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The bootstrap method aims to solve problems by imposing constraints on the space of physical
observables, which often follow from physical assumptions such as positivity and symmetry. Here, we
employ a bootstrap approach to study interacting electrons in the lowest Landau level by minimizing the
energy as a function of the static structure factor subject to a set of constraints, bypassing the need to
construct the full many-body wave function. This approach rigorously lower bounds the ground state
energy, making it complementary to conventional variational upper bounds. We show that the lower bound
we obtain is relatively tight, within at most a few percent from the ground state energy computed with exact
diagonalization at small system sizes, and generally gets tighter as we include more constraints. We also
show that, by combining the bootstrap lower bounds with variational Monte Carlo calculations for various
quantum Hall states, we can obtain two-sided bounds on the ground state energy that rigorously bounds the
error to below a few percentage for large system sizes where exact diagonalization is not accessible.
Beyond the energetics, our results reproduce the correct power law dependence of the pair correlation
function at short distances and the existence of a large entanglement gap in the two-particle entanglement
spectra for the Laughlin states at v = 1/3. We further identify signatures of the composite Fermi liquid state
close to half filling. This shows that the bootstrap approach is capable, in principle, of describing nontrivial
gapped topologically ordered, as well as gapless, phases. We further study the evolution of the ground state
energy and correlation functions as we interpolate between the lowest and first Landau levels at half filling
and find indications of a phase transition from a composite Fermi liquid to a non-Abelian state. We also
discuss more generally how the geometry of the allowed set of structure factors can be used to diagnose
phase transitions. At the end, we discuss possible extensions and current limitations of this approach and
how they can be overcome in future studies. Our work establishes numerical bootstrap as a promising
method to study many-body phases in topological bands, paving the way to its application in moiré
platforms where the energetic competition between fractional quantum anomalous Hall, symmetry broken,

and gapless states remains poorly understood.
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I. INTRODUCTION

The importance of the quantum Hall problem in con-
densed matter physics cannot be overstated [1]. Not only
did it provide one of the first experimental realizations
of particle fractionalization and nontrivial statistics, it also
led to the birth of the concept of topological order, which
has since heavily influenced the study of phases of matter
[2-5]. Recently, the discoveries of both flat topological
bands in moiré systems and, subsequently, fractional
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quantum Hall states at small [6] and zero magnetic fields
[7-11] have revived the study of quantum Hall phases.
While the universal aspects of these zero-field fractional
quantum Hall states are expected to be broadly similar
to their finite-field counterparts, their detailed energetics
and competition with other phases such as gapless metallic
or symmetry-broken phases are quite different, requiring
the application of unbiased numerics to capture such
competition.

Most numerical studies of strongly correlated phases
focus on spin lattice models or models of hopping fermions
on a lattice, e.g., the Hubbard model, where locality plays
an important role. In contrast, the quantum Hall problem,
and, more generally, the problem of interactions in topo-
logical flat bands, inherently lacks such a local lattice
description. Furthermore, quantum Hall systems realize
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many exotic, strongly correlated phases that cannot be
captured by Hartree-Fock or related mean-field methods.
As a result, numerical studies of the quantum Hall problem
have been mostly restricted to exact diagonalization (ED)
and density matrix renormalization group (DMRG) [12].
The former is limited by exponential scaling in system size,
whereas the latter is restricted to cylinder geometries, with
exponential scaling in the cylinder circumference, and is
best suited to capture gapped phases with relatively low
entanglement. This motivates the search for alternative
numerical approaches that can overcome these limitations,
complement existing methods, and exploit the rich struc-
ture of the problem.

One class of such alternative approaches follows the
bootstrap philosophy. Broadly speaking, the bootstrap way
of thinking aims to constrain the space of physical
observables by exploiting symmetries and other physical
assumptions, such as unitarity. Bootstrap ideas in this spirit
were originally invoked to study scattering amplitudes [13]
and were central to the development of conformal field
theory (CFT) [14—18]. The recent introduction of numerical
optimization techniques in conformal bootstrap [19]—
especially semidefinite programming (SDP) [20,21]—has
revitalized the utility of the bootstrap philosophy, in
particular, providing a tractable and quantitative way to
leverage positivity conditions [22]. Of the many interesting
CFT results this new ingredient has produced, the precise
determination of the critical exponents of the 3d Ising
CFT stands out as one of the clearest demonstrations of the
potential power of bootstrap [25,26]. The success of the
modern numerical conformal bootstrap has motivated
interest in exploring broader classes of problems benefit-
ing from a bootstrap approach. Positivity conditions are
abundant in quantum and statistical physics problems, and
many recent works have shown that such conditions fit
nicely within the modern numerical bootstrap framework
[27-35]. We also note here several earlier and parallel
works with a similar flavor to the now-developing
quantum mechanics bootstrap program, including the
pioneering work of Mazziotti [36—42] in quantum chem-
istry, as well as more general reduced density matrix
(RDM) and semidefinite relaxation approaches [43-46]
applied to quantum many-body problems.

In this work, we employ a bootstrap approach to study
density-density interactions in the lowest Landau level
(LLL). We show that the energetics and correlation
functions of known states can be reproduced to reasonable
accuracy using significantly less computational resources
relative to ED, due to the polynomial scaling of the method
in system size. Our approach is based on imposing
mathematical consistency conditions on the static structure
factor S, := (pyp_,), Where p, is the guiding center density
operator. For density-density interactions, the energy is
completely determined by S,. Importantly, since the S, of

the exact ground state is necessarily part of the search
space, minimizing the energy subject to the constraints
yields a lower bound on the energy. The constraints we
use include a self-duality first derived by Haldane [47],
combined with a set of positivity conditions. The latter are a
subset of the N-representability conditions—a set of
necessary and sufficient conditions that ensure a given
RDM is derivable from a valid N-fermion density matrix
[40,42,48-50]—which we apply to the Landau level
problem, exploiting its additional structure.

Let us emphasize several advantages of this method that
make it very promising for a wide range of many-body
problems. First, while the only rigorous guarantee we have
is a lower bound on the ground state energy, our results
indicate that we can reproduce several features of the
correlations functions in the ground state to very good
accuracy—even for strongly correlated ground states with
no mean-field description such as topologically ordered
gapped states and strongly correlated gapless composite
Fermi liquids. The rigorous lower bound also makes the
method complementary to variational methods like Hartree
Fock and DMRG which produce upper bounds. Second,
while this method is a general method for any quantum
many-body system, it is particularly powerful at exploiting
problem-specific structures and can incorporate symmetries
and nontrivial analytical information about the problem
through the selection of constraints. Third, by making
connections to the bootstrap program, the approach can be
extended to extract information about other quantities such
as gaps, excitation spectra, etc. Finally, the method can be
implemented fully in momentum space or any other basis,
making it insensitive to the absence of a local lattice
description in topological bands.

II. A BRIEF REVIEW OF REDUCED DENSITY
MATRIX OPTIMIZATION METHOD

Our work aims to employ a bootstrap approach to
problems of fermions interacting with few-body inter-
actions projected to a band in the continuum. While our
problem has some special structures resulting from the
band projection, it shares the same basic structure as the
problem of electrons interacting via two-body interactions
in vacuum—an extensively studied problem in quantum
chemistry. Thus, our approach heavily uses the positivity
constraints developed in quantum chemistry in the context
of RDM methods (also called wave-function-free methods)
[36-42]. In the following, we give a brief review of the
general theory for such RDM positivity constraints.

We consider a system with N fermions interacting with at
most p-body interactions with p < N. In this work, we
focus on two-body interactions (p = 2), which is the most
general form of interaction obtained when projecting
Coulomb or screened Coulomb interaction onto a set
of bands, ignoring band mixing effects. Generalization
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to p > 2 is straightforward. For p = 2, the Hamiltonian of
interest can always be written as

H = ZHZC?C}C[C/(, (1)

ijikl

where the rank-(2, 2) tensor HZ is antisymmetric in the
indices i, j and k, [, respectively. In the following, we use
calligraphic letters to denote second quantized operators
and the corresponding noncalligraphic letters to denote
their first quantized version. Since we are acting on the
Hilbert space of fixed particle number, we can absorb any
single-particle terms into the two-body interaction through

1

> Hycle, = ZmA[Hik5jl]Cjc;clck’ (2)
ik ikl

where the operation .4 antisymmetrizes the indices i, j and

k, 1, respectively, and N — 1 is the particle number of the

system acted on by one annihilation operator.

A. Reformulating the many-body problem
as an optimization problem

The quantum many-body bootstrap relies on the obser-
vation that the wave function, which is a complicated object
living in an exponentially large Hilbert space, is not needed
to compute all the observables of a system. For instance,
for a two-body interaction, only the two-particle reduced
density matrix is needed to compute the energy, which is
given by

E = Tt[H?D), (3)

where 7D is the p-particle reduced density matrix (p-RDM)
obtained from the full N-body density matrix VD by tracing
out N — p particles. For p = 2, this gives the 2-RDM
21)}1111‘22 = <le C;Lz CjrCii > (4)
This means that we can find the ground state energy and all
two-particle correlation functions by minimizing the func-
tional E[>D] := Tr[H?D)] over the space of 2-RDMs that can
be obtained from an N-body fermionic density matrix.
To phrase this problem more concretely, let us define
the contraction or partial trace operator L}, which maps an
N-particle density matrix to a p-particle density matrix by
tracing over N — p indices. We can then find the ground
state energy and correlation functions by solving the
optimization problem

Egs = min Tr[H?D], (5)
D e P

N

Py = {?D:*D = L} ("D)}, (6)

where VD is a valid N-particle density matrix with the
standard form "D =3, p;ly;) (wi| with p; 2 0,37, p; = 1,
and N|y;) = N|y;). The energy functional to be optimized
is a simple linear functional of ?D which lives in a space
whose dimension scales polynomially with the single-
particle Hilbert space dimension. However, characterizing
the set P%, known as the N-representability problem [48],
turns out to be a hard problem; determining whether a
2-RDM belongs to P% was proven to be QMA-hard [51].
This is not surprising, since we know the many-body
problem is generally hard, so in any formulation the
difficulty has to appear somewhere.

We note here the crucial distinction between the 1-RDM,
which is used as the basis for the Hartree-Fock method,
and the p-RDM for p > 1. A matrix D; which is positive,
Hermitian, and properly normalized can always be inter-
preted as the 1-RDM for a (pure or mixed) density matrix.
However, positivity, Hermiticity, and antisymmetry are
necessary but not sufficient conditions for a p-RDM,
p > 1, to be obtainable from a valid N-body fermionic
state [48]. The RDM method aims to approximate the set
P% by imposing a partial set of necessary constraints that
can be efficiently checked and yield a superset P% D P%.
Since any 2D € P% satisfies all the constraints, the ground
state 2-RDM is always contained in the search space. Thus,
the energy Eqg obtained from the minimization procedure
over the space P% is always a lower bound on the actual
ground state energy, Egs < Egs. The set P% can be
constructed as a convex set so that convex combinations
of constraints generates new constraints. This allows the
many-body bootstrap problem to be formulated as a convex
optimization problem.

B. Hierarchy of constraints

In conformal bootstrap, there are an infinite number of
constraints, whereas in quantum many-body bootstrap the
number of constraints is finite but exponentially large for
finite system size. In both cases, it is desirable to have a
hierarchy of constraints that allows us to include the most
important constraints first and then add more and more
constraints until some convergence is achieved. In local
lattice models, the hierarchy of constraints is usually based
on locality [45], starting with constraints built from local
operators and gradually incorporating operators acting on
larger regions. In our problem, the projected interaction is
not strictly local, and there is no local lattice basis due
to band topology. On the other hand, our interaction is a
two-body interaction, and we expect the most important
correlations to be few-body correlations. Thus, we employ
the hierarchy of constraints adapted from quantum chem-
istry as we explain below.

A hierarchy of constraints characterizing the set of
N-representable 2-RDMs, P2, can be constructed using
the simple observation that any N-representable 2-RDM
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FIG. 1. Hierarchy of density matrices (DMs) at different

particle levels (a) and corresponding positivity constraints for
the N-representable 2-RDM (b). The red star in (b) denotes the
true ground state.

can be obtained by a process of contraction or partial trace of
an N-representable p-RDM for p > 2. Since the set
of N-representable p-RDMs is a subset of the set of all
p-DMs, N-representability implies p-representability, P%, C
P% [52]. This allows a gradation or hierarchy of constraints
which approximates the full set of N-representability con-
straints with partial sets of constraints for p < N, schemati-
cally illustrated in Fig. 1(a), which can be written
as P}, CP}_, CP}_,...P; C P3.

