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Just as matrix product states represent ground states of one-dimensional quantum spin systems faithfully,
continuous matrix product states (cMPS) provide faithful representations of the vacuum of interacting field
theories in one spatial dimension. Unlike the quantum spin case, however, for which the density matrix
renormalization group and related matrix product state algorithms provide robust algorithms for optimizing
the variational states, the optimization of cMPS for systems with inhomogeneous external potentials has
been problematic. We resolve this problem by constructing a piecewise linear parameterization of the
underlying matrix-valued functions, which enables the calculation of the exact reduced density matrices
everywhere in the system by high-order Taylor expansions. This turns the variational cMPS problem into a
variational algorithm from which both the energy and its backwards derivative can be calculated exactly
and at a cost that scales as the cube of the bond dimension. We illustrate this by finding ground states of
interacting bosons in external potentials and by calculating boundary or Casimir energy corrections of
continuous many-body systems with open boundary conditions.
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The density matrix renormalization group (DMRG) and
variational matrix product state algorithms have revolu-
tionized the understanding of static and dynamic properties
of quantum spin systems [1]. Many of the low dimensional
strongly interacting systems of current interest, however,
such as the ones realized in optical lattices [2] and atom
chips [3-5], are not described by lattices but rather by
continuum field theories [6,7]. This led to the introduction
of continuous matrix product states (cMPS) [8,9], the
natural continuum analog of matrix product states
(MPS), which can also be understood as a matrix-valued
generalization of coherent states used in describing Bose-
Einstein condensates. cMPS have been explored in the
context of relativistic systems [10], Bose gasses with long-
range interactions [11], atomtronics [12], and various
applications involving coupled fields [13—15]. The cMPS
construction is closely related to the output fields in a setup
of cavity quantum electrodynamics and thus also holds
potential for experimental realization [16—18].

The cMPS ansatz is a functional of matrix-valued func-
tions Q(x), R,(x) (the variational parameters), given by
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where I/II,()C) are field operators in second quantization
satisfying the usual commutation or anticommutation
relations and « labels the different modes or particle species
in the system. (0| and |B) are boundary vectors on the
D-dimensional virtual ancilla space (where Q(x), R,(x)
live), and |Q) is the empty vacuum state satisfying
Wo(x)|Q) =0. When applying the time dependent variational
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principle to the cMPS manifold, a nontrivial matrix gener-
alization of the Gross-Pitaevskii equation, known as the
“quantum Gross Pitaevskii equation,” is obtained [19]. It has,
however, turned out to be very challenging to integrate this
matrix-valued partial differential equation, in particular for
finite systems, due to the existence of divergencies occurring
when inverting the left and/or right reduced density matrices.
This is due to the near rank deficiency of the reduced density
matrices at the boundary. So far, cMPS algorithms have been
restricted to ground state calculations in infinite systems with
constant [20] or periodic potentials [21].

In this Letter, we propose a cMPS ground state algorithm
for finite systems with open boundary conditions, using a
piecewise linear ansatz for the matrix-valued functions
Q(x) and R(x). The local reduced density matrices on the
corresponding segments are modeled using a quickly
converging Taylor series expansion. In comparison to the
more sophisticated basis spline approach from Ref. [21],
our approach has the crucial advantage that both the energy
and its backwards derivative can be calculated exactly and
at a very small cost, without having to refer to a lattice
discretization and matrix product state techniques.

