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Abstract

A bootstrap program is presented for algebraically solving the R-matrix of a generic in-
tegrable quantum spin chain from its Hamiltonian. The Yang-Baxter equation contains
an infinite number of seemingly independent constraints on the operator valued coeffi-
cients in the expansion of the R-matrices with respect to their spectral parameters, with
the lowest order one being the Reshetikhin condition. These coefficients can be solved
iteratively in a self consistent way using a lemma due to Kennedy, which reconstructs
the R-matrix after an infinite number of steps. For a generic Hamiltonian, the procedure
could fail at any step, making the conditions useful as an integrability test. However
in all known examples they all turn out to be satisfied whenever the lowest order con-
dition is. It remains to be understood whether they are all implied by the Reshetikhin
condition.
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1 Introduction

In statistical mechanics courses, the R-matrix is usually introduced in vertex models as a way
to compactly encode the Boltzmann weights, which can be used to conveniently compute
the partition function with the transfer matrix method. The success of this calculation de-
pends on the commutativity between column transfer matrices, which is guaranteed by the
Yang-Baxter equation (YBE) satisfied by integrable models. For every two-dimensional (2D)
integrable statistical mechanical model, one can derive the quantum Hamiltonian for a related
one-dimensional integrable spin chain from the transfer matrix. However, it is not always clear
how to find the 2D statistical mechanical dual model from the Hamiltonian of a quantum spin
chain.

Nevertheless, without an R-matrix that can be used to test integrability with the YBE, the
integrability of quantum spin chains has been successfully tested by the Reshetikhin condi-
tion [1], which involves only the local Hamiltonian terms. It has hence been conjectured to
be both a sufficient and a necessary condition for quantum integrability [2]. In practice, the
Reshetikhin condition has been tested using Kennedy’s inversion formula [3], which is actually
also the first step towards constructing the R-matrix from an integrable Hamiltonian that has
so far been overlooked.

To fully unleash the power of Kennedy’s method, one can try Taylor expanding a fictitious R-
matrix with respect to its spectral parameter demanding the first order term to be proportional
to the Hamiltonian in question. This has been explored in Ref. [4,5], in order to obtain higher
order integrability tests than Reshetikhin’s condition. However, their attempts were not so
successful, for two good reasons. Firstly, they did not use the identities implied by the lower
order terms in the YBE to simply the higher order ones to a symmetric form that resembles the
Reshetikhin condition. Secondly and more importantly, they have not considered the fact that
constant shifts to the Hamiltonian should not matter for its integrability. This is the reason that
their expansions with the zeroth order term having coefficient 1 would not work for certain R-
matrix with the coefficient for the identity operator being a function of the spectral parameter,
such as the Takhtajan-Babujian spin-1 model [6, 7]. As a result, these Hamiltonians, despite
integrable, would violate the second order integrability condition they obtained.

In this article, I take into account both considerations to construct a bootstrap program for
iteratively solving the R-matrix corresponding to any integrable local Hamiltonian as long as
its R-matrix depends only on one spectral parameter. The procedure is new in that the com-
putations are purely algebraic, without having to solve any differential equations. Therefore
it can be implemented in symbolic calculations at a very affordable cost even for large local
degrees of freedom. At each step of the program, a higher order version of the Reshetikhin
condition is used, which are also apparently independent integrability conditions. Together,
they imply the conservation of higher order charges that commute with the Hamiltonian. In
addition, I have also generalized Kennedy’s inversion formula to operators with larger supports
that allows the computation of explicit forms of the charge densities. The generalization itself
reveals a discrete conformal algebra structure, which together with an analysis of the lattice
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Poincairé group strengthens the understanding of higher order charges as the same conserved
charge observed in different reference frames.

The rest of the article is organized as follows. Sec. 2 reviews the Reshetikhin condition
as derived from Taylor expanding the R-matrix with respect to spectral parameter, and its re-
lation to the conservation of the three-local charge. Sec. 3 derives higher order forms of the
integrability conditions, highlighting the apparent independence among them, and their us-
age as integrability test for a generic Hamiltonian, and iterative construction of the R-matrix
for integrable Hamiltonians. Sec. 4 parametrizes generic bi-local Hamiltonians with sl(n,C)
matrices to illustrate how the condition can be transformed into equations involving the cou-
pling constants of the interaction. Sec. 5 introduces the boost operator that generates higher
conserved charges from lower ones, and the associated time dependent symmetry manifest in
the Heisenberg picture. Sec. 6 takes an interlude of the lattice Poincaré group to give an intu-
ition of how higher conserved charges generated by the boost operator could possibly be the
same three-local charge observed in different reference frames. The heuristic picture gained
in Sec. 6 is then connected back to the theme of conserved charges by the introduction of a
discrete conformal algebra in Sec. 7. The difficulties of generalizing the bootstrap program to
non-relativistic integrable Hamiltonians with R-matrices that depends on two spectral param-
eters are explained in Sec. 8. Finally, the article concludes by discussing a few possible future
directions in Sec. 9.

2 Reshetikhin’s condition and the continuity equation

A quantum spin chain with local interactions of range r can be mapped into another chain
with blocks of size r, such that the new system has an enlarged local Hilbert space but interacts
only between nearest neighbors. Therefore, it suffices to consider Hamiltonians of the form
H =

∑

x hx ,x+1, where the 2-local operator hx ,x+1 = · · · ⊗ 1x−1 ⊗ hx ,x+1 ⊗ 1x+2 ⊗ · · · acts non-
trivially only on the tensor product of local Hilbert space at site x and x +1. The range of the
sum in the definition of the Hamiltonian has been deliberately omitted by assuming the chain
to be infinitely long, so that we do not have to worry about boundary conditions. By definition
of the local Hamiltonian densities hx ,x+1, it is apparent that they commute with each other
unless their supports overlap: [hx ,x+1,hx ′,x ′+1] = 0 if x ′ ̸= x − 1, x + 1.

For integrable Hamiltonians with R-matrices that depend only on the the difference of
two rapidities, a hypothetical R-matrix that depends on only one spectral parameter can be
constructed from the Hamiltonian density hx ,x+1,

Řx ,x+1(ξ) = 1x ,x+1 +
∞
∑

n=1

ξn

n!
Ř(n)x ,x+1, (1)

where Ř(1)x ,x+1 = hx ,x+1 + c1x ,x+1. The constant shift c in the linear term accounts for dif-

ferent normalizations of the R-matrix. Since the higher order operators Ř(n)x ,x+1 are yet to be
determined, by including a term proportional to identity in the first order, all those integrable
Hamiltonians can also be included in the picture. The flexibility that comes with the constant
linear term also explains why the arbitrariness of the Hamiltonian of shifting by a constant
should not alter whether the system is integrable or not: as long as there is a choice of c that
makes (1) satisfy the YBE, the Hamiltonian is integrable.

The R-matrix so constructed from a relativistic integrable Hamiltonian satisfies the braided
form of the YBE

Řx ,x+1(ζ)Řx−1,x(ξ)Řx ,x+1(ξ− ζ) = Řx−1,x(ξ− ζ)Řx ,x+1(ξ)Řx−1,x(ζ). (2)
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Taking ξ= 0, it implies the unitarity condition

Řx ,x+1(ζ)Řx ,x+1(−ζ) = 1x ,x+1. (3)

At even powers of ζ, (3) fixes the even order operators in (1) in terms of lower order ones

Ř(2m)
x ,x+1 =

1
2

2m−1
∑

k=1

(−1)k−1
�

2m
k

�

Ř(k)x ,x+1Ř(2m−k)
x ,x+1 , (4)

which makes Ř(2)x ,x+1 = (hx ,x+1 + c1x ,x+1)2.1 Plugging (1) into (2), and collecting the coeffi-
cients of terms proportional to ξζ2 gives Reshetikhin’s condition [1]

[hx ,x+1, [hx ,x+1,hx−1,x]]−[hx−1,x , [hx−1,x , hx ,x+1]]

=
�

Ř(3)x−1,x − (hx−1,x + c)3
�

−
�

Ř(3)x ,x+1 − (hx ,x+1 + c)3
�

.
(6)

Up to additional terms that disappear when summed over x , the LHS is the commutator be-
tween the Hamiltonian and the charge density ρx ≡ [hx ,x+1, hx−1,x], while the RHS is a diver-
gence. So (6) is nothing but the continuity equation

∂tρx = i[H,ρx] = jx − jx+1 (7)

where the unit ħh = 1 has been adopted. Performing a spatial sum, the RHS cancels telescopi-
cally and one recovers the conservation of the three-local charge Q =

∑

x ρx :

[H,Q] =
L
∑

x=1

�

[hx−1,x , [hx+1,x+2, hx ,x+1]] + [H,ρx] + [hx+1,x+2, [hx ,x+1, hx−1,x]]
�

= 0, (8)

where the first and last term in the summand, accounting for the difference between the LHSs
of (6) and (7), cancel due to the Jacobi identity.

