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Phase transition in QCD? EoS at finite ug?
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s
Compact Star: 1o=0.16 fm

Lattice cannot tell:

Reaching the region pg /T > 3 is a major challenge for
any of the currently used approaches in lattice QCD
calculations as well as for collider based heavy ion ex-
periments that search for the CEP.
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From arxiv:2212.11107: “50 years of QCD", pag. 85 and M. Evangelina Lope Oter thesis
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Quantum Simulation and QCD
(o] Jelele]

Sign problem

Limitation due to fermions. In the grand-canonical ensemble

PV = kgTIn {Trexp (-5(/%! — MN))} —kgTInZ
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Quantum Simulation and QCD
(o] Jelele]

Sign problem

Limitation due to fermions. In the grand-canonical ensemble
PV = kgTIn {Trexp (-5(/%! — MN))} —kgTInZ

Partition function sampled on the lattice:

/ l_T[ ﬂ HDUX l/e_SG X H det Mf(mfa,uf)
xo=1x;=10=0 f=u,d,s,...

If ur € R, det M¢(my, uf) = + — convergence problem

Not on QC: Codification of fermion states and unitary evolution
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Quantum Simulation and QCD

[e]e] lele}

Bits & qubits

Quantum memory: Composition of many highly-controllable
systems, qubits if 2-level, e.g. superconducting circuits.

o Superpositions: cos ®|0) + sin de?|1)
e Entanglement: % (100) + |11))

z=10)

® o
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Quantum Simulation and QCD
[e]e]e] o]

ng qubits — N = 2", exponential grown (curse of dimensionality):

e 1 gbit: {|0),|1)} — «|0) + 5|1)

@ 2 gbits:

{100),101), 10}, [11)} — a|00) + 5]10) +~|10) + 5]11)
Quantum memory advanced by unitary gates: H, X,Y,Z, CNOT

of aubits

|O>| > ] ‘g
0, 1 Quantum [ é
|0), ‘é—» computing | —» T
£ U(2"x2") g

@

o

|0), > L =
Controller (classic Computer)

Qo

qi

Preparation of state
P = % (100) + |11))
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Quantum Simulation and QCD
0000e

Can be used to solve variational problems:

2

\Y o
H=T+V=—+0or—-—.
2u r
H decomposed in unitary gates H; — (H)
0) { [ 771 o
0 L} H
[0) R,(8) Ry(=5)
[l i
) —{ &, (20) ] 1000) LY 3
Baryon (composition) Q(bbb) Q(bbc) Q(bcc) Q(ccc)
This work 14270 340 11210+ 350 8100+ 350 4940 + 340

Variational pNRQCD | 14700 +300 11400+ 300 8150 4300 4900 + 250

Coulomb variational 14370 £80 11190+80 7980470 4760 £ 60
QCD sum rules 13280 +£100 10460+ 110 7443 +150 4670+ 150
Quark counting 14760 + 180 11480 4+ 120 8200 4 90 4925 + 90
MIT bag model 14300 11200 8030 4790

arXiv:2407.07232 & arXiv:2202.03333
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Particle codification
0000000

One-particle codification

Each quantum # a set of qubits, each particle a register:

qi: presence — Empty register

1) = |0)®/0)®]00)®[00)®]0...0)
q3-q4: colour{
o Pack/unpack with operators

gs-qge: flavour { L ot

=) el el el

g7-qn: MomMentum s 3 ,c,f,p|1> ® ®|c)® | ®|p) = Q)
Quark register

,6,fsp

,C,fop
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Particle codification
0@00000

Add more registers for multi-particle states

wememen: AN AR WD

We would like

ab |9) = Ip1), ab,Ip1) = |p2) [pr) , etc
How to define |p2) |[p1)? Use presence qubits to control:
Co0l0) =10), €11]0) =0, etc

and divide ajy,:
T

T . f
dp = 2 p1,3

T
p1 p1,1 + apy,2 +a

so that memory is filled in order.
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Particle codification
[e]e] lee]ele]

Three particles: (|2); = [0)1]

CELRLRTAN Lk A )
al 119) =19), ®|Q), ®[1p1),: .' -
al 1= ]P’(()z) ® (@10 ® s/ )1

A L
2,2 =P & (€1 ®5,,), @ PV

P,(-"): projector over i-occupied registers for n total registers.
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Particle codification
[e]e]e] Jelele]

Example: Initializing

Most basic particle: scalar with three momenta

00) — None, [01) = [po), [10) — |p1), |11) = [p2)

# Register definition r(-_()]_(l r =]
regl = QuantumRegister(3,name = "regl") # two p-qubits

reg2 = QuantumRegister(3,name = "reg2")

# Classical register to measure regly :
meas = ClassicalRegister(2, name = "Measurement")

circuit = QuantumCircuit() 2
circuit.add_register(regl) regly : —
circuit.add_register(reg2)
circuit.add_register(meas)

) (1,0,1)

regq : —
# Register initialization

aal 1
circuit.initialize(IndexTobinary(®,2)+"1", regl) reg2, : — |v) (0,0,0) —@7
circuit.initialize("0@"+"0", reg2)

