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Front-side hotspot rotates through the line of sight
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Dec. 2019

PSR J0030+0 45 | Best fitted wave form with 2 hot spots
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2 or 3 hot spots in the southern hemisphere
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MR relation

before NICER with “a” NICER constraint
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LIGHT CURVE MODELING WORKING GROUP (CHAIR: S. BOGDANOV)

MASS-RADIUS RELATION

Targets & Exposures by Working Group

https://heasarc.qsfc.nasa.gov/docs/nicer/proposals/science team investigations

Exposure (ksec)

Target Name [Contact Legacy Purpose
Plan |To date

V S. Bogdanov 1,600/ F Radius, mass. constraints frorr.l energy-
dependent lightcurve modeling
S. Bogdanov 1,000 Same
PSR J0740+6220 |Z. Arzoumanian 1,600 75|Y Same
PSRJ1231-1411 |P.Ray 1,600 % Same
PSR J2124-3358 |S.Bogdanov 1,600 Y Same
Radius lower limit from lightcurve
PSR J1614-2230 M. Wolff 500 400|Y

modeling



https://heasarc.gsfc.nasa.gov/docs/nicer/proposals/science_team_investigations/
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Constraints from PREX 1i

around saturation density

Reed et al. PRL 126,172503 (2021)

150 : | : | . | : |
L(p — po) + Ksym(p o :00)2 i

K

- But it depends on the analysis methods? (Reinhard et al. arXiv:2105.15050)

- CREX results suggest ordinary L values, not large as PREX-Il (preliminary result).



PREX Il & NICER
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S.Weissenborn, et al. PRC 85,065802 (2012)
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Quiz: What is the component?

G. Baym, et al. ApJ 885,42 (2019)
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Other properties?

lEa”y st The Phases of QCD - We will obtain “MR relation”.

: Future LHC Experiments
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* But what kind of material?

l

v/ Pressure(energy) vs density.
/\ Other physical properties.

Temperature

e.g. thermal conductivity,
heat capacity...

Critical Point

Hadron Gas iy
Supercon. ictor
Nu .. ar /

e acuum 2 ir Neutron Stars 2 Lattice QCD

.otential .
Progress of the NICA rject (2009) (S Ign PrObIem)

+ Color Molecular dynamics



Other physical property

We can obtain physical quantities Statistical temperature from CMD is
by Green-Kubo formula. consistent with theoretical distribution.

a—/ dt

e.g. thermal conductivity A . e 0.80MeV-
a = VT?), g |
N e
Us(t) = ) zi(t)Ei(¢), £10 ¢ ;
i=1 e



COOLING OF NEUTRON STARS

Cooling...

—many physical properties

cve‘l’a—T + V. (e*F) =e’®Q

1"/

thermal diffusion eq.

heat flux
capacity (thermal conductivity)

cooling rate (neutrino)
_I_

heating rate (magnetic field)
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FROM QCD TO NS MATTER

[attice QCD Neutron Star matter
sSize ~ 10 fm

1~10 ng
number 6(,9)

sep = 0
time= 0.0fm/c

There are the limits by the sign problem.

Using the results (interactions) from LQCD, we conduct
the Color molecular dynamics(CMD) simulations.

MD simulations can not be the 1st principle.
They work well to study the medicines and/or DNA, etc..



Resent works with Molecular Dynamics
SARS-CoV-2 Main Proteases (c¢) Taiji et al. at RIKEN
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_|number of variables

COLOR QMD

See also
Maruyama, Hatsuda (2000) PRD

time evolution

z||IPx, Py, Pz,

aaBa 97 SO}Z

|0 variables on each particle

LY,

wave functions

34
U = H¢i(r)Xi Xi = JiSiC;
i=1

i ... flavors (fixed)

_ OH
Pi_ﬁzg‘e{i}[ aR T up SP]

L _ 0L (ylat i)
dq  dt 0q dt
cooling of the system
— 3 Z]'E{ } [ - T up aH ]

S4 ... spins (fixed now) T \L

C; =

¢i(r) =

cos ;e Pi cos 6,
sin ;e TP cos 6,

sin @;e'¥i

(mL?) ™1 exp[—(r

R,
G,
B

Rz)2/2L2 — ’LPzI‘]

confinement conditions

|Rz _ R]| < dcluste’r (2,] — 17 273)
2
S [Zh X x| <

A“ being the Gell-Mann matrices
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Visualization of CMD

Thanks to the students.

