
IV. Spreading of correlations: “Light-cone” effects
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Light-cone effects in connected correlators are general!

• If correlation length in initial state is finite the effect is 
very pronounced (as in our example).


• If correlation length in initial state is infinite the effect 
is (much) weaker.


• For long-range interactions the light-cone effect is 
different:
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FIG. 2: Correlation spreading after global quenches in
long-range spin and fermionic models, respectively. (a-c)
log10 |C̃d(t)| for the LRTI model after the global quench
B/J = 1 ! 1 is applied. These results are obtained us-
ing TDVP approach with MPOs for chains of M = 100
spins (converged with MPS bond dimension D = 256). (d-
f) log10 |Cd(t)| for the LRFH model after the global quench
�/J = 10 ! 1 is applied. These results are obtained us-
ing exact numerical computations for M = 104 sites. (a,d)
↵ = 3, short-range interactions with a strongly suppressed
leakage of correlations outside of the light cone d/t > vmax

gr

are observed for both models. Markers indicate contour
lines at levels log10 |C̃d(t)| = [�4,�3 1

2 ,�3] for the LRTI
model and log10 |Cd(t)| = [�6,�5,�4,�3] for the LRFH
model. (b,e) ↵ = 3/2, intermediate-range interactions, the
light cone is not sharply defined, but a light-cone e↵ect is
observed. Markers indicate averaged contour lines at lev-
els log10 |C̃d(t)| = [�3 1

4 ,�3,�2 3
4 ] for the LRTI model and

log10 |Cd(t)| = [�6,�5,�4,�3] for LRFH. (c,f) ↵ = 1/2, no
light cone, instant spread of correlations through the entire
system. The suppression of correlations at large distances in
(f) is discussed in Sec. III C.

and a regime of long-range interactions when ↵ < 1
(Figs. 2(c,f)).

In the case where ↵ > 2, we see a clear linear light cone
in the dynamics. Because the light cone is sharp, defining
this with threshold values for the correlations leads to
a light cone that does not change substantially as the
threshold values are changed, as shown in Figs. 2(a,d).
One can see a strongly defined edge with algebraically
suppressed correlations outside.

In an intermediate regime 1 < ↵ < 2, the edge of
the light cone broadens significantly, and in the case of

the LRTI model, the edge is no longer completely linear
on the timescales of our calculations. The definition of
the edge changes significantly with the chosen threshold
value, as can be seen in Figs. 2(b,e). In the case of the
LRFH model we find that the maximum group velocity
diverges when ↵ < 2, which will be discussed in Sec. III C
below.
In the regime of long-range interactions (↵ < 1),

the spread of correlations becomes even more extreme
and light cone e↵ects disappear. Immediately after the
quench, correlations start growing over the whole sys-
tem, and no light cone can be properly defined (note the
di↵erent scales on the time axis in Fig. 2(c,f)). Simi-
lar behaviour at short to moderate distances is observed
for both models. However, for the LRFH model in this
regime (Fig. 2(f)), where we can perform calculations
at much longer distances than for the LRTI model, we
notice that also in this case the correlations at longer
distances are suppressed at short times, despite the long-
range interactions. We will discuss this suppression in
more detail in Sec. III C below.
For the LRTI model, qualitatively similar behaviour

can be observed also in terms of the mutual information
between distant points [15], and has also been seen for
local quenches in this model, where an equilibrium state
is perturbed by flipping a single spin, as was discussed in
Ref. [16]. Although we see quite abrupt changes in the
behaviour of the LRTI model at ↵ = 1 and ↵ = 2 for
system sizes of the order of M ⇠ 100 spins, it is di�-
cult to carry out these calculations for longer times and
larger systems, and to better delineate these boundaries.
In order to obtain exact results for a global parameter
quench, we turn to the LRFH model, for which we will
discuss the behaviour for ↵ > 1 and ↵ < 1 respectively
in the next two sections.
In Fig. 3, we plot the correlation function log

10
|Cd(t)|

as a function of separation distance for several fixed times
tJ . In the case of short-range interactions, ↵ > 2, one
can clearly see that the connection region between the
fast decaying correlation wave and slowly decaying tail
occurs over very short distances, as opposed to the case
of the intermediate-range correlations 1 < ↵ < 2. This
leads to a very clearly defined light cone. We also note
that for both these regimes (↵ > 1) the correlations de-
cay algebraically outside the light cone, as opposed to
the exponential decay that would be expected for ini-
tially uncorrelated states in models with finite-range or
exponentially decaying interactions [19].

