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Abstract

We explore a new numerical method for studying one-dimensional quantum systems in
a trapping potential. We focus on the setup of an impurity in a fermionic background,
where a single distinguishable particle interacts through a contact potential with a num-
ber of identical fermions. We can accurately describe this system, for various particle
numbers, different trapping potentials and arbitrary finite repulsion, by constructing a
truncated basis containing states at both zero and infinite repulsion. The results are
compared with matrix product states methods and with the analytical result for two
particles in a harmonic well.
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1 Introduction

The investigation of one-dimensional quantum systems of interacting particles has, in the last
decades, attracted renewed interest due to striking advances in experiments with cold atoms
in optical traps [1]. Paradigmatic models extensively explored in the fields of condensed mat-
ter [2-5] and mathematical physics [6-8] are now within reach of experiments, and their
exotic properties can be measure with great precision. Moreover, the degree of control over
several experimental parameters, including interactions between the atoms [9-12] and trap-
ping geometries opens up the possibility of using such experiments as quantum simulators for
a multitude of interesting models [13], even beyond usual condensed matter systems [14].
One particular problem which has attracted interest in this context is that of a single distinct
atom (or impurity) embedded in a background of identical particles. In the field of condensed
matter, such systems can present interesting phenomena, such as the Kondo effect [15] and the
orthogonality catastrophe [16]. Theoretical and experimental studies with ultracold atomic se-
tups have extensively explored both the bosonic [ 17-27] and fermionic [ 28-37] manifestations
of these models - the so-called Bose and Fermi polarons, respectively. The one-dimensional
fermionic case, in particular, dates back to McGuire’s impurity model in a homogeneous ge-
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ometry [38, 39], which is exactly solvable through the Bethe ansatz approach [40]. Other
approaches have later generalized the study of static properties to mixed fermionic systems
in harmonic potentials [41-47]. On the dynamical side, impurity models have been shown to
present exotic effects such as Bloch oscillations [48] and quantum flutter [49, 50].

In this work we present an original way to obtain the static properties of an impurity in a
fermionic background, where the number of background fermions can be arbitrarily modified.
We employ a variational principle where our ansatz for the wavefunction is a combination
of states at zero and infinite interaction, relying on the fact that the analytical expressions
for these limits are known. In practice, we construct a truncated basis by choosing a certain
number of states at each limit and then employ the Gram-Schmidt ortonormalization process
to construct an orthonormal basis. By diagonalizing the Hamiltonian in this basis, we obtain
an approximation for the wavefunctions and eigenvalues. While it may be difficult to reach
a regime of strong interactions with usual methods, our approach is exact in the zero and
infinite interaction limits. This method is an extension of Ref. [51], where only two basis states
were used. It can be applied to systems in different trapping geometries, and the repulsive
interactions can be tuned from weak to strong. To validate our method, we compare our results
for spatial densities and momentum distributions to simulations of the continuum obtained
with Matrix Product States (MPS) [52, 53], as well as the known analytical results for two
atoms in a harmonic trap [54].

2 Hamiltonian

We focus on a one-dimensional system of N identical fermions (majority) which interacts with
a single distinct particle (minority) with the same mass in the presence of a trapping potential.
The Hamiltonian can be written as

N p2 N
HZ;(%+V(Xi))+g;‘/0,i(x0_xi); (1)

where the potential V is the background potential (which in this paper is either a harmonic
potential, V(x) = mw?x2/2, or the double well constructed in Appendix C with parameters as
shown in Figure 1) and Vj,; is the interaction between the minority and majority, namely we
have (xg,x1,...,xy|Voilxg, X7, ..., xp) = v(xg—x;)8(xg—x() - 6(xy — X)) In our case of a
contact interaction, we have v(x) = &(x). Since all particles have the same mass, we can in-
terpret the single impurity as a fermionic atom in a different internal state than the remaining
majority atoms. Such systems can be realized in the lab with ultracold Li atoms in different
hyperfine states [4].

For simplicity we will work in units where i = 1 and m = 1, but we will reinstate these
units in all figures.

3 Variational method
Our variational method consists of constructing a suitable truncated basis of states. The basis

states are constructed by using both the analytically known eigenstates at zero interactions as
well as the analytically known solutions at infinite interaction.
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3.1 States at zero interaction

The states at zero interaction are denoted by |¢;), for 0 < i < n—1. Each state |¢;) is defined
by a collective index k) of N + 1 single particle states, namely

KO =[xk 680, kD1, )
Note that for the kgi), ces kz(\?: different orders correspond to the same state up to a sign since

they correspond to the majority particles, while the single kg) corresponds to the quantum

number of the minority particle. We assume that kgi) <...< kg). We define the totally
antisymmetric state of a number of M (ordered) quantum states V by

1 .
|¢‘7> N '\/ﬁ Z Slgn(o-)|fvo.(1)> T |fVO'(M)> * (3)
M)
Let us further denote ¥[i, j,...] as the (ordered) set V with v;, vj, ..., removed. This notation
will be used throughout this article. A zero interaction state is then of the form
|$;) = |fk(()i>)|‘1’i;<i)[o]>- (4)

3.2 States at infinite interaction

At infinite interaction, the states are denoted as [v),,), for 0 < u < m—1. Note that the number
of states at zero interaction, n, is not necessarily the same as the number of states at infinite
interaction. Each state |1,,) corresponds to a collective index 4™ of N +1 single particle states
corresponding to a completely antisymmetric state @3, built from the quantum states

g =[q%,...,qW], (5)

as well as a set of N + 1 coefficients &,

i® =[al”,...,al"1. (6)

Note that different orders of the qf“ ) correspond to the same state up to a sign, and we will

assume that q(()i) <...< ql(\?, and we will assume that the @ satisfy

N N
Z:(al(”))2 =N+1, Zal(“)alm =0, u#n. @)
1=0 1=0

The state at infinite interaction is then defined in the coordinate representation as
(1))
Yu(xos -+ xy) = a; " Pgun(xo, - -+ Xn), when (xg,...,xy) € My, (8

where we denote M, as the set of points where x, the coordinate for the minority particle, is
smaller than exactly [ of the xq,...,xy.

These exact solutions of the Hamiltonian (1) at g = +00 [43,44], are orthogonal and
properly normalized to unity provided that (7) holds. However, they are not orthogonal to
the zero interaction eigenstates, and in Section 3.4 we will apply the Gram-Schmidt process
to construct an orthonormal basis.
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3.3 Overlaps between the zero and infinite interaction states

In this section we will compute the overlaps between the infinite interaction states 1, and the
zero interaction states ¢;, which is a necessary input for the construction in Section 3.4 and
for computing the matrix elements and overlaps that include the states y,. We will denote
the overlaps between the states at zero interaction and at infinite interaction by C;,, where
by convention i € (0,...,n— 1) corresponds to the index for the zero interaction states and
u € (0,...,m— 1) corresponds to the index for the states at infinite interaction. The zero
interaction state is on the form

¢i(x0; tees XN) = fkg)(XO)(I)_]E(i)[O](xlz L] xN)J (9)

where @, is again the totally antisymmetric wave function
® L > isign(m)f, f (10)
o[ = = o o fio .
Kool VN! 4 & 0 k)

