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Some Aspects of High Energy Nuclear Physics
• Relativistic heavy ion collisions and quark-gluon plasma (QGP)


• Search for the critical point in phase diagram of nuclear matter


• Study properties of QGP using various probes 

See lectures by Professors 王群，庄鹏⻜
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Some Aspects of High Energy Nuclear Physics
• Future electron-ion collider


• Study proton/nucleus structure (transverse momentum dependent 
parton distribution function (TMD PDF), etc)


• Study properties of cold nuclear matter (such as heavy nucleus)

See lectures by Professor 周剑



Why Quantum Computing
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• Quantum devices are developing quickly: superconducting circuits, 
trapped ions, Rydberg atoms, photonic system, etc.

“Simulating physics with computers” R. P. Feynman, 1982

• Challenges of Euclidean lattice QCD, sign problem (signal-to-noise ratio): 
fermion at finite chemical potential (QCD phase diagram at non-zero 
chemical potential), real-time observables (e.g. fragmentation function)

• At high energy/temperature, perturbative calculations are applicable

• At low energy/temperature, nonperturbative methods such as Euclidean 
lattice QCD methods and holography are useful: e.g. parton distribution 
function of proton, QCD matter crossover at zero baryon chemical 
potential, transport coefficients (e.g. heavy quark diffusion and jet 
quenching),

See lectures by Professors 丁亨通，杨⼀玻

• Quantum computing v.s. quantum simulation —> digital v.s. analog
See lectures by Professors 周正威，翟荟

• Use quantum computers to simulate quantum systems



Contents 
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• Part 1: digital quantum simulation for open quantum systems


• Heavy quarks and quarkonia in QGP as open quantum systems


• Simple example: U(1) gauge theory in 1+1 dimension (Schwinger 
model)


• Part 2: digital quantum simulation for jet quenching in nuclear 
environments


• Light-front Hamiltonian of QCD


• Landau-Pomeranchuk-Migdal effect in gluon radiation 



I. Open Quantum Systems for Heavy Quarks and 
Quarkonia in QGP
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Open Quantum System

Subsystem & environment

⇢(t = 0) = ⇢S ⌦ ⇢E Unitary evolution

Time reversible
(Heavy quark pair & QGP)

U(t, 0)(⇢S ⌦ ⇢E)U
†(t, 0)

Subsystem & environment

Trace out (integrate out) environment

⇢S(t = 0)

Subsystem
TrE

h
U(t, 0)(⇢S ⌦ ⇢E)U

†(t, 0)
iNon-unitary

Time irreversible
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H = HS +HE +HI• Total system = subsystem + environment:

Review: XY, 2102.01736

• Has been widely used to deepen our understanding of quarkonium 
transport inside QGP



Subsystem: non-unitary,  
time-irreversible evolution 

Lindblad equation

Quantum optical 
limit (low T)

Quantum Brownian 
motion (high T)

Markovian 
(weak coupling)

TrE
h
U(t, 0)(⇢S ⌦ ⇢E)U

†(t, 0)
i
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Towards Lindblad Equation: Two Limits

Boltzmann equation

Lindblad equation

Langevin/Fokker-
Planck equation

Wigner transform (smearing for positivity)
Semiclassical (gradient expansion)

d⇢S(t)

dt
= �i

⇥
HS,e↵, ⇢S(t)

⇤

+
X

n

�
Ln⇢S(t)L

†
n � 1

2
{L†

nLn, ⇢S(t)}
�

<latexit sha1_base64="Rz9MOOH17Ut1Vwsh1CiYatdLiI8="></latexit>

Review: XY, 2102.01736
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Physical Pictures of Two Limits

Q
Q

Resolving 
power of QGP

Resolving 
power of QGP

Q

Q

Transitions between levels Diffusion of heavy Q pair

Q

Q

Wavefunction decoherence

—> dissociation

1S

2S

unbound

• Quantum Brownian motion (high T)• Quantum optical limit (low T)



Subsystem: non-unitary,  
time-irreversible evolution 

Lindblad equation

Quantum optical 
limit (low T)

Quantum Brownian 
motion (high T)

Markovian 
(weak coupling)

TrE
h
U(t, 0)(⇢S ⌦ ⇢E)U

†(t, 0)
i
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Towards Lindblad Equation: Two Limits

Lindblad equation

d⇢S(t)

dt
= �i

⇥
HS,e↵, ⇢S(t)

⇤

+
X

n

�
Ln⇢S(t)L

†
n � 1

2
{L†

nLn, ⇢S(t)}
�

<latexit sha1_base64="Rz9MOOH17Ut1Vwsh1CiYatdLiI8="></latexit>

• Solving Lindblad equation for many heavy quark pairs can be difficult, 
since the size of the Hilbert space grows exponentially. Can quantum 
computers help?


• Understand time evolution beyond Lindblad —> non-Markovian dynamics
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Quantum Simulation of Lindblad Equation
• Lindblad evolution = unitary evolution of subsystem coupled with 

ancilla with ancilla traced out

. . .

…
Ancilla qubits

Subsystem

J =

0

BBB@

0 L†
1 . . . L†

m

L1 0 . . . 0
...

...
. . .

...
Lm 0 . . . 0

1

CCCA
⇢(0) = |0iah0|a ⌦ ⇢S(0) =

0

BBB@

⇢S(0) 0 . . . 0
0 0 . . . 0
...

...
. . .

...
0 0 . . . 0

1

CCCA

Dim. of ancilla = m+1
|0ia · · · |mia

<latexit sha1_base64="Brt42hNyabOwjo97dPwByc78pgo=">AAACB3icdZDLSsNAFIYnXmu9RV0KMlgEVyWpsa27ohuXFewFmlAmk2k7dDIJMxOhpN258VXcuFDEra/gzrdx0lZR0R8Gfr5zDmfO78eMSmVZ78bC4tLyympuLb++sbm1be7sNmWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlDy+yeuuGCEkjfq1GMfFC1Oe0RzFSGnXNg7HlCsT7jHQRdHEQKQnH4RfqmgWreFYtl5wytIqWVbFLdmZKFefEgbYmmQpgrnrXfHODCCch4QozJGXHtmLlpUgoihmZ5N1EkhjhIeqTjrYchUR66fSOCTzSJIC9SOjHFZzS7xMpCqUchb7uDJEayN+1DP5V6ySqV/VSyuNEEY5ni3oJgyqCWSgwoIJgxUbaICyo/ivEAyQQVjq6vA7h81L4v2mWirZTPL1yCrXzeRw5sA8OwTGwQQXUwCWogwbA4Bbcg0fwZNwZD8az8TJrXTDmM3vgh4zXD0TPmZk=</latexit>

Reproduce Lindblad equation if expanded to linear order in Δt
One cycle

<latexit sha1_base64="Q/NUTYgWQcd+TgBPzcwOJpU2h4c="></latexit>

d⇢S

dt
= �i

⇥
HS , ⇢S

⇤
+

mX

j=1

�
Lj⇢SL

†
j �

1

2
{L†

jLj , ⇢S}
�



We need to represent a gauge theory on a 
quantum computer
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Example: Schwinger Model
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• U(1) gauge theory in 1+1D L =  
�
iDµ�µ �m

