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Abstract: Quantum computers have emerged as the natural architecture to study the physics of strongly correlated many-body quantum systems, thus
providing a major new impetus to the field of many-body quantum physics. While the method of choice for simulating classical many-body systems
has long since been the ubiquitous Monte Carlo method, the formulation of a generalization of this method to the quantum regime has been impeded
by the fundamental peculiarities of quantum mechanics, including, interference effects and the no-cloning theorem.

We overcome those difficulties by constructing a quantum algorithm to sample from the Gibbs distribution of a quantum Hamiltonian at arbitrary
temperatures, both for bosonic and fermionic systems. This is a further step in validating the quantum computer as a full quantum simulator, with a
wealth of possible applications to quantum chemistry, condensed matter physics and high energy physics.
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Three paths to enlightenment

Solve the many body Schrodinger equation

T2 b S

Classical simulation Build a ===
of quantum systems e
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Achievements in Quantum Simulation

Dynamics: Any local Hamiltonian Evolution can be simulated with a quantum circuit!
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Achievements in Quantum Simulation

Dynamics: Any local Hamiltonian Evolution can be simulated with a quantum circuit!

exp ( — i1 S H.,) s Hw};p; -iot H, )} + O(4t°

1) Prepare ground states:

Farhi, Goldstone, Gutmann and Sipser ‘00:

Adiabatic quantum computation

2) Prepare the Gibbs state:
Terhal and DiVincenzo'00:
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Quantum Metropolis Sampling

Quantum Circuit
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Quantum Metropolis Sampling
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The Metropolis Algorithm
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The Metropolis Algorithm
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The Metropolis Algorithm
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The basic steps of the Metropolis Algorithm

step 1) move from one state to the other
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The basic steps of the Metropolis Algorithm

step 1) move from one state to the other
&

t]

E, = H(1l]

step 2) accept / reject new state

- 'lT
i = Inin I. | B

accept new state with prob W’

reject new state with prob 1 — w and keep old state
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The Basic Problems for a quantized version!
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The Basic Problems for a quantized version!

Easy, soived by Quantum Phase Estimation!
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The Basic Problems for a quantized version!

Easy, solved by Quantum Phase Estimation!

Impossible! but we can work coherently!
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The Basic Problems for a quantized version!

Easy, solved by Quantum Phase Estimation!

Impossible! but we can work coherently!
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Keep the new sample or go back to the old state with
a specific probability!

This is the most subtle step, because one has to perform a
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The Naive Approach! (e dces ot wos
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The Naive Approach! (e sces not wor

step 1) J__';-:IZ: = Zr'h!t.‘;-f:- - ‘ggj}

step 2) accept / reject

)

f . i f A — .}
accept V Jij = min | 1,¢ = reject » i
* Reject step fails! A

We can not undo the
measurement!
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The Naive Approach! (s sces not work:

. |2
._ - | 1€ | ‘ \
step 1) ¥ —=* Z Cki |Vk ) - W5}
P ¢ T 4] /
step 2) accept / reject
accept \/ lf ; = min (1 P E —FE,) J T’EJ‘E'{:I x
» Reject step fails! After the energ easu

We can not undo the
measurement!

We asked for to much Information! In the end we just want to answer a binary question:
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Tracking the Metropolis steps
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choose a random unitary :

we need to require :

du(C) = du(CT)

U E; OF 0)
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Tracking the Metropolis steps

;C’i<1}§
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Tracking the Metropolis steps
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choose a random unitary : ()

we need to require :

du(C) = du(C")

: U E; 0F 0)

py— Cloy =Y ¢

Page 24/54




Tracking the Metropolis steps
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accept / reject

) accept 1) it -
=
‘('Jﬁ _fsﬁ'f = Uk
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accept / reject

1) accept: |1 ot 1=
Y o
‘('iﬁ' _.}Lrﬁ}' U]
2)reject: |[0) prepare |¢")
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accept / reject

1) accept: 1) pare |

Idea: non-deterministic rejection!

