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1.1 Introduction: Big Picture & Motivation

Relativistic Heavy-lon Collisions

QGP and Hadronic phase and freeze-out
Initial state Hydrodynamic expansion

Pre-equilibrium Hadronization
Time
~O 6fm/C [Blaschke, David, et al. Understanding the Origin of Matter. Springer, 2022]

Why does hydrodynamization occur so rapidly in HIC?

Kinetic Theory: Jin Hu’s and Xingjian Lu’s talks today
Yiyang Peng’s and Anping Huang’s talks at Monday



1.1 Introduction: Big Picture & Motivation

Relativistic Heavy-lon Collisions

QGP and Hadronic phase and freeze-out
Initial state Hydrodynamic expansion

Pre-equilibrium Hadronization

Time
~O 6fm/C [Blaschke, David, et al. Understanding the Origin of Matter. Springer, 2022]

Does hydrodynamization really exist in QCD systems?
Search for it in a first-principles calculation



1.2 Introduction: Challenge & Our Approach

In a first-principles calculation, search for hydrodynamization

first-principles calculation
Quantum simulation { real time dynamics

non-perturbative theory

ldeally, we should simulate 3+1D QCD, but...
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1.2 Introduction: Challenge & Our Approach

In a first-principles calculation, search for hydrodynamization

massive Schwinger model

(1+1D QED)
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2.1 Model and method: massive Schwinger model

H

&2
J (7 — Ewldzl/f + ((3Zl/f)y w+ w(gy'A; + me’yﬁ)w) dz

g go
& : electric field —e"F,,
A1

A,: electric potential
w, . fermion field



2.1 Model and method: massive Schwinger model

g2 i— 1 i S | — 1 1v-0
H = - — W 0y + 5((35//)7/ W+ p(gy A+ me’s )y | dz

Kogut-Susskind Jordan-Wigner L, =g '8z,
_ 1 A2n _ X, — 1k, n—l . an = agA(z,)
wlz=an) < Va (%zn_1> An= T nl;Il( Zn) (¢, L] = alA(z,), E(z,)] = i6,,




2.1 Model and method: massive Schwinger model
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2.2 Model and method: Tensor Network Method
Matrix Product State (MPS) Representations

| D) = Z(DSISZ...SN_lSNlS1> R |5) R ... sv_1) Q| sy)
US)

o

S1S2...SN_1SN

exact representation
complete Hilbert space: dN

10



2.2 Model and method: Tensor Network Method
Matrix Product State (MPS) Representations

|(D> — Z (DSISZ' . 'SN_lSN|S1> ® |S2> ® o |SN—1> ® |SN>
15}
q)SlSz...SN_lSN ~ ZA(DA(Z) A(N—l) A(N)

S141 “Sra1dy T " T T TSN 1AN_2ON—1 TSNAN_1
a10y...0N_>An_1

exact representation MPS representation

complete Hilbert space: dN approximate Hilbert space: N d D2
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2.2 Model and method: Tensor Network Method
Matrix Product State (MPS) Representations

complete Hilbert space: dN MPS Hilbert spac:e:]\]dD2

When is this representation effective?

Quantum states with finite entanglement entropy, such as the ground states
(and low-energy excited states) of 1D local Hamiltonians.

Bipartite entanglement entropy of MPS :  Sgr = Tr(ppa s In(ppge) < In(D)

Orus, Roman. "A practical introduction to tensor networks: Matrix product states
and projected entangled pair states." Annals of physics 349 (2014): 117-158.

Reliable results require a converged bond dimension D
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2.2 Model and method: Tensor Network Method

Time Evolution

| D(0))
| D(1)) = e~ | D(0))

 Measure the observables:
electric field & = g(®(t)|L| D))
charge density j' = (D(¢) 7' Ut 211 ©()
stress tensor T = (®(t) | T"| Yo @ L1 D))
» Decompose the tensor into:
" = (e + P + IDhu*u* — (P + 1) g** + =t

13



2.2 Model and method: Tensor Network Method

Time Evolution SRR AR AR RN RECS EE
().6:— o —
| D(0)) 04 -
—itH S i
| (I)(t» i | (I)(O)> 0.2/ ,x:?::/ -
» Measure the observables: PP

. _ T 08— solid: =0
electric field & = g(d)(t)lL | D(1)) I
charge density j' = (@) 'Lt 2,11 P(@)) R VA E
stress tensor T* = (D) | Ty, x], ¢, L 1| D)) ool o =

» Decompose the tensor into: “00 02 04 06 08 10 12 14

2

W = (e + P+ 1Dutu” — (P + II) g"* + #t*

P = P(¢e)
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3. Hydrodynamic behavior
small mass m = 0.1g m=0.5g = m = 2g large mass

strong coupling weak coupling

g = 10m = = 2 =0.5m
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3. Hydrodynamic behavior
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3. Hydrodynamic behavior
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3. Hydrodynamic behavior

m=g/10 , m=2g
ot Y B
/

120 0 20 ~20 0 20
z|g ] z [g_l]

<
Only for strong coupling, flow velocity satisfies boost invariant: v- ~ —
{
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3. Hydrodynamic behavior

15—
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Only for strong coupling, for large enough 7 :

rapidity plateau in € and 11



3. Hydrodynamlc behawor
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4. Dynamical signatures of different phases
m/g = 0.1 ml/g = 0.3 mlg =1.0 = 2.0
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4. Dynamical signatures of different phases
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4. Dynamical signatures of different phases
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4. Dynamical signatures of different phases

