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State of matter: overview  (ng=0.16fm3) .z e 1

- few meson exchange . * many-quark exchange i - Baryons overlap
* nucleons only - * structural change,... . - Quark Fermi sea

- hyperons, 4, ...

-

O ®
'. (PQCD)
2. (3-body) .
. ) [Freedman-McLerran,
ab-initio nuclear cal. : most difficult . strongly correlated Kurkelat, Fujimoto+..]
laboratory experiments - : (d.o.f : quasi-particles??) :

: (d.o.f ?)
' not explored well :
=~ |4 M@ ~ 2 M@ nB
e ——————— >
~ 2n, Hints from NS  _ 5n, ~ 40n,

steady progress
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EoS & Neutron Star M-R relation

gravity

/

( source: Egcp)

Einstein eq.: G,w = Ag;w — QCD pressure

soft-to-stiff

| -to- |

““““
\\\\

|0-14 km




Observations: (NICER, GWI70817, nuclear) g miers2]

uarks? (~3-5ny) N
M/M@ a \0 M =2.08 £0.07 Mg NICER obs.
2.0 I Rz‘og = [12.35+0.75 km J 0740+6620
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It order nUC|eaI‘
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nuclear
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sound velocity: Cs2 = dP/de < | (causdlity) ‘

t P

Soft to stiff is challenging:
nuclear & quark physics
constrain each other

M > 2Mg

e(1-2ny)

nuclear

new quality
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e
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\

c? 4 microphysical insights ? 1 ‘\ forbidden

\

baseline: quark-hadron continuity (QHC)
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2, Phenomenological modeling:
3-window model & QHCI19 & 21

- Baym-Hatsuda-TK-Powell-Song-Takatsuka (2018): QHCI8
* Baym-Furusawa-Hatsuda-TK-Togashi (2019): QHCI|9-Togashi
- TK-Baym-Hatsuda (2021): QHC2I-x & QHC2I|-T



3-window modelin g [Masuda+2012, TK+2014, ...]

pQCD

I
Ng ~ 3.5 - 5n0 /
/
Extrapolated EoS /
centiall / quark model
potentially )
misleading / ( 1+1+1-flavor)
/7 v
/7 7
7 7
7 7

ng~ 1.5 -2n,

o
/’/‘
_\\” /7
7

nuclear

[Akmal+1998, Togashi+2017,
Hebeler+2017, Gandolfi+, ...]

7119
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3-window modelin g [Masuda+2012, TK+2014, ...]

pQCD

ng ~ 3.5 - 5n,

boundary \
conditions

quark model

( 1+1+1-flavor)

ng~ 1.5 -2n,

\

interpolation

- baseline: smooth curve (6™ order polynomials)

Mg

- option: put a small kink

nuclear

[Akmal+1998, Togashi+2017,
Hebeler+2017, Gandolfi+, ...]
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3-window modelin g [Masuda+2012, TK+2014, ...]

M>2M,,,

typically,

allowed band
~ 10-20 % of total

~

& CS2< | (everywhere)

ng~ 1.5 -2n,

N\

interpolation

- baseline: smooth curve (6™ order polynomials)

Mg

- option: put a small kink

nuclear

[Akmal+1998, Togashi+2017,
Hebeler+2017, Gandolfi+, ...]



Stiff quark EoS ? : a guide 3

ideal gas interactions
rela. kin. energy interactions 4
&
em)=an*?+bne mmmp P = 3 + bl a — 3 n®
(n: quark density)
For stiff EoS: fora > 4/3: b>0 (eg bulk repulsion, ~ + nle/\Z)
(for large P) fora<4/3: b<0 (eg surface pairings, ~ — /\2n52/3)
attraction 2- or 3-quark correlations
I . o
Fermi sea Stiff EOS from attractive forces

(ideal combo)

first discussed in [TK-Powell-Song-Baym, '14]
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A nonperturbative quark model for ng > ~ 5n, (~ Ifm)

A guide : Quark-Hadron Continuity : eff. Hamiltonian continuously evolves from hadron physics

"3 -WindOW" [Manohar-Georgi 1983, Weinberg 2010,...]

