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Quantum Mcmy-ﬂ%oofy Systems
in Nature and in the Lab

Schrédinger equation:  time dependent time independent
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Quantum Magnetism of natural Minerals Synthetisized Materials:
(Herbertsmithite, Azurite,...): “Spin-liquids™? High-Temperature Superconductors
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Low-dimensional systems Ultracold Gases (Optical Lattices):
(e.g. TTF-TCNQ & further charge-transfer salts) Bose-Einstein condensates & Mott-Insulators




Many-ﬂ%oc[y Sysrems Out-Of-foluifiﬁrium:
1) Linear Response-

angle-resolved photoemission scanning-tunneling
(ARPES) spectroscopy
hoton A T
P energy a) macroscopic scalg b) atomic scale:
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(from Wikipedia) bartgroup/)

% electronic density of states A(k,w) % ]ocal density of states A(w)
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?vlany-iBoc[ Sysrems Out-Of-foluifiﬁrium:
3 ’J—[igﬁfy FExcited Materials

Photon or electron
Pump pulse energy or momentum

Sample distribution
 Detector
Probe pulse G

Photons, electrons,

‘\‘\ | or ions

21212

I

F.'RKratsz & M. lvanov, RMP (2009)
Photo-excitation of “Light-induced
Mott insulators superconductivity”
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Photovoltaic effects
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S. Wall et al., Nature Physics (2010 D. Fausti et al., Science (2011) E. Manousakis PRB (2010)




f?vlcmy-CBoc{ Systems Out-Of-fclui[iﬁrium:
3) Ultracold Gases & O]a’a’ca[ Lattices

Out-of-Equilibrium

“Quantum Quenches”
w Sudden change of

parameters |
Uo = U

R

Prepared states,
Expansions

m “Release” atoms, remove a /
trapping potential

metastable

Collapse and Revival

states? §

f w Relaxation behavior ,J
= Time scales
{» Novel




Qcamjo[é Quantum Simulators:
Polar Molecules

[A.V. Gorshkov, S.R. Manmana et al., PRL & PRA (2011)]

—

?.&g “ polar Molecules (e.g. KRb) in optical lattices:
=% ‘Y 2 Rotational states & two Spinstates
=

—— . * 1 ,;‘__V
w . dipolar
—— £ Fritlad et
Interaction
1

i _tz H.,acjﬂﬂ 7 h.c.] +Z o [J; (S;FS; + 87 8F)+J.878:+Vnn;+W (n; S + Sin; )]
3,0 )

Effective Model:

e

-W/8 W - | t:hearest-neighbor hopping -

J

‘7\\/\/\AA7—\\Aﬁ Jﬁ V: Coulomb-repulsion (long-range) |

\4 s ! ' ? WV: density-spin-interaction (long-ranged) |
VT v

J: Heisenberg coupling (anisotropic, long-ranged) |

S—

w ocneralized t-J model with dipolar long-range interactions



Qcamjo[é Ojatica[ Lattices:
Polar Molecules

[A.V. Gorshkov, S.R. Manmana et al.,
PRL & PRA (2011)]

2 basic observations:
@ polar molecules are rigid rotors, e.g., in electric field: Hy = B N2 — do

¢ dipolar, long-ranged interactions: Haa = 5 Y, R,—R,;|?[dydy +1(dVdY +dd?)]
2 ray n
L2 2)2)

level scheme for N _ ‘¢2,0>
a rigid rotor in a field: |¢2’_2> ’¢2’ 1> |¢2’1> |¢2,2>

Idea: project dipolar operator onto two states ™ effective S=1/2 system



QSO[OLT ?’YLO[QCU[QS orn o UCOL[ [aﬁ'lCQS
eﬁzcme models

PRL & PRA (2011)]

level scheme for energies in microwaves
a rigid rotor in a field: electric field: mdressed states:
22 5 WY (]
G22) |62,-1) 1920) Tg.1) EH s s E(C) 0

More general: project dipolar operator onto two dressed states ™ tunable parameters

( JZ _ d . d 2 7a P 77 \

useful choice of coefficients: (mold|m] ) )] Ismg ,

. Ji = 2(ma|dlmo) “spin flip”
' (depend on details 1 ,
of dressed states V.= 7 [imoldlmo) + (mi|d|mi)] “density interaction”
1

{ | mo>, |m1>} ) W = 5 [(moldimo)® — (maldlm1)°] ~ “anisotropic interaction”

(1): Slmplest case, leadsto ], =V =W =0 (II): Arbitrary ratio between all coefficients

wr This talk m Future research

(IIT): Beyond S=1/2, spatial anisotropies,topological order:
S.R.M. et al., PRB (rapid comm.) 87, 081106(R) (2013); A.V. Gorshkov, K. Hazzard & A.M. Rey, arXiv:1301.5636 (2013)



@camy[e Ultracold Gases:
Jons in a T rap.

