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Abstract: | will discuss the growth of entanglement under a quantum quench at point contacts of simple fractional quantum Hall fluids a
relation with the measurement of local observables. Recently Klich and Levitov recently proposed that, for a free fermion system, the
generated from a local quantum quench provides a measure of the entanglement entropy. In this work, | will examine the validity of this prop
the context of a strongly interacting system, the Laughlin FQH states. We find that local quenching in fractional quantum Hall junctions give:
dependent correlation functions that have universal behavior on sufficiently long time and length scales. The growth of entanglement entrc
the noise generated by the quench are generally unrelated quantities.
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(from CFT), in some special 2D QCPs (quantum Lifshitz), and in ¢*
QFT within the € expansion.

It also has a universal behavior in topological phases, e.g. fractional
quantum Hall fluids

Quantum quenches of quantum Hall edge states at point contacts
and recent proposals for measuring dynamical entanglement by
measuring noise after a quantum quench

Quantum noise and dynamical entanglement after a quench in
quantum Hall (Laughlin) junctions
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Jensity Matrix and Entanglement Entropy
» Pure state in AU B: Vo4, va]
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Density Matrix and Entanglement Entropy

» Pure state in AU B: V|p,. vl
» Density Matrix:

L>E> 2
s = - = = b E - == xf _f =
/ VA Blf-"AL'B|rA' 87 = ‘-I-le_,,,q. B W [‘?’A‘ * E‘]
L A
S _,-"'F’-- f"-. B
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Jensity Matrix and Entanglement Entropy
» Pure state in AU B: ¥|p,. vl

» Density Matrix:

| L>{> a

I f (PA, P8 IPAL.'S‘T‘JA‘ ?:18;' == w[‘r:A- 'rﬁB] 5 [‘r:jﬁt- “r:TB]
| e

L = | .

| e = » Observing on!y A= _Mlxed State

| ~— B reduced density matrix pa:
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Jensity Matrix and Entanglement Entropy
» Pure state in AU B: V[p4. ¢

» Density Matrix:

L>¢> a

f (Pa, vBlpauB|Pa. ¥8) = Vlra. 8] V[P, ¢Bl

% /—. .“‘\\\

L =\ . .

L ] » Observing only A = Mixed State
T B reduced density matrix p4:

f | I 3
(palpalya) = tre paus
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Density Matrix and Entanglement Entropy
» Pure state in AU B: ¥[p,4. v

» Density Matrix:

L>(> a
/ ! I 3\ = =fF _r _f
; (A, eBlpavelea. vB) = Vivra. o8| V[P, ¢Bl
| -
L ”/,; N
} ._ ] » Observing only A = Mixed State
| g W B reduced density matrix p4:
|
|

/ e
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scaling Behavior of Quantum Entanglement

» Massive relativistic free field theories obey an “area law”
S —const. [P1 + . (Srednicki, 1993).
Non-universal area law is the leading generic behavior in all
dimensions.
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» Massive relativistic free field theories obey an “area law”
S = const. LP~ + . (Srednicki, 1993).
Non-universal area law is the leading generic behavior in all
dimensions.

» Universal behavior in d = 1 critical systems (CFT):
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= log (5) + finite terms
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Callan and Wilczek; Holzhey, Larsen and Wilczek; Calabrese and
Cardy

There is information on the CFT in the subdominant corrections
» Also obeyed at 1D quantum random fixed points (Refael and Moore).

» Universal O(1) term in topological phases in 2D
S=al—~v+0O(L™), Kitaev and Preskill, Levin and Wen
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It is a static property of the correlations of the ground state
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» Consider two identical systems A and B that are disconnected for
t<0

» At t = 0 they are suddenly and seamlessly connected: a quantum
quench
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as the excitations propagate
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Can this dynamical entanglement be measured?
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The scaling of the entanglement entropy is a useful tool to
characterize the correlations in ground states

It is (to say the least) hard to measure

It is a static property of the correlations of the ground state

One can envision the following experiment that tests the dynamics

» Consider two identical systems A and B that are disconnected for
t<0
» At t = O they are suddenly and seamlessly connected: a quantum
quench
After the quench the system is in an excited state which with time
as the excitations propagate

This is a close relative of the X-ray edge problem of impurities in
metals

As the excitations created by the quench evolve, so does the
entanglement entropy of A with B

Can this dynamical entanglement be measured?
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-ractional Quantum Hall states

» Uniform, incompressible fluids, with degenerate ground states on a
torus, and chiral edge states on a disk geometry

» Hydrodynamic Picture: Chern-Simons gauge theory

» Laughlin States: 2DEG in a large magnetic field with filling factor
v =1/m for N electrons in N, = mN flux quanta are

NERFT :
Y(zg..... Zn) = H(Z’; — Zj)m e Lilul /4 Z; = X; + 1y;

i<j
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-ractional Quantum Hall states