�
 � 1

4
Fµ⌫Fµ⌫

<latexit sha1_base64="LeuEsS0Tz/et9gqiO83sNmK+M6c=">AAACMXicbZDLSgMxFIYzXmu9VV26CRbBhZQZKepGKLrpsoK9QGcsZ9K0DU1mhiQj1qGv5MY3ETddKOLWlzBtB6ytBwI/338OJ+f3I86Utu2RtbS8srq2ntnIbm5t7+zm9vZrKowloVUS8lA2fFCUs4BWNdOcNiJJQfic1v3+zdivP1CpWBjc6UFEPQHdgHUYAW1QK1d2uyAE3Nv4CruKdQW0nk5dnFLHUJbiwS+2Z+zUfWzl8nbBnhReFE4q8iitSiv36rZDEgsaaMJBqaZjR9pLQGpGOB1m3VjRCEgfurRpZACCKi+ZXDzEx4a0cSeU5gUaT+jsRAJCqYHwTacA3VPz3hj+5zVj3bn0EhZEsaYBmS7qxBzrEI/jw20mKdF8YAQQycxfMemBBKJNyFkTgjN/8qKonRWc80LxtpgvXadxZNAhOkInyEEXqITKqIKqiKBn9Ibe0Yf1Yo2sT+tr2rpkpTMH6E9Z3z/a0ag5</latexit>

�0 = �z, �1 = i�y, �0�1 = �x

<latexit sha1_base64="Am3ntdfiJRpLKqcgzctoBlLflQk=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCG8uMlOpGqArisoK9QKcMmTRtQ5PMkItQhr6JG1/FjQtFxF3fxkxbUFsPBP5855KcP0oYVdrzxs7S8srq2npuI7+5tb2z6+7t11VsJCY1HLNYNiOkCKOC1DTVjDQTSRCPGGlEg5ss33gkUtFYPOhhQtoc9QTtUoy0RaFbvg3TgJtAmBG8hEGCpKaITdgIXoWWw9MfnF0t5CZ0C17RmwRcFP5MFMAsqqH7FXRibDgRGjOkVMv3Et1Os7mYkVE+MIokCA9Qj7SsFIgT1U4n+43gsSUd2I2lPULDCf3dkSKu1JBHtpIj3VfzuQz+l2sZ3b1op1QkRhOBpw91DYM6hplZsEMlwZoNrUBYUvtXiPtIIqytpXlrgj+/8qKonxX9crF0XypUrmd25MAhOAInwAfnoALuQBXUAAZP4AW8gXfn2Xl1PpzPaemSM+s5AH/CGX8DaA6ilg==</latexit>

Fµ⌫ = @µA⌫ � @⌫Aµ

<latexit sha1_base64="NeEBEM4TCa0SSeTbq40DEEWK4e4=">AAACHXicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqBeh6MVjBfsBTSmbzaRdutmE3Y1YQv+IF/+KFw+KePAi/hu3bRBtfTDweG+GmXl+wpnSjvNlFZaWV1bXiuuljc2t7R17d6+p4lRSaNCYx7LtEwWcCWhopjm0Ewkk8jm0/OHVxG/dgVQsFrd6lEA3In3BQkaJNlLPrnqJYvgCez70mciSiGjJ7selidxLPW9GgpIHIvhxe3bZqThT4EXi5qSMctR79ocXxDSNQGjKiVId10l0NyNSM8rBbEsVJIQOSR86hgoSgepm0+/G+MgoAQ5jaUpoPFV/T2QkUmoU+abT3DdQ895E/M/rpDo872ZMJKkGQWeLwpRjHeNJVDhgEqjmI0MIlczciumASEK1CbRkQnDnX14kzZOKe1qp3lTLtcs8jiI6QIfoGLnoDNXQNaqjBqLoAT2hF/RqPVrP1pv1PmstWPnMPvoD6/MbCAyijA==</latexit>

 =

✓
 u

 d

◆
<latexit sha1_base64="cnefA+YiqYAKFw3b8mkY/U9TdVM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVol6EoigeK9gPbNeSTbNtaDZZkqxQlv4LLx4U8eq/8ea/MW33oK0PBh7vzTAzL4g508Z1v53c0vLK6lp+vbCxubW9U9zda2iZKELrRHKpWgHWlDNB64YZTluxojgKOG0Gw6uJ33yiSjMp7s0opn6E+4KFjGBjpYdrdIFuHlPPHXeLJbfsToEWiZeREmSodYtfnZ4kSUSFIRxr3fbc2PgpVoYRTseFTqJpjMkQ92nbUoEjqv10evEYHVmlh0KpbAmDpurviRRHWo+iwHZG2Az0vDcR//PaiQnP/ZSJODFUkNmiMOHISDR5H/WYosTwkSWYKGZvRWSAFSbGhlSwIXjzLy+SxknZOy1X7iql6mUWRx4O4BCOwYMzqMIt1KAOBAQ8wyu8Odp5cd6dj1lrzslm9uEPnM8ftAuPpg==</latexit>

E = F 10

• Equation of motion from Euler-Lagrangian equation
<latexit sha1_base64="4yaeAaihhaWTo23POFc8Kzf7xDE="></latexit>

0 =
@L
@A0

� @1
@L

@(@1A0)
= e �0 + @1F

10 = e † + @1E

<latexit sha1_base64="1Ux4twNQ4kKen/VH9myhU2r5WHk=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpJIUTdCfSxcVrAPaEKYTCft0MkkzEyEErpz46+4caGIW3/BnX/jJM1CWw8MnDnn3jtzjx8zKpVlfRulhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH11nfueBCEkjfq/GMXFDNOA0oBgpLXnm/o3nhAm8gE6MhKKI5ddjSMllxjyzatWsHHCe2AWpggJNz/xy+hFOQsIVZkjKnm3Fyk2z2ZiRScVJJIkRHqEB6WnKUUikm+Z7TOChVvowiIQ+XMFc/d2RolDKcejryhCpoZz1MvE/r5eo4NxNKY8TRTiePhQkDKoIZqHAPhUEKzbWBGFB9V8hHiKBsNLRVXQI9uzK86R9UrNPa/W7erVxVcRRBnvgABwBG5yBBrgFTdACGDyCZ/AK3own48V4Nz6mpSWj6NkFf2B8/gAoYZg9</latexit>

Dµ = @µ � ieAµ

• Canonical quantization in light-cone axial gauge A0 = 0
<latexit sha1_base64="ememNnptmbwEsrNxLVQgGAQkhP0="></latexit>

⇧ =
@L

@(@0 )
=  i�0 = i †, ⇧A =

@L
@(@0A1)

= �E

<latexit sha1_base64="aecesf0IUB/KZOPMOjKrsmcjAvE="></latexit>

{ (t, x),⇧ (t, y)} = i�(x� y), [A1(t, x),⇧A(t, y)] = i�(x� y)

See e.g. appendix of 2106.08394 



Example: Schwinger Model
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• Hamiltonian density of Schwinger model
<latexit sha1_base64="Jyfp3J KOeoflnRR6r3xOZ6daQlQ="></latexit>

H = ⇧ @
0 +⇧A@

0A1
� L = �i �1(@1 + ieA1) +m  +

1

2
E2

• Discretize spatial dimension x = na

<latexit sha1_base64="ZxUKOFb4xiLu1mYloN65ZzeR53o="></latexit>

�(n) =
p
a (�x)

n (n), �†(n) =
p
a †(n)(�x)

n

<latexit sha1_base64="Z33yBAKCz0v3LnCUYiBNgf3dk0E="></latexit>

a
X

n

⇣
� i †(n)�x

 (n+ 1)�  (n� 1)

