Quantum Simulations of the Schwinger Model
From vacuum to dense matter

Marc Illa

w/ Roland Farrell, Anthony Ciavarella and Martin Savage
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Progess in digital quantum simulations of LGT
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Progess in digital quantum simulations of LGT

E. A. Martinez et al. Nature (2016)

. 0.5—'a
2 04| 420
O]
8 360
3 0.2}
: £
'1(:_) 0.1l vac e e vac 300
Q
0.0t 1 . . g
0 wt TT/2 £
— Ideal evolution =—a Exp. error model 240 %
~— Discretization errors ¢ ¢ Experimental data + )
— =
3 6o 1 180 S
O
40 120
60

Ny R R N

1/1/16  1/1/17  1/1/18  1/1/19  1/1/20  1/1/21  1/1/22  1/1/23  1/1/24  1/1/25



Progess in digital quantum simulations of LGT
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Progess in digital quantum simulations of LGT

+100 qubit simulations
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The Main Elements

+ 1+1D Quantum Electrodynamics (QED) - The Schwinger Model

+ Gapped and translational invariant
+ Confinement (hadrons) - similarities with QCD

+ ADAPT-VQE with scalable operator pool: SC-ADAPT-VQE
+ Classical resources to exponentially converge on small/modest systems

+ Efficient circuits for state preparation and time evolution

+ Error mitigation techniques for running on 100+ qubits
+ Operator decoherence renormalization

+ Fragmentation and hadronization with classical sources: discretization
effects



Connection between the Schwinger Model and QCD

+ Confinement V(x) x x — “Hadrons” (bound states) can form

+ Non-zerogap A — Characteristic length scale & =1/A

l

State-preparation circuits only need structure
for qubits separated by r < &

+ Highly non-trivial vacuum, but it has translational invariance

+ Perfect sandbox to study hadronization, fragmentation and finite-density phases

E. A. Martinez et al., Nature 2016 N. Klco et al., PRA 2018

+ One of the most studied systems using (QC  N.H.Nguyenetal, PRXQ2022 F. M. Surace et al., PRX 2020

A. Mil et al., Science 2020



The Schwinger Model (1+1D QED)

1 _ _
L = _ZFMVFMV T Zwﬁylu(a,u T ZQAM)ZD o mWSb

Banks, Kogut & Susskind PRD 1975-76 Lattice version, with staggered fermions in Weyl gauge (Ao = 0)

| 202 2L—1 72 2L —2
— T 1\, T | 2
H=2 ) (WUntnsr+he)+m Y (=1)"lvn+ - ) |Enl
n=0 n=0 n=0
(0ls (0} P2
‘ﬂ M — & ——0-
e e e e e e

We have: + Local interactions
+ Fermionic degrees of freedom (electrons and positrons) : 2 level-systems — qubits
+ Bosonic degrees of freedom (gauge links): n level-systems — multiple qubits or qudits




The Schwinger Model (1+1D QED)

1 _ _
1 : :
L = _Z ,uVF'u T Zwﬁylu(a,u T ZQAu)w o mWSb
1
e e™ e e™ e e™
. _ P. Sala et al., PRD 2018 In 1+1D, the gauge field is not a degree of freedom,
Change to Axial gauge (41 =0) R. C. Farrel et al., PRD 2023 completely constrained by Gauss’s law
1 2L, —2 2L—1 92 21, —2
H=2 3 ($ltnm+he) +m§j D" ltbn + 5 D (D Qm)’
n=0 n=0 m<n

We have: + Non-local interactions
+ Fermionic degrees of freedom (electrons and positrons) : 2 level-systems — qubits




The Schwinger Model (1+1D QED)

Apply the Jordan-Wigner transformation to map fermion field operators to spins,

| 2L2 o 2L 72 2L—2
H=2 3 (ofop+he)+ 5 Y (=172 +1+5 3 (O Q)
=0 =0 1=0 k<j
1
QK = —§[Zk

—xample: strong-coupling vacuum (all empty)
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Preparing the Vacuum: SC-ADAPT-VQE

