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Equation of State
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Equation of State

Bt R G T BOGRhg  TD SR B T IR T, SN0

Neutron Star Mass M

Inferred from

Larger p, Shapiro time delay

Inferred from
X-ray spectrum

Smaller p_

Neutron Star Radius R
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(OCD Phase Diagram
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July 3, 2024 @ Wroclaw, Poland 4



(OCD Phase Diagram
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Fukushima-Sasaki (2013)

Temperature T
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Crossover to Quark Matter
Rt G RGN G T, SN ARGt G RGN RGN e, e

Fujimoto-Fukushima-Weise (2019)

Neutron superfluid Color superconductor
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Lesson from High-T

P WP g W T, N G0, OGN RGN RN, RS, R0
* * *

Crossover = Duality Point

Rising p from small 7 is understood by a free gas of
(thousands of) mesons (Hadron Resonance Gas).

A D /T4 HRG  Lattice v/ T pQCD
T) T)
~ Aqep ~ Aqep

Pressure is “saturated” by the pQCD degrees of freedom.
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EoS Construction

Nuclear EoS vs. pQCD EoS
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EoS Construction

ot Gt OGN T OGRS SR N SRR RN SR, R

Nuclear EoS vs. pQCD EoS
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