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Overview of Truncated Spectrum Approach
(TSA) for One Dimensional Systems

Basic idea is to study a known (i.e. integrable or conformal)
continuum system together with some perturbation:

+ O

H=H known perturbation
i.e. critical qua;tum Ising mag;etic field
R
Consider the model on a finite sized ring of
circumference, R
E
Spectrum of H, .., then becomes 4 E, I ~1/R
discrete: E,
E3
E,
E,
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Input of strongly correlated information

in the form of matrix elements:

O, =(i|P

perturbation -] >‘ H
Known

Truncate Hilbert space, making it finite dimensional.
This allows one to write full Hamiltonian as a finite

dimensional matrix

El (I)12

(I)Zl E2
H =

cIin1 .........

llllllllllllllllll @1’1
‘e E
00.... ;
L 4
En_l (I)n—ln
llllll @nn_l En

Diagonalize H numerically and extract spectrum
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Example of the TSA: Quantum Critical Ising Chain in a
Magnetic Field

Hamiltonian: | H = —JZG Gl+1+6 hEG

—

—~—

H (I)pert

U, |continuum limit |

known

Model is exactly solvable
(A. Zamolodchikov) and . N

has a spectrum with 8 H = de(llfax‘// T l//ax V- hG)
excitations ~ ~ gy

H (Dpert

known

| TSA Results keeping 39 states | Yuroviai

Zamolodchikoy,

TSA Exact (infinite volume) 1991
Ratios of | AJ/A, 1.61 .01 2 cos(m/5) = 1.618...
spectral | AVA 198 .02 2 cos(n/30) = 1.989...
gaps AJA, 243 .04 4 cos(n/5)cos(T030) = 2.405...
AJA, 30307 4 cos(/5)cos(2715) = 2.956...

Equivalent Exact Diagonalization Computation =™ Chain with only five sites




Why does this work so well?

But there are problems:
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Using a Numerical Renormalization Group to Improve Results

RMK and Y. Adamoyv, PRL 98, 147205 (2007)
G. Brandino, RMK, and G. Mussardo, J. Stat. Mech. T&E P07013 (2010)

The TSA as is only can treat , Cconvergence issues
simple theories surrounding truncation

However we have handled Numerical Renormalization Group

truncation in the crudest possible = (in the same spirit K. Wilson
fashion: there is at least one way used it to study the Kondo problem)

to improve on this




How NRG works in quenches

[pre — quench) =} .y cgls)

[post — quench) = .y dsls)
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Quenches in Systems with Z, Symmetries

There has been considerable work on quenches in Ising systems:

D. Fioretto, G. Mussardo, New J. Phys. 12, 055015 (2010)

D. Rossini, S. Suzuki, G. Mussardo, G. Santoro, A. Silva, PRB 82, 144302 (2010)
D. Rossini, A. Silva, G. Mussardo, G. Santoro, PRL 102, 127204 (2009)

P. Calabrese and J. Cardy, PRL 96, 136801 (2006)

P. Calabrese, F.H.L. Essler, M. Fagotti, arXiv: 1104.0154

We will show that there for certain types of quenches, thermalization
happens or does not happen independent of the underlying
integrability/non-integrability of the model.

Number of examples C. Gogolin, M. Mueller, J. Eisert, Phys. Rev. Lett. 106, 040401 (2011)
. M. Banuls, J. Cirac, M. Hastings, Phys. Rev. Lett. 106, 050405 (2011)
of this general type C. Kollath, A. M. Lauchli, E. Altman, Phys. Rev. Lett. 98, 180601 (2007)

of phenomena:

In our case this arises because of how the Z, symmetry determines
the Hilbert space of the model.
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Hilbert Space in Ordered and Disordered Phase
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Example: Quantum Ising Hilbert Space

Hamiltonian: H = /da:z/)&,;w + pOpth + imapp

Here the two sectors are known as the Ramond and Neveu-Schwarz:

free fermionic modes
2mn

even |k13k2a"'7kNMS\:aqgl"'a1];N|O>NS; k17"'7kN:?a TZEZ+1/2,

2mn

Ta'le())R’ ll,,lN:F, nEZ,

odd |l1,l2, -+, IN)rR =10

m>0: NS — states witheven N and R — states with N even

in ordered phase sectors have states with the same number of particles

m < 0; NS — states witheven N and R — states with N odd.

in disordered phase sectors have states with the differing number of particles

(NSlo(0)|R)

only non-zero matrix elements connecting the sectors }mm(mwm
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Example: Tri-critical Ising Hilbert Space