In more detail, the ansatz consists of specifying a mesh
{x¢} of strictly increasing coordinates, D x D matrices
O = O(x1), Ry = R(x;), and defining Q(x), R(x) on all
other points by the linear interpolation

X — X

R(xy £x < xpp1) = R + (Ri1 — Ry)

Xi+1 — Xk

and similarly for Q(x; < x < x;4). Using the language of
finite element analysis, we are modeling Q and R using
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“tent” functions. The left and right density matrices p and o,
which encode the entanglement degrees of freedom, are
defined by the Lindblad-like equations [8,9]

d
E'D
4 ox) = QW)o(x) + o) Q)" + R(o(x)R()

(x) = 0(x)"p(x) + p(x)Q(x) + R(x)"p(x)R(x)

with boundary conditions p(0) = [0)(0| and 6(L) = |B)(B).
The key technical tool that makes the method successful is
formulating these reduced density matrices on the same
segments as a Taylor series expansion:
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By plugging this ansatz into the Lindblad equations, we
obtain a recursive triangular linear set of equations com-

pletely determining the matrices p,i”)

Qii1> R, Riyy, and p]((0)7 and equally so for 0,(:_’21 as a

as a function of Qy,

function of Qy, Qy1, Re, Res 1> and o). We also have the

equations pl)| =S p\" ) 60 =5 6l For a
sufficiently fine mesh {x,}, this recursion converges
rapidly such that the density matrices p(x) and o(x) can
be obtained with machine precision using only finite values
of my and n; (typical values are nj; ~ m; ~ 30). We have
indeed observed that it is instrumental to model the reduced
density matrices p(x) and o(x) up to a very high precision
for the resulting algorithms to work robustly.

Once the reduced density matrices are determined,
we can evaluate the energy. For simplicity, we consider
a Lieb-Liniger Hamiltonian [22] with kinetic energy term
(dyl/dx)(dy,/dx), point interactions gyiyly ., and
external potential V(x) — u, where the chemical potential
u indicates that we are working in the grand canonical
ensemble, and do not fix the number of particles. Finally,
the Dirichlet boundary conditions R(0) = R(L) = 0 [but
free boundary conditions for Q(0), Q(L)] correspond to the
boundary conditions imposed on particles in a box, where
the wave function in first quantization vanishes at the
boundaries. The energy is given by

[ WHEIW)
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with

H(x) = DR(x) ® DR(x) + (V(x) — u)R(x) ® R(x
+ gR(x)* @ R(x)*

~—

and

DR(x) = [Q(x), R(x)] +—— (x).

This integrand canreadily be expressed in terms of the matrices

O Rp, p", 6\™, and powers of (x—x;)/ (X, —x;) and
(xXge1 —X)/(xp41 — x¢). Hence, the integration can be
carried out exactly in terms of the beta functions
B(m+1,n+1) = [l x"(1 —x)"dx. This allows for an
exact calculation of the energy for piecewise linear cMPS
as a sum:

>0 Blntam+b)(p” | |61,
k nm,ab

with A ,({a’m the Taylor expansion coefficients of H(x) in the

interval [x,x.1). As is well known from the theory of

finite elements, a piecewise linear approximation leads to a

finite expectation value of the kinetic energy (Laplacian), as

can readily be seen by doing partial integration.

The total computational complexity for computing the
energy scales as (nj + my) - L - D3 is exactly as in the case
of DMRG and variational MPS algorithms. Furthermore,
the exact derivatives V, E and Vg E can also be calculated
at effectively the same computational cost by making use of
the idea of backwards differentiation. This is simple to
implement as the determination of p,({") and a,({m) only
involves simple matrix multiplications. Consider the
derivative of the energy toward the matrix elements Q
or R;. We find

VE=Ey+E  +Eg+Ey

k

Ey=Y_ 3 B(n+a.m+b)p" Vi o)
I=k—1 n,m,a,b

E, =Y 3 Bn+am+b) (V)" |H" o))

I>k—1 n,m,a,b
Eg = Z Z B(n+a,m+ b)(pf”)|[:[§“’h)|vk0§m)>
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0 0 0 0
g, — —(Viello) + 60 Via")

