomorphic if they are
constructed from higher Landau level orbitals, and may
display different types of zeroes, i.e., different cluster-
ing properties. These, on the other hand, may relate
to the type of particle interaction of some local parent
Hamiltonian stabilizing such a fluid state as its ground
state. For instance, parton states, the Laughlin sequence
being a representative, satisfy a uniform clustering con-
dition and are stabilized by 2-body interactions [2]. In
contrast, states such as Pfaffians and Hafnians do not
satisfy a uniform clustering condition and are stabilized
by k-body interactions with k > 2.

In this paper, we show how to systematically generate
translationally and rotationally (i.e., homogeneous) in-
variant multivariate polynomials, of arbitrary filling fac-
tors (fractions), representing fermionic and bosonic FQH
fluid states. For the sake of simplicity, we focus on the
case of holomorphic polynomials on a disk geometry, that
is, states defined within the lowest-Landau-level (LLL)
subspace which includes the Pfaffian and Hafnian states
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among its members (Gaussian factors are absorbed in the
measure [3]). Our construction starts from a Halperin
bilayer system which, through an appropriate antisym-
metrization (or symmetrization) procedure, turns this
system into a single-layer fermionic (or bosonic) FQH
state. Most importantly, we show how to generate quasi-
hole, quasielectron, and magnetoexcitonic excitations in
a natural and straightforward manner without invok-
ing conformal field theory constructions. The basic idea
for quasiholes is simple and consists of a complete an-
tisymmetrization (symmetrization) procedure over the
Halperin bilayer coordinate systems with (or without)
magnetic fluxes attached in distinct layers, thus explic-
itly breaking translational invariance. This methodology,
by construction, takes advantage of the diversity of pos-
sible clustering conditions among particle layer species.
Exploiting the fusion mechanism for quasielectrons ad-
vanced for Laughlin’s fluids in Ref. [3] we present quasi-
particle excitations with proper particle fractionalization
and quantum numbers, in arbitrary filling factor LLL
FQH fluids. Our construction extends naturally to mul-
tilayer systems, thus providing a hierarchical scheme in
search of incompressible FQH fluids and their quasipar-
ticle excitations. In a related vein, we would also like
to unveil the intricate many-body correlations present in
non-Abelian topological fluids at the most fundamental
level. In particular, we want to establish the topologi-
cal (non-local) quantum order characterizing FQH fluid
ground states. Working in a second quantization rep-
resentation we express those ground states in a manner
that easily helps establish their corresponding generalized
composite (generalized Read) operators. We illustrate
our many-body technique in the Pfaffian and Hafnian
state cases.

We start Section II presenting the main idea behind our
hierarchical construction. The simplest example of a LLL
FQH state beyond Laughlin’s sequence is the fermionic
(resp. bosonic) Pfaffian state ¥%, corresponding to the



filling factor v = % with ¢ € 2N (resp. ¢ € 2N + 1). This
generic Pfaffian state is closely related to Halperin bilayer
system [4], with the correspondence mimicking the con-
struction of the Moore-Read (MR) state (corresponding
to the choice ¢ = 2) out of Halperin 331 bilayer system
[5]. More precisely, the Pfaffian state W%, with parame-
ter ¢ can be thought of as the total antisymmetrization
(resp. symmetrization) of the fermionic (resp. bosonic)
Halperin W,11 44141 state. In the fermionic case, the
proof can be found in [1, Section 13.2] and references
therein. For completeness, here we present a combina-
torial proof for fermions that can be extended to the
bosonic case. In addition, we construct the family of
Hafnian states, both bosonic and fermionic, from the bi-
layer system Wgi04424—2 (the proof is in Appendix A),
generalizing previous observations for ¥s55; and Wyy [6].
Based on number theoretic results in [7], our scheme can
generate states within the LLL with arbitrary filling fac-
tors. We remark that a related idea of total antisym-
metrization of a bilayer system was also discussed in the
context of composite fermions [8, 9], Halperin homoge-
neous multilayer systems [10, 11], and shares some com-
mon features with models based on conformal field the-
ories [12, 13]. We close Section IT with a brief descrip-
tion of multilayer and hierarchical generalizations that
we plan to expand on in a future publication. Here, we
only present a derivation of a candidate v = 3/5 incom-
pressible fluid state.

Remarkably, our hierarchical construction scheme al-
lows for the study of quasiparticle excitations in a quite
natural way. In Section III we explain the methodology
to insert (or remove) magnetic fluxes to generate quasi-
particles with Abelian and non-Abelian exchange statis-
tics. In this way, we generate quasihole excitations in
arbitrary Pfaffian states and compare the resulting wave
functions with the previous proposal [14, 15]. It was ob-
served in [10] that the procedure of placing quasiholes
on particular layers and subsequent antisymmetrization
leads to a wave function identical to that proposed by
Moore and Read (and, more generally, in the case of mul-
tilayered systems this leads to quasiholes in Read-Rezayi
states [16]). We present explicit mathematical proof of
this fact in Appendix B. Armed with our quasihole con-
struction we apply it to the family of Hafnian states and
present a combinatorial proof in Appendix C.

Quasihole excitations are physically linked to mag-
netic flux insertion. On the other hand, their quasiparti-
cle (quasielectron) excitations, physically associated with
flux removal, were until recently [3] a matter of debate.
Advancing a second-quantization formalism we estab-
lished a particle fractionalization principle that allowed
derivation of quasielectron wave functions in Laugh-
lin fluids [3]. Furthermore, the obtained quasielectron
turned out to be a composite object, made out of a cer-
tain number of quasiholes and a bare electron, satisfying
a fusion rule leading to consistent quasiparticle quantum
numbers. Here, we show that the same fusion mechanism
[3] is operative in non-Abelian FQH fluids allowing us to

study quasielectrons and magnetoexcitons in arbitrary
FQH fluids. In particular, we have checked numerically
(by Quantum Monte Carlo simulations) that the fusion
mechanism works seamlessly in the case of Pfaffian fluids.
In Appendix D we explain how to efficiently simulate the
Pfaffian of a skew-symmetric matrix.

In the present paper, we are extensively using both first
and second quantization representations. It turns out
that each representation manifestly uncovers different as-
pects of the intricate many-body correlations present in
those FQH states. For instance, while the nodal struc-
ture and root pattern of FQH states are revealed in the
first quantization, fermionic pairing and Bose-Einstein
condensation of bosons become manifest in the second
quantization representation. In Section IV we advance
a derivation of the Pfaffian and Hafnian classes of states
in second-quantization that manifestly uncovers their in-
trinsic topological order, or a special type of off-diagonal
long-range order (ODLRO) [17]. It shows, in particular,
the reasons behind the lack of local particle condensation
and, most critically, reveals the corresponding composite
(generalized Read) operators whose expectation values
signal the ODLRO present in those non-Abelian topolog-
ical fluids. Proofs by recursion are presented in Appendix
E.

Finally, in Section V, we summarize our main findings
and reflect on remaining open questions and current di-
rections we are pursuing to rigorously prove conjectures
formulated in the current manuscript.

II. FROM HALPERIN MULTILAYER TO
SINGLE-LAYER QUANTUM HALL STATES

We start considering systems of two independent lay-
ers each comprising n; and ns particles. The positions
of particles from the first layer are described by a tu-
ple of complex numbers Z,, = (z1,...,2p,), while for
the second layer, we use Z,, = (2n, 41 - - - > Zny+ny)- Lhe
ordered union (21, ..., 2n,+n,) of these two tuples is in-
dicated by Zn with N = ny; 4+ ny. We will also use the
notation Z; to express that the variable z; = x; + iy; is
not present in the set Zy, while (Zy);; stands for the set
(21,4 %y, Zj,...,2n), for i < j. The Vandermonde
determinant in Z,, variables is denoted by

n

U (Zn) =[]z = 2). (1)

1<J

The most general Halperin inhomogeneous bilayer
state [4] is of the form

\Ijalazb(ZN) = \I’L(Zn1)al ‘IIL(Zsz)a2 Pb(ZN)’ (2)

with pairing between layers,

Po(Zn) = [[(z—2)" (3)



and has (degree equal to the) total angular momentum

J=n [(al;@ +bu> . (W)] o)

with g = 22 and filling factor

ny’

L N -1 %)

max{nja; + naob,n2as + nib}

In the original Halperin’s construction [4], it was assumed
that the two components covered the same area, thus,
leading to an effective constraint where the two compo-
nents’ total angular momenta become equal, nja;+nob =
nsas + n1b, or equivalently, pu = Z;:Z, which leads to a
total angular momentum

-3 (52 o

and filling factor [18]

a1+a2—2b

v=——"—. (7)

ajag — b2

We refer to this assumption as Halperin’s constraint.
Such states can produce any filling factor v € Q4 with
ai,az > 0, b >0 and ajas > b* [7]. Despite being phys-
ically motivated this condition may be ignored if one is
only interested in the ring of polynomials with different
patterns of zeroes. However, had we imposed that con-
straint it implies ny = ny if and only if a; = as.

One of the most broadly studied examples is Halperin
331 (n1 = ngo = n) state [4], introduced as a generaliza-
tion of Laughlin’s proposal for bilayer or spinful systems.
Such systems allow for a FQH fluid with v = 3. It is
known that the antisymmetrization among all 2n vari-
ables in the Halperin 331 state produces the MR state
[5, 19, 20], and more generally, starting from Halperin
bilayer states of the form W, y;4414—1 With g even one
gets the Pfaffian state U%,. The (polynomial part of the)
Pfaffian wave function is given by

U (Zay) = Pfay < ) U1 (Zan)?, (8)

Zi — Zj
where ¢ € N is fixed, and the Pfaffian of an 2n x 2n

skew-symmetric matrix A is defined as

1 n
ol Z sgn(o) HAU(QZ'—I),U(%)v 9)

o€San i=1
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where sgn(o) = %1 is the signature of the permutation o
of 2n variables. Here Ss,, stands for the group of all such
permutations. For g even we have a fermionic wave func-
tion, while ¢ odd corresponds to a bosonic one. The filling
factor of this state is v = %. The special case ¢ = 2, the
MR state, was advanced [14] as a possible incompress-
ible wave function describing the observed v = % FQH

fluid (considered effectively in the LLL it is associated to
V= %) It was shown that this state is a ground (zero en-
ergy) state of a three-body Hamiltonian [21, 22] with the
smallest total angular momentum, J = Wh [22].