3 The R-matrix bootstrap

Higher order generalizations to Reshetikhin’s condition (6) and the yet to be defined operator
Ř(2m+1)

j, j+1 can be obtained from any of the coefficients of terms homogeneous to ξpζ2m+1−p, for
1 ≤ p ≤ 2m. Out of the 2m relations, only one is independent. After a manipulation detailed
in Appendix A, the identities arising from terms proportional to ξζ2m become

1
2

2m−1
∑

k=1

(−1)k
�

2m
k

�

��

Ř(k)12 ,
�

Ř(1)23 , Ř(2m−k)
12

��

−
�

Ř(k)23 ,
�

Ř(1)12 , Ř(2m−k)
23

���

=
2m+1
∑

k=1

(−1)k
�

2m
k− 1

�

�

Ř(k)12 Ř(2m+1−k)
12 − Ř(k)23 Ř(2m+1−k)

23

�

.

(9)

The fact that an independent condition appears at every second order in the expansion can be
compared with the independent charge conservation laws [H,Q(2m+1)] = 0 to be discussed in

1The condition from odd powers of ζ

2m
∑

k=1

(−1)k
�

2m+ 1
k

�

Ř(k)x ,x+1Ř(2m+1−k)
x ,x+1 = 0. (5)

are always ensured by those from the lower even powers.
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the next section (see the right panel of Fig. 1). However, this time it is not straightforward to
show the conservation of the corresponding charge as established by (8). Nevertheless, once
the R-matrix is constructed order by order, obtaining the conserved charges is simply a matter
of expanding the monodromy or column transfer matrix, the commutativity among which at
different spectral parameters is guaranteed by the YBE. A few examples of integrable (and
partially integrable [8]) spin chains are studied in Appendix B. Specifically for the Heisenberg
spin chain, some of these conditions turn out to be generalized forms of the Dolan-Grady
relation [9] satisfied by the Onsager algebra [10].

Before detailing this standard procedure in the Sec. 5, I first explain how Eq. (9) can be
used to solve b2m−1 ≡ Ř(2m−1)

x ,x+1 from only the Hamiltonian b1 ≡ hx ,x+1 + c. Together with (4),

this serves as a way to bootstrap the R-matrix Ř(ξ) for fundamental integrable Hamiltonians.
Kennedy came up with a way to find Ř(3)x ,x+1 from (6) (Lemma 1 in Ref. [3]), which he used
to find integrable SU(2) isotropic spin chains. Now, suppose we know already all ak, bk for
k ≤ 2m, then the LHS of (9) is completely known, and so is the RHS except a2m+1, b2m+1. So
the lemma by Kennedy can be applied again to find the RHS, which give these two unknowns.
After repeating these steps an infinite number of times, the R-matrix is fully constructed. Al-
though that sounds a bit unpractical, it may very well happen that after just a few iterations,
we can make an educated guess of the matrix elements as functions of the spectral parameter
from the first few terms of their Taylor expansions.2 When this happens, there is also hope to
obtain the 2D classical statistical mechanical model dual to the quantum Hamiltonian. This
could be a future direction worth exploring for those quantum integrable models that do not
currently have a known classical counterpart.

The presentation so far has been assuming a Hamiltonian to be integrable, from which
identities like (6) and (9) are derived as consequences. Now suppose instead we are given a
Hamiltonian and our goal is to find out whether it is integrable or not. For instance, to check
Reshetikhin’s condition (6), first construct the candidate two-local operator

j̃x = trx+1[hx−1,x + hx ,x+1,ρx] + trx+1,x+2[hx ,x+1 + hx+1,x+2,ρx+1] (10)

where trx is the partial trace over the local Hilbert space at site x divided by its dimensionality,
such that trx 1x = 1. Again, this ‘surface flux’ j̃x (as a function of c) can be calculated just as
well for non-integrable Hamiltonians. So the real test is to check if the identity

[hx−1,x + hx ,x+1,ρx] = j̃x ⊗ 1x+1 − 1x−1 ⊗ j̃x+1 (11)

holds. If the LHS indeed turns out to be a pure divergence, since the RHS of (6) involves
only known operators except Ř(3)x ,x+1, it can be solved from j̃x (as a function of c). Notice

that different choices of naturally results in different Ř(3)x ,x+1, which would affect the LHS of
(9) at m = 2. Suppose for m = 2 and x = 2, (9) is given by −D123(c) = X12(c) − X23(c),
then Kennedy’s lemma gives a candidate X̃12(c) = − tr3 D123(c)− tr34 D234(c). The condition
at m = 2 therefore amounts to −D123(c) = X̃12(c) − X̃23(c), which gives a set of equations
on the unknown c when considered element-wise. As long as there is a solution for c, the
additional condition is considered satisfied up to this step, and one can carry on to higher order
conditions fixing c to the solution. On the other hand, if there is no solution, the outcome of
the integrability test is conclusively negative.

After understanding the role of the constant c, we can modify the above procedure to find
integrable Hamiltonians. We start with a parametrization of generic Hamiltonians subject to
certain symmetry, such that each matrix element of hx ,x+1 is a multivariate function. Then

2Alternatively, one can trade the infinite elementary steps for one step of solving Sutherland’s equation to find
the R-matrix [11, 12]. This approach works also for non-relativistic R-matrices, and has been used to classify
integrable models with low-dimensional local Hilbert space [13,14].
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the above procedure at each step would result in a set of equations on these parameters.
Solving (11) as equations on these unknown variables tells us which particular choices in the
parameter space are integrable.

While it has proved to be a very affordable symbolic computation using Mathematica,
even for large local Hilbert space dimension and to high orders, it seems that the criteria
need to be checked to infinite order to be sure that the Hamiltonian is integrable in theory.
Surprisingly, in practice all non-integrable Hamiltonians fail the test already at the first order.
Put differently, there is no known integrable Hamiltonian that satisfy Reshetikhin’s condition,
but fails this integrability test at a higher order. Notice that the conservation of the higher order
charges to be discussed next does not automatically guarantee the satisfaction of higher order
Reshetikhin conditions, as the monodromy matrix T(ξ) can be obtained from the R-matrix,
but not vice versa.

4 sl(n,C) Hamiltonians

It is helpful for understanding the previous discussions to parametrize the Hamiltonian in
terms of sl(n,C) matrices. For a local Hilbert space with n dimensions, any local operator M
can be expressed as

M =
n2−1
∑

α=1

mαTα +m01n×n, (12)

where the matrices Tα,α= 1, · · ·n2−1 form a basis of traceless n×n matrices. They can be the
Cartan-Weyl or Chevalley basis for example. However, since sl(n,C) is the complexification
of su(n), it is more convenient to let the coefficients mα be complex numbers, so that the
generators Tα become Hermitian matrices forming a representation of su(n) and satisfying
the commutation and anti-commutation relations

[Tα, Tβ] = i f αβγ Tγ, {Tα, Tβ}= 2δαβ1n×n + 2dαβγ Tγ, (13)

with the Kronecker delta δαβ = 1 if α = β; and 0 if α ̸= β . dαβγ is totally symmetric about all

three indices, while the structure constants f αβγ is totally antisymmetric, and satisfy the Jacobi
identity3

f αβ
δ

f δγε + f βγ
δ

f δαε + f γα
δ

f δβε = 0. (16)

Thus any bi-local Hamiltonian operator can be written as

h j, j+1 = ãαβ T̃αj T̃βj+1 + b̃α(T̃
α
j + T̃αj+1) + c, (17)

where from now on summation over dummy Greek indices are implied. Parity symmetry
requires also that ãβα = ãαβ .4 This means we can change to the basis in which the matrix

3Furthermore, the graded Jacobi identities

[{Tα, Tβ}, T γ] + [{Tβ , T γ}, Tα] + [{T γ, Tα}, Tβ] =0,

[{Tα, Tβ}, T γ] + {[T γ, Tβ], Tα}+ {[T γ, Tα], Tβ}=0
(14)

gives the properties (which has not been used though in the following derivations)

dαβ
δ

f δγ
ε
+ dβγ

δ
f δα
ε
+ dγα

δ
f δβ
ε
=0

dαβ
δ

f δγ
ε
+ f γβ

δ
dδα
ε
+ f γα

δ
dδβ
ε
=0.

