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@ Introduction
@ Experiments with ultracold gases in 1D
@ Emergence of quasi-condensates at finite momentum

9 Emergent eigenstate solution
@ Noninteracting fermions and related models
@ Spinless fermions with nearest neighbor interactions (XXZ chain)

© Emergent Gibbs ensemble
@ Effective cooling during the melting of a Mott insulator
@ Emergent Gibbs ensemble

e Maximal work from a “quantum battery”
@ Speed up (quasi-)adiabatic transformations
@ “Quantum battery”

e Summary
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@ Introduction
@ Experiments with ultracold gases in 1D
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Experiments with ultracold gases in 1D

Effective one-dimensional ¢ potential
M. Olshanii, PRL 81, 938 (1998).

Uip(z) = g1pd(x)

where
- 2hasw |
91D 1— Ca, %
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Experiments with ultracold gases in 1D

Effective one-dimensional ¢ potential
M. Olshanii, PRL 81, 938 (1998).

Uip(z) = g1pd(x)
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Emergence of quasi-condensates at finite momentum
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L. Vidmar, J. P. Ronzheimer, M. Schreiber, S. Braun, S. S. Hodgman, S. Langer,

F. Heidrich-Meisner, . Bloch, U. Schneider, PRL 115, 175301 (2015).

Theoretically predicted in:

MR and A. Muramatsu, PRL 93, 230404 (2004).

Marcos Rigol (Penn State)

Emergent eigenstate solution

September 18, 2017

5/41



@ Introduction

@ Emergence of quasi-condensates at finite momentum
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Bose-Fermi mapping in a 1D lattice (U > J)

Hard-core boson Hamiltonian in an external potential

H——JZ(b bl+1—|—Hc>+Z,u n;

Constraints on the bosonic operators

b2 =2 =0
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Bose-Fermi mapping in a 1D lattice (U > J)

Hard-core boson Hamiltonian in an external potential

H——JZ(b bl+1—|—Hc>+Z,u n;

Constraints on the bosonic operators

b2 =2 =0

4

Map to spins and then to fermions (Jordan-Wigner transformation)

o =f1] e~ i3 fs. H e fhfs §,

Non-interacting fermion Hamiltonian

Hy = _JZ (fjflﬂ +H.c.) +Zﬂi ﬁvf
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One-particle density matrix

One-particle Green’s function

i—1 j—1
. S e T
Gij = (Yucsl67 65 [Wnop) = (Wp| [[ e/ f,f] [] e |wp)
B=1 y=1

Time evolution

X N L
p(t) = e uE) = T Z (t)£F [0}
6=1 o=1
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One-particle density matrix

One-particle Green’s function

i—1 j—1
. S e T
Gij = (Yucsl67 65 [Wnop) = (Wp| [[ e/ f,f] [] e |wp)
B=1 y=1

Time evolution

- N L

Up(t)) = e P wg) =[] Z ()f310)
0=1 o=1
Exact Green’s function
Gi;(t) = det [(Pl(t))*Pr(t)}
ij

Computation time oc L2N?3 — study very large systems

~ 10000 lattice sites, ~ 1000 particles

MR and A. Muramatsu, Mod. Phys. Lett. B 19, 861 (2005).

Marcos Rigol (Penn State) Emergent eigenstate solution September 18, 2017 8/41



1D lattice in equilibrium (U > J)

Quasi-condensation in the presence of a trap

Density Profile - Momentum Profile

1 [ T T T ] T T T
10+ 1
08 g ol ]
n 0.6 1 nk 6 4
04 9 4+ _
02 ol 2 |- i

0 Il Il Il 0 Il
-500 -250 0 250 500 - -T2 0 /2 T
a ka

MR and A. Muramatsu, PRA 72, 013604 (2005).
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1D lattice in equilibrium (U > J)

Quasi-condensation in the presence of a trap

Momentum Profile
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MR and A. Muramatsu, PRA 72, 013604 (2005).

