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The temporal finite volume induces significant effects in Monte Carlo simulations of systems in
low dimensions, such as graphene, a 2-D hexagonal system known for its unique electronic prop-
erties and numerous potential applications. In this work, we explore the behavior of fermions on
a hexagonal sheet with a Hubbard-type interaction characterized by coupling U. This system ex-
hibits zero or near zero-energy excitations that are highly sensitive to finite temperature effects.
We compute corrections to the self-energy and the effective mass of low-energy excitations, ar-
riving at a quantization condition that includes the temporal finite volume. These analyses are
then conducted for both zero and finite temperatures. Our findings reveal that the first-order O(U)
contributions are absent, leading to non-trivial corrections starting at O(U?). We validate our cal-
culations against exact and numerical results obtained from Hybrid Monte Carlo simulations on

small lattices.
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1. Introduction

In any quantum system, we can define a characteristic temperature 7¢, representing a scale
comparable to the energy of the system’s lowest eigenmode. At temperatures 7 < T¢, the thermal
energy is insufficient to excite even the lowest eigenstates, enabling an approximation 7 = 0 since
temporal finite-volume effects are negligible. However, when T ~ T, the application of thermal
field theory becomes essential to accurately capture the system’s behavior.

In the context of lattice QCD, this characteristic temperature corresponds to the pion mass
T =~ m, = 150MeV, a sufficiently high threshold where thermal effects significantly impact the
study of nuclear matter and quark-gluon plasma [1, 2]. In “‘cold’’ lattice QCD calculations, where
the temporal extent is & 30—40 MeV <« m ., the finite temporal effects are justifiably ignored. Con-
versely, in physical low-dimensional lattice structures—such as graphene sheets, graphene nanorib-
bons, and topological insulators—the lowest energy eigenmodes are much lower than the temporal
extent, often just a few eV or even zero [3], e.g. the momentum K-points in graphene. In these
systems thermal effects must be included from the outset.

While temperature-dependent properties of small lattices can be investigated using compu-
tational approaches like Hamilonian Monte Carlo (HMC), these methods remain computationally
demanding even for modest lattice sizes. In this work, we approach the problem analytically, solv-
ing the self-energy X of the system perturbatively in the Hubbard coupling U to arrive at explicit
temperature dependencies. For small lattices, exact solutions are also possible, enabling a direct
comparison with perturbative results. Throughout this paper, we use the inverse temperature nota-
tion, 8 = 1/T, to express temperature-dependent quantities.

1.1 System

Figure 1: 4 x 4 Grahene sheet. Graphene forms a hexagonal bipartite lattice with two sites A and B in each
unit cell (dotted rectangle), located at €4 = (0,0) and ¢ = (1, 0) respectively. The lattice translation vectors,
shown in purple, are a; » = (3/2, +v3/2), and the nearest-neighbor vectors are marked by green arrows.

We investigate this system using a tight-binding Hamiltonian with an on-site Hubbard interac-
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tion term at half-filling [4], given by:

H== > (che, +cle) - % D (nag = ny))? (1)
(x,y)s x

where (x, y) indicates a summation over nearest-neighbor sites, ¢'/c denotes the fermionic cre-
ation/annihilation operator, and n = ¢'c represents the corresponding number operator. This Hamil-
tonian is applied to a graphene sheet of size L, X L, (see Fig. 1), where L, and L, refer to the width
and length of the sheet in unit cells. We will refer to the 1 X 1 sheet as the 2-site and the 1 X 2 as
the 4-site lattice. The graphene structure also has a well-defined Brillouin zone (BZ) comprising of
A = LyL, momentum points. Examples are given in Fig. 2.
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Figure 2: Brillouin zones for various lattice sizes in graphene. As lattice size increases, momentum points
increasingly populate the hexagonal Brillouin zone. Of particular importance are the momentum points at the
center (I'-point), at the midpoint of the edges (M -point), and at the vertices (K-points). In the thermodynamic
limit when L,, L, — oo, the BZ forms a hexagon.

To diagonalize the Hamiltonian, we apply a Fourier transform on each sublattice. Letting x
enumerate unit cells and A denote the sublattice, we define:

1 i
Cx/lS = ﬁ;el (x+§/1)ck/ls . (2)
The Fourier transform yields a 2x2 matrix in sublattice space, which is diagonalized to arrive at
Ho= ) &1 bips  Ef = pEx = plf (k)] 3)
kps
where
F(k) = e 4 2712 cos(\/gky/Z) and p==+l1. 4)

To clarify the physical meaning of p, we introduce the Fermi energy &r, defined such that all states
with 82’ < & are filled [5]. States above & are called particles and states below & are called
holes. In our case & = 0 which means p = *1 states represent particles/holes.

