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In this work we study the ground-state properties of three different one-
dimensional systems of IV identical, non-interacting, spinless fermions trapped
in a potential well. We consider a harmonic trap, an infinite potential well and
a Morse potential, and for all of them we prove that the ground-state wave-
function can be written in terms of a Vandermonde determinant. We compute
and plot the one-body density matrix and the pair correlation function for sys-
tems of 2 to 5 particles using two different analytical methods to check that
both provide the same results. Moreover, we derive closed expressions for these
functions in terms of polynomials for a general number of particles. These
polynomials, in turn, can be expressed using Vandermonde vectors and square
matrices. To complement the mathematical study of the systems, we reproduce
and validate the analytical results using a Machine Learning approach. We use
a Neural Quantum State as an ansatz for the ground-state wavefunction and
a Variational Monte-Carlo method to find the best neural network parame-
ters. Both the energies and the density matrices are correctly reproduced using
Machine Learning.
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1 Introduction

The study of a collection of many particles can be remarkably complex when interactions
are taken into account. The exploration of these many-body interacting systems lies within
the domain of quantum many-body physics, with the objective of understanding emergent
phenomena that appear due to the collective behavior [Coll6].

The field of many-body physics has seen significant evolution and advancement over
the past years, driven by both theoretical developments and technological progress. In
particular, Machine Learning (ML) methods have been increasingly used to tackle the
challenges of simulating and understanding complex quantum many-body systems. The
first use of a variational representation of quantum states based on Artificial Neural Net-
works (ANNs) in the many-body context appears in [CT17]. These variational quantum
states parametrized in terms of an ANN receive the name of Neural Network Quantum
States or simply Neural Quantum States (NQS).

In this work we focus on non-interacting, one-dimensional, spinless (fully polarized)
fermionic systems trapped in a potential well. Fermions have the peculiarity that they
obey the Pauli exclusion principle, which states that no two fermions can occupy the same
quantum state simultaneously, which determines how energy levels are filled. Although
in our study fermions do not interact, the results we find in our work can be used as a
tool in more complex many-body studies with interactions. Our investigation is structured
around the analysis of three N-body quantum systems, the harmonic oscillator (HO), the
infinite well (IW) and the Morse oscillator (MO), each characterized by a different well
potential.

The work is divided into two main sections, one in which we present an extensive math-
ematical analysis of the systems under examination (Sec. 2) and another one where we
benchmark the obtained results using ML techniques (Sec. 3). We start Sec. 2 by introduc-
ing the key concepts and the main mathematical tools we employ in our analysis, which
comprise the definitions of VD, one-body density matrix (OBDM) and pair correlation
function (PCF). Then we focus on each system to find its ground-state wavefunction in
terms of a VD and we compute and plot the OBDM and the PCF using both integral for-
mulae and uncorrelated formulae to corroborate that they give identical results. We finally
find closed expressions for them in terms of polynomials, which can be represented as a
matrix product involving Vandermonde vectors and square matrices. We find these matri-
ces for N = 2,3,4,5 and recalculate the OBDM and PCF using them to validate both the
closed formulae and the obtained matrices. The original derivations and analytical findings
are extensively discussed in the appendices.

In Sec. 3 we firstly provide a brief overview of the theoretical foundation underlying the
computational analysis employing ML techniques. This is followed by the description of
the methodology and the presentation of the results, which are compared to the analytical
ones. We conclude the work with a summary of the obtained results and we also provide
possible future lines of research.




2 Mathematical study of one-dimensional quantum systems

2.1 Vandermonde determinants

The Vandermonde matrix, mostly known for its determinant, is usually introduced in the
interpolation domain when we want to interpolate n points (z1,y1), ..., (Zn, yn) by means
of a polynomial of degree n — 1, P(z) = ag + a1z + agz? + - + a,_12"~ ! [Kall8]. To
determine the coefficients a; of such polynomial, we can think of solving the following
system of n equations:

P(CCl) =ag + a1x1 —{—azgc? 4+ .4 an—lI?_l =y

P(xQ) =ap+aixrs +a2$§ +..._|_an_1ngl — yy

P(xy) = ap + a1z, + agx% +--+ an_lxzfl = Yn
If we write it in matrix form, we have
2 ~1
1z a7y -+ f ag Y1
1 z9 a3 - :135“1 ay Yo
: =1 .| (2)
1 =z, 1'721 T 532_1 Gp—1 Yn

The matrix that appears is called a Vandermonde matrix. In general, a Vandermonde
matrix is an n X m matrix that contains the terms of a geometric progression in each row
[Mey10]:

1 T xi . xylnil
. 1 x9 25 - 27
i, 2 2
Vm(x17 R xn) = [JTZ ]Z]ZI = : : . .. . ’ (3)
1 Tn x’% ‘e xnmfl

Although this definition is commonly used, we can also find literature where a Vandermonde
matrix is defined as the transpose of the above matrix [Muh20|. If the matrix is square (n =
m), as in Eq. (2), we can define its determinant, the so called Vandermonde determinant,
Vandermonde polynomial or Vandermondian [Muh20|:

1z 2?2 ot
1z 23 - ah!

detV(ml,...,xn):: : _— E (4)
1z, 22 a1

Returning to the interpolation case, the system has a solution if the VD is different
from zero. It happens that its value can be easily calculated by means of the following
expression, which we prove in Appendix [A.1]:

det V(z1,...,xn) = H (xj — ;). (5)

1<i<j<n

One of the main advantages of this result is the reduction of the computational cost it
represents. Calculating the VD using this formula has a time complexity of approximately
O(n?), which is significantly better than the O(n?) complexity of standard determinant
calculation methods [HLLT21].

The VD is primarily important in the context of quantum mechanics to satisfy the
antisymmetry requirements for wavefunctions of indistinguishable fermions.




2.2 Many-body density matrices
2.2.1 Integral formulae for the density matrices

Many-body density matrices are a powerful tool in quantum mechanics that provide valu-
able information about the distribution and correlations of particles in a given state [Lo55].
In particular, in this dissertation we compute the OBDM and the PCF for the quantum
systems under consideration. The latter is directly related to the two-body density matrix
(TBDM), as we will now see.

The OBDM for a system of N particles describes the probability distribution of a
particle’s position and the correlations between different positions in the system [KQM22].
It is defined as

oM (z,2') = N/dxg coodeN U (2,30, . aN) W (2 T, TN, (6)

where U(z1,...,2x) is the normalized many-body wavefunction and x and 2’ are two

different positions of the same particle. If x = 2/, we recover the expression for the density,
(N (z):
n\V)(x):

On the other hand, the TBDM describes the probability distribution and correlations

of two particles in a quantum system. It is defined as the following N — 2 integral:

TN (21, w95 2, ) = (J;[) /dajg---de\Il*(xl,xg,...,$N)\Il(ac'1,x’2,...,xN). (8)

Similarly, the three-body density matrix extends this concept to three particles, capturing
the correlations and probability distribution among them. Higher-order density matrices
continue this pattern for systems with more particles, providing insights into the corre-
lations and statistics of multiple particles within a quantum system [L.655]. The general
formula for the k-body density matrix is given by

F](fN)(xlaxQW")xk;xlhxlz,...,x;g)
N *
= </<:> /dmk+1...de\I' (21,72, .., Thy . aN) U (2], 2h, . X TN, (9)

from which we can retrieve Egs. (6) and (8) by putting k¥ = 1 and k = 2, respectively, i.e.,
(N)

FgN)(l‘l;x’l) = oM (zy,2)) and T (x1, zo; 2, 2h) = T (21, 2932, 25). Note that for
k = N we have no integrals left:
F%V)(xl,xg, TN, Ty ) = U (2, @, an) (2], 2h, ., 2y). (10)

The expression for the PCF can be obtained from the TBDM by setting x| = x1 and
xh = 9, which corresponds to the diagonal elements

g (@1, 29) = TN (21, 295 21, 22). (11)

Therefore, the PCF can be computed as

N
g M (21, 22) = (2) /d$3'"diUN\‘I’($1,$27--',9€N)|2- (12)

We can see that g(™) (z1,22) > 0. The PCF is the probability of finding one particle at
and another at x5 in an N-body system [Lo55].




2.2.2 Uncorrelated formulae for the OBDM and the PCF

So far, we have shown integral expressions for the OBDM and the PCF. However, for the
ground state of non-interacting systems and in the Hartree-Fock approximation (where
the many-body wavefunction of a system is approximated as a single Slater determinant),
we can find simplified formulae, which we refer to as uncorrelated formulae. In these two
scenarios, the OBDM and the PCF can be calculated by sums of products of single-particle
wavefunctions ¢, (x) that are solution of the one-body Schrodinger equation of the system
under study. If the single-particle quantum number n takes the values 1,2,3,..., these
formulae are:

N
pM(@,2') =3 ¢ () pn(2), (13)
n=1
1N
g M (a1,22) = 5 D7 Pumlar,22), (14)
n,m=1
with
P (21, 2) = &5 (1) br, (T2) [P (T1) P (T2) — P (1) P (22)] - (15)

We derive these expressions analytically in [A.2] starting from Eqgs. (6) and (12). If the
single-particle quantum number n starts from 0, we can use the same Eqgs. (13) and (14)
doing the sums from 0 to N — 1.

With these formulae we do not require the full expression of the ground-state wave-
function, we just need the single-particle wavefunctions. Besides, the computational cost
is greatly reduced by avoiding the calculation of integrals and determinants.

Combining Eqgs. (13) and (14), we obtain a useful formula for the PCF in terms of the
OBDM, as we discuss with detail at the end of Appendix [A.2],

1

g™ (21, 2) = 3 (P(N)(I17$1)P(N)(f'327932) - P(N)(xlvf'«“z)p(m(ﬂfz,xl)) : (16)

This expression will make calculations easier when we find closed expressions for the PCF.

2.3 Harmonic oscillator
2.3.1 Description and ground-state wavefunction

We begin by considering IV identical non-interacting spinless fermions of mass m trapped
in a HO well of frequency w. The Hamiltonian of the system can be written as

h2 Nogzoo1
H=— da:2+ mwzzx —th, (17)

where h; is the single-particle Hamiltonian,
(18)

The analytical solutions of the eigenvalue problem h;¢,(z;) = €0, (x;) are well known:

2
_ = 1
o) = Noe oty (2], =t (nt3). (19)

with n =0,1,2,... the quantum number that characterizes both the single-particle energy

level €, and the single-particle wavefunction ¢, (x). Here ap, = \/% is the oscillator

6



length, N,, = ﬁ is a normalization constant and H,,(z) is the Hermite polynomial
“"nlapov/m
of order n, which is a polynomial of degree n.

The Rodrigues’ formula for the Hermite polynomials is
o d® o
H,(z) = (—-1)"e" e . (20)
and, in particular, Hyo(z) = 1 and H;(z) = 2z. Additionally, these polynomials satisfy the
recurrence relation
Hy1(x) =2xHy(z) — 2nH,—1(2), (21)

a property that we need in order to express the ground-state wavefunction compactly.

Due to the Pauli exclusion principle, fermions fill the lowest available energy states
ensuring that no two fermions occupy the same quantum state simultaneously. Thus, since
we have fully polarized fermions, the ground-state energy is simply the sum of single-
particle energies:

2 Ni o — Y (22)
nzo n 2 )

where the intermediate step is detailed in [E.1]. Besides, the ground-state wavefunction is
a Slater determinant owing to the Pauli exclusion principle, ensuring anti-symmetry under
the exchange of particle positions, as required for fermions.

