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Cold, dense QCD for Neutron Stars

Q€D Toru Kojo

Astro condensed (KEK, Theory Center/
SOKENDALI)

|, Introduction & steady progress in NS observations
2, Microphysics: nuclear & quark matter

3, Quarkyonic matter: rapid stiffening & hyperon puzzle



Three-window model (n,=0.16 fm3)

- few meson exchange * many-quark exchange

* nucleons only » structural change,...

- hyperons, 4, ...
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ab-initio nuclear cal. most difficult

(d.o.f 1)

laboratory experiments

steady progress

-~ 2n0
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[Masuda+ '12; TK+ '14]

- Baryons overlap

* Quark Fermi sea

-

(PQCD)

[Freedman-McLerran,

strongly correlated  Kurkelat, Gordat,.]

(d.o.f : quasi-particles??)

not explored well

~2M@ nB

———) ' >
Hints from NS

~ 5n, ~ 40n,



EOS stiffness & M=R Ref Lattimer & Prakash (2001)
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gravity
( source: €qcp)

measure: P VS ¢ QCD pressure
A A
P M/M@ ’, -~
. V4
¢¢/—‘(\ ~L/'
stiff
| -to-|
// - O- \“‘ ------ ..
,/ soft .’x
Y 4 %
I,I m / “’.
PRAT soft ST, ————
. ) E ) R
e(1-2ny) £(~5n) |0-14 km



M/Mg,
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What to be checked 432

4) Moy

3) Ry,

nuclear vs QHC

slow vs rapid stiffening

2) I:‘I.4
Ist P.T. vs no P.T.

1) Nuclear EOS

precision nuclear EOS as B.C.

| Ikm |3 km

< ~2.3M© vs > ~2.3M@

c;2 2 ~1/3 or conformality,
how fast?

loosely bound crust

.....
......
______

~20 km R
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Nuclear EOS: complementary constraints

Why so difficult to estimate? p=n2 9 ( € > small () crucial for pressure
Onp \np -
n5/ ] 5/ RN
/
e(ng) =mnnp +a + bn . ‘ P = +b(a — 1)n%)
my 3 MmN s~ e

-
~~——’

Symmetric nuclear matter (SNM) at ~n,

experimentally accessible near ng (nuclear exp., PREX-Il & CREX, HIC.,...)

theoretically delicate; sensitive to small 3N forces

Pure neutron matter (PNM) at ~n,
NOT directly accessible in experiments

theoretically cleaner: Pauli + isospin constraints on 3n forces
e.g.) N2LO ChEFT V3N — V27I‘(617 637%) + Vlw(gl{) + ‘/contact(%)



Mass M [M@]
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Neutron star EOS as a low-density B.C.

R 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |

3.5 F Chiral EFT N3LO & N2LO [Drischler+ 21] Z
3.0F :
2.5 - Csz — I 7
o0f __extrapolation 1
: N2LO 5
15F oo e S -
05 xEFT _
. [N N N W N NN AN TR T N AR = Ikm&‘ B BT ER AT

9 10 11 12 13 14 15 16

Radius R |[km]

ChEFT up to 2n, + causality
Ry4 < 12.9 km

ChEFT up to 1.5n, + causality
R|.4 < |36 km

These ChEFT N3LO results

remain broadly consistent
with the recent updates, e.g.,

Tews+'24: QMC, less regular artifacts
Gottling+'25: reduced EFT uncertainty
Drischler+26: check of MBPT convergence



MMMD

— 2.0

4 N

Early inspiral

~ — Myrs-Gyrs

~1-10Hz <
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M, &M,

Gravitational waves (GW170817)

Alally deformed Merger

~ —10 ms

t=0

HMNS, SMNS

~ |-10 ms

disk

life time, f)-frequency

1-3kHz 2 not observed

kilonova (days-weeks)
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BH\

>~ |s

GRB
(~1s)

observed

indirect constraints
on life time




MIMg GW 170817 + GRBI70817A + AT2017gfo 8/32

Too stiff — EM obs. disfavors a long-lived NS remnant [ Metziger+'17, Shibata+'19, ...]