Scalable ‘ w
Operator Pool -
01 |¢ansatz> — jl - N
Oq 1 e %y
- | [H,On] | |7
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Preparing the Vacuum: Scalable Operators

he operators from the pool are constrained to be charge neutral, symmetric under CP,
and invariant under time reversal

~ 1 ~
O,, = 5 Z (—1)"Z, 1
n=0
2—1—d Volume operators
~ 1 R . o )
|4 _ d—1 d—1
OY (d) = . ; (an Xpia+ Y2 Yn+d) J
~ 1 R .
65.(d) = (=15 (Za = Zar-1-a)

o | N ) e ) N ] Surface operators
O, (d) = 1 (Xlz T Xg1 V1247 Yarr + Xop_o_qZ" " Xop_o+ Yor_o g4 _1Y2L—2)J



Preparing the Vacuum: Scalable Operators

i0i real «— O, imaginary and

anti-symmetric

Time reversal symmetry <— Real wavefunction «— €°

X

These are not imaginary
and anti-symmetric

1 2L —1
v .
1 2L—1—d
HOEEEDS (and—lxn+d + YnZd_lYn+d)

05,(d) = (~1)'5 (Zu— Zon1-a)

) 1 /o o o . o ) o
07 (d) = 1 (Xlzd "Xop1 +Y2Yo + Xop o gZ% ' Xor o0+ Yor_o_gZ° 1Y2L—2)
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Preparing the Vacuum: Scalable Operators

9i0i real «— O, imaginary and

anti-symmetric

Time reversal symmetry <— Real wavefunction «— €°

These are imaginary and
anti-symmetric

. {0} = {Oh(d) , O54(0,d) , 05,(1,d) }

2L—1—d

n n n 1 N~ A n N A n
OV, (d) =i [@%,@X(d)} = > (- (and—lyn+d —YnZd_an+d>
n=0
) ) 1 /o ot o o . o
O (0,d) = i @%(O)a@X(d)} =7 (XOZd YWy Yo Z¥ 1 Xy — Yor 1_qZ% Xop 1 + Xop_1_q 2" 1Y2L—1>
) ) 1 /o ay o ) o ) o
O5,(1,d) =i @i(l),@f(d)} =7 (led X1 = X024 Y + Yor 0 qZ% ' Xor 0 — Xop_o_gZ° 1Y2L—2)

hese operators create and annihilate e e pairs separated by a distance d

11



Preparing the Vacuum: Scalable Operators

Need efficient circults for

eie(xzd—ly—yzd—l)()

(XOZd_lf/d — YoZd_le — }A/QL—l—dZd_lXQL—l + XQL—1—dZd_1Y2L—1)

(ﬁzd_lffdﬂ — Xlzd_lyd—l—l +Yor 0 gZ% ' Xop o — XQL—Q—dZd_llA/QL—Q)

_|_

These operators create and annihilate e™ e~ pairs separated by a distance d

12



Preparing the Vacuum: Efficient Circuts

Using the tools developed in Algaba et al., Quantum 2024

. — — S HH Ry (094 HH ST
6
6@ b (XY::YX) — R__ (9) —
- - A ZHHHSKEHR,0)EHSTHHR Z
—i8(XZ?Y -YZ°X) _ N7 +D S7 +D
D *D oA *D
| Ba—— D Rz(9) {p—— R H ——P Bz(0) b—— H
Ri(—-3%) Ry(+35)
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Preparing the Vacuum: Efficient Circuts

Using the tools developed in Algaba et al., Quantum 2024

_ _ i 1 | QF
eig(XY::YX) = |RL(0)] = S LA P O 5
— - A ZHHHSKAHARz0)EHS'THHR Z
o , R Ry (+3)|
c—15(XZ?Y -YZ?X) _ - 1 r o [ -
re(-3)| |re+5)
|re-3)| R3]
R+(—§)_ _R+(+§)
eig(XZ4Y—YZ4X) — |z |
) |B(=3) Ry(+3)| .




