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We study a model fractional quantum Hall (FQH) wavefunction called the Gaffnian state, which
is believed to represent a gapless, strongly correlated state that is very different from conventional
metals. To understand this exotic gapless state better, we provide a representation based on work
of Halperin in which the pairing structure of the Gaffnian state becomes more explicit. We em-
ploy the single-mode approximation introduced by Girvin, MacDonald, and Platzman (GMP), here
extended to three-body interactions, in order to treat a neutral collective exitation mode in order
to clarify the physical origin of the gaplessness of the Gaffnian state. We discuss approaches to
extract systematically the relevant physics in the long-distance, large-electron-number limit of FQH
states using numerical calculations with relatively few electrons. In an appendix, we provide sec-
ond quantized expressions for many-body Haldane pseudopotentials in various geometries including
the plane, sphere, cylinder, and the torus based on the proper definition of the relative angular

momentum.

PACS numbers: 73.43.-f

I. INTRODUCTION

The fractional quantum Hall effect (FQHE) has been
a topic of deep and continuing interest since its discov-
ery in 19821, Placed in a strong magnetic field, a two-
dimensional electron gas (2DEG) exhibits an exotic order
that cannot be described by the conventional Ginzburg-
Landau symmetry breaking paradigm. Incompressible
states are characterized by different kinds of topological
order? created by strong electron-electron interactions.
Solving this strongly interacting many-body quantum
problem is a daunting task in general, but the model
wavefunction approach in many cases successfully cap-
tures all the universal features of a many-body electron
state in the FQHE.

The model wavefunction approach amounts to simply
writing down a trial ground state wavefunction, which,
although not the true ground state of the Coulomb in-
teraction Hamiltonian, may have the same topological
order as the true ground state. The Laughlin state® and
the composite fermion (CF) states*%? are standard ex-
amples of model wavefunctions which are of experimen-
tally relevance. Beside these abelian states, nonabelian
states including the Pfaffian state and the Read-Rezayi
states appear as model wavefunctions in the FQHE. Non-
abelian states can serve as platforms for topological quan-
tum computation®. A model wavefunction is often iden-
tified as a conformal block*? of a conformal field theory
(CFTY. The CFT associated with the bulk wavefunc-
tion also describes the edge excitations via the bulk/edge
correspondencel?, and the braiding statisticst?19 among
quasi-particles. Even though the model wavefunctions
are not eigenstates of the Coulomb interaction, in many
cases, there exist parent Hamiltonian based on the Hal-

dane pseudopotential approach?42,

In this paper, we focus on a model wavefunction called
the Gaffnian staté™. Unlike other model FQH states, the
Gaffnian state is believed to represent a quantum criti-
cal pointM¥281 or possibly a gapless phase, rather than
an incompressible (gapped) state. Our interest in the
Gaffnian state is as a likely example of gapless matter
with some remnant of topological physics, even though
precisely what “topological” means in a gapless state
is difficult to define. Unlike the v = 1/2 state®” in
which there has recently been a resurgence of interest,
the Gaffnian does not currently have an interpretation
as a metal of composite fermions. The Gaffnian state
can be written as a conformal block of a minimal model
CFT M(5, 3), which is a nonunitary CFT, unlike the uni-
tary CFTs corresponding to known incompressible states.
Like the Pfaffian state, it is the exact ground state of
a parent Hamiltonian involving three-body interactions.
In the bosonic case, the parent Hamiltonian is a sum
of projectors of the relative angular momentum of three
particles onto £ = 0 and ¢ = 2:

H = AP + BP} (1)

with pseudopotential coefficients A, B > 0. We exam-
ine possible gap closing in the neutral sector as we ap-
proach the Gaffnian from the nearby composite fermion
state with the same filling. In order to look for an ex-
citation becoming gapless in the thermodynamic limit,
we employ the single-mode approximation (SMA y2%4 by
Girvin, MacDonald, and Platzman to test gaplessness of
the Gaffnian state.

The paper is organized as follows. In Sec. II, we in-
troduce the Gaffnian state and show it is equivalent to
a Halperin-type paired state, which is perhaps surpris-
ing as there is no obvious pairing in the standard wave-



function of the Gaffnian. In Sec. III, we consider the
neutral excitations of the Gaffnian state via the single-
mode approximation which has a well-defined thermo-
dynamic limit. We also show how to compute density
correlation functions efficiently given the second quan-
tized wavefunction of a few electrons. A torus geometry
is used to compute the SMA gap function of the Gaffnian
state in order to minimize finite-size effects. We conclude
in Sec. IV with a brief summary of our results and pos-
sible future extensions. Most of the technical aspects are
reviewed in detail in the Appendix, which starts by fix-
ing our conventions for physics in the lowest Landau level
(LLL) and guiding-center variables. We then construct
many-body pseudopotential projectors in a plane, cylin-
der, torus, and sphere using the guiding-center second
quantized language only. We also give the more familiar
coordinate and momentum space representation of the
pseudopotential projectors. We end with formulas for
the the SMA for three-body interactions that are rele-
vant for the Gaffnian state.

II. THE MODEL WAVEFUNCTIONS

A planar lowest-Landau-level wavefunction for N, par-
ticles, which we will call electrons, in the FQHE can be
written as

= P(Zl7'"7ZNe)e_Ei|Zi|2/4? (2)
where z; = (z; + iy;)/lp is the dimensionless complex
coordinate of particle j, Ig = y/hc/eB is the magnetic
length, and P is a (anti-)symmetric polynomial if the
electrons are identical bosons (fermions). For simplicity,
we will often drop the exponential factor in Eq. and
only specify the polynomial part of the wavefunction.
In the following, we review the model wavefunction
called the Gaffnian state!l and see how can it be identi-
fied as a paired wavefunction of the Halperin type®®. The
(bosonic) Gaffnian state is the unique highest-density
zero energy ground state of a three-body interaction
AP+ BP; (A, B > 0). P) and P§ are examples of Hal-
dane s three-body pseudopotentlal projectors®?42  and
they are projectors of three-body relative angular mo-
mentum 0 and 2. The precise definition and explicit
expressions can be found in Appendix [B] The Gaffnian

\IJNe(I'l,...,I'Ne)

state is given by
NE/Q N
Uar=38 H (2q — 2)*T1 H (20 — 2q)*T1
a<b %<c<d
N. N./2
)
X H — Zf +q H — . /2)
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(3)

where ¢ = 0 (¢ = 1) and S is a (anti-)symmetrization
among electron indices for bosonic (fermionic) elec-
trons. The Gaffnian state, unlike the Pfaffian’? and the

Haffnian state, cannot be understood as a BCS type
paired state!®18 of composite fermions. To see this,
suppose that the (fermionic) Gaffnian wavefunction is a
BCS-type paired state. Then the wavefunction can be
written as3®

Wee = Plg(r; — )] [[ (2 — 2)° (4)
i<j
where Pf stands for the Pfaffian of a matrix and g(r) is
an antisymmetric function in z. (In the bosonic case, use
(z; — zj) instead of (z; — z;).) Let’s assume g(r) has
an asymptotic behavior g(r) — Cz® as r — 0, where
C is some constant and « can be negative. After fac-
toring out the v = 1/2 Laughlin state (the Jastrow fac-
tor squared) from the wavefunction, let us bring z3 to
24, 25 t0 zg, until zx, 1 to zy,. Finally, the (factored)
wavefunction has an asymptotic Pflg(r; — r;)] — g(r1 —
r2)g(rs —ra) - g(rn.—1—1N,) ~ (23— 24)% - (2N, -1 —
zn,)%g(r1 — r2). In contrast, the same clustering among
particles in the Gaffnian state gives the asymptotic (23 —

2g)7 e (an, o — ZNE)_l(ﬁ Hff;f(zl — Z2a-1)(22 —
294-1) Hé\ééil(@a,l - zzb,l)Q), which cannot be cast
into the form of a paired wavefunction of the BCS type.

Hence the nature of the Gaffnian state is very different
from other paired FQH states, and it is worthwhile to
find an equivalent form of the wavefunction in which the
pairing structure of the Gaffnian is more explicit than in
Eq. . After a bit of algebra, one can first see that the
Gaffnian wavefunction in Eq. . is equal to the perma-
nent wavefunction in Ref. [19] as was pointed out in the

previous literature, e.g., in Ref. 211
\Iij = 1_[(2:Z — Zj)1+q
i<j
N./2 N,
xS H (za — 2p) H (2c — zq)perm[M] |,
a<b %<c<d
where M; ; = (2 — zj4n,/2) "' is the N./2 by N./2 ma-

trix and perm[A] = >° ¢ [lj—y Ak.o(k) is the perma-
nent of an n-by-n matrix A

This permanent wavefunction was early on used for a
trial wavefunction for v = 2/5 state!. In fact, Halperin
had earlier suggested a seemingly different trial wave-
function for v = 2/5 state based on the idea of pair-
ing. In a well-known Helv. Phys. Acta. paper®, he
presented three different kinds of model wavefunctions
- the Halperin paired wavefunction, hierarchy wavefunc-
tion, and bilayer wavefunction. Strictly speaking, the
paired wavefunction presented in Ref. [§ is not a scalar
under rotations in the sphere. The scalar version of this
wavefunction, which is invariant under the rotations of
the sphere, first appeared in Ref. [9 slightly before the in-
troduction of the permanent wavefunction?, and we will
now show that these are actually the same.

To compare the Gaffnian wavefunction and the
Halperin paired state, let’s define two classes of wave-
functions - “model paired” (MP) state and the “Halperin



paired” (HP) state. We present only the bosonic case in
the following. The corresponding fermionic wavefunction
follows after multiplying a Jastrow factor by the bosonic
wavefunction. The model paired (MP) state is defined as

Ne/2 N,
(p7q77)
LY 2P [ (e—za)?

