N

N

Flow towards diagonalization for
Many-Body-Localization models: adaptation of the
Toda matrix differential low to random quantum spin
chains
Cécile Monthus

» To cite this version:

Cécile Monthus. Flow towards diagonalization for Many-Body-Localization models: adaptation of
the Toda matrix differential flow to random quantum spin chains. Journal of Physics C: Solid State
Physics, 2016, 49, pp.305002. 10.1088/1751-8113/49/30/305002 . cea-01321388

HAL 1d: cea-01321388
https://cea.hal.science/cea-01321388
Submitted on 25 May 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cea.hal.science/cea-01321388
https://hal.archives-ouvertes.fr

arXiv:1602.03064v1 [cond-mat.dis-nn] 9 Feb 2016

Flow towards diagonalization for Many-Body-Localization models :
adaptation of the Toda matrix differential flow to random quantum spin chains

Cécile Monthus
Institut de Physique Théorique, Université Paris Saclay, CNRS, CEA, 91191 Gif-sur-Yvette, France

The iterative methods to diagonalize matrices and many-body Hamiltonians can be reformulated
as flows of Hamiltonians towards diagonalization driven by unitary transformations that preserve
the spectrum. After a comparative overview of the various types of discrete flows (Jacobi, QR-
algorithm) and differential flows (Toda, Wegner, White) that have been introduced in the past, we
focus on the random XXZ chain with random fields in order to determine the best closed flow within
a given subspace of running Hamiltonians. For the special case of the free-fermion random XX chain
with random fields, the flow coincides with the Toda differential flow for tridiagonal matrices which
is related to the classical integrable Toda chain and which can be seen as the continuous analog of
the discrete QR-algorithm. For the random XXZ chain with random fields that displays a Many-
Body-Localization transition, the present differential flow should be an interesting alternative to
compare with the discrete flow that has been proposed recently to study the Many-Body-Localization
properties in a model of interacting fermions (L. Rademaker and M. Ortuno, Phys. Rev. Lett. 116,
010404 (2016)).

I. INTRODUCTION

In the field of Many-Body Localization (see the recent reviews [, 2] and references therein), the focus is on the
unitary dynamics of isolated random interacting quantum systems, so that one needs to understand the properties
of the whole set of excited eigenstates. It is thus interesting to revisit the methods that have been proposed to
diagonalize matrices and many-body Hamiltonians.

Whenever the eigenstates are not obvious, it is natural to devise iterative strategies. For matrices, the idea to
introduce an iterative method to converge towards diagonalization goes back to the algorithm of Jacobi in 1846 [3] :
the principle is to use iteratively elementary two by two rotations in order to eliminate the corresponding off-diagonal
terms. This procedure has been adapted to many-body second-quantized Hamiltonians by White [4] and has been
applied recently to the problem of Many-Body Localization for interacting fermions by Rademaker and Ortuno [3].
Another possibility is to use continuous unitary transformations as proposed independently by Wegner for condensed
matter models [6] (see the reviews [7], the book [8] and references therein), by Glazek and Wilson for high-energy
models 9], and by mathematicians for optimization problems [10, [11] under the name ”double bracket flow”. In this
continuous framework, various generators have been introduced : for instance the Wegner generator |6-8] eliminates
more rapidly the off-diagonal terms corresponding to larger differences of the corresponding diagonal terms, while the
White generator |4] eliminates all off-diagonal terms with the same exponential rate.

In all the schemes mentioned above, the goal is to obtain some systematic decrease of the off-diagonal part of
the Hamiltonian. However, there exists a completely different strategy to converge towards diagonalization (see for
instance the book [12] and references therein ) : the ”power method” consists in the successive applications H"|vg >
of the Hamiltonian H onto some initial vector |vy > to converge towards the eigenvector associated to the biggest
eigenvalue; the successive applications of the Hamiltonian can actually be kept to build the Krylov subspace spanned
by the successive vectors (|vg >, H|vg >, ..., H"|vg >) and to construct its orthogonal basis via the Lanczos algorithm;
finally, instead of applying H to a single vector, the Hamiltonian can be applied to a basis of vectors (|v; >) in order
to obtain the new vectors H|v; > and to produce a new basis after orthonormalization : this is the so-called QR-
algorithm. It turns out that the continuous formulation of this strategy displays very remarkable properties that have
been much studied under the name of ” Toda flow” for tridiagonal matrices (see for instance |[13-21]]) as a consequence
of its relation to the classical integrable Toda lattice [22]. Note that exactly the same generator of continuous unitary
transformations has been re-discovered independently by Mielke [23] via the requirement to obtain a closed flow for
band matrices, i.e. to maintain the ’sparsity’ of the initial matrix.

For Many-Body Hamiltonians, the idea to avoid that the diagonalization flow invades the whole space of possible
running Hamiltonians is of course even more essential. The goal of the present paper is thus to try to adapt the
strategy of Toda differential flow of tridiagonal matrices to random quantum spin chains. However since the literature
on the various methods described above is scattered over various communities, with various ideas re-invented several
times independently, it seems useful to give first some comparative overview of the different frameworks.

The paper is organized as follows. In Section [[I, the notion of flow towards diagonalization via unitary transfor-
mations is presented with its invariants, both for matrices and for Many-Body quantum spin chains. For matrices,
discrete flows (Jacobi, QR) are described in Section [IIl while the continuous flows (Wegner, White, Toda) are re-
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called in Section[[Vl For random quantum spin chains, the discrete flow translated from the corresponding interacting
fermions formulation (White, Rademaker-Ortuno) is presented in Section [Vl while the continuous framework is given
in Section [Vl In section [VIIl we adapt the idea of the Toda flow for the XXZ chain. Our conclusions are summarized

in section [VIII

II. NOTION OF FLOW TOWARDS DIAGONALIZATION

The goal is to diagonalize the Hamiltonian H, i.e. to find the eigenvalues E; and the corresponding eigenstates

i >
H=Y"Eil; >< ;] (1)

via an iterative procedure based on unitary transformations.

A. Family of unitary transformations

Let I be an index that can be either discrete [ = 0,1,2,.. or continuous ! € [0,400[. One wishes to construct a
series of unitary transformation U(])

Unuta) =utu) =1 (2)
so that the running Hamiltonian
H()=U0HU(I) (3)

starting at H(l = 0) = H converges towards diagonalization as | — +o0o0. Note that this goal is very ambitious
for complex models, since all information is kept along the flow, in contrast to renormalization methods that try to
eliminate iteratively the irrelevant information.

B. Invariants of the flow

Since the flow built from unitary transformations conserves the eigenvalues E;, it is interesting to construct the
invariants corresponding to the traces of the integer powers of the Hamiltonian

I,= Y B = Te(H () @)

The conservation of the invariant for p = 1 leads to the sum rule of the diagonal elements H,, ,(I) in terms of the
energies F;

I

DB =Tr(H(1) = Hon() (5)

The conservation of the invariant for p = 2 leads to the sum rule for the square of the modulus of the matrix
elements

L= 3 B2 = Tr(0) = Y03 Han O Hoa) = 3 [Hom O ©

This means that its diagonal and off-diagonal contributions
L =10+ 157 )
dia, _
L) = HE ()

Igff(l) = Z Z |Hn,m(l)|2 (7)

n m#n



have opposite variations

diy?(1) _ 1z’ () ®
dl dl

The goal of full diagonalization at [ = 400 corresponds to
(1 =+400) =0
I999(] = 400) =1, = ZEE (9)

This second invariant allows to distinguish between two types of strategies :
(i) either one imposes that the off-diagonal contribution I 7 (1) is always decaying from its initial value I ) (1=0)

towards its vanishing final value I3/ (I = +00) =0
arg’’ )
——= <0 10
T < (10)

(i) or the only condition imposed on the dynamics of off-diagonal contribution I577 (1) is its final vanishing final
value Igff (I = 4+00) = 0. To obtain this long-term objective, one is ready to accept a temporary increase of I;ff(l)
along the flow.

C. Application to Many-Body Hamiltonians

For many-body Hamiltonians, one can consider that the Hamiltonian is represented by a matrix in a given basis of
the Hilbert space and apply the methods developed for matrices. However it seems much more appropriate to define
the diagonalization flow in terms of the coupling constants in front of second-quantized operators.

For instance for a chain of N quantum spins described by the the hermitian Pauli matrices at each site

© _ 7, (10 « (01 y_ (0 —i . (10
o —Id—(01> U—(lo o= 0 o =10 1 (11)

the most general running Hamiltonian for N spins can be expanded in the basis of Pauli matrices as

Hiy= > 0 Y Hapay ooy o™ (12)

a1=0,z,y,2  an=0,z,y,z

with the 4V real coefficients

1 a a a
Hay.oon () = g Tr(HDo™ oy o) (13)
The diagonal part
Haiag()) = > o D Hayoan (Dot o™ oy (14)
a1=0,z an=0,z

involves the 2V real coefficients H,, . (1), where each a; takes only the two values a; = 0,z. The goal is to flow
towards this diagonal form, and thus to eliminate the off-diagonal part

Hopp(l) = H(l) — Haiag(l) (15)

that contains some Pauli matrices o} with the values a; = z, y.
Here it is convenient to normalize the invariants as

Iy = 5 Tr(H(D) (16)

The first invariant ¢ = 1 given by the coefficient of Eq. [[3] where all indices vanish a; = 0

1

Il = 2—NTT(H(Z)) = H0)070)”0(l) (17)



simply represents the middle of the spectrum and can be chosen to vanish.
The second invariant corresponds to the sum of the squares of all coefficients of Eq.

