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A review of the solution of the Lieb-Liniger is given. Using the wave function, the dynamics after
a quench with a time dependent interaction strength is studied. Directly calculating the overlaps
of wave functions, an interaction strength linear in time is examined. Furthermore utilizing those
overlaps and the so called Yudson representation a time periodic interaction strength is studied.
Moreover the dynamics of the Lieb-Liniger model with an external homogenous field is analyzed.
After giving a review of the solution of the Gaudin-Yang model, an outlook on how the wave function

for the Gaudin-Yang model in an external homogenous field could be obtained is given.
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Chapter 1

Introduction

In the last years experimental progress in trapping ultracold atoms and realizing various models of
one dimensional Bose or Fermi gases in those experiments has led to a renewal of interest in studying
those systems. As most physical processes we observe are dynamical, there is especially an interest
in nonequilibrium behaviour, for example quantum quenches, which will be defined later.

In those experiments, a quasi one dimensional system can be achieved by applying strong confine-
ment in two transverse directions, therefore only allowing movement in the one residual dimension.
This can be realized first and foremost in quantum systems of ultracold atoms, e.g. by means of
optical lattices or on atom chips (cf. [1, 2]).

The experimental results obtained by those experiments, thermodynamical as well as nonequilib-
rium dynamical (cf. [1]), can be very well described by the Lieb-Liniger ([3]) and for higher spin with
the Gaudin-Yang model ([4, 5, 6]) and the exact results obtained for those Bethe Ansatz integrable
models. Those experiments and theoretical solutions therefore provide a better understanding of
the quantum statistical and dynamical effects in quantum many-body physics (cf.[1]).

In the following the Lieb-Liniger and Gaudin-Yang model will be introduced and solved by means
of the Bethe-Ansatz, a particular form of a wave function in one dimension introduced by Bethe in
1931 (cf. [7]). Following the review of the Lieb-Liniger model, quantum dynamics after quenches in
the interaction strength will be examined utilizing the full overlap of the wave function for different
interaction strength and also a different representation for the time evolution of the wave function
of an integrable model, the so called Yudson-representation (cf. [8]). Furthermore the wave function
and quench dynamics of the Lieb-Liniger model in an external homogenous will be studied. After

that the solution of the Gaudin-Yang model will be presented and an outlook on how to solve for



the wave function of the Gaudin-Yang model in a constant force potential will be given.



Chapter 2

Lieb-Liniger Model

2.1 Solution of the Lieb-Liniger Model

2.1.1 Preliminaries

The Lieb-Liniger model is a one-dimensional model of a boson gas with point-like interaction of the
particles. The model was solved by Lieb and Liniger in 1963 [3].

The model is characterised (cf. [9]) by the Hamiltonian
o= / de (9,b1 (x,)0,b(x, 1) + ¢ b (, )b (, )b(x, )bz, 1)) 2.1)
R

with interaction strength ¢ > 0 and the quantum fields b(x,t) obeying canonical quantum commu-

tation relations

[b(2,1),0(y, 1)] = 6(z — y) (2:2)
[b(z,t),b(y,t)] =0 (2.3)
[bT(a:,t),bT(y,t)] =0 (2.4)

As in the following the operators will be at specific times, the time argument will be omitted.

Furthermore define the Fock-vacuum |0) and adjoint (0] by

b(x)|0) =0 (0]bT(z) =0 (0]0)=1 (2.5)



2.1.2 Wave function

To look for the eigenfunctions of (2.1) it is convenient to go to the first quantized version of the

Hamiltonian at a specific number of particles N with the Ansatz (cf. [9])

1
[ (k1,. .. b)) = TN Jen dVa py (ky .. knlay, . on) b (2) . b () [0) (2.6)
with ¢ (k1 ..., kn|21,...2N) being symmetric in x1,...,2x. The quantum numbers k1, ...ky are

assumed distinct.
Therefore by acting with (2.1) on (2.6) the first quantized version Hy of (2.1) can be found:

1 (b)) = o= [y [ 0% | <0301 Y06 =) [ (oo (0} )

J#i

+\/% /]Rdy /RN dNa oy (R {2 b )b () D6 (y — i) 6 (y — ;) [T (@) | 10)

i#] k#i,j

2
S A B SFA TS SUCEE MUY | CIeSI0

Y
32
= Hy = _Z@—&_ZCZ(S(ZEZ_I.J) (27)
i i i<y

The identities

N N
[b@), I1 b*m-)] SOILICEENN | GIEH (28)

i#]

N
b)), || b*m)] 0)=> 0(y—zi)6(y—a;) [] b(xx)0) (2.9)

i=1 i#] k#i,j
have been used. As the wave function ¢n(k1,...,kn|21 ... zx) is symmetric in zq,...,zy it is
sufficient to describe the problem in the domain D: x; < --- < zy. In this domain the wave

function is an eigenfunction of the Hamiltonian

2
HY = — 9 (2.10)
— Jr?

with eigenvalue Fy. It furthermore has to obey certain continuity conditions, which can be obtained
by integrating the Schrodinger equation with the N particle Hamiltonian (2.7) over the relative

coordinates in an infinitesimal region:

+e +e
/ d(xj+1 — xj)HN¢N = / d(ijrl — xj)ENi/JN (211)

—€ —€



with the definitions:

Tjt1+ T

T =Tj41 — Ty X = (212)

and therefore

0? 0? 1 6? 0?
o2 Y aaz T 20x2 o (2.13)

the integrals become:

€

0
—2%’!/)]\[(]),)(,]}1...33]\/) —‘rQCwN({k‘HO,X,J?l...l‘N):O

—E&

0 0

= [(8_8> —C:| ’l/JN(kl,...,]i}N|x1...£L'N):0 (214)
Tjt1  Ox; ojp1=w;te

where the symmetry of the wave function has been used. This condition (2.14) has to be true for

all je{l,...,N —1}.

Equations (2.10) and (2.14) are equivalent to (2.1). The solution of these two equations in the

domain D can be obtained as follows (cf. [9]). Define the so called Gaudin-operator

0. = ]3 [(aii - 8(;) + c] (2.15)

and the totally antisymmetric wave function of free fermions:

Py = det (i) (2.16)
The eigenfunction to (2.10) satisfying (2.14) is then given by

v({k}{z}) = NOciy (2.17)

where A is the normalization of the wave function. This is true as O, in (2.15) commutes with

the Hamiltonian HY; in the domain D, therefore (2.17) is eigenfunction of HY,. Furthermore (2.17)



satisfies (2.14):

G as) ..o o)~ o) o
aLL’J‘Jrl amj Tjp1=T;+€ el axj+1 8% Tjp1=x;+€ a‘ﬁ’(”jJrl 8xj

e
<1 _(ax;am)*?“’f

>k
~(i=j Ak=j+1)

d o\ VAR, ]
) - I (@)

i>k
—(i=jAk=j+1)

Tj41=T;+e

~0 (2.18)

The last line follows from the fact that 1 ¢ and the rest of O, is totally antisymmetric in z;;; and
x; and the first part in the second line totally symmetric, so at the point ;11 = x; the whole
expression is zero.

