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Abstract: <p>In this talk | will review the results of recent work in collaboration with & nbsp;Cecilia De Fazio, Benjamin Doyon and IstvAjn M.
SzA©csA©nyi. We studied the entanglement of excited states consisting of a finite number of particle excitations.& nbsp;More precisely, we studied
the difference between the entanglement entropy of such states and that of the ground state in a simple bi-partition of a quantum system, where both
the size of the system and of the bi-partition are& nbsp;infinite, but their ratio is finite. We originally studied this problem in massive 1+1
dimensional QFTs where analytic computations were possible. We have found the results to apply more widely, including to higher dimensional
free& nbsp;theories. In al cases we find that the increment of entanglement is a simple function of the ratio between region's and system's size only.
Such function, turns out to be exactly the entanglement of a qubit state where the coefficients& nbsp;of the state are simply associated with the
probabilities of particles being localised in one or the other part of the bi-partition. In this talk | will describe the results in some detail and discuss
their domain of applicability. | will aso&nbsp;highlight the main QFT techniques that we have used in order to obtain them analytically and
& nbsp; present some numerical data.& nbsp;</p>
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Background:

This talk is based on two papers:

OC-A, Cecilia De Fazio, Benjamin Doyon and Istvan M. Szécsényi,
Entanglement Content of Quasi-Particle Excitations, 1805.04948
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Background:

This talk is based on two papers:

OC-A, Cecilia De Fazio, Benjamin Doyon and Istvan M. Szécsényi,
Entanglement Content of Quasi-Particle Fxcitations, 1805.04948

OC-A, Cecilia De Fazio, Benjamin Doyon and Istvan M. Szécsényi,
Entanglement Content of Quantum Particle Fxcitations 1. Free
Field Theory, 1806.03247

I would like to start by thanking my collaborators:

Benjamin Cecilia [stvan
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1. Entanglement Entropies

Consider the scaling limit
(QFT) of a gapped periodic
quantum chain of length L at
T = 0 (e.g. a massive QFT)
subdivided into two regions of
length ¢ and L — ¢
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1. Entanglement Entropies

Consider the scaling limit
(QFT) of a gapped periodic
quantum chain of length L at
T = 0 (e.g. a massive QFT)
subdivided into two regions of
length ¢ and L — ¢

nth Rényi Entropy & Reduced Density Matrix

W log(Tra(p’; : :
SY(0.L) = og(Tra(p’})) e

l1—n

Here |W) will be an excited state of the QF'T.
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1. Entanglement Entropies

Consider the scaling limit

(QFT) of a gapped periodic

quantum chain of length L at

T = 0 (e.g. a massive QFT)

subdivided into two regions of

length ¢ and L — ¢

nth Rényi Entropy & Reduced Density Matrix

log(Tra(p'y))

l1—n

SY(, L) = with  pa = Trg(|¥)(P¥])

Here |W) will be an excited state of the QFT. Also [Bennett et
al.’96; Eisert & Cramer’05; Peschel & Zhao’05]
Von Neumann & Single Copy Entropies

S¥(¢, L) := lim S¥(¢,L), SY(¢L):= lim SY(¢, L)

n—1 n—oo
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2. Nature of the Excited States

@ In our work we have considered zero particle-density states:

finite number of single-particle excitations.
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2. Nature of the Excited States

@ In our work we have considered zero particle-density states:
finite number of single-particle excitations.

@ In massive QFT we can parametrize such states by their ra-

pidities and other quantum numbers: |61,602,...,0%) S

@ We have obtained analytical results for the free massive real
Boson and Majorana Fermion: found evidence that they ap-
ply to a wider set of theories, dimensions and geometries.
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2. Nature of the Excited States

In our work we have considered zero particle-density states:

finite number of single-particle excitations.

In massive QFT we can parametrize such states by their ra-

pidities and other quantum numbers: |61,60s,...,0%) Wl

We have obtained analytical results for the free massive real
Boson and Majorana Fermion: found evidence that they ap-
ply to a wider set of theories, dimensions and geometries.