Here we generalize this idea, expand it to multilayer
systems and propose a hierarchical scheme. For the sake
of clarity, we next describe the construction for bilayer
systems. In the situation where n; = no = n, not neces-
sarily satisfying Halperin’s constraint, we will refer to as
fermionic (bosonic) Halperin state whenever both aq, as,
as well as the pairing term b, are odd (even) integers.
Fermionic (bosonic) Halperin states are obtained after
the application of a total antisymmetrization Asg, (sym-
metrization Sa,,), with respect to all Zs,, coordinates, to
Halperin bilayer systems

1

AQn\Ijalagb(ZQn) = ﬁ Z sgn(a)\Ifala2b(U(Z2n)),
.0'65271
1

SQn\I/aulgb(ZQn) = ﬁ Z \I/Lhazb(U(ZQn))? (10)
" 0€San

where 0(Z2n) = (25(1),- -+ 2s(2n))- Note that the total
antisymmetrization or symmetrization procedures pre-
serve the value of the original Halperin state filling factor.
For n1 = ny and a1 = a9 the non-zero states are obtained
from antisymmetrization (resp. symmetrization) if and
only if b is odd (resp. even). For a; # a2 (and also for
ny # na), there is no such parity constraint on b, and we
can in certain cases still produce non-zero states in the
LLL by applying the above procedure.

Since in the bosonic case, a1 = 2k, as = 2ko and
b = 2l, the filling factor (under the condition that
ainy + bng = agng + bng) is v = %, the sym-
metrization procedure allows generation of bosonic fluids
of arbitrary v € Q1N (0, 1) due to the number-theoretical
results from [7]. The fermionic case is, however, more
subtle and requires some analysis beyond [7]. We leave
the general question for future research, however, we
mention an illustrative example. Relaxing Halperin’s
constraint, it is possible to obtain a fermionic state with
v = % by taking any odd a; > as > 0 and b = 1 such
that ¢ = 3a; —4 > 1. (There exists also an analogous
family with 4 < 1.) In this case, the total angular mo-
mentum reads J = ny (7“1+2“2_8n1 — “1'5“2) h, which is
minimized if one chooses a3 = 3, a; = 1 and p = 5, in
which case J = ny(7n;—2) h. In the present work, we will
be mostly interested in the situation where a1 = a2 = a
and n; = ny = n, the homogeneous bilayer case, with
corresponding filling factor v = a%_b We parametrize
these (bosonic or fermionic) states as Vg g q4sq—s With
q > s. There are essentially two subclasses here. For s
odd, g even corresponds to fermionic Halperins’s states,
while ¢ odd to bosonic ones. For s even, however, we
have the opposite: ¢ even leads to bosonic states, while
q odd corresponds to fermionic ones.

We conclude this brief description of the general
idea with the following remarks. As mentioned in the




Introduction, the zeroes and clustering properties of
FQH states (without and with translational-symmetry-
breaking magnetic fluxes) encode their topological char-
acteristics. The class of polynomials obtained from
Halperin bilayer systems display a M-clustering property
with M = min{a, ag,b}. Moreover, using the fact that
the ring of multivariate polynomials over the complex
field is a unique factorization domain (UFD), or facto-
rial, it was shown in Ref. [2] that the set of parton-
like states spans the ring of (anti-)symmetric holomor-
phic polynomials with the M-clustering property. This
means that except for the case a; = ay = b, which rep-
resents a single parton state, all other single-layer states
derived from Halperin bilayer systems can be efficiently
expanded in terms of parton-like states with identical
M-clustering properties [2]. In addition, the root pat-
tern of the FQH fluid uniquely characterizes it, lead-
ing to a root state or DNA that encodes all topolog-
ical properties of the fluid [2]. In the LLL, the root
pattern (or state) is represented as a string of positive
integers defining the occupation numbers of Landau an-
gular momenta orbitals in the non-expandable Slater de-
terminant (or permanent) component of the fluid state
[23]. For instance, if particles occupy the orbital angu-
lar momenta (j1, j2) = (0,1) mod(4), the string becomes
{1100} = 11001100110011001100.... Root patterns for
fermionic systems can only include 1s and 0s, because
of Pauli exclusion, while bosonic systems may in prin-
ciple include arbitrary positive integers. For the class
of holomorphic polynomials considered in this work, the
corresponding root pattern can be determined by using
the algorithm proposed in [24] for Halperin bilayer states,
which amounts to maximization of the quantity Zfil j2.
We would also like to emphasize that establishing which
of the multiple FQH homogeneous fluid states of a given
filling factor v corresponds to an incompressible one is a
non-trivial mathematical task. Later on, we will formu-
late a conjecture.

We next present a few paradigmatic examples resulting
from our construction, including derivations of Pfaffian
and Hafnian families of states, and conclude the section
with a generalization to multilayer systems and a pro-
posal for hierarchical construction.

A. The case (¢+1,q+1,q—1)

Let us consider first the case with s = 1. We repro-
duce here the (adjusted version of the) argument from [1]
used for the fermionic case (g even), extending it then to
bosonic systems (g odd).

First, using the Cauchy determinant formula [25],

n

I (zk = 20)(znti — 2ntk)
> _ i<k : (11)

(Zi - Zn—i—k)

1
det,, (
Zi — Zn+k

=5

i k=1

it follows that

1
\Ilq—',—l q+1 q—l(ZQn) =&n |:detn ():l \I’L(ZZn)qa

Zi T Zn+k
(12)
where
en = (-1)" 7 (13)
For g even (i.e., in the fermionic case) we have
1
Agn (detn () \I/L(Zgn)q>
Zi — Zn
+k (14)

= A2n (detn (1>> \IJL(ZZn)q7
Ri = Zn+k

and also
Agpdet,, <1) = sgu(0) Az, ﬁ .
Zi— Znti) oS, j=1 73 T Fnta(h)
:n!AQ”ﬁz—lz _27(12(:;;)'2 Pf2n<z-iz‘>’
=17 n+j i J

(15)

where in the last step we have used the fact that
(ILm+1,2,n+ 2,...,n,2n) is an odd permutation of
(1,...,2n), which produces an additional minus sign.
This leads to the conclusion that total antisymmetriza-
tion (i.e., with respect to all coordinates) of Halperin bi-
layer state 441 4+19—1(Z2n) leads to the fermionic Pfaf-
fian state ¥, up to an overall constant.

We show next how the above proof can be modified to
cover also the bosonic case, i.e., situations with ¢ odd.
First, we notice that

Uot1g+14-1(Z2n)

—e. [detn (1) \mzzn)} v, (Zoy. 19
Zi — Zn+k

In contrast to the antisymmetrization performed for

fermions, in the case of bosonic systems, we symmetrize

the Halperin bilayer state with respect to all variables.

Since ¢ —1 is even, the problem reduces to the total sym-

%) U, (Zay). Notice that

i T Zn+k

1
Sgn (detn ( ) \IJL(ZQn))
Zi T Zn+k

metrization of detn(

X (1)
. (detn ()) T (Zan).
Zi — Zn4-k
Indeed, this claim is equivalent to
> det, () U1 (0(Zan))
€Sy Ro(i) — Ro(n+k)
' (18)

1
= Z sgn(o)dety, (
Fo(i) —

Ro(n+k)

)\I/L(Zzn).



It is sufficient to show that for any o € S,,, we have

1
det, <) U (0(Zan))
Ro(i) = Ro(n+k)

1
= sgn(a)detn< ) U (Zan),
Ro(i) = Ro(n+k)

(19)

but this simply follows from the total antisymmetry of
Laughlin’s factor. This shows that in the bosonic case,
the total symmetrization also leads to the bosonic Pfaf-
fian state ¥, up to an overall constant.

We can establish the root patterns corresponding to
this family of Pfaffian states. For example, the root
pattern originating from the state Woog (describing a
v = 1 bosonic state) is simply {20}, while the one
for U331 (describing fermions with v = 1) is {1100}.
Yet another example is the state describing v = %
bosons and obtained from W44o. In this case, the cor-
responding pattern is {101000}. Similarly to homoge-
neous vacuum fluids, one may consider quasihole states
of the form ([];_; 2i) ¥gt14+14—1(Z2n), properly (anti-
)symmetrized, and study the corresponding root pat-
terns. For the aforementioned examples they are {1},
{10} and {100100}, respectively.

B. The case (¢+2,q+2,q—2)

Let us now consider the case with s = 2. It is known
(see [6] and references therein) that the so-called Haf-

nian state, deta, ﬁ VU1 (Zay,)3, can be obtained from
i %

the antisymmetrization of the fermionic Halperin bilayer

state Us51. A similar statement can be shown to be true

for its bosonic counterpart - symmetrization of W44 leads
to deta, (ﬁ) U1 (Z9,)?. Notice that these states cor-
i T2

respond to ¢ = 3 and ¢ = 2, respectively. However, what
is known in the literature [6] as a ‘Hafnian state’ can be
really understood as a special case of the whole family of
Hafnians in the same way as the MR state is a special
case, that with ¢ = 2, of the Pfaffian family.

The family of Hafnian states parameterized by ¢ € N
is defined as

1
\I’?{f(Zgn) :Hfgn < 2) \IJL(ZQH)q

:det2n< i ')‘I’L(Z%)q,

Zi Zj

(20)

where the Hafnian of an 2n x 2n symmetric matrix B is
expressed as

1 n
Hfgn(B) = o] Z HBG'(Qifl),U(Qi)' (21)

€Sy, i=1

Notice that now the case with ¢ odd corresponds to
fermions, while ¢ even to bosons.

Below we show that the Hafnian state W{, is associated
with an antisymmetrization (resp. symmetrization) of
the Halperin bilayer state ¥,494424—2 for ¢ odd (resp.
even), with ¢ > 2. We start with the fermionic case and
notice that for any odd ¢ > 3, we have

AZn\I/q+2q+2q—2(Z2n)
o (22)
=Son | [1(zi = 2)* (znsi = 20)* | WL (Z20) 2

1<J

In Appendix A we prove that

Son H(Zz — 2) (znpi — Zntj)?
1<j (23)

- QZQ(Z;? Hf2”<(zi 1zj)2> U1 (Z2n)?,

and this leads to the conclusion that

AQn\Ilq+2 q+2 q—Q(ZQn)

_ 2n(n!)2Hf2”<(zi _1Zj)2> Uy (Zon)C.

(2n)!
For the bosonic case (¢ > 2 even) we immediately get

(24)

S2n\Ijq+2 q+2 q—2(Z2n)

=S, E(Zi—zj)4(27L+i—Zn+j)4 Wy (Zon)?? (25)
27 (n!)?

=~an Hﬁn(Q%jzﬂ2>WL@@M?

This finishes the proof of our claim.