Again, we use the notation where E(i)[J ]is the set (kgi), e, kg)) with kSi) removed. Recall that
at g = +00, an eigenstate can be specified by a sequence of N + 1 numbers q;, 0 <[ <N, as

well as a set g = (q(” ) . o qI(V“)) of single particle quantum numbers, and is constructed by

11[) Cll(I) (H)(XO:XI’ XN): X150 XN GMZ(XO)s (11)

where M;(x,) is the set where x is smaller than exactly [ of the x; with j > 1. The overlaps
are thus given by

Il
M=

alj, (12)
1=0

where

EJ don $i(x0, -, xn P (X, - -, X )dxy -
Ml(xo)

f dxofy0 (x0)f 0 (xo) Pr0001 250017
M;(xo)

l'«/— Z( 1)’ J defk(()i)(xO)fqgu) (xo)ael det(A” + eB’) o, (13)

where in the last step we have used the formula in Appendix A.1. The matrix A’ is defined
by A}, = f fgo fi fqm) for | < J and A}, = f o oo i f w for | > J while B is defined by
k+1 11

k+1” A1
oo
Bil = f frw fw for I < J and B f fro f w for I = J. To compute the derivatives
Xo “KeyT 4 k+1” Qi1

efficiently we evaluate the determinant for several values of €, linearly spaced in (—1, 1), and
fit a polynomial. We will encounter similar, but more involved, calculations when we compute
the densities.

3.4 Constructing the basis

We will construct our basis by starting with the n states at zero interaction. We then add the
infinite interaction states one by one, and orthonormalize after each added state. In other
words, each state at infinite interaction [,) corresponds to a state |y,), which is a linear
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combination of all the |¢;) and the |y,) with v < u such that it is orthogonal to all of these
states. This procedure will be explained below.

We define C;, = (¢;|,) and W,,,, = (x,|),). Note that neither of these matrices are
symmetric. The states |y,,) are then given by

n—1 u—1
|X,u):N[.,L (ldﬁ;)_ZCi,ulqsi)_ZWpu'Xp)): (14)
i=0 p=0

where the normalization constant is given by

n—1 u—1 —1/2
— _ 2 _ 2
N, = (1 ZOICW Z:)Wp“) . (15)
i= p=

The W, can be computed inductively. We first have that

n—1
Wo» =Ny (50v—ZCioCiv)- (16)

i=0

Then, for any u, assuming knowledge of W, where p < u—1, we can compute W,,,, as

n—1 u—1
W,, =N, (%V—ZCma—ZWqupv)’ 17)
i=0 p=0

where N,, is also given in terms of known W,,,. Given the W,,,, C;, and N,, we now know our

truncated basis (|9o), .., [¢n1),1%0)s -5 [Xm-1)) = (0. -, Emin1). We will then express
our Hamiltonian in this basis and numerically diagonalize it to find approximations to the
eigenstates and energies.

Note that the construction of the basis &; in this subsection assumes that none of the states
are linearly dependent. The only states at infinite interaction that can be linearly dependent
with the states at zero interaction are the totally antisymmetric states, namely the states with
coefficients aé“ )= .. = al(\fb) = 1, and thus one may have to exclude some of these states
(or exclude some states at zero interaction) such that the final basis only contains states that
are linearly independent. However, note that totally antisymmetric states are anyway already
eigenstates to the Hamiltonian at finite g, and thus can be safely removed since they will be
orthogonal to any non-trivial eigenstates. We will thus always exclude totally antisymmetric
states at infinite interaction.

3.5 The Hamiltonian expressed in the basis

We will now express the Hamiltonian in the |£;) basis by computing (£;|H|E;). We will write
the Hamiltonian as
H=H,+gV, (18)

where V is the contact interaction between the majority and minority particles and Hy, is the
Hamiltonian at zero interaction. We will treat these two terms individually.

For the zero interaction states, we have (¢;|Hol¢;) = 6;;E;, (¢;|Holy,) = O due to the
orthogonality propery of the basis and also (v,|Ho|v,) = 6, E,,. Let us define the quantity

n—1 r—1
pr = <wu|H|Xv> =N, (E;,L5;w _Z CiuCiin - Z vaLup) . (19)
i=0 p=0

6
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These can be computed recursively, starting with the known L ,. The matrix elements
(xulHolx,) are then given by

<X,u|HO|Xv> :N,u( Z XleOUCv)) (20)

which can also be calculated recursively starting with the known (yo|Hylx,)-

Now let us look at the interaction operator V. Note that (§;|V|+,,) = 0 since V is a contact
interaction and (x|t ) vanishes when xq = x; for 1 < j < N. Let us define V;; = (¢;|V|¢;).

We then have .
p—

oS- S ) e
o=0

which can be computed recursively starting with V; ,_,. Given these quantities, the remaining
matrix elements can be calculated as

u—1
( Z Vi ZWV) (22)

To compute the matrix elements V;;, note that the interaction operator between two parti-

cles, which we denote by V,, is defined as

(x1, X2|Valy1, y2) = 6(x1 — ¥1)6(y1 — ¥2)6(x2 — ¥2), (23)

where (x;, x| is a position space eigenstate for two particles. Now consider some discrete set
of single particle states |i), i = 0,1,..., defined by the wavefunction by (x|i) = f;(x). The
matrix element for the interaction operator between two particles in this basis is then

(ky. ko ValK) k) = f Fio GO iy () i () g (). (24)

Now we would like to know the matrix elements of the total interaction operator between two
many-body states kO = [k((f); k(i), . k(l)] and k) = [k(l) k(]) s kl(\{)] (and we again denote
k®[o] = [k(i),...,kg)], and we assume kg) > kj(\;)). The total interaction operator is
givenas V = Zévzl Voi, where Vy; is the interaction operator between particle O (the impurity)
and particle with index [. For two sets A and B with equal size, let us define |A— B| be the
number of elements that only appear in A (or equivalently in only B). For a particle with index
p, with p # 0,1, V; is diagonal and thus we have

(& [kD) = o, (25)
if [kO[0]—kW[0]] > 1. If [KD[0]—kW[0]| = 1, we obtain

EOWED) = (k& kO, k0, k) (—1) (26)

where [ and [’ are the unique indices such that kl(i) # kl(,j) and k9[0,1] = kD[0,1'].
7<)(i)[0] = E(j)[O], we instead obtain

=

EOWVIEDY => k0, kO vk, k7). 27)

=1

This concludes our construction of the Hamiltonian H = Hy + gV, and all that remains is
diagonalizing the matrix (&;|H|&;) to find the energies and wavefunctions.

7
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4 Observables

In this section we explain how to compute several important observables.  They
will all be computed starting with a specific eigenstate, which we denote by |¥), or
U(xg,...,xy) = (Xg,...,xy|¥) in the coordinate basis. This state is expressed as a linear
combination of the zero interaction states and infinite interaction states

n—1 m—1
) =D Clg) + D Dl 28)
i=0 u=0

which can be obtained easily given the expansion of ¥ in the basis {¢;, y,}. Note that the
{¢:,7,} is not an orthonormal basis.

We will start by computing the single particle density, which is the easiest observable pre-
sented in this section. The equations for the other observables are similar in nature but with
varying extra degrees of complexity and subtleties, and thus it is recommended to understand
the single particle density computation in detail first.

