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Hierarchy of correlations: Application to Green’s functions and interacting topological
phases
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We study the many-body physics of different quantum systems using a hierarchy of correlations,
which corresponds to a generalization of the 1/Z hierarchy. The decoupling scheme obtained from
this hierarchy is adapted to calculate double-time Green’s functions, and due to its non-perturbative
nature, we describe quantum phase transition and topological features characteristic of strongly
correlated phases. As concrete examples we consider spinless fermions in a dimerized chain and in
a honeycomb lattice. We present analytical results which are valid for any dimension and can be
generalized to different types of interactions (e.g., long range interactions), which allows us to shed
light on the effect of quantum correlations in a very systematic way. Furthermore, we show that this
approach provides an efficient framework for the calculation of topological invariants in interacting

systems.
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I. INTRODUCTION

The study of quantum many-body systems is a very
active research field, mainly due to the large number of
fascinating effects that can be observed. The main rea-
son for the large degree of complexity in these systems
is the presence of non-local correlations between parti-
cles. The development of different methods to extract
the relevant information for their description is then cru-
cial, and an important source of progress and debate in
the field. While many standard techniques such as dia-
gramatic, bosonization!, dynamical mean field theory2:2,
etc, have been applied, it is not always clear how corre-

lations are treated in these approximations, and this can
cause problems in the description of the system.

A very important feature of quantum many-body
systems is the existence of quantum phase transitions
(QPT)4.  They describe a change in the many-body
ground state properties of a quantum system when a
physical parameter is tuned. Unlike classical phase tran-
sitions, which are driven by thermal fluctuations, QPT
are driven by quantum fluctuations, and are strictly
speaking, T' = 0 phase transitions. The characterization
of phase transitions has notably evolved, starting from
the description of classical phase transitions by Ehren-
fest, to the characterization and classification of order
parameters by Landau®, or the modern dynamical mean
field theories (not to mention the crucial renormalization
group theory developed by Wilson®). Crucially, it has
been shown that the non-analyticity of the transitions is
ubiquitous in all these approaches, meaning that pertur-
bative methods (in the sense of standard perturbation
theory) are not generally enough for their description.

Another important feature of many-body systems, in-
tensively studied in the last decade, is topological phase
transitions(TPT)%™8. In general, the topological phases
cannot be characterized using an order parameter, which
makes them different from the usual QPT, and one needs
to calculate topological invariants. Furthermore, their
bulk spectral properties cannot be differentiated from
those of trivial phases, and only when looking at the
boundary of the system, can one observe the physical dif-
ferences due to the presence of edge modes. Although all
the main properties and possible topological phases are
well understood for the case of non-interacting systems?,
the effect of interactions is still unclear and requires fur-
ther studies. Nevertheless, huge progress has been made
in the last years, and numerous phases with very inter-
esting properties have been predictedi? 16,

A very interesting method used to characterize mag-
netic systems -archetypal examples in the theory of quan-
tum phase transitioni’- is the 1/Z expansion, where Z
is the coordination number of the system!®!2. In this
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case, one assumes that contributions from the interac-
tion part of the Hamiltonian scale inversely proportional
to Z, providing a hierarchical expansion of the different
statistical averages. From this very general argument, it
is clear that the hierarchy will be accurate in high dimen-
sional systems (where the coordination number is large),
which is the reason why it has been mainly applied in the
description of 3D materials. Studies of electronic and
bosonic systems with itinerant particles have also been
recently analyzed using this approach2?.

In this work we discuss the origin of the coordination
number scaling, and show that it can be derived from
the monogamy property of entanglement. This feature
makes the 1/Z expansion equivalent to an expansion in
terms of spatial correlations, and their scaling allows to
approximate the n-point functions. This connection al-
lows us to generalize the hierarchy to k space, and ob-
tain a different scaling for k space correlations. We show
that for low dimensional systems it is more effective to
study k space correlations, as they provide a faster con-
vergence for the hierarchy. We prove explicitly these re-
sults in a honeycomb lattice?! 22 and in a dimerized 1D
chain, both populated by spinless fermions. Finally, we
take advantage of the non-perturbative nature of this ap-
proach to analyze the topological properties of the dimer-
ized chain. We show that the hierarchy of correlations
allows to extract the topological invariants beyond the
non-interacting limit.

II. HIERARCHY OF CORRELATIONS

The conventional assumption of the 1/Z hierarchy is
that the interaction part of the Hamiltonian, propor-
tional to V, scales as 1/Z, where Z is the coordination
number of the system. At first glance, this can be in-
terpreted as an expansion in the interaction part of the
Hamiltonian; however this is not the case, and the expan-
sion is not done in terms of a small parameter, but rather
in terms of decreasing contributions of correlations to the
density matrix. Formally, we can derive the hierarchy as
follows: Let us introduce the density matrix of a system
p, and the reduced density matrix px = Try {p}, where
Try {p} means trace over all degrees of freedom but x (x
corresponds to a specific lattice site for the case of the
1/Z hierarchy). If we consider the 2-point reduced den-
sity matrix px y = ng X {p}, we can rewrite this quantity
as follows:

Pxy = PxPy T Pg,y (1)

where pgy is just the difference between the 2-point den-
sity matrix, and the product of 1-point density matri-
ces at each point pxpy (ie., pgy contains the correla-
tions between the two sites). If we assume the scaling
p<y ~ 1/Z (this is motivated in terms of the entangle-
ment monogamy in the next paragraph), we find that the
different statistical averages can be separated into their

uncorrelated part and contributions due to correlations,
which decay with different inverse powers of the coordi-
nation number Z. This defines the 1/Z hierarchy.

Clearly one needs to justify the scaling pgy ~ Z71
and prove that the scaling pg y ™~ Z~1 implies V ~ 271
for the interaction term (which also proves the equiv-
alence between the Z~! hierarchy and a hierarchy of
correlations). To the question: Why is the scaling of
correlations inversely proportional to the coordination
number of the lattice?, one can argue that it must be
related with the monogamy property of entanglement26:
The monogamy of entanglement states that a fully corre-
lated state of particles cannot be entangled with an extra
particle, unless the entanglement between the initial set
is reduced. Let us apply this principle to a simple ex-
ample: Consider Figlll where we have a simple square
lattice populated by spinless fermions. For simplicity, we
assume that they can only hop and interact with their
nearest neighbors. Then, a simple Hamiltonian describ-
ing the system would be:

- Z tx,y (f;fx + fify) + Z Vx,ynxny (2)

(x,y) X,y
where ny = flfx is the number of particles at site x,
tx,y is the hopping between sites and Vi y corresponds to
the interaction between particles. In this representation,
operators are defined at different points of the lattice, and
the hopping as well as the interaction create correlations
between sites, because their value depends on the relative
distance between pairs of points. This is what we define
as non-local terms of the Hamiltonian.

