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Infinite projected entangled-pair states (iPEPS) provide a powerful tool to study two-dimensional strongly
correlated systems directly in the thermodynamic limit. In this work, we extend the iPEPS toolbox by a method
to efficiently evaluate nonequal time two-point correlators, enabling the computation of spectral functions. It is
based on an iPEPS ansatz of the ground state in a large unit cell, with an operator applied in the center of the
cell, which is evolved in real-time using the fast-full update method. At every time step, the two-point correlators
within a cell are computed based on the corner transfer matrix renormalization group method. Benchmark results
for the two-dimensional transverse field Ising model show that the main features of the dynamical structure factor
can already be reproduced at relatively small bond dimensions and unit cell sizes. The results for the magnon
dispersion are found to be in good agreement with previous data obtained with the iPEPS excitation ansatz.

DOI: 10.1103/PhysRevB.110.094314

I. INTRODUCTION

Tensor networks provide very accurate variational ansätze
for strongly-correlated ground states of local Hamiltonians,
where the accuracy is systematically controlled by the bond
dimension of the tensors. The best known example is the ma-
trix product state (MPS), the underlying ansatz of the density
matrix renormalization group method [1], which has had an
enormous impact in the study of (quasi) one-dimensional (1D)
systems. Projected entangled-pair states (PEPS) [2,3] are a
higher-dimensional generalization of MPS, enabling the ef-
ficient representation of large 2D systems, or even infinite 2D
systems, called infinite PEPS (iPEPS) [4]. PEPS and iPEPS
have proven to be powerful tools for a broad range of chal-
lenging problems, ranging from frustrated magnets to strongly
correlated electron systems, not only for ground states, but
also at finite temperature, see, e.g., Refs. [5–26].

Recently, iPEPS has been extended to study also low-
energy excitations, based on an excitation ansatz which was
originally developed for MPS [27,28] and later generalized to
iPEPS [29]. It relies on the idea that a quasiparticlelike exci-
tation can be constructed based on a local perturbation of the
ground state, combined with a momentum superposition, such
that the ansatz has a well-defined momentum by construction.
Several methods to optimize and evaluate the ansatz have been
developed and tested for various models [30–34]. Based on
the set of all excitations, it is possible to compute spectral
functions (dynamical structure factors) [32–35], enabling a
direct comparison with experiments, e.g., from inelastic neu-
tron scattering or angle resolved photoemission spectroscopy.
Due to the nature of the excitation ansatz, it can accurately
represent spectral features associated with quasiparticlelike
excitations, whereas a continuum of excitations can only be
resolved in a limited way.

*Contact author: j.d.ariasespinoza2@uva.nl

A complementary way to obtain spectral functions is based
on computing the nonequal time two-point correlators via a
real-time evolution. A common approach is to time evolve
the ground state with an operator applied, corresponding to
a local quench of the ground state, from which the dynamical
correlation functions can be extracted at each time step. This
approach has been successfully applied to a broad range of
problems using MPS in 1D and 2D systems on cylinders,
see, e.g., Refs. [36–42]. More recently, results based on iso-
metric tensor networks states [43] (a subclass of PEPS) or
neural quantum states [44] have been obtained for 2D sys-
tems. A similar scheme based on iPEPS would be desirable.
However, while there have been several works on iPEPS time-
evolution methods [45–54], these were mostly focused on
global quenches. An approach to study local quench dynamics
was introduced in Ref. [55], based on a translational invariant
iPEPS with additional ancilla sites to represent a superposition
of local perturbations. However, the time evolution of such a
superposition may require a larger bond dimension, due to a
larger entanglement, than in a standard local quench.

In this work, we introduce a practical approach to com-
pute spectral functions based on local quench dynamics with
iPEPS. The main idea is to start from the iPEPS ground state
in a periodically repeated unit cell with an operator applied
in its center, which is evolved in real time. At each time
step, the two-point correlators with respect to the center site
are evaluated based on the corner transfer matrix renormal-
ization group (CTMRG) method. The unit cell size is kept
large enough such that interaction effects between neighbor-
ing cells are negligible. We present benchmark results for the
transverse-field Ising model for different field strengths, and
compare them with previous data obtained from the iPEPS
excitation ansatz. Our results provide a proof of principle
that real-time evolution-based methods can be used to study
spectral properties of 2D systems with iPEPS.

