2R LTS3 TS 2T

SINAP Shanghai Institute of Applied Physics, Chinese Academy of Sciences

AR S Hlas ¥

BTG5 PR EE T REEE FERER I3

eSS . BRRAAS S lsing Y
PR 2% LS TLFIEFSAT (SINAP S
2EBIF: 4R (SINAP. FDU) o YIRS A AR

- QCDFHI

Huzhou - 22 July 2021 WEL



[sing model and Ferromagnetic phase transition
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Dropout
regularization

Since the critical temperature in Ising model can be

Configurations in Ising model, calculated analytically

spin up or down, generated by

standard Monte Carlo techniques the images are divided into two categories labeled as
for different temperature. low-temperature ferromagnetic and high-temperature

paramagnetic.

J. Carrasquilla & R. G. Melko, Nature Physics 13, 431-434 (2017)



[sing model and Ferromagnetic phase transition
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Basic concepts for phase transitions

" 0 for T > T,
m I TE ) m(T, h = 0) x
t|? for T < T.

t= (T_Tc)/Tc

Critical exponents (!

Describe the non-analyticity of various thermodynamic functions

* Order parameters (¥ 2 &)

A thermodynamic function that is different in each phase,
and hence can be used to distinguish between them
Vagnetization m for ferromagnetic phase transition

Density difference p; — p, for liquid-gas phase transition
« Response functions (M v BRI X)

The change of a quantity with respect to external perturbations
Susceptibility y, heat capacity C

« Long-range correlations (£ I<kx)

Correlated fluctuations over large distances
Correlation length ¢



Landau-Ginzburg Hamiltonian

t K -
BH = BFy+ /ddx [imQ(X) +um?(x) + E(Vm)2 +---—h- m(x)]
a (microscopic scale) < x < L (macroscopic scale)

Saddle point approximation

7 - / D (x)exp{ — FH[17(x)]}

[ .
sy :e_ﬁFO/dﬁ’L exp[—V(§m2+um4+---—h-m)]

Q

In the limit of V — oo the integral is governed by the saddle point m

t —
BF,, = —InZy, ~ BF, + Vmin{§m2 Cumt T m}

—

m



Landau-Ginzburg Hamiltonian

For positive ¢

Y(m) h<0 h=0
A /

t -
min{§m2+um4+---—h-7’ﬁ}

m

Note the minimization operation
is not an analytic procedure

m A Z-<O A h
o >0
ol
> . -
/ h 0 t




Landau-Ginzburg Hamiltonian

—

m

[t o, 4 7S
min §m +um +---—h-m We then have

tm+4um + -+ —h =0

0 for t > 0|
m(hO){

7 (h=0)
A

— fort<of =0
4du ' A

>
4

>
0 t

t fort >0, and h=20

. 0Oh

Om | h=0 h=0 — 2t fort <0, and h=20




The scaling hypothesis

Liquid-gas co-existence line of eight different matter

1.00
0.95

Critical exponent 0.90

for order parameter 085}
0.80

11T,

0.75
0 fort > T, 0.70

t|? for T < T. 0.65

(p1 — pg) x {
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The renormalization group

The divergence of the correlation length ¢ at the critical point

Starting with the most general Hamiltonian allowed by symmetries

BH = fddx[%mQ(x) + um*(x) + %(Vm)Q — g(VQm)2 +ooi—h- frﬁ(x)}

A particular system < a point in the parameter space S = (t,u,K,L, h, )

— ]' —
1. Coarse grain m(x) = dx'm(x')
b Cell centered at x
1
2. Rescale Xnew — EXOld
. — ]' d..| — /
3. Renormalize Mnew (Xnew) = — dx'm(x")
Cb Cell centered at bxXpew



The renormalization group

After one RG operation, the Hamiltonian changes
(t,u,K,L,h,---)— (', o K L+ ) RG flow
S' = RS '

Hamiltonians that describe statistically
self-similar configurations must thus

correspond to fixed points $* = R, S* g

The correlation length € is reduced by b
under the RG operation £(R,S) = £(S)/b

)

g : 0 -
The critical point corresponds to
parameter space

the fixed point where { = o S=(tuk,Lh-)



The renormalization group
At fixed points §*

The renormalized parameter must be analytic
functions of the original ones y > 0 relevant parameter

y < 0O irrelevant parameter
ty(t, h) = A(b)t + -
hy(t,h) = D(b)h + - --

Consider the group property
tors, = A(biba)t = A(by)A(bo)t

’
A(b) and D(b) must be power functions
S
ty(t, h) = 0"t + - t must be a parameter space
hy(t,h) = b""h + - - relevant parameter S=(tukK,Lh,-)

The correlation length

§(t, h) — bg(byttj byhh) — t_l/ytf(l, h/tyh/yt)