Let us calculate the time evolution of the time-ordered
2-point function GL, (t,t') = —i(fz (t),f] (t'))r using
the Heisenberg’s equation of motion, which corresponds
to the propagation of a particle excitation to and from
site z (i.e., is proportional to p,):

Gy, (1) = —ié(t—t’)+2¢2tz,x0§z (t, 1)
X#Z
~2i Y VaxGh, (1) (3)

XH#2Z

where  we  have  defined  GL,,,(tt) =
—i(nax (t) fo (t), f5 (). As the Green’s function
is calculated with respect to the density matrix p, we
can use the decomposition in terms of correlations

(EqlI):

OGL, (t,t) = —i6(t—t) + 20> taxGr, (t,t)) (4)
x7$z
=20 Vix [(n:) Gy (61) + G (1, 1)]

XF£2Z

where G denotes the statistical average with respect to
the correlated part of the density matrix pfyz. If the
Hamiltonian only contains local contributions, we would
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Figure 1: Representation of a particle in the central site of
a square lattice. Due to non-local terms of the Hamiltonian
(either nearest neighbor hopping ¢1 or interaction Vi), the
particle becomes correlated with the neighboring sites. The
importance of these correlations is characterized by pgy, be-
ing x,y nearest neighbors. If the state is strongly correlated,
pgy has reached a maximum value, and the entanglement
with an extra site requires that p<, must decrease as 1/Z.

not find terms proportional to G, as correlations would
not propagate between different points of the lattice.
However, the presence of these terms induce correlations
between modes, proportional to the correlated part of
the density matrix pgx, and the possibility of collective
excitations. If we assume that the resulting state be-
tween the particle excitation at site z and its nearest
neighbors is a strongly correlated one, this implies that
pZC: « has reached a maximum value. Therefore, due to the
monogamy property of entanglement, a change in the lat-
tice including an extra nearest neighbor, would decrease
pZC: . as Z~1. This analysis shows that the Z~! scaling
of correlations follows directly from the monogamy of en-
tanglement, if the system is strongly correlated.
Finally, once we have physically motivated the scaling
pZ « ~ Z71 we just need to relate the scaling of corre-
lations with the physical parameters of the Hamiltonian.
This can be easily done by direct calculation of the equa-
tion of motion for pg,2°. One finds that in general, to

lowest order in correlations, sz turns out to be pro-
portional to the non-local terms of the Hamiltonian ¢ or
V', times the product of the local density matrices pxpz-
This implies that the non-local terms of the Hamiltonian
must scale as V,t ~ Z71. It is important to differenciate
the meaning of the scaling Z~! from the actual value of
the interaction/hopping, which is fixed when the model
is defined. The meaning is that contributions to the sta-
tistical averages due to entanglement between modes is
reduced as Z~1, and not that interactions become weaker
as the coordination number increases. To stress this fea-
ture, the Z~! scaling is not directly incorporated in the
Hamiltonian.

In summary, we have shown that the monogamy prop-
erty of entanglement and the assumption of a strongly
correlated state, naturally lead to the 1/Z scaling of cor-
relations and of non-local terms in the Hamiltonian. Fur-

thermore, as spatial correlations can be extremely differ-
ent from the ones in k space, we will explore these two
different possibilities in the next sections and compare
their scaling properties for different models32

III. REAL SPACE HIERARCHY

As we discussed in the previous section, the hierarchy
of correlations can be established for different representa-
tions of the Hamiltonian. In position space, correlations
between different points are created due to the non-local
terms of the Hamiltonian. Furthermore, their scaling is
proportional to the inverse of the coordination number
Z. Here we study the position space representation of
the hierarchy, for a system of spinless fermions in a lat-
tice with sub-lattice symmetry. The Hamiltonian can be
written as:

ZZ(xx’fngx o/+hc) (5)

XX O'G'

_Hznxo+zzvxx/ Nx,ocNx’ 0’

XX G'O'

where fj:yg creates a fermion at position x in sub-lattice o
(the sub-index o can characterize other internal degrees
of freedom as well), and ny o = fJ , fx,o is the number of
particles operator. This Hamiltonian contains a hopping

term J;’7,, a chemical potential 4 that fixes the number
of part1cles in the lattice, and a density-density interac-

tion between the particles V] }f, .
The numerical calculations in this work are particular-
ized for a dimerized chain and a honeycomb lattice. For
simplicity of our analysis we restrict the models to near-
est neighbors, although the analytical results are valid
for arbitrary number of neighbors interaction. We com-
ment that the use of short-range interactions for the hon-
eycomb lattice corresponds to a crude approximation of
the real system due to the vanishing density of states at
zero filling. However, it is also a very interesting approx-
imation to understand the nature of phase transitions in
2D models. The hopping and interaction terms are:
v = 50/,6

e Dimerized chain: J7'y (t102.0 + 102 27—a)

and V;,‘Z, = Vi0o' 5 (0,0 + Op0r—a) +
Vobor .00g,0'—a, where for simplicity we have

assumed that the interaction is symmetric between
the sub-lattices, a is the length of the unit lattice
vector and & = —o.

’
o
x! = t150’/,5 Zz 5x,x/+ai and

cht;ca; = Vl(scr/.ﬁ' Z 5x.x’+ai + ‘/250"70 Zi 5x,x/+bi7
where a;—123 (bi=1,. 6) label the lattice vec-
tors connecting the different nearest (next nearest)
neighbors in the honeycomb lattice.

e Honeycomb lattice: Jy’




For the characterization of the physical properties we de-
fine a set of double time Green’s functions:

Gol (1) = ~illfya () fL , (0)))  (6)

where ((...;...)) = Tr{p...} corresponds to the statisti-
cal average with respect to the density matrix p, for the
advanced /retarded /time ordered Green’s function (they
all fulfill the same equation of motion, but with differ-
ent boundary conditions). We assume that the system is
in thermal equilibrium, and then the statistical average
is calculated with respect to the thermal density matrix
p = e PH_If we make use of the Heisenberg’s equation
of motion, and the fact that the system is in thermo-
dynamic equilibrium, we find that the 2-point Green’s
function satisfies:

/50c o
(w—|—,u)G ﬁ(w): yy B ZJO{UGﬁ (w)
+zszcz;:;5 @
where we have introduced the 4-point function

Graor (@) = =i((ff , feofy,ai i o))

ﬁl corresponds to the general expression for the
equatlon of motion of the 2-point Green’s function, which
couples to higher n-point Green’s functions and creates
correlations between modes. The different approaches
to find a solution to Eql7l consist in different decoupling
schemes to separate the higher n-point Green’s functions
into lower ones. As anticipated, in this work we make
use of the hierarchy of correlations.

Before we continue, we comment on the hierarchy of
correlations when couplings beyond nearest neighbors
are included. Although we have derived the hierarchy
for the simple case of nearest neighbors only, we can
generalize the result to arbitrary neighbors: We can
always decompose a general interaction into different
contributions according to the lattice symmetries, e.g.,
VT = V7 + Vyn + ..., where N refers to nearest
neighbors, NN to next nearest neighbors, etc. Each of
these components generates a hierarchy of correlations
with scaling proportional to 1/Zx for nearest neighbors,
1/ Zn N for next nearest neighbors, etc. The idea is to find
a lower bound for the scaling, where V;/Z; < V;/Z; for
all i # j. In this work we assume that the lower bound to
the scaling is given by Z, i.e., is a short range interaction
in the sense V/Zn < Vyn/ZnNn < .... This directly
applies to the case of a dimerized chain, as the hopping
to nearest neighbors can be separated in two different
contributions. For simplicity we consider t; ~ ¢}, which
assumes a unique scaling for both bonds, but one could
also define the lower bound for the hierarchy in terms of
the two hoppings.