2a
+m †(n)�z (n)� e †(n)�xA(n)

 (n+ 1) +  (n� 1)

2

⌘
+O(a3)

<latexit sha1_base64="NFLYf3sd8b2hUV6u6AE3USFOqxg="></latexit>

1

2a

X

n

⇣
� i�†(n)�(n+ 1)� ae�†(n)A(n)�(n+ 1) + i�†(n)�(n� 1)

� ae�†(n)A(n)�(n� 1) + 2ma(�1)n�†(n)�z�(n) +O(a2)
⌘

Define new variable

See e.g. appendix of 2106.08394 



Example: Schwinger Model

15

• Introduce Wilson lines
<latexit sha1_base64="BYHU7NSY5zLD2lezaqCw+HGuqH0="></latexit>

U(z, y) = P exp

✓
� ie

Z z

y
dxA1(x)

◆
= P exp

✓
ie

Z z

y
dxA1(x)

◆

=
1X

n=0

(ie)n

n!

Z z

y
dx1

Z z

y
dx2 · · ·

Z z

y
dxnP

�
A1(x1)A1(x2) · · ·A1(xn)

�

<latexit sha1_base64="jMDySM6EL1JqD+F9+jicqfQErmE=">AAACDHicbVDNSsNAGNz4W+tf1aOXxSK0UEoiRb0IRRE8VjBtIQ1ls920SzebsLsRYugDePFVvHhQxKsP4M23cdPmoK0DC8PMfHz7jRcxKpVpfhtLyyura+uFjeLm1vbObmlvvy3DWGBi45CFoushSRjlxFZUMdKNBEGBx0jHG19lfueeCElDfqeSiLgBGnLqU4yUlvqlcs+jQwdeV5JqDdqVh1pShZnkwgtIckGnzLo5BVwkVk7KIEerX/rqDUIcB4QrzJCUjmVGyk2RUBQzMin2YkkihMdoSBxNOQqIdNPpMRN4rJUB9EOhH1dwqv6eSFEgZRJ4OhkgNZLzXib+5zmx8s/dlPIoVoTj2SI/ZlCFMGsGDqggWLFEE4QF1X+FeIQEwkr3V9QlWPMnL5L2Sd06rTduG+XmZV5HARyCI1ABFjgDTXADWsAGGDyCZ/AK3own48V4Nz5m0SUjnzkAf2B8/gBnepgN</latexit>⇥
E(y), U(z, y)

⇤
= eU(z, y)One can show

<latexit sha1_base64="5oXSZR3DI3ldeMueFZ6Z+OwN1k0="></latexit>

�†(n)U(n, n+ 1)�(n+ 1) = �†(n)�(n+ 1)� iae�†(n)A(n)�(n+ 1) +O(a2)
<latexit sha1_base64="UmVqh/WrujobFmur0xKNl7izF90="></latexit>

�†(n)U(n, n� 1)�(n� 1) = �†(n)�(n� 1) + iae�†(n)A(n)�(n� 1) +O(a2)

<latexit sha1_base64="esVMNbFwGbNhPDB8R26mOBYaTag="></latexit>

1

2a

X

n

⇣
� i�†

u(n)U(n, n+ 1)�u(n+ 1) + i�†
u(n)U(n, n� 1)�u(n� 1) + 2ma(�1)n�†

u(n)�u(n)

� i�†
d(n)U(n, n+ 1)�d(n+ 1) + i�†

d(n)U(n, n� 1)�d(n� 1)� 2ma(�1)n�†
d(n)�d(n)

⌘

See e.g. appendix of 2106.08394 

The fermion part of the Hamiltonian can be written as

 and  behave the same way! χu χd



Example: Schwinger Model
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• Dropping  and apply Jordan-Wigner transform 
(local fermion field—>non-local spin product)

χd

See e.g. appendix of 2106.08394 

<latexit sha1_base64="i1yvaNpT55lyy++mEpc03HqLzk8="></latexit>

�u(n) !
✓ Y

m<n

�i�z(m)

◆
��(n) , �†

u(n) ! �+(n)

✓ Y

m<n

+i�z(m)

◆

• For gauge sector
<latexit sha1_base64="hBjfkXtcFNPm6jyxmvt8/tL1XkA=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK0WEoiRd0IRRFcVjBtIQ1lMp20QyeTMDMRSujGjb/ixoUibv0Hd/6N0zaCth64cOace5l7jx8zKpVlfRkLi0vLK6u5tfz6xubWtrmz25BRIjBxcMQi0fKRJIxy4iiqGGnFgqDQZ6TpD67GfvOeCEkjfqeGMfFC1OM0oBgpLXXMA/e6yEtlp8iP7TIvefACEvjz6pgFq2JNAOeJnZECyFDvmJ/tboSTkHCFGZLSta1YeSkSimJGRvl2IkmM8AD1iKspRyGRXjq5YgSPtNKFQSR0cQUn6u+JFIVSDkNfd4ZI9eWsNxb/89xEBedeSnmcKMLx9KMgYVBFcBwJ7FJBsGJDTRAWVO8KcR8JhJUOLq9DsGdPnieNk4p9WqneVgu1yyyOHNgHh6AIbHAGauAG1IEDMHgAT+AFvBqPxrPxZrxPWxeMbGYP/IHx8Q2NiZTK</latexit>

[E(n), U(n+ 1, n)] = eU(n+ 1, n)
<latexit sha1_base64="Ea1tMq+FdLWq7ubqJZBspgD5ns8="></latexit>

E(n)|`ni = e`n|`ni
U(n± 1, n)|`ni = |`n ± 1i

Recall quantum ladder system

<latexit sha1_base64="848e2cpaNECvf0v4eeXgvQ6i574=">AAACKnicbVDLSgMxFM3UV62vqks3wSJUbMuMFHVZFcGFiwq2Cp06ZNLbNjSTGZKMUIZ+jxt/xU0XSnHrh5g+xOeBwMk5997kHj/iTGnbHlmpufmFxaX0cmZldW19I7u5VVdhLCnUaMhDeecTBZwJqGmmOdxFEkjgc7j1e+dj//YBpGKhuNH9CJoB6QjWZpRoI3nZ04u82MeuDjFgFzj3hFsouLiWFwVRdPbHxtX9gZeYy+DLOfh0ip6ZkbNL9gT4L3FmJIdmqHrZodsKaRyA0JQTpRqOHelmQqRmlMMg48YKIkJ7pAMNQwUJQDWTyaoDvGeUFm6H0hyh8UT93pGQQKl+4JvKgOiu+u2Nxf+8RqzbJ82EiSjWIOj0oXbMsVlznBtuMQlU874hhEpm/oppl0hCtUk3Y0Jwfq/8l9QPS85RqXxdzlXOZnGk0Q7aRXnkoGNUQZeoimqIokf0jF7Qq/VkDa2R9TYtTVmznm30A9b7B45Gonw=</latexit>

E(n) ! e`n , U(n, n� 1) ! L+
n�1 , U(n, n+ 1) ! L�

n

• Finally obtain the discretized Hamiltonian for Schwinger model
<latexit sha1_base64="xqmWLE3YJEwFnBR/z55YhOS4m/Q="></latexit>

HS =
1

2a

X

n

⇣
�
+(n)L�

n �
�(n+ 1) + �

+(n)L+
n�1�

�(n� 1)
⌘

+
m

2

X

n

(�1)n
�
�z(n) + 1

�
+

ae
2

2

X

n

`
2
n



States in Schwinger Model
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• Impose Gauss law for physical states

…

0 1 2 3

e+ e−

Even sites: fermion (spin-up for occupied)

odd sites: anti-fermion (spin-down for occupied)

Electric flux = 1 unit

• Focus on states with specific momentum and symmetry to reduce size 
k=0 state: first find states that are equivalent under cyclic permutation


 then take symmetrized linear combination (trivial Fourier transform) 
Positive parity: reflection w.r.t. a chosen site

…Periodic b.c.