The main disadvantage of the above procedure is that it
requires constructing the higher p-RDMs. In Ref. [50],
Mazziotti showed that we can sidestep the need to construct
higher RDMs through an explicit construction of the
N-representability constraints that depends on only the
2-RDM. Mazziotti’s construction generalizes earlier con-
structions [53,54] of positivity constraints and follows from
the simple inequality

> (0:0]) 20 (7)

i

for any choice of ;. For a general set of p-fermion
operators {O;}, the summation above is expressible in
terms of the p-RDM. However, there are special choices
of {O;} where the r-particle parts, r > 2, cancel, allowing
us to express Eq. (7) as a constraint on the 2-RDM. The
constraints constructed from sets {O;}, where O; is a
polynomial in fermionic creation or annihilation operator of
the order of at most p, are called (2, p) constraints. Clearly,
from this definition, the set of (2, p) constraints contains
the set of (2, p’) constraints for p’ < p [55]. This gives rise
to a hierarchy of constraints which gets stronger as p is
increased as shown in Fig. 1(b). Mazziotti [50] has shown
that all N-representability constraints take this form. Thus,
imposing all (2, N) constraints is necessary and sufficient
to determine whether a 2-RDM is N-representable.

The simplest constraints are constructed by taking O to
be a two-body operator. In that case, we do not need to sum
over multiple terms in Eq. (7), and we get the positivity
constraints (usually called the DQG conditions [53]):
(OpOp) 20,

(0p0h) 20, (0g0;) 20 (8)

with  Op =34 Afﬂcl,c;, Op = up Ag/}cac/,, and
O6 =Y up Agﬁclcﬂ, for arbitrary AP*2C under proper
antisymmetrizations. All these constraints have the form
[A']f M!(?D)A! > 0 forall A/, where | = D, Q, G (here, we
use a vector notation where the two lower indices of Aéﬁ are

combined together and A’ is treated as a vector in this
combined index). This translates to the condition that the
matrices M!(2D) which depend only on the 2-RDM
are positive semidefinite (PSD), usually denoted by
M!(2D) = 0. Note that the first constraint just reflects
the fact that the 2-RDM is a PSD matrix, whereas the other
two generally give different nontrivial constraints on the
2-RDM.

For p > 2, a more careful choice of the O; is required to
yield constraints involving only the 2-RDM. To illustrate
this, consider the case of p = 3. The simplest positivity
constraint at this level, called 71 [54], is defined through

Zz 1<OT110T1 > >0, where Or; = Zaﬂy aﬁyC{TxC;C;
and Oy = Op ) = > 45 Ay apyCrCpCa- This constraint

can be phrased as M™! = 0, where M"! is defined as
M,
muting ccc past ¢’ c¢’c’, the three-particle term cancels due
to the fermionic anticommutation relation. As a result,
MT! contains only expectation values of at most four
fermions, leading to a PSD constraint on the 2-RDM of
the form MT!(2D) > 0. Another constraint we can
construct at this level, called the (generalized) 72 constraint
[40,56], is obtained by imposing 32 (Or,,05, ) >0
with Opy 1 =3 4, Aaﬁ},c;c;cy +>, B,cl and Orn =
D apy Azﬂyc;cﬂca + >, Dic,. Similar to the case of T1,
it is easy to see that the expectation values containing more
than four fermion operators cancel, and we obtain a PSD
constraint of the form M"?(2D) > 0. Other constraints for
p =3 and p > 3 can be constructed similarly [40,50], but
they require imposing a tensor decomposition structure
on the variables A, e.g., A,3, = B,sC,. We come back to
this in the later discussions. For the rest of the manuscript,
we focus on the (2, 2), T'1, and generalized 72 constraints.

= <{cac,cy, /CpCq}). Note that, when com-

III. PROBLEM SETUP

In this section, we discuss the main bootstrap setup
applied to the quantum Hall problem. We find that the
RDM positivity constraints take a particularly simple form
in the quantum Hall problem due to continuous magnetic
translation symmetry. In particular, the 2-RDM can be
expressed in terms of the much simpler static structure
factor.

A. Interacting quantum Hall system

We begin with a brief review of the basic setup of the
quantum Hall problem. We consider the LLL on a torus
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with N electrons and Ng, flux quanta corresponding to the
filling v = N/Ng. For simplicity, we set the magnetic
length /5 to 1. A LLL projected density-density interaction
V, is described by the Hamiltonian

1 [d*
H:—/—qVﬁﬁ

-~ xap T
2 | 2 9PaP-a Pq = ZAtI cacp. (9)
a.p

Here, the sum over @ and f runs over any complete
orthonormal basis of the LLL, and Ay = (ale™"|f) is
the form factor matrix. We can write the LLL projected
density ~operator as P, = e/ 4pq, where  p, =
> ap AP chey with Ay = (ale”@R|p) and R is the
guiding center coordinate satisfying [R,, R,] = —i€y.
Generalization to the nth LL can be straightforwardly
implemented via the replacement V, > V,[L,(¢*/2)]?,
where L,(x) denotes the nth Laguerre polynomial. We
note that, on a system with Ng flux quanta placed on an
N, x N, grid (with Ny = N.N,), the momenta g are
discretized in units of A, , = [(27)/N, ] and the operators
pq satisty pg. ., = +p, for any p on the grid [47]. This
means that there are at most N2 distinct momenta. For the
LLL, the dimension of the linear vector space spanned
by p, for different ¢’s turns out to be exactly equal to N3.
The momentum integral in Eq. (9) and all subsequent
expressions should be interpreted as [[(d?q)/(2x)] =
(1/Ng) >, where the sum goes over these Ng, distinct
momenta [57]. For example, we can take g = (n,4,,1n,A,),
where n,,n, =0,...,Ng — 1.

The energy of any state for a density-density interaction
is completely specified by the static structure factor,
defined as S, = (pyp_q):

1 qu 2
ElS,] = 5/ 5 Ve Sy (10)

where Sq > 0 and satisfies quo = NZ. 1t is also useful to
define the structure factor per flux quantum [47] whose
q = 0 component is subtracted off, which we denote by
sy = (1/Ng)(S, — N*8,0). Many of our expressions are
simpler when expressed in terms of S,, but we present the
final numerical results always in terms of Sq> which does
not scale with system size, to facilitate comparison with
previous work.

The structure factor encodes the full information about
all two-body correlation functions, which means it contains
the same information as the 2-RDM. This may seem
surprising since the 2-RDM is an antisymmetric matrix
with linear dimension [Ng(Ng — 1)]/2 parametrized by
{[No(Ng —1)]/2}> ~ N§ variables. On the other hand,
there are only N2 possible values for g. The resolution
for this discrepancy arises from continuous magnetic

translation symmetry (CMTS), which allows us to diago-
nalize the 2-RDM of any state [58] using a unitary
transformation that does not depend on the state, as we
discuss later. This reduces the number of independent
variables in the 2-RDM to the number of its eigenvalues,
[No(Ng — 1)]/2. On the other hand, not all N, values of S,
are independent. In fact, a duality derived by Haldane [47],
which we explain in detail, relates S, to its own Fourier
transform reducing the number of independent values of S,
to [No(Ng — 1)]/2 matching the count for the 2-RDM.
Thus, we have two equivalent representations for the two-
body correlation functions in the LLL:

S, + Haldane duality < 2 — RDM + CMTS. (11)
With this identification, we can write the (2, p) positivity
constraints, usually expressed in terms of the 2-RDM, in
terms of S,. It should be noted that using the S, repre-
sentation makes the symmetries more manifest. For exam-
ple, inversion symmetry has the simple implementation
Sq = S_4- Furthermore, in the thermodynamic limit, the
full rotational symmetry implies S, = S);. Since we are
always working on a torus, we have only some discrete
rotation symmetry depending on the chosen lattice. Here,
we choose a square lattice with a C, such that S, = Sg ,,
where R, is the n/2 rotation matrix. Note that, as we
increase system size, we should expect S, =S, for
sufficiently small ¢ such that the effect of boundary
conditions can be neglected.

We emphasize that, because the search space of S,’s (or,
more generally, RDMs) is convex, the minimum energy
always lies at its boundary. Combined with the fact that
we are searching a larger region than the physical space,
this means that the optimal S, will almost always not
correspond to any physical state. However, if we have
imposed enough constraints such that the search space is a
good approximation for the physical region at least close to
the minimum of the Hamiltonian, we expect the correlation
functions, e.g., structure factor, we obtain to be a good
approximation for the correlation functions of the true
ground state.

B. Haldane duality

An important identity satisfied by the structure factor S,
is a duality derived by Haldane [47]:

dq ;.
S, =N == [ SLewr(s,-N), (12)

where the + signs correspond to bosons and fermions,
respectively, and the wedge product is defined as ¢ A p =

4Py — qyPx- We are focusing exclusively on the fermionic
case in this work.
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Haldane’s proof of Eq. (12) uses the properties of
magnetic translation symmetry and its relation to the
guiding center coordinates, which are features unique to
the quantum Hall problem, making it unclear whether this
duality is generalizable beyond the LLL case. Here, we
provide an alternative proof that shows that the duality can
be generalized to a much wider class of bands. The main
assumption we need is that the relation between the
operator p, = e(1/4)‘12[)q (which can be defined for any

band) and the fermion bilinear cZ,cﬂ can be inverted:

- d’
= Y acley o chey = [ 52 N0,

af

a dzq )
Z AL = Noty - / SENGAL = 035 (13)

For an arbitrary band, lattice translation symmetry implies
momentum conservation modulo reciprocal lattice trans-
lations, which implies (p,p,) = 6,1p6S46- Where G is a
reciprocal lattice vector [for our grid, this corresponds
to the vectors G = 2z(n,m) for n=0,...,N,—1 and
m=0,...,N,—1]. In the LLL, CMTS implies full
momentum conservation such that S, g = 66,0S,. Below,
we show that there is a more general version of the Haldane
duality valid for any band satisfying the form factor
invertibility relation (13) which reduces to the Haldane
duality when using CMTS and the precise form of the
matrices A for the LLL. To derive this relation, we note that
there are two ways to express the four-fermion expectation
value <C;CﬁC;C5> in terms of S

CaCﬂC}/C(g Z/27rN A‘I qGA q+G

=8, 5(cheg) + 855(che,) — (cheschep)
=6, (cac/; +5ﬁ5(cac>
- Z NS¢ (14)
ZﬂN Radas ‘

Acting with A”/}Ay’S . and summing over a, f3, y, and &
yields

d?
/ qr"G Spe +UAMEA_, g
+ trApA_p+GMT, (15)

where we Ideﬁne l'gjg = (1/Ny)uAgAIAT,, oA0C and
M 5 := (cocp). Note that, in deriving Eq. (15), we have
used only the fermionic anticommutation relation and the
invertibility of the form factors (13).

For the LLL, we can use S, g = S;66, and A, = e R,
Furthermore, we can show that A? = A; = qu, AN, =
ei/2aP A, (the latter follows from the commutation

relations of the guiding center R) and M,z = v6,p.
This yields Y0 = €%, trA_, = NgJ, . and trM = N,
which gives the Haldane duality (12) upon substituting
in Eq. (15).

We note that the derivation above used only the proper-
ties A=A, =Al, and AN, = e /24PN, which
hold 1rrespect1ve of the basis and gauge choice we use.
For our explicit computations, we use a Bloch basis for
the lattice magnetic translation operators labeled by BZ
momentum k and assume a periodic gauge. This yields the
explicit expression for A,:

(28K g 0t s Bk e (16)

A’;‘k/ =e”
where [k| denotes the BZ part of k, {k} :=k — [k] is the
reciprocal lattice part, and o = n{k}e(i/ 2Kk} More
details about the form factor, its inverse, and the Bloch
basis are given in Appendix B.

This duality plays a big role in fixing the antisymmet-
rization (fermionic exchange statistics) of the 2-RDM
which can be seen from its derivation. Besides that, we
want to point out several extra constraints that can also
be inferred by the duality—the first one is the sum rule
(equivalent to the trace condition in 2-RDM):

/—S =N —N?+ NNg; (17)

and the second one is the large ¢ behavior of the S;:

limS, =

q— 0

- N?/Ng. (18)

These two are obtained by taking p =0 and p =
in Eq. (12), respectively. A third identity is obtained
by multiplying both sides of Eq. (12) by ¢~(/2P* and
integrating over p, leading to

/ ~(1/2¢* = N, (19)

One way to understand this relation is to note that the
right-hand side is nothing but (twice) the energy expect-
ation value E[S,] (10) for V, = 1, which corresponds to a

. . .. —(1/2)q? o
contact interaction. However, writing e~(1/2)4 PaP-q =

e~ W22 pp i+ py, we note that the first (normal-
ordered) part vanishes when acting on any fermionic state,
since contact interaction does nothing when acting on
spinless fermions. Thus, for V, = 1, 2E [Sq] =N.