Our objective is to find a general formula for the ground-state wavefunction. Before
this, we analyze the 2-body case. It is not difficult to find that

z2+z2
L \po(z1) ¢1(x1) 1
U(xry, ) = — = e “he (232
(P02 = T loo(es) on(en)| g vme 2T
= e () —2i) = = *ho detV(z1,22),  (23)

where in the last step we have identified zo — z1 as a VD, Eq. (5). If we repeat the
calculations for N = 3, we find that a VD appears again. This suggests that for the
general N-particle case we should be able to express the ground-state wavefunction in
terms of a VD. For the N-body case we obtain:

do(z1)  o1(z1) - on—1(z1)
1 | ¢o(x2)  dulw2) oo dn-a(z2)
N =N S :
do(rn) ¢1(xn) - dn-1(TN)
o Holan) Hulgn) o Hy-ilgn
: n=0

\If(l‘l, PN

(24)

mls) () - (@)
In [B.1] we prove the hypothesis that this determinant of Hermite polynomials can be
written in terms of a VD. We obtain the following result:

det [Hj—l (;Z))LJIMN = ﬁ_[l (ai{))i} det V(z1,...,2N). (25)

=1

7



Therefore, the N-body wavefunction is

Zz]'v:1 =

1 Nzl /g \n - p)
Uy, ... - N, 25, det V(z1,.. .,
) = i | 1T (o) ]« 8 aavion e
Al () 12 Il
= N,|le %o (l‘j — ;). (26)
NI [Z0 \ano 1<i<j<N

We have thus proven that the ground-state wavefunction in a harmonic trap can be written
in terms of a VD.

2.3.2 Plots of the OBDM and the PCF

Having found the general expression for the ground-state wavefunction of the HO, Eq. (26),
we can now use it to compute and plot the OBDM and the PCF with the integral formulae
(6) and (12) using the SymPy library in Python. In Figs. 1, 2 we show the plots for
N = 2,3,4,5. We work with HO units, with which lengths are measured in terms of
apo, = 1. We also repeat the calculations using the uncorrelated formulae (13) and (14),
and as expected the obtained plots are identical to Figs. 1, 2. We postpone the discussion
of the plots to Sec. 2.6, where we will analyze them together with those of other systems.

(2 ! (3 '
PP (z,2) PP (w, ")
4 0.75 4 0.90
3 0.60 3 075
! 045 2 0.60
A0
! 1 045
0.30
0 =0 0.30
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- -1 0.15
- e -2 0.00
- S0 -3 —0.15
- -2 0 3 4 U0 - - 0 , =030
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2 0.8
0.6
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9 0.0 oo
-3 02 —0.2
,4_4 5 0 5 1 —0.4 ) 5 0 B 1 04
& T

Figure 1: OBDM p™)(z,2’) in terms of the positions  and 2’ for N = 2 to 5 particles in a HO well
We use HO units.
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Figure 2: PCF g(N)(xl,xg) in terms of the positions x1 and x5 for N = 2 to 5 particles in a HO well.
We use HO units.

2.3.3 Closed expressions for the OBDM and the PCF

After computing the integrals of Eq. (6), we see that the OBDM can be compactly expressed

as
1 _ J02_’_‘70/2

2a20 (N) / 2
ahoﬁe ho RV (x,2'), (27)

where R )(:c, 2') is a polynomial of order N — 1 in both z and 2’. This polynomial can
be represented in terms of the so called Vandermonde vector Y) = (1,z,22, N-HT

and an N x N matrix RWY):
RN (z,2") = & N)T RN /(N), (28)

pM (@, a’) =

These N x N matrices can be easily found looking at the coefficients of the expressions of
pN)(z,2') obtained by integration, Eq. (6). For example, for N = 3 we obtain

_ 12+1,2

3
20 <2x2xl2 — 2?4+ 222’ — 2 + ) . (29)

1
3) (5. 2" —
Pl ) = e 2

Comparing with the expression of R() (x,2"), with unknown coefficients a;;,

a1 a2 a13 1

/ 12
72(3)(95,;5’) = (1 z $2> a1 G2 a23 | =an + 2'ain + 2%ai3

/2
a31 asz2 as3 €

/ / ! 2 .12
+ xag1 + xx a2 + xx 2a23 + :c2a31 + 2% ase +x°x “ass, (30)




we see that the coefficients of the first row are multiplied by x°, the ones of the second
row are multiplied by x and the ones in the third row are multiplied by z2, adding in each
row 20, 2’ and z'? from the left column to the right one. Knowing this, it is immediate to

write Eq. (29) using Eq. (28) with the matrix

3/2 0 -1
R®=10 2 0]. (31)
-1 0 2

We can do the same for all N. For example, the results for N = 2,4 are:
3/2 0 -1 0

@ _ (10 @w_| 0 5 0 =2

R = <O 2) » BT = -1 0 2 0

0 4/3

(32)
—2

Similarly, after computing the integrals in Eq. (12) we find that the PCF can be ex-

pressed as
ikl +’¢2

1 T1 — X9
W 2 (1ah)g(N)(w1’$2)’ (33)

g™ (@1, 20) = “

where G\N)(x1,29) is a polynomial of order 2(N — 2) in both z; and z that can be
represented in terms of matrix products,

G (&1, 29) = ccgzN 3. G(2N_3)ngN_3). (34)

Here, G®N=3) is a (2N — 3) x (2N — 3) matrix. Following the same procedure as before,
we find these matrices identifying the coefficients obtained by integration. For N = 2, 3,4,
for example, we obtain:

45 0 —24 0 12
o 48 0 0 o0

, GO ==—24 0 96 0 0. (35
1o 0o o 6 0
12 0 0 0 16

a® — (2) elCi

N O W
o oo O
- O N

Note that, up to this point, we have derived the closed expressions for the OBDM and
the PCF by generalizing from some particular cases. However, these closed expressions
can also be derived mathematically by using the uncorrelated formulae, Eqs. (13) and (14).
We do this with all detail in [B.2]. For the OBDM, we arrive at the same result that we
have found by generalization, Eq. (27), and additionally we obtain an analytical expression
of RWN)(z,2') in terms of Hermite polynomials,

R (2, 2') = Nil ﬁffn <x) H, < il ) . (36)

n=0 Qho Qho

Once obtained the closed expression for the OBDM, we can find that of the PCF
from Eq. (16). In this manner, not only do we retrieve the formula we have obtained
by generalization, Eq. (33), but we also find an analytical expression for the polynomial

g(N) (1'17 $2)7
Q( )((131 332) h 2 E |: ( > ( )
’ 331 — .732 2" mn'm‘ Aho Aho

() (2 e (2 (2)] )
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In [B.2] we prove that this is indeed a polynomial and not just a rational fraction, as it
could seem at first glance. Also, in [B.2] we show the matrices RY) and GCN=3) for N = 5,
which are too large to include here. We have repeated the plots of the OBDM and the
PCF for N = 2,3,4,5 using their closed expressions and have obtained the same results,
Figs. 1 and 2, as expected.

2.4 Infinite well

2.4.1 Description and ground-state wavefunction

In this section, we proceed to study a system of N identical, non-interacting, spinless
fermions trapped in an infinite square well potential. Colloquially, it is said that the
particles are trapped in a box, since this potential reminds us of a box of size L:

0 0<z<L
V(z) = - (38)
oo otherwise
The Hamiltonian of the system is thus
hg N dQ N

H=— va, = h;, (39)
i=1 i=1

with h; the single-particle Hamiltonian. The single-particle energies and wavefunctions
can be found by solving the eigenvalue problem h;¢,(z;) = €,¢,(x;) inside the box, where
there is no potential and the single-particle Hamiltonian is just the kinetic term. We then
impose the boundary conditions, ¢, (0) = ¢, (L) = 0. We obtain

D) h2 2
ou@) =\ ("), = I (10)

with n = 1,2, 3... With the single-particle energies we can compute the ground-state energy

of the system,
272

N
Z_: 12mL2N(N+1)(2N+1), (41)

as discussed in [E.1].

To compute the ground-state wavefunction, we proceed as in the HO case, first com-
puting the Slater determinant for a particular case to see if we can write it in terms of a
VD. For the two-body case, we obtain the result

L |¢p1(z1) @o(x)] 4 71'931 . T TXo T,
75 |61(z2) dalaa) fL sin — sin A (cos — —cos L) . (42)

where we have used the sine double angle formula, sin 2ac = 2sin acos . Notice that we
can indeed detect the presence of a VD of the variables cos "% (i = 1,2),

oS % - cos% = H (coswzj — cos 7}?’) =detV <cos %,COS 7TL:B2> - (43)

1<i<j<2

U(zy,z9) =

This suggests that we should be able to write the general expression of the ground-state

11



wavefunction in terms of a VD of cosines. Starting from the definition,

1
\Il(xh ooy Q?N) = W det[¢m(xn)]n,m=1,...,N

= L det \/7 sin MTen
- N! L L n,m= N

-----

N
]. N ]. \/7 iMTIn _im7mzn
= (1) m( L) dot [F -] 4

el _p—ia

57— Using the so called Vandermonde formula [Pro88],

where we have used that sino =

N
e T | R I G (1_‘1)’ w

1<j<k<N

we can transform the determinant in Eq. (44) to

imzy \ M imtxn \ — M
() = ()
n,m=1,....N
iTT] _7,'71'1[ ITT ’5771]' _’L7r<zj+zk>
el —e L H e L —eL 1—e L
1<j<k<N

(o}
@
=+

I
=

N
Il
—

.. TIg irwy irT; _imzy RLLT
:H2zsmf H el —e L —e L +e L
=1 1<j<k<N
N I T, T,
= H 27 sin T H 2 (COS T — COS L7> . (46)
=1 1<j<k<N

The general expression for the ground-state wavefunction is then

\If( )_<1>N 1 \/7Nﬁ2 ) H 2( T ﬂ'l‘j)
1, aN) = (5 i r) 1 isin — COS = — €08 —

1<j<k<N
N N
1 N(N-1) ( 2> . TXy < T 7T:Ej>
=—2" 2 - sin — H cos — —cos —= |, (47)
V! L) = L 1<j<k<N L L
N - .
where we have used that there are ( 9 | = w terms in the second product. Thus, for

the IW, a VD appears in the ground-state wavefunction:

NTN
1 —1) 2
U(zy,....,zN) = m2mg : ( L) [H sin 77115611 det V' <cos %, ...,COS 7TEN> . (48)

=1

2.4.2 Plots of the OBDM and the PCF

In the same way as we did with the HO case, we have computed and plotted the OBDM
and the PCF for N = 2,3,4,5 with both the integral formulae, Eqgs. (6) and (12), and the
uncorrelated formulae, (13) and (14), and we have found the same results. The plots are
shown below (Figs. 3, 4), with the range of the particle positions going from 0 to 1 in the
natural units of this system (lengths measured in units of L = 1).
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2.4.3 Closed expressions for the OBDM and the PCF

Similarly as we have done in the HO case, we can find a closed expression for the OBDM
and the PCF in terms of polynomials, which in turn can be found from a matrix product
involving Vandermonde vectors. The detailed mathematical procedure is discussed in |C],
here we summarize and gather the obtained results. To find the closed expression for the
OBDM, we use the following identity [SLL14],

125 .
. — Cqyitl [ n—(2i—1)
sinnA = sin A ;:1 (—1) (z B 1) (2cos A)

=sin A {(2 cos A)"1 — (n I 2) (2cos A)" 3 + (n ; 3) (2cos A)"° — ... } ., (49)

where the notation |x] denotes the largest integer N such that N < z. After some
calculations, starting from the uncorrelated formula of the OBDM, Eq. (13), we find that