Preparing the Vacuum: Efficient Circuts

Using the tools developed in Algaba et al., Quantum 2024 ﬂ — " r_
| 2L-2 o o .
O?Yzh(l) — 5 nz::() (_1)n (XnYn—l—l — Yan—l—l) — BZeOmh(l) :I:l: :_R+(—g

Example for [, = 6

i (XY -YX)

—i2(XY-YX)
o5 (XY Y X)
—i2(XY-YX)
o153 (XY Y X)
—i2(XY-YX)
eig(XY—YX)
—i2(XY-YX)
o153 (XY -YX)
—i8 (XY -YX)

eig(XY—YX)

™D
N
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Preparing the Vacuum: Efficient Circuts

Using the tools developed in Algaba et al., Quantum 2024 ﬂ — e I — |r. (o)
1 2L—4 oAt
Opmn(3) = 5 z—:o (—1)" (XnZQYn—l—B — YnZQXn—I—S) — 00mn(3) :I:I: ::R+(—%): I ::R+(+%):

Example for [, = 6

16



Preparing the Vacuum: Efficient Circuts

Using the tools developed in Algaba et al., Quantum 2024 :: R_(6) : I ::R_(—H):
1 2L—4 oAt
Ovn(3) =5 D (=1)" (XnZVois = ¥VuZ?Kpy3) —> €00mn(3) =Trcsl T =Tre
n=0

Example for [, = 6




Preparing the Vacuum: Efficient Circuts

Using the tools developed in Algaba et al., Quantum 2024 ﬂ — e I — |r. (o)
1 2L—4 oAt
Opmn(3) = 5 z—:o (—1)" (XnZQYn—l—B — YnZQXn—I—S) — 00mn(3) :I:I: ::R+(—%): I ::R+(+%):

Example for [, = 6
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Preparing the Vacuum: Efficient Circuts

Using the tools developed in Algaba et al., Quantum 2024 ﬂ — e I — |r. (o)
1 2L—4 oAt
Opmn(3) = 5 z—:o (—1)" (XnZQYn—l—B — YnZQXn—I—S) — 00mn(3) :I:I: ::R+(—%): I ::R+(+%):

Example for [, = 6
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Convergence as a funtion of Layers (using classical resources)

L =6 L=7

10—1 E

L=9 =O=- L=10 =O= L =11 =O= [ =12 =O= [ =13 =O= [ =14
m=0.1, g =0.8

£ =1.3

102 e

m=0.5, g=20.3

£=10.9

10—1 5
10— 2 E

1073 =

e = (H)/L
_ 1 _
x=(W¥) = 7 (i)

1y,

1

L

(1 o ‘ <wansatz ‘¢exaet> ‘ 2)
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Convergence as a funtion of Layers (using classical resources)

Having exponentially-decaying correlations, and in volumes large enough to contain the longest correlation length,
the variational parameters are expected to be exponentially close to their infinite-volume values.

QZ(L) — (9;)0 -+ 616_C2L

0.1400 -
0.1398 -
~0.1396 -
0.1394 -

0.1392 -

0.1390

0 o 0 m = 0.5, g =0.3
0 O ADAPT-VQE
—— Exponential Fit
Extrap. Fit
O Eff.-6
Eff.-0 Band

Ratio of @, for 4 consecutive Ls
to cancel c1e” 2% contribution

(like effective mass in LQCD)
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Running on a Quantum Computer

Once we have the angles of the operators up to L=14 computed classically, we can extrapolate

them to arbitrarily large L

We run circuits with 2 layers for L=14, 20, 30, 40 and 50 (which means 28, 40, 60, 80 and 100

qubits)
0005, (1) 80,7, (3)

Prepare strong-coupling vacuum

We need to map the

circuit on the chip

>

AN NN R R EN RN R EN R EA RN R BN R A B

i i i
@-0-0-0-0-0-0-0-0-0-0-0-0-0-
o @ @ @

] ] ] ]
0-0-0-0-0-0-0-0-0-0-8-0-0-0-
© ® ®

i i i

©-8-0-0-0-0-0-0-0-8-0-0-0-
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Running on a Quantum Computer