1<a<b N./2<c<d

N./2 N./2

—Tr
X (2a = Zernvo2)® [ (20 = 2g1mwes2) ™",
a,c=1 g=1

()

where p, ¢, r are positive integers satisfying ¢ > r and S
is the symmetrization over electron indices. By counting
the total power in z;, we get Ny = (5 + )N, — (p+ )
which implies the filling factor v = 2/(p+¢q) and the shift
8 = p+r. The MP state is a proper generalization of
the Gaffnian wavefunction where the Gaffnian state cor-
responds to (p,q,7) = (2,1,1). It is also worth mention-
ing that (p,q,r) = (2,0,0), the complete symmetrization
of the (2,2,0) bilayer state, corresponds to the Pfaffian
state®*%. The Halperin paired (HP) state can be defined
as

N,

Ne/2
STy (| (N
1<J n=1
N./2
X H (252”71212” + 22m—1%2m — 2Zan)u
1<n<m

(6)

where s,t,u are positive integers satisfying s > ¢ and
Zn = (22n—1 + 22n)/2 is the center of mass coordinate
between the electron pairs (z2,—1,22,). The last term
in Eq. (6) is motivated by the Laughlin state between
pairs, i.e. (Z, — Z,,)?*. The last term in Eq. @ can also
be written as %((ZQ,L,l Zom—1)(22n — zam) + (22n-1 —
zom) (zan — zzm,l)). The Halperin paired state has the
filling factor v = 2/(2s+u) and the shift § = s+t+u. At
(s,t,u) = (1,1,1) the state has the same filling factor
and the shift as the Gaffnian state. In the following, we
show that the HP state at (s,t,u) = (1,1,1) is indeed
equal to the Gaffnian state; to the best of our knowledge,
this equivalence has not been noted in the literature be-
fore.

To show \Ilgl’jl’l) is the Gaffnian state, it suffices to
show that (a) the wavefunction has the same filling fac-
tor and shift as the Gaffnian state, (b) it does not van-
ish as we cluster two particles to the same point, but
(c) it vanishes as three or more powers as we cluster
three particles to the same point3  The property
(a) follows immediately. (b) can be proved by showing
the wavefunction does not vanish at (z1,29,...,2n,) =
(w1, wy, wa, w3, ..., WN, /2, W, /2), i.e., the wavefunction
does not vanish even after clustering all the pairs. Be-
cause of the first term in the RHS of Eq. @, most of
the terms vanish when we permute the electron indices.

TABLE 1. Equivalence between ¥ and w{r¢™),
FQH state| Wiz | wikam)

Pfaffian | (1,1,0) (2,0,0)
(1,1,1)
Gaffnian | (1,1,1) | (311
(1,2,2)
Haffnian | (1,1,2) (2,2.2)
(1,3,3)

However, there are non vanishing terms, which are all
N./2 S
1<a<h(Wa — wyp)® which implies

identical and equal to
the condition (b).
Finally, when we cluster three particles to the same
point, the first two terms in Eq. @ together vanish at
least 2 powers and the last term vanishes at least 1 power,

so the state vanishes at least 3 powers. We conclude that

a Halperin paired state \11(1’1’1) is indeed the Gaffnian
state. Further equlvalences between the Halperin paired
states and the model paired states can be found and are
summarized in TABLE [l It is very surprising that the
simple idea of pairing leads to so many exotic nonabelian
FQH states. Similar results are pointed out recently in
Ref. 36l 35, and B7. In Ref. [36] and 35, equivalences
of the Read-Rezayi states and the model paired (MP)
states in the torus geometry were found, and in Ref. 37,
equivalence between the Haffnian state and \11(4 99 was
found, which adds one more entry in TABLE m

III. NEUTRAL EXCITATIONS IN THE
GAFFNIAN STATE

Another description of the Gaffnian wavefunction™' is
a conformal block of a conformal field theory!®. The
Gaffnian wavefunction can be expressed as

Pae = (0[O(21) - - - O(2n, ) Obg0), (7)
where O(2) = 1)(2)e'?<(2)/V¥ with ¢, being the free bo-
son of a U(1) CFT and v(2) being a field with scaling
dimension A, = 3/4 in the minimal model M(5,3).
The background charge operator Oy, is introduced to
impose charge neutrality condition so that the confor-
mal block does not vanish. A CFT used to construct
a bulk wavefunction also describes the edge excitations,
quasi-hole excitations, and the braidings of the quasi-
holest"216] This is a manifestation of the bulk/edge
correspondencel?, which requires a bulk gap in order to
have well-defined gapless edge and quasi-hole excitations
constructed from the CFT.

The CFT for the Gaffnian state is nonunitary resulting
in a nonunitary braiding among quasi-holes?", which is
not physically sensible. There has been an argument=",
numerical evidence in the sphere geometry?!, and even
a proofi!l that the Gaffnian state represents a gapless



state, but the physical picture of how the Gaffnian state
becomes gapless remains elusive so far. To understand its
gaplessness better, we focus on the neutral excitations of
the Gaffnian state and examine the physical mechanism
of closing of the gap.

The neutral excitations of a FQH state are collective
excitations of quasi-electron and quasi-hole pairs. In an
incompressible state, there is typically a well-defined low-
lying neutral excitation mode, which is called the mag-
netoroton mode?#2%34 In a seminal paper®®, Girvin,
MacDonald, and Platzman (GMP) modeled the magne-
toroton mode by the single-mode approximation (SMA)
which is the (projected) density-wave excitation above
the ground state. This trial excitation wavefunction cor-
rectly captures the qualitative and quantitative behavior
of the magnetoroton mode, especially the location and
the size of the gap3334,

It should be noted that (a) the Gaffnian state is known
to become gapped in a thin cylinder**#¥ and (b) the
v = 2/3 (bosonic) Jain composite fermion (CF) state®t2
is a nearby phase of the Gaffnian state, as the Jain state
is an incompressible state which belongs to the same uni-
versality class as the ground state of a pseudopotential
projector Py with the same filling factor and shift as the
Gaffnian. Starting from the Hamiltonian APY + BPj
(A,B > 0) for which the Gaffnian state is the ground
state, one can perturb the Hamiltonian by PJ so that
the ground state belongs to the same universality class
as the CF state after the gap opens. Conversely, we can
adiabatically change the Hamiltonian from the CF state
to the Gaffnian state and close the gap along the way.
Together with the gapped nature in the thin cylinder ge-
ometry, the Gaffnian state seems to represent a quantum
critical point with a neighboring CF state.

Guided by a recent Exact Diagonalization (ED)
study?!, we argue that the gap closing happens at the
wave vector q = 0 at the Gaffnian state. (This kind
of gap closing scenario has been studied before?20l ip
the FQHE in various other situations.) To this end,
we employ the SMAB#4 of the magnetoroton mode to
capture the possible gap closing nature of the Gaffnian
state. Even though the magnetoroton mode is not very
well-defined in the non-abelian FQH states as it gener-
ally contains several low-lying excitation modes®?, the
SMA can still serve as a trial model or upper bound for
the low-lying excitation modes. Also, it was pointed out
recently®® that the SMA becomes a better and better
approximation as we approach to the 0 wave vector. So
SMA provides a way to test the scenario of a gap to
neutral excitations closing at g = 0. In the following,
we review the basics of the SMA and provide the full
expressions generalizing it for a three-body interaction,
with details relegated to Appendix [E}

A. Single-mode approximation

The single-mode approximation (SMA) is constructed
by applying the guiding-center (projected) density oper-
ator to the ground state |¥):

r
|‘I’<S;MA> = \/7N—6011|‘I’>7 (8)
where pq =, e~ 4Ri i the guiding-center density oper-
ator with R; = (X;,Y;) being the guiding-center coordi-
nate of particle 7, and q # 0. The guiding-center density
operator satisfies nontrivial commutation relations called
the GMP or magnetic translation algebras42=3.

A o1 .
[p(hvp(m] = 2isin <§l23q1 A q2>pQ1+QQ (9)

The SMA is orthogonal to the ground state (for q #
0) if the ground state |¥) is homogeneous, i.e., it has a
constant one-particle density®®. Using Eq. , the gap
function is given by=3

A(q) =

(USMA|(H — Egg)|WEMA) _ J;(Q) (10)

(WGMAITEMA) (@)’

where 5(q) is the (guiding-center) structure factor,
fla) = 2]{,6 <\I/§1MA\ [Pa [H, [)LH |\I/(S1MA>, and H is the in-
teraction Hamiltonian. (The kinetic part of the Hamilto-
nian is quenched since we are only interested in the states
in the LLL. O denotes the LLL projection of an operator
0.)

The Gaffnian state is a zero energy ground state of a
three-body interaction

+L1<l%|l;1|2>Ll<l%|1;zl2) +L2(l%|l;22>>,
(11)

where A, B > 0, L,,(x) is the m-th Laguerre polynomial,
and (ly,l2) = (ﬁlB, \/ng). The Jacobi-coordinate sys-
tem used in Eq. , which is explained in Appendix

In the case of two-body interaction, f(q) in the gap
function Eq. is given by%3

~ 2 1
Fla) = [ (o0 @) = 2000) + 0l — )

1
x 2sin? (il%q A k>§(k), (12)

where v(k) = V(k)e‘il%‘k‘2 with V' (k) being the Fourier
transformation of a two-body interaction V(r; —rs), and
§(k) is the (guiding-center) structure factor. So the gap
function depends only on (a) the interaction Hamiltonian
and (b) the structure factor of the ground state, which



encodes essential information of the state in the ther-
modynamic limit. Generalization to the three-body in-
teraction is straightforward but requires lengthy algebra.
Rather than going into these cumbersome steps, which
are done in detail in Appendix[E] we simply mention that
for three-body interaction we need one additional ingre-
dient to compute the gap function: (c) the three-density
correlation function. The density correlation functions
are interesting in their own right as they contain infor-
mation about the state in the thermodynamic limit.