Q <~0.2 GeV 0.2 GeV < Q < I-2 GeV ~2 GeV <Q
very long-range (> |fm) constituent quarks + OGE short range
(quasi-particles)
confinement chiral SB & color-mag. int. »QCD

& baryon-baryon.int.

A template) chiral color-mag. nB-nB int.
solve within MF

H = HniL —E Z(qPAq) (q_FAQ) + g_V(q7OQ)2 + color- & charge- neutrality
A

+ B-equilibrium

[Masuda+2015, TK+2014, Blaschke...] (gv, H): both inspired from color-mag. interactions



M /Mg

2.5

0.5

EOS - microscopic insights

- Togashi

Drischler
o 1

only

-
.
. A
ot
ot

[
o
-

ot

earlier stiffening
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[Baym+ 19, TK 21

later stiffening

——
QHC21

0.8

s V
T

9 10

*M-R =2 (gy,H)~G

R [km]

vac

: | ChEFT & Togashi

1 :
.
I.‘
\'e
1

Togq.sh
only

13 14

—> non-pert. effects important!

* QHC type models > earlier stiffening (!) than in pure hadronic models



(cdc)?

1t NS merger simulations with crossover EOS

|t quantitative estimates on the impact of c? peak

- f, peak €2 compactness of NS

* Ist PT = rapid growth in f,

* QHC - mild changes, even have reduction
1\ — T
[ Legred et al. (2021)
0.8 | et S o A N ) e
0.6 m —
i Fo
g
0.4 |
0.2 g 4
- 0 DD2 -:-:-:-:-
oS~ QHC19-s0ft  se—
: “<i_ QHC19-siff s
0 1 M 1 P \. 1 M M M 1 M M M
1 2 3 4 5. 6 7
nng  TTe-____________-
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[Y. Huang+ (2021) ]

* mass sym. mergers (1.25,1.30, 1.35, 1.375 Mg)

Afz — f2 _ f2nuclear only

| — QHC19-soft ' '
- —— QHC19-stiff
- — BLQ

- —— DD2F-SF7

LQHCI9 stiff |

.
*
1

*
A PO PR | N " " M 1
T

2.7...

26
Mass (M/Mg)

2.8 29
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3, Sound velocity peaks

- TK (2021): “Stiffening of matter in quark-hadron continuity”
* TK-Suenaga (2021): “c{? in two-color QCD”
* Fukushima-TK-Weise (2020): “percolation ”



Direct descriptions for 2-5n,?
confusing point: T P

» Switching from baryonic to quark bases

— a source of confusions in hybrid models

14/19

(e.g. normalization of energy )

Strategy

Keep track of quark states from nuclear to quark matter

(within a single model, e.g., percolation model, Fukushima-TK-Weise ‘20)
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Quarks in a bal‘yon N. (=3): number of colors

2
probability density: Qin (p, PB) — Ne™ 712— (p-— 17?/’%) b, : ;-EI » PB

localized N\ ~ 300 MeV mean: (Pg) = N, / pQin(p, PR)
~ A p
A\ > | j= 3 2 2 .
AN e (-2 enegerc

average energy (quark) 1 X NC l X NC
- Nc (Mq + Ekin) >> - PBZ /(NcEq)

= included later) baryon mass baryon kin. energy

(short range correlations



A new unified model for QHC

occupation probability
of baryon state with Py

occupation probability
of quark state with p

fq(p§ nB) =

L
e.g.) in ideal baryonic matter T
' f output input
q (e.g., free gas)
Y P
— ~ nB/A3 Pga
L . i 2=V
......... ~/\ 3 P,

16/19

cf) [TK 21, TK-Suenaga 21]

quark mom. distribution
in a baryon

B(P_B, nB)Qin(B»&?)