Finally, we expect that this hierarchy should be
able to predict phases with enlarged unit cells due to
interactions?3 23, Although this is not discussed in the
present work, we think that for higher orders of the hi-
erarchy, Green’s functions with different k vectors will

couple in the equation of motion, and could predict the
transition to phases with enlarged unit cells.

A. Uncorrelated solution

As we are dealing with a hierarchy of equations, we
must systematically solve for the different 1/Z orders.
Here we first find the lowest order solutions for the
Green’s functions, i.e., when spatial correlations are ne-
glected. If we expand Eq[fl in correlations, and neglect
terms of order 1/Z or higher, we find:

da, _
2—: +2 Z Tix,o V,

oXFEy

Voo a,f (8)

(W‘FM)Q;’)@ = yx 9yly

where gyf, denotes the uncorrelated Green’s function
(neglecting 1/2 corrections), the 1/2 factor in Vi is
compensated by the sum over x, and fixo = (fi , fx.o)0
corresponds to the uncorrelated local density of particles
at site x (we use the sub-index 0 to indicate that all cor-
relations are neglected in the statistical average). Note
that the equation of motion is similar to what is expected
for a mean field theory in the strong coupling limit. As
one would expect, the off-diagonal Green functions van-
ish, as they are proportional to pg)y/. The solution to
EqRlis easily obtained:

da
9% = 2 9)
2 (w + p— 2 Eo’ x 'FLx,a'VyO:;cg)

where we have included the term ny V{7 in the sum,
in order to simplify the expression (this term does not
change the result, as it is of order 1/Z). Importantly,
one must deal with the sum in the denominator, and in
general, it could depend on long range interactions or on
complicated local density distributions. One simple ap-
proximation is to assume that the number of particles in
each sub-lattice is spatially homogeneous, i.e., we assume
that (f] , fx,0)0 = fle = >y fix,o /N is x independent. In
this case, the solution reduces to:

1)
L — 10
Iy 27 (w — wo,a) (10)

°%e10 is the Fourier transform of

where V7 = 35V,
the interaction potential and wo. = 2., n,Vy"7 — p.
This approximation is a reasonable one, as when corre-
lations are neglected, all particles couple to an average
field.

At this level of approximation, the structure of the
Green’s function exhibits a single pole at wq o, Which is
proportional to the electron-electron interaction and the
density of particles in each sub-lattice. This means that
excitations correspond to adding or removing a particle,
which couples to a charged background. Nevertheless, we
do not know the density of particles in each sub-lattice
na, and for a complete solution we must determine this



value self-consistently. This is done in the next subsec-
tion. Finally, we Fourier transform the previous equation
of motion to k space, as we will make use of the Green’s
function in Fourier space in the next sections. The solu-
tion is simply:

08 _ _Nba,pé (k)
k

(11)

T or (W —wo,a)

where once again, we have assumed that the average
number of particles is spatially homogeneous in each sub-
lattice:(f] , fx,c)d = N7igd(q). Note that we use the
superscript q to indicate the Fourier transformed of the
statistical average.

Self-consistency equations

In order to find the physical properties of the system,
we must determine the different statistical averages by
means of self-consistently equations. This can be done
using the next expression, which relates the double-time
Green’s function with the statistical average2’:

B (w +ie) — g8 (w—i
./gy,y( 6) gy,y( E)dw (12)

T _
<.fy”@fy,a>0 =1 eBw + 1

Then, if we make use of the uncorrelated solutions found
in EqIl the average number of particles is:

(] sfyas = N 20 ()
y,Bl Y

— N (13)

Importantly, this expression depends on the chemical po-
tential © and we need an extra equation for the solution.
As p is related with the number of particles in the sys-
tem, the extra equation can be obtained from fixing the
total number of particles:

Nzﬁa = Z<f>tafxa>

X,

(14)

where n,, is the average number of particles in each sub-
lattice:
1

P (15)

Ng =

Now consider the case of a system with Zs sub-lattice
symmetry (as the honeycomb lattice or the dimerized

chain) at half filling. We obtain a system of three coupled
equations:

'FL:t = m, 7711++'FL7:1 (16)
with three unknown quantities (74 and p). We find that
the system of equations has a temperature independent
solution for = V"™ + V;77, and that the number of

particles is:

1
where §Vy = 0+’+ - V07’+, and x = ny — n_ is the
asymmetry factor. As the self-consistency equation for
the asymmetry factor can be determined as well, we find:

r = — tanh (ﬁxi%)

(18)

Clearly the solution x = 0 is always valid, correspond-
ing to a homogeneous charge distribution on the lattice.
In the homogeneous charge phase (HCP) the particles
are equally distributed between the two sub-lattices and
Ml = 1/2. In addition, when nearest neighbor interac-
tion dominates over next nearest neighbor (6Vy < 0),
x # 0 is also a solution with critical temperature given
by T. = —6Vp (in units of the Boltzmann’s constant kp).
In this case a charge density wave (CDW) phase forms for
temperatures lower than the critical temperature. Note
that when the system is at T = 0 this means that the
CDW phase exists for any V4 > 0. Thus, when corre-
lations are neglected, the statistical averages reveal an
insulating Mott phase with inhomogeneous charge distri-
bution between the two sub-lattices. Interestingly, the
solution neglecting correlations coincides with the strong
coupling limit of a mean field theory.

B. Correlated solution

We now consider the full equation of motion for the
Green’s function (Eq[T), and include correlations up to
1/Z order using the expansion in correlations:

_ 0o,
wtp=2 Y e V| GRY = S 2 YT IR~ 2 L Tyegy
g

0,X£Y,y’

Gy = MxoGyy + G500 (19)
We find the next equations of motion:
o xAy
(20)

+2 ) VR gzl 42 Ve ggre
o

oXFEy



cen=2 Y moVer |G = 2 Y 5er -2
o

0,X£Y,y’

where we have separated diagonal (y = y’) and off-
diagonal (y # y’) Green’s functions due to their different
scaling properties. We remind the reader that the diago-
nal Green’s function G;:g contains terms of order 1 and
1/Z2, 9;;35 ~ O (1) corresponds to the uncorrelated part
of the 4-point Green’s function, and G ~ O (1/2) corre-
sponds to the correlated part of the Green’s function.