We note that the invertibility of the LLL form factor
follows directly from the fact that the linear vector spaces
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spanned by clcﬂ and p, have the same dimension N3. This
condition is equivalent to the existence of an invertible
linear map between the projected density operator in a band
and a set of “unphysical” density operators satisfying the
Girvin-MacDonald-Platzman (GMP) algebra [59]. Such a
map was first discussed by Shankar and Murthy [60] in the
context of general Chern bands and was discussed by one
of the authors [61] in the context of ideal bands. We expect
this property to remain true for bands obtained by per-
turbing the LLL by a small amount. We leave the full
characterization of the invertibility of form factors in
general bands to future works.

C. Positivity constraints in terms of S,
In this section, we discuss how the general positivity
constraints of the 2-RDM are expressed in terms of S, and

discuss the simplifications in this representation, particu-
larly by exploiting CMTS.

1. (2, 2) constraints

Let us start with the simplest (2, 2) positivities which
contain three constraints. First, the G condition (O;OL) >0
with Og = ZaﬂAgﬁcf,cﬂ implies the matrix gj;f =
(chegeyes) is positive semidefinite, G 0. Using Eq. (13),
the matrix G can be expressed in terms of the structure
factor S, via

d’q q A—q
gg}/ = /EAaﬂA}’a Sq.

Noting that A,{ = [Af,]* = Aj”/Ng and recalling Eq. (13),
we see that Eq. (20) above implies that the form factor matrix
A diagonalizes G with the eigenvalues being the values of the
structure factor S, at different ¢’s. Crucially, this means that
the PSD condition G > 0 reduces to the simple linear
condition S, > 0 (see Appendix B for a detailed discussion).

Next, we consider the D condition with operator Op =
> AaDﬁclc;, with AD; = —Ap ; the positivity of (0,00)
translates to the statement that the 2-RDM D%} =

(20)

<cz,c/§c5cy> is PSD. This can be expressed in terms of
the structure factor via

q

Q JZ .
Drg = —UBys0p, + /_A;IflSA“’?S‘I’ bz0. (1)

2r
The Haldane duality (12) guarantees the antisymmetry of
D‘y’g under exchanging a <> ff or y <> 6. A more physically

suggestive way to write D is to express it as a first quantized
two-particle Hamiltonian:

2
q Ky eiq'(Rl_RZ)'

Dzv(l—l—u)—i—/i—ﬂq (22)

This corresponds to the Hamiltonian of two particles in
the LLL interacting via an effective Coulomb potential
V,=s,e/29. Note that SP et RR) = p
7oy €4 ®R)) corresponds to the first quantized action
of the guiding density operator p, on a wave function of p
particles. Then, the positive semidefiniteness of D trans-
lates to the statement that the spectrum of the correspond-
ing effective Hamiltonian is non-negative. As we show later
in Sec. IV D, the spectrum of Eq. (22) admits a simple form
whose energies are also linear functionals of s, provided
that s, is rotationally symmetric. While this is generally not
true on a finite torus, we expect it to be true either on
geometries with rotation symmetry such as sphere or disk
or for sufficiently large system size. Hence, while we
impose this constraint as a PSD constraint, we see later in
Sec. IVD that we can analyze its behavior as a linear
constraint.

Finally, we can consider the Q condition which is a
particle-hole conjugated version of the D condition,
(O 0p) > 0. 1t is straightforward to see (see Appendix B
for a detailed discussion) that the Q condition for quantum
Hall is strictly weaker than the D condition for v < 1/2 and
strictly stronger for v > 1/2, so it suffices to consider only
one of the two.

2. (2, 3)—T1 and T2 constraints

We now consider the next level in the constraint
hierarchy as discussed in Sec. IIB. As we discussed
earlier, there are two constraints built from the identity
S {OI0;) > 0. The first, called T1 constraint, is con-
structed by taking Or; 1 = ) ., A(,ﬂyclc},c; and Op, =
OTT],I = apy Aup,C/CpCa» Whereas the second, called
the generalized 72 constraint [40], is constructed by
taking Ory 1 =D, Aaﬂyclc;cy + 3, Bych and Oy, =
>y Aupy CrCpCa + Do Discq- In both cases, the expression
3, O O; contains only terms of the form ¢'c¢’cc and ¢fe
due to the cancellation of the term c'ccfcce. The term
(c'cPec) can be expressed as a linear functional of S, using

Eq. (21), whereas (chcy) = 18,5 due to CMTS. Thus, both
constraints take the form M(S,] > 0 for some matrix M
which depends linearly on S,.

The (2, 3) constraints can be simplified considerably using
CMTS as follows. To do this, we use a basis of Bloch states
labeled by crystal momenta. Such a basis is constructed
by choosing basis vectors enclosing a unit cell containing a
27 flux such that magnetic translation symmetries corre-
sponding to the basis vectors commute [62]. This basis is
natural when working on the torus geometry and has the
advantage that the form factors are sparse matrices. To
see how this basis simplifies the (2, 3) constraints, let us

rewrite Ory1 =, k,.0A% ,Ck, Ck,Co—k,—k, and similarly
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for Or;,. Then, we find that Zi<o;1,iOT1,i> =
>0 [A,gl 7k2]*,/\/l£ P [SQ]A,?,] #, [62]. This reduces the
PSD constraint M[Sq]n > 0 where M has linear dimension
~N3, to Ng PSD constraints M2[S,] > 0 where the
matrices M2 are much smaller with linear dimension going
only as ~N%. Note that this simplification relies on only
lattice translation symmetry, which is applicable beyond the
LL problem and is a subgroup of CMTS. As we show in
Appendix B, the full CMTS allows us to relate the matrices
M2 for different @’s through unitary transformations,
which reduces the number of PSD constraints to O(1)
constraints [62]. Overall, this reduces the complexity of the
T1 and T2 constraints from imposing the PSD condition
of ~O(1) matrices with linear dimension ~N3, to that
of ~O(1) matrices of linear dimension ~N3,.

D. Convex optimization

On a practical level, one of the main advantages of the
bootstrap and related methods is that they transform the
problem into a convex optimization problem. Importantly,
convex optimization is capable of solving problems with
nonlinear PSD constraints through SDP. The latter problem
is now reasonably well studied with well-developed algo-
rithms, especially the primal-dual interior point method
[63,64] that we use in this work. The SDP implemented in
this work is carried out using MATLAB [65] together with
the MOSEK [66] solver. We also use the comprehension
layers yALMmIP [67] and/or cvX [68,69] to convert our
program into a standard form in SDP.

We close Sec. III by summarizing the bootstrap setup
used in this work:

Minimize E[S,],
subject to Haldane duality [Eq.(12)]
+ 2-RDM positivity constraints. (23)

Here, the 2-RDM constraints are implemented as
linear matrix inequality constraints having the form
Zq §q% — C = 0, where I'’s and C are given (precalcu-
lated) matrices and Haldane duality is an equality con-
straint. For example, for the D condition, we have

1 -
[FD]Zc/};y(S = N—CDAzﬁA“;I; [CD]aﬂ;yé = Dﬁaééﬂy' (24)

These can be easily formulated through the comprehension
layer and passed to the solver.

IV. RESULTS ON BOOTSTRAPPING THE
LOWEST LANDAU LEVEL

To obtain our results, we use a screened Coulomb
interaction V, = [1/(n|q|)] tanh 57|q|, where 5 controls the

range of the interaction. This allows direct comparison with
pseudopotential results where the nth pseudopotential is
given by V, = [[(d*q)/2x)(V,e ™)L, (¢7)e™0* [70],
where qu“lz/ 2 is the LLL-projected interaction. We
note that our density-density interaction differs from a
normal-ordered interaction (which is the one used in first
quantization for pseudopotential arguments) by the
term NE,, where E, =1 [[(d®q)/(27)]V,e~/%. In the
following, we measure the energies in units of Vi,
the sum of all contributing pseudopotential components:
Vi=73 ,—10dd Vu- This provides the natural energy scale
for spinless fermions, since all even terms drop out when
acting on fermionic wave functions. It can be shown that
the following is true in large system size with a full
rotational symmetry:

V= (Vq:O - 2E0)’ (25)

B —

which turns out to be a good measure even for small system
sizes with no full rotational symmetry (i.e., system on
torus) and is used in our calculation. In particular, this
means that V is parametrically smaller than E for short-
range interactions, 7 < 1, since Eo(n — 0) = V,_/2.

Our results are presented for two levels of constraints
(2,2)and (2,2) + T1 + T2. In this section (treating LLL),
we find that imposing (2,2) + T2 ensures that T1 is
already satisfied, so we refer to the two levels of constraints
as (2,2) and (2,2) + T2 or, alternatively, bootstrap without
and with 72.

A. Energetics: Comparison to ED and variational
Monte Carlo (VMC)

We start by comparing the energies we obtain in the
bootstrap approach to ED at small system size, as sum-
marized in Fig. 2. In Figs. 2(a) and 2(b), we compare the
energies at fillings v = 1/3 and 1/5 with ED on small
system sizes 3 x 3 and 5 x 5, respectively. We see that our
energy provides a lower bound to the actual energy as
expected. For short-range interaction, the error in the
energy per particle is very small but increases as we
increase the interaction range. With the (2, 2) constraint
only, the maximum error in the energy per particle is
around 1%—-2% and goes down to 0.5%—1% when includ-
ing the (2, 3) constraint. In Fig. 2(c), we show how our
bound changes as we increase the system size, indicating
convergence as a function of system size. In addition to the
comparison to ED, we also performed VMC calculation,
since the Laughlin wave function is expected to provide a
very good variational wave function for the v = 1/3 state
that becomes exact in the limit of small #. Details about the
model wave functions can be found in Appendix A. The
Laughlin VMC provides a rigorous variational upper bound
for the ground state energy which can be combined with the
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QH3x3,v=3/9

Laughlin VMC —— Bootstrap with T2
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H5x5 v=>5/25
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—— Laughlin VMC —— Bootstrap with T2
ED Bootstrap
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0.3
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i 0.2
]
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%107
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FIG. 2. Energetics of the quantum Hall (QH) from bootstrap,
ED, and variational Monte Carlo (VMC). Energy per particle
from bootstrapping with only (2, 2) (blue lines) and with (2,2) +
T2 (black lines) constraints, from the ED (red lines), and from the
VMC using Laughlin wave function on torus (green lines) for
(@) 3x3 with 1/3 filling and (b) 5x5 with 1/5 filling,
respectively, as functions of #. The inset shows the energy errors
with respect to the ED data (Egp — E). In (a), the VMC energies
are so close to the ED so that they are totally covered by the red
curve. (¢) Energy per particle of bootstrap with (2,2) + T2 for a
large system size 5 x 9 at filling v = 1/3 (blue line) with VMC
results (green line) included as a comparison. The inset shows the
relative energy of the results from other system sizes to the largest
5x9 grid (E— E>° ) showing convergence of the results.

bootstrap
5x9 5%9
EVMC - Ebootstrap

between bootstrapping with the (2,2) + T2 constraints (black
line) and the ED (red line) for 5 x 5 as functions of the electron
number N at fixed n = 1.5. The inset shows the energy error per
particle with respect to the ED. All energies are measured in the
unit of corresponding V, the sum of all contributing pseudopo-
tential components (see the text).

is also shown. (d) Total energy comparison

bootstrap lower bounds to provide rigorous two-sided
bounds on the energy. This simultaneously bounds the
error for both approaches and can be done for system sizes
where ED is intractable. As shown in Fig. 2(c), we combine
the VMC and bootstrap bounds to confine the exact ground
state energy at filling 15/45 within 1%-2% of the natural
energy scale [see the green curve in the inset in Fig. 2(c)].

In Fig. 2(d), we show the energy obtained from the
bootstrap vs ED for a 5 x5 grid for different particle
number N with the inset showing the error per particle. The
error per particle never exceeds 5%, suggesting our
procedure captures the energetics reasonably well for all
fillings. However, we see there is some systematic behavior
in the error that can produce large errors when computing
quantities that depend on the derivative of energy relative to
particle number, e.g., compressibility. In particular, there
is a noticeable increase in the error on adding a particle to

the 1/3 Laughlin state (between N = 8 and N = 9) and a
smaller one around the 1/5 Laughlin state (between N = 5
and N = 6). This suggests the bootstrap approach under-
estimates the energy of quasielectron excitations on top of
the Laughlin state (the error improves again as we add more
particles). Later, we will perform an in-depth analysis to
identify the source of this error.