Hakozaki

Sk
Youtube Link(VR) [®] Edr

https://www.youtube.com/watch?v=nolCOUmR3Is&feature=youtu.be

removed

oculus(VR)

/" “I have perfectly understoo -
\, unity(visualization)”.




H\ITERACT\ONS N CMD

Sy epie N0

1,J7#1
Z tataVC TZJ + Vi (rlj) +VPaulz( )+ Vcoul(’l’)

N

RN
.quark-quark interactions \

/VC

Vspin ..spin-spin interactions

Vs quark-meson interactions

K,, 1 2
: — —(rij/T0ii)° o A
Vepz'n(r) - mimjrgij ’r’,;je S|S]
ggq e~ Mot giq eTHT g3gd g2 oot l/
Vs (7“) = — + + P
A7 r 4T r 4 77 S ¥
v o _ b [ (R; —R;)*? (P;— PJ)Z]
Pauli — 3 exp | — 2 o 2
(gopo) 2q5 2p§
\ t“=N\“/2 with \“ being the Gell-Mann matricesj

\zpauzi ..Pauli interactions /

*We only take into account the correlation between only 2 particles.

—>order of calculations~O(N2)



Procedure

C tart )

initial setting

(loop of time evolution\

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

( each particle\ j ,'

energy calculation

A 4

Interactions

v

\ )
|

time evolution
v

N

/

:
(end)

~N

e Super computer in JAEA —
e parallel computings(OpenACC)

v

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 TeslaV100 SX2 32GB memory
(FP64/GPU : 2560)x4GPU

Memory per node : 384 GB




How to reduce numerical costs ?

Tree method from N-body simulations in astrophysics

/] , J )
| E Gm j

y (o, — m,|+62)3/2+ repulsion (by pressure & rot/ation)
Gravitation single correlations

short range correlations(local)

They are omitted for long range.

long range correlations(global)

)

"64000.dat" u 3:4:5:9 + .
Gravitations from i and i+ |
are same for j sometimes.

— They should be summarized. | 22
1 05 15
10
0
0.5
N=2.5x10° 1

-1 -0.5 0 0.5 1



Double folding model

Yukawa-type interactions

: e_:uRPQ
j V=c
_ Rpg

Double foldings of Yukawa-type
interactions (Expected values)

No divergence

e_:urlZ

<V>= c[exp(—prlzp)r— exp(—qrzzQ)drlafr2
12

Positions are expected values in MD.



Energy conservation

one of the accuracy checks

total energy
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¢ without dumping (cooling) terms
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EOS from color molecular dynamics

without spin cases

Akimura et al. EPJA 25,405(2005) Our preliminary result
3500 | | | T |
1700 L I | T | | | T I//l_ symmetric S
1600 1 =033 fm -7 S a00p | Meutron F 5 |
— 1500 ) =
> 1400 - 7 & 2500 - -
2 1300 | i E ool ]
E 1200 [ P =
1100 i udd ~ S)’mm(itﬂemff}?.'f--r g 1500 |- |
1000 / ud -
900 T R S 1000
012 3 456 7 8 910 0 2 4 6 § 10 12
P/po [Nl
* non-linear 0 meson coupling * O meson coupling

1—¢

n N 2 —
Hea e LS gt
2—¢€ 41 ’ﬁ;j 2

j#1,5€l ij+i 4m r
* non-relativistic kinetic energy * relativistic kinetic energy

P? <
: S (Nm2+p2 - m)

2mz-

 color fixed calculations - color evolutions



Free kinetic energy for fermions and Pauli interaction

E/A [MeV]

900
800
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400
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100

I I I
Relativistic(ud) /l
- Newton(ud)
numerical Relativistic Free kinetic energy for fermions

2

gmc
= =W

x(x) = ﬁ{x(l +x2) (1 + 2x?) — In[x +(1 + x)¥?])
i o] '.' ‘ - N

Am*g Lo br

"= S P

mc

g = spin X color X flavor

n [Ne]
Effective Pauli interaction

Introduced to show the antisymmetric effects.