2 . mx | wx
(N) N = 2 gin 2% gip 22 R(N) /
PN (z, 2" 7 Sin—sin— RN (y,9), (50)
where y = cos T, ¢/ = cos ’TTII and
N ") =i\ (n—j ‘ .
R(N) (yvy/) _ Z Z (_1)1+J (l B 1) <J B 1) (Qy)n*(szl) (2y/)n*( j—1) (51)
n=1 ij=1

is a polynomial of order N —1 in both y and 3’ that can be written in terms of Vandermonde
vectors and an N x N matrix, R™):

ROy, yf) = y N7 RO/ N), (52

These matrices can be easily found computing the polynomial in Eq. (51) and recogniz-
ing the coefficients in a similar fashion as we did in Sec. 2.3.3. As an example, for N = 2,3

we obtain
10 2 0 -4
R® = (0 4> , R® =10 4 o |. (53)
-4 0 16
The closed expression of the PCF can be found from Egs. (16) and (50):
2
9" (@1, 20) = Iz sin’ 7%61 sin” %962 ™ (y1,12), (54)

where
G (y1,y2) = R™M (g1, y1)RMN (42, 2) — R™ (y1, 42) RN (2, 1) (55)

is a polynomial of order 2(N — 1) in both y; and yo that can also be represented as a
matrix product,
2N—1),T —1) (2N—1
GM (g1, y2) =y DTGNP, (56)

with G2V a (2N — 1) x (2N — 1) matrix. These matrices can be found computing the
polynomial in Eq. (55) and identifying the coefficients. As an example, for N = 2,3, we
have

0 O 8 0 16

0 0 4 0 -16 0 32 0
G =0 -8 0|, GP=]|8 0 -9 0 64]. (57)
4 0 0 0 32 0 -128 0

16 0 64 0 0
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All the matrices R®Y) and G?N=Y for N = 2,3,4,5 are found in [C] from Eqgs. (51)
and (55). To facilitate the calculations, we have used a Python code that receives the not
simplified polynomials, makes the pertinent simplifications and groupings, and returns the
desired matrices.

Using the obtained matrices to plot the OBDM and the PCF with Eqgs. (50) and (54),
we obtain the same figures as in Sec. 2.4.2 (Figs. 3, 4), thus validating that the matrices
are correct.

2.5 Morse oscillator
2.5.1 Description and ground-state wavefunction

The last system we study consists of NV identical non-interacting spinless fermions in a
Morse oscillator well. The Morse potential is a model for the potential energy of a vibrating
diatomic molecule. It takes into account the effects of bond breaking and includes the
anharmonicity of real bonds, thus becoming a better approximation of the vibrational
motion of a molecule than the HO [Fid16]. The Morse potential is represented as:

V(z)=D(1—e ) —co<az< o0, (58)
where D is the dissociation energy (or equivalently, the depth of the potential well), a is a
positive parameter that controls the width of the well, and x = r — 7, with r the distance
between the two atoms (or internuclear separation) and 7. the equilibrium separation
between atoms, the choice of which is arbitrary. The actual domain of z is from —r, to
00, but it has been found that the physical effects of changing —r, for —oo are completely
negligible [Mor29, Haa46]. Notice that this potential is not parity symmetric, so it is
different from the HO or the IW.
The effective force constant of the bond, k., is given by the second derivative of the
potential (58) at the minimum of the well (z = 0): k. = (d*V/dz?), _, = 2a?D, from where
we can also find the effective oscillator frequency of a particle with mass m by comparison

with a HO:
ke 2D
We =1/ — = ay/ —. (59)
m m

For our system of N particles, the Hamiltonian can be written as

h2Nd2

H=- DZ axi)Q :ihia (60)
i=1

where h; is the single-particle Hamiltonian. Thus, the Schrédinger equation for the single-
particle states of the MO is

n? d?
D(1—e™ % n(T) = €ndn(x). 61
[deﬁ ( >]¢<> _—r (61)
Defining a new dimensionless variable, y = ax, we obtain
h%a® d? N2
[_ om diyg +D (1 —e€ y) ¢n(y) = €n¢n(y)' (62)
Dividing the equation by D and defining &, = % and A2 = %’;ZQ , we get the equation
d2¢n( ) 2 —y\2
g X e = (= dnly) =0, (63)
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which can be solved exactly, giving the following normalized states and energies [DS88]:

2
_ A—n—2% —2/2722A-2n—1 _ 1 _1< 1)
6n(2) = Ny R L), [(n+2) o (e g) | e 60

where we have defined

_ n!(2A —2n — 1)a
= Y =
z=2X\e"Y, N, \/ T —n) (65)

In [DS88| there is a mistake and a is missing in the numerator of N,,.

If we consider bound states, the quantum number n can only take valuesn = 0,1,2..., | A—
]. On the other hand, the functions L2(z) are the associated (or generalized) Laguerre
polynomials. The Rodrigues’ formula for these polynomials of degree n is

Ly (x) = o w(ﬂUJr@ ) (66)

where o > —1. The closed form for these polynomials can be derived from the Rodrigues’
formula [SHP16]:

n

« % n+a ‘ri g a0
s =3 (77) o = e (7
; ' =0
with

m—1
(51):;%‘ H(&—k):%é(&— Y6 —2)-- (6 —m+1) (68)
" k=0 :

a binomial coefficient for m € N and § € R. In particular, the first two associated Laguerre
polynomials are L{(z) =1 and L{(z) =1+ a — =.

From Eq. (64) we can find the ground-state energy of the system. This is done in detail
in Appendix |E.1]. The result is

N-1 2
() _ _ N 2 _
E™ = ;)en_ l . 24AN(4N 1)] hee. (69)

To compute the ground-state wavefunction and see if it can be written in terms of a
VD, we define for simplicity 8 = A — 3, obtaining ¢, (z) = NpzPe 3272020 (%), where
z = z(x) = 2Xe” . Thus, we have

1
U(z1,...,2N) = VN det[ﬁf’j—l(ﬂﬁi)]i,j:l,_,,,N
L SR B DA (1) 7 26-2(-1)
_ i - 1= —U—- —<2U— .
- — [130 lei+1]e = det [z L] (zz)}iﬁjzlmN. (70)

In [D.1] we find the non trivial mathematical relation:

(—1) 5 28-2(—1) Nt 28 — 1 1 1
—(i- —2(j-1) _ H 1%
det {Zi L <Zl)}i,j=1,...,N B L1 ( ‘ )] et <21’.”7ZN> ' (7)
This enables us to write the ground-state wavefunction in terms of a VD, as we wanted:

U(ay,... on) = \/;T' lf[ Nizfﬂl Lzt lﬁ <25i— z)] I (1 _ 1) (72)

i=0 =1 1<i<j<N \% %
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2.5.2 Plots of the OBDM and PCF

As we did with the other systems, we have computed and plotted the OBDM and the PCF
for N = 2,3,4,5 with both the integral formulae, Eqs (6) and (12), and the uncorrelated
formulae, Egs. (13) and (14), obtaining identical results. The plots are shown below (Figs. 5,
6), with the range of the particle positions going from —1 to 2 in the natural units of this
system (lengths in units of 2 = 1). We use A = 11.5, which corresponds to 12 bound states.
We discuss this choice in Sec. 2.6.

2 3.0 20 36
- 25 _ 3.0
15
2.0 24
10
15 18
R 05 1.0 = 05 12
0.5 0.6
I 0.0
0.0 0.0
—0.5
—05 ? —06
—1.0 —1.0 -12

—1.0 —0.5 0.0 0.5 1.0 15 1.0 —0.5 0.0 0.5 1.0 15 2.0
xT T

Figure 5: OBDM p(N) (z,2') in terms of the positions = and z’ for N = 2 to 5 particles in a MO, with
A =11.5. We use MO natural units.
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Figure 6: PCF ¢(")(z1, x5) in terms of the positions z1 and x5 for N = 2 to 5 particles in a MO, with
A =11.5. We use MO natural units.
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2.5.3 Closed expressions for the OBDM and the PCF

In this section, we want to find a closed expression for the OBDM and the PCF in a MO.
The analytical calculations are found in detail in [D.2]. We find that the OBDM can be
written as

PN (2,2') = ()N e R(N)(Z '), (73)
where

(N) Z N2(z2) HN-1-n Z 025 2n Zﬁ n iyl (74)
1,5=0
is a polynomial of order N —1 in both 2z and 2’ that can be written in terms of Vandermonde
vectors and an N x N matrix R as

RWM)(z,2") = 2N T RIN) /(N (75)
From Egs. (73) and (16), it follows that the closed expression of the PCF is

9N (a1,22) = 5 (2122) N PRGN 5y o), (76)

where GV )(zl, 2z9) is simply
GWM) (21, z9) = RM) (21, 20)RW (22, 20) — R (21, 20) RN (29, 21), (77)

that is, a polynomial of order 2(N — 1) in both z; and 2z that can be represented in terms
of matrix products as

with G@N=1D a (2N — 1) x (2N — 1) matrix. In contrast to the HO or the IW, where the
elements of the matrices were rational numbers, here the matrices contain real numbers.
For example, for N = 2, we have

2
N2 025*2 N2C25 2025 2 9 0 0 1
R@ _ t(ei) 110 2|, 6P = NENE(C2577) |0 —2 o). (19)
NRCYTPONT N+ NE () 1 0 0

In [D.2] we compute all the matrices R®™) and GEN-D for N = 2,3,4,5 and use them
to calculate and plot the OBDM and the PCF with the closed expressions. The results
obtained are the identical to Figs. 5, 6, thus validating the formulae we have found.

2.6 Discussion and comparison of the different plots

Now that we have obtained the plots of the OBDM and the PCF for all the systems
(Figs. 1, 2, 3, 4, 5, 6), we examine them together and discuss their similarities and differ-
ences. Starting for the OBDM, all the plots show that the diagonal x = 2/ and its near
surroundings present positive values. This is because p(") (z, ) = n™¥)(z) is the density,
which is positive definite, Eq. (7). In the diagonal we find as many peaks as particles.
We observe a clear localization of the single-particle states. For the HO, the peaks in
the diagonal are more intense at the central part, and as we move away from the center,
they become less intense. In contrast, for the IW, the most intense peaks are the ones
further from the center. For the MO, the most intense peak is located near the origin of
coordinates z = 2/ = 0, as expected from Eq. (64). Moreover, as we move away from the
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diagonal, in all three systems there start to appear undulate areas with alternating sign.
This pattern of alternating positive and negative values arises from the nodal structure of
the single-particle states [E£.2]. In particular, there are 2(IN — 1) changes of sign along the
off-diagonal direction as reflected in Eq. (13).

If we now examine the plots of the PCF, we see at first glance that g(¥) (r1,22) is a
non-negative function, as we already knew, and also that in the diagonal region, where
x1 and x5 take close values, the PCF vanishes. This characteristic is a result of the Pauli
exclusion principle, and we can also see it in Eq. (16), where clearly ¢™(z1,21) = 0.
We see that the PCF is squared-shape, formed by two triangular parts separated by the
diagonal. Similarly as it happens with the OBDM, for the HO the peaks are more intense
in the internal part of the triangles, while for the IW the most intense peaks are those in
the borders of the square. For the MO, the two most intense peaks are found when x or
2’ are near to zero.

Finally, while for the HO and the IW the OBDM and the PCF are symmetric with
respect to the off-diagonal, thit is not the case for the MO. This stems from the anhar-
monicity of the Morse potential, which breaks the parity symmetry, making it less likely
to find particles away from the minimum of the potential.

Overall, we see that the OBDM is similar for all the systems regardless of the potential,
and the same happens with the PFC. This suggests some kind of universality for non-
interacting 1D systems of confined spinless fermions.