Once we have the angles of the operators up to L=14 computed classically, we can extrapolate
them to arbitrarily large L

We run circuits with 2 layers for L=14, 20, 30, 40 and 50 (which means 28, 40, 60, 80 and 100
qubits)
?iQOAV (1) eiep‘/ (3)

mh mh

Errors that we need to consider:

.  —

% Hﬁ!HHIH j + Readout errors (p~10-3-10-2)
§> HIH |_|I .7 Weneed tomap the + |dling errors — Dynamical Decoupling
'?;% AIiHI_'l!i_' =z circuit on the chip X
3 I g + Coherent and incoherent errors
> = ==
= = ===
= =Rs
! —il— ==
g = = =

] ] ¥
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0.0

Running on a Quantum Computer: Chiral Condensate

1bm_cusco

P i) = 57 -1 :
S vy =S 1-1)Z+ 1= 3 i
(4 1 1
There are still additional errors — Main contribution coming from 2-qubit gates, i.e., CNOTs
- qiskit MPS circuit simulator +# ibm_cusco DD
: . @
0 20 40 60 30 99



Mitigating the noise

On a guantum computer, we have to deal with:

+ Incoherent (stochastic) noise: relaxation and dephasing (T1 and T2 times)
+ Coherent noise: unitary rotations caused by miscalibrations or cross-talk

We know how to deal with incoherent noise (later), but not with coherent noise. However, there is
a way to transform coherent noise into incoherent noise

|

Pauli Twirling (or randomized compiling)

Noisless
¢ — P e P~ ¢
— %
N o ey o b an
N > [\ ) N




1.0 1

0.9 -

0.0 =

Mitigating the noise

=g 0 = o SV A+ 1) = 5

1 1

We can correct them using

The remaining errors are incoherent (stochasticy —> Operator Decoherence
Renormalization (ODR)

— qgiskit MPS circuit simulftor == ibm_cusco DD +~ ibm_cusco DD+PT

a
a
o a )
o . - |
bo?%000p0u08800b0n0,tnng, 008 0000,0,0090%0%00000, 5,50%0000%0508008%0005000%0007%02
o} - g O = . o 0
= - i -

i og" o

Averaged over 40 Pauli Twirled circuits
0 20 40 60 30 99

@

1bm_cusco
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M. Urbanek et al., PRL 2021

Mltlgatlng the nOise S. A Rahman et al., PRD 2022

R. C. Farrel et al., PRD 2023
A. N. Ciavarella, PRD 2023

Operator Decoherence Renormalization (ODR)

f we only have incoherence noise, we can assume that our measured observable is related to
the noiseless one via the following relation:

A A

<O>meas — (1 — 770) <O>pred

We need a way estimate the noise parameter no —— We have to know <O>meas and <O>

0 0
#0711 eiéa,‘;f% (s uber o b {m ][]

pred

-

A AEEeEaje |z
> ML el o
< LI =1 FE =
ani=N=l—= =
R Hl=il=" ==
A= ===
s LW = HE s
anislisl—15 e
GBI
S i ] 3s
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Mitigating the noise

Operator Decoherence Renormalization (ODR)

the noiseless one via the following relation:

A

<O>meas —

(1 o 770) <O>pred

A

M. Urbanek et al., PRL 2021
S. A Rahman et al., PRD 2022
R. C. Farrel et al., PRD 2023
A. N. Ciavarella, PRD 2023

f we only have incoherence noise, we can assume that our measured observable is related to

We need a way estimate the noise parameter no —— We have to know <O>meas and <O>pred

0 0
SOV, (1) ifOY,,.(3)

-

s LHT=1= = [1—=
aei—Ri=l—= = -
O O
> [ IH#IHIH 71 Noisless Df/x
=lil=il= S
Ol e ~ O<
g II_HIH HI —{ A 3
Uiy s T o=
SHOEE o
¢ U = =

We call this
the same s

the mitigation circuit, which has
ructure as the physics circuit, but

we Know tr

e noiseless output
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Mitigating the noise