Eq20 contains contributions from the 4-point Green’s
functions. For their calculation, we obtain the equation
of motion and expand the higher n-point Green’s func-
tions in correlations. Neglecting all correlations we find
that the uncorrelated 4-point function is:

(fy.ofyadogyy (22)

which turns out to be equivalent to use Wick’s theorem.
Note that the pole structure is unchanged, as one would
not expect new quasi-particles for the description of the
system in absence of correlations. In addition, we have
found that the expression for the 4-point function can be
written in terms of 2-point functions, and can be used to
simplify Eq20

ooa,B

gyyyy = <f;,ofy70>093,’5_

oGy = G2 X weEy o
o XAy
23 BTy D G
o x£y

where we have absorbed the first term of Eq22] into
Gy’ B v Doty sy Mo Vyss and used (f ,fy.a)o X doa-
The Green’s functions Q , and ,‘Z,‘Z;‘,‘}ff, which are pro-
portional to the correlated part of the density matrix, are
calculated from their equation of motion. We find next
pair of equations, which importantly, are decoupled from

EqR23

(w —Wo,a)glc:f/ = —2J,° 591€fk/ 24, agk i (24)
(w - WO,D[) g(zjzgyayﬁ = 2ﬁ<7 (1 —n ) 35Vyazg (25)
+2935 Z Va o nz,anx,a’>c

o' XAy .z

being (nz,Nx,0/)c = (Nz,oNx,0') — (Nz,0)(Nx,0) the cor-
related part of the density-density correlation function.
To obtain these equations we have neglected next near-
est neighbors hopping (details of the calculation in the
Appendix). The solutions after a Fourier transform are
given by:

a2 a,
G =24 Bﬁ/%aﬁwk | — da,800" (w — wo,p)
ok et (w—wx +) (w— wk,—)

(26)

Ty 21)

ox#y’

No (k+K)n, (1 —n,) Via?
2
7 (W — wo,0)
Yo Vo (nk,oNK’ o' ) C
k . (27)

7 (W — wo,0)

B
GEe = b

)

404 8

P

where the new poles of the Green’s function G, ’lf, (w) are:

Wit = T0k = j:\/4 I+ 226V (28)

Vo = Vit 4 VT, 6V = VPt — VT and we have
fixed 4 = V. Finally, we can characterize the diagonal
Green’s function including 1/Z corrections (Eq[23):
a,p
2 v Gqk-
Gavﬁ — Otﬁ = Joa g, q 29
D N ) 29)
2J; gf}ﬁ goss
R Ly B
(w—wo,q) (W —wo,0)

Note that in general we should extract the value of the
chemical potential from the self-consistency equations,
once we have fixed the total number of particles. Instead
we will prove that our choice is correct by checking with
the self-consistency equation later on. Nevertheless, this
is the expected value when next nearest neighbor hopping
is neglected. The reason is that next nearest neighbor
hopping shifts the conduction and valence band, break-
ing particle-hole symmetry. This implies that for half fill-
ing the chemical potential shifts from the neutral point.
Then if J,° is neglected, particle-hole symmetry is re-
covered and the chemical potential is located between the
bands.

As one can observe in Eq[29 the Green’s function Gﬁ’ﬁ
contains several new contributions: The first term corre-
sponds to the uncorrelated solution previously found; the
second term corresponds to the hybridization between
sites due to the hopping and it is characterized by disper-
sive quasi-particle excitations; the third term only con-
tributes for a # 3, and represents a hopping between two
different sub-lattices, influenced by the density of parti-
cles in each of them; the last term corresponds to the
effect of density-density correlations.

Self-consistency equations

We can use the previous expression for the 2-point
function (Eq29) to calculate the average number of par-
ticles in each sub-lattice:

el = / G’ (w + ) G’ (w — ie)
’ ePv +1

dw (30)
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Figure 2: Phase diagram in absence of density-density cor-
relations for the real space hierarchy. We find a HCP and a
CDW phase as a function of ¢1/Vi. We plot the case of a
honeycomb lattice (dashed green) and a dimerized chain in
the topological (A = t]/t1 = 1.25, red) and trivial (A = 0.75,
blue) phase, for Vo2 = 0. The addition of density-density corre-
lations in the self-consistency equation shifts the critical point
to t1/Vi — oo (FigB).

In the Appendix we give details of the explicit calculation
of the statistical average. The general result is:

1 1 woa Big
S % tanh | 229 ) (31
2 qu:2wqan(2)})

—N§ (k) fia (1 — R) sinh (Bwo,q)

(Nxa)® = N§ (k)

where the last term corresponds to the contribution from
density-density correlations. It is clear from Eq3T] that
our choice of the chemical potential (u = Vj) fulfills the
self consistency equation for the number of particles at
half filling Zy)a<f;7afy7a>/N = 1. In addition, the self-
consistency equation for the asymmetry factor becomes:

1 z 1—a?
T=-= ] Ig:/o tanh (ﬂ—;q> - 235 sinh (Bxzdé Vo)

(32)
Eq32] shows two contributions: On one hand, the first
term gives rise to a phase boundary between a homo-
geneous charge phase (x = 0) and a CDW phase with
broken sub-lattice symmetry (z # 0), characteristic of
the RPA approximation (Fig[2); the second term encodes
the effect of density-density correlations, which favor the
CDW phase and dominate at low temperature (Fig[]).
Importantly, the symmetry broken phase only exists for
the case §Vp = V;" " —V;™™ < 0, i.e., when nearest neigh-
bors interaction V7 dominates over next nearest neigh-
bors V5. Note that the sum of both contributions give
rise to the critical temperature found in the last section
T. = ZVp (for t; = 0), but the T = 0 phase transition is
lifted by the second term to t1/V; — co.
Therefore, density-density correlations stabilize the
CDW phase, and hybridization only affects the finite

H/Vi

Figure 3: Full phase diagram for the real space hierarchy
including correlations (Vo = 0). At T' = 0 the CDW phase
boundary extends to t1/Vi — oo, meaning that the HCP is
only present in absence of interactions V4 = 0, as previously
found in absence of correlations. Hybridization only affects to
the finite temperature region of the phase diagram, lowering
the critical temperature from T¢c = ZV;.

temperature phase boundary. However, in contrast with
the uncorrelated case, the system now contains dispersive
particle excitations (Eq[28]) and the homogeneous charge
phase is not equivalent to the Mott insulator, previously
found in absence of correlations. For the case of the hon-
eycomb lattice, the homogeneous charge phase describes
a semi-metal with two Dirac cones.

We must comment that the finite temperature phase
transitions in 1D are artifacts coming from the mean-
field-like approach to lowest order, as in general the phase
transitions should strictly exist at 7" = 0 only. Further-
more, the presence of a CDW phase for infinitesimal in-
teraction goes against the results obtained from bosoniza-
tion in 1D and well established results in the honeycomb
lattice. For these reason we study in the next section an
alternative form of the hierarchy for k space correlations.

Finally, note that in the system with periodic bound-
ary conditions, the case A > 1 and A < 1 must be con-
nected by a translation. This can be easily seen from
the self-consistency equation for z, but in Figl2l one must
perform a re-scaling t1 <> ¢} to confirm it.

IV. k SPACE HIERARCHY

In this section we study the hierarchy for k space corre-
lations. Now the ground state is made of k space modes

{ flLU, fkﬁ} initially decoupled, and the non-local terms

introduce correlations between them. If we Fourier trans-
form Eqlhl we obtain the k space representation of the
Hamiltonian:

H = - Z (leva/fligfk,a" + hC) — uznk,a
k,o

!
k,o,0
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where we have used:

Ho =

%ﬁ ST e (34)
k

fro = \/% > froe X (35)
k

As for the real space hierarchy, we need to characterize
the scaling properties of correlations in k space, which in
general will be different from the scaling of spatial cor-
relations. We apply a similar analysis to the one used in
the first section of this manuscript, studying the propa-
gation of correlations for an excitation created with some
initial momentum k. However, let us first discuss some
properties of EqB3t One important difference with the
real space representation (Eq[H) is that the hopping is
now a local term (the momentum k of an excitation does
not change if we neglect particle interactions). Further-
more, the behavior of Vg as a function of q is completely
different from the one of Vi as a function of x, which
is a crucial change with respect to the real space hier-
archy. The reason is that short range potentials become

ki,q

where we have neglected terms involving three or more
points (this is not important as they are expected to be
of higher order in the corresponding scaling parameter).
Note that the two dominant contributions at this order
are q = 0 and q = k; — k, which correspond to a direct
and exchange channels, respectively. The first line of
Eq38 contains the uncorrelated contributions, while the
second line the correlated ones.