9Be* ions in a Penning trap (NIST Boulder) 1717Yb* ions (JQI/NIST Maryland)
[J.W. Britton et al., Nature 484, 489 (2012)] [K. Kim et al., Nature 465, 590 (2010);
R. Islam et al., Nature Comm. 2,377 (2011);
NJP and more...]

(a) Spectral components for 5x5 square lattice (b)
1 MHz total power, J = 27.5905 Hz

Required Rabi powers (kHz)

lon Index Beatnote Index
(c)

OOOGOEEOEOOOOGEBHBOBOIDRBEBE

(d) Spectral components for 36 element kagome lattice
1 MHz total power, J = 93.4345 Hz

rs (kHz)

Required Rabi powe

Realization of Ising models with transverse field on variety of lattices:
Interactions ~ 1/r®



Numerical Methods for Q\/lany-il%ocfy Sysremsr
L ﬁaﬂénges

[) Dynamical spectral functions:
resolution, finite temperatures

ssssss

V400 AR , 1I) 'Highly excited systems”:
TRy long times, time evolution at finite temperatures
'm- - ?. ..sﬁ <
R Oi'f;?“? [IT) Recent development quantum simulators:
& .#'3.:”‘3' He long-range interactions
<

Further important challenges: D>1, dissipation, infinite system size, ...



Wumerica[fy ‘Exact @ynamias”:
Fxact @iagona[izau’om

Direct approach:

RS (1) = HRe() = [0(1)) = 3 (nlvohe /" n)

n

No limitations:

® arbitrary long times

® accuracy (machine precision)

® arbitrary geometry

¢ independent on details of system or initial state
Bad:

w Need the full spectrum...difficult ®



Wumem’ca[l? ‘Exact @ynamias”:
terative @mgonaﬁ’zau’om

Lanczos procedure: o
(Krylov space method) n+1
K. Lanczos (1950)

= Hlvg) —ap|vp) — br,% [Un—1)

(U | H V) 2 (Un+1|Unt1)
= b = bo = 0
5 (vn|vn> : S <Un|vn> |
aop bl
( bl aq b2 0 \
Tridiagonalization of T, — e

Hamiltonian matrix:

Projection of time evolution operator: —iAT/hH N ,—iAT /ATy (T) 7+ ,
T.J. Lark and J.C. Light, J. Chem. Phys (1986) ¢ W}(T» ~ V’”’(T) € Vo (T) W)(T»

Error estimate: e, = HU|?/J> _ Uappmx‘/(/)>|’
M. Hochbruck and C. Lubich, SIAM (1997) (w AT)>? A"
< 12 exp{— var }(ew ! ,n > 2wAT
T n

Larger systems possible Usually n<20 is sufficient
Pro’s/Con’s similar to ‘full diagonalization’

m Need to store n vectors with dimension of H ®



Wumerzcaffy FExact QD namics”:
MRG

S.R. White, PRL (1992); U. Schollwdck, RMP (2005)/Ann. Phys. (2011); R.M. Noack & S.R. Manmana, AIP (2005)

I_o Q0 00 00 O |¥>

*Obtain ground state of finite, small lattice (e.g., using Lanczos)

*Reduced density matrix of subsystem (“system block”)
w Schmidt decomposition (1907)

dimH

Z L ‘O‘ J |5 Z w; |a - ‘ /3 APPI’O{(imation:

m < dimH

), |8); : Eigenstates of reduced density matrices of A or B
typically (1D) m ~ 1000, error (discarded weight) ~ 10-°

w central quantity: entanglement entropy S = — Z w? log w?
J
The larger the entanglement, the larger m for a desired accuracy.
® Problematic for D > 1 (“area law of entanglement’)
e Entanglement grows with time - inhibits (very) long times



Wumerica[fy ‘Exact Dynamics”:
e 'D'MRG

lterative Procedure:
. . [Webpage E. Jeckelmann]

