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M A Tale of Two Transitions
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Q: What do you do with a quantum
state once you've prepared one?

A: You measure its excitations.
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Measuring Excitations e Shen goup

Angle-resolved Photoemission Neutron Scattering Time-resolved ARPES
(ARPES)



M Measuring Excitations
/ Ising Model \ / Heisenberg model :
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M Correlation functions

(A(r, 1) B(r', 1))

Given some (observable) operator B at
(r,t’), what is the likelihood of some
(observable) operator A at (r,t)?

Optical conductivity, y/X-ray scattering,
photoemission, neutron scattering, Raman,
IR absorption, etc.
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M Correlation functions
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Correlation functions

Ancillaries
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This works!

Correlation functions

Ancillaries
0) —{H]
|0> ™ Us UA e—iHt B

System qubits

But:

» A and B need to be unitary & controlled

IS(q,w)[% PaS

Need an ancilla with long coherence

[S(a.w)[?

More complex A,B need post-processing

(A(r, t)B(r", 1))
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(A few) Quantum Algorithm(s) for correlation functions
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5 03 ite i FIG. 1 (color online). Many-body Ramsey interferometry con-
& site ) sists of the following steps: (1) A spin system prepared in its
S ool 7. Correlatlng the measured ground state is locally excited by /2 rotation; (2) the system
© outcomes evolves in time; (3) a global.ﬂ'/ 2 rotatiqn is applied, foll(?wed by
05 Quantum the measurement of the spin state. This protocol provides the

: computer dynamic many-body Green’s function.
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Linear Response

A linear response framework for simulating bosonic and fermionic correlation
functions illustrated on quantum computers

Efekan Kokcii @, Heba A. Labib ®,! J. K. Freericks ®,2 and A. F. Kemper ®% *

! Department of Physics, North Carolina State University, Raleigh, North Carolina 27695, USA
2 Department of Physics, Georgetown University, 37th and O Sts. NW, Washington, DC 20057 USA
(Dated: February 22, 2023)

1. Make the excitation part of the quantum simulation

/ / 2. Post-process the data to get the response functions
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Linear Response

A linear response framework for simulating bosonic and fermionic correlation
functions illustrated on quantum computers
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f
Benefits
/ ® //@ // « Any operator A,B you desire (as long as it is
—_ —_ = Hermitian*)
» No ancillas/controlled operations needed
nitiate Excite Evolve Measure « Many correlation functions at the same time
— ] « Less post-processing (less noise)
— ; A
@) s ot = (A))
o » Frequency/momentum selective
evolve with evolve with

Ho+ h(t)B Ho 14



M Linear Response

A simple example: single spin with energy level difference = 2
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M Linear Response

A simple example: single spin with energy level difference = 2

h(t)
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M Linear Response

A simple example: single spin with energy level difference = 2
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M A Bosonic Correlation function: Polarizability

Su-Schrieffer-Heeger model for polyacetylene
Van — 6/2 Vnn + 5/2

—Om O OmO— OO S

Ho = — Z {Vnn + (—1)i5/2] c;rcj — ,chIci

(4,9)
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M Fermionic Linear Response

= —if(t — ') (ol [A(2), B(t))]|1bp)

/

Notice this is a commutator...
... we might also want to have an anti-commutator

l

G(t,t') = —if(t — ') (Yo {A(t), B(t') }o)

Why?
GR(rs, tir5,t") = —ib(t — t') (Wol{es(t), c§ (") }bo)

N/

Fermionic creation/
annihilation operators




T. Steckmann et al.,

Phys. Rev. Research 5, 023198 (2023)

Application of Green's functions: DMFT

2-site Hubbard DMFT (5 qubits)

Cartan Based Simulation on IBM Lagos
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https://www.physics.ncsu.edu/kemperlab/papers/Steckmann_DMFT/

2-site Hubbard DMFT

T. Steckmann et al.,
Phys. Rev. Research 5, 023198 (>~

Self-consistent DMFT phase diagram showing the metal-
insulator transition for 2-site Hubbard model
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M Fermionic Linear Response 230210215

/ Option 1: Auxiliary operator \
JA(t)

= a0t — ) (ol [A (D), B(E)] o)

Find an operator P such that:
{B(t),P} =0
[Ho, P] =0
Plipg) = sltby)
Then:
G(t,1) = —if(t — ) (o {A(t), B(t') }|¢p)
= ~0(t — ) (ol [A()P (1), B(t)] ko)

Example: parity
\ P=72%..2, /

/ Option 2: Post-selection :