This paper is organized as follows. We first provide a
brief introduction to iPEPS in Sec. II A and summarize the
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full-update real-time evolution algorithm in Sec. II B. In
Sec. II C, we introduce the main algorithm of this work, the
finite-cell dynamical iPEPS method, to compute spectral func-
tions, where we focus on the dynamical structure factor in spin
systems. In Sec. III we present and discuss the benchmark
results for the transverse field Ising model, first for the local
quench dynamics, followed by the dynamical structure factor
data. We analyze the finite bond dimension and finite cell
size effects on the results, and discuss the limitations on the
maximal simulation times. Finally, in Sec. IV we summarize
or main conclusions and outline possible future directions for
further improving the approach.

II. METHOD

A. Introduction to iPEPS

An iPEPS is a variational tensor network ansatz to repre-
sent 2D wave functions in the thermodynamic limit [2–4]. It
consists of a of a set of tensors {A[�r] | �r ∈ C} in a unit cell C
which is periodically repeated on the lattice, with one tensor
per lattice site. Each tensor acts as a map from four auxiliary
Hilbert spaces of dimension D into a local physical Hilbert
space of dimension d , with d = 2 for a spin S = 1/2 system.
D is called the bond dimension and controls the accuracy of
the ansatz. For translationally invariant states, a unit cell of
size L = 1 with a only single tensor A can be used.

To calculate an expectation value of some local opera-
tor Ô of an iPEPS |�〉, i.e., 〈Ô〉 := 〈�|Ô|�〉/〈�||�〉, the
corresponding infinite tensor network needs to be contracted
in an approximate way, which in this work is done using
the CTMRG method [56–59]. In CTMRG the infinite tensor
network surrounding a central site is effectively encoded in
an environment E consisting of four corner and four edge
tensors. These environment tensors are obtained iteratively
by a real-space renormalization type of procedure, starting
from a small system and letting it grow in all directions until
convergence is reached. The accuracy of the approximate con-
traction is systematically controlled by the bond dimension
χ of the environment tensors. The CTMRG algorithm can
also be extended to general unit cell sizes, where separate
environment tensors are kept for each position �r in the unit
cell, see Refs. [58,59] for details.

To obtain the tensor network representation of the ground
state of a given Hamiltonian, the optimal variational parame-
ters in the tensors need to be determined. This can be achieved
either by performing an imaginary time evolution [4,60,61],
or by directly minimizing the energy [62–64]. Here we use
the variational optimization from Ref. [62] to obtain the initial
ground states for the time evolution.

B. Real-time evolution of a state

To perform a real-time evolution of a state we apply
the full-update scheme from Ref. [45] (which is also used
for imaginary time evolution [4,61,65,66]). It is based on a
Trotter-Suzuki decomposition of the time-evolution operator

e−iĤt = (e−iĤdt )k ≈
( ∏

〈m,n〉
ĝmn

)k

, (1)

where dt = t/k is a small time-step and Ĥ = ∑
〈m,n〉 ĥmn a

Hamiltonian with nearest-neighbor terms ĥmn. Each two-body
time evolution gate ĝmn = e−iĥmndt can be written as a product
of two order-three tensors, with D̃ the bond dimension of
the common index. Contracting a single gate ĝmn with neigh-
boring tensors A and B of some initial state |�〉 with bond
dimension D, results in tensors Ã and B̃ with bond dimension
D × D̃ in between them. Thus, the exact contraction of Eq. (1)
with |�〉 results in a time-evolved state with bond dimension
growing exponentially with k.

To avoid the exponential growth, one approximates the
tensors Ã, B̃ by new tensors A′, B′ of dimension D. Let
|�̃〉 = ĝmn|�〉 and |� ′〉 the network where the two modified
tensors Ã, B̃ are replaced by the (to be found) approximations
A′, B′. In the full-update approach this is achieved by the
following minimization:

min
A′,B′

‖|�̃〉 − |� ′〉‖ = min
A′,B′

(〈�̃|�̃〉 + 〈� ′|� ′〉

− 〈�̃|� ′〉 − 〈� ′|�̃〉), (2)

where the CTMRG algorithm is used to compute the environ-
ment of the pair of tensors A′ and B′, based on which the four
overlaps can be evaluated [61,65]. In principle, for every gate
application, a new set of environment tensors would need to be
recalculated from scratch. However, as the change in the state
is only small after an update step, the previous environment
tensors can be recycled, such that in most cases doing a single
renormalization step of the CTMRG suffices to update the
environment tensors. This variant is known as the fast-full
update due to its lower computational cost, and we refer to
Ref. [61] for the details.