0 0
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where V; denotes either V, or Vg . These terms are
clearly reminiscent of the DMRG procedure, where the
optimization of the energy at a site k involves three different
terms: the local energy term (corresponding to Ey) and the
way this local tensor affects the energies at distant points
(E; and Ep). Note, however, that the functional depend-
ence for the cMPS case is a highly nonlinear function of
Oy, as opposed to the linear dependence in the usual
DMRG case. The key element in determining the Jacobians
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Vkp§”> and Vkagm) is the fact that all p§"> depend linearly on

p,(fgl, and furthermore that

o o ol
op” 9p)% O

(n
va/)l ) =

and similarly for Vg . Given an operator A, we can hence
efficiently calculate tr[A(dp\" /dQ,)] = (A|(dp\" /dQ}))

(Al = (A] = (Al(dp}" /dp\") — (A"] =

by evolving
As p"

0 0
(A|(dp}” fdpi %) = -+
defined as a function of pg()), this can easily be done by
reversing the order of matrix multiplications done to

is itself recursively

produce the pgn). Indeed, this is a specific example of
the general structure of reverse-mode differentiation as it
appears in the context of differentiable programming. Note
that it is important to do an auspicious bookkeeping to
avoid double work. Effectively, what this approach is
generating corresponds to the Taylor approximation of
the integrated energy environments (H; |(x) and |Hg)(x)
defined by

L H,(x) = 0 HL() + L (x)0()

dx
+ R(x)"HL(x)R(x) + H(x)

with boundary condition H;(0) =0, and similarly for
Hp(x), the discrete analog of which is also constructed
in DMRG and related MPS algorithms.

We have thus demonstrated that the energy and its
derivatives can be calculated at a cost that scales as D?
in the bond dimension, linearly in the system size, and
linearly in the number of Taylor expansion terms needed to
capture the reduced density matrices up to machine
precision. We can then use a standard nonlinear optimiza-
tion routine to determine the variational parameters Q; and
R,. There are two obvious choices: either we optimize over
all parameters simultaneously, or we sweep through the
systems as in the case of DMRG and only optimize over the
parameters corresponding to tensors in a certain localized
region. In the latter case, the cost for calculating the
derivatives does not depend anymore on the system size,
given that necessary auxiliary quantities have correctly
been archived. Unlike with DMRG, even the local problem
is highly nonlinear and thus not exactly solvable, so that in
practice, the first seems preferable, as one can then
immediately optimize global features. For the simulations
in this Letter, we used the global update scheme together
with the standard L-BFGS algorithm [23]. It has proven to
be very useful to initialize the cMPS with matrices Q, R
obtained from uniform ¢cMPS calculations in the thermo-
dynamic limit, brought into a gauge for which the left

density matrix is equal to the right one, and to rescale the R
appropriately to zero around the boundary.

A very desirable feature of this cMPS optimization
method is that it is straightforward to refine the mesh over
which we are linearly interpolating the matrices. It is
certainly desirable to have a finer mesh around the
boundaries. An important note also concerns the gauge
invariance of the cMPS that we use; for the most general
cMPS, the resulting state is invariant under a local gauge
transformation on the matrix-valued functions Q(x) and
R(x). Because of the linear interpolation, this gauge free-
dom has disappeared and only one global gauge transform
degree of freedom is retained. Without loss of generality,
the right boundary vectors can hence be chosen to be a
linear superposition a|0) + f|1), irrespective of the bond
dimension D. For all simulations presented in this Letter,
we chose |B) = |0).