Note that the plots for the MO depend on the dimensionless parameter A. We have
chosen A = 11.5 arbitrarily, bearing in mind that A > 4.5, since we do the plots for N = 2 to
5, so at least we need 5 bound states (recall that the quantum number goes from n,,;, = 0
t0 Nmaz = [A—3]). In our case we have 12 bound states, so it is enough. We have repeated
the plots for other values of lambda (A = 4.5, A = 8, A = 16.2, etc.) and we obtain the
same patterns. The difference is that as A increases, the absolute values of the OBDM and
the PCF increase while the range of particle positions decrease.

3 Study of the ground state using Machine Learning

In the preceding sections, our investigation has been exclusively focused on analytical
methods to derive all pertinent outcomes. However, now we take a different approach by
incorporating ML to reproduce and validate these findings. This approach will not only
strengthen our results, but also show that ML techniques are capable of solving the three
quantum systems under examination.

In particular, in this section, we will use an ANN as an ansatz for the ground-state
wavefunction (i.e. a NQS) and apply ML techniques to variationally minimize the energy
of the quantum systems, thus obtaining appropriate parameters for the ANN. Once we
obtain the wavefunction, we will compute the OBDM and the PCF of the systems for
N = 2,3,4,5 and check if the results agree with the analytical ones.

3.1 Artificial Neural Networks

An ANN is a ML algorithm inspired by networks of biological neurons that consists of
interconnected nodes, called neurons, arranged in layers [JTR10]. In a similar way as
neurons in our nervous system can learn from data, an ANN can learn from input data
and produce an output. The input layer is the first layer of an ANN, and is the one that
receives the raw input data. In the middle of the ANN there can be one or more hidden
layers, where each neuron performs a weighted sum of the inputs (from the previous layer
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Input Layer Hidden Layer = Output Layer

Figure 7: Architecture of a one-layer ANN with two neurons in the input layer, five neurons in the

hidden layer and one neuron in the output layer (i.e. this ANN will produce one output).There is only

one hidden layer, and the weights and biases are represented by the matrices w = [w£7lj-)]1<i<5 1<5<2:

>0, 13>

w® = [wfj)]i:l,lgjg and B = [b; jli<1<5,=1. In this case the formula for the output would be
Y= Zi\[:hfi wfi)o (Z;v:’f” wg}j)xj + biﬁl), where Ny, and Np;q are the number of neurons in the input

layer and the hidden layer, respectively, and o(x) is the activation function.

or directly from the input layer), adds an additional parameter called bias (associated
with each neuron) and applies an activation function to produce an output. These weights
represent the connections between two neurons, and the activation function introduces
non-linearity to the network. Common choices of nonlinear activation functions are the
sigmoid function or the hyperbolic tangent [Bonll|. Finally, the outputs from the last
hidden layer are passed to the output layer, which produces the final outputs. The number
of neurons in the output layer corresponds to the number of possible outputs. Fig. 7 shows
an example of ANN to better understand its structure.

An important property of ANNs is that they are universal function approximators, in
the sense that with a sufficient number of neurons and appropriate parameters (weights
and biases), they can approximate any continuous function to arbitrary accuracy [GC12].
This statement is known as the Universal Approximation Theorem.

We use an ANN as the trial ground-state wavefunction in a variational method. In our
case, the input to our ANN are the positions of the N fermions {xz}zzl ~ and the output
is the ground-state wavefunction, Uyy(z1,...,zy), where W is a multidimensional variable
containing the weights and biases'. The ANN needs to be trained by adjusting its weights
and biases in such a way that the ANN output becomes closer to the desired output. One
of the most widely used training methods is back-propagation, which involves computing
the gradient of a chosen loss function (LF) with respect to the ANN parameters so that
the parameters can be adjusted in such a way to minimize the LF.

We use the ANN elaborated by J. W. T. Keeble ([Keel9]|, [KDRF723], [Kee22]), which
has two hidden layers with 64 hidden neurons per layer and uses the hyperbolic tangent
as the activation function. To impose anti-symmetry of the wavefunction, permutation
equivariance is maintained throughout the ANN. The library used to implement this ANN
is PyTorch, an open-source machine learning library.

3.2 Methodology

Now that we have an ansatz for the ground-state wavefunction, we solve the Schrodinger
equation for each system using a Variational Monte-Carlo approach with two phases. The

'In fact, we obtain the sign of the wavefunction, sgn(¥yy) and the logarithm of the absolute value of
the wavefunction, log(|¥yy|). This is done for numerical stability.
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first one is the pre-training phase, which is designed to obtain a first ANN that reproduces
the HO single-particle wavefunctions. After this phase, we have a physical state that
bears some resemblance to the targeted ground-state wavefunction. This step, although
expendable, helps to avoid beginning the energy-minimization phase from scratch. In this
phase, we minimize the expectation value of the energy to adapt the weights and biases of
the ANN in order to find the ground-state wavefunction. This expectation value can be
expressed as a statistical average over local energies, as it is usually done in Monte-Carlo

approaches:
Uy | H | P _
W = Ex w2 [‘I’W(X) 1H‘I’W(X)] ; (80)

where Er(X) = Uy (X) 1 H Uyy(X) is the local energy and X = (x1,...,7y) is an
N-dimensional random variable (or walker) that follows the Born probability distribu-
tion, |W¥yy|2. To obtain variables distributed in such a way, we do a sampling using the
Metropolis-Hastings algorithm [Miy23|. During this second phase, we use back-propagation
to minimize the energy LF until our NQS converges to the ground-state wavefunction. How-
ever, for numerical stability and precision, instead of directly implementing Eq. (80), we
use an auxiliary LF [KDREFT23].

Both phases use N,, = 4096 walkers and are iterated a determined number of epochs,
the second phase needing more epochs than the first one (here we talk about pre-epochs).
For the HO, we need much less epochs than with the IW or the MO because we start the
energy-minimization phase with an ansatz that is already close to the HO wavefunction.
Nevertheless, the epochs needed in all cases stay in the order of 104, and the pre-epochs
are around 103. The potentials are implemented according to the theory, but for the IW
we cannot put a well of infinite height. Instead, we use a finite well of height Vi = 1000.

E =

3.3 Comparison with the analytical results

To compare the obtained ground-state energies with the analytical ones [Egs. (22), (41) and
(69)], we have made a summary table for N = 2,3,4,5 (Tab. 1). To do all the numerical
computations we have used the natural units of each system, so the theoretical values also
need to be in these units. The formulae in natural units are gathered in [E.1]. Energies

) _

are written with an error of 5E( M1, = 20, where o is the standard deviation, computed as

1 Ny—1
o= S (B — (B, (s1)
Ny —1 i=0

where we have included the Bessel correction. We can see in Tab. 1 that the results for the
HO and the MO are in agreement with the theoretical values, since they satisfy

N
theory < 25EJI(\/[L) : (82)

However, for the IW we find discrepancies, which may be a consequence of the finite
height of the well. To quantify these discrepancies, we compute the relative errors as
e — (’E(N) Eﬁj‘@] JEWX) ) -100. We find €2 = 7.2%, ¥ = 57%, P = 2.0%

theory theory
(5)

and ¢’ = 2.5%. We obtain relative errors below 10%, so we can say that, although
the discrepancies are significant (because Eq. (82) is not satisfied), we have not obtained
excessively large values in the relative errors. Thus, we conclude that the IW results are
improvable but still acceptable. We investigated if the differences could be attributed to
the discontinuity of the potential, so we tried to reproduce this potential using the Fermi-
Dirac function, but we obtained worse results. Thus, the discrepancies may be a natural
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HO W MO
N ML Theory ML Theory ML Theory
2 | 1.99997 + 0.00002 2 (2.32£0.08) 7% | (5/2)7% | 21.746 £0.004 | 21.75
3 | 4.49996 +0.00004 | 4.5 (6.6 £0.1) 72 7m? 47.384+0.02 | 47.375
4 | 8.0001 % 0.0003 8 (14.7 £0.2) 72 1572 81.52 & 0.02 81.5
5 | 12.4998 £0.0002 | 12.5 | (26.840.3)7% | (55/2)7? | 123.134+0.01 | 123.125

Table 1: Comparison of the ML results with the theoretical values of the ground-state energy for the
HO, IW and MO (N = 2,3,4,5).

consequence of the potential approximation. Also, we have to take into account that if we
plot the energy as a function of the epochs, we see that it is continuously oscillating, so it
is unsurprising to encounter slight discrepancies.

Additionally, we have calculated the OBDM and the PCF with the obtained ground-
state wavefunction. We obtain similar plots as the ones found analytically in the first part
of the work |F]. They present the same pattern and intensities, although we can find minor
differences that can be attributed to the limitations of any approximation method. Overall,
we conclude that a NQS is able to reproduce the ground-state wavefunction of the systems
quite accurately.

4  Conclusions

In this work we have studied the ground-state properties of three confined 1D fermionic
systems totally polarized with no interactions (HO, IW and MO). In the first place we
have done this exploration from an analytical point of view. We have proven our initial
hypothesis that all the systems under consideration have a ground-state wavefunction that
can be expressed in terms of a VD. We have provided their analytical formulae, as well as
the ones for the ground-state energy, taking into account the Fermi exclusion principle. We
have also computed and plotted the OBDM and the PCF of the systems for N =2,3,4,5
with both the integral and the uncorrelated formulae and validated that they lead to the
same results. Finally, we have found closed expressions of the OBDM and the PCF in
terms of polynomials for a general number N of particles and we have also computed the
associated matrices for N = 2,3,4,5. Computing and plotting the OBDM and the PCF
for a third time, we have checked the veracity of the closed expressions and matrices.

In the second part of the work, we have used ML techniques to validate our results and
see if they are capable to solve the systems. We have used a NQS to find an approximate
representation of the ground-state wavefunction by minimizing the variational energy of
the systems, thus finding the neural network weights and biases. The obtained energies of
the HO and the MO are compatible with the theoretical values, but for the IW, although
the ML values are very close to the theoretical ones, we obtain significant discrepancy.
This could be attributed to the use of a finite (but still high) well or to energy oscillations
during the minimization process. Apart from this, the plots of the OBDM and the PCF
computed using our NQS are in line with our analytical results with minor differences.
Overall, we can conclude that ML is able to solve these systems with good accuracy.

Further studies could include interactions between particles to find differences with
respect to the non-interacting case. It could also be investigated if in these cases the many-
body wavefunction can still be written in terms of VDs. A more complex study could even
incorporate spin. Another path to follow would be to analyze other 1D systems such as the
double well potential or the Péschl-Teller potential, or even consider 2D or 3D systems.
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A Derivation of useful formulae

A.1 Vandermonde determinant formula

Here we provide a proof by induction of the VD formula, given by

1z 22 .- ‘T?l%i
1 @z a3 - b~
det V(z1,...,zp) =1|. . 7 = H (xj — x4). (83)
C : - : 1<i<j<n
1z, 22 Ty

Following the steps of an induction proof, we first prove the formula for n = 2:

= T2 — X1 = H ({L‘j — JTZ) (84)
1<i<j<2

det V(zy,29) =

Having seen that the formula is true for this case, we assume (induction hypothesis) that
it is true for an arbitrary n € Z, and we verify if it is true for n + 1. That is, we want to

prove that
1 x x? x?il xy
1 x 3 it an
det V(z1,...,xn41) = | : : : = H (xj — ;). (85)
T @2 . il ogn | 1Si<isntl
U @1 @y - @i T

If we subtract to each column the previous column multiplied by z; (starting from the right
side of the determinant and moving to the left), i.e., C; — C; —21C;—1, withi = 2,... ,n+1,
we obtain:

1 0 0 0 0
1 29— xo(To — 271) i x?iQ(ajg — 1) ‘%‘371(562 — 1)
detv(mlv""anrl) = : : .
1 z,—x Tp(Tn — 1) ce a2z, — 1) oYz, — x1)
1 2pp =21 Zpgr (g —21) o 2035 (@npn —21) 21 (Tng1 — 1)
To — X1 xo(x2 — 1) e mg_g(xg — 1) a;g_l(xg — 1)
- ' . n—2 . n—1 . ’ (86)
Ty — X1 T (zy, — x1) cee ol (xy — x1) znH(zy — x1)
Top1 =21 Tpp1 (@1 —21) o ap (@ —21) 2p (T — 21)

where we have developed the determinant by the first row. Putting the repeated factors
in each row outside of the determinant and then using the induction hypothesis, we have:

1z 23 oo a2t
1 a3 L BRI
det V(zy,...,2p41) = (w2 — 1) -+ (zp, — 1) (Tp+1 — 1) : :
=(@g—a1) - (zn—2) (@1 —21) [ @—=)= J[ (z—m). (87)
2<i<j<n+1 1<i<j<n+1

Thus, it is true for n + 1, thereby proving the formula true Vn € ZT.
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A.2  Uncorrelated formulae for the OBDM and the PCF

In this section we derive the uncorrelated formulae for the OBDM and the PCF. We start
for the OBDM and then we proceed with the PCF.