Critical exponent for &




[sing model and Ferromagnetic phase transition
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Changes in L can be regards as RG operations

b=L/L and & =¢&/b

/L o t™” /L is independent of L i

J. Carrasquilla & R. G. Melko, Nature Physics 13, 431-434 (2017)



Ferromagnetic phase transition .,

Principal component analysis (3385357 #8T1) |

S = % Z[cos(@i — 0;) + cos(¢; — ¢)]

Related to the first 4 principal components
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L. Wang, Physical review B 94, 195105 (2016)



Ferromagnetic phase transition

Auto-encoder network
\ Encode‘r‘}:" { l ‘::{Secoder \/
. . . . o ”/J \‘ ‘K ; . G ,/\/‘
Spin configurations in Ising model o WV _
() o idden ( )
before and after encoding | Neurons -
T=2.64 T=2.32 Input . ' Outpui
Hidden variable
12 g
(cF
=
8_
= .-"——
4 - =]
| g . .
Can be regarded as an order parameter Y0 22 22 28 28
-

W. Hu, R. R. P. Singh & R. T. Scalettar, Physical review E 95, 062122 (2017)



Ferromagnetic phase transition

For Ising model

Confusion scheme

Dividing the samples into two categroies by a proposed critial T,

Different T;.' leads to The real critical point T
different total testing can be deduced from the
accuracy of the network performance curvg
1.00 B
095 =
00 -
:L:,U 0.85

Q75

0.70 [~

®®.-10 0O001=20
| |

0.0

0.5 1.0 1.5 2.0
Tl L

E. P. L. van Nieuwenburg, Y.-H. Liu & S. D. Huber, Nature physics 13, 435-439 (2017)




Nuclear liquid-gas phase transition

2k o] o system The interaction between

- 3 =) ﬁ <— (-0 system nucleons exhibit Van der Waals
i ig E rﬁ features, thus the nuclei can

S of & of \ experience liquid-gas phase
Sl Twl &” transition

0 04 o3 2 The nucleus is an
Tiows b uncontrollable system

Phase transition in condensed matter  Phase transition in nuclear matter
1. Number of molecule ~ 1023 1. Number is up to several hundred.
(Avogadro number) (a large fluctuation)
2. Easy to heat up by a staticway 2. Nuclear reaction is used to heat up
(dynamical process)
3. Easy to measure temperature 3. not easy to measure the temperature.

Huzhou - 22 July 2021 16 /39



Nuclear liquid-gas phase transition

A simple Skyrme type nucleon-nucleon effective interaction
T+ T2
2

N 1 - L
V19 = to(l + $0P0)6(T1 — 7“2) —+ étg(l —+ LEgPJ)p ( )6(?“1 — 7'2)

[emer=3 w1+ vamm

{L . . A
~ functlonal Of f(/r"ﬁ) [ DISTr‘IbUTIOH J

f(@p)

-

e e : R 1
Fermi distribution f(7,p) x SR

1 + exp{ == kpT -}
Energy per nucleon or equation-of-state E=FE(p,T)

Entropy S x /OOO dpp? [ flnf + (1 — f)ln(1 — f)]

Pressure can be obtained from thermodynamic relation




Nuclear liquid-gas phase transition

Q T T T Q1.5 T T T
A T T T e T T T
_~ S~
Ry 4 L N b
1.25 H -
1 H 4 -
.’. ~
2 e - . . <
0.75 =~ q . -
" : .
i ST - P
5 x . \
- . 0.5 = .'_ .\ —
. % ] 3 )
0 . ; = : . L
. . . -‘
i % 025 t L3 .
L b . »
; \
2 ' I r & ] " I 0 : I i 1 i 5
0 1 2 3 0 1 2 3
p/p, p/p,

Spinodal region

B. Borderie & J.D. Frankland, Progress in Particle and Nuclear Physics 105 (2019) 82—-138



Nuclear liquid-gas phase transition

. . Pn—p
Consider another degree of freedom - Isospin asymmetry § = p"+pp
ntPp
Maxwell construction
s NI Co-existence line
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J. Xu et al., Physics Letters B 650 (2007) 348-353



Nuclear liquid-gas phase transition

12 e
® 'Y"Au+""Au, 600 AMeV
[ 0'2C,'®0 +"'Ag,'¥"Au, 30-84 AMeV
10 |- A **Ne+'®'Ta, 8 AMeV , -
Y10 <E>/<A> |
8 "'0' —
> 7T
p= -
= 6 A Limiting
,_iq- temperature
4 "
£ (<Ep>/<Ay> - 2 MeV)
2 —
0 e e e R [ ST Y (O RN, SO T
0 5 10 15
<E>/<Ay> (MeV)