~2.3 -
_—--\
— " EM strongly disfavors
2.0 — I prompt collapse
i
Too compact i Too much tidal deformation
|.5 EM obs. dicf i
oo litle :jZ::/:ars 1 Nops = 3007429 535 (90%CL, low spin)  [Abbotc+ PRX2019]
[ Bauswein+'I7; Radice+'18,..] “ R 4 <~I3 km [eg Raithel+18]
1.0
\
10— Il km \
\
0.5
nuclear R
0

Il — 13 km 13 — 15 km ~20 km
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NICER (+XMM-Newton) pulse profile = M, R

- B.G. estimate Vg

A A

m

X- ra’y redshift m
color | ™~_ ~

- observer NR lensing /

invisible

flux

0 0.5 1

phasé/ PA||

light bending - M/R

hotspot

in reality...

basic idea: keep track of rotating hot spots - distributions complicated
* B.G. mimics the GR lensing,.. etc.

period Q (pulse period)
(Doppler shifted) Spectra » R()  (surface velocity)
GR lensing M/R  (mass/radius)
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NICER only vs EOS based correlations

Sources
PSR J0740+66

20

BN PSR J0030+-0451 (this work)
1”71 PSR J0030-+0451 (V24)

BN PSR J0437-471

5

PSR J0614-3329

each NS

individually

analyzed
[Salmi+ '26]

9 10

11

12

13

EOS based joint analyses  [e.g., Rutherford+ 24]

llllllllllllll T T T T I T T T T I

| New polytrope | constant c;? |
22 - ;
1.8 1 -
1.4+ ]
: — xEFT < 1.1ng
- = XEFT < 15no
].-0 L L L L
9 10 w1 1B 9 1 U 12 13 U
R [k R [k

Physical EOS constraints correlates radii at different masses

yielding tighter constraints, robust against reasonable EOS model parametrization



conservative less conservative
Set A B C
xEFT Set A Set B
pQCD HIC PREX-II
Heavy pulsars Black Widow CREX
J0952-0607
NICER qLMXBs 208} dipole
o J0030--0451
e}
g NICER GW170817+ Burster
g J0740+6620 KN+GRB  4U 1702-429
n
o GW170817 Burster
J1808.8-3658
HESS
J1731-347
GW190425
GRB211211A
GW170817
postmerger
(ilA) 12.2670:59 12.41105% 12.1719:3
m
zg\zo)v 2.2510-22 2.3310:3° 2.301957
©
P3na: 9073 99759 93130
(MeV fm™3)
nrov ~ 5.92113% 5.6711 59 5.7310%5

(nsat)
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Bayesian combined analyses

[e.g., Koehn+ 25, PRX]

delineate the impacts of each constraint one by one

prioritize constraints; set A (conservative) to C (less conservative)

p in MeV fm~3

10! F

100 E

Nuclear theory
and experiment

pQCD

20
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Early vs later stiffening: when does c,2 go beyond 1/3?

[Koehn+ 25, PRX with APR added]

2.50 . 1.0
S — —
2.254 i Cs - CIP/CIE === coeastul
2.00 ' 0.8 1 P
J /, /\ I,
‘I, /’ \,
1.75 - A
;/.l\\A R4
© s U
S 1.50 o, early stiffening
= [) =
[/
2 1.25 cxb l,' 'I
II II
1.0090 4l 0l Ry Svs & ....‘....later st|ffen|ng
\\\\;\\
0.75 1 0.2 ‘\'\:_
] \ AN
0.50 - APR SR
\
. 22 (purely nucleonic)
= ! 3 ; . OO T T T T T
10 11 12 '13 14 15 16 0 1 92 3 4 5
R in km n in Ny

‘ early stiffening at 2-3n,

Ri4~ Ry,
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Microphysics

how can achieve rapid stiffening at 2-3n !



