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The Laser Interferometer Gravitational-Wave Observatory (LIGO)

y Laser Interferometer )
Gravitational-Wave Observatory = 2 .
Supported by the National Science Fnundatlon 3 ¥
Operated by Caltech and MIT &

About Learn More News Gallery Educational Resources For Scientists Study & Work

=

Cataclysmic Collision Artist’s illustration of two merging neutron stars. The rippling space-time grid represents gi al waves that travel out from the collision, while the
narrow beams show the bursts of gamma rays that are shot out just seconds after the gravitational waves. Swirling clouds of material ejected from the merging stars are also
depicted. The clouds glow with visible and other wavelengths of light. Image credit: NSF/LIGO/Sonoma State University/A. Simonnet
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NASA's Neutron star Interior Composition Explorer (NICER)
HEEORMEFHED & I S 415 soft X-rays % il

Focus on NICER Constraints on the Dense Matter Equation of State

Zaven Arzoumanian & Keith C. Gendreau (NASA Goddard Space Flight Center)

December 2019

NICER

i 72 DB

Cf.) HMEFEDSIREE Y —UY—IT 7 AV DERBE

K.Hamaguchi, N. Nagata, K.Yanagi, J. Zheng, [arXiv:1806.07151]
K.Yanagi, N. Nagata, K.Hamaguchi, [arXiv:1904.04667]
K.Hamaguchi, N. Nagata, K. Yanagi, [arXiv:1905.02991]


https://iopscience.iop.org/journal/2041-8205/page/Focus_on_NICER_Constraints_on_the_Dense_Matter_Equation_of_State
https://www.ligo.caltech.edu/page/press-release-gw170817
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QCD phase diagram in Wikipedia

KHEERES : TERZFERFQCDERFTSHEBEDIRIKN & ERE,
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http://www2.yukawa.kyoto-u.ac.jp/~soken.editorial/sokendenshi/vol31/sokendenshi_2020_31_1.html

ERZEQCDYIalL—yayvn2>0DHEE
(1) FSME () = |pupyoesv =~ [puc{deiy¥e ™)

FEEXREH &I D5 real-positive THEULE WIFARLY
COBE (u=0), DiraciEEFIdy;TILX— M(D' = yDy) 72D Tdet DIF "
BRZEE (u #0), DiraCBEFIFA(—n)! = ysA()y R D Tdet A(p)ld T(—RRIC)EREU

21 Z7—QCDDOHZEIE. SUR)EDEARRKIR (=quark) hMEERIED =8
det A(w)ld "E# (EXIFEH)

B TIL—I\N—D2Ho—QCDEEZ % L FEHEREIFIRNG L

(2) ST EALE R (onset problem)

ERSEETU()BEIMMENBREMICEN fCBEB I TEIENER GBS
A ZIVEBEERD Sulmpg > 112EFESINT WS, T Z Tmpgldu = 0TDpseudo-scalar (pion) DEE




IR DExHg

(N2H5—27L—/\—QCDZ#%EZ%
(2)7 2 IVEAVERBICTLM 7 A=V R2Wh3

S = [ @)D+ m)e) + uN @i K
QCD NLAmeer op. diquark source

N = yyyy
Related works on Nc=2 with even # flavor
Kogut et al. NPB642 (2002)18, Alles et al. NPB752 (200606) 124,
Hands et al. NPB752 (2006) 124, PRD81 (2010) 091502,, EPJ. A47 (2011) 60, PRD87 (2013)
034507, Kotov et al. PRD94 (2016) 114510, JHEP 1803 (2018) 161
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u=00&=, QCDIE2 DDMHEHZ =R I T
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(i&'ﬂ?‘(ﬁl‘]) N POlyakOV |OOIO (AQCD)
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7 L—/\—33HpE & Z DN

Nf=2 Nc=3 Nf=Nc=2
standard symmetry enhanced symmetry

SU(2), x SU((2)g x Uiya x U(1)p SUMA4)m=0,u=0

m=0,u=20
explicit breaking

> () > ()
chiral " s

condensation

SU(Q)V X U(l)B
meson-baryon sym.
diquark i )

condensation W — e

SUR2)y xU(1)p Sp(1)y ~ SU(2)y

diquark condensate plays an alternative role of

chiral condensate to study phase in finite ¢ regime.
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Technical progresses
IN our work
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diquark cond. with j=0.02, 0.03, 0.04
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S.Cotter et al. Phys.Rev. D87 (2013) 034507

] > 0 extrapolation is a hard task

Reweighing of J-parameter

%k reweighing factor is almost unity,

(R;— 1) ~ 107, in our calculations

%k convergence of log-expansion is very
well
Cf) B. B. Brandt, G. Endrodi and S. Schmalzbauer,
Phys. Rev.D 97(2018) 05451
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Results

Lattice size: 1674 : T=0.39Tc (~ 79MeV)

