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One-dimensional spinor gases with strong § interaction fermionize and form a spin chain. The spatial degrees of
freedom of this atom chain can be described by a mapping to spinless noninteracting fermions and the spin degrees
of freedom are described by a spin-chain model with nearest-neighbor interactions. Here, we compute momentum
and occupation-number distributions of up to 16 strongly interacting spinor fermions and bosons as a function
of their spin imbalance, the strength of an externally applied magnetic field gradient, the length of their spin,
and for different excited states of the multiplet. We show that the ground-state momentum distributions resemble
those of the corresponding noninteracting systems, apart from flat background distributions, which extend to
high momenta. Moreover, we show that the spin order of the spin chain—in particular antiferromagnetic spin
order—may be deduced from the momentum and occupation-number distributions of the system. Finally, we
present efficient numerical methods for the calculation of the single-particle densities and one-body density
matrix elements and of the local exchange coefficients of the spin chain for large systems containing more than

20 strongly interacting particles in arbitrary confining potentials.
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I. INTRODUCTION

A one-dimensional (1D) Bose gas of spinless impenetrable
point particles can be solved exactly through a simple mapping
to spinless noninteracting 1D fermions [1]. Such a so-called
Tonks-Girardeau gas was first realized in 2004 in experiments
with ultracold atoms [2,3]. The infinitely strong repulsion
between the particles prevents the bosons from staying at
the same position. As a result, the local two- and three-
body correlation functions of strongly interacting bosons are
substantially reduced compared to noninteracting ones [4,5].
Moreover, the thermalization of a 1D Bose gas is substantially
slower than in three dimensions [6].

An extremely useful feature of ultracold atoms in 1D is that
the strength g of the effective 1D § interaction may be tuned to
nearly arbitrary positive and negative values depending on the
strength of the externally applied magnetic (B) field [7] and
of the transverse confinement [8]. More precisely, the inverse
interaction strength 1/g may be tuned continuously from small
positive values (strong repulsion) to small negative values
(strong attraction) through a small change of the external
B field in the vicinity of a confinement-induced resonance.
Thereby the ground state at 1/g > 0 evolves continuously into
a highly excited metastable state at 1 /g < 0 [9], the so-called
super Tonks-Girardeau gas [10], which resembles a gas of
impenetrable particles with a finite diameter.

Moreover, a few years ago, Jochim and co-workers were
able to prepare a few ultracold fermionic atoms determin-
istically in their ground state [11]. This enabled them to
observe the fermionization of two distinguishable fermions
in a 1D trap [12]. Although the experiment could be described
using the analytical solution of two é-interacting particles in
a 1D harmonic trap [13], there was no appropriate theoretical
description for three and more particles available at that time.
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The reason for that was that the existing theory had previously
focused on the Tonks-Girardeau (1/g = 0) [14-16] and/or
the thermodynamic limit [17-19] of multicomponent atomic
gases and on the spin-incoherent Luttinger liquid regime [20].
Consequently, Ref. [12] stimulated an active theoretical
research on this spin-1/2 few-fermion system [21-26] aimed
at unraveling the structure of the quasidegenerate ground-state
multiplet. Finally, a perturbative approach [27] and a spin-
chain model [28] have been developed for the regime around
1/g = 0. Only recently, a 1D system of fermions with large
spin [29], and an antiferromagnetic Heisenberg spin chain of
up to four fermions in a 1D trap [30], have been realized.

The spin-chain model has been applied to the impurity
problem [31] and it has been generalized to spin-dependent
interactions [32-34], excited motional states [35], Bose-
Fermi mixtures [36], spin-orbit coupling [37,38], and p-wave
interactions [39,40]. Numerical simulations also considered a
few two-component bosons [41-44] and a large number of
fermions [45] in the whole interaction regime.

Here, we present momentum and occupation-number
distributions of large strongly interacting systems in different
regimes. In particular, we study these distributions as a
function of the spin imbalance, the strength of a B-field
gradient, the excitations of the spin chain, the length of
the particle spin, and the symmetry of the many-body
wave function (fermions and bosons). We show that the
antiferromagnetic ground state of strongly interacting spin-1/2
fermions can be clearly identified by means of its momentum
and occupation-number distributions—in contrast to strongly
interacting atoms in optical lattices. Finally, we present
efficient numerical methods for the calculation of the occurring
multidimensional integrals that can be applied to systems
with more than 20 particles in arbitrary confining potentials.

The paper is organized as follows: Section II gives
an overview of the spin-chain model of strongly inter-
acting 1D spinor gases, Sec. III presents momentum and
occupation-number distributions in various regimes, and
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Sec. IV presents the numerical methods for the efficient
calculation of the single-particle densities (Sec. IV A), the
one-body density matrix elements (Sec. IV B), and the local
exchange coefficients (Sec. IV C). We summarize our results
in Sec. V.

II. SPIN-CHAIN MODEL FOR 1D STRONGLY
INTERACTING SPINOR GASES

A. Mapping to spinless noninteracting fermions and a chain
of distinguishable spins

We consider N indistinguishable ultracold atoms (bosons
or fermions) with spin degrees of freedom. The atoms are
trapped by a spin-independent external potential V along the
axial z direction and they interact through a spin-independent
& potential of strength g. The radial motion of the atoms is
frozen to the ground state. The interaction strength g of this
quasi-1D system is freely tunable through a magnetic Feshbach
resonance and through the strong radial confinement [7,8]. The
effective Hamiltonian of the quasi-1D system reads

n? 92

H= X,: [_%a_zf + V(Zi)i| + g;S(Zi -z;). (D)
In the limit of infinite repulsion, g = oo, the multicompo-
nent system assumes properties of spinless noninteracting
fermions [1] and a chain of distinguishable noninteracting
spins [15]. The many-body wave functions of the ground-state
multiplet may be constructed exactly through a generalization
of Girardeau’s Fermi-Bose mapping [1] to particles with spin
and are given by [15]

ly) = VN1 So(lid)| ). 2)

S. is the (anti)symmetrization operator, |id) is a spatial many-
body wave function describing N spinless distinguishable
particles with infinite § repulsion in a longitudinal potential
V(z) and ordering z; < --- < zy, and |x) is an arbitrary
spin function of N distinguishable spins, which describes the
spin configuration of the spin chain.! More precisely, S =
(I/NDY P(:I:I)P P, where the sum runs over all permutations
Pof N={1,... ,N}, (=) is the sign of the permutation
P, and the unitary operator P permutes particle indices,
Plag)y -+ lan)y = lai)pay -+ - lan) pavy, Where oy, ... ,ax
are quantum numbers. The spatial wave function |id) of the
spinless distinguishable particles with infinite § repulsion is
given by [15] (see Appendix A for more details)

(z1y . sznlid) = VN1, ... oz YEl, (3)

where9(zy, ... ,zy) = 1ifz; < --- < zu, and zero otherwise,
and where Y = det[¢;(z;)];,j=1.... N/mis the ground-state
Slater determinant of N spinless noninteracting fermions
with the eigenfunctions ¢(z), ¢2(z), ... of a single particle
in the external potential V(z). Here, the only difference to
Girardeau’s mapping for spinless hard-core bosons is the

'Note that besides the usual configurations, the model is also
applicable to fermions with integer spin or bosons with half-integer
spin.
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additional multiplication with 6(zy, ... ,zx), which generates
a wave function for distinguishable particles with particle
ordering z; < --- < zy (the factor /N1 ensures normaliza-
tion). Finally, |x) = Zml....,mN Coy.oomy |1, .. smy) is an
arbitrary N-particle spin function with m; being the spin
z-projection quantum number of the ith particle. Note that
although |id) and |x) may both be nonsymmetric, application
of S4 to the product |id)|x) ensures that the full many-body
wave function has the desired symmetry.