In this representation the interaction part of the Hamiltonian can be split into a quadratic part,
H{, which we will refer to as the mass term and a quartic part, H,, which we will call the interaction
vertex. The mass term H; is then

U
Hi= =2 ) 0 bips 5)

kps
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For H, we introduce the multi-index notation k = (k, p) and define the quartic interaction vertex

—i(ek—ak,+01—91/)e—i(k/+l’—k—l)§b) oi0 = f (k) ©)

’ RG]

where 6x/4p k+1 1s defined modulo the BZ. Then the final Hamiltonian takes the following form

Vk’l’kl = Hék’+l',k+l (1 + p’O”pO‘e

U
H = Z (8k - 5) ¢l—£s¢k5 + Z Vk’l’kl¢,t/T¢;rl¢kl¢lT (7)
ks

KTkl
2. Thermal Field Theory

We operate within the interaction picture in imaginary time T = it, and we perturb about the
free, non-interacting (U = 0) system. We designate the U-independent part of the Hamiltonian as
the free Hamiltonian, Hy, and denote the remainder as the interaction term, H;. Our free propagator
is

Gpy(7) = - <TT[¢kS(T)¢,:Y]> . 8)

where (T [- - - ]), stands for thermal average and T is a time ordering operator. The explicit time-
dependent form of this quantity is:

—-(1- >0 1
Gy (1) = e"‘c’k{ (L=me) = with g 9)

ng 7<0 PG ]

where 7y is the fermion number. Since G is spin independent we drop the s. This propagator is
periodic in imaginary time, allowing us to express it in terms of a Fourier transform in 7,
1

B ) T
Gpliw) = [ dtGy(1)e'”™ = =~ (2m+1 Z. 10
 (iw) '/0 G (7)e o & w ﬁ( m+1) me (10)

The inverse transform is provided by the Matsubara sum

1 —-iwT

GR@) =5 g (11)

w

To account for interactions, we introduce a quantity analogous to the S-matrix in ordinary QFT [6],
allowing us to express the interacting propagator which we’ll simply refer to as a correlator.

<TT [S(B) s (T)¢Its'] >0
(S(B)o

According to Wick’s theorem, thermal average of time-ordered product of the fermionic operators

Cr(7) = -

, S(t) =Trexp {—/THI(T')dT'} (12)
0

can be expressed as the sum of all possible Wick contractions, defined as

brs(11)0)2 (12) = =640, Gy (11 — 2) . (13)

Rather than computing each contraction explicitly, we employ a diagrammatic approach, using
Feynman diagrams to systematically capture higher-order contributions. In this case, we have one
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propagator and two interaction vertices from H; and H», respectively. The complete set of Feynman
rules for our calculations is as follows:

——— ~ == =Gl(iw) Il rl

iw—-6Eg
>-< ~ Vi (14)

k1 k1
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In this way, we only have to keep track of topologically distinct Feynman diagrams instead of all the
possible Wick contractions.

3. Solution

In order to obtain a non-perturbative correction to the propagator we utilize the self-energy
>k (iw), which is the sum of all 1 particle irreducible (1-PI) diagrams. X is a 2x2 matrix in the
sub-lattice basis and in general not diagonal. The fully dressed correlator (double line) can then be
expressed using Dyson’s equation

Poles of the correlator provide the spectrum arising from self-interactions, leading to the quantiza-
tion condition (QC).

det (Gg (iw)' - %, (iw)) ) (15)

iw=FEy

where Ej, is the interacting energy. Note that all temperature dependence (ie S-dependence) origi-
nates in X. To get the time-dependent correlator Cy (7) we must perform a Matsubara sum. If ¥ is
diagonal we use standard complex integration techniques to rewrite the sum over frequencies w as
a contour integral which can be solved as a sum over the residues at the poles of the correlator [5].

1 e iwT e %7 1 *
“=75 ; iw— & — Ty liw) 2T (Z & L) ) "o

z*

Even if X is only approximately diagonal we can assume the off-diagonals to be zero with negligible
error. We have also observed that for I, M and K points self-energy is always diagonal.

We calculate X to the leading non-trival order in U. At O(U) there are only two contributions,
one from the mass term and the other from the interaction vertex. These contributions are constant
and opposite in sign, canceling each other exactly. Diagramatically the cancellation is given as

@F++:O a7

This implies that the leading order contribution must be at least ~ O(U?). At this order we can use
(17) and assume all diagrams containing ‘‘tadpoles” and mass terms to cancel and we are left with
a single ‘‘sunset diagram”:

n_png + (np — ng)n_y
n =Y |V 2= (18)
g g %;l b iw— (& — & + &)
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where we used shorthand —k = (k, —p), and also defined p = (p, nr) for external lines.
For the 2-site lattice there is only one momentum point I, therefore 8£ = p&r. Here |Vpri |2

L 2 . .
simplifies to UT(? no po- At zero temperature the QC becomes a quadratic equation:

2

U
(EF — n&r) (Ef +378r) = —- =0 (19)

With the additional condition that E[f |U=O = n&r we can analytically solve for the energy

U2
El =n& —+4-1 20

Even at T # 0 the QC for 2-sites is a cubic polynomial, making it anaytically solvable. However,
exact expressions tend to be cumbersome and do not offer substantial insight. For larger lattices,
solving the QC analytically becomes infeasible so we can use numerical methods to find the roots
of (15). Due to the form of (18), QC is always a rational function of Ej, meaning we can also find
residues and perform the summation in (16). For larger lattices, however, accumulation of numerical
errors precludes us from performing the residue sum to a sufficient degree of accuracy, forcing us to
fall back on HMC. In principle, one could use arbitrary precision methods, albeit with a significant
performance hit.