B. Density correlation functions

In this section, we review density correlation functions
and discuss how one can compute them from the state
written in terms of a (occupation number) second quan-
tized basis. We work in the plane and use the symmetric
gauge. The simplest example of a density correlation
function is the one-particle density, which measures the
probability of finding a particle at position r:

:Ne/d2r2...d2rN6|\I/(r7r2,...,rN€)|2, (13)

where ¢(r) = Y @m(r)cym, is the annihilation opera-

1
tor at r, ¢m(r) NS
112

wavefunction of orbital m in the symmetric gauge, and
¢y is the annihilation operator associated with orbital
m. The next example is the pair-correlation function:

g(R,u) = p~ 2T (1) (r2)d(r2) e (r1))

N.(N, — 1
= ¥/d21‘3...dQI‘N6|\I’(I‘17...,I‘NE)
p

1 2, .
2Me~ 11217 is the normalized

%, (14)

where p = 2= is the density of the (homogeneous) ground
state and (R,u) and (uj,us) are related by the two-
body Jacobi coordinates: (ri,rs) = (R + 5, R — %)
The third density correlation function is the three-density
correlation function:

h(Ruy, uz) = p~* (1 (1)1 (r2)0 (r3)dh (13) 0 (r2)db(r1))

_ Ne(Ne plg)(Ne —2) /d2r4...d2rNe|\IJ\2, (15)

where we have used the three-body Jacobi coordinates:
(r1,ra,r3) = (R—ﬁ—%—i—%,R—%—i—%,R— %uz). In the
thermodynamic limit, the state we are mainly interested
in becomes homogeneous and all the density correlation
functions are independent of the CM coordinate:

p(r) = p
g(R,u) = g(u)
h(R,u,uz) — h(ug, us)

as N, — oo. In the case of a three-body interaction,
g(u) and h(u;,usz) enter in the expression of the SMA
gap function.

The Fourier transformation of the pair-correlation
functions is called the structure factor:

sk) =1+ /d2ueik'up(g(u) -1). (16)

The Fourier transformation of the three-density correla-
tion function is given by:

Aller, ko) = =2+ 5 (ky + %kz) skt %kz) + (ko)

) ) 1 1
+ /d2u1d2u262k1.ulelk2.uzp2 <h(u17u2) - g(iul + 112) — g( — —u; + 112) — g(lll) + 2> . (17)

2

The guiding-center (or projective) analog of Eq. and are given by

(k) = 1 4 exlil? /dQue“"“p(g(u) —1) (18)

and

Ak ko) = —(eilQBk“\k"’ + 6_512}31‘1“‘2) +ezlBranke g,y 4 e‘il%k“bé(m + §k2) + eﬁl%k”bé( -k + §k2)

. , 1 1
+ eslilal® izl /d2u1 /dQuQe“‘l'“l6“‘2'“2,02 (h(uhU-Q) - 9(*ul + 112) - g( —Zu; + uz) —g(uy) + 2>,

2 2

(19)

where we have used ki Aky = (k1)z(k2)y — (k1)y(ks),. Because Eq. lacks explicit symmetries, we often use the



symmetrized version of Eq. :
Asym(kth) _
+

1
= 2¢0s (il%kl A kg

l\J\»—t

1
2

) . 1
+ eil%‘k1\2eil2|k2|2 /d2u1d2uQelk1‘u1elk2‘u2p2 (77(1117 112) _ g(,

A detailed explanation of density correlation functions
and their symmetries is presented in Appendix

Given the model wavefunction, the conventional
method for computing the pair-correlation function
(which is a two-density correlation function) is to numeri-
cally compute the integral in Eq. using the Metropo-
lis Monte Carlo algorithm®!. This works well for many
model FQH states including the Laughlin state®3 the
composite fermion states*?4 and the Pfaffian state?? -
all of which have an efficient way of computing the wave-
function modulus squared. Because of numerically ex-
pensive symmetrization in the Gaffnian state Eq. , the
Metropolis Monte Carlo algorithm requires exponential
computing time in the number of particle in order to com-
pute the pair-correlation function. Rather than sticking
with this conventional method, we present an alternative
route to computing the density-correlation functions us-
ing the expressions of a state in the second-quantization
using the occupation number basis. It is known that
the Gaffnian state can be written as the Jack polyno-
mial®®9 for which the second quantized expression can
be computed efficiently®*¢l, Expressing the ground state
in terms of the occupation number basis is a common out-
come of the exact diagonalization (ED), however when it
comes to the Jack polynomial, the same outcome could

J

17 N vt 3
6 {A(kh ko) + A(—ki,ke) + A(*k1 + Zkz’ k) — 5

kg,kl 1k2) +[\(1k1 —

ko) + A~ gki + ks, ko — ko)

3 1
ko, —ky 2k2)]

5(ky + kz) ;(k1+;k2))

uy +112) —g( — 1111 +U.2) —g(ul) +2)

2 2
(20)

(

be achieved with much less numerical cost. In the follow-
ing, we present expressions for density correlation func-
tions in the plane geometry which can be computed ef-
ficiently. Given the wavefunction in second quantization
(to be more precise, in the occupation number basis), we
consider the following combination®3:

No
plotw) = 1) = 3 Slgy(w)
p=0

— (chepeheo) + ({cheo) —

2(((epeo) (cpco))
1/)51;_,0),

(21)
where p = 2= is the one-particle density of the system
(in the thermodynamic limit) and we are considering the
case of a finite number of particles: Ny = 1 ~Ne — 8 This

particular combination imposes the sum rules
/d2up(g(u) -1)=-1 (22)
2
/dgu(g)p(g(u) —1)=-1, (23)

which ensures the structure factor has an expansion
2

s(k) = X + O(k*). The three-density correlation func-

tion also has a similar expression:

P> (h(ul, uy) — g(%ul + u2> — g( — %ul + 112) —g(m) + 2)

Ng

= % Z ¢P1(_u1

P1,P2,91,92=0
pP1+p2=q1+q2

where

Cpl \P25q1,92 :<(Cq1 Cqy CO)]L (Cpl Cp, CO)> -

)6, ()0 (= gwn = w Yo, (-

1
5111 - u2)Cp1,p2;q1,q27 (24)

<(qucq2) (Cplcpz)><0000>

(= {(eps ) (ep, o)} ek, epa) = {(epao) (epaco) e, ) + 20c], e Heh, ) (ehio) )y s (25)



Eq. satisfies the following sum rule:

/d2uz 0> (h(u1,u2) - g(%m + 112) - 9(
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FIG. 1. (color online). The pair correlation function g(r) =
p 2T (0)T (r)3h(r)1(0)) of the v = 1/2 Laughlin state in a
plane for N. = 6,7, 8 particles.
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FIG. 2. (color online). The pair correlation function g(r) of
the v = 1 Pfaffian state for N. = 10, 12, 14 particles.

There are several advantages in using second quan-
tized expressions. First of all, it is a numerically-exact
method. The final expression is the sum of the expecta-
tion values of certain operators so an exact computation
is possible. Also, the expectation values entering in the
expressions in Eq. and in Eq. can be efficiently
evaluated, as one only needs to compute states given by
acting annihilation operators on the (ground) state and
expectation values of these states, which significantly re-
duces the computing time. Another advantage is that
the result with few particles already well approximates
the thermodynamic limit function as shown in Fig.
and . The Monte-Carlo evaluation in a spheré®® also

s u2) ~g(w) + 2) = —2p(g(wy) —1). (26)
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FIG. 3. (color online). The pair correlation function g(r) of
the v = 2/3 Gaffnian state for N. = 6, 8, 10 particles.

gives a quite good approximation even for a few num-
ber of particle, however, it suffers from a finite cut-off,
i.e., the pair correlation function ends at finite value of
r, due to its compact geometry. Also, the evaluation of
the three-density correlation function is challenging using
Monte Carlo.

C. Gap function of the Gaffnian state

Using the three-body interaction Eq. and the two-
and three-density correlation functions, the gap func-
tion of the SMA of the Gaffnian state can be computed.
However, it turns out that the interaction potential in
Eq. is extremely sensitive to the sub-leading terms
in the two- and three-density correlation functions which
are small in the original correlation functions but largely
amplified in the gap function when using Eq. as
an interacting Hamiltonian. To overcome such difficul-
ties, we calculate the gap function using the SMA of
the Gaffnian state in the torus geometry. The Gaffnian
state in the torus geometry is obtained by the exact di-
agonalization (ED), and the SMA is constructed from
the obtained Gaffnian state following the prescription in
Ref. 34, We employ the torus geometry in particular be-
cause it was demonstrated®® that the finite size effects are
significantly reduced when computing to the gap function
in the torus geometry.

The bosonic Gaffnian state (or to be more precise, the
Hamiltonian APY + BPZ with A, B > 0) has 6-fold de-
generate zero energy ground states in the torus geom-
etry. With considerations of the many-particle transla-
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FIG. 4. (color online). The gap function A(|k|) of the SMA of
the Gaffnian state in the torus v.s. momentum |k| in a torus
with an aspect ratio 1 and zero twisting angle. (N, Ny) =
(10,15) is used to plot the gap function associated with P
and P using the SMA. P has a quadratic gap closing at
k = 0 with all data points lying in a fitted curve. The shaded
region indicates the error in the fitting function and we note
that the error in fitting is not visible around k = 0. P2
suggests a finite gap at k = 0 with data points not lying in
a single curve believed to be due to finite size effects. Similar
tendency was found for 12 electrons (data not shown).

tional symmetries, the Gaffnian state has 2-fold degen-
eracy in (ky,ky) = (0,0) sector and other ground states
are obtained by acting with many-particle translational
symmetries to this 2-fold ground states. We lift the 2-
fold degeneracy by adding a small perturbation P9, the
two-body relative angular momentum 0 projector. When
the perturbation becomes large, this ground state eventu-
ally belongs to the same universality class as the bosonic
v = 2/3 composite fermion state. The construction of
the Hamiltonian in the torus geometry is extensively re-
viewed in Appendix. [B]and relevant many-particle trans-
lational symmetries are well explained in Ref. 5, 41l and
421

The numerical result is summarized in Fig. in which
N, = 10 electrons in a torus with an aspect ratio 1 and
zero twisting angle are used. The gap functions A(|k]|)
presented in Fig. (4) are the expectation values of the
pseudopotential projectors PY and P? with respect to the
SMA, i.e. the gap function in Eq. with (H — Egs)
being equal to PY and P and the single-mode approxi-
mation (SMA) [USM4) in the torus geometry®. Recall-
ing that the Hamiltonian APY + BP? with A, B > 0 has
the Gaffnian as the zero energy ground state, weighted
sum of two gap functions gives the upper bound of the ac-
tual low-lying excitations of the Gaffnian state. The gap
function of the SMA gives quadratic gap closing at k = 0
under the pseudopotential projector PJ, but it seems to
give a finite gap for the accessible particle numbers when
the pseudopotential projector P§ is nonzero. Although
the SMA doesn’t give conclusive evidence of the gapless-
ness of the Gaffnian state, it has its gap minimum at (or

around) k = 0.