Equation (2) constitutes a one-to-one correspondence
between the pure spin functions |x) of N distinguishable
spins and the full many-body wave functions |v), which
solve the Hamiltonian (1) in the limit of infinite § repulsion,
g = oo [15]. Moreover, not only spin functions |x) may be
mapped onto full many-body wave functions [i), and vice
versa, but any observable of the full continuous Hilbert space
may be expressed by its counterpart in the discrete spin space.
This simplifies the description of fermionized multicomponent
particles substantially, as shown in the following.

B. Single-particle densities

Important experimentally measurable observables are the
spin densities of the system [15,16,22,28]. The density
distribution of the mth spin component is given by [15]

N
pn(@) = P20, 4)
i=1

with the probability to find the i th particle (with whatever spin)
at position z,

p(z) = N!/dzl coedznd(z — 20001 - - ZIYER, (5)

and the probability that the magnetization of the ith spin equals

ms
W= 3" |(mi, ...

mip,...,my

N XS - (6)

Clearly, Eq. (4) shows that the continuous spin density p,,(z)
is fully characterized by the N-tuple (o, ..., p(M).

The single-particle densities 1-25 of 50 harmonically
trapped particles are shown in Fig. 1. Obviously, they look
like the densities of individual localized particles, as found
in a Wigner crystal that is stabilized by strong longer-range
interactions. The only difference is the fact that here the
overlap between the densities of neighboring particles is
much larger [46]. One might argue that the single-particle
densities (5) are artificially constructed and not measurable
and that only the spin densities (4) can be measured in the
experiment. However, both densities may be identical for
some spin configurations. Consider, e.g., a spin chain, in
which the ith spin points upwards and all the other spins
point downwards, | ... ,}.},1,{,J,...). The spin density of
the spin-up component then equals the ith particle density,
thus making it visible. Similarly, one may identify individual
particle densities in a spin chain in which at least two or three
spin-down particles are between any pair of spin-up particles,
[... 54404441, 4,4 ...). Such spin configurations can
be prepared by rotating individual spins.

023606-2



MOMENTUM DISTRIBUTIONS AND NUMERICAL METHODS ...

g 1.5 E
% 0.5k \ i
2, CUUAAAAAAMAAAAAARMAL

—10 -8 —6 —4 -2 0
z/l

FIG. 1. Single-particle densities of particles 1 (left) to 25 (right)
of a spin chain in a harmonic trap consisting of 50 particles. The
densities 26-50 are obtained by mirroring at the vertical axis through
the origin. / is the harmonic-oscillator length.

Although Eq. (4) suggests that evaluating the spin densities
is very simple, it actually proved to be rather difficult for
large particle numbers as the calculation of the single-particle
densities (5) involves an integration over the increasingly
complicateddomainz; < -+ < z;| <2 < Zj4] < - < IN-
Therefore, we present in Sec. IV A a method that enables the
calculation of the single-particle densities for large particle
numbers.

C. One-body density matrix elements

The momentum and occupation-number distributions have
played a central role in recent experiments [29,30]. In particu-
lar, the antiferromagnetic spin state of three spin-1/2 fermions
was clearly identified by means of its occupation-number
distribution [30]. In Sec. III, we will show and discuss selected
distributions in several regimes. The momentum distribution
of the mth spin component is given by

1 . ,
pnlk) = 5— / dzd?'e"p,(z,2), (7)

and the mean occupancies of the mth spin component read

Pm(n) = /dzd2’¢n(Z)¢,’{(Z’)pm(z,2')- (®)
Both distributions are calculated from the one-body density
matrix of the mth spin component,

N

pn(z.2) = Y (EDH pl ()05, ©)

i,j=1

Here, the + (—) sign applies to bosons (fermions). Moreover,
we defined the spin-independent matrix elements of the one-
body density matrix,

P (z,2) = (id1pV(z,D)IPi, ), (10)
with 5(z,7) = |2);(z’|;, and the matrix elements

P& = (x 1PV B ilx), (11)
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FIG. 2. One-body density matrix elements p“/(z,z’) of 20
harmonically trapped particles. / is the harmonic-oscillator length.

.....

permutes the particle indices according to the rule i — i +
l>i+2—.--— j—1— j — i (here we assumed that
i < j; see Appendix A for the full definition). The sector
wave function |P) (P is a permutation) is proportional to
[V F|in the sector zp(1) < - -+ < zp(w), and zero otherwise; see
Appendix A.

Equation (9) is a generalization of Eq. (4) and indeed
one finds p,(2) = pu(z,2) = X, p"7(z,2)pl".> Again, the
continuous spatial distribution p,,(z,z’) is fully characterized
by the discrete Nz-tuple .. ,p,(,i"), ...). That is, once we
have calculated the spin-independent one-body density matrix
elements p/)(z,7'), we can immediately calculate the distri-
bution p,,(z,z") for any spin configuration | x ). The calculation
of the distributions p""/)(z,z’) is, however, difficult for large
particle numbers. Therefore, we present in Sec. [V B a method
that enables the efficient calculation of the p@/)(z,z") for large
systems.

The spin-independent one-body density matrix elements
p")(z,z') of 20 harmonically trapped particles are shown
in Fig. 2. They resemble Gaussian-like distributions, which
are located at the positions (i,j) on a checkerboard. On
the diagonal, z = 7/, we recover the single-particle densities
shown in Fig. 1, which means that p@)(z,7) = p®)(z). Also,
one reads immediately from the definitions that pU-) = p@.

Equations (9)—(11) show that the shape of the one-body
density matrix is directly related to the symmetry of the
spin function |x) under loop permutations P; ;. To be-
come more familiar with Eqgs. (9)—(11), we consider the

spin-polarized case |x) = [},1,1,...). In that case, p?’j) =
1, ,o%B)(z,z’) =3, p"(z,2) =t pP(z,2') for impenetrable
pointlike bosons and p%F)(z,z’) = Zi’j(—l)"”p("’j)(z,z/) =
o) (z,7") for noninteracting fermions. That is, the one-body
density matrix of spinless hard-core bosons, 0B(z,7), is a
nonalternating sum of the individual p/)(z,z’), while that of
spinless noninteracting fermions, pfF )(z,2'), is an alternating
sum of all matrix elements p'7)(z,z’). The distribution
pB)(z,7'), which resembles Fig. 2, has been calculated for up

Note that p@/(z,z) = 0 fori # j.
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to 160 particles, but the method of Ref. [47] can unfortunately
not be used for the calculation of the individual p@/)(z,z’).