SZ Fq = D(Sf)2 + HtS;'] S;are spin-1

operators

. . . . . /7N
identity plus three non-trivial even (energy-like) operators: I,€,€ ;€

two odd (spin-like) operators: ¢ ¢’
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Ordered Phase to Disordered Phase Quench with Z, Preserved

1

) = —=(le) o)),

1
|+>ordered = \/;( zz: az’le)i,disordered + Z”: [672|0>i,dz'sordered)

1 - reven _ ppodd
ordered(+|0(t)|+>ordered = = Z (dz’sorde’red(ez’|0'(0)|0j)disorde'redez(Ei Ej )t + hC) — 0

2
ij

= Non integrable
== Integrable

two different energy
perturbations of
tri-critical Ising
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Disordered Phase to Ordered Phase Quench with Z, Preserved

[Typical pre-quench state:| |€)disordered
_ |6>d1’,sordered — Z ailei>ordered
)

disordered(e‘a(t)|6>disordered =0
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Quench with Z, Broken

_ a_le) — B_|o) low energy eigenstate.

) — Bitlos)) /

(a—|e) — B-]0))pre—quench = E ci(aiyle;
i€post—quench high energy states
+ Z ci(aig|es) + Biyloi))

icpost—quench low energy states

3 > c;li).

icstates with middling energy




Example: Tri-critical Ising (quench h — -h)

H = Hiricritical Ising +h [dz o model is non-integrable

Truncation at level 14

-0.2 T - ‘ Truncation at level 14

0.2 T ‘ ‘ ‘ ‘ T
L State 38 il
State 43 - State 60 i
031 State 47 OO—
I Swe22  State26 saest o | 0.15p- st + O: microcanonical
g State 23 o - o State 26
S osl & Eh RS, §& [Pooo St 17 1 ensemble
S oo o .
Y I State 60 b 0 00 ] S oo o0 o” ;@ State 11 | [: diagonal
8, & B0 ¢ Bobo” g State 18 o] bl
= st o 000 . g | ensembie
OO State 11 v \E\ (o]
o ~ OOO
F o} Stafe 17 4 B o B5E O Cs
o 0.05 o] -
061 207 19 “Suie s - y f% . C)OO
OOO State 22 E\ fo)
| & State 6 | + o A
State 6 Stute 23 Ate 43 State 38 tate 47 OO
. | | | . = ) ) ) a
4 5 6 7 8 04 ‘5 é ;
E E
post-quench energy of pre-quench state post-quench energy of pre-quench state
p%(E) V8 pmicro(E) p%(E) v pmicm(E)
AE=0.2, state 6 (non thermal) AE=0.2, state 22 {(non thermal)
i 0.05 i
0.1

0.04

0.03
=) z
a (=%
0.05 0.02
0.01
% 5 % 5
E E

Brook.... .. distribution of non-thermalizing states over post-quench basis: |pre — quench) = Z cg|E, post — quench)
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Quenches of 1D Bose Gases in Traps

Z 37 + 2c Z 5(23 - Zk) -+ Z V(zj) we W.ill work at unit
1>.7<k density and so y=c;

J ’ m=1/2

known pert

1
[Type of quench we will consider here: | V/(z) = ~w?2> — 0
4 M
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Benchmarking Equilibrium Properties of Bose Gas in Trap

Excited State Spectrum (N=L=56, ©/m=0.32) N=L=56, ®/m = 0.32
2.2 SR A B O B T TR N T TR S L PR TH S A E A NS FA A F B R A
2r * 7 1.15F 7
1.8 - 1.1k -
L6 7 105 =
14+ ° s * - 11 -
% r 5
R 12r 7 20951 .
st 1 » analytical 4 & o9l e = oo (analytics) -
08LC * RGTSA +ABACUS ] 035 — ¢=7200 (RGTSA+ABACUS) ¥
i 1 § » ¢ =10 (analytics with 1/c corr.) |
061 E,, =90.428 (RGTSA + ABACUS for c=7200) o 0.8 — ¢ =10 (RGTSA + ABACUS) .
0.4 Ii§ Egs = 90.426 (analytics for c=cs + 1/c corr.) 7 0.75 [ F
027 ] 0.7
0 I | 1 1 I | L | 1 | L 1 1 | L | 1 1 1 | 1 1

'- N IR R I i P T T I
0 1 2 3 4 5 6 7 8 9 10 11 %5357 93 02 AT 001 02 03 04 05

number of excited state

nnngxm:u
Brookhaven Science Associates NATIONAL LABORATORY



Time Evolution of Gas after Release of Trap

N=L=56, w/m=0.32

0l 0.1
plx,1 PR

1
= Zw2zz — acos(2z)
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Conclusions

Interested in particular in studying
exciton dynamics in nanotubes
functionalized with quantum dots.
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