N. Klco, et al, 1803.03326

• Fermion sector—>spins, gauge sector—>ladders, truncated

<latexit sha1_base64="2VGFUl++NI9WDNiKwRRzHZFKOfU=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgCGVGiroRiiK4rGAf0BlLJr1tQzOZIckIpfQL3Pgrblwo4ta1O//GTDsLbT0QcnLOvUnuCWLOlHacbyu3tLyyupZfL2xsbm3v2Lt7DRUlkkKdRjySrYAo4ExAXTPNoRVLIGHAoRkMr1K/+QBSsUjc6VEMfkj6gvUYJdpIHbsEXqzYvdcl/T5InB7wsdmI1Izwjouv8QV2OnbRKTtT4EXiZqSIMtQ69pfXjWgSgtCUE6XarhNrf5zeSjlMCl6iICZ0SPrQNlSQEJQ/no4zwSWjdHEvkmYJjafq744xCZUahYGpDIkeqHkvFf/z2onunftjJuJEg6Czh3oJxzrCaTa4yyRQzUeGECqZ+SumAyIJ1SbBggnBnR95kTROyu5puXJbKVYvszjy6AAdoiPkojNURTeohuqIokf0jF7Rm/VkvVjv1sesNGdlPfvoD6zPH39ZmnU=</latexit>

e † + @1E = 0
<latexit sha1_base64="qvCyYcQGGiMKakQKCRVtdY8F4Q8="></latexit>

E(n+ 1)� E(n) = �e�+(n)��(n)� e
(�1)n � 1

2

discretized, stagger fermion, Jordan-Wigner transform



Schwinger Model with Two Physical Sites (Four 
Fermion Sites)
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<latexit sha1_base64="zvbWbhEWoEEN3N8ySAFVgGIKgOM="></latexit>

H
k=0,+
S =

0

BBBBBB@

�2m 1
a 0 0 0

1
a

ae2

2
1p
2a

0 0

0 1p
2a

ae
2 + 2m 1p

2a
0

0 0 1p
2a

3ae2

2
1p
2a

0 0 0 1p
2a

2ae2 � 2m

1

CCCCCCA

See e.g. appendix of 2106.08394 

• Hamiltonian matrix

• Some operators

<latexit sha1_base64="+FAnK4Q4s5getYsi6ezTGS2Fsmw="></latexit>

Âk=0,+
E2 =

e2

4
diag(0, 1, 2, 3, 4)

Âk=0,+
Ne+e�

= diag(0, 1, 2, 1, 0)

<latexit sha1_base64="AFeg2h51NW+2EvLWSbieWyqPx5k="></latexit>

ÂE2 =
e2

2N

X

n

`2n

ÂNe+e�
=

X

n, even

�+(n)��(n)



Schwinger Model Coupled w/ Thermal Scalars
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• Hamiltonians H = HS +HE +HI

• Lindblad equation in quantum Brownian motion limit
d⇢S(t)

dt
= �i

⇥
HS , ⇢S(t)

⇤
+ L⇢S(t)L

† � 1

2

�
L
†
L, ⇢S(t)

 

Only one Lindblad operator: 

HI = �

Z
dx�(x) (x) (x) =

Z
dxOE(x)OS(x)

<latexit sha1_base64="RvsW61BgS4zzn01rU6kdqNbzJHg="></latexit>

L =
p

2aND(k0 = 0, k = 0)
⇣
OS � 1

4T

⇥
HS , OS

⇤⌘

<latexit sha1_base64="FK1fBSZpuvu8WnP9Yf2qUnfL5sI="></latexit>

HE =

Z
dx


1

2
⇧2 +

1

2
(r�)2 +

1

2
m

2
��

2 +
1

4!
��

4

�

O
↵�
S =

1

aNf

X

n

D
k = 0,↵

���
(�1)n(�z(n) + 1)

2

���k = 0,�
E

• Focus on states with zero momentum and positive parity 



How to Covert Hamiltonian Evolution into 
Quantum Circuits

20

• Pauli decomposition
<latexit sha1_base64="FwHRy82HDKmig8AEWW5L74e3C7M="></latexit>

H =
X

µ1,µ2,···µn

aµ1µ2···µn�
µ1
1 ⌦ �

µ2
2 ⌦ · · ·⌦ �

µn
n

<latexit sha1_base64="20Rm04LWfRuGGH/c7a/uD0UNBWU="></latexit>

aµ1µ2···µn =
1

2n
Tr

h
H
�
�
µ1
1 ⌦ �

µ2
2 ⌦ · · ·⌦ �

µn
n

�i

<latexit sha1_base64="lVplTFXYouLiHF30xxrzOQ0CTNc="></latexit>

e�iH�t = eO((�t)2)
Y

µ1,µ2,···µn

e�i�t aµ1µ2···µn�
µ1
1 ⌦�

µ2
2 ⌦···⌦�

µn
n

• Trotterization

• Only need to consider implementing
<latexit sha1_base64="Hpk75/zukp9dTbCJExPBf0OF6BA="></latexit>

e�i✓ �
µ1
1 ⌦�

µ2
2 ⌦···⌦�µn

n

See e.g. section 4 of 2205.07902



How to Covert Hamiltonian Evolution into 
Quantum Circuits

21

• Covert  into σx,y σz

See e.g. section 4 of 2205.07902

<latexit sha1_base64="aO1n7xpOElCu3LWypCnB2/seLw4=">AAACJHicbVDJSgNBEO1xN25Rj14ag+BBw4wEFUQQvXiMYFTIjENPpyZp0rPQXSPGIR/jxV/x4sEFD178FjvLQWMeFDzeq6KqXpBKodG2v6yJyanpmdm5+cLC4tLySnF17UonmeJQ44lM1E3ANEgRQw0FSrhJFbAokHAdtM96/vUdKC2S+BI7KXgRa8YiFJyhkfziUcsX7g6F23xXuNgCZNTVohkxX9zed6lx6fF496HrF0t22e6D/ifOkJTIEFW/+O42Ep5FECOXTOu6Y6fo5Uyh4BK6BTfTkDLeZk2oGxqzCLSX95/s0i2jNGiYKFMx0r76eyJnkdadKDCdEcOWHvV64jivnmF46OUiTjOEmA8WhZmkmNBeYrQhFHCUHUMYV8LcSnmLKcbR5FowITijL/8nV3tlZ79cuaiUTk6HccyRDbJJtolDDsgJOSdVUiOcPJJn8krerCfrxfqwPgetE9ZwZp38gfX9AxfkpIU=</latexit>