2
# Measurement reg2y : A

circuit.measure(reg2(1:],[0,1])

circuit.draw(output = "latex",idle wires = False) Meas : ]
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Particle codification
[e]e]e]e] lele]

Particle-statistics & unitarity

{b;ral, bpz} = 0p, p, I — Add antisymmetrizer A:

Problems with unitarity:

° IP’E"), €10, etc. are not unitary — exponentiate
@ A is not unitary — scrap qubits
With Aj ;1 define
b

1
o = Aj<_j_1 . (Clo ®5;r,1>2 ®P§ )
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Particle codification

00000e0

Example: Antisymmetrizing

60) = \i@ (190, /1901 + [191)]1p0)y)

1) = 75 (100)90,11p0) + 7= (101, ~ 01),.) 101)5/100)
62) = 75100), )/ 190) + 5 (110),1o1) | 1po); 0L}, Lpo}[10),)

Measuring 2nd register...

ion without - i i ization without unc ion - ibm brisbane
0308

1600

1200 -

Count
2
3
o
4
o

Quasi-probability

I
o
®

I3
o
53

® ~
g A 1
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Particle codification
000000e

Fermionic operators

Field-theory like el =>.b ")T
n)T AJ(—] 1 ]P) n—j) (Q:IO ®51‘) v ® IPJ(J,711)
J

Adjoint to find annihilator. With those we find:

Anticommutation relations

canonical
{bg;'), b(n)T} = 0g1,q0 (Coo ® I),, ® 11

+ An(—n—l . <Q:11 ®51(-]15q2> ]P)(n 1) An(—n—]_

boundary term
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Unitarity & Exponentiation
000000

Free evolution

From A = >0 Ep a2l using properties of PY) and ¢y

Free evolution

Un(At) = emtha = P 1 520 PO [TL @ (€11 ® W (AL)),
y1(At) = exp [—iAt dop Eps,tﬁp}

t,c i (At)

_—
—_

te 1(AD) E—PPHN%W—W—PPPWQJF

1 t,c Uy (At c -
: 11()
1 I

Momenta
—_—
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Unitarity & Exponentiation
(o] lele]e]e]e]

Example: Free evolution

Implementing ;1 (At) = exp {—iAt Zp Eps,T,sp is easy:
1
Shospo = [01)(01) = 3 (1 + 2) (1 - 2)
exponentials of 1,X,Y,Z built-in.
1 —iEo —i(Exs+Eo
Ua(80)16n) = = (=100 1pu + & (1) 170))s)

return to |Q),|1po), to see oscillation in amplitude (£ = 223 MeV):

Vacuum to vacuum probability with free evolution - ibm brisbane

1.0
# "Create"” particle on 2nd register
circuit.append(Mode_rot("00",1,np.pi/4,2), re os
# Antisymmetrize ’
SA.Step Adg(circuit,2, uncompute = False)
# U 11(1) 06

circuit.append(free_evol(i,[@,1,2]),regll1l:]) Q<_=~
circuit.append(free_evol(i,[®,1,2]),req2[1:]) 0.4
# Return 2nd register to vacuum T . P

SA.Step A(circuit,2, uncompute = False) 02 o *
circuit.append(Mode rot("ee",1,-np.pi/4,2), n ’
# Measure

0.0

circuit.measure(reg2[1:]1,[@,1])

0 5 10 15 20 25 3 3 &6 /27



Unitarity & Exponentiation
[e]e] lelelele]

Exponentiation with changing # of particles

Simplest particle-number changing term
; (Mt ()
Uro(At) = 5% (BT +6(7)

Arbitrary number created on each step, use eA*B+3ABl 4 — ¢AgB

(Baker-Campbell-Hausdorff formula), one at a time:
Upo(At) = Hexp —/Atz Ap(BT+ BIN |+ O((At)?)

just systematically improveable errors. We expect this to do

—ine () +b0")
e 2t (E42)10) 100}, = alQ, 11}y + B (115)l101) 1)

how to avoid scrap qubits and fullfil Pauli exclusion principle?
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Unitarity & Exponentiation
[e]e]e] lelele]

To avoid scrap qubits, introduce new operators

P (10 2-leh) 225 (1PYla) 1oleh) |

if P largest on memory

9, (19 2160 ) 222510, (10 1ol

if register j empty

key: "Locate the Largest" algorithm to disentangle auxiliary:

) = 7(\10> [ 1P)2|1p)y = |01),|1p)5[1P)y)

goes to

LL|¢) = 7(|00> [P)p) = 100),,[p)IP)) = 100),, (IP)|P))a
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itarity & Exponentia
[ee]ele] Tele]

Disentangling qubits is expensive, depth ~ 2300, currently
maximum == 600:

Antisymmetrization with uncomputation - simulation Antisymmetrization with uncomputation - ibm_brisbane
1600 1514 0079972
0069 0.067
0062 0.06%,062.069.063
1200 - | y
=2
2
£ S
§ 800 727 759 ‘cl':.
k")
©
3
o
400 -
0 .
Sl S ~
s $ s
S
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Unitarity & Exponentiation
0O0000e0

For Pauli exlusion principle, define fermion interchanger:

£X; (p) = (Co0);j ® £8; (0, p) +

Tadpole evolution

U{O = H (Z /=0 Pn)"'_ATej1'Hpﬁ10(P)'Ajejl> + O(At2)

{ao(p) = £X1 (p) - Y™ @ Wi (AL, 0,) @ P - £, (p)
o (At \y) = exp (—iAt)\p (€10 ® 5} + Co1 @ s,,)j) .