[Add exact site to old system block}

[Diagonalize H, obtain |‘I’>}
jf
[Obtain P ]

|

{ Diagonalize p }

Cutoff after m states

|

Transform system block
into new basis with only m states




Wumerica[fy ‘Exact ‘Dynamics’:
The ao[ajatwe t-"D'MRG

Basic idea:
— Approximate time evolution operator

* Suzuki-Trotter decomposition [vidal (2003/2004); S.R. White & A. Feiguin (2004); A. Daley e al. (2004)]

e—z‘dtﬁ/h: H e—idtﬁi/h H e—idtﬂi/h_'_o(dtQ) O 000000 O0O0OO0O

7 odd 7 even I |

* Lanczos projection [p. Schmitteckert (2004); S.R. Manmana et al. (2005)] U
e—fiAT/hH ’(/)(7_» ~ Vn(T) e—iAT/th(T) V;i_(T) W)(T»

— Adapt basis of density-matrix eigenvectors at each time step

Trotter approach (n.n. interactions): Lanczos approach (arbitrary geometry)

Apply local U at the bond dividing Add the following states to the density matrix:
the system and the environment block W (0> [y(t+dt/n)> Y (+2dt/n)> - [Y(t+dt)>

| |
[Obtain m density—matrix basis states] {Obtajn m density—matrix basis states}
| |

- {Shlft the "dividing bond” by one lattice Sitﬁ} Shift the *dividing bond’ by one lattice site
using the "'wave function transformation’ using the *wave function transformation’

-




Wumericaﬁ%xact @ynamias”:
atrix Product States

U. Schollwéck, Ann. Phys. (2011)
Matrix product state (MPS) representation of wave functions:

‘w> — Z Cal...JL‘O-17°"7O-L>
O1,...,0

local complex-valued matrix

w underlying structure of the wave function in the DMRG
Convergence: optimize M-matrices via variational principle

Matrix product operator (MPO) representation of operators:
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Linear Response:
Cﬁynamiea[ correlation ﬁncﬁons

= time-dependent perturbation
H(t) = Ho = hA eWtA
=" |inear response:

©. @) ©.@) ©. @)

% deiBldlle oo /dtei”t<TB(t)A>o= /dt S (Wo|Bln) (n] A|Tg) it (o= (En=Fo)

n

e h 4=0 ) =0

— 27 Z(\IJ()]B[m (n|A| W) 6(w — (B — Ep))

=" express via Green’s functions

Cpt a(w) =ImGa(w+in+ Ey), Ga(z) = (Yol AT (z — H)™' A|T)



Qﬁynamica[ }aroyem’es @C quantum magnets:
ISR on Cu-PM in magnetic elds

b ® Cu [S. Zvyagin et al., PRB(R) (2011)]

c 0

[

) .

&

Copper pyrimidine dinatrate:

e N
e C
- H

(Quasi-)1D Heisenberg AFM, described by
H=" [JS; Sjz1—HS; —h(=1) 5]

J

etfect of staggered g-tensor + DM interaction

ESR spectrum in magnetic field:

750 - Soliton

Breather 3

N

600 -
N Breather 2
I
S 450
~ ,
2 300 ' g \
z po— - DMRG results
Y - -
150 H(]
F'w'f'/’ Breather 1 H :
0 I ' I l I l I l Il l'sa 2 '
0 10 20 30 40 50 60 70

Magnetic Field (T)




inite temperature methods:
/5 p
joumﬁcau’on with matrix Joroc[uct states

> Compute thermal density matrix via a pure state in an extended system:
[U. Schollwock, Annals of Physics (2011)]

I 3 5 7 9

physical formal replacement
I I I I I I I I Ho Hel,
auxiliary

2 4 6 8 10

Wp) = e~ (HP®IQ)/(2T) [@);;:1 rung — Singlet>]}

= or = ¢ /T = Trq |Ur) (V7

=" Real time evolution at finite temperature:

U7 (8) = e HEHPOUQN! |y = G4(T, ¢

oProblem: reach long times for large systems
oWays out: linear prediction, backward time evolution in Q

[T. Barthel, U. Schollwock & S.R. White, PRB (2009); C. Karrasch, J.H. Bardarson & J.E. Moore, PRL (2012)]



Syectm[ ﬁncﬁons at ﬁnire ﬁe[cﬂ

Time evolution at finite T + Fourier transform
(non-optimized code, no linear prediction)

Finite-T dynamics
in strong magnetic fields:

small H: spinons

s e

large H: magnons

a3

k
[T. Kohler, Master thesis, Univ. Gottingen 2013]



Cﬁynamiea[ correlation ﬁncﬁons

Dynamical correlation functions at T = 0:

Ga(w) = —2Im (Yo |A' srmdamm A| ¥o) = X, |(n |41 %0) & (w = (En — Bo))

Ho \n> = En \n}
Dynamical correlation functions at T > 0:
1
Gl L) — ¢ %e_ﬁEm (m|An)(n|Alm)d(w — (En — Em))

mw Need the full spectrum...difficult ®

Way out: continued fraction expansion



Cﬁynamiea[ correlation ﬁmcu’ons:
Janczos recursion.