(15)

4Notice that this puts no constraint on the Hermiticity of the Hamiltonian h j, j+1, since Tα are chosen to be
Hermitian themselves. Non-Hermitian Hamiltonians instead have a∗

αβ
̸= aαβ or b∗

α
̸= bα, which is not excluded

from the following discussions.
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of coefficients become diagonal. Since linear superpositions of traceless Hermitian matrices
remain traceless and Hermitian, the structure (13) still holds, with modified constants. Hence
in the diagonal basis, the Hamiltonian (17) can be written as

h j, j+1 = aαTαj Tαj+1 + bα(T
α
j + Tαj+1) + c. (18)

The commutator between neighboring Hamiltonians can be written as

[h12, h23] = iaαaγ f αγ
β

Tα1 Tβ2 Tγ3 + iaαbγ f αγ
β

Tα1 Tβ2 + iaβ bγ f γβα Tα2 Tβ3 . (19)

To get the next commutators, we need

[Tαj ⊗ Tβj+1, Tγj ⊗ Tδj+1] =
1
2

�

[Tαj , Tγj ]⊗ {T
β
j+1, Tδj+1}+ {T

α
j , Tγj } ⊗ [T

β
j+1, Tδj+1]

�

=i
�

f αγε dβδ
ζ
+ f βδ
ζ

dαγε
�

T εj Tζj+1 + i f αγε δ
βδT εj + i f βδε δ

αγT εj+1.
(20)

Tedious but elementary derivations show that terms on the LHS of (6) can be put in the form

[h12, [h12,h23]] =uαβγT
α
1 Tβ2 Tγ3 + vαβTα1 Tβ2 +wαβTα1 Tβ3 + xαβTα2 Tβ3 + yαTα1 + zαTα2 ,

[h23, [h23,h12]] =uγβαTα1 Tβ2 Tγ3 + xβαTα1 Tβ2 +wαβTα1 Tβ3 + vβαTα2 Tβ3 + zαTα2 + yαTα3 ,
(21)

with the coefficients after simplifications using the symmetry properties of the indices and (16)
becoming

uαβγ =aγaδaε f γδ
ζ
( f εδα dεζ

β
+ f εζ
β

dεδα ) + aγbδ(aα f δεγ f αεβ + aε f γε
β

f δεα ),

vαβ =aγaδbε f εδζ ( f
γδ
α dγζ

β
+ f γζ
β

dγδα ) + bγbδ(aε f γε
β

f δεα − aα f γεα f δεβ ),

wαβ =aβaγaδ f γδα f δγ
β

,

xαβ =aβ bγbδ f γεα f δεβ ,

yα =aβaγbδ f βγα f γβ
δ

,

zα =aβaβ bγ f βδα f βδγ .

(22)

Now using Kennedy’s trace trick and the traceless property of Tαj , we have

X12 =− tr3 D123 − tr34 D234 = (xβα − vαβ)T
α
1 Tβ2 − yα(T

α
1 + Tα2 ),

X23 = tr1 D123 + tr01 D012 = (xαβ − vβα)T
α
2 Tβ3 − yα(T

α
2 + Tα3 )

(23)

In order for them to be the same operator acting on different degrees of freedom, we must
have vαβ + xαβ = vβα + xβα, ∀α,β . In addition, −D123 = X12 − X23 requires uαβγ = uγβα,
∀α,β ,γ. Explicitly, they are written as

�

f εδα dεγ
β
− f εδβ dεγα

�

f γδ
ζ

�

aγ + aδ
�

aεbζ = 0, ∀α ̸= β ,

aδaε
�

dδζ
β

�

aγ f γε
ζ

f αεδ − aα f αεζ f γε
δ

�

+ f δζ
β

�

aγ f εγ
ζ

dδεα − aα f εαζ dδεγ
��

+aεbδ
�

aγ f εγ
β

f δεα − aα f αεβ f εδγ
�

= 0, ∀β , and α ̸= γ.
(24)

To understand these conditions, let us look at an example of n = 2. In this case, dαβγ = 0,

so the only condition left is aεbδ
�

aγ f εγ
β

f δεα − aα f αε
β

f εδγ
�

= 0. Due to the total antisymmetry
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of the structure constant, and between the indices α and γ, there are six conditions that have
to be satisfied simultaneously

a1a2 b1 = a1a2 b2 = a1a3 b1 = a1a3 b3 = a2a3 b2 = a2a3 b3 = 0. (25)

The solutions can be classified as follows: In the case b1 = b2 = b3 = 0, there is no constraint
on a1,2,3, meaning that XYZ models are integrable. In the case b1 = b2 = 0, we need further
either a1 = a2 = 0, giving the longitudinal field Ising model, or a3 = 0, known as the XYh
model. The case b3 = 0 has to be accompanied by a1 = a2 = 0, which is the transverse
field Ising model. Finally, if all three linear terms are present, the Hamiltonian can only be
integrable if it is non-interacting, that is, a1 = a2 = a3 = 0. These are all of the integrable
models with two local degrees of freedom, as have been well classified using the conserved
charge approach [15,16].

The full classification of integrable models with larger local Hilbert space is left for future
works, but a simple observations can be made. If there is no linear terms in the Hamiltonian,
the condition becomes

aδaε
�

dδζ
β

�

aγ f εγ
ζ

f δεα − aα f αεζ f εδγ
�

+ f δζ
β

�

aγ f εγ
ζ

dδεα − aα f εαζ dδεγ
��

= 0, (26)

which is a set of equations on the coefficients aα. So anisotropic higher spin chains and Hamil-
tonians explicitly breaking SU(N) symmetry are generically non-integrable, as has been studied
in Ref. [3,8].

In Appendix B, the construction in this section will be used to compute the explicit expres-
sion for Ř(3)12 = X12 + h3

12 for a few examples of integrable models.

5 Conserved charges and the boost operator

In recent decades, quantum integrability has been much more heavily investigated in terms of
symmetry currents and conserved charges than in the framework of YBE [17]. So this section
is dedicated to making a connection between the two contexts highlighting the fact that the
YBE is a stronger condition than existence of infinite conserved charges.

From the R-matrix obtained in the previous section, one can construct the monodromy
matrix T(ξ) =

∏

x Rx ,x+1(ξ),5 where Rx ,x+1(ξ) = Px ,x+1Řx ,x+1(ξ), with Px ,x+1 being the per-
mutation between site x and x + 1. One can check that the YBE in the form

Rx ,x+1(ζ)Rx−1,x+1(ξ)Rx−1,x(ξ− ζ) = Rx−1,x(ξ− ζ)Rx−1,x+1(ξ)Rx ,x+1(ζ). (27)

ensures the commutativity between monodromy operators with different spectral parameters
[T(ξ),T(ζ)] = 0. Therefore, the charges defined by

lnT(ξ) =
∞
∑

n=0

ξn

n!
Q(n+1), or Q(n+1) =

dn

dξn
lnT(ξ)

�

�

�

ξ=0

all commute [Q(m),Q(n)] = 0, with the first three being Q(1) = P ≡
∑

x ln Px ,x+1, Q(2) = H
and Q(3) = Q. This way the explicit forms of the higher order conserved charges can always
be obtained from the expansion of the vertex operator when the YBE is satisfied, even though
their densities are not readily available.6

5For a finite chain with periodic boundary condition, the trace can to be taken to get the column transfer matrix.
6This is because the support of the densities do not grow as fast as one would expect from order to order due

to similar cancellations as in (8).