B. 1/3 filling

To go beyond the energetics, we now look for specific
correlation functions that can be constructed from the static
structure factor s,. For small screening distance 7, we
expect the ground state at fillings 1/m, with m odd and not
very large, to be the Laughlin state. The main characteristic
of the Laughlin state at filling 1/m is the existence of an
order m zero when any pair of particles approach
each other. This is most readily detected from the
pair correlation function g(r), which corresponds to the
probability of having a pair of electrons separated by a
distance r. Its explicit form is given by g(r) = (cjcrcpco),
where ¢, = Y, ¢, (r)c, and ¢,(r) is any basis of the LLL.
It can be obtained from s, via the relation g(r) =
vl —e 2 172 [[(d*q)/(27)]e~ @) /2s,. This expres-
sion can be obtained through applying Haldane duality to
the expression in Ref. [59]. For the Laughlin state at filling
v=1/m, g(r) grows as |r|*" at small r reflecting the order
m zero as the particles approach each other. In Fig. 3(a), we
show the pair correlation function obtained in our approach
for relatively short-range interaction, n = 0.15, atv = 1/3.
We see that our results perfectly reproduce the |r|® power
law at small distances. Comparing to the pair correlation
function of the Laughlin state computed using VMC [59],

QH 5 x 9 with v = 15/45, Screened Coulomb

6
o Bootstrap 30/117 = 0.15 o ol
© Bootstrap 15/45 7 = 0.15 4 = 2
A Bootstrap 15/45 V;

——GMP Laughlin 1/3 %0

PES

1

() |
[

0.5
logy |r

0 2 4 6 8 0 5 10 15 20 25
|7|[5] n

FIG. 3. Pair correlation function ¢(r) and particle entangle-
ment spectrum (PES) for 1/3 filling. (a) g(r) from bootstrap-
ping systems of filling 15/45 with a screened Coulomb
potential (blue circles) and the first pseudopotential V; (purple
triangles). The solid black curve indicates the results extracted
from GMP [59]. The inset shows the log-log plot of the data.
Large system calculation with filling 39/117 with screened
Coulomb is also shown (green squares). (b) PES from boot-
strapping systems of filling 15/45 with two different screening
lengths: # =1 (solid circle) and n = 2 (square). The dashed
lines indicate the gap in the PES, where the below gap count is
shown explicitly, which is (Ng —2m + 1)/2.
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we see that, while our approach reproduces most of the
features of g(r), it overestimates the oscillations of g(r) at
large r and slightly underestimates the coefficient of the
r|® term.

Interestingly, when we take the interaction to be the
first pseudopotential V,, we reproduce the model state
almost exactly at both small and large distances. In fact,
our results show a discontinuity as a function of #: If the
third pseudopotential V3(5) is smaller than the energy
tolerance, we obtain the Laughlin state almost exactly, but
if V3(n) is above the tolerance, then we obtain finite »
result depicted in Fig. 3. We later discuss the source of
this discontinuity.

While the pair correlation allows us to directly compare
the correlation functions in our approach to those of the
Laughlin state, it is important to consider other quantities
that access more general aspects of the topologically
ordered state that are not tied to a specific model wave
function. This can be done by computing the entanglement
spectra [71-75]. Two different entanglement cuts are
usually employed: a spatial or orbital cut [71-73] or a
particle cut [74,75]. The former provides information on
the edge excitations [71-73], whereas the latter provides
information on the bulk quasiparticle excitations [74,75].
The particle entanglement spectrum (PES) is directly
related to the RDM. To see this, note that the p-PES is
obtained by dividing the N particles in the system into p
and N — p particles, performing a Schmidt decomposition
of the wave function and tracing over the N — p part. The
entanglement spectrum obtained is nothing but the negative
logarithm of the eigenvalues of the p-RDM. Since our
approach gives direct access to the 2-RDM, we can obtain
the 2-PES which is shown in Fig. 3(b). In general, the
p-PES consists of a low-energy sector separated by a large
“entanglement gap” (which becomes infinite for model
states) from high-energy states. The number of low-energy
states is an indicator of the topological order and corre-
sponds to the number of ways to place p particles into Ng
orbitals subject to so-called admissibility rules; for the m
Laughlin states, this simply means placing the particles on a
ring with Ng, sites such that any m consecutive sites contain
at most one particle. For p = 2, this gives [Ny (Ng — 2m +
1)]/2 low-energy states. Since there are Ng distinct
momenta and since the spectrum is momentum indepen-
dent due to CMTS, this leads to (Ny — 2m + 1)/2 states
when both N, and N, are odd. As we see in Fig. 3(b), the
number of low-energy states matches this count perfectly,
and the entanglement gap is relatively large even away from
the small # limit. We note here that the entanglement gap in
the 2-PES is a measure of the smallness of the terms |r|*,
with [ < m, in the expansion of g(r) at small distances. This
means that it encodes the same information as g(r) but in a
way that highlights the features associated with the topo-
logical order.

QH 11 x 11, v =61/121, n =3

——ED, half filling with 9 electrons on sphere
o Bootstrap 61/121 n =3 10

"o 05 1 10
logy |r|

0 2 4 6 8 0005 0 510
[rllLs] ¢:[l5']

FIG. 4. Pair correlation function g(r) and structure factor s, for
half filling. (a) g(r) obtained from bootstrapping a system of
filling 61/121 with =3 (red circle) and extracted from
Ref. [77] for an ED calculation of half filling with nine electrons
on the sphere (red curve). The inset shows the log-log plot of the
same data. (b) The 2D plot of the structure factor s, obtained from
bootstrapping. The inset highlights the 2k, feature.

C. Half filling

Next, we consider fillings close to v = 1/2 where the
ground state is expected to be a composite Fermi liquid
(CFL) [76]. Unlike Laughlin states, the CFL state has a
first-order zero only when particles approach each other,
which corresponds to g(r) ~ |r|>. We see in Fig. 4(a) that
our results not only reproduce this short-distance asymp-
totic behavior, but also match g(r) at all r when compared
to ED data for a small system on the sphere [77]. There is a
slight mismatch in the oscillation period that may be due to
different geometry and finite size effects. Remarkably, our
approach seems to better reproduce the pair correlation
function for the CFL at half filling compared to the
Laughlin state at v = 1/3. This is in contrast to most other
methods such as mean field and DMRG, which usually
work better for gapped states. A more direct way to identify
the CFL is a 2kj feature in the static structure factor s,
which is clearly identified in Fig. 4(b), where there is a ring
of peaks with the radius close to 2kr [78]. The ring
structure also suggests that the rotation symmetry is
reasonably good at relative small q.

To evaluate how tight our lower bound is, we can
compare the bootstrap energy near half filling to a VMC
calculation using the CFL model wave function described
in Appendix A. One caveat in such comparison is that our
bootstrap implementation assumes odd Ng. There is no
fundamental barrier to doing even Ng, but it makes it easier
to implement all symmetries and include the ¢ = 0 point
which we use to fix the particle number. To circumvent
this, we perform the bootstrap calculation for fillings of
(No—1)/2 and (Ng +1)/2 electrons and interpolate
between the two results. For sufficiently large odd Ng,
this should approach the v = 1/2 result. For No =7 x 9
and = 3, we have ECTL  /V ~0.789 per particle while

bootstrap
ESI;/ILC /V, ~ 0.803 per particle [79]. This corresponds to an
energy error below 2%. We reiterate that this number
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constitutes a rigorous bound on the sum of the errors of
both VMC and the bootstrap.

D. Characterization of the allowed region

To gain a deeper understanding of our results, we now
introduce a representation of the structure factor that allows
us to visualize the allowed region and the energy mini-
mization procedure. We note that, for a geometry where
rotation symmetry is a good symmetry, the structure factor
s, depends only on |g|, and the Haldane duality implies that
we can expand it in terms of odd Laguerre polynomials:

sg=v(1=0)+ Y cuLu(@)e ™2 (26)
n odd
where
dzq 2 _q2/2
e =2 [ Sy =1 =)L) (27)

Although we are working on the torus where full rotation
symmetry is absent, we expect it to be recovered in the
thermodynamic limit irrespective of geometry. The expan-
sion (26) should then yield a very good approximation.
The approximate rotation symmetry of our results is also
evident in Fig. 4(b).

The advantage of this representation is that the effective
Hamiltonian (22) describing the (2, 2) constraint takes the
simple form

1
D=3 (42 +c,)P,,
Zn odd

(28)

where P, is the projector on the space where the two
particles have relative angular momentum n. Then, the
PSD constraint D > 0 translates to the linear constraint
¢, > —417 [also linear in S, since the map between ¢, and
sq — V(1 —v) is linear]. Furthermore, the energy takes the
simple form

N
=W eV,

n odd

E (29)

where V,, is the nth pseudopotential component of the
LLL-projected potential defined before.

Let us now understand our results in terms of the
expansion coefficients c¢,. For short-range interactions,
we have V| > V3> Vs...; thus, energetically, we are
trying to get ¢, + 412 as close to zero as possible followed
by ¢; + 412 and so on. The other constraints, Sq = 0 and
(2, 3) constraints, impose other nontrivial filling-dependent
constraints on the coefficients c,. In Fig. 5(a), we map the
allowed region at v =1/3 in the ¢; — ¢z plane in the
presence of only (2, 2) or (2, 3) constraints. We see that, as

Allowed region for ¢; and cy v dependence: Allowed region for ¢; and c3

v=9/27 w/o T2
s (@) v ‘__H v= 9?2; T2 (b)
- 1

v=11/27
v=10/27
o v=15/45T2 15 v=9/27

4 1/3 Laughlin

%o
-~
0.5 0.5
.
v
N e
0 12

02 04 06 08 1 0 02 04 06 08 1 12
¢+ a? o +4v?

c3 + 42

Shape change of the allowed region

(d) v=11/27

QH5x9, =15

Ls v =10/27
: v =9/2T

ey + 4?

0.5

FIG. 5. Allowed region characterized by the Laguerre poly-
nomial basis (26) and (29). (a) Allowed region for c¢; and c; for a
filling of 9/27 obtained from imposing (2, 2) (red) and (2,2) +
T2 constraint (blue). The pink circles denote data from a larger
system (15/45) calculation. The green triangle indicates the 1/3
Laughlin state. (b) Filling dependence of the allowed region:
v =19/27 (green), v = 10/27 (blue), and v = 11/27 (red). All
data are obtained with 72 imposed. (c) Filling dependence of the
coefficients (cy, c3, ..., ¢11) and its relation to the charge gap A.
(d) Shifting the allowed region for different fillings in (c) so that
they maximally overlap with each other. The green and blue
regions are shifted by (Ac; = 0.19, Ac; = 0.2) and (Ac; = 0.1,
Acy = 0.11), respectively, while the red region is not shifted.

expected, the allowed region shrinks as we add more
constraints. In the limit of short-range interaction,
V3 <V, and we should have ¢, ~ —4r?. This should
uniquely lead to the Laughlin state marked by the green
triangle in Fig. 5(a). Instead, since our constraints are not
sufficiently tight, we get an extended region of allowed c3
along the y axis surrounding the Laughlin state. We note
that the extended region does not extend all the way to the
bottom of the y axis, indicating that our approach can detect
the fact that adding a small V3 always yields a nonzero
energy. Since our approach always aims to minimize the
energy within the feasible region, in the presence of any
finite V5 we get the smallest allowed value of ¢5 + 422, For
our (2, 2) and (2, 3) constraints, this is around 0.5,
compared to 0.66 for the Laughlin state. This discrepancy
is the source of the error in the pair correlation function at
large r. To explain why we got something very close to the
model state if we just use V; as the interaction, note that, in
this case, the energy is degenerate along the line
0.5 5 ¢3 + 4% 5 1. In the case of degeneracy, the interior
point method we use picks out the point furthest from the
upper and lower boundaries, leading to a state very close to
the Laughlin state [80].
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The error in the energy as a function of filling can also be
understood within this picture. For fillings larger than 1/3,
we expect the allowed region to detach from the y axis;
adding an electron to the Laughlin state should cost finite
energy even with only the first pseudopotential V.
However, because our feasible region is slightly larger
than the physical one, we find that an allowed solution with
¢, = —41? persists for a range of filling after 1/3 before
getting detached. This can be seen in Fig. 5(b), where we
find a range of allowed solutions with ¢, = —41? with
v = 10/27 which disappears only at v = 11/27, i.e., after
adding two electrons to the Laughlin state. We can also
track this in Fig. 5(c), where we see the value of ¢; + 41°
taking off from O only at v = 1/3 + §, where 6 ~ 0.05. We
can use the data for the energy as a function of N to extract
a charge gap Ay = Ey,; + Ey_; — 2Ey, which is also
equivalent to a discretized version of the inverse compress-
ibility. We see that the shift 6 mentioned above leads to a
shift in the incompressibility peak expected at the Laughlin
fractions as shown in Fig. 5(c). The shift seems to be a
constant for all Laughlin fractions; it scales with the total
number of particles (so it should yield a finite shift in the
filling in the thermodynamic limit) and is expected to get
smaller as we add more constraints.

