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Application of Molecular dynamics

DNA, medicine, virus....
— Without the fundamental theory in physical meaning, they give useful information.

(a) sit 3 site3 (b)

(d) (e)

Drug binding dynamics of the dimeric SARS-CoV-2 main protease, determined by molecular dynamics simulation
Scientific Reports 10, 16986 (2020)
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pressure (dyn cm-Z)

EOS and M-R relation

Enoto & NY (2021) Oct. Journal of Japanese Physical Society
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EOS Constraints

around saturation density

Reed et al. PRL 126,172503 (2021)
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* The result of PREX-Il depends on the analysis methods. (Reinhard et al. PRL 127.232501(2021))
- CREX results suggest ordinary L values, not large as PREX-Il. (Adhikari et al. PRL 129.042501(2022))
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We can not conclude anything because of uncertainty for Apv—Rskin, L, J.
We needs some good models consistent for Ca and Pb.



M [Mg]

EOS from quarks to neutron stars

|st oder PT ’ “rovnd cross over

Mj0740+6620
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NY, et al. PRC 90, 067302 (2014) G. Baym, et al. Ap] 885,42 (2019)
nucleon(BHF model) + quark(eNJL model) nucleon(Variational method) + quark(NJL model)
See also Xia, Maruyama, NY, Tatsumi, Shen, Togashi (2020), Phys. Rev. D 102, 02303 |
Problems (D How much can we believe hadron models at high density region?

@) st oder or cross over?
— It is dependent on the assumption (not results).
— We can not get unified understanding.
cf.) We can not obtain the other physical properties for crossover.



Effects of Fluctuation
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Molecular dynamics

Why molecular dynamics ?

(1) We focus on Quark-Molecular-Dynamics.
—We can describe EOS and NS physics only with quark system.

(2 MD enables us to know also dynamical behaviors, fluctuation, clustering.
—We can apply MD directly to Heavy lon Collisions.

R+ direction

-10 0 10
R” direction

UrQMD for RHIC Relativistic color molecular dynamics
https://www.bnl.gov/rhic/physics.php (on going project)






Formulation-

number of variables

z{\Px, Py, Pz|

{lxaya aa/B79790}i

|0 variables on each particle

wave functions

Maruyama (2024) PRD
aruyama, Hatsuda (2000) PRD

time evolution

34
U= H oi(r)xi Xi
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S7 ... spins (fixed. But unfixed later section) Torl
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\“ being the Gell-Mann matrices




Interactions

The system follows the Hamiltonian,
H = HO + VPauli — Tspura

where Hj is the conventional Hamiltonian expressed as
N | N
— - 2 — ’ ..
H0_<\IJ Z m+P; + 3 > Vi \If>

V. = — Z Tz-aTJq Vc o VM, 78 = X\¢/2 with X¢ being the Gell-Mann matrices.

quark many body effects

i j |
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Many-body effects on EOSs

n%~(1/r)®
| RMF Wlth kaon. hyperons b)’ Muto+(202|) ' BHF with hYDerOI’lS bY Yamam%:f). NY. Rlllken (2022)
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-20} E (total) - | ] % 3
0.0 0.1 g 0.2 0.3 0.4 05 (N) N (mP) exp (—lm?ﬂ‘%z) ,(3)
0

N=3,4
introduced to be consistent with MR relations

5 2

P (fm—3)

Usi(r; p8) = V,pB(1 + c,p8/p0) exp[—(r/2,))]

introduced to be consistent with MR relations.
and/or cross sections of nuclei.

These examples are adopted to hadron interactions.
Why not to quark-quark interactions!?

Ugqg~(1/r)'™e



Free kinetic energy and Pauli interaction
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Introduced to show the antisymmetric effects.

These parameters, Cp, q0, p0 are optimized to reproduce the kinetic energy for fermions



Parallel computings in MD

initial setting
v

N\
(Ioop of time evolution j

y

( each particle}

A

energy calculation

No money(GPUs), No study....

* The main part of calculations (~90%).
— The main target to be improved.

A 4

interactions

y

\ /

A 4

time evolution

N

e Super computer in JAEA —
* parallel computings

|

Device : HPE SGI 8600 in JAEA

CPU : Intel Xeon Gold 6428R
(3.0GHz, 35.75MB cache)X 2CPU

Core number per node : 48

GPU : NVIDIA Tesla VI00 SX2 32GB memory
(FP64/GPU : 2560)x4GPU

Memory per node : 384 GB




Energy conservation

as an accuracy check

total energy

‘ without dumping (cooling) terms

NERVAY MV
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(D We derive fitting formulae from numerical data points.

EOS by Color-MoIecular dynamlcs

Shlbata et al.

MM, ]

R [km]

(~ lday for | parameter set)

tyRextparamete

(@ We obtain EOS using the formulae under beta equilibrium and charge neutrality conditions.

charge n%LcltE@%it_x Z Q,ny(r)

beta eaq.
lLu"‘/Le:Nd,
Up + he = n = tu + 214 .