B. Dynamics with short-range interactions ↵ > 2

As we already noted above, when ↵ > 2, the boundary
of the light cone is defined clearly (Fig. 3). We will see
below that this result is explained from the behaviour of
the density of states in velocity near the maximum group
velocity. In this case, we can define a light cone by iden-
tifying the position of rapid change in the correlations,
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of spins A, B ⊂ V . We would like to know how opera-
tions in region A affect observables in region B at some
later moment of time. The Lieb-Robinson bound makes
a statement about the operator norm of the commutator
of any operators OA and OB in regions A, B taken at
different times; it states that

∥ [OA(t), OB(0)] ∥ ≤ cNmin∥OA∥ ∥OB∥ exp

!

−
L − v|t|

ξ

"

,

where L is the distance between A and B (the num-
ber of edges in the shortest path connecting A and B),
Nmin = min{|A|, |B|} is the number of vertices in the
smallest of A and B, while c, v, ξ > 0 are constants [11]
depending only upon g = max(i,j)∈E maxt ∥hij(t)∥ and
maximum vertex degree of the graph (which we assume
to be constant) [12].

Let us first check that this indeed bounds the amount
of information that can be send from A to B through
the spin network. Let C = V \ (A ∪ B) be the part
of the network on which neither A and B have access
to. Without loss of generality, we can assume that A
encodes her message by applying some unitary transfor-
mation Uk

A on her subsystem where k is varied depending
on the information she wants to send, i.e. a different uni-
tary operation is applied if she wants to send a different
message (the most general operation she can implement
is a completely positive map which can indeed be imple-
mented by unitary evolution with an extra ancilla which
can be included in region A). Waiting for time t, the
whole system evolves according to the unitary operation
UABC(t). If the global initial state of the system is given
by ρ0, then we can interpret this procedure as a quantum
channel where the input is

ρk
ABC = Uk

A ρ0 Uk†
A

and the output

σk
B(t) = TrAC

#

UABC(t) ρk
ABC U †

ABC(t)
$

.

Let us show that σk
B(t) has a very weak dependence on

k. Indeed, denote σ0
B(t) the state that B would obtain if

Alice would not have done anything (i.e. UA = 11). Then
for any observable OB acting on the subsystem B and
associated OB(t) = U †

ABC(t)OBUABC(t), we have

Tr
%

OB (σ0
B(t) − σk

B(t))
&

= Tr
#

ρ0 Uk†
A [Uk

A, OB(t)]
$

≤ ∥ [Uk
A, OB(t)] ∥ ≤ ϵ ∥OB∥,

where ϵ is given by the Lieb-Robinson bound:

ϵ = c Nmin exp

!

−
L − v|t|

ξ

"

.

Therefore σk
B(t) and σ0

B(t) are ϵ-close in the trace norm:

∀k : ∥σk
B(t) − σ0

B(t)∥1 ≤ ϵ. (1)

If the probabilities to implement the unitaries Uk
A are

specified by {pk}, then the amount of information that
is send through this quantum channel is given by the
Holevo capacity:

Cχ(t) = S

'

(

k

pk σ
k
B(t)

)

−
(

k

pk S
%

σk
B(t)

&

where S(.) is the von-Neumann entropy. Let m be the
Hilbert space dimension of individual spins. Combining
equation (1) with the Fannes inequality

|S(ηB)−S(σB)| ≤ δ |B| log m− δ log δ, δ ≡ ∥ηB −σB∥1

valid for any density operators ηB , σB on the subsystem
B, we can bound the capacity as Cχ(t) ≤ 2ϵ(|B| logm −
log ϵ). Fix the time t and increase the distance L,
such that size of B grows at most polynomially with L.
Clearly, the capacity Cχ(t) decreases exponentially fast
with the distance L− v|t| and is hence negligible for dis-
tances L ≫ v|t|. This indeed proves that the amount
of information that can be send outside the lightcone is
exponentially small.