We close the discussion of Hafnian states by present-
ing explicit root patterns for the states originating from
Wayo (bosonic v = 3) and W55 (fermionic v = %) for
both homogeneous fluids (vacua) as well as the ones with
quasiholes ([T, zi) Ugyoqr2g—2(Z2pn). For Wy we ob-
tain {2000} for the vacuum and {1100} for the state with
quasiholes, while the corresponding root patterns origi-
nating from the U551 state are {110000} and {101000},

respectively.

C. The case (¢+s,q+5,q—5)

For the general odd s and even q > s case, the resulting
fermionic state is of the form

. 1 s
UEf (Zon) =5 Az ( [detn <Z—Z+k>} ) V1, (Zan)?,
(26)

with €, defined in Eq. (13). We refer to this class of
states as fermionic Pfaffian-like states. Notice that for



s =2, from Eq. (24), we obtain the identity

2
AQn( ldetn <zz—lzn+k)] ) (27)

_27(n!)?
 (2n)!

We remark that, for s > 3,

1

Zi—Zj

S
VL (Zap) # {Pf% ( )} Uy (Zan)d, (28)
because in the antisymmetrization As, there is no to-
tally symmetric function involved. In contrast, the total
symmetry of Laughlin’s factor in Eq. (14) allowed for
factorization. Moreover, notice that

o ()] o (i) @

since on the left-hand side we have a determinant of the
sth power of a matrix with entries A;p = L but, in

particular, (4%);x = 3 (Zi_znﬂ)l(zj_z”%) £ (Zi_ZIHM)Q.
We use the notion of bosonic Pfaffian-like states for
those generated by a symmetrization process applied to
Halperin bilayer states Wq;q4sq—s With ¢ odd.
Similarly, for s even, we will call Hafnian-like states to
those obtained from Halperin bilayer states W5 q4sq—s
after application of a total antisymmetrization or sym-
metrization process. We also remark that the special
case with s = 0 corresponds to states from Laughlin’s

sequence.

Zi " Zn+k

D. Generalization to multilayer systems

The above construction can be generalized in a
straightforward manner to multilayer systems. In partic-
ular, the most general Halperin inhomogeneous trilayer
system is of the form

\Ijalagagblebg (ZN) :\I/L(an )al \I]L (ZHQ)az \IIL(Z"LS)GS
X Py (Z21,2) P, (21,3) Pby (Z2,3)-
(30)

where the third cluster of particle coordinates is indicated
as Zns = (Znytnot1,---»2n) wWith N = nj +ng +n3, and,
to simplify the notation, we denote Z; 2 = Z,, U Z oy
213 = Zp, U Zns and Zy 3 = Zm L Zn3~ The generalized
angular momentum condition (i.e., the trilayer analog of
Halperin’s constraint) takes the form

niai + ’I'Lgbl + n3b2 = noas + ngbl + n3b2
= ngaz + n1by + nabs, (31)

where all a; and b;, ¢ = 1,2,3, share the same parity.
The case a; = az = a3 = a and by = by = by = b (with

ny = ng = ng = n, the homogeneous case) leads to a

filling factor v = ﬁ. The generalization of the latter

homogeneous case for n; layers gives v = m
In this way, for instance, one can generate from
Us33111(Zn) (after antisymmetrization) a v = 3/5

fermionic fluid state with root pattern {11100}. The re-
sulting wave function W3,5(Zx) is then of the form

A \I/L(an)\I}L(fnz)\PL(Z’ﬂs)
sn Pl(Z1 2)731(21 3)P1(Z273)

)

}\I/L(ZN)Q. (32)

)

The most general (homogeneous, trilayer) case is associ-
ated to

(V2(Z0)V2(Z0)V1(Z0,))]
3"{ Ps(Z1,2)Ps(Z1,3)Ps(Z2,3)

}\I!L(ZN)q, (33)

with parametrization a = g + s, b = ¢ — s, whose filling
factor is v = 3q3_ .

The multilayer construction can be represented
schematically in terms of (undirected) graphs with ver-
tices corresponding to particle labels ¢, = 1,..., N, and
edges (ij) which are associated to the polynomial z; — z;.
Figure 1 illustrates the correspondence for a trilayer
system. Laughlin factor U7 in layer [ = 1,2,3 is rep-
resented by a complete multigraph KJ! on n; vertices
with all edges of multiplicities a;. Pairing among lay-
ers is pictured as edges connecting those three complete
multigraphs, with multiplicities identified with pairing
exponents. The resulting Halperin multilayer state is
mapped onto a complete multigraph. In particular, for
a1 = ay = az = by = by = b3 = a, we obtain a com-
plete multigraph of N = ny + ns + ng3 vertices with all
edges of multiplicity a which realizes a Laughlin state.
In general, every distinct complete multigraph of N ver-
tices represents a pattern of zeroes of the corresponding
polynomial.

Figure 1. Complete multigraph representing the Halperin tri-
layer state Wq,apa5b1b0b5- Kn! stands for a complete multi-
graph on n; vertices with edges of multiplicities a;, I = 1,2, 3.



E. A hierarchical construction

Starting with a family of Halperin multilayer systems
we obtained single-layer LLL states with particular filling
factors v. Let us now generalize this construction and
propose a new hierarchical scheme.

We begin writing a Halperin bilayer state (ny = ns =
n) in the following manner, where notation will become
clear in a moment,

v(© Zon) =W (7)) W (Z0) Py (Z
a§0>a;°)b(1>( 2n)— L( ) L( ) b(l)( Qn)
(34)
where \IJL(Zn)agm = \Ij(%)oo(zn) and U (Z,)* ag”  _
ay

g0 O(Z”) are the (polynomial parts of) Laughlin’s

Oago)
wave functions with powers a(lo) and aéo), respectively.

The pairing between layers is indicated by Py (Zap) =
[T(zi—2n4n)"”
ik

and b1, used in this construction are chosen with the
same parity. Let O € {A,S} be either an antisym-
metrization or a symmetrization operation, depending on
the nature of the state. Defining

1 0
\pflgg)ag%m (Zon) = O B (g> g0 (Z2n) (35)

. We stress that all parameters, a&o), ago ,

corresponds to the families of wave functions described
in previous sections.

Assume now that two sets of numbers, {a1 1 agog, b(l)}

and {agg, go%’ b(l)}, are given. Following the above pre-
scription we can generate two new wave functions

1) 1)

4 N (o)b(l)(ZZn) and ¥ 0 © (o)b(l)(Z%)- (36)
1 197, ,271 2 1@ 2

Imagine a situation where we put these two new states

on two layers and introduce pairing between them,

1) g ) A
v al? (l)b(z)(Z4n) —\Ilag(?iag(fgb(11>(ZZn)\Ijaé?}aé?;b(zn(ZZn)
X Py (Zan),
(37)
where agl) = { (0) ? s agl) = {a (O)}2:1 and b =

{b;l)}izl. Again, only wave functions being of the same
bosonic (resp. fermionic) nature can be paired together,
and the pairing term has to have an even (resp. odd)
exponent. This new Halperin-like state can be then used
to produce a new state within the LLL:

(2) (€]
‘I'agl)a;nb(z)(Z‘ln) Oun ¥ aV <1)b(2)(Z4n)- (38)

This hierarchical procedure can be continued. Starting

from a set {{a] 1 ] 2, 51)}} _, we can construct the ¢-th
level hierarchy wave function recursively:

«

—1
\I/a()é—l)a(é—l)b(z) (Zﬂn) = OQZn\Ij((l(Z—l))a(Z—l)b(g) (ZQM) (39)
1 2 1 2

with parameters a

bl = {bjl)}jzl

There is a series of natural questions that arises. First
of all, suppose that in the hierarchical construction, we
produce a state of the filling factor v. By the discussion
in the previous sections, we already know that any such
a filling factor can be obtained already after one step of
the hierarchy scheme, possibly with different Laughlin’s
powers ap,as and the pairing parameter b. Therefore,
from this perspective, one can then think that a one-step
hierarchy is enough to generate any possible states. Is it
indeed the case? In other words, what is the complete
set of characteristics that fully distinguishes states with
the same filling factor but differing in the level in the
hierarchy?

Secondly, the above hierarchical scheme is not the only
possible one that one can deduce from generalizing the
construction performed on the first level. For a reason
that will be clear in a moment, we refer to this specific
hierarchical construction as a symmetric scheme. Start-
ing from 2%-layered system we can choose any order of in-
terlayer antisymmetrizations or symmetrizations. More
generally, let us have p layers of Laughlin’s states charac-
terized by ai,...,ap, respectively. We can perform O’s
operations in several orders and for different subsets of
layers. For example, for a trilayer system we can choose
e.g. the following

{ ; for i = 1,2, and

(@) O12,:
‘Ilal \Ijazlptm = — O12 (\Ilal \I/llz) v, as ' (40)
012
—2% 012,53 (012 (Vo Vo) Uoy)
or
\Ij(n\pm \Ijas 023 \Ij(ll 023 (\PHQ \I]a3) % (41)
O123

—= 01,23 (V4,023 (U4, T,,)),

etc. The natural question of equivalence between differ-
ent schemes arises. One would like to rigorously classify
all such schemes and group them into suitable equiva-
lence classes. Last but not least, one can ask about
potential generalizations of the above hierarchical con-
struction beyond the n; = ny = n case. We leave these
problems for future research.

The hierarchical scheme includes, as a particular case,
the multilayer construction of the last section. Consider
the v = 3/5 fluid state discussed in Sec. IID. We next
show that this state can also be obtained from our hi-
erarchical construction, e.g., by using the scheme from
Eq. (40) with a; = as = a3 = 3 and the interlayer pairing
given by Py for all pairs of layers. If by = by = b = b, the
wave function Ur,(Z,,)* Py, (Z1,3)Pes (Z2,3) is symmetric
with respect to the Z; 5 variables. Since As,, = Asp0Aap,
this means that the total antisymmetrization of the wave
function ¥, aqa.606 Of Eq. (30) can be written as

i [ A (V12(Zy ) 01(Z0,) " P(Z1.2) )

(42)
X U1,(Zns) 2 Py(Z1 3)Py(Za, 3)}



Notice that Py(Z1,3)Py(Z2,3) represents the pairing be-
tween Zj 9 and Z,,. For a; = as = a3 = ¢+ 1 and
b= q — 1, this can be further rewritten as

A3"(W%f(zl,z)WL(an)q+1Pq—1(Zl,s)Pq—l(Zzﬁ))' (43)

In particular, for the 333111 state we have ¢ = 2 and the
resulting wave function is

Asn (‘I’MR(Zl,z)‘I’L( Zng)*P1(Z1 3)P1(2o, 3)) (44)

A natural question arises: which state among the ones
with the same filling fraction corresponds to an incom-
pressible fluid? Motivated by the analysis of Pfaffian and
Hafnian families and other multilayer families of states we
postulate the following conjecture.

