B WO, WG OGS RS R WP BT N RN, P e

Dense QCD Matter constrained
by astrophysical observation

AR WO R g R R NG WO e SR AR SN SN

Kenj1 Fukushima

The Umiversity of Tokyo

— New developments in studies of the QCD phase diagram —



Nuclear Matter

Gt Gt OGN G N, SN ARGt G SN G e, e
Convenient unit to measure the energy density

Heavy nuclei have
an almost constant density.

n.. = 0.16 (nucleon) fm™

saturation density
[Nuclei from Wikipedia]

In astrophysics, the rest-mass density is used:

P = 2.6 x 101 gcm™?
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Nuclear Matter

P SN PO SR SR MRt RPN MR SRR R SR S
How dense (dilute) is nuclear/quark matter?

® Interaction Cloud Size
Voot ~ 1/(2m) ~ 0.7 fm

M Baryon Number Distribution Size
T'soft

I’hard ~ 05 fm
Thard

Closest Packed State (hep/fce)  Filling rate ~ 74%

4r _
0.74 X <?r§ard>‘l ~ 1.4fm™ ~ 8.3 n,

Nuclear matter cannot exist at this density!

September 10, 2024 (@ ect* 3



Nuclear Matter

ot WO R RGN g 0GR RGN, WP RGN W RGN, W

More realistic bound? G0 X
o) ¢
Percolation transition? 0 o BE
2 &
3D critical filling density ~ 34% o @1@%
@)
° o 4 D
Interaction-mediated Percolation Ketlepa el
(From Wikipedia)

4
0.34 X (—ﬂr3 ft> 1 x024fm™ ~ 1.5n,,
3 SO

Standard nuclear-physics calculations may break down
at this density due to the lack of multi-body interactions.

For even more realistic arguments on quantum percolation,

see: Fukushima-Kojo-Weise (2020) for more details.
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Critical Energy Density

B BT, WG R  OGSR RGP g e W T N RS RSP e

One neutron energy Ey = M c* ~ 939 MeV

Saturation energy e, ~ 150 MeV fm™

sat —

5
Transition energy |,

to a QGP

= o
= 13
Q X 1 1
200-500 MeV fm™ o Ny ]
1 ,
P / e N=10
N 1 [} 5 - 4 X gsat L;‘ 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1 i
200 400 600 800 1000
T[MeV]  Borsanyi et al. (2010)
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Phase Diagram

Quark-Gluon Plasma

Temperature 7

‘ Quarkyonic
Matter

‘ (1.5-8)e
Liquid-Gas -

1 — < 5 1
c\_ , Color'Superconductors

sat

X CFL-K®, Crystalline CSC

Meson supercurrent Baryon Chemical Potential s
Gluonic phase, Mixed phase

Fukushima-Hatsuda (2010); see also 50 Years of QCD Chap.7 (2023)

Nuclear Superfluid
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Nuclear vs. Neutron Matter

L MRS RS O SR AR S P SR Y O R SN R T B

Neutron Star Heavy-Ion Collision

Dominated by n [, Isospin fixed by p/n ratio

(large isospin) L. (small isospin)

t20 E/A [MeV]
T 10 Pn—P
L, §=—"

neutron P, T Pp
<4 | matter

™10
1.0

| p=p,+p,
)

0 &———

0.05 10
19 .
020\ 55 030
p [fm™]
saturation density
(1st-order transition)

symmetric nuclear matter (HIC)

Phase structure may be different.
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Neutron Star

BRGNS 0GR SN, i RGN, i RGN,

Force Balance
Gravitational force is supported

by the pressure from inside.

Hydrostatic condition for » ~ r + dr

dp(r) M(r)
= — £(r)
dr r2
M(r) represents the integrated mass in r-sphere.
dM
") _ 4aren
dr

(In Newtonian gravity)
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Neutron Star

ARt e G BRGNP 0GRt N 0GR R R e

dp(r) _ M) &)

dr r2 Tolman-Oppenheimer-Volkoff Eq.
> dp(r Me 4nr? 2GM
General P7) :—G—2<1+£><1+ p)<1_ >—1
Relativistic 4" r e M r
extension

One condition still missing...