We discuss the term proportional to Vi"? first: We
assume that the system is in a highly correlated state,

which implies that g‘”’”’
value as a function of pklyk. If we include an additional
particle to the lattice (i.e., an extra state in the sum), we
find that due to the entanglement monogamy gl‘;"kfﬁk
must decrease as 1/N,, being N,, the number of particles
in the system. Therefore, the scaling of the non-local in-
teraction term V20 must be proportional to 1/N,,. Note
that this only applies to correlations created by Vj"7,
and in order to find a lower bound for the scaling, we

has reached a maximum

a,0 (0,0,a508 ~ a,0 — a,B
E , Va le ki—q.k+qk — E :Vo Nk, 0 G
ki

+Zvaa’
ki

long range in k space. Then, we expect correlations to
spread differently, and for some potentials, between a
larger number of modes than in real space.

To define the scaling in a more precise way and study
the system properties, we introduce the next 2-point
function:

G (8,1) = =i((fica (1) L 5 () (36)
which characterizes the propagation of a particle with
momentum k from sub-lattice 8 to a. As in the previous
section, we calculate the equation of motion:

a 6(1, «,0 O,
wH+m G’ = 2 -2y KRGy (37)

«,0 010’704;5
Y VTG
ki,q,0

where we have deﬁned the 4-point Green’s function
Gilgkoi 7 fk1 o Jki—a,0 fita.ai fk 5>> We see
from Eq(TBII tchat due to the q dependence of Vq, the anal-
ysis is more involved than in the real space hierarchy.
Let us first expand to linear order in correlations the
non-local term in Eq[37 (i.e., we include up to two point
correlations):

S VT o fia) G

ki
o,0,a;53 E: a,0 ~0,0,0;83
kl,kl,k;k - Vklfkgkl,kl,k;k (38)
ki

must analyze V' as well.

As the case with q # 0 is more complicated, let us
assume that the interaction potential Vg dominates for
some qo = ki — k # 0. Due to the nearest neighbors
approximation used in the real space hierarchy, the inter-
action potential V4 is a periodic function of q, i.e., Vg, =
Vqo+q for some Q vector in the Brillouin zone (BZ). The
systems considered in this work are at half-filling and
have sub-lattice symmetry, which implies that every ki
point couples to all other points in the BZ, as they are
all occupied. Then for a large system we can rewrite the
sum as ), Vl?lfkgl?loflgﬁ;k =V 2n glifﬁg?k-mQ,k;k
(n € Z), where n runs over a large number of values, that
for simplicity, we approximate as being proportional to
N, (it will be smaller, but still a large number compared
with Z in the real space hierarchy). As previously, if we
add a new state into the sum, the correlations between
all previous particles must decrease as n~=' oc N As
we assumed that qg was the dominant contribution, all
other q values should provide a better scaling, and we
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Figure 4: Correlations in k space. An initial state with mo-
mentum k interacts with all other particles in the system via
the exchange of q. If we assume for simplicity that some
qo dominates the interaction process, we show for a section
of the BZ that different states can couple with the same
Vao = Vao+nQq, as Vq is a periodic function of q. Then for
a large system we find that n o« INV,, and the scaling of the
interaction term Vg4, must be proportional to N, L

can conclude that the lower bound is given by Vg oc N, 1
for all q. In Figll we illustrate the scaling properties
of the interaction part of the Hamiltonian following the
previous discussion. Note that the number of points con-
nected with the same Vg, correspond to the analog of
the coordination number in the real space hierarchy, and
strongly depend on the shape of the Brillouin zone and
on the specific interaction potential. However, many typ-
ical interactions considered in many-body systems would
give rise to a periodic Vg, which provides a general im-
provement over the 1/Z scaling. More complicated in-
teractions such as dipolar must be carefully analyzed to
find if the scaling of spatial or k space correlations is
more efficient3?.

It is worth mentioning that the scaling of correlations
in k space is, in many cases, more efficient than the real
space one, specially when we are dealing with low co-
ordination numbers, as for the case of low dimensional
systems. Nevertheless, as we will determine the self-
consistency equations in this approach, we can directly
compare the results of both hierarchies.

We stress that the general arguments given in this
manuscript to estimate the scaling of correlations, rely
on the assumption of having a fully correlated state. In
more detailed calculation the precise scaling could be es-
timated in terms of direct calculations of entanglement
between modes. However, the arguments used in this
manuscript allow us to compare different hierarchies in a
very systematic way, which is the purpose of this work.

A. Uncorrelated solution

We first obtain the uncorrelated solutions to EqB37 If
we make use of the scaling of the interaction term Vg o

Np_l, we find:

[e% 50175 «,0 O
(w —wo,a)gk’ﬁ = or 22Jk7 gk)B (39)

where n, = % Zkl Nk, o 18 the average number of par-
ticles in each sub-lattice. As the system of equations is
diagonal in k, the solution to the Green’s function is eas-
ily obtained:

o WA p =23 Vg
o = 2 MoV (40)
27 (W — wi ) (W — wi,—)
_ _vad
o, — 41
= o) @) 1)
where we have defined:
Wk,+ = (ny + ’fl_) Vo — p + @y (42)
Ok = \/x25vo2 +a|at (43)

and assumed nearest neighbors hopping only. Note that
the Green’s functions are the ones expected from the
RPA approximation, and the quasi-particles are disper-
sive due to hybridization. The calculation of the average
number of particles ik oand average hybridization Ay

gives:
_ 1 zdVo Bk
Mka = 5@ on tanh( 5 ) (44)
a,o JO“a (:}
<f11 @fk,a>0 = Ak1 = lf—tanh <&) (45)
’ Wk 2

Providing the next self-consistency equation for the
asymmetry factor x:

1 zdVj Bk
x = N; o tanh( 5 ) (46)

where we have assumed half filling, and the chemical po-
tential has been fixed to u = V{, which allows to fulfill
the self-consistency equation for the total number of par-
ticles, at arbitrary temperature. The phase diagram cor-
responds to the one shown in Figl2] where the transition
between the CDW and the homogeneous charge phase is
controlled by the ratio 6V /t1. It is interesting that the
self-consistency equation (EqHg), corresponds to the one
found in the real space hierarchy in absence of density-
density correlations (EqBB2l). Therefore in this case, the
homogeneous charge phase is present for finite values of
Vi at T = 0, as shown in Figl2l In addition, the critical
temperature T, is half the value that was found in the
real space hierarchy. This result is in better agreement
with the exact diagonalization and functional renormal-
ization group studies?28 (both on the honeycomb lat-
tice), which confirms that the k space hierarchy is more
effective for the case of short ranged potentials.