Marcos Rigol (Penn State) Emergent eigenstate solution

T T
-m/2 0 T2
ka

September 18, 2017

9/41



Emergence of quasi-condensates at finite momentum

Density and momentum profiles during the expansion

Density profile Momentum profile
1 : 5 T T T
O == 0 ——
08 1 s
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x/a ka

MR and A. Muramatsu, PRL 93, 230404 (2004).
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Emergence of quasi-condensates at finite momentum

Density and momentum profiles during the expansion
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MR and A. Muramatsu, PRL 93, 230404 (2004).
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Emergence of quasi-condensates at finite momentum

Quasi-condensate position
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Emergence of quasi-condensates at finite momentum

Quasi-condensate position
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Emergence of quasi-condensates (finite U)

Density and momentum profiles during the expansion (U = 40.J)
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Rodriguez, Manmana, MR, Noack, and Muramatsu, NJP 8, 169 (2006). (tDMRG)
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Emergence of quasi-condensates (finite U)

Density and momentum profiles during the expansion (U = 40.J)
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Gutzwiller mean-field theory for U > J in 3D

Density profile Momentum profile
L, k,\-a
0 350 700—7m 0 s

I. Hen and MR, PRL 105, 180401 (2010).
Marcos Rigol (Penn State) Emergent eigenstate solution September 18, 2017 13/ 41



Gutzwiller mean-field theory for U > J in 3D

Density profile I\/Iomentum profile

350 700—71

/4

I. Hen and MR, PRL 105, 180401 (2010).
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Gutzwiller mean-field theory for U > J in 3D

Density profile I\/Iomentum profile
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Gutzwiller mean-field theory for U > J in 3D

Density profile I\/Iomentum profile
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e Emergent eigenstate solution
@ Noninteracting fermions and related models
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Domain wall melting in 1D

@ Spontaneous emergence of ground-state-like correlations
Free fermions: Antal, Racz, Rakos, and Schiitz, PRE 59, 4912 (1999).
Hard-core bosons: MR and A. Muramatsu, PRL 93, 230404 (2004).
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Domain wall melting in 1D

@ Spontaneous emergence of ground-state-like correlations
Free fermions: Antal, Racz, Rakos, and Schiitz, PRE 59, 4912 (1999).
Hard-core bosons: MR and A. Muramatsu, PRL 93, 230404 (2004).

@ Ground-state construction in inhomogeneous fields for correlations
and entanglement entropy
Fermi Hubbard: Heidrich-Meisner, MR, Muramatsu, Feiguin, and Dagotto,
PRA 78, 013620 (2008).
Free fermions: V. Eisler and I. Peschel, J. Stat. Mech. P02011 (2009).
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Domain wall melting in 1D

@ Spontaneous emergence of ground-state-like correlations
Free fermions: Antal, Racz, Rakos, and Schiitz, PRE 59, 4912 (1999).
Hard-core bosons: MR and A. Muramatsu, PRL 93, 230404 (2004).

@ Ground-state construction in inhomogeneous fields for correlations
and entanglement entropy
Fermi Hubbard: Heidrich-Meisner, MR, Muramatsu, Feiguin, and Dagotto,
PRA 78, 013620 (2008).
Free fermions: V. Eisler and I. Peschel, J. Stat. Mech. P02011 (2009).

@ Is the time-evolving state the ground state of a local Hamiltonian?

Free fermions (and related models) & spin-1/2 XXZ:
L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).
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Domain wall melting in 1D

@ Spontaneous emergence of ground-state-like correlations
Free fermions: Antal, Racz, Rakos, and Schiitz, PRE 59, 4912 (1999).
Hard-core bosons: MR and A. Muramatsu, PRL 93, 230404 (2004).

@ Ground-state construction in inhomogeneous fields for correlations
and entanglement entropy
Fermi Hubbard: Heidrich-Meisner, MR, Muramatsu, Feiguin, and Dagotto,
PRA 78, 013620 (2008).
Free fermions: V. Eisler and I. Peschel, J. Stat. Mech. P02011 (2009).

@ [s the time-evolving state the ground state of a local Hamiltonian?