A relation between p and ¢ —— Equation of State (EOS)

Initial Final

r=20 =R
8(1’ — O) = & free parameter p(r — R) =0
p(l" — O) = De =p(gc) M = Jdr4ﬂr28(r)
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Mass M [M 4 ]
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Neutron Star

SR R R B B B P WPt WPl WP WP WP

Compilation of the observed data (68% Credible)
Fujimoto-Fukushima-Kamata-Murase (2024)

D271 4U 1820-30

L2270 SAX J1748.9-2021
L__°7 EXO 1745-248
C_°°1 KS 1731-260
L2771 4U 1724-207
L2270 40U 1608-52

i M13

: M30

| DT NGC 6304

- © oCen

© 47 Tue X5

LU 47 Tue X7

- 1 PSR J0348+0432
4 GWI170817%

=1 PSR J0030+0451
3 PSR J0740+6620

U NGC 6397

1 PSRJI614-2230 -

EOS must be
“stift” enough
to reach here.
(Shapiro delay)

D —

Lensing and
timing (NICER)
constraining the
gravity strength
and the radius.

4 6

0 12 14 16
Radius R [km]
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EOS Basics

B BT, WG R  OGSR RGP g e W T N RS RSP e

Mathematically proven:

p =ple) «—> M = M(R)

One-to-one correspondence through TOV eq.
2 Lindblom (1992)

This is the case even with
the 1st-order phase transition.

» £
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EOS Basics

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN

Pressure p(¢) \Stiff — large c,

\ Soft

— small ¢,

d
2o

> de

Mass-density p or Energy-density ¢
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EOS Basics

B BT, WG R  OGSR RGP g e W T N RS RSP e

Structures of pQCD on &-p
LO:p ~ #u; (massless case) — ¢ = 3P
1
NLO:p ~ (#+ OCS#)//t;l — £ = gp (unchanged!)
N2LO: p ~ (#+ a#t + aX# + #a?’ ln,ul%/,ug),u;L

Conformality broken
2.,27A2
~ In(X [0 /AM—S)
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EOS Inference Program

L3 L3 L3
SRS, WO, SR, R S,, BOD, S

> o o o
Pigit gt g POt HBE W

Fujimoto-Fukushima-Kamata-Murase (2018-2024)

R

>

MC Integration

dPops
J (=

4

MC
Sampling

=

Y

‘ ML inference
A 2
CS

\AS
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EOS Inference Program

SR WGPt R SR Gt N0gR NN g T OGP N g

Fujimoto-Fukushima-Kamata-Murase (2018-2024)

Proof of principle
100 ¢ . T I
% 10 __
102é//// .
0.1 0.2 0.5 1

pc? [GeV/fm3]

T T T
8 e
T —t—

= 2 E=ai 1
= H—FE=
= e

. T i

0 |

10 12 14 16
R [km]

Corresponding
M-R relation

—p

M/ Mg

Mimic the
astro data
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EOS Inference Program

BRGNS 0GR SN, i RGN, i RGN,
Fujimoto-Fukushima-Kamata-Murase (2018-2024)

Machine learning shows amazing performance!

M/ Mg

10 12 14 16 0.1 0.2 0.5 1
R [km] pc? [GeV/fm?3]

Overfitting is miraculously avoided!
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EOS Inference Program

SR S P R R S Pt M R O P W

Fujimoto-Fukushima-Kamata-Murase (2018-2024)

2.5

2.0f

Mass M [M 4 |
n

1.0t

0.5

—

i MI13

This work
4U 1820-30
SAX J1748.9-2021
EXO 1745-248
KS 1731-260
4U 1724-207
4U 1608-52