The existence of this shift can be understood as follows.
Our approach always tries to lower bound the energy
subject to a set of constraints. Our set of constraints,
constructed using few-body operators, likely accounts for
few-body correlations. However, the fact that adding an
electron to the Laughlin state costs finite energy arises due
to global configurational constraints. This is evidenced by
the difficulty of establishing a rigorous lower bound on the
gap of such an excitation; proving that the Laughlin state
has a charge gap even for pseudopotential Hamiltonians
remains an open mathematical problem [81] away from the
so-called thin-torus limit [82]. It is also suggested by the
construction of Laughlin states in second quantization
[83,84] or in terms of Jack polynomials [85-87]. Here,
the energy of a state, while depending on pairwise
interactions, is related to a clustering property in the
occupation number basis which is restricted by global
occupation number configurations in a nontrivial way. We
expect such kinds of global filling-dependent configuration
constraints to be captured only on average when we
account for only few-particle correlations. An interesting
future direction is whether such constraints can be phrased
as PSD constraints that can be incorporated in the bootstrap
approach.

Finally, we also point out an interesting observation. The
convergence of the boundary of the allowed region with
system size is very different for the upper and lower
boundaries [see pink circles in Fig. 5(a)]. To understand
this, recall that the lower boundary generally corresponds
to ground states obtained by minimizing V; with positive
coefficient, whereas the upper boundary corresponds to

minimizing V3 with negative coefficient. The former is the
standard quantum Hall problem with repulsive interaction
where the convergence in system size indicates a short
correlation length as expected. The latter corresponds to the
LLL with attractive interaction which likely stabilizes a
different class of states. Thus, the results in Fig. 5 already
provide some information about the behavior of a LLL with
attractive short-range interaction. This observation under-
scores the power of the RDM bootstrap approach in
extracting a broad range of information about the system.

V. DIAGNOSING PHASE TRANSITIONS

In this section, we briefly discuss how to diagnose phase
transitions within the bootstrap approach discussed in this
work. We leave a more detailed systematic investigation
for future works. For simplicity, we focus on first-order
transitions, although our analysis can be generalized to
higher-order transitions as well. Let us say we have a first-
order transition between two phases characterized by the
2-RDMs D, and D,. At the transition point, the energies
of D; and D, are the same, which means that any 2-RDM
D = 1D, + (1 — A)D, also has the same energy. Since the
energy is a linear functional of the 2-RDM for any two-
body interaction, this means that the boundary of the
allowed region must have a straight line perpendicular to
the direction defined by the Hamiltonian. This will lead to a
kink in the energy as a function of the direction of the
Hamiltonian (as we change the Hamiltonian parameters),
reflecting a first-order transition [88]. Below, we show how
this manifests first for a simple toy example and then to
study the transition from the CFL to possible non-Abelian
states in higher LLs.

A. A simple warm-up exercise

Consider the following optimization problem:

Minimize E = nyxy + nyX,,

subjectto x, > 0.1(x; — 1)(x; —2) and x, >0, (30)
where x; and x, are the optimization variables and we have
two constraints: One is nonlinear and the other is linear.
The vector n = (n;,n,) defines the direction of the
optimization. A visualization of this optimization problem
is given in Fig. 6(a).

Without even using any solver, we see that there is a
jump in the optimized x; values (denoted as x{) when the
vector n is near (0,n, > 0): For n = (0.01,2), x{ = 1;
for n = (—0.01,2), x¢ =2, as shown by two red dots in
Fig. 6(a). If one thinks of x; > 1.5 and x; < 1.5 as different
phases, then we have a first-order phase transition near the
critical point n. = (0,n, > 0). It is not hard to see that the
constraint x, > 0 is what makes this sharp transition
happen, and the vector n, is precisely the normal vector
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FIG. 6. A simple toy model to illustrate the phase transition.
(a) The boundaries of the two constraints in the optimization
problem (30) with the red dots highlighting the intersections of
the two constraints. The arrow represents the descending direc-
tion of minimization process, which is —n. (b) The optimized
objective function values E for two constraints (blue curve) and
for only one constraint without the x, > 0 (red curve) as functions
of the parameter n; while n, is fixed to be 2. The inset shows the
derivative of E with respect to n;, indicating a sudden jump in the
blue curves.

to the boundary of that constraint. Thus, we define x, > 0
as the critical constraint of the phase transition.

However, it is usually hard to visualize the allowed
region in more complicated problems given its high-
dimensional nature. Instead, we can see that the form of
the allowed region given in Fig. 6(a) immediately gives rise
to a kink in the optimized energy (or a discontinuity in its
first derivative) as a function of n; while fixing n, = 2 as
shown in Fig. 6(b). One way to identify the critical constraint
responsible for this kink is to compare the optimized energy
in the presence and absence of this constraint. As we see in
the figure, switching off the x, > 0 constraint (red curve)
leads to the disappearance of the kink, suggesting it plays the
role of the active constraint in perfect agreement with the
visualization in Fig. 6(a). We emphasize that this ability to
switch constraints on and off is unique to the bootstrap
approach and allows us to identify the type of correlations
that are relevant close to the transition.

B. Landau level interpolation (LLI)
and three-body correlations

As an application for the phase transition discussion
above, we now attempt to study the transition from CFL in
the LLL at half filling as we change the form factors to
those of the first LL. For unscreened Coulomb interaction,
we expect a transition to a non-Abelian gapped state such
as Moore-Read [89-96]. To this end, we consider the
interaction

ViLi(g. 4. n)
= [(1 =) [Lo(¢?/2)]? + AL, (¢%/2)]%] tanh 77|q|

gl 3D

where the parameter A interpolates between the zeroth LL
for A =0 and the first LL for 4 = 1. We note that such

(1= ) OLL4A 1LL, v = 18/35

25 1.2
(a) 75 0.7 —T1+T2
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FIG.7. Phase transition between Landau levels near half filling.
(a) The optimized energies of the mixed Landau level system as a
function of the mixing parameter A. Curves with different colors
represent different #’s in the potential profile, with the color bar
shown in (b). (b) The corresponding derivatives of the energies
with respect to 4. Results in (a) and (b) are obtained with 7'1 and
T2 constraints. (c) A comparison of energies and their derivatives
(inset) between T'1 4 T2 (solid curve) and T2 only (dashed
curve) optimizations. # is fixed to be 0.5.

interaction can be realized in Bernal bilayer graphene
where the wave functions of the lowest Landau levels
are mixtures of the zeroth and first LL wave functions
controlled by the Bernal interlayer hopping parameter
[97-102]. The parameter 5 controls the interaction range
as usual.

The results are shown in Fig. 7 for a system near half
filling, showing a clear kink in the energy curve as a
function of the parameter 4 [see Fig. 7(a)] for a wide range
of n’s. This is also corroborated by calculating the first
derivative of the energy as a function of 4 which displays a
sudden jump [see Fig. 7(b)]. To identify the constraint
responsible for the kink, we note that, by switching off the
T1 constraints, the kink is gone and we obtain a smooth
energy curve instead [Fig. 7(c)]. The similarity to the toy
model in Fig. 6(b) strongly suggests 7'1 has a similar role,
becoming important close to the transition point from the
zeroth to the first Landau levels.

To understand the significance of the 7'l constraint,
recall that it corresponds to the positivity of the expectation
value (c'cc'ece + ceecte’cl) associated with three-body
correlations. At half filling, the two three-body terms are
related by particle-hole symmetry, and this correlation
function reduces to the 3-RDM. The T'1 constraint becom-
ing critical indicates that the 3-RDM starts developing
zeros as we move from the zeroth to the first LL. Zeros of
the 3-RDM indicate the existence of a three-body inter-
action that annihilates the corresponding state; i.e., we are
transitioning to a state that is the ground state of a three-
body pseudopotential. This is consistent with the expect-
ation of a non-Abelian (Moore-Read or Pfaffian state) as
we move toward the first LL. Distinguishing the different
non-Abelian topological states will likely require comput-
ing more complicated correlation functions and is left to
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future works. We emphasize that, rather remarkably, our
approach is able to diagnose the emergence of three-body
correlations although our interaction is purely two-body.

VI. COMPUTATIONAL ANALYSIS

Now, let us move on to the numerical part and discuss in
detail the complexity of using bootstrap to deal with the
quantum Hall problem. The complexity is essentially
divided into two parts: the optimization problem itself
(quantum Hall in our case) and the solver (algorithms used
to solve the optimization problem). Thus, there are two
parallel routes to improve efficiency: a better representation
of the problem and a more robust and advanced solver. We
mainly focus on the first route but have a few comments
regarding the second. In this section, we provide a detailed
complexity analysis with actual running hours. We also
introduce a physics-inspired simplification that allowed us
to go to very large system sizes that are comparable to state-
of-the-art sizes accessible to other methods such as DMRG.

A. Runtime complexity

It should be noted that, although a polynomial-time
algorithm means a problem can be efficiently solved, in
principle, scaling as a polynomial with a high power or
large prefactor can still make a problem intractable in
practice (though, in this case, we may hope that some
tweaks on optimizations can go a long way into making it
tractable). Thus, techniques like symmetry reductions that
can reduce the power or prefactor of the computational
scaling become extremely important. In the following
complexity analysis, we primarily consider the 72 con-
straints. Other constraints can be analyzed similarly.

TABLE L

With CMTS encoded and using the S, representation,
the SDP corresponding to 72 has the form of linear
matrix inequality with N2 variables (number of elements
in S,) and a matrix dimension of (Ng —1)Ng/2 X
(No — 1)Ng/2. From the standard convex optimization
theory [103,104], the time complexity using the primal-
dual interior-point method is given by [64]

O((m* + m*n* + mn3)\/nlog(1/¢)), (32)

where m = N3, n = (Ng — 1)Ng/2, and € is tolerance for
the duality gap. So, without any further optimization,
bootstrapping the QH with the 72 constraint is roughly
O(Ng,) hard [105]. This allows us to do Ng ~ 10 s, which
can take us beyond ED, but makes Ng ~ 100 difficult to
realize. The first and simplest optimization we did is to use
the discrete symmetries to reduce the number of variables,
i.e., the number independent elements in §,. For example,
since the ¢ lattice is always square, we can use the C,
symmetry to reduce the number of variables by a factor
of 4. Further considering the mirror symmetry with mirror
axes ¢, , = 0 and g, = +¢,, we can reduce the number by
a factor of 8. Here, we emphasize that this mirror is not a
symmetry of the fractional quantum Hall state (magnetic
field chooses a chirality) but a symmetry of the structure
factor S, = §),, since the mirror actions preserve the norm
lg| [106]. The results are summarized in Table I. One
should notice that the particle number N does not enter
the complexity at all [107], so we did not include the
information about the particle number in the table, as it
does not change the runtime too much.

Computational complexity overview [(2,2) + T2]. The results are also very sensitive to the settings of

the solver such as tolerance. We used default settings. All values of CPU hours and memory usage are roughly
estimated, since it is hard to get exact values from the MATLAB interface. The sizes of 9 x 9 and 11 x 11 are done for
half filling, while all others are done for one-third filling. The complexity of this algorithm does not depend on the
filling v or electron number N, meaning that different fillings will not change the order of runtime and memory
usage. For a reference, the 11 x 11 case was running on the cluster (one node with 112-core CPU) for roughly one

day.

System size Symmetry reduction® CPU hours' Memory (GB) Solver
Nge =3x%3 No < 0.1 <1 MOSEK10.1
Ne =5%9 c,® 100 200 MOSEK10.1
No =7x9 C, + mirror® 200 500 MOSEK10.1
Ne =9%9 C, + mirror 800 1500 MOSEK10.1
Ne =9x%x9 C4~+mirror 800 < 1500 COPT 7.2.4°
Ng =13 x9 Full rotation + samplingUl ~1000 < 2000 MOSEK10.1
N =11 x11 Full rotation + sampling ~1000 < 2000 MOSEK10.1

We have assumed CMTS for all simulations, so the listed reductions come from extra symmetries.
S is constructed only in one of the C, sectors of the g lattice (Ng X Ng).

Four mirror axes: ¢, , = 0 and g, = +g,.
“Details can be found in Sec. VIB.

We include the state-of-art SDP solver copT [108] for comparison which performs better than MOSEK.

Tntel Sapphire Rapids 112-core CPU.
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B. g-lattice sampling using approximated
full rotational symmetry

The discrete symmetries discussed above give us only a
constant reduction which does not change the scaling,
meaning that the complexity is still O(Ng,), only now with
a much smaller prefactor. On the other hand, to enable
large-system calculation, we can employ other continuous
symmetry of the quantum Hall problem as discussed below.
Apart from CMTS, quantum Hall systems also have
continuous rotation symmetry. This symmetry is broken
on the torus, but we expect it to be recovered in the limit of
a sufficiently large torus. To account for this, we introduce
the sampling method explained below.