Free fermions (and related models) & spin-1/2 XXZ:
L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).

This problem is a classic example of a (geometric) quantum quench:
libo) is an eigenstate of some Hy(local), and | (t)) = e‘im|¢o>
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Emergent eigenstate solution

Initial state: .
(Ho — A)[tho) =0

L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).
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Emergent eigenstate solution

Initial state: .
(Ho — A)[tho) =0

Time evolving state |4 (t)) = e‘imh/zo)
(e Hoe Tt — N[y (t)) = M (#)|3(t)) = 0

l4(t)) is an eigenstate of M (t).

L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).
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Emergent eigenstate solution

Initial state: X
(Ho = A)[tho) =0
Time evolving state |y (t)) = e=H*|4)
(7™ Hoe ™ — Np(t)) = M)l (¢)) = 0
l4(t)) is an eigenstate of M (t).
This is, in general, a useless observation as

)2 . . -
(;) B[, Bl + ..

is highly nonlocal. Note that My(t) = Ho — A.

M(t) = Hy — A — it[H, Ho] +

L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).
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Emergent eigenstate solution

Initial state: .
(Ho = A)[tho) =0
Time evolving state [1(2)) = e~ |4)
(7 Hoe' 1t — N)|y(#)) = M)l () =0
l4(t)) is an eigenstate of M (t).
This is, in general, a useless observation as

)2 . . -
(;) B[, Bl + ..

is highly nonlocal. Note that My(t) = Ho — A.
Something remarkable occurs if

[H, Hy) = iapQ  with  [H,Q] =0.

M(t) = Hy — A — it[H, Ho] +

We can define #(¢) = Ho + aot @ — A, and [¢(t)) is an eigenstate of #(t).
Hu(t) = Ho — A, H(t) is a local conserved quantity!
L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).
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Noninteracting fermions (or models mappable to them)

The domain wall |11...1100...00) is the ground state of:

Hy=> 1y
l
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Noninteracting fermions (or models mappable to them)

The domain wall |11...1100...00) is the ground state of:
Hy=> 1y
l
The physical Hamiltonian is:

H= —Z(ﬁ_‘_lfl +H.c.)

l
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Noninteracting fermions (or models mappable to them)

The domain wall |11...1100...00) is the ground state of:
Hy=> 1y
l
The physical Hamiltonian is:

H= —Z(ﬁ_‘_lfl +H.c.)

l

Which means that (ag = —1):

[H,Ho) = —iQ,  with Q=" (iff,,f,+Hec).
l

Q is the charge current, which is “conserved” (up to boundary terms).

Marcos Rigol (Penn State) Emergent eigenstate solution September 18, 2017 17/ 41



Noninteracting fermions (or models mappable to them)

The domain wall |11...1100...00) is the ground state of:
Hy=> 1y
l
The physical Hamiltonian is:

H=— Z(flT—i-lfl +H.c.)
l
Which means that (ag = —1):
[H,Hol = —iQ,  with Q=" (iff,f, +Hc).

l
Q is the charge current, which is “conserved” (up to boundary terms).

And
Ht) =) i —tQ— A
l
l4(t)) is the ground state of 7L(¢) (up to corrections that vanish as L — co).
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Noninteracting fermions (or models mappable to them)
Boundary terms are responsible for the nonvanishing charge current
[H,Q] = ~2i(A1 — )
This means that (v (¢)[H(t)[4(t)) # 0.

Marcos Rigol (Penn State) Emergent eigenstate solution September 18, 2017 18/ 41



Noninteracting fermions (or models mappable to them)
Boundary terms are responsible for the nonvanishing charge current
[H,Q] = ~2i(A1 — )
This means that (v (t)[H ()[4 (t)) # 0

One can compute it! Writing (10| Hn(t)|40), one gets
ntn+1

Z n+1 Yol (A, [H,...[H,Q] .. ]]|%o).

n=1

n commutators
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Noninteracting fermions (or models mappable to them)
Boundary terms are responsible for the nonvanishing charge current