47 Tuc X7
PSR J1614-2230
PSR J0348+0432
GW170817

PSR J0030+0451
PSR J0740+6620

PRCED, (or). Tt
oerers 5 1

6

10 12 16
Radius R [km]
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EOS Inference Program

IR PR TR SRR SRR TR T R T T

Fujimoto-Fukushima-Kamata-Murase (2018-2024)

0.9 .
N =5 it
o , 8T Not minimum,
o= 1/3 —— | )
e but maximum!?
0.6 - |
~_ 057 I
<047 |
0.3 1
02F Critical energy density
0.1l to a quark-gluon plasma
U1 2 3. 4 5 6 78

/e g, = 150 MeV fm™>
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Int tati
SR gt O W NPT W N Rt g R g

[1st-order-like EoS]

2 I

p : AT

» £ ——p £

Phase transition is manifested by a minimum
in the speed of sound.

September 10, 2024 (@ ect* 19



Interpretation

L MRS RS O SR AR S P SR Y O R SN R T B

[High-Temperature QCD — QGP Crossover]

0.35

0.3
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| |
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02 I l: : : - s |
0.1 ,,'," i s/ng
— ~l'” I I
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100 ==
50 W= |
- T [MeV] 30 ¢
I I I I I I I

HotQCD Collab.
(2212.09043)

Minimum around
phase transition

140 160 180 200 220 240 260 280
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Interpretation

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN

Fujimoto-Fukushima-McLerran-Praszalowicz (2022)

Measure of conformality: A = 3 P
€
dp Gavai-Gupta-Mukherjee (2004)
C2 = — = 2 .+ 62 :
\ de s, deriv s, non—deriv
c? = —¢ aA c? = l — A
s, deriv de s, non—deriv 3
( Derivative Non-Derivative
Dominant at high density to make a peak!
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Interpretation

R SR SR SR O

N=5vr—+—
0.81 8 =

07} ¢2=1/3 ——

1/3 — PJe

Trace anomaly A

Energy density €/¢g

Brandes-Fukushima-lida-Yu (2024)

ANS)

Newer analysis suggests that
the trace anomaly goes negative!

100 125 150 L7 2.00
pis [GeV]
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Interpretation

L MRS RS O SR AR S P SR Y O R SN R T B

Derivative contribution makes a peak structure!

Sign Flipped

Normalized Trace Anomaly

Normalized Trace Anomaly

0.5
0.0 — -
o Sound velocity
—0.1 0.3 Non-derivative
0.2 1
-0.2
0.1
Derivative
_03 00_ _______________________
-2 0 2 4 -2 0 2 4
n n
n = In(e/gy)
0.5
0.0

| Finite Temperature |

e ~ " Non-derivative

Sound velocity

Derivative

____________
-
-
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Interpretation

gt O SR T, WDt R WD, P R RS, WD, RS

Interesting question... A <0 ???

Odreeeoooooo
02} Axe—3p
4 0.0] d p
| o —
np

Negative trace anomaly implies Thermodynamic
degrees of freedom
the presence of “condensates”!?
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Interpretation

BRGNS 0GR SN, i RGN, i RGN,

Lesson from high-isospin matter
Abbott+ (2023)

[ ]
[Speed of sound peak] [Negative trace anomaly]
W 0.4
- LQCD A ‘\ LQCD A
, LQCD B 031 W LQCD B
0.8 pQCD pQCD
y . XPT 0.2 \‘\ . XPT
0.6 ol | 0.11 SB
' a 001
0.41 o1
—0.2]
0.21
~0.3
0.0 1(;“ 10t —04 100 : 10!
/J']/m /‘LI/"LW

faki <1 m2)2
p)(PT - 7 /112

September 10, 2024 @ ect* 25

Tree level without loop!



Interpretation

BN N R, BN NP Y AR, N NS SRR, R

Brandes-Fukushima-lida-Yu (2024)

Assume a general Ginzburg-Landau potential
for “some” bosonic condensates to fit the
NS trace anomaly behavior.

