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Emerging picture of neutron star EoS

1 O | | | | | | |
,f‘"‘ S e 68% ClI
B N R 95% Cl
0.0125
0.8F |
AN "'
> I 0.0100 ;U
2 osl S
3 | 2
“— ',' 0. 0075q
@) ,, %
D 041 ';' . .
S | \ - 0.0050F
L |
0.2} |
- 0.0025
Nuclear
I Matter
EFT)
OO | (_X | | | | | | | OOOOO
1.00 125 150 1.75 200 225 250 2.75

Baryon chemical potential ug [GeV]

Yuki Fujimoto (Berkeley)

Bedaque,Steiner (2015);

0.0150 Tews,Carlson,Gandolfi,Reddy (2018);

Drischler,Han,Lattimer,
Prakash,Reddy,Zhao (2020);
Altiparmak,Ecker,Rezzolla (2022);
Gorda,Komoltsev,Kurkela (2022);
Brandes,Weise,Kaiser (2023)

4 140



Emerging picture of neutron star EoS

Bedaque,Steiner (2015);

1 O I | | | | | | O 01 50 Tews,Carlson,Gandolfi,Reddy (2018);

68% ClI Drischler,Han,Lattimer,

0 Prakash,Reddy,Zhao (2020);

Measurements Of heavy ————— 95% CI AItiparmak,Ecker,RgzzoIIa (2022);

Gorda,Komoltsev,Kurkela (2022);

0.8 A neUtrOn StarS ™~ 2M@ 0.0125 Brandes,Wei\/se,LIJ(aiser (2023)

N Absence of 1st-order PT (vZ # 0)
- , 0.0100 B
2 -
S 0.6¢ S
8 " Quar O,
| Matted™ 0.0075.5
O (pPQCD =
D 04r : 5
8— - 0.0050

)

GW170817 . ' Perturbatlve QCD
- small tidal polarizabilityg Ruclear p A ~ cu*/3. n ~ deu’
~ (XEFT) | ‘ C’u £ = C’u " oo0os H

100 125 150 175 200 225 250 2'75 0-0000

Baryon chemical potential ug [GeV]

0.0

Yuki Fujimoto (Berkeley) 5 /40



Naive quark deconfinement at high density

Baym,Chin (1976);
cf. Baym,Hatsuda,Kojo,Powell,Song, Takatsuka (2018)

EoS corresponding to the naive picture of deconfinement:

Pressure P Quark matter
EoS
/4/ (e.g. Bag model)
Nuclear matter
Maxwell
construction
1st-order

phase transition

Baryon chemical
potential .,
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Naive quark deconfinement at high density

Baym,Chin (1976);
cf. Baym,Hatsuda,Kojo,Powell,Song, Takatsuka (2018)

EoS corresponding to the naive picture of deconfinement:

Pressure P Quark matter
EoS
(e.g. Bag model)

Nuclear meq
Maxwell
EoS .
construction
1st-order

ase transition

A
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Central tenet of Quarkyonic matter: duality

Deconfinement at high density may not be that simple...

McLerran & Pisarski (2007): Quarks never deconfine in large-/NV. QCD

9) /l’t Hooft /’tz
H =,uB/NC my~———— — 0 Cf) T

Nc mIz) ~ gzNCT2
~ /l’t Hooft T2

... (de)confinement is never affected by quark medium!
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Central tenet of Quarkyonic matter: duality

Deconfinement at high density may not be that simple...

McLerran & Pisarski (2007): Quarks never deconfine in large-/NV. QCD

9) /l’t Hooft /’tz
H =,uB/NC my~———— — 0 Cf) T

NC mIz) ~ gzNCT2
~ /l’t Hooft T2

... (de)confinement is never affected by quark medium!