[H,Q) = —2i(Ay —7p)
This means that (v ()| H(t)|1(t)) # 0

One can compute it! Writing (10| Hn(t)|40), one gets
ntn+1

Z n+1 Yol (A, [H,...[H,Q] .. ]]|%o).

n commutators

Quadratic term (n = 1):

—(i/2)t* (%ol [H, Qllvoo) = —t*(tho| (Ar — ) bo) = —
Leads to a redefinition of A — A(t) = A — t2. Take N = L/2.
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Noninteracting fermions (or models mappable to them)
Boundary terms are responsible for the nonvanishing charge current

[H,Q) = —2i(Ay —7p)
This means that (v ()| H(t)|1(t)) # 0

One can compute it! Writing (10| Hn(t)|40), one gets
ntn+1

Z n+1 Yol (A, [H,...[H,Q] .. ]]|%o).

n commutators
Quadratic term (n = 1):

—(i/2)t* (%ol [H, Qllvoo) = —t*(tho| (Ar — ) bo) = —
Leads to a redefinition of A — A(t) = A — t2. Take N = L/2.
Higher orders vanish up to the term:
(2 + 1)$*V+2 /(2N +2)1] x O(1),
The result is exponentially small for ¢ < 2N/e.
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Noninteracting fermions (or models mappable to them)
Boundary terms are responsible for the nonvanishing charge current

[H,Q) = —2i(Ay —7p)
This means that (v ()| H(t)|1(t)) # 0

One can compute it! Writing (10| Hn(t)|40), one gets
ntn+1

Z n+1 Yol (A, [H,...[H,Q] .. ]]|%o).

n commutators
Quadratic term (n = 1):
—(i/2)8 (Wol[H, Qlltro) = —t* (o (1 — for)|bo) = —
Leads to a redefinition of A — A(t) = A — t2. Take N = L/2.
Higher orders vanish up to the term:

[(2N 4+ D)2V T2 /(2N + 2)1] x O(1),

The result is exponentially small for ¢ < 2N/e. Physically, for ¢ < N/2
particles (holes) have not reached the edge of the lattice.
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Noninteracting fermions (or models mappable to them)
Boundary terms are responsible for the nonvanishing charge current
[H,Q] = ~2i(A1 — )
This means that (v (¢)[H ()[4 (t)) # 0

One can compute it. Writing (10| Hn(t)|40), one gets
ntn+1

Z n+1 Yol (A, [H,...[H,Q] .. ]]|%o).

=1l n commutators
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Noninteracting fermions and hard-core bosons

Ci = [(F1 )l Cju = |(blb,)|

Noninteracting
spinless fermions Hard-core bosons

10° 100 () 20
s | D
<10 51
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Wi Q010" 1
00 1000 19T 90 100 1000
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e Emergent eigenstate solution

@ Spinless fermions with nearest neighbor interactions (XXZ chain)
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Spinless fermions with nearest neighbor interactions

Physical Hamiltonian:

N-1
HV)= > h(V), with hy(V) = =(ff,1 i +H.c.)+ V(i — 1/2) (41— 1/2)
I=—N+1
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Spinless fermions with nearest neighbor interactions

Physical Hamiltonian:

N-1
HV)= > h(V), with hy(V) = =(ff,1 i +H.c.)+ V(i — 1/2) (41— 1/2)
I=—N+1

The domain wall is a highly excited eigenstate of the “boost” operator:
N—-1
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Spinless fermions with nearest neighbor interactions

Physical Hamiltonian:

N-1
HV)= > h(V), with hy(V) = =(ff,1 i +H.c.)+ V(i — 1/2) (41— 1/2)
I=—N+1

The domain wall is a highly excited eigenstate of the “boost” operator:
N—-1

Ho(V)= Y (V)

I=—N+1

The commutator [H(V), Hy(V)] = —iQ(V) results in:
N-2

Qv) = Y {Gffofi+He)-

lI=—N+1

V(iffisfy+ He)(uss = 1/2) = V(iff o frm + He)(u - 1/2)}
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Spinless fermions with nearest neighbor interactions