8



SciPost Physics Submission

x
<latexit sha1_base64="b1eQ5b5xDlfVAUBGo2GLuA9aEp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKELjNc=</latexit>

H

<latexit sha1_base64="Ne8rQ+ki5BrhBPZoEiGNFG+q87c=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjC/YD2rVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyRn2rjut5Pb2Nza3snvFvb2Dw6PiscnbR0nitAWiXmsugHWlDNBW4YZTrtSURwFnHaCyd3c7zxRpVksHsxUUj/CI8FCRrCxUqf5mJarl7NBseRW3AXQOvEyUoIMjUHxqz+MSRJRYQjHWvc8Vxo/xcowwums0E80lZhM8Ij2LBU4otpPF+fO0IVVhiiMlS1h0EL9PZHiSOtpFNjOCJuxXvXm4n9eLzHhjZ8yIRNDBVkuChOOTIzmv6MhU5QYPrUEE8XsrYiMscLE2IQKNgRv9eV10r6qeLVKrVkt1W+zOPJwBudQBg+uoQ730IAWEJjAM7zCmyOdF+fd+Vi25pxs5hT+wPn8AWL+jvc=</latexit>

Q(4)
<latexit sha1_base64="bz1DpgD/38HwQKy+goIEbfbb68w=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXtHosevHYgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbm+bHg2jjON8qtrW9sbuW3Czu7e/sHxcOjlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98d3Mbz8xpXkkH8wkZl5IhpIHnBJjpXbjMS1fnU/7xZJTcebAq8TNSAky1PvFr94goknIpKGCaN11ndh4KVGGU8GmhV6iWUzomAxZ11JJQqa9dH7uFJ9ZZYCDSNmSBs/V3xMpCbWehL7tDIkZ6WVvJv7ndRMT3Hgpl3FimKSLRUEisInw7Hc84IpRIyaWEKq4vRXTEVGEGptQwYbgLr+8SloXFbdaqTYuS7XbLI48nMAplMGFa6jBPdShCRTG8Ayv8IZi9ILe0ceiNYeymWP4A/T5A2SEjvg=</latexit>

Q(5)

<latexit sha1_base64="Ne8rQ+ki5BrhBPZoEiGNFG+q87c=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjC/YD2rVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyRn2rjut5Pb2Nza3snvFvb2Dw6PiscnbR0nitAWiXmsugHWlDNBW4YZTrtSURwFnHaCyd3c7zxRpVksHsxUUj/CI8FCRrCxUqf5mJarl7NBseRW3AXQOvEyUoIMjUHxqz+MSRJRYQjHWvc8Vxo/xcowwums0E80lZhM8Ij2LBU4otpPF+fO0IVVhiiMlS1h0EL9PZHiSOtpFNjOCJuxXvXm4n9eLzHhjZ8yIRNDBVkuChOOTIzmv6MhU5QYPrUEE8XsrYiMscLE2IQKNgRv9eV10r6qeLVKrVkt1W+zOPJwBudQBg+uoQ730IAWEJjAM7zCmyOdF+fd+Vi25pxs5hT+wPn8AWL+jvc=</latexit>

Q(4)

<latexit sha1_base64="W2M6nHDvxEAonSlRHlxfG8vZT3Y=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKRI9BLx4TMA9I1jA7mU2GzM4uM71CWPIRXjwo4tXv8ebfOHkcNLGgoajqprsrSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGd1O/9cS1EbF6wHHC/YgOlAgFo2ilVv0xK1UuJr1C0S27M5BV4i1IERao9Qpf3X7M0ogrZJIa0/HcBP2MahRM8km+mxqeUDaiA96xVNGIGz+bnTsh51bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9qbif14nxfDGz4RKUuSKzReFqSQYk+nvpC80ZyjHllCmhb2VsCHVlKFNKG9D8JZfXiXNy7JXKVfqV8Xq7SKOHJzCGZTAg2uowj3UoAEMRvAMr/DmJM6L8+58zFvXnMXMCfyB8/kDZgqO+Q==</latexit>

Q(6)
<latexit sha1_base64="i3qG65BrAoO+sg/CETsf6vQklcw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquSOux6MVjC/YD2rVk02wbmk2WJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3sbm1vZPfLeztHxweFY9P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5G7ud56o0kyKBzONqR/hkWAhI9hYqdN8TMu1y9mgWHIr7gJonXgZKUGGxqD41R9KkkRUGMKx1j3PjY2fYmUY4XRW6CeaxphM8Ij2LBU4otpPF+fO0IVVhiiUypYwaKH+nkhxpPU0CmxnhM1Yr3pz8T+vl5jwxk+ZiBNDBVkuChOOjETz39GQKUoMn1qCiWL2VkTGWGFibEIFG4K3+vI6aV9VvGql2rwu1W+zOPJwBudQBg9qUId7aEALCEzgGV7hzYmdF+fd+Vi25pxs5hT+wPn8AWeQjvo=</latexit>

Q(7)

<latexit sha1_base64="bz1DpgD/38HwQKy+goIEbfbb68w=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXtHosevHYgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbm+bHg2jjON8qtrW9sbuW3Czu7e/sHxcOjlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98d3Mbz8xpXkkH8wkZl5IhpIHnBJjpXbjMS1fnU/7xZJTcebAq8TNSAky1PvFr94goknIpKGCaN11ndh4KVGGU8GmhV6iWUzomAxZ11JJQqa9dH7uFJ9ZZYCDSNmSBs/V3xMpCbWehL7tDIkZ6WVvJv7ndRMT3Hgpl3FimKSLRUEisInw7Hc84IpRIyaWEKq4vRXTEVGEGptQwYbgLr+8SloXFbdaqTYuS7XbLI48nMAplMGFa6jBPdShCRTG8Ayv8IZi9ILe0ceiNYeymWP4A/T5A2SEjvg=</latexit>

Q(5)

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

<latexit sha1_base64="b1eQ5b5xDlfVAUBGo2GLuA9aEp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKELjNc=</latexit>

H

<latexit sha1_base64="Ne8rQ+ki5BrhBPZoEiGNFG+q87c=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjC/YD2rVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyRn2rjut5Pb2Nza3snvFvb2Dw6PiscnbR0nitAWiXmsugHWlDNBW4YZTrtSURwFnHaCyd3c7zxRpVksHsxUUj/CI8FCRrCxUqf5mJarl7NBseRW3AXQOvEyUoIMjUHxqz+MSRJRYQjHWvc8Vxo/xcowwums0E80lZhM8Ij2LBU4otpPF+fO0IVVhiiMlS1h0EL9PZHiSOtpFNjOCJuxXvXm4n9eLzHhjZ8yIRNDBVkuChOOTIzmv6MhU5QYPrUEE8XsrYiMscLE2IQKNgRv9eV10r6qeLVKrVkt1W+zOPJwBudQBg+uoQ730IAWEJjAM7zCmyOdF+fd+Vi25pxs5hT+wPn8AWL+jvc=</latexit>

Q(4)
<latexit sha1_base64="bz1DpgD/38HwQKy+goIEbfbb68w=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXtHosevHYgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbm+bHg2jjON8qtrW9sbuW3Czu7e/sHxcOjlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98d3Mbz8xpXkkH8wkZl5IhpIHnBJjpXbjMS1fnU/7xZJTcebAq8TNSAky1PvFr94goknIpKGCaN11ndh4KVGGU8GmhV6iWUzomAxZ11JJQqa9dH7uFJ9ZZYCDSNmSBs/V3xMpCbWehL7tDIkZ6WVvJv7ndRMT3Hgpl3FimKSLRUEisInw7Hc84IpRIyaWEKq4vRXTEVGEGptQwYbgLr+8SloXFbdaqTYuS7XbLI48nMAplMGFa6jBPdShCRTG8Ayv8IZi9ILe0ceiNYeymWP4A/T5A2SEjvg=</latexit>

Q(5)