Let us illustrate this cMPS algorithm with some exam-
ples, for which we again consider the interacting Bose gas
using the aforementioned Lieb-Liniger Hamiltonian with
an arbitrary external potential, open boundary conditions,
in the grand canonical ensemble. We first set V(x) =0,
u = (4.757)% and interaction term g = 10°, for which a
quasiexact solution is available. As the interaction is very
strong, we are in the Tonks-Girardeau regime, and the
energy can be computed in terms of free fermions filling
the single particle modes: for the given value of u, the
system will exhibit four fermions with a total energy
(1+4+9+16)7* —4u = —594.643.  From uniform
cMPS calculations, it is well known that this Tonks-
Girardeau limit is actually more demanding than the one
with small effective g/p (commonly denoted as y), so
this is a good test case. Running the variational cMPS
algorithm with bond dimension D =8 and using 32
equidistant interpolation points yields an energy equal to
Ep_g = —594.45. As shown in Fig. 1(a), the energy density
and particle density are almost indistinguishable from the
Tonks-Girardeau result, but the ¢cMPS exhibits a small
amount of interaction energy, which completely vanishes
for the Tonks-Girardeau state. Note that the cMPS manages
to obtain smooth results for particle and energy densities
despite the rather coarse grid on which the piecewise linear
model for Q(x) and R(x) is defined. Only the interaction
energy (which contributes little to the total energy) shows
some artifacts resulting from this grid. We also calculated
the entanglement spectrum as a function of position; see
Fig. 1(b). Note that the cMPS accurately captures the
D = 8 largest values in the entanglement spectrum of the
Tonks-Girardeau state, exactly as we would expect from
the familiar intuition with MPS on the lattice. The only
discrepancies are that sharp crossings in the entanglement
spectrum, where a new value becomes higher at a certain
point of x. These crossings cannot be exactly captured by
our piecewise linear construction of Q and R and are
replaced with a smoother transition. Note, as an aside, that
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FIG. 1. (a) Density and energy profiles of the ground state of an
interacting Bose gas in a box of length L =1, V(x) =0,
u = (4.757)%, and g = 10°, using cMPS with D = 8§ as well
as using the Tonks-Girardeau state (which is exact for g = ).
(b) Corresponding entanglement spectrum and entanglement
entropy for a left-right bipartition as function of the cut position
x for both the cMPS and the Tonks-Girardeau state.

the Tonks-Girardeau state with N particles has an exact
cMPS representation of bond dimension 2V and is of the
form Q(x) =0,

N {0 \/isin(f:kx)} ® 1885,

R(x) =Y 780D g 0 0
k=1

and boundary conditions |B) = |1)®V,

Let us next move to a more challenging problem with
many more particles. We consider a box with an external
potential V(x) = p - sin(15zx), with y = 1749 and g = 35.
In that case, the dimensionless interaction strength is
g/p = 1.050996 6, while the ground state density, kinetic
energy, potential energy, and interaction energy profiles are
depicted in the Supplemental Material [24]. Note that there
are around 33 particles in the box but that the cMPS ansatz
does not exhibit particle number symmetry and hence
allows for particle number fluctuations. We expect a
sufficiently converged cMPS can take into account arbi-
trary external potentials in contrast to the standard local
density approximation (LDA) that is usually performed
[5,25] by employing the Yang-Yang thermodynamics [26]
of the Lieb-Liniger gas. In Fig. 2, we show how the LDA
can only predict the correct density profiles whenever
0,p(x)/p(x) < 1 but fails to reproduce the exact density

3(x) =
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FIG. 2. Density profiles corresponding to the parameters y =
1749 and g =35 but with varying strength of the external
potential. Comparison between D = 32 cMPS results (blue line)
and LDA approximation based on Yang-Yang thermodynamics
of the Lieb-Liniger gas (red line).

profile obtained by cMPS outside this regimes by modu-
lating the strength of the external potential V(x) in
comparison to the chemical potential p. The effect on
the energy density, however, is less significant.