For free Bosons, we may have states involving repeated ra-

pidities whereas such states are not allowed for free Fermions.
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2. Nature of the Excited States

In our work we have considered zero particle-density states:
finite number of single-particle excitations.

In massive QFT we can parametrize such states by their ra-

pidities and other quantum numbers: |01,02,. .., 0%) 0.1

We have obtained analytical results for the free massive real
Boson and Majorana Fermion: found evidence that they ap-

ply to a wider set of theories, dimensions and geometries.

For free Bosons, we may have states involving repeated ra-
pidities whereas such states are not allowed for free Fermions.

Other extensive studies of excited states include
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2. Nature of the Excited States

In our work we have considered zero particle-density states:
finite number of single-particle excitations.

In massive QFT we can parametrize such states by their ra-

pidities and other quantum numbers: |01,02,. .., 60%) 0.1

We have obtained analytical results for the free massive real
Boson and Majorana Fermion: found evidence that they ap-
ply to a wider set of theories, dimensions and geometries.

For free Bosons, we may have states involving repeated ra-

pidities whereas such states are not allowed for free Fermions.

Other extensive studies of excited states include low-lying
excitations in CFT [Alcaraz, Berganza & Sierra’11’12], highly
excited states of the critical XY and XXZ chains [Alba,
Fagotti & Calabrese’09], and the gapped XXZ chain [Molter,
Barthel, Schollwock & Alba’14]
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3. What did we Compute?

@ We compute the difference between excited state and ground

state entanglement.
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3. What did we Compute?

@ We compute the difference between excited state and ground
state entanglement. This was investigated in low-lying ex-
cited states of CFT [Alcaraz, Berganza & Sierra’11’12)]

Scaling Limit

¢, L - 00 while r ~  fixed

@ In this limit we found analytically in free massive QFT"

Tinw ASY (rh, L) = lime [S3(rL, B) — S2 ik, L)
L—oo L—o0

= ASY (1),
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4. Single-Particle Excitations

Let AS!(r) be the increment of Rényi entropies for a single par-
ticle excitation.
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4. Single-Particle Excitations

Let AS!(7) be the increment of Rényi entropies for a single par-
ticle excitation.

Single Particle Excitation

—log(l —7r) for
— logr
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4. Single-Particle Excitations

Let AS!(r) be the increment of Rényi entropies for a single par-
ticle excitation.

Single Particle Excitation

All functions are maximal at AS!(1/2) = log 2 [Pizorn’12; Mélter,
Barthel, Schollwock and Alba’14]

07t
06¢
0.5¢
=504}
<1 03¢
0.2
0.1¢
00

- SR
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4. Single-Particle Excitations

Let AS!(r) be the increment of Rényi entropies for a single par-
ticle excitation.

Single Particle Excitation

<&

— logr for F <

—log(l1—7r) for O
1

<
=

All functions are maximal at AS}(1/2) = log 2 [Pizorn’12; Molter,
Barthel, Schollwock and Alba’14]

0.7f -
06 77 N These are exactly the entan-
05!} /4R Rl
L04) v N g t entropies of the state:
<103} 9 3 ' '
0.2} b
0.1}
00

4 1]
00 02 04 06 08 10
r
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5. Many-Particle Excitations of Distinct Momenta

/ | . . , : : .
Let AS,, 7" (r) be the increment of Rényi entropies for a k-
particle excitation where all particles have distinct momenta.
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5. Many-Particle Excitations of Distinct Momenta

(r) be the increment of Rényi entropies for a k-
particle excitation where all particles have distinct momenta.

—rlogr*— (1—=7)log(1-—r) ¥

00

00 02 04 06 08 1.4
r
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5. Many-Particle Excitations of Distinct Momenta

(r) be the increment of Rényi entropies for a k-
particle excitation where all particles have distinct momenta.