Jj+1 ac

ot et |+ tho;

i el t t
) A X (pm l) fo fXJ( Af
Jml ==t 7 =t () = C t(Pma) = - == t (D) ={
]

o~
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Evolution terms asym

Udp(At) = exp {

U1 (At, ) = exp {

ptotics

A

Unitarity & Exponentiation
0O00000e

—int Y (Agaq+§A i p+5Abq+h.c.>:|

E=—A

—int> Ny (az_pbj,bk + h.c.):|

P,k

Operator

Costs

CNOT & single-qubit

Order oracle

O (nN,)

@) (n2N;’ log3 N,)
O (N, log3 N,)
O (npn2N2 log Nj,)
@) (nbanp log, Np)

None
None
O (n*N,)
O (mN,)
@ (nban2)
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Outlook
[ ]

Conclusions

@ Sign problem for LQCD. Quantum Computing promising

@ Register-particle codification — high-level objets & unitaries
from 2nd-quantized operators

Ongoing work
@ Implementation of axial gauge Hamiltonian:
H [ &y (EE + B'8") ~ igd TT/0A +5 (79 + m) v
o Gauss's law:
G2 (K) (= J3 (k) = 57 (K)) [49) = 0

Unexplored territory: Renormalization? Finite memory impact and
discretization errors?
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Fixed particle number

We can now get unitaries by exponentiation:

AD =SB e = ST E, ST a0
P

P ]

— ZAﬂ—j—l -Pg"_j) ® <¢11 ® Z Eq 5},5,;) ® IP’JU:ll) “Ajj1
J P :

J

Fixed particle # — antisymmetrizers can be conmmuted:

~y(n n—j —1-k) Ajejo
AD =3 B NepBe <¢11 2y E,,sj,s,,) ®P§f,11,kk)~%{l
gk p Jj—k J

Antisymmetrizers to the right just simplify!
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For Pauli exlusion principle, define fermion interchanger:

£X; (p) = (€o0); ® £S; (0, p) +

Empty register

(€o0); @ £5; (0, p) [Q); (-119);---) 4 = 0p); (--[10...0)..) 5

p there creation avoided
(€o0); ® £8; (0, p) |Q>j (""1q>i"')A = ’Q>j (”“1q>i"‘)A
no p creation allowed

(€u); ® £8; (L, p) |1’D>j (1P} ) = |1P>j (-1P)i)a

p there, swap p on j, annihilation
(€11); ® £5; (L, p) [1P); (---[1a);-.) o = [1P); (---|1) ;)
no p no swap no p on j, no annihilation

= = = = ==



[e]e] le]e}

Order on momenta introduced via their indices:

(x @ Dlpi)lp) siiz=]

O(‘X>’Pi>‘Pj>) = 1) |pi) | pi) sil < §

mod_gq :
mod_qq :
mod_gy
mod_gqy :
mod_pg :
mod_p, :
mod_p, :
mod_p, :
Clomp_auz :
Comp_auz, :
Comp_auz; : N
Comp_auz, :

&
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Antisymmetrizer's decomposition:

Reg1,: 21
Reg 1,
Reg 1,
Reg 13
Reg 2,
Reg 2, :
Reg 2, :
Reg2,:

Reg 3y:
Reg 3, 4
Reg 3, :
Reg 35+ 2

Auzg : 441—%— =
Auy H

Locate Largest

10
Auzy =
iz 12 15
Auzy - 13 16
Auzs : 1
Auzg 2 18
Aua 1
%

Auzg




0000

Auxiliary qubits disentangled with “Locate Largest” circuit:

10,0, 0) [Py ooy 1) 3 [0y 1 ey 1 0N Py Py P pa),
km ky km k1

Reg 1, : 27 Ly ‘ Y I
Reg1,: 2 2 d s
Regly: & L] s [ -
Reg 1, [— L4 I | I
Reg 2, : —| [— [ I I, I | [ I
Reg 2, : — I a2} M [ [— I [ |
Reg 2, : —| S K3 E— 6] - I I |
Reg 25 : — k8 — v [ — I I
Regsy: 2| o o o o o of o
1| Compare2 |, | Compare2dg [, . 7 | 1| Compare2 | | Compare2dg

Reg 3, : | —4 7 - [
Reg3,: 4 2 12 4 2 [— 2 2 |

e s 5| Compare2 [ ;| Compare2dg [ | | Compare2 ;| Compare2dg s s
Reg 350 [ 2] [ sl [ L

p s I s s s s s

s H o H o —1 A

Bi: = e A

9 B 9 9 o ) s
oracle_auzy
10 10 o 10 10 10 w0 10
oracle_auzy : 4

Mea
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