Tc

0.39Tc
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Phase diagram in j=0 limit

0.2 | | | 1 1 1
! | | | 6 | |
| | ] <qq> I _ o <qq>
| (o) < L S 001 [ -
0.15 | L | _ s
| : : © 1/2 /I’{
i i T <qgq>=A(U- % T
0.1 |-Hadronic : Superfluid | artifact 49>=A-Hyp) e
I (BEC) (BCS) | 0.005 |- ¥ ~
- | | . R
0.05 |- | le - i P 4 g |
i I s @ 1 - i /
| s = - e ﬁ - [
OQ | 9’ ee o © = . 0 b—a—a—i—a_=n | | | |
0 0.5 1 1.5 0.4 0.5 0.6
wm wm
4 " + Scaling law of order param.
:“B/mPS ~ (.50 ﬂ/mPS ~ 1.28 Is consistent with ChPT.
( /m ~ 1 44) Ref.) Kogut, Stephanov, Toublan, Verbaarshot, Zhitnitsly
Hp/Tpg = 1. NPB 582 (2000) 477

At T=0.39Tc, we find the BCS with confined phase until y < 1152MeV.

It is consistent with the study of string tension, yesterday’s talk by K.lshiguro.
Cf.) At T~ 0.25Tc, there was a contradiction when our paper submitted on arXiv:

Confined/deconfined transition at y ~ 800MeV by Wilson fermion was artifact (Hands et al, 2011,

arXiv:1912.10975)
Cannot find the transition x < 1410MeV by rooted staggered (Braguta et al, 2Z016)
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guark number density

ng = w(%i(@)(v0 — e Us(a)ti(x + 1)

1

+¥i(2)(y0 + 1)e U (z — t)vhi(z — £)>

BEC-BCS crossover occurs at u ~ 0.72mpq



guark number density
J->0 extrapolation
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Hadronic matter phase

A ZIVBERTIE n, Eu = mps2005 / Y EOICHE B,
SOYIal—Ya VIHEREIENCRENS B

NAZNEBERCEDETA T A=V DEE m, ~ mpgF 2.
p~045mpg TET = m,, EIRDTAT + =V [FRWICHRESNEDHICY =T B
WBFTLBEHY A —0HBELN/ VEOIB>IcEEZS5NS

ampg =~ 0.6229

T=1/(aN,) = 1/(16a)
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Summary of phase diagram at T=0.39Tc

2 ! ! 1 ] I I
- : - / | -
1.5 : : o
'BEC: BCS | , v
(nyng | Ly
_ | g e d
: | )
0.5 |_Hadron : artifact _|
| N
: I
O . A " | L I ]
0 S 1 1.5
Hadronic-matter WmPS
p < 0.45mpg : Hadronic phase

@T7=0.39Tc 0.45mps S 1 5 0.50mps: Hadronic-matter phase
(~79MeV) 0.50mpg S pu S 0.72mpg: BEC phase
0.72mpg S 1 S 1.28mpg: BCS phase

1.28mpg S p - lattice artifact is strong



Results

Lattice size: 32°3x8 : T=0.79Tc (~ 158MeV)

- Hadronic -> QGP

24



HEEDE E

1=0.79Tc :158MeV, T=0.39Tc: 7/9MeV

Hadronic -> QGP

0.39Tc Hadronic -> Hadronic-matter -> BEC-> BCS

TcX DIEETHREREE TIHREICKE LU LLBEEDL H S
QGP/SF MHEZIEXTcK D TICH D
T-80MeVD L S RER THRRFET/\NOZ Yy VXY —HHHIR
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27 7—QCD7|‘EIZI0)$E47<

Csoomol L — T hse e

i (1) Swansea group : Wilson-Plaquette gauge + Wilson fermion

(2) Moscow group : tree level improved Symanzik gauge + rooted staggered fermion

| (3) Our group : Iwasaki gauge + Wilson fermion, Tc=200 MeV to fix the scale

T=158 MeV (deconfined, hadron -> QGP phase transition occurs)
T=130 MeV (deconfined? QGP phase? ,2019)

T=140 MeV (deconfined in high mu, <qg> is not zero, 2017, 2018, 2020)
T=93 MeV (deconfined in high mu ?, also <qg> is not zero?, 2017)

Tc
0.79Tc

T=87 MeV (confined in 2019)

T=79 MeV (confined even in high mu)

| - T=55 MeV (confined in high mu, 2016)

adronic;, f ed) T=47 MeV (deconfined coarse lattice in 2012, but confined in 2019)
' M T=45 MeV (confined in 2019)

BETDIN—=TDFT— B LD ENFITHF )G
CEFEMRIR Z > TR « A7 —IVREDREFEEFEA T THEDICHEDLST)

0.39Tc | s o e B ..
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Hadronic -> QGP