Let us next show that the amount of correlations
that can be created by local Hamiltonian evolution van-
ishes also exponentially outside an effective lightcone.
Assume that we have a state |ψ⟩ with finite correla-
tion length χ, i.e. one in which all connected cor-
relation functions, ⟨OAOB⟩c ≡ ⟨ψ|OA(t)OB(t)|ψ⟩ −
⟨ψ|OA(t)|ψ⟩⟨ψ|OB(t)|ψ⟩, decay exponentially:

|⟨OA OB⟩c| ≤ c̃ exp

!

−
L

χ

"

,

for any regions A, B with separation L, and any opera-
tors OA, OB normalized such that ∥OA∥, ∥OB∥ ≤ 1. The
question we ask is the following: how long does it take
to create correlations between two regions separated by
a distance L when the evolution is generated by a local
Hamiltonian? For this purpose, we need the following in-
gredient. Consider an operator OA over region A and the
corresponding time-evolved operator OA(t). We would
like to prove that OA(t) can be well approximated by an
operator acting on spins only in the effective lightcone of
A. Choose an integer l and let S denote the set of spins
having distance at least l from A. Denote

Ol
A(t) =

1

TrS(11S)
TrS(OA(t)) ⊗ 11S

Then the Lieb-Robinson bound allows us to prove that

∥OA(t) − Ol
A(t)∥ ≤ c|A| exp

!

−
l − v|t|

ξ

"

, (2)

Indeed, let U be a unitary operator acting on S and µ(U)
be the Haar measure for U . Then we have

Ol
A(t) =

*

dµ(U)U OA(t)U †
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Quantum mechanical systems

● What about quantum mechanical systems?
● Quantum spin systems:

● Lieb-Robinson bounds:

:  local Hamiltonian of bounded strength

● Relevance:
- question of fundamental interest
- propagation speed of perturbations
- facilitates simulation of dynamics
- imaginary time ⇒ exponential decay of correlations

Lieb-Robinson velocity
depends on graph “light cone”

[Lieb & Robinson '72, Hastings '04, Nachtergaele & Sims '06]

• RHS exponentially small until L≈vt ➞ operators ≈ commute

• perturbation in B does not affect region A significantly until 
at least L/v for some v.

there is an exponentially

small effect immediately,

➞“approximate causality”
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FIG. 1. Spreading of correlations in a quenched atomic
Mott insulator. a, A 1d ultracold gas of bosonic atoms
(black balls) in an optical lattice is initially prepared deep
in the Mott-insulating phase with unity filling. The lattice
depth is then abruptly lowered, bringing the system out of
equilibrium. b, Following the quench, entangled quasiparticle
pairs emerge at all sites. Each of these pairs consists of a
doublon (red ball) and a holon (blue ball) on top of the unity-
filling background, which propagate ballistically in opposite
directions. It follows that a correlation in the parity of the
site occupancy builds up at time t between any pair of sites
separated by a distance d = vt, where v is the relative velocity
of the doublons and holons.

creation operators for a doublon and a holon with mo-
mentum k, respectively, and k belongs to the first Bril-
louin zone. Quasiparticles thus emerge at any site in the
form of entangled pairs, consisting of a doublon and a
holon with opposite momenta. Some of these pairs are
bound on nearest-neighbour sites while the others form
wave packets, due to their peaked momentum distribu-
tion. The wave packets propagate in opposite directions
with a relative group velocity v determined by the dis-
persion relation ✏d(k) + ✏h(�k) of doublons and holons
(Fig. 1b). The propagation of quasiparticle pairs is re-
flected in the two-point parity correlation functions [23]:

Cd(t) = hŝj(t)ŝj+d(t)i � hŝj(t)ihŝj+d(t)i , (2)

where j labels the lattice sites. The operator ŝj(t) =
e
i⇡[n̂j(t)�n̄] measures the parity of the occupation number
n̂j(t). It yields +1 in the absence of quasiparticles (odd
occupancy) and -1 if a quasiparticle is present (even occu-
pancy). Because the initial state is close to a Fock state
with one atom per lattice site, we expect Cd(t = 0) ' 0.
After the quench, the propagation of quasiparticle pairs
with the relative velocity v results in a positive correla-
tion between any pair of sites separated by a distance
d = vt.