—7rlog rk—('_l_—-r) ltg)g('l_—:')k

These are the entropies of the state:

Iqb) = V3| 1)E3@|0Y23+1/(1 — r)3|0)®3®|1)®3 +

0.0LE , e
00 02 04 06 08 1(

r
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6. Many-Particle Excitations of Equal Momenta

Let AS¥(r) be the increment of Rényi entropies for a k-particle
excitation where all particles have equal momenta.
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6. Many-Particle Excitations of Equal Momenta

Let AS¥(r) be the increment of Rényi entropies for a k-particle
excitation where all particles have equal momenta.

Let f5(r) = e r4(1 — r)*~9, then

. ([ (1
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6. Many-Particle Excitations of Equal Momenta

Let AS¥(r) be the increment of Rényi entropies for a k-particle

excitation where all particles have equal momenta.

Let (‘;‘(1) = (

k . :
) r4(1 = r)*=9, then
q '

Many Indistinguishable Excitations

._Jq:U Jq

UL B

l —n

~log f (r)
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6. Many-Particle Excitations of Equal Momenta

Let AS¥(r) be the increment of Rényi entropies for a k-particle
excitation where all particles have equal momenta.

> k _ :
Let : (r) = ; rd(1 — r)%¥~4 then

Many Indistinguishable Excitations

log ¥~ [ig (i
l1—n '

e (r) =

gl 1

ASS(r) = —log fq(r)

02 04 06 038
r
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6. Many-Particle Excitations of Equal Momenta

Let AS¥(r) be the increment of Rényi entropies for a k-particle

excitation where all particles have equal momenta.

Let :(7) = (

A.
q

) r4(1 = r)*=9, then

Many Indistinguishable Excitations

P e e Sg=olfa ("

g [

1—n

ASE (r) = —log f;(:) for

These are the entropies of the state:
[Tqn) = Vr3[3)®[0)+/3r2(1 — 7)[2) @ 1)
VI =@+ T = NP0} &l3)

00 02 04 06 08
r
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7. Generic States

Let AS,""*(r) be the increment of Rényi entropies for a ). k;-
particle state where k; particles have momentum p; for each 7

and p; # p; for i # j.

Generic States
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7. Generic States

I ‘H{\. ‘A" A . » # . . .

Let ASR""*(r) be the increment of Rényi entropies for a ). k;-
particle state where k; particles have momentum p; for each 2
and p; # p; for i # j.

Generic States

2AS)
L) —

3
"

L
T

ASH+AS

(=]

00028 04206 203 10
¢
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8. Numerical Evidence: Wave Functional Method

e We developed a numerical approach for the exact computa-

tion of all these quantities in a harmonic chain.
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8. Numerical Evidence: Wave Functional Method

e We developed a numerical approach for the exact computa-

tion of all these quantities in a harmonic chain.

, A d : : 9 9 N Vs
o The dispersion relation is E? = m? + 4Az~2sin? 252,

=
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8. Numerical Evidence: Wave Functional Method

e We developed a numerical approach for the exact computa-
tion of all these quantities in a harmonic chain.

. : . . ) 9 AL oS ol /T 7
e The dispersion relation is E? = m? + 4Az~2sin? 252, We

expect good agreement with QFT as long as 5= < 1.
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8. Numerical Evidence: Wave Functional Method

e We developed a numerical approach for the exact computa-
tion of all these quantities in a harmonic chain.

\ . . . . ) 9 ; — TR L Vi o 1 T
o The dispersion relation is E? = m? + 4Az~?sin? 222, We

)
Plit ),

e In the figure Az = 0.01, L = 10, m = 1 and p;, p2,p3 are
between 10 and 50, so this is roughly the QFT regime.

v ASIr) @ ASY (1) mASY (1)

00 02 04 06 08 1.0
-
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8. Numerical Evidence: Wave Functional Method

e We developed a numerical approach for the exact computa-
tion of all these quantities in a harmonic chain.