hi e
�i✓�x

i hi = e�i✓�z
i

Hadamard gate
<latexit sha1_base64="0PWOWMXsvUHffemWPAPzugjJQZo="></latexit>

h =
1p
2

✓
1 1
1 �1

◆

<latexit sha1_base64="9vp5GKgLTx+0E9WdfWRT04kPtyk="></latexit>

(Rx)i e
�i✓�y

i (R†
x)i = e�i✓�z

i

<latexit sha1_base64="8bwwYC5EudxLSdXFyx0j334c6ks=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEmkqBuh6MZlffQBTQ2TySQdOpmEmYlYQldu/BU3LhRx6ze482+ctgG19cCFM+fcy9x7vIRRqSzry5iZnZtfWCwsFZdXVtfWzY3NhoxTgUkdxywWLQ9JwigndUUVI61EEBR5jDS93vnQb94RIWnMb1Q/IZ0IhZwGFCOlJdfcuXLv4Sm8vnV8FIZEwK5z8PNyzZJVtkaA08TOSQnkqLnmp+PHOI0IV5ghKdu2lahOhoSimJFB0UklSRDuoZC0NeUoIrKTjc4YwD2t+DCIhS6u4Ej9PZGhSMp+5OnOCKmunPSG4n9eO1XBSSejPEkV4Xj8UZAyqGI4zAT6VBCsWF8ThAXVu0LcRQJhpZMr6hDsyZOnSeOwbB+VK5eVUvUsj6MAtsEu2Ac2OAZVcAFqoA4weABP4AW8Go/Gs/FmvI9bZ4x8Zgv8gfHxDQnll5o=</latexit>

Rx = S†hS†

<latexit sha1_base64="zKfNfOl1xj3BFO/lw9nrdZbU/+0=">AAACGnicbZDLSsNAFIYn9VbjrerSzWBRXJVEiroRim5cVrQXaEKZTE7boZNJmJmIJfQ53Pgqblwo4k7c+DZOL4i2Hhj4+P9zmHP+IOFMacf5snILi0vLK/lVe219Y3OrsL1TV3EqKdRozGPZDIgCzgTUNNMcmokEEgUcGkH/cuQ37kAqFotbPUjAj0hXsA6jRBupXXBv8Dn2AugykSUR0ZLdD20XH2IHe57tGGDY9kCEP267UHRKzrjwPLhTKKJpVduFDy+MaRqB0JQTpVquk2g/I1IzymFoe6mChNA+6ULLoCARKD8bnzbEB0YJcSeW5gmNx+rviYxESg2iwHSa/Xpq1huJ/3mtVHfO/IyJJNUg6OSjTsqxjvEoJxwyCVTzgQFCJTO7YtojklBt0rRNCO7syfNQPy65J6XydblYuZjGkUd7aB8dIRedogq6QlVUQxQ9oCf0gl6tR+vZerPeJ605azqzi/6U9fkNtWGeOA==</latexit>

S =

✓
1 0
0 i

◆
S-gate

• Only need to consider tensor products of  and 1 σz

<latexit sha1_base64="D6Xe3bBV7DgD9tEU+D79ozdLlMY=">AAACJ3icbZDJSgNBEIZ7XGPcoh69NAbBi2EmBvUkQS8eI5gFMkno6VSSJj0L3TVCHPI2XnwVL4KK6NE3sbMImvhDw89XVVTX70VSaLTtT2thcWl5ZTW1ll7f2NzazuzsVnQYKw5lHspQ1TymQYoAyihQQi1SwHxPQtXrX43q1TtQWoTBLQ4iaPisG4iO4AwNamUuoJkcCxd7gIy6WnR91nKa99QNUfigf1B+Hp0YNGxlsnbOHovOG2dqsmSqUivz4rZDHvsQIJdM67pjR9hImELBJQzTbqwhYrzPulA3NmBmYyMZ3zmkh4a0aSdU5gVIx/T3RMJ8rQe+Zzp9hj09WxvB/2r1GDvnjUQEUYwQ8MmiTiwphnQUGm0LBRzlwBjGlTB/pbzHFONook2bEJzZk+dNJZ9zTnOFm0K2eDmNI0X2yQE5Ig45I0VyTUqkTDh5IE/klbxZj9az9W59TFoXrOnMHvkj6+sb8zKl/w==</latexit>

e�i✓�z
1⌦�z

2⌦�z
3

<latexit sha1_base64="K9Tt4mInosqNyx98no4adWGpAlU=">AAACI3icbVDJSgNBEO1xjXGLevTSGISIMc5IUBGEoBePKsYEkhh6OpWktWehu0aIQ/7Fi7/ixYMSvHjwX+ws4BIfNLx6r4rqem4ohUbb/rAmJqemZ2YTc8n5hcWl5dTK6rUOIsWhyAMZqLLLNEjhQxEFSiiHCpjnSii5d6d9v3QPSovAv8JOCDWPtXzRFJyhkeqpo8v6Q6aKbUCWvd2ixzSuKo82BGt1M3AT74iht7vXzVJTb3/XW/VU2s7ZA9Bx4oxImoxwXk/1qo2ARx74yCXTuuLYIdZiplBwCd1kNdIQMn7HWlAx1Gce6Fo8uLFLN43SoM1AmecjHag/J2Lmad3xXNPpMWzrv15f/M+rRNg8rMXCDyMEnw8XNSNJMaD9wEwWCjjKTj8UroT5K+VtphhHE2vShOD8PXmcXO/lnP1c/iKfLpyM4kiQdbJBMsQhB6RAzsg5KRJOHskzeSVv1pP1YvWs92HrhDWaWSO/YH1+ASxRosQ=</latexit>

Rz(✓, j) = diag(e�i✓/2, e+i✓/2)



Results from Real Quantum Devices
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Uncorrected

Readout corrected
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RK4 closed system
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hE
2 (
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i

IBM Q Montreal, Ncycle = 4
Uncorrected

Readout corrected

Readout + RIIM corrected

Simulator, Ncycle = 4

RK4 open system

RK4 closed system

Thermal equilibrium

Possible to run more cycles to reach closer to equilibrium

e =
1
a

, m =
0.1
a

, β = 0.1a, a = 1 spatial sites (4 fermion sites)N = 2

W.A.de Jong, K.Lee, J.Mulligan, M.Ploskon

F.Ringer and XY, 2106.08394

Provide a way to prepare a thermal state approximately
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String Breaking in Vacuum
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• Closed Schwinger model with open boundary condition

0.0 3.0 6.0 9.0 12.0 15.0
t

0
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x

°1.0

°0.5

0.0

0.5

1.0

Initialize a pair of electron and positron, time evolve

Calculate electric flux at each site (with vacuum contribution subtracted) 

e = 0.8, m = 5.0 e = 0.1, m = 0.1

See also e.g. G. Magnifico, et al, 1909.04821

e−

e+



String Breaking/Reconnection in Medium
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II. Quantum Simulation of Jet Quenching
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Jets in High-Energy Collisions
• Jets: collimated spray of particles + finding algorithm (e.g. anti-kT)

R
Calorimeter 
of detectors

proton

proton

26

CMS
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Jets in High Energy Collisions