Conjecture: (K-incompressibility) Given the filling
factor v, the root pattern corresponding to an infinite-
size (translationally and rotationally invariant) interact-
ing particle Hall system having the smallest Kolmogorov
complexity and minimal total angular momentum J is
associated with an incompressible FQH fluid.

According to this conjecture, the aforementioned v =
3/5 state qualifies as a possible candidate for an incom-
pressible FQHE fluid state.

ITITI. QUASIPARTICLE EXCITATIONS
A. Quasiholes

Our next goal is to determine the quasihole and quasi-
particle excitations of the states (vacua) obtained by the
construction presented in the previous section. For the
MR state, the fundamental quasihole excitations were
proposed to consist of two quasiholes [14, 15] located at
different positions 71,72 in the plane, with corresponding
wave functions

\Iji/?lg;mmz (Z2n) = \Ijqzzzqh(z%)

Pfin1,m2
Z; — zZj — + (147 (45)
i J

This object can be interpreted as a charge-|e|/2 vortex,
and every single quasihole possesses a charge —e/4 (e is
the elementary charge of the fluid’s particle, typically,
the electron) [26]. The generalization of the above wave
function to a system of arbitrary even number of quasi-
holes was also studied [27], and the braiding properties
of quasiholes in the MR state led to the concept of non-
Abelian statistics.

Since Halperin’s construction is a straightforward gen-
eralization of Laughlin’s fluid to bilayer systems, it is nat-
ural to insert two Laughlin’s quasiholes in the Halperin
W33 state, one per layer, and conjecture that after anti-
symmetrization with respect to all particle coordinates,
one ends up with a system of two quasiholes in the MR
fluid. This was observed in [10]. Here we present explicit

proof of this fact and generalize the procedure for multi-
layer systems. In particular, we consider both fermionic
and bosonic Halperin bilayer states Wyyq4414—1 On an
equal footing.

The general quasihole construction proceeds as follows.
We start with Halperin bilayer state ¥y, 4,5 and obtain its
(anti-)symmetrized version OV, 4,p. Paired quasiholes
for this vacuum can be generated as

O{Wi (Z) Vi (Z0) Po(Zen) ), (46)

where

Wi (Z) = [J =™ wn(Za)" (7

represents a cluster of m; quasiholes at 7 in the v = ai

Laughlin’s fluid in layer [ = 1,2. We now demonstrate
that this construction indeed reproduces the MR quasi-
holes from (45) (m1 = mq = 1).

Let us start motivating the proof with the simplest
case of N = 2 particles, one per layer and m; = my = 1.
Then, 331 (Z3) = 21 — 22, and \Ilggkf e = (21—11) (22—
12)(21 — 22). Its antisymmetrization leads to

2gh
“42”\1/331;711 12 (Z2)

= %[(21 —m)(z2 = m2) + (21 — m2) (22 — )] (21 — 22).

(48)

On the other hand, the wave function for the two-
quasihole system in the MR state, as proposed in [14], is
given by (45) with n = 1. Since Z5 has only two elements,

the Pfafian reduces to (Gi=m)(z2—nz)t(z2=m)(z1—na)
Z1—Z2 ?

while the Laughlin’s factor is simply (z; — 22)2. There-
fore, the resulting wave function for two quasiholes in the
MR state coincides (up to an irrelevant constant factor)
with the one obtained from the construction above.

Consider now the Pfaffian state with any even num-
ber of particles N = 2n. For my 4+ my = m Laughlin
quasiholes in Halperin bilayer state W1 ¢+14¢—1, With my
quasiholes inserted in layer [ = 1,2, the wave function is
given by

\Ilt(zili’;fl)q 1; mmz(Z%)_E"H H Zntk = 72)"
i=1 k=1
1
x dety, | ——— | U(Z2,)9,
Zi — Zn+k
(49)

Its antisymmetrization leads to the Pfaffian state,

H v — o) et ()]
_(n)? Pf2n<(zi?71)m1( 772)m2+(ZHJ)>

~ (2n)! Zi = zj

A2n [

'¢:1=

(50)



For details of the proof see Appendix B. This means
that the addition of m; = my = 1 Laughlin quasiholes
in layers of the Halperin bilayer state Wq11 44141 leads
to quasiholes in the Pfaffian state consistent with the
proposal for the MR fluid.

We performed variational Monte Carlo simulations to
visualize a Pfaffian fluid with quasiholes. In order to im-
plement this efficiently we used the algorithm discussed
in detail in Appendix D. For a system with 50 particles
per layer, we study three situations that differ by the po-
sitions of the two quasiholes. Lengths are measured in

\ZZT%’ where B is the

magnetic field strength, i the reduced Planck constant,
¢ the speed of light, and |e| the magnitude of the elemen-
tary charge. In each case we place them symmetrically,
at positions (n1,72) = (0,0), (n1,7m2) = (—2.5¢,2.5¢) and
(m,n2) = (—104,10¢), respectively. We will use units s.t.
¢ = 1. The resulting three-dimensional density plots for
these systems are shown in Fig. 2, panels (a)—(c). To im-
prove visualization of the characteristic features of these
systems, we reduce the opacity and present these data
in panels (d)—(f), respectively, as well as we provide in
panels (g)—(i) the two-dimensional projection of the cor-
responding density plots. Panels (j)—(1) show the corre-
sponding radial densities. We remark that in those cases
where the quasiholes are not located at the origin (cases
(k) and (1)), the lack of cylindrical symmetry influences
the depth of the valleys present in these plots.

To determine the value of the charge of such excita-
tions, we performed Monte Carlo simulations for a sys-
tem with 100 particles per layer, located two quasiholes
at the origin (to take advantage of the spherical symme-
try), and made use of the expression

units of the magnetic length ¢ =

op = 2m /OTM_OH [p(r) — ppe(r)] rdr, (51)

where p(r) stands for the radial density with quasiholes
and pp¢(r) is the radial density of the homogeneous Pfaf-
fian fluid. The cut-off radius 7cut—ofg has to be chosen
such that the entire quasihole is contained within a disk
of this radius and, simultaneously, its value must be suf-
ficiently smaller than the size of the droplet to avoid in-
fluence from the boundary of the droplet [28]. Here we
choose 0 < reui—of < 20¢, and observe the saturation
of dp at |e|/2, as expected for the MR state with two
quasiholes at the same position. (The mean value com-
puted in the range 10¢ < reyp—o < 20 is 0.496(1)|el.)
Since the two dips in the density profile present in the
state \1112\/}]‘;];”17”2 (Zsy,) (with positions n; and ne well sep-
arated) are identical, each of them possesses the elemen-
tary charge |e|/4.

It has been postulated [22] that a single quasihole ex-
citation in the MR fluid can be effectively described by
the wave function

Zi+zi —2
Uyin., = Pfa, (JZ”) U (Zan)?.  (52)
J

Zi —

We have performed a Monte Carlo simulation for this
system with 2n = 100 particles and n = 0. The re-
sulting density profiles as well as the computation of the
quasihole charge are shown in Fig. 4. The latter satu-
rates at dp = |e|/4. (The mean value computed in the
range 70 < regp—off < 14£ is 0.251(1)]e|.) We also notice
that the size of this single quasihole agrees with the size
of each of the two quasiholes that form the paired state
\Ili,?gmlm when they are well-separated (e.g. in the case
with 17y = —ny = 10¢), as well as with the size of the
excitation formed when n; = 12 = 0. To quantitatively
check this fact, we performed Monte Carlo simulations
with 2n = 100 particles for Wyt —+ Ufp  — Wy,
when (n1,72) = (—2.5¢,2.5¢) and (n1,72) = (—10¢,10¢),
and analyzed the difference from the density correspond-
ing to \Iji/?g;mmz' The results are shown in Fig. 5.

We notice that when (11,72) = (—2.5¢,2.5¢) we clearly
see a substantial discrepancy near the origin. However,
when the two paired quasiholes are well-separated (i.e.,
for (m,n2) = (—10¢,10¢)), the difference is below 3%,
which is within statistical uncertainty. In other words,
from a charge density perspective, the MR state with
well-separated quasiholes in the paired state behaves like
the one with two independent single quasiholes, each
of them described by (52). This seemingly surprising
observation can be understood from the perspective of
Halperin bilayer systems. In the original MR construc-
tion quasiholes in Pfaffian fluids were always appearing
in pairs. However, allowing for arbitrary combinations
of quasiholes in the two layers, we see that the wave
function given by (52) is nothing else than the (anti-
)symmetrization of the system with a single Laughlin’s
quasihole placed in only one of the two layers (arbitrar-
ily chosen). In other words, the system of two paired
but well-separated quasiholes is density-wise equivalent
to the one with two single quasiholes, both systems ob-
tained from the bilayer construction. Indeed, our quasi-
hole construction is flexible enough to accommodate all
possible combinations of Laughlin’s quasiholes per layer.

For different distributions of quasiholes per layer in the
MR fluid, we performed Monte Carlo simulations with
2n = 100 particles and n; = ny = 0, obtaining density
profiles and their corresponding charges. In Fig. 6 we
show that the case of three quasiholes in a single layer
differs significantly from the one with two of the quasi-
holes in the first layer and the remaining one inserted
in the second layer. However, both of them lead to a
charge 3le|/4, as expected for a system of three quasi-
holes at the same position, each of charge |e|/4 - see
Fig. 7. We observe the following additive property for
the charges of quasiholes: the total charge of an exci-
tation at 1 consisting of a given number of quasiholes
(regardless of its distribution between layers) is the mul-
tiplicity of the charge of a single excitation. Furthermore,
for quasiholes obtained from the (anti-)symmetrization of
a Halperin bilayer system with one quasihole in the first
layer and two quasiholes in the second one, if the posi-
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Figure 2. (a)-(c) Density profiles p(z) (in units of the uniform density po =

L

5= for the MR system with two paired quasiholes

located at (11,72) = (0,0), (—2.5¢,2.5¢) and (—10¢,10¢), respectively. (d)-(f) Density profiles from panels (a)-(c), respectively,
with reduced opacity. (g)-(i) Contour plots for density profiles from panels (a)-(c), respectively. The size of the corresponding
excitations is marked by arrows. (j)-(1) Normalized radial densities p(r) from the panels above.
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Figure 3. Normalized radial density for the MR system with
2n = 200 particles (green) and for the two paired quasiholes
located at m1 = n2 = 0 (blue). Inset: computation of the
charge dp as a function of reut—ofr, according to (51).

tions of the quasiholes in particular layers are different
(and they are well-separated), then the quasihole charge
located at n is proportional to the exponent associated to

Figure 4. Single quasihole (52) located at n = 0 for the MR
fluid with 2n = 100 particles. (a) The three-dimensional
normalized density profile (as a function of z = x + iy), with
reduced opacity in the figure. (b) The charge dp as a function
of reut—oft, computed according to Eqn. (51). (c¢) Contour
plot with the size of the excitation indicated.

that position. We illustrate this point on the MR state
with 2n = 100 particles and the aforementioned distri-



Figure 5. Difference in densities (as a function of z = z + iy)
between the state of two isolated quasiholes, each of them de-
fined by (52), and the one with paired quasiholes obtained ac-
cording to the (anti-)symmetrization procedure for (a) quasi-
holes located at (m1,12) = (—2.5¢,2.5¢) (b) quasiholes located
at (n1,m2) = (—10¢,10¢).

bution of quasiholes at n; = —10¢ and 7y = 104 - see the
resulting density plot in Fig. 8.
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Figure 6. Normalized radial density for the MR state with 50
particles per layer and with different distribution of 3 quasi-
holes: all of them in one layer only vs. one of them in the
first layer and the remaining two in the second one.