» Uniform, incompressible fluids, with degenerate ground states on a
torus, and ‘chiral edge states on a disk geometry

» Hydrodynamic Picture: Chern-Simons gauge theory

» Laughlin States: 2DEG in a large magnetic field with filling factor
v = 1/m for N electrons in N; = mN flux quanta are

l'i"(--"-"l ---- Zy) = H(zi = zj)m e 2 |z,{2442 Z; = X; + fy}

i<j

The excitations are vortices with fractional charge g = e/m and
fractional (braid) statistics 8§ = 7/ m.
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~dge States of FQH fluids

» Laughlin states at filling fraction » = 1/ m: the fluctuations of the

edge of the incompressible droplet are described in terms of a chiral
boson o(x, t) (if there is no edge reconstruction)
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» Laughlin states at filling fraction ¥ = 1/ m: the fluctuations of the

edge of the incompressible droplet are described in terms of a chiral
boson o(x, t) (if there is no edge reconstruction)

1 _ :
L: = _dxa(dto — V@xo)
4
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~dge States of FQH fluids

» Laughlin states at filling fraction ¥ = 1/ m: the fluctuations of the

edge of the incompressible droplet are described in terms of a chiral
boson o(x, t) (if there is no edge reconstruction)

1 ,
V= —F@x@ (@t@ - VC)I(D)

Fi !

» Edge state current:

Pirsa: 11040071 Pager =
E I:



~dge States of FQH fluids

» Laughlin states at filling fraction ¥ = 1/ m: the fluctuations of the

edge of the incompressible droplet are described in terms of a chiral
boson ¢(x, t) (if there is no edge reconstruction)

1 :
L = —0x0(0:¢ — vO9)

Fi !

» Edge state current:
Op O

j(x.t) = QI\/E
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~dge States of FQH fluids

» Laughlin states at filling fraction v = 1/ m: the fluctuations of the

edge of the incompressible droplet are described in terms of a chiral
boson o(x, t) (if there is no edge reconstruction)

1 _
e — EC)XO (df@ — v@xo)

» Edge state current:
1

j(X.r) = 2:1—\/5(})1-{}

» Electron Operator:

= g— ) = m
Vo ~e'vV™®, dimension : —
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~dge States of FQH fluids

» Laughlin states at filling fraction » = 1/ m: the fluctuations of the

edge of the incompressible droplet are described in terms of a chiral
boson ¢(x, t) (if there is no edge reconstruction)

1

C=4ﬂ'

» Edge state current:

e B =

Electron Operator:
V. ~ el vVme
» Quasiparticle Operator

Vap ~ ev="
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» FQH bulk physics can be gleaned from the behavior of its edges

» At a constriction (created by a gate): tunneling
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_onstrictions and Tunneling

» FQH bulk physics can be gleaned from the behavior of its edges

» At a constriction (created by a gate): tunneling

L
2DEG A 2DEG
F = — V= —

B

» Two fixed points:
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» FQH bulk physics can be gleaned from the behavior of its edges

» At a constriction (created by a gate): tunneling

L
2DEG A 2DEG
y =~ v ==

» Two fixed points:
» Weak tunneling, A — 0: point contact is open « reflecting BC

Pirsa: 11040071



_onstrictions and Tunneling

» FQH bulk physics can be gleaned from the behavior of its edges

» At a constriction (created by a gate): tunneling

L
2DEG A 2DEG
Iy — L JF = l

» Two fixed points:
» Weak tunneling, A — 0: point contact is open < reflecting BC

» Strong tunneling A — oo: point contact is closed < transmitting
BC
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» FQH bulk physics can be gleaned from the behavior of its edges

» At a constriction (created by a gate): tunneling

I
2DEG A 2DEG
F = l = l

m m

s, - —co
» Two fixed points:

» Weak tunneling, A — 0: point contact is open < reflecting BC

» Strong tunneling A — oc: point contact is closed < transmitting
BC

» The point contact splits the 2DEG
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» FQH bulk physics can be gleaned from the behavior of its edges

» At a constriction (created by a gate): tunneling

» Two fixed points:
» Weak tunneling, A — 0: point contact is open < reflecting BC

» Strong tunneling A — oo: point contact is closed < transmitting
BC

» The point contact splits the 2DEG

» Change in the bulk entanglement entropy: S;p0 = In/m
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_onstrictions and Tunneling

» FQH bulk physics can be gleaned from the behavior of its edges

» At a constriction (created by a gate): tunneling

L
2DEG A 2DEG
e L = l

» Two fixed points:
» Weak tunneling, A — 0: point contact is open < reflecting BC

» Strong tunneling A — oco: point contact is closed < transmitting
BC

» The point contact splits the 2DEG
» Change in the bulk entanglement entropy: S, = In/m