1
L=oyTr(HW) = > . D> Hi .0 (18)
a1=0,z,y,z an=0,z,y,z
with the diagonal and off-diagonal contributions

Igiag(l) = 21 T Hdzaq Z Z aN

a1=0,z an=0,z

L) =510 (19)

D. Example of the XXZ chain with random fields

The quantum spin chains with local interactions are of course extremely sparse with respect to the space of couplings
of dimension 4% discussed above. For instance, in the XXZ chain with random couplings and random fields, where the
diagonal and off-diagonal parts read (the XX coupling is defined with respect to the ladder operators o+ = (0% +0¥)/2
for later convenience)

N
Hya?(l=0) = Z(hiaf + JiF07071)
i=1
N N
Hg?f(z(l =0) = Z 51(0?0?4-1 + 0?0?+1) = Z Ji(ajoi:q + O—i_U;trl) (20)
i=1 =1

the only non-vanishing coefficients of Eq. [[3lare the N terms with only one non-vanishing index a; = z, and the (3N)
terms with only two consecutive coinciding indices a; = a;41 # 0

22 Ji
Hal...aN (l = 0) = hiaai,z H5aj,0 + Jl 5ai,z5ai+1,z ‘ H 5aj,O + 5(&1 15a1+1 z T 5(1I yYa;q1, y H 5(1 O 21
e 7#(4,i+1) J#(,i+1)

The first invariant of Eq. [[7] vanishes while the second invariant of Eq.
I =I5 =0)+157(1=0)
dia 2z
I g(l =0) = Z(h% (J; ) )

of f 1
=0 = §ZJ§ (22)

grows linearly in N and fixes the variance of the Gaussian form of the density of states in the middle of the spectrum
as in other local spin models |24, 125].
Via the standard Jordan-Wigner transformation onto anticommuting fermionic operators

cI = ”ZJ 10]7; 0+
¢ = TEIS gn
cle; =oto; (23)
the XXZ Hamiltonian of Eq. becomes
N N N
HXXZ(1=0) = hi2cfe; = 1)+ JF#@cles = 1)@l ycin — 1)+ Y Jilelein + ) (24)
i=1 i=1 i=1
The XX chain corresponding to J** = 0 is a free-fermion quadratic model that can be diagonalized into

HIree =3¢ f,I fr via a unitary transformation of the fermions operators from ¢; to fy, i.e. in the spin language, the
diagonalization form obtained by the diagonalization flow at | = 400 should contain only N coefficients h;(l = 4+00)

HXX(l=+400) =Y hi(l =+00)o] (25)



As a consequence, our first goal in this paper is to define a flow that remain sparse for the free-fermion XX chain
between the sparse initial state of Eq. and the sparse final state of Eq.

For the XXZ chain with J%* # 0, there exists a non-trivial density-density interaction in the fermion language of
Eq. 24 so that one does not expect any simplification with respect to the most general diagonal form of Eq. [[4] at
l=+0c0

HXXZ(ZZ—I—OO): Z Z Hal...aN(l:+OO)U§GI)O'§G2)-"O'§\(]IN) (26)

a1=0,z an=0,z

where the 2V real coefficients are necessary to reproduce the 2V eigenvalues. The form of Eq. has been much
discussed in the context of Many-Body Localization (see the recent reviews [1,12] and references therein). In particular,
in the Fully-Many-Body-Localized phase, the pseudo-spin operators at [ = +oo that commute with each other and
with the Hamiltonian are related to the initial spins by a quasi-local unitary transformation and the couplings
Hg, .an(l = 400) decay exponentially with the distance with a sufficient rate so that there exists an extensive
number of emergent localized conserved operators (see |5, 26-33] and the reviews |1, 2] for more details). In particular,
these emergent conserved operators have a simple interpretation within the RSRG-X procedure that constructs the
whole set of excited eigenstates [34-39] via the extension of the Strong Disorder Real-Space RG approach developed
by Ma-Dasgupta-Hu [40] and Daniel Fisher [41, [42] to construct the ground states (see [43-45] for reviews). The
Heisenberg chain in random fields h; corresponding to the uniform couplings J?* = 5 = J is the model displaying a
Many-Body-Localization transition that has been studied on the biggest sizes (see [46-48] and references therein).

For the XXZ chain, the final state of Eq. 26l thus contains 2V coefficients, in contrast to the initial state containing
only 4N coefficients (Eq[2I]). So here our goal will be to obtain a diagonalization flow Hx xz(l) that remain sparse
with respect to the ladder operators.

III. DISCRETE DIAGONALIZATION FLOWS FOR MATRICES
A. Generator 7(l) associated to the elementary unitary transformations u(l)

When [ is a discrete index, the unitary transformations U(l) are constructed via some iteration
Ul)=u@)UI-1) =ull)u(l — Du(l — 2)...u(1) (27)
in terms of elementary unitary transformations u(l) that governs the flow of the running Hamiltonian of Eq. B
H()=UMWHU (1) =u()H(1 - 1)ul(]) (28)

It is convenient to introduce the anti-hermitian generator n(l)

B. Jacobi’s algorithm for matrices

In Jacobi’s algorithm [3], one identifies the off-diagonal element with the biggest modulus of the matrix H(l — 1)
| Hpn (I = 1)| = max;< ;| Hi; (1 — 1) (31)
The antihermitian generator of Eq. is chosen as
n(l) = 0, |n >< m| — 6;|m >< n| (32)
in order to produce the complex unitary rotation

u(l) = e =1 4 (costy — 1)(Jm >< m|+ |[n >< nl|) + sin Hl(ei‘m [n >< m|— e~ |m >< nl) (33)



acting in the two-dimensional subspace (m,n) as

u(l)jm > = cosfm > +e'¥ sinf|n >
u(l)|n > = —e " sinblm > + cosbyn > (34)

The two angles 0; and ¢; are chosen to make the off-diagonal element of H(l) between m and n vanish
0 = Hpn(l) =<mlu()HI — Du'(1)|n > (35)
yielding
0 =cos?@e H: (1—1)—sin®6e % Hyp(l — 1) + cos by sin by (Hpm (I — 1) — Hpn (1 — 1)) (36)

The phase €% is thus the phase of the off-diagonal element H,,,, (I — 1)

; Hym(l—1)
61(251 — nm (37)
|Hnm (l - 1)|
while the remaining real equation for the angle 6,
Hypm(l—1)—Hpn (1 -1
0 = cos(20)| Hym(l — 1)| + sin(26)) ( ( )2 ( )) (38)

is determined by the ratio between the off-diagonal element modulus and the difference between the diagonal elements

- 2|y (1 = 1)
tan(20;) = Hyn(l—=1) — Hyppo (1 — 1)
1
cos(26;) = m
sin(260;) = M v

1 + tan?(26;)

The new diagonal elements correspond to the standard formula for the diagonalization of 2 x 2 matrices

 Hp(l= 1) + Hon (1= 1) Hypn (1 = 1) = Hon (1 — 1) 2| Hyp (1 — 1)) 2
Hpm(l) = + 5 \/1 + (Hnn(l 7 1)>

2 —1) = Hypm(l —
 Hpo(l =1+ Hyo (1= 1) Hy(l = 1) = Hyp (1 — 1) 2| Hyp (1 — 1)) 2
Hnn(l) a 2 - 2 \/1 - (Hnn(l - 1) - Hmm(l - 1)) (40)
The sum is conserved as it should (Eq. [H)

while the diagonal contribution to the second invariant of Eq. [ evolves according to

I9(l) = 139 (1 = 1) = ()+H2 () = Hyp(l=1) = Hy (1 - 1)

= (Hpm (1) + Hnn(1))? — ( =1+ H2 (1 —1))% = 2H (D) Hypp (1) + 2H i (1 — 1) Hyp (1 — 1)
=2Hpum(l = 1) Hpn (I — 1) — 2Hmm(l)Hnn(l)

=2|H,m(l—1)2 (42)

So the maximum rule of Eq. B corresponds to the maximal growth of the diagonal contribution, and thus to
the maximal decay of the off-diagonal contribution (Eq. [[) among the choice of elementary 2 x 2 rotations. Note
however that the choice of the maximal off-diagonal element in Eq. BIlis not mandatory : one can choose a different
order among the off-diagonal elements if it is more convenient for practical reasons, and the convergence towards
diagonalization will be still ensured by Eq.