. . . . . 19 2 A / -2 12 PAT 7

o The dispersion relation is E2 = m? + 4Az~2sin? 252, We

par

3

expect good agreement with QFT as long as

@ In the figure the momentum is p = 314, Az = 0.01 and

L =5, m = 1. This is a regime where 2}? ~ Az but the
perfect.
AS, (1)
0.7}
0.6
0.5}
0.4
0.3
0.2¢
0.1¢
0.0

s

O 02 04 06 0F
)
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8. Numerical Evidence: Wave Functional Method

e We developed a numerical approach for the exact computa-

tion of all these quantities in a harmonic chain.

. - . . 19 2 17 -2 .+ 72 DAZT 7
o The dispersion relation is E? = m? + 4Az~2sin? 252, We

. al | A“ S e
expect good agreement with QFT as long as 25= < 1.

“~

e In general

Localised Quasiparticle Interpretation

min(s, — < mm(f, L[
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9. Higher Dimensions

@ The qubit picture suggests a general, dimension-independent

interpretation of the entanglement of excited states.
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9. Higher Dimensions

@ The qubit picture suggests a general, dimension-independent

interpretation of the entanglement of excited states.

@ We suggest that our results hold in any space dimension (at
{

N0y Q A fr SV Teorieal ] Jat are r — -..- —\;?(')Id'4
least for free theories!) Just replace r = ¢ Vol (AUE)
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9. Higher Dimensions

@ The qubit picture suggests a general, dimension-independent
interpretation of the entanglement of excited states.

@ We suggest that our results hold in any space dimension (at
‘

least for free theories!) Just replace r = f o Vol

e Evidence: Dim. reduction [Doyon, Lucas, Schalm & Bhaseen’15]

Vol (AUB)

L
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9. Higher Dimensions

@ The qubit picture suggests a general, dimension-independent
interpretation of the entanglement of excited states.

@ We suggest that our results hold in any space dimension (at
(

: Vol A

least for free theories!) Just replace r = + —

) Vol (AUB)
e Evidence: Dim. reduction [Doyon, Lucas, Schalm & Bhaseen’15]

L L L
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9. Higher Dimensions

@ The qubit picture suggests a general, dimension-independent
interpretation of the entanglement of excited states.
e We suggest that our results hold in any space dimension (at
‘

: Volz A

least for free theories!) Just replace r = + —

T Vol (AUB)
e Evidence: Dim. reduction [Doyon, Lucas, Schalm & Bhaseen’15]

L L L

¢, 2

@ Numerical results on the harmonic lattice:
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10. Harmonic Lattice Numerics

@ Numerical results on the harmonic lattice:
;\S‘f(r}

1 4f
12}
1.0}
0.8}
0.6}
0.4}
0.2}

DIOR02E 0 4R Die 0.8 1D
.

toric lattice [0; L]? with L = 50 and lattice spacing Az = 1.
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10. Harmonic Lattice Numerics

@ Numerical results on the harmonic lattice:
-..\S‘f[r}

1.4f
12}
1.0
0.8}
0.6}
0.4}
0.2}
0.0

GHORR02 D068 0/8 LD

I

. . - ) . . .
toric lattice [0; L|¢ with L = 50 and lattice spacing Az = 1.
Squares are for mass m = 1 and small momenta, crosses are

for mass m = 0.001 and large momenta.
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10. Harmonic Lattice Numerics

@ Numerical results on the harmonic lattice:
AS‘_?[I}

1 4f
12}
1.0}
0.8}
0.6}
0.4}
0.2}

0.0 -
(X Tl S 0" SR TS 8 [ )

I

@ The figure shows the increment of 2nd Rényi entropy in the

toric lattice [0; L|¢ with L = 50 and lattice spacing Az = 1.
Squares are for mass m = 1 and small momenta, crosses are
for mass m = 0.001 and large momenta. The region grows

as

L
L
4 4

t=L/3 =LN?2
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11. Large Volume Corrections