B. Correlated solution

Here we include the effect of k space correlations. We
start from the full equation of motion for the 2-point
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Green’s function (EqBT), and include terms of order

N;l. We find:

(w+p)GEP = _9 Z JEGr? = Z ST VIS fieqa)ogl”
mq#O
+NG?" P I PR A 7
o,k o,k1#k

where we have separated the q = 0 and k; = k+ q
terms in the sum, as they are the only ones that con-
tribute to first order. We also neglected the contribu-
tion from V" agﬁiﬁ’ﬁ, which scales inversely propor-
tional to the volume of the system. The contribution
from the correlated part of the 4-point function gl‘;‘fkfyﬁ;k
can be obtained in a similar way to the previous sec-
tion. We have calculated its equation of motion and
found that in general, to first order, the correlated part of
the density-density correlations (nk onk g)c can be ne-
glected. Therefore the consequence of first order correla-
tions in the equation of motion is the presence of response

functions (convolutions) between the local statistical av-
erages and the interaction potentials: Vlg)a*<f1:a-fk,a>0 =
Yo VUl qo fi-aa)o/N.

We rewrite the equation of motion in the next compact
form:

doi _ STy - 2n(as)

B _
(W —woa) G = 5=

where Aﬁ’ﬁ =3, gl‘Z’ﬁVlf"‘ * <f1:gfk,a>o corresponds to
the response functions. The general solution to the sys-
tem of equations is:

4TSN 202 (w — wp g)

(W — wi,+) (W — wik,—)

oy = g + (49)
The Green’s functions including correlations show the
next interesting features:

o As Aﬁ’ﬁ X gy 78 the pole structure of the new con-
tributions has order two poles. Naively one could
think that this is the result from simple perturba-
tion theory, however the presence of response func-
tions proves otherwise. Furthermore, the presence
of poles of order two is related to the fact that for
the description of 2-point correlations we need pairs
of excitations.

e The effect of correlations is encoded in the response

functions Aﬁ’ﬁ and they represent the effect of in-
teractions in the density distribution. As they are

present in the numerator, they modify the polyno-
mial structure of the Green’s functions allowing for
the appearance of zeros. This will be related with
the topological properties in the next section.

Self-consistency equations

In this section we first write explicit expressions for
the response functions, and then we characterize the self-
consistency equations including correlations. We first
assume that the chemical potential is unchanged when
correlations are included (this will be confirmed by di-
rect calculation of the self-consistency equation for the
number of particles), then we have u = VOJ“Jr + VJ’Jr for
Ji' = 0. The expressions for the convolutions show that
in this case, we have the next relation between them:

V+,+ ~
5VO tanh (%)

++ _ _,.7"0
Xie TIN 2= g

= —x;?_ (50)
Xt NZV o+ s qt h(—m;q)
(o™ ) (51)

where we have used the expressions for the uncorrelated
statistical averages previously found, and the shorthand
notation for the convolutions xy * = VjJ'* * <fliygfk,a>0-
Therefore, there are just two independent response func-
tions. The calculation of the statistical averages is now
straight forward, as the Green’s functions highly simplify
for our choice of the chemical potential:

4J2OTEP — 20 (w + axdVp)

Gﬁ;ﬁ
2 2
(w—wi+)” (W — wk,-)

(52)

where I‘ﬁ’ﬁ corresponds to Aﬁ”g without the pole contri-
bution. The expectation values including correlations are
given by:
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It is clear from EqB3 that the self-consistency equation for the number of particles is fulfilled when p = VOJ“Jr + V07’+,
which confirms our choice for the chemical potential. In addition, the asymmetry factor is obtained from the next

self-consistency equation:

1 2T — 2oV B
L adVou =™ = a8 Ban) 1 Bin
+2(E5‘/0N ; k k (:_}12(1( k k |:§SeCh2 (T) — (:_)_k tanh (T)]
The solution to Eq[54] provides the phase diagram. In 1.5
Fig[Hl we show this phase diagram for the case of a dimer-
ized chain. The comparison between the uncorrelated 1.25 H CP
and correlated phase boundaries show an interesting fea- 1
ture: For the case A =t} /t; < 1 the homogeneous charge
phase is stabilized by correlations, however for the case T 0.75¢
A > 1 the CDW phase is the one stabilized. Furthermore, 0.5
the case A < 1 shows two inequivalent solutions = # 0 )
with different particle distributions, in contrast with the 0.25 4
case A > 1 with only one. As we will discuss in the 0 . A . . .
next section, each choice of A corresponds to a different 0 025 05 075 1 125 15

topological phase.

In Figlol we compare the phase diagram for the honey-
comb lattice with and without correlations. It shows that
the semi-metallic phase becomes stabilized by 2-point
correlations, shifting the critical point to larger interac-
tions.

It is interesting to notice that the effect of correlations
decreases as the dimensionality of the system increases,
i.e., the correction to the uncorrelated solution is more
pronounced for the case of a dimerized chain than for
the honeycomb lattice. This is in agreement with what
one would expect from the critical behavior of low di-
mensional systems, where quantum corrections should
become more important as the system decreases its di-
mensionality.

V. TOPOLOGICAL PROPERTIES

One of the most interesting aspects of a non-
perturbative approach is to ask whether some effects,
which are genuinely non-perturbative, can be captured.
Here we study topological phases which lie out of the
non-interacting classification using the hierarchy of cor-
relations, and demonstrate that this approach provides
an efficient method to shed light on these elusive states
of matter.

H/"1

Figure 5: Phase diagram for the dimerized chain with nearest
neighbors hopping and interaction (V2 = 0). We have chosen
A = 1.25 and 0.75 ( red and blue color, respectively). The
continuous lines correspond to the uncorrelated case, while
the dashed lines correspond to the one including 2-point cor-
relations. It is interesting to see how correlations play an op-
posite role in the stabilization of the different phases. While
the HCP is stabilized for the case A < 1 (blue), the CDW
phase is stabilized for A > 1 (red). The T" = 0 critical points
shift to different values due to correlations, however the crit-
ical temperature remains unchanged. It is interesting to see
that the correlated phase diagram for the case A < 1 case
shows a bump near T ~ 0.4, where the CDW is stable for
larger ratio ¢1/V1 than at the critical point.

A fundamental object in the characterization of the
topological properties is the 2-point Green’s function
Gﬁ’ﬁ (t,t'), which classifies mappings from the Brillouin
zone to the space of n-dimensional matrices?2. This is
a very natural way of classifying interacting topological
phases, as in contrast with the use of the Hamiltonian,
the Green’s function contains information about symme-
try broken phases and collective excitations. The Green’s
function has been used for the characterization of edge
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Figure 6: Phase diagram for the honeycomb lattice (V2 = 0).
The continuous line corresponds to the phase boundary be-
tween the CDW and the semi-metallic phase, when correla-
tions are neglected. The dashed line corresponds to the case
including correlations. The shift in the critical point towards
a smaller value of ¢1/V1 means that the semi-metallic phase
is stabilized by interactions.

states as well2?, and provides a new point of view on how

interactions can affect the topological properties. One
of the main consequences of this approach has been to
show that interacting systems can exhibit zeros in the
Green’s function, and they play a similar role to poles
(contributing to the topological index)3! 33, Therefore,
the interacting topological phase turns out to be defined
in terms of the poles and the zeros.