A
V(I6]*) = m’|of + Z1ol* + Z1ol°

04—

0.2F

ANS)

A depends on only m? and 7} = nm?/1°

0.0

—0.2f

NS data very well reproduced by

100 125 150 L7 2.00
pis [GeV]

0.033 2 1+ STONGAM ~ 1) +1
Mdiquark == + 0.65 [GCV] |/1 | | ¢ | _ 1’]( )('u )
17— 0.075 [YE 270

cf. Kurkela-Rajagopal-Steinhorst (2024) / Fujimoto (2024) indicating small gap...
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PT and GW

B BT, WG R  OGSR RGP g e W T N RS RSP e

Can we see the phase transition with the GW signal?
Most-Papenfort-Dexheimer-Hanauske-Schramm-Stocker-Rezzolla (2018)

CMFq : EOS with a strong-1st PT to Quark Matter (3~4 times n,,)
CMFy : EOS without quarks

—22
4><‘l[)‘ ———

oL

hf at 100 Mpc

— woe |+ (Quark matter shortens the

—  with quarks |

| AT

lifetime of post-merger
supramassive/hypermassive
( uniform / differential )

AAd) [radl

neutron star.

t — ter [mS]

What if the transition is only a smooth crossover?
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PT and GW

ARt e G BRGNP 0GRt N 0GR R R e

o= Very Soft!
2 g P 10

o T | Kurkela et al. (2010)
e fjg 1:
1 2 g/g; 4 6 8 S 10— [ ] [ ] !
8 : Stlffenlng Quark Matter
Necessary and o | Drischler et al. (2020) (pQCD)
likely behavior z 107
but how to b5 |
explain it from i Nuclear Matter (YEFT)

3
nuclear physics? 10 "3 —
A big challenge... 10 Vel‘y SOft! 10
Energy Density [GeV/fm?]
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PT and GW

SR R SO SR O PSS R PR PRI BB ORI O
Caution: 1st-order phase transition is NOT excluded...

ML inferred EoSs: Fujimoto-Fukushima-Murase (2021)
103, -

=
o
N

Pressure p [MeV/fm?3]
=
o

-
(@)
- o
o
N

103

Energy density £ [MeV/fm?3]
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Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)

Pressure P[GeV fm 3]

PT and GW

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN

Nuclear
Matter

OEFD)

.
-
-~
- 7’
-
,,,,,
,,,,,
-
_
-

-
v
]
-

Matter |
(pPQCD)

-
-~
-
-

e max (95% CI)
Ec. max (68% CI)

m—  (CrOSSOVET
— == First-order PT

* (5c,max7 Pc,max)

1 Bayesian (68% CI)

10" 10
Energy density € [GeV fm 3]
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PT and GW

R, R, B R, R, P P, P R R, B B
Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)
t=11.56 ms log p (g/em’) t=23.73 ms log p (g/em’) t=34.48 ms log p (g/cm’)

40 — , 15 40 15 40 15
- 18 14 B 14 o 14
20 + ~ 13 20 ! 13 20 ! 13
CO g ol O @ )| B¢ g o 12 g, 12
=~ || BB = 11 =~ 11
20 g -20 § 10 -20 g1
, I K 9 9
40 L— s —t'g -40 i -40 i

40 20 0 20 40 40 20 0 20 40 -40

x (km) x (km) x (km)
t=11.56 ms log p (g/em’) t=23.73 ms log p (g/em’) t=34.48 ms log p (gfem’)

40 : 15 40 15 40 15
* 14 14 14
20 + — 13 20 13 20 ! 13
PT g 0 I © @ )| B¥ g . 12 E 0 12
| 1B 11 = 11 =~ 11
20 g0 -20 | 10 -20 § 1o
, I K 9 9
40 L s —I8 g -40 i -40 o

40 20 0 20 40 40 20 0 20 40 -40

X (km) X (km) X (km)
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PT and GW

PR SO R RS BT, O SR T A O, B O

Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)

wl 1 ®—] €= Light System (No BH)
ij | Heavy System (Both BH)
03 10 Like GW170817 (Discriminable!)
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PT and GW

Gt Gt OGN G N, SN ARGt G SN G e, e

Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)
survived (>30) ©—&

@
®
@

0. £
& A=4

30 | | | | | | | | | |
O CO (high) O
25 | CO (ow) @O
PT (high) ©
o PT (low) =
20 - ‘ ' .