=g 0 = o SV A+ 1) = 5

( 1

After applying Pauli Twirling + ODR, 40 mitigation circuits + 40 physics circuits
results agree within statistical uncertainty = 80 circuts
w/ 8000 shots each

- qiskit MPS circuit simulator *# ibm_cusco DD + ibm_cusco DD+PT o+ ibm_cusco DD+PT+ODR

Q 1bm_cusco

(*

~n
~n
n Q Q n a a w N c O ”n ”n # A~ R N v) A o A D BN NN LA O B A N A N ”n
v ¥ ¥ 03 A4 c 0 N g M N NV 7S 2 M MV v s ¥V N 2 4 A AN A~ N ¥ L s X
“r 7 . AV A 7 A A4
N7 VAR VAR O

Q Q
§Q§§§§§§§§§§§§§§§éé-§§§3335§§§§§§§§§§3§§§§§§§§§§§;;353§§§§§§§§§§§§§§§§§§§5§§§§§§‘§“ """""""""""""""" -

0 20 40 60 30 09
Qubit 7



Running on a Quantum Computer: QQ Correlations

- d=2 -
Qi < > Q j
Qe = @00 - @)@  g———
e e™ e e™ e et
- 3 - : | | g
L I S | R B . —» Consistent with O Q
2 102 - TS . Twirls and statistics limited
b ]
102 1 RN 6  ° 7 0
S — 10—4 _ g\\
2 ~3 S
1S 1078 =
7 > hN
<|g < \Qi 10_6 B *\\
o 10_4 o \\\\
5 1074 O+ ibm_cusco *\\
10 ~—=- qgiskit MPS circuit simulator Ny
10_10 | | | | | | %\‘
0 1 2 3 4 5 6

d
25



Once we have prepared the vacuum,
we can study some dynamics

20



Preparing a Hadron: Adiabatic method a la JLP

S. PoJordan, K. S. M. Lee, J. Preskill, QIC (2014)

For lattice scalar field theory:

Adiabatic time

Start with the free theory — .
evolution

— End with the interacting theory

(slowly turn on A¢*)

For lattice Schwinger model:

Start with the strong-coupling Adiabatic time |
theOry evolution — End with the full theOry

2 - 5

(slowly turn on kinetic term) 79




Preparing a Hadron: Adiabatic method a la JLP

ta  |(Ywe|E:)|?

0 150 175 1950 5 10 10731072101
| | | | ol v
1 -
B 4mh
0 -
B Smh
| - - — - 2my,
Had(O) — H — Hkln td tf\ D = o,_.:
~ Lg @ - Ny,
34 —— Hu4(t) spectrum
— (Ywe ()| Haa(t)|we(t))
4 - vac
ta =0 ty = 3T te = 2T typ =T+ To tg=T1+ T2 —Tp
2 4 _ _ _ _ _ _
Learn the final state
| | ,; with SC-ADAPT-VQE
Omooccocmmooccod)o Oonoocoocmnooccoapo OOOOOCCOOiII)C(IIZCCOOO:pO 2900808 Pe0e0e8a 53000008 0000000008 Sotees O 0000 99000000 00 0000008
O B B | - | - | - B | B

0 6 12 1823 0 6 12 1823 0 6 12 1823 0 6 12 1823 0 6 12 1823 0 6 12 1823 0 6 12 1823
Fermion staggered site j
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Preparing a Hadron: using SC-ADAPT-VQE

—~ i (localized state)
>0 )
- S 3 E S 1=1- ‘<wansatz‘¢WP>‘
O B | | | | |
0 6 12 18 23
10_1?
~
= =t
2 BT 1073
-

SN S
1 | 1 | N | B {
_ = = = = O 00 =
B~ O N = O

1 2 3 4 5 6 7 &8 9 10
step




Performing time evolution: truncating the interaction

2L—2 2L—1 5 2L—2

1 _ m ' g
H = 5 Z (001 +hc)A > Z (—1)Z; + 1] : Z (Z Qr)°
7=0 7=0 7=0 k<j
Number of gates: Fasy O(L) Fasy O(L) Hard O(L?)