In this section we consider the full expression for the
Green’s function when 2-point correlations are included
(EqM9), and analyze the topological properties of the
dimerized chain. We consider a dimerized chain due to
its simplicity, and to the advantage that it has been thor-
oughly analyzed in previous works. It must be men-
tioned that the expression used in this manuscript for
the winding number v; could breakdown if the Green’s
function has branch cuts in the complex plane, instead of
poles. Nevertheless, the models discussed in this work do
not, seem to exhibit these properties and our description
should be correct.

In absence of interactions, the dimerized chain is char-
acterized by a 1D winding number classifying maps from
the Brillouin zone (S') to the set of Hamiltonians with
chiral symmetry (S'): k — H. If we consider just near-
est neighbors, the winding number only depends on the
ratio between the inter-dimer and the intra-dimer hop-
ping A =t} /t;. When A > 1, the winding number v; = 1
and the system is in a topological phase that shows lo-
calized edge states for open boundary conditions. On the
other hand, when A < 1 the winding number vanishes and
the system does not exhibit edge states. Importantly, as
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we have considered nearest neighbors only, the winding
number cannot be larger than vy = 1.

When interactions are included, the effects of correla-
tions are encoded in the Green’s function. As previous
works have shown, the 1D winding number can be writ-
ten in terms of Gg’ﬂ , and in absence of interactions, one
recovers the well known expression in terms of the Hamil-
tonian. The maps characterized by the winding number
correspond to k — Gy, where Gy, is the matrix with en-
tries Gg'ﬂ . Importantly, in the presence of interactions

we will show that G can lack of chiral symmetry, as
there are contributions to the diagonal elements which
are proportional to the asymmetry factor x when sub-
lattice symmetry is spontaneously broken. This feature
contrasts with the fact that the Hamiltonian of the sys-
tem contains chiral symmetry (given as the product of
time reversal and particle hole symmetry). This means
that the Green’s function is clearly more appropriate for
the topological characterization than the Hamiltonian,
as it contains more information about the system. Con-
cretely, when the system is in the charge homogeneous
phase (z = 0) of Fig[ll the Green’s functions have chiral
symmetry and the topological invariant must be given by
the winding number v4. In contrast, for the CDW phase
(z # 0) we have to classify mappings from the circle to
the sphere: S! — S2, and as they are always trivial, we
always remain in a non-topological phase. In conclusion,
for the dimerized chain we only need to pay attention to
homogeneous charge phases, as they are the ones which
can have a non-vanishing topological invariant.

Finally, let us mention that we can use Gy (w=0),
rather than the full Green’s function Gy (w) for the cal-
culation of the winding number, as they both contain
the same topological properties in equilibrium?. This
feature allows us to highly improve the numerical calcu-
lation.

The Green’s functions at w = 0 required for the char-
acterization are:

4TENSP(0) — 2028V A (0)

G (0) = gi” (0) - —
k

(55)
where A7 (w) = 3, g7 (w) X2 Furthermore, if we
particularize to homogeneous charge phases (z = 0), they
simplify to:

B Ja,d Xa,&
Gr(0) = 0, Gp(0) =k (1-=£ ) 56
2 (0) 24 (0) m,g< S ) 60

and the matrix Green’s function Gk, whose entries are
the Green’s function with different sub-lattice indices,
has the following general form:



G (0) :

where we know that the two response functions are re-
lated according to X,:’Jr = (XZ’f)*. This matrix clearly
has chiral symmetry, implemented by C = ¢.. Further-
more, we can see in EqB7that the contributions from the
uncorrelated Green’s function and the corrections due to
correlations are clearly separated. Then, any change with
respect to the winding number of the non-interacting sys-
tem must come from the response functions. Finally, we
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just need to apply the general expression for the winding
number in terms of the Green’s function34:3%:

-t

T 4w

%1 (58)
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When we make use of EqET we find:

vy =

1
47 v

_7+>dk

+ = -
— Xk S = Xg

(59)
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This equation shows that the winding number in presence
of 2-point correlations has extra contributions encoded
in the response functions. Furthermore, the corrections
are proportional to the convolutions of the hybridization
AfF with the interaction potential Vki’? Therefore,
when the system is in the homogeneous charge phase, the
Green’s function has chiral symmetry and the topologi-
cal invariant is generally given by EqB9 Furthermore,
as this is a non-perturbative expression, it can be used
for arbitrary values of the interaction potential. We plot
in Fig[llthe change in the topological index vy, as a func-
tion of the ratio between the hopping and the interaction
strength ¢1/V7 .

It can be seen that the winding number changes with
respect to the non-interacting case as a function of the
interaction strength, for both the trivial (¢;/t1 < 1) and
the topological phase (¢}/t; > 1). More importantly,
the winding number can reach values larger than one,
which is not possible for the dimerized chain in absence
of interactions. This is consistent with previous works
where the value of the winding number is expected to
change by unity2?.

It is important to note that for the calculation of
the winding number we have assumed the homogeneous
charge phase. Then one must compare the phase di-
agram with the one in Figlll This comparison shows
that we would not be able to detect the change in the
topological invariant when t{ > ¢; (the topological phase
in the non-interacting case), as the CDW phase would
dominate. However, it is interesting to see that the op-

1 20 ST =TT O T 2Ok = T o "
T =)

Tt (et =)

posite would happen for the trivial phase: In the ab-
sence of interactions and for ¢} < t; the system is a
normal insulator. Then, when interactions reach a criti-
cal value t1/V; ~ 2.2, the insulator becomes topological
with winding number 14, = —1. As in the phase diagram
of Fig[l correlations stabilize the homogeneous phase to
t1/V1 =~ 0.55, the topological phase would exist for a wide
range of the phase diagram.

We comment on one interesting aspect of the system
behavior. The pole structure of the Green’s function has
not been changed when correlations are included, and
one could think that the “band structure” of the system
did not close the gap during the topological transition
(this is a common feature of non-interacting topologi-
cal insulators, where the only way to change a topolog-
ical index is by closing the gap). Interestingly, in the
presence of interactions the band structure is not enough
to characterize the topological properties. As has been
shown previously, the presence of interactions in the sys-
tem introduces zeros in the Green’s function and they
can compete with the poles. These zeros are signatures
of non-perturbative behavior2233:3¢ and can annihilate
the poles contribution, driving a topological phase into a
trivial one. More importantly, the zeros are not linked to
a gap closure, which means that we can have topological
transitions without closing the gap.

Here we prove that the change in the topological in-
variant vy is fully controlled by the appearance of zeros
in Gy, (w), as has been discussed in previous works. To
track their appearance we calculate the determinant of
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Figure 7: Winding number v; of a dimerized chain as a
function of t1/Vi for different ratios of the hopping A €
{0.75,1.25} (blue and red, respectively). For large t1/V1 we
recover the non-interacting winding number, and as interac-
tions increase, the winding number changes. The topologi-
cal phase (red) changes its winding number to 11 = 2 when
t1/Vi ~ 0.1, and the trivial phase (blue) changes to v1 = —1
at t1/Vh ~ 2.2, and to 11 = 0 at ¢1/V4 =~ 1.15. The vertical
dashed lines indicate the transition to the CDW phase from
Figll This calculation is performed assuming T = 0.