(@ We check whether the EOSs are consistent with astrophysical constraints, and the nuclear experiments result.

qa=u.d,e

(ench(r)= > Qini(r))

i=n,p,e

T Lol e Mev., J=31.0MeV, L=742MeV, K =260 MeV, Mmn=2.19 Ms, A 4=458, nc=1.08 fm"

ref) Danielewicz et al., Science 298 (02) 1592: K = 167-300 MeV




P[MeV - fmd

Pressure & Sound velocity
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The perspectives for ud matter depended on density. Each color corresponds to the color’s internal degree of freedom
for each quark: the white color balls represent the quarks in the baryon state, while red, blue, and green ones do in the
deconfined quark matter.
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lll. On going project



Finite system consistent with finite system

° -
¢ ¢ 28.3 tm/c
e 5 x
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Nucleon density in neutron-rich nuclei

RMF + alpha cluster(local correlation) neutron skin change 10-40%
“DD2” Typel, Ropke, Klahn, Blaschke, Wolter, PRC. 81, 015803 (2010).
Neutrons
Typel, PRC.89,064321(2014).
Protons Short-ranged
2 cluster _— —— -
B . Effective E"Theoretical Theoretical .
= Theoretical cross ' - - Relative Ar,,
o _ : number of a § Ar,,, without  Ar,,, with
a ] sections (nb) clusters § o (fm) o (fm) change (%)
Neutron skin
cocluster 0160 . 03876 § 00495 00277 . S
.................. L TN BTN =
.................. ] e S T
Tanaka et al. (2021) 0.065 01958 "§ 01505 01275 -5

Radius




Color magnetic interaction and baryon mass

. . . _ -1 — ) . .
interactions with colors roij = (a+ Buig) ™t Mg = mimg/(mi+m;)
Aaron et al. EPJA 56,93(2020)
| ~1/2m
. n 8 A2)\® K Q My, M L
Veolor = % Z (_ Z 14 J (KTA’LJ - %)) as 715<O IB .4
ST\ o Fij 1.25{0.5 2.1 [0.552[]0.362]0.538]0.346
Torl MeVim i fm ! GeV |GeV | fm
VoS — K’ Le—(n’j/roijy)\?)\c, L I ] I I
H MimTe. Tij A Akimura et al. EPJA 25,405(2005) etc. Optimized in this study.
. . 2-body spin correlations
2-body spin correlations ySsp

, consjstent with 3-body spin correlations
<RIEIE2 -2])l[2])[=)2 >=1 ,—3/4
DiEE2 B.EE2>=190SAT g ame @eEe =6 on-12 o

(1,9)((3,2)(3:3)]0, 5|1, 2)[(1, 3|3 3)| (55 3) @900
NP| A | A | = | 2] 8 | =
i N,P|l A A >
Mp 0906|1245 | 1075 P07 | LA P28 0 10,938 [1.233[1.115[1.177
Expt.|0.938 [1.232 |1.115|1.189 |1.382| 1.315 | 1.532 Expt.§0.938 1.232/1.115/1.189

2 ehoTii g2 emHeTii 303 g2 e—met
Othel"S . V. _ gaq e HoTis gwq € J o; 0] gpq e HeTij
- rT)=—
quark-meson coupling Vmeson(7) T P ra—
. : C (R; —R;)?> (P, —P,)?
Voaui (1)) = —F — e = | Oy
pauli interaction (Voaui (7)) (qopo)? &P 242 2p? XiXj
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Preliminary results

Color magnetic interaction and EOS

without color-magnetic interaction

with color-magnetic interaction

NY, Maruyama

NY, Maruyama, Park, Lee
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
ng [fm3] ng [fm™3]
O _ip®
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P = —\Tij/T0ij C\C ~. . .
VZJ = 5 e A /\] o - 0j,

time dependent



Preliminary results

Color magnetic interaction and spins

NY, Maruyama, Park, Lee

3-quark system

<GLEIEZ -RIEIEZ2 >=1/4 (11

(u)
(XD

Large N-quark system

<BLEIEZ -RIEIE2 >=1/4 (11),

Around saturation density
with periodic boundary (infinite system)

Mercedes-Benz



Color magnetic interaction for N quarks

Jaffe, PRD 15, 281 (1978), Oka & Yazaki, PTP 66, 556 15, 281 (1981)

N

=Y {06t {ad}t; = 8N —1CY + 3Sn(Sn + 1)+ CF
i#]

where we use quadratic Casimir operators

35

=3 (3 u) | CF =4S +1) = 233(205)2, cf =i(iv)2‘

r=1 i=1 k=1 i=1 a=1 =1

e.g.
& s N=3, Ce=33%2, S=1/2, C3=0 = -8

A N=3, C¢=21%2, S=3/2, C3=0 = +8
But what about N>>3 ?
In our molecular dynamics,

we need 2-body effective interaction
corresponding N-body system:s.

e 3 sij=-1/2-1/2+1/4=-3/4=-S(S+1)



QUARK MODEL

M=m1+m2+m3+bZi;s; ,7=1,2,3
1<)

QQQ mass expectation i experiment
n 3m — 2% 939 938

A 3m+ 2% 1232 1232

A 2m + ms —£:2% 1116 1115

S | amamgt b (o s 1180 1189

o | omtme+h (G + 2 1377 1382

= | mtome+ b (- mho) 1331 1315

= [ mtom,+ 8 (& + 20) 1528 1532

* b — strength of color interactions (calculated by CMD).
* coefficients = from sum rule of spins
* A\ — obtained from following (3rd eq.)

