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@ confinement Deep inelastic scattering
of quarks (parton distribution function) J

@ , k Jk

QCD at finite density & i
finite temperature J

Temperature

Big Bang  Quark-Gluon Protons& [Low-mass
Plasma Neutrons Nuclei
Baryon density 013K, 10-6s 012K, 10-4s 109K, 3 min



 in a word, directly perform calculation of qguantum mechanics on
quantum hardware of qubits

(M) = (&) |IM|y(t)) [P (t)) =e ™ 1(0))

e quantum simulation: framework of Hamiltonian & quantum states

* basically, prepare quantum states and do some measurements
« technically, controllable or programmable & quantum algorithm
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What make QCD special on a quantum computer?

QCD mapping Quantum computer

* fermion with flavor, spin, color JW transf * qubit

* gluon (continuous-variable) Digitalization * qubit

* |ocal gauge-invariance Local constraint ¢ Physical Hilbert
(Gauss law) space

e continue Iimit
* renormalizalton

The bottleneck is mapping



Nuclear matter in the eye of an artist

QCD at current
tage iIs too hard

losing detaills but
? not the key features

Starting with some “toy
models”, play with quantum

computers FIETE




QC for dynamical properties for

nuclear structu

€

parton distribution functions (PDFs) Fragmentation function (FFs)

Parton in hadron

PhysRevD.105.L.111502(2022)

Hadron in parton

in preparation


https://doi.org/10.1103/PhysRevD.105.L111502

PDFs and FFs
Tsis = () ® 6 ® D, 4(2)

Data from experiments for global fitting FF
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Operator definition of PDF and FF

dz t=x

PDF fq/n(x) = / i
x (hle""p (0, —z)e™"y Ty (0,0)|h)

_ Lattice QCD:

Light-cone correlator for the hadron |h> Large momentum theory,
Xiaodong Ji
d :
fF Dl(2) =2 [ {Lem M TR0 (n)
s
x D |h, X) (h, X[9(0,0) [2) 4}
X

Light-cone correlator on the vacuum, Still no Lattice QCD calculation:
inserted with a projector of hadron How to sum up X?

Py, = Z|h7X> <h’aX|
X



Quantum algorithm for PDF

Prepare the hadronic Probe the dynamical t=Xx
state with VQE(nontrivial) correlator (standard)

MEASURE
(VARY PARAMETERS# A .
E|0)_ H 9 : QUBITN

o =) QusIT o
— 33 gl I
S el = =alH A QUBIT n
W) < B 4JKE ol 52— .
S . . — s .
. m 5 e 1723 UBIT m
- = | =m0 ; Q :
M & Z i — QUBITN -1
) —

PREPARE | h) ' QUANTUM CIRCUIT FOR §,.(1




L = Do (i7" 0y — Ma)Va + 9(Patha)?

using the staggered fermion approach
L wa,l L (’b M-I-Q — Qba,2n
Pel?) = o) = (0 =\
o,2 Q?(G 21)N 1 on4i a,2n+1

Lattice Hamiltonian
H Zﬂf ﬂ. (lpa ?lwa' n+1 lp({ ?1+ll!bf( ﬂ) + ( 1)71‘”1(1]7[}(1' nlpaf,n]
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a,n=even

Jordan Wigner transformation (Fermion-> qubit)

Bare vacuum
(large m limit)
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Quark-antiquark pair



* hadron: excited state with given quantum numbers

* quantum-number-resolving VQE  |npyt state has the given
quantum number, and U

Yk () = U(0) [¢hu) is symmetry-preserving
* ansatz: quantum-number-resolving, efficient and easy for
optimization 5 m
H=H{+Hy+ ---+H, U@®) =] ][ exp(ioi;H;)

i=1j=1

* subspace-search VQE: get a set of excited states at one time
PRR 1,033062 (2019)
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Large m limit as input states:

Ya.1) =1[010101...01) , bare vacuum
1
= 1001,...,01) + (0110, ...,01
a,2) N/2(| )+ | )

Zero momentum:
+ e 4 |OL01,,..... . , 10Y) superposition of a Quark-antiquark pair

Trial states:
U: quantum fluctuations

Yue(0)) = U(0) [vur)
Both vacuum and the meson should be
p n | superposition of different number of
U@®) =] ][ exp(i6;;H;) quark-antiquark pairs

=1 5=1



Light-cone correlator and P

* Real part consistent with 0.

fis odd, so D is imaginary
fq(x) = —fg(—x)

 Bounded state behavior.
D(z) = Zij 13
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Hadron projector in FF