Physical Hamiltonian:

N-1
HV)= > h(V), with hy(V) = =(ff,1 i +H.c.)+ V(i — 1/2) (41— 1/2)
I=—N+1

The domain wall is a highly excited eigenstate of the “boost” operator:
N—-1

Ho(V)= Y (V)

I=—N+1

The commutator [H(V), Hy(V)] = —iQ(V) results in:
N-2

Qv) = Y {Gffofi+He)-

lI=—N+1

V(iffisfy+ He)(uss = 1/2) = V(iff o frm + He)(u - 1/2)}

And the emergent Hamiltonian is:
Hy (t) = Ho(V) +1Q(V)
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Spinless fermions with nearest neighbor interactions

Numerical verification

Site and momentum occupations
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© Emergent Gibbs ensemble
@ Effective cooling during the melting of a Mott insulator
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Hard-core bosons at finite temperature

One-particle density matrix (grand-canonical ensemble)

pij(t) = Z5 ' Tr {emti’ﬁ’jefimef(ﬁowm/ﬂ where Zy = Trje~(Ho—1N)/T|

MR, PRA 72, 063607 (2005); W. Xu and MR, PRA 95, 033617 (2017).
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Hard-core bosons at finite temperature

One-particle density matrix (grand-canonical ensemble)

pij(t) = Z5 ' Tr {emti’ﬁ’jefimef(ﬁowm/ﬂ where Zy = Trje~(Ho—1N)/T|

Mapping to noninteracting fermions

i1 T . X X
pij(t) = Zo_lTr et H e—mf;fafitfj H i fifo g=iHt o—(Ho—pN)/T
a=1 pB=1

MR, PRA 72, 063607 (2005); W. Xu and MR, PRA 95, 033617 (2017).
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Hard-core bosons at finite temperature

One-particle density matrix (grand-canonical ensemble)

pij(t) = Z5 ' Tr {emti’ﬁ’jefimef(ﬁowm/ﬂ where Zy = Trje~(Ho—1N)/T|

Mapping to noninteracting fermions

i1 T . X X
pij(t) = Zo_lTr et H e—mf;fafitfj H i fifo g=iHt o—(Ho—pN)/T
a=1 pB=1

Exact one-particle density matrix

—1)tJ } ‘
pij(t) = ( Z) {det|:U(;reZHtOj(I+A)Oie_’HtUO+e—(Eo—u)/T]

—det {UgethOjOiethUo I e(EON)/T] }

Computation time oc L°: ~ 1000 sites
MR, PRA 72, 063607 (2005); W. Xu and MR, PRA 95, 033617 (2017).
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Melting of a finite-temperature Mott insulator

(@) T =0.1 (o) T =05 )T =1.0
@ | o | e | e
2 i : i 1 H400
o |
I f | f 1 [ 1200
0 0

03 05 0703 05 0703 05 0.7
k/m k/m k/m

W. Xu and MR, PRA 95, 033617 (2017).
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Melting of a finite-temperature Mott insulator
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© Emergent Gibbs ensemble

@ Emergent Gibbs ensemble
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Initial state with a finite hopping amplitude

Initial state is a stationary state of:

Hy==Y (b, 1br+He) + Vi ) L.
l l

L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).
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Initial state with a finite hopping amplitude

Initial state is a stationary state of:

Hy==Y (b, 1br+He) + Vi ) L.
l l

The physical Hamiltonian is H = — Zl(flT+1fl +H.c.)

L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).
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Initial state with a finite hopping amplitude

Initial state is a stationary state of:

Hy==Y (b, 1br+He) + Vi ) L.
l l

The physical Hamiltonian is A = — Zl(flT+1fl +H.c.)
The emergent Hamiltonian takes the form:

Ht) = =D (flafi+He) —A
l

V3D ha =t (iff fi + He) + 2 (An — Ap)
l l

L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).
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Initial state with a finite hopping amplitude

Initial state is a stationary state of:

Hy==Y (b, 1br+He) + Vi ) L.
l l

The physical Hamiltonian is A = — Zl(flT+1fl +H.c.)
The emergent Hamiltonian takes the form:

Ht) = =D (flafi+He) —A
l

V3D ha =t (iff fi + He) + 2 (An — Ap)
l l

H(t) can be rewritten as (replacing 7; — 1 and ny, — 0)

Ht) = —A®)Y (e#Off fi+He)+ Vi lay— (A= Wt?),
l l

where A(t) = /1 + (Vit)2 and ¢(¢) = arctan (V1¢).
L. Vidmar, D. lyer, and MR, PRX 7, 021012 (2017).

