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Y/ FJCD - @L(ahé (F/eton Plasria

’ Standard riode/ ) of %IC — Spe/ / out the p/?dSeS / Zime / 7 elc?

https://arxiv.org/abs/2211.04384

Time: 0 fm/c <1fm/c ~10 fm/c ~101% fm/c


https://arxiv.org/abs/2211.04384

YHear/~ion collisions — emergent phenomena in §CD
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YHear/~ion collisions — emergent phenomena in §CD

Z.ar e ase—Space for the wse of owante Co Ui
3 P /I p h ? 7 MP , 3 Kich JCD rhiase a//agram

AA collisions — rich JCD structure and eMergenZ( phenormena — Selecled Copics: 300 TX'EarIy Universe Quark Gluon Plasma
© Decontined &JCD (color Ci/’}drgea/> medicdny — ?adr,é 3/&(0/7 plasma
- Pardon-Hadron p/’}aée dransition (Cross—over ) crtical po/nZ‘ , ks order) E; 200
Primary goal at /Aigh erergies: wunderstand properties of §GP and /s rucroscopic structure o | e ooy coNSIons
Pri ertal tools: Z O =—0-800. 2
rmary experimental oo S g Crossover (Lattice QCD) %%/ A
. . NN . . . -
- B&(/( properZ‘/eS — collective o ( re/ddivistic viscows hydrodyndmzc5> §100— o 9:3:5
- ard processes — proée medittnr eorth ets, heca/y-—-?aar,é\s , ?aar,éon/cz, .. - %
. . . C s . . - Og—
=2 U n/?é{e need / central focus: rea/—time dynaM/CS ( non—-e?a//zér/am, eXpana//ng Mea//am> . Hadrons >
Nuclear Matte
Problerr? Keal-tine dynaM/‘CS of lattice Reld theories can be SI‘MLZ/QZ(QO/)' howeVer, dete 2o Che 0 — 1(')1 — 1(')2 ikt “%3
exponential Size of Che regetred Yilbert space, classical simulations are 3enera//y Considered Baryochemical potential ug (MeV)

COMP/ ex SyS lenr S Seen Ay an eXper/Menf

o be intractable... =2 ouartum compilers

Eloss ~ L2
ng U')iz(E
ElOSS ™~ :0 ™~ d— N CCM“JAW%\QQ&WMMMW
; jg 9§ o=(1-XE
Hard  o— —3 ?

Production 21 gu

oz'
- o
A Medium




10k feet view - possibly somewhat unjust to some theorist

Hard probes — theory

O |n vacuum: calculate scattering of asymptotic states C il e
using perturbative QCD & \X\/

-

/ ™
. m . >3 2 e aa
Note that there is no sense of “time evolution G R/
— 15 ‘?f{f(
. '..\\W: ...... A AT
O In medium: must combine probe evolution with /r l‘ ERREpe s Lrrees/
- / r b e e

hydrodynamic evolution of the QGP

In heavy-ion collisions, the modifications of the probe due to its evolution through
the QGP are typically put in “by hand”, rather than a true real-time evolution

Caucal, lancu, Mueller, Soyez PRL 120 (2018)

Medium-modified parton shower
Majumder PRC 88 (2013)



Notes on quantum computing...

— ———

Superposition and entanglement
2N
lw) = z a;|y;) For N qubits, there are 2 amplitudes
i=1

eg. |w)=4a,]000)+ a,|001) +a3|010) + a,|011) + a5|100) + ag|101) + a;|110) + ag| 111)

If one can control this high-dimensional space, e.g. with appropriate interference of amplitudes, then
. one can potentially achieve exponential speedup of certain computations

Computational complexity

P: Polynomial-time solution on classical computer

NP
BQP: Polynomial-time solution on quantum computer

QC can solve some classically hard problems




Notes on quantum computing...

— ———

Superposition and entanglement
2N
lw) = z a;|y;) For N qubits, there are 2 amplitudes
i=1

eg. |w)=4a,]000)+ a,|001) +a3|010) + a,|011) + a5|100) + a¢|101) + a;|110) + ag|111)

If one can control this high-dimensional space, e.g. with appropriate interference of amplitudes, then
. one can potentially achieve exponential speedup of certain computations

LDynamics of many-body non-relativistic quantum system '

Feynman (1982),
Lloyd (1996)

NP

Scattering in scalar field theory
= Jordan, Lee, Preskill (2012-2018)

| QCD? | Preskill (2018), Kico, Savage (2018),
Muschik et al. (2016), Davoudi et al. (2019), ...



Quantum devices

Strong improvements

Superconducting circuits  And a variety of others: 777,‘,735 to /ook For:
IBMQ Trapped ions Y IONQ ‘ ‘ ‘
Optical lattice gy o el —'Sapel‘COha/L(CZ‘/ /73 ?L(A/Z( coherence Cines
Go gle Photonics A‘ ‘
Topological = -"/ Ol’?ﬁ enoaﬁ/'z Zo ﬁel‘f’ o) 27 MQ/?}/ ZZAJO"?L( e operdf/ onS

The dream: universal, fault-tolerant Noisy Intermediate Scale Quantum (NISQ) era
digital quantum computer a0 Decoherence, limited number of qubits,

a Shor’s and Grover’s algorithm imperfect gates

o0 Quantum error correction a Aim: achieve quantum advantage without full

quantum error correction
Shor, Preskill, Kitaev, Zoller ...




A note on hardware... strong progress...

For our Arst paper we wsed IBM § Vigo - s oubits ( 202D

In the mean Cine we wusSed Montrea/ — 22 ?L(A/‘Z‘S (2022)

Article

Quantum supremacy using a programmable
superconducting processor

.
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Algorithm: sampling of random circuits

O (103) times faster than best classical supercomputers

Jeest Ma}/ ?Z‘/? 3oz‘ notifAed via 0(/\/[. a Neeo 4/33@
ZBM \SySZ(eM Seatt/e I's available!

Qubit: Median 6.333e-2 Connection: Median 2.139e-2

v v

G
ECR error v
min 6.200e-3 max 1.000e+0 min 7.537e-3 max 1.000e+0

Readout assignment error Vv




A note on hardware... strong progress...

