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1. Introduction

e Mass-radius relations and sound velocity



Mass-radius relations and QCD

Mass-radius relations of neutron stars

Described by QCD physics
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Neutron stars is dense QCD objects.



Mass-radius relations and QCD

Mass-radius relations of neutron stars
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QCD phase transition.
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Restriction on energy-pressure relations

Mass-radius relations of neutron stars e.g. M. C. Miller, et al.

rvations:
Observations Astrophys. J. Lett. 918, no.2, L28 (2021)

* 12.35 £+ 0.75 km for 2. 08M

MfM@ -\ * 12.45 £ 0.65 km for 1.4 M,
20 e = = = SRR o
15 fF--=-=-=-=7-=-=---
Constraint on unclear region.
1—>\ » R

Energy-pressure relations of neutron stars
~12km are also restricted.



Restriction and sound velocity

Energy-pressure relations Reflected in sound velocity: c2 = dp/de

M /Mg T. Kojo, AAPPS Bull. 31, no.1, 11 (2021)
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Restriction and sound velocity

G. Baym et al., Rept. Prog. Phys. 81, no.5, 056902 (2018)

Density dependence of sound velocity is essential features. - S o e no.ts, 181101 2022)
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~12km Sound velocity peak provides

appropriate mass-radius relations.



Restriction and sound velocity

G. Baym et al., Rept. Prog. Phys. 81, no.5, 056902 (2018)

Density dependence of sound velocity is essential features. - S o e no.ts, 181101 2022)

) > np (1)
" Sound velocity peak provides

appropriate mass-radius relations.




Sound velocity and lattice simulation

Peak structure in sound velocity is essential features.

There is growing demand x
for first-principle calculations.

QCD lattice simulation

But...

First-principle calculation This is due to
cannot be applied to dense system.  sign problem.

> np (1)




Sound velocity and lattice simulation

Peak structure in sound velocity is essential features.

We can avoid the sign problem
in two-color dense QCD.

Sound velocity has been evaluated
in the QC,D lattice simulation.

Kei lida and Etsuko Itou PTEP, 2022(11):111B01, 2022.

> np (1)



2. Sound velocity in 2-color dense QCD

 Similarity/difference between QC,D and QC;D



Similarity between QC,D and QC,D

2-color QCD (QC,D) system
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Spontaneous chiral symmetry breaking
also occurs in low energy regime of QC,D.

“QCD like theory” may be helpful to deepen understanding of “real QCD physics”.



Chiral symmetry in dense QC,D

2-color QCD (QC,D) system
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Spontaneous chiral symmetry breaking
also occurs in low energy regime of QC,D.



Chiral symmetry in dense QC,D

2-color QCD (QC,D) system

Spontaneous chiral symmetry breaking
also occurs in low energy regime of QC,D.

Density dependence of (gq)
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N. Astrakhantsev, et al,
PRD 102, no.7, 074507 (2020)

Chiral symmetry is partially restored.



Difference between QC,D and QC,;D

3-color QCD 2-color QCD

Baryon is formed from two quarks.
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To satisfy the color singlet,
baryon consists of three-quarks.

“Bosonic baryon”




Phase transition in dense QC,D

3-color QCD

To satisfy the color singlet,

baryon consists of three-quarks.

2-color QCD

Baryon is formed from two quarks.

@00000@

“Bosonic baryon”

Baryon superfluid phase transition

Density dependence of (qq)
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K. lida, E. [tou and T. G. Lee,
JHEP 01, 181 (2020)

QC,D phase transition
occurs in dense system.



2. Sound velocity in 2-color dense QCD

e Lattice observation



Sound velocity in dense QC,D lattice simulation

Lattice QC,D observation  Keilida and Etsuko Itou PTEP, 2022(11):111B01, 2022.
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Sound velocity in dense QC,D lattice simulation

Lattice QC,D observation  Keilida and Etsuko Itou PTEP, 2022(11):111B01, 2022.

v — ] After the phase transition,
] it exceeds the conformal limit c2 = 1/3.

*At sufficiently large u (where scale of theory is dominated by only u: p~u?*),
it converges on ¢Z = 1/3.

Appearance of peak structure in QCD-like theory

May support presence of peak structure in real-life QCD.



QC,D lattice simulation vs ChPT

Lattice QC,D observation Appearance of peak structure in lattice QC,D

reltivistic limit

ChPT result also exceeds the conformal limit cZ = 1/3,
but converges on c? = 1.

No peak structure in ChPT



Purpose of this study

Address the discrepancy between lattice simulation and effective model.
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Purpose of this study

Address the discrepancy between lattice simulation and effective model.

(O I e eI L B B
i — ChPT is adaptable for only the low-energy regime.
o8 / (because it is constructed by only Nambu-Goldstone bosons.)
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What contributions provide peak structure?