Stiffening of nuclear EQS is slow
P <€> soft (!)

:nB
5/3 -7~ Inp \np

n / \ 2 \
e(ng) = mnynp +a B —I(-\bn%ll ‘ P=_"q- B +b(a—1)ng

/———~N

my N

—

-
N e -

broblems

|) Convergence of many-body expansion?
2) Stiffening is slow: P increases as ~ ng®

3) P~ (a—1l)e atlarge ng

(danger to violate causality near M., )
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Quark EOS can be stiff 15/32

e.g.) free massless quarks

2]

quark kin. pressure >> baryon kin. pressure

/
3 normalization ller B
sSMaller by
P stiff MM i
of e s
o -

20f

A““ 0.'
st larger B 7 !

1.0¢

0.5¢

. Rikml
5 10 15 20

Conformal c.2 = 1/3 can be stiff
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Hybrid EOS: normalization of EOQS ??

* P I .~ B

.0
.0
<

Zconventional
(15 PT)

> €

<
4,
<,
*,
*,
*,
*,
*,
*,
‘0
9,

nuclear

which B should be taken???

difficult to fix the relative normalization B of different models...

Need: follow quark states from nuclear to quark matter
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Role of confinement

size ~|fm < p,~ 200-300 MeV

o (p°)
‘ inner kin. energy N, (Mq + oM, 4o MB
<\' center of mass Pz N P} «< M
‘\ energy 2N .M, 2Mp B

‘ E~ MBnB >> P soft baryonic matter

confinement allows quarks to appear in energy density
but NOT in pressure (!)

When do quarks begin to contribute to the thermodynamic pressure???
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A model of crossover

Quarkyonic matter := quark matter with confining gluons

McLerran-Pisarski ('07) gluon screened

hadronic
- quark
Fermi sea quark Fermi sea
T Fermi sea
hadronic formation of quarkyonic weakly coupled
matter quark Fermi sea matter quark matter

——————— Confinemens ————————————»

- nO ~ 2'3n0 =~ 5' I Ono =~ 40n0



ldyllic. g = 19/32

s:/wwW.bragitof. /6'idIIic ,

IdylliQ model

= ldeal dual Quarkyonic model

Describe single physics in two languages (baryon/quark)

Powerful in transient regimes (2-5n)
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Sum rules for occupation probabilities ) [m«x2i

occupation probability occupation probability quark mom. distribution
of quark state with p of baryon state with Py in a baryon
_ B
fa(a) = f8(Pp)pgo(d — Pp/Nc)
Pgp
e.g.) in ideal baryonic matter T T
\ output input N input
fQ p (e If) SOQ p
.g., free gas) (quark model)
I ...............................................................................................
P3
4 ng = Nt—5 , s
~I\ " &#PB
py— T . p P — >
A q B N~ P\baryon 9
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An ideal mOdeI [Fujimoto-TK-McLerran, PRL24]

|) neglect interactions except confining forces
e.g.) 2-flavor hamiltonian: ERB [fB] — 4 / EB(k‘)fB(k)
k
2) keep using the same ¥ Q  (quarkyonic)

3) use a special quark distribution = sum rules analytically invertible

n2 e"/A . X )3
p3d(q) = QA?, A L=-V"+ % Lip(p — q)] = (QAJ o(p—q)
nontrivial output nontrivial output A2
fala) = b fB(fB)‘PS(q — Pg/N.) _l fB(Neq) = N3 i[fQ(CI)]
B C A

natural at low density natural at high density
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An ideal mOdeI [Fujimoto-TK-McLerran, PRL24]

|) neglect interactions except confining forces

e.g.) 2-flavor hamiltonian: ER [fB] =4 / EB (k‘)fB (k)

k
2 M«onic\
) N

3) To Do:  solve variational problem of fz(k)
with quark substructure constraints !
- /
nontrivial output nontrivial output A2
folq) = fB(PB)sOS(q — Pg/N,) _l fB(Neq) = N3 L[fQ(Q)]
Pg ,1‘ C 1‘

natural at low density natural at high density



Quark saturation & inevitable stiffening 23132

falg;np) = /PB f8(Ps;ng)ve(q; Ps)