<latexit sha1_base64="Ne8rQ+ki5BrhBPZoEiGNFG+q87c=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjC/YD2rVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyRn2rjut5Pb2Nza3snvFvb2Dw6PiscnbR0nitAWiXmsugHWlDNBW4YZTrtSURwFnHaCyd3c7zxRpVksHsxUUj/CI8FCRrCxUqf5mJarl7NBseRW3AXQOvEyUoIMjUHxqz+MSRJRYQjHWvc8Vxo/xcowwums0E80lZhM8Ij2LBU4otpPF+fO0IVVhiiMlS1h0EL9PZHiSOtpFNjOCJuxXvXm4n9eLzHhjZ8yIRNDBVkuChOOTIzmv6MhU5QYPrUEE8XsrYiMscLE2IQKNgRv9eV10r6qeLVKrVkt1W+zOPJwBudQBg+uoQ730IAWEJjAM7zCmyOdF+fd+Vi25pxs5hT+wPn8AWL+jvc=</latexit>

Q(4)

<latexit sha1_base64="W2M6nHDvxEAonSlRHlxfG8vZT3Y=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKRI9BLx4TMA9I1jA7mU2GzM4uM71CWPIRXjwo4tXv8ebfOHkcNLGgoajqprsrSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGd1O/9cS1EbF6wHHC/YgOlAgFo2ilVv0xK1UuJr1C0S27M5BV4i1IERao9Qpf3X7M0ogrZJIa0/HcBP2MahRM8km+mxqeUDaiA96xVNGIGz+bnTsh51bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9qbif14nxfDGz4RKUuSKzReFqSQYk+nvpC80ZyjHllCmhb2VsCHVlKFNKG9D8JZfXiXNy7JXKVfqV8Xq7SKOHJzCGZTAg2uowj3UoAEMRvAMr/DmJM6L8+58zFvXnMXMCfyB8/kDZgqO+Q==</latexit>

Q(6)
<latexit sha1_base64="i3qG65BrAoO+sg/CETsf6vQklcw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquSOux6MVjC/YD2rVk02wbmk2WJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3sbm1vZPfLeztHxweFY9P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5G7ud56o0kyKBzONqR/hkWAhI9hYqdN8TMu1y9mgWHIr7gJonXgZKUGGxqD41R9KkkRUGMKx1j3PjY2fYmUY4XRW6CeaxphM8Ij2LBU4otpPF+fO0IVVhiiUypYwaKH+nkhxpPU0CmxnhM1Yr3pz8T+vl5jwxk+ZiBNDBVkuChOOjETz39GQKUoMn1qCiWL2VkTGWGFibEIFG4K3+vI6aV9VvGql2rwu1W+zOPJwBudQBg9qUId7aEALCEzgGV7hzYmdF+fd+Vi25pxs5hT+wPn8AWeQjvo=</latexit>

Q(7)

<latexit sha1_base64="bz1DpgD/38HwQKy+goIEbfbb68w=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXtHosevHYgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbm+bHg2jjON8qtrW9sbuW3Czu7e/sHxcOjlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98d3Mbz8xpXkkH8wkZl5IhpIHnBJjpXbjMS1fnU/7xZJTcebAq8TNSAky1PvFr94goknIpKGCaN11ndh4KVGGU8GmhV6iWUzomAxZ11JJQqa9dH7uFJ9ZZYCDSNmSBs/V3xMpCbWehL7tDIkZ6WVvJv7ndRMT3Hgpl3FimKSLRUEisInw7Hc84IpRIyaWEKq4vRXTEVGEGptQwYbgLr+8SloXFbdaqTYuS7XbLI48nMAplMGFa6jBPdShCRTG8Ayv8IZi9ILe0ceiNYeymWP4A/T5A2SEjvg=</latexit>

Q(5)

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

Figure 1: Two alternative schematics of the mutual commutativity of conserved
charges: Circles represent the commutation between a charge with itself, which are
trivially satisfied; triangles represent the independent additional conditions that im-
ply all the other commutativity represented by squares.

A more convenient way to obtain the explicit form of charges is via the boost operator [18],
defined as B =

∑

x xhx−1,x . The name is fitting for its operation on the monodromy matrix, if
its spectral parameter is interpreted as a rapidity [B,T(ξ)] = ∂ξT(ξ). It follows that the boost
operator acts as a ladder operator on the infinite sequence of conserved charges

[B,Q(n)] =Q(n+1), n= 1,2, 3, · · · . (28)

To reveal the analogy with the generator of the Lorentz boost K(t) =
∫

d x
�

xH(x)− tP(x)
�

in
field theory, one can look at the boost operator in the Heisenberg picture, which is referred to
as a time-dependent symmetry generator in the mathematics literature [19]

B(t) = ei tH Be−i tH =
∞
∑

n=0

(i t)n

n!
adn

H B (29)

evaluated at t = 0. If the first non-trivial charge Q = [B, H] generated by B is already con-
served, i.e. [H, [H, B]] = 0, the infinite sum terminates, and the above definition becomes

B(t) = B − i tQ =
∑

x

�

xhx−1,x − i tρx

�

. (30)

Notice that the interpretation of the analogy to Lorentz boost is different from that given in
Ref. [20], which focused instead on the boost between momentum and energy. By definition
of the boost operator, the relation [B, P] = H always holds, regardless of the integrability of
the Hamiltonian. But as shown here, B(t) only becomes a time-dependent symmetry if the
infinite formal sum (29) is meaningful, making it a master symmetry, when the three-local
charge generated by B is conserved. The interpretation of the boost operator serves as a first
hint that there is a discrete Lorentz symmetry whenever Reshetikhin’s condition holds, and the
existence of all the higher conserved charges are automatically ensured by this symmetry. In
Sec. 6, we will take a closer look at how such Lorentz invariance works out when combined
with lattice translation into a discrete Poincaré group.

Unlike the definitions of classical integrability, which accommodate a spectrum of different
degrees of integrability, such as integrable by quadrature, requiring the first integrals to form
a closed Lie subalgebra instead of involutive, quantum integrability is usually defined by the
mutual commutativity of all conserved charges, not the least due to the closely-knit YBE and
transfer matrix formalism. Because of the ladder property of the boost operator, not all these
commutativity are independent. This can be seen by applying the Jacobi identity

[Q(m+1),Q(n)] = [Q(n+1),Q(m)] + [B, [Q(m),Q(n)]]. (31)
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Hence, at most an O(N) number of the total O(N2) commutativity can be independent for N
conserved charges.7 Two alternative choices of them, either [Q(n),Q(n+1)] = 0 for all n≥ 2, or
[H,Q(2m+1)] = 0 for all m≥ 1, are summarized in Fig. 1.

As mentioned earlier, (9) is believed to be in one-to-one correspondence with the indepen-
dent inputs of the mutual commutativity of all the conserved charges in Fig. 1, although the
exact derivation from one to the other remains to be established. Since the conservation of
the lowest order charge Q is also equivalent to the Reshetikhin condition, it is no surprise that
in all known examples all the higher order commutation relations are automatically satisfied
when [H,Q] = 0. Hence the Reshetikhin condition has been conjectured by Grabowski and
Mathieu as a sufficient condition for integrability [2]. In a highly technical proof, the con-
jecture seems to have been established recently [23]. However, showing that the Reshetikhin
condition implies (9) and hence the YBE remains an open question, as the derivation of the
conserved charges from the YBE seems like a one-way road.

6 The lattice Poincaré group

Thacker argued that the algebraic structure of the conserved charges (28) is the infinite di-
mensional lattice analog of the Poincaré algebra [20]

[P, H] = 0, [K , P] = iH, [K , H] = iP, (32)

where in the continuous limit the odd (resp. even) order charges converge to P (resp. H).
As appealing as it is, the analogy is a bit vague: While the Poincaré symmetry is a kinetic
or spacetime symmetry, the conserved charges of integrable spin chains generate a dynamic
symmetry in the internal degree of freedoms in the Hilbert space. More direct analogies were
later studied as κ-deformed Poincaré algebras [24, 25], where the deformation parameter is
related to the lattice spacing, and instead of an infinite set of generators, the group is generated
by the enveloping algebra of the three operators that generate the continuous group (32) [26].