We note that, as an alternative to the full update, one may
use the simple update [60] or cluster update [67] optimization.
These methods are typically computationally cheaper, be-
cause they do not require a full contraction of the network, but
also less accurate than the (fast-) full update. These cheaper
updates are particularly beneficial in the case of imaginary-
time evolution-based ground state calculations, as the network
only needs to be contracted once in the large imaginary time β

limit. However, in the present context the situation is different,
because observables need to be evaluated at each time step,
i.e., a contraction is anyway needed. Therefore, there is no
significant computational benefit in using the cheaper updates.

C. Finite-cell dynamical iPEPS method

In this section we introduce the main approach of this
work for the computation of spectral functions, based on the
existing real-time evolution and CTMRG algorithm discussed
in the previous sections. The spectral function we consider in
this work is the dynamical structure factor of a spin system
with Hamiltonian Ĥ

Sα,α (�k; ω) = 1

2π

∫ ∞

−∞
dteiωt

〈
Ŝα

�k (t )Ŝα

−�k (0)
〉
c, (3)

defined in terms of plane waves with momentum �k,
Ŝα

�k (t ) = 1√
N

∑
�r e−i�k·�r Ŝα

�r (t ), with Ŝα
�r (t ) = eiĤt Ŝα

�r e−iĤt the
time-dependent local spin operators at site �r (α ∈ {x, y, z},
Ŝα

�r = 1
2 σ̂ α

�r ), and 〈. . .〉c indicates the connected correlation
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FIG. 1. iPEPS representation of |�(t = 0)〉 = Ŝx
0|�0〉 which is

used as an initial state for the time evolution. Starting from a trans-
lational invariant iPEPS ground state |�0〉, a square unit cell C of
size L × L is defined, with the operator Ŝx

0 (light-blue) applied in the
center. The unit cell is periodically repeated and chosen sufficiently
large, such that Ŝx

0 in one cell does not affect the neighboring cells.

function with respect to the ground state |�0〉. For the sake
of concreteness we focus on α = x in the following.

To calculate the spectral function within the scope of our
method, we rewrite Eq. (3) as

Sx,x(�k; ω) = 1

2π

∑
�r

∫ ∞

−∞
dtei(ωt−�k·�r)

〈
Ŝx

�r (t )Ŝx
0(0)

〉
c

≈ 1

π

∑
�r

∫ tmax

0
dte−i�k·�r Re

[
eiωt

〈
Ŝx

�r (t )Ŝx
0(0)

〉
c

]
, (4)

where in the second line we consider the case where the
two-point correlator is known only for a finite time interval
[0, tmax]. Expressing the two point correlator as

〈
Ŝx

�r (t )Ŝx
0(0)

〉 = eiE0t
〈
Ŝx

�r e−iĤt Ŝx
0

〉
�0, (5)

highlights the sequence of steps needed for its calculation.
First, we start from tensor network representation of the
ground state |�0〉 which in this work we obtain using vari-
ational optimization [62] based on a translational invariant
(L = 1) iPEPS. Next, we apply the operator Ŝx

0, however, this
breaks the translation invariance of the ground state, in other
words, an exact representation of Ŝx

0|�0〉 would require an
infinite size unit cell. Instead, we use an iPEPS with a large
square unit cell of size L, with Ŝx

0 located at the center of C,
repeated infinitely on the lattice (Fig. 1). This approximation
is justified as long as the correlation length ξ is much smaller
than cell size, i.e., L � ξ , as in this case the effect of a Ŝx

0
within its unit cell does not affect neighboring unit cells. That
is, the perturbation on the ground state of individual copies of
the operator can be treated as uncorrelated.

This representation of Ŝx
0|�0〉 := |�(t = 0)〉 allows us to

use existing methods to perform the time evolution and to
contract the tensor network using CTMRG. To calculate the
time-evolved state |�(t )〉 := e−iHt |�(t = 0)〉 we employ the
fast-full update scheme, where we use larger bond dimensions
of the iPEPS (Dt ) and environment tensors (χt ) than those of
the ground state, to cope with the growth of entanglement
during the time evolution. In practice, the time evolution is
reliable up to a time tmax after which stability issues affect the
results (see Sec. III D), and our assumption of uncorrelated
perturbations is no longer valid.