For our Arst paper we wsed IBM § Vigo - s oubits ( 202D

In the mean Cine we wusSed Montrea/ — 22 ?MAI‘Z‘S (2022)

Quantum computational advantage using photons

Han-Sen Zhong’?*, Hui Wang"?*, Yu-Hao Deng"?*, Ming-Cheng Chen'>*, Li-Chao Peng'?,
Yi-Han Luo*?, Jian Qin"?, Dian Wu"?, Xing Ding"?, Yi Hu"?, Peng Hu®, Xiao-Yan Yang?,
Wei-Jun Zhang?, Hao Li?, Yuxuan Li*, Xiao Jiang"?, Lin Gan*, Guangwen Yang*, Lixing You?,
Zhen Wang?, Li Li"?, Nai-Le Liu"?, Chao-Yang Lu"?, Jian-Wei Pan’*}

Pan et al., Science (2020)

Photonic device — special-purpose
Algorithm: boson sampling

Claim: 6 (10'*) times faster than
best classical supercomputers

Jeest Ma}/ ?f/? \902‘ notifAed via 0(/\/[. a Neeo 433@
ZBM Syéz(em Seatt/e I's available!

Qubit: Median 6.333e-2 Connection: Median 2.139e-2

v v

G
ECR error v
min 7.537e-3 max 1.000e+0

Readout assighment error Vv

min 6.200e-3 max 1.000e+0



A note on hardware... strong progress...

For our Arst paper we wsed IBM § Vigo - s oubits ( 202D

In the mean Cine we wusSed Montrea/ — 22 ?L(A/‘Z‘S (2022)

IBM Quantum breaks ‘2 I
100-qubit barrier .

B Microsoft RV
B Azure

topological qubits

Resolution of 100 photons and quantum generation of
unbiased random numbers

Miller Eaton &, Amr Hossameldin &, Richard J. Birrittella, Paul M. Alsing, Christopher C. Gerry, Hai

Dong, Chris Cuevas & Olivier Pfister

Nature Photonics 17, 106-111 (2023) | Cite this article
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Quantum simulations of QCD?

Problesr I COM/D/ exit v in classical Cread ment = approximalions .
Probles 2: rea/-2ime dynarics in JCD on the lattice? - Sign probles L/ Oya/ 96

Feynman $|

£xponenz‘/a//y ex/aené/‘\/e Zo Simwlcde an N —-Aoa/y ?aanz‘am

5y5fem on a classical COMﬁaZ‘er : 2N dmp/ 1Zetdes !

Butd a ?aanz‘am compeler Can naz‘ara//y Simutlcdle a faanz‘am Systen

Stale pl‘epd/‘dffon ‘¢S> — e—’iHsAt /74

ﬁme evo/ Ul ion

/V/edé L e nrent

Evolulion in Z1me 5Z‘€P5 At =1 / N, cycle

Tine evolutlion of closSed SYS lerms
O Juantwur Simulation of Che Sc/’lréa//nger eQUion
] 7773 evo/ wWlion 15 an/z‘ary ard Z‘/‘Me reve,s /‘A/ e



Quantum simulations of QCD?

Problerr | cOmp/exfz‘y n classical real rment =2 @ﬂpﬁoxfmdf /onsS
Problesr 2: real—ti»e a’ynam/cs in JCD on the /attice? - 5/:9/7 proé/ en?

Non —-e?é(// | brieint a/yna/y//c\f are ,éey Zo /76&\/}/ —1on collisSions
O Spacelime piclure of jet #] ragmentation
O 7ransport coefhcients
O 7 Aermalizalion L

O Znvacuurm' calculale scattering of asymplotic stales wusing perturbative §CD

O s medicinr: »utst conbine /w‘oée evoluwtion twith hydrodynam/c evolution of the JGP
O Zn addition o rea/~tire dynarics: sign problest in high—density systems Tordan, Lee, Preskill "1, Preskill is,
Klco, Savage et a/.15- 20

Davowd: e a/.

( e/ —Zine d ynam/cs

Traditiona/ Lattice §CD cannct Simelale dynapncs due to a s /:9/7 probles
J' 0 1Lt [ — 1t

Juarlirn compiders: directly simulale Che Harnllonan formuladion of JCD



Quarkonia in quark-gluon plasma - probe of temperature

JGP signaditre proposed by Malswi and Satz, 1956

In the plasma phase Che interaction potential is expected o be Screened Aeyona/
A e Deéye / engZ‘ A Ny Canal ogous o e.n. Deéye Screen/n3> :

Charrmonurfcc) and bottonurl 88) states with r > Ny coill not Sind; 2heir
production will be suppressed ( ??Aar states coill ” melt ")
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Quarkonia in QGP - experimental observations
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Open quantum systems: Quarkonia

The evolution of quarkonia in the QGP can be described by the Lindblad equation
Akamatsu, Rothkopf et al. “12-"20, Brambilla et al. “ 1 7-"20

@D A .
3o d onee e c @D@E “Simple” system:
¢ 2 P ° I - @D “@
IR, Do o @D o g reduces to quantum
e %, X @ .
' o0: o mechanics (NRQCD)

Currently various approximations are considered
Blaizot, Escobedo " 18, Yao, Mehen " 18, 20

a Small coupling of system and environment

O Markovian limit

O Semi-classical transport

NRQCD + semiclassical approach vs. full quantum evolution

. Quantum treatment has important phenomenological consequences

1.0

0.8 -

0.6 -

P(t)

0.0

Yao, Mueller, Mehen " 1 8-"20, Sharma, Tiwari 20

Survival probability of the vacuum state

Coulomb,1S-Classical
m— Coulomb,1S-Quantum
Cornell,1S-Classical
wee CoOrnell,1S-Quantum

semiclassical

¥
N
l~.§.

quantum

Sharma, Tiwari 20

| | 1 1 |

0 1 2 3 4 5
t(fm)

Bjorken expanding QGP 1y = 475 MeV



Quarkonia in QGP - Open Quantum System

Open-quantum-systems approach to in-medium heavy quarkonium dynamics

Alexander Rothkopf
https://arxiv.org/abs/2211.10676

multipole small dipole
expansion approximation
Dynamics in terms of non-perturbative
non-relativistic quarks weak coupling transport coefficients
weak coupling assume classicalization &
“‘quantum Brownian motion limit” "quantum optical limit”

color singlet projection

quantum state diffusion %fn,(x, K, t) +v- Vxfu(X, K, t) = CU)(X, K, t) — C9*9) (X, K, t)

fast
decoherence time scale separation

. .. close to equilibrium
dissipationless limit

dNy eq
adiabatic approximation g~ () [N"’ —Ny (T)]