4.1 Single particle minority density matrix

The single particle density matrix is defined by integrating out the coordinates of the majority
particles as

(.
p (X0, Yo) :J U (xg, X1, -, XN )P (Y0, X1, -+, XN)

n—1
:J Z C?Cj(b?()(o,xl,...,XN)¢j(y0,X1,...,XN)+
i=0,j=0
rn—lm—l

+J ZZ(Ci*D,ud);k(XO:xli'--)xN)wu(yO:xla"-axN)-i_

i=0 u=0

+CiDZ¢i(y09 X5 - 'JXN)I)DZ(XO’ X15-- .,XN))+

m—1
+J D DiD ), (x)

u=0,v=0
= CiCiay(x0,0) + Y (Ci DBy (oo, Yo)+
i,j i,k

+ CiD;/j;jH(yO, XO)) +ZD:DVYM,V(XO7 yO): (29)
u,v

where the integral is short for f = ff:o dxy:-- f f:o dxy. The density matrix is useful since
it is related to the momentum distribution by a simple Fourier transform. For just the particle
density in coordinate space, we set xy = y,. We will comment on how the computations sim-
plify for this special case.

The simplest term, namely between the zero interaction states is given by
a; (X0, ¥o) = f;}o (Xo)fkéj) ()’o)5z(i)[o],z(j)[o]- (30)
0

Here we are again using the notation that k[0] is equal to k with ko removed, namely the set
{kq,...,ky}, and the Kronecker delta is thus equal to one if and only if the sets {k(l), e, k](\})}

8
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and {kgj), e kj(\{)} are the same.

For the cross terms f; ,, it will be useful to split up the integral into several regions, and

we write
N
J => J , (31)
=0 J M;

where M; as the set of points where y, is smaller than exactly [ of the xq,...,xy. We then
split up the term f3; ,(xo, ¥o) as

Biu(x0, Yo) = > BL, (0, Y0)- (32)
l

The cross term is then given by

N
l . q 7
ﬁi,u(«xO; - ,—N T1 ;)(_1) fkgi)(xO)quu)(yo) » <I>§(i)[0](x1, cees xN)<I>q—(u)[J](x1, ceey XN)
N
—L _1V £ . 1 J 7
YN F1 JZ:(;( 1) fi (x0)f 00 (¥0) 2 det(A” + €B)e=o(¥o), (33)
where & represents a totally antisymmetric state. The matrix A’ is defined by
AJb = ffgoofkgillfqgu) for b < J and AJ j‘}’ fk‘(llllf gli)l for b > J while B’ is defined
J _ , J
by By, = f)’o fkfjllfqﬁ,‘” for b <J and By, = f fo £, 6 for b > J. Here a and b take the

values 0, ...,N — 1. For a derivation of this equation see A.1.

For the density where xy = y,, this works also for the infinite interaction terms, namely
we can write

2
YL,V(XO) _N+1 Z (- 1)J+Jf(u)(xo)f (v)(xo) ‘I’q(u)[J]‘I’q(v)[J/]
JJ'= M,

a

RS Z (1 f (o) (x0)3! det(@” + eB") (o), (349)
JJ'=
where now the matrices A’ and B’ are defined by A{l’g/ = ffo fq(m f » and
at+o” Ipis

B’/ =f fuw f.m where c =0fora <J,o =1fora>J, 5§ =0 for b < J' and

ab at+o” Dpts

6 =1 for b > J’. Here a and b take the values 0,...,N — 1 and we refer again to A.1 for a
derivation of the determinant formulas.

However, when x, # Y, it is necessary to split the integral in more regions. We then write

N
(-5,
1=0,s=0 v M

where M, is the region where x, and y, are smaller than exactly [ respectively s of the
X1,...,Xy. We then split up the terms v, ,(xo, Yo) as

Yu(X0: Y0) = D71, (x0, ¥0). (36)
l,s
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The term only involving infinite interaction states is then given by

Qs g
YH v(Xo:.)’o) _N+1 Z (_ ) f(u)(xo)f (v)(yo) q)a(”)[J]q)q(V)[J/]
J,J'=0 M,
A9 J+J!
(-1) ()(X) (v)( )x
|l—s|'(m1n(l sOVN JJZ: f m X0 f Yo
ae|l—s|a;nln(l,s) det(AJ,J +€BJ’J +TCJ’J/)(X(),}/O)|€:0’T:0_ 37)
Now the marices are defined as Ay = [T (f 0 (<)X,

max(x,x”)

_ 17 1 o Vi Vi
By, = min(x,x’) f (u) (x’ )f (v) (x")dx” and C,, = fmax(x,x’)qujfa(x )fqg:)g(x )dx” where
oc=0fora<lJ, G—lforaZJ 6§=0forb<J and & =1 for b > J’. The indices a and b
take the values 0,...,N — 1. See A.2 for a derivation of this formula.

4.2 Majority particle density matrix

The single particle majority density matrix is defined by integrating out the coordinate of the
single minority particle and the coordinates of N — 1 of the majority particles. We thus write

pmaj(xo,yo) =f (X5 X1 e XNIW(X0, V15 evs XN)

n—1
zf Z C?Cj¢;k(x05xlz"-JXN)¢j(xOJy1>"-JxN)+

i=0,j=0
n—1m—1
+JZZ *D ¢ (XO:xla"-:XN)wM(XO:yI)'--:XN)+
i=0 u=0
+CiDZ¢i(XO,y1,...,XN)'IIJ:L(X(),X:[,...,XN))"‘
m—1
+ J D DEDy g, X1, X (0, Y5 X)

u=0,v=0

EZ C;(Cjaﬁ](xl,h) + ZCi*D“f dXo/jirfl:J(xo,XbJ’l)"'
i,u

L,j

+ CiDZf dxoﬁ " (xo, x1, 1) + ZD D f dXOYmaJ(Xo:Xb)’ﬂ (38)

where in all but the last line the integral is short for f = f_oo dxg - f_oo dxy and in the last
line we have separated out the dx, integral in all but the first term. In this case there are not

many simplifications when x; = y;. The zero interaction term is given by

6, o N+l

(XE?J(XDJQ) = (—1)I+Jf 1)(X1)fk(.7)(y1)6k(l) [0,I],FD[0,J]" (39)

I=1,J=1

The latter delta function means that this expression is zero unless the set kD with kgl) and kgl)
removed and the set k) with k(()J ) and kSJ ) removed, are equal, in which case it is equal to one.
For the cross term ﬁf;j”(xl, ¥1), we split it up into N terms ™3, corresponding to x, being

10
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smaller than exactly [ of the x,...,xy. We have

a(u)(l’xO:yl) g

ﬁmaj,l
VN(N +1) 1=1,7=0,J'=0,J'#J

i (x0,x1, 1) = sgn(J,J’)(—l)”lfkgi)(xl)fq(m (1)
J/

fkg)(xo)fqgu) (x0) M Pripo,11(X25 - - - XNy g1 (X25 -5 XN)

o) S LI o e ()

UVN(N +1) IZLJ:(;:OJ,#Sg”( ’ kO
Fro(xo)fquo (x0)3! det(A>" + eBO1I") o (xo), (40)
where the integral is again short for f = f_ozo dxgdxy--- f_ozo dxy. The sign
sgn(J,J') is defined as (=1 if J/ < J and —(—1)*" otherwise. = We have
defined a™(l,x,,y;) as being equal to a§“ ) if xXo < ¥; and equal to agﬁ)l oth-
erwise.  This formula does not simplify much for the density where x; = y;.
We have defined the matrices Ag’;;“’ I ffgo f[-,;(i)(o)u)]a(x’)f[qm)(J)(J/)]b(x’)dx’ and
Bg’bI;J’J/ = fxzo f[i(i)(o)(l)]a(x/ Mgy, (xNdx’, and simplified the notation by assum-

!

ing that S(I) is the (ordered) set S with the element with index I removed.