However, agreement in density profiles does not nec-
essarily mean that the system of well-separated paired
quasiholes and the ones obtained as a superposition of
two single ones are indeed fully equivalent. For that
to be true, one has to also examine the Berry connec-
tion and compute the braiding statistics, which is beyond
the scope of the current paper. In a rigorous proof, one
should demonstrate that for |n; — 72| > 1 the Pfaffian
factor in qji/?ﬁ;mmz splits into two pieces, each of them
corresponding to a single quasihole. The subleading term
for the computation of the charge might become crucial
for examining the statistics. We postpone rigorous study
of these aspects for future research. Here we concentrate
only on the charge density aspects.

The above quasihole construction can be applied to any
member of the Pfaffian and Hafnian families of states as
well as any states obtained from Halperin bilayer systems.
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Figure 7. Computation of the charge of quasiholes Jp as a
function of 7cut—om, according to (51), for the MR system
with 2n = 100 particles. (a) One quasihole in the first layer
and two of them in the second one, (b) three quasiholes in a
single layer and no quasiholes in the other, (c¢) two quasiholes
per layer, (d) three quasiholes per layer. All quasiholes are
located at the origin of the disk.
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Figure 8. Two quasiholes in the MR fluid with 2n = 100
particles, obtained from a Halperin bilayer system with one
quasihole in the first layer placed at n1 = —10¢ and two in
the second one at 72 = 10¢.

In particular, notice that

S2n|‘H(Zl - nl)(zn-i-i - 772) H(Zz — Zj)4(zn+i — Zn+j)4]

- EZQ)I He,, [< - m)(fzj; - Zj;; (i ¢ j)} T (Zan)?
(53)

and, therefore, the symmetrization or antisymmetriza-
tion of the Halperin’s state Wy 9 q424—2 With quasiholes
inserted one per layer leads to the system of two quasi-
holes in the Hafnian state:

q _ (zi —m)(z; —m2) + (i < 5)
Vit o= Hzn (zi — 2j)?

Uy (Zan)d.

(54)
In order to prove the above claim (53) we follow exactly
the same steps as for the Hafnian state without quasiholes
— see Appendix C where we consider the more general
case of m1 + ms = m quasiholes.



B. Fusion Mechanism for Quasielectrons

In this section, we show how to generate quasiparticle
(quasielectron) excitations in topological fluids derived
from our multilayer construction. The idea behind the
generation of these quasiparticles is rooted in the fusion
mechanism discovered in Ref. [3], which is based on the
algebraic concept of particle fractionalization [3]. For a
Laughlin fluid with filling factor v = % the analytical
form of the quasielectron wave function was rigorously
derived in [3] from the requirement that placing a of
them at the same position is equivalent to localizing a
single electron. The resulting quasielectron is effectively
a composite object, made out of a — 1 quasiholes and 1
electron, possessing the right quantum numbers (charge
and exchange statistics). Furthermore, it can be shown
that it also has the correct value of the topological spin
introduced in [29] and satisfies the spin-statistics relation
in the sense of [30].

Here we make use of the latter fusion mecha-
nism and construct quasiparticle excitations in prop-
erly (anti-)symmetrized Halperin multilayer systems. In
other words, a quasielectron is defined by placing a lo-
calized bare electron on top of m elementary quasiholes
with the constraint that the quasielectron density sat-
isfies the fusion rule: pqyp(2) = Mmpqn(2) + pe(z), where
pe(2) is the density of a bare electron. This leads to an
“effective plasma analogy” for these excitations.

Based on the properties of quasiholes observed in Sec-
tion IIT A we consider next a single isolated quasiparticle
excitation. To determine the number m of elementary
quasiholes required to generate a quasiparticle of a given
charge eqp, we notice that the elementary charge of a

single quasihole in a topological fluid with v = 25 is
e* = fa%rb. This implies the following relation

me® +e=eqp. (55)
For quasiparticles having charges eq, = —de* with some

positive integer d, this condition leads to m = a + b —
d > 0. Since m quasiholes can be distributed among the
various layers in many different ways, there are several
potentially inequivalent choices leading to the same total
charge. Let m; denote the number of quasiholes placed
in the lth layer. For the sake of clarity, we next focus on
the case of two layers.

In order to compactly represent our construction, we

denote by {gj the bilayer system with quasihole exci-

tation of type le in the first layer, and of type Q5 in the
second one. For Laughlin’s fluids with filling factor % we
denote by QH,(n) its corresponding quasihole (located at
1) wave function. In particular, we have observed before
that in the limit |7 — 72| > 1 the following holds

miQHa(m)| _
© [szHa(nQ)] - m1QH () UmeQH (n2),  (56)

with O representing either a symmetrization or antisym-
metrization operation depending on the parity of a, and
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QH(n) defining a single quasihole (located at 1) wave
function of the fluid obtained from the bilayer system
following our construction. Note that, in general, for
my + mo = m) +m)

o[udren] +o[mdr] . e

Furthermore, the fusion mechanism from [3] can be sym-
bolically written as

QEa(n) = (a = 1)QHa(n) @ e(n). (58)

We now postulate the following fusion mechanism for a
single quasiparticle (quasielectron) of charge eq, = me*+
e in arbitrary fluids obtained from bilayer systems

Qr@ =0 1@l G, 69

where m1+ms = m. Using the parametrization a = q+s,
for s = 1, the corresponding wave function is

Zant1m”

\I/(éjf(;”;;hmz)(ZQn_i_l) = O2n+1{€ 5

(zi =)™ (zj =)™ + (i < j)
Zi — %5

XPf2n|: ]‘I’L(Zm)q},

(60)
while for s = 2 we have

Zan41m"

\I/;Z{;g:]“’7n2)(22n+1) _ 02n+1{€ 5

(zi =)™ (25 =)™ + (i ¢ J)
(21 — 2)?

fog,{ }@L(Z%)Q}.

(61)

The choice of m; and ms whose sum is m is obviously
not unique. We illustrate the above construction consid-
ering the MR state. Since this state is realized by the
antisymmetrization of Halperin’s W33; state (¢ = 2), the
elementary charge is e/4, and for d = 1 we have m = 3.
Hence there are two potential distributions of quasiholes:
(a) two of them in the first layer and the remaining one
in the second one, or (b) all three quasiholes in a single
layer. It turns out that only case (a) leads to the cor-
rect fusion of charge densities. To numerically prove this
statement, we performed Monte Carlo simulations for a
small number of particles, a stringent test.

In Fig. 9 we present the corresponding (normalized)
density profiles for a system with n = 5 particles per
layer and (mq,mz2) = (1,2) quasiholes located at n = 0
(a single quasiparticle requires, by construction, one ad-
ditional particle, i.e., a system with 11 particles in total).
Figure 9 clearly shows the fusion mechanism at work, i.e.,
the QE and (14-2)QHs+electron are indistinguishable.

Similar computations show also a violation of the fu-
sion rule for case (b), i.e., (m1,ma2) = (3,0) - see Fig. 10.
The significant discrepancy originates from the fact that,
in this case, the system of quasiholes has a high density at



p(r) e (1+2)QHs
2.0 Lo s QE

v electron

1.5 (1 4 2)QHs + electron
1.0

0.5¢

Figure 9. Test of the fusion mechanism for the MR state with
n = 5 particles per layer. The (normalized) radial density of
the composite charge-e/4 quasielectron satisfies the required
fusion rule: it agrees with the sum of the density of a state
obtained from the bilayer system with two quasiholes in one
layer and the remaining one in the second layer, and the den-
sity of a single electron. All quasiholes as well as the electron
are placed at the origin of the disk.

the origin (see also Fig. 6 for results obtained for a larger
system with no impact from the boundary and a density
at the origin of ~ 0.8). Adding a Gaussian distribution
representing the (properly normalized) radial density of
. 2 .
a single electron, p.(r) = 2e~""/2, to the cluster density
of quasiholes (three quasiholes in the same layer), does
not match the density of this type, (m1,mz2) = (3,0), of
quasielectron excitation.

(3 + 0) QHs
+ QE

2.5¢

v electron

(3 + 0)QHs + electron

2.0

1.5

1.0¢

0.5¢

1 2 3 4 5 6 77

Figure 10. Test of the fusion mechanism for the MR state
with n = 5 particles per layer. The potential quasielectron
is constructed on top of a Halperin bilayer system with three
quasiholes in a single layer. All quasiholes as well as the
electron are placed at the origin of the disk. The fusion rule
is clearly violated in this case.

The charge-e/4 quasielectron in the MR state is then
constructed in a nontrivial way. We have to first real-
ize, in a very specific way ((m1,ms2) = (1,2)), a cluster
of quasiholes located at 1 and then add a single elec-
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tron at the same position 7. Only particular values of
(mq1,m2) satisfy the fusion mechanism. We claim that
these are the proper quasiparticle excitations. Can one
anticipate what are those proper (mq,ms) values? Are
all possible quasiparticle excitations in one-to-one cor-
respondence with those (mq,ms2) satisfying the fusion
mechanism? Consider again the case of the MR fluid.
We may wonder whether a charge-e/2 quasielectron ex-
citation for the MR state does comply with our fusion
mechanism. To satisfy the latter we need in principle
two quasiholes. Remarkably, it turns out that the choice
(mq, ma) = (1,1) does the job. In Fig. 11 we demonstrate
(for a small number of particles) that the resulting quasi-
electron indeed satisfies the fusion rule. Density pro-

p(r) o (1+1)QHs
2.0 -
0o + QE
v electron

1.5¢ (14 1)QHs + electron

1.0

0.5

1 2 3 % 5 ) 77

Figure 11. Test of the fusion mechanism for the MR state with
n = 5 particles per layer. The (normalized) radial density of
the composite charge-e/2 quasielectron satisfies the required
fusion rule: it agrees with the sum of the density for a state
obtained from the bilayer system with one quasihole per layer
and the density of a single electron. All quasiholes as well as
the electron are placed at the origin of the disk.

files for both charge-e/4 and charge-e/2 quasielectrons,
located at the origin, are displayed in Fig. 12. !