First of all, we want to show that, for the ground state of non-interacting systems and
in the Hartree-Fock approximation, the integral expression of the OBDM,

p(N)(:L',:B’) = N/d.%’g codeN U (2,0, . aN) V(2 2g, L TN, (88)

can be written as a sum of products of the single-particle wavefunctions ¢, (z), for n =
1,2,3..., that are solution of the one-body Schrédinger equation of the system under study
(for example, N particles in an IW):

N
=D On(@)gn(a’). (89)
n=1

The first step is to write the many-body wavefunction as a Slater determinant using the
Leibniz formula’

U(xy,...,oN) = Z Vopi(1)- - dpn(zn), (90)
\ﬁ

where P is a permutation, P1, P2,..., PN are its labels and (—l)P is its sign, i.e.

(-1) P 1 for an even number of transpositions (91)
~ | =1 for an odd number of transpositions
Thus,
PN (w,a') = 1 / Aoy dow 3 (1) 9k (@) b () 2 (1)@ (@) - ow(aw)
Q
=N Z Q¢P1( )oQ1(x /¢P2 T2)Pg2(x2)dws - - /¢PN zN)PoN(zn)dzN
1)@ / N
=N Z ) b1 (2)dq1(x")0p2q2 NN = (N —1)! Z%
N
= ﬁ Z O (@) bn(a') = Y o (2)dn(2), (92)
" n=1 n=1

where we have used the orthonormality condition of the single-particle wavefunctions,

[ 6:@)ém(@) dz = b, (93)

and also that

N
> (1P (=1)%p (2)dQ1(a)3p2,2 - dpngn = (N = DIY ¢r(2)dn().  (94)
P,Q n=1

2The Leibniz formula expresses the determinant of an n x n matrix A in terms of permutations of its
elements a;; as det A =Y ,(=1)" a1, p1az p2 - an, pn.
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This may not be immediate to see, but here we put an example for N = 3 to see it clearer.
Since in this case P = {123, 132,213,231, 312,321}, we have:

Y (=DP (1)1 (2)bq1(2')p2.gadrsqs = Y _(—1) [6](2) g1 (2')52,020303
PQ Q

— ¢1(x)pq1(2)03,0202,03 — 3 () pq1(2')01,0203,03 + 03 () p@1(2')d3,0201,03
+¢3(2)pqQ1(2)01,9202,03 — 93(2) D1 (2)d2,g201,3]

3
= 2¢1(2)¢1(2') + 2¢3(2) () + 2¢5(2)3(2") = (3 = 1! Y & (x)¢n(a"). (95)
n=1

The generalization of the multiplying factor (N — 1)! can be better understood if we focus
on the term ¢3(z)¢p1(2’). If we had had N = 4, the multiplying term would have been 3!
instead of 2!, because these are the number of times that number 1 is in the first position
(1234,1243,1324, 1342, 1423, 1432), i.e., the number of permutations of three elements
(2,3,4), which is 3!.

In case n starts from 0, as it happens with the HO or the MO, none of the calcula-
tions would have changed, except that instead of writing 1,..., N we would have written
0,..., N —1 throughout all the derivation. Thus, the result is the same as in Eq. (92) but
with the change n,,;, = 0 and nye = N — 1.

Following a similar procedure, now we want to show that, for the ground state of non-

interacting systems and in the Hartree-Fock approximation, the integral expression of the
PCF,

N *
g(N)(;Ul,xQ) = <2> /dxg...de\Il (1,22, ..., eN)¥ (21,22, ..., 2N), (96)
can be written as
g™ (1, 22) Z Dy m (21, 72), (97)
n,m=1

thus avoiding to compute an N — 2 integral. Here,
P (21, 22) = &y, (21) Gy (32) [P (21) P (22) — P (1) P (w2)] - (98)
The first step is to write the many-body wavefunction as a Slater determinant, Eq. (90).
Substituting it in Eq. (96), we obtain:
e ( ) i [ oo D" O 1)+ G (amien(an) - donan)
= < ) N Z DFFR5, (21)do(22) b1 (21) P2 (22) /dﬂwbpz ) pqi ()

< > NI Z DI *900 (1) dpa(w2) 01 (21)d0a(22)0p3.03 - - PN QN (99)

To see that this can be expressed as in Eq. (97), we derive a specific case with N = 3 and
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then explain it for a general N. For N = 3,

g (a1, 22) = ( ) 3l Z ) @b (21) Db (2) 001 (21) D2 (22)5p3.g8

= (;) l Z(_l)Q [(Zﬁ(x1)¢;($2)¢Q1(x1)¢Q2(x2)537Q3
Q

¢
¢

T

— ¢1(21)93(22)pQ1 (21)PQ2(22) 2,03 — P3(21) P71 (22) b1 (71)PQ2(22)03,03
+ ¢5(21)3(22) d1 (1) dQa(2)01,03 + ¢3( 1)1 (2)9q1(1)Pq2(22)d2,03
—3(21)¢1(22)dQ1 (1) P2(2)d2,03] = 5 {¢T(w1)¢§($2) [f1(21)p2(22) — P2(21)d1(22)]

!
)
)
T1)¢3

(
(

— 91 ( (z2) [=o1(z1)P3(22) + @3(w1)P1(22)] — P53 (1)1 (22) [—P2(w1)P1(22) + P1(21)P2(22)]
+ ¢3(21)d3(w2) [P2(21)P3(2) — d3(1)P2(m2)] + d3(1)d1 (22) [P3(21)P1(72) — P1(71)P3(w2)]

3
—¢3(21)P5(x2) [~ @s(z1)d2(w2) + d2(1)d3(22)] % Z nm(T1, 2). (100)

For N > 4 it is easier if we classify the permutations in IV sets Gy determined by the
initial number, that is, the permutations that start with 1 belong to the first set, the ones
that start with 2 belong to the second one, and so on:

Gi = ({12P(34...N)}; {13P(24... N)}; {14P(23... N)}, ...)

Gy = ({21P(34...N)};{23P(14...N)}; {24P(13... N)}, ...)
(101)

Gy = ({N1P(23...N)}; {N2P(1.3. . N)Y{N3P(12...N)},...)

The elements of each set are separated by a semicolon and are all the permutations with
fixed first and second position, as we can see. For example, the first element of G is the
set of permutations {12P(34... N)}, where P(i...j) are all the permutations of i, ..., j.
Due to the product of Kronecker deltas, each element of G; only combines with itself
and with its opposite element (anti-element), i.e., the permutations that have the first
two numbers exchanged. For example, the second element of G; starts with 1,3, so it only
combines with itself and also with the first element of G, which starts by 3, 1, and any other
combination is zero. Note that each element consists of (/N —2)! permutations, so from each
group we obtain (N — 2)! equal terms, ¢} (x1)¢k, (€2)[dn (1) Pm(x2) — dm(21)Pn(z2)]. The
positive sign appears when the permutation of each element combines with itself, because
(—=1)" = (=1)? s0 (=1)P(~1)? = 1, and the negative sign appears when it combines with
the same permutation of the anti-element (thus differing just from the transposition of the
first two numbers, e.g. 12 instead of 21), so if (—=1) =1, (=1)? = —1, and vice versa.
As an example, for N = 5, the first element of G is {12345; 12354; 12435; 12453; 12534;
12543}, and it only combines with the first element of Gg, that is {21345; 21354;21435;
21453;21534;21543}. In particular, 12345 only combines with 12345 and with 21345
(because the permutation of 3,4,5 is the same), thus giving ¢7(z1)@s(z2)[d1(x1)pa(z2) —
¢2(x1)¢1(x2)]. Similarly, 12354 only combines with itself and 21354, again giving as a result
o1 (x1)P5(z2)[d1(x1)P2(22) — P2(w1)P1(x2)]. At the end, we have (N — 2)! = 3! = 6 times
the same result, thus, (N — 2)1¢7 (x1) 5 (x2)[d1(21)p2(x2) — d2(x1)@1(22)]. The process is
repeated for each element of each group, and since for each element there always appear
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(N —2)! equal terms ®,, ,,, we have that, in general,

™) N N NI N
g (w1, m2) = ( ) N — (N =2)! n;:1 Py (21, 2) = m(]\]—2)!n§:1@n,m($17332)
1 N
=3 > Ppm(a1,22), (102)
n,m=1

as we wanted to show.

In case n starts from 0, as it happens with the HO or the MO, the result is the same
but with the change n,,in = Munin = 0 and Nyee = Minae = N — 1.

Note that Eq. (97) can also be written in terms of the OBDM:

1 N N N N
9N (21, 22) =3 Z O (1) bn(1) D by (w2)dm(2) = Y &y (€1)bn(w2) Y iy (w2) P (1)
=1 m=1 n=1 m=1
% (P(N 1, 21)pN (22, 72) — P(N)(xlvwz)P(N)(f%xl)) : (103)
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B Derivations for the harmonic oscillator

B.1 Slater determinant of Hermite polynomials as a VD

Here we prove that the Slater determinant of Hermite polynomials is proportional to a VD.
In particular,

HO Ec‘fhlog Hl gaxhlog . HN_l C‘L,Eihlo

Ho(22) Hy (22) .. Hy_, (22 N1, 9 \i
Tho Gho @ho /| < > det V(zy,...,zN). (104)
: : .. : . Qho
: : . . =1

Ho (22) My () o Hyoa(2)

For this proof, we need the recurrence relation of the Hermite polynomials,
Hpt1(z) =22H,(x) — 2nHy— 1 (), (105)

and the property of the determinants that says that if the elements of a row or a column
are expressed as a sum of two terms, then the determinant can be expressed as the sum of
two determinants:

a b+zx
c d+vy

_la b
Tle d

a T

oE (106)

This can be interpolated to cases with more sums.

First of all, we do the demonstration for N = 3 to facilitate the understanding of
the N-particle case’. For the 3-particle case, we have the following Slater determinant of
Hermite polynomlals.