+ X is unknown, how can one sum unknow? =2 [ X) (b X]
e sum=trace on a quantum computer = do nothing

. A B
ps=Trgly) Y|

Ja

A —

Tr[Os¢] =Tr[O4pal

B

« sum_X = Trace = Do nothing
* example: counting domain walls in a quantum state
|0001111>, [1110001>,
then, the projector of domain wall is

N, — Z%(l—ZiZm) ZInd = (-1)"|n>



* meson in a digital word (large m limit)

01 11 00 10
X . - 5 D
° | quark antiquark Quark-
particle antiquark

- atsite it |I)) = |01),|I}) = |00),|I}) = [11),[I}) = [10)

* the hadron projector (T for translation symmetry)

1 |
PO =—=\" |13 (13| T I3 (I3] = 1~0%+0%; .1 —0%,0%;
h /—M @'j|3><2| | >< ’ 2 2i+1_Y2¢Y2{+1



» superposition of q¢

« adictionary of digital - quantum digital: vacuum, quark,
antiquark, meson ....
Eigenstates with specified

Q) =U|I3,13, .. I)) 1) = U |Q) quantum numbers!
m—1
]‘ (87
|ha) = T U Iy, I, ..., I8, 15 1, ... I3;_1) The unitary U can be found
i= with quantum-number
I A= S preserving VQE
= 1 U |ha(7)) - (see PRD 105, L111502 (2022))



Quantum circuit for correlator of FF

» variational constructing the hadron projector:

Ph=Z;U(9*)I5h(i)UT(9*)Tj 10) —{[H ] +t ]

-

fjh(ﬂ) = ([ - JS@)(I+051+1)
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 Evaluate the light-cone correlator inserted with a projector



Demo of FF numeral simulation
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As the lattice size is limited, a
comparison with global-fitting
Is obtained in short-range:

d-[-d(y)
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mqa = 0.4, mpa = 0.6

Zmin — 0.35



QC for confinement-deconfinement transition

PhysRevD.106.054509(2022)
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* 1+1D quantum electrodynamics (U(1) gauge field)

1
L=1v(y H(i0, + gA,) —m) —EF_L,F‘““U

electric flux _ _
linear potential

e e’

o
~

HER/N, AFESL. confinement, dynamical generated
mass(gapped at m=0), chiral symmetry breaking:

* familiar to qguantum computing community as easy to simulate.

* deconfinement at Infinite temperature
PRD 19.1188(1979)



Lattice Hamiltonian + Gauss law

U(1) gauge theory
. s . U
« |lattice Hamiltonian ( is not enough) O0—0O
N—-1
1 AL oA A = 8.
2 =5 Y [@1U; 119541 + hec] Uj g1 = €707+
a=1 2
N ) N-1 05541, Ljr jr41] = —idj;
1 2 g-a 22
+tm Y (1)1, + 2= 12 .
X:j ’ 2 o Ully = [1+1)
« Gauss law: physical Hilbert space with local constraints
stagger A F san 1 =(=1}
ferrgngion odd even P, P q);r_@ _ (1)
O—0O
0 @ -1~ -1
Odd: 0 (e-), 1 (empty) =

1
even: 1 (e*), 0 (empty) > er—@et




1 — (1)

J
- Eliminate gauge field by Gauss law 7, , =<+ [ld; -
i=1

]

» Qubit Hamiltonian: gauge field eliminated by Gauss law

* Finite density

N
H. = Gu=H.-%5Y 67



String tension: indicator of confinement/deconfinement

String tension as the difference of free energies with/without a
pair of charges at boundaries

H, - ]

H, OG— O YT o o  Je

* Zero T. A linear potential * Increasing T: the string is weaken by
between two charges(qgbar) thermal fluctuations of ggbar.



Variational quantum algorithm for finite-

temperature system
* free energy F=E-TS: energy vs entropy

» prepare thermal state p(B) = ¢?% /Z(p) with VQA

Product spectrum ansatz

p(w) = U(¢)po(0)U" (¢)
Entropy not change with U

Classical
computer
* minimize free energy: F(B) = Eﬁﬂ) - T5(B)
Quantum

computer



Hybrid guantum-classical optimization

______________________________________________________________________________________________________________________________________________________________________

_______________________________________________________________________________________________________________________________________________

from a two-qubit entangled state

10) pi(6;)

One-qubit mixed state 10— Rx(6) /L
(*)



String tension at finite-T finite-density

Exponential decay of
string tension with T
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* QC for dynamic properties of hadron structure

« QC for finite-temperature & finite-density nuclear matter

Outlook:

* gluon PDFs

* phase diagram of QCD
« 2+1D systems