Therefore the wave function has been obtained. Applying the operator O. to vy the wave

function in the domain D can be written as:

Y({k}{z}) =AY A(P)e D (2.19)
P

where P is an element of the symmetric group of order N, (Pk,xz) =), kppx, and

AP =T] (1 + kw) (2.20)

P pi — kpj
The wave function in the whole domain R™ can be obtained by symmetrizing (2.19) or equivalently

changing the operator O, to (cf. [10])

O. = H Kai - ;;J) +c-sgn(z; — xj)} (2.21)

i>j
where the sign function compensates for a sign change of the partial derivatives after a permutation

of the {z;}. The wave function then can be written as

Y({k}{e}) = N AP) TR (2.22)

where

AP =T] (1 4 fe-senle; — i) x")) (2.23)

kp; — kpj



The wave function furthermore has to be properly normalized. It can be shown (cf. [10]) that after

correct normalization the wave function can be written as

b({k}{z}) = etk (2.24)

WZ #ACE
with
o) =] (1 + (ch> (2.25)

and furthermore the following identities hold (cf. [10]):
(R | 9 (KD) = 2 Z IT6 6 e) (2.26)

/Rdek PR} {2 D)o (D) Ha —y) for myeD (2.27)

2.1.3 Quench dynamics and Yudson-Representation

Motivated by advances in the field of ultracold atomic or molecular gases (cf. [11]), an important
aspect of nonequilibrium dynamics are so-called quantum quenches, where one is interested in the
dynamics of a initially stationary state |¢)p) in the presence of a new Hamiltonian H, the so called
quenched Hamiltonian, which is different from the initial Hamiltonian Hj in for example the inter-
action constant. This quench can be instantly, i.e. much shorter than any time scale in the problem,

or time dependent. The time evoultion is described by

() = e~ [ypo) (2.28)
If the complete set of eigenstates {|A) = [A1,..., An)} of the Hamiltonian H is known by means of
the Bethe Ansatz this can always be written as:

t) =Y e PN (N [ ¢o) (2.29)
)

(cf. [8]) where E(\) are the corresponding eigenvalues to H and the sum goes over all possible
configurations of the {A}. In general, especially in the case of bound states where one would have to

sum over string configurations, this can be very complicated. A different approach, which is much



simpler mainly in the case of bound states, is by the use of the Yudson representation ([8]):

(1)) = / dx e EN N ([ o) (2.30)

or

1 :/d)\ A O (2.31)

where T is a specific path in the complex plane and (\| the Yudson state. Note that there is no
sum over the bound states anymore but it is solely an integral representation. For the Lieb-Liniger

model the Yudson state can be shown to be (cf. [8],[12]):

(N1)1/2

Ayei s AN) = —=
| 1 ) N) (27T)N/2

N
/dN:v O(x; <z <---<zN) Hei)‘f””jbf(xj) |0) (2.32)

j=1
It is important to state here however, that as the integral is in the complex plane now, the rapidities
in the Bethe states |A1,...,An) do not satisfy the boundedness condition for the wave function
anymore, that is matrix elements can be divergent. The states are however meaningful when used in
a matrix element (F'| O |\) with |F') being a state whose configuration space wave function vanishes
or oscillates outside a certain domain sufficiently fast. This is for example true for every physical
initial state. O can be any local operator (cf. [8]). Therefore when writing |A) in e.g. (2.30) or
(2.31) it is implied that those states are subsequently used in a matrix element of the form (F|O |A).
Alternatively it is also possible, depending on the integral in question, to choose a path in the

complex plane where the integral does not diverge (e.g. in the Lieb-Liniger model cf. [12]).

This can be used in the Lieb-Liniger model. With |x) = I1; bf(z;)|0) as initial state for

1
VNI

(2.30) one gets up to normalisation (cf. [12]):

|z, t) = Oz > . /H e BN He*“ﬂj IA) (2.33)
J

The integration path I'" can chosen to be on the real line for ¢ > 0 and parallel to the real line with
S(Aj — Aj1) for ¢ < 0 where in the latter case the limited support of physical states is important
so that the matrix elements are meaningful.

For two particles the integral can be done analytically for ¢ € R and one gets for both cases (cf.



[12]):
Pen 1:/1)2 L2 ;:’2)2

e i 2
|z, t), = / - 1 —ceVimtO(y; — ya2)est erfe (
y 47rit

1 — 11

)} b ()b () [0) (2.34)

Vit
with & = 2¢t +i(y1 — 1) — i(y2 — x2). For more than two particles (2.33) can be evaluated for large

times with a saddle point approximation (cf. [12]).

2.2 Lieb-Liniger Model with time-dependent interaction

2.2.1 Linear time evolution of interaction strength

One example of a quench which is non-instant is changing the interaction strength parameter of the
Lieb-Liniger model ¢ constant with time over a finite amount of time.

In recent ultracold atom experiments of particles in atomic traps it was possible to engineer
bosons with an effective delta function interaction (cf. [2, 13]). The effective interaction strength
is hereby determined by the geometry and frequency of the optical trap or external applied fields
(cf. [2, 14]). Therefore quenches with generic time dependent interaction strength are potentially
accesible by experiment. This can be of great interest for example in the case where the effective
interaction changes sign and exhibits a transition from the repulsive to attractive interaction with
bound states in the latter. An easy model for that would be a simply linear time evolution of the
interaction strength in the Lieb-Liniger model. The following discussion will be however for a start

be focused on the easiest case of two particles and ¢ > 0.

Overlap of Bethe states with different c

To calculate the overalp of two Bethe eigenstates |k1, ko), and |k1, kb), to two different Hamiltonian

H, and H; differing in the interaction strength ¢; and cy one identity will be particularly useful:

q1 + g2 + 2ie
(1 +ie)(ge +ic

2
2 8(¢1 + ) ;= (@0 [T oo (2.35)
k=1

where € — 0 is implied. To see this consider for the domain D : z; < xo the integral:

» ) + g2 + 2ie
A2z e~ PLD) — 97 5(qy + @ 2.36
Zp: /D ve i olgr + g2) (q1 +ie)(q2 +ic) (2.36)
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where (¢, z) = 212@:1 qrTk- As the integrand is symmetric one also gets:
_ 1 .
Z/ d?x e~ iPOE) = Z/ d%x e 1 (Pax) (2.37)
p /D 25 Jre

=(2m)* [T o(ar) (2.38)
k=1

Therefore the identity is proven. This can be easily extended to many particles.

Now with (2.24) and (2.6) the overlap can be written as:

1 1 1 2 * N, —i(z,Pk—Qk")
(KL K | kke), == / d°z AP k) A (P K e ™™ (2.39)
2\v1v2 1 4 (277)2 /Gll(k)GQQ(k/) R2 IZQ 1 2
L1 ! / A’z Y AP k)Ay(P, K )e (= PR=QK) (2.40)
2 (277)2 Gll(k)GQQ(k/) D P,Q
=1
with
CnCm TnTYm
Gom (k) = =1 =1 2.41
A (P =1+ LR = 01) (2.42)
kp1 — kp2
A (Pk) =1+ # (2.43)
p1— kpo2
Therefore one gets:
= / @z 3 AL(P, k) Ay (P, K)o i PE=Q)
D 0
1
=271 — k' — K AX(P KA, (P k) ———m8 ——
i 0(k1 4 ko — K} 2)% 1(P k) Ay (P, )kP1—k/Ql+i€
. ky + ko — ki — Kk + 2ie Y12
=2mi d(k P e —
mi Ok k2 = Ky — k) {(k1 — &, +ie) (ks — Kb + ie) (k1 — ko) (K] — kD)
+ [’Yl(kll — ké) — ’Yg(kil — ]{52)] (le — /€2 - kll + ké) kl + kg - kll - k?/g + 2ie
(k= ]+ 2) (ka — iy + i) (K — k) (ks — Ko) + (ht — K+ 82) (kg — W + )
MYz [y1(ky — kb)) + vo (k1 — ko)) (k1 — ko + K — ké)]
1+ - ; 2.44
() R e ] )
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Using the identity this becomes:

I =(27)*Gha(k Z 0 (k1 — Kp1) 0 (k2 — kpy) +

(1 (kL — k3) — y2(k1 — )] (k1 — ko — kY + kb)
(k1 — Ky +ie) (ko — ki +ie) (k) — kb) (k1 — k2)
(1 (KL — k) +y2(k1 — k2)] (k1 — ko + k1 — K3)
(k1 — Kk +ie) (ko — kg +ie) (k] — kg) (k1 — k2)

2mi 6(ky + ko — K, — Kb) {

)2G1a(k Za (k1 — Kpy) 6 (ky — Klpy) + I (2.45)

where the second part of the sum is defined to be I;. This can be further simplified:

ky+ ko — k) — kb + 2i
Il =97 5(k1 +k2 7]?/ k2) |:k — 72 (( 1+ K2 1 2+ (29
1=

ks \ (ks — &+ 02) (ko — W +i2) |
ki + ko — k] — kb + 2ie 2(y1 — 72) kb — ko — e n
(k‘l —k/2+i5)(k2 —k/1+’i5) k1 — ko (kil —ki +i€)(l€2 —ké—‘rief)

kl k2728
(k1 — kb +ie) (kg — K} + ic)
9
R 26 — k1) 0 (ky — Kipy) —

2(71 = 72) 1 1
2
Tk ke \EL K e Rkt

i{i) (5(]{}1 + ko — k'll — k‘;) (246)