C. QR algorithm for matrices

In the Jacobi algorithm described above, the goal is to obtain the systematic decrease of the off-diagonal part of the
Hamiltonian. However there exist completely different strategies to converge towards diagonalization (see for instance
the book [12] and references therein). For instance, the converge towards the eigenvector associated with the biggest
eigenvalue can be achieved by the successive applications H"|vy > of the Hamiltonian H onto some initial vector |vg >,
this is the so-called ”power method”. To obtain more eigenvectors, the successive applications of the Hamiltonian
can be kept to build the Krylov subspace spanned by the successive iterations (Jvg >, H|vg >, ..., H"|vg >) and one
orthogonal basis can be constructed via the Lanczos algorithm. When the goal is the full diagonalization, these ideas
can be used slightly differently to obtain the so-called QR-algorithm : instead of applying H to a single vector, the
Hamiltonian can be applied to the current basis |i > of vectors to obtain the new vectors H|i > in order to produce
a new basis after orthonormalization : this amounts to the so-called QR-decomposition of the current Hamiltonian
H(l) into

H(l) = QR (43)

where (1) is the orthogonal matrix (Q(1)Q%(l) = Id) describing the change of bases and where R(l) is the upper
triangular matrix produced by the orthonormalization process of the vectors (H|i >) (for instance via the Gram-
Schmidt procedure or via the Householder reflections method). Then the writing of the Hamiltonian in the new basis
gives the iteration

H(l+1) = Q" (NHN)Q() = Q")(QMER)Q) = RHQ() (44)

This defines the QR-algorithm that converges towards diagonalization.
In summary, the QR~algorithm is an important example of a strategy not driven by the systematic decay of the

off-diagonal elements via I3 s , but based instead on the long-term expectation that the successive applications of the
Hamiltonian will converge towards diagonalization asymptotically.

IV. CONTINUOUS DIAGONALIZATION FLOWS FOR MATRICES
A. Generator 7(l) of the infinitesimal unitary transformation

When the family of unitary transformation U(l) is parametrized by a continuous parameter | € [0,4o0[, the
elementary unitary transformation to go from ! to (I + dl) has some infinitesimal amplitude (dl) in front of the
anti-Hermitian generator 7(l)

Ul+dl) =e™Ou)y=U(@)+din()U(l) (45)

Then the running Hamiltonian H (1) evolves according to

H(l+dl) = O H(1)e= D = H(1) + di(n())H(1) — H(I)n(l)) (46)
i.e. it satisfies the differential equation involving the commutator with the generator
dH (1)
S = (), 1) (47)
In terms of the matrix elements of the anti-hermitian generator
k(1) = =k (1) (48)
the off-diagonal matrix elements n # ¢ evolve according to
dHq(1)
TEI = —(Hnn(l) = Hgq(1))11nq (1) + Z (ke (1) Hiq (1) — Hpk (1)11q (1)) (49)
k#(n,q)

while the evolution of the diagonal elements reads

LHQ%” =3 k() Hin (1) + 150 () Hf (1) (50)
k#n



The flow of the off-diagonal contribution I3 ) (1) and of the diagonal contribution Ig 91y of Eq. [ becomes

LUl RS < YL

dl dl

n

= > (Hun(l) = Hig (1) (e () Hin (1) + 5 (1) Hi (1) (51)
n#k

B. Flows based on the systematic decay of 157/ (1)

Generators of the form
ik = anf(Hnn - Hkk) (52)

where the function f(z) is antisymmetric f(z) = —f(—=z) to insure the the antihermitian condition of Eq. A8 and
satisfies zf(z) > 0 will produce flows with a systematic decay of I5// (1) (Eq. BI)

Ay _argq

0< dl i = 27; | Hooie (D)2 (Hpn (1) — Hig (1) f (Hn (1) — Hyro (1)) (53)
1. Wegner’s choice fVe9"" (z) = x

Wegner [6-8] has proposed to choose as generator

As the level of operators, these matrix elements correspond to the commutator between the diagonal part and the
off-diagonal part of the Hamiltonian

WY (1) = [Haiag (1), H(D) = (Hatiag (0, Hog (D) (59)

Wegner
Mk g (l)

Then 1977 (1) is a decreasing function (Eq. 1)

A drgeoq)

0< dl dl = nz#k(Hnn(l) - Hkk(l))2|an|2 (56)
The off-diagonal matrix elements n # ¢ (Eq[49)
nglq(l) = —(Hun(l) = Hog(D)*Hug(D) + > Huk (1)) Hig(1) (Han (1) + Hyq(1) — 2Hyi (1)) (57)
k#(n,q)

are suppressed more rapidly when they are associated to large differences of diagonal elements (Hyp (1) — Hyq(1))?.
The equations of motion for the diagonal elements (Eq. [B0])

dH,, (1)
dl

=23 | Hu ()] (Hun (1) = Hie (1)) (58)

k#n

and for the off-diagonal elements of Eq. are polynomial of degree 3 in the matrix elements.

2. White’s choice fV"'¢(z) = 1

White has proposed the generator (Eq. 18 of Reference [4])

W hite _ an(l)
Mk (l) - Hnn(l) — Hkk(l) (59)



Then the dynamics of 1577 (1) (Eq. B

of f
SO oS @) = 213 ) (60)

n#k

0<

has the nice property to display the explicit exponential decay
Ny =1 1=0)e? (61)

(The particular value 2 of the exponential decay e~2?! has no particular meaning and can be changed by a redefinition
of the flow parameter [).

The choice of Eq. can be seen as the infinitesimal counterpart of the Jacobi choice of Eq. and of the
convergence rate towards diagonalization of Eq. : the difference is that instead of doing a single finite elementary
rotation to eliminate the biggest off-diagonal element, one uses the commutativity of all infinitesimal rotations to
make all the off-diagonal elements decay with the same rate.

The corresponding equations of motion for the off-diagonal matrix elements n # ¢ (Eq HE3)

dH ny (1) ( 1 1 )
— —H,, () + Hypo (1) Hyo (1 - 62
and for the diagonal elements (Eq. [B0)
2
dl 2 Hon() — Hir ()

now contain denominators involving differences of diagonal elements that are usual in perturbation theory.
This direct link with perturbation theory can be clarified as follows. If one decomposes the generator n according
to the order with respect to off-diagonal elements

n=n"+n® 47 4 . (64)
the dynamics reads

dH(l
# =" + 7@ +0® + . Hajag + Hogy)

= 1Y), Haiag) + (17, Hog ) + 0 Haiag] ) + (1%, Hog 1) + 0, Haiag]) + - (65)
White’s choice written in Eq. for matrix elements can be translated at the level of operators into the requirement
(""", Haiag) = —Hogy (66)

for the first term in the expansion of Eq. [65] in order to produce the exponential decay for the whole operator Hy
(i.e. the same exponential decay for all off-diagonal matrix elements as given by the first term of Eq. [62]). The form
of Eq. to determine the generator of unitary transformation corresponds to the Schrieffer-Wolff transformations
at first order in perturbation theory (see the review [49]) that have been much used recently for random quantum

spin chains to derive renormalization rules for the ground state [50] or for excited states in the Many-Body Localized
Phase [34, 138].

3. Intermediate sign choice f*9"(x) = sgn(z)

As an intermediate between the previous Wegner’s and White’s proposals, the sign choice [52]

nfsfkgn(l) = Hup(1)sgn(Hnn(l) — Her (1)) (67)
corresponds to the convergence criterion

A’y i)

0<-——7 di

=23 [Hun(l) = Hy(1)|| Hor (1) (68)
n#k
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and to the flow equations for the off-diagonal elements

dHpq(1)

dl = _|H7m(l) |an Z an Hkq )(Sgn(Hnn(l) - Hkk(l)) + Sgn(qu(l) - Hkk(l)))(69)

k#(n.q)

and the diagonal elements

dHnn
=2 |Hui(l)]sgn(Hon (1) — Hex (1)) (70)
k#n
4. Comparison of the phase space contraction

To simplify the discussion, let us focus on the case where H is a real symmetric matrix : there are M diagonal
2
matrix elements H,,, with n=1,.., M and M 2_M off-diagonal matrix elements H,, with 1 <n < ¢ < M.
Then the dynamical equations for the matrix elements are of the form

dH,<,(1)
e T 0) (1)
in terms of the velocity field
Vn<q(H) = _an(Hnn - qu)f(Hnn - qu)
+ > [OkenHin + OncrHnk) 0k <qHrg + 0g<iHor) (f (Hun — Hir) + f (Hog — Hir)) (72)
k#(n,q)
and
Vin(H) =2 [OkcnHE, + OnarHpy| f(Hun — Hyr) (73)
k#n

where 0y, = 1 if k < n and zero otherwise.
If the initial condition is described by some probability distribution p;—o(H) with the elementary volume element

M
v=[[dHm ][] dH; (74)

n=1 1<n<qg<M
the dynamics is governed by the continuity equation

0 — 9 (V] = ) |

<L

V} V.V o (H) (75)

where the first term containing the divergence of the velocity field

—

617} represents the contraction of the phase

space volume of Eq. [[4] while the second term contains the advective derivative V.V familiar from hydrodynamics.
While the off-diagonal directions are always contracting
aan<q

8H’n,<q = _(Hnn - qu)f(Hnn - qu) <0 (76)

the diagonal directions correspond to contraction if f’(z) < 0 or to expansion if f/(x) > 0.

8Vnn 2 /
OHun 2k¢ZnHknf (Hpn — Hyr) (77)

As a consequence, the global resulting divergence of the velocity field

L Winn OVpeq
vV B Z aHnn * Z a‘E[n<q
1<n<M 1<n<q<M
=4 Z Hr%qf/(Hnn - qu) - Z (Hpn — Hqq) f(Hnn — qu) (78)

1<n<q<M 1<n<q<M



11

depends on the choice of the function f. For the three cases described above

d Wegner
x
dehite
dzr - 2 =0
dfsgn
7 =20(z)=0 for x#0 (79)
x
one obtains the corresponding divergences
V.yWemer =4 NTOHZ — Y (Hun — Hyy)? (80)
1<n<q<M 1<n<q<M
2
e I el DI (81)
1<n<q<M (Hun — Hq) 1<n<q<M
Vs =8 N HZ0(Hpn — Heg) — Y [Han — Hyl (82)
1<n<q<M 1<n<q<M

So while the White’s flow and the sign flow are always contracting, Wegner’s flow can be expanding in the initial
stage as long as the off-diagonal part has not decreased sufficiently.