0=n

] ‘ ‘ ‘ ‘ Iil || ‘ ‘ I I | ‘ ‘ ]
0.4( m/g=0.33 '
0ol Dynamical order parameters

| T ﬁ (&0, 1)) (dEorar/dt)
004 o & :

i g % T g <8(O t)) [g] g2 ) 25g—1

I B 0. 638<d8t0tal/dt>[ ] - 8

0.0 0.1 0.2 0.3 04 0.5 ]2
mjg

Critical point m/g = 0.33 coincides with the known ground-state phase transition

Byrnes, T. M. R., Sriganesh, P, Bursill, R. J., & Hamer, C. J. (2002). Density matrix renormalization
group approach to the massive Schwinger model. Physical Review D, 66(1), 013002.
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5. Summary and Outlook

Summary

 Hydrodynamic behavior:

arXiv:2509.10835
arXiv:2509.10855

O Bjorken-like flow occurs at small m/qg, but breaks down as m/qg increases.

 Dynamical signatures of different phases:

Parity-restored phase

Parity-broken phase

string breaking, charge screening

unscreened, long-range electric fields

o Order parameters identify a critical point coincides with the

known ground-state phase transition

260



5. Summary and Outlook

Outlook

 What is essential for hydrodynamization?

Other models, e.g. Nambu-Jona-Lasinio model

Advantage: non-zero chemical potential

Thanks

27
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Back Up

1. Paramaters and excitation operator

Number of lattice sites: N = 100 Gauss’ law: G, l/fphys> =0
lattice spacing: a =0.5/g

]
Truncation of the gauge field: L, € [-3,3] Gp =Ly =Ly~ E[Zn + (= 1))

the maximum bond dimension: D, . = 500 y Lyt (=1)
the time evolution step :  dr = 0.004¢~! 2a

.]n_

Excitation operator:

o A 1
|t = 0)) = eV | Dgg) O, = (=1)'Z(1+2)

Spin representation of : yw

29



Back Up

2. Energy-momentum tensor

T =

a.(aﬂ

P, — gL

t.)

! ry 1% 1% UsT T, v
T = 5(1//(7”6 + 770" )y — ("P)r*y — (9p)y l/f)

|
—%w(WA” FyIAR )y — @iy D — my + g FTE = FRUFY,

tt 1 +o + if _ Q- g2 2 2 (—1)"
Tq, = (S,7e 0 Spp1 TS S +hoc)+—(L;_ |+ L)+ m(l +2)

, A2 4 2d

1 2

T, = o (S;Fe ™S+ St eSS +h.c.)— —(L2 L+ L)
re =T = _ (St Z,S;ee -1 —h.c)
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2. Energy-momentum tensor

» Decompose the stress tensor into:
" = (e + Ppuru® — Py g"* + ot Py = P(e) + 11
o =¥, g,n"=0, #u,=0= 1+1D: 7" =0

e In the Landau-Lifshitz frame: T# u" = eu”

T" + T% T — T
T, = I = R=\/(T.) = (1)
2 2
TR th
7 — _ U __
€:T_+R v_ut_T_I__l_R PH_S_g,uI/TM _R_T—
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3. Schwinger model in the bosonized description
I2\/ 7T —i27\/ 1T 1 o .
Wp ~: € 2V 7pr Wy~ e Ny Pr 1 = 5 (¢ T I gbdx’)

gy ~ cos(\/4reh)

32



Back Up

4.1 Matrix Product State (MPS) Representations

N _ S189 e SN_1SN | o o/ / / 185+ -SN_ 1SN
O = Z O S8y - Sn_1Sy) @ (5155 - - - Sy_ 1SN | O

S1S2...SN_1SN S1S2...SN_1SN
15,8} | 1 ...... | |

For localized interaction system:

5 Six1
A A - _ S-,S'/_|_1 !/ ./ I,
H= Z hi,i+1 hi»i L= Z hSilSiil—l |SiSi+1> ® <SiSi 1| h i
: (5.5} 5iSi+1
5i Sit1
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4.1 Matrix Product State (MPS) Representations

o state overlap

( , )
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4.2 Time-Evolving Block Decimation (TEBD)

L
GS) = Jim @) @) = | 0(0))

N—-1
For localized interaction system: H = Z B
=1

Trotter-Suzuki decomposition: i Vit
y i
A,B]#0
S Sit1
t{(A+B) tA tB 2 LA B LA 3 S1 85 SN_1 St
e = e"e'” + 0(t°) = e7”ee2” + O(1) |1|2 _____ {VlllN
A VRPN Ll S []5152+SN=15N
U(t) = e ™ = e~ izt i = He_fhu + O(7?) $182---SN-1SN
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4.2 Time-Evolving Block Decimation (TEBD)

/ / / / / / —th; __
1 8 83 Sy ON-1 Sy e V= Z
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Back Up

5. Convergence of Trotter-Suzuki decomposition

Trotter-Suzuki decomposition:

[A,B] # 0 !A+B) — p1Ap1B | O(t?) = erAeBetA | o)
’ n
{(A+B) LA LB J
e = |en""en” + O(—)
12
TRl ke t2
= leﬁAeﬁBl + O(—)
n
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