2

O = [2

+ Re[V](R, T) — iIm[V](R, T)]¢

mQ

Figure 2. The systematic chain of approximations that the open quantum systems approach has
built between ab-intio theory QCD, the effective field theories NRQCD and pNRQCD and the
phenomenological approaches used in the past. At intermediate steps different genuine quantum
descriptions of quarkonium, applicable in regimes with appropriate time-scale separation, have
been established.


https://arxiv.org/search/hep-ph?searchtype=author&query=Rothkopf%2C+A
https://arxiv.org/abs/2211.10676

Bremsstrahlung in QCD: Formation time <-> coherence effects

Landau-Pomeranchuk-Migdal effect
Formation time important

radiated
gluon

propagating (

\\
|
parton e JPral
---- Radiation sees
length ~; at once

Formation time physics

< L >
¢ '/‘\'/\/‘\'/ 2(1)
‘t P —
“—> < >
A Tf

— Ty < A <L Incoherent multiple collisions

— A <71y <L LPM effect (radiation suppressed by multiple scatterings within
one coherence length)

— A < L <ty Factorization limit (acts as one single scatterer)




Open quantum systems: Jet broadening

Yao,Vaidya |[HEP 10 (2020)
First steps in the direction of jet physics Vaidya 2010.00028

Soft Collinear Effective Theory

Jet energy O 0 Forward scattering, Glauber

gluon exchange

Markovian master equation describes evolution of jet density matrix:

0 P(Q,t) = —R(Q)P(Q,1) + [ dgK(Q,q)P(q,?)
where the probability to be in a given momentum state is:

P(Q,t) = (Qlps(1)|Q)



Outline

Mai r Z‘argez‘ D Simetlalion of Some relevast pProcessSesS bect Ml‘f{gdf e classical Clompafdf 1ons S /zorZ‘COM/‘nﬁ\S
Non-reladvistic JCD - PG/ —-Aoa/y proé/ ems = ?aaréonia dissocialion in hotl colored redicins
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. _ Themalization/non-eq. dynamics
Towards quarkonia in hot QGP: open quantum Schwinger model: QED in 1+1D Towards hadronization:

system - proof of principle calc. - . . . .
PhysRevD.104.L051501 PhysRevD.106.054508 String breaking mechanism in Schwinger model

Lee, Mulligan, Ringer,Yao
In preparation
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https://arxiv.org/abs/2205.07902
https://doi.org/10.1103/PhysRevD.104.L051501
https://doi.org/10.1103/PhysRevD.106.054508

Open Quantum Systems

Sz‘aa/y the real Zime dynapnc.s of Che ?aanz‘am evolulion
of proéeé in Lhe nuclear medicuns (LYC,/KTC/ ELC)

5&(56}/52‘ e ( %/§> = Probe {/eZ‘ or /78avy ?aar(’ S >

Exvironnent ( >//g> = Nwcel/ ear maller

H(t) = Hs(t) + Hp(t) + Hi(t)

In the MahéO\//an linut , The S wubs VS Zern 1S

described & Y A Lindélad e aliron’ " The Yirme evolution 50\/ernec/ Ay ¢ e

von Neitricnr e?aaf/on :

d in - in in
= 1™ (1), 00 (1)]
ps = trglp) \- - —

d
dt

1 1
—ps = —1|Hg, ps] + Z ( jIOSLT — _LTL]/OS — §PSLTL )



Open Quantum Systems

Sz‘aa/y the real Zime dynapnc.s of Che ?aanz‘am evolulion
of proéeé in Lhe nuclear medicuns (LYC,/KTC/ ELC)

5&(56}/52‘ e ( %/§> = Probe {/eZ‘ or /78avy ?aar(’ S >
Exvironnent ( >//g> N, wuel/ et maller

H(t) = Hs(t) + H(t)

| Irnteractions

In the Markovian lirit, Che subsysterr is Fm——— e —— - — - -

. . . 0) — |

a/eécrléea/ Ay « L/no/é/ ad e?aaZ‘/ on- Trace out :

d 1 1 0) — —iJVAE |

s =i 1sps) + 32 (Lipst — gHiLips — jostiL ) |
|¢S> e—szAt

ps = trg|p] _

— — — — e— —  e—  —  e— e—  —  e—  e— e—




A probe In the medium - open (. system

Fell/ SyS Zerny Environment Irnleraction

Formeulate Che complete ¥/ of the systen H(t) — HS (t) —I— HE' (t) _l_ HI (t)

Split Hs into Free and /nZ‘eracf/ng part Comment: instead of Sinet/ af/‘nﬁ 2he dynapncs of Aelds, we
( /nz‘eracz‘/ng onl (Vi withn S yéé S Zerr not e ronrient) H S — H SO + H Sl focwus on Sinwtl afz‘ng Zh e a/ynam/cs of parz‘/c/ e states (valid
Y SI examp/ e’ collinear radiation ofF of a parion for Aard proées )
USe »ietlds —parz‘/c/e states as the basis endh rorerdars 7 and A all discrete ?aanz‘am ‘ > ‘ >
plaAl ®® pnaAn

nitmbers then WSO and HSI are madrices (HSo is a//agona/ )

7T ota/ o/enS/Z‘y malrix of the 5&(55}/5’58/)7 and the emvironrent? evolves wnder Zhe von Neirnann d p(int) ( t) . _Z[ H(int) ( t) p(int) ( t)]
e?aaf 1on 1n Che interaction piclure BUY 7T for the emwironsrent S Slenr 1T 1S Yels enéerg piclure dt I ’

,0(0) = ps(O) X PE ,O(int) (t) — ei(HSO‘I'HE)tp(t)e—i(HSO+HE)t

4\55%/)78 ¢hat the intial a/e/?\fl‘fy PG 11X e—,BHE H(lnt) (t) _ ?,HsotH —’I:Hsot
Factorizes and the emvironment density OF = 91 = € S1€
. Tr(e—PHE) : . .
Malrix 15 a thermal state H(mt) (t) _ 6Z(HSO_|_HE)75H 6—Z(H30+HE)t
P=1T /s ¢he inverse of the §GP Cemperatire I o I )



Quantum simulations

* Decompose a given unitary into elementary gates

e Here P(t)) = Ulp(0)) = e 5% (0))