Hadronic -> Hadronic-matter -> BEC-> BCS

M
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FCITHRF

Hands et.al. (arXiv:1104.0522) Alles, D’elia, Lombardo (arXiv:0602022)
Nf=4, T=0 (12" 3x24) Nf=8 staggered, finite T (14 ™ 3x6)

(]

I T I T I T I T I T I

-0 (10a)4x,r

N n-m4<] > |
. y
s [ -
. ;
. v
/
~—— ’
~—~- ’
L S=a e —
/
AN =
N /
\ y
\ /
\ 7/
N\ 4
Y /

05 S ™ -
o ’”f ! \‘5
-7 I L Y——
0 0‘7 08 09 1 1.1 1‘2
ap au
Figure 2: The suppression of xr coinciding with the rise in (L) for Ny = 4. Note (L) (QL )
has been rescaled for clarity.

XL = V )

0.2

Polyakov loophM &N P

IK

NARO S A7) RS ER AV

’/

\//
a1

FIG. 2. Polyakov loop P as a function of au. The logarithmic scale allows to disentangle the

data obtained in the vicinity of the transition point. Points are joined by a line to guide the eye.
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NRASI DIV

1=0.39Tc
Hadronic |BEC]| BCS | artifact
0.2 | | | | | | | | | | | | | | | | I
o—o <|L|>
0.1

{4y

0 O 6 = - |
0O 02 04 06 08 1 1.2
w/mg

0.05

REERNVYYITI-T

T=0.79Tc

Hadronic QGP

0.5 | | | | | | | | | | | | |

O 02 04 06 08 1 12 14 1.6
Wmp

FKITMREFEUVIRS S

A

Cf.) N. Astrakhantsev et al., arXiv:2007:07640
See a decreasing behavior of)(Q in superfluid phase

with deconfinement property
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Summary of our work

Tc

| 1, decreases |

0.79Tc , | ,
}as u Increases|

0.39Tc

i In whole u '
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BEtFO0niFEananomaly matchingh5DFE

T.Furusawa, Y.Tanizaki, El: PRResearch 2(2020)033253

Results by lattice simulations  Results by anomaly matching

Nf=2 massless QC,D

Nf=2 massive QC,D

at Isospin RW Point

T
Tc
Suparﬂmd
$uperﬂmd (P)=0,(39) =0, {q9) #0
s . ~ BCS
u M

(CFTHY%Rgapless EimMNIENE VWG S)

( center — < TSF )
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- 2color-QCD phase diagram (35 —/RIE
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QCDAFN ERBEVWNNOY

u=0D &=

(1) YsDys = D'

(2) disconnected diagramhy7z Ly
Z DIF T mesons|c Xt L TSchwartzREFERX M 5

TrS(,0)[SO,0)T = TrS(,0ysS(x,0) 77" < TrS(x,0)S(x,0)".

1g_él | | T 1T 1 | T 1T 1 | | L | T 1T 1 | T 1T 1 |é_
Eee o PS (f=0.80,k=0.1590) eeE
"2°, | 8 V (B=0.80,k=0.1590) | %=
B Tl
B © ee |
m © =
3 001+ - Oe 99 - —
N\ u e e =
@) E e e =
= ee ee -
= eee u
[ |
0.0001 |- g . -
= -]
my B
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Kogut et al, hep-ph/9906346
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T
llMe
"Meson0010.000000-ng-05.txt" using 2:3
= "Meson0010.000000-ng-07.txt" using 2:3 %
"Meson0010.000000-ng-04.txt" using 2:3 [ ] s H
1x107 "Meson0010.000000-nq-06.txt" using 2:3 ®
== "Meson0010.000000-ng-08.txt" using 2:3 A B %
H
« H am %
5 H H x
1x10°° - = A
x M H
BH
1x107 X
*
A
* ¥
1x10° 4K
K P I ] u 1l
o Y ;
1x10” !
0 2 4 6 8 10 12 14 1

QCDAFN ERBEVWNNOY

u # 0D ysD(u)ys = D'(—p) # D' (p).

LED3NZ—QCDTIRRIEEMEES ARAFLXH R LB 5.
(cfAZ—TL—NR—BvFTH8ETIEm,>m,? Son-Stepanov (1999))

2 717 —QCDTIZ, ysCr,D()ysCr, = D¥(u) DRI, T T C = iyyp,.

FPAVANZ =940 =00V AV) M,

T T T
son0010.000000-nq-03.txt" using 2:3 -

=y Cryysy DNERHBBEVWEFT RS

=1, M, = wysy (PS meson)

CER): THEREUE - XIHRAE 2 KUY

C(1) = Ale—(m—Zﬂ)T + Aze—(m+2ﬂ)(NT—T)

T74v NITBETHEYEEMEES
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Muroya et al. Phys.Lett. B551 (2003) 305
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