The experimental sequence started with the prepara-
tion of a two-dimensional (2d) degenerate gas of 87Rb
confined in a single antinode of a vertical optical lattice
[19, 23] (z-axis, alat = 532nm). The system was then

divided into about 10 decoupled 1d chains by adding a
second optical lattice along the y-axis and by setting both
lattice depths to 20.0(5)Er, where Er = (2⇡~)2/(8ma

2
lat)

is the recoil energy of the lattice and m the atomic mass
of 87Rb. The effective interaction strength along the
chains was tuned via a third optical lattice along the
x-axis. The number of atoms per chain ranged between
10 and 18, resulting in a lattice filling n̄ = 1 in the Mott-
insulating domain. The inital state was prepared by adi-
abatically increasing the x-lattice depth until the interac-
tion strength reached a value of (U/J)0 = 40(2). At this
point, we measured the temperature to be T ' 0.1U/kb
(kb is the Boltzmann constant) following the method de-
scribed in Ref. [19]. We then brought the system out of
equilibrium by lowering the lattice depth typically within
100 µs, which is fast compared to the inverse tunnel cou-
pling ~/J , but still adiabatic with respect to transitions
to higher Bloch bands. The final lattice depths were in
the Mott-insulating regime, close to the critical point.
After a variable evolution time, we “froze” the density
distribution of the many-body state by rapidly raising
the lattice depth in all directions to ⇠ 80Er. Finally, the
atoms were detected by fluorescence imaging using a mi-
croscope objective with a resolution on the order of the
lattice spacing and a reconstruction algorithm extracted
the occupation number at each lattice site [19]. Because
inelastic light-assisted collisions during the imaging lead
to a rapid loss of atom pairs, we directly detected the
parity of the occupation number.

Our experimental results for the time evolution of the
two-point parity correlations after a quench to U/J =
9.0(3) show a clear positive signal propagating with in-
creasing time to larger distances d (Fig. 2). In addition,
the propagation velocity of the correlation signal is con-
stant over the range 2  d  6 (inset of Fig. 2). We found
similar dynamics also for quenches to U/J = 5.0(2) and
7.0(3) (Fig. 4). We note that the observed signal can-
not be attributed to a simple density wave because such
an excitation would result in hŝj ŝj+di = hŝjihŝj+di. We
compared the experimental results to numerical simula-
tions of an infinite, homogeneous system at T = 0 using
the adaptive time-dependent density matrix renormal-
ization group [24, 25] (t-DMRG). In the simulation, the
initial and final interaction strengths were fixed at the
experimentally determined values and the quench was
considered instantaneous, at t = 0. We found remark-
able agreement between the experiment and theory over
all explored distances and times, despite the finite tem-
perature and the harmonic confinement with frequency
⌫ = 68(1)Hz that characterise the experimental system.
The observed dynamics is also qualitatively reproduced
by our analytical model for U/J = 9.0. For lower val-
ues of U/J , however, the model breaks down due to the
increasing number of quasiparticles.

We extracted the propagation velocity v from the time
of the correlation peak as a function of the distance
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APPENDIX

Quenches to U/J= 5.0 and 7.0

We also recorded the time evolution of the two-point
parity correlations (2) after quenches to U/J = 5.0(2)
and 7.0(3), and compared the experimental results to
DMRG simulations of an infinite, homogeneous system
at zero temperature (Fig. 4). The experimental se-
quence was identical to the one we used for the quench
to U/J = 9.0(3), apart from the different end point of
the quench. The data presented here are those used in
Fig. 3.

Quasiparticle model

In the Bose–Hubbard model, bosonic atoms in an op-
tical lattice are confined to a single Bloch band and obey
the Hamiltonian

Ĥ =
X

j

n
� J

�
â
†
j
âj+1 + h. c.