C. Toda flow

In the above continuous flows based on the systematic decay of I;f I ensured by generators of the form of Eq.

B2 it is impossible to avoid the generation of new matrix elements even if the initial condition is sparse. It is thus
interesting to look for other flows that can preserve the sparsity of the initial matrix.

1. Closed flow for band matrices

If the initial matrix has some band structure

H,,(I1=0)=0 for [n—k|>B (83)
it is possible to preserve this structure via the flow if one chooses the generator
Mo = Hupsgn(k —n) (84)
because the flow equation for the off-diagonal terms read
dH,,
2 = —(Hon — Hog) Hugsen(a =)+ > HupHig (sen(k —n) + sgn(k — o)) (55)
k#(n,q)

while the diagonal terms evolve according to

dHnn
i =2 [HuxPsen(k —n) (86)
k#n
The generator of Eq. [84] has been re-discovered by Mielke [23] from the requirement to obtain a closed flow for band
matrices, but has actually a long history for the special case of real tridiagonal matrices as we now recall.

2. Toda flow for tridiagonal real matrices

For the special case of tridiagonal real matrices, where the only non-vanishing elements are the diagonal elements
H,, and the off-diagonal elements H,, ,,+1 = Hyt1.n, the closed flow based on the generator of Eq. B4l

dHpy,
dl = 2(H727,,n+1 - H’?L*l,n)

dHn,n-i—l
dl

= IInn+1 (Hn-l-l,n—i-l - Hnn) (87)
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have been much studied under the name of ”Toda flow” [13-21] as a consequence of its relation to the classical
integrable Toda lattice [22] via a change of variables : the essential idea is that the flow equation of Eq. BTl corresponds
to a Lax Pair equation for the integrable Toda model.

3. Convergence towards diagonalization

For our present perspective, the most important result is that this Toda flow converges towards diagonalization as
first proven by Moser [15]

Hn,nJrl(l = OO) =0 (88)
with ordered eigenvalues
H11(00> > .. >HNN(OO) (89)

This result can be understood at the level of the differential equations by rewriting the flow of the diagonal terms

(Eq. B7) as

dHyy
= 2H7 , >0
dHll dHQQ 2
— >
dl dl 2Hy3 20
dHll dHQQ dH33 2
—=2H2, >
a TTa T 3420
N—-1
dHnn
3 = 2H% x>0 (90)
n=1

so that Hy1(1), (H11(1) + Ha2(l)) , etc are non-decreasing functions. Since they are bounded as a consequence of the
invariants of the flow, they have to converge towards finite values H,,(l = +o0) at | = +00. So the off-diagonal
elements Hy, ,+1(l) representing their derivatives (Eq. [@0) have to vanish H,, ,41(l = 00) = 0 at [ = +00. The flow
of the off-diagonal element H,, ,11 (Eq[R7) can converge towards zero only if the corresponding diagonal elements
satisfy the order Hy,, (1) > Hy11 n41(1) asymptotically for large I.

4. Interpretation as some continuous limit of the QR-algorithm

To understand the physical meaning of the Toda flow, it is important to stress that it can be interpreted as some
continuous limit of the QR-algorithm recalled in section [ITC] as follows. From the current orthonormal basis |i; >
with ¢ = 1,.., N, one constructs the N infinitesimally-different vectors by the application of the Hamiltonian :

|vi, >= (L4 dtH)|iy >= |iy > (1 +dt < ie|H|iy >)+ Y |je > (dt < je| Hlir >) (91)
J#i

Now one needs to orthonormalize them to obtain a new basis. The Gram-Schmidt procedure begins with the normal-
ization of the first vector i = 1. Using

< Ult|1)1t >= (1 + 2dt < ’Lt|H|’Lt >) (92)

one obtains the first normalized vector of the new basis as

vy, > . .
D> s Sl > (< Gl E L ) (93)

Liyar >= ———=
V< v, vy, > =

Then the second vector |vg, > is made orthogonal to the previous vector of Eq. via the computation of the scalar
product

< 1t+dt|’U2t >= dt(< 1t|H|2t >+ < 2t|H|1t >) (94)
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and the construction of

|w2t > = |’U2t > _|1t+dt >< 1t+dtlv2t >

= 120> (L+dt < 2|H[2, >) — [1 > (dt < 2| H|L, >) + > je > (dt < ji|H[2, >) (95)
Jj>2

and its normalization to obtain the second vector of the new basis

wo, > . .
w2 =20 > |1y > (dt < 2¢[H |1, >)+ Y |je > (dt < je| H|2; >) (96)

12¢4dt >= —F—t——
V< we, |we, > §>2

So one sees that the sign function in the Toda generator directly comes from this orthonornmalization procedure.
Similarly by iteration one obtains all vectors of the new basis as

litrar >= lie > — Z lje > (dt <ir|H|je >) + Z je > (dt < jie|H[2¢ >) (97)
j<i i>i

that corresponds exactly to the Toda generator of Eq. B4

More discussions on relations between the Toda flow and the QR algorithm can be found in Refs [16-21)], together
with the correspondences between other differential flows and other discrete matrix algorithms. In particular, one
important output of these studies [16-18] is the formal solution of the Toda flow for the running Hamiltonian H(I) in
terms of the initial Hamiltonian H(0)

H(l) = Q' (N H(0)Q() (98)

where the orthogonal matrix Q(1) is the orthogonal matrix appearing in the QR-decomposition (where R(l) is upper-
triangular as in section [ILC)) of the operator

O = Q()R() (99)
To this give a clear physical meaning of the Toda flow.
V. DISCRETE FRAMEWORK FOR QUANTUM SPIN HAMILTONIANS
A. Expansion of the off-diagonal parts with ladder operators

In the expansion of the running Hamiltonian of Eq. in terms of Pauli matrices, it is convenient to replace the
off-diagonal Pauli matrices (¢®,0¥) by the the linear combinations corresponding to the ladder operators

T oy
o4 +io _<0 1)

2 00
_ o¥ —ioY 00
o = (00) (100)
because they are nilpotent
(") =0
(™) =0 (101)
and their products correspond to projectors 7"
1+0* 10
+,— = - = -+
octo =—F = (O O) =7
_ 1—o0* 00 -
+ —_— — =
om0t == (O 1) = (102)

The operator containing g4 operators o™ on sites 1 < n; < ng < .. <ng, < N, g operators o on different sites
1<my <mg <..<mg_ <N and ¢, > 0 operators o* on further different sites 1 <p; <py < .. <pg, <N
X; =002 .02 ofof . of o o ..o, (103)

1,..pqz;nl,..,anr;ml,..,mq p10p2...0pq20n10n2... nq+ Uml ma*ttY Mg
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and its adjoint

X, =02 02 .02 o, 0, .0, ot ot o (104)

15--Pqz5M15-45Tg 3101, plapg"' Pq, N1~ MNn2°"" Mg mi1 -~ mo My _

are also nilpotent ((X1)2 = 0= X2 = 0) and are associated to the projectors (Eq. [02)

T I . + - — —
P1y--Pqy 5050 Mgy T, Mg Xpl,..pqz;nl,..,nq+;m1,..,mq7 - 71-7117T712"'7an+ 7Tm1 mg"'ﬂ-mq7
i — - + -+ +
'Xp1>~~pqz 3Ty 3T, g Xpl,..pqz;nl,..,nq+;m1,..,mq7 - T‘—nlﬂ-n,g"'ﬂ-n,qu 7T-m17-‘—7712"'71—771L17 (105)

The off-diagonal Hamiltonian can be decomposed as a sum over such operators

N N—qy N—qy—q-

Hos=3. > > > > 2 (106)

q+=1q-=0 q-=0 N(1<a<qy) MA<B<q ) P(1<a<yz)
T *
[Kplwiﬂqz;"1,»»>"q+;m1>~>mq, (Z)Xpl,..pqz;nl,..,nq+,ml,..,mq7 + Kpl,..pqz;nl,..,nq+;m1,..,mq7 (Z)Xpl,..pqz;nl,..,nq+,ml,..,mq7

where the couplings can be obtained as

K1 powiniseing, smusemg_ (1) = 204"y (Xm,..pqz ML Mgy ML Mg H(l)) (107)

B. Adaptation of the Jacobi algorithm to quantum spin chains

The adaptation of the Jacobi diagonalization algorithm for matrices (recalled in section [[ITB]) to many-body second-
quantized Hamiltonians has been introduced by White [4] and has been applied recently to the problem of Many-Body
Localization for interacting fermions by Rademaker and Ortuno [5]. In the language of spin chains, the procedure can
be summarized as follows. To suppress a given term

T *
KP1>~~qu STL 5 Tlgy 5101, (Z)Xpl,.,pqz;nl,..,nq+,ml,..,mq7 + Jpl,..pqz;nl,..,nq+;m1,..,mq7 (Z)XP17~-qu§7l1>~~>nq+>m17~~7mq, (108)

from the off-diagonal Hamiltonian of Eq. [[06] one needs to consider the generalized unitary rotation of the form [5]
id x T —i
u=el = e()(e’ Xpl,upqz;nl,“,nq+,ml,u,mqi —e " XPl,«»qu"I,»«’"q+’ml,«»,mqf)