J. Pochodzalla, et. al, PRL75, 1040-1043, (1995)

20

Heavy-ion collisions

Caloric curves
Note its difference with that in
condensed matter physics

Unknown external condition

E*/A (MeV/nucleon)
J. B. Natowitz, et. al, PRC65, 034618, (2002)



Nuclear liquid-gas phase transition Light

The nuclear liquid-gas
phase transition is realized
through tracing the effect of
spinodal instability, i.e.,

, dtermediate
nuclear mult-fragmentation

mass fragments

Reaction time

High excitation

Gas

intermediate excitation

“Vaporization

Low
excitation

Mult-
fragmentation

Temperature

> Evaporation

Po
Nucleon density



The experiment

K500 SUPERCONDUCTING CYCLOTRON FACILITY

TEXAS A&M UNIVERSITY - CYCLOTRON INSTITUTE
K500 CYCLOTRON
ECRION _~
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fi]’ “
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Quasi-projectile (QP) fragments 797 is usually less
than the charge of

We use a fit to reconstruct each -
event and separate the QP fragments the projectile
20 — 10
Nucleon- 15 o
nucleon
source 10 .0
w 5
E 10*
g, ° 5
10 :
> 5 Quasi-
10° projectile
i- A0
Quas source
target - 107
source A
8
U s s s — 1O

V,; emins



Quasi-projectile (QP) fragments

. Total QP
Employ the parameters of the three source fit to control the |
. . . . . m i p
event-by-event assignment of individual charged particles E A &
. . ~ L) &
to one of the three sources using Monte Carlo sampling S50 =~ | ¥
7 |
= =l pyss i 2
Nucleon- > o] _
10F C
M t
nucleon source 5 am |
9_,' =| o= I &
Taob, b
= . 2 1:: *He
: Quasi-target Ey & [ @
= =) _
= source 10} -
- & O “He
% £ 5} g
S E of @& | @
E i _g_ = i =
QP source ¢ || MU
) Li
c 5¢ .
VQP E ol @ @
% & S % 5l = &
S * <) s
= 8.5 i 1.0cm/nS 40 0 10 20-10 0 10 20

0O 50 100 150 O 50 100 150 O 50 100 150

v, (cm/ns)
E, (MeV)

Y.-G. Ma, et. al, PRC71, 054606, (2005) R.Wada, et. al, PRC99, 024616, (2019)



Event-by-Event excitation energy

Mop Mass

Z Ekzn C P M T _ Q excess

Kinetic energy of Temperature of

charged quasi- protons from

projectile particles  three source fit
of proton

Reaction time

Neutron multiplicity

in QP is approximated N

AP ~ Z7QP (1 1+ —
(1+5)

M, = A" — )~ A,(CP)

N/Z ration of projectile




Apparent temperature 15 (o
Fluctuation thermometer s
S. Wuenschel, et. al, NPA 843, 1, (2010) = -
= o
Quadrupole 9 5 :
momentum 0o = Pa — P °F
2 2 < 4
Tﬂ _ \/< :z:y> o <Q:L‘y> E 4:
4m? e
= 2
Deuteron are used |
ok
i 4 K
Tho1 and AT, are polynomial of = _3102
fit of T and ATy, respectively ’g‘ :
== B0 10
Top = Tyal(E * JA) + AT,a(E + JA)G(L) F | I
. Y~ 24 6 8 70
Gaussian
Event-by-event random number EIA (eV)

R. Wada, et. al, PRC99, 024616, (2019)



Nuclear liquid-gas phase transition

The specific heat
capacity of the
collision process

d(Eeoy/A)
AT,

C =

Note its difference
with ¢;, and ¢,

Limiting temperature

Ty = 9.0 + 0.4 MeV

15F o= 1.0

4 48pe- 4 . 4
OAr+*8Ti OAr+°°Ni OAr+27Al
- vNN_4o [ Peak= 9.1 . Peak= 9.1
2; Peak= 9.0 o= 1.5 o= 1.1

- ViN=6.0

1+ Peak= 8.1

[ o= 1.9

2 4 6

810122 4 6 8 10 122 4 6 8 10 12

R. Wada, et. al, PRC99, 024616, (2019)



Nuclear liquid-gas phase transition

E*/A (MeV)
Charged particle multiplicity
::82 E /A=4 MeV E*/A=6 MeV

102 aCool ‘- | Vaporization
190 Evaporation : JA_L':“—f:l_w

fragmentationy ¢, -

0O 5 10 150 5 10 15 0 5 10 15

R. Wada, et. al, PRC99, 024616, (2019)




Event-by-event
charge-weighted
charge multiplicity
distribution ZM,.