Therefore one gets for the overlap of two Bethe functions to different interaction strengths:

L+ k1 —ko 1- k1— k2
2<k/1k'§ | k1ka)y = ( Gn()k)(Gzz ) 25 (k1 — kPl ké?z)
i ")/1 — "}/2 1
— — (k1 + ko — K — K - - 2.47
2 (k 2 L 2) G1(k)Gaa (K (k1 — ki +ie) (k1 — k) + ie) ( )

As both Bethe eigenstates to the two different Hamiltonians are a basis to the same Hilbert space

and form a complete set, the completeness relation

= /ko k1ka),, (k1ks| (2.48)
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can be used. This can also be shown explicitly
/ko 2<k/1k/2 |k1k2>1 1<k1k2 ‘klllk/2/>2

:/ko (1+ klAY_le) (1 R k2) 25 (k1 — kpy)d(ka — Kps)

G11(k)Gaa(k

{ Y1 — Y2 1
——6(ky + ko — K, — K/ - -
2w (R 2 ! 2) G11(k)Gaa(K) (k1 — ky +ie) (k1 — kg + de)

(-t mre) (- e ) 1 Zml k)3 (ks — Kipo)

Gll(ki”>G k”

: Y172 1
——6(ky + ko — K — kY ' '
o (k1 2 1 2) G11(k)Gag (K" (kY — k1 +ie)(k{ — ko + i€)

Y
e Gt ()Gl (K7

2
V2 Y1
| (o gte) (- k;’fk;') Z
d(ky — kpy — kpa)

. 1+ V2 1— Y1
R ek PR VR VR VY WK =Ry
P 2TGu (k") (k] — K+ ie) (k] — k) +ie)

T \/Gaa (k}//)GQQ(k/)

V2 _
+ Y1 — 72 (1 + ki’*kél) (1 kY — k”) 25 k‘/ // / " )

Ggg(k‘”)GgQ(k‘/) (k/ll _ k// P2
+ 1&50{;/ + KLk — k//) 1- (k/jjzzp) 1
2m Gag(K")Goa (k) 1 7 72 70 R G (k) (kY — K +de) (K] — kb + ie)
i (m— ’72)2 ’ ’ " " 4y
—— (k1 + ks — k] — k
o a7 M M) | e
1 1 1
Gu(k”) (kY — Ky +ie) (kY — kb +ie) kY — kY
=3 Z S(Ky — Kpy)O(Ky — Kipo) = oK1k} | KTKY), (2.49)

Time evolution operator

To compute the time evolution of the time dependent Hamilton operator H (¢) with time dependent
interaction strength c(tf) = c¢g + ¢ -t one can divide the time into infinitessimal time slices, during
which the interaction strength c,,, where the subscript n means the interaction strength in the nth

time slice, is assumed constant.
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Y 6c = it
ot

t

Therefore the time evolution operator U(t): [4(t)) = U(t) [4(0)) can be written as:
U(t) — efiHNét . efiHlét (250)

where the time was divided into N time slices with N — oo, 6t — 0 and Nét — t. H,, is the
Hamilton operator with interaction strength c,. For the linear time evolution the interaction in the
nth time slice ¢, has to be ¢, = ¢y + n ¢ 6t.

With the eigenfunctions for the H, being the Bethe wave functions to interaction strength c,
one can insert the completeness relation (2.48) with appropriate interaction strenth. Therefore one

gets:

efiHm_..emetN:/ / U™ E) ‘ng)ng>> <k§1>kgl>’ (2.51)
kD S N1

with

=

_ 1 Yn 1— TYn+t1
1 ( +k§n)_k:én) k;gn)_kén)

U(k(N),k(l)):/ /
k(2) k(N—1)

n=1 VG (k)Grsins1(k)
1 n n+1 n n+1 1 n n nil na1
x5 9 0k = RSk — k™) — 0k kS — R =)
P
Yn — Yn+1 1

\/Gn,n(k(n))Gn+l,n+1(k(n-‘rl)) (kgn) _ k,gnJrl) + Z'E)(kYL) . k§n+1) + iE)

M2, M2 (N2 (N)2
X e i(ky T+ky 7)ot .e i(ky +ky )ot (252)

and with ’ng)k:gN)>N being the eigenstate to H(t) at time ¢ with ¢(t) = ¢y + ¢t and 1<k‘§1)k§1)’ the

adjoint eigenstate to H(t) at time ¢ = 0 with ¢(t = 0) = ¢p.
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Plugging in the ¢, and expanding every factor of the product to order §t one gets:

U (kW kM) / /
k(2) k(N-1) Ll_Il
— 5t lz <k§") P4 kM 4 ) Z S — D)k — k(D)
C

5 <k(") + k.(") . k%”l""l) o kén-i'l))
o ,
2 (k(") k(n+1) +ie )(k;n) _ kéﬂ'i-l) + ie)

{ Z(s (n) (7L+1))5(k(n+1) k(n+1))

(2.53)

Expanding every factor to first order in &t is sufficient as in a product of N factors (a + b6t + c6t2)N
only a and b are important when taking NV — oo and 0t — 0. However this expansion is only sensible
if the integrals still converge. As will be seen later the expansion of the exponential in (2.52) can
only be done up to a certain order in t, otherwise one has to be more careful with the expansion.
The product in (2.53) can be seen as there being N — 1 places, where each place can either be a

6t° or a 6t insertion connecting k™ and k("1

LM k(n) k:(”+1) k()
Fo-— = f— -} ! - e e S S
6t ot!
where r----1 represents the summand not proportional to 6t in the product of (2.53) and

+——— the summand proportional to d¢t. There is furthermore an integral over every node between

two lines.

It is now easy to show that

and
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as:

1 —1 . 2 2 C
/k(n)QZ Sk — kp)o(ky" ™Y — kiEy) [Z (’f§") + ks +k(”)—k(")>
1 2

S (k(n) k(") _ k(n—i—l) _ k(”+1))
S G — B — Ry S T T T
7 2 (k" = " i) (Y — kg i)

k(n 1)2 kén—1)2+ c )
n—1 n—1
( R

25 k(n_l) _ k_g@l'i‘l))d(k(n—l) k(n+1)) + i
P

1

[\)

) B (kﬁ"‘” T kg”“))
2 2 P2 21 (kD D iy (1D D 4 gy
(2.54)
and the other way round.
Therefore U can be written as:
UkEM, kD) = Z(s (B = KOS (RS — k) +
- (M2 | 2 c
mz_l(_&)m( ) H /k("> [ (k h k:(” kS )
125 ”*1))5(@") _ kgl;rl)) + < ° <k§n) + kén) B k§n+1) B kénﬂ)) (2.55)
245 27 (B — kY i) (K — BT 4 e
with £(m*+1) = k(N) For m = 1 to m = 3 this can be integrated and one gets:
3 1 m
o= S (i (47 )
m=0 1 2
x % ST o(ktY — Kook — kDY)
P
¢ Am(D, B (kD + 1D = kY - 1Y)
27T (B — kY ie) (k) — kSN +ie) (256)
with the A,, (k™ k) satisfying the recursive relation:
A (6D KDY = A (D) fm+1)y (k§’”+” 2 4 gt 2))
m—1
+ i (k D2y b2 M) + A (KD 1>)W (2.57)
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For the first three A,, (kM , k(™+1) one gets:

Ao (k™M k) =0 (2.58)
Ay (kW k) =1 (2.59)
Ap (kD) =i (kD2 + K2 4+ 13+ k) (2.60)

Ay (kW k) = — (k§” Sy Oy . kg) (k2 + £2)

2 2
— (WP ) - — (2.61)

)

Taking the limit N — oo and d¢ — 0 one gets with

N-1 m( 1 m?>—3m 1
( m ) N—so0 N (m!+ m!N +O(NQ>) (2:62)

the time evolution operator to order t3:

3 m
1 c
(N) .(D)y — i (1)2 12z
R Zm!M’“ o kfwg”)’“‘]
1 1 N 1 N
L0 kA0 482
P

B (k(” + kS — B Y ) 3
c 1 2 t
— Am (kW EN)Y + o (¢ (2.63)
2 (k§1) _ kEN) ia)(k;l) N) + 15 Z m) ( )

m=0

There is a problem however for 4 or more insertions of ¢, as in the formula for U for e.g. m = 4
there is a divergent integral. To see this one can take U for m = 3 and add another insertion of dt.