ChPT and hadron contributions

QC,D energy scale

High @ : VVector mesons
Overlooked contributions in ChPT
@ : Sigma meson
/ (Chiral partner of )

Low

: NG bosons Chiral perturbation theory (ChPT)



Effective models in QC,D

QC,D energy scale
| Extended linear sigma model
High : Vector mesons D. Suenaga, K. Murakami, E. Itou and K. lida,
[arXiv:2312.17017 [hep-ph]].
@ : Sigma meson Linear sigma model (LSM)
/ (Chiral partner of 7-[) D. Suenaga, K. Murakami, E. Itou and K. lida,

PRD 107, no.5, 054001 (2023)
o \

: NG bosons Chiral perturbation theory (ChPT)



Effective model in our study

QC,D energy scale

| Extended linear sigma model
High : Vector mesons D. Suenaga, K. Murakami, E. Itou and K. lida,

[arXiv:2312.17017 [hep-ph]].

Linear sigma model (LSM)

D. Suenaga, K. Murakami, E. Itou and K. lida,
PRD 107, no.5, 054001 (2023)

|@ : Sigma meson
! (Chiral partner of m)
|

Low '

Chiral perturbation theory (ChPT)

Chiral SU(2) partner In this study, we employ the LSM.



3. Effective model analysis in 2-color QCD

 Two color linear sigma model



Effective model of QC,D at low energy

Linear sigma model
is based on spontaneous chiral symmetry breaking

SU(2) has pseudo-real property.

Including ug

Sign problem is absent with two flavors.



Effective model of QC,D at low energy

Linear sigma model
is based on spontaneous chiral symmetry breaking

I ==

Building block: X = (S' —i P) X' E ; * Hadron fields: P! NG bosons, S* chiral partners
« X':SU(4) generators

 E:symplectic matrix

—

e

SU(2) has pseudo-real property.
« SU(2),X SU(2)pis extended to SU(4).
Including — * Symmetry breaking pattern: SU(4) - Sp(4).

* 5 NG bosons appear.

—

Sign problem is absent with two flavors.



Effective model of QC,D at low energy

Linear sigma model
is based on spontaneous chiral symmetry breaking
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SU(2) has pseudo-real property.

Baryon is boson,

Includi
nciuding tq which is embedded into X.

Sign problem is absent with two flavors.



Effective model of QC,D at low energy

Linear sigma model

is based on spontaneous chiral symmetry breaking

e Baryon chemical potential
* Spontaneous symmetry breaking

* Explicit symmetry breaking

r

Chiral invariant Lagrangian:

Lisy = tr[D,XTD*Y] — Vo — Vsg

e DY =0,% —iugdu(JE +XJ)

« Vo = matr[STE] 4+ A (tr[ETX])? + Aatr[(XT5)?]

Vap = —% tr[BTY + STE]




Effective model of QC,D at low energy

Linear sigma model
is based on spontaneous chiral symmetry breaking

Chiral invariant Lagrangian:

Lisy = tr[D,XTD*Y] — Vo — Vsg

Sigma meson:

oo = (o) ~(qq)

(2) = (09Xy —iAXs5)E  Positive parity baryon:
A =(B)~{qq)

Mean-field approximation:

Mimics QC,D phase transition
from hadron phase to baryon superfluid phase.



From LSM to ChPT

Linear sigma model
is based on spontaneous chiral symmetry breaking

Integrating out

chiral partners S*... o o
Building block: X~ — anXp[l P lX‘]E =U

Chiral symmetry: U —» gUg’



From LSM to ChPT

Linear sigma model
is based on spontaneous chiral symmetry breaking

Integrating out

chiral partners S*... o .
Building block: =~ — fExp|i P"* X'|E = U

Chiral symmetry: U —» gUg’

Mean-field approximation: Chiral perturbation theory (ChPT)

2
(U) = —fExpli A'X5IE Lonrr = %tr D, UDH]
f2 ms
ChPT also provides the phase transition. 1 tr [EU + UTET]




3. Effective model analysis in 2-color QCD

 Our work in M. K., D. Suenaga arXiv:2402.00430 [hep-ph]



Model results within mean field approximation

ChPT Lagrangian LSM Lagrangian
2
LcnpT = J;—”tr (D, U'D*U] Lisv = tr[D,XTDFY] — matr[ET8] — A (tr[STX])?
- m;c
L fEme BU 4+ UTET - Agtr[(%ﬁ'gﬁ + Tl tr[ETS 4+ 2T E]

4 .

) () o (o)

Let’s focus on baryonic matter
(superfluid phase)



Model results within mean field approximation

ChPT Lagrangian LSM Lagrangian
LcnpT = fzgtr (D, U'D*U] Lisv = tr[D,XTDFY] — mgtr[ETZ] — X\ (tr[2T2])?
R o (S + T ol 1
I

) () o (o)

Thermodynamic quantities:
Mean-field approximation: p = —|/mean Mean-field approximation:

(U) = —f,,Expli A'X°]E €= —p+ pgn () = (09X, — iAX:)E

n = 0p/du,



Model results within mean field approximation

ChPT Lagrangian LSM Lagrangian
2
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m, and m, are vacuum masses.