Dense large-Nc QCD matter can be described either as
- Confined baryons (because confining interaction is never screened)

- Quarks (at densities where weak-coupling QCD is valid)

— implies duality between quark and confined baryonic matter
Quark yonic
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Duality in Fermi gas: Idyllig model

Kojo (2021); Fujimoto,Kojo,McLerran, PRL 132 (2023)

Implement duality in Fermi gas model
(= simultaneous description in terms of baryons & quarks)

Fermi gas model w/ an explicit duality: 0 < f.. < 1:Pauliexclus
< < 1 : Pauli exclusion
e = [ Eg(f(k) = | Eq(q)fo(@) R
1 Eg(k) = \/k + My, : ideal baryon

Np = Jk fe(k) = Jq fo(q) dispersion relation
¢(q)

c’,yk

Modeling of confinement:
k
fo@) = [, o(q = )fs®)

ldeal dual Quarkyonic model

— Find a solution for f; and f,with minimum ¢ at a given r
Yuki Fujimoto (Berkeley) 10/40
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Overview on the solution of IdylliQO model

Fujimoto,Kojo,McLerran, PRL 132 (2023)

Quark distribution f, in momentum space Baryon distribution f
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Solution of IdylliO model

Kojo, PRD 104 (2021); Fujimoto,Kojo,McLerran, PRL 132 (2023)

At low density...

Fermi-Dirac distribution Quarks do not fill up
for baryons the Fermi sea yet
R ! 1 D s ;LK
0.8} E Ng = 0.1 No
f 0.6 |
Q 0.4} 4
_ , , , , 0.0 pro-t o — | ,
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Baryon momentum k [GeV] Quark momentum q [GeV]
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Solution of IdylliO model

Fujimoto,Kojo,McLerran, PRL 132 (2023)

At sufficiently high density...

Quark obeys the FD distribution
(with a tail from confinement)

Fermi-Dirac distribution
for baryons is modified

fo = 1/N¢

00 02 04 06 08 10 00 02 04 06 08 10
Baryon momentum k [GeV] Quark momentum q [GeV]

... characteristic feature of Quarkyonic matter
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Reinterpretation of Quarkyonic shell structure

Fujimoto,Kojo,McLerran, PRL 132 (2023)

At sufficiently high density...

ermi shell o
barvons

Fermi-Dirac distribution
for baryons is modified

1.0 - Fermi sea of
) Shell . McLerran,Pisarski (2007); quarks
0.8 Baryon McLerran,Reddy (2018):
Jeong,McLerran,Sen (2019);
0.6 many other works
fiB 04l Constrained by _ Fermi shell structure emerges in fp
Pauli principles of quark Note: our picture is
0.2+ — reflects Quarclf nature : purely baryonic description
fe=1NZS | |
0.0 F———--—-- - - ._________::n ________
00 02 04 06 08 1.0 This fy leads to the same EoS
Baryon momentum k [GeV] based on the McLerran-Pisarski

shell picture
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Outline

1. Reinterpretation of Quarkyonic matter based on duality

2. Statistical mechanics of IdylliQ matter at finite temperature

3. Two-flavor color superconductor and its symmetry
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Problem of naive finite-T extension

Bluhm,Fujimoto,McLerran,Nahrgang, in preparation (20247)

| Entropy-density expression for ideal Fermi gas:

S = —J [flnf+ (1 —f)In(l —f)]
k
— forf = fz, s # QO evenat T = 0!

00 02 04 06 08 1.0

Baryon momentum k [GeV] Problem: Entropy has to be zero at T = 0,

but it IS nonzero
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Bluhm,Fujimoto,McLerran,Nahrgang, in preparation (20247)

Resolutlon statistical mechanical approach

0.0 02 04 06 08 1.0
Baryon momentum k [GeV]

Then, entropy density becomes

Consider the following picture:

J(k) = g(k) npp(k) # T [ k 8 [nFD e
Counts avallable/ \ +(1 — npp)In(l — nFD)]

3 .
states in d°k Fermi-Dirac O T
1/N? (k< k) distribution
) y (step function)
1 (k > k)
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Resolution: statistical mechanical approach

Bluhm,Fujimoto,McLerran,Nahrgang, in preparation (20247?)
Je(k) = g(k) npp(k)

...This expression naturally arises T l [ =9
In statistical mechanics treatment T 1 :

t |
Consider baryon gas with l T L= Z L,
- quantum states 1 = 1,2,... | i

| 5 5 t | N = Z n;
- whose energy is E; = 4 / k7 + M}, and l T .
l

- occupation numberis n, = 0 or 1 l t

| v

T l 1 = 3

T l [ =2

] —

— 1 =1
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Resolution: statistical mechanical approach

Je(k) = g(k) ngp(k)
... T'his expression naturally arises
In statistical mechanics treatment

Consider baryon gas with
- quantum states 1 = 1,2,...