IV. CONCLUSION

In this paper, we have studied an exotic FQH state
called the Gaffnian state, which is believed to represent
a quantum critical point. We have shown that the pairing
structure of the Gaffnian state, which cannot be under-
stood in terms of the BCS pairing, can be understood
in terms of a pairing of the Halperin type. It is also
shown that nonabelian states including the Pfaffian and
the Haffnian state can also be cast into the Halperin
paired state form. As the density correlation functions
contain useful information about the state in the thermo-
dynamic limit, we present an efficient way to computing
those. Our method relies on the second quantized ex-
pression of the state, which works well for the state for
which the second quantized expression can be computed
efficiently, including the Gaffnian state.

To test the gap closing scenario at k = 0 of the
Gaffnian state as we approach from a nearby compos-
ite fermion state, we employed the single-mode approxi-
mation to compute the gap function associated with the
Gaffnian state. We used the torus geometry, in the hope
of reducing finite-size effects, with up to 10 electrons to
estimate the gap of the Gaffnian state. This approach
did not give conclusive evidence for the gaplessness of
the Gaffnian state. However, our numerical results do
seem to support the scenario of a gap closing at k = 0.
We hope that the three-body SMA approach developed
here will be useful for the many interesting quantum Hall
states, either gapped or gapless, that arise naturally in
the presence of three-body interactions.
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Appendix A: The lowest Landau level physics in
various gauge/geometry

1. The guiding-center coordinates

In this Appendix, we introduce the guiding-center de-
grees of freedom, which are true physical degrees of free-
dom in the lowest Landau level (LLL). Consider electrons
with charge —e (< 0) moving in a 2D (infinite) plane in
a strong magnetic field —B2 (B > 0). The Hamiltonian



of N electrons is

N

1

72m§ p; + A +V(r1,...,rN)
=1

N
%Zﬂi‘i’vrlw"ar]\f)a (Al)

where m = p + £A is the dynamical momenta, A is the
vector potential associated with the magnetic field —BZ,
and V is the interaction. Due to the presence of the
magnetic field, dynamical momenta have nontrivial com-

= i? /13, where Iy = /% is
the magnetic length. Without interaction, the Hamilto-
nian reduces to the one dimensional quantum harmonic
oscillator Hamiltonian. It is then useful to define cre-
ation/annihilation operator,

mutation relation |7y, 7]

_ b M timy
V2 b/l
§ Tl Ty — My A
ot = 22—y 2
V2 h/lp (A2)
which satisfy the commutation relation [a,a!] = 1. Us-

ing these operators, (the kinetic part of) the Hamiltonian
becomes H = hw, Z (a a; + %), where w, = ;—BC’ is the
cyclotron frequency. Eigen subspaces form the Landau
levels (LLs), which are determined by the dynamical mo-
menta degrees of freedom only. Each LL has extensive
degeneracy that can be distinguished by the considera-

tion of the guiding-center coordinates,

1 2,
R:(X,Y):( T hﬂ'y,y—%ww) (A3)

The guiding-center coordinates are chosen in such a way
that they are linear combinations of coordinate operators
and the dynamical momenta, while having trivial com-
mutation relations with the dynamical momenta. The
guiding-center coordinates have the commutation rela-
tion [X,Y] = —il%. It is convenient to introduce opera-

tors
,_ 1 X-iy
=5
1 X +4Y
p— 2 (A4)
V2 s
which have the commutation relation [b,b/] = 1. We

define an angular momentum operator by
L. =h(b'b—ala) (A5)

which commutes with (the kinetic part of) the Hamil-
tonian. The above definition of angular momentum is
different from the usual definition of the angular momen-
tum zp, — yp.92. However, this definition allows us to
express the physical operators, such as relative angular

momentum operators, using the second quantized opera-
tors only without referring to a specific gauge. Together
with a and b, we can construct the complete basis

(bf)" o (ah)”
V)l vl

where [0,0) is the vacuum state annihilated by a and
b, n € {0,1,2,...} is the Landau-level index, and m €
{-n,—m+1,...,0,1,...} is the angular momentum in-
dex. Without interaction, the Landau-level index n de-
termines the eigenenergy (n+ %)ﬁwc, and the energy gap
hw, is proportional to B.

In the limit of strong magnetic field, electrons in the
FQH sit only in the lowest Landau level (LLL) and the
guiding-center coordinates are the only relevant physical
degrees of freedom. These degrees of freedom provide
a faithful representation to describe interactions in the
LLL. We share the same point of view as previous litera-
tured8hbibaiodl iy that the guiding-center degrees of free-
dom are the necessary and sufficient degrees of freedom
to describe electron states in the (idealized) FQH. (Es-
sentially we do not want to go back to the full electron
Hilbert space which requires additionally specification of
the dynamical momenta degrees of freedom®4 =)

The interaction Hamiltonian should be expressed in
terms of second quantized (guiding-center) operators.
Haldane’s pseudopotential projectors®!, which are rela-
tive angular momentum projectors, span the (sub)space
of interaction Hamiltonians. The notion of pseudpoten-
tial makes sense without ever specifying the gauge of the
magnetic field since it is built upon the relative angu-
lar momentum. As an exception, the symmetric gauge
will be used to find coordinate representations® of pseu-
dopotential projectors, as it requires specification of the
action of the interaction Hamiltonian in the full (posi-
tion) electron Hilbert space.

n,m) = 10,0), (A6)

2. Orbitals in various gauges and geometries

Second-quantized expressions are already sufficient to
capture the physics of the FQHE, but it is often more
intuitive to use first-quantized expressions. The first step
towards using the first-quantized language is to specify
the gauge.

We start with the most familiar one, the symmetric
gauge A = B(ﬂ fg). The complete eigenstates are

2072
given by
GV T N
Lm(i) 4‘2"
{rln, m) = V273 2mm+n)z n\g)°

where we have defined a dimensionless complex coordi-

nate z = (x + iy)/lp, L7 is the associated Laguerre
polynomial, and n = 0 corresponds to a familiar LLL
orbitals ¢, (r) = ——L——zme~ 5", In this gauge,

2
V2m2mmlly

the usual rotational symmetry becomes the symmetry of



the Hamiltonian and the angular momentum Eq.
becomes identical to the angular momentum in the usual
sense, L, = h(bTb — aTa) = TPy — YPa-

The second gauge is the Landau gauge A = B(0, —x).
This gauge is useful when considering a cylinder obtained
by compactifying a plane in the y-direction. After the
gauge transformation from the symmetric gauge to the
Landau gauge, a LLL basis can be written as

. 2.2 .
1 <x+zy)" it i
e B

V2m2mmlE \ B
(A7)

where m is an angular momentum eigenvalue of Eq. .
(We often drop the superscript “Landau” whenever the
gauge choice is clear.) In addition, since the Landau
gauge has translational symmetry in y-direction, it is use-
ful to consider eigenstates of LLL given by

[<

N,
o

¢%nandau (I‘) —

)

(x—k1%)?

1 iky 2
<r|wk> = wk(r) = 7r1/4136 Ye 5 ’

(A8)

where klp € R. This basis satisfy the orthonormal-
ity condition [ d%r¢}, (r)yr(r) = 276(Ig(k’ — k)) and
form a completeness basis of the LLL [ <5 d(lBk) [thi) (| =
]1|7_LL~mdmu The basis tranbformatlon matrlx element be-

tween Eq. ( and Eq. ( is given by

T1/2

(U] bm) = H,, (Ipk)e 358+ (A9)

2m—1m)

When compactifying y-direction of a plane via y ~
y + Ly, we get a cylinder together with the basis

\/g Sy _(I*'“;lB)Z
TR 75
(X[hn) =Yn(r) = ———=z€"Be B
\/2m3/2]2
B
where xk = QZﬁ is the dimensionless inverse radius of the

cylinder and n € 7Z.. We have the orthonormality condi-
tion fcyl d?ripy, (v)thn,(r) = 0, n, and the completeness

relation Y 07 |n){(¥n] = ﬂ'”iyLlL'

The torus geometry requires further compactification
in z-direction via x ~ x + L,. A basis is given by
the linear superposition of the orbitals of the cylinder:

Y scz Unysn,, where Ny = g lL;f € Z is the total flux
B

through torus and equals the total number of orbitals.
Unlike other geometries, the spherical geometry has
full rotational symmetry generated by Ly, L_, L., which
is defined in Eq. . When a magnetic monopole
with magnetic charge 2S5 is placed in the origin, the
LLL is spanned by normalized orbitals ¢n(6,¢) =

\/ 25 [u] 54062 where M € {—S5,—S+1,...,S} and
25)! _
s = V ey T R RS

(A10)
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with

cos(0/2)e/2,  m =1
um (0, ¢) =

sin(0/2)e~"*/2, m = -1
{[ul3 }rr=—s....s forms a SU(2) spin S representation
under the generators L., L,, where L =7x @+ hSQ
and € is the unit normal vector on the sphere. We often
identify Ny = 2S as the total flux of the sphere. A
stereographic projection from sphere to plane amounts
to mapping from ¢ (0, @) to ¢, (2) via M =m — S up
to normalization factors.

Appendix B: Pseudopotential projectors

We now systematically construct and classify the
Haldane’s pseudopotential projectors®? in terms of the
second-quantization, which gives a faithful representation
using the guiding-center degrees of freedom only. We de-
fer a more familiar representations involving the position
and momentum coordinates to section .

While our construction essentially gives identical re-
sults to the previous literature on pseudopotentials®>47
we strictly follow the (canonical) construction of pseu—
dopotential projectors in Ref. [45 in which the first quan-
tized orbitals in the symmetric gauge are used to con-
struct pseudopotential projectors. Our construction can
be viewed as the second-quantized analog of Ref. 45 so
that we explicitly show the one-to-one correspondence of
pseudopotential projectors in various geometries.