Now, consider a spin configuration |x), which is fully
symmetric under any permutation of the particle indices. Then,
in particular, £, ;1x) = |x) and pu” = (x|(Im)i(ml?)]x).
Moreover, (x|(Im)i{m|i)[x) = (x|FPi jlm)i(ml|i P jlx) = (x|
(Im);{m|;)|x) and hence p,(,l,") = N,,/N, where N, is the
number of particles in the mth spin component. Therefore,
we obtain p®(z,7) = (N,,/N)p'®(z,7) for bosons and
0F(z,7') = (Nm/N)p'F)(z,7') for fermions. That is, the dis-
tributions have the same shape in all spin components and
equal those of spinless hard-core bosons and noninteracting
fermions, respectively.

Now, consider the opposite case of a fully antisymmet-
ric spin configuration |x). Then, B j|x) = (—1)*/|x),
since P ;= Piiy1Piy1iv2- - Pj—2j-1Pj—1; is a product
of j — i transpositions (assuming i < j). Now, it follows that
0B (z,7') = (Nw/N)p")(z,7') for bosons and p'(z,7) =
(Nu/N)p'®)(z,7') for fermions. That is, bosons with a fully
antisymmetric spin function have a one-body density matrix
of spinless noninteracting fermions, and fermions with a fully
antisymmetric spin function have a one-body density matrix

of spinless hard-core bosons.

D. Spin-chain Hamiltonian

Finally, we discuss the Hamiltonian (1) in the limit of
large but finite g. In the limit g = oo, the energy eigenvalues
of the system coincide with those of spinless noninteracting
fermions, but the degeneracy of each level is (2f + 1)V
times larger (f is the spin quantum number and 2f + 1 is
the number of spin components), which corresponds to the
number of the energetically degenerate spin configurations of
the noninteracting spin chain [15]. This is a direct consequence
of Eq. (2). This spin degeneracy is lifted in the limit of large but
finite g, since nearest-neighboring spins of the spin chain now
interact with each other through the spin Hamiltonian [28],

N-—1 N-1
H, = (EF—ZJ,)HZJ,.E,,-H. (12)
i=1 i=1

This Hamiltonian acts only in spin space. Its eigenfunctions
|x) may be mapped onto full wave functions |i) through
Eq. (2).InEq. (12), EF is the ground-state energy of N spinless
noninteracting fermions,’ P; ;| permutes nearest-neighboring
spins, the + (—) sign applies to fermions (bosons), and [27,28]

Y

0z;

NIR# 2

m2g

i

/dzl a8z — 28 e 2y

13)

are the local exchange coefficients of the interactions between
nearest-neighboring spins of the spin chain. The J; are,
in a good approximation, proportional to the local density
cubed [28,35] or, equivalently, to the local pressure within

3Throughout this paper, we restrict the discussion to the ground-
state multiplet. The generalization to the excited motional states is
given in Ref. [35].
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the noninteracting Fermi gas, p(z) = n2h2n3(z)/(3m) [17,18].
A high local pressure is accompanied by small spacings and
hence a large overlap between the wave packets of neighboring
particles (see Fig. 1), which results in large local exchange
coefficients. Moreover, the exchange coefficients and hence
the splitting of the energy levels are linearly dependent on
1/g. This means that the energy spectrum is inverted when a
confinement-induced resonance is crossed.

The exact calculation of the J; is again difficult for large par-
ticle numbers due to the (N — 1)-dimensional integrals, which
have to be evaluated. Results for the J; have been presented for
N < 15[35,48] and N < 30 [49] particles in a harmonic trap.
Recently, Loft ez al. published an efficient formula and released
an open source code [50] for the numerical computation of the
J; for N < 35 particles in arbitrary confining potentials [51].
We show in Sec. IV C that this formula may be efficiently
calculated using a fit with Chebyshev polynomials. The
MATHEMATICA notebook containing this method and results
for up to 50 harmonically trapped particles is published in the
Supplemental Material [52].

Let us consider fermions [+ sign in Eq. (12)]. The energy
E = (x|Hy|x) is then minimized by a fully antisymmetric spin
function, i.e., P|x) = —|x) for any permutation P, and as-
sumesthevalue E = Ep — 2 ZlN;ll J;. A fully symmetric spin
function, i.e., P|x) = |x) for any permutation P, maximizes
the energy, which assumes then the value £ = Er. Addition-
ally, the symmetry of the full many-body wave function |y) re-
quires that the ground-state spin function | x ) of the fermions is
combined with a fully symmetric spatial wave function, while
the highest-excited state has to be combined with a fully anti-
symmetric one. The opposite result is obtained for bosons: A
fully symmetric spin function minimizes the energy of the spin
Hamiltonian Hy, while a fully antisymmetric one maximizes it.
However, Bose symmetry requires again that the ground-state
spin function has to be combined with a fully symmetric spatial
wave function, while the highest-excited spin function has to
be combined with a fully antisymmetric one. We conclude that
in both cases, the spatial part of the many-body ground state
|1) is fully symmetric under any permutation of particles.

If we have less spin components than particles available,
we cannot construct a fully antisymmetric spin function, since
every quantum number can at most appear once. The energy of
H; is then minimized by the most antisymmetric spin function
in the case of fermions and we arrive at the conclusion that
now, in both cases (fermions and bosons), the spatial part of
the many-body ground state is most symmetric compared to
the excited states of the multiplet [53,54].

III. MOMENTUM AND OCCUPATION-NUMBER
DISTRIBUTIONS

The momentum and occupation-number distributions
of spinless bosons [47], spin-1 bosons [15], and spin-
balanced [16,48] or nearly spin-balanced [22,28] two-
component fermions have been calculated previously. Here,
we will study these distributions systematically as a function of
the spin imbalance, the B-field gradient, the excitation within
the multiplet, the length of the spin, and the symmetry of the
many-body wave function (fermions and bosons).
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We start by discussing the limiting distributions of spinless
noninteracting fermions and hard-core bosons. The momen-
tum distribution of spinless noninteracting fermions is flat and
broad, equals the density of noninteracting fermions in position
space, and is given by (" (k) = Y-V! ¢2(k). By contrast, the
momentum distribution of spinless hard-core bosons features
a narrow peak at k = 0 [47]. This follows immediately from
Egs. (7) and (9), which, at k = 0, become

N
1 o -
(B/F)k=0=—§:ill+jfdd’(”” 2. (14
P ) 7 (£D) zdz p"(z,2). (14)

ij=1

Clearly, since p®/(z,z’) > 0 (see Fig. 2), the nonalternating
sum of the bosons leads to a larger value at k = 0 than
the alternating sum of the fermions. Moreover, there is a
significant probability that spinless hard-core bosons occupy
high-momentum states above the Fermi edge, while these
states are not occupied by spinless noninteracting fermions.
This follows from the fact that the wave function of hard-core
bosons exhibits symmetric cusps, o |z; — z;|, while the wave
function of noninteracting fermions has antisymmetric zero
crossings,  (z; — z;), at equal particle positions, z; ~ z; [47].