Discriminable Window -

[
-
|

o  GWI170817: my = 2.75M
@ -

()
I

lifetime of the remnant t};s, (ms)
O
I

2 P 5 6 0 0 o
25 26 27 28 29 3 3.1 32 33 34

total mass mgy [Mgy,]
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PT and GW

ERugih,, OPrs,, TP, WO, ORGP O, TR, R R, O, WP

Post-merger stage is very challenging to see:

| Our crossover case... no difference?

1.4Mgy,-1.35Mgy,

10720

f peak

le-21 F T T CIO | | g‘ 10759
: GO -7 ] ’\\ - \%Q
e N
O - —— DD2F-SF-1
o - - —— DD2F
S le-22¢ \fl- — ¥ ™ E 102 : : '
N - ) ‘1
S a2 L I I
S ’l ||
£ o3 - _ T Strong 1st-order
Gy E °
: PT scenario
, Bausewein+ (2018)
16‘24 | | | | | /\\;\
800 1000 2000 3000 5000 8000
f (Hz)
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Electromagnetic Counterpart

S SR SN Y 5 SN S O TS R R SR T S T S

Kilonova brightness:

|
ejected mass > 0.05M _. AT 2017 glo

neutrino-driven wind

hypermassive
neutron star

neutron-rich
tidal ejecta

\ - ak

I-process

‘ ;
//

Brightness and
<D

“color” depend on

the EOS and the
total mass.

TR
main \\\j
r-process

B

accretion disk
outflow

r

black hole

accretion disk GRB jet

Ilustration from Korobkin+ (2021)
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Electromagnetic Counterpart

Pt R O RO R S RO MO R R, O P

T T T T T T T T T T 0.2 T T T T
0.14 - O CO (highy O -
CO (low)  © mg = 2. 15M
—= 0.12 PT (highy © o _ O)
2 PT (low) £ 0.15 @) }
= 01F ° 45 o 0
= 0.08 = < o1L .
Z 0.06 - 4= 4 ¢
g © g o
] 4
200 CD) | % 005 CO(highy O o O
CO (low) ©
0.02 - . BT ity ©
O | | | | @ @ @ @_H_ O PT (10|W) i ] | |
2.5 26 27 2.8 29 3 3.1 32 33 34 075 08 08 09 095 I
total mass my [Mgy,] mass ratio q
This situation (1.375+1.375) Asymmetric mass system
is already ruled out. can still be consistent.

Consistency with the kilonova tells us a lot!
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Electromagnetic Counterpart

BRGNS 0GR SN, i RGN, i RGN,

Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)

survived (>30) ©&—©—666—6—=5
30 | | | | | | | | |
. CO (high) O
O Bright co (ow)

O
: PT (high) ©
Kilonova',. dow) -

[\®)
()
I

O

(\®
-
I

l

In the near future,
more data should
be accumulated,
and then, we can
say much more!

Dark (red)

Kilonova 1
No Kilonova

[U—
)
|

()|
I

@

lifetime of the remnant tj;¢, (ms)
7
|
]

-

1 P 5 6 0 0 e
25 2.6 27 28 29 3 3.1 32 33 34

total mass my [Mgy,]
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Summary

Pt R O RO R S RO MO R R, O P

B Speed of sound at high density may increase above
the conformal value. It would be interesting to
confirm this by the heavy-ion collision.

B Trace anomaly is going negative and it implies the
presence of “some” condensates. Color-super?

B QCD phase transition is detectable through the
GW signal/kilonova even if it is a smooth crossover.

P GW170817 was such a fine-tuned event. Mass
distribution will be determined in the near future.
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