1. Jacobi coordinate system

We are interested in classifying the translationally in-
variant many-body interactions which depend on the rel-
ative motion degrees of freedom only. We employ the Ja-
cobi coordinate system to systematically express many-
body interactions. In order to motivate the Jacobi trans-
formation, we momentarily go back to coordinate repre-
sentations by restoring the dynamical momenta degrees
of freedom. Ome can skip the following discussion and
jump directly to Eq. , if one only cares about the
guiding-center degrees of freedom.

The Jacobi coordinates associated with N particles
with coordinates ry,...,ry is given by

Rov = r1+~]~\']+I'N

u; =r; —I2
ri+ro—2rs

U = ——5— (B1)

ri+-4ry_1—(N— 1I‘N
un-1 = N— 1( )

which consist of the center-of-mass (CM) coordinate and
the relative coordinates. Let’s denote the coordinate



transformation matrix between the ordinary coordinates
and the Jacobi coordinates by M, i.e., u; = >, [M];;r;.
(We may identify uy = Rcm.) For sake of simplicity,
we momentarily assume the gauge is given by the sym-
metric gauge. Usmg the coordinate transformation and
B?m: =2 (M7, 2 3> the kinetic part of the Hamiltonian

becomesg?46

where we have introduced the CM and rel length scales
(lCM; ) (\/)\c lB,\/ElB,...,\/)\NfllB) With/\CM:
F and A\, = ”:1 . Note that the CM length scale depends
on the number of particles N, while rel length scales are
independent of N. We broadly follow the notations in
Ref. 46| but differences occur due to our explicit coordi-
nate choice. In the Jacobi coordinates, the normalized
LLL orbitals are given by

(Zn/v )‘CM)M

CM = —5IRN[?/12

Ry) = e 4 oM B3
M (Rw) 2r2 M2, (B3)
st = A, (B4)

T emzrmlZ

where Zny = ((RN)g; + i(RN)y)/lB and z; = ((u,)g; +
i(ui)y)/lp-
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Moreover, a operators are transformed as

oM _ %\/?(ial R %QN)
aj*t = \ﬁ Z Jijas, (B5)
and the same formulas hold for b:
pM — \/AlT( by+--+ %bN)
b = (B6)

All operators satisfy the canonical commutation relation
[a,a’] = [b,bl] = 1. Let’s now forget about the Jacobi co-
ordinates, and define the Jacobi transformation of second
quantized operators as Eq. from the onset. Length
scales (Iom;!;) are chosen in such a way that the oper-
ators satisfy the canonical commutation relation. This
definition doesn’t require any restrictions on the gauge
choice. We use this transformed Jacobi guiding-center
degrees of freedom to construct many-body pseudopo-
tential projectors.
2. Clebsch-Gordan coefficients

There exist two basis for the Hilbert space of N elec-
trons - one is the ordinary orbital basis, ,MN) =

(b)™t G g

my!

{|m1,...

,O>} and the other is the

Jacobi transformed basis, {|M, mi,...,my_y) =
(bCMT)ZM (brlelf)m’l (brﬁljl)mﬁiq } .
VM! \/mi! \/m§v_1! |O77O> with

mg, M,m; € {0,1,2,...}. The basis change matrix,
which we call the Clebsch-Gordan coefficients, is given
by (M,mf,...,my_q|m1,...,my). The nomenclature
becomes clear once we compare the Clebsch-Gordan
coefficient of the plane and that of the sphere, which
is done in Eq. . Using Eq. 7 the two-body
Clebsch-Gordan coefficient is given by

(M, m|mq, ma) = ( 1 (b1—|—b2)M

0,0
|\/M! V2

1 (bl—bg m
\lm'

7 ) Ima, ma)

ml'mg' Mo (MY (m
" K=0k=0
By ml'mg M! 2F1( m,—mQ;M—mz—i-l,—l)
— OM+m,mi+ma IM+m N Im! m2! I‘(M_m2+1)
= 6M+m,m1+m2 Mim! Pr(nmlim’imlim271)(3)a (B7)

2M+mym Imey!

where 0 is the Kronecker delta, o F is the hypergeometric function having I" function in the denominator as a regulator,

and Pfla’ﬂ ) is the Jacobi polynomial. After similar computations, the three-body Clebsch-Gordan coeficient is given



by

12

mllmg!mgl M! 2F1(—m'2,—m3;M—m3+1,—2)

/ li
<M7 mq, Moy mlamQam3> = 6M+m’1+m’27m1+m2+m3\/

2matme 3MAms Mim/ Iy m!

mg)! o F1 (—mea,

F(Mfmg +1)

—my; M +mb —my —mg +1,—-1)

(M mty—
m2!

I'(M +mb —mg —mg + 1)

mq!mo!ms! M!mj!

= 5M+m’1 +mb,m1+ma+ms3 \/

><P(M ms,— Mfméfl)( )P(ml mi,—mi—mao— 1)(3)

3. Relative angular momentum eigenstates

Haldane’s pseudopotential projectors®®42 are identi-

fied as the projections onto the relative angular momen-
tum eigenstates. In the following, we give a precise defini-
tion of the relative angular momentum eigenstates which
in turn are the eigenstates of the relative angular mo-
mentum operator. From now on, we set A = 1.

The total angular momentum operator for N electrons
is L = Zz 1 bIb After the Jacobi transformation
Eq. . the total angular momentum operator becomes
Lot = (pCM)THCM Zill(biel)fbiel. It is then natural
to define the relative angular momentum operator of N-
particle by

N-1

S e,

i=1

L = (B9)

and the CM angular momentum operator of N-particle
by LM = (b*M)TpCM, The eigenstates of the relative
angular momentum operators are precisely the Jacobi
transformed basis states | M, m}, ..., m/y_,) with the rel-
ative angular momentum mj + --- + mfy_;. (The CM
angular momentum is M in this case.) However, compli-
cations arise when considering the bosonic (or fermionic)
nature of identical electrons. This restricts the basis to
be symmetric (antisymmetric) under the exchange of the
bosonic (fermionic) electrons. From now on, we consider
the bosonic case only, while the fermionic case can be
considered analogously.

Let’s work in the the CM angular momentum 0 sector
and find the relative angular momentum eigenstates in
this sector. Upon applying r(bCMT) we get the cor-

responding relative angular momentum eigenstate with
CM angular momentum M. Since we already know
unsymmetrized relative angular momentum eigenstates,

J

4. Pseudopotential projectors in the second
quantization

Having defined the relative angular momentum eigen-
states, one can construct associated projection operators,

2matms 3MAm, N im! Imb! mg!(mq 4+ ma — m))!

mo

(B8)

(

the symmetrized eigenstates follow from symmetrization.
For example, from a relative angular momentum eigen-
state |0, m}, ..., m/y_,) which has a relative angular mo-
mentum m = m} + - -- + m/y_,, the symmetrized eigen-
state is given by

S[|O,m’17 comiy_g)

S| (b] — b)) (0] + b — 26)"2 . [ o, .., 0),
where S symmetrizes the particle indices in bf. So the
relative angular momentum eigenstates are obtained by
acting homogeneous symmetric polynomials of creation
operators {bj} on the vacuum state. Since we are working
in the M = 0 sector, the homogeneous symmetric poly-
nomials creating relative angular momentum eigenstates
are precisely the translationally invariant homogeneous
symmetric polynomials, which are classified in Ref. 45l
Ref. 45| uses the advantage of the polynomial structure
of the orbital basis in the coordinate representation using
the symmetric gauge, but in our work, the same structure
arises at the level of second quantized operators without
ever specifying the gauge. Let’s denote an orthonormal-
ized relative angular momentum eigenstate by |m,a)rel
(which depends on N, the number of particles forming
the eigenstate and we often drop the subscript “rel”),
where a € {1,...,D,, v} accounts for the degeneracy.
Using the prescription in Ref. 45 we list the first few
relative angular momentum eigenstates in TABLE [[T}
The second quantized operators b; and bl used so far
are associated with the orbital basis of particle j. When
dealing with the system of identical particles, it is con-
venient to use the creation and annihilation operators
cm and ¢l associated with occupation number basis,
where m € {0,1,2,...} and the operators satisfy the

commutation relation [cm,cin,] = Om,m/. For example,
the total angular momentum operator can be written as:
Lot :21 1 lb = Yo ymel,em.

(

so-called the Haldane pseudopotential projectors®43l
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Eigenvalue Eigenstates
|m,1> |m1,m2>
1 & (=D m!
Y L.
V2 = B (m — k)]
(a) N=2
Eigenvalue Eigenstates
|mi, m3) M1, ma, ms)
0 0.0) 0,0.0)
1 1 2 [2,0,0)410,2,0)+|0,0,2) 11,1,0)+]1,0,1)+]0,1,1)
7512.0) + J510,2) NG 2 — /i o
- 3,0,0)+10,3,0)+10,0,3 2,1,00+12,0,1)+10,2,1)+11,2,0)+11,0,2) +]0,1,2
3 B)2,1) — 1/0,8) | £ BOUEDS0E005] 1 L0 EONH0AT A0S | 2]y 1 1)
(b) N=3

TABLE II. Relative angular momentum eigenenstates in the Jacobi and the product basis in the CM angular momentum 0
sector of two and three particles. We suppress the CM angular momentum index in the Jacobi basis. Only even m gives a

nonvanishing state when N = 2.

The pseudopotential projectors form complete basis in
the sense that any symmetric N-body interaction Vi,
which commutes with the CM angular momentum op-
erator and the rel angular momentum operator (so the
angular momenta remain good quantum numbers) and
acts trivially in the CM sector, can be written as sums
of pseudopotential projectors:

0o Dm,N
V= > (m,a|Vy|m,b)Lygu @ |m,a)(m,bl,

m=0 a,b=1

(B10)
where Lyjon =370 [M)(M] is the identity operator in
the CM sector. The N-body pseudopotential projector
is given by

ma) _ 1
P = ~i S T T, (B11)
M=0
where we have defined Ty = [T](Vm’a)] M =
Yo —o{M; (mya)lma, ..., mN)Cm, - Cmy  and a €

{1,...,Dm n} accounts for the degeneracy in the N-
body relative angular momentum m subspace.