We conclude from these limiting cases that more symmetric
spatial wave functions lead to momentum distributions with
higher central peaks and more pronounced high-momentum
tails, while more antisymmetric spatial wave functions lead to
flatter momentum distributions and smaller high-momentum
tails. The momentum and occupation-number distributions are
hence a valuable measure of the symmetry of the spatial wave
function. Moreover, they are also a measure of the symmetry
of the spin function, since, e.g., a fully symmetric spatial wave
function of a bosonic (fermionic) system has to be combined
with a fully (anti)symmetric spin function [15].

Let us now turn to our results. Figure 3 shows the
momentum distributions (left column) of 16 spin-1/2 fermions
with infinite § repulsion for an increasing spin imbalance
(from top to bottom). One sees that the number of oscillations
equals the number of particles occupying the spin component.
More precisely, the central distribution resembles that of
noninteracting fermions above a flat background, which
extends to high momenta. For example, in the spin-balanced
case, the eight noninteracting spin-up or spin-down particles
occupy the eight lowest levels of the spin-up or spin-down
component. Therefore, one sees the central distributions
,o%c)i (k) ~ ZZ:O qbiz(k) above a flat background. Note, however,

that the width of the central distributions ,O(T‘)l (k) is slightly

smaller than that of the distribution 21'7:0 ¢i2(k), while their
heights approximately coincide.

It is clear from this simple rule for the shape of the
momentum distribution that the width of the central distri-
bution of the majority component increases, while that of the
minority component decreases with increasing spin imbalance.
Moreover, it follows from this rule that the central distribution
of the spin-balanced system has a minimum width, i.e., it
cannot become as peaked as the momentum distribution of
spinless hard-core bosons. Finally, we note that the population
of the background of the majority particles is equally large for
all spin imbalances.
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FIG. 3. Effect of population imbalance. Left column: Momentum
distributions p4 (k) (solid blue line) and p, (k) (dashed red line) of 16
spin-1/2 fermions with (N4,N,) = (8,8) (top) to (15,1) (bottom).
Right column: Occupation-number distributions p4(n) (solid blue
line) and p;(n) (dashed red line). /,n: length scale and quantum
number of the harmonic oscillator.

The occupation-number distribution of 16 spin-1/2
fermions as a function of an increasing spin imbalance is shown
in the right column of Fig. 3. It shows a similar dependence on
the population imbalance, although there is not such a simple
rule that describes its shape.

We now turn to the discussion of the effect of an increasing
B-field gradient, which is shown in Fig. 4. The top left
subfigure shows the momentum distribution of spin-balanced
spin-1/2 fermions. One sees that the momentum distribution
becomes broader and flatter with increasing B-field gradient,
while the high-momentum tails vanish. Overall, the momen-
tum distribution converges towards the distribution of spinless
fermions in the limit of a strong B-field gradient, which
indicates an almost antisymmetric spatial wave function.
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FIG. 4. Effect of magnetic field gradient. Top left: Momentum
distributions p(k) = p;(k) + p, (k) of 16 spin-balanced spin-1/2
fermions for G/J = 0 (dashed red line), 1 (dash-dotted blue line),
and 10 (solid black line). Top right: Occupation-number distributions
p(n) = py(n) + p,(n) for G/J = 0 (dashed red line), 1.5 [light blue
(gray) line], 3 (dash-dotted blue line), and 10 (solid black line).
Thin dashed black lines: 16 spinless noninteracting fermions. Bottom
left: Momentum distributions of 16 spin-balanced spin-1/2 bosons
for G/J = 0 (dashed red line), 0.1 [light blue (gray) line], and 10
(solid black line). Bottom right: Occupation-number distributions for
G/J = 0 (dashed red line) and 10 (solid black line). G: strength
of B-field gradient; J = Z,N:]l Ji/(N — 1): mean value of local
exchange coefficients; /,n: length scale and quantum number of the
harmonic oscillator.

This behavior has two reasons: An increasing gradient
separates the two spin components until, finally, one com-
ponent is located left and one right from the trap center. The
restriction to only one-half of the trap volume squeezes the spin
components of the position-space density and hence broadens
the momentum distribution. Second, the spatial wave function
within the separated spin components must be antisymmetric.
Only at the boundary between the two components is the pair
of unlike spins in a superposition of a singlet and a triplet
spin state. Hence, only at the boundary does the spatial wave
function contain a symmetric contribution. This explains the
convergence of the momentum distribution towards that of
spinless noninteracting fermions. The spatial wave function of
a singlet of unlike spins exhibits symmetric cusps, « |z; — z;],
while the spatial wave function of a pair of particles with the
same spin has antisymmetric zero crossings, o (z; — z;), at
equal particle positions, z; ~ z; [12]. The antiferromagnetic
ground state of spin-1/2 fermions in the absence of a B-field
gradient contains many pairs of unlike spins in a spin-singlet
state, but there is only one pair of neighboring unlike spins
at the boundary of the completely separated spin components.
This explains the disappearance of the background and the
high-momentum tails.

The occupation-number distribution of spin-1/2 fermions
(top right in Fig. 4) shows the same broadening and flattening
with increasing B-field gradient as the momentum distribution.
Again, the distribution approaches the limiting distribution of
spinless fermions, but it does not become completely equal to
it, which is a consequence of the more symmetric spatial wave
function at the boundary between the two spin components.
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The momentum distribution of spin-balanced spin-1/2
hard-core bosons as a function of an increasing B-field
gradient is shown at the bottom left in Fig. 4. Again, one
sees a substantial flattening of the central distribution by
approximately 33%, but its broadening is not as strong as
for the fermions. By contrast, the demixing of the spin
components here has approximately no effect on the occupancy
of the high-momentum tails. Also, a convergence towards the
momentum distribution of spinless fermions is not present.

The reason for this different behavior is that the symmetry
of the spin function (and hence the spatial wave function) is
changed by a strong gradient in the case of fermions, while it is
not changed in the case of bosons. According to the discussion
in Sec. IID, the ground state of Eq. (12) is ferromagnetic
and has a fully symmetric spin function. After the application
of a B-field gradient, one obtains a state with separated spin
components, which is still ferromagnetic and fully symmetric
within each spin component. This state has hence (almost) the
same permutation symmetry as before (apart from the bound-
ary). In the initial state (zero gradient), two neighboring spins
form a triplet and hence their relative spatial wave function
exhibits symmetric cusps, & |z; — z;|. In the final state (strong
gradient), a pair of like spins within the separated spin compo-
nents also forms a triplet and hence the relative spatial wave
function is not changed. Therefore, the symmetry of the spatial
wave function is not changed by a strong B-field gradient. This
explains the equally strong background in both cases. The mi-
nor broadening of the central peak is hence only caused by the
separation of the spin components, which restricts the position-
space densities of the two spin components to a smaller volume
and hence broadens their momentum distributions.