�
+

U

2
n̂j(n̂j � 1)

o
, (3)

where âj and â
†
j

represent the annihilation and creation
operator of an atom at site j and n̂j = â

†
j
âj counts the

U/J = 5.0 U/J = 7.0

FIG. 4. Time evolution of the two-point parity corre-
lations. Left panel: quench to U/J = 5.0(2). Right panel:
quench to U/J = 7.0(3). The circles indicate the correlations
measured experimentally and the line is derived from the nu-
merical simulations for an infinite, homogeneous system at
zero temperature. The experimental and numerical values
were obtained in the same way as described in the legend of
Fig. 2 and in the Methods Summary section.

number of atoms at that site. The model is entirely
parametrised by the effective interaction strength U/J .

In order to analytically treat the time evolution of cor-
relations after a sudden decrease of U/J , we developed
a novel approach based on fermionized quasiparticles.
The initial state being close to a Fock state with one
atom per lattice site, an effective description of the evo-
lution at sufficiently large final interaction strengths can
be obtained within a local basis formed by empty states,
| �� ij , singly occupied states, | �• ij , and doubly occupied
states, | •• ij . Using generalised Jordan–Wigner transfor-
mations [29], we then introduced fermionic creation op-
erators for the excess particles, d̂

†
j
| �• ij ! | •• ij , and the

holes, ĥ†
j
| �• ij ! | �� ij , as well as the corresponding anni-

hilation operators. Within the truncated Hilbert space,
the original Hamiltonian (3) can be exactly written in
terms of these operators:

Ĥ =
X

j

P̂
n
� 2J d̂

†
j
d̂j+1 � J ĥ

†
j+1 ĥj

� J

p
2
�
d̂
†
j
ĥ
†
j+1 � ĥj d̂j+1

�
+ h. c

+
U

2

�
n̂d,j + n̂h,j

�o
P̂ , (4)

with n̂d,j = d̂
†
j
d̂j and n̂h,j = ĥ

†
j
ĥj . The complexity of the

model is hidden in the projector P̂ =
Q

j
(Î � n̂d,j n̂h,j)

that eliminates the unphysical situation of having an ex-
cess particle and a hole at the same site (Î is the identity
operator). As multiple occupancies of equal species are
naturally avoided due to their statistics, one still obtains
a good description of the system when setting P̂ ! Î,
provided the density of excitations hn̂d,j(t) + n̂h,j(t)i re-
mains low. This is in contrast to the usual bosonic rep-
resentations [30, 31].

The Hamiltonian (4) with P̂ ! Î is quadratic and can
be diagonalised by a Bogolyubov transformation. The
eigenmodes are doublons and holons with well defined
momentum k:

�̂
†
d,k = u(k) d̂†

k
+ v(k) ĥ�k , (5)

�̂
†
h,�k

= u(k) ĥ†
�k

� v(k) d̂k , (6)

with

u(k) = cos[✓(k)/2] , v(k) = i sin[✓(k)/2]

and ✓(k) = atan

" p
32J sin(kalat)

U � 6J cos(kalat)

#
. (7)

Their respective eigenenergies are given by

✏d(k) = �J cos(kalat)

+
1

2

q
[U � 6J cos(kalat)]2 + 32J2 sin2(kalat) , (8)

✏h(k) = J cos(kalat)

+
1

2

q
[U � 6J cos(kalat)]2 + 32J2 sin2(kalat) . (9)
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FIG. 1. Spreading of correlations in a quenched atomic
Mott insulator. a, A 1d ultracold gas of bosonic atoms
(black balls) in an optical lattice is initially prepared deep
in the Mott-insulating phase with unity filling. The lattice
depth is then abruptly lowered, bringing the system out of
equilibrium. b, Following the quench, entangled quasiparticle
pairs emerge at all sites. Each of these pairs consists of a
doublon (red ball) and a holon (blue ball) on top of the unity-
filling background, which propagate ballistically in opposite
directions. It follows that a correlation in the parity of the
site occupancy builds up at time t between any pair of sites
separated by a distance d = vt, where v is the relative velocity
of the doublons and holons.