A systematic procedure for constructing the pseudopo-
tential projectors can be summarized as follows: (a) Find
the rel angular momentum eigenstate |m;a) in the CM
angular momentum 0 sector. (b) Find the correspond-
ing rel angular momentum eigenstate in the CM angular

toapt
momentum M sector by applying ﬁ(%)M to

|m,a) or using the Clebsch-Gordan coefficients to con-
struct Tps. (c) The pseudopotential projector follows
from Eq. (B11J).

For the sake of completeness, we also present the
occupation number operator based construction of the
pseudopotential projectors. The idea is to represent
peM — W in terms of the occupation number op-

erators. The N-body CM angular momentum operator

can be written as

LCM _ iLEMLCM

N
LEM = Z vm + 101,,+1Cm
m=0

o0
LM — Z Vm 4 1el emi, (B12)
m=0

where the operators LSM and LgM do not satisfy the
SU(2) algebra. (We could construct operators satisfy-
ing the SU(2) algebra in analogy with the sphere at the
expense of introducing a finite cut-off in the orbitals.)
Starting from T = [T](Vm’a)] , which is expressed in terms
of occupation number operators, the following recursion
relation holds:

1

TJJ{I-&-I = ﬁ

[LSM, TM . (B13)

The (normalized) angular momentum eigenstate is given

by |M, (m,a)) = A=T],|0).

Suppose we want to find a zero energy ground state
wavefunction |y, ) (where N, is the number of electrons)

of a Hamiltonian H = fo:l PJ(\,T“’G“). As the Hamilto-
nian is written in terms of sums of positive projectors, a
zero energy state would be annihilated by individual pro-
jectors in the Hamiltonian. If we further assume to have
maximum possible orbital, say Ng+1, finding the ground
state amounts to solving a system of homogeneous linear
equations??: [TI(\,TZ‘“G“)]MWM) =0, Va € {1,2,...,1},
VM € {0,1,2,..., Ny — mq}. This is a great simplifica-
tion compared to numerically expensive exact diagonal-
ization.
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5. Pseudopotential projectors in the cylinder rewrite the pseudopotential projectors in Eq. in
geometry terms of the basis in Eq. . Expressions for the cylin-

der geometry follows when compactifying the plane prop-

In this section, we derive the second quantized Hamil-  erly. During the computation of the matrix element of

tonian in the cylinder geometry. For this purpose, we  the Hamiltonian, we encounter

J

o0
(Kiy oo kN MomY, o oml Y (Mmoo omy |k, k)
M=0

= (ﬂl / d*riay, (xf) / d*rivy, (ri)) (;O ¢%4M<R’)(¢?4M<R>>*> (Jh: Ol () iﬁ.’j(um*)

N N-1
" N  N@Z*Z2' -i(2)e(2)y+i(Z)a(Z)y) _ N ({7120 72 rel.i rel.i %
_ (H/er:wk:(r;)/erzd)kZ(rz)) (27‘_128 5 Y Y 2 (|1zI7+12’| )> < H (bmlgj(u_,j)(d)ﬂlzd(uj)) >
i=1 B j=1

12 (M)Q L2 (k2 k2 , .
= VNeB\TUm ) el RN o (g (ky + -+ k) — Lp(K) + - 4+ Ey))
><1\/1_—[1( oxl/2 I (ZB(k1+'-'+ki_iki+1))H (ZB(k/1+"'+k‘g—ikg+1)>> 619
= oy i(i+1) " i(i+1) ’

where {R, u} and {r} are related by the Jacobi coordinate transformation Eq. 1) Z = %, (Z)z = (R)a/IB,
and so on, and H,, is the m-th Hermite polynomial. In Eq. (B14)), |M,m4,...,my—_1) is the Jacobi transformed basis
and ¢ and v are eigenstates in Landau gauge, i.e., (Jacobi transformed) Eq. (A7) and Eq. (AS).

We again emphasize that the pseudopotential projector in Eq. is independent of the gauge choice. Whereas, we
used the Landau gauge to calculate matrix element in Eq. . Alternatively, one can simply think of Eq. as an
abstract unitary basis transformation from the relative angular momentum basis to another basis guided by the unitary
transformation given in Eq. . This particular unitary transformation gives expressions for the pseudopotential
projectors which can be interpreted as interaction Hamiltonians in the cylinder and the torus geometry, i.e., respect
desired symmetries.

In the following, we present explicit expressions for the two-body and the first few three-body pseudopotential
projectors in a cylinder. The cylinder is obtained by compactifying a plane in y-direction via y ~ y + L,. Further
pseudopotential projectors can be systematically derived using Eq. starting from the pseudopotential projectors
in the plane geometry. The two-body pseudopotential projector is given by

1
_ i
B = > ThTr, (B15)
REZ/2

where

1

2mm|

Tr = [TQM]R = (%)1/4\/E Z Hm(ﬁ\/ﬁr)e_HQTQCRJrTcR,r. (B16)

—oo<r<oo
r+REZ

We present the three-body pseudopotential projectors for m = 0,2,3. This can be derived using Eq. (B14)) and
Table [lI| (b). The three-body pseudopotential projector, Pj"* (m = 0,2,3), in the cylinder geometry is

1

m T

P =5 Y ThTn, (B17)
REZ/3
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where T = [Tdm] r and

1/4 2(,2, 2
0 —k“\ri+rs+rir
[T3]R = <7T2) K § : € ( DA 2)CR+7"10R+1"26R—7'1—T2 (BIS)
—oo<ry,r2 <00
r1+R,r2+REZ

e (3) 5 () )

—oo<ry,r2<oo
ri+R,r2+REZ

K2 (rf+r§+r1r2) CR411 CRAroCR—11 —1o (Blg)

3 14 V3 k\ry — 1 V3k(r1 + 1 V3k(ry + 1o
[Ts]Rz(Wi) Y (;’Hz((\ﬁ))m( 3(\/; )>_8\/§H3< 3(\/; )))

X e

—oo<r],r2 <00
r1+R,ro+REZ

x e " (r4rdtrira) CRA1r1 CRA19 CR—1q —1g - (B20)

All pseudopotential projectors respect translational symmetry.

6. Pseudopotential projectors in the torus geometry

Pseudopotential projectors in the torus geometry follow directly from the cylinder geometry by compactifying
z-direction via x ~ x + L,. The two-body pseudopotential projector is given by

2N,
1

PP = > TiTR, (B21)
2R=1

where m is the two-body relative angular momentum and
1/4
- (3" ¥ |

0<r<Ng
r+REZ

Z \/7 m(\[fi(T‘FSNqb)) —k%(r4+sNy)? S (B22)

SEZ

We have used the identification ¢, n, = ¢;n. The three-body pseudopotential projector is given by

3N,
Z TiTR, (B23)
3R 1
where
3 1/4 m,a —K T S T S T S T ED
Tr = (?) k Z [ Z t:(s ' )e 2(( 1451 N5)?+(r2+52Np)? +(r1+51Np) (ra+ 2N¢))]¢R+r1€R+rch(r1+7‘2)7
OS’I”l,T2<N¢ S1,S2€7Z
ri+R,ro+REZ
(B24)
with the identification ¢pqn, = ¢, and
=1 (B25)
2 EH /{(7’1 —ro+(s1 — 52)N¢) EH \/gli((’l“l +79) + (s1+ 52)N¢) B96
3= 2 7 + S H> 7 (B26)
3 _ §H2(H(7‘1 — T2+ (s1— 52)Ny) )Hl (\/gfi((ﬁ +7r9) + (51 + 52)N¢))
o8 V2 V2
3 N,
B 8\1/§H3(\[/<a((r1 +r2)\/~;(51 + s2) ¢)) (B27)

(

Further pseudopotential projectors can be obtained by der geometry. All the pseudopotential projectors respect
starting from the corresponding expressions of the cylin-



many-body translational symmetries in the torus24142,

7. Pseudopotential projectors in the sphere
geometry

Pseudopotential projectors in the sphere are projec-
tions to the (relative) angular momentum eigenstates in
the sphere. Because of the appreciated SO(3) (or SU(2))
symmetry, relative angular momentum eigenstates of N
particles with relative angular momentum m correspond
to SU(2) spin N% — m representations of N electrons.
Using second quantization language, the angular momen-
tum operators can be written as

S
L, = Z MC]IL\/ICM
M=-S
S
Li= > /S(S+1)— MM +1)ch,  cu
=-S5
S
Lo= Y /S(S+1)—M(M —1)c},_,cu, (B29)

M=-S

where ¢y (cl,) is a creation (annihilation) operator as-
sociated with ¢,; and it satisfies the commutation rela-
tion [CM,C}LVI,] = Op,m- Angular momentum operators
satisfy the canonical angular momentum commutation
relations:

L., L] =2L,
[L.,Li] = +L..

T3535 = (Cs)d
125
65 —1

325 -1)
65 —1

T35-235-2 = (05)203—2 -

Cs (CS—1)2
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In the following, we construct pseudopotential projec-
tors in terms of the second quantization. Unlike the
plane geometry, relative angular momentum eigenstates
and the pseudopotential projectors are dependent on the
underlying monopole strength 25 = N,. The two-body
pseudopotential projector is given by

J
1
B = > T T,
M=—J

(B29)

where J =25 — m and

S

Tym = Z

'rnl,mQ:—S

(J, M|S,m1; S, ma)cm,Cm,. (B30)

(J, M|S,mq;S,ms) is the usual Clebsch-Gordan coeffi-

cient of SU(2) representation. ﬁT} s acting on a vac-
uum creates a normalized two-particle state with relative
angular momentum m and CM angular momentum M.
Due to the bosonic nature of operators, only even m is

allowed (or non-vanishing).
The three-body pseudopotential projector is given by

J
m,a 1
pim) = 3 ST T (B31)
" M=—J
where a denotes the possible degeneracy and J = 35 —
m. The degeneracy (for a sufficiently large S) exactly
matches with the degeneracy of the (infinite) plane®®.