5" use continued fraction expansion (CFE)

[E. Dagotto, RMP (1994)]

GA(Z) — —%Im <1p0 ‘ATﬁAl ¢O> == _%Im (To| AT Ab|;I’0>

s 2= 1
Do P

Z—aq1 —

via Lanczos recursion

Note: | U7 )is a vector in the Liouville space spanned by Hp @ Hg
w Dynamics is actually governed by Liouville equation
0 .
E’\PT>:—2£’\IJT>, L=HpR®Ig—Ip®Hg
(backward evolution in Q by Karrasch et al.)

GA(ka) Im <‘PT |AJr A| \IJT>

i  + evaluation via CFE, correction vector, etc... i



Liowvillian ﬁnireff aypmacﬁ:

COWlJﬂClTiSO?’L o exact resu[ts

L—1
Hxx =J Z (S Si + S7SE)

L
e 2 : -\ Qo
S = \/L | ;:1 sin(ki) S;

Excellent agreement with
exact results!

0.12
a
0.10} T'=oc ( )
,f-— 0.08 b
«Q
=
2 0.06
I
-
=004}
) n=0.1

m—cxact

0.02 H- -~ DMRG, m = 300, 500 Iterations
wim DMRG, m = 600, 500 Iterations
----- DMRG, m = 1200, 300 Iterations

0.00 : :
---DMRG, 250 Iterations
0.30} wen DMRG, 320 Iterations (b)
Sl | EYEES DMRG, 320 Iterations
= 095 m = 1200
3 U2t
E T =0.5
? 0.20
-
I 0.15
@ 0.10
0.0!
0.00 '
0.0 0 L9 =0
w




Liowvillian ﬁnite-f ajo]aroacﬁ:

Cl-[eisenﬁerg anuferromagnet in magneﬁc ﬁe[cﬂ

n
\J

no DM — L with DM

T=0h,=0 T=0h,=03

Formation of bands

Melting of a Luttinger liquid
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Unconventional states:
Out-cffolui[i’ﬁrium Dynamics

High-energy physics: “Prethermalisation” in heavy ion collisions

Time [m™']
0 5 10 15 20 25 30350 100 500

0.55 I | I | I L I | |
S 0571 7 P
S A I ol K 3
5 045 [ f. \ i/
= IR B e
8 04+ long lived metastable
S state - exotic properties? thermal
é 0.35 final state
[ ([ Initial fermio? distribution p=032m A —
g 03} A B
= -\ q05 _\ 1 p=0.78m A
Q 0.25 \
O A 0 L— p=1.38m A ----

02 O p[m] 2 0 p[m] 2 B --—--

[Berges et al., PRL 2004]



Out-of-folui[iﬁrium Dynamics:
fpretﬁerma[i’zau’on in Hubbardmodel

M. Moeckel & S. Kehrein, PRL (2008):

1
0.8 t/p=0 i N Up=1 B \l/pF:l.S
o~ 0.6 - -
z 045 L L
- (-
02 = = =
0 @ | @1 1\_1 @ I\ il
2 0 2 2 0 2 2 0 2
]
VD=6 i
oyl R 01 k
08 ()6 ir NEQ i e
Z 04+ Z O=—=====—C :
Z I Y |— AN Ypo U
0.2 L_L U o ANEQU/ 2
0 @ | @ ] | pl"
20 2 -1 -0.5 0 LS
Pr € Pr €

At weak interactions (U << 1, not 1D):

e Time scale p! U2 =t = p3 U* : metastable prethermalized state with “wrong” quasiparticle residue
w aorees with scenario from particle physics

o Larger times: “wrong’” quasiparticle residue allows for scattering:
Boltzmann dynamics & thermalization



Controlled Breaﬁing 0 inregmﬁifity:
Qﬁynamics of a 1D dimerised state

Convenient model:
“Spinless fermions with dimerisation” on a chain (1D):