Let us consider the structure factor S, on a ¢ lattice
spanned by  {—¢T*, —¢™ 4+ Aq,,...,¢"™} and
{=a™. =gy + Aq,. ....qy™}. We want to sample «
points from a line segment: {q, =0, ¢, 43, .-, Ge_i>

g = \/ (¢™*)? + (¢™*)?} with g; ordered. We introduce

a set of new optimization variables § = (5,55, ..., S,)
such that the original S, can all be linearly interpolated
from the new variables:

Sq — |q| B QI Sl + qr - |q| Sr, (33)

qr — 4 qr— 4

where r,l€{1,2,....,k} and g; < |g| < g, with g;, the two
nearest neighbors of |g|. In doing so, the number of
variables is reduced from N3 to x, which is practically
less than Ng. Thus, the complexity is also reduced
to O(N§).

One might be worried about the inaccuracy induced by
this simplification, since it relies on the full rotational
symmetry and S, being smooth. In fact, those two
requirements are both approximately satisfied in quantum
Hall on torus when the system size is sufficiently large. We
tested this method with a uniform sampling of Ng points
for a few system sizes. The result looks almost identical to
the one using C,, only with a difference of less than 10~* in
energy per particle. This allows us to perform very large
system calculations as shown in Table I. For example, the
system size of Ng = 11 x 11 is translated to a circum-
ference of Ly =11x \/2_ ~27 in DMRG, which is
comparable to state-of-the-art sizes achievable.

One final remark is that S, has a fast-damping tail
(Sg—o00 = Soo)- Furthermore, for any physical quantity, the
large-g behavior is suppressed by the Gaussian factor
¢~7/2. Thus, when sampling the S,, we can use fewer
points for large |¢| without introducing any error in any
physical observable such as energy or pair correlation
function. This means, for very large systems, most of the g
points are irrelevant with only few small ¢’s needed.
We call this the importance sampling. With this, m can

be further reduced from N3 to just O(1) (a constant)
leading to an O(N}) time complexity.

C. SDP solvers

The above analysis is based on the primal-dual interior-
point method [64], which is a second-order algorithm and
used in most of the modern SDP solvers like MOSEK [66] or
copT [108] since it is the most robust algorithm applicable
to all kinds of SDPs. However, it does not necessarily mean
that it is the best algorithm for quantum many-body
bootstrap using the RDM theory. In fact, it has been
demonstrated that a first-order algorithm called boun-
dary-point method can improve the efficiency by at least
one order of magnitude for RDM calculations in quantum
chemistry comparing to the interior-point method [109].
We believe that developing a special solver for quantum
many-body bootstrap will enable a similar speedup that will
enable us to access even larger system sizes and impose
more constraints.

VII. DISCUSSION AND OUTLOOK

A. Nature of correlation functions

We begin by discussing a few subtleties and caveats
regarding this method, particularly when used to compute
ground state correlation functions (static structure factor in
our case). While the conventional variational method
searches a subset of valid physical states and, thus, always
outputs a physically realizable correlation function, even if
it is not the correct one for the ground state, this method
searches a superset of valid physical correlation functions
and, thus, its output is not always associated with any
physical state. However, by enforcing enough constraints,
we can make sure these correlation functions are not easily
distinguishable from physical ones, since if there was a
computationally simple way to check that the obtained
correlation is unphysical, we can add it to our set of
constraints (at least if it has PSD form). This suggests that
the more constraints we include, the harder it will be to
distinguish the results we get from physical correlation
functions. Our results on the quantum Hall problem suggest
that our structure factors approximate the physical ones to a
good degree. We leave a more rigorous discussion of how
the output of this method approaches physical correlation
functions to future works.

One feature we may expect in the output of this method
is the following. If there are two closely competing states A
and B, we may get some “compromise” correlation
functions that combine energetically favorable features
of both states, even if there is no physical state with both
features. As the constraints get tighter, the method will be
forced to choose the correlation function corresponding
to one of the states. This may help explain some of the
features of our results; the extra fluctuations at large r in
g(r) atv = 1/3 (Fig. 3) may be associated with correlations
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of a nearby CFL or a Wigner crystal. This is perhaps
because the v :% CFL optimizes V5 in the degenerate
space annihilated by V1, and the bootstrap constraints are
not yet tight enough to select out Laughlin as the unique
zero mode of V| at v = % Another option is a competitor
Wigner crystal state, which in reality cannot be a zero mode
of V; like the state in the bootstrap [110]. This picture
suggests that constraints which rule out such compromise
correlation functions between closely competing states can
help significantly improve the results.

B. Evolution of the allowed region

We now discuss the shift of the allowed region of the c,.
We comment on a curious observation. Apart from the rigid
“walls” at ¢, + 4% =0, the allowed region seems to
evolve smoothly with filling, shifting with an almost
constant vector with its shape change very little. This is
illustrated in Fig. 5(d), where we undo such a shift showing
the allowed regions for v =9/27,10/27,11/27 almost
coinciding away from the regions where they intersect
the rigid walls as c, + 41> = 0. In fact, assuming the
actual physically allowed region (i.e., the physical set
of N-representable 2-RDMs, ?D € P%) also rigidly shifts
with filling without significantly changing its shape, we
can extract important physical information from the shift
vector Ac = (Acy, Acs,...). We know that at fillings
v=1/(n+?2), for odd n, the physically allowed region
has to intersect with the wall ¢, = —41* for all n’ < n.
When n = 1, namely, the 1/3 filling, such intersection
becomes a touching point illustrated in Fig. 8, since the
Laughlin state is the unique ground CMTS-symmetric
ground state for V. For fillings below v = 1/3, we expect
a degenerate line of zero, and for fillings larger than 1/3,
we get a gap related to the shift. The shift vector near the

—_
—_
Allowed region ¥ V.
2 1 v=1/3+6
¢ +4v v=1/3
v=1/3—46
~20A,

% : 1/3 Laughlin state

FIG. 8. Ideal allowed region for LLL near v = 1/3. The black
dashed line represents the rigid wall (¢; + 41% = 0). The allowed
regions for three consecutive fillings are shown: v =1/3 -6
(left), which is cut through by the wall leading to a degenerate line
(red dashed line) for the V, potential, v = 1/3 (middle), touching
the rigid wall with the 1/3 Laughlin state sitting in the touching
space (red star), and v = 1/3 4 § (right), leaving the hard with a
gap proportional to the change of the filling: 26A,, where A, is
the charge gap of the pseudopotential V| right above the 1/3
filling.

filling 1/3 (in our case, from 9/27 to 10/27) obtained from
the data in Fig. 5 has Ac; = 0.09, which corresponds
to a gap A, = Ac;/(10/27 -=9/27)/2 = 1.215, reason-
ably close to the gap computed in ED (1.037). This error
can be further reduced when more constraints are included.
Therefore, we believe this bootstrap picture provides a
unique point of view for the pseudopotential argument
for quantum Hall. The discussion about other fillings for
n > 1 is more complicated than n = 1, which will be
discussed elsewhere.

C. Further extensions: 3-RDM

One limitation of the 2-RDM approach discussed here is
that constraints beyond (2, 2), T'1, and generalized 72
require tensor factorization of the variables and, thus, do
not have the form of PSD constraints. While there are
possible approaches to deal with this limitation, which will
be the topic for follow-up work, a straightforward way to
go beyond our results is to consider higher RDMs. In this
approach, instead of combining higher-body operators to
produce a two-body operator, we directly impose positivity
constraints on the higher-body operators. Clearly, this
approach is more memory intensive; 3-RDM positivity
constraints [namely, the (3, 3) constraints] involve O(Ng)
after accounting for CMTS. In fact, due to fermionic
antisymmetry, the number of optimization variables is in
practice approximately 0.03N%, making it achievable for
reasonable system sizes.

While an elaborate discussion about the higher RDM
constraints will be given elsewhere, we provide the energy
comparison in Fig. 9, which shows modest improvement

QH5x5,n=15

0.05 T
Bootstrap with 3-POS
0.04 Bootstrap with T2
R
;003
Q
= 0.02
=

FIG. 9. Comparison of results obtained from bootstrapping
with (2,2) 4+ T2 conditions (black lines) and with full (3, 3)
constraints (blue lines). Upper: the total energy error [not per
particle as shown in the inset in Fig. 2(d)] with respect to ED.
Lower: the calculated charge gaps (or incompressibility).
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compared to the 7'1 and 72 constraints used in this work.
The improvement in the relative error is largest for small
fillings. Interestingly, our (2, 3) results approach the full
(3, 3) for fillings close to v = 1/2. This can be understood
by noting that particle-hole symmetry makes (c'c'c ccc)
equivalent to (cccc’c’c’) at exactly half filling, thus
indicating that the (2, 3) 71 and 72 combined are
equivalent to the full (3, 3) constraints. Note, however,
that the 3-RDM positivity constraints are still not suffi-
ciently strong to fix the shift of the charge gap (as shown in
the lower panel in Fig. 9), suggesting the need of different
constraints as we argued earlier.

It is worth mentioning that it is possible to formulate a
dual version of the RDM optimization [41,42], where the
constraints become the optimization variables and RDM
plays the role of a Lagrange multiplier. The main
simplification in this formulation relies on the observa-
tion that, for any solution of the optimization problem,
only a small number of constraints is saturated or “active”
(these correspond to zero eigenvalues of the PSD con-
straint matrices). Furthermore, since the solution always
lies on the boundary of the feasible region, there is a
simple geometric meaning for those active constraints;
e.g., if there is only one active constraint, it has to
describe the plane tangent to the feasible region which is
perpendicular to the direction of the Hamiltonian. We
leave a detailed discussion of such formulation to follow-
up works.

D. Higher constraints, convergence, and
approximations

One important consideration for future works is to
develop a more systematic understanding of the conver-
gence of both the structure factor (or, more generally, the
2-RDM) and the energy as we add more constraints and of
the kinds of constraints that are best for capturing certain
states. We speculate that the (2, 2) and (2, 3) constraints
capture two-particle and three-particle correlations to a
large extent, leading to accurate ground state properties for
states whose main correlations are two- and three-body
correlations. The prominence of few-body correlations is
expected, since the projected Coulomb Hamiltonian itself is
a two-body Hamiltonian. However, there may be more
filling-dependent global configurational constraints arising
from the structure of the Hilbert space that are not encoded
in these constraints or at least are encoded only on average.
One route to understand (2, p) constraints is by viewing
them as positivity constraints on two-body dual
Hamiltonians acting on some p-particle wave functions
belonging to a constrained space. While the computational
cost for such (2, p) constraints increases with p, good
approximations of such constraints can be implemented
far more efficiently if we can find a good variational ansatz
for the space of low-energy states of the corresponding
Hamiltonian.

E. Constraints beyond the (2,p) hierarchy

While we have focused on deriving energetic lower
bounds, several generalizations of this approach employed
in the context of quantum mechanical bootstrap [27-33,35]
can also give information about the spectrum and provide
bounds on correlation functions. One is to replace the
energy minimization by the constraints (H) = E and
(HO) = (OH) = E{O) for any operator O, which has
the effect of restricting to eigenstates of the Hamiltonian.
This could potentially yield discrete windows of possible
values of the energy [35]. For the LLL, the simplest choice
for O involves a product of projected densities p,p_,. Such
a condition provides a constraint on the 4-RDM rather than
the 2-RDM. The weaker condition ([H, O]) = 0 leads to a
constraint on the 3-RDM. For more general band systems
lacking CMTS, choosing O = cZ,cﬁ would lead to con-
straints on the 3-RDM (using (HO) = (OH) = E(O)) and
2-RDM ({[H, O]) =0). Such constraints are normally
referred to the equation of motion constraints, since it
selects the possible eigenstates of the Hamiltonian [27].

Another possible approach is to notice that the ground state
energy cannot be lowered by applying any operator, which
implies (O"HO) > E(O'O) for expectation values evalu-
ated in the ground state. Combined with (HO)=E(O),
which holds for any eigenstate, we get the relation
(O'[H, O]) > 0. If the operator O can be expanded by a
set of basis operators {0, } such that O = ", A;O;, then the
positivity becomes a PSD constraint:

C >0,

Cy = (O] [1.O))). (34)

since we have (O'[H, O]) = 37, A;C;;A; >0, V A. This
PSD constraint is called the perturbative positivity that selects
(works for only) the ground state (note that the DQG, T'1, and
T2 conditions work for any possible states including the
excited states). When considering operators O for perturba-
tive positivity constraints, it is important to keep track of the
number of particles involved, since we are studying systems
with fixed particle number. For operators which change
particle number, such constraints relate ground state proper-
ties at different fillings. We can avoid this by focusing on
operators that do not change the particle number. Thus, the
choices for { O} are limited to the zero-particle basis: order-2
basis {cicy} (or {p,} if the form factor matrix is invertible);
order-4 basis {CZC;C&C},, cflcﬂ}; and so on. A weaker version
of this perturbative positivity is to take the double commu-
tator: ([O7, [H, O]]) > 0 which will lower the order of RDMs
involved by one. For example, if we choose {O} to be {p, },
combining CMTS and GMP algebra, we have the following
constraint on the structure factor:

A
/—V e/ mzl%(sqﬂ,—s,,) >0 Vg (35
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We tested these constraints and found that they do not
lead to tighter lower bounds on energy compared to the
positivity constraints we use, but they lead to upper bounds
on the ground state energy since the perturbative positivity
selects the ground state, excluding excited states. We found
these bounds to be a lot looser than known variational
bounds for the simplest operators we tried, but they
will likely get tighter as we impose more constraints.
Nevertheless, this shows the great potential to get two-
side bounds purely from bootstrap (see also Ref. [111] for a
related discussion). We leave a detailed discussion of these
more general bounds to future works. We also note recent
attempts aiming to generalize this approach to finite
temperatures [111-113].

