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Stiffening of matter
in quark-hadron continuity

--- peak in sound velocity ---
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A P Icture bel N g d eve | O Ped [Masuda-Hatsuda-Takatsuka '12; TK-Powell-Song-Baym '14]

- few meson exchange : - many-quark exchange : - Baryons overlap

* nucleons only " - structural change,... . * Quark Fermi sea
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ab-initio nuclear cal. i most difficult " strongly correlated Kurkela+,...]
e.g. , variationa .0.f : quasi-particles?? )
g.) ChEFT, I dof:q P les??

(d.o.f 22)
not explored well
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EoS & Neutron Star M-R relation

gravity

/

( source: Egcp)

Einstein eq.: Glﬂ/ —+ Agl“/ = QCD pressure

A P  soft-to-stiff M/ M@ A
soft-to-stiff

|0-14 km
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Dens |t)’ vs M-R curves Ref) Lattimer & Prakash (2001)

MM&T  quarks? J 0740+6620 s on
o \l M =2.08 +007 Mg, NICER
g (= 3-m) Rays = 12.35£0.75 km J0740+6620 data
I +]0030+0451 data
-5 1 R, 40 = 12.45+0.65 km + GWI70817
/’ I + nuclear constraints
| (~2-3n0) [Miller+ "21]
1.0 1l
I
- nuclear Ry08 ~Ri40 (V)

0.5

< 1.5-2n) radical softening unlikely

for 2-5 ng

(Ng

1l — 13 km R
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Soft to stiff is challenging

speed of sound: ¢ > = dP/de < | (causdlity)

P M > 2Mg

2 \ stiff

c’2> |

8( | -2n0) g(~5no)

nuclear quarks?

1/3

~ 2n0 ~ 5n0

the simplest: quark-hadron continuity

— we take it as our baseline
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Goals in this work

Direct descriptions of the "c_-peak”

. ® _ % [cf) McLerran-Reddy (MR), PRL '19,...]
® ® »
[ ° [ P
o ¢ ’
the statements include:
r 2
C pure hadronic

I |) robust in a quark-hadron continuity model

-
”
-

/-/\’K 2) appears before baryon cores overlap
1/3 = —

nuclear /// quark
% " 3) nuclear repulsive forces are NOT major driving forces
B
> [ nuclear int. will be ignored at LO ]

~ 2”0 ~ Sno




7/20
Problem

Switching from baryonic to quark bases

— source of confusions in hybrid modeling

(e.g. normalization of energy )

Strategy

Follow quark states from nuclear to quark matter

(within a single model)



Quarks in a bal‘yon N. (=3): number of colors

2 e 7P
probability density: Qin (p7 PB) Ne A2 ( PECS ) %) ‘\‘_> # PB

localized N\ ~ 200 MeV mean: (Pg) = N, / pQin(p, Pp)
N p
m\ P o
L SR [ ) S ——

I N,
P, /N
1 (,_PB)? N 1 0*E Py 2
<EQ(p)>E :NLEq(p)e A2 (p N¢ ) — <EQ(p)>PB=O+ 6 < 8p26;z >PB_0(NC) + ...
average energy (quark) 1 x N, 1 x N

~N.(Mg+/N) > ~Pg2 /[(NE)

baryon mass baryon kin. energy



9/20
Occupation probability of quark states

occupation probability occupation probability quark mom. pro. density
of quarlk state with p of baryon state with Py in a baryon
fowing) = | B(Puing)Qu(p: Po)
Pz
e.g.) in dilute baryonic matter T T
' f output 3 input input
q (free gas) Qi” (quark model)
) T———————— R ] PRS-
p3
~ nB//\3 P}% ® b
— — N ve
:I\ ‘ e f 32 \mz‘) #PB
~/\ ............ 5 PB ......... ~/\ ............. b
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Quarks in ideal baryon gas s = [ B(Puing)Que. Ps)

for ideal baryon gas:

-------
-----
“““

fa(ping) = ==e P /N4 O(1/N¢)

c
B

- the shape does not change

LO:

- the height grows linearly in ng

energy density

c(ng) = Ne [ E,(0)(°ina) + O(1/N2) ) =iigMs + O(1/N)

P kin. energy

pressure: P = ’I’LQB@(E/TLB)/a’HB ~ 0 + O('/NC)

~ CONSt. very soft
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Saturation of quark states

A ~0.15-0.35 GeV — ng¢~ 0.2-3.5 n,

should happen before baryon cores overlap

cf) Soft Deconfinement [Fukushima-TK-Weise, 20]