* Trotter decomposition

* Optimization algorithms for a relatively
small number of qubits

gsearch - optimization with a unitary loss function

Davis, Smith, Siddiqi et al. 20



Toy for quarkonia in a QGP on a QC

Aim at qualitative features; circuit depth limitation

Mearkovian Lindblad r—— - - — - — - — — = — = -
d .

aﬂs(t) = —i|Hs1(t) + Hr, ps(t)] :|O> . :

| Trace out |
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5fz‘ne§pr/n3 di/adion theoresr — in lerms of Zhe evo/wtion operaz‘ors J arnd Y/S FIG. 2. Quantum algorithm to simulate Lindblad evolution

based on the Stinespring dilation theorem. The portion en-
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SR ] j R the ellipsis in the box on the right. The measurement of the
\ 0 0.0 \Lm 0 ... 0 ) subsystem is performed at the end.
H g = H 50 = AE 7 X, Z Co dencte the Sz‘ng/e ?L(A/Z‘ Pactli 5&2‘&6 ( Pawtli matrices >

_ 1 Yannlloman WS is a Ceoo leve/ 5}/55@/)7 eorth enerqy difference NE
2
9gX ® ¢(z =0),

1 1
—m2¢2 —+ 5)\¢4 environment YE Is a 3 + 1D scalar Aeld Z/?eory

1
2 , + 2
2 + (V)2 +

S
|
—~—
o,
2~3CJ»-'D
|

[1 /s Zhe canonical »rorerntir copjugate Co P

=
||

fO/‘ S /‘MP/ I‘CI‘fy ) e S ef M=)\= 0
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OQS - non-unitarity

Intermezzo...
IsSwe: 1»h 0@5 evoluwtlion of ZAe SL(ASySZ‘eM 1S NO7 et ary...

d i 1
T T :
. Ps = —i[Hs, ps] +Z ( ipsLy = SLiLips — 5psLiL )

52‘/)?65 pl‘/‘ng a//‘/ dZ‘/‘O/’? Z‘/?eol‘em

4 ny a/ /oroed ?aanfam operaf ron Can Ae eoritlen as a é(n/Z‘a/‘y evol. LWlion QCZ//?ﬁ on A /. drge/‘ S pdde ( af Zer

c:oap//ng lo appropriale ancilla), and redetcing back to the swubs SZent

%4l U 1% - -
. : viv=1 vvt£1
[9g) — ——| Trace out |
| e—'iJ\/E | ( 0 L]L . Ljn\
| | F Ly O .. 0
| , | = L.
|%s) | e ‘HsAt | A LT
I | \Lm 0O ... 0 /



Quantum algorithm for non-unitary evolution

* Time evolve the density matrix instead of pure states

d 1
— _i[Hs, i {LTL }
3PS = S5 S| +Z( jPs jr PS ) iH< VAL
UHS — €
i i - _—iJVAt
» Stinespring dilation theorem where Us=¢™
T T
0),— ma L e — 10) 1? %1 : L6”
: [ - = 1
0) U, £> 0) U, o) — 1
4s(0)) — Hsl- - — Ur .
: S S i 0
* Time-irreversible
see also e.g. Cleve,Wang "1 6
Hu, Xia, Kais "20

Jong, Metcalf, Mulligan, Ploskon, FR,Yao "20

* Evolve for Ncyclein small time steps At
Metcalf, Kemper, Jong et al. "2 |



Trotter decomposition

* Need to map both Uy, U; to quantum gates

H =) H;=a;P; withPaulistrings P;:{1,X,Y,Z}®"

1

and coefficients a; = Q—ntl“[P H

» Trotter decomposition

Ur(t) = He_mjt each factor can be mapped to quantum gates
j

. . . . i 1 E
evolve to t in r time stepswith error  |le ™" — U7 (t/r)]| < 52\\[1%,1%]\\;
1>k



Toy for quarkonia in a QGP on a QC

Aim at qualitative features; circuit depth limitation

Markovian Lindéb/ad
d .
—ps(t) =—i|Hg1(t) + Hg, ps(t))

dt
+Z( ips®L] — {LIL;,ps(t)})

Y//_ denoctes a Z‘/Iermd/ COrrecf/ on o V/S 38/73)‘@2‘ ed 5}/ / oop
effects of YT , and the Z_ are called lindblad operal ors

5/‘/)7&(/ ale Che L/ndé/ ad e?aaz( ron = ?adnfa/y/ d/gor/‘f/IM AQS ed on the
S /neépr/ng diladion Cheoresr — in lerms of the evolwlion o/ﬂeraf ors J and /S

(ps(t) 0 ... O o LI ... L}
0O O0...0 m
p(t) — |0>a,<0|a ®pS(t) —_ : .. : J _ L]_ O o o o O
\ 0 0...0 SR
L, O 0
AE
Hqg = Hgg = > Z
3 1 2 , 1 1 59 4
Hr = gX ® ¢(x = 0)

r - ]
110) — |
: Trace out :
||O> e—i.]\/m |
I |
I |
|¢S> | —i(Hg1+Hp)At | /74
- _— — o o ]

FIG. 2. Quantum algorithm to simulate Lindblad evolution
based on the Stinespring dilation theorem. The portion en-
closed by the dashed line corresponds to one “cycle” of time
At. Each cycle is repeated multiple times as indicated by
the ellipsis in the box on the right. The measurement of the
subsystem is performed at the end.

In the Markovian limit, two Lindblad operators 5 = 0,1
are relevant:

\/I'; .
L = VoL (X — (-1)iiy), (15)
where I'yg = g°AEng(AE)/(2r), I'y = g?AE/(2n) + T'g
and ng(AFE) = 1/(exp(BAFE) — 1) is the Bose-Einstein
distribution. We will neglect H;, in this letter. For our
numerical studies, we use a unit system where all quan-

~ tities are counted in units of 7', the temperature of the




Toy for quarkonia in a QGP on a QC

Aim at qualitative features; circuit depth limitation
H(t) = Hs(t)+ Hp(t) + Hi(t)

o /leve/ 5}/6%8/)7 N Q Z‘/%_ar/)?d/ eV ronnent

(Proxy for ccbar pair)

Pawt!i matrices X, Y, 2

Hq = > 7 Interaction Strengt/ g
3 1 2 1 2 12 1 4
Hg = | d°z|=1I (V¢) + —m Q° + — ¢
2 2 Al
r— 1
H; = ¢X ® ¢(z = 0) 10— I
I Trace out |
||O> — e—i.]\/m |
. . | |
L;i~gXF1Y) 757=0,1
J ( ) ) |¢S> : i(Hg1+Hp,)At : /74
Lindblad operators L - — - - - - - - - _
7 0 L LI 0
L 0 0 O FIG. 2. Quantum algorithm to simulate Lindblad evolution
J = 0 based on the Stinespring dilation theorem. The portion en-
L 0 0 O closed by the dashed line corresponds to one “cycle” of time
1 At. Each cycle is repeated multiple times as indicated by
O O O 0 the ellipsis in the box on the right. The measurement of the

subsystem is performed at the end.