T input

Qi” (quark model)

b3
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Evolution of occ. probabilities ;... - [ 500, Ps)

Pp
+ B non-rela ‘ non-rela z rela
baryon I ............................................... . . . -
bases B forbidden
A ; ;
P P ~ NA
dual i -
! fq "dilute" "quark matter"
o T T RN e 5,
bases 4\ p p
k i .
A\ ~300 MeV ~ N\

“quark saturation” constraint

— relativistic baryons at low density, ng ~ [ -3n,!

cf) McLerran-Reddy model (2018) of quarkyonic matter



sound velocity

c.2 peak:

0.8

o
o

o
»~

0.2

0

It hint phen.

| I I O O I |

[Masuda+ (201 3)]-

—

-~ 3.window

| N (N NN N N N N S S S S —
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pP/o,

& | st evidence from lattice QCD

1
0.9
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“0" 0.5
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0.2

0.1

0

| st microscopic model

| L 1 ! | J | 4 |
= Quarkyonic-Nuclear Matter

=+ Nonint Nuclear Matter .
= (QQuarkyonic-Neutron Matter
=+ Int. Neutron Matter -

[McLerran+ (201 9)]-

quarkyonic 4
matter

| | IR S — | |

O 02> 03 01 T 12y LY 10y 2

nB(fm'3)

from hadrons to quarks

1.2
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this work

08

CS[GeV] =005 ——  M;=A=03GeV
........................ o e ol LS,
.15 aemeanren Cg =0.15GeV
0.20
[TK (2021)]
quark
saturation

—
bo
w s
=N
<

ng/ng

= see [tou’s talk on 2-color dense QCD

(the next session on NS & EoS)
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Summary

R2.08 == RI.40 (’) - Quark-Hadron-Continuity : a baseline

Peak in sound velocity mm) signature of quark matter formation

(quark saturation effects)

Stiff quark matter EoS m) bulk repulsion & Fermi surface attraction

(disparity <— channel dep. of gluon exchanges)

Outlook

Hadron physics for dense QCD



Back up



OO  (artifact)

Peak in sound velocity c2 = dP/de
A

N 17/

ideal gas: patch work

/3
"saturation"

quark

forbidden by forbidden by

1.2 ; : ; . :
N = np/ng = 0.43
confinement R saturation f e e
q iy < s 0.91 ]
- 1.25
- 0.8 | " N Vs 4 - B Sl
B - I S
——————— = oo
———— < A = 0.25GeV
€€ . [Y) . . .\ i
inevitable” stiffening 2 \
0 01 02 03 04 05 06 0.7

p[GeV]
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Peak in sound velocity c2 = dP/de

more realistic picture (regulated by int)

® "= ¢

1.2 v . v . '
np/ng = 0.43
f i S—— 0:64 . vicansains |
pos. 0.91
- q
ffff 0.8 | - N )07 § - G s
————— = 5.30 ecmcace
———————— Sy
________________ = s A = 0.25GeV
. . 0.2 }
nuclear interactions as
0

“Perturbations” 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

p[GeV]



spectators N
s Frn— 2/21

lattice 2 "heavy-ion collisions"
Qcp MY 8 B¢
W 'ﬁf‘ i '_"‘_.: +"  participants
T S
~ |55 MeV

“"multi-messenger
astronomy” (2017-)

il
My Neutron stars ("30s-) °



Trends found in this exercise (for quark matter part)

for quark EoS consistent with all constraints
* bottom line:  (gy, H)@35.500 ~ (Gs) @vac
interactions remain non-perturbative ()

* Slow chiral restoration

at 5ng: M, ~ My~ 50 MeV >>~5 MeV, M,~ 300 MeV >>~[00 MeV

* Pairing effects important

at Sng:  Acp ~ 200 MeV ()

* For allowed range of (g,H), M., ~24 M,
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An exercise: survey for (gv, H)@3s5500  [paym+ 1976211