The first three T35_,, 35—m are as follows:

(B32)

(B33)

185(S — 1)

- 692 > 2(S — 1)(25 — 1) 5
Tas—s,35-3 = \/(35 s g \s) 52 \/(35 “1)(35 - 2)seses 2 \/(35 “DEs —z) (s - (B3

Given T’ s, other operators can be computed using the
lowering operator:

1
VI +1)—M(M —1)

T},M—l = [L—’ T},M’]' (B35)

Using the stereographic projection, which maps a
sphere to an infinite plane, the annihilation operators
are mapped as

sphere: ¢,,_g <> plane: ¢,

and the relative eigenstates in the sphere maps to the

(

relative eigenstates in the sphere:

—— [T (B36)

M

Finally, the Clebsch-Gordan coefficient of the sphere re-
duces to the Clebsch-Gordan of the plane,

(28 —m,—(28 —m) + M|S,—S + my; S, =S + ma)

— (M, m|m1,m2), (B37)

S—o0

and the similar relations hold for three- and many-
particle cases.



8. Pseudopotential projectors in the coordinate

representation

So far, we have expressed operators using only the
guiding-center degrees of freedom which capture all the
physics in the LLL. On the other hand, it is sometimes
useful to find a more familiar coordinate representation
of interactions. However, going back to coordinate repre-
sentation of interactions requires the knowledge of the ac-
tion of an interaction in the higher LLs. Two very differ-
ent potentials can have the same effect in the LLL. With
this caveat, we present representatives of the two-body
pseudopotential projectors and the first two of three-
body pseudopotential projectors. We choose the sym-
metric gauge as we require an explicit gauge in order to
specify the action of the operator in the position Hilbert
space.

17

We demand our interaction V(ry,...,ry) to be trans-
lationally invariant and symmetric under the exchange
of particle indices. The Jacobi coordinate in Eq. is
again useful for this purpose as V' becomes a function of
ui,...,uy—1 only. It is convenient to work in the mo-
mentum space,

‘/(1117 N U_Nfl)

I/

In this section, we share the notation of Ref. 46, but
our explicit coordinate choice results in some differences.
Also, we make our potential as symmetric as possible.
The LLL projections and the matrix elements appearing
in this section can also be found in Ref. [48

Using the LLL projection of the following operator:

)elk ]’17)‘/(1{17 . 7kN—1)~

. . 12 il .
ok _ ik (x: 7—(771)T)+7,(ki)y(YiJr%(ﬂ-i)y) _ ik aithial) (kb hibe)

il

o~ 21kil?/2 i ikia; sz ale%klbje\flkb
= eflilkil /26 i}%k'b bjeflf}c b (B38)
the LLL projected V is given by
N-1 N-1
— d2 llkl 2, i il
V(ay,...,un-1) = H (/(5)2)6lflkl2/2>V(k17--~,k1v_1)(]17-¢g% ® H (eﬂklbleﬂk b )) (B39)
™
i=1 i=1

From now on, we suppress ﬂ”fﬁ’i factor. The matrix element associated with the LLL-projected interaction can be

evaluated using (when m; > m}):

il T odly
x/Ek1 b; e f

)= 5 S m

p=0¢=0

m; m; 1
Z Z@”’Mﬁ

p=mi—m/, ¢=0

(mile

N
4

()T it S 3 ! (ma| [ —= 1k} NER q|m>
A2 T mil o= E (p + (my —mi)) gt V2 2

_ (M-k*)mz_m; mil ¢ ! g ( lf|ki|2)q

S22 m! q=0 (¢ + (mi —mg))lg! (m — q)! 2

B i i m;—m; m/| — m(i l?‘ki|2

- (ﬂllki) L (T) (B40)

and similarly when m; < m,

Lpept il
Thkibl g bkid mg>:(

(mile




The matrix element is given by:

N-1

1/ / / d2(llkl) 712|k~‘2/2 Nt ily krpt “i '
(my,...,mya|VImi, ... omy ) =[] e ¢ ' Viky,....kno1)( ] (milevs™ et ml)

i=1

(/5

. mlfm: n
—12 ki ‘ /2 ¢ lk*) mlez*
e iR m!
(\/5 m;! g
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i=1

The following identity provides a guiding principle in choosing a representative interaction.

[ (Y

The two-body pseudopotential projector Py* can be rep-

resented as
12|k, |2
V(kl) = 27TLm( 1|21| )7

where m (> 0) is an even integer for the bosonic case and
an odd integer for the fermionic case. Note that this rep-
resentation gives translationally invariant potential and
symmetric under the exchange of particles, i.e. satisfies
V(—k1) = V(ky) in the momentum space of the Jacobi
coordinates.

We demand that the three-body interaction pseudopo-
tential projectors are translationally invariant interac-
tion, i.e., V is a function of relative coordinates, and
remains invariant under the particle exchanges. The lat-
ter condition is equivalent to V(ky, ko) = V(—ky, ko) =
V(%kl + %kg,kl — %kg). In the following, we present
the first two three-body pseudopotential projectors. The
higher angular momentum and/or N(> 3)-body inter-
actions can also be constructed using similar considera-
tions. The first two relative angular momentum eigen-
states of three particles in the relative angular mo-
mentum basis |m}, mb) are |0)ye; = |0,0) and [2)e =
% (12,0) +10,2)). Then a representative expression for
Py is

(B43)

Blki?y . /13[kof?
V(ul,ug):(27r)2L0( 1';' )LO( 2';' ) (B44)

and for P§ is

V(u, uz) = (27)2 <L2(l%|1;1|2)L0<l§|l;2|2)+

(M) () + (5 (55)),
(B45)

The Gaffnian state*! is the (highest density) zero-energy
ground state of the Hamiltonian AP + BP§ (A, B > 0).

m} (1]
morem/ —m l2|k|2 -3 |k? !
L (S ) e B = (B42)

Appendix C: Density Operator Algebra

In the LLL, we quench the dynamical momenta and
use only the guiding-center degrees of freedom to de-
scribe physics. This yields nontrivial commutation re-
lation among LLL-projected density operators. We fol-
low the modernized definition of the guiding-center (pro-
jected) density operator85U,

The density operator and its Fourier transformation
are given by p(r) = ZNe 8@ — r;) and p =
va 1 e~ kTi_ We are interested in the LLL-projected ver-
sion of them. Using a similar technique as in Eq. ( -,

Nfi

— —1%k|?/2 kR; _ —l2k22A
kaE:ezkm_e ||/§:e Bll/pk,

i=1

where we have defined the guiding-center density opera-
tor pc = Yo, e *Ri. Note that po = N, and pf. = j_.
The LLL projection of a product of two density operators
is given by

Py Pas =€~ 21% (a1 +az)? )A Do

+ <1 _ e2qu1/\qzeQZBq1 q2>pq1+q2 (Cl)

Exchanging the role of q; and qs gives the commutation
relation between the density operators which is the GMP
algebra®’

U o1 .
[pQ17PQ2] = 2isin (il%’ql A q2)p(h+(l2 (02)

When it comes to a three-body interaction, we need the
LLL projection of a product of three density operators.
After some tedious algebra, we get
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o laitaz)? -2l ? - i az)? 4 N L34t a2 ,— 3lElai+az)? 5 NI
pQ1+CI2pfhp;k12 =e 48 e 45 e 45 pCI1+Cl2pq1pq2 + (1 —e2'B% e 25 pq1+quq1+q2

192 % 132 2 142 2
+(1,6 %47z o~ 313 || )e silal® 5

152 12 * 172 2 12 2 172 2 172 2
+ <(ezlsqf‘12 + eélBQIq2)€*§lB|Q1+Q2\ _ e~ zlelaitaz|” _ o—glplarl” _ o—3lglaz| + 1) N..

Appendix D: Density Correlation Functions

Density correlation functions contain useful informa-
tion of the system in the thermodynamic limit. We will
see later that the single-mode approximation is expressed
in terms of the density correlations. In this section, we re-
view the density correlation functions - from one-density
to three-density correlation function - and discuss how
they enter in the expressions for single-mode approxima-
tion of a three body interaction. We consider the infinite
plane geometry and use the symmetric gauge in this sec-
tion.

1. Density correlation functions in the
thermodynamic limit

The one-particle density is a density correlation func-
tion defined by

p(r) = (1 (x)i(r))

= (T (r)d
:Ne/d2r2...d2rN6|\Il(r,r2,...7rNe)|2, (D1)

where (r) = > Om(r)cy, is the annihilation operator
at r and ¢, is the annihilation operator associated with
orbital m. We are mainly interested in a homogeneous
liquid: p(r) — p = 5= in the thermodynamic limit.

The pair-correlation function is a two-density correla-

tion function defined by

g(Ru) = p 2 (£1)d T (r2)d(r2)(r1))
= MNijU/d2r3 .. .d2rNe\\Il(r1, .. ,rN€)|2,

p
(D2)

where (R,u) and (uj,ug) are related by the two-
body Jacobi coordinates: (ri,r2) = (R + 3, R — %)
The pair-correlation function remains invariant under
the exchange of particle indicies, which gives the rela-
tion g(R,—u) = g¢g(R,u). For a homogeneous state,

I”5

At _ —3ad —iEla?) - ik At
Q1pq1+ 1 e 2'B 27 2'B e 2'B pquq2

(

g(R,u) — g(u) in the thermodynamic limit. The sym-
metry becomes g(u) = g(—u) and if we further assume
the rotation symmetry, the pair-correlation function be-
comes rotationally symmetric: g(u) = g(|ul).

The three-density correlation function is defined by

h(R,uy,u) = p~ 2 (bt (11)T (1)1 (13) 0 (r3) ¢ (x2) b (x1))

_ Ne(Ne - 1)(Ne — 2) /d2r4...d2rN ‘\II|2

PE
(D3)

where we have used the three-body Jacobi coordinates:
(1‘171‘271'3) = (R—I—% + %,R— % + %,R— %UQ). The
expression remains invariant upon exchanging the indi-
cies in r, which gives the symmetries: h(R,uj,up) =
h(R,—uj,us) = h(R, %ul + uo, %ul — %ug). For a ho-
mogeneous state, h(R,u;,uz) — h(uy,us) in the ther-
modynamic limit and the symmetries reduce to:

1 3 1
h(uj,uz) = h(—uy,us) = h(§u1 +ug, —u; — §uQ).