Harmonic Chain

[log2-AS}(1/2)]

'—IJOJ‘JH‘»-L-‘-‘JI

hownwonoino
e ey

—|t'>1_‘

log[mL|
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11. Large Volume Correc

@ We have investigated the large-volume corrections to our

formulae
Harmonic Chain

)

[}

(1/

— O = b W
T -

|
1

[log2-AS3(1/2)]

o2—-AS

ol log

or
o

'—IJ‘J’A".&-L-‘—‘JI

howmwonoino
v ey

—|t'b§_‘

—lo

: -0500 05 1.0
log[mL| log[mL|
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11. Large Volume Corrections

@ We have investigated the large-volume corrections to our

Harmonic Chain

]!

3172

o2—-AS

(=

[log2-AS3(1/2)]

|lo

Ll &° B 2 RUVEPVRN S SRR
MOWNMOLNO NSO

i
o

—|t'b1_‘

—lo¢

~0.500 0510 1.5 20 25 -0500 05 10
log[mL | log[mL|

o Corrections to saturation (AS3(1/2) = log2) in one and two
dimensions. In both cases we have power-law corrections of
the form B/L%.

0.613 + 1.974log(mL)
. : d ’ : 9
which suggests (negative) leading corrections of order 1/L~.
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11. Large Volume Corrections

@ We have investigated the large-volume corrections to our

Harmonic Chain

]!

(172

|
x
2

o2—-AS

=

[log2-AS3(1/2)]

[o

hhownwonoino
- e

¥
o

el £¥ L ¥ RVVILUVRN SN SN
— O =

—|L'b§_‘

—lo

: -0500 05 10 15 20
log[mL| log[mlL|

e Corrections to saturation (AS._l (1/2) = log2) in one and two
dimensions. In both cases we have power-law corrections of
the form /L.

0.613 + 1.974log(mL)
which suggests (negative) leading corrections of order 1/L%.

@ For the harmonic lattice the fit is —0.527 + 1.783log(m L)

which suggests power-law behaviour with a non-integer power

(more investigation is needed).
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12. Analytical Results in 141D Massive QFT

@ There are two main ideas/techniques involved.
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12. Analytical Results in 1+1D Massive QFT

@ There are two main ideas/techniques involved.
@ 1) The branch point twist field [Cardy, OC-A & Doyon’08]

approach to entanglement measures in massive theories:

EE from Branch Point Twist Fields

-~

AS¥() = Tim L jog | LEUTOTCLIW);

"N Lo l—n | (0T (0)T(rL)|0)
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12. Analytical Results in 141D Massive QFT

@ There are two main ideas/techniques involved.
@ 1) The branch point twist field [Cardy, OC-A & Doyon’08]

approach to entanglement measures in massive theories:
EE from Branch Point Twist Fields

ow IS B S B B

)
" T e T=n o | (O[T (0)T (rL)|0)

o 7 =TT are symmetry fields in a replica theory consisting of

n-copies of the original model.

to finite volume correlators.
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12. Analytical Results in 141D Massive QFT

@ There are two main ideas/techniques involved.
@ 1) The branch point twist field [Cardy, OC-A & Doyon’08]

approach to entanglement measures in massive theories:

EE from Branch Point Twist Fields

ASW LA 1 e L<\P|T(U)T(?‘L)|\I’>L

P L T=n | (O[T (0T (rL)[0):

o 7 =TT are symmetry fields in a replica theory consisting of
n-copies of the original model.