The occupation-number distribution of spin-balanced spin-
1/2 hard-core bosons for a vanishing (dashed red line) and
a strong (solid black line) B-field gradient is shown at the
bottom right in Fig. 4. First, we note the pronounced even-odd
effect in the mean population of the harmonic-trap levels
for a vanishing B-field gradient (dashed red line) [55]. This
may be viewed as a remnant of the mean-field behavior
of the bosons: Weakly interacting bosons occupy together
the mean-field ground state, which may be written as a
superposition of harmonic-oscillator states with even parity,
dME(2) = coo(2) + c202(2) + capa(z) + - - - . The mean-field
ground state of hard-core bosons is the square root of
the density of spinless noninteracting fermions, ¢mp(z) &
Vp(z) [47,56]. This state with even parity is still much more
strongly populated (by ~/N bosons [47]) than the excited
natural orbitals [56], which explains the relatively strong
population of the harmonic-trap levels with even parity. This
parity effect is absent when a strong B-field gradient is applied
(solid black line), since the separated spin components are
located beside the trap center, and hence the parity symmetry
is broken. Apart from this parity effect, one sees again a
comparatively strong population of the n = 0 trap level for zero
gradients (dashed red line). This peak is again slightly flattened
and broadened when a strong B-field gradient is applied (solid
black line).

Next, we discuss the momentum and occupation-number
distributions of different states of the multiplet, shown in
Fig. 5. One sees in all cases that the ground states feature the
narrowest, most peaked central distribution and the strongest
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FIG. 5. Effect of increasing excitations. Top left: Momentum
distributions p(k) = p4(k) + p, (k) of 16 spin-balanced spin-1/2
fermions in the ground state (dashed red line), the 100th excited state
[light blue (gray) line], the 2000th excited state (dash-dotted blue
line), the 10000th excited state (solid black line), and the highest-
excited state (thin dashed black line). Top right: Occupation-number
distributions p(n) = py(n) + p(n) of the ground state (dashed red
line), the 1000th excited state [light blue (gray) line], the 8000th
excited state (dash-dotted blue line), the 12 000th excited state (solid
black line), and the highest-excited state (thin dashed black line).
Bottom left: Momentum distributions of 16 spin-balanced spin-1/2
bosons in the ground state (dashed red line), the 30th excited state
[light blue (gray) line], the 700th excited state (dotted gray line),
the 10000th excited state (dash-dotted blue line), and the highest-
excited state (solid black line). Bottom right: Occupation-number
distributions of the ground state (dashed red line), the 10 000th excited
state (dash-dotted blue line), and the highest-excited state (solid
black line). Thin dashed black lines (in all subfigures): 16 spinless
noninteracting fermions. /,n: length scale and quantum number of
the harmonic oscillator.

population of high-momentum and high-energy states. This
signals that the ground state always has the most symmetric
spatial wave function among the states of the multiplet [53,54],
in agreement with the discussion in Sec. IID. As a con-
sequence, the spin configuration of spin-1/2 fermions is
most antisymmetric (antiferromagnetic) and that of spin-1/2
bosons is fully symmetric (ferromagnetic). By contrast, the
highest-excited states of the multiplet always feature the
broadest and flattest central distribution. This means that the
highest-excited state of the multiplet always features the most
antisymmetric spatial wave function. As a consequence, the
spin configuration of spin-1/2 fermions is fully symmetric
(ferromagnetic) and that of spin-1/2 bosons is most antisym-
metric (antiferromagnetic). The other excited states interpolate
continuously between these two limiting cases. Therefore, also
in a large system, the antiferromagnetic states can be clearly
distinguished from the ferromagnetic states by means of their
momentum and occupation-number distributions.

Moreover, we note that the ground state of spin-1/2
fermions and the highest-excited state of spin-1/2 bosons
feature a momentum distribution that is approximately half as
broad as that of spinless fermions. The reason for that is that
in both cases, the spin function cannot be fully antisymmetric,
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FIG. 6. Effect of increasing particle spin. Left: Momentum
distributions p(k) =), pm(k) of eight spin-balanced fermions in
the ground state and a particle spin of 1/2 (dashed red line), 3/2
(dash-dotted blue line), and 7/2 (solid black line). Right: The same
for eight spin-balanced bosons in the highest-excited state. [ is the
harmonic-oscillator length.

which prevents the combination with a fully symmetric
(fermions) or antisymmetric (bosons) spatial wave function.

Finally, we discuss the dependence of the momentum
distribution on the particle spin, shown in Fig. 6. One sees that
the momentum distribution of the fermion ground state (left)
converges towards that of spinless hard-core bosons when the
length of the particle spin is increased [29,57]. The reason
for that is that spin-7/2 fermions have eight components.
Hence, one can construct a fully antisymmetric spin function
with eight spin-7/2 fermions. This spin function, which is
the ground state of the spin Hamiltonian (12), can then be
combined with a fully symmetric spatial wave function, which
features the momentum distribution of spinless hard-core
bosons.

By contrast, the momentum distribution of the highest-
excited state of the bosons (right) converges towards that
of spinless fermions when the length of the particle spin is
increased. Here, the fully antisymmetric spin function of eight
spin-7/2 bosons can be combined with a fully antisymmetric
spatial wave function, which features the momentum distribu-
tion of spinless fermions.

We conclude that the momentum distributions of strongly
interacting spinor fermions and bosons resemble those of
their noninteracting counterparts above a flat background,
which extends to high momenta. Furthermore, a change of
the permutation symmetry of the ground-state spin function,
induced by a B-field gradient or through spin excitations,
leads to a dramatic change of the momentum distribution. As
a result, the (anti)ferromagnetic spin order of large strongly
interacting multicomponent systems can clearly be identified
by means of their momentum distribution. This is impossible in
a Mott insulator and a Wigner crystal, since the momentum and
occupation-number distributions of strongly interacting spin-
less bosons and fermions are identical in these systems [46].

IV. NUMERICAL METHODS

We present in this section the numerical methods used to
calculate the single-particle densities, one-body density matrix
elements, and local exchange coefficients of large strongly
interacting 1D multicomponent systems. The implementation
of the formulas is given in the Supplemental Material [52].
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A. Single-particle densities

By evaluating the integral (5), we obtain, in a first step,

p(2) = NI /
21 <+ <Zjo1 <T<Zip1 < <IN

xdzy---dzi1dzipr - -dzy
XYz, ...

This integral may be expressed by a combination of 1D
integrals using ¥r = det[¢;(z;)]; j=1,..n/~/'N! and the sym-
metries of |/ |* (see Appendix B for the derivation),

2
V2152, Zi41, - -+ ,2ZN)|T (15)

N
PP = (1" Y B8 — 20 (@) (2)

j<k=1

N-1 !
XZ(—1)1<i_1> Y detAyz).  (16)

I=i—1 pEP(j.k.D)

Here, P(j,j,l) is the set of all [-dimensional ordered subsets
of N\ {j}and P(j,k,l) is the set of all /-dimensional ordered
subsets of N \ {j}, which contain k. The matrix A, is defined
by A, = (Aij)iep.jep Tor p € P(j,j. D) and A, = (A;))icp.jep
for p € P(j,k,l), where p is obtained from p by replacing k
by j. The matrix elements A;; are given by the 1D integrals
Aij(z) = f:oo dx ¢;(x)¢;(x) with the eigenfunctions ¢;, ¢»,

. of the external potential V. Additionally, we defined
2 pepjho detA, =3k

At first glance, it may seem that the computational costs
of evaluating Eq. (16) scale exponentially with N due to the

sums
Z det A,(z)

pEePk,t,m)

Agem(2) 1= (=1)" a7)

over permutations p, where Ay = g and Ay y—1 = 0 for
k # €. No matter the choice of N and i, however, individual
terms det A ,(z) never appear separately in Eq. (16). Instead, it
is sufficient to know the sums 4, (z) as a whole to obtain any
of the p(z). The former can, in turn, be easily and efficiently
calculated numerically using the relation

G{(x) == (=DMt N det((x A;)(2) — T ke

N-1
= D " An(2), (18)

m=0
where 1, is the N-dimensional identity matrix and (-)z,
denotes the matrix operation of deleting row k and column
£. Hence, Eq. (18) defines a generating function for exactly
those determinant sums A, (z) = (m!)_ld’”Gie(x)/dxm lx=0
needed to obtain p'(z). With G},(x), we get access to these
sums essentially by calculating the determinant of a single
(N — 1)-dimensional matrix per x.