To evaluate Eq. (5) at each time step, we rewrite it in the
following way, also taking into account that |�0〉 is in general
not normalized:

〈
Ŝx

�r (t )Ŝx
0(0)

〉 = eiE0t 〈�0|Ŝx
�r |�(t )〉

〈�0||�(t )〉
〈�0||�(t )〉
〈�0||�0〉

= 〈�0|Ŝx
�r |�(t )〉

〈�0||�(t )〉
〈�0|Ŝx

0|�0〉
〈�0||�0〉 . (6)

The first term can be computed by contracting the tensor
network representing the overlap 〈�0||�(t )〉 using CTMRG,
and evaluating the local observable Ŝx

�r at each position �r in the
unit cell. The second term in Eq. (6) simply corresponds to the
ground state expectation value of Ŝx

0.
Finally, to reduce nonphysical signatures in the spectral

function due to the finite time window, we multiply the time
dependence of the correlator with a Gaussian envelope of the
form exp(−α( t

tmax
)2) when transforming to frequency space.

We also define the normalized real quantity S̃x,x(�k; ω) =
Re [Sx,x(�k; ω)/

∫
dω Sx,x(�k; ω)].

We note that the spectral function may also be computed
based on finite PEPS. The main advantage of using iPEPS
instead is that it allows one to obtain results directly in the
thermodynamic limit, thereby avoiding boundary and finite-
size effects. Another advantage is that one can start from the
iPEPS ground state tensor, which is just a single tensor for
a translationally invariant state. For a finite PEPS with open
boundaries, one would first need to find the L × L different
ground state tensors, which is typically more challenging than
optimizing a single tensor in the iPEPS case [68].

III. RESULTS

As a benchmark of our method we consider the ferromag-
netic transverse-field 2D Ising model on a square lattice

Ĥ = −J
∑
〈i, j〉

σ̂ z
i σ̂ z

j − λ
∑

i

σ̂ x
i , (7)

with J nearest-neighbor coupling and λ the transverse mag-
netic field strength. The model exhibits a second-order phase
transition between a ferromagnetic phase and a disordered
phase at λc/J ≈ 3.044 [69]. In the following we set J = 1.

For all our simulations, we use a ground state optimized
for bond dimensions of D0 = 3 and χ0 = 40. We chose a time
step dt = 0.05, which is small enough such that the Trotter
error remains small. For the time evolution, we use bond
dimensions in the range of Dt = 3 − 7 and a sufficiently large
χt = 50 − 100, such that contraction errors are small. Finally,
for the Gaussian smoothing of the correlator, α is fixed to 2.0.

A. Local quench dynamics

We first present example results for the nonequal two-point
correlator Cx(t, �r) = 〈σ̂ x

�r (t )σ̂ x
0 (0)〉c based on a L = 15 unit

cell and λ = 2.5 in Fig. 2(a), from where the propagation of
the perturbation Ŝx

0 on the ground state can be observed. As for
any local system, the correlations (carried by quasiparticles)
propagate with a finite velocity until reaching the boundary of
the unit cell. Consequently, the finite cell size constrains the
simulation times, as will be discussed in Sec. III D.

094314-3



ARIAS ESPINOZA AND CORBOZ PHYSICAL REVIEW B 110, 094314 (2024)

FIG. 2. (a) Nonequal time two-point correlator along a cross
section in the unit cell (�r = (rx, 0)) for L = 15, λ = 2.5 and Dt = 5.
(b) Convergence of nonequal time two-point correlators (for λ = 2.5)
at two locations �r = (0, 0) (dotted) and �r = (2, 2) (dashed) as a
function of Dt (left panel, L = 11) and L (right panel, Dt = 5). The
vertical dotted lines indicate the maximal simulation time tmax (cf.
Sec. III D) for L = 5 and L = 9, respectively.

The accuracy of the time evolution is controlled on
the one hand by the finite bond dimension Dt , restricting the
amount of entanglement the ansatz can reproduce, and the
finite unit cell size L. In Fig. 2(b) we study the effect of
Dt and L on the nonequal time correlator for two different
distances �r and λ = 2.5. We find that finite Dt effects are
small up to t ∼ 1.5, beyond which they become visible in the
longer-distance correlator.