@ 2) The finite volume form factor approach [Pozsgay & Takacs’08]
to finite volume correlators.

e Finite volume is required because in infinite volume the cor-

-~

relator p (W|7(0)7 (rL)|W¥), has singularities which are reg-
ularized in finite volume.
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13. Branch Point Twist Fields in Finite Volume

@ The branch point twist field is defined by

Flx)O:y) e z) for y!' >z
= Oi(y)T(z) for z!>4

where O;(y) is any local field on copy number 7, and with

C)H+l (!/) — C)l (U)
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13. Branch Point Twist Fields in Finite Volume

The branch point twist field is defined by

T(@)0:y) = Oumi)T() for y' >z
O;(y)T(z) for !>y

where O;(y) is any local field on copy number 7, and with
On+1(y) = O1(y). These express cyclic permutation sym-

metry among copies.

Twist fields sit at the
origin of branch cuts
propagating towards

the right.
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13. Branch Point Twist Fields in Finite Volume

The branch point twist field is defined by

T (2)O;(y) Oi1(y)T(z) for y! > 2]
Oi(y)T(x) for z! >y

where O;(y) is any local field on copy number 7, and with
On+1(y) = O1(y). These express cyclic permutation sym-

metry among copies.

Twist fields sit at the
origin of branch cuts
propagating towards
the right. Prob-
lem in finite vol-

ume... But there is

a solution!
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14. Form Factor Expansion in Finite Volume

@ As usual, we may compute the two-point function on a ex-
cited state by introducing a sum over a complete set of in-
termediate states. Schematically

LUITOTON)L = Y ™| (BT (0)|). ]
P
e Fach matrix element corresponds to the picture

t
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14. Form Factor Expansion in Finite Volume

@ As usual, we may compute the two-point function on a ex-
cited state by introducing a sum over a complete set of in-
termediate states. Schematically

(VT OTO)L =) e L (T|T(0)|®) )’
P
e FKach matrix element corresponds to the picture

t
The states \(P>L and

W), are characterized
by rapidities, but in fi-
nite volume these are

quantized.
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14. Form Factor Expansion in Finite Volume

@ As usual, we may compute the two-point function on a ex-
cited state by introducing a sum over a complete set of in-
termediate states. Schematically

L(W|T(0)T ()W), = Zp—f’F’mf‘|L<\I;|T(())|<I>>L|2
P
@ Fach matrix element corresponds to the picture

t
The states |®); and

W), are characterized
by rapidities, but in fi-
nite volume these are
quantized.

The quantization condi-
tion is affected by the
branch cut in a non-
trivial way!
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15. Diagonalization of Twist Field Action

Employing the doubling trick
of [Fonseca & Zamolodchikov’03]
we may diagonalize the action of

point twist fields
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15. Diagonalization of Twist Field Action

Employing the doubling trick =
of [Fonseca & Zamolodchikov’03] e H i

we may diagonalize the action of p=1

branch point twist fields T, are U(1) twist fields.
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15. Diagonalization of Twist Field Action

Employing the doubling trick
of [Fonseca & Zamolodchikov’03]
we may diagonalize the action of

branch point twist fields T, are U(1) twist fields.

T.(x)0i(y) = (-.E%L'o,(y)’rp(.r) for y!' > z!
O;(y)T,(x) for z' >y
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15. Diagonalization of Twist Field Action

Employing the doubling trick .
of [Fonseca & Zamolodchikov’03] = H I

we may diagonalize the action of o1

point twist fields T, are U(1) twist fields.

T.(2)0;(y) = e Oiy)Tp(z) for y' >z
O;(y)T,(x) for z! >4
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15. Diagonalization of Twist Field Action

Employing the doubling trick v
of [l*()ns(‘(‘.zl & Zamolodchikov "().5] i H g
D=1,

branch point twist fields T, are U(1) twist fields
IJ (4 8 s A U . e

To(z)O0i(y) = "'Z%L'Oi(!/)fﬁ,\(-l') for y!' > z!
Oi(y)T(z) for 't _>yl

States are characterized by

their rapidities 6, 3. These

are quantized according to the
Bethe-Yang equations:

27Tp

msinh® = 27l msinh 8 =2nJ+
n

for I,J € Z
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17. Entanglement Entropies

e Putting all these ideas together, as well as a prescription for
finite volume for factors, it can be shown that the function
L{¥|T(0)T(£)|¥);, has a natural 1/L expansion.