- whose energy is £; = 4/ ki2 + M]%, and

- occupation numberis n, = 0 or 1

Suppose some states are forbidden by
the external conditions:

in this case, the condition f, < |
forbids some states to be occupied

— specify such information by factor g.
Yuki Fujimoto (Berkeley)
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Resolution: statistical mechanical approach

Bluhm,Fujimoto,McLerran,Nahrgang, in preparation (20247?)
Je(k) = g(k) npp(k)

... T'his expression naturally arises
In statistical mechanics treatment

—
4——

XX

One can construct GC partition function: b En,
= — eﬁAﬂNZN, [ i
NZ;:) x N = 2 8itt;
where Zy, = Z exp [ ﬁz g.E ] fxl
;)

Then, in thermodynamic limit V' — oo, fa(k) x L =3,83 =
ook = N (letommty] ¥ 1=2&=0
2_71'2g() — 2 8i 7— g(K)npp(k) ?i i=1g =1

k<k<k+ok
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Resolution: statistical mechanical approach

Bluhm,Fujimoto,McLerran,Nahrgang, in preparation (20247?)
Je(k) = g(k) npp(k)

... T'his expression naturally arises
In statistical mechanics treatment

—
4——
oo
X
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\O
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XX

One can construct GC partition function:
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Modification in physical / and

Bluhm,Fujimoto,McLerran,Nahrgang, in preparation

- Interesting upshot: physical temperature 1 and chemical
potential 1 becomes different from these appear in the
partitiog function T and /i |

= Z PN 7 , Where Zy = Z CXp [—,BAZ giEini]

N=0 i}

aE#Aﬁ aS;éﬁ Thi des the effect of
_ —_— : — : IS encodades tne efrecCt o
A= T H OF

confinement

... possible solution to hyperon puzzle?

Fujimoto,Kojo,McLerran (2024)
Yuki Fujimoto (Berkeley) 22/40
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Famous examples of duality in dense OCD

Essence of Quarkyonic duality:
confinement persists in the regime where quarks are natural d.o.f.

Rischke, Son & Stephanov (2001): Two-flavor color superconductor (2SC)

- Color superconductor “breaks” the gauge redundancy: SU(3),. = SU(2).

- Quarks are gapped by A
- No Debye/Meissner screening for SU(2) gauge bosons at energy scale below A
— only pure SU(2) gluodynamics, which is confining!
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Famous examples of duality in dense OCD

Essence of Quarkyonic duality:
confinement persists in the regime where quarks are natural d.o.f.

Rischke, Son & Stephanov (2001): Two-flavor color superconductor (2SC)

- Color superconductor “breaks” the gauge redundancy: SU(3),. = SU(2).
- Quarks are gapped by A

- No Debye/Meissner screening for SU(2) gauge bosons at energy scale below A
— only pure SU(2) gluodynamics, which is confining!

- Additional examples:
* QCD at finite isospin density and zero baryon density [Son&Stephanov (2000)]
* SU(2) QCD at finite baryon density [E.g. lida,ltou,Murakami,Suenaga (2024)]

These examples shows the duality between confined hadrons and quarks

— Quarkyonic matter can persist even at N. = 2, 3
Yuki Fujimoto (Berkeley) 25/40



Two-flavor color-superconducting (25C) phase

. Diguark condensate: <qu q'BB> — 605,6;/ €AB <(DZSC>

- 2SC Ansatz <(D C> = 5a3A23C

(assuming unitary gauge fixing)

- Symmetry breaking pattern

— Goee = SUQ)e X SUQR), X SUQ)p X U(1)g

.. chiral symmetric & baryon number symmetry intact

Yuki Fujimoto (Berkeley) 26/40



Symmetries in QCD phase diagram
I Gocp = SUB)e X SUQ2), x SUQR)g x U(1)g

T

two-flavor color superconductor (2SC)

nuclear
superfluid

HB

G

nucl

= SUQB) X SUQR)y, Grse =SUQR) - X SUR2); X SUR2)p X U(1)g
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Symmetries in QCD phase diagram
I Gocp = SUB3) X SUR), X SUR)g x U(1)p