1 One could naively think that quasielectrons should be obtained
by (anti-)symmetrizing Halperin bilayer systems with quasielec-
trons placed in each Laughlin layer. In the case of the fermionic
Halperin’s g4 1 ¢+1¢—1 states (i.e., with ¢ even) the correspond-
ing wave function would then be given (up to global normaliza-
tion and a Gaussian factor) by the total antisymmetrization of

-1
znnf
Aple™2 (2 —m)? [ (zi—z)™!
k=1 1<i<j<n—1
zgnny L 1
xAp|e” 2 H (Zn+4rk —m2)? H (#n+i — #n45)7T (62)
k=1 1<i<j<n—1

n
X H (zi — ZnJrk)q_l.
ik=1

This construction, however, is not satisfactory. In particular, it is
impossible to generate a single charge-e/2 quasielectron satisfy-
ing the fusion rule since, because of the Pauli exclusion principle,



C. Fusion Mechanism for Magnetoexcitons

Having established both quasiholes and quasielectrons
in arbitrary LLL topological fluids, we now postulate a
particular form of magnetoexciton: objects composed of
these two types of excitations. We first generate, within
our bilayer construction, clusters of quasiholes necessary
to realize a quasielectron at 77, and an additional quasi-
hole at 5. We then put an extra electron at ;. In other
words, this construction reads symbolically

leHa 1 EBQH(J, 2
MG, m) =0 ™ | @ etm). (@)

The mathematical structure of this object allows also
for efficient Monte Carlo simulations since the first sum-
mand is easily implementable due to the Cayley formula
[31]. The above equality can be understood as an effec-
tive plasma analogy for magnetoexcitons. In particular,
our findings provide a concrete proposal to resolve the
issue anticipated in [32]: “Unfortunately, accurate and
well-tested wave functions of the quasiparticle-quasihole
excitations at 5/2 are still lacking.”

Figure 12. Density profiles p(z) for (a) a charge-e/4 quasi-
electron and (b) a charge-e/2 quasielectron. Monte Carlo
simulations were performed for a system with n = 5 parti-
cles per layer. The two types of excitations have identical
amplitudes at the origin and, therefore, the charge-e/2 quasi-
electron exhibits a broader density profile.

IV. TOPOLOGICAL QUANTUM ORDER:
GENERALIZED COMPOSITE OPERATORS

Unveiling the intrinsic topological quantum order in-
herent in FQH fluids is fundamental for their classifica-
tion. In this section, we make use of a second quan-
tization representation to derive the composite (gener-
alized Read) operators whose vacuum expectation sig-
nals the ODLRO of the fluid’s correlations. In Ref. [33]
the second-quantized version of Read’s nonlocal (string)

we cannot put two electrons at the same position. In contrast,
our above construction provides both charge-e/4 and charge-e/2
quasielectrons satisfying the fusion rule.
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order parameter for the Laughlin sequence was explic-
itly derived, and in [3] we expressed the sequence of
(bosonic and fermionic) Laughlin second-quantized states
in closed form. Here we extend these ideas to non-
Abelian fluids. For simplicity, next we focus on the Pfaf-
fian and Hafnian families of states, but we stress that
similar ideas can be implemented in principle for other
topological fluids.

A. Pfaffian state in second quantization

We start investigating Pfaffian states in second quanti-
zation for both ¢ even and odd, i.e., we consider fermionic
and bosonic fluids on an equal footing. We start with a
simple fact known from linear algebra: the Pfaffian of
a (2n + 2) x (2n + 2)-matrix A satisfies the recurrence
relation,

2n+2
Pfoni2(A) = Y (=1) Ay;Pfa,(Ag3), (64)

Jj=2

where A; is the entry (1,j) of A, and Aj; denotes the
matrix obtained from A by removing both first and jth
row and column.

As an immediate consequence (for details see Appendix
E), we get

2n+2
UL (Zonsa) = 3 (—1)0HD (2 — )7

=2 (65)
<[] (21 = 20)(25 — 2))" UL ((Zans2)i;)-

I#1,5

We remark that for ¢ even the first summation cor-

responds to the antisymmetrization procedure, while

for ¢ odd we have symmetrization. The operation

171_1[ (1 = 2)(z — )" on top of WEi((Zan2)i;) is an
J

insertion of 2¢ quasiholes, ¢ of them at position z; and

the other ¢ at position z;, into a state \I/qpf((ZQTLJ,_Q)ij) of

2n particles, indexed by 2,...,7,...,2n + 2. We would
like to express this flux insertion operation in the second
quantization language.

In this language, we define the LLL single-particle
orbitals in the disk geometry as ¢,.(z) = ﬁ—[:, r >0,
with normalization N, = v2727r!, so that the integra-
tion measure D[z] = d2ze~ 317" satisfies [Dl2](z*)" 2" =
N6, We denote creation (resp. annihilation) opera-
tors by al. (resp. a,.) whenever the formalism is applicable
for both fermions and bosons. Otherwise, we use instead
c! (resp. bl.) when we refer exclusively to fermions (resp.

bosons). In second quantization, the field operator is de-
fined as A(2) = 3 ¢,.(2)a, with adjoint Af(z).
r>0

To establish the algebraic mechanism of fractionaliza-
tion, in [3] we used a compact representation of powers



of the quasihole operator ﬁN(Z) in an N-particle system
in terms of the operators (j € Z)

R (=1 3 en, ---n,, j=>0
SJ# = ni+...4+nq=j s
0, otherwise

(66)

introduced in [34, 35] to establish a recurrence relation
between Laughlin’s states (v = 1) with different numbers
of particles. Here, e, stands for the elementary symmet-
ric polynomial of degree n > 0, represented in second
quantization as [33]

z : ar1+1

7T!L

TnHa,, ey - (67)

Since the number of particles for Pfaffian fluids is even,
N = 2n, the following follows from [3, Lemma 1 in Sup-
plementary Notes|

Z Z;S27Lq T (68)

r>0

U2n z)?

Using these operators in a mixed (first-and-second
quantization) representation we can write Eq. (65) as

2n+2
Ul (Zonya) = (1)1 D (~1)70+9)
=2
[ Z Z l+1 <q 1>Z{1+qu 1+ra—1 (69)
r1,72>0 =0

X @nqmggnqrglpquf((Z2n+2)1;)1 ,

where we have used the binomial expansion

=5 (17 )

=0

Consequently, in a pure second quantization representa-
tion, Eq. (69) reads

-1
1)i+1
W =y 3 S (1)
r1,72>0 1=0 (71)
~t ot ot i

X a‘r1+laq71+r27l52nq—h San—rz |\I]Pf 2n>
where the normalization factor N,, ;, = % originates
from the (anti-)symmetrization procedure. Indeed, for
fermions (g even) the variables z; with j =2,...,2n+2

are already properly antisymmetrized and it remains to
choose z; out of the set of 2n + 2 variables, hence the
factor 3 - On the other hand, for the bosonic case (g

odd), we have N,, , = —

_1
2n+2°
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Let us illustrate the above relation with a concrete ex-
ample, the MR state, i.e., the fermionic Pfaffian state
with ¢ = 2. The four-particle state in second quantiza-
tion is

‘\IJPf4> = (elelelel — 2elelele] + 10elelele]) o), (72)
while the one with six particles can be decomposed as

[Whea) = (aga;aga;aieo — 2cjclelelebel + 10 el elele]
—ocheleletelel + aclclelelelel + 2elclelelelel
—16cielelclelel — 14élclelelelel + 28elctielelelel
+10cketeleletel — 16etelelelelel + 2selelelelelet

+28¢lelelelelel — 6ctelelelelel — Tockeletel el
+280675655546§5§) |0).
(73)
The right-hand side of the recurrence relation reduces to

N22» (-

r1,7220

chel o+l el )SE S Wity (74)

The :S'\j# operators having a non-trivial action on four-
particle states are

S\g = ei, S# = 726364, Sg = 63 + 26264,
§§ —2(ejeq + ege3), Sﬁ = €3 + 2e4 + 2e;e3, (75)
§§: 62+61, Sf:—2el, :9\#:

By a straightforward computation, one can then easily
verify that (74) reduces to ‘\IJ%?’%>, in complete agree-
ment with (71).

Equation (71) gives us the recurrence relation between

Pfaffian states with different numbers of particles, from
which we immediately infer that

|\Iquf,2n>

= Kyn1Kgn_a...Kz0/0), (76)

where

et 3 S (1)

r1,72>0 1=0 (77)
al al 5 S

ar1+laq71+r27l 2ng—r1~2ng—ra | *

Let us now introduce the following operator
Roanlims ) = Nogm =)™ AT ) o

X Uzn (1) U2n (12)4,

for which we can show (see Appendix E) that

[ PO R ,0) = Ko (19



In Ref. [26] it was proposed to study correlations in
the MR fluid by computation of the correlation function
(Unr|AT(2)AT(25)A(21)A(22)|[¥\R), written in terms of
the bare field operators.? The authors used a spheri-
cal geometry and placed the primed positions near the
north pole of the sphere, and the unprimed ones near the
south pole. Their numerical results suggest the vanish-
ing of this parameter for the MR state. We claim (as
originally claimed in the context of Laughlin fluids by
Read [36]) that the proper correlation function signaling
the ODLRO present in these topological fluids should
consider the dressed field operators I?q’n instead of the
bare ones, i.e., those responsible for the topological order
present in the fluid, when the system is gapped. Since
bare field operators do not commute with the quasihole
operators, this leads to the conclusionAthat the relative
order of operators in the definition of K, ,, is important.
Indeed, Eq. (78) defines a dressed pair rather than a pair
of dressed operators.