Quantum Circuit Synthesis

Approximate unitary operations with a compiled circuit of one- and two-qubit gates

OPZ‘/‘M/‘ZQZ/‘OI) pl‘oé/ e a)/ é(n/‘fdl‘y loss function — ?58&/‘(1/7 S/‘a/a//‘?/‘ et 62/ 2020 (LB/\/ L>

( esu/ f/‘ng circetn?: 10 CNO7T \9@2‘ eS / C}/C’// e

q k] U1 : U1 U3 RV
IB M Q (1.823..) (1.570...) (7.853...) (1.570...) (6.546...) (1.570 (6.858..)
- H O H S EE, BEEEOME
Single qubit a
01 U3 c03
(6.858..) [s&Y[V
us JES A us S =
CNOT ‘ :
1.570 3}—’ :Laj'g. ) “93:’ G.l"}..l “-l'l’l}-) . ..l',l}-) fj\
Ay A~

r ]
110)
: Trace out

g

e—'i(H51 +Hy )At

FIG. 2. Quantum algorithm to simulate Lindblad evolution
based on the Stinespring dilation theorem. The portion en-
closed by the dashed line corresponds to one “cycle” of time
At. Each cycle is repeated multiple times as indicated by
the ellipsis in the box on the right. The measurement of the
subsystem is performed at the end.



Error mitigation

Readout error
Constrained matrix inversion

Gate error

Circuit |

Circuit 2

Circuit 3

Unfolding
Nachman, Urbanek, de Jong, Bauer "1 9

IBMQ qiskit-ignis

@LBNL

Zero-noise extrapolation of CNOT noise using Random Identity Insertions

He, Nachman, de Jong, Bauer "20

@LBNL
. B "TLELEBY L
(4.603...) (1.570...) (1.570...) (1.570...)
T Hi EEEEOME ém
(4.712...) (1.570...) (1.570...) (4.710...) (2.923..)
. B TTRYL
(4.603...) (1.570...) (1.570...)
. B HEEEOR ém, -
(4.712..) b (1)) IS0 (4.710...) (2.923..)
. B = é
B LLEFY T
(4.603...) (1.570...) (1.570 G blgr s
EEETITE. oém, -
(4.712..) (1.570...) (1.570...) (4 710 J) (2.923..)
- BOom é




Toy for quarkonia in a QGP on a QC
Aim at qualitative features; circuit depth limitation

t [fm/c] (T = 300 MeV)

0 5} 10 15 20 25
1.2 ' ' ‘ ' ' ‘
Simulator Two-level system
1.1 — g=0.3 === Runge — Kutta |
— g=05 Thermal equilibrium Thermal scalarf [,
1.0 —— =07 field theor E o
= r
AZ 0.9
0.8 -
0.7 1
0 5 10 15 2 25 30 35 40
t [1/T]
Note: Sironger cOap//ng — faster thermalizalion By exploring different environment density
FIG. 3. Simulation of the quantum circuit with N¢ycle = 100 matrix, can vary medium Properties
for various system-environment couplings, along with numer- 0 Probe-medium coupling

ical solution using a 4th order Runge-Kutta method. The
upper time axis corresponds to a medium with a tempera-
ture of T' = 300 MeV. Each time point in the simulator result
consists of 80192 shots (runs).

O [nitial temperature
O Microscopic structure



Toy for quarkonia in a QGP on a QC

Aim at qualitative features; circuit depth limitation

t [fm/c] (T = 300 MeV)

0 5 10 15 20 25
1.2 ' ' | | |
Simulator
1.1 — g=0.3 === Runge — Kutta
— g=05 - Thermal equilibrium
1.0 — g=0.7
=
AZ 0.9
0.8 1
0.7 1

FIG. 3. Simulation of the quantum circuit with Ncycle = 100
for various system-environment couplings, along with numer-
ical solution using a 4th order Runge-Kutta method. The
upper time axis corresponds to a medium with a tempera-
ture of T' = 300 MeV. Each time point in the simulator result
consists of 80192 shots (runs).

t [fm/c] (T = 300 MeV)

0 3 10 15 20 25

IBM Q Vigo, Neygre = 1,9 = 0.3

Uncorrected — Simulator, Neyce = 1
- Readout corrected Simulator, Neycle = 3
® Readout + RIIM corrected Runge — Kutta

 Thermal equilibrium

0 10 20 30 40

FIG. 4. Results from the IBM Q Vigo device including dif-
ferent error mitigations compared to results from the qiskit
simulator for N¢ycle = 1 and N¢ycle = 3 and the Runge-Kutta
method. Higher values of Ncycle quickly converge to the re-
sult using the Runge-Kutta method. Each time point in the
simulator result consists of 800192 shots (runs).



Toy for quarkonia in a QGP on a QC

Aim at qualitative features; circuit depth limitation

t [fm / c] (T — 300 Me\/) Qé(d/ 1IZalive conneclion — Cime a/epena/encg of” nuclear

0 0 10 15 20 25

1.21 IBM Q Vigo, Neyele = 1,9 = 0.3

Uncorrected — Simulator, Nyce = 1

111 4 Readout corrected Simulator, Neycle = 3

1.0 - ® Readout + RIIM corrected Runge — Kutta
= . ** Thermal equilibrium
AT 0.9

0.8

0.7 -

o——9-
0.6 ' , . ——
0 10 20 30 40

FIG. 4. Results from the IBM Q Vigo device including dif-
ferent error mitigations compared to results from the qiskit
simulator for Ncycle = 1 and Ncycle = 3 and the Runge-Kutta
method. Higher values of N¢ycle quickly converge to the re-
sult using the Runge-Kutta method. Each time point in the
simulator result consists of 800192 shots (runs).