• Jet can be used as probe of QGP


• Measurements on jet quenching/jet substructure modification <— jet 
energy loss, medium response, selection bias


• Jet energy loss mechanism


• Perturbative picture: radiation with medium soft kicks —> Landau-
Pomeranchuk-Migdal (LPM) effect —> suppression of radiation


• Nonperturbative picture: AdS/CFT


• Mixed: perturbative radiation + nonperturbative soft kicks —> LPM

Quantum interference is important



Jet Radiation in Vacuum

28

• Perturbative treatment of jet evolution

Time

t1 t2

In vacuum: radiations happening at

different times contribute coherently

k2
⊥

k+

<latexit sha1_base64="dZLWFO+bTxJPuJqIv5ZvwEXZKqA="></latexit> ��1 + ei
k2
?

k+ (t2�t1)
��2

= 2 + 2 cos
k2?
k+

(t2 � t1)



Jet Radiation in Medium: LPM Effect

29

• Landau-Pomeranchuk-Migdal (LPM) effect

Time

t1 t2

In medium: radiations happening at 
different times lose coherence

The phase of the radiated parton

changes randomly between  and t1 t2

<latexit sha1_base64="EgddTN4D95QqDT1VhWhyid+Apv8="></latexit>��1 + ei
k2
?

k+ (t2�t1)
��2 average k?�������! 2

Gyulassy, Wang

BDMPS-Z

Wiedermann

AMY

and many more



Two Jet Radiations in Medium

30

• Two independent radiations: treat each independently

Time separation between two radiations >> formation time

• Two radiations with overlap formation time, coherent treatment

Analysis more complicated
Arnold, Gorda, Iqbal

No studies on three 
radiations or beyond



Light-Front Hamiltonian Dynamics
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• Time evolution <latexit sha1_base64="jT6v6+pa3hOoCnX7DzMiyQH/vGo=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCIJSkFHVTKLrpsoK9QBPLZDpph04mYWYiltinceOruHFREXHnozhpg9jWHwY+/nMOZ87vRYxKZVlfxsrq2vrGZm4rv72zu7dvHhw2ZRgLTBo4ZKFoe0gSRjlpKKoYaUeCoMBjpOUNb9J664EISUN+p0YRcQPU59SnGCltdc1KiTq+QDhxIiQURWz8S/Dx/nwMn5y6pI5AvM8IrMDanNE1C1bRmgoug51BAWSqd82J0wtxHBCuMENSdmwrUm6SLsSMjPNOLEmE8BD1SUcjRwGRbjI9cwxPtdODfij04wpO3b8TCQqkHAWe7gyQGsjFWmr+V+vEyr9yE8qjWBGOZ4v8mEEVwjQz2KOCYMVGGhAWVP8V4gHSqSmdbF6HYC+evAzNUtG+KJZvy4XqdRZHDhyDE3AGbHAJqqAG6qABMHgGr2AC3o0X4834MD5nrStGNnME5mR8/wDkF6YD</latexit>

2i
@

@x+
| i = H| i

• Light-front Hamiltonian

 field not dynamicalA−

<latexit sha1_base64="Qo8sUbL0K+GUQV97qSpmO4IgqKs="></latexit>

A�a =
2

@+
@iAia

? � 2g

@+2

⇣
fabc(@+Aib

?)A
ic
? � 2 †

+T
a +

⌘

• Background field  to describe medium effectsĀ−
<latexit sha1_base64="hhq2104CQMoeQZL3pq+DsZqszK4=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAVVVQJqoCxhYWxSPQhNWnluE5r1XnIdhBVlD/Awl9hYQAhVnY2/g1umgFaTrJ0vvs+2XdOyKiQhvGt5ZaWV1bX8uuFjc2t7R19d68lgohj0sQBC3jHQYIw6pOmpJKRTsgJ8hxG2s74euq37wkXNPDv5CQktoeGPnUpRlJJff2o3otPUQItGcAZLUPLQTyuJ+mt9NArn/T1olExUsBFYmakCDI0+vqXNQhw5BFfYoaE6JpGKO0YcUkxI0nBigQJER6jIekq6iOPCDtO0yTwWCkD6AZcHV/CVP29ESNPiInnqEkPyZGY96bif143ku6lHVM/jCTx8ewhN2JQRZ9WAweUEyzZRBGEOVV/hXiEOMJSFVhQJZjzkRdJ66xinleqt9Vi7SqrIw8OwCEoARNcgBq4AQ3QBBg8gmfwCt60J+1Fe9c+ZqM5LdvZB3+gff4A4X6aMA==</latexit>

A�a ! A�a + Ā�a(x+)
<latexit sha1_base64="O4Qg5vS6NJlJyzMo2SIZ1u6igiQ="></latexit>⌦
Ā�a(x+, x?)Ā

�b(y+, y?)
↵
= �ab�(x+ � y+)�(x? � y?)



Trotterization
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<latexit sha1_base64="2CG93UgUZWQBTMl3VgjW/5yiPMo=">AAACIXicbVDLSgMxFM3UV62vUZdugkWoFMqMFO1GKLrpsoJ9QDsOmTTThmYyQ5IRyzC/4sZfceNCke7EnzF9KNp6IHByzr3ce48XMSqVZX0YmZXVtfWN7GZua3tnd8/cP2jKMBaYNHDIQtH2kCSMctJQVDHSjgRBgcdIyxteT/zWPRGShvxWjSLiBKjPqU8xUlpyzUqt8HBXPIWXsOYmXRHAIeUpLH7/etT301nFjyb1Xip1zbxVsqaAy8SekzyYo+6a424vxHFAuMIMSdmxrUg5CRKKYkbSXDeWJEJ4iPqkoylHAZFOMr0whSda6UE/FPpxBafq744EBVKOAk9XBkgN5KI3Ef/zOrHyK05CeRQrwvFskB8zqEI4iUsHIAhWbKQJwoLqXSEeIIGw0qHmdAj24snLpHlWss9L5Ztyvno1jyMLjsAxKAAbXIAqqIE6aAAMHsEzeAVvxpPxYrwb41lpxpj3HII/MD6/ABv6oRg=</latexit>

H(x+) = Hkin +Hdi↵(x
+) +Hsplit

<latexit sha1_base64="7Ld4XMAzAs0mVGT6Yd/s7MbpRh4="></latexit>⇣
e�i(Hkin+Hdiff+Hsplit)�t