creation operators for a doublon and a holon with mo-
mentum k, respectively, and k belongs to the first Bril-
louin zone. Quasiparticles thus emerge at any site in the
form of entangled pairs, consisting of a doublon and a
holon with opposite momenta. Some of these pairs are
bound on nearest-neighbour sites while the others form
wave packets, due to their peaked momentum distribu-
tion. The wave packets propagate in opposite directions
with a relative group velocity v determined by the dis-
persion relation ✏d(k) + ✏h(�k) of doublons and holons
(Fig. 1b). The propagation of quasiparticle pairs is re-
flected in the two-point parity correlation functions [23]:

Cd(t) = hŝj(t)ŝj+d(t)i � hŝj(t)ihŝj+d(t)i , (2)

where j labels the lattice sites. The operator ŝj(t) =
e
i⇡[n̂j(t)�n̄] measures the parity of the occupation number
n̂j(t). It yields +1 in the absence of quasiparticles (odd
occupancy) and -1 if a quasiparticle is present (even occu-
pancy). Because the initial state is close to a Fock state
with one atom per lattice site, we expect Cd(t = 0) ' 0.
After the quench, the propagation of quasiparticle pairs
with the relative velocity v results in a positive correla-
tion between any pair of sites separated by a distance
d = vt.

The experimental sequence started with the prepara-
tion of a two-dimensional (2d) degenerate gas of 87Rb
confined in a single antinode of a vertical optical lattice
[19, 23] (z-axis, alat = 532nm). The system was then

divided into about 10 decoupled 1d chains by adding a
second optical lattice along the y-axis and by setting both
lattice depths to 20.0(5)Er, where Er = (2⇡~)2/(8ma

2
lat)

is the recoil energy of the lattice and m the atomic mass
of 87Rb. The effective interaction strength along the
chains was tuned via a third optical lattice along the
x-axis. The number of atoms per chain ranged between
10 and 18, resulting in a lattice filling n̄ = 1 in the Mott-
insulating domain. The inital state was prepared by adi-
abatically increasing the x-lattice depth until the interac-
tion strength reached a value of (U/J)0 = 40(2). At this
point, we measured the temperature to be T ' 0.1U/kb
(kb is the Boltzmann constant) following the method de-
scribed in Ref. [19]. We then brought the system out of
equilibrium by lowering the lattice depth typically within
100 µs, which is fast compared to the inverse tunnel cou-
pling ~/J , but still adiabatic with respect to transitions
to higher Bloch bands. The final lattice depths were in
the Mott-insulating regime, close to the critical point.
After a variable evolution time, we “froze” the density
distribution of the many-body state by rapidly raising
the lattice depth in all directions to ⇠ 80Er. Finally, the
atoms were detected by fluorescence imaging using a mi-
croscope objective with a resolution on the order of the
lattice spacing and a reconstruction algorithm extracted
the occupation number at each lattice site [19]. Because
inelastic light-assisted collisions during the imaging lead
to a rapid loss of atom pairs, we directly detected the
parity of the occupation number.

Our experimental results for the time evolution of the
two-point parity correlations after a quench to U/J =
9.0(3) show a clear positive signal propagating with in-
creasing time to larger distances d (Fig. 2). In addition,
the propagation velocity of the correlation signal is con-
stant over the range 2  d  6 (inset of Fig. 2). We found
similar dynamics also for quenches to U/J = 5.0(2) and
7.0(3) (Fig. 4). We note that the observed signal can-
not be attributed to a simple density wave because such
an excitation would result in hŝj ŝj+di = hŝjihŝj+di. We
compared the experimental results to numerical simula-
tions of an infinite, homogeneous system at T = 0 using
the adaptive time-dependent density matrix renormal-
ization group [24, 25] (t-DMRG). In the simulation, the
initial and final interaction strengths were fixed at the
experimentally determined values and the quench was
considered instantaneous, at t = 0. We found remark-
able agreement between the experiment and theory over
all explored distances and times, despite the finite tem-
perature and the harmonic confinement with frequency
⌫ = 68(1)Hz that characterise the experimental system.
The observed dynamics is also qualitatively reproduced
by our analytical model for U/J = 9.0. For lower val-
ues of U/J , however, the model breaks down due to the
increasing number of quasiparticles.