Following Ref. [27], I demonstrate now how the infinite algebraic structure of (28) natu-
rally arises when (1+1)D Lorentz invariance is combined with discrete translation invariance.
Since at least the translation in one direction is already a discrete subgroup, it is better to
work with group elements instead of the Lie algebra that generates a continuous group. As a
semi-direct product, the Poincaré group has the multiplication rule

�

Λ(η), α⃗
�

·
�

Λ(θ ), β⃗
�

=
�

Λ(η+ θ ), α⃗+Λ(η)β⃗
�

, (33)

where the Lorentz boost has the two-dimensional representation

Λ(η) =

�

coshη sinhη
sinhη coshη

�

. (34)

The (1+1)D lattice Poincaré group is generated by a finite translation t1 =
�

Λ(0), (1 0)T
�

and a finite boost b(η) =
�

Λ(η), (0 0)T
�

. The group commutator between the two produces a
translation in another direction

t2 = [b(η), t1] = b(η)t1 b(η)−1 t−1
1 =

�

Λ(0),

�

coshη− 1
sinhη

�

�

. (35)

We are free to choose the new direction as the second basis vector that together span the
(1+1)D spacetime. But the next commutator

t3 = [b(η), t2] = b(η)t2 b(η)−1 t−1
2 = (t1 t2)

2(coshη−1) (36)

7This has been noticed before in Ref. [21,22], among many others.

10
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t1

t2
t3

t4
t5

t6

t7

Figure 2: The lattice vectors generated by boosting the translation t1 with the min-
imal rapidity arcosh 3

2 . They alternate between space-like and time-like vectors and
approach the light-cone in the infinite limit.

has to end up on a lattice point, as required by the group closure. This only happens if coshη
take positive half-integer values. coshη = 1 is already in the group as the identity element.
Among the rest of the possibilities, we can only pick one, as the product of two different boosts
would end up outside the lattice. The choice of η labels the irreducible representation.

Now that the action of t3 remains on the lattice, it follows by induction that all higher
group commutators tk+1 = [b(η), tk] land on the lattice as well. In particular, for coshη= 3

2 ,
we have tk+1 = tk tk−1, and the corresponding lattice vectors form a Fibonacci sequence, as
depicted in Fig. 2. By analogy, the conservation of the higher conserved charges encountered
in Sec. 5 could be understood as the consequence of a discrete Poincaré symmetry, which
depends on the conservation of the three-local charge alone.

7 The discrete conformal algebra

In order to move from the lattice Poincaré group of spacetime coordinates to a discrete Poincaré
algebra for conserved charges in quantum integrability, we need to find the generator of dis-
crete translation, in a way that is compatible with the algebra among infinitesimal generators
of a Lie group.8 This can be done by introducing the superoperator

P[ j(n)x ] = (1− T )[ j
(n)
x ] = j(n)x − j(n)x+1, (37)

where T [ jx] = AdT jx = T jx T−1 shifts the support of an operator by one lattice spacing. A
formal inverse of the difference operator can be introduced to solve the symmetry currents
from the continuity equation

dρ(n)x

d t
= i[H,ρ(n)x ] = j(n)x − j(n)x+1 (38)

satisfied by the higher charge densities. Say the n-local density operator ρ(n)x is supported by
lattice sites from x−n+2 to x+1, and the (n+1)-local current operator j(n)x acts non-trivially

8This has been done in the context of single-body quantum mechanical integrable systems [28], and the proper
mathematical tool is the umbral calculus [29–33].
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on sites x − n+ 1, · · · , x , then by a generalized version of Kennedy’s inversion formula (10),

j(n)x =
∞
∑

r=0

trx+1,··· ,x+n−2+r
dρ(n)x+r

d t

=
∞
∑

r=0

(trx+1 T )r trx+1
dρ(n)x

d t

=(1− trx+1 T )−1 trx+1
dρ(n)x

d t
≡ P−1[

dρ(n)x

d t
].

(39)

We do not need to worry about the convergence of the infinite sum because it terminates due
to the cyclic property of trace after it is taken over the entire support of [H,ρ(n)x ].

One can also introduce superoperators that correspond to a scaling transformation

D = x(T −1 − 1), (40)

and a special conformal transformation [34]

K = x(x − 1)T −1(T −1 − 1). (41)

Then using the canonical commutation relation of finite difference [T − 1, xT −1] = 1, they
can be shown to obey the commutation rules of an sl2 algebra

[D,P] = P , [D,K] = −K, [K,P] = 2D. (42)

Together with D[H] = H, K[H] = 2B, and P[B] = H, they belong to a (1+1)D lattice confor-
mal algebra.9

8 The generalized Reshetikhin condition

One outdated counterexample to conserved charges being generated by the boost operator
defined above is the Hubbard model. As noted since the early days, combining a charge and a
spin sector, it is not a ‘relativistic’ integrable model, meaning the R-matrix associated with its
Hamiltonian depends on both of the spectral parameters, instead of just the difference of two
‘rapidities’. Put differently, the gapless modes in the two sectors can propagate at different
speeds, which necessarily breaks the lattice Lorentz invariance that the boost operator derived
its name from. Yet, a ladder operator that generalizes the boost operator has been found
for such models [35], by expanding the R-matrix in terms of the difference between the two
spectral parameters, such that the coefficients become functions of one of them

Řx ,x+1(µ,ν) = 1x ,x+1 +
∞
∑

n=1

(µ− ν)n

n!
Ř(n)x ,x+1(ν). (43)

As a result, the Hamiltonian and its constant shift also belong to a class labeled by one of
the spectral parameters Ř(1)x ,x+1(ν) = hx ,x+1(ν) + c(ν)1x ,x+1. The general YBE in braided form
becomes

Řx ,x+1(ν,λ)Řx−1,x(ν,µ)Řx ,x+1(λ,µ) = Řx−1,x(λ,µ)Řx ,x+1(ν,µ)Řx−1,x(ν,λ). (44)

Taking µ= ν, it implies the unitarity

Řx ,x+1(µ,ν)Řx ,x+1(ν,µ) = 1x ,x+1. (45)

9In addition, we also have D[B] = 1
2D
�

K[H]
�

= 1
2 [D,K][H] + 1

2K
�

D[H]
�

= 0.

12
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Like before, unitarity provides a way to determine even order terms in (43) from lower order
ones. In particular, Ř(2)x ,x+1(ν) =

�

Ř(1)x ,x+1(ν)
�2
+ ∂νŘ

(1)
x ,x+1(ν).

The coefficient of µν2 in (44) (after Taylor expanding Ř(n)(λ) around λ = µ) gives the
generalized Reshetikhin condition [35]

[h12 + h23, [h23, h12]] +
�

h12,h′23

�

+
�

h23, h′12

�

+
1
2

�

[h12,h′12] + [h23, h′23]
�

= Y12 − Y23. (46)

where Y12 = Ř(3)12 (µ)− h3
12(µ)− ∂

2
µ h12(µ)−

3
2{h12(µ),∂µh12(µ)}.10 This can be viewed as an

equation of an unknown matrix that is the first order derivative of the Hamiltonian density.
In order to see how h′12(0) = ∂µh12(µ)|µ=0 could possibly be solved, we can parametrize

again the Hamiltonian in terms of su(n) operators in Sec. 4, with aα, bα, c being functions of
the spectral parameter instead of constants. This means that ∂µh j, j+1 is also parametrized as

h′j, j+1 = a′αTαj ⊗ Tαj+1 + b′α
�

Tαj + Tαj+1

�

+ c′(µ). (47)

The additional terms in (46) compared to (6) are given by

[h12, h′23] + [h23,h′12]

=i(aαa′γ − a′αaγ) f
αγ

β
Tα1 Tβ2 Tγ3 + i(aαb′γ − a′αbγ) f

αγ

β
Tα1 Tβ2 + i(a′β bγ − aβ b′γ) f

γβ
α Tα2 Tβ3

+ 2i bβ b′γ f βγα Tα2 ,

1
2

�

[h12, h′12] + [h23,h′23]
�

=
i
2

�

aγa
′
δ( f

γδ
α dγδ

β
+ f γδ
β

dγδα ) +
�

(a′α − a′β)bγ − (aα − aβ)b
′
γ

�

f αβγ
��

Tα1 Tβ2 + Tα2 Tβ3
�

+
i
2

bβ b′γ f βγα (T
α
1 + 2Tα2 + Tα3 ).