— _ T
=1 + (COS@ 1)(Xp1,..pqz;n1,..,nq+,m1,..,mq7 X;Dh--qu;nl,»»>"q+>m11--qmq,

+ P1,--Pqz3iM15-+5Tqy M1, g P15--Pgz M1y, y ;M1 5005 Mg )

+sinf(e? X — €7 X, g, i1 iy L) (109)

P1,--PqziM15-+5Tqy 511, Tg

where the angles (6, ¢) have to be chosen to obtain that the transformed coupling of Eq. [[07 vanishes

0 = Knew — ga++a-—Npy. (Xpl,,,pqz;m,_,n”,ml,,,,mqf (uHuT))

P1,--Pqz3iM15-+5Tqy 510153 g

_ gasta-—No, (uf Xttt i, uH) (110)

Using the transformation of the operator X

i _ 2  win2 0,826 vt
u Xplq--qu;nl,»»>"q+1m1>~>mq,u_COS 9Xp1,--pqz;n1,--,nq+,ml,»»,mq, SI 06 Xpl,..pqz;nl,.,,nq+,ml,..,mq7

_ ; iyt
cos f sin fe (Xpl 3+ Paz M5y Tgy M-, Xphnpqz 3Ty Mgy T, TG

(111)

_'Xp1>~~pqz MLy sMg g L5 Mg Xpl,..pqz ML, Mgy M, Mg )
Eq 10 becomes
0 = Knew

P15-Pqz M1y Mgy 310150 Mg

_ 2 w2 i2¢ yo*
= Cos erlq--qu;nlq--qanrqml)»»,mq, sin” fe Kp1,..pqz;nl,..,nq+,m1,..,mq7

— cos O sin fei¢24++Ta-—Np,. (|:7T:lr1...ﬂ':qu+ Moy Ty~ Ty T LA ]Hdiag) (112)
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So the angle ¢ has to be chosen as the phase of the coupling (analog to Eq. B1)

ei¢ _ Kpl,..pqz;nl,..,nq+;m1,..,mq7 (113)
|Kp1,..pqz;nl,..,nq+;m1,..,mq7 |
and the angle 6 has to be chosen as (analog to Eq. B9)
tan(20) = B s,y | (114)
2¢++a-—NTy ({wﬁl...wﬁu Ty - Mmg_ = Ty T, W%l...wﬁlL} Hdiag)
where the denominator only involves the z—couplings concerning the spins nq, mg.
As an example, the XXZ chain with random fields of Eq. contains initially off-diagonal terms of the form
Ji(o o + 07 0f) = Ko (1) (XOT;i,i-i-l + Xon,i+1) (115)
This given term can be suppressed via the unitary transformation with ¢ =0
u=cel = ee(gjg;rl*giigj+1)
=1+ (cosf — 1)(#?771-11 + Wi_ﬂitq) + sin@(a?aﬁl — ai_a;fH)
1 —o0j07 4 . T+ - -
=1+ (cosf —1) 5 +sinf(o 05, —0; 070 ) (116)
where the angle 6 has to be chosen as (Eq. [[14)
2J; J;
tan(20) = R = d
22-NTyp ([W;rﬂi+1 -7 W;J Hgiag) 27NTr (o7 — Uiz+1)Hdiag)
Ji
= 117
hi — hip1 (117)

As in the Jacobi algorithm, this method tends to generate all possible off-diagonal couplings in the running Hamil-
tonian of Eq. even if one starts from a sparse initial condition, so that one needs to introduce some truncations in
the numerical application of this procedure : we refer to References [4, 15] for discussions and examples of numerical
results that can be obtained.

VI. CONTINUOUS FRAMEWORK FOR QUANTUM SPIN HAMILTONIANS

In the continuous framework, the most general anti-hermitian generator can be expanded in terms of all the operators
involved in the off-diagonal part of Eq. [106]

N N—qy N—qy—q-

=33 3 3 Y Y g, (1) (118)

q+=1¢-=0  ¢:=0 7nu<a<q;) Ma<B<q ) P1<a<yz)

[eiﬁt’pl,upqz inls.mgy smy,.,mg_ (Z)X; _ e*i¢p1,~pqz;nl,u,nq+;mbu,mq, (l)Xp

1,..pqz;n1,,.,nq+ SN, Mg 15--Pg ;"11--1nq+1m17~7mq,:|

where the generalized angles Oy, ,..p, in1,..,n,, 5ma,.m, (1) a0d @py  p, iny,cng, ima,..;m, (1) define the choice of 7.
In particular, the Wegner’s choice of Eq.

0™ 9" (1) = [Haiag (1), H(1)] = [Haiag (1), Hos ()] e

has been applied to many different condensed matter problems (see the reviews [7], the book [€ and references
therein).
The White’s choice of Eq.

[ (1), Haiag(1)] = —Hoy 5 (1) (120)

has been applied numerically and compared to the discrete Jacobi framework in Ref |4].

As in the Jacobi method, these Wegner’s and White’s flows based on the systematic decay of Iy 1 tend to generate
all possible off-diagonal couplings in the running Hamiltonian of Eq. [[06 and one has again to introduce some
truncation in the numerical implementation.
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VII. ADAPTATION OF THE IDEA OF THE TODA FLOW TO QUANTUM SPIN CHAINS

A. Ansatz for a simplified closed flow

Let us now focus on the XXZ chain of Eq. as the initial state. We would like to define the ’best closed flow’ of
the form

HX*7(1) = Haiag{o7} + Z jn{ai;ﬁ(n,n-;—l)}(aia;i-l + U;U:-i-l) (121)

where the diagonal part is written as Hgiaq{07?} to emphasize that it depends on the N operators o7 via the expansion
involving 2V real running coefficients Hy, 4, (1)

Huiagloi} = > o S0 Hapoan (Dot™ol™) ol (122)

a1=0,z an=0,z

as in the final state at [ = oo of Eq. Similarly, the prefactor of the elementary off-diagonal operator (oo, +

z

oo 1) in Eq. [ZIis written as Jn{af?&(n)nﬂ)} to emphasize that it depends on the (N — 2) operators OF 2(nnt1)

n“n+1l
via the expansion involving 2V —2

jn{ai;é(n,mrl)}: Z Z Z Z Jn(al,..,an,l,an+2..,aN;l)agal)...Jflaffl)aflaf2+2)...ag\?1\’) (123)

a1=0,z an—-1=0,2 an42=0,2 an=0,z

real running coefficients J,, (a1, .., apn—1, ani2..,an;1)

So the simplification with respect to the most general off-diagonal Hamiltonian of Eq. [106] is that only terms corre-

sponding to the operators Xo n,n41 = 0,00, are included.

Accordingly, the generator is chosen to include only the off-diagonal operators Xo n ny1 = 0370, (instead of the
most general form of Eq. [[18)

n =00 of o, —op o) (124)

where @i{az#i Z.Jrl)} depends on the (N — 2) operators oz#i it1) via the expansion involving 2V~2 real running

coefficients 6; (a1, .., a;—1,ait2..,an; 1)

Gi{aiyé(i,iJrl)}: Z Z Z Z Gi(al,..,ai_l,ai+2..,aN;l)aial)...Ul(fifl)aﬁlf)...UJ(\‘,IN) (125)

a1=0,z a;—1=0,za;41=0,z an=0,z

Our goal is to choose the generator 7 to maintain the flow of the Hamiltonian of Eq. [21] as ’closed’ as possible.

B. Flow equation

With the above Ansatz, the flow equation reads

dH

a =[nHl = Z[@i{gz;é(i,iﬂ)}(a;raﬂ-l - U;U;;l)deiag{Ui}]

+Z[@i{01§¢(i,i+l)}(0jai_+l - U;Uitrl)aZ{Uf;é(i,iﬂ)}(ffja;rl + Ui_o'itrl)]
"'Z[Gi{azgé(i,iﬂ)}(ajaﬁl — 0, 0501) Jied07 41,0 Mo 10, + 0,107
+ Z[Gi{az¢(i,i+l)}(0jaii{-1 - 0;0;1)7 $+1{05¢(i+1,i+2)}(0;—10;—i—2 + 01;10;5-2)]

+ Z[@i{01§¢(i,i+1)}(0jaﬁr1 - Ui_ffitrl)a Z jn{o.j#(n,n+l)}(o.:a;+l + U;U:{H)] (126)
7 n#(i—1,4,i+1)

To compute these various commutators, it is useful to introduce for any function f{o?} its expansion with respect
to a given spin o}

oty = o7} +of fO0 o7} (127)
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where the two auxiliary functions can be obtained by some traces with respect to the single spin o;

7 z 1 z
O = 5Tra(Hoi))
- 1
fO oy = 3 Tro. (07 floz}) (128)
Similarly, its expansion with respect to a pair of given spins (07, 07%) reads

fHory = f(i’o)(j’o){gfgﬁi,j} + Uff(i’l)(j’o){aiyéi,j} + Ujf(i’o)(j’l){oiqéi,j} + afaj (i’l)(j’l){gf;&i,j} (129)

where the four auxiliary functions can be obtained by some traces with respect to the two spins (o, ;)

[ i z 1 z
FRO6O gz, b = ST, (Foi))

e 1 s ppo
fFONOOGE Y = 521700, (07 flor})

o s 1 sy
f( )0)(J)1){0—T;6i,j} = ﬁTrUi,O'j (UJ f{or})