We extracted the propagation velocity v from the time
of the correlation peak as a function of the distance

occupation parity 2-point function
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FIG. 2. Time evolution of the two-point parity cor-
relations. After the quench, a positive correlation signal
propagates with increasing time to larger distances. The ex-
perimental values for a quench from U/J = 40 to U/J = 9.0
(circles) are in good agreement with the corresponding numer-
ical simulation for an infinite, homogeneous system at zero
temperature (continuous line). Our analytical model (dashed
line) also qualitatively reproduces the observed dynamics. In-
set: Experimental data displayed as a colormap, revealing the
propagation of the correlation signal with a well defined ve-
locity. The experimental values result from the average over
the central N sites of more than 1000 chains, where N equals
80% of the length of each chain. Error bars represent the
standard deviation.

d (Fig. 3a). A linear fit restricted to 2  d  6
yields v ⇥ ~/(Jalat) = 5.0(2), 5.6(5) and 5.0(2) for U/J =
5.0(2), 7.0(3) and 9.0(3), respectively. The points for
d = 1 were excluded from the fit, as they result from
the interference between propagating and bound quasi-
particle pairs (see Eq. 1). A comparison of the exper-
imental velocities with the ones obtained from numer-
ical simulations (Fig. 3b) shows agreement within the
error bars. The measured velocities can also be com-
pared with two limiting cases: On the one hand, they
are significantly larger than the spreading velocity of
non-interacting particles, v = 4 Jalat/~, and twice the

FIG. 3. Propagation velocity. a, Determination of the
propagation velocity for the quenches to U/J = 5.0 (trian-
gles), 7.0 (squares) and 9.0 (circles). The time of the max-
imum of the correlation signal is obtained from fits to the
traces Cd(t). Error bars represent the 68 % confidence inter-
val of these fits. We then extract the propagation velocities
from weigthed linear fits restricted to 2  d  6 (lines). The
data for U/J = 5.0 and 7.0 have been offset horizontally for
clarity. b, Comparison of the experimental velocities (circles)
to the ones obtained from numerical simulations for an infi-
nite, homogeneous system at zero temperature (shaded area).
The shaded area and the vertical error bars denote the 68 %
confidence interval of the fit. The horizontal error bars rep-
resent the uncertainty due to the calibration of the lattice
depth. The black line corresponds to the bound vmax pre-
dicted by our effective model (the fading indicates the break
down of this model). The arrows mark the maximum velocity
expected in the non-interacting case (left) and the asymptotic
value derived from our model when U/J ! 1 (right).

velocity of sound in the superfluid phase [26]; on the
other hand, they remain below the maximum velocity
vmax ⇡ (6Jalat/~)

⇥
1� 16J2

/(9U2)
⇤

predicted by our
analytical model, that can be interpreted as a Lieb–
Robinson bound (Fig. 3b). In the limit U/J ! 1, this
bound corresponds to doublons and holons propagat-
ing with the respective group velocities 4 Jalat/~ and
2 Jalat/~. The higher velocity of doublons simply reflects
their Bose-enhanced tunnel coupling.

In conclusion, we have presented the first experimen-
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Entanglement entropy = measure of the number of correlated 
quasi-particle pairs, so that at time t one QP is inside B, and the 
other outside

SB(t) ≃ ∫
dk
2π

f(k) min(ℓB,2 |v(k) | t)
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f(k) quantifies entanglement

carried by each pair



Free theories:

n(k) = ⟨Ψ(0) | ̂n(k) |Ψ(0)⟩

f(k) = − n(k)ln[n(k)] − [1 − n(k)]ln[1 − n(k)]

Thermodynamic entropy density s = ∫
dk
2π

f(k)

lim
t→∞

SB(t) = s |B |
EE reduces to thermodynamic entropy

in the steady state