MAa — My ~ d(color — spin correlations)
Ma + My ~ 6m
Mpr — My ~mg —m

configurations set (fixed)

) %

&
>
&
)
>

>
S
&

&

O~ ©
@@@
O &



Physical properties by MD

We can obtain physical quantities Statistical temperature from CMD is
by Green-Kubo formula. consistent with theoretical distribution.
(Ist. oder of fluctuation)

T= 0.80MeV/

o= / dt 5
£ |
e.g. thermal conductivity A § i
2 £ 10 E
a = VT, 8 .
N ]
Us(t) = D zi(t)Ei(t), | | 1
i=1 0 1 2 3 energy
d N
Uy(t) = %in(t)Ez(t)
i=1

— (Proto)Neutron Star coolings / evolutions



Thermal conduction In strong magnetic field

e’ Ba_f +V-(€°F) =0 Geppert et al.2004
l 1 (l l vity
F. = _etDKc; [VT + (w;;r)z (b . VT) B+ oyt (b v VT)] the thermal conductivity
K. Kn O
K= —Kx KL 0
0 0 K”

* implicit scheme
* operator splitting
* neglect induction equation

cooling rate(L)
& heating rate(H)

hyperon matter

1412108 6 4 2 13 14 15 1412108 6 4 2 13 14 15
X [km] X [km]
[ | [ | [T | |

0.0x10° 5.0x10%° 1.0x10° 0.0x10° 1.0x10% 20x10% 0.0x10° 1.0x10°® 2.0x10°% 0.0x10° 1.0x10% 2.0x10%

1 m2kiThn

Kp = —Cv\lf = #T
3 3m}

K| = Ko

here - | "

Kl =77 "7

1+ (waT)-
Ko WBT
L 1+ (wpT)-

TABLE III: Cooling ratio in the cores and crusts we adopt
The details are shown in the references.

process ratio referenc
Core

“Modified URCA processes (n-branch)”

nn — nnye

pne — nnw, 8 x 10! (n,) /3Ty 131]

“Modified URCA processes (p-branch)”

nn — nnui 7 x 10Y¥(n, ) /3T3 131]

np — npui 1 x 10*(n,)' * T 131]

pp — ppvi 7 % 10" (n,) /3 T5 131]

“N — N Bremsstrahlung”

nn — nnui 7 x 10'°Znl/* TS 131]

np — npui 1% 10%°Znl*TS 131]

pp — ppri 7 % 10" Zn* TS [31]
Crust ‘

“e — A Bremsstrahlung”

e(A,Z) — e(A, Z)vi 3 x 10 Zn. TS [32]

“N — N Bremsstrahlung”

nn — nnui 7 % 10" Zn* TS [32]




Evolution

of (Proto)Neutron Stars

(c)Noda + |
Neutron Star evolution: N8l ] g .
e & 3
o 0T 20 20 “ET78e
_ . . & N~
c,e s +V.(e"F)=¢e"Q thermal diffusion eq. Z 6 o [t
}\% AN g]:ﬁé E
> ARCHLEE,
o o [T
heat flux cooling rate (neutrino) B LN
capacity (thermal conductivity) + e L \
heating rate (magnetic field) '
5-5 § v v
NN\ | 1
0 2 4
. log t [yr]
Toward Proto Neutron Star eyolution:
' ‘ ‘ RS;f)‘herical Moge: - 0.068 " Wind Model v
. ofe . . eference Model —©— i A
* hydrostatic equilibria in GR N Middle-Rotation Model —— | 0067 | g f@elea Mo%e |
- Lagrange scheme(axisymmetric) 0088 | S
0.8 0.065 |- A
= s 0064 | .
N 0.6 = A
+ F 0063 | .
. L A
on going ... 0.4 0.062 A
0.061 |-
* energy eq.
_ 8y €9 0.2 0.06 vV X .
* neutrino transports | v vV
L 0.059 Lz - ‘ : ' :
00 0.2 0.4 0.6 0.8 1 1 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
' ' ' ' AM/M,,

X

Okawa, Fujisawa, NY, Ogata, Yamamoto,Yamada (2023) MNRAS



Summary and Discussion

We present CMD results, which is from QCD to neutron stars (hadron+quarks)
EOS (MR relation) constraints

Low density +nuclear experiments

High density < astrophysical observations
As the results, our CMD simulations provide a neutron star (NS) EoS.
We find cross over deconfinement.

GW, Supernovae... ¢+ Finite temperature behavior
We need more realistic set up: relativistic effects, strangeness effects, vacuum effects.
Now, we focus on CMD with Color-magnetic interactions.

Our CMD will provide thermal properties for NS evolution in the future.