⌘Nt

| i =
⇣Y

j

e�iHj�teO((�t)2)
⌘Nt

| i

<latexit sha1_base64="fcSTAx39c32Q65iTot/W8m1NpGk=">AAACIHicbVBNSwMxEM3Wr1q/Vj16CRZBEMquFOtFKHrpsYL9gHYp2TTbxibZJckKZdmf4sW/4sWDInrTX2ParlBbBya8eTND5j0/YlRpx/myciura+sb+c3C1vbO7p69f9BUYSwxaeCQhbLtI0UYFaShqWakHUmCuM9Iyx/dTPqtByIVDcWdHkfE42ggaEAx0obq2ZWuinnvHtZMXpk36UoOR1Sk8Oy36tMgmCuVOUunPbvolJxpwGXgZqAIsqj37M9uP8QxJ0JjhpTquE6kvQRJTTEjaaEbKxIhPEID0jFQIE6Ul0wFpvDEMH0YhNKk0HDKzm8kiCs15r6Z5EgP1WJvQv7X68Q6uPQSKqJYE4FnHwUxgzqEE7eMdkmwZmMDEJbU3ArxEEmEtfG0YExwFyUvg+Z5yb0olW/Lxep1ZkceHIFjcApcUAFVUAN10AAYPIJn8ArerCfrxXq3PmajOSvbOQR/wvr+ATF/oc0=</latexit>X

j

Hj = Hkin +Hdi↵ +Hsplit
<latexit sha1_base64="xIVHQeUTIuzh9VhtrGtKCP3DSFI=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBBelJFLUZdFNlxXsBZIQJtNpO81kEmcmQil146u4caGIW9/CnW/jpM1CW38Y+PjPOZw5f5AwKpVlfRuFldW19Y3iZmlre2d3z9w/aMs4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnCG+yeueBCEljfqfGCfEiNOC0TzFS2vLNI6fhjyoNP/RcTu6tigtHGcDQN8tW1ZoJLoOdQxnkavrml9uLcRoRrjBDUjq2lShvgoSimJFpyU0lSRAO0YA4GjmKiPQmswum8FQ7PdiPhX5cwZn7e2KCIinHUaA7I6SGcrGWmf/VnFT1r7wJ5UmqCMfzRf2UQRXDLA7Yo4JgxcYaEBZU/xXiIRIIKx1aSYdgL568DO3zqn1Rrd3WyvXrPI4iOAYn4AzY4BLUQQM0QQtg8AiewSt4M56MF+Pd+Ji3Fox85hD8kfH5A5qRlbg=</latexit>

[Hj , Hk] 6= 0, j 6= k

t

Interference automatically included !

See XY 2205.07902



Hilbert Space
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<latexit sha1_base64="uj3reQTQ5+dR5+lg+v/ug9fz5xI="></latexit> nO

i=1

��q/g, k+ > 0, kx, ky, color, spin
↵
i

• Use n-particle state in momentum space

• Size of Hilbert space with discrete momentum
<latexit sha1_base64="nzpUA9pJqbBToUur7CCI7CQod28="></latexit>

k+ 2 (0,K+
max] , kx 2 [�K?

max,K
?
max] , ky 2 [�K?

max,K
?
max]

<latexit sha1_base64="IWtrC8lDfSH3BCroRh8dW81QYSY="></latexit>

N+ =
K+

max

�k+
, N? =

2K?
max

�k?
+ 1

Qubit # for 1-particle Hilbert space: 
<latexit sha1_base64="ZG7BM3+EMExVyiJsbfScofb/ynA=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEilCSUB/LohtXpYJ9QJOGyXTaDp0kw8xEKKG48VfcuFDErV/hzr9x2mah1QMXDufcy733BJxRqSzry8gtLa+sruXXCxubW9s75u5eU8aJwKSBYxaLdoAkYTQiDUUVI20uCAoDRlrB6Hrqt+6JkDSO7tSYEy9Eg4j2KUZKS7554LJ44Dsl6HTPat3Tmu9yInjXgSe+WbTK1gzwL7EzUgQZ6r756fZinIQkUpghKTu2xZWXIqEoZmRScBNJOMIjNCAdTSMUEumlsxcm8FgrPdiPha5IwZn6cyJFoZTjMNCdIVJDuehNxf+8TqL6l15KI54oEuH5on7CoIrhNA/Yo4JgxcaaICyovhXiIRIIK51aQYdgL778lzSdsn1ertxWitWrLI48OARHoARscAGq4AbUQQNg8ACewAt4NR6NZ+PNeJ+35oxsZh/8gvHxDSPFlVo=</latexit>

log2(2
5N+N2

?)

• To study LPM effect with N particles, need 1-, 2-, … N-particle states
<latexit sha1_base64="BWna2GYx21qZfUo/ymtVZnzTh2Y="></latexit>

log2

⇣ NX

n=1

�
25N+N2

?
�n⌘

<latexit sha1_base64="U/2spyfPYOppidYAQi+XpdUjKlk=">AAAB+HicbVBNS8NAEN34WetHox69BIsgCCWRol4KRS+eSgX7AW0Mm+2kXbrZLLsboZb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy8UjCrtut/Wyura+sZmbiu/vbO7V7D3D5oqSSWBBklYItshVsAoh4ammkFbSMBxyKAVDm+mfusRpKIJv9cjAX6M+5xGlGBtpMAu1B7OKrWgK0CKiue6gV10S+4MzjLxMlJEGeqB/dXtJSSNgWvCsFIdzxXaH2OpKWEwyXdTBQKTIe5Dx1COY1D+eHb4xDkxSs+JEmmKa2em/p4Y41ipURyazhjrgVr0puJ/XifV0ZU/plykGjiZL4pS5ujEmabg9KgEotnIEEwkNbc6ZIAlJtpklTcheIsvL5Pmecm7KJXvysXqdRZHDh2hY3SKPHSJqugW1VEDEZSiZ/SK3qwn68V6tz7mrStWNnOI/sD6/AHX2pHs</latexit>

N+ = N? = 100For
Need 100 qubits for N=4

See XY 2205.07902



Gluon Radiation on Small Momentum Lattice
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• Momentum discretization

• LPM effect in cases with one initial particle, one splitting

<latexit sha1_base64="zHRIFqeag0oZSd3C0tcIy7q9WWY="></latexit>

k+ 2 K+
max{0.5, 1} , kx 2 K?

max{0, 1} , ky 2 K?
max{0, 1}

<latexit sha1_base64="AI8qzRdeiQEiM74MT93zPsILcRU="></latexit>

| q1q2q3| {z }
describe momentum

describe colorz }| {
q4q5q6 q7|{z}

describe polarization

i
For single particle:

<latexit sha1_base64="iGUW0A+E5hUbRYDqi7dXCL4lVv8="></latexit>

| q1|{z}
separate 1-gluon and 2-gluon states

describe 2nd gluonz }| {
q2q3 . . . q8 q9q10 . . . q15| {z }

describe 1st gluon

i

1-gluon states: 
<latexit sha1_base64="NEqXKnwoTLvO0hn5BZ9Myaq9MQo=">AAACEnicbVA7T8MwGHR4lvIKMLJYVEiwVAkqr62ChbFI9CE1UeS4TmvVcVLbQapCfgMLf4WFAYRYmdj4NzhNB2g5ydLp7j7b3/kxo1JZ1rexsLi0vLJaWiuvb2xubZs7uy0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+8Pr3G/fEyFpxO/UOCZuiPqcBhQjpSXPPH6wHGgVcODIuxx5qW1lTi9SEub8NHME4n1GPLNiVYsgnCf2lFTAFA3P/NK34CQkXGGGpOzaVqzcFAlFMSNZ2UkkiREeoj7paspRSKSbTlbK4KFWejCIhD5cwYn6eyJFoZTj0NfJEKmBnPVy8T+vm6jgwk0pjxNFOC4eChIGVQTzfmCPCoIVG2uCsKD6rxAPkEBY6RbLugR7duV50jqp2mfV2m2tUr+a1lEC++AAHAEbnIM6uAEN0AQYPIJn8ArejCfjxXg3PorogjGd2QN/YHz+AK2nm60=</latexit>