T

two-flavor color superconductor (2SC)

nuclear
superfluid

HB

Gl =SUQB) - XSUQR)y —p Grge =SUR)-XSUR2); X SUR)RIX U(1)g

chiral restoration

+ U(1)y restoration??
... additional complication in high density

Yuki Fujimoto (Berkeley) 28/40



Order parameters in color superconductor

Rajagopal,Wilczek (2000)
- Order parameters in color superconductor can be expressed
iIn terms of gauge-invariant combination of diquark operators

- Chiral order parameter for SU(2); X SU(2)z:
M = 8,8"(3°G" ) apap) = (7°9,)(G" q,)

- Superfluid order parameter for U(1);:
Y = e PV (q,9,)(q505)(q,4,) * (€ quq5q,)(€* " quq5q,)

_J

Can be matched with Cooper pairs in neutron matter
Yuki Fujimoto (Berkeley) 29/40



Additional pairing in 25C phase

Fujimoto,Fukushima,Weise (2019)

- Neutron superfluid OP: Y, =#"Cy'V/n
" T Pl

- Rearranging quark fields:

Y, — e®re?” y(uTC}/Sdﬁ)(uTC}/Sdﬁ)(dTC}/ Vid,)

oo CO QO

- Taking expectation value (under mean-field approx.):

<Y > ~ (I)ZSC(DgSC<d

Addltlonal pairing breaks U(1);

Yuki Fujimoto (Berkeley) 30/40



Additional pairing in 25C phase

Fujimoto,Fukushima,Weise, arXiv:1908.09360:.

Nuclear matter 2SC quark matter

U(1), broken

In both phases
-

Yuki Fujimoto (Berkeley) 31/40



2SC+<dd> phase

Fujimoto,Fukushima,Weise (2019)

- We have 2SC+<dd>:
(udy + (dTCy'V/d)
... <dd> breaks U(1)g

— matter is superfluid, the same as hadronic phase

(I Cy’ Vjciﬂ) — Color should be symmetric (in 6 channel)

Yuki Fujimoto (Berkeley) 32/40



2SC+<dd> phase

Fujimoto,Fukushima,Weise (2019)

- We have 2SC+<dd>:
(udy + (dTCy'V/d)
... <dd> breaks U(1)g

— matter is superfluid, the same as hadronic phase

(I Cy’ Vjciﬂ) — Color should be symmetric (in 6 channel)

OGE interaction between dd is repulsive

— No Cooper pair formation?

Yuki Fujimoto (Berkeley) 33/40



Kohn-Luttinger superconductivity

- Cooper pair formation: Attractive interaction necessary

- Kohn-Luttinger mechanism: Even when bare s-wave
Interaction is repulsive, Kohn, Luttinger (1965)

induced interaction in higher partial wave [ can be attractive

- KL mechanism based on pe%pbq_tlgﬂgtehﬁ%é%“-Ioop):

- From the reanalysis using RG, it turns out:
Fujimoto (2 O 5)

Yuki Fujimoto (Berkeley) 34/40



- Perturbation theory (1-loop):

4
A ~ epexp <—#l ) Kohn,Luttinger (1965)

- RG:
A ~ Cr CXP (—#l) Fujimoto (2025)

- _ Fay,Layzer (1969);
- Consider example at [ = 1 . .n Chubukov (1988}

perturbation theory: Efremov et al. (2000)
converges poorly, 1-loop deviates from
2 & 3-loop results

Subset of the subleading contributions has divergent integrand

10

22 | |

—— O(A%) Perturbation t
O(A3) Perturbation t

O(A%) Perturbation t

KL effect at L = 1: perturbation theory vs RG

neory

neory -

0.3

0.4

0.5

0.6

0.7

A = 2kgaln

— it has to be resummed. Resummation done by RG

Yuki Fujimoto (Berkeley)
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0.9

1.0
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RG approach to BCS instability

k —k
RG near the Fermi surface: RG equation:
| Yu, ..... ---......... dV l‘ p’ —p’
Fermi surface Fermi surface™ .., 7 ) = — Vlz(t)
. 0.”Ae dl—
’0” p —P
........... . , %, . Vit =0
’ ‘e, "‘. SO'UtIOn Vl(t) — l( )