1

AR CA 5217010, (0705 f{o7}) (130)

Using the expansion of Eq. 129 for the diagonal Hamiltonian

z %,0)(i+1,0 z 2,1)(2+1,0 z z 2,0) (41,1 z
Hdiag{ar} - Héuzg)( ){Uryéz 1+1} + 0y Héuzg)( ){0r¢i7i+1} + O'i+1Hézag)( ){0r¢i7i+1}

1, 1 H—l 1
+U Uz+1H¢§zaq {Ur;él z+1} (131)

the first line of the flow Eq. [[26] becomes
dH (4,0)(i+1,1) (3,1)(i+1,0) +
W =2 ZG {ngé(z 7,-‘,—1)} dzaq {O'r;ﬁz z—i—l} Hdzaq { r;éz z+1} (U Uz—i—l + g; Uz-i—l) (132)
first

It is thus compatible with the flow Ansatz of Eq. [[21] and will actually be the only contribution to the flow of the
Ti{07 4(nnt1)} that reads

dji{ai;ﬁnﬂ} 1,0)(i+1,1 i,1)(i4+1,0
+ = 20; {Uk;é(l z+1)} ( dzag( " ){Ui?éi,iﬂLl} Hélag)( i ){Ui?éiv“rl}) (133)

The second line of Eq. [126]
dH _ z + - -+ 2 + - -+
al = Z[Gi{ak;é(i,iJrl)}(Ui Oi+1 — 04 Ui+1)=«7i{0r¢(i,i+1)}(0i Oit1 T 0; U¢+1)]
second i

= Z @i{gz;ﬁ(i,iﬂ)}ji{ai;é(i,iﬂ)}(giz —0741) (134)

is also compatible with the flow Ansatz of Eq. [I2I] and will actually be the only contribution to the flow of the
diagonal part that reads

dem O'f P z z z
% = Z @i{%;&(i,iﬂ)}${0r¢(i,i+1)}(0’i —0i41) (135)
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Using the notations of Eq. 27 the third and the fourth lines of Eq. lead to the global result
dH dH . I . o
— + = = Z[Gi{%#(i,iﬂ)}(a;raiﬂ —0; 01)s Tied0f s ooy + 0,10
dl third di fourth i
+ Z[Gi{ali;é(i,iﬂ)}(ojaﬂ-l - 0;0;1)7 «7i+1{0i¢(i+1,z‘+2)}(0;10;-2 + O-iil-lo-z't-Q)]
- 6(1 1,0) (z+1 0) 6(1 1,1) (z+1 i 2
Z {Uk;&(z L+ 1T {07 261,041 T+ {Uk;é (i—1,ii+1) 1T {07 si-1,0i01)}

1,0) +1,0 1,1) (i+1,1)
_¥7i(z {Ur;r&(i—l,i,zurl)}@(Z ){Uk;é (i—1,4,i41) b - j(z {O.r;&(z 1, H—l)}@ ! { Okt(i—1,i z+1)})
(0i" 0f0 1 + 0, 070) )

z+1 0 (i—1,1 i+1,1 z i—1,0 z
Z ( ){ Or£(i—1,i z+1)} ){%é (i—1,i z+1)} + «Z( ){Ur;é(i—l,i,i-i-l)}@E ){Uk;é(i—l,i,i-i-l)}

z+1 0 i—1,1) z+1 1) z 1—1,0 z
( ){%é (i—1,i z+1)}j {077&(1 1, H—l)} 9 {Uk¢(i—1,i,i+1)}«7i( ){Ur;&(i—l,i,i-i—l)})
(o zt10i+1 +0,10714) (136)

So these terms tend to generate off-diagonal terms containing two ladder operators concerning two spins at distance
two of the form (o;" 07, + i 10; .1) that are not present in the Ansatz of Eq. [2I: to avoid the creation of
these new terms, one can require that the prefactors containing o* operators identically vanish and one obtains the
constraints

z 1,0 H—l 0 i—1,1 z+1 1
){Uki(z 1,4 H—l)}‘jz ){0'7‘75(1 1,4 H—l)} + @ ){Uk;&(z 1,4 H—l)} ( ){Urgé(i—l,i,i-l—l)}
1—1,0 i+1,0) 1—1,1 i+1,1) z
- '-7 ){O-r;é(l 1,4 z+1)}® + {Uk;ﬁ (i—1,4,i+1) } + j ){oryé (i—1,4,i+1) }6 + {O'k;é(ifl,i,iJrl)}) (137)

and

i+1,0 i—1,1 (i+1,1) [ 2 i—1,0) [
j( ){Ur;é (i—1,i z+1)}® ){%A (i—1,i z+1)} + ‘71 ){Ur;zé(i—l,i,i-i-l)}@z(' ){Uk;é(i—l,i,i-'rl)}
z+1 0) i—1,1) i+1,1) i—1,0); 2
= 9 { Okt (i—1,i,i+1) }j( {Ur;é(l 1, z+1)} + 91('71 ){Uk;é(iq,z',iﬂ)}ji( ){O'r;é(ifl,i,iJrl)} (138)

It is clear that a simple solution for the functions ©;{c} (i +1)} defining the generator 7 is the choice that generalizes
the Toda case of Eq

G?Oda{01§¢(i,i+1)} = hZ{UZ;é(i,iJrl)} (139)
Then the contribution of Eq. vanish
dH Toda dH Toda
() +(%) o (140)
dl third dl fourth
Finally, using the notations of Eq. 129 the fifth and last line of Eq.

dH . . _ . - _
(W) = Z[Gi{ak#i,ﬁl)}(g;raiﬂ —o;0f1), Z j"{ar#(nvnﬂ)}(aionﬂ + 00 4)]
fifth n;é(ifl ii+1)

n,0)(n+1,0) )(n+1,1) P
=2 Z Z (65 o {Uk;é(l i+1,n n+1)} 6 {Uk;é(i,iJrl,n,nJrl)})
i nA(i—1,4,i+1)

(\7(1 0+, 1){07‘7&(1 i+1n n+l)} \7(1 D+, O){Urgé(z i+1n n+1)}) (U Uz-}-l + g; U;—l)( i ;Jrl + U;U;;Ll)

n,1)(n+1,0 z n,0)(n+1,1 z
+2 Z Z (95 a ){Uk;é(i,i-i-l,n,n-i-l)} - 91(- a ){ngé(i,i+l,n,n+l)}>
i n#(i—1,i,i+1)

(j(z 0)(Z+1 0){0 #(1 i+1,n n+1)} j(z 1)(Z+1 1){Ur;é(z i+1,n n+1)}) (Ujaa»l - 0-;0'1?:1)(0-:0-7:-{-1 Un 0n+l) (141)

tends to generate off-diagonal terms containing four ladder operators concerning two pairs of consecutive spins (i,7+1)
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and (n,n + 1) that are not present in the Ansatz of Eq. [2I1 With the choice of Eq. 39, Eq. [41l can be reduced to

(@)
dl fifth

n,0)(n+1,0 z n,1)(n+1,1 z
:42 Z («71( ) ){0k¢(i,i+1,n,n+1)}_~7z‘( ! ){0k¢(i,i+1,n,n+1)}>

i n£(i—1,i,i+1)

(\7751-70)(1-4»171){Ui?ﬁ(iyiJrLfnanrl)} - j,gi’l)(i+1’0){Ui;e(i,iﬂ,n,nﬂ)}) (U;rgiiklo';a:+l + U;Uz‘tl":{";ﬂ) (142)

C. Definition of the analog of the Toda flow

In summary, we have explained in the previous section that the choice of Eq.
07 ot sy} = Tl Oisiirn (143)

for the generator of Eq. B4 corresponds to the best approximation of a closed flow for the running Hamiltonian of
Eq. M2l because it suppresses the generation of the most important new off-diagonal containing two ladder operators
concerning non-consecutive spins. The only non-closed term involves four ladder operators (Eq. [42])

dH n,0)(n+1,0) ; 2 n,1)(n+1,1)y 2
<W) =4 Z Z (~7z‘( o ){"k;ﬁ(z‘,i+17n,n+1>} - ‘71'( o ){Uk#iv”lw”v“l)})
non—closed i n#A(i—1,i,i+1)
(j(l 0+, 1){0'7_7&(1 i+1,n n+1)} \7(1 A O){Uri(z i+1,n n+l)}) (U UZ+1UW Un+1 +o; Ui"lo’iU"Jrl) (144)

With the choice of Eq. [[43] the coupled flow equations for the diagonal part Hgiag{0o%} and for the generalized
couplings Ji{a;#i Z.Jrl)} of Eqgs and become

deia {UZ} z z z
diik = Z t7i2{ar7é(i,i+1)}(ai —0i41) (145)
and
N
? #(4,i+1) 4,0)(¢+1,1 2 i,1)(¢+1,0 z
—a 2%{01#(1 l+1)}( qu( ){Urgéi,i-',-l} ngzaq)( ){ r;éi,i-',-l}) (146)
with the notations of Eq. and Eq.
i 1) (i 1
7,1)(¢+1,0 z z z
Hc(ziag)( ){Ur;éi,i-i-l} = _Traixai+1(0i Hdiag{or})
= Z Z Z Z Ha,, aio1,ai=1,ai401=0,a145.. an (Dot (01) l(al1 1)U§ir2+2) ,O'J(\l;’N)
a1=0,z a;—1=0,z a;42=0,z an=0,z
HUO LD e ) _ 1. (07, Hasag {07 })
diag Ortiit1 =92 Toi,0:41\0i4+141diag1 0y
= Z Z Z Z Hal7~~7ai—17ai:07ai+1:1;ai+2~~aN (Z)O'YH)"'Uggifl)ogigﬂ"'U](\(;Nzlél‘?)
a1=0,z a;—1=0,z a;42=0,z an=0,z
D. Conservation of the invariant /> by the flow