Regarding the dependence on L, small differences can be
observed only when approaching the maximum simulation
times (cf. Sec. III D) for each L.

B. Dynamical structure factor

Based on the data for the nonequal time correlators we cal-
culate the dynamical structure factor for four values of λ in the
ferromagnetic phase (λ = 1, 2, 2.5, 2.75) for a path through
the Brillouin zone as shown in Fig. 3. We can clearly identify
a sharp feature with the largest spectral weight, corresponding
to the single-particle excitation (magnon) of the system, which
has energy 8J in the classical λ = 0 limit. An additional
distinct feature at higher energies is observed, particularly for
λ � 2, which can be associated with a bound state of two
magnons, corresponding to a pair of spin flips on neighboring
sites. In the limit λ = 0 it has an energy of 12J as opposed to
16J of two free magnons. For λ > 2 this feature becomes less
distinct, in particular around the � point, and a broader region
with enhanced spectral weight can be identified, compatible
with a continuum of two-magnon excitations.

In Fig. 4 we show data for the dependence of the dynamical
structure factor on Dt and L for λ = 2.5 at momentum �k =
(π, π ) as an example. The finite Dt and L effects are found to
be rather weak, except that for the smallest cell size L = 5 an
artificial small peak appears at low energy, which vanishes for
the larger cell sizes. Thus, already relatively small values of
Dt and L are sufficient here to reproduce the main features in
the dynamical structure factor. Stronger effects may be found
for longer time scales tmax, which, however, is limited by the
cell size, as we discuss in the next section.

From the location of the maximum in the dynamical
structure factor for each value of �k, we extract the magnon
dispersion curves plotted in Fig. 3(b). For λ = 2.5 we also
present a comparison with results obtained with the iPEPS
excitation ansatz [31], showing good agreement with our re-
sults, apart from a slight deviation at the � point. We can
also extract the spectral gap from the values at momentum

FIG. 3. (a) Dynamical structure factor, S̃xx (�k, ω) for λ = {1, 2, 2.5, 2.75}, L = 15, and tmax = 2.65. The location of the maximal spectral
weight at each momentum, corresponding to the magnon, is indicated by green crosses. A second (weak) feature due to the bound state can be
observed (upon zooming) at higher energies. (b) Magnon dispersion curve obtained from the location of the maxima in the dynamical structure
factor (Fig. 3). The dashed curve is the result obtained with the iPEPS excitation ansatz [31]. Inset: spectral gap, �, as a function of λ, obtained
at the � point, where the excitation energy has a minimum.
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FIG. 4. Effect of Dt (left, fixed L = 5) and L (right, fixed Dt = 5)
on dynamical structure factor at the M = (π, π ) point for λ = 2.5.
All results are obtained up to a tmax = 1.4.

�k = (0, 0) (� point), plotted in Fig. 3(b). Its dependence on
λ follows closely the expected scaling law � ∝ |λ − λc|ν ,
with ν = 0.63012 [70]. Deviations are expected when ap-
proaching the critical point λc as the finite bond dimension in
the ground state induces an effective finite correlation length
at criticality [71,72].

C. Maximal simulation times

As seen in the previous sections, it is possible to reproduce
the main features of the nonequal time correlation functions
and dynamical structure factor for moderate values of Dt , indi-
cating that the entanglement growth during the time evolution
can be sufficiently captured with our ansatz up to the tmax

considered. Thus, in the present simulations, the finite Dt is
not the limiting factor on the maximal simulation times, but
rather the cell size L, as we discuss in the following.

It is clear that when the propagating correlations from the
initial perturbation reach the boundary of the cell, they are
going to be influenced by the propagating correlations from
the neighboring cell, such that the assumption of uncorrelated
cells is no longer valid. What is more, we observe that after
a characteristic time when the correlations reach the bound-
ary, the time evolution becomes numerically unstable, which
manifests itself by an abrupt change of observables.

For example, we can assess the stability of the simulations
by monitoring the growth of entanglement through the quan-
tity SE = −∑

j η j log η j , obtained from the eigenvalues {η j}
of a corner tensor of the environment, and its mean value,
S̄E , given by the average over all corner tensors. This quantity
has the form of a von Neumann entropy and we expect it to
increase with increasing entanglement entropy of an infinite
quadrant of the wave function.