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



Many body cases

phase transition as quantum percolation
step = 0 step = 0
time= 0.0 fm/c tme= 0.0 fm/k
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E/A with mass [MeV]

Energy component for cross over EOS
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* Elong (confinement potential)

I
symmetric
neutron

Ei/Q [MeV]

300
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100

-100

-200

-300

-400

— Phase transition (order)

- Emeson (quark-meson couplings) + Ekin(kinetic term) — Hardness of EOS

Ekin
Elong ——
Eshort

Emeson
Epauli



Many body system
around phase transition

symmetric
neutron

L=0.33 fm

Deconfinement occurs gradually
dependent on density.

E/A with mass [MeV]



E/A [MeV]

E/A [MeV]

First trial calculations for MR relations
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* Large R for Large M !

| * Maximum masses are Less than 2Ms !

—> Something is lack.



What type of E/A(interaction) is favored?

E/A [MeV]
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Comparison with Dirac Bruckner Hartree Fock (Bonn-B potential)

ud

udd ]
beta eq. 0
S

GWI170817
St
= O
0.5 | i;%\
CMD05 ——
CMD06 ——
CMDO07
| | | | 0 | | | | |
2 4 6 8 10 11 12 13 14 15 16 17
n [ng] R [km]

DBHF: Parabolic shape, namely “soft” at low density and “hard” at high density.
CMD: Almost linear shape, compared with DBHF.

Origins of the non-linear effects:
color magnetic interactions? relativistic interactions! many body interactions?
Or the other interactions!?



Color magnetic interaction for N quarks

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

N
—> )i {xd); = 8N —3C¢ +3Sn(Sv+1)+C3'
]

where we use quadratic Casimir operators

3 N

35 N ) 2 8 XN 2
-G, oy )-3(5), -SSR’
a=1 i=1

>
r=1 =1 k=1 i=1

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

A--- N=3, Ce=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 systems.

e 3 sij=-1/2-1/2+1/4=-3/4=-5(S+1)



OPTIMIZATION OF INTERACTIONS IN CMD

. . . . -1 L — - . .
interactions with colors roij = (a+ Buij) ™t Bij = mim;/(mi+m;)

Aaron et al. EPJA 56,93(2020)

~1/(2m)
v 1 i 3 as | K K o B |lmuda| ms | L
T 1.25{0.5] 750 721 [0.552[[0.362[0.538] 0.346
MeVim-lify, —1 GeV | GeV | fm
, S N |
VCS— K 1 I
9T mamgra, Akimura et al. EPJA 25,405(2005) etc. Optimized in this study.

2-body spin correlations

2-body spin correlations consistent with 3-body spin correlations

%S Loy —20r)
4 S

.7 o; O 1 1
2 2 <E'E>=Z(TT), —E(Tl)
(1,9)(3: )3, )]0, )| (1, )15, 3)|G:3)|
0 e e e e e b B [T E BT E RN [CR N TERNIERIN[ERNIETN
’ e NP| A | A | X |Z]|E [EF
Mp | 0.90 | 1.24 [1.075| 1.07 | 1.41 | 121 | 158 Mg §0.938(1.233[1.115[1.177(1.379[1.328 [1.531
Expt.|0.938 [1.232 [1.115|1.189|1.382 | 1.315 | 1.532 Expt.§0.93811.232(1.115{1.189|1.382|1.315 |1.532

Akimura et al. EPJA 25,405(2005)

others : _ GageHeTii gigeTHeTii  gd0d g2 emHeTis
- Vi r)=— + +
quark-meson coupling Vameson(T) P e Ty
. . C R,—R;)2 (P;—P,)?
pauli interaction (Voauii(1)) = 75 exp - ) 2 Oxix;

(qopo) 243 2p¢



Summary and Discussion

Summary

 \We have studied EoS from CMD with dynamical color evolutions.
e \We have found cross over EOS, which is consistent with Akimura et al. 2005.

* Note that we have also found 1st order phase transition for the other

parameter sets.

 \We need more realistic E/A. < Color-magnetic int.? Relativistic? Others?

Discussion

e \What should be effective two-body color magnetic interactions
corresponding N-body system?

e How to take into account the vacuum effects (chiral condensations).