Pirsa: 10110060 Page 28/54




Marriott & Watrous '05 aus canes
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accept / reject

Idea: non-deterministic rejection!
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Marriott & Watrous '05 aua canes

» Work N effective 2D subspace:
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How long does the rejection take?

I : ) YENE —T10
p=(10) a=( B VDI-D))
() = DI — D) I—D

where [) is diagonal
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How long does the rejection take?

I O | "EE — D)
3= ( 0 :‘: ) @1 = ( DD - = )
1 '\' L8 — Dl - iy D

where [) is diagonal
» effective 2D subspace:

pe ) =Vdl¢g') +V1—d|q"

PE —=1 * L r.FT ij_:t' x.-';f’ rlrl__ll
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How long does the rejection take?

= = _ : D £ENE — D"
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_ .V |H_—D| I—D

where [) is diagonal
» effective 2D subspace:

pE,) = Vd |gf') + V1 —d|g;*
- . ; T _“t _, J.rll..‘
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The full circuit
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Can we ensure the Algorithm does what we want?

is o=~ exp(-3H) the FP of the chain?

is the FP unique?
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Can we ensure the Algorithm does what we want?
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is ¢=exp(~3H) the FP of the chain?

is the FP unique?

N| =

Wiill depend on the problem and on the updates £

< ¢ nie) < polv(svstem size)
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Can we ensure the Algorithm does what we want?

I8 p= / iH) the FP of the chain?

is the FP unique?

E': Poj — =4 n(e) < poly(syvstem size)
| #w

Wiil depend on the problem and on the updates €

Imperfections due to the simulation (trotter error)

e = Imperfections due to the phase estimation algorithm T




Rapid Mixing: A simple example system
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Small interlude: the quantum X~ distance

9
» classical X - distance serves as upper bound
i — i) - n2 2 {
Cime =3 —— p—qlli < x"(p.q)

gives access to bounding the mixing time (Fill, Diaconis, Strook "91)
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2
Small interlude: the quantum X - distance

* classical X - distance serves as upper bound
2 ) = PE— %) | A2 < v2(p. a)
K= P —qlli < x“(p.9)

gives access to bounding the mixing time (Fiil. Diaconis, Strook ‘91)

2
: X
o : = O
Xelp.o) =tr [(p— o)l |(p— )| P— Tlltr = Xk\P-O)
: : : ~kr 1 :
with the inversion ¢ lﬁ P a non-commutative : =
' o
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Quantum detailed balance

-~ % k .

' E=T
- = II,TH-JL;

A real spectrum

and that 7 is the fixed point
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Quantum detailed balance

E* 0 = OF c

(#] (T

F'f]

» This ens : A real spectrum

and that 7 is the fixed point

Example: '.ET q.:l.'.lf. - . o
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Fixed point and Degeneracies

b
Elpl = Alp] + Z By p]

L—1)

PP acts as projector on energy subspace
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Fixed point and Degeneracies

P acts as projector on energy subspace

A —  dulC) =du(CT) B turns out to be fine
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Fixed point and Degeneracies

b8
Elpl = Alpl + ) _ Bxlpl

k=1

PP acts as projector on energy subspace

A — dulC)=dulC") B turns out to be fine
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What about errors?

simulation time T = es?toN(log (N))?9V'osls7to/cx)

l
scales better than any power _~ . We neglect this error
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What about errors?

simulation time T = ¢s%toN(log, (N))?9V'eals7ta/en)

|
scales better than any power ——— We neglect this error

Minimize fluctuations due to median method
(Nagaj. Wocian, Zhang "09)
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An implementation scheme
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An implementation scheme
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Conclusions
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2
Small interlude: the quantum X - distance

* classical X - distance serves as upper bound
) : (pi — qi)” =~ 2 :
=Y ——— P —qllf < x“(p.q)

gives access to bounding the mixing time (Fill. Diaconis, Strook ‘91)
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Can we ensure the Algorithm does what we want?
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5 p= /1 iH) the FP of the chain?

Is the FP unique?
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Will depend on the problem and on the updates £

Imperfections due to the simulation (trotter error)

Imperfections due to the phase estimation algorithm
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