g large-volume contributionis proportional to L"
and to the vacuum two-point function so that, for instance
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17. Entanglement Entropies

e Putting all these ideas together, as well as a prescription for
finite volume for factors, it can be shown that the function
<1T1|7"('_) ” {-’) >L /L expansion.
g large- V(")]ll]ﬂ(‘ ('Ontl'iblltioni~; pm])ortimral to /'“
zm(l to thv vacuum two-point function so that, for i

€

LT T O Yl HH e
[111;4 (O[T (0)T(0)|0)z | / pl J}

{N£)} p=1e==%

P4 =), Z Z N: =

oAl
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17. Entanglement Entropies

e Putting all these ideas together, as well as a prescription for
finite vc_)lumo for factors, it can be u;h(‘)wn that the function

<1T1|7'"')

LT O)T (O] B H e
| - = Cn( \ ' ( BEY
i L{0|T(0)T (¢)|0) L | l | 96 }

{N£)} p=1e==%

SR B ZZI\

=1 e==
C,({N*}) are coefficients that characterize the state and
.'_)
n, . sin®ZE
.(j/} { [' } = ¢
Wﬁ
@ These are functions that arise naturally when considering

the behaviour of form factors near kinematic poles.
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18. Summary of Results

@ We have presented a set of QFT techniques that can be
used for any excited states consisting of a finite number of
excitations in free massive theories. They give the analytical

results presented earlier.
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18. Summary of Results

@ We have presented a set of QFT techniques that can be
used for any excited states consisting of a finite number of
excitations in free massive theories. They give the analytical
results presented earlier.

Some of the formulae had been shown to work in the semi-
classical approximation in numerical work [Molter, Barthel,
Schollwock & Alba’14]. Ours is the first analytical derivation

Our derivation incorporates the quantum effect of indistin-
guishability of particles and shows how it plays a role in
entanglement results.
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19. What Next?

@ We expect results to hold for interacting integrable models.
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19. What Next?

@ We expect results to hold for interacting integrable models.
@ This is suggested by the pole structure of form factors, which

1s universal.
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19. What Next?

@ We expect results to hold for interacting integrable models.
e This is suggested by the pole structure of form factors, which

is universal, and by the qubit picture.

@ The results hold for excited states of the form [Molter, Barthel,

Schollwock & Alba’14]

W) = Z UU|I 1[’)3: Z St rm;1+rw.~|} ja),

)—l )1 Jo=1

where ,
e’ for
1 for
0O ftor

Olalla Castro-Alvaredo, City, University of London Entanglement Content of Particle Excitations

Page 70/73



Pirsa: 18090039

19. What Next?

@ We expect results to hold for interacting integrable models.

@ This is suggested by the pole structure of form factors, which
is universal, and by the qubit picture.

@ The results hold for excited states of the form [Molter, Barthel,
Schollwock & Alba’14]

L
: 1 ~ ip o
S N b e e

= J1ide=
where ,
e’ for 1
=(S},,) ' = 1 for j
0 for 1

931 g

@ These are excited states of spin-preserving quantum chains,

integrable or not.
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19. What Next?

@ We expect results to hold for interacting integrable models.

@ This is suggested by the pole structure of form factors, which
is universal, and by the qubit picture.

@ The results hold for excited states of the form [Molter, Barthel,
Schollwock & Alba’14]

L
- ]. ~y ] (> ] Vl\ . o
|¥)2 = vIN Z ‘511.!'.’"'””“+%J”|JIJ2>-

= Jthgn=1

(,i».‘- for ‘f-l
1 for ‘j‘|
0 for 71
@ These are excited states of spin-preserving quantum chains,
integrable or not. How about particle production?
e For one-particle excitations (where the scattering matrix is
not involved) we expect the result to be general [Pizorn’12]
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