0" (z,2) = N16(z,7)
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It is easy to see that the absolute values of two terms
Akem(z) and Aggn(z) can differ by many orders of magni-
tude if |m — m’| > 1. Therefore, straightforward numerical
approaches, such as, e.g., using finite differences to evaluate
the higher-order derivatives of G},(x) at x = 0, are likely to
become numerically unstable for N larger than about 10.

Instead, we use Chebyshev polynomials of the first kind to
numerically obtain an expression of the right-hand side (r.h.s.)
of Eq. (18) by fitting a polynomial to the generating function
in the range x € [—R,R], where parameter R > 1 allows
adjusting where in the range 1 < m < N the fit yields highest
accuracy. The fit method itself is a well-known, numerically
stable, and efficient procedure [58]. We just state the result
here, which is given by

G: ~§ 3 G:, (' )T R 19
ke(x) k.(Z+M Yp.q kZ( l,q) p(x/ ), (19)

PgeM

with  y, 4 :=cos[nrp(2g — 1)/(2M)] and T, , := Ry,,,
where M > N and T),(x) = cos[p arccos(x)]is the pth Cheby-
shev polynomial of the first kind. Note that while evaluating
Eq. (19) requires only M evaluations of G (one for each I'; ),
the resulting fit is valid (within some accuracy bound) for all
x € [-R,R].

With the fit polynomial (19) given, the A, (z) are then
approximated by

2

Akﬁm(z) ~ MR™

> cpm¥pgGi(Tig)  (20)

P.geEM

for I > 0. Here, ¢, , denotes the mth-order coefficient of
T,(x). This approximate relation becomes (analytically) exact
for M,R — oo.For N < 30, however, it already yields results
with a relative precision of about 10~* for M = N and
R = 2. Results of any desired (higher) accuracy (at higher
computational costs) can be obtained by performing separate
fits for multiple values of R, while checking for convergence
of the r.h.s. of Eq. (20) as a function of R and, to a lesser
extend, of M.

Depending on the number of particles and desired fit
accuracy, however, it might be additionally required to employ
a floating-point arithmetic that exceeds the native machine
precision (& 16 decimal digits for 64-bit floating point
numbers). For example, to obtain the density of 50 particles
with an (absolute) accuracy of 107, we had to increase the
floating-point precision to 60 decimal digits [52].

B. One-body density matrix elements

The evaluation of the matrix element (10) yields fori < j
the (N — 1)-dimensional integral

dzy---dzi—ydzigy - dzy

1< <Zio1 <T<Zi4] < <Zj<Z'<Zjy1 < <IN

X |Yr(zy, ...

3Zi—1525Zi415 - - -

ZNVVFQEL -, Zim1,2 5 Zig s - 2N 2D
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Performing a similar calculation as in Appendix B, one finds, for i

j—1 N—i

PHYSICAL REVIEW A 94, 023606 (2016)

< j (see the Supplemental Material [52] for the derivation),

(”)(zz)—G(ZZ)Z YY) @8 — Dk (- 1)"( +”i )(}_:1_1) Y detA,@z). (22)

k=1 m=i—1n=j—m—1

Here, P(k,k,m,n) is the set of pairs of ordered m- and n-tuples

p="C1,. b)), g wWith {iy, ... i}, Uty o ov s} C
N\ {k}, and {iy, ... ,ix} N {j1,...,ju} = 0. p are the row
and column indices of A,. (i1, ... ,i,,) and (ji, ... , j,) are the

row indices of matrix elements A;;(z) and A;;(z’), respectively.
P(k,l,m,n) is the set of pairs of ordered m- and n-tuples
p==C=G.... 01, ... ,Ju) withdisjoint sets {iy, ... ,i,,} and
{Jj1, ... ,Ju}, which contain elements of N \ {k,/} and where
one of the sets also contains the element /. The column indices
D are obtained from p by replacing / by k. Additionally,
we define Y. _pq ;00 detA, =38y. Using the symmetry
p4(z,7) = pY)(7',z), one may also calculate the matrix
elements with the indices i > j in the domain z > 7'.

Similar to Sec. IV A, it is possible to define a generating
function Gﬁ/(x,y) = ZZ;LO Akemn(z,7)x™y" for the deter-
minant sums, ’

Ak(imn(z,z/) = (_l)m+n Z

pePk,L,m,n)

detA,(z.z),  (23)

that appear in Eq. (22) and are essential to calculate p/)(z,z").
Just as the density matrix, this generating function depends on
two real parameters (x and y). It is given by

G o) = 15 LI @4

with block matrices

A(x,y) = <((XAU)(Z)>M ((xAij)(@))ke

(25)
(VAN ke (()’Aij)(z/»ké)

and
Iy + 801 A 0
L= 1y 1Dk ke 26
0 (In +8a2¢k)ke

where matrix Ay = (8;¢8j1)i,jen has only one nonzero
element in row £ and column k. Again, this generating function
can be effectively evaluated using a (two-dimensional) fit
based on Chebyshev polynomials [52]. This yields

-Akﬁmn(z’z/)
4 ,
N e O CnCunia¥iupGii (e Trg) (27)
)\gEM

for m,n > 0. Furthermore, Aino(z,2") = Arem(z) and
Akeon(z,2') = Awen(2') as given by Eq. (20).

pePk,l,m,n)

C. Exchange coefficients

The exchange coefficients may be efficiently calculated
using the formula [50]

N
Ji = (— I)Nl Z

N—1-i lj
2- ]k)( )

1—
8 i =1 1=0
N - l - too " / / "
x( . ) / d21¢()}(2) + B, D]

i—1 0o

I
[ i 7 det (A(z) — MlN)jk] , (28)
oA 2=0
with the N x N matrix A(z) = [A;;(2)]; j=1,...n, the N x N
identity matrix 1y, and (-) jx denoting the matrix operation of
deleting the jth row and the kth column. We derive Eq. (28)
in Appendix C using a similar formula for the p”(z) [15,59].
The dth partial derivative terms of [A(z) — x1y] can
be identified, up to a sign, with the determinant sums
Ake.n—m—1(z) defined in (17) using the relation

k! aM —k

ak
W(M_x]lmh:o M — k)'a oy M = ﬂM)|x=()’

(29)

where M is an arbitrary matrix of dimension M. Hence, by
plugging (29) into (28), we arrive at

iva N NI
S D D) DCEE ! (i

k<t=1 d=i

oo

x / dIBDP) + P Aua@). (30)
—00

Just as with the particle density, we can employ approxima-

tion (20) to evaluate this equation efficiently [52].