Stepl) Prepare realistic nuclear EoS up to 1.5-2n,

[e.g. Akmal+1998, Togashi+2017, ChEFT, ..] ‘ 30-40% uncertainties in P @ ~ n,

Step2) Survey the range of (g, H) consistent with causality & stability

Mpax /Mg
5 v T T T N T * T = T = T
Drischler (2019) 1.6 y T ' T ' T y T . T 24
L ChEFT central mwimimim i
Tews (2013) 1.58 -
4} Hebeler (2013) |  excluded 2.35
Lynn (2016) & 156 L (acausal) I
I . . Togashl ImIm- \.\\’\ ®
- variational ApR . & . 2.3
T 3 4 1.54 -
§ :
s 152 | 1B 225
— 2 IS
o R
1'5 M Mmax/M@zz.lg [Ax] I 2'2
I 2.25 (B
1k 1.48 F o5
L \ excluded 231[C,] |pq 215
lisiisiiﬁ 146 2.37 [Dy] -
0 1 . 1 . 1 . 1 . 1 . 1 . 1 L l L | 4 | ~ | L | 2.1
0.5 0.6 0.7 0.8 0.9 1 1.1 0.9 1 1.1 1.2 1.3 1.4

n/no 9v/G



Crossovers & c? = dP/de

/A o

.

“non=relativistic”
resonance gas

pion gas

hadrons with m >> T dominate
(entropic effects)

CrosSover

-

-
A

Y crossover (?)

o

7121

/ﬁtmphysics ?

1 pure hadronic

~




e.g., ideal baryon gas
~ 10% effect

fq(p;nB) = , B(Pg;ng)| Qin(p,0) + O(P5/NZ) |

= Qu(p.0) [ BPming)+--
Pp

:n_BQin(p, O) + o

€=/Eq(p)fq(p§nB):/EQ(p)[n_BQi.n(p’O)_F.” ]

:EMB_F...

— non-=relativistic



Jump In pressure : schematic picture

gy

f;] €/ng = const. f;] e/ng = const. fq e/ng 1

A\ Nocp A
oce ° jump () Qcp

P=0 P=0 P = finite

€, Ng are continuous ( f, continuous )



Earlier stiffening in QHC vs later stiffening in hadronic EOS

M -
0.” \\
2:1M, S\
> ~ 4n,
|.4M, -
~ 2'4n0

& stiff
- 1-2n, nuclear

|l — 13 km

T




Color-magnetic interaction play many roles

1) Coupling « velocity ~ p/E cf) A (1232 5
F  emm——
become important in relativistic regime & high density Mg+ v
N (938)
2) Pairing : strongly channel dependent
Sp ]h Ur
hadron mass ordering: N-A, etc. [ DeRujulat (1975), Isgur-Karl (1978), ...] [ NS — e
color-super-conductivity [Alford, Wilczek, Rajagopal, Schafer,... 1998-] | p
I
3) Baryon-Baryon int.: short-range correlation [ lighter quark mass
. ? - Mps = 1171 [MeV] - -

[Oka-Yazaki (1980),...] 80 | ¢ Mys = 837 [MeV
| - ‘. Mps = 672 [MeV)

Mys = 469 [MeV] —e

( Pauli + color-mag.)

channel dep. — non-universal hard core (some are attractive!)

V(r) MeV]

mass dep. = — stronger hard core in relativistic quarks

— consistent with the lattice QCD [HAL-collaboration] e




Comparisons with other scenarios

with Ist order Annala+ (20) Ours; Masuda+ ('12), McLerran+('19),...

~12-13 km ~12-13 km ~12-13 km



a baryon in dilute regime

(color-singlet)

(always) color-
antisymmetric

(attractive
electric int)

e.g., hucleons

My ~3M, + kin. + color-EM

~ 940MeV ~ | 100MeV - 150-200MeV

in dense regime

sometimes
color-
symmetric

(repulsive)

more chances to feel repulsion



quark energy; parameterization of MF

Ecqum(k) = \/Mq2 + k2 — Cy + Cs[fq(k)]P

for f, (p) << | fq for f, (p) ~ |

|
Veglfy ~ —C% 1 p Vee(f,] ~ Ca

repulsive attractive

dilute in momentum space for saturated levels
@ color-sym.
£ & channels also enter
& E ) g §