Now let’s consider the term y. We now have the expression

. a(“)(l, Xo,x1)a(v)(l,xo,y1) N+1 / /
Y;Teg (x0, X1, Y1) = Z sgn(I,1)sgn(J,J")f w(x1)f.(y1)
N(N + 1) I#I’J#J’ ql’ qJ,
fq(M)(XO)fq(v)(XO) 4)6(“)[[’1/]()(2, cees xN)cI:'Ej(")[J,J’](xZ: ceey XN)
1 J Ml
(g (1 N+1
a ’XO’xl)a ( )XO,yl) / ,
= sgn(I,I)sgn(J,J X ;
NV 2, S8 ()
£,09(0)f 0 (x)3] det(A" " 1+ eBMH) o (o). (41)

The matrices are now analogously defined, namely

Xo
I,I/;J,J/
Ay = J frgomunt, D figowun, (dx’
—o0
and

o

LI'Jg,J’

B, ZJ frawnan, O figowan, (xNdx’.
X0

4.3 Momentum distributions

The momentum distributions are obtained as a Fourier transform of the single particle density
matrices. Let us denote the single particle density matrices by ppmi,(x,y) and pp,i(x, y) for
the minority respectively majority species. The momentum distributions are then defined as

1 oo oo o
pmin(p) = %J J dXd.yelp(x y)pmin(xa .)’)
—o00 J—c0 (42)

1 00 ;oo
Pmaj(p) = % f J dXdyelp(x_y)pmaj(x; y),
—00 J—00

and have the same normalization as the coordinate space densities.
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Figure 1: The two potentials used in this paper, the harmonic well with angu-
lar frequency «w and the double well described in Appendix C with parameters

Xy =—Xg =24/, wo = w1 =, Ag =0, A; = 1.5 x iw and A, = 0.8 x he.

4.4 Minority-Majority correlation function

The last observable we will consider is the coordinate space minority-majority correlation func-
tion, which is defined as

p(XO’ X]) :f ‘I’*(Xo, xl) .. '5XN)\IJ(XO) xl: .. ')xN)3 (43)

where the integral is short for f = f_oo dxy - f _ oo dxy. The computation of the minority-
majority correlation functions is very similar to the computation of the majority density; take
the formulas for the majority density matrix and set x; = y;, and drop the integrals over x.
Dropping the x, integral in the 3 and y terms is trivial, and the a term is given by

N+1

1
o7 (0, x1) = = f ) (x0) fyn (x0) PG o f 0000 nFop 4D
0 I=1,J=1 I

5 Examples
In this section we will consider several examples with different number of particles and in

different background potentials. For two particles, we will compare with the analytic result
for a harmonic trap. For more particles, we will compare with results computed using matrix
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product states as explained in Appendix D.

Recall from Section 3, that when describing the basis we will write [k(()i) ; kgi), e, k](\;)] to
denote a zero interaction state with index i, with the single particle in state k(()l) and the ma-

jority particles in the antisymmetric state with quantum numbers kgi) >, > kl(\?. A state with
(w) )

index u at infinite interaction will be denoted by two sets of numbers, [q, ", ...,qy Joo and
[a(()“ ), s a](\‘,l)], such that the wavefunction is a totally antisymmetric wavefunction built from
q(()“ )> > q](#) and which is multiplied with the coefficient al(M ) if X is smaller than exactly

[of xq,...,xy.

When truncating the infinite basis (of both zero and infinite interaction states), some
choice must be made on how this truncation should be done. In this paper, we will sim-
ply truncate when the number of particle excitations above the lowest state is above a cer-
tain threshold, namely we will construct the basis from all zero interaction states that satisfy
D k) — >,k < € and all infinite interaction states that satisfy Y., g — >.00 < e We
will refer to this cutoff as simply the basis threshold and denote it by € in this section. For
the harmonic oscillator potential, this is equivalent to an energy cutoff on the states, since the
energy is linear in the quantum numbers, but for other potentials this is not the case. We will
leave a deeper investigation on the optimal selection of states for future work.

Note that in this paper we work in absolute coordinates and thus our energy spectra, such
as figures 2 and 7, show all energy levels. This must be taken into account when comparing
with for instance [51], where only the internal energy levels are shown and thus does not
include excitations of the center of mass of the particles.

5.1 Two particles in a harmonic potential

In this section we will make detailed comparisons between the methods in this paper and
the analytically known formula for two particles. A full derivation of the two particle system
can be found in Appendix B. The basis is built from states at zero interaction and from states
at infinite interaction. The states at zero interaction are specified by two quantum numbers,
denoted [ky; k;]. There are no constraints on these two quantum numbers as we are dealing
with two distinguishable particles. At infinite interaction, the states are built by taking a totally
antisymmetric state, denoted by § = [, g1 oo With go > gq;, but by multiplying with different
coefficients ay and a; depending on the position space coordinates. In other words, the wave
function is given by aq®5(x, x1) when xy > x; and a; ®3(x, x;) when x, < x; where & is the
totally antisymmetric state. A basis for such states is given by all antisymmetric states and the
coefficients @M = [1,1] and d@® = [1,—1]. However, note that @ = [1, 1] just corresponds
to the totally antisymmetric state and is thus included among (a linear combination of) the
zero interaction states. As was mentioned in the end of Section 3.4, it is important to exclude
such linearly dependent states to avoid singular behaviour in the Gram-Schmidt orthogonal-
ization process when constructing the basis. We will thus exclude the states with coefficients
@™ = [1,1] and thus for two particles it is enough to specify a state at infinite interaction
only by the quantum numbers § = [q,q; ] and we leave the coefficients [1,—1] implicit. For
example, for a basis threshold of € = 2, we have the zero interaction states [0,0], [0,1], [1,0],
[2,0],[0,2] and [1, 1], as well as the infinite interaction states [0, 1], [0,2]0s, [0,3]oc and
[1,2]co (with the implicit coefficients [1,—1]).
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5.1.1 Energies

In Figure 2 we show the energy of the lowest six states computed using our variational ap-
proach and the analytic formula, for various values of the coupling g. The ground state inter-
polates between the state [0,0] at g = 0 to the state [1,0],, at g = +00 (with the implicit
coefficients [1,—1]).The first and third excited states are totally antisymmetric states (unaf-
fected by the interaction) with the quantum numbers [0,1] and [0, 2].

As we can see from this plot, there is an agreement between the results, but it is difficult
to appreciate exactly how well they agree. In Figure 3 we therefore plot the energy difference
of the analytic result and the variational result for g = 1/2,1, 2 for the ground state and one
of the excited states for various basis sizes. As we can see, they agree to an extraordinary
accuracy (note the logarithmic scale). Each data point corresponds to a basis constructed with
basis threshold € =0, 2,4, ... The x-axis then shows the total size of the basis.