By close analogy to [3] we consider the flux-number
non-conserving quasihole operator for the Pfaffian fluids

Z U2n qU2n ) |\IJPf 2n><\111q)f,2n‘7 (80)
n>0
and define the operator
Kq= /D m]Dna] Aq(7717772) , Where (81)

qu (11,m2) =Np,q(m — 772)(1_1AJr (nl)AT (12) Z/A{q,q(nly W(Q)a)
82
and satisfies (see Appendix E)

|\IIPf 2n+2> (83)

In this way, we can express the Pfaffian state in second
quantization

K |\IJPf 2n>

(Wbt 2n) = Kg 10) (84)

as a non-local condensation, where |0) is the state with
no particles.

B. Hafnian state in second quantization

Given a (2n + 2) x (2n + 2) symmetric matrix B, the
Laplace expansion for its Hafnian leads to the following
recurrence formula

2n+2

Hfzp42(B) = BiHfz(Bj;). (85)
j=2

2 We adjust the notation to be consistent with the conventions we
have chosen in the present paper.
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Following steps analogous to those considered for the
Pfaffian case, we end up with

2n+2
Vie(Zons2) = 2 [(—wq(zl — 20
- (86)
xH 21— 2) (25 — 21))? \I/?{f((Z%)H)].
k#1,j

In contrast to Pfaffian states, ¢ odd corresponds now to
fermions, while ¢ even to bosons. This is in complete
agreement with our previous discussion about generating
Pfaffian- and Hafnian-like states from Halperin bilayer
systems.

Therefore, in the second quantization formalism, we
have

-1
1)t
i =Mns 5 Sl (1)
r1,72>0 =0 (87)
X(l:[ +la’j1 1+7ro— lsgnq rlsgnq ro |\I/Hf 2n>
with the normalization factor N, , = % resulting

from the (anti-)symmetrization procedure. As an imme-
diate consequence, we deduce that

|\Ijglf,2n> = qu—qu,n—Q s Kq,0‘0>v (88)

with exactly the same composite (generalized Read) op-
erator K, defined in Eq. (77). Note that K¢ is the
zero operator in the fermionic case al = . At first
sight, the fact that Egs. (76) and (88) look identical
might seem puzzling but note that the choice of a. oper-
ators is now opposite to the one for Pfaffians. Indeed, in
the Hafnian case, for ¢ odd we take @ to be a fermionic
operator ¢, while for ¢ even we have al. = bf. This is yet
another manifestation of the fact that both Pfaffian and
Hafnian families of states are of the same nature. They
are the result of symmetrization or antisymmetrization
of Halperin bilayer systems W, q454—s and they differ
essentially only by the parity of the parameter s.

Consequently, also for the Hafnian state the operator
IA(q,n(m, 72) is given by Eq. (78), satisfying (79), and the
Hafnian state

|WHf 2n>

can be expressed as a non-local condensation. Notice
that a simple change of representation can uncover a
deep physical result. In particular, the nature of corre-
lations in Pfaffian and Hafnian families is manifest from
the dressed paired form of the composite operator, which
is quite different from the Laughlin fluid case [33, 36].

= Kg10) (89)

V. CONCLUSIONS AND OUTLOOK

In this work, we developed a scheme to generate, LLL
bosonic and fermionic, FQH fluids of arbitrary filling fac-



tor. The main idea of the construction relies on separat-
ing the set of particle coordinates into clusters (that we
call layers because it was Halperin who first proposed a
bilayer extension of Laughlin fluids) that correlate among
themselves by means of specific pairing or higher-order
correlation terms. A symmetrization or antisymmetriza-
tion procedure is applied next to all coordinate labels, de-
pending on the character of the fluid. This process can
be implemented in a hierarchical fashion. It turns out
that this simple construction generates translationally
and rotationally invariant topological fluid states which
host Abelian and non-Abelian excitations. Remarkably,
the same construction extends seamlessly to quasiholes,
quasiparticles (quasielectrons) and magnetoexcitons. In
particular, we extended previous work [3] to non-Abelian
fluids and showed that a similar, albeit more subtle,
fusion mechanism emerges for quasiparticles (quasielec-
trons) that display the correct quantum numbers. This
is a relevant achievement considering that it may help es-
tablish the correct fusion category associated with a given
topological fluid. For instance, the Ising anyon charac-
ter of excitations in the Pfaffian family can be read off
from the elementary (anyon) quasiholes and their quasi-
electrons (anti-anyon).

The idea of implementing a symmetrization process
over Halperin multilayer systems goes back to the work
by Cappelli et al. [10], where only the multilayer ana-
log of Halperin 331 state was considered (and referred to
as generalized (331) Abelian theory) (as well as the pos-
sibility of placing m quasiholes homogeneously among
the layers, under the assumption that m is a multiplic-
ity of the number of layers n;. These additional condi-
tions were motivated by conformal field theory). Refer-
ence [11] generalized this idea to arbitrary homogeneous
Halperin multilayer systems. The latter scheme is equiv-
alent to our multilayer construction under the additional
homogeneity assumption. Our hierarchical construction
is more general than the multilayer scheme, and includes,
as particular examples, the constructions above. The
most significant difference with other proposals is the
way quasiparticles (quasielectrons) are constructed. In
contrast to approaches based on conformal field theory
[12] or composite fermions [8, 9] that use the idea of (anti-
)symmetrization of Halperin multilayer systems, in our
scheme quasiparticles satisfy a remarkable fusion mecha-
nism.

First and second quantization representations of these
systems highlight different aspects of the quantum cor-
relations present in those fluids. For example, while
the fusion mechanism is evident in first quantization the
dressed paired nature of a Pfaffian fluid, for instance, is
manifest in second quantization. Composite (generalized
Read) operators, which signal the intrinsic topological
order (or ODLRO) of the fluid, is another case where
second quantization is king. We illustrated the method-
ology by deriving generalized composite operators for the
non-Abelian Pfaffian and Hafnian families of states.

A few outstanding open problems remain. We envis-
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age the resolution of some of these in future publications.
One of these problems is a proof of completeness (or
overcompletness) of the set of (anti-)symmetric, trans-
lationally and rotationally (i.e., homogeneous) invariant,
holomorphic polynomials generated by our hierarchical
multilayer scheme. Another is the topological classifica-
tion of that same set. Can one associate a knot invariant
to an arbitrary element in that set? In the current paper,
we conjectured a K-complezity criterium for incompress-
ibility. What are the constraints in the construction of
translationally and rotationally invariant parent Hamil-
tonians, stabilizing those K-incompressible fluids, leading
to gap-incompressibility? Yet another problem we intend
to study in the future is the braiding and topological spin
structure of the quasiparticles introduced in the present
paper.

Note added: While preparing this manuscript, we
became aware of a work in parallel by F. Zhang,
M. Schossler, A. Seidel, and L. Chen [37] which also con-
tains a second-quantized presentation of the MR states
equivalent to ours.
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Appendix A: Proof of Eq. (23)

We will prove this statement by induction. First, no-
tice that it holds for n = 1. For the inductive step, we
use the recurrence formula for Hafnian,

2n+2

Hfoni2(A) = ) Arj Hfan(Ag), (A1)
j=2

where Aj;; is the matrix obtained from a (2n+2)x (2n+2)
matrix A by crossing out the first and jth columns and
rows. Using this relation, the right-hand side RHS,, 11 of
Eq. (23) for 2(n + 1) particles takes the form

RHSp 41 = 2n+1)° U1 (Zonio)?

o+ 1)(2n 4+ 1) Vi (Zani2)2 (1 — 22
2n+2

2”(%!)2 ( 1 > .
DV e (=) [Ve(Zensa)lyp
JZ?{ (2n)! ’ [(zk —z1)? i; (2 +2)1]

(A2)
Since
\I/L(Z2n+2)2 2n+2

=TI =200 = %), (a3)

‘I’L(Z2n+2)%(zl %) i



and using the inductive hypothesis, we can rewrite the
above equation as

n+ 1 2n+2 . 2n+2
_ 15 2
RHS, 1= 5 — 12[5231]17];&((212[)(@%)) , (A4)

where [Sglﬂ denotes the left-hand side of Eq. (23) but
applied to the set Zs,,12\ {21, z;}. Using basic properties
of the symmetrization we therefore get

RHS,, L
——ntl o San+2 {(H(Zz - Zj)4(2n+1+i - Zn+1+j)4>

n+1 L
1<J
2n+2
z2n+2))2}-

XH (21 — zn41) (21 —

l#n+1,2n+2

(A5)
The goal is to show that RHS,,;1 is the same as
n+1
Sonsz | ][ (2 = 2)* (znt1s — 2r115)* (A6)
i<j

We will achieve this using (adjusted to our situation)
techniques from [6, Appendix C]. First, notice that the
above claim is true for n = 1. To simplify the notation,
we denote in this Appendix [2n + 2] = Za,,42 and [2n] =
Zon+2 \ {#n+1, 2an+2}, and consider two polynomials,

n

Pu([2n]) = San H(zz - Zj)4(zn+i - Zn+j)4 , (A7)
Qn([2n]) = ”52n{ 1:[ (2i — 2;)*(Zn+i — 2n4j)*
X H (z1 — zn) zzn))z}.
l#n,2n
(A8)

We show that P, = Q. This trivially holds for n = 1.
Next, denoting by [Z] the set {(z1, ..., 22n42) € Zopio :
Znt1 = Zan+2 = 2} we demonstrate that

Puia(2n+2)z = ea [ [ (21 = 2)"Pu((2n]),  (A9)
z €[2n]
and
Quir(2n+ 2z = ][ (o1 — 24 Pul(2n]).  (A10)
zR€[2n]

with some combinatorial factors ¢, and d,,.

We start with the proof of (A9). First, notice that for
every permutation o € Sy, after applying the con-
dition 2,41 = zon4+2 = 2, the corresponding term in
the definition of P (see Eq. (AT7)) gives either zero or
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[T (2 — 2)* times
z €[2n]

produces the Ss,-symmetric factor

n

(TG = %) -
i<j

Moreover, in this way, we are getting all the permutations

from Sa, an equal number of times. Therefore, (A9) in-

deed holds and ¢, = (2nA+2),, where A,, is the number
of permutations from Sg, 42 that lead to non-zero con-
tributions. The only permutations that gives zero after
putting 2,41 = 29,42 = z are of the following form:

zn+j)4 , with certain 7 € So,.