Marcos Rigol (Penn State) Emergent eigenstate solution September 18, 2017 29 /41



Emergent Gibbs ensemble

Initial state:

po=ZytePHo  where Z,=Tr[e o]

L. Vidmar, W. Xu, and MR, PRA 96, 013608 (2017).
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Emergent Gibbs ensemble

Initial state:

po=ZytePHo  where Z,=Tr[e o]

Time evolving state:

p(t) = Z0—1e—i131te—/3ﬁoeiﬁt _ Zo—l exp (—ﬂ [6—iﬁtﬁoe¢HtD .

L. Vidmar, W. Xu, and MR, PRA 96, 013608 (2017).
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Emergent Gibbs ensemble

Initial state:
po=ZytePHo  where Z,=Tr[e o]

Time evolving state:
p(t) = Z0—1e—i131te—/3ﬁoemt = Z7 exp (—ﬂ [6—iﬁtﬁoe¢HtD .
Again, one can introduce an operator M'(t) = e~iHt {eift 5o that:

pt) = Zg e PM®),

L. Vidmar, W. Xu, and MR, PRA 96, 013608 (2017).
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Emergent Gibbs ensemble

Initial state:
po=ZytePHo  where Z,=Tr[e o]
Time evolving state:
p(t) = Zo_le_iﬂte_ﬁgoemt = ZO_1 exp (—ﬁ [e‘mtﬁoeim}) .
Again, one can introduce an operator M'(t) = e~iHt {eift 5o that:
p(t) = Z5le M@,
If M’(¢) is a local operator, M'(t) = H!(¢):
S(t) = Zyte PR ®)

Then the time-evolving state is a thermal state of an emergent Hamiltonian.
Note that the temperature remains the same as in the initial state.

L. Vidmar, W. Xu, and MR, PRA 96, 013608 (2017).
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Effective temperature

Effective Hamiltonian:

9 —ip(T) £ ¢ Vi a
Het(T) = — Z(e & )flT—i-lfl +He)+ 1 )2 Zlnl’
1 l

l VI+(ir2

and effective temperature Ty (7) = T/+/1 + (V17)2.

W. Xu and MR, PRA 95, 033617 (2017).
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Effective temperature

Effective Hamiltonian:

Hert(7) = _Z( —ie(7) fl+1fl + H.c.) Wzl”h

l

and effective temperature Te(7) = T/+/1 + (V17)2
200

1

150051

<2100+

50+

-1 -0.5 0 0.5 1
ki

W. Xu and MR, PRA 95, 033617 (2017).
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Effective temperature

Effective Hamiltonian:

9 —ip(T) £ ¢ Vi _ -
Hest(T) = —Z(e & )sz+1fl +He)+ 1+ (1V )2 Zlnl’
1 !

l
and effective temperature Ty (7) = T/+/1 + (V17)2.

200 ; \ |

150

<2100

50

0 ; 102 ‘ : :
-1 0.5 0 0.5 1 500 525 550 575 600
ki J

W. Xu and MR, PRA 95, 033617 (2017).
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e Maximal work from a “quantum battery”
@ Speed up (quasi-)adiabatic transformations

Marcos Rigol (Penn State) Emergent eigenstate solution September 18, 2017 32/41



Transfer from power-law to box traps

Quasistatic evolution

Small quench

and 7

equilibration

1
500 ;