One part of the integral reads:

1 1 3 3
2 / sy A (KD KO (kY + Y = kY — k)
(2m)? D = k) 4ig) (6 — kP + ie)

o (K + kY — kY — V)

X
(B — Y o) (B — kY +ie)

(2.64)

which is divergent (compare As in the above table). Therefore one has to be more careful with
the expansion of the exponential in (2.52). This can also be seen as the energy of the continuous
Lieb-Liniger gas is not bounded and therefore an expansion of exp (—iFEdt) is not valid.

Up to order 3 however it can be shown with the time-dependent Schrédinger equation that the

time evolution operator is correct. As an example the term of order t° with ¢y = 0 will be shown to
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satisfy the time dependent SE:

0 N) (N 1,1
ot /k<1) /k(N) ( ’ ) L 2 >N 1< L2

—GH(t) / / U™ W) ‘ng)k§N>> <k§1)k§”‘ (2.65)
k) JE(N) N1

where here ‘ng)kéN)>N is the eigenstate to H(t) at time ¢ and 1<k§1)kél)‘ the adjoint eigenstate

to H(t) at time ¢t = 0. With

|]€1]€2>C :/2d2$ |(E1£L'2> <.’E1£C2 ‘ k1k2>c
R

:/ dzl‘ \/§<1‘1I2 | k1k2>cbt(l‘1)bT(I2) |0>
D

1 1
= 2 —1 (Pk,z) 3t i 9
T Vien F > A bl ()b (22) [0) (2.66)
and
1) (VR = Y2 kY (2.67)

To order t° one gets for the derivative on the time dependent parts of the evolution operator:

0 . N N
aU(k(l)’k(l\f)) - _3 <k§1)2 + kél)Q k o) k(l)) Zé (1) ( ) 5(kél) B k1€32))

L R i v ng>)
™ (kY + kY i) (kY + kY 4 ie)

8 (N) (N) _ 2 1 1 ic ,i(pk(N),z) + +
S >N_ /d fQ”ZWe b (21)bf (22) 0) (2.69)

(2.68)
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With that the left side of (2.65) becomes

d
ha N (1) ‘kW)k(N) k(l)k(l)‘:
8t/k(1)/k(N> U RT) [k >N1< L2

1
- d2 —i( ,QJ)bT bT ‘0 k(l)k(l)‘ . k(l)g k(l)Q
/k(l) /k(N){\[Q / Ze (z1)b"(2) >1< 1k il kT + ks
1
2

1 1 N N
S0k — KSR — kD) — & okt + ks — k™ — k)
1 2 . .
g 27 (0 4+ 0™ i)+ 15" i)

k(l — k!
11 ic S,
r —= . —— G T (1) (1)’
/d V22m ZP: ) kgg)e bt (z1)b (zz)’0> 1<k1 ky

1
S04 KD k)
P

:—iH(t)/ / U™, KD) KRN (kRS
kM) JE(N) N1
e LA e (e e
s JD \/527T k%l) _ ]{igl)
ic

—i (k™ a1 +kN s —i(kM eyt kiMar) | 1 (1) _ (N5 (1) _ 1 (N)
/N ™) _ () (e ( : ) te ( ' : )> §Z§(k1 —kpy")0(ky " —kpy')
k) kg ks P

(N) (N)
bl (z1)b (2 ’0> <k(1)k(1>‘7/ / <—z(k1 N
(21)b(22) |0) (k1 Ky o/ k(m\[%

7i(k§N>m2+k§N>x1) t " (1)}, (1 5(k‘§1) —+ kél) - kEN) - kéN))
e bl (x1)b' (2) ‘0> < ’ DY) D, (V)
1 21 (B + kY i) (R 4 ks 4 ie)

:—iH(t)/ / U™, KDY [RVEN) (kR (2.70)
kM JE() N1

Therefore satisfying the time dependent Schrédinger equation in order V.

First order perturbation theory

As stated above however an expansion of the exponential in (2.52) is not valid for order t* or higher.
Therefore the exponentials in (2.52) have to be kept, the products of the overlaps can be expanded

in 6t again. Analogous to above one gets for U (k™) k(N)):

N—-1
1) L(N). 1y icdt () .(n+1) (n) _ (n+1)
Uk kM) /W).../k(NUEK PO Zd(kl R 6 (kY — ki)

_cit 5(k§n) I kén) B k§n+1) _ kén-‘rl))
27 (B = kY i) (B - kY )

(kM2 (D2 (N)2 |, ,(N)2
. z( +RSD 2k 2 g >6t (2.71)

As every dt in the product of overlaps comes in a product with the slope of the interaction strength

¢ every insertion of a §t from the overlaps is equivalent to perturbation theory in ¢. Therefore one
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gets for order c:
a2 e m2), 1
() : U, ) = =i (K77 )tiz(S(k{l)—kg))é(kél)—kg)) (2.72)
P

For order ¢! one has one insertion of the summands in the product proportional to ¢ in (2.71). Those

insertions can be at the edge of the set of possible k(™ variables, that means they contain k() or

L(N)
LM k() p(nt1) L(N)
[ i e S e e SR
stt 6t°
LD k() p(nt+1) L(N)
F—---k--——b-——-—F-———b--- b - k- - b —— - k- - - b - - ————
5t° 5t!

or in the middle of this set, only containing k... k(N-1.
L) k(n)  f(n+l) L(N)
R —_——t - - e e T e
5t° t!

As there are N — 3 possibilities for insertions in the middle, for N — oo the edge terms are

suppressed by % Therefore one gets:

o= [ S ) (0 -2

l A ) i)
ki =k P

n n n+1 n+1
R i - A - S 15 (kgn-&-l) B k(N)) 5 (kénm B k(N))
o (k(n) . k(n+1) + Zs)(kgn) o k;n+1) + Z€) 2 zp: P1 P2

6—m(k(1>2 k(1>2)5t —i(N— n)(ng)erng)z)&

icot ) ™) " .
- Z /k("> /k(n+1) [ k,(” k(n Z(S (k/’ k ) ) (k2 _ kPQ )

cot (5(k( + ks (1) k:(N) k;éN)) —m(kgl)2+k§1)2)6t6—i(N—n)(k§N>2+k§N)2)5t

2 (0 g >+zs)(k<”—k§N>+¢g)
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and therefore for order ¢':

KD —

5 (kz(l) k(N)> Z'ice*i(kgl)zﬂcél)z)t B E,i(k§N>z+kéN>z)t
2 P2 27 k§1)2 o+ k§1)2 — kEN)Q B kéN”
3 (Y + Y k™ - 1)

(K = B +ie) (K - BV +de)

where again the limit N — oo and §t — 0 was taken. The same result can be obtained by means of

ict —i(EM2 k02 1 1 N
O(ch) - U(k(l),k(N);t):fwe CRn 525(%)7@1))
2 P

(2.73)

time dependent perturbation theory in the parameter c:

Starting e.g. from the state |kiks), with ¢ = 0 at ¢ = 0 the time evolution operator is obtained

with first order perturbation theory to be:

U(t) = e~ ot _ gmiHot (—i / t dt’ Vl(t')) (2.74)

0
where Hy = [ do 8:b'(2)0;b(z) and Vi(t) = eo! [ dx ¢t b ()b (x)b(z)b(x)e "Hot. After in-
serting complete sets of states and Fourier transforming the operators as well as inserting e=¢¢ for

convergence (adiabatic) one gets:

0(t) = / &k / &g (@) olkika] Ulk,q) (2.75)

with U(k, q) to order ¢! one gets after some calculation:

¢
U(k,q) =ik HRD)E Mage | kika2)g — y(a1gz] eiiHOtic/ i’ ettt
0

d iR k2 —et!
/ﬁ&pl + P2 — ps — pa)b! (p1)b! (p2)b(pa)b(pa)e " FIHF e [k ky)
ic

- 2 2
= thth2)t N@qe | kika)y — /d2p d(p1 4+ p2 — k1 — k2) N(q1g2 | P1p2), o

t e—t(kT+kD)t e—i(kI+E)t _ o—i(pT+p3)t
—i(

R4k =17 =)~ (<i(k2+kZ—p? —p}) —e)’

ict 1.2 2y, 1
= (1 e k2> e’l(kﬁk?)ti 25(761 —qp1)0(k2 — qp2)
P

iC (5(q1 + q2 — kl — k2) efi(k%‘s'k;)t — efi(Qf+Q§)t
T (b —q o)k —qatie) R AR —q— ¢

(2.76)

and therefore the same result.
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The further steps in this problem is trying to get a closed expression for large times and after
that generalisation to many particles. A further interesting problem would be to have the transition
from negative to positive interaction strength ¢(t) or the other way around to see if a phase transition

from states with bound states to no bound states can be seen.

2.2.2 Time-Periodic interaction strength

Being able to produce a generic time dependent interaction strength in experiments as mentioned
above, a further interest lies in changing the interaction strength periodically. With the overlaps
developed above starting from the general form of the time evolution operator (2.52) it is also possible
to not take an infinitessimal time slice 6t but finite times ¢,, for the interaction ¢,,. Therefore a time

periodic interaction can be described with e.g. t, = £, moa2 and 7, = ic, = iCpmod2 IN

N-1 {1+ <n>%<n>> (1 - <77>”+1<>>
U D) = / / I ( Kk Kk
k(2) k(N—1)

n=1 VG (k)Gri1nii (k)

X Z 5(k§”) _ k-gll"rl))é(kén) _ k,gt;rl)) _ L(S(kgn) + kén) _ kgn-i-l) _ k'én—H))
P

2T

DN | =

« Tn — Yn+1 1
VG (MGt (KDY (6 — 4D ey (6™ — D )

()2 5 (1)2 _in(N)2 (N)2
X e l(kl +k2 )tl RN A l(kl +k2 )tN (2.77)

which corresponds to a interaction as depicted in Figure 2.1.

A€

C1

Co -

Y.

Figure 2.1: time periodic interaction ¢ over time ¢;

Here it would be interesting to study the behaviour at large times ¢ which is equivalent to large

N. It would be worthwhile to see for example how the effective interaction strength compares to the
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mean interaction strength or if the result corresponds to an infinite temperature independently of
the initial state as described in [15]. However no method of approximation for large times or large
number of cycles in the periodic interaction could be found yet for this expression of U (k) k(D).
Also integrating over k®) to k() and trying to see a series behaviour in N seems to be very hard, as
the gaussian factors in the integral makes it more difficult to close the contour and already after the
first integration one has to deal with special functions like complementary error functions or Meijer
G functions.

Therefore it could be easier to take the Yudson representation and see if any approximations
can be done there. In the following the same conventions for the wave function as in [12] are taken.
That means the eigenstates of the Lieb-Liniger model are different from the eigenstates above by a
phase:

/Hz 71,75 HeM b (1) [0) (2.78)

1<J

with

Ai — Aj —icsgn (z; — x5)
)\i — )\j —ic

Again for ¢ > 0 and two particles one can insert complete states of the form (2.31). Therefore the

time evolution operator can again be written as:

:/ / (MEN)MéN)‘e—iH(cN,I)tN,I "
Es: (M)

((2) (2)‘ —iH(e )t (1) (1)> —iH(cN)t‘ugN)MgN)> (M M;)‘

By
/ / _zHcNﬁ}u M(N)> ((1) 1)‘ Uy (), u) (2.80)
(1) (N)

Then using (2.78) and the Yudson state (2.32) one can either integrate out the spacial or the rapidity

N-1 N-1

dependence in the matrix elements. Integrating out the rapidities again leads to complementary error

functions right from the first integral. Integrating out the spatial dependency one gets for the matrix
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elements:

(uluﬂe*iH(C)t |)\1/\2>C — e*i(/\er)\%)t/ [efi(Al*#1)$1+i(>\2fu2)129(x1 —z9)+
AL — As Fic —i(Ar—p2)z1+i(A2—p1)w2
1 xT (3 xr 9 _
)\1 — )\2 — iCe (332 .131)
1 1 A1 — Ao +ic

)\1—M1+i5+>\2—M1+i6)\1—)\2—i6

:eii()‘f+>‘§)t27ri (5(/\1 + Ao — M1 — Mz) |: :l (2'81)

Inserting into (2.80) and integrating out the d-functions one arrives at the expression:

N— N — N N
Uy(u(”vu‘N)):/duﬁg) -~/d/~t§ D a1 (N 4 Y — D - )

N-1 —1

AN 2 . 2
. . N N
exp | =i > (1) =1 3 (1 = ™ = uV)
j=1 j=1
Jﬁl l 1 . 1 28" — i — ™ ey (2.8
3 41 . N N i i+1 . ] N N . :
o L = e g™ ) = - Y e 2 - ™ - g e

However this expression doesn’t seem to be easier for large ¢t approximations. Evaluating one of the
integrals again leads to the special functions.

The goal for the periodic interaction is finding an approximation for large N. After that a
generalisation to many particles, periodicity between only negative or between positive and nega-
tive interaction strengths would be of interest. Having found an expression for that especially the
characteristic function G(u) and a survey of the fluctuation theorems in this problem would be of

interest (cf. [16])

2.3 Lieb-Liniger model with external homogenous field

2.3.1 Wave function in external homogenous field

Ultracold atomic experiments are usually conducted in the presence of the gravitational field of the
earth. An effort has to be made to cancel it out. However it is also interesting to include this field
e.g. in the Lieb-Liniger model as an external linear field. Another interesting application for this

model could be bosons interacting with an external homogenous electric field. The first quantized
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N-particle Hamiltonian for this model is
82
HZ*ZWJFR Z 5(xif:cj)+a2xi (2.83)
i i 1<i<j<N i
where ¢ > 0 is again the interaction strength and a > 0 is the constant force potential. For one
particle the delta function is not present and the solution is the usual solution to a particle in a

constant force field, which is:
V1 () = a/3Ai (ozl/gx - a_Q/SE) (2.84)

where F is the energy of the solutions and only the wave function decaying to 0 for |z| — oo was
taken.

The solution for two and three particles are constructed in [17] by separating into center of mass
and relative coordinates for two particles and for three particles separating into different zones,
effectively reducing it to two particle problems in those regions.

However a more elegant solution was found in [18] by means of the Gaudin operator introduced
in chapter 2.1.2. Utilizing again the bosonic symmetry of the wave function the problem can be

considered only in the domain D : z; < --- < 2. The Schrodinger equation in this domain is

N
82
Eqp:fZ@Jrain@/; (2.85)
=1 v [

with the boundary condition (cusp condition) analogous to chapter 2.1.2

1 0 g
|:1 B E <8Ij+1 a 6%>:| Tj41=; w B (286)

As in chapter 2.1.2 the solution of the Schrédinger equation with Hamilton operator (2.83) is then

given by
¥ = N.Ocwr (287)

where N is the normalization. The Gaudin operator O,

o.= ]] {Sgn (z; — i) + % (88% - 81)] (2.88)

1<i<j<N
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is acting on the antisymmetric wave function v, which is the solution to the Schrédinger equation

Evp = Z o ’/’F + azxzw (2.89)

which can be written in the form of a Slater determinant
1
Yp = ofN/GWdet (Ai (al/ng — a_2/3Ei)) (2.90)

with £ =", E;.