modificalion faclor / Sappreéét‘on 10 ot @6/9

1.8 I I I L L I I LU DL Y LN DL N L DL L N LI Y L DL L B LI B E LN B I LB

T 6L Jy Pb-Pb (5, =5.02TeV
T4l ® 25<y<4,0-20% p
| ® lyl <0.9, 0-10% :

1.2 il -
ot ||| 1o :

1 HAS 1 AR U 1 '-_

O 8 :_ } AMU SHM _:
- Het T | 25<y<4 25<y<4 -
0.6F 5 lyl <0.9 lyl <0.9 -
0.4 - -
5 b o
0.2 -
O : 1 1 1 I | I | I | I . | I | I . | l | I | I 1 1 1 I | I | I | I . | l L. 1 1 I | I | l:l

0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)



Outline

Mai r Z‘argez‘ D Simetlalion of Some relevast pProcessSesS bect Ml‘f{gdf e classical Clompafdf 1ons S /zorZ‘COM/‘nﬁ\S
Non-reladvistic JCD - PG/ —-Aoa/y proé/ ems = ?aaréonia dissocialion in hotl colored redicins
Setant e Freld 777eory — Zhermalization Ce - cilibration), hadronization, et ?aenc/’}/ng,

. _ Themalization/non-eq. dynamics
Towards quarkonia in hot QGP: open quantum Schwinger model: QED in 1+1D Towards hadronization:

system - proof of principle calc. - . . . .
PhysRevD.104.L051501 PhysRevD.106.054508 String breaking mechanism in Schwinger model

Lee, Mulligan, Ringer,Yao
In preparation

M. Durham

OO @V OO

1.0
IBM Q Montreal, Neycle = 4
Uncorrected - RK4 open system
t [fm / C] (T = 300 MeV) 0.8 1 - Readout corrected RK4 closed system
0 5 110 115 210 215 ® Readout + RIIM corrected == Thermal equilibrium
12{ IBM Q Vigo, Neyete = 1,9 = 0.3 5 — Stmulator, Neya, =4
Uncorrected —— Simulator, Neyee = 1 - 0.6 1
1.1 1 - Readout corrected ~ = Runge — Kutta lT/ EleCtl"iC ﬁeld ( E )
10- ® Readout + RIIM corrected ---- Thermal equilibrium e ,
> 0 25 50 75 100 125 150 175 200
=4 6 qubits Jet quenching in light front QCD
0.0 o ) 3 3 1 : 5 https://arxiv.org/abs/2205.07902

L ___


https://arxiv.org/abs/2205.07902
https://doi.org/10.1103/PhysRevD.104.L051501
https://doi.org/10.1103/PhysRevD.106.054508

Towards QCD on auantum computers?

Discretize space on a lattice, and digitize fields
3O No sign problem: real-time evolution and high density P =
Long-term goal: simulate limited energy range of QCD — e
0 Good candidate: strongly-coupled regime glon  qubrk

o Computing S-matrix at LHC not feasible: ~ © (1018) qubits
Bauer, Nachman, Freytsis (2021)

Near-term goals:

0 Formulate how to efficiently digitize QCD Kico et al. (2021)
a0 Simulate simpler QFTs in order to gain Raychowdhury, Stryker (2020)
insights about QCD Alexandru et al. (2019)

Davoudi et al. (2019)
Muschik et al. (2016)



Towards QCD... Schwinger model ‘
U(l) gauge theory in I1+1D iﬁ';ﬁ;”?ﬁﬁsﬁ,fﬁ),mmy)

L =) —m)y iFWFW {é I I g

0 Confinement
a0 Chiral symmetry breaking l

Discretized Hamiltonian — staggered fermions

Nf—1
Hg — zi S (ot ()Lyo~(n+1)+ o0 (n+1)Lio ()
@ n=>0 ITI
2/ ae? 5 ~ox(n)+1
Z (7671 m(—1) 9 ) N, = 2N lattice sites
n=0 o™ create/destroy fermion
- Time continuows, |-dimensional spatial /altice x=na L~ create/destroy gauge link

g COI?Z(/‘/?&(L(M /. /‘M/‘Z( £for U= D O



Towards QCD... Schwinger model

Klco, Savage (2018)
Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394

Number of physical states: m
/ N #states\

_ 2 13
iQNNM(M—H—K)(ZN—QK—M—l)_I_S p (17
o M o\ M-l M -1 6 1186

Truncate the Hilbert space: subgroups of definite momentum and parity
0 k = 0, positive parity

k=0,+
Hg —
(—41n Y2 9 0 0 0 0 0 0 0 0 \
2 1 O O O YZ ag® _om v rav riRv. 0 0 0 0 0 0 0 0 0 0 0 0 0
m — 1 a? 0 0 0 A 1 A 0 0 0 o0 0
a 0 — 0 0 0 —1 0 0 0 0 0
2 V2a V2a
1 ae 1 0 0 i 0 2 0 0 o o 0
- 1 2 1
ors ae 0 4 0 0 0 0 0
a 2 2a 0o A 0 2m 0 0 A L L 0 0 0 0
k—O _|_ 1 9 1 0 - 0 %421 0 1 0 0 0
H ? — O ae + 2m O 0 0 & A 0 A 0 0  3ae?42 m 0 A 0 0 0 0 0 0 0 0
S \/§a 2a 0 0 A L 2ae? 0 0 A A 0 0 0 0
1 3 1 0 0 5 2~ 2ae? 0 0 0 o0 0 0
O O ae 0 0 ~ A 0 0 0 0 A A 0o o 0 0
0 0 2ae®+4 1 0 0 0 0
\/5(1, 2 2a 0 A 0 L 0 0 L 0 0
1 9 0 0 0 0 0 0 0 0 0 A 0 A 1 0 ae’+2m 1 A 0 0
0 0 0 2ae” — 2m : I S T
2a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 A 0 3ae? Ao 0
0 0 0 0 x o Fae’- 1
0 0 0 0 0 0 ! # m/



Towards QCD... Schwinger model

Klco, Savage (2018)
# physical states Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394