(48)

So the generalized Reshetikhin condition is equivalent to

uγβα − uαβγ + i f αγ
β
(aαa′γ − aγa

′
α) = 0, ∀α,β ,γ,

xβα + vβα − xαβ − vαβ + iaγa
′
δ( f

γδ
α dγδ

β
+ f γδ
β

dγδα ) = 0, ∀α,β ,

bβ b′γ f βγα = 0, ∀α.

(49)

Compared to (24), which contains no unknown variables, (49) can be treated as equations on
a′α and b′α. It is not guaranteed that a solution exists. But when it does, it could be a sign of
integrability. Of course, generalized version of the higher order conditions (9) still needs to
be checked to conclusively claim integrability.11

Since the section started with a general form of the YBE, without the relativistic assump-
tion, the generalized Reshetikhin condition could even be conjectured as a necessary con-
dition for quantum integrability, at least in the YBE sense. However, to bootstrap the full
parameter dependent integrable class of Hamiltonians H(µ) therefrom seems unlikely, not to
mention the R-matrix, as all that we could solve in the above procedure is ∂µh(µ)|µ=0 and

Ř(3)12 (0)− ∂
2
µ h12(µ)|µ=0.

10The apparent difference from Eq. (12) in Ref. [35] is the result of extra minus signs in the odd order terms of
the definition (43).

11Two comments are in order. First, this serves as a way to determine h′(0) without knowledge of the R-matrix.
This was pointed out in a comment following Eq. (16) in Ref. [35] as impossible without knowledge of the whole
class of Hamiltonians to which the Hubbard model belongs. The more accurate statement in light of Kennedy’s
method would be that h′(µ) cannot be determined without knowing the R-matrix. Second, the above statement is
in no contradiction to Theorem 13 of Ref. [23], which assumes that the R-matrix of an integrable Hamiltonian is
known. For non-relativistic integrable Hamiltonians, this happens extremely rarely, and has always been considered
a great achievement when it does [36,37]. In that case, a full class of Hamiltonians parametrized by the spectral
parameter is already given. However, as an integrability test, the starting point here is a generic Hamiltonian
isolated in the parameter space.
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9 Conclusion

The main result of the article is a bootstrap program for finding the R-matrix of a relativistic
integrable Hamiltonians. In particular, explicit forms of the higher order Reshetikhin condi-
tions (9) has been obtained. Regardless of the order, they all depend on three-local operators,
and should be simpler observables to study than the conserved currents of a generalized Gibbs
ensemble [38, 39]. How Reshetikhin’s condition is supposed to imply (9) and hence the YBE
in practice remains an unanswered question. Future pursuit in this direction would not only
further shed light upon how the three-local charge conservation implies existence of all higher
order charges, but also ultimately address the question of whether quantum integrability hap-
pens always in the YBE sense. For instance, the recent solution of a quasi-1D lattice model
was based on the Bethe ansatz, but does not depend on the YBE of scattering matrices [40].

Instead of being considered as conserved charges that protect the integrability of the Hamil-
tonian, the charges should be treated on the same footing as collectively a class of integrable
Hamiltonians that are mutually conserved charges of one another. For the non-relativistic
case, each of Hamiltonians in this countable class labeled by an integer that is the order of the
charge, is in turn a continuous class of integrable Hamiltonians labeled by one of the spectral
parameters of their R-matrix.

One possible direction for extension is if instead of [H, [H, B]] = 0, one has adn
H B ̸= 0 and

adn+1
H B = 0, for n≥ 2. In that case, B(t)would still be a time-dependent symmetry potentially

good for generating a hierarchy of conserved charges, except its explicit form would contain
operators with support up to n+2. The first conserved charge would instead become adn

H B. In
the language of mastersymmetry, B would be an H-mastersymmetry of degree n [19]. Perhaps
it makes sense to find an inverse of the boost operator that generate lower charges from higher
ones, which is also consistent with the viewpoint that all the conserved charges are actually
the same charge observed in different reference frames.

It should be noted that despite the lack of a counterexample of non-integrable spin chain
that satisfies the Reshetikhin condition but not its higher order cousins, it is known in the
mathematics literature that one conserved charge does not imply infinite many for non-linear
differential equations [41]. This contrast might hint that the quantum integrable spin chains
we are familiar with today might be just a tiny class of more varieties of quantum notions of
integrability, as integrable evolution equations with two spatial dimensions is a well studied
subject.
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A Proof of canceling surface fluxes

For simplicity of presentation, in this appendix the shorthand notation an = Ř(n)12 , bn = Ř(n)23 is
introduced. Expanding the YBE, the coefficient of the ξζ2m term gives

2m
∑

k=0

(−1)k
�

2m
k

�

(ak b1a2m−k − b2m−ka1 bk) =
2m
∑

k=0

(−1)k
�

2m
k

�

(b2m−k bk+1 − ak+1a2m−k). (A.1)
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The RHS is in fact the difference of two identical operators acting on two different pairs of
neighboring sites:

2m
∑

k=0

(−1)k
�

2m
k

�

b2m−k bk+1

=
2m
∑

k=0

(−1)k
�

2m
k

�

bk b2m−k+1

=
2m
∑

k=1

(−1)k
��

2m+ 1
k

�

−
�

2m
k− 1

��

bk b2m−k+1 + b2m+1

=
2m
∑

k=1

(−1)k
�

2m+ 1
k

�

bk b2m−k+1 −
2m
∑

k=1

(−1)k
�

2m
k− 1

�

bk b2m−k+1 + b2m+1

=
2m
∑

k=1

(−1)k
�

2m+ 1
k

�

bk b2m−k+1 +
2m−1
∑

k=0

(−1)k
�

2m
k

�

bk+1 b2m−k + b2m+1

=
2m
∑

k=0

(−1)k
�

2m
k

�

bk+1 b2m−k,

where in the last step Eq. (5) has been used. The LHS of Eq. (A.1) can also be massaged into
the form of Eq. (9) by expanding the terms in the summand containing the largest subscript
2m using Eq. (4):

2m
∑

k=0

(−1)k
�

2m
k

�

(ak b1a2m−k − b2m−ka1 bk)

=
2m−1
∑

k=1

(−1)k
�

2m
k

�

(ak b1a2m−k − b2m−ka1 bk) + a0 b1a2m + a2m b1a0 − b2ma1 b0 − b0a1 b2m

=
2m−1
∑

k=1

(−1)k
�

2m
k

�

(ak[b1, a2m−k] + aka2m−k b1 − [b2m−k, a1]bk − a1 b2m−k bk)

+ b1a2m + a2m b1 − b2ma1 − a1 b2m

=
2m−1
∑

k=1

(−1)k
�

2m
k

�

(ak[b1, a2m−k]− [b2m−k, a1]bk) + b1a2m − a2m b1 − b2ma1 + a1 b2m

=
2m−1
∑

k=1

(−1)k
�

2m
k

�

([ak, [b1, a2m−k]] + [b1, a2m−k]ak − [[b2m−k, a1], bk]− bk[b2m−k, a1])

+ b1a2m − a2m b1 − b2ma1 + a1 b2m

=
2m−1
∑

k=1

(−1)k
�

2m
k

�

([ak, [b1, a2m−k]]− [bk, [a1, b2m−k]])− b1a2m − a2m b1 − b2ma1 − a1 b2m

−
2m−1
∑

k=1

(−1)k
�

2m
k

�

(a2m−k b1ak − bka1 b2m−k)

=
2m−1
∑

k=1

(−1)k
�

2m
k

�

([ak, [b1, a2m−k]]− [bk, [a1, b2m−k]])

−
2m
∑

k=0

(−1)k
�

2m
k

�

(ak b1a2m−k − b2m−ka1 bk).
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From this we get

2m
∑

k=0

(−1)k
�

2m
k

�

(ak b1a2m−k − b2m−ka1 bk)

=
1
2

2m−1
∑

k=1

(−1)k
�

2m
k

�

([ak, [b1, a2m−k]]− [bk, [a1, b2m−k]]) .

(A.2)

B Explicit examples of the first steps in the bootstrap program

B.1 Spin-1
2 chains

The Heisenberg Hamiltonian is given by taking Tαj = σ
α
j , aα = 1, and bα = c = 0 in (18), where

the Pauli matrices with structure constants proportional to the Levi-Civita symbol f αβγ = 2εαβγ,

and dαβγ = 0. In this case, (20) is specified to the form

[σαj ⊗σ
β
j+1,σγj ⊗σ

δ
j+1] = 2i

�

εαγεδβδσεj + ε
βδεδαγσεj+1

�

.