The reason why we look at the fourth excited state is that this is the first “nontrivial”
excited state when computed using the analytical formula. As explained in Appendix B, the
non-trivial part of the analytical derivation is computing the eigenstates of the relative motion
Hamiltonian, and to get the full spectrum we also need to add the energy for the center of
mass Hamiltonian which is just a free harmonic oscillator. In the variational method, where
we work directly in absolute coordinates, we automatically get all states. It turns out that the
first excited state is just a totally antisymmetric state, the second excited state is just the first
state plus a center of mass excitation, and the third excited state is then also just a totally
antisymmetric state (actually the first excited state plus center of mass motion). The fourth
excited state is then the first excited state which corresponds to a non-trivial eigenstate to the
relative motion Hamiltonian and where the center of mass energy is zero.

5.1.2 Position space densities

In Figure 4 we show the position space density for the ground state at g = 1 compared to the
analytical result. We see that when we only use two states in the basis there is a small discrep-
ancy between the two methods, but when we use larger basis sizes the methods agree very
well. A more detailed comparison can be seen in Figure 5, where we plot the density at three
arbitrary values of x as a function of the basis size. We see that they agree exceptionally well
with the analytical result. To compute the density from the analytical result, we need to per-
form an integral transforming from Jacobi coordinates to absolute coordinates (see Appendix
B).

5.1.3 Momentum space densities

Finally we will compare the momentum densities, which is computed from the density matrix
by equation 42. The comparison between the analytical and the variational methods is shown
in Figure 6. Again, there is a discrepancy with the analytical result when only using 2 basis
states, but when using 10 basis states the results agree very well.

5.2 Three particles

In this section we will consider the case of three particles, namely one single particle and
two identical fermions. The states at zero interaction are now given by three quantum num-

bers [k(()l) ; kgl), kg)], and an infinite interaction state is defined using three quantum numbers

[qéM ), qg“ ),qg“ )] and three coefficients al(i). The coefficients must be linearly independent and
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Figure 2: Energies for the lowest six states for the 141 system in a harmonic trap,
computed both using the exact analytical method and the variational method.

orthogonal, and we will choose the coefficients [1,1,1], [4/3/2,0,4/3/2] and
[—1/4/2,4/2,—1/4/2]. For example, for a basis threshold e = 2, we have the 7 zero interac-
tion states [0;0,1], [0;0,2], [1;0,1], [0;0,3], [0;1,2] and [1;0,2] and [2;0, 1]. The infinite
interaction states are built from the 4 antisymmetric states [0,1,2], [0,1,3]oo, [0,1,4]0o
and [0, 2, 3], all multiplied with the corresponding coefficients. Note however, as explained
in 3.4, the antisymmetric state [0, 1, 2], is linearly dependent on some of the zero interaction
states, and for simplicity we will thus exclude all antisymmetric states (the states at infinite
interaction with coefficients [1,1,1]).

5.2.1 Energies

Figure 7 shows the lowest seven energies for the 241 system with harmonic potential. We
compare with the matrix product states (MPS) result at g = 1.0 for the ground state. Note that
to obtain good agreement, we need to compute the energy for several numerical accuracies
and then extrapolate the result. The MPS computations for the different accuracies are given
by the red dots, and the extrapolated value is the black cross. The dashed lines are the ground
state computed with the variational method using basis states with a basis threshold of € =0,
2, 4 and 6, and the solid lines are computed using a basis cutoff of e = 8. These correspond
to basis sizes of 1+2,7+4+8, 22422, 50+46 and 95+82 respectively, where the first (second)
number is the number of zero (infinite) interaction states the basis is constructed from. Our
vatiational method easily gives us the energies of several states at many different values of g,
which is one of the main advantages of the method compared to for example the MPS method
where each computation only yields the energy and wavefunction at one particular interaction.
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Figure 3: Convergence of the energies in the 141 system in a harmonic trap, com-
paring the variational method to the analytical result.

5.2.2 Position space densities

Figure 8 and 9 shows the position space minority and majority density at g \/% =1 for the
2+1 system for different basis sizes compared with MPS method. In Figure 8 we assume a
harmonic potential, while in Figure 9 we consider the double-well geometry shown in Figure
1. In both cases we have good agreement with the MPS result. The computations are for
energy cutoffs of 0, 2 and 4.

In Figure 10 we plot the integral of the squared difference of the densities for different
basis sizes to better compare the convergence.

5.2.3 Momentum space densities

In Figure 11 we compare the momentum space densities at g % =1 in the harmonic well

with the MPS result. We see that they agree quite well already for the lowest possible number
of basis states, and we again see that the discrepeancy goes to zero as we increase the basis
size.

5.3 Seven particles

In this section we study the 641 system. Figure 12 and Figure 13 shows the position space den-
m

sity profiles for the ground state in the double well potential for g ,/ % =1land g,/ B = 10.
We see that for large number of majority particles the system starts to look like a single impu-
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Figure 4: Position space density for the ground state for one of the particles for dif-
ferent basis sizes compared to the analytical result for the 1+1 system in a harmonic

wellat g/ =1.

rity in a homogeneous bath. Moreover, when the interaction increases the minority particle
density clearly gets deformed, which is reproduced with both methods, and we see that our
method does work well both for intermediate and strong interactions. However, the discrep-
ancy with the MPS result is clearly larger compared to the 241 system.

5.4 Eleven particles

Figure 14 shows the position space density profiles for the ground state in the harmonic trap

for g % = 1 for the 1041 system, and we see that the method still works well even for
higher particle numbers.

6 Conclusions

In this paper we explored a new method for studying strongly coupled one-dimensional sys-
tems where an impurity interacts with a background of identical fermions, a method that gen-
eralizes that of [51]. Our results compare well both with analytical methods for two particles
and with numerical methods based on matrix product states. However, our method has the
fundamental advantage of allowing calculations for arbitrary values of the interaction strength
by only constructing the basis once. Generally, numerical approaches would require a full cal-
culation for every value of the interaction strength. To compute the eigenstates and energies,
we just need to change the interaction parameter g in the Hamiltonian before diagonaliz-
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Figure 5: Detailed comparison between position space density in the 141 system at

g % =1 at particular values of x compared to the analytical result.

ing. Moreover, most numerical methods would perform worse the stronger the interaction
strength is, but our method is exact at infinite interaction and thus works well both for small
and strong interactions, with a peak of slower convergence at some intermediate interaction
strength. Since our states are chosen such as to well approximate a state at finite interaction,
the basis size is also relatively small and the computational power needed for the diagonal-
ization is negligible. In particular, the method does not require sophisticated diagonalization
algorithms or high performance computing tools, which is often the case for exact diagonal-
ization methods. Note, moreover, that the matrix we diagonalize is not a particularly sparse
matrix. Computing densities is more computationally heavy since they need to be evaluated
for each position space coordinate separately, and thus scales linearly with the number of grid
points. For majority densities, a double numerical integral must be performed which makes
them heavier than the minority density. Furthermore, each position space coordinate for the
minority density can be computed in parallel which can further decrease the computation time.
While it is possible that our numerical techniques can be significantly improved, such as finding
a way to efficiently parallelize the majority density calculations or optimize the grids on which
we evaluate the numerical integrals, we will leave such investigations for future work. We
also want to again stress that the time consuming calculations only have to be performed once
for each chosen basis and we can then easily obtain the densities for any interaction strength g.