Impractical to iImplement

— 0*“"'"""“ /

1

pe

—_

oL —

—
—_
-

Coefficients (

-
DO
-
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Performing time evolution: truncating the interaction

| 2L—2 o 2L-1 42 2L
H = Y (0f07,, +he)- ; > [(-1)Z; + 1] > > ) Q)
7=0 7=0 7=0 k<j
Number of gates: Fasy O(L) Fasy O(L) Hard O(L?)

Charges are screened

O -

R, 11 "R

= S = AN

= 10 - T T o, We can truncate the interaction

N ) \\ S E— :

2 5- S o, beyond confinement length

&: = < \Qj i

D l. — 10 5

Q - “n

o 0 20 . 10-6
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Performing time evolution: truncating the interaction

2L—2 2L—1 5 2L—2

1 _ m - g
H — > Z (O';_O'j_l_l + h.c.) - > Z (=1 Z; + 1|4 5 Z (Z Qr)°
j=0 j=0 j=0 k<j

Number of gates: asy O(L) Fasy O(L) Hard OZ)

. IR HH 0F O(M\L)
Ay, 11 “mgpEEEEEEER

I For demonstration,
5 H0 - > 107 ' we use A =1

Coefficients (

-
DO
-

20 -

31



RZ (mt)
RZ (mt)
RZ (mt)
RZ (mt)

Rz(—mt)

Rz(—mt)

d operator

1Z€

Trotter

C

o

-

=N

@ :
T

5
QO

O -

£

o ¢

C

N %ﬂ?d

E ©

O

e

-

D

all

Trotter

2Nnd order



Performing time evolution: Trotterized operator

- {0} H[| RO B
O =
- A D— 20—
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Performing time evolution: Results

1) Prepare vacuum and hadron wavepacket
2) Apply Trotterized time evolution operator

3) Measure chiral condensate (removing vacuum
contribution)

Xj (t) — <¢WP (t) ‘X] hbWP (t)> o <¢Va,c (t) ‘Xj ‘wvac (t)>

MPS simulation
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Performing time evolution: Results

t Nt | # of CNOTs | CNOT depth Total # of
(per t) (per t) shots (x10°)

1) Prepare vacuum and hadron wavepacket
1& 2 || 2 2,746 70 4%x2x 3.8
2) Apply Trotterized time evolution operator skdjjd) 45% 120 1x2x38
5 & 6 6 6,450 170 4 x2X%X 3.8
3) Measure chiral condensate (removing vacuum r&8 8| 8302 220 Ax2x38
: : 9 & 10 || 10 10,154 270 4%x2x1.3

contribution)
11 & 12| 12 12,006 320 4x2x1.3
X;(t) = (e (O we (1)) = (ac(®)s [Yoac (£) o] was | sw | 4xoxis
Totals 1.54 x 10°®
MPS simulation lbom_torino
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Raw

ODR

ODR+Filter+CP  ODR-+Filter

Mitigating the noise (again)

t=09
, (Wwe X5 (E)|[Ywe) (Uvac| X () |Pvac) X;(t) = (Ywr X (D) |Ywp) — (WYvacl X (1) [¥vac)
FO4 jbm_torino
==  MPS simulator
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Different mitigation circuit:
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Schwinger model with external charges

A. Florio et al. PRL (2023), arXiv:2404.00087

t/a
Op®
000 0-0-0-0-0-0- 07070 -0-0-0-0-0-0-0-0- 3" (ext) O t—t() m L
0%e%o%e 5 (t) = — im — L
-----@oooooeb”b’Q’O’CPO@OOO@' 4 q a

-----@00000@’5"6”6?0000000 5-

00000 87785795 e 0 0 0 0 08 6 2 back-to-back charges moving at the speed of light
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= 1/2a
g=2la
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creation of
pi; Meson states

source fermion anti—fermion electric charge = dynamical
electric field

el_g Z S Q| -2 Z > Qo+ ¢V (1) ~
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Add external charge in the system
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Schwinger model with external charges

Going at the speed of light seems to be too fast on the lattice.
Are we seeing discretization effects?