1 + Vi(t =0)Int
... singular atlns = — 1/V(0)
transformation when V,(0) <0 (BCS mstablllty)

Benfatto,Gallavotti (1990); Polchinski (1992); Shankar (1993)... A ~ A at the Singularity
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RG approach to BCS instability

k —k
RG near the Fermi surface: RG equation:
| Yu, ..... ---......... dV l‘ p’ —p’
Fermi surface Fermi surface™ .., 7 ) = — Vlz(t)
. 0.”Ae dl—
’0” p —P
----------- v, " "0 . V t — O
’ ‘e, "‘. SOlUtIOn Vl(t) — l( )

1 + V(t = 0)In?
... singular atlns = — 1/V(0)

transformation when V,(0) <0 (BCS mstablllty)
Benfatto,Gallavotti (1990); Polchinski (1992): Shankar (1993). .. A ~ A at the singularity
k —k
Modified RG equation: P +q
V(1) C 2 . .
- = e = Vi) Inclusion of this term changes A as:
dt 21+ 1

A ~ egpexp (—#l)
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Phenomenological relevance of this result

- Applies to Cooper pairing in quark matter
Fujimoto, work in progress

- Kohn-Luttinger mechanism may give rise to the
superconductivity in additional dd channel in the 2SC phase

E.g. Baym,Hatsuda,Kojo,Powell,Song, Takatsuka (2017)
- The stiffening in the EoS (strong repulsive interaction) inevitably

gives rise to large pairing gap in higher partial wave
— Bridges the EoS and transport property of neutron stars
Can be tested in multimessenger observation See also: Kumamoto,Reddy (2024)

Yuki Fujimoto (Berkeley) 38/40



Summary
Gocp = SUB3) X SUR), X SUR)g x U(1)p

g

uarkyonic
(due to asymptotic deconfinegent)

nuciear

uperfluid two-flavor color superconductor (2SC)

HB

G

nucl

= SU3) - X SUQ2)y Gooe = SUR) X SU2), X SU2),

superfluid neutrons
Yuki Fujimoto (Berkeley) 2SC + <dd> quark matter 30/40



Summary

- Deconfinement at high baryon density: may not be simple.

Confinement persists up to high baryon density and the duality
between baryons and quarks is implied = Quarkyonic duality

- Quarkyonic matter: As a result of the duality, the low-momentum

part of baryon distribution is shown to be modified in a quite robust
manner. | consider it as the defining property.

- Statistical mechanics approach: one can consider the gas of

baryons and quark constraint as external conditions. Then, the
guarkyonic property is recovered.

- Two-flavor color superconductor: Realizes quarkyonic duality,

Yuki Fujimoto (Berkeley)

chirally symmetric matter
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Bonus materials
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EoS comparison: Quarkyonic model & Bayesian

Looks very similar...

Model EoS of Quarkyonic matter Fujimoto, 2408.12514 (2024)

0 Bayesian
) 1_0 | | | | | | | | 0_0150
— Quarkyonic-Nuclear Matter ey — 68% C]
----- Non-Int. Nuclear Matter ,// ”"’v\\ -=== 95% Cl
0.8F — Quarkyonic-Neutron Matter | - 0.8l I 0.0125
----- Int. Neutron Matter '
N 0
0.6 = 0.0100 ©
el € 06} o
> O
N o o) O.
= - 0.0075F
0.4 © o
________________________________________________________ 3 0.4+ =
(%’_ 0.0050F
0.2"
0.2r i
- 0.0025
Nuclear <
A~ . : : : I Matter I NSy ot
0.0 0.5 1.0 1.5 2.0 2.5 3.0 O O 1 (XEF|T) ] ] l |.’-.~ i I l O OOOO
f 3 1.00 125 150 175 200 225 250 275
npg ( 11 ) Baryon chemical potential ug [GeV]

McLerran,Reddy (2018)
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EoS comparison: Quarkyonic model & Bayesian

Fujimoto, 2408.12514 (2024)