1 T 1 I :
S ot =it
osf | i | @ Inital state 00K Final state @ 0.5/ :

Fod I Quench to - |

ob—i L& Emergent o IS ERMTRRR

500 1 Local Hamiltonian 500 1
[ ]
Sudden expansion Quasistatic evolution :~'_ foe Y
| i
0.5/\
| H
e
"0

R. Modak, L. Vidmar, and MR, arXiv:1608.08453.
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e Maximal work from a “quantum battery”

@ “Quantum battery”
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“Quantum battery”

! /
Uy, B Hyo By
——

s b

I

Local /7 § e
—oo-o0o [ 2 & ma

a 2

N-2 small < 00—

quenches
R. Modak and MR, PRE 95, 062145 (2017)
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“Quantum battery” made of band insulators

Initial state (two chains with L/2 sites)
L/2

1) = [r)1 ® [¢r)2, with i)y =[] &f10)1, and [ihr)2 = [0)2.

=1

R. Modak, L. Vidmar, and MR, arXiv:1608.08453.
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“Quantum battery” made of band insulators

Initial state (two chains with L/2 sites)
L/2

1) = [r)1 ® [¢r)2, with i)y =[] &f10)1, and [ihr)2 = [0)2.

=1
Work extracted for H, = —J S22 (éle,,, + H.e)), £=1,2:

W =Tr[(6 = 5) (1 + )]

R. Modak, L. Vidmar, and MR, arXiv:1608.08453.
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“Quantum battery” made of band insulators

Initial state (two chains with L/2 sites)
L/2

1) = [r)1 ® [¢r)2, with i)y =[] &f10)1, and [ihr)2 = [0)2.

=1
Work extracted for H, = —J ZL/2 l(éjéprl +H.c), £=1,2:

W =Tr[(6 = 5) (1 + )]

(i) Connect the chains. The time-evolving state is the ground state of

L1 7
N 1

_ 7r/2 AT A - ~
H(t) = lE_l( e'"’?¢lé 1 +He.) t lg_l Iy,

so we quench to #(t¢) at time to < L/(2vmax) = L/4.

R. Modak, L. Vidmar, and MR, arXiv:1608.08453.
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“Quantum battery” made of band insulators

Initial state (two chains with L/2 sites)
L/2

1) = [r)1 ® [¢r)2, with i)y =[] &f10)1, and [ihr)2 = [0)2.

=1
Work extracted for A, = —J ZL/2 l(éjéprl +H.c), £=1,2:

W =Tr[(6 = 5) (1 + )]

(i) Connect the chains. The time-evolving state is the ground state of

L-1 L
3 1
__§ im/247 o 7} 2
H(t) = l_l( e’ Cl+1 +H C p l_llnl7

so we quench to #(t¢) at time to < L/(2vmax) = L/4.

(ii) Transform #(tq) — H, + H, quasi-statically:

We turn off the linear trap and the phase 7/2 in N, equal steps,
then disconnect the chains. Assume relaxation to the GGE.

R. Modak, L. Vidmar, and MR, arXiv:1608.08453.
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“Quantum battery” made of band insulators

o---0 t,=50
o—-o 1,=100
- —m ;=200

1
d(pGGE,pGS —Tr[ [pGCE — pGS]z] .

10 100 1000
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“Quantum battery” made of band insulators
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Marcos Rigol (Penn State)

Emergent eigenstate solution

September 18, 2017

[Ioln o+ (1—1,)In(1-1,)].

—Tr[ [pGCE — pGS]z] .
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“Quantum battery” made of band insulators
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@ The emergent eigenstate solution explains why ground-state-like
power-law correlations emerge during the meting of domain walls

@ Only one conserved (or quasi-conserved) quantity is needed for the
emergent Hamiltonian construction to work
e Nonintegrable systems close to integrability?
e More general nonintegrable systems?

@ An effective cooling takes place during the melting of finite-7" Mott insu-
lators (internal energy is converted into center of mass energy).

@ The emergent Gibbs ensemble can be used to describe the dynamics
of finite-temperature initial states.

@ Emergent Hamiltonians can be used to speed up adiabatic processes,
and to speed up maximal work extraction.
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