Hence for the Heisenberg Hamiltonian,

[h12,h23] =σ
α
1 ⊗ [σ

α
2 ,σβ2 ]⊗σ

β
3 = −2iεαβγσα1σ

β
2σ
γ
3,

[h12, [h12, h23]] =− 2iεαβγ[σδ1 ⊗σ
δ
2 ,σα1 ⊗σ

β
2 ]⊗σ

γ
3 = 4εαβγ

�

εβαεσε1 + ε
αβεσε2

�

σ
γ
3

=8
�

σα2σ
α
3 −σ

α
1σ
α
3

�

,

h2
12 =σ

α
1σ
β
1 ⊗σ

α
2σ
β
2 = (δ

αβ + iεαβγσγ1)⊗ (δ
αβ + iεαβγσγ2) = 3− 2σα1σ

α
2

=3− 2h12,

h3
12 =3h12 − 2h2

12 = 7h12 − 6.

Kennedy’s trace trick then tells us that X12 = 8h12, giving

R(3)12 = X12 + (h12 + c)3 = 3(c2 − 2c + 5)h12 + c3 + 9c − 6. (B.1)

In this case, the constant c is not going to matter, so we choose c = 0 to simplify the follow-
ing calculations. Eq. (4) further tells us that Ř(4)12 = 4h12R(3)12 − 3h4

12 = 117 − 84h12. In this
example, it is easy to see that all higher order conditions are automatically guaranteed by the
Reshetikhin condition. Indeed, since all higher order coefficients of Ř(k)j, j+1 and powers of the
local Hamiltonian are proportional to the Hamiltonian density itself up to a constant shift.
The LHS of (9) are always proportional to the LHS of Reshetikhin condition. At m = 2, (9)
becomes

384(h23 − h12) = 621(h12 − h23)− Ř(5)12 + Ř(5)23 , (B.2)

giving Ř(5)12 = 237h12−540. We will not continue further, but simply point out that this is lead-
ing to the familiar result that the R-matrix for the Heisenberg Hamiltonian is proportional to
the identity operator, making Ř, in the braided form, proportional to the permutation operator
or the Hamiltonian itself up to a constant shift.

Another curious observation that can be made here is

ad3
h12

h23 = −ad3
h23

h12 = 16[h12, h23], (B.3)

known as the Dolan-Grady (DG) relation [9] satisfied by the Onsager algebra [10].
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Finally, symbolic calculation using Mathematica gives the following relation for the XYZ
Hamiltonian

[h12 + h23, [h12, h23]] = 2(h3
12 − h3

23)− 2J2(h12 − h23), (B.4)

which tells us that for the XYZ Hamiltonian Ř(3)12 = 2(J2
x + J2

y + J2
z )h12 − 2h3

12.

B.2 Isotropic spin-1 chains

The spin-1 representation of SU(2) is generated by

S1 =
1
p

2





0 1 0
1 0 1
0 1 0



 , S2 =
1
p

2





0 −i 0
i 0 −i
0 i 0



 , S3 =





1 0 0
0 0 0
0 0 −1



 .

Unlike the SU(3) model to be discussed in the next section, none of the generators here has
non-vanishing 1,3 entry. But this can be compensated by including powers of the generators
in the Hamiltonian, such as

(S+)2 =
1
2
(S1 + iS2)2 =





0 0 1
0 0 0
0 0 0



 .

Therefore, it is customary to study the integrability of the class of models

H1(θ ) =
∑

j

�

cosθ S⃗ j · S⃗ j+1 + sinθ (S⃗ j · S⃗ j+1)
2
�

, (B.5)

as any SU(2) isotropic Hamiltonian of spin-s can be expressed in terms of a polynomial of de-
gree 2s. Solution of the Reshetikhin condition recovers the 6 integrable parameters, θ = ±kπ/4,
for k = 1, 2,3, as recently confirmed by the exclusion of other possibilities [42].

In order to see the necessity to include the constant c in (1), we focus on the case θ = −π/4,
known as the Takhtajan-Babujian spin-1 model [6,7]. In terms of the Gell-Mann matrices

T1 =
1
p

2





0 1 0
1 0 0
0 0 0



 , T 2 =
1
p

2





0 −i 0
i 0 0
0 0 0



 , T3 =
1
p

2





1 0 0
0 −1 0
0 0 0



 ,

T4 =
1
p

2





0 0 1
0 0 0
1 0 0



 , T 5 =
1
p

2





0 0 −i
0 0 0
i 0 0



 ,

T6 =
1
p

2





0 0 0
0 0 1
0 1 0



 , T 7 =
1
p

2





0 0 0
0 0 −i
0 i 0



 , T8 =
1
p

6





1 0 0
0 1 0
0 0 −2



 ,

(B.6)

its Hamiltonian after an overall rescaling can be written as

HTB =
p

2H1(π/4) =
∑

j

�

aαβTαj Tβj+1 −
4
3

�

. (B.7)

The non-vanishing coefficients are

a11 = a16 = a61 = a66 = a22 = a27 = a72 = a77 = −a44 = 1,

a33 = −
1
4

, a38 = a83 =
3
p

3
4

, a88 =
5
4

.
(B.8)
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The above normalization of the Gell-Mann matrices have the structure constants

f 12
3 =
p

2, f 14
7 = f 15

6 = f 24
6 = f 25

7 = f 34
5 = − f 36

7 =
p

2
2

, f 45
8 = f 67

8 =
p

6
2

,

d11
8 = d22

8 = d33
8 = −d88

8 =
p

6
3

, d44
8 = d55

8 = d66
8 = −d77

8 =
p

6
6

,

d14
6 = d15

7 = −d24
7 = d25

6 = d34
4 = d35

5 = −d36
6 = −d37

7 =
p

2
2

,

(B.9)

with all the others not related by symmetry to the above being zero.
In this case, the coefficients in (21) become

uαβγ =aηζaιεaδγ f δεθ ( f
ηι
α dζθ

β
+ f ζθ
β

dηια ),

wαβ =aηζaγεaδβ f δεζ f ηγα ,

xαβ =aγζaγεaδβ f δεη f ζηα ,

vαβ =yα = zα = 0.

(B.10)

Obviously, the constant c will not matter for the Reshetikhin condition, as it disappears upon
taking the commutator. However, it will enter the next order conditions (9). In fact, it can
be checked using the Mathematica code provided in the supplementary information that
at m = 2, (9) can only be satisfied if c = 5

p
2/3 in the original Hamiltonian H1(π/4) or

equivalently h j, j+1 = aαβTαj Tβj+1 + 2 in HTB with the coefficients (B.8). This constant shift in
the linear term of the Taylor expansion (1) corresponds to an overall factor that depends on
the spectral parameter in the R-matrix for this model.

If the higher Reshetikhin conditions and the bootstrap program were used ignoring the
constant shift, based on the belief that it should not affect the integrability of an interaction,
then one could falsely arrived at the conclusion that an actual integrable Hamiltonian does not
satisfy the YBE, despite fulfilling the Reshetikhin condition. The Takhtajan-Babujian model is
the perfect example explaining this red herring.

B.3 SU(N) chains

The third example is the anisotropic SU(N) chain. The isotropic model with the full SU(N)
invariance has been solved by Sutherland using the nested Bethe ansatz [43,44]. In the basis

(Eα,β)γ,δ = δαγδβδ, (B.11)

the Hamiltonian is given by

HSU(N) =
∑

j

N
∑

α,β=1

eα,β
j ⊗ eβ ,α

j+1. (B.12)

Motivated by the partially integrable model studied in Ref. [8], the SU(N) symmetry can be
broken to an SN permutation symmetry by introducing a diagonal potential

HSN
=
∑

j

N
∑

α=1

 

∑

β ̸=α

eα,β
j ⊗ eβ ,α

j+1 +∆αeα,α
j ⊗ eα,α

j+1

!

. (B.13)

Reshetikhin’s condition is only satisfied if ∆α = ±1. This confirms the non-integrability of the
Hamiltonian for generic ∆ shown in Ref. [8] by the violation of the YBE.
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