Z9P = 12 events are used

Reconstructed
ZM .,
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R. Wang, et al, Physical Review Research 2, 043202 (2020)



Auto-encoder method

The latent parameters of QP events are averaged in different
apparent temperature Ty, or excitation energy Egy bins

The auto-encoder network can identify different phases of
qguasi-projectile events directly from the charge multiplicity
distribution, prior to any knowledge of T, or Ecx

2.5 ' ; T 2.9
— 2.0F il — 2.0 .
_c% 1 lgPo0 0 —% T W‘)o' o— |
o= I.5F . _ el 1.8 . . . . .
= é | S | OOM 1 The sigmoid pattern indicates
b g T ol 1 > o .
- SRt S - o . ¢ two different phases at low

il = o . . .

T 0oF. & ol T 05F .o 1 and high excitation energy or
+ o ]
T 0.0f 1 ® 0.0} y
E @)] S (b) ] temperature

_O. 5 A L A A || I S I Y _O. 5

3 6 9 12 15 2 4 6 8 10
T,, (MeV) E./A (MeV)

Each data point is averaged over 500 testing QP events

R. Wang, et al, Physical Review Research 2, 043202 (2020)
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Limiting temperature from confusion scheme

10°
104
10°}
107

10!

Labeling QP events as liquid-like or gas-like according
to a proposed transition temperature Te{p or excitation

energy Eoy

Construct a neural
network for
supervised learning

e o
/ N [ \
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Limiting temperature from confusion scheme

Performance curve
(total testing accuracy as a function of Ta{p or Eey)

1.00 . T 1.00
095(7"Q = 0.95}
,30.90- ‘\\Q,"‘: §' ] g 0.90F
50.85- §§ 9‘ b @a 0.85}
0.80F i § 1 0O 080F
0.75} %} : 0.75}
0'706 7 é é 1'0 1 12 13 O'702 é 4 é é 7 é 9
T,p (MeV) E. /A (MeV)
Limiting temperature Consistent with 9.0 + 0.4 MeV
from confusion scheme  from the traditional analysis of
is about 9.2 MeV caloric curve

R. Wang, et al, Physical Review Research 2, 043202 (2020)



QCD phase diagram
T, MeV
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Correlation length and fluctuation
Partition function
Z(h) = tr{exp[—FHy + BhM]}

Order parameter

(M(R)) = Ztr{ Mexp|~BHo + ShM])

Response of the order parameter

O{M(h))
Oh

= 5{%tr[M exp(—BHy + BhM)] — %tr[Mexp(—ﬁHo +srM )]2}
= B((M?) = (M)?)

X



Correlation length and fluctuation

M = /d3
x = / Pra (m(Fm()) — (m(?) (m()))

—

— BV [ drm(m().
Connected correlation function
(m(@m())e = { [m(7) — (m(7)] [m(7) = (m()] )
Correlation length &

G.(7) = (m(F)m(0)), ~ exp(—r/&) at separations r > &



Relativistic heavy-ion collisions

Since the QGP is expanding, the correlation length will not diverge,
but freeze at a finite value

Also, it is difficult for the signal of the critical point to survive the hadronic stage

Initial State Relativistic Fluid

Q ais ':"'..‘._
® > - a = - ’.. 1:‘:
Pre—eqwhbnum Hadronization Transport/Freezetout
Dynamics SRS A

.




Net-proton number fluctuations  ; — v _

= ((ON)*) < &, S = ((dN)) /0% o< £, k = [((ON)") /0" = 3] o £

These moments without critical behavior follow from Skellam distribution
(the difference between two Poisson distributions)
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J. Adam, et al. (STAR Collabration), Physical Review Letters 126, 092301 (2021)



QCD phase diagram with machine learning

Different EoS -> relativistic

hydrodynamic model ‘ Final state distribution p(pr, @)
of charged pions

=== First order phase transition
Quark—gluon plasma == Crossover 5
g EoS
“ 3 Particle 16 32 Flattened fc Output EOS
9 o spectra features features 128 layer
s o
o . 15x48
o| & First order
= oo S 5o
2| 6 [ & Phase transition
E H s \\\\\
o v Critical \\_i Crossover
g point I Energy density L]
) N\
= v \\
\ //,,.f-——r'—‘ 1st order
Hadronic matter \
Color superconductor 8x8 conv, 16 7x7x16 conv, 32
/ dropout(0.2) dropout(0.2) Dropout(0.5)
bn, PReLu bn, avgpool, PRelLu bn, sigmoid
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Summary

Machine learning methods provide an alternative way of studying
the complex nature of phase transition, yet more efforts are needed

to obtain novel and informative results.
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Convolutional neuron network
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Goldstone modes )

Order parameter  1)(x) = e )

—2

K
BH = Ho + Tw / dx(V0)?

Decompose the variations in
phase of the order parameter

0(x) = % S e g(q)

The energy of a Goldstone
2 2
BH =PpHo+ —— Z q"10(a)| mode becomes very small a
q long wave length (g~0)