# Lattice N # states \

12389 —
d 10 130338
SIteS 12 1373 466 2 13
14 14478 659
16 152642789
18 1609 284589 4 1 1 7
20 16966465 802
22 178875298 901 1 186
24 1885860059450 6
26 19882389 467226
28 209617 576827 139 1 OO ~ 1 4 . 1 05 1
30 2209972232664 381 ~Y .
32 23299 464416 598 565
34 245643 376943 334578
36 2589787797 664451 205
38 27303 813033 527765 202
287860730 073528 550874
42 3034880 139881 813717315
31996366 649 585 363767573
46 337333743537 756 100 879133
48 3556468 013241 491667 189 146
50 37495 403206 807318 414369013
52 395309 407087 754 112 140758 506
54 4167 698276 777054 670723455 386
56 43939 528417026911 122159567 875
58 463249023 632234 177261405 300 845
4883977266 653121 669892843 601621
62 51491169 380469 520010932 588 566 978
542865042 036754 830902171 123029 413
66 5723359 119852 258403 113 870 140 242 562
68 60340668 634 504 203 157034 795212 955 546
70 636164 220174 432677 391393 885 245 144 899
72 6707000 836 890 367 782408 329702 790282 053
74 70711081823 674035 762289079 915112 854 861
76 745498 206 168 787 335 244 532860 509 164 924714
78 7859 695553 615600 796 141 819 438 529 000076 949
80 82863 799918 438013 669248087 407553 825812 634
82 873622812 751857 344335782 363756 954 898 488282
84 9210497 463448 372721760 862275 682543 209296 131
86 97105137 693 198 992443830 116213 599788 185967005

88 1023767478774 681068 348 344873 972808 077874359 941

90 10793 454141511128 457710661 202368 593062 740833234

92 113794054529 196161 165625459 023712299579 083440581
94 1199716668 679035 436321002 120920 649282 974697423 410
96 12648 464729209871 610324476 298554 289482 677637882458
98 133351202 148602 605751037 762196 292594 217046242 903875
100 1405905261 641056 248331375 526910 312847 554957270 229877



Towards QCD... Schwinger model - open system!

Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394
Couple the Schwinger model to a thermal scalar field theory ¢(x)

Hi =\ [ do g(@)(a)b(o)
In the Quantum Brownian Motion limit, ﬁ 3:%

Tp > T, — Markovian approximation

Tg > 1 — valid it ' > AES — subsystem intrinsic time scale
. . . . TR — subsystem relaxation time
the subsystem is described by a Lindblad equation: 7. — environment correlation time
~dpg(t) , 1
— —i[Hg, ps(t)] + Lps(t)LT — —{L'L, ps(t
Tt Hs, ps(t)] + Lps(t) 2{ ps( )D

1




Towards QCD... Schwinger model - open system!

We construct a quantum circuit to

solve the Lindblad evolution ‘ ¢S(0)> B

Classical simulation of the quantum circuit
reproduces the thermalization observed
in numerical solution

K Number of eTe™ pairs —_—p

Note: The environment correlator D ~ A?
determines how fast the system equilibrates

Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394

0) -

Uj U

- 10) - - 10)

Uns U /74

1.0

Simulator, N = 2

r
" n --\-----’--—-- -u._-m:;*;:wmr
-

D=04 == RK4, open system
D =3.2 RK4, closed system
Neyele = 200 === thermal equilibrium

/z /
~ o \/

5.0 7.5 10.0 12.5 15.0 17.5 20.0



Towards QCD... Schwinger model - open system!

Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394

Simulation on IBM Q device
O Error mitigation applied

. Number of ete” pairs 1.0
IBM Q Montreal, Neyce = 4
Uncorrected - RK4 open system
0.8 - Readout corrected RK4 closed system
. . . ® Readout + RIIM corrected == Thermal equilibrium
First quantum simulation of open > — Simulator, Ny = 4
. ~—
quantum systems described by =0
quantum field theories i
Z
Real-time dynamics of | e
thermalization process
P =4 6 qubits
0.0+ ' , l : .
0 1 2 3 4 5) §



Outline

Mai r Z‘argez‘ D Simetlalion of Some relevast pProcessSesS bect Ml‘f{gdf e classical Clompafdf 1ons S /zorZ‘COM/‘nﬁ\S
Non-reladvistic JCD - PG/ —-Aoa/y proé/ ems = ?aaréonia dissocialion in hotl colored redicins
Setant e Freld 777@ory — 2hermalization ( e?a// [ bradion), hadronizadion, et L(enc/’]/n,

. _ Themalization/non-eq. dynamics
Towards quarkonia in hot QGP: open quantum Schwinger model: QED in 1+1D Towards hadronization:

system - proof of principle calc. - . . . .
PhysRevD.104.L051501 PhysRevD.106.054508 String breaking mechanism in Schwinger model

Lee, Mulligan, Ringer,Yao
In preparation

M. Durham

OO @V OO

1.0
IBM Q Montreal, Neycle = 4
Uncorrected - RK4 open system
t [fm / C] (T = 300 MeV) 0.8 1 - Readout corrected RK4 closed system
0 5 110 115 210 215 ® Readout + RIIM corrected == Thermal equilibrium
IBM Q Vigo, Neyee = 1,9 = 0.3 5 — Simulator, Neyae = 4
Uncorrected —— Simulator, Ngyee = 1 - 0.6 1
- Readout corrected ~~ Runge — Kutta N EleCtl"iC ﬁeld ( E >
® Readout + RIIM corrected ---- Thermal equﬂibrium _:Q_D
> 0 25 50 75 100 125 150 175 200
=4 6 qubits Jet quenching in light front QCD
00 ) 5 3 1 : 5 https://arxiv.org/abs/2205.07902

t * _


https://arxiv.org/abs/2205.07902
https://doi.org/10.1103/PhysRevD.104.L051501
https://doi.org/10.1103/PhysRevD.106.054508

Quantum simulation of string breaking?

QCD Stl"ing breaking Pythia Lund string hadronization



The string-breaking mechanism

- Time continuows ) |—~dimensiona/ s ﬁdz(/‘d/ /atdice x=na

- Conlinue» / inul For a—> O

- Kelated 2o hadrornzadion ir @CD A

g SZ(aa/y rea/ —f/‘me a/ynamfc\s o/’ hda/ron/zaf /on § e
|
S

D s o
@ 9B
B e i
S op .

- Whelher the s Z‘r/‘nﬁ Aredé S of rnot g

time

a/epena/é on Che Fferrvon mass & C’//’ldf‘ge (m, 6)

see also Zoller et al, Magnifico et al



The string-breaking mechanism

Vacuum
1.00
0- I
0.75 et
.
- 0.50 ,/’)'

>

(E7)

r="na

- 0.25 =

- 0.00

- —0.25 e

—0.50 .