— the quark feels

color-antisym. channels dominate . :
repulsive correlations

— the quark feels attractive correlations



ng/no

o

0

EoS with interactions

CS[GeV] = 0.05 -
0.10
0.15
0.20

QHC-D v

o
.
ot
o
.
o

.
.
.
.
o
.
.
.
.
.
.
o
o
o
et
-------
.
Tart
Teet
-----
e
T

M, =A=03GeV

s Pw = 0.02GeV

Pk C# = 0.15GeV

""9.95 S1 105 11 115 12 125 13 135
T“ pg [GeV]

adjust C* (fit Mg = 939 MeV)

P [MeVfm ™)

200

100

repulsive  attractive
stiffening
L) Ll T - 1-2 L] ] L] L]
CE[GeV] = 0.05 —— A C$[GeV] = 0.05 M, = A =03GeV
i 010 vissseisesin il 0,10 :ssissisasen Pw = 0.02GeV
0.15 0.15 CA =0.15GeV
0.20 0.20
- QHC-D wwwen :-' 0.8 f QHC-D s s
4 1 «= 06}
S Q
My = A =0.3GeV Iarger CE
" pw = 0.02GeV _ ) 0.4
Cg =0.15GeV 3
! ; 0.2 |
-t 1 1 I 0 RS = el | L 1 L
0 200 400 600 800 1000 1 2 3 4
£ [Merm_:‘] ng/ng

high density stiffening

peak in ¢,

o



Example) 2-color NJL model [TK-Suenaga 211

1 I b 1] L 1) by :;3
* baryons = diquarks M [GeV] ’
A[GQV] llllllllllll §
o _ 08t 0.1xnp/ng mmmmm § -
diquark mass = my << Mq - H = G (bold) H = 0 (thin) |
- BEC-BCS crossover 0.6 -

(diquark condensate)

BEC / BCS

Ly =G| (qr9)° + (@570q)” | .
—I—H[ |qif},57-202qc|2 + |CITQ(72QC|2] 0 01 02 03 04 05 06




Example) 2-color NJL model

BEC — BCS & CSZT occur at 0.5-In, (early stiffening)

occupation probability

T T T T v T v T v T . T T T T T v T r
p— =4
np/nNg = Vuv.90
L J - l," 2 ) 1
S e, ) v
ey
. s .
0 ‘&, '
‘Y ., ‘e 3.0
..... ~’,~ .,
[y, %, S 4.0 |
“ g (~, ‘.
N 6.0
»
‘ ", ‘ .
’ ‘,, ',"
" R
e S, “, 2
'0 ., ‘e,
- " , i
. ~'« ",’ 10.0 llllllllllllll
‘s ., ¢
’ - ’
bl . ’ P
L N ~, ‘,
“, " .
'0,' ~‘r~’ ‘e,
4
'o, \,‘ ‘o,
o Y n~" l,," ]
", e ",
“" ,
" .."~"~,.l""'a
) "oy gt ey, ]
Tang v, AR LI T L
Dol.,...‘.':: ,,,,,,,, N LINTY "o ...
............'_l.o:: ooooo "”"'I'Wiin“!
PO I WU NP SR SRR S w— —— - PARALILL

0 01 02 03 04 05 06 07 08 09 1
k [GeV]

[TK-Suenaga 21]

sound velocity

..................
.
et
.'..
.
.

1

ng/ng

10



Inversion problem: motivations to study B

* perhaps convenient to use the baryonic bases for low E physics

' f
P(:“B)lB-eq ‘ P( MpB .uQ ;-I: ) extensions ©

the quark-hadron continuity

* relations to the McLerran-Reddy (MR) model important parameter
hybrid description in p-space t AP A
y ption in p-sp 1B y Kot g
................. g L N2
B FB c
P
e B, why this form?
keg ~ N Agep
f * phenomenological
| T e [McLerran-Reddy, PRL '19]
P * derivation in excluded vol. model

— [Jeong-McLerran-Sen, 'l 9]



A trial: shell form
B*(Pp; Py,) = hf(Py, — Pp)0(Pp — Py, — A)

P ' k
sh Psh/NC

matching of tails

sat. model

PSGt



Constraints from fq (for Py, ~ N A)

fih(p) ~ BANZ o= (P=Ew)’

constraint : f;fh <| m» ha < /\/NC2

- =
P2 " Ne Py, | N2

S

A2 A
a possible scaling form: [RA](Papn) ~ COA( Z = )

[ B 4~ AIN2 MR-model (thin shell model)
[ —
oo A
PB‘ h—l & A:k%‘BJrK’Ng (c; =0)




Quantum numbers ?

quark quantum numbers; N, N¢, 2-spins (for a given spatial w.f.)

how many baryon species are needed to saturate quark states!?