M

nuclear
, ; * pQCD
4 ' (® @i~ 3 “PAER L '..‘ A
1 s — ————— ——— @7 ‘P . ) o+———© - P ) 2 (3-loop)
: . (0o : ¢ o = ¢ :
L] 2 ) /1 ® Ve
o, : '.. ./' - ‘.’F}'
: - : s St Ve
- : (] % 5
g ' by >~ 1GeVY
& A[GeV] =0.15 ] nucleon . d.o.f 1? , quasi-particles? :
| - no= 0.16 fm3 2n0 5:n0 5:On0
025 Pesment | < Hints from NSs 5 >
0.30 Ng
‘ 0.35 sessansns
0 1 1




Quark matter formation: f (p;ng)

a model after the saturation: same shape

f3" = 0(psat — p) + 0(p — Dsat) fo(P — Psar; nB)

R assume:
fq (before Sat°) Q-H continuity fq

e — |

continuous

(after sat.)

changes in fq

&€, Ng are continuous before and after the saturation.

any nontrivial consequences ?

p ! e p
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jumps inug P
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(Nc=3, M =03 GeV)

a model of fq looks innocent,

but its consequence is unphysical:

&, Ng are continuous,

jumps in Up & P

(4ug~NA)

opposite to usual 15t order PT. (!)
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Quark matter formation: EoS

9 a E [cf) McLerran-Reddy (MR), PRL '19,...]
P — Np 8
B X 1B energy per particle
A i ng < ngc ngp = ng‘ ng > ng°
q
| (e mm——— np ~ A?()QCD | —— np ~ A?()QCD ()
e/np =~ const. e/np T
B ’ 7
~ A Psat
E~np X NCAQCD g~ N AQCD

P~ njf*/NeAqep P~ Agep/Ne P~ NeAgen (1)
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More realistic PlCture [ Pg & P from a single model; f, continuous ]

forbidden by
confinement .-

forbidden by

saturation smoothing

nuclear int. E

.
n"
a®
\ _______
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.
.t
an®
------
'L
--------




fq(p;nB)

(p;np)

fsat
q
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Smooth version

£ (s Psat) = tanh(psas/pw) X [ 0(psat — p) + 0(p — Psat) g~ (P~ Peat) ]

1.2

m;/no —i0vA3 ]

. RO, . ... ..o 1.2 S —

. pw[GeV] = 0.005

& 2:78 ] 7 | 0.010 swswvmsms ]
. 3 [0 0 —— 1 iz 0.020 s

i | ’ -,’..’ a\‘,\' 1 i - no Smearing T TR
\,

0.8 | i H
A =0.25GeV ] ::
e = NC:3,Mq:O-3GeV

A =0.25GeV -

. .,
. g
i ‘. K
. “,
L v,
e, e O 4
(AL DO TP '

peak in c; |

0.2

"
........

o R . N A=025GeV
0.4 | ..,‘..'. -".. \,"" Py = 0.01 GeV

N * location primarily determined by A (or baryon size)
| * width primarily determined by p,, (or interactions)
e oe s " interactions: NOT driving forces, just temper the peak

p[GeV]
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quark energy; parameterization of MF

Veelfql = —Cg (1 _f_qﬁ) +C§f—qﬁ

for f, (p) << tf; for f,(p) ~ |

Veelfql = —Cf 1 p Veelfq] = Ci

dilute in momentum space for saturated levels
@ color-sym.
. channels also enter
P o -

— the quark feels

color-antisym. channels dominate . .
repulsive correlations also

— the quark feels attractive correlations
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EoS with interactions ,

repulsive  attractive

stiffening
R ——— 300 . ————r : . , . ; 1.2 ———————————————
C3[GeV]=0.05 —— C$[GeV] = 0.05 CS[GeV] =0.05 —— My =A=03GeV
0.10 ersesnrens 0:10 sessssmisises 0:10 s pw = 0.02GeV
2 =0 L 1 F
f OL1IG oo S |y 1 p— C4 =0.15GeV
0.20 0.20

4 200 f QHOD: s 0.8 F
[~ o el <
&  F e e (] | s
v~ e L B> 0, f E "..
S e > e £ 150 o 1 as 06

i & g S
R 2 My=A=03GeV 7’ |arger C £
i N 100 Fp, =0.02GeV i 0.4
: Mp=A.=08GeN CA=015GeV
1o g pw = 0.02GeV : 50 | 7 0.2 |k
C = 0.15GeV
0 b S P S S PSSP Y SFSPEr R 0 55 i : 3 0 - . ' - ;
%0.95 1 105 11 115 12 125 13 135 0 200 400 600 800 1000 0 1 9 3 4 5
1B [GeV] £ [MeVfm™?] np/no

adjust C* (fit Mg = 939 MeV) high density stiffening peak in c
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Summary

1 £ ng < ng 1, ng = ng’ (2 ng > ng

e/np =~ const.