Since we have made the approximation that one could neglect the terms of Eq. [[44] it is important to consider the
dynamics of the exact invariant I via the approximated closed flow of Eqs [[43] and [146]
For the Hamiltonian of Eq. [[2I] one obtains

2
1 1 . . _ _
L) = 5T W) = 55T (Hdmg{ar} + 3 Tl s N O + 0 a:H))

1 j2
= o Tr (Hdwq ) + Z ) (148)
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Using Eq. [45] the diagonal contribution evolves according to

ia 1 z
Ig q(l) = 2_NTT‘ (Hgiag(ar)) (149)

evolves according to

dIgiag(l) 2 dH giq (0'7%) z 2 2( =z z z z
L = ST (TR Hiy (o) ) = o ;Tr (72107 2aisy HoF = 07) Haiag (07))  (150)
Since the Jf{ai 20 +1)} does not depend on the two spins ¢; and o;41, the partial trace over these two spins alone
can be evaluated with the expansion of Hgiqg(07) of Eq. [[31] yielding
TrUi7Ui+1 ((Uz'z - Uf-i-l)Hdiag(Ui)) = TT‘UMU'H»I ((Uz'sziag(U:) - Uz'z-i-lHdiag(Ui))
1) (i+1,0) ;2 3,0)(i+1,1) ;=
= 4H(§iag)( " ){Ur;éi,iJrl} - 4H¢§iag)( " ){Ur;éi,iJrl}
i,1)(i4+1,0) ;2 i,0)(i+1,1) f
- Tro’i,Ui+1 (Hézag)( ){Urii,i—i-l} - Héuzg)( ){Ur;éi,i+1}> (151)

so that Eq. can be rewritten as
W = o ST (P20 i (B 0t i}~ HEDC D 02pi})) (152
On the other hand, using Eq. 48] the off-diagonal contribution in Eq.
iy = 2LN > 1r (@) (153)

evolves according to

drett 1 dTi{0f 2041y}
2 () ZQ_NZTT(Z'(U;:) k#(i,i+1)

dl dl
2 . 5,0)(4+1,1) [ _» L) (4+1,0) (s
= 9N ZTT (‘71'2(0'7") (Hémg)( " ){Ur;éi,i-i-l} - ngiag)( " ){Ur;éi,i-i-l})) (154)

so that the sum with Eq. yields the conservation of I5(1) of Eq. [48

A1) _ i) | dig )

dl dl a0 (155)

E. Exactness of the flow for the random XX chain with random fields

When the initial model is the random XX chain with random fields J?* = 0, one obtains that the Ansatz of Eq.
[[2Tlis an exact solution of the flow

H** (l) = ng;;{oi} + Z jrf(X{o-iyé(n,n+1)}(U:07:+l + 07:0:-',-1) (156)
where the diagonal part reduces to running random fields h;(l)
Hiag({oi}) =) (Do} (157)

while jrf(X{o':#(n n+1)} reduce to running couplings J;, (1)

anX{Ui;é(n,nH)} = Jn(l) (158)
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so that the generation of terms with four operators in Eq. [[44] identically vanishes

dH
— =0 159
( dl >nonclosed ( )

The coupled flow Equations and reduce to
dhi(l)

W, (160)
and
dJ;(1) = 2J;(1) (hi41(1) = hi(1)) 1oy

dl

so that they coincide with the Toda flow for tridiagonal matrices of Eq. [B7 via the identification H; ;41 = J; and
H;; = 2h;. This equivalence is consistent with the tridiagonal matrix in the fermion language of Eq. that has
to be diagonalized to obtain the free-fermions eigenvalues. So here the Toda flow leads directly to the diagonal final
result of Eq. within the spin language, without going through the explicit Jordan-Wigner transformation onto
free-fermions operators (Eq [23)).

F. Flow Equations for the real coefficients

Using the expansion of Eq. [[23] one obtains the expansion of the square

Jf{ai#n’nﬂ)} Z Z Z Z (@1, .y Gne1, Gpyo.., an;l)

a1=0,z an—1=0,2 an42=0,z an=0,z

> - Z S o S Julbr bty basaesbyil)

bl OZ b Ozbn+2 OZ bN OZ
a b an bn an bn a b
Ao A oo o o). g o) (162)

so that the flow Equation [[45] becomes

deiag{UZ} 2 z z z
T = ; jn {Urgé(n,n+l)}(0n - 0n+1)

:Z Z Z Z Z Jn(al,..,an_l,an+2..,aN;l)

n a1=0,z an—-1=0,z an42=0,2 an=0,z

Z Z Z Z blv" n— 1,bn+2 ,bN,l)

bl OZ b —1= Ozbn+2 OZ bN OZ

a b An— bn— z z bn @ b
(o). (66D (52 — 6z, )0l (00 )) (163)

n—

Using the properties of the Pauli matrices ¢(®) = Id and o7

oo™ =5, 40+ (1= 6,4, 4)07 (164)

a’LlZ

this can be rewritten as flow equations for the 2%V real coefficients of the diagonal part of Eq. 122 as

Cquilclv(l) _Z Z Z Z Z (01, Gn_1, Ant2..,an; )

n a1;=0,z an—-1=0,2 an42=0,2 an=0,z

Z Z Z Z J blu'- n— labn+2 ,bN,l)

bl OZ bn 1= Ozbn+2 OZ bN OZ

(6 10, -4, 050n+17 ) H (501,05111',171' + 501‘,2(1 - 5ai;bi)) (165)
i#(n,n+1)

Cn, Cn+1 s Cn,
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For instance the flow equations for the random fields h;(!) with only a single non-vanishing index ¢; = z reads

dh/z (l) _ dHcl:0,..Ci71:0,,C¢:1,C¢+1:0, ..... CNZO(I)

dl dl (166)
Z Z Z Z Z Jf(al,..,ai,l,aiJrQ..,aN;l)— Z Jf,l(al,..,ai,g,aHl..,aN;l)
0,z a;—2=0,z a;42=0,z an=0,z \a;—1=0,z a;j+1=0,z
Similarly, the flow Eq. can be expanded into coefficients using Eqs and [147]
djn{ai;é(n n+1)} - n,0)(n+1,1) ¢ _» n,1)(n+1,0
dl d = 2jn{ak7é(n,n+1)} (Héu;g)( ' ){Ur;én,n+1} - élag)( ){ Orn, n+l})
=2 Z Z Z Z Hal ...... aN(l)((San,O5an+1,1 - 5an,15an+1,0)
a1=0,z a;—1=0,z a;42=0,z an=0,z
D SEED S DI AR R )
bl OZ bn 1= Ozbn+2 OZ bN OZ
a b Ay — bn— an bn a b
(010 o ) 03 o) (oY o) (167)

Using again Eq. [I64] this can be rewritten as flow equations for the real coefficients of Eq. [23] as

dJn(Cl,..,Cn_l,Cn 2-'7CN;Z)
. =2 > . Y Y o> Hapaw(D(a,.000,401 = 0a,10a,,1.0)

a1=0,z a;—1=0,z a;42=0,z an=0,z

Z Z Z Z blv" n— 1,bn+2 ,bN,l)

bl OZ bn 1= Ozbn+2 OZ bN OZ

H (561'706111',171' + 661'72(1 - 5aiqbi)) (168)
i#(n,n+1)

For instance the flow equations for the J,,(I) where all indices vanish ¢; = 0 reads

dJn(l) - dJn(Cl = O, yCp—1 = O,Cn+2 = 0..,CN = 0,1)
di B

(169)
=2 Z Z Z Z Ha17,,7,,aN(l)(éamoéawhl—(5%71(5%“70)Jn(a1,..,an_l,an+2..,aN;l)

a1=0,z a;—1=0,za;42=0,z an=0,z

We thus hope that the flow Equations 165 and [IG]] for the real coefficients can be used to study various truncations
in the number of non-vanishing indices for the most relevant couplings, and can be studied to higher orders than in
the discrete scheme [5].

G. Transformation of the spin operators

Up to now we have focused only on the flow of the Hamiltonian, but it is of course interesting to consider the flow
of other observables A via the flow equation analogous to Eq. ET]

D~ ), aw) (170)

With the choice of the Toda generator of Eq. [43] the creation operators evolve according to

do,t - _ _
a (), 001 = Z[«Z{%;&(i,iﬂ)}(a;raiﬂ —0; UIH)aU:{]

(jn{ak;é n,n+1) tor ) (jn 1{%#(" L,n) ton ) -1

(n,1 z — —
Z Ji ){Uk;é(i,iJrl)}Un (Ui Oiv1 — 0y U;Zrl) (171)
i#(n—1,n)
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The annihilation operators evolve similarly as

do”l: z z — z 4 —
- (jn{ak;é(n,n+1)}an) Opt1— (jnfl{%;é(n—hn)}%) Op—1 (172)
n,l z — — —
—2 Z «7i( ){0k¢(i,i+1)}0n (U;FUZ'H —0; U;SA)
i#(n—1,n)
while the operators o7, evolve as
dafz z z + - -+ z
dl =, o5 = Z[ji{ak;ﬁ(i,iﬂ)}(oi Oiy1 = 0; 0741),0p]
= 2u7n71{01§¢(n71,n71+1)}(‘7:111‘7; + ‘77;1‘7:{) - 2~7n{‘71§¢(n,n+1)}(‘7:0;+1 + U;U:{H) (173)

VIII. CONCLUSION

In this paper, we have revisited the various flows towards diagonalization that have been introduced in the past, in
order to stress the freedom in the choices that can be made :

(i) discrete or continuous formulation
(i) strategy based on the steady decay of I 77 or on the repeated application of the Hamiltonian

(iii) schemes that tend to generate all possible couplings in the running Hamiltonian or schemes that are able to
preserve some ’sparsity’ of the initial condition.