|0 0000000 q9q10 . . . q15i

2-gluon states: 
<latexit sha1_base64="4izHTUjrGrH1N2iQCLduxCfCJJw=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAIrsqkVq27ohuXFewFOmXIpGkbmslMk4xQxnkON76KGxeKuBM3vo1pO4K2/hD4+M85Sc7vhZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VBBJQusk4IFseVhRzgSta6Y5bYWSYt/jtOkNryb15h2VigXiVo9D2vFxX7AeI1gby82je+TAkVsauSdON9DKcGViXIzcGNnJjxej08SRWPQ5dfMFu2hPBRcBpVAAqWpu/sPcQiKfCk04VqqN7FB3Yiw1I5wmOSdSNMRkiPu0bVBgn6pOPF0tgUfG6cJeIM0RGk7d3xMx9pUa+57p9LEeqPnaxPyv1o50r9KJmQgjTQWZPdSLONQBnOQEu0xSovnYACaSmb9CMsASE23SzJkQ0PzKi9AoFdFZsXxTLlQv0ziy4AAcgmOAwDmogmtQA3VAwAN4Ai/g1Xq0nq03633WmrHSmX3wR9bnN3hUn/E=</latexit>

|1 q2q3 . . . q8 q9q10 . . . q15i
See XY 2205.07902



Discretized Light-Front Hamiltonians
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• Kinetic
<latexit sha1_base64="rvzHDHfe+rfdDZtxMHsXp3oZcj4="></latexit>

⌦
g, k

+
1 , k1?, a1, �1

��Hg, kin

��g, k+2 , k2?, a2, �2

↵
=

k2
1?
k
+
1

�k+
1 k+

2
�k1xk2x�k1yk2y�a1a2��1�2

• Diffusion
<latexit sha1_base64="7ZsuLHrAP5JhvUhh8G6Qn6h5Vds="></latexit> ⌦

g, k
+
1 , k1?, a1, �1

��Hg, di↵(x
+)

��g, k+2 , k2?, a2, �2

↵

=
ig

2(2⇡)2
�kx�ky�k+

1 k+
2
��1�2

�
f
a2ba1 � f

a1ba2
�
Ā

�b(x+
,k1? � k2?)

<latexit sha1_base64="H+KSVY1hy3HS5D0GxEvXPxpU6AU="></latexit>

⌦
Ā�a(x+, k?)Ā

�a(x+,�k?)
↵
=

(2⇡)2�(k?)

�x+�kx�ky
<latexit sha1_base64="Xk7GcwPcQT5qD6kOgyyVb8tdZB8="></latexit>

�(k?) = g2
⇡Tm2

D

(k2
? +m2

D)2



Discretized Light-Front Hamiltonians
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• Splitting
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LPM Effect in Gluon Radiation

37

Medium: 500 quantum trajectories are averaged, each trajectory has a 
different set of classical background fields sampled 

Vacuum: averaged from  shots (number of simulations)220

<latexit sha1_base64="vGbQecov6HPWWDDKMqP4K3SRFgY="></latexit>

K+
max = 100 GeV or 50 GeV, K?

max = 1 GeV, g = 2, T = 300 MeV

See XY 2205.07902

<latexit sha1_base64="0b5t69c/yY3xaWzKdw9iFLzP0pc=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2AR6qZOpKibQtGNywr2Ap2hZNK0Dc1khiQjlGkfw42v4saFIm67821MO7PQ1gOBj/8/h5Pz+xFnSjvOt5VbW9/Y3MpvF3Z29/YP7MOjpgpjSWiDhDyUbR8rypmgDc00p+1IUhz4nLb80d3cbz1RqVgoHvU4ol6AB4L1GcHaSF37YuJGipV01Tl3JRYDTmEVThwXOmm5ECG0gNTt2kWnnFpwFVAGRZBVvWvP3F5I4oAKTThWqoOcSHsJlpoRTqcFN1Y0wmSEB7RjUOCAKi9ZHDaFZ0bpwX4ozRMaLtTfEwkOlBoHvukMsB6qZW8u/ud1Yt2/8RImolhTQdJF/ZhDHcJ5SrDHJCWajw1gIpn5KyRDLDHRJsuCCQEtn7wKzcsyuipXHirF2m0WRx6cgFNQAghcgxq4B3XQAAQ8g1fwDj6sF+vN+rS+0taclc0cgz9lzX4AgWKcTg==</latexit>

| (t = 0)i = |0 0000000 1110000i

• Radiation probabilities in vacuum v.s. medium

<latexit sha1_base64="/2FfuoyXzc+NqVW6rPu0h8zFHGw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBEEoSRS1I1QdKHgpoJ9QBvDZDpph84kYWYilhA3bvwVNy4Uces3uPNvnKZZaOuBC4dz7uXee7yIUaks69uYmZ2bX1gsLBWXV1bX1s2NzYYMY4FJHYcsFC0PScJoQOqKKkZakSCIe4w0vcH5yG/eESFpGNyoYUQcjnoB9SlGSkuuuXPlJh3BIUf36e0BPIW2ZT1kygVppK5ZsspWBjhN7JyUQI6aa351uiGOOQkUZkjKtm1FykmQUBQzkhY7sSQRwgPUI21NA8SJdJLsjRTuaaUL/VDoChTM1N8TCeJSDrmnOzlSfTnpjcT/vHas/BMnoUEUKxLg8SI/ZlCFcJQJ7FJBsGJDTRAWVN8KcR8JhJVOrqhDsCdfniaNw7J9VK5cV0rVszyOAtgGu2Af2OAYVMElqIE6wOARPINX8GY8GS/Gu/Exbp0x8pkt8AfG5w/tFJeD</latexit>

K+
max = 100 GeV

<latexit sha1_base64="7owlSe1rPTpEygMlJOBthDHo4Rw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoi9bERii4U3FSwD2hjmEyn7dCZJMxMxBLiwo2/4saFIm79B3f+jdM0C209cOFwzr3ce48XMiqVZX0buZnZufmF/GJhaXlldc1c36jLIBKY1HDAAtH0kCSM+qSmqGKkGQqCuMdIwxucj/zGHRGSBv6NGobE4ajn0y7FSGnJNbev3LgtOOToPrndh6fw0HpIhQtST1yzaJWsFHCa2BkpggxV1/xqdwIcceIrzJCULdsKlRMjoShmJCm0I0lChAeoR1qa+ogT6cTpFwnc1UoHdgOhy1cwVX9PxIhLOeSe7uRI9eWkNxL/81qR6p44MfXDSBEfjxd1IwZVAEeRwA4VBCs21ARhQfWtEPeRQFjp4Ao6BHvy5WlSPyjZR6XydblYOcviyIMtsAP2gA2OQQVcgiqoAQwewTN4BW/Gk/FivBsf49ackc1sgj8wPn8Afc2XTQ==</latexit>

K+
max = 50 GeV



Summary
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• Quantum simulation for high energy nuclear physics


• Open quantum systems


• Schwinger model, thermalization, string breaking and reconnection


• Jet quenching in nuclear environments


• Light-front Hamiltonian approach, quantum interference automatically 
included


• LPM effect seen in gluon radiation on a small lattice; With a few 
hundred fault-tolerant qubits, we can simulate LPM effect for more 
than two splittings and go beyond scope of state-of-the-art analyses