4. Results

41 T=0

For the 2-site and 4-site systems, we compare perturbative results with exact solutions to assess
the validity of the leading-order (LO) approximation. First, in the zero-temperature limit (8 —
o), we examine the dependence of energy on U alone. In the 2-site case perturbative expression
(20) is equal to the exact solution given in [7]. For the 2-site problem, higher-order self-energy
contributions vanish at 7 = 0, making it exactly solvable in our formalism.

For the 4-site system, which includes two momentum points in the Brillouin Zone (BZ) — I
and M — the discrepancy between perturbative and exact results is more pronounced. Nevertheless,
the agreement remains excellent for both momentum points, even up to U = 20, which is well into
the non-perturbative regime, see Fig. 3.
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Figure 3: Energy dependence on U for the 4-site system at 5 — oo. Plots are shown for I" and M points,
demonstrating good agreement between perturbative and exact solutions even for large values of U.
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42 T+0

To examine finite-temperature behavior, we calculate the time-dependent correlators using
equation 16. Notably, the particle and hole propagators are mirror images around 7 = /2. For the
2-site system, the perturbative and exact calculations are in close agreement, although deviations
become noticeable at very high values of U due to higher-order contributions at finite temperatures.
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Figure 4: Cy (1) vs. 7 for the 2-site system with U = 2,8, 16 and 8 = 8, 10. Deviations between perturbative
(dashed) and exact (solid) results only become apparent at very large U. Even at U = 8§, a strongly non-
perturbative value, the results show close agreement.

For the 4-site system, we analyze correlators at the I" and M points. The deviation between per-
turbative and exact results is more pronounced here than in the 2-site case. However, the agreement
is still good, extending beyond typical perturbative limits of U.
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Figure 5: Cy (1) vs. 7 for the 4-site system at I (black) and M (red) points, with U = 2,4,6 and 8 = 6, 8.
Deviations between perturbative (dashed) and exact (solid) results are more apparent than in the 2-site case
but still show strong agreement for high values of U.

For lattices larger than 4-sites, exact solutions become computationally prohibitive, necessitat-
ing the use of Hybrid Monte Carlo (HMC) simulations [8—10]. In Fig. 6, we present the correlators
for a 2 x 3 graphene. Although the Brillouin Zone (BZ) contains 6 momentum points, only 3 unique
correlators emerge, labeled as I', M, and A. The latter correlator provides an example where the
self-energy matrix X is not strictly diagonal. Despite this, we can approximate a solution to the
quantization condition. Our calculations reveal that the off-diagonal terms are an order of magni-
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tude smaller than the diagonal terms. If we denote this difference by €, by setting these off-diagonal
terms to zero, we incur an error on the order of €2, which remains negligible in this context.
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Figure 6: Cy (7) vs. 7 for 2x3 graphene at U = 2, 3, and 4, all with 8 = 6. These are I" (black), M (red) and A
(blue) points. Dashed lines are perturbative correlators and the dots are from an HMC simulaton. Agreement
is very good. Even for A which is not diagonal in particle-hole basis. However, off-diagonal terms are small
enough to treat it as approximately diagonal. To observe the deviation one has to goup to U = 4.

As in the 2- and 4-site examples, we find very good agreement between our perturbative and
HMC calculation for couplings up to U = 3. However, at U = 4 we see definitive discrepancies in
the correlators.

5. Summary and Outlook

This proceeding presents perturbative calculations of the self-energy X in thermal field theory
applied to the Hubbard model on a graphene lattice, computed up to the leading non-trivial order,
O(U?). We have calculated the zero-temperature energy shift, achieving perfect agreement with ex-
act results for the 2-site system and strong agreement for the 4-site system, even for non-perturbative
values as high as U = 20. We further analyzed the time evolution of correlators for both 2-site and
4-site models, observing remarkable alignment between perturbative and exact results despite the
large U values. Additionally, we investigated correlators for 2 x 3 graphene sheet and compared
our calculations to HMC simulated data for up to U = 3 demonstrating good consistency. Only at
larger U do we see a discrepancy between perturbative and HMC results. In the future we will use
our formalism here to deduce the finite-temperature dependence of eigen-energies obtained from
HMC simulations within a finite temporal volume.
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