Model results within mean field approximation

ChPT Lagrangian LSM Lagrangian
2
LcnpT = J;—”tr (D, U'D*U] Lisv = tr[D,XTDFY] — 2tr[zﬁ 3] — A\ (tr[2T2])?
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m, and m, are vacuum masses.



Model results within mean field approximation

ChPT Lagrangian
2
LowpT = ];—ﬂ-tr [DNUTD“U}

f2

i [EU+ UTET]
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| sub 2 2 —
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D

LSM Lagrangian
Lisv = tr[D,XTDFY] — 2tr[zﬁ 3] — A\ (tr[2T2])?
— At 2*"2})2 2 tr[ETY + XTE]

/
-7 Chiral partner contribution

su Fe T 0, o | 4,
pLS?\/I —IpCI})PTI_l_If 2m2 5772 (M2 — 1)2]

sub sub LSM result is beyond

lim __PLSM = PChPT .
mo— lowest energy regime.



Sound velocity within mean field approximation

ChPT Lagrangian LSM Lagrangian
Chiral partner contribution
7= g/ L~ = ‘. o 22
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Sound velocity in LSM at high density regions

o M. K., D. Suenaga arXiv:2402.00430 [hep-ph
Sound velocity in LSM g [hep-ph]

(CLSM)2 _ (1-1/p%) + F_('L:’?_ — D/6mg_g|

(1+3/i*) l8(_3:u _1_/__47:.?'

* Highdensity regions: o 1! 6mZ_, -8 1 S In contrast to ChPT,
(U > Uer) (™) 3T 38 2 (1) LSM converges on c2 = 1/3.




Sound velocity in LSM at high density regions

o M. K., D. Suenaga arXiv:2402.00430 [hep-ph
Sound velocity in LSM g [hep-ph]

(CLSM)2 C (1-1/pH) +8(p* —1)/om2_,
0 (1+3/p) +8(32 —1)/omE_

* High density regions: 2 1 ©om2__—8 1 In contrast to ChPT,
ST Sty c ey | 1 ~3 ,
(U > pher) (e™7)" = 35 o O (/i) LSM converges on ¢ = 1/3.
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Peak in LSM and constraint

o M. K., D. Suenaga arXiv:2402.00430 [hep-ph
Sound velocity in LSM g [hep-ph]

(CLSM)2 C (1-1/pH) +8(p* —1)/om2_,
0 (1+3/p) +8(32 —1)/omE_
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More constraint

o M. K., D. Suenaga arXiv:2402.00430 [hep-ph
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Peak structure is induced by chiral partner.



u dependence of trace anomaly

Lattice QC,D observation
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u dependence of trace anomaly

Lattice QC,D observation
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u dependence of trace anomaly

N (eSplly =3 Kei lida and Etsuko Itou PTEP, 2022(11):111B01, 2022.
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4. Summary




Summary

25
M. K., D. Suenaga arXiv:2402.00430 [hep-ph]

What contributions provide peak structure?
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Summary

25
M. K., D. Suenaga arXiv:2402.00430 [hep-ph]

What contributions provide peak structure?

e :
S o ="
i CPT T |_________q___|
1 Sound velocity in LSM i
:3065- (CLSM)2 _ (1—1/p*) +8(5° — 1)/0m3
So4f ° (1+43/p*) +8(3a% —1)/omg_ "
|

Form, > \/§mn,
LSM result is beyond ChPT result. * peak appears in c? for u > m,,.
* trace anomaly becomes negative.



Applicability of LSM result

M. K., D. Suenaga arXiv:2402.00430 [hep-ph]

What contributions provide peak structure?

C O lelativistic limit — 4
ChPT ——

1.25 1.5

QC,D phase structure
remains unclear...

| LSM2_(1_1/M) ____________
Y = i e

Sound velocity in LSM

8(p° —1)/6mg_,

* QC,D matter keeps confined? (son and stephanov, 2001)

- u dep. of Polyakov loop is contrary to T dep..
(e.g. lida, Itou and Lee, 2020)

 Quark degrees of freedom appears?

- Peak structure is induced in quark(yonic) picture.
(e.g. McLerran and Reddy. 2019)



Applicability of LSM result

M. K., D. Suenaga arXiv:2402.00430 [hep-ph]
What contributions provide peak structure?
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c2 approaches conformal limit from below or above?

u dependence of sound velocity T. Kojo, G. Baym and T. Hatsuda, Astrophys. J. 934, no.1, 46 (2022)
is still unclear Y. Fujimoto and K. Fukushima, Phys. Rev. D 105, no.1, 014025 (2022)

J. Braun, A. Gei 8 el and B. Schallmo, arXiv:2206.06328 [nucl-th]
L. McLerran and S. Reddy, PRL 122, no.12, 122701 (2019)



New benchmark

M. K., D. Suenaga arXiv:2402.00430 [hep-ph]
What contributions provide peak structure?
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Further investigation on Motivates...

New benchmark for understanding

* sigma meson mass
dense QCD matter

e peak position
based on lattice simulations/other models.
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