Ho(xz1) Hi(z1) Ha(z1)
Ho(z2) Hi(w2) Ha(z2)|. (107)
Ho(zs) Hi(zz) Ha(zs)

Using the recurrence relation for n = 1 (Ha(z) = 22H;(x) — 2Hp(z)) and the aforemen-
tioned property of the determinants, we can write

Hg(l'l) H1($1) H2($1) Ho(l‘l) Hl(:vl) 2%’1H1(.%’1 —2H0(.1‘1)

)
H()(l’g) H1 (:172) Hg(xg) = H()(l’g) Hl(l’g) 21,‘2H1 (.CEQ) — 2H0(a;2)
Ho(zs) Hi(ws) Ha(xs)| |Ho(ws) Hi(xs) 2z3Hi(ws) —2Ho(ws)

Ho(z1) Hi(zy) a1Hi(x1) Ho(z1) Hi(z1) Ho(x1)
=2 Ho(xz) Hl(xg) JZQHl(aZQ) -2 Ho( 2) Hl(xz) Ho(xg)
Ho(zs) Hi(ws) wsHi(xs) Ho(zs) Hi(xs) Ho(ws)
Ho(:L‘l) Hl(fL‘l) :E1H1($1)
=2 Ho(xg) Hl(xg) xng(xg) y (108)
Ho(zs) Hi(zs) z3Hi(zs)

where we have put outside the multiplying 2 in the third column and the second determinant
has been set to zero because we have two equal columns (these are two widely known

properties of the determinants). Finally, using that Ho(z) = 1 and H;(x) = 2z, we obtain:
Ho(xz1) Hi(z1) Ha(z1) 1z 22
Ho(z2) Hi(we) Ha(zo)| = 2 o w% (H 2 ) det V(x1, 22, x3). (109)
Ho(xz3) Hi(zs) Ha(zs) 1z 3

3We do the derivations without an, and at the end we will change x; for fTL
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For the N-particle case the methodology is analogous. Notice that the second term
of Eq. (105) will never appear because there will always be an equal column inside the
determinant, so the latter will be zero. We write explicitly more terms to better see the
procedure. In the first step, we change all the columns except the first two ones using the
recurrence relation. As we have said, only the first term appears, so basically we have to
reduce an order of the Hermite polynomials and add a multiplying 2x factor. We also put

outside the factor of 2, and since it appears in N — 2 columns, we have a 2¥=2 outside:
Ho(xz1) Hi(x1) Ha(x1) Hz(z1) -+ Hy—2(z1) Hy-1(x1)
H= : : : : : :
Ho(ry) Hi(zny) Ha(vy) Hz(zn) -+ Hy-2(zy) Hy-1(on)
Ho(x1) Hi(z1) xHi(z1)  xiHe(w1) -+ mHy-3(z1)  z1Hn_2(71)
_ 9N-2 : : . . _ . .
Ho(zy) Hi(zny) ayHi(rn) avHa(zy) -+ ayHy-s3(rn) anvHy - 2(zy)

Now we repeat the same procedure for all the columns except the first three ones, so a
factor of 23 is put outside:

Ho(z1) Hi(z1) ziHi(zy) 22Hi(z) - 23Hy 4(z1)  22Hy_3(21)
H = 2oN—29N-3 : : : . . . )

Ho(zy) Hi(zy) zyvHi(xy) x?VHl (xn) - :C?VHN,AL(:L’N) x%VHN,g(xN)
If we continue with this process N — 4 more times, we will have a first order Hermite

polynomial in the last column (and in the rest columns except the first one, where we will
have Hy(z)), since N —3 — (N —4) = 1. Thus, we have:

HQ(.’El) Hl(xl) CElHl (561) x%Hl(xl) e .’Eivigﬂl(l‘l) 56{V72H1 (131)
H:2N—22N—3”_21 : : . . . . .

Ho(zn) Hi(zy) zyHi(ry) 2% Hi(zy) .- m%‘g’Hl(xN) x%_zHl(xN)

Finally, we write Hy(x) = 1 and Hy(x) = 22 and put outside the factors of 2, thereby
obtaining a 2V~! (we have a multiplying 2 in all columns except in the first one):

N-1 1 :L‘% x:{’ e x{V_Q xiv_l N-1
H= <H 2l> : : ) : L= (H 2Z> det V({xl}f\il) (110)
=1 1y 2% 2% - m%iQ x%il =1

If we change «; for aii , we can put outside the determinant the ap, dividing as ap, -

a%o . -a}]l\fo_1 = Hi\; _11 ano- Thus, we obtain the desired expression:
Ea E3 T R T _
HO gahog Hl Eahog HN_l Eahog 1 I J)% e xiv 1
@2 @2\ L. T2 N-1 i 2 .. ph-1
HO aho Hl aho HN,1 Aho _ H < 2 ) 1 x5 Ty (111)
- . . . . . 9
: : - : ; Gho S : - :
. . . : i=1 . : . :
2 N—-1
Hy(2x) my(2x) ... Hy_ (2> L zy oy - 7y
0 apo Apo Aho

as we wanted to show.
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B.2 Closed expressions for the harmonic oscillator OBDM and PCF

In this section, we want to find analytically the closed expressions for the OBDM and the
PCF in a HO potential. We do the calculations using the uncorrelated formulae of these
functions, Eqs. (13), (14). In this case, the single-particle wavefunctions are

¢n(x)=Nne2“ioHn( * ) n=0,1,2,..., (112)
Qho
with N,, = ————_ Starting for the OBDM, we have that

V2" nlapo/T

N-— =z +a: /
X X
ot o () (o)
n=0 Qho Gho
1

=z +2x/2 N—-1 1 z ZL'/
- H <)H < ) 113
ahoﬁ 7122()2”n! "Nano) " \ano (113)
1 224’2
_ - 242 (N) /
= e ho R T, ),
- (2,2')

where we have defined
/

RM (g, 2') = Ni QT%'Hn <$) H, < * ) : (114)

n—=0 Qho Qho

which is a polynomial of degree N — 1 in both z and 2/, since the n'" Hermite polynomial
has degree n.
For the PCF it is easier to derive its closed expression, because it can be computed in

terms of the OBDM as shown in Eq. (16):

1

g (21, 39) = 3 (P(N)($17$1)p(N)($2,fE2) _ p(N)(ﬂfl,ﬂCz)p(N)(CCQ,m))

2 2
11 -2 A 1 e\ (A1 -
- “ho H? [ == H? [ =22
2 a,zwwe KnZ:O npl " (%o) mZ::O 2mm! ™ (aho>

(5 s (22 (2)) C;; st (22) 10 (22))

n=0

x2+x2 N—1

11 == 1 x
_ a 2 2 2
=52 " 2. Zarmpp |Hn H,

ap, T 0 nm.: Qapo QAho

n,m=

2. .2
11 -2
~ ( " ) Hon ( o ) Hon ( o ) Hon (931 )] =g a—e o PW(arag),  (115)
Gho Gho Gho Qho 2 ap,

where

3

N-1
1 X
N — 2 ; 2
P( )(x17x2) - Zom [Hn (ah )H (aho)

n,m=

() 1 () o () e (G))

is a polynomial of degree 2N — 2 in both x7 and z3. However, as we discuss in Sec. 2.3.3,
we have seen in SymPy that we can further factorize this polynomial and get a factor
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(r1 — 22)%. Let us see if this is true for all the values of N (in SymPy we can just try a
finite number of cases, so actually it does not serve as a proof). We define the function

Snm (Y1, y2) = Ha(y1) Hy, (y2) — Hu(y1) Ho (y2) Hin (y2) Hin (y1), (117)

with y; = - (i = 1,2). This function is inside a sum that goes from n,m =0 to N — 1.
Notice that when n = m, f, m(y1,y2) = 0. Thus, to make the sum we can always sum in
groups of two, fr.m(y1,y2) + fm.n(y1,y2). To make it more clear, all the combinations can

be put inside a square matrix, and when we do the sum in n,m, we can sum all the pairs

of transposed elements. For example, for n,m = 0,...,2, we have the elements
0 for(y1,92)  fo2(y1,92)
fro(y1,y2) 0 fra(y1,92) | - (118)
f20(y1,92)  f21(y1,92) 0

In this case, the sum would be (fo1(y1,y2) + fio(y1,y2)) + (for(y1,92) + foo(y1,y2)) +

(Fr2(y1, y2)+Fa1(y1, y2)), that is S0 o frm(y1, v2) = YonZmeo (Fam (U1, 42) + frnn(y1, 2))
and in particular for Eq. (116), since the multiplying factor does not change if we exchange
n and m, we have that

N-1 N-1
1 1
Z_ mfn,m(ylam) = Z_ ntmplml (frm(1,y2) + fmn(y1,92)) - (119)
n,m=0 n<m=0

We are doing the sum like this because it turns out that f, »,(y1,y2) cannot be factored
in (y1 — y2)?, but the sum fr, ;m(y1,y2) + fnn(¥1,92) can. Indeed:

Smn(y1,y2) = Hp (y1) H (y2) — Hin (y1) Ho (y2) Hy (y2) Hn (1), (120)

so we have that

Frm(y1,92) = fam W, v2) + fnn (Y1, y2) = HZ(y1) HZ (y2) + HE (y2) H2 (y1)
— 2Hy (y1) Hu (y2) Hon (y2) Hin (y1) = [H(y1) Hin (y2) — Hy(y2) Hoo (1)) (121)

Now, if y1 = yo, Hp(y1)Hm(y2) — Hp(y2) Hm(y1) = 0. That means that we can write

Hy(y1)Ho(y2) — H(y2) Hi(y1) = (91 — 12) Q™ (51, 112), (122)

where QV) is a polynomial of degree N — 2 in both y; and y». Thus,

2
Fuan(yi,y2) = (01— 420N i, w2)| = 1 = 92°Q@ W yrge), (123)

with Q’(N)(yl, y2) a polynomial of degree 2N — 4 in both y; and y,. Therefore,

N-1 N-1
1 1 N
P(N)(-T1,$2): Z mme(yl,yz): Z W(yl—w)QQ,( )(ylayQ)
n<m=0 o n<m=0 o
N-1 1 ) 1
:(91_92)2 Z ng (y17y2):aT(xl—xz)Qg(N)(xl,aZQ), (124)
n<m=0 o ho
with
N-1 1 )
G (21, 29) = > mg’ (y1,12) (125)
n<m=0 o
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also a polynomial of degree 2N — 4 in both y; and y2. We can also write this polynomial

in terms of the Hermite polynomials. Since from Eq. (123) QM) (yy, 1) = W, we
have that
1

Q(N)x,:c = P(N)x,az , 126

(1, 72) =) (z1,22) (126)
and from Eq. (116), we have that

(V) aho H2 ( ! > H2 (m)
g (331,332) (1,1 _ «732 2 Z 2n+mnlm| |: "\ apo ™\ ang
—Hn( 1>Hn(x2>Hm(x2)Hm<xl>] (127)
Aho Aho Qho Qho

Finally, combining Eq. (115) and (124), we obtain the desired closed expression for the
PCF:

1 11+L2 (11 — 22)?
(N) - e %, 71 2 g) . 128
g\ (xq, x2) 22 e “h oy G (21, x9) (128)

To finish this section, we also discuss the matrices R®Y) and G@NV=3) for N = 5, which
were too large to add in Sec. 2.3.3. In this case we found them using SymPy as detailed
in the aforementioned section, yielding:

15/8 0 —=5/2 0 1/2
0O 5 0 -2 0
R®=1-5/2 0 8 0 -2/, (129)
0 -2 0 4/3 0
/2 0 -2 0 2/3
675 0 90 0 —180 0 72
0 2520 0 —1440 0 288 0
L 0 2340 0  —1080 0 144
GD=_—1| 0 -1440 0 1920 0 —384 0 (130)
1 18 0 -1080 0 1200 0 —96
0 288 0  —384 0 384 0
72 0 144 0 —96 0 64
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C Closed expressions for the infinite well OBDM and PCF