L
10 - .

0 25 50 75 100 125 150 175 200

t

—0.75

—1.00 >
time

trivial vacuum evolution subtracted, see also Zoller et al, Magnifico et al



String tension & medium effects

* Static case - finite temperature or chemical potential
lead to a reduced string tension

0.10 - x",\ e
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Fischler, Kogut, Susskind 79, Pisarski, Alvarez "82,
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Xie, Guo, Xing, Xue, Zhang, Zue 22
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The string-breaking mechanism

vacuum
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The string-breaking mechanism

Medium

. <E2> I 1.00 A
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The string-breaking mechanism
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Al/ML on QC: ChatGPT answering...

Question: Main use cases for quantum computers?

Quantum computers have the potential to revolutionize various fields by providing computational capabilities beyond what is achievable with classical computers. While the
technology is still in its early stages, there are several promising use cases for qguantum computers:

1. Cryptography and Security: Quantum computers have the potential to break many of the cryptographic algorithms that currently secure our digital communications and
transactions. On the flip side, quantum computing can also offer new cryptographic protocols that are resistant to attacks from classical computers.

2. Optimization and Simulation: Quantum computers can potentially solve optimization problems more efficiently than classical computers. Applications include optimizing
complex systems such as supply chains, logistics, financial portfolios, and drug discovery. Quantum computers can also simulate quantum systems, providing insights into
quantum chemistry, material science, and the behavior of quantum systems in general.

3. Machine Learning and Al: Quantum computers could enhance machine learning algorithms by processing and analyzing large datasets more efficiently. They can also help in
developing new algorithms for solving complex machine learning problems, leading to advancements in Al.

4. Quantum Communication and Cryptography: Quantum computers can enable secure quantum communication protocols such as quantum key distribution (QKD), which allows
for unbreakable encryption based on the laws of quantum physics. These technologies can enhance the privacy and security of data transmission.

5. Financial Modeling and Portfolio Optimization: Quantum computers can potentially analyze vast amounts of financial data and optimize investment portfolios, risk
management, and portfolio hedging strategies more effectively. This can help financial institutions make better-informed decisions and improve their financial models.

6. Particle Physics and Quantum Simulation: Quantum computers can simulate the behavior of particles and quantum systems, allowing for advancements in fundamental
physics research, quantum field theory, and understanding the properties of complex physical systems.

It's important to note that while these potential use cases are promising, the development and realization of practical quantum applications are still ongoing. Quantum computing
IS a rapidly evolving field, and more applications are likely to emerge as the technology advances and quantum algorithms and error correction techniques improve.
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Schwinger model - Hamiltonian formulation

Nj—2 Kogut, Susskind " 70s

Y (ot(n)Lyo " (n+1)+o(n+1)Lio™ (n)) :_g_g_g

|. Staggered fermions ¢ = (¢, ¥q)* 2. Electric flux E(n), gauge link U(n + 1,n)

bu() 1 : even Solve like a harmonic oscillator
. :

va(z) n:odd

N — 2N = N; Ly, €n>=\€n: 1>

+ Jordan-Wigner transformation Local Hilbert space requires truncation



Schwinger model - Hamiltonian formulation

* Enforce Gauss’s law directly Kico, Savage et al. " 18 # physical states

1186
12389

01E — —ewT # Lattice ;8; 7

o 10 130338
S Ites / \/ 12 1373466
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16 152642789
18 1609 284 589
20 16966465 802
22 178875298 901
24 1885860 059450
26 19882389 467226
28 209617 576827 139
. . . 30 2209972232664 381
32 23299 464416 598 565
see e.g. Shaw, Lougovski, Stryker, Wiebe "20 .
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* Number of physical states (periodic boundary conditions e
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94 1199716668 679035 436321002 120920 649282 974697423 410
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Quantum simulations

* Decompose a given unitary into elementary gates

e Here P(t)) = Ulp(0)) = e 5% (0))

* Trotter decomposition

* Optimization algorithms for a relatively
small number of qubits

Qsearch - optimization with a unitary loss function

Davis, Smith, Siddiqi et al. 20




Quantum algorithm for non-unitary evolution

* Time evolve the density matrix instead of pure states

d | i 1
TPs = Hs,ps]+ ) (LjﬂsL;r- — 3 {L;LjaﬂS}) TS
1=1 UHS — € S
: ] g —iJV At
» Stinespring dilation theorem where Uj=¢""
.l.
| B . i 1
0y, o BEil 1 — g
w (O B UH — b0 = UH :
[45(0)) s , . :
* Time-irreversible
see also e.g. Cleve,Wang "1 6
Hu, Xia, Kais "20

Jong, Metcalf, Mulligan, Ploskon, FR,Yao "20

* Evolve for N¢ycle in small time steps At
Metcalf, Kemper, Jong et al. "2 |



Trotter decomposition

* Need to map both Uy, U; to quantum gates

H=Y H;=a;P; withPaulistringg P;:{1,X,Y,Z}%"

1
and coefficients a; = Q—ntr[P H]
* Trotter decomposition
Ur(t) =] [e "  each factor can be mapped to quantum gates

J

. . . N ) 1 J
evolve to ¢ in r time steps with error  |le™*"" — U (t/r)|| < 5 > 1LH;, Hll|
>k



Non-unitary evolution & lrotter errors

Q Necessary number of cycles
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Non-unitary evolution & Trotter errors

9 Trotter errors for the closed & open system

N cycle = 4

rm=1, =1
rH=o, n=1

rH=1r rj=°°

rH=°°r [‘:/=oo

—-0.6 —-0.6
00 ~ 0.2 -
/ : .
N 0.0 - 0.0
0 1 2 3 4 5 0 1 2 3 4 5
t t

More gates & qubits but Trotter error not necessarily larger!



Small-scale simulation on IBMQ

0.7

1BM Q Montreal, Neyae =4 * Up to 4 cycles with each 50 CNOT and
0.6 - Uncorrected == RK4 open system

- Readout corrected RK4 closed system . .
0.5 - ® Readout + RIIM corrected == Thermal equilibrium 5 OO S| ngl e-q U b It gateS

= Simulator, Ncyqe = 4

* Approximate preparation of thermal

state from non-equilibrium dynamics