A . .Ob.
U ¢ W K

P

forbidden | _rela.
baryons

fQ "quark matter
<. formation™

/ 2N+3N
/
forces

ng ~ 5n,

f’
-
=
-
s

N~ Rbaryon -Ié

Gbu

low p baryons quenched ng ~ 2-3ng

dual » stiff EOS “inevitable’ stiffening

quark matter scaling [see also McLerran,-Reddy PRL‘I9]



Hyperon Puzzle ?

2.8

16 |
b AN + ANN (1)
0.8
0.4 hyperons at threshold

—> adds large energy but small pressure
0.0 A L 1 X J

11 12 13 14 15
R [km]

AN + ANN (”) PSR J1614-2230

supplemental idea:

24/32

state-of-art, with empirical YN & YNN forces

28 ——m—m 07— 71—
. Tans+ 0O 02020 - NM
- Tong+ (2025) N
241 5 shrink :
I O’bo \\\\\\ ( |
2.0 -_ ........................................................................ JO740+6620 ....... —
I J0030+0451 ]
®1.6 L J0614333530dy _
= | B
= 2f repulsion :
[ but... convergence of
0.8 - :
. many-body forces!?
04 -
00g 4o 12z 1a  1e
R [km]

|) statistical repulsion (Pauli blocking)

quark saturation - 2) stronger repulsion at higher density

3) no double counting of quarks
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Multi-flavor extension

falg) = Z NQ/fB (q—£>
Q=u,d,s B=pn, Ne

u -sat  d-sat

uud and so on...
f T saturation
.-a_._> constraints
q
>< (B
— flavor
fz- dds correlations
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n i I\o matter [Fujimoto-TK-McLerran, 24]

- conventional
f
| : E d
ecay
k
M

at ng ~ 2-3n,

neutrons at high momenta => non-relativistic N\

‘ € increases much but pressure does not (softening)
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n i I\o matter [Fujimoto-TK-McLerran, 24]

- with d-quark saturation

f

n

f

n

forbidden forbidden

ordinary
decay

f/\ Prn

forbidden!

saturated k/N . saturated k/N c
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n i I\o matter [Fujimoto-TK-McLerran, 24]

step |) open phase space step 2) decay

f f

f

n

forbidden

Prn

udd = uds

saturated /N,
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n i I\o matter [Fujimoto-TK-McLerran, 24]

step |) open phase space step 2) decay
f f,
| forbidden k
f, f > s L fa
| extra energy cost
saturated /N, ~ MA - Mn -
\ ( -~ MS - MU) j




EOS: n-A matter

0.40

0.35f

©
w
o

o
N
o

Pressure P [GeV/fm?3]

0.05¢

0.00

O
(S
o

[Fujimoto-TK-McLerran, 224]

--== Pure neutron matter

0.15¢

0.10F

-

. |
N S
V.~ _stiffening |

K 2 3 4 5 6 7 8

Baryon number density ng/Nsat

nBA_Onset -~ 2n0 9 5'6n0

conventional

with saturation
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-
i
——— Hyperon matter (n, A°, =9) : b
————— Hyperon onset i A |
........... ky = Kpy : /,_’
; Y
I ! y
N=0.4GeV L/
|/
4‘ see also
saturation onset of Nagatsuka-TK 26
' for 2-color, 2+2 flavor QCD
(d-quark) hyperons .-~
: L
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Summary

NICER for 1.4 & 2.1 M., + GW + nuclear (< ~1.5n,)

= Ri4~Ryi (')
F)

quark |

sun

~2.1M
early

stiffening
~ [.4M,,

Ref) TK-Hatsuda-Baym ("21)

/ 2N+3N
/

late forces

stiffening 3

-
f’

-
’—

~ |2 km (i | km) nB ~ 2_3n0