In this section, we want to find a closed expression for the OBDM and the PCF in an
IW. We do the calculations analytically using the uncorrelated formulae of the functions,
Eqgs. (13), (14). In this case, the single-particle wavefunctions are

on(x) = @Sin (”j_jx) n=1,2,3,... (131)

For the OBDM, we do some particular cases to familiarize ourselves with the expressions
and then we derive the general closed expression. Let us start with N = 2. Since the single-
particle wavefunctions are real, we have that ¢} (z) = ¢, (), so we can write that

2 mx . wa! 2 | 27ma’
(2) N _ / AN . . .
P (z,2") = d1(x)p1(x") + da2(x)pa2(x) 7 (sm - sin— + sin —sin— )

2 / /
= Zsin%sin% <1 +4cos%cos 77};;1:) , (132)

where we have used that sin 2a = 2sin acos . Similarly, for N = 3

PP (z,2') = ¢1(2)p1(2') + pa(2)d2(a’) + d3(x)¢3(a’)
2 ( x| wx! . 2mx . 2w’ . 3mx . 37rx’>
= — [ siln — sin — 4 sin —— sin 4+ sin —— sin

L L L L L L L

Here, we use the identity [SLL14]

125 .
. o Cqyil [t n—(2i—1)
sinnA = sin A ;:1 (—1) <z _ 1> (2cos A)

=sin A {(2 cos A)" 1 — (n I 2) (2cos A)" 3 + <n ; 3) (2cos A)"0 — ... } . (133)

Thus,
po(z,27) = 7 sin—sin — 08 T
/
+ (4 cos® % — 1> (4 cos® % = 1)] . (134)
Therefore, we can see that the OBDM can be written as
(N)( " = 2 | wx . m:’R(N)< T mc’) (135)
p (@, ') = 7 sin —sin — cos —,co8 —— |,

with R(Y) (cos 7F, cos ”T“’/) a polynomial of order N — 1 in both cos % and cos “T"’“"l

We can state this more formally by seeing that

N
2
PN (z, 2" 7 2_: sin ﬂLx sin mzx
n=1
2 mx | 7w iv: Ln;rlj( 1)2‘4_]' (’I’L - ’L> (n _]> (2 )n—(2i—1) (2 /)Tl—(2j_1)
= —sin — sin — — . . Y Y )
L L L o Ry 1—1 j—1
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where we have defined y = cos ¥ and y' = cos sz’ The function

n

N %] , , ' ,
'R(N) (y,y/) _ Z Z (_1)1—1—3 (?_ 1l> <Tl ]) (Qy)n*(%—l) (2y/)n*(2]71) (136)
n=1 i,j=1

j—1

is a polynomial whose order is found when 7 is maximum (n = N) and 2i — 1 and 25 — 1
are minimum (¢, j = 1), that is, it is of order N —(2—1) = N — 1 in both y and y’. Hence,
the closed expression of the OBDM is

2 /
oM (z,2') = T sin %x sin %R(N) (y,v') . (137)

On the other hand, R™) (y,4/) can also be written in terms of Vandermonde vectors
and an N x N matrix, R®V):

2

For example, for the two particular cases we have discussed, we see that the matrices are:
1o 2 0 —4

R® = <0 4> ., R® =10 4 o]. (139)
-4 0 16

For the PCF it is easier to derive its closed expression, because it can be computed in
terms of the OBDM:

1
g™ (21, 29) = 5 (p(N)(a:1,:c1)p(N)(x2,x2) _ p(N)(xbe)p(N)@%ml))
2
=73 sin’ % sin? % [R(N) (1, y1) R™Y (g2, y2) — RWY) (51, 2) RWY) (g2, y1)} . (140)

Recall that R (y1,41) and RWY) (ya, 10) are polynomials of order 2(N — 1) in y; and
ya, respectively, and RN (y1, y2) and ROV (y2, 1) are of order N — 1 in both y; and ¥, so
GM (y1,92) = RN (y1,y1) RN (y2, y2) = R (1, y2) R™ (2, 31) is a polynomial of order
2(N —1) in both y; and yo. Thus, the closed expression of the PCF is

2

where G (y1,y2) can be represented in terms of matrix products as
G (g1, y2) =y "I GON Ty, (142)

being GV a (2N — 1) x (2N — 1) matrix.

As said, here we show the rest of the matrices that we did not show in Sec. 2.4.3, that is,
N = 4,5. These matrices, as well as the ones for N = 2,3, have been found calculating the
polynomials that appear in the closed expressions of the OBDM and the PCF, Egs. (51)
and (55), and identifying the coefficients as we explained in Sec. 2.3.3. As N increases,
the simplification of the polynomials (doing all the multiplications and groupings of terms)
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becomes more difficult. That is why we have used a Python code that receives the not
simplified polynomial, makes the pertinent simplifications and groupings, and returns the
desired matrix. This is easy to do with the expand () function of SymPy. The results are
shown below:

3 0 -16 0 16

20 -4 0 0 20 0 =32 0

0 20 0 =32

4
RO=1"" s o | BY=|-16 o0 160 0 -192f,
0 3 0 o 0 -32 0 64 0
6 0 —192 0 256
0 0 40 0 —112 0 128
0 -8 0 288 0 —256 0
40 0 -352 0 832 0  —256
D=1 o0 288 0  —1408 0 1536 0 |,
~112 0 832 0 —2560 0 1024
0 -256 0 1536 0 —2048 0
128 0 —-25 0 1024 0 0
0 0 60 0 32 0 —448 0 512
0  —120 0 832 0 —1664 0 1024 0
60 0  —1728 0 6528 0 8448 0 3072
0 832 0 —8832 0 20992 0 —14336 0
GO = 32 0 6528 0 —28160 0 38912 0 —12288
0 -1664 0 20992 0 —55296 0 40960 0
—448 0 —8448 0 38912 0 57344 0 16384
0 1024 0  —14336 0 40960 0 —32768 0
512 0 3072 0 12288 0 16384 0 0
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D Derivations for the Morse oscillator

D.1 Slater determinant of associated Laguerre polynomials as a VD

The ground-state wavefunction in a MO is a Slater determinant that contains associated
Laguerre polynomials. We want to rewrite this determinant as a VD as we did in the HO
case. In particular, we prove that

—(j—1) 7 2B-2(j~1) Nt op — 1 1
det |2, VYL (Zi)L,jzl,...,N: [H ( Z, )]deﬂ/(,... ) (143)

i=1 SN
being
. 2i—1
(25[Z> =TI ) = 528 -D@F—i—1)(26-2+1), (144
1 |
with 5 € R.

We need to use the explicit formula of the associated Laguerre polynomials,

)

Li(2) = Y (1) (”* “) a (145)

n—1

where the binomial coefficient is defined as

5 1 m—1 1
<m>:m'][(5—k:):m'5(5—1)(5—2)~-(6—m+1), (146)
" =0 !

with m € N and § € R. The first two associated Laguerre polynomials are L§(z) = 1 and
LY (z) = 1+ o — x. Let us start proving Eq. (143) for N = 3, to see how the procedure
works:

2 —1726-2 —2726-4
~(j-1) ;26-2(j—1) LSZ(Zl) I 1L%§72(zl) ZlQL%gfz;(Zl)
det {zz L7y (zi)szlu.:s: Lg (22) z;lL% 2(22) 252L% 4(7:2)
L S CONE A €Y

O R N CO R S
=11 5L () 5203 ()| (147)
O T CONE S Z €

Notice that L{(z), according to Eq. (145), can be written as a sum of a term with
2% and a term with z'. This means that in the second column of the above determinant,
only the term with z{ of L%B _Q(Zi) survives, since the term with z; becomes a constant
after being multiplied by 2, ! thus being proportional to the first column (remember that
the determinant can be separated in two determinants according to Eq. (106)). The same
happens with the third column: L§(x) can be written as a sum of three terms, one with z?,
the second with z! and the last one with 2. Only the term with 2z{ of L%’B ~4(2) survives,
since after multiplying by z;” 2 the terms with z; 2212 and with z;~ 22; become proportional
to the first and second columns, respectively. Thus,

' ' 1 21_1 zy
det [5G DL 20N )] _ (P @A) (2H R e
g J i,j=1,...,3 1 2 ~1
1 23" 23

28— 1\ (28 -2 11 1
:< . )( ) )detv<21,22,23>. (148)




Now, it is immediate to solve the general case for IV particles. As we have seen, only

the fist term of the sum in Eq. (145), which is given by nt a)) survives in each case.

Therefore, we take these constants out of the determinant:

det [z, U~V 72070 (zz)]

J-1 ij=1,..,N
U PR ) a2 ) e YL TN ()
U L ) L ) e YL )
1 o2t 21_2 e Z;(Nfl)
S —(N-1)
C(1+(28-2)\ (2+(28-14) N—-1+28-2N+2)\|1 2 2z~ - 2z
- 1 2 N -1 oo : . :
1 z;ll ZK;2 e z;,(Nfl)

(281 (28-2 28 — (N —1) 1 1
_( 1 )( ; )( N )detv(a,...,zjﬁ

e (2 L) o

We have thus proven Eq. (143). To write the binomial coefficient as in Eq. (144), we use
the definition in Eq. (146) with 6 = 28 — i and m = i. We obtain

. i—1
(25;1> I [es—i—n= 1,—1!(26—1')(25—2’—1)--‘(25—22'—#1). (150)

|
1! h—0

Defining the new variable j =i 4+ k, we can rewrite it as

. 21—1
(25[Z> =TI j)= 528 -D@F—i~1)-(26-2+1).  (15])

j=i
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D.2 Closed expressions for the Morse oscillator OBDM and PCF

Following the same steps as in Secs. [B.2, C], we want to find a closed expression for
the OBDM and the PCF in a MO. Again, we do the calculations analytically using the
uncorrelated formula of the functions, Eqgs. (13), (14). In this case, the single-particle
wavefunctions are

1
bn(2) = Np2Pe 22,77 120727(5), n=0,1,2..., [\ — §J, (152)
being 5 =\ — 5 and
n!(26 — 2n)a
=y — 153
I'(2XA —n) (153)
Additionally, we use the closed form of the associated Laguerre polynomials:
« . i n +a xi — . a0
Ly(z) =) (1) (n i Z) 5= > Cg et (154)
i=0 T =0
We start for the OBDM. For N = 2, we have
@) / _ 2Ba 8, 28, 728/
P (2,2") = ¢o(2)p0(?) + d1(2)p1(2") = Ty ° 5 LY ()2 ()

(2,8—2)61(22) 1 ﬂ
T2\ — 1)

e {2 éii;fl‘;<zz'> (G vt i i)

+ P

Notice that the expression inside the braces can be written as éR@) (z,2'), with R®)(z,2') =

a + bz’ + cz + dzz' a polynomial of order N — 1 = 1 in both z and 2’. This can also be
written in terms of Vandermonde vectors and a 2 x 2 matrix:

RO (z,2) = 2 TRDZ® = (1 2) R®) (i,) (155)
with
282 26—2 2,3 2
R® — <a Z) _ (28-2)a (C ) Cio "Cia (156)
_ Qﬁ 2 2ﬁ 2 26—2 26T (2A—1 ’
‘ B it it (i ) + 7(257(2>F(2A)>

so finally we can write

pP(z,2) = (z2")Pe” =5 i7?,(1\7)(2,2/). (157)

zz!