In this paper we only considered repulsive interactions. The method will not generalize

trivially to attractive interaction since on the attractive sides, there are bound states that do not
converge to any state when the interaction goes to infinite interaction strength, but instead
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Figure 6: Momentum distribution of one of the particles in the ground state at
g % = 1 for the 1+1 system in the harmonic trap, compared with the analytical
solution.

diverges with infinitely negative energy. Such states would not be well approximated by a
linear combination of exact solutions at infinite interaction and states at zero interaction. It
should be possible to extend the basis considered in this paper to states that would also capture
these bound states, similarly to what was done in [51], but we will leave the study of attractive
interactions for future work.
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Figure 7: Energies for the lowest seven states for the 2+1 system computed using the
variational method. The result using the matrix product states method for increasing
accuracy is shown in red dots, with the black star being the extrapolated value. The
energies are computed using basis states with basis threshold 8. The ground state is
computed also using basis threshold 0, 2, 4 and 6 to show the convergence, which
are shown with dashed lines.

A Some integral formulas

A.1 Integral 1

In this section we will derive an expression for
I55(x) = f ®5(1, -5 X)®5(X1, - -5 Xp), (45)
My (x)

where M, (x) is the set where x is smaller than exactly k of the coordinates x,...,x, and
®; is the (normalized) totally antisymmetric wave function of the states corresponding to the

quantum numbers in ¥ = (v4,...,v,). We will use induction to show that
I*.(x)= lakdet(A+ €B) (46)
Zl"i)' - k! € e=0>
where A is the matrix defined by A, (x) = ffoo faq, (X fp,(x)dx"  and
By, = fxoo fo, (") fp, (x")dx" = &4y — Agp,. For k = 0 we easily obtain
Iqoj(x) = J dxy -+ J dx, ;%5 = detA(x), 47)
—o0 —00

20


https://scipost.org
https://scipost.org/SciPostPhys.9.1.005

Scil SciPost Phys. 9, 005 (2020)

0.6
—— 3 basis states
——- 15 basis states AEEEN
054 - 44 basis states N . \\
« MPS T ' \!
_§ 0.30 \
s ) ' ,
0.4 - 0.50  0.75 00
Sle
— 0.3 4
x
a o)
0.2 S
y
0.1 -
0.0 1 T T T T T 1
-4 -3 -2 -1 0 1 2 > !
x [V

m

Figure 8: Position space density for the ground state at g\/% = 1 for the 2+1
system in the harmonic potential, for different basis sizes compared to the matrix
product states method. The density profile localized in the center is the minority
density and the other one is the majority density.

which proves the base case. Now assume that Ié,ﬁ(x) = ]1—,8€] det(A+€B).—, for j < k. We then
have

1 T _
Izl"ip’(x) = E Z(_l)l+] f fqi(xl)fpj (X,)dx/lg(l)l’p’(])(x)
1,j X

_ %;j(—nfﬂ' J fqi(x')fpj(x’)dx’ﬁ&’!“1 det( (D)) + B Ne=0

_ 1

= 2% [(k— Dl Opdet(A+eB + ﬂB)ﬁzo]
1

= Eﬁf det(A+ EB)e:O: (48)

where we have use the notation that N(i)(j) is the matrix N with row i and column j re-
moved and similarly ¢(i) is the ordered set with the element indexed i removed. We also
used the formula tr[MadjN] = Z(—l)”fMij detN(i)(j) = J.det(M + eN).—, and he factor
1/k = (IZ) / (N (1}\(]:11 )) can be inferred from combinatorics and the normalization of the wave-
functions. Thus our formula is proven by induction.

e=0
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Figure 9: Position space density for the ground state at g\/% = 1 for the 2+1
system in the double well potential in Figure 1, for different basis sizes compared
with the matrix product states method. The profile localized in the left well is the
minority density and the other one is the majority density.

A.2 Integral 2

Let us now consider the integral

Ig,’é(x,x’)zf ®5 (x50, %) 051,00, Xp), (49)
M (x,x")

where M ;(x, x") is the set where x is smaller than exactly k of the coordinates x;,...,x, and
x’ is smaller than exactly [ of the coordinates x, ..., x,,. ®; is the (normalized) totally antisym-
metric wave function of the states corresponding to the quantum numbers in V = (vy,...,v,).
The result is

1 .
k,l N |k—1| amin(k,l)
I, (e, x") = k= i (min(k.D)! Z3aareN det(A+ vB + €C)c=0,y=0> (50)
in(x,x') (x.x")
where A; = [T S (X (NAX, Gy o= [T fo () fm (x")dx” and

B;; = f r:zx(x’x,) fr,(xX")fin,(x")dx". We can also prove this by induction. Note that if we
assume x > x’ and k = 0, the formula is the same as (46) if the upper integral limit is changed
from oo to x and the same proof goes through. We will thus use this as a base case for our
induction proof and thus assuming without loss of generality that x > x’, we can prove the
formula for [, k with k < by assuming that it holds for k —1,] — 1. Following the exact same

22


https://scipost.org
https://scipost.org/SciPostPhys.9.1.005

Scil SciPost Phys. 9, 005 (2020)

® Majority
0.0020 - B Minority
—— Double well

=== Harmonic well

0.0015 A

0.0010 A

f(pvanational — pwps)?dx
[p2dx

0.0005 A

0.0000 A

10 20 30 40
Number of basis states

Figure 10: Integrated difference square of the position space density for the ground

state at g,/ % = 1 for the 241 system compared with the matrix product states
method.

reasoning as in the proof in A.1, we have

oo
k,l / _1 it i " 1 k—=1,1-1 /
Itex) =1 > (=1 f Fa ), () I 50 (e, )
L]

= % Z(_l)i+j J fqi(x”)fpj (x//)dx//
i,j X

ma!k—llaf—l det(A(i)(j) + vB()(j) + €C(1)(j))e=0,v=0

1
—_ —alk=ll k-1
- kae v

1 _
= T 8- 1gk det(A+ vB + €C) =g y—0- (51)

Since we assumed that k < [ and x > x’, and the exact same proof can be done for k > [ and
x < x’, formula (50) follows.

1
[maﬁ det(A+ vB+e€eC + /33)/5:0]

e=0,v=0

B Two particle system

In this section we review the analytical solution of two particles in a harmonic trap, with a
delta function interaction [54]. The full Hamiltonian is

1 1 1 1
H= EX%+5X§+5P%+EP§+V, (52)
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Figure 11: Momentum space density of the ground state at g
system in the harmonic trap, compared with the matrix product states method

where
(x1,x5|V|x], x5) = g6 (1 — x3)6 (] — x7)8 (x5 — x5). (53)
By introducing Jacobi coordinates x = (x; — x5)/v2, p = (p1 — p3)/ V2, X = (x1 + x5)/ V2
and P = (p; + p,)/+v/2 we can split this Hamiltonian into two parts, namely
H =H, + Hecy, (54)

where Hey = X2/2+ P2/2 is just a harmonic oscillator corresponding to the center-of-mass
(55)

motion, and
2 2
X 4P L8 5008 —x).

Hy=—+
rel 2 2 \/E

The hard part, which will occupy most of this appendix, is solving for the eigenstates of H,;.
The full set of eigenstates and eigenenergies are then obtained by tensor product with the

eigenstates of Hcy;.
We will solve for the wavefuctions by first expanding in a harmonic oscillator basis. The

Harmonic oscillator eigenfunctions are given by
(56)

1 _ _x?
falx)= ﬁ” V4e=2 Hy(x),

where H,, are the Hermite polynomials. The energy is given by E,, = n+ 1/2. Let |®) be an
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Figure 12: Position space density for the ground state at g,/ % =1 in the double
well potential in Figure 1 for the 6+1 system. The density profile localized in the left
well is the minority density and the other one is the majority density.

eigenstate for H,,. We have

Hy1|®) = Eg|®) = E, (n|®) + > (n|V|m)(m|®) = Ey|®). (57)

m=0

Solving for ¢, = (n|®) and defining the quantity A = Z fn(0)c, we obtain

== 58
Now multiplying both sides by f,(0) and summing over n, we can cancel A from both sides to
obtain
0 0
Z f2(0)? Z fan(0)? 59)
E¢—1/2—n Ey—1/2—2n"

For the case where A = 0, for which we can not cancel it from both sides to obtain equa-
tion (59), see Appendix B.1. For the Hermite polynomials, we have H,(0) = 0 if n is odd,
and H,,(0) = (—1)"(2n!)/n!, which is the reason why we have omitted the odd terms. The
wavefunction is given by a similar formula, namely

0)f20 () ©0)

fan(
q)(x)_fAZ - —on—1/2°
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Figure 13: Position space density for the ground state at g,/ % =10 in the double
well potential in Figure 1 for the 6+1 system. The density profile localized in the left
well is the minority density and the other one is the majority density.

It thus makes sense to treat these simultaneously, so let us define

.7:()() _ Z on(O)on(x) 61)

To compute this function, we use the following relation between Hermite polynomials and
Laguerre polynomials
Hyn(x) = (=1)"2%"n!L 12 (x2). (62)

We thus obtain ,
e_XTL_l/Z(XZ)

Fx)=y — —° 63
(x) Z —— (63)
Now we use the integral representation
1 oo 1 y )n—v—l
= d , 64
n—v Jo y(1+y)2(1+y (64)
to obtain
oo
dy ( y )—v—l 2 B y n
Fx) = RN L —— ) . 65
(x) JO 012 \11y e Zn: 2 () Tty (65)
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Figure 14: Position space density for the ground state at g ,/ % =1 in the harmonic
potential.

Now we can recognize the generating function e */0=(1—¢)™*1 = >, t"L%(x) to obtain

oo

Flx)=e™72 J dy(1+y)" 2y ey = P(=)e > 2U(=v,1/2,x2), (66)
0

where we have used a standard representation for the confluent hypergeometric function U.
At x = 0, we can use the relation U(—v,1/2,0) =T'(1/2)/T(1/2—v) = /7/T(1/2— ), to

obtain
I'(—»)

F(0)= ‘/El— (67)
F(E — V)
Thus for the energy, we must solve the equation
Fr=E,/2-1/4(0) g T(—Eg/2+1/4)
1=-¢ =- . (68)
24271 2/2T(=Es/2+3/4)

For the wavefunction, we instead have

T(—Eg/2+ 1/4)e ™ 2U(—Eg/2 + 1/4,1/2, x2).
(69)

gA gA
O(x)=——"—F,f, jo-1/4(x) = ———
(x) Woraik 1/4(x) Wor
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To find the normalization constant A we can consider the normalization constraint

N2 8 f2(0)
1= =54 Z(Eq,—n—l/Z)z

_ 8% 0, T(=Es/2+1/4)
= BT R, 2t 3/4) 70

Defining v(x) = I'(x)/T'(x) and using the energy formula (68), we can simplify this to

242

2 __
A W Ea/2+ 1/4) —$(Ea/213/4)

(71)

B.1 0Odd states

What we have obtained so far are all even parity states where the wavefunction in position
space is an even function. The odd parity states are just odd harmonic oscillator states and
they are unaffected by the interaction since they vanish at x = 0. These states would have
A =0 and thus the step to obtain equation (59) would be illegitimate.

B.2 Absolute coordinates

The full eigenstates are then obtained by also multiplying by the center of mass states. The
complete wave function for H = H, + Hy is given by

cbk,n(x:X) = cbk(x)fn(X): (72)

where we have labeled all eigenstates of H,, (both even and odd) by &, for k =0,1,... and f,
are just the standard harmonic oscillator wavefunctions. The energy is likewise Ey , = Eg, +E,
where E, = n+ 1/2 is the nth harmonic oscillator energy.

To compare with the variational method in this paper, we would also like to compute the
coordinate and momentum densities. Recall that x = (x;—x5)/+/2and X = (x;+x5)/+v2. The
single particle density matrix is just the square of the wavefunction in absolute coordinates,

namely
X1 — X9 X1 +.X'2

X1,%2) = : : (73)
Py %) =8, (F =2, T
and the density is thus given by
(o]
X1—Xg X1+X
Xq) = 2 ! 2, ! 2)dx,. (74)
p(x1) J_Oo k,n( /2 /2 )dx,

The momentum density can then be obtained by

1 oo oo )
P(P):%J f dxqdx,e 1752 p(x; ) x,). (75)

C Wavefunctions and energies for a smooth double well potential

In this appendix we give details on energies and wavefunctions of the double well potential.
The double well potential is defined as

%wg(x—x0)2+A0 x <xp <0,
V(x): —%w%(x—xl)2+A1 X1 <Xx <X2, (76)
%w%(x —Xx)2+ A, x>xy>0,
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where we require xy < x; < x5 and x; < xz. Continuity of the potential as well as its
derivatives at two points x; and xy implies the equations

%(XL—XO)ZCOS-FAO z—%(xL—xl)zw%+A1, 77)
1 2,2 1 2,2
_E(XR —x) Wi+ Ay = E(XR_XZ) wy + Ay, (78)
w(z)(xL —Xo) = —w%(XL —x1), (79)
—w%(xR —Xx1)= w%(xR — Xg). (80)

This system is uniquely solved for w;, x;, x; and xp given the physically relevant quantities
W, Wa, Xg, X9, Ay, A7 and A,. The solution is given by

L 1

“1 T 2(Ay— A wiw?
[ 2\/(X2 x0)2(A1 — Ag) (A1 — Ap)wSwS§((xy — xp)2wiw? +2(Ay — Ag)(wE — w3))
—2(A; — Ag)(Ay — Ag)wiw] — wiwi(2(A; — Ag)(Ay — A)
+ (3 — X)X (—2(A1 — o) + Ay — Ag))w3) |, (81)

1

1
X]—Xg= — -
(Ay—Ap) (xy— xo)wgw‘z‘

V (2 = X0)2(A1 = Ag)(A 1 — Ag)wSe((x; — Xo2wlw? +2(A; — Ag)(wE — wd)) |

[(Xz —x0)(A1—Ag)—

(82)
and then x; and xy are given by
2 2
Xow +X1(O
XL = % (83)
wg + w]
2 2
Xow5 + X1
Xg = Z2%2 T 1T . (84)

2 2
a)2+w1

Extra care for these formulas must be taken when evaluating these expressions for Ay = A,.
In this case we have

8(A; —Ap)(xo— Xz)zwéw;‘

w%: 4,4, 4 2 2 _ 2.,.2,.2 2 2
(xg — x0)*wywsy +4(A; — Ap) (wz—a)o) 4(Aq — Ap)(xy — xp) 2 wiws(wg + w35)
(85)
2(A1 — Ag)w?2 + (280 — 24, + (x2 — x2)w?)w?
X, = 0 o 0 2)%0)% (86)

2(x0 XZ)CU() 2

For the symmetric case (symmetric around x; = (xy+x5)/2) where we also have wy = w,,

we have
8(A; — Ag)w}

w] = — —
8(Ag—Aq) + (xg—x3)2w]

(87)
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We can compute an upper limit on the parameter A;. The highest value is the value
such that w; = 00, namely we have the more well known double well potential which has
a discontinuous derivative between the wells. For such a potential the discontinuity is at the
intersection of the left and right wells, namely we solve

1 1
E(XM_XO)Zw(z)+AO = E(XM—X1)2CO§+A2, (88)

which results in the solution

Xo@wg — X035 + \/Z(Az — Ag)wi + (280 — 20, + (xg — x2)2w3) w3

2
Xy = . (89)
" o]

Then the upper limit of A, is given by Ay ., = %(xM —Xo)?wi + Ag.

We will now work out the wavefunctions and energies. We will work in units where i =1
and m = 1 (the mass of the particle) and for simplicity and we will define v, and v, by
E = wo(vy+ %) + Ay = wy(vy + %) + A,. The eigenfunctions are now uniquely given by

Y(x) =CyD,, (_\/ 2wp(x _Zo)) (90)
for x < x; and
Y(x) = CoD,, (2w, (x —25)) 9D

for x > xi and for some constants Cy, Cy (this follows since these are the only solutions with
the correct falloffs at x — +£00). The function D is the parabolic cylinder function given by

1 1

5) 1 22 z I'(—3) 1—v 3 22

— 9v/2 —z2 2 _J.-.2 el 2 .z

Dyfz) =275 [r(_lg)lFl( ’2’2)+J§F(—%)1F1( 2 2 2)] ©2)

where | F; is the confluent hypergeometric function. Note that this function is a linear com-
bination of the two linearly independent solution of the Schrodinger equation in a harmonic
well, and the relative coefficient has been fixed by requiring falloff at infinity. In the interme-
diate region we need to solve the Schrodinger equation for an inverted harmonic well. It can
be showed that the solution then is

N <

() = CVK D (v/20, (x — 1)) + G KD (V201 (x — x1)), (93)
where )
2 iv i 11 iz
Kgl)(z):e /41F1(E+Z+Z;§;7) (94)
and )
i . 3 3
ng)(z) =5/ Fl(— +i42 tz ) (95)

2 T4 Ty

and where we have parametrized the energy as E = w,(v; + 5) + A; (which we recall is also
equal to wqy(vy+ %) + Ay =wy(vy + %) + A,). Despite the complex arguments, these are real
functions. These solutions should now be glued smoothly across the points x; and xy such that
1 and 1’ are continuous. To simplify the equations, we will define r = w,/w;, R = w/w1,
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A =Hhw,6, C = Hw;c and we work in units where uw; /i = 1. This gives the equations

CoD,, (—V 2wq(xy, —Xo)) = Cil)KE,?(v 2w1(x, —x1)) + C§2)K£f)(v 2w1(xg —x1)),

(96)
CoD,, (v/200,(xg — x3)) = CUKD (V20 (g — x1)) + COKP(v/ 200, (g — x1)),
97)
—@oCoD), (—v2(x, — X)) = /@1 CLVKY (V2001 (x;, — x1))
+ V@, CPKP (20, — x1)), .
V@30, (—V2(xg = x3)) = /@, C{VK Y (v/20, (g — x1)) 09)

+ LV, O)].C§Z)K$f) ('\/ 2601(XR _xl)) .

If we are given vy, v;, 5 (which are all determined by the energy E), this is a linear system
of equations for Cy, Cs, Cll), ng). For this system to have a non-trivial solution, the determi-
nant of the corresponding matrix must vanish and this condition is what determines the energy
(or equivalently the parameters v, v1, ¥5). This system of equations, supplemented with nor-
malization of the wave function, then fixes all the constants Cgy, C,, Cil), ng). In general, if
we piece together N different quadratic (or other analytically solvable) potentials, the en-
ergy will be obtained by solving the equation resulting from enforcing zero determinant of a
2(N —1) x 2(N — 1) matrix.

D Matrix Product States

Throughout this work we compare our analytical method with simulations performed with
Matrix Product States (MPS), using the Open Source MPS (OSMPS) libraries [52]. In these
calculations, we employ the Hubbard model as an approximation to the continuum in order
to obtain static properties of a fermionic polaron system. Thus the spinful lattice Hamiltonian

is written as
— T
H=—t Z(Cj+1,gcj,a +H.c.)+ UZ njin; |+ Z €iNj o> (100)
J,o J J,o

where ¢ and ¢ are the creation and annihilation operators, respectively, ¢ is the hopping pa-
rameter and U denotes the strength of the on-site interactions between fermions with different
spin projections. We denote the internal states as |1) for the background fermions and ||) for
the impurity. Since we consider only a single ||) fermion, we have naturally >’ in =1 with
> M1 also being normalized to the number of background fermions. We include additionally
the trapping potential as the position-dependent €; parameter.

We simulate the continuum by taking a total of L = 256 sites. We thus obtain a lattice
spacing a = [ /L where [ is the total length assumed for the trapping potential. The hopping
parameter is related to the kinetic term in the continuum as t = 1/(2ma?), where m is the
atomic mass, which we take to be 1. The continuum and discrete interaction parameters are
related as U = g/a. To obtain matching energies, we must include an additional term in the
Hamiltonian given by »| il /a?. In some cases, to improve the accuracy we compute the results
for several increasing values of L and then extrapolate to a final value using a function of the
form f(L)=A+B/L+C/L?.
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E Polynomial interpolation for computing determinants

At several stages in the technique used in this paper we have to compute derivatives of deter-

minants of the form 8;D(e)|6:0 =9gii det(M(€))|.—g, where M(€) is some n x n matrix and

el
i =0,...,n. We evaluate these derivatives by computing the function D(e) on n + 1 values
with €; =—1+2i/n,i=0,...,n, and then fitting a polynomial to these values and extracting
the coefficients. These coefficients can be obtained by multiplying the vector D(e;) with the
inverse of the matrix K;; = €.
For the single-particle density matrix, we also need to compute terms of the form
a. 3; D(€,0)|e=0,5=0- This is done similarly be fitting a polynomial of two variables to the val-
ues D(e;, €;) with €; =—142i/n,i=0,...,n. We carry out the polynomial fit by applying the
|J/(n+1)] _J mod (n+1)

(n + 1) x (n + 1) matrix K;; = €1 nr1) €1 mod (na1) OD the (n + 1)®> vector

Dy = D(€1/(n+1))> €1 mod (n+1))-
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