S

~A Psat stiffening

S pure hadronic
————— * robust in a quark-hadron continuity model

m - appears before baryon cores overlap
173 nuclear /// qu21-|:I-<
’ Ng * nuclear forces are NOT driving forces for the peak
>

~ 2”0 ~ 5n0




Back up
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Stiff quark matter EoS ! : intuitive questions

quarks in a baryon are energetic : can be both soft and stiff
e.g) nuclear , .

P 1 quarks 2= 113 <" B
baryonic quarks (¢” = 113) |
matter

but they do not directly
contribute to the pressure
e>>P
QIl) deconfinement — stiff EoS? - Q2) normalization ?

Switching bases from baryons to quarks — blurs the picture
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Comparisons with other scenarios

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

— >
~12-13 km ~12-13 km ~12-13 km
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Interactions for stiff EOS ¢ a guide [rcroweisongBaym 14

kin. energy interactions Oc
4/3 o " on 4 13 1
G
5(n) = an bn ) [ — 3an + abn®
conformal interactions ideal attraction

P = pm—E combination
g 4
I P:§+2(a—§>na @

both the SIgh & density dep. are important

Fora > 4/3: b > 0 (repulsion) — stiff EoS  (eg bulkrepulsion, ~ + ng//\%)

Fora < 4/3: b <0 (attraction) — stiff EOS  (e.g. surface pairings, ~ — N?ng?/3)
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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 ] N 0,
A;j;iB/z::uRTUGTUBT], ) e ], ; ............ 1 ...... .....
Ay _isp=ldrtdotdpt], [drldaldsl], 6 1 "
Qs_zzismz srTsaT s, [srlsalspll, B |
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Inversion problem: from f, to B

fq(P; nB) = B(PB§nB)Qin(paPB)
Pgp
input 1 Q. input
(sat. model, guess) (quark model)

for a given PB

Pen p

How does baryon occ. probability look after the saturation ?
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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 4 A3 A
y ption in p-sp 18 y A g
................. e 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]
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A trial: shell form

B (Pp; Py,) = hf(Py, — Pp)0(Pp — Py — A)

P, P, IN. " S
. matching of tails
N3 Py 2 52 , o3 -
f;h(p) — hA < " e_p _Psh <62ppsh . e—2pPSh)
VTP

‘ f;h(p) - hANéZ e—(ﬁ_&)z sat. model

Psh -~ Nc/\

PSCIt



Constraints from fq (for Py, ~ N A)

fih(p) ~ BANZ o= (P~ L)’

q

constraint : f;fh <| m» ha < /\/NC2

A2 A
a possible scaling form: [hA](Pyy) ~ co A( C1 Co )

B i N & i N-

[ B 4~ AIN2 MR-model (thin shell model)
|
i A
Py h=1 & A=pdngs @0

27/33
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MR-model: EoS

P, ~N.A baryon relativistic
(shell) A
but nB X gy (Psgh — (Pan — A)3) ~ hAP3 ngulk) ~ A3
P P \°
3 2 sh sh
~ coA” + A" ‘I‘CQA( N ) ng ~ A3 (1) << (N.A)3

(kin.) energy density:

E—Mghg =~ hAX[E(PSh)_mB]X4"PSh2

consistent with quark's

~AINZ x (N A)2mg x (N A2 ~ N_A*

relativistic pressure ~ N_A* within ng ~ A% — stiff EoS
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Inversion problem: from f, to B

vector vector matrix

Ao = /P B(Pg;n5)Qun(p, Ps)

—> —>

formally: fs =0nub for a given ng

[ constraint: 0<B< ]
a practical problem : e.g., an optimization for {a} parameterized form B[a] :

o o <3 =} some penal
H(&) — (fq - QinBa)T(fq T QinBa) I Icost(Ba) when siolatzg

the constraint.

what is the reasonable parameterization for B ?
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X N

5”3 (= 5an - 6an = 6an )

b2 5p (N.p)2x N.&p x|/ N_3
[ . B naive occ. probability
A~N_A . 2 phase space density is
2784, mmp ha~ AIN S iute for
h~ /N2 . .
~ Py composite particles

( need for consistency )
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