Similarly, for N = 3 we obtain

P (z,2) = pPD(2,2) + da(2)da() = pP (2, 7)

ng —ztz 2(28 —4)a 28—4 254 26-14 2 28—4 26-4 26-4 12
+ (22))Pe Qif(%—%( N (C T+ o e o) (G + a3 + 635

Again, we can take a common factor of ﬁ and we obtain a polynomial of order 2 in z

and 2.
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For any N, we will always have the same structure, because each time we increase the
n in (22')7™, an extra term of order n appears in the sum of the Laguerre polynomials.
Thus, we can write that
1

+2
2 WR(N)(Z,Z/), (158)

PN (2, ) = (/)P

where RV (2, 2') is a polynomial of order N — 1 in both z and z/. This is the closed
expression for the OBDM in a MO. More compactly,

PN (z,2) = (22PN TRV, ). (159)

Actually, we can derive the above expression more formally:

N-1 N-1 L
=D dn(2)en(z) = Z Ny (z2)Pem T2 (22)) LY P () L (Y
n=0 =

, N—1
_ (Zzl)ﬁe—z';z Z N,ZL(ZZ Z 025 2n 2B 2”2’7'2/]
n=0 4,7=0

= (zz')ﬂ(zz’) 15 Z N2(z2)) N 1=n Z C’ZB 2n 25 2”212’3 (160)
i,j=0

where in the last step we have divided and multiplied by (zz')N~!. The reason for this is
that in the second sum there will always be a constant term corresponding to i = j = 0,
which in turn is multiplied by (22")™". If we multiply this by (zz')"me= with ny,e. = N —1,
we obtain a polynomial in z and 2’:

ZszZN1nZCQ,B2n 2ﬁ2nz/j

1,j=0
N-1
:ZN (z2)N—1= "Z 1)+ 2,8—@ 26 —n 22 (161)
= P OZ'] n—1 n—j

This way we retrieve Eq. (159). This polynomial can be written in terms of Vandermonde
vectors and an N x N matrix, R®V), as

RWM)(z,2") = 2T RIN) 2/(N) (162)

On the other hand, we can find the closed expression of the PCF from the OBDM as

1
g™ (21, 20) = 3 (p(N)(Z1,21)p(N)(22722) - p(N)(zl,ZQ)p(N)(ZQ,zl))

1 _
:§<z%’8 N+2—ap(N )(21721)2’2’8 NH2 =22 R (N (25, 29)

_Z +z _z +z
—(zle)ﬁ N+1,-=1 2R(N)(21722)(21Z2)5 N+1,-"152

RV (22, z1)>

(2129) 72N 26 (@12) IR (4 2 ) RO (29, 29) = RN (21, 20) RN (29, 21)] . (163)

| =

Since RN (21, 21) and RO (29, 2z9) are polynomials of order 2(N — 1) in z; and 2y,
respectively, and R(N)(Zl,ZQ) and R(N)(ZQ,Zl) are of order N — 1 in both z; and 2o,
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G (21, 23) = R (21, 2 )RW) (29, 20) — RN (21, 20)RW) (29, 21) is a polynomial of order
2(N — 1) in both z; and z2. Thus, the closed expression of the PCF is

1 _ _
9N (21, 22) = 5(2122)26 INF2e=(a1t22) GIN) (4 o), (164)
where GV) (21, 23) can be represented in terms of a matrix product as
GW) (21, z9) = z&QN )TG(QNfl)ng_l), (165)
with GEN=1 a (2N — 1) x (2N — 1) matrix.
As mentioned in Sec. 2.5.3, we have found all the matrices for N = 2,3,4,5 by using
Egs. (74) and (77). Similarly as in Appendix [C], we have used a Python code that receives

the not simplified polynomial and returns the desired matrix, because doing the groupings
manually would become very laborious. The RY) matrices are shown below:

o N2 (025 2) NQC26 2025 2
= 20>
N2CHT20H? N+ N? (025 ?)

Ngcw 402/3 b enie 2025 2+N§02B 4025 N2 +N1 (cfﬁ 2) +N2 (025 4)

For N = 4, the matrices are so big that we have to separate them into blocks for ease of

presentation:
R® — (RYL) Rgl) R§4) Rz(fl)),
where
N2 025 6\ 2 N:%C% 6025 6
N§C2B 602,8 6 N22022ﬁ3) 4025—4 202€ 603’62—6
N§C2B 6626 6 N22022f)—4025 4+N202ﬁ—6C§g—6
T
R;(>,4) = 122202% 40% 4 2NEC§€ 60;2 z 6)2 5
N (7 ) +N2(05 ) + N3 (¢55°°)
NfCQB 2026 2+N2202,8 4026 4—|—N§C2ﬂ 602,8 6
N3 Czﬁ 6025 6
0 _ N%Czﬁ 402,8 4+N3025 602,8 6
i = NlC’Qﬁ 2026 2—|—N2202”3 402ﬁ 4+N3025 602/3 6
N2 + N? (Cfﬁ )4 N3 (ng NN (2 6)2

Similarly, for N = 5 we have:
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where

02,8 8)2 N2CIB a8
NECZ% 828 N2 (025 6)é+N4 (025 s
RY = | N2c2- 025 S| BY = | N2C20002070 4 N3O R R |
N2CE- 025 8 N§C§ C2B 6+N§CZ 025 8
Nfcjfg 8025 8 N§C§% 6025 6+N§0§€ 8025 8

Czﬁ 6025 6 Czﬁ 8025 8
RY = (C’% 4) + N3 (cw 6) +N? (025 S
025 4025 4 02,3 6C2,3 6 02,3 8025 8
025 4025 4+N§c§ 02/5 6+N4c§ 025 8
N S
N3O o3y 6+N30§B e
RY — N3Cye ey 4+N§C§é 3 +N§c§ o/ .
NE (O3 2) + N3 (C37*) + N3 (025 6) + N2 (025 *)
Nfcw O NCy T + N3 0ol + Ny el
NpCi e
N3C30” 602/3 6+N§C425 ot
RY = N3O TiC3s 4+N2(3’2'8 Kerve 6+N302§ o
ngcaﬂ 2025 2 Cw 4025 4+N2025 4025 6+N2026 8026 8
N (8 o () (8 (3

The expressions for GZN=1) are even more difficult and large. We can only write here
the case for N = 2 because for the other cases the matrices become excessively big:

,(0 0 1
G® = N2N2 (025 2) 0 -2 0
1 0 0

For N = 3,4,5 the results are excessively large, so we do not include these cases in
this document. However, we have computed and plotted the OBDM and the PCF with all
the matrices for N = 2,3,4,5 and we have obtained the same results as in Sec. 2.5.2, thus
checking the derived closed expressions matrices.
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E Ground-state calculations

E.1 Ground-state energy of the systems

In this section we find the ground-state energy for each one of the systems of N spinless
fermions, taking into account the Pauli exclusion principle. For the calculations, we need
the following formulae:

M:

M(M +1), (166)

S
¥

1
D it = 6M(M +1)(2M + 1). (167)
i=0
Let us start for the HO, which has the following single-particle energy:

1
en:hw<n—|—2>, n=012... (168)

Thus, the ground-state energy is

N N-1 N-1 1 1 1
:ZGn:ﬁwZ ntg)=ho|(N-1)N+N
n=0 =

N2 N N N?
_ & = 1
hw( 5 > + 2) hw 5 (169)
Using HO units, since fw = 1, the energy is just EXY) = N72
For the IW,
h2m? 9
En—mn, n—1,2,3 (170)
Therefore
N 2 h2 2
= N(N+1)(2N +1). 171
; 2mL22 " 12mL2 (N+1)EN+1) (171)

In the natural units of the system, we have that —t> =1, so EWN) = %N(N +1)(2N +1).
Finally, for the MO the single-particle energles are given by

= —I—l ! —1—12hw =0,1,2 (172)
= ||\"+3 o (T3 ey, n=0,1,2...
so the ground-state energy is
N-1 2 N-1
N 1 1
S ¥ A8 e D]
n=0 n=0

N2 1 /1 1 1
—|— -~ (Z(N-1)NEN-1)+ (N - 1)N+ =N c

5 o (Y T DNEN D S N+ )]hw

_NQ 1 1 N2 N N
= |— - — | Z(2N3=3N?’4+ N)+ — — —

E 2)\<6( SN+ N) + = 2+4>]fm

N2 1 (1, 4 N N1 2
—_2—%(6(2.7\7 +N)—4>1hwe_[2 m.7\7(41\7—1)7m. (173)

In the natural units of the MO, h =1, 50 hwe = A and E®Y) = ]\;2 — iN (4N? —1).
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E.2 Nodal structure of the single-particle wavefunctions

The single-particle wavefunctions of the three systems have a number of nodes directly
related to the principal quantum number n. Here we show which is the exact relation.
For the HO, the single-particle wavefunctions vanish only in the roots of the Hermite

polynomials, as we can see:

¢n(z) = Npe *“no H, (ai ) ., n=0,1,2,... (174)
0]

However, a Hermite polynomial of degree n has n distinct real nodes or zeros [GM48],
s0 ¢n(x) has n distinct real nodes.

For the MO we encounter a similar case, since the single-particle wavefunctions vanish
only in the roots of the associated Laguerre polynomials:

1
n=0,1,2...,[A—=]. (175)

On(z) = anﬁe_zﬂz_"Liﬁ_Z”(z), 5

Recall that z = 2 e™** is strictly positive, so only the Laguerre term can make the wave-
function to vanish. On the other hand, an associated Laguerre polynomial of degree n has
n distinct real and positive nodes or zeros [DM15], so the single-particle wavefunctions have
exactly n nodes, because z is also positive. In Fig. 8 we plot the Hermite and associated

Laguerre polynomials for n = 0 to 4.
For the IW, the single-particle states vanish in the zeros of the sine:

bn(x) = ﬁsin (”Zx) n=1,2,3,... (176)

This happens when sin (7£) = 0, that is, ™ = mm, or equivalently 2 = 2L, with
m = 0,1,2,...,n because x goes from 0 to L. Therefore, without counting x = 0 and
x = L, there are n — 1 nodes. For example, for n =4, x =0, %L, %L, %L, L, we have three
nodes. Notice though that for the IW n starts from 1, so in fact for the three systems we
have the same number of nodes for a particular energy level. For example, for the first

level to be filled by fermions, we have 0 nodes in all cases.

30

20

30

20

10.0

125

15.0

=10
n=1
=2

n=3

Figure 8: Plot of Hermite polynomials and the associated Laguerre polynomials for « = 4 and
n=0,1,2,3,4, which are the n values used in this work. We can see that these polynomials have n

zeros and, in particular, for the associated Laguerre polynomials these zeros are positive.
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F  Plots of the OBDM and the PCF obtained with ML

Here we show the plots of the OBDM and the PCF for the HO (Figs. 9, 10), the IW
(Figs. 11, 12) and the MO (Figs. 13, 14) obtained using ML techniques.
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Figure 9: OBDM p) (2, 2’) obtained with ML techniques in terms of the positions = and 2’ for N = 2
to 5 particles in a HO well. We use HO units.
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Figure 10: PCF g(N)(xl,wg) obtained with ML techniques in terms of the positions x; and x5 for
N =2 to 5 particles in a HO well. We use HO units.
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Figure 11: OBDM pN)(z, 2) obtained with ML techniques in terms of the positions z and z’ for N = 2
to 5 particles in an IW. We use IW natural units.
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Figure 12: PCF g(N)(asl,xg) obtained with ML techniques in terms of the positions x1 and xzo for
N =2 to 5 particles in an IW. We use IW natural units.

47



0.0

0.6
0.0
—0.6

e WO — 5 X . 2. : —0.5

Figure 13: OBDM pN)(x, 2") obtained with ML techniques in terms of the positions = and z’ for N = 2
to 5 particles in a MO, with A = 11.5. We use MO natural units.
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Figure 14: PCF gN)(2,,z5) obtained with ML techniques in terms of the positions 2; and x5 for
N =2 to 5 particles in a MO, with A = 11.5. We use MO natural units.
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