Dense large-Nc QCD matter can be Bayesian
1.0 1 1 1 1 1 1 1 0.0150
described either as TN s
. o ; 0.0125
- Confined baryons (because confining 0.8}
interaction is never screened) = " 0.0100 3
3 A uar S
mD < AQCD — MU < \V N, CAQCD § “‘,‘(laétée 0.0075.5
- Quarks (at densities where weak- g ST IR
coupling QCD is valid _ . T |
pling ) 02 Quarkyonlc regime
/’t =>> AQCD Nuclear

R 1/2
= e < /N, < N Agcr
1.00 125 150 175 200 225 250 2.75

Baryon chemical potential ug [GeV]

(Agep = 0.3 GeV)
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Strangeness in neutron stars

Ko Hyperon puzzle Hyperons soften the X Cannot support
- EoS drastically ... heavy neutron stars
Inclusion of ,  EO drastically o oAV
hyperons 120 | __n‘"_ﬁ:-:f—mo 5 PNM 24 L —— "V
100 - _ N ',""" //A/ _510-1% 2.0 ;L::::::::::::::::::::::::::::::::::: PSRJ0348+0432~
a : ; ,I | ] j | AN + ANN (Il PSR J1614-2230
>80 oy 10 7" AN + ANN (1) - 2 1.6 f
= 02 03 04 05 06 s = :
N p e w 60 p [fm™] —AN = 12 AN + ANN (I)
w0l AT 0.8 |
kFermi e ; | —e
20 1 - 0.4 1 AN
0 ' ' ' L ' = ' ' ' ' oo ——ur . . . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 11 12 13 14 15
p [fm™] R [km]
Y n p e figure from Lonardoni et al. (2014)

Hyperons (Y) lower the energy density
at a given baryon density

Hyperon puzzle
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Quarkyonic solution to the hyperon puzzle

Fujimoto,Kojo,McLerran, 2410.22758 (2024)
Conventional picture: Quarkyonic picture: 4,3l to each other

n=udd, Y =uds

pure neutron matter kF1
occupancy ougupancy occupancy

n

kF ermi

n kFB

pure neutron matter
+ hyperons

kFermi

occupancy
occupancy n Y u d S

ccupancy

n Y Y has to appear so that d-quark states are kep’lt saturateld:
donaty at 2 given baryon denaly n=udd — Y+Y =uuddss - uy = Eylky)—SE,(ky)+7u,

Threshold: iz = M, Threshold (i, = py = pip & ky = 0)
Yuki Fujimoto (Berkeley) is shifted to: yp = ZMY — M = MY +- (MY — Mn) 45/40

n



Quarkyonic solution to the hyperon puzzle

Fujimoto,Kojo,McLerran, 2410.22758 (2024)

Equation-wise, one can understand the threshold shift as follows:

Hyperon chemical potential;

B o€ (k) lE(k )+1
Hy = ony n— Y\RE Y > N\REy 2/’tn

n

Beta equilibrium condition:
s =0 = u; = Bijug + Qi
.. U, = Ug, Py = g (now we limit ourselves to y, = 0)

Hyperon threshold:
when the Fermi momentum of hyperons is kg y = 0

ﬂéhres =My + My — My)

Yuki Fujimoto (Berkeley) 46/40



Quarkyonic solution to the hyperon puzzle

Fujimoto,Kojo,McLerran, 2410.22758 (2024)

0.40 . . . . . . —
i
--=-- Pure neutron matter : - _ ‘\ Due to the saturation
0.35F —— Hyperon matter (n, A°, 29) |
_____ Hyperon onset i of d-quark states,
A I Ky = kou : softening in the
S 0.25 : hyperon EoS is mild
o A= 0.4 GeV :
o 0.20 |
e |
3 0.15} :
7P I
&J |
0. 0.10¢ : . .
| This is purely the effect of FD statistics!
I . .
0.05} i No interaction except for the one
D TR implicitly in the confining relation.
O'OOO 1 2 3 4 3 6 14 8 9 p y g

Baryon number density ng/nsat
Usual solutions of the hyperon puzzle

requires very strong repulsive interaction
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OCD inequality: derivation
Cohen (2003); Fujimoto,Reddy (2023);
see also: Moore,Gorda (2023)