— we need only 2N¢ = 6 species for Ny = 3

(full members of singlet, octet, decuplet are NOT necessary)

convenient color-flavor-spin bases

[ neglect N-4 splitting etc. for simplicity ]

e —
Asz::i:3/2 o
A~

Q;=:L—3/2 —

uR
So==372 — -dR

SR

tugtust], [urluclusll,
tdetdpt], [drldcldpl],

T sg1T sBTl,

[SR\L SG\L SB\L] .

Al lis =312
R — 1 l
G —+ |



Tidal deformation — accelerated phase evolution
B polarizability
quadrupole Q R —)\(M)E ~ external B o— _ 0%V
r moment LV t]  field L/ 3:1,}8:13]

A‘
GM4 GQp deformation of Aby B
rav. pot. e B
5 P A VA(’I‘) N —_——

from the star r r3

additional attraction

— NSs approach faster

: Numerical ——— S i
’ TT4 SFHo soft @ ng < 2ny
0 more compact GW
— smaller Q

Numerical ————————

’ ! TT4TM1 - stiff @ ng < 2ng
‘ less compact
— larger Q




Merger & HMNS: fow — Ry

Figs from Hotokezaka+ 2013

| I

APR4-140140

..........

vvvvvvvvvvvvvvvvvvv

vvvvvvvvvvvvvv

O =W —m O —

smaller Rys — larger fow

For GW 170817 :

fowis NOT measured yet;

MNS
Ri4~ 1.1 km
0 5 10, 15 20 25 10 15 . 2 25
red red
compact stars — high frequency GW 4 t | unzgz:{ ;12:2
BJ2012
. 2 5o,
< AP
E 3 3 e,
(Bauswein and Janka 2012) = : B
23} ~lkm e >
high frequency region — smaller S/N 10 12 14




1.2

0.8

0.6

0.4

0.2

Caveat |:

' "i“ogaslhi EdS : : :
i switch to ¢2 = 1/3
- nuclear EoS

jump in c;?

CS .............................................................. -
0 1 2 3 4 5
ng/no

c.2> |/3 generic ?

M/Mg

et
"""""
vt
"
g

| Toga'shi (N uclea'r) EoS
switch ¢2 = 1/3 at np = 1.1ng

t 2Msun OK

- nuclear (\": ,,,,, T~ 7
- S
ok ST
! i ] - ! .
10 11 12 13 14 15

Depends on EoS at | -2n,



Remark) pQCD + pairing vs speed of sound
0.5 — - :

g A'/u(; =2.0,A=0.0GeV mummm | [pQCD: Kurkela + (2009)]
= 0.1 GeV 1
0.45 EE 0.2 GeV
E : V
ol & | 03 Ge 1 ForA>~0.2 GeV
, . pairing A/ ~ 4 %
No"’ 0.35 -C32=1/3 ////"’/v//mmmut J /i\ ( uq ) ’
............................ iy S0 1 D1 D1
| ‘g LULLLLE nevertheless,
03 -
3 92 c.2 approach 1/3
0.25 |- P(pq) = Poert. (1q) + —7 1A S
m2 _ from above
0.2 " (AP (PR NP NPT TV SEPTUI STV
02 04 06 08 1 12 14 16 18 2
uq [GeV]

~ 14 2=
P~ — ¢=1/3 # If u2dominates — ¢ .2 > 1/3
P~u2— c2=1

(perhaps Fermi surface effects)

[ see also McLerran-Reddy (2018) ]