F. Higher Landau levels and Chern bands

A few obvious extensions of this work include (i) higher
Landau levels, (ii) bosonic quantum Hall states, and
(iii) correlated states in topological flat bands. Direction
(i) is the most obvious generalization and can be
implemented through the simple replacement V,
V,[L,(q*/2)]*. In higher LLs, both non-Abelian states
and symmetry-broken states such as stripes and Wigner
crystals are expected [114-116]. Detecting these phases
through the structure factor is possible but requires more
careful analysis of its dependence as a function of geometry
and system size [115,116]. For direction (ii), we can still
employ the Haldane duality and the (2, 2) constraints, but
there is no simple analog of the higher (2, p) constraints.
One possibility to address this is to include higher RDMs as
variables in the bootstrap approach. For direction (iii), the
main difference is the absence of CMTS, which means that
(PgP—q+G) is, in general, nonvanishing for any reciprocal
lattice vector G. As discussed in the main text, we can
still derive some version of the Haldane duality under
some assumptions that remain to hold for bands which are
sufficiently close to the LLL. For bands where the
generalized Haldane duality does not hold, we can still
perform the bootstrap by using the 2-RDM instead of the
structure factor. Note that single-particle dispersion may
also be included, as its expectation value also depends on
only the 2-RDM.
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APPENDIX A: UPPER BOUNDS FROM
VARIATIONAL MONTE CARLO

In this section, we provide the details about the upper
bound calculations using VMC with model wave functions.
The method used is called the lattice Monte Carlo for
quantum Hall on torus developed by one of us [70]. We do
not discuss any of the technical details of that method, for
which the reader is encouraged to read Ref. [70]. Here, we
outline the model wave functions used for the VMC.

First, for the v = 1/m Laughlin state, the model wave
function on torus is given by [117]

Ppagn(a) = [[ - [[FZ—a). (A
i<j =1

where z = x + iy is the complexified electron coordinate,
Z = "N z; is the center of mass, ;s (k = 1, ..., m) are the
center-of-mass zeros that encode the periodic boundary
condition by requiring > i, @y = 0 mod BZ, and f(z) =
o(zlay, ar) exp{—(1/Ng)zz*} with 6(z|a;, a,) the “modi-
fied Weierstrass sigma function” [118] (a; and a, are two
complex vectors defining the unit cell, i.e., the lattice
constants).

Then, for the CFL state (v = 1/m with m even), there
are a few model states proposed [77,95,119]. We use the
one in Ref. [70] which is more favorable for Monte Carlo
calculations. It is given by [120,121]

Wern ({a}. {d}) = detit, [ e )12 [ [ 12— ).

i<j

(A2)
where ]\7[,-j is a N x N matrix:

N
Mij — pl/2m(zdi=zd)) Hf(zi —z—d;+ d), (A3)
k#j

with det M ;j its determinant. In addition to a dependence on
the m center-of-mass zeros {a}, this wave function depends
on N additional parameters {d}, the dipole moments.

APPENDIX B

This appendix contains detailed discussions on momen-
tum space formulation of the QH problem and the boot-
strapping constraints.
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1. Bloch states in the LLL and form factors

We can define the magnetic translation operator
T, = e ™" Using the commutation relations of the
guiding center [R,, Ry] = —i€,p, it is straightforward to
show that this operator satisfies the magnetic algebra

T,T, = W/ T, = " T, T,. (B1)
Here, we use the notation /\v:(vy,—vx) and u A v =
u-(Av)=uw,—uyw, Note that the magnetic trans-
lation operator is related to the form factor matrix via
A = (alT ).

To express the form factor in momentum space, let us
define a unit cell containing 27 flux spanned by the vectors
a, and a, such that |a; A a,| = 2z. Then for any lattice
vectorsa = na; + ma, anda’ = n'a; + m'a,, the magnetic
translation operators commute [T,, T,] = 0. As a resul,
they can be simultaneously diagonalized with the eigen-
states corresponding to the Bloch states defined via

Ta k — naeik.al//kv <B2)

where the factor 7, introduced for latter convenience, is +1

if a/2 is a lattice vector and —1 otherwise. The explicit

action of T, in real space is can be chosen to be

T.f(r) = e~/ f(r + u). Thus, the Bloch states take

the form

wi(r) = Ce"%o(r 4 iklay, ay)e= (/4T e=(1/4)k - (B3)
|

where C is an unimportant normalization constant. Here,
we use the notation that the complexified version of a
variable is denoted by unbolded letter, e.g., r = r, + ir,,
k = k. + iky, and o(z|a;.a,) is the modified Weierstrass
sigma function with lattice parameters a; and a, which
satisfies

o(z+alay, ay) = n,e @+ 2g(z|a,, ay),

o(—z) = —o(z). (B4)

In what follows, we drop the lattice parameters and use the
simplified notation o(z) = 6(z|ay, a,).

It is easy to see using Eq. (B4) that Bloch states (B3)
satisfy

yi(r +a) = nge™ ey (r),

Wi (r) = nge Py (r). (B5)
In the Bloch basis, the form factor is given by
AK — (yrle @Ryp). Now notice that T,e® =
T,T_,, = €¢4"e®T,, which means that T,[e"®y,] =
Nnae'®t9) 4Ry, Thus, since we are considering a single
nondegenerate band, e“®y;, should be proportional to
Wktq- The proportionality constant (which generally

depends on both k and ¢) can be determined from the
explicit form of the Bloch wave functions (B3) as

eiq‘Rl//k(r) e T—/\qlllk(r) — Ce(i/2>q're(i/2>l_<(r+iq)g(r + l(k + q)|a1 R az)e_(l/4)(r+iq)(?_1a)e_(1/4)k/_(

— Ce(i/z)r(];+‘_]>a(r + l(k _|_ q)|a1 s a2)e_(1/4>r78_(1/4)k];e_(1/4)qq_(1/2>q7< f— ll/k+q(r)e(i/2>qu’

which leads to the form factor ALK = (elry,|yp) =
e‘(i/z)qu<y/k+q|y/k/>. Note that |ypy) and |wp) are not
orthogonal unless we restrict k and k' to the first BZ (if
K =k +G, clearly (yy|yp) = nge'®™* #0). Let us de-
note by [k| the part of k within the first BZ and by {k} :=
k — [k] its reciprocal lattice part. Using Eq. (B5), we can
write [yy) = o |wpy), where o = n{k}e([/z)["]A{k}, which
leads to the expression of the form factor

kK —(i —(i *
A" = PRy lye) = P oG g

(B7)

Notice that the form factor is not gauge invariant. Instead,
it changes by AK¥ s AKK pild®)=0(k)] ynder the gauge
transformation y, — ¢#®y,. We find it convenient to
choose a periodic gauge corresponding to the wave functions

(B6)

Vi) = alwi) = [wi) (B8)
which is manifestly periodic in k since it depends only on
[k]. The form factors in the periodic gauge become

A = e /D0 g gp (Wirqlwi)

_ ,—(i/2)grk x
—e (i/2)q akak+q.

Ay (k) (B9)
This expression is manifestly invariant under k' — k' + G
for any reciprocal lattice vector G. To show it is also periodic
in k, note that for any reciprocal lattice vectors

/6N — oy 7, which implies

ak+G — ”{k}ﬂ{k}+Ge(i/2>[k]/\Gak — nGe(i/z)kAGak’ (B]O)
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leading to the identities

2g(k+G) =1, (k),

/1q+G (k) — ﬂae(i/z)qAGe_iGAkﬂq (k)

(B11)

2. CMTS

The action of magnetic translation symmetry in the
periodic gauge is

T_ngi(r) = T gy (r)

To see how the second-quantized operator transforms
under the magnetic translation, we first look at the trans-
formation of a single fermion operator in position space:

Tile, T, =eWPmve =Ty, (B13)

We can then expand c, using the momentum basis:

= qpp g (r)e~ Pk Cr = Pr(r)exy  with 6 = (Bl4)
. keBZ
— g, e PR () (BI2)
by noting that ay) = 1. Thus, the magnetic translation becomes
|
Z l/’yk(r)TzlchkT—Aq = Z [T—Aqﬁlk(r)] Ck = Z akaz+qe—(i/2)kAqu7k+q (I‘)Ck
keBZ keBZ keBZ
= Z/l l//k+q e = Zfl* (k — @)y (r)ci- —q = Zfl—q YW (r Ck—q’ (B15)
keBZ keBZ keBZ
[
which implies we should have
T_lchkT_Aq = /l_q(k)ck_q = PrgCi—q- (B16) <I_P|T;lf)(l’l.m)/]'u|qj> _ <qj|e—i€u@(n.m)ei0u P)
Similarly, we have = <‘P|D(n’m)|qj>, (B21)
T-1 chT g = ﬁzt,qczt_q- (B17)  which gives the CMTS in the primal form.

Now, let us discuss the CMTS for the density matrices.
First, we define the density operator in the following way:

D =d

+
ok, ok o by doy ks (B18)

whereo; = & fori =1,...,nandd, ; = cyandd_; = cZ.
Thus, the CMTS in terms of d’s becomes

T2hdoiT _ny = Jdok-q With 7= and f~=p".

(B19)

We can call this density operator the order (n —m, m)
density operator and denote it as D", where m =
>y (lo1| +07)/2. It is not hard to see that the density
operator is not invariant under the continuous magnetic
translation. We have to look at the physical state that is
invariant under such transformation. Given a state |¥)

such that

T,.|¥) = e’

) (B20)

Now, if the ground state [Q) of the system does
not spontaneously break the CMTS [122], we can
define the density matrix in momentum space correspond-

ing to D™ as

(n,m) i
Mk, ..... kyk ... kﬁ,=<Q|d61k1 d

natty

t oty 1|9,
(B22)

The CMTS then implies that
(n,m)
Mkl ..... kil ... K,

(s m
- |:H <ﬂk;, ) ﬂ :| kl—q ..... k,—q:k\—q....k,—q

=1

(B23)

If we further consider the crystal momentum conservation,
we can define the total momentum Q as

(B24)
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and, thus, we can eliminate two momentum variables from the two equalities above:

n—1 n—1
k,=o, [Q - Z olk,] and k, =o, {Q - Z a,k?] )
=1 =1

(B25)

Substituting into Eq. (B23), we have the transformation between different momentum sectors:

n—1
(n,m),Q _ Oy i
Mkl,_,,,kn,l;k k;l . - (ﬁG”[Q_Z;I_ll oik)).q ) o, |0- Zn Io‘k’ |:1;[ (ﬁk,, ) ﬁ :|

M m)-[@=(2m=n)q]

ki—q.... .k, \—qki—q,.. .k, _,—q° (B26)

Although the mapping looks complicated, it simply states that the two matrices are related in the following way:

M(n.m),Q (k, k/)

where k = {ky,k,, ....k,_;} and U2 is a diagonal unitary
matrix in the indices (k,k’). Notice that both the constant
index shifting and the unitary transformation cannot change
the spectrum of a matrix. Thus, under the CMTS, M (n:m)-Q

and M (=m)-[@-(2m=n)a] have exactly the same spectrum.