- Dirac operator: D(u) = y*D, +m — puy"°, property: det D(—p) = [det D(u)]*

QCD: Z(u)) = J[dA] det%(%) det@(;%)e—&} _ J[dA] det D(3)| e

u quark d quark ( charge conjugation symmetry up — — pip

* U * U U 2
QCD,: Zy(uy) = J[dA] det D(LL) det D(E2) e~ = J[dA] Re [detgz(ﬁ)] o5

Note: this is isospin symmetric because there is no isospin imbalance

- From the relation Re z° < | z%| = \z|2:

Zp(pp) < J[dA] det@(%) ™50 = Zl(ﬂl — VﬂB)
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Direct use of OCD inequality

Lattice data: Abbott et al.

| Constant sound speed EoS: P(€) « v;

4 2 =~ 01/ ExXcluded by LQCD oz
10 [ ST T
| =
/’/” ////
//’ ,,,,
,,,,,, pe =0.3"
| p— | ,/ 77
M /.
- P
Y— >
> y a
3 3 /',// /’,/
=, 10 : v 7 ot
Q~ ,,// ///’ " . /
/a4 e e v2=01
// // / . / ] Vg =(0.3
2 P — y2 =10
7 LQCD A
g ’ "-"71 LQCD B
10°—= L - - -
1000 1500 2000 2500 3000
Ug [MeV]

Yuki Fujimoto (Berkeley)

(2023); Fujimoto,Reddy (2023)

«——— Lattice data: upper bound
2
Py(pg) < Pyp; = - Hp)

o

Soft EoS (smaller P at a given &)
Is excluded

3500
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Bounds on rn(up)

Komoltsev,Kurkela (2021); Fujimoto,Reddy (2023) Properties nB(/’tB) must satisfy:

50 - 5 T
/ //' ® Saturation point CD Stablllty'
/I S —— Causal line d2P 0 dnB 0
LQCD A >0 = 2
4or ~ Excluded by LQCD 12271 LQCD B dus dug
o 30T @ Causality v < 1:
3 7 , _ Np dug dng _ np
. A Nmax(UB) Vg = <l = > —
201 7 up dng dup  Up
10 & @ QCD inequality on the integral:
,,,, nmin(IJB) Hp
2
'/_ dp' ng(p’) < P](ﬂ] — VC'MB)
04000 1500 2000 2500 3000 Hsai
Hp [MeV]

Lower bound of the integral must be specified

fix it to the empirical saturation property
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Isenthalpic line: 7 = uzn, = e + P = const

Yuki Fujimoto (Berkeley)

Bounds on P(¢)

Komoltsev,Kurkela (2021); Fujimoto,Reddy (2023)

/' ® Saturation point
| 7 —— (Causal line
 Excluded by LQCD 7/ [ LQCD A
| / T___1 LQCDB

////

Nmax(UB)
ng = hilug
nmin(NB) P
max
o— . . . .
1000 1500 2000 2500 3000
Mg [MeV]

by changing value of #, the trajectories of P_. (P_. )
gives the lower (upper) bound for P(e)

max
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Robust bounds on P(¢)

Fujimoto,Reddy (2023)

From the relation € = — P + ugnp:
10"
Excluded by
Causality

Pressure P [MeV/fm?3]

7
7

Lattice QCD Data:

| Heavy-ion -
101;‘ /,/'/ ,’ CoIIiin/ons l/ ’ EXC!Uded by E
e [ [ Lattice QCD
| / //’/ .
./. ' '
Heavy-ion: 10, — 3 7
' 10 10 10

Oliinychenko et al.(2022)

Yuki Fujimoto (Berkeley)

Energy Density € [MeV/fm?]

| Soft EoS at large ¢

Is excluded
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Kohn-Luttinger mechanism

I'

K

K
= + + + +
(a) (b) (c) (d)

Partial wave expansion: K(0) = Z (2l + 1)K,P/(cos ) K@ o o=l L0
z
l

(=1)
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Higher-order diagrams in perturbation theory
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Emerging picture of neutron star EoS

1.0

Speed of sound v
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Bedaque,Steiner (2015);

Baryon chemical potential ug [GeV]

Tews,Reddy,
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