» This equals the change in the (Affleck-Ludwig) ground state entropy
e 10000 O the point contact (Fendley, Fisher and Nayak) 8 =
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_onstrictions and Tunneling

» FQH bulk physics can be gleaned from the behavior of its edges

» At a constriction (created by a gate): tunneling

L
2DEG A 2DEG
sy l = l

» Two fixed points:
» Weak tunneling, A — 0: point contact is open & reflecting BC

» Strong tunneling A — oc: point contact is closed & transmitting
BC

» The point contact splits the 2DEG
» Change in the bulk entanglement entropy: S50 = In/m

» This equals the change in the (Affleck-Ludwig) ground state entropy
e 10000 O the point contact (Fendley, Fisher and Nayak) ool —
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-ntanglement and Noise

» Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench
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-ntanglement and Noise

» Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench

» Two free-fermion reservoirs suddenly connected by opening a QPC
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-ntanglement and Noise

» Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench

» Two free-fermion reservoirs suddenly connected by opening a QPC

» P(q.t), probability that a charge g is transmitted through the QPC
in At.
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-ntanglement and Noise

» Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench

» Two free-fermion reservoirs suddenly connected by opening a QPC

» P(q.t), probability that a charge g is transmitted through the QPC
in At.

x(A) = Z P(g, At)e'?* = <{ef%qmﬂ_e—f«kq{m}}>

where we use a Schwinger-Keldysh operator ordering
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-ntanglement and Noise

» Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench

» Two free-fermion reservoirs suddenly connected by opening a QPC

» P(q.t), probability that a charge g is transmitted through the QPC
in At.

X(A) = Z P(q.At)e'® = <{e”~«ﬁn_e—mq(m}}>

where we use a Schwinger-Keldysh operator ordering

» The only non vanishing moment is the noise, grows in time

G==nZt (At> 1)
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Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench

» Two free-fermion reservoirs suddenly connected by opening a QPC
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P(q. t), probability that a charge g is transmitted through the QPC
in At.

x(A) = Z P(q.At)el™ = <{euq{at)_e—mq{m;}>

where we use a Schwinger-Keldysh operator ordering

The only non vanishing moment is the noise, grows in time
— S &
In general, the entanglement entropy of two re:servcirs described by a

CFT with central charge ¢ grows in time S = £ !n £ (Calabrese
and Cardy)



-ntanglement and Noise

» Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench

» Two free-fermion reservoirs suddenly connected by opening a QPC

» P(q.t), probability that a charge g is transmitted through the QPC
in At.

x(A) = Z P(q.At)e? = <{Euq{m)_e—;xq{m)}>

where we use a Schwinger-Keldysh operator ordering

» The only non vanishing moment is the noise, grows in time
G=Zh2 (At>T)
» |n general, the entanglement entropy of two resemoirs described by a

CFT with central charge ¢ grows in time S = £ In £ (Calabrese
and Cardy)

» |s there an inherent relation between entanglement and noise?
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» Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench

» Two free-fermion reservoirs suddenly connected by opening a QPC

» P(gq.t), probability that a charge g is transmitted through the QPC
in At.

x(A) = Z P(q.At)el™ = ({Eikq{ﬁt)_e—ikq{&t}}>

where we use a Schwinger-Keldysh operator ordering
» The only non vanishing moment is the noise, grows in time
— B A
» |n general, the entanglement entropy of two resemoirﬁ described by a

CFT with central charge ¢ grows in time S = £ In £ (Calabrese
and Cardy)

» |s there an inherent relation between entanglement and noise?

s 10, INtEracting systems? (see also Le Hur et al (2010)) Sa
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Klich and Levitov: measure entanglement entropy by monitoring
current noise after a quantum quench

Two free-fermion reservoirs suddenly connected by opening a QPC

P(q, t), probability that a charge g is transmitted through the QPC
in At.

x(A) = i P(q, At)e' = < {ef*'-'r(ﬁtl_ e—fkq(m}} >
P

where we use a Schwinger-Keldysh operator ordering

The only non vanishing moment is the noise, grows in time
G=%Xh2 (At>T)

In general, the entanglement entropy of two reservoirs described by a

CFT with central charge ¢ grows in time S = £ In 2 (Calabrese
and Cardy)

Is there an inherent relation between entanglement and noise?
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'heory of the Quantum Point Contact
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'heory of the Quantum Point Contact
» QPC generated by a constriction in a FQH fluid
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l'heory of the Quantum Point Contact

» QPC generated by a constriction in a FQH fluid
» We have two edges, top (L) and bottom (R), —f < x < {
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['heory of the Quantum Point Contact

» QPC generated by a constriction in a FQH fluid
» We have two edges, top (L) and bottom (R), —f < x < {

I _ X : : _
= Faxr;-’-(err — 8. )" — -Faxfgﬁ(at + 8. )o"

i il
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