We have then focused on the random XXZ chain with random fields in order to determine the best closed flow
within the subspace of running Hamiltonians containing only two ladder operators on consecutive sites. For the
special case of the free-fermion random XX chain with random fields, we have shown that the flow coincides with
the Toda differential flow for tridiagonal matrices which can be seen as the continuous analog of the discrete QR-
algorithm. For the random XXZ chain with random fields that displays a Many-Body-Localization transition, the
present differential flow is an interesting alternative to the discrete flow that has been proposed recently to study
the Many-Body-Localization properties in a model of interacting fermions [5]. We hope that the differential flow for
the XXZ-chain can be transformed into an efficient numerical procedure where the effects of the order of truncation
can be systematically studied up to higher orders. Finally, since the necessity to diagonalize matrices and operators
appears almost everywhere in sciences, we hope that the idea of the Toda flow can be adapted in various fields.

R. Nandkishore and D. A. Huse, Ann. Review of Cond. Mat. Phys. 6, 15 (2015).

E. Altman and R. Vosk, Ann. Review of Cond. Mat. Phys. 6, 383 (2015).

C.G.J. Jacobi, Crelle’s Journal (in german) 30, 51 (1846).

S.R. White, J. Chem. Phys. 117, 7472 (2002).

L. Rademaker and M. Ortuno, Phys. Rev. Lett. 116, 010404 (2016).

F. Wegner, Annalen der Physik 3, 77 (1994).

F. Wegner, Phys. Rep. 348, 77 (2001) ;

F. Wegner, J. Phys. A Math. Gen. 39, 8221 (2006);

F. Wegner, Int. J. of Mod. Phys. A 29, 143043 (2014).

[8] S. Kehrein, “The flow equation approach to many-particle systems”, Springer-Verlag Berlin (2006).
[9] S.D. Glazek and K.G. Wilson, Phys. Rev. D 48, 5863 (1993) ;

S.D. Glazek and K.G. Wilson, Phys. Rev. D 49, 4214 (1994) ;

S.D. Glazek, Int. J. of Mod. Phys. A 30, 1530023 (2015).

M.T. Chu and K. Driessel, Siam J. Num. Anal. 1050 (1990).

R.W. Brockett, Lin. Alg. and Appl. 146, 79 (1991).

Y. Saad, “Iterative methods for sparse linear systems” , SIAM (2003).

M. Henon, Phys. Rev. B 9, 1921 (1974).

H. Flaschka, Phys. Rev. B 9, 1924 (1974).
J.
P

(1
(2]
3]
[4]
[5]
[6]
(7]

Moser, in Dynamical Systems theory and Applications, Springer Verlag, Berlin 1975.
Deift, T. Nanda and C. Tomei, SIAM J. 20, 1 (1983).

W.W. Symes, Physica 1D, 339 (1980).

D.S. Watkins, STAM 26, 379 (1984).

M.T. Chu, STAM 30, 375 (1988)

[10]
(11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
(19]
[20] D.S. Watkins, STAM J. Matrix Anal. Appl. 11, 301 (1990).



24

C. Tomei, larXiv:1508.03229.

M. Toda, “Theory of nonlinear lattices”, Springer Verlag Berlin (1989).

A. Mielke, Eur. Phys. J. B 5, 605 (1998).

Y.Y. Atas and E. Bogomolny, J. Phys. A Math. Theor. 47, 335201 (2014) ;

Y.Y. Atas and E. Bogomolny, larXiv:1503.04508.

[25] J.P. Keating, N. Linden and H.J. Wells, larXiv:1403.1114/ ; J.P. Keating, N. Linden and H.J. Wells, Comm. Math. Phys.
338, 81 (2015).

B. Swingle, arXiv:1307.0507.

M. Serbyn, Z. Papic and D.A. Abanin, Phys. Rev. Lett. 111, 127201 (2013).

D.A. Huse, R. Nandkishore and V. Oganesyan, Phys. Rev. B 90, 174202 (2014).

. Nanduri, H. Kim and D.A. Huse, Phys. Rev. B 90, 064201 (2014).

. Z. Imbrie, larXiv:1403.7837.

. Serbyn, Z. Papic and D.A. Abanin, Phys. Rev. B 90, 174302 (2014).

. Chandran, I.LH. Kim, G. Vidal and D.A. Abanin, Phys. Rev. B 91, 085425 (2015).
. Ros, M. Miiller and A. Scardicchio, Nucl. Phys. B 891, 420 (2015).

. Pekker, G. Refael, E. Altman, E. Demler and V. Oganesyan, Phys. Rev. X 4, 011052 (2014).
. Huang and J.E. Moore, Phys. Rev. B 90, 220202(R) (2014).

. Vasseur, A. C. Potter and S.A. Parameswaran, Phys. Rev. Lett. 114, 217201 (2015).
. Pouranvari and K. Yang, arXiv:1508.05829.

.Z. You, X.L. Qi and C. Xu, larXiv:1508.036035

. Monthus, arXiv:1509.06258.

K. Ma, C. Dasgupta and C.K. Hu, Phys. Rev. Lett. 43, 1434 (1979);

Dasgupta and S.K. Ma, Phys. Rev. B 22, 1305 (1980).

S. Fisher, Phys. Rev. B 50, 3799 (1994).

S. Fisher, Phys. Rev. Lett. 69, 534 (1992);

S. Fisher, Phys. Rev. B 51, 6411 (1995).

S. Fisher, Physica A 263, 222 (1999).

. Igloi and C. Monthus, Phys. Rep. 412, 277 (2005).

. Refael and E. Altman, Comptes Rendus Physique, Vol. 14, 725 (2013).

. J. Luitz, N. Laflorencie and F. Alet, Phys. Rev. B 91, 081103 (2015).

J. Luitz, N. Laflorencie and F. Alet, arXiv:1511.05141l

J. Luitz, larXiv:1601.04058

. Braavyi, D.P. DiVincenzo and D. Loss, Ann. Phys. 326, 2793 (2011)

. Refael and D.S. Fisher, Phys. Rev. B 70, 064409 (2004).

. Hauke and M. Heyl, Phys. Rev. B 92, 134204 (2015).

.D. Morris, N.M. Parzuchowski and S.K. Bogner, Phys. Rev. C 92, 034331 (2015).

[21]
[22]
23]
(24]

Zo<O<E 2

»ODTEEEOoTNEAax

=SB 6 NS & Lo
!

—


http://arxiv.org/abs/1508.03229
http://arxiv.org/abs/1503.04508
http://arxiv.org/abs/1403.1114
http://arxiv.org/abs/1307.0507
http://arxiv.org/abs/1403.7837
http://arxiv.org/abs/1508.05829
http://arxiv.org/abs/1508.03603
http://arxiv.org/abs/1509.06258
http://arxiv.org/abs/1511.05141
http://arxiv.org/abs/1601.04058

	I  Introduction 
	II  Notion of flow towards diagonalization 
	A  Family of unitary transformations 
	B  Invariants of the flow 
	C  Application to Many-Body Hamiltonians 
	D  Example of the XXZ chain with random fields 

	III  Discrete diagonalization flows for matrices 
	A  Generator (l) associated to the elementary unitary transformations u (l) 
	B  Jacobi's algorithm for matrices 
	C  QR algorithm for matrices 

	IV  Continuous diagonalization flows for matrices 
	A  Generator (l) of the infinitesimal unitary transformation
	B  Flows based on the systematic decay of I2off(l) 
	1  Wegner's choice fWegner(x) =x 
	2  White's choice fWhite(x) = 1x 
	3  Intermediate sign choice fsgn(x) =sgn(x) 
	4  Comparison of the phase space contraction 

	C  Toda flow 
	1  Closed flow for band matrices 
	2  Toda flow for tridiagonal real matrices 
	3  Convergence towards diagonalization 
	4  Interpretation as some continuous limit of the QR-algorithm 


	V  Discrete framework for quantum spin Hamiltonians 
	A  Expansion of the off-diagonal parts with ladder operators 
	B  Adaptation of the Jacobi algorithm to quantum spin chains 

	VI  Continuous framework for quantum spin Hamiltonians 
	VII  Adaptation of the idea of the Toda flow to quantum spin chains 
	A  Ansatz for a simplified closed flow 
	B  Flow equation 
	C  Definition of the analog of the Toda flow 
	D  Conservation of the invariant I2 by the flow 
	E  Exactness of the flow for the random XX chain with random fields 
	F  Flow Equations for the real coefficients 
	G  Transformation of the spin operators 

	VIII  Conclusion 
	 References