As a final example, we calculate the boundary or Casimir
energy of such an interacting Bose gas. We therefore study
the systeminabox oflength L = 1l at V(x) = 0, = 10000,
and g = 1000 using a cMPS with D = 64 and 300 grid
points and obtain a total energy of £ = —221056.1, which
includes the contribution of the chemical potential term.
The different energy density profiles can be found in the
Supplemental Material [24]. The total particle number in this
system has expectation value (N) = 33.9999 with standard

(N?) — (N*) = 0.0256. This has to be com-

pared with the results from a uniform cMPS with bond
dimension D = 64 in the thermodynamic limit, which are
€s = —226719.9 for the energy density and 34.7840 for the
particle density. The resulting boundary or Casimir energy is
given by Ep = E — Le,, = 5663.8. Note that the correct
energy density obtained with the Bethe ansatz at y = g/p =
28.748 88 is given by —226 721.5, whereas the Bethe ansatz
prediction for the boundary energy (for open boundary
conditions in the thermodynamic limit) is given by Ep =
5676.0 [27,28], which is close to our value obtained for a
system of length L = 1. Note that the finite cMPS has very
few particle fluctuations and thus almost perfectly respects
the U, particle number symmetry. Indeed, the maximal value
of the order parameter |(y(x))| over all x is given by 0.0016
for the finite cMPS, whereas the uniform cMPS at the same
bond dimension has |(y(x))| = 1.5283, indicating that the
latter does significantly break the U, in order to reduce
entanglement. Related to this is the fact that the finite cMPS
result captures the strong Friedel oscillations that exist in this
system at these large values of y and that these also persist in
the entanglement spectrum (Fig. 3).

deviation
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FIG. 3. cMPS entanglement spectrum and entanglement en-
tropy corresponding to the results shown in the Supplemental
Material [24] for a left-right bipartition at the 300 grid points on
positions x;, = [1 — cos(zk/300)]/2.

In summary, this Letter introduces a scalable and robust
variational method for studying interacting particles in a
one-dimensional box using nonuniform continuous matrix
product states, modeled using ideas from finite element
analysis. A major technical bottleneck in cMPS algorithms
was resolved by introducing a novel triangular set of
coupled equations for the Taylor coefficients of the reduced
density matrices, and this allowed for a quasiexact deter-
mination of both the energy and its derivatives. There are
many obvious ways in which these results can be extended.
It is, e.g., possible to use a quadratic interpolation scheme
as opposed to a linear one; the triangular set of equations
for the reduced density matrix is retained that way. It would
also be possible to work in the left gauge for which
O(x)=—1R(x)"R(x)+iK(x) and interpolate K (x) instead.
Alternatively, one can also investigate the use of spectral
methods to model the cMPS matrix functions.

In a forthcoming publication, we will demonstrate how
preconditioners can be constructed in order to speed up the
optimization algorithms in terms of the local reduced
density matrices and how the time dependent variational
principle can be adopted to the piecewise linear setting so
as to use nonuniform cMPS for time evolution while
preserving local constants of motion such as the energy.
We will also explore how cMPS algorithms can be used to
simulate realistic higher-dimensional quantum many-body
systems, either ones that are confined in 2 directions such
as in optical lattice experiments [for this, it will be enough
to include multiple species R,(x)], or systems with a
spherical symmetry in which the cMPS would represent
the radial part of the wave function (and angular compo-
nents again appear as different modes).

The elephant in the room is the question of whether
cMPS algorithms of this kind exhibit any advantage over
DMRG on a discretized grid. For relativistic quantum
field theories with UV divergencies, where the lattice
discretization plays the role of a very effective regulator,
the answer is unclear. But for nonrelativistic systems
such as the ones created in optical lattices and atom
chips, especially with shallow potentials, the lattice dis-
cretization seems to requires a very fine lattice spacing. The
presence of multiple length scales then tends to result in
convergence issues with DMRG [29,30], making the

approach particularly inconvenient at high densities. The
cMPS approach in this Letter offers a cleaner and more
natural approach to tackle such problems and can more
easily be combined with the iterative refinement strategies
proposed to improve DMRG.
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Note added.—The results presented in this Letter can be
obtained using the open-source Julia package CMPSKit.jl
[31], the details of which will be described elsewhere.
A notebook with the necessary code to exactly reproduce
the results of this Letter is also provided [32].
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