J+o J-o U
[1+(_1)15} (CchHl +h.c.)}+k]2nml+1} TA Ly TAT

HO.D) [J

[=1

e U = 0: free fermions, exactly solvable and integrable — should not thermalise
ed =(: exactly solvable and integrable via Bethe ansatz — should not thermalise
e U,d = 0: no exact solution, non-integrable — should thermalise

= Control integrability breaking and look for qualitative differences at long times

Salvatore R. Manmana



Out-cf-foluifiﬁn’um Dynamics:
%axau’om

0=0: integrable using Bethe Ansatz, phase diagram:

U/d metal CDW i1nsulator
0 2
. - |
T suddenly increase
Udatt=0 U/dfort>0
Rich behaviour:

e Relaxation behavior of the momentum distribution function: non-thermalization?
[S.R. Manmana, S. Wessel, R.M. Noack, and A. Muramatsu, PRL 98, 210405 (2007)]

e Density correlations: “horizon-effect’ vs. creation of domain walls
[S.R. Manmana, S. Wessel, R.M. Noack, and A. Muramatsu, PRB 79, 155104 (2009)]



Out-of-folui[iﬁrium Dynamics:

%axau’om

Momentum distribution function and density correlations:

[S.R. Manmana et al., PRL (2007)]

L=50, OBC, V(t=0) = 0.5t (or 5.00857t), V(t>0) = 2.5t

! V=05 + =0 ! V,=05 +
V,, = 5.00857 V, = 5.00857
0.8 MC, finite T * | = 0.1 ° QMC, finite T *
_. 0.6 X0}
= ~
~ 04 —~ 0.001
0.2 ~ le-04 }
0 - le-05
0 /2 T | 10

k li-jl

Integrable system
U=0.5 to 2.5

Blue line: finite-T QMC results
e Two completely different initial states ‘relax’ to a similar state

® Relaxation to a thermal state?
m Controlled breaking of integrability in dimerized system



Quench in dimerised state

CUT: approximately conserved quasi-particles described by U-dependent

“number operators” (U<<1):

0u (k) = al, (k)aa @ (alk, B = o)
q; >0

(q1)aq, (g2)al, (gs)aq, (q1).

Qa(k), Qs(p)] = O(UQ) Qa(k), H(of,U)] = O(U)

s “deformed” generalized Gibbs ensemble

OPT = ——— €XP (Z MY Qa (k) )

ZPT

Expectations:
» Metastable state described by this ensemble during life time of quasi-particles

 Scattering between quasi-particles leads to thermalization, as in D>1 Hubbard model

Salvatore R. Manmana 32



Quench in dimerised state

0 =0.75 — 0 = 0.5,
U=0—U=0.15

0 =0.75 — 0 = 0.5,
U=0—-U=0.5

10

-0.03 [ -0.03 | | | .
; cuT
-0.04 ARG v - -0.04 tDMRG X 1
-0.05 — -0.05 —
-0.06 - -0.06 \ _|
T i +  -0.07 . il
S -0.08 — Sl Z o |
| ~ 22000 LRI oo B[] -0.08 .0.'0 40/,/07/ \\V’J’i’/";”’;’;’, SRR
= -0.09 | S P .
> -0.09 |
-0.1 _
-0.1 |
-0.11 _
-0.12 | -0.11 a
-0.13 | | | -0.12 | | | |
2 4 8 10 2 4 6 8
Time ¢ Time t

Excellent agreement between tDMRG and CUT!
mw Confirms formation of quasi-particles & prethermalization plateau
Do we see thermalisation for long enough times and large enough systems?

Salvatore R. Manmana



Quench in dimerised state

0 =08 —0=04,
U=0—-U=04

Change system size: long(er) times:
-0.43 . . . . . -0.02
L =16 (ED, PBC) —&—
L=100 —e— -0.04 &
-0.44 1 L =200 04 £
045 [Tt il 006
' :rlﬂ: - i Ilh“ 3
-0.08
-0.46 i
“ ['I'.' B | AP B -0.1 Ii.
-047 # :-'"| ‘ = } m | HEHm ’ 3
| i hr -0.12 \
048
481 0.14
i =TI . - ! <! -
-0.49 } ; : g B ! -0.16 ¢
0.5 % ' ' ' ' : -0.18 : ' l 1
0 5 10 15 20 25 30 0 50 100 150 200
time t time t

* Weak or no system size dependence
e Up to the times reached: dynamics stays on the prethermalization plateau
(also for L=16, t=1000)

e Large thermalisation time scale due to weak breaking of integrability?