V. SUMMARY

We calculated momentum and occupation-number distri-
butions of large systems of strongly interacting 1D spinor
gases in different regimes. We found that the momentum
distributions of strongly interacting spinor fermions and
bosons resemble those of their noninteracting counterparts
above a flat background. Furthermore, we found that the
momentum distributions change dramatically when the permu-
tation symmetry of the ground-state spin function is changed,
e.g., by a B-field gradient or by exciting the system. As
a result, (anti)ferromagnetic spin order of large strongly
interacting spinor gases can clearly be identified by means
of their momentum distributions. This should be contrasted
with Mott insulators or Wigner crystals, where the spin order
has no impact on the momentum distribution. Furthermore,
we presented efficient methods for the numerical calculation
of the spin-independent single-particle densities and one-body
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density matrix elements and the local exchange coefficients of
large systems of strongly interacting 1D spinor gases.
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APPENDIX A: DEFINITIONS

The action of a permutation operator £ on a many-body

state |ayq, ... ,oy) is defined by
Play, ... .ay) = Play) - lan)y
= la1)pay - lan) pv).- (A1)
The action of P on a spin function is hence given by
Plmy, ... .my) = |m1)pay- - Imy)pav)
= |mpry)1 - Imp-ivy) N
= |mp-1(1ys - . »Mp-1(n)). (A2)

We use the cycle notation to specify a permutation. For
example, the permutation P, g, permutes the particle indices
according to the prescriptiona — 8 — y — «. The identical

J

PHYSICAL REVIEW A 94, 023606 (2016)

permutation is denoted by “id.” The loop permutation is
defined by

Piiyi..j-1; for i<j
P j=11d for i=j (A3)
Pii,.. jy1,; for i>j.
We define nonsymmetric spatial sector wave functions,
(21, ... zn|P) =V N1OGpay, - - szean)IVEl, (A4

where Q(ZP(l), . 7ZP(N)) =1 ipr(l) < -+ < ZP(N)» and zero
otherwise, and where {p = det[qﬁ,-(zj)]i,j:lw.,N/«/m is the
ground-state Slater determinant of N spinless noninteracting
fermions with the eigenfunctions ¢(z), ¢2(z), ... of a single
particle in the external potential V(z). The sector wave
functions | P) are therefore proportional to |y F| in the sector
Zpa) <+ < zZp), and zero otherwise. The sector wave
function |id), defined in Eq. (3), is the special case belonging
to the identical permutation. The sector wave functions are
orthonornlal, i.e., (P|P’) = 8p p. The action of a permutation

ﬁ/dzl cedzylzi, oz ){zh, - sZn | PY)

= [dm cedzylz)pay - lan) penyV NLO@ ey, - - 2pav) IV F]
= [dZP(l) —-dzpanlzeay) Py - 1zeany) PV N1 O(Zpop1)s - -+ ZPoP W)V FI
= /dm cedznlzi, oo ZN)V N 0@ oy, - s ZPoP NIV F]

=/dZ1"'dZN|Z1,--- ZNZ1, - sZn|P o P').

operator P on a sector wave function | P’} is given by
P|Py=|PoP). (A5)
This follows from
(A6a)
(A6b)
(A6c)
(A6d)

The first step, given by Eq. (A6a), follows from the definitions (A1) and (A4); the second step, given by Eq. (A6b), follows

from the renaming z; — zp(, - -

. Zv — zpvy and the fact that [Yr| is symmetric under any permutation of its arguments;

the third step, given by Eq. (A6c), follows from a change of the order of integration and of the kets in the tensor product
|Zpy) Py -+ + 1ZPv)) Pewvy; and the last step follows again from the definition (A4).
The operator that measures the spin-independent density of the ith particle is defined by

PP) = |2)i(zl = /dzl Y LI [CA23 | FS P J YA TS B

(AT)

The operator for the probability that the ith spin has magnetization m is defined by

A _

W= lm)imli =Y S lmr, . my)my, L my]
m my

(A8)

The operator of the spin-independent one-body density matrix of the ith particle is defined by

p(z,2) = 12)i(Z];i = /dzl coedziodzigr - dIN|Zl - T 102 Zi s e S ZNZ e 52 1,2 Zi s - -

vl (A9)
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APPENDIX B: SINGLE-PARTICLE DENSITIES

Here, we derive Eq. (16) from Eq. (15). The calculation
resembles that of Ref. [59]. But first, we derive Egs. (4)—(6).
The observable for measuring a particle at position z in the
mth spin component is given by

N

Y lzm)i(zml; =

i=1

Z 292,

with p®(z) = |z); (z|; the density of the lth particle and p¥) =
|m); (m|; the probability that the ith spin has magnetization
m. The expectation value of p,,(z) for a system being in state
V) = /N1S,|id)| x) is given by

pm(2) = (BI)

PHYSICAL REVIEW A 94, 023606 (2016)

Here, we used Sk = S, Sipn(2) = pm(z)Ss, and S2 = Sy
in the first step, given by Eq. (B2a); S = (1/N!) ZP(:H)Pﬁ
and Plid) = | P) [see Eq. (A5)] in the second step, given by
Eq. (B2b); and the fact that different sector wave functions
have no overlap, (id| ()| P) = 8iq,p (id|p(2)]id), in the last
step, given by Eq. (B2c). Using (id|p®(z)]id) = p”(z) and
(x1291x) = pl), we obtain Egs. (4)~(6).

Next, we decompose the (N — 1)-dimensional integral (15)
into (N —1) 1D integrals. First, we extend the domain
of integration from z; < -+ <z, <2 < Zi41 < -+ <2IN
to 21, ... ,2i—1 < Z < Zi+1,.--,2ZN. We can do this since
the integrand |V (21, . .- 1Zim1,2,Zi41s - - - zn)|% s symmetric
under any permutation of the first i — 1 variables z;, ... ,z;—|
and the last N — i variables z;11, ... ,zy. We have to divide

) = N! id| 6, (2)S+|id B2
(Pn (@) (1 1d12n ()8 lid) 30 (B22) by the factor (i — 1)!(N —i)! since the last volume is by
= ZZ(:!:I)P (id|p V()| P)(x|p (’)(P|X)) (B2b) this factor larger than the first volume. We obtain, from
Eq' (15),
= Z id[ @) [id) (x 1A x)- (B2c)
J
() N! Zz Z oo o0 )
P (z) = m/ﬂodzr“/ioO dZil/Z dZi+1"'/Z dzn|VYr(zi, ..., 2im1,2:Zi41s - 2] (B3)
Inserting the Leibniz formula for the Slater determinant,
Z( n” ]"[¢p<l)(zl (B4)
PESN
we obtain
) 1 ) ) > P
o0 = e [ an | dzH/ dzig - / dz (—D7(=1)
(@ —DIN =D o —o0 PeSy P'eSy
X ¢p1y(21)Ppr1)(21) -+ Priy(2DDPP)(2) - - - Prv) (NP PN (TN )s (BS)
and using the definitions
z
Aij(z) = / dx ¢i(x)¢;(x), (B6)
(o]
Bij(z) = / dx ¢i(x)¢;(x) = 8;j — Aij(2), (B7)
z
we get
p? = ; Z( D (=D Apay.pay -+ Apa-1y.Pa-1$riyPri)Bri+1). P+t Brav), piv)- (B8)
(l — 1)'(N i LP/(i i i i ,P/(i s