3. Momentum space formulation of the (2, p) constraints

In this section, we show in detail how to write the
positivity constraints on a momentum basis.

a. Inverse form factor matrix for zeroth LL

and (2, 2) positivity constraints

Given that in the momentum space
_ i
chck+q
—(1/4)
(14 chckﬂ q

or, equivalently,

e~ (/9 Py (B28)

= A¥ciep with  AGF

k.k'

Sigk-k].04g (k). (B29)

we have

PyrG = chtck+q’~1q+6 (k)
k

_ ZC}CH nge GrkHi247G] (k). (B30)
k
where we use
hgralk) = e P@ O aiay g6
e~ (i/2)(g+G)A ”Ge(/z)(kﬂ)/\Ga,tqu
= ngeiOrkHi/2476], (k). (B31)

This then leads to

U2 (k, k') M)

~Cm-m0|(k — q.k' — q)U2(k,k'), (B27)

ﬁq+G’7Ge_(i/2)q/\G = chtckJrqe_iG/\kzq (k)
k

(B32)

Multiplying both sides by €’¢"¥J:(k')/Ng (Ng = Ng in
this case) and summing over G, we get

I G _(/2qnG T
. iGNk Perclce (/2)qAG/1q(k/)

Ng =
- e kf>NGz
A (k") Sy o

= § ck Ck+q

— T
— Ck/Ck/+q,

(B33)

where we have used the fact that (1/Ng) > ¢ e @ ¥~k =
e and |2, (k)| = 1 by construction. Notice that cjcy, =
chk +]g on the right-hand side; we can restrict ¢ to be
within the first BZ and let ¢’ = ¢ + G to be the unrestricted
momentum (thus, ¢ = [g] and G = {q'}). By doing this, the
above equation can be rewritten in the following form:

1 o ~ —(i 4 1 g%
CchCk+q - N_GZ‘S[q’—q]-Oel{q }Akpq’”{q’}e Wl }/1[11/] (k).
q/
(B34)

Then, letting k' = k + ¢, we can further adopt a matrix
form for such an expression:

cicw = ZA P (B35)
with the matrix AZ  defined as
I o -
AZ V= N_Gé["_(kl_k”’oe {g3nk o—( /2)[q]A{q},]{q}g[q] (k)
1 Tk
Sig+k—k)04q (k). (B36)

:N—G
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One can check that

q

= Zé[[‘l]+k1 —kz],oé[[q]+k3—k4].0 N—G

lq]

= DSl k) 09(ig ks 0 (K1)

lq]

= 8lig)+h1—ks).08 ig)+s—ky .05k, e

lq]

and

k k')
ZAkl koAql = GZé[qukl_kz 05[‘1 +ky k], 0/1 (kl) (kl)
ki .k, ki .k,

= Nizé[q—q’],()z; (kl )Zq’ (kl )
G I

1 o
_Eza[q_q/]»oz :ﬂq(kl)ﬂq+G(k] )56’{q1_q}
ky G

1 B
:5[4—4’],0§ 6G,{q’—q}N_GE nge'¢ ki—(i/2)anG
G 3

=0g-¢001g-4'1.0 = 0q.q'- (B38)

The expectation value of the two-particle operator

c}; Ck, c,; ¢k, can then be related to the structure factor in

the following way:

<C}; Cr, c,i Ck,)

E k ko k;k4 (Papp)
_ N
_ZAk],kz k3’k4Sq

q

1
= Wza[ﬁkl )00~ thy—ky) 04 (K1 )AZ 4 (K3) S,
G q

ZAk, X k% ks PgP—q)p.

1 7 Fx
= NZ 25[q+k,—kz],o5[—q+k3—k4],o/1q(k1)/Lq (k3)S,. (B39)
q

Let us now construct matrices that have indices ¢ and kk':

1
M2k kg = Ng

1 LE]
{M34]q,k3k4 = N_G 5[—‘I+k3—k4]-0/1—‘1 (k3)

Olg+k, —kz],O’NI; (k1) and

(B40)

since there are N2 numbers of g points and N numbers of
k points so that the matrices constructed are square. Using

k; k 1 - )
2N - N_GZé[‘ﬁ'kl—kz].05[4+k3—k4]~0/1q (k1) Aq(k3)
q

1
> ek g6 ks)
G

} :elG/\ ki —ks3)

= 6k],k35k2,k4 (B37)

the same reasoning in Eqs. (B37) and (B38), we find M, =
M§4 and

1
MM } =—3,4
[ o] =%
1
MM N B41
[ 12 12:|k|k2,k3k4 NGékzkl,k3k4, (B41)

where 6 k, kyk, = Ok, k;Ok, k,- This follows from the
fact that [0k, 0479 (K3)]" = Ogikyk,).04—(k3) =
Ofghs—ky).0%q (K3 = ) = Olg-sk,—ky) 04 (Ka); thus,
(M4l i) = Mizlip, g = M§4 = M,. Note that the
k labels are also flipped. Thus, M, (M3,) is actually a
unitary matrix up to a constant scaling. In this sense, the
two-particle expectation value is given by

[\/N_GMudlag [S4/Ng] \/N_G ]

i
Cc, C C C
< ke e Ty k4 koky Jksky ’

(B42)

which is a unitary rotation of matrix diag[S,/Ng].
Thus, S, > 0 for all g implies that the two-particle expect-
ation value in the form of a matrix with indices k;k, and
ksk; is necessarily positive semidefinite. This can be
summarized as

(cTecte) EHT’ 8,20 Vg, (B43)
where H[X" is the set of PSD Hermitian matrices with
dimension Ny X N,,.

However, for other types of four-fermion operators
like (ccc’c™) and (ccec), this is, in general, not true.
For example, let us consider the four-fermion operator
(c"cTec). Notice that because of the fermionic anticom-
mutation relation, we should restrict the indices. We can
define

k
Dkkiikj = <Ck Cklck3ck4> (B44)
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where k; < k, just denotes a way of pairing k; and k,
to avoid its reverse and bears no meaning of the
magnitude comparison. By definition, the matrix D has
a dimension { [Ny (N — 1)]/2} x {[Nx(Ny — 1)]/2} (note:
N, = N; = Ng; = N}). Then, for a two-hole operator
O1 = Dk, <k, Ak Ck, Cky» WE have

. k
(OIOO = Z AklkzpzikiAkgh 20

ki <ky ks<ky

v AECNk(Nk_1>/2’ (B45)

which means DEHN" Ni=1)/2 Using the expressions

derived above, we can rewrite the matrix D as

Dk1<k2 —

oy
ks <k, _<Ck2 Ck,Ck,y Cr,)

AT ¥
= (Ch, Ck,Ch, Chy) — VOky ey O, ik,

= ZAkZ k4Ak1 k324 vékz.kgék].h. (B46)

In this case, S, > 0 implies nothing about the semidefinite-
ness of the matrix D, which, therefore, acts nontrivially on
the bootstrapping process.

The other four-fermion operator (ccc’c) is actually
related to the above discussed one by the particle-hole
symmetry and gives weaker constraints when v < 1/2 and
exactly the same constraints when v = 1/2. Let us define

Qk] <k2 —

<k, = (B47)

<Ck3 Chy C}Ez C;{-l 2

> A s Nk, ]
qp

qp

which can be rewritten as

q

.. gqADp\. -
Z (ZA;I‘ izAp 42l st 2 )pq - Z(Azhkzxékz*l% - A]qfs,kzékl-k-i)pq’
p q

which can be evaluated as

ko, <k
Q52 = (ek,a, i) + (1= 20)8, 1Otk
- (1 - l/)ékz,k35k1,k4- (B48)
One can see immediately that I,i‘j’,? v=1/2)=

Dkk:ij (v = 1/2). To see this gives only weaker constraints
for v < 1 /2, we note that by the way we vectorized the
coefficients Ay x, (or antisymmetrization), O, k6, k, 18
always zero since k, = k3 and k; = k, are incompatible
with the conditions k; <k, and k; <k,. Moreover,
Ok, k;%k, k, 18 the identity matrix in our notation. So, all
together, we have simply

_ 1<ky
- ,D]I; <ky +

le <k,

s <k, (1-20)T. (B49)

This means that, for v < 1/2, a positive semidefinite D;‘(‘ z’,?
3 4

always leads to a positive definite Q:‘d‘z

b. GMP algebra in terms of inverse form factor matrix

The GMP algebra is also encoded in the inverse form
factor matrix but in a much more complicated way. To see
this, we first observe that

- C;; Ck, 5k1 dy o
(B50)

P ool e ol
€, Cha €ty Chy ~ Ciey Oy Ch, Sy = C, OOk

which then can be rewritten in terms of inverse form factor
matrices:

Multiplying both sides by p_, and taking the expectation value, we have

(ZA,‘{IZZA” 2isin 122

p

Notice that we have, in general, S, > 0, and the GMP algebra becomes simply

. GNP
D ALE AL 2isin T 5 = Ma Sk, = A

p

= SN AL B2 sin¥ - ;(Azlykﬁk%h — AL Ok k)P (B51)
V k54 E€BZ. (B52)

)S — (A Bk = AL S0 k)Sye ¥ Kiass €BZ. (B53)

! Suis ¥ kiass€BZ (B54)
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One should be aware that this is not a constraint but a
property of the inverse form factor matrix for the zeroth LL,
since no §, dependence is in it. This also means, by using
the inverse form factor matrix, the GMP algebra for the S,
(or 2RDM) is built in and does not need to be implemented
as a separate constraint.

Another way of seeing this is the following. Consider an
arbitrary bilinear operator

A= ZAU,/;CZC/;, (B55)
af

where A denotes some operator, A is its second quantized
representation, and A,; are its matrix elements in some
basis. It is straightforward to show that [A, B] = [A/TB]
and that A = B if and only if A = B (which also means
Ayp = Bgp for all a and f). Furthermore, the form factors
are the matrix representation of the density operator
Pqg = Aq. Thus, the GMP algebra implies

- ... gqAD A
[Ag, Ap] = 2isin 7 Npig < [Ny A

A
= 2isin T 2L A, . (B56)

=3 , Pt ot
OriOri1 = D Akikaky At ok, ey Chey ks o, S
k}k;k} - -

k|k2k3

where the last relation holds as an identity for the
matrix elements. Thus, the GMP algebra is encoded in
the form factor matrix. Then, one can use the relation
between the form factor matrix and its inverse to get the
expression (B54).

¢. (2, 3)—T1 and T2 constraint

In this section, we want to impose the so-called (2, 3) T'1
constraint which is deduced from convexly combining two
three-particle positivity constraints to get a reduced con-
straint for two-particle expectation values. Consider the
following two operators: Or | = Zkl’kz‘k3 A ok i, Chy Chs

— o Tt
and Or12 = Dk, ky ks Ak ko Ck, €k, €k, s WE have the follow-
ing positivity constraints:

<OT1,IOTT1,1> >0 and <OT1,2OTT1,2> >0,

(B57)

as well as any convex combinations of the above two
inequalities. It is not hard to see that

_ . Pt P i i P
= > Aok A, [—Ck; €, €, Chs Sl . o Ol Ches Chs] — € O ey ks Ches Ok, Ol €y s C Ck;}v

e
where Sy, Ck,Ck,) 1s defined as the sum of the cyclic

permutations of the indices enclosed in the square bracket:

Okt ey Chey Ches] = Okl ke, Chey Chey O by Coey Cy + Okt ks Cie, iy -
(B59)

(BS8)

Thus, the convex combination OTL](’);M + Orl,z(f);u
cancels exactly the three-particle terms. Then, the following
constraint containing only at most two-particle terms:

<OT1,IO;1,1> + <OT1,20;1,2> 20, V Agpr,  (B60)

is the so-called (2, 3) T'1 constraint.
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By using the inverse form factor matrix, we can rewrite the (2, 3) T'1 constraint in terms of the two-particle structure

factor:

<OT1,IO;1,1> + <OT1,20;1,2>

kyloyk
i
kkaks

= ZAklkszA;;/lk/zkg [<_z:/\",37k2AI:,Z"’k3 Sqékr] Kt V5k’3.k3 5k/2,k25k/1 &, + (cyclic permutation of k; ,k2,k3)>
q

— (_ZAZg,sz’:’lq»ks SqB%, &, + VO, &, Ok &, Ok &, + (cyclic permutation of k, ,kz,k3)>
q

+ <_ZAZ;,k2AI:’Iq,k3Sq5k§~k1 + (20 = 1)6k, 4,9k, 1,9k, &, + (1 =)k 1,01 4,0k, &, + (cyclic permutation of k; ,kz,k3)>}
q

>0, V¥ Agx, €C.

Like what has been discussed in the (2, 2) positivity case,
we can also antisymmetrize the indices to reduce the
dimensionality of the matrix.

Similar to the (2, 3) 7’1 constraint discussed above, there
is another simple (2, 3)-positivity constraint bearing the
name (2, 3) 72 constraint as an extension to the 7'1, which
involves the following two operators:

_ T
Ori = E A koky Ch, Chy Cry T E Bycy,

ki doks k
_ ot ¥
Orn = Z A,’;]kzk}ck1 Cp,Ch, T+ ZD,’;ck, (B62)
ki do ks k

which are really the generalized 72 operators. Following
the same reasoning discussed above, we have that
(’)Tz’l(’);z.] + OT2.,2O;2.2 cancels exactly the three-particle
terms. Writing the (2, 3) 72 constraint using the structure
factor and the inverse form factors is similar to what we
did for the T1 case but more complicated, which is
omitted here. This procedure can then be extended to
any (2, p)-positivity constraints.
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