M Fermionic Linear Response 230210215
Option 1: Auxiliary operator \ / Option 2: Post-selection :

hey |, = 0t~ OWlIA®. B Indat Excit Evolve ) Messare
: i
Find an operator P such that: ) "’\f\N\/‘” el %Z (A(t))
{B(t),P} =0 :
[Ho, P] =0
Ply)g) = sltby) N {N, N+1, N-1}
Then: v {N, N+1, N-1}
G(t, ) = —i0(t — ) {1 {A(£), B(¥)} ) B=n(c+c)
) ‘ l 0 ) 0
t / /
T s 6t = )Wl AP (), B(E)][Y0) Post-selection on particle number gives us

Example: parity Gi<j (t) =1 WO‘C;(O)Ci(t)WO)
\ P=77..7, / k ij(t) = —1 <1po|ci(t)c;r-(0)|zp0) J




M Linear Response -> Green’s function %"

Su-Schrieffer-Heeger model for polyacetylene
Vnn - 6/2 Vnn + 5/2
A

Ho = — Z {Vnn + (—1)i5/2] c;rcj — ,chIci

(4,9)

Initiate Excite Evolve Measure
— —
] —iHot ::
1 P = PO}
]

GR(ri, t;r5,t") = —if(t — 1) (ol {c:(t), ¢} (¢')}|bo)
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M Linear Response -> Green’s function %"

Su-Schrieffer-Heeger model for polyacetylene
Van — 6/2 Vnn + 5/2

= OO~ O
Ho = — Z {Vnn + (—1)i5/2] c;rcj — ,chIci
(4,7) i

Compressed circuit run on ibm_auckland

AT )
4R, [n cos(4k) I+
' )
i
B

Choose B to create a momentum eigenstate

GR(t) = —=i6(t) (ol {cr (t), cf.(0) }ebo)

<: B = Z 2 cos(kr;) [Ci + c,ﬂ



Su-Schrieffer-Heeger model for polyacetylene
Van — 6/2 Vnn + 5/2

—Om O OmO— OO S

Ho = — Z {Vnn + (—1)i5/2] c;rcj — NZCI%

(7,9)
Compressed circuit run on ibm_auckland

Ry [ cos(0K)]
Ry [ cos(1k)]
Ry [ncos(2k)]

R, [ncos(3k)]
Rz

]

]

B BIRARIRAR

Choose B to create a momentum eigenstate

GR(t) = —i0(t) (hol{cr (1), ¢} (0) o)

Linear Response -> Green's function

2302.10219

6=0 6 =04 6=0.8
0 TN
n/a AANAANAMNNANY
—2n/4 1 MWW
—3m/4 - MWW
-n I AY
0 1'0 20 (I) 2I0 40 O 2l0 40
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N ‘ ll ll
/4
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- - 4 4
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Energy w Energy w Energy w
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Su-Schrieffer-Heeger model for polyacetylene
Van — 6/2 Vnn + 5/2

—Om O OmO— OO S

Ho = — Z {Vnn + (—1)i5/2] c;rcj — MZCICZ'

(4,9)

Compressed circuit run on ibm_auckland

Ry [n cos(0k)]
Ry [ cos(1k)]
"‘Rz [n cos(2k)]
Ra [ cos(3k)]

- R, [ncos(4k)

]

]

B BIBBIRR

Choose B to create a momentum eigenstate

GR(t) = —=i6(t) (ol {cr (t), cf.(0) }ebo)

n/4
—21m/4 A
—3m/4 1

—1T 1

— 2V

Linear Response -> Green's function

2302.10219
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Linear Response -> Green's function

Vin = 6/2 Vi +8/2

a avs b

B
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Linear Response -> Green's function

Why does this work so well?

B = Z 2 cos(kr;) [ci + (ﬂ

Hadamard test method : : U+ 2V
o) ] + — T Momentum-selective linear response
1 X0 /Y — . = (M
S — = [ Rx [ncos(0k)] |
|¢) - —iHot t - W
= € s Ry [n cos(1k)] —iHot [
— rok [4) e 0
N A R, [ cos(2k)] A
~ Ry [ncos(3k)] —E}:
Position-selective linear response o B 1+ 2V ) ﬂ 3
FT — = €
R [ =
P 60 - L J
)4 = —iHot rok o+ 2V
R, n— € — - -
- | [— -
= [ 2V - - H
- n
- FH—2Vp,

Data from noisy simulator with one/two qubit noise of 1% and 10% 2
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Linear Response

e Ancilla free

e Momentum and frequency selectivity

e Both bosonic and fermionic correlators

More noise robust compared to existing methods

I
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"MNM" —iHt A= -n 0 -n 0 -n 0
|\II> ] € <A(t)> Momentum k Momentum k Momentum k
evolve with evolve with

H
Ho+h(D)B 0 E. Kbkeii, H.Labib, J.K. Freericks, AFK., arXiv:2302.10219



Quantum Matter meets Quantum Computing
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