4
(D4)

2. Structure factors in the thermodynamic limit

The static structure factors are the Fourier trans-
form of the density correlation functions. In defin-
ing these structure factors, there exist potential diver-
gences for which we need to regularize. For example, the
one-particle density becomes a constant function in the
thermodynamic limit (for a homogeneous state), so its
Fourier transformation is a Dirac delta function peaked
at 0, i.e., divergence at the momentum equals zero. The
structure factor is defined as

1

s(k) = 3 (Pepic) = p(2m)26? (k),

(D5)
where the delta function in the second term compensates
the divergences of the first term at k = 0. The structure
factor can be simplified as
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N(N, —1) (1%
S(k) =1+ % (H/d2r1> ezk'(l‘l—rQ)l\I/(rh . 7I'Ne)‘2 _ p(2ﬂ_)26(2)(k)
¢ i=1

2
=1+ ;—/dQR/ereik'“g(r) f,o/dzreik"r

=1+ /dzueik'“p(g(u) -1), (D6)

N,

where we have used the Jacobi coordinate transform and the fact [d°R — o as N, — o0o. The symmetry of

g, g(—u) = g(u), now translates into the symmetry of s as s(—k) = s(k). If we assume the state is rotationally
symmetric, then we have: s(k) = s(|k|). Since the structure factor vanished at k = 0, it gives the following sum rule:

/dgueik'“p(g(u) -1)=-1 (D7)

The three-point structure factor is defined by

1 . . 1
Alkr,Jo) =5 {Peabi iy i) — $0)0(2)20) () = s(0a)p(2m)*6 (ks + Gk )

s(1e2)p(2m)?5) (1t — Sz — p(2m)?6 () p(2m) 20 k), (D8)

where all the possible divergences at ko = 0, k1 + kg =0, and k; — 7k2 = 0 are canceled by Dirac delta functions.
Using the similar methods in Eq. ., the three—pomt structure factor can be expressed as

A(kl,kg):—2—|—8<k1+ k2)+5( k1+2k2)+8(k2)

1

1
/d2u1 /dZUQGZkl w gikaruz )2 (77(111, uy) — g(§u1 +ug) —g(— S +up) —g(ur) + 2). (D9)

After a bit of work, we can check that the three-point structure factor has the relevant symmetries:
1 3 1
A(kr, ko) = A(—ky, ko) = A(ikl + ko ki - 51<2). (D10)

Since A(kj, ko) vanished at ko = 0, it gives the following sum rule:

/dqu g (h(ul, w) — g(%u1 + ug) - g( - %ul + ug) ~glw) + 2) = —2p(g(uy) — 1). (D11)

3. Guiding-center (projected) structure factors in the thermodynamic limit

Let’s define guiding-center (projected) structure factors and express them in terms of the ordinary structure factors.
The projected structure factor is defined by

$() = - () — o225 (k)

1,2 2 1 % 12 2
(S (i) — p(2m)?5 (1)) — (62151 1)

= eHBINP (1) - (eBBIK® 1), (D12)

(9]

where we have used Eq. (C1) from line 2 to line 3. (The state is assumed to be in the LLL so that the overall
projection can be removed.) The projected structure factor has the same symmetry as s(k): $(—k) = §(k), and when
the state is rotationally invariant: s(k) = s(|k]).
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The guiding-center (projected) three-point structure factor can be expressed as

) 1 R R . 1
A(ky ko) = F<szpkl+%k2pikl+%k2> — §(k1)p(2m)%6) (ko) — §(ka)p(2m)?63) (k1 + §k2)
« 1
— (ka)p(2m)%63) (k1 — §k2) — p(2m)%6®3) (k1) p(2m) 6 (k)

_ _(e%l%kmkz n e—%l“’skwkz) +eslkinkeg(1,) 4 e—%'lfakﬂkz.g(1<1 + %kg) - e%l%kﬂkzg( — ki + %kz)
(

1,2 2 1,212 1
+ erlilkal® o105 ke| /d2u1/d2u262k1 w gk “2p <h(U1,UQ) *g(*

1
u1+u2)7g(77u1+u2)7 u1)+2>,

2 2
(D13)
where we have used ki A ko = (ki)g(ks)y — (k1)y(ke),. Symmetries are restored by introducing the symmetrized
version of three-point structure factor:
A sym 114 A A 3 1
A (kl’k2):6 A(kl’k2)+A(7klvk2)+A( ki + k2;k1 ) 5 ki + k2, k1*§k2>

" 1
+A(-3
2

= 2cos (%ZQBkl A ko (— 1+ 73 (ko) + %g(kl 4 %k2)

2 132 2 . . L .
+ ethillaleililke] /dzmdQUze“‘1 u gtk 52 (7/(111,112) 9(

ki — k27k1 *kz) +A(§

1
2
1.
+2 -k + k2)

3k2a

J

9( - 1u1 +ug) —g(uy) + 2). (D14)

up +112) B

2

Which has the following symmetries analogous to Eq. (D10)):

- ) o1 1
Abym(kl, k2) = Asym(_kh kg) = Asynl(§k1 + ZkZa ki — §k2)

Appendix E: Single-Mode Approximation of the
magnetoroton Mode

In the seminal paper27 by Girvin, MacDonald, and
Platzman, the ansatz wave excitation function |\I/SMA> =

Ne 1/2; T|\I/> is used to approximate the magnetoroton
mode, the low-lying neutral excitation mode. Using this
ansatz wavefunction, we gap function can be computed
as

A(q) =

(USMA|(H — Egg)|W5M4) _ f(a)
(USMA|pEMA) 5(q)’

where 3(q) is the guiding-center structure factor, V' is the
interaction Hamiltonian, and

(E1)

1

fla) = o

(WM [pg, [V, LTINS (E2)

In the following, we first review the SMA for two-body
J

2
Vbl =5 [ e (00

5 (D15)

(

interaction and then derive the results for three-body in-
teraction.
1. Two-body interaction

The interaction potential of two-body interaction in
N, electrons can be written as

1
§ZV(I'

i

V(rla"'arN):

—5 [ BV 9 - Vo),

where we used the length scale [; = V215 of (a Jacobi-
coordinate) u; = r; —ro. After the LLL projection, the

L[ 001 (5] — N.), where

v(k) = V(k)e alilkl’, Usmg the GMP algebra Eq. ,
we get

potential becomes V =

1
—v(k — q))2isin (il%q AK)p_qikP—xk

s 70801 = . [ T (004 ) = 2000) + 0k — ) 2500 (55 A K) s

(2r)?
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and finally the gap function is given by A(q) = f(q)/3(q), where

f(q) = / d(QQ(le)IZ) (U(k +q) — 2v(k) + v(k — q))?sin2 (%l%q A k)é(k). (E3)

2. Three-body interaction

We demand that the three-body interaction that appears in the potential is translationally invariant and sym-
metric under the exchange of particles. Then a three-body interaction becomes V(ri,re,r3) = V(uj,us), where
u; and uy are the relative Jacobi-coordinates in Eq. (Bl). Particle exchange symmetries are equivalent to

V(ai,u2) = V(—ug,uz) = V(%ul + uz,%ul — %ug). The Fourier transformation of V(uj,usz) is V(uy,u2) =

J di(;;;{;) i dz((zlfr;?)V(kl, ko )etkitigikz Uz and the symmetry conditions become V(ky, ko) = V(—ki,ky) = V(%kl +

%kg,kl — %kg).
A three-body interaction of N electrons in the coordinate representation is

N

V(ry,....ry) = Z V(i rjre) = Z V<ri—rjvw)

2
1<i<j<k<N i,j, k=1
(2,,k):distinct

1 [ d(hki) [ d*(laks) . . . .
= 6/ (271_)2 / (27_(_)2 V(kl’kQ)(pk2pk1+%k2p—k1+%k2 - pk?pkz B pk1+%k2pk1+%k2

+ p*k1+%kzp*—k1+%k2 + 2Ne) (E4)

and its LLL projection is

= 1 d2(llk1) d2(12k2) PN | N 112k Aky & At — 112k Aky A AT
V= 8/ (277)2 / (271')2 U(k17k2) kapk1+%k2pfk1+%k2 —ezni! 2pk2pk2 —e bl 2pk1+%k2pk1+%k2

Ak Ak & At 112 ki Ako — 112k Ako
ez p—k1+%k2p,k1+%k2+ ez +e 2 Ne ’ (E5)

where we have introduced v(ky, ko) = V'(kq, kz)e_%lﬂkl *e—5l3lk2|” Using the symmetries of v(ky, ka), we can simplify

the expression further:

— 1 d2(l1k1) d2(lzk2) . A A 1 d2(12k2) . 4
Vv :*\/ (277)2 / v(kl’k2)pk2pk1+%k2p7kl+%k2 - 5 / W”Q(kQ)pk2pk2

6 (2m)?
1 dz(llkl) dQ(ZQkQ) 12 1 _ 12
- k k 3l 1 Ako 2lBk1/\k2 Ne E
+6/ (2n)? / oz Uk 2)(e te )N (E6)

where we have defined va(ks) = | dQ((QZ;;‘;)v(kl,k2)35123k1/\k2. Eq. 1) for three-body interaction can be computed
using the GMP algebra Eq. (C2)). After very lengthy algebra, the final expression for the gap function of three-body

interaction is
2

fla = [ CR5) [T o e d e de) + [ 525 (3o - Sic))sto, (E1)

where

1 1 1 1
v (ky, ko3 q) = —(v(k1 +q, kg) + v(k1 —q, k2)> sin (5123q A (ki + §k2)) sin (il%q/\ (k1 + §k2))

—v(ki, ko) sin® (%zqu ks) (E8)
1
vi(ky;q) = (v(k1 +q, 0) - 2v(k1,0) + U(kl -q, 0)) sin? (§l23q/\ k1) (E9)
d*(I1k i 2
va(ka) = / ((271)21)v(k1,k2)ezl3k”k2 (E10)

va(k2;q) = (va(ka + q) — 202(ka) + va(ks — q)) sin® (%l%q Nka). (E11)
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to the angular momentum in the usual sense, zpy — ypz.
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