G}, (w) for the case of the homogeneous charge phase:
WA (L ) U =)
_2\2
472 (w2—4}Jk’ } )

det Gy (w) =

(60)
From this expression one can see that zeros w, and poles
wp appear for:

Wz

/(0T ) (T - xw) 6
wp = £2|JF| (62)

As the only quantity that depends on the interaction
strength is w,, all topological changes should be linked
to zeros of w,. In Fig[§we plot w, as a function of ¢; /14,
and confirm that all changes in the winding number cor-
respond to zeros of the Green’s function.

Furthermore, even the small region around ¢,/V; ~
0.17 in Figlll where the winding number changes from
v1 = —1 to vy = 1 for the case t1/t] = 1.25, is reflected
in the behavior of the zeros (see Fig[).

These results show that the topological characteriza-
tion of strongly correlated systems can be very different
from the characterization of non-interacting ones. This
is due to the effect of correlations, which can make the
quasi-particle picture to be insufficient due to the pres-
ence of collective excitations (now described by correlated
excitations). Nevertheless, the use of Green’s functions
and of non-perturbative methods can be used to derive
general results and capture the mechanisms driving topo-
logical transitions. Furthermore, the calculation of the
motion of the zeros of the Green’s function can be used
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Figure 8: Evolution of zeros of eh (w) as a function of ¢1/V4.
The blue(red) line corresponds to the ratio ¢1 /¢t = 0.75 (1.25).
Note that all changes in the topological invariant correspond
to zeros of the Green’s function.
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Figure 9: Zoom of FiglRlto small t1/Vi. It shows that even the
fast change in the winding number from v; = —1tov; = 1is
captured by the zeros of the Green’s function.

as a complementary “effective band structure” to keep
track of topological changes.

It must be mentioned that the presence of the v, = —1
phase for the dimerized chain at intermediate coupling
(t1 ~ V1) is surprising, as it has not been predicted pre-
viously. Its appearance corresponds to a regime away
from both strong and weak coupling, and one must be
careful to confirm that higher corrections due to corre-
lations do not destroy this phase. In a future work we
will address the numerical detection of this phase using
alternative methods.

VI. CONCLUSIONS

In this work we have shown that a hierarchy of correla-
tions can be a useful tool in the study of many-body sys-
tems. We have shown its connection with the 1/Z expan-
sion, and generalized it to k space correlations, being the
basic ingredient the entanglement monogamy for strongly
correlated systems. Although this method is very gen-
eral, here we focused on interacting spinless particles in



a dimerized chain, and in a honeycomb lattice. In gen-
eral k space correlations scale differently from real space
correlations, and we have proved that the former can be
more efficient, concretely in systems with low coordina-
tion number. The results show that, for the honeycomb
lattice, correlations tend to stabilize the semi-metallic
phase, while correlations in the dimerized chain stabi-
lize different phases depending on the ratio between the
intra-dimer and the inter-dimer hopping (¢} /¢1). Finally,
we have studied how this approach can be applied to
the study of topological phases with interactions. One of
the advantages is the simplicity of the expressions when
2-point correlations are included, which provide informa-
tion about the mechanisms that can cause a change in

15

the topological index when interactions are present. Fur-
thermore, we have shown that the Green’s functions in
presence of correlations can have zeros, and that they are
responsible for these topological changes.

Future extensions of this work will address the role of
higher order correlations, the presence of long range in-
teractions and non-equilibrium systems. Furthermore, it
would be interesting to understand the relation between
this approach and the renormalization group methods.
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Appendix A: Correlated part of the 4-point function

In this appendix we include details of the calculation of the correlated part of the 4-point function in the real space
hierarchy GZggi0.

The general equation of motion for the 4-point function is given by (z # y):
Oa, 8
@+ m) Gogy” = oy Jocn) 5 +2 (V7 = VIE?) GLpy”

71,0 (yov2,8 _ 72,0 (yyioq,B _ Jouo y120,8
+2Z (Jz7x zey,y JZ7X GZX)’;Y JY7XGZZX;Y )
X,0

ZZXXY,Y

_2 Z (Vz’r)lcﬁd - Vz’:?c’d - Vyof;(U) G’Yl’mddaﬁ (Al)

note that the 4-point function depends on the 6-point function now. This reminds of the BBGKY hierarchy in
statistical mechanics, and a comparison between the Z~! hierarchy and the BBGKY has been previously dicussed
in2?. The correlated part can be obtained by removing the uncorrelated one:

Gy’ = Gy = (na0) Gy (A2)
(@ m Gagy? = 2(Vi™ = V™) Gogy” (A3)

12D (TGN — T ORG) — 20 TR (G = (Hufan) O33)
X,0 X,0

=2 (V" = VA7) Gy + 23 Vsl (Gaiay” = oy Jana) Gy
X,0 X,0

which must be supplemented with the conservation law i9;( szm fz,45) = 0. Using the expansion in correlations and
keeping terms to 1/Z order, we find:

(@ =woa) gy = 200 (1= 10) G53/Ve + 2055 D> Vel (Maomnor)c (Ad)
o' XAy 2

Using the correlated part of the 4-point function to characterize the density-density correlations, we find after a
Fourier transformation:

oo Vg T Vg
Ve 5o» <1Bw0 > ) VT
Bsec
<nkﬁgnklﬁg/>c = —N5 (k + k/) 771,0 (1 — ﬁg) ‘Vd’,c:’ 3 (A5)
1 o, k/
+ V ’ - 7 7
Bwy 51 k’ 1 vl
ésech2< 9 ) £ acen? (3“’0 o’ ) Ve
= —NS(k+K)n, (1—ng) AL (A6)
Then, the statistical averages including correlations can be easily found:
1 1 w B
k 0,a k
<) = No(k) |z — = —~— tanh [ — AT
() <>[2 N;QWkan(Qﬂ (a7)
446 (k) 48%csch® (Buwp o) sinh® (%) Z ’qu""’2 T (1 — 7iy)
o.q
[e3 1 [e3 O’l
+45%csch?® (Bwo o ) sinh? <ﬂ “’207 ) v > VIV (Ngeti-q.0r)c
q,0,0’

1 1 Wo,a ﬁa/’k

q
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§(k 2 h3 . h4 ﬁwo,a = = 1 a,o |2 0,0
+N§ (k) 45%csch” (Bwo,q) sin 5 an (l—ng)NZ’Vq' |7 (1=227)
o q
N6 (k) 48%csch® inh* P, o (1 = 71y VoY aa T
—Né (k) 487csch” (Bwo,q ) sin —~ an( — Ny ) N Z o TV A
o q

Interestingly one can calculate the integrals over q in the continuum limit for both, nearest and next nearest neighbors
interaction in the dimerized chain and in the honeycomb lattice. The result is surprisingly simple and does not depend
on the details of the lattice or dimension (only on the coordination number Z):

2 N & 20 2

(Nx.0)® = N6 (k) [1 _ 1 Z L0 {anh <%)] — N6 (k) g (1 — i) sinh (Bwo o) (A8)