Salvatore R. Manmana

34



Quench in dimerised state

e

e

tDMRG

QMC

4 —

T
U=0
ED t-av U = 0.4
U =0.4 sessanusen

! L
10 15
Time t

Strong interactions:
e Prethermalization plateau seems to appear

20

0=08—>0=04

-04

-0.41
-0.42
-0.43
-0.44
-0.45
-0.46
-0.47
-0.48
-0.49

U=0—U =2

J \
tDMRG U = 2.0

QMC U = 2.0 =mmmmm

~ ED t-av U = 2.0 «oveevnens |

Time t

10

e

e

e Difference between time-averages and thermal expectation values
e Difference minimal for intermediate strength of U — due to finite size effects?

Possible scenarios:
 no prethermalization plateau, direct relaxation to thermal value for intermediate U
e relaxation from prethermalization plateau to thermal on longer time scales

¢ no thermalisation?

-0.05 | |
tDMRG U = 10.0 ——
ED t-av U = 10.0 -=eeeseeen
0.1 /\ QMC U = 10.0 ssessmssesms
-0.15
-0.2 +
0.25 F /AN R
\/\/\/ ="
-0.3 | | | |
_Timo t

Salvatore R. Manmana




Quench in dimerised state

O. 1 2 | ; | | . | | | | | |
: Difference ED data
+  Difference ED time av. to
0.1 : QMC finite-T results
non- E .
D) .o ! —
@ (.08 [hermal thermalised? !
D pre- . .
& thermalizat]on E
g 0.06 : E
= : ' |
g : : TTTTT
5 i : : non- i
< .04 : : thermal:
: . pre-
O 02 B : : thermalization _
: _— E intggrable
()/M/@\@ . |, poiniU~e
integrable 0 1 2 3 4 5 6 7 8 9 10
point U=0 Uf

Salvatore R. Manmana 36
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Syrecw[ cf Information:
Lieb-Robinson-Bound_

Correlation functions after a global quench:
I 0.005

s =t

. —0.005
0 10 20
li—=jI [S.R. Manmana et al., PRB (2009)]

Lieb-Robinson-Bound for short-range interactions (lattice systems):
“ [OA(t)v OB(O)] ”

» Linear spread of information

< Cl| 0410l min(|A], |B|)el*li-d(-B))/¢

9



Syreaaf of Clnformation:
TJon-T1 mp-fxperiments

I : 1 / [P. Richerme et al., arXiv:1401.5088]
nteractions ~ 1 /r¢

— 10 T — 10 v — I |
0.25 : D) = °le) Nearest—neighbor correlations
0.20 g gl 00 " - 0.63
correlation | 0. = . 5 al (m) z o @ = U.0o]
Ci1ur 3 , § : f1-70=11 5 § 4 £1.55:.07 30'5 /’ L g
052 = 015 1 . = 11 , : O 04r 4
- - 2 0 —r—————t 5 i R ey
Q 010 25 ()] 15 (f) g 0.3 R B
E < 2.0¢ E g o 02} 7 24
- 0.05 =15 -~ > 10— o S .""
T Y 05 c 014
0 . X 0 X i > i
0.35 0.00 0 003 006 0 003 006 - - .
time [1/Jipgy ] time [1/Jrgyl 0 005 0.1Q 015 020
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Not a linear ‘bound of causality’, but curved!
Proposed Lieb-Robinson-Bounds for algebraic long-range interactions:

min , e?ltl — A(t), B uit 1 vat _ 1
1104(0) 05 (O] < CION O P e T yatio < (a5t

(Hastings & Koma 2006) Z.-X. Gong et al., arXiv:1401.6174

Salvatore R. Manmana

39



ﬂ@eﬁmiea[@ @ecaying Interactions:
Causal Horizon vs. Immediate Spreacﬂ

[J. Eisert et al., PRL (2013)]

When do these bounds apply?
t-DMRG results for a “XXZ’ chain:

a=0.75 ax=1.5
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generic initial state: causal region appears for a > D
product initial state: causal region appears for o > D /2
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Conclusions and Outlook

ssssss

S / - Liouville-approach

- t-DMI

) I) Dynamical spectral functions at finite T:
/ - multitude of interesting effects, compare to experiments

N ~1I) Quantum Quenches:
\ - Relaxation behavior, metastable states

Thank you!

RG (Trotter or Krylov variant)

[) Long-range interactions:

- information spread (Lieb-Robinson)
- Krylov t-DMRG, MPOs
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