Due to Lorentz invariance, energy should be
conserved at constant speed

)

0.04 J\ 27 |
0.00 1 \// § 0.1 - 0.20
—0.044 f

= 1 1 OO ||||||| i
0 14 28 42 56 0 246 8101214 )
t x <

T 0.10 7

: 0.05 -

Charge moving at a constant speed

(with minimal acceleration) 0 A e e 05 10




c

Schwinger model with external charges

Going at the speed of light seems to be too fast on the lattice.

Are we seeing discretization effects?

004 ':;j\\ ,i ) 02 T r W
0.00 - \// = 0.1-
—0.044 | f

= T T ' T OO |||||||
0 14 28 42 50 0 2 4 6 8101214

t T

T

Charge moving at a constant speed
(with minimal acceleration)

)

Due to Lorentz invariance, energy should be
conserved at constant speed

P :

Non-zero lattice spacing artifact

Energy is pumped into the system:
creation of hadrons
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Schwinger model with external charges

Going at the speed of light seems to be too fast on the lattice.
Are we seeing discretization effects?

0.5 Y 7 % /
g 0.0 - 7 / 7 / /
| Umax = 0.1 VUmax = 0.2 VUmax = 0.3 VUmax = 0.4 VUmax = 0.9
. _0.5 1 1 1 1 1 1 1 1
goij 0.5 / 7 / /
5 a a a a
= 00- / /. 7 7 s .
<\®/ .
Vmax = 0.6 Vmax = 0.7 Vmax = 0.8 Vmax = 0.9 Vmax = 0.99
_0.5 1 1 1 1 1

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10
Staggered position

15 20
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Schwinger model with external charges

Going at the speed of light seems to be too fast on the lattice.
Are we seeing discretization effects?

AN NNNN
INNNNNN
ANNNNN

<qAn> Q:{i_?),v} - <qAn>vac

Staggered position

For small velocities, we see the expected behavior (nothing is happening)

33



Schwinger model with external charges

Going at the speed of light seems to be too fast on the lattice.
Are we seeing discretization effects?

®

N\ N\ NNNN
ANNNNN

<qAn> QE’,U} - <qAn>vac

Staggered position

For small velocities, we see the expected behavior (nothing is happening)

As we Increase the speed, we see that the light charges screening the heavy charge start
to be left behind
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Schwinger model with external charges

Going at the speed of light seems to be too fast on the lattice.
Are we seeing discretization effects?

ANNNNN |

NN N N NN

ANNNNN, |
!

N N N NN

ANNNNN |

<qAn> Q:E_S,v} - <qAn>vac

Vmax = 0.6 Vmax = 0.7 Vmax = 0.8 Vmax = 0.9 Vmax = 0.99

Staggered position

For small velocities, we see the expected behavior (nothing is happening)

As we Increase the speed, we see that the light charges screening the heavy charge start
to be left behind

At high velocities, the light charges cannot keep up with the heavy charge
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Schwinger model with external charges

Going at the speed of light seems to be too fast on the lattice.
Are we seeing discretization effects?

Vacuum

0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
Staggered position

The entanglement also seems to be affected by discretization effects

— (Complete destruction

ngles

)" [*
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Schwinger model with external charges

+ + ot +  oF + ot +
Qi Qe 9e0%0s0 901911009080

What happens if we collide two (or more) of these heavy charges”? =08 = - -
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INn-medium gquantum coherence effects start to become visible (small v=0.2)



Summary
+ 1+1D QED is a great testbed for quantum simulations of subatomic
physics

+ We have introduced SC-ADAPT-VQE, which is “physics guided”, making
use of the properties of the theory (expectation is it will work with QCD)

+ Good results obtained from 100+ qubits, error mitigation is essential

+ We showed how to prepare the vacuum, excite a hadron wavepacket on
top, and evolve it in time.

+ One needs to be carefull of the discretization effects (as in LQCD)

+ Next step Is to go to higher dimensions
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