T PP

Note that we did not explicitly write out the z dependence of p

defined by P’ = P” o P, and sum over P and P”,

1 .
Z(—l) Apy,Propy -+

M) _
(i — DIN —i)! &

0

Api=1),ProPi-1yPPH)P P oP@)BPi+1), ProPli+1) "

O A i, Bij, and ¢;. Next, we introduce the permutations P”,

Bpwy, propny. (B9)

The order within the products of the A and B integrals is irrelevant. Hence, there are many equal terms in the above sum. In order
to unite these terms, instead of summing over P € Sy, we sum in the following over all decompositions J + K + L = N with

J={P(),...,P(i — D}, K ={P@)},L={PG+1),...

7P(N)}’andM={1,

,IN}. Then, since the order within the sets

J and L is irrelevant, we have to multiply each term by (i — 1)!(N — i)! and obtain

p=>" Z ( D" TTAiro [Tobrw] ] Bro

P" J+K+L= jed

(B10)

keK leL
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Now, we use B;; = §;; — A;; toreplace B;;. One finds
H By pray = Z (=M l_[ Ag.prg)- (B11)
leL M+Q=L q€Q

Here, we sum over all decompositions M + Q = L, where all elements of M are mapped onto themselves by P”. Suppose P”
maps the elements 1 and 2 of L onto themselves. Then, we can build the sets M = @, {1}, {2}, and {1,2}. Using this, we obtain,

in the next step,
p® = Z Z (—1)P LI IM] HA/‘,P”(J’) l_[ Drdpr) H Ay prg)- (B12)

P’ J+K+M+Q=N jed kekK geQ

Next, we join the sets J and Q to form the set R, J + Q = R, and sum over all decompositions K + M + R = N. There are
('Rl) different decompositions of R into J and Q. Moreover, we use

|1
Z Z R Z Z (B13)
P"eSy K+M+R=N K+M+R=N P"eSk r
to obtain
; |R|
= 3 (_1)LI+IM|(|J| S 0" T ¢ebrrio [T Arrrier (B14)
K+M+R=N P"eSkir keK rer

In the next step, we use that any permutation P”’ € Sk g is either a composition of the form P = id; o P"" or P"" = Py, o P"”",
where P”" € Sg, id; maps the element k € K on itself, and Py , permutes the element k € K with one element r € R. Therefore,
we obtain

P =Y (—1>L'+'M('|I;|'>H¢k{¢k PIRCH | E DN (—D”””HAS,PMPW}. (B15)

K+M+R=N keK P"eSg reR reR P"eSg SER

Now, we want to sumover j € K,k =r € R,and! = |R|. Therefore, we express |L|, |M|, and |J| by i, j, k, [, and N. It follows
from the definitions of J and L that|J| =i — land |L| = N — i.Moreover, |M| =N — 1 —1I,sinceM = N\ (K + R),|K| =1,
and | R| = [. Which values can j, k, and / assume? We can form the sets K = {1}, {2},...,{N}, therefore j = 1,...,N. K and R are
disjoint, K N R = @, thereforek = 1,...,N butk # j. Finally,l =i —1,...,N — lsincel = |R| = |J|+|0| =i — 1+ |Q]
and 0 < |Q| < |L| = N — i. We therefore obtain

N N-1

N
0= (1Y Z(_l)l<iil>¢j o Y deta,— Y g Y deta, . (B16)

j=11=i-1 peP(j.jl) ktj=1  peP(jkl)

(

Here, we defined P(j,j,l) = (N \ {j});, where (M), is the set which is given in Ref. [15] and derived in Ref. [59]. Here,
of all [-dimensional ordered subsets of M, and P(j,k,l) = A(z) = [Aij(@)];,j=1,...~y and 1y is the N x N identity matrix.
{m + {k} withm € (N \ {j,k})i—1}, i.e., P(j,k,0) is the set By evaluating the integral (13), we obtain

of all /-dimensional ordered subsets of N \ {j} that contain 4

k. The matrix A, is defined by A, = (A;;)icp.jcp for p € J = Nn / dzy - dz
P(j,j,l)and A, = (Ajj)icp,jep for p € P(j,k,I), where p is mg 1 < T < il <Ly < <IN

obtained from p by replacing k by j. Additionally, we define

2

. a
> per(ir0 det Ay = 8. Using the symmetry A;; = Aj;, we X dziy1dziss -+ -dzy r (C2)
finally obtain Eq. (16). 0Zi |5,
The integrand is symmetric under permutations of zy, ... ,z;—1
and z;42, ... ,zn. Therefore, we can extend the domain of
APPENDIX C: EXCHANGE COEFFICIENTS integration to the domain zy, . .. ,Zi—1 < Zi+1 < Zi+2 - - - »ZN>»
Here, we derive Eq. (28) from Eq. (13). We need for this divide by the factor (/ — DN —i — D!, and get
purpose another formula for the single-particle densities, BN
T Mg — DN —i — 1)
N—i _ +00 z Zi
. _1)N PN —k—1 [ i+1 i+1
@) f— (— X dZi dZ e dZi—
p(2) g X ( o ) | da |z | da
+00 +00 2
d [ o* 0Yr
— 1 —det[A(z) — Al , C1 X/ dZi+2"'/ daiy|—— (C3)
x dz{a)‘k A N]}A_() b i+l Zitl 9z Zi=Zit1
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Using the Laplace expansion along the ith row of the Slater determinant 1/ and the Leibniz formula for the minors,

Z( D) Y (- 1)"]‘[¢p<k><zk>]"[¢p<k>(zk+1) (C4)

PESN\“

we obtain (after renaming zy — zy—; — - -

-
zg;k

— Zit1 —> Zi)

N
Ji =

1 Zi Zi
d dz_
(i — DIN — l—z)'/ o f_oo G-t

+00 +oo
X/ dZ,~+1~~/ dayoy Y, Y (=DF=D” H¢P(1)(Zl)¢P’(l)(Zl) . (C5)

i i PESN\“) P’ESN\

3

400
(=1 ** / dz; ()¢ (zi)
1 —00

The term in the braces resembles the ith single-particle density p)(z;) of an (N — 1)-particle system; see Eq. (B5). We therefore

obtain, using Eq. (Cl1),

N—-1-i

o
ZZ( 1)/t / dz; ¢z $y(z) Z

8 21 k=1 -

Here, A(z) =

N—1-i 7 !
(=D (N. ! 2) d [a det (A(z;) — Ml)jki| - (Co)

1! i—1 )dz |9 o

[Aij(2)])i,j=1,..n, 1y is the N x N identity matrix, and {-) jx denotes the matrix operation of deleting the jth row

and the kth column. After renaming z; — z, integrating by parts, and using the symmetry under the exchange j <> k, we obtain

Eq. (28).
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