In Fig. 5(a) we observe that after a certain time the growth
of S̄E exhibits a sudden change and we identify the last time
step before the instability occurs as the maximum simulation
time tmax up to which we can extract reliable data. We find
that tmax increases roughly linearly with cell size L, as shown
in Fig. 5(b), suggesting that tmax can be related to the charac-
teristic time scale when the propagating correlations reach the
boundary of the cell. The dependence of tmax on Dt is found
to be rather weak for the larger system sizes.

FIG. 5. (a) Average value of SE for L = 9. (b) Maximum sim-
ulation times tmax as a function of cell size L for different bond
dimensions Dt , extracted from the discontinuity in the growth of S̄E .
λ = 2.5 in both figures.

Thus, we conclude that in order to reach longer time scales,
the cell size L has to be increased, which comes with a com-
putational cost that scales as O(L2).

D. Complementarity of methods

As mentioned in the introduction, the dynamical structure
factor can also be obtained based on the iPEPS excitation
ansatz [29]. This ansatz is based on the ground state iPEPS
with a local perturbation, i.e., where one of the ground state
tensors is replaced by a new tensor B,

|�0〉 → |�(B)�r〉. (8)

By taking an infinite sum over all positions of B with a
appropriate phase factors, the ansatz exhibits a well defined
momentum by construction,

|�(B)k〉 =
∑

�r
eik·�r|�(B)�r〉. (9)

Several methods to optimize this ansatz have been developed;
see Refs. [31–34] for details. From the set of all excitations,
the dynamical structure factor can then be obtained via a
spectral decomposition of S(�k; ω).

The real-time evolution-based method and the excitation
ansatz provide two complementary tools to study spectral
functions, each with its own strengths and weaknesses. Due to
the nature of the excitation ansatz, it can resolve single quasi-
particlelike excitations (or bound states) with high accuracy,
especially also at low energies. However, a disadvantage is
that it can only approximately resolve a continuum of excita-
tions, which may result in spurious sharp spectral features in
the dynamical structure factor instead of a clear continuum at
small D [73].

In contrast, the time-evolution-based approach is not inher-
ently biased towards single-particle excitations, allowing it to
more naturally resolve a continuum of excitations. Another
advantage is that a single calculation provides the full dy-
namical structure factor for all momenta, whereas a separate
calculation is needed for each value of k for the excitation
ansatz. However, to reach the same level of accuracy for
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single-particle excitations at low energies as the excitation
ansatz, progress on the time scales reachable by the time-
evolution method is needed.

IV. CONCLUSION

In this work, we have shown how current iPEPS methods
for infinite 2D quantum systems can be combined to evaluate
nonequal time correlators to compute spectral functions. Our
approach is based on an iPEPS ansatz consisting of copies
of large unit cells with an operator applied in the center of
each cell, which is time-evolved using the fast full-update,
and two-point correlators are evaluated with CTMRG. We
have presented benchmark results for the transverse field Ising
model, and found that the main features in the dynamical
structure factor can be reproduced already at relatively small
bond dimensions Dt and cell size L.

We obtained results for the magnon dispersion which are
in good agreement with the ones based on the iPEPS exci-
tation ansatz [31]. Due to the nature of the ansatz, the latter
is more accurate to represent single-particle excitations (or
bound states), however, it can capture multiparticle continua
only in a limited way, in contrast to time-evolution based
methods. Thus, the two approaches provide complementary
tools to study spectral functions.

In the future it would be desirable to push the simulations
to longer times to improve the resolution of spectral features.
In the present approach we found that the maximal simulation
time is mostly limited by the finite cell size, and related

to the characteristic time when correlation effects between
neighboring cells become non-negligible, leading to instabil-
ities in the time evolution. While longer time scales may be
obtained using larger cell sizes, another possible direction
could be to use a modified ansatz consisting of only a sin-
gle cell with an operator applied, surrounded by an effective
environment of the unperturbed state. The challenge is then
to time evolve the latter alongside with the iPEPS tensors in
the cell. This could potentially be achieved based on a single-
layer CTMRG scheme [66,74], which keeps separate bra-
and ket-environment tensors with an effective physical index
in between. A similar idea has successfully been tested for
infinite MPS in Ref. [75]. Other interesting directions include
the study of real-time scattering of interacting quasiparticles
in 2D [76,77], which could potentially be done based on the
present real-time evolution approach, and the extension to
time evolutions of a perturbation in momentum space [78].
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