° U(Zn+1) = Zn+1+i and O'(Zgn+2) = Zon42 with 7 <
n7

® 0(2nt1) = znt1 and o(z2,42) = z; with i < n,
e 0(zant2) = zZny1 and o(zp4+1) = 2; with i < n,

o 0(zpt1) = zant2 and o(z2n42) = Zny14s With @ <

n,

o 0(zpy1) = 2; and 2op4o = 2; With 4, < n,
( Znt ) = Zpti+i and o(2an42) = Zpiiy; with
,j<n

The first four of them are essentially of the same type
and each of them appears n(2n)! times, while the last

two have multiplicities n(n — 1)(2n)!. As a result,
A, = (2n+2)! = [4n(2n)! + 2n(n — 1)(2n)Y], (All1)
and therefore ¢, = 2”;‘:11.

For the proof of (A10) we observe that the terms
following from applying the symmetrization Sa,49 in
the definition of @41, after imposing the condition
Znt+l = Zant2 = 2z, are either zero, or produce the factor

[T (zx — 2)* times either P, or Q,. Taking into ac-
zK €[2n]
count all the permutations from the group Ss, 42 leads
to

Qn+1([2n + 2]

' 2k €[2n]

(A12)

Here o, and =, are the numbers of permutations from
Sonto that produces P, and @, respectively. The only
permutations that lead to P, are those acting as So on
{#n+1, 22n+2}. Therefore, o, = 2(2n)!. On the other
hand, the ones that produce terms @, are of either of
the following two types:

[ ] U(Zn+1) = Z; with ¢ § n and 0(22n+2) = Zn+1+j
with 7 < n,

® 0(Znt1) = Znt14s With ¢ < n and o(zon42) = 2;
with 7 < n.



Therefore, v, = 2n%(2n)!. By inductive hypothesis, we
know that P, = Q,,. Therefore,

Qnt1([2n +2))[ 5
n+1

=Gy 2!+

Pu(20) [ (21 — 2)*,

z €[2n]

|

(A13)

so that d,, = 2’;:_11 = ¢,,. Therefore, comparing (A9) and
(A10) we get Poy1([2n 4 2])] 15 = Quia([2n +2])] 5, so

that

Pra([2n +2]) = Quia([2n +2])

= (Zn41 — Z2n+2)sR([2n + 2])7 (A14)

with s > 1 and a polynomial R such that it does not

vanish on [Z]. Since aP"“([;:H])'[Z — 8Q”+1([;:+2])|[z
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we have s(z,41 — zszrg)s_thZ] = 0, and, as a result,
s > 2. Therefore, there exists a polynomial 77 such that

Poii([2n+2]) — Quia (20 +2))

2n+2

=[] (= = z)*Tu([2n + 2)).

1<J

(A15)

Expanding the right-hand side of the above equation in
the powers of z;, the leading term is an expression of
the form 24" Ts(22,. .., 22n42) With some polynomial T.

Notice that by the presence of [] (z; — 2;)? the exponent
1<j

i1 has to be at least 2(n + 1)(2n + 1). On the other

hand, the monomial z;* in the expansion of the difference

Poi1([2n + 2]) — Qn+1([2n + 2]) has v < 4n(n + 1).

Therefore, the polynomial 73 has to be identically zero.

This finishes the proof.

Appendix B: Proof of Eq.(50)

Similarly to the case of the ground state, for ¢ even, we have (m1, ms are non-negative integers)

1
Azn‘l’§+hl q+1q—1;m1,m2 (Zan) = enAan [H(zz —m)™ H(anc —12)"*det, (w) V1 (Z2n)?, (B1)
i k v
while for ¢ odd the following is true
2gh
82”\1}%1 q+1q—1;m, 772(Z2”)
1
= 577,8271 [H(Zl — T]l)ml H(Zn+k — 772)m2detn <Z—Zk> \I]L(Z2n) \I’L(ZQn)Q71
i k ¢ Ant
1 _ (B2)
- 5n-/42n [H(zz - nl)ml H(Z7L+k - n2)m2detn (Z—Zk) \I’L(ZQn)\I’L(ZZn)q !
i k @ endt
1
= e, Ao [H(ZZ - Ul)ml H(Zan - 772)m2detn (sz> ‘I’L(ZQn)q~
5 k i endt
To finish the proof notice that
n n 1
A2n H(Zz - nl)ml H(Zn+k: - n2)m2detn( )
i=1 k=1 Zi T Anty
= Sgn(U)AZn (Z — nl)ml Zn+k — 772 m2
(B3)

" (Zngg —m2)™

n
H (znsr =)™ [ ——
el Zj — Zn+j

_ (!
Zj = Zntj (20

Appendix C: Proof of Eq. (53)

In order to prove the claim (53) we follow exactly the
same steps as for the Hafnian state without quasiholes.

-—nz)m2+(2<—>3)>.

-z

For n = 1 the formula is true. Next, the right-hand side



(n+1)°

20

RHS,, 11 for 2(n + 1) particles takes a form

2n+2 (n|)2
RHS, 1= (2n+2)(2n + 1) = (2n)!

o VU (Zant2)? [(z1

fa, K (o =)™ (2= )™+ (k)

U1 (Zong2)?s
(2k — 21)? >15 L2 +2)1J}

=)™ (25 —m2)™ + (1 ¢ j)]

‘I’L(ZQn+2) (21 — z;)?

n+ 1 2n—+2 . 2n+2
T o2n+1) oSl | I e =20z = 2)°
(2n+1) = 1#1,)

i<J i<j

X [(zn41 —m)™ (z2n42 — 12)™* + (22042 — M)

where in the first line the inductive hypothesis was used,
and [821%} denotes the left-hand side of Eq. (53) but ap-
plied to the set Za, 42 \ {#1, 2}

Using the notation introduced in the previous Ap-
pendix, let us denote the polynomial from the last line
by Q.1 ([2n+2]). Our goal is to show that it is equal to

n

P20 +2)) = Son [ [ [ (2 = )™ (2n4i — m2)™
i=1
X H i — %) Znﬂ’ - Zn+j)4
1<j
(C2)

Following the same steps as for the Hafnian fluid we show
that

Qn1([2n+2])] 4
= e[ G = 2)*(z = m)™ (= = )™ P((2n]), (C3)

2x€[2n]
and

Pl ([2n +2))]

=]z = 2)*(z = m)™ (= — )™ P2(2n]). (D)

zR€[2n]
Therefore,

Pl([2n+2]) — Qnyq([2n +2])

) (C5)
— Zon42) R"([2n + 2])

- (Zn+1
with some polynomial R” that does not vanish on [Z].
Since the derivatives of the polynomials Q71 ; ([2n+2])] 2]

[(z1 = m)™(

"z — )™ ]

zj =)™ + (14 j)] (C1)

n+l - m e T
5 52n+2{H(Zz' =)™ (o = 12)™ [ (2 = 2)* G — Zna149)*

2n—+2

(Zl - Zn+1)2(zl - 22n+2)2}7

l#n+1,2n+2

(

and P!, ([2n+ 2])|;z are equal, we deduce the existence
of a polynomial S” such that

Pla([2n+2]) = Qn 4 ([2n +2])
2n+42
= T G282 +2)). (C6)

By power counting, we infer that the last polynomial has
to be identically zero, and this finishes the proof.

Appendix D: Efficient simulation of Pfaffian states

In our Monte Carlo simulations, we need to update
Pfaffians as well as quasiholes in Pfaffian-like states. We
next briefly describe an efficient procedure. For a 2n x 2n
antisymmetric matrix A with entries A;; = ———, let B
denote this matrix after a one-particle update, say at
position z;,. From Cayley’s formula [31, 38] we obtain

fon B
ifzn((lj; - JZBM (A7 - (b1)

This requires O(2n) operations in addition to the com-
putation of the inverse A~!. This can be implemented,
e.g., by using Gauss’s method with a pivoting strategy
involved (to avoid numerical instabilities).

To effectively simulate systems of quasiholes with one
additional electron we make use of the following identity

NAN( f(Zn- 1) -
. -1 2

SV S ]




where Z[]Z.\]f = (zl,...,zév,...,zN,l), N is odd, and fis  oOr
either 22,2

2 — Zj

f(Zn-1) =Pfn_y (

21

) U (Zn-1)2 (D4)

In this case, for the computation of the Pfaffian, we use

zi + 2;
zifzj

) U (Zn-1)? (D3) holder transformations.

f(Zn-1) =Pfn_y (
J

Appendix E: Pfaffian states in second quantization - proofs

First, we show that Eq. (65) is indeed true. We have the following series of equalities

2n+2 (71)]‘ 1 2n+2 2n+2 7j—1 2n+2
Ul (Zonya)= ) P ‘[Pf%(Z — > I1Ge - Zz)q] (21— 2)? [[(2r =20 [ [ (o = 2)* [ ] (25 — 20)°
j=2 1T % @™ /1 k<l 1=2 k=2 I=j+1
KL j 1#]
[y
2n+2 2n+2 2n+2 7j—1
= > (=1 (a1 = 2) " [z = ) [z — 20 T [ (= 1)9(z5 — 2)9) OEe((Zant2)i3)
=2 1=2 I=j+1 1=2
I1#]
2n+2 ] 2n+4-2 2n+42
= (DG =2 [ [ = 20 [ (25— 20) 9 Ee(Zans)s;)
j=2 1=2 1=2
I£] 1£]
2n+2
= D> (1D = z) 0 [ (o = 2025 — 20)? Ui (Zon2)i;)-
i=2 1#1,j

Next, we present the proof of Eq. (79). We have

/ DDl R (11, 72)

=N, / DlmIDlna) (m — ) Y 65, ()%, (mo)alal, S witepi8E, S5

r1,r220 r1,r5>0
(D) ()" & a
:Nn,q Z/D[nl]p[n2](771_772)q 1 NZN L2 ailaIQSganriSanfré
71,72 T1v¥YT2
TS
q—1 *\T *\ra, 1, T
_ q—1 et g—1—1 ()" (m3)" 2y g’ ot ot
=Npg > /D[m]D[m];( ; )(—1)q s NN al,al, S8 St
71,72 =
TS
S -1 o
_ 1 N ~
:Nn,q Z Zerer(srl,riJrlérg,rngq1l< l >(_1)q ! allaingnq—risznq—ré
71,72 [=0
TS

qg—1
g—1 411 - o &
oy 5 5 () s S T, = K

T1 ,'('220 =0

the method presented in [39] based on complex House-

(E2)
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Finally, we verify (83). It is a result of the following series of equalities

Kol WS 00) = / DI DIy (1, 12) | g )

= /D[m}D[m]Nn,q(m — 1) AT () AT (02U g (11, m2) [ W )

= /D[nﬂp[m]'\'n,q(m — 12) 1 AT () AT (12) Ui (1)U (12) | @ )

= /D[WI}D[W]K%H(UI’772)|\Iquf,2n> = Kq»n|‘I’qu,2n> = |\I’qpf,2n+2>-
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