The wave function (2.87) can be shown to be the eigenfunction to (2.83) in the same way as
in chapter 2.1.2. The proof that it obeys the cusp condition is analogous to chapter 2.1.2, as the
operator O, is equivalent and the wave function ¥ is also antisymmetric. It furthermore has to be

shown that it commutes with the Hamilton operator in the domain D:

N 52 N
=Y aY (2.91)
=1 ¢ =1

Having in mind that O, is acting on an antisymmetric ¢ r the commutator of O, with ;—; is easily

seen to be satisfied. The commutator

[Z i, OC] =0 (2.92)

is shown in [18]. Therefore the wave function (2.87) satisfies in the same fashion as in chapter 2.1.2
the Schrédinger equation with Hamilton operator (2.83).

It should be mentioned here however that the eigenstates with total energy E are degenerate,
as only the total energy FE is conserved, not however the singe particle energies E;. Therefore it is
for example not easily possible to get the S-matrix and wave function by means of the usual Bethe

Ansatz technique.

2.3.2 Time periodic external homogenous field

Again following [18] the time dependent solutions of the Lieb-Liniger model in an external linear
potential can be constructed in the following way. Starting from the wave function at o = 0, which

is the time dependent solution of the Lieb-Liniger model

8% 0 _ —Z o % “h2e S 6(@i - 25z (2.93)

1<i<j<N
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one can get the wave function for o # 0 by:
(X1, xpt) = eiio‘tZivzl(zﬁatz/g)iba:o(xl +at?, ... oy +at?t) (2.94)

This can be easily seen to be the right wave function by plugging it into the time dependent

Schrédinger equation

Z 8% 7+ 2¢ Y Swi—zv+a) iy (2.95)

1<i<j<N

At t = 0 the initial conditions coincide. The solution of the Schrédinger equation with o = 0 can

be calculated as in [12] and one gets:

dV A ;
Ve = /7G()\1, o Aw)et Dt QumimATn) (2.96)
(2m)N
where G(A1, ..., An) can be found by comparing with the expression from [12]:

o (8)) =e =" / o [1#' ) 0)
_ o0 At —iX;jY; eNiTipt (.
w /y 0390 A [T [T 2505 =3 T4 o

i<j J
— 0(y)(y) N1 T e=irevs 3| i i (Niwi—ATE) bi(z;)  (2.97)
[ Tl T I

with ¢(y) being the initial condtions and 6(y) = 6(y1 < y2 < --- < yn). Therefore one gets:

G(A1,...,\N) = N'H em M TT 25 (2.98)

1<j
Because of (2.94) it is now sufficient for the time evolution with o # 0 to make the substitution
N N 3 _ )3
(/\j - at) — A7
E iy — N2t — —'E A\ —at)zj+ ————7 2.99
exp (l i:l( z i )) €xp Zj:1 (( g —at)r; + 30 (2.99)

n (2.96) and therefore get for the time evolution with « # 0 of the state |x1,...,zx):

eHat|yy, / o) | [T 112
A

i<J

exp —ZZ ( Aj—at)x; + W) HbT(yj) |0) (2.100)

J
For a time periodic evolution one has to apply different time evolution operators exp (—iHg,t1)

and exp (—iHa,t2) consecutively. For the following time evolution the current time evolution can
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be seen as initial conditions and therefore one gets for example for the second time evolution:

e*iHQQtze*iHo‘ltl |$1, o 733N> _ // /9( Hefz (Njzj+p;y;) S HZ (lh _ :U'j)
zJudy

1<J
N

A —aqty)d = A3
exp —zZ()\—altlyj—i—(j ity) ]>

30[1

30&2

j — Qi2l2 35— u?
exp —ZZ ( i — Qala)z; + Wy f2) MJ) HbT(zj) |0) (2.101)

with Sy being the symmetrizer in yq,...,yn. For two particles in particular this can be written

after integrating out the y dependence:

€7iH“2t2€7iHQ1t1 ‘51311’2> = / / /Q(X) H eii/\kmké‘(ul + Mo — Al — )\2 + QOéltl) 211
pnJIXNJz A

1 A1 — Ao Fic
)\170[1t17,u1+7;€ )\Qfoéltlfﬂl‘i’lé')\l )\277:6
— (N —arty)? = A7 (j — anta)® —
exp z; 30 J exp | —1¢ Z ; — aata) Zj + 30, J
Ziy (i — n2) [T 07 (z0) 10) (2.102)
k

In the delta function the change of total momentum by the accerating constant field can be seen.
The goal for this model would also to get an approximation for large times for two and N particles

for arbitrary interaction strength c to see for example the amount of energy put into or taken out of

the system or to see the behaviour for large ¢, e.g. if the result corresponds to an infinite temperature

independently of the initial state as described in [15] for periodically driven systems.
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Chapter 3

Gaudin-Yang Model

3.1 Solution of the Gaudin-Yang Model

When looking at the Lieb-Liniger model the goal was to find a totally symmetric wave function for
indistinguishable bosons with no further degree of freedom. This is however a huge restriction on
the generality, as there is a great interest in higher spin bosons and especially Fermi gases in one
dimension interacting via a two-body delta-function potential (cf. [1]). In order to describe that,
the Hamiltonian in first quantization is exactly the same as defined in Section 2.1.2 as there is no
spin interaction:
92
HN:—Z@—l-?cZé(xi—xj) (3.1)
i @ i<j

with ¢ > 0. The space of wave function however changed by introducing inner degrees of freedom.
The total wave function now can be either totally antisymmetric (fermionic) or totally symmetric
(bosonic). The orbital wave function however can have a generic symmetry and can be classified
according to a certain young tableau 7 depending on the other degrees of freedom. For example
in the case of the internal degrees being spin degrees of freedom, a bosonic wave function totally
symmetric in the N particle indices, with a certain total spin, can be written as a sum over products
of a spin function in representation R with a spatial wave function in the same representation R of
the symmetric group Sy. A fermionic wave function totally antisymmetric in the N particle indices
can be written as a sum over products of a spin function in representation R with a orbital wave

function in the conjugate representation R of Sy (cf. [19]). For example for four particles and a
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specific young tableau:

For the case of spin being the internal degree of freedom this can also be seen by considering the

second quantized hamiltonian (cf. [20])

H:/]Rdx Z 8xbl(x)8$ba(x)+chL(az)bZ(x)ba(m)bb(x) (3.4)
a a,b

with the Ansatz for the wave function

7L €T xT t xT f x
[W({k}) = W%/mw dVo Wa, o ({R} {2}, (21) . bl (@) 0) (3.5)

The wave function W,y ({k}[{z}) can then again be seen as the sum of products of spin and orbital
wave functions or their conjugates over irreducible representations of Sy as described above with
the Hamiltonian (3.1) acting on the orbital part of the wave function. Therefore it is sufficient to
find the orbital wave function which is either in the same or conjugate representation as the spin
wave function depending on if it is a boson or a fermion. The problem was solved for spin 1/2 by

Yang in 1967 ([4]) and for a general symmetry of the wave function by Sutherland ([6]) in 1968.

3.1.1 Conditions for Wave function

As the Hamiltonian is the same as in 2.1.2 the Schrédinger equation can again be reexpressed as as
the free wave equation in the sector Dg : g1 < --- < xgn With continuity and jump-equation at
the boundaries of the domain Dq (cf.[10, 21]). Assuming the exchange of particles xq, and xg(a41)

one gets:

continuity condition:

w|w@(“+1)7$Q“:+0 = wlﬂ”@(aﬂ)*wQa:fo
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cusp condition:

(B~ )
97q+)  97qa TQ(a+1) ~TQa=+0
9 9
- <3$Q<a+1> - 3$Qa>

To find a wave function satisfying this, a Bethe Ansatz is made, assuming that in every sector Dg

=2c |

ZQ(a+1)~%Qa==0

(3.7)

TQ(at1) —TQa==%0

the wave function is a superposition of plane wave solutions (cf. [10]):

Yl iayeny = PXSJ (Q||Pye’(Ph@) (3.8)
€SN

with (Pk,Qx) = > kpjrg, and P=p1L

The full wave function can then be written as:

v({z}) = Z 0(xQ) Yl (zyeng (3.9)

QeSn

where 0(xq) indicates the ordering of the domain Dg : g1 < -+ < zZgn.

Applying the conditions (3.6) and (3.7) to the wave function (3.8) in the domain D¢ one gets:
continuity condition:
(QIIP) +(QlIP(a a+1)) = (Qa a+1)||P) + (Q(a a+ 1)[[P(a a+ 1)) (3.10)
cusp condition:

i(kp(as1) = kpa) (QIIP) = (QIIP(a a+ 1) + (Q(a a+ D|IP) — (Q(a a+ D)|P(aa+1)))

=2¢((Q[[P) + (Ql|P(a a+1))) (3.11)

where P(a a + 1) indicates that in the permutation P the ath and (a + 1)st element have been
transposed. From those two conditions, a relation for passing from sector @ to Q(a a + 1) can be

inferred (cf. [10]):

(Qa a+1)||P) = zpa,pa+1)(QlIP) + (1 + Zpapa+n)(Ql|P(a a+1)) (3.12)

with

(3.13)
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which can directly be verified by plugging it into (3.10) and (3.11). As (Q||P) has N!? elements for
the different permutations there now exist (N —1)(N!)? equations (3.12). It can be shown, that they
are mutually consistent (cf.[4, 10]) for unequal {k}. This can be done by proving that the coefficients
(Q||P) for every sector P can be uniquely constructed from the N! coefficients in some chosen initial

sector by means of the relation (3.12). For a sketch of the proof define the ring element:

P)= > QQlP) (3.14)

QESN

Relation (3.12) can be written in the so called Yang representation for Sy (cf. [4, 10]) as:
|P(a a+ 1)> = Yaa+1 ’P> (315)

with the operator

(a a—+ 1) - mPa,P(aqu)

1+ Zpa,p(at1)

Ya at+l — (316)

where (aa + 1) acting on the basis () again stands for the transposition from the sector where
Q1 < <ZTQa < XQat1) < ---TQN tO the sector g1 < --- < TQ(at+1) < TQa < ---TQN- Writing

the vector | P) in the form (cf. [4, 10])
|P) = |P, Py,...,Py) = |ijk...) (3.17)

one gets the operator as used in [4]:

(12) —

Y |ijk.. ) = |jik... ith Y¥Y =
12|J > |J > w 12 1+ 2y

(3.18)

This operator Y;fl 41 can now be used to construct every vector |]5> starting from some arbitrary

initial vector |f > The coherence condition for that is that every path from one permutation to

another has to give the same result. It is sufficient to show that:
vy =1 (3.19)
Y1 YaYi3 =Ya3ViRysy (3.20)
which can directly be verified [10]. It corresponds to the Permutation

(13)=(12)(23)(12)=(23)(12)(23) (3.21)
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of the elements ijk.

|ijk) |jik)
Y3
likj) |jki)
Vi v
Y54
N 1%

Figure 3.1: Consistency condition on the Y-operators. [22]

Therefore the wave function is entirely determined from the N! parameters in one initial sector
and there is one wave function for every young tableau.

Furthermore there are symmetry conditions on the wave function depending on the representation
the wave function is in. In the following the case spin 1/2 is going to be discussed. The higher spin
fermion and boson cases essentially boil down to constructing a suitable irreducible representation
of the symmetric group (cf. [6, 10]).

The symmetry condition for a system with N spin 1/2 fermions with total spin S = % - M =
M — & is of interest here. As each fermion is antisymmetric in the two spin variables the symmetry

2

type of the spin wave function has to be [M, N — M]:

M

As the total wave function is antisymmetric the orbital wave function is in the conjugate repre-

sentation and therefore in the R = [2M 1V =2M] representation.



33

=

Therefore the wave function cannot be antisymmetrized in M + 1 variables and it is separately
antisymmetric in M and N — M variables. Assuming all particles in the subset U of {1,..., N} of

order M are downspin, this can be written in terms of the amplitude in (3.8) as (cf. [10]):
(RGP =—(QUP)  V(@EjeU)V(i,jeN\U) (3.22)
This condition can be expressed in the ring defined in (3.14):
(i,5)|P) = — |P) (i,j €UV (i,7 € N\U) (3.23)

It simply states, that the element ‘P> belongs to the representation R. A representation of R is

obtained by going to the conjugate basis

Py =2 _sen (Q) QQIIP) (3.24)
Q
with the permutation operator
. 1 -
(ij) = —5(14-01‘0']‘) (3.25)
(cf. [10]) acting on the space V¥ with V = C? where &; is the Pauli-matrices acting on the i-th

spinor.

3.1.2 Periodic boundary conditions

The next step to solve the model is to put the model in a finite volume and impose boundary con-

ditions. By doing so one introduces a volume cutoff and therefore regulates the infrared behaviour.
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Furthermore it is the most convenient way to get the full wave function and is needed if one wants
to study the thermodynamics of the model. In the following periodic boundary conditions of length
L will be imposed. This is equivalent to putting the system on a ring of length L. It will be seen,
that those boundary conditions are compatible with the Bethe-Ansatz type solution.

For the periodic system the domain Dg now has a new condition (cf. [10]):
Dg: zg1<zge<---<zoN , ToN—2Q1 <L (3.26)
As the wave function should be periodic one gets the condition for the domain D¢ (cf. [10])
Y(xo1, ..., 2oN) = V(22 ..., 2N, To1 + L) (3.27)

Introducing the Permutation C' which is a cycle of length N, the right side of (3.27) is defined in

the domain QC. This again can be stated as conditions on the amplitude of (3.8) (cf. [10]):
(QIIP) = (QC||PC)etr® (3.28)
This can be written in the defined ring as (cf. [10])
|P)ye *ril = C|PC) = CYyn_1n...Ya3Y12|P) (3.29)

where the relation (3.15) was used. Due to the fact, that equation (3.29) holds for every P (cf. [21])
one can choose some initial permutation /; and momentum k; and get the eigenvalue equation (cf.

110, 21)):
Zi L) = X541 X 025 X1, L) = e H ) (3.30)

where the operators X;; were obtained by applying the cycle C on the Y operators (cf. [10, 21]).

They are defined as (cf. [4, 10, 21)):

v L= ()i
Xij = ()Y = 77— (3.31)
ij

and as the Y operators satisfy conditions (3.19) and (3.20), which are now called Yang-Baxter

relations.
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It is important here to note that the Z; commute among themselves, which can be inferred from
the fact that the X;; satisfy the Yang-Baxter equation (cf. [10]). Therefore the eigenvectors in (3.30)
can be chosen independently of j (cf. [10]).

Therefore with (3.30) one has an eigenvalue equation for some chosen initial sector of the permu-
tation P. Consequently by solving this equation in the representation discussed in section 3.1.1 one
can get all the amplitudes (Q||P) by applying the operators Y or X and imposing the symmetry
conditions. The problem now is to solve this eigenvalue equation in the chosen representation. This
will be done in the next section with the algebraic Bethe Ansatz technique or Quantum Inverse
Scattering developed by Baxter [23] for the eight-vertex lattice model and extended by Faddeev and

Takhtajan [24].

3.1.3 Algebraic Bethe Ansatz

In the represenation chosen in 3.1.1 one gets the operator Z; by choosing a basis (cf. [22]):

(Zj)ay e = (Xjjmr - XX o X)al (3.32)
with the permutation operator (ij)%4 = —1 (6265 4 (5:)2(5;)%). It will in the following be useful to

introduce the continous variable x instead of k; — k; in X;;:

Xy = 1AD) (3.33)

Futhermore introducing an auxiliary space V4 (cf. [22]) the operator X can be defined acting on

the space V; x V4 (cf. [22]):

. K10y —ic (ig)yy
XA () )ov = e a.u 3.34
(X7 (R))au T ic (3.34)

Inspired by the six-vertex model define futhermore the monodromy matrix T'(x) by (cf. [22]):
T(r)o o0 = D (Xaals = k1)) (Xea(e = k)2 o (Xnvals — kv ))eX (3.35)

{s}

Introducing also the transfer matrix 7 by taking the trace over the auxiliary variables 7(xk) =

tra (T'(k)) one gets back the Z; by Z; = 7(k = k;) (cf. [22]).
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Observing now with the aid of the Yang-Baxter equation for X, wich is also satisfied for the

continous parameter with an appropiate shift (cf. [22])

ij(li — )\)Xkl(li)X” ()\) = Xij()\)in(/i)ij(I{ - )\) (336)

that by multiplying with (kj) and extending this relation into auxiliary space denoted by the indeces

a and b one gets the relation (cf. [25]):

Yab(K‘ - )‘)Xai('l{’)Xib()‘) =X; (/\)Xai(H)Yab(K - )‘) (337)

where Y, (k — \) acts totally on the auxiliary space. In the following this Y operator acting only on

the auxiliary space will be called R-matrix:

R (k= A) = (Yap) s (k= A) (3.38)

Therefore, with the fact, that the X operators with different indices commute this can be iterated

and one gets as the so called Yang-Baxter algebra for the monodromy matrix:

R(k—=MN(T(k)@TN) =(T\) @T(k))R(k — ) (3.39)

Remark

Multiplying with R=1(x — \) from the left and taking the trace in the auxiliary spin space one gets

a continous version of the commutation relation of the Z;:

[Z(k), Z(N)] =0 (3.40)

Expanding the Z(k) in the continous parameters gives an infinete set of charges commuting with

Z (k) and therefore making the problem integrable.

The R-matrix and the operator X4; can be written as matrices in the auxiliary spin space (cf.
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22, 25)):
1 0 0 O
b(k) a(k
R(k) = 0 M) ale) 0 (3.41)
0 a(k) b(k) O
0 0 0 1
(a(r) +b(r)/2) + b(k) /207 b(k)oy
Xaj(k) = (3.42)
b(/<;)0j+ (a(k) +b(k)/2) — b(k) /207
with a(k) = 5 and b(z) = Nf:ic. The monodromy matrix 7' can also be written as a matrix in
the auxiliary space:
Ak K
T(k) = (&) Bl) (3.43)
C(k) D(k)

where the operators A, B, C, D act on the space V¥ and Z(k) = A(k) + D(x). With the help of the

Yang-Baxter Algebra (3.39) one can infer commutation relations for the A, B,C, D (cf. [21, 22, 25]):

B(k)B(A) =B(M\)B(k) (3.44)
1 b(A — k)
A(k)B(X) A H)B(/\)A(/i) — mB(H)A()\) (3.45)
. 1 o) b(k — A) .
D(9BN) =55 BOID(R) ~ o3 B DY (3.46)
Eigenstates of Z(x) can now be constructed by starting of with the state |w) = [ ... 1) = ((1))®N and

applying products of the operator B(x) on it, playing the role of creation operators of downspins
(cf. [22, 25]). For the state with M down spins, which is the desired eigenstate of Z(k), one acts M
times with B (cf. [22]):

1) = B(\)...BOw) W) = > GreendullD) o .07, |w) (3.47)

J1seesdm

where in (j ... ja||I) the positions of the down spins are specified. These amplitudes are the ones
needed to get every other amplitude by application of Y or by imposing the symmetry conditions.
It can be shown, that the state |w) is an eigenstate to A(k) and D(k) with the eigenvalues 1

and d(k) = H;‘V:l Kf,;]ﬁic respectively (cf. [22, 25]) by applying the operators X in (3.42) according
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0 (3.35) on this state. With this and the commutation relations of A, B and D one can apply the

operators A and D to the state |I) and one gets (cf. [22, 25]):

M M M
H |I + B(r) > F;(\) [ B(w) [0) (3.48)
o =

k) |I) = d(k H )+ B(r) > Fi(s) [ BOW)10) (3.49)

with the functions Fj and Fj determined by the permutation relations of A and D with B (cf.

22, 25)):
b —R) 1
Fj(m)——a(/\jfﬁ)gawﬂ\j) (3.50)
ks
R bk — A)d(N;) 1 1
Fj(r) = — (a(ﬁ _)A]() ) kl;[l Ty (3.51)
K

Therefore for |I) to be an eigenstate of Z(x) = A(k) + B(k) a sufficient condition is, that F;(x) +

Fj(k) =0 for all j = 1,..., M. This is equivalent to (cf. [22]):

N
/\J—k‘l /\k—)\ +ic
3.52
llj[l)\j—kl—i—zc H)\k—)\ —ic ( )
a i

With this condition imposed, the state |I) is an eigenstate of Z(k) to the eigenvalue z(k) (cf. [22]):

M

M
2r)=]] Q(Ajl_ 5 Tk E PrEsw] i " (3.53)

j=1

Going back to the initial problem for the eigenvalues and eigenfunctions of Z; in (3.30) one gets by
inserting x = k; and with the definition A; = A; + % the final conditions on the parameters {A}

and {k} coming from the periodic boundary conditions (cf. [22]):

Ap —kj —ic/2
—_ .04
HAk—k]—i-ZC/Q (3:54)

Aj—A —ic/2
| +ic H —k; —ic/ (3.55)

A — A —ic — ki +ic/2
]751

Therefore the model is solved completely.
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3.1.4 Remark: Wave function without periodic boundary conditions

The wave function constructed in 3.1.3 and 3.1.2 is also a valid wave function for the spin 1/2 case
without periodic boundary conditions for arbitrary nonequal k and A which one would get in the
L — oo case. This can be seen as the wave function satisfies the Schrodinger equation and has the
wanted symmetry. Alternatively it can be constructed as a solution to the conditions on the wave
function derived in 3.1.1 as well as the symmetry of the wave function depending on the irreducible

representation (cf. [26]).

3.2 Gaudin-Yang with external homogenous field

Analogous to the Lieb-Liniger model with linear force potential a method to construct the wave
function of the non integrable model with the Hamiltonian:
52
H==) o+ Yo i) tay (3.56)
i i 1<i<j<N i
could be by studying the Gaudin operator O.. The operator again has to commute with the Hamil-
tonian. Furthermore, as the symmetry of the orbital wave function now can be determined by an

arbitrary Young tableau, or in the case of spin 1/2 by a Young tableau of the form [2M, 1V —2M]

as
for the Gaudin-Yang model without the external field, the operator has to construct the wanted
symmetry of the orbital wave function. Moreover the wave function constructed by application of

the Gaudin operator O, has to obey the cusp condition from (3.7). This condition can be also

written as:

0 0 1
|:(8:E ‘ — 97 ) 2(1+ij+1)—6:| ’(/JalmaN(.’L'l,...“iL‘N) =0 (3.57)
QU+ @J TQ(j+1) —TQ;=+0

where the operator P;; flips the coordinates on positions 7 and j. Alternatively this could be written

as

) 8 \1
K >2(1+§P5(j+1)Qj)—c} Dayan (@1, san) =0 (3.58)

droi+1) 0T,
QU+ @ rQ(i+1) ~rQi=10
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where § = —1 for fermions and § = 1 for bosons and P;; exchanging a; and a;. The operator for the

totally symmetric wave function of the Lieb Liniger model can be written in the way:

o.=]] K 0 a) L1 Py) +e (seues — 2;) 0P (3.59)

Py dx;  dxj) 2
with P;; being in the totally symmetric representation [IN] of the symmetric group, therefore P;; = 1.
This operator acting on a totally antisymmetric wave function constructed by taking the slater
determinant of the single particle solutions gives the wave function of the interacting model, as seen
in chapter 2.1.2 and 2.3.1.
Furthermore when taking the P;; in the totally antisymmetric representation [1N] with P =-1

the operator becomes

N(N-1)
2

Oc=c (3.60)

and therefore the wave function totally antisymmetric in the coordinates {x} can also be obtained
by applying the operator O, in the appropriate representation on the totally antisymmetric wave
function obtained by taking the slater determinant of the single particle wave functions.

The idea for an arbitrary symmetry of the spatial wave function would be now to take the F;; in
the appropriate representation or the operator P;; acting on the spin wave function in the conjugate
representation and again let the operator O, act on the slater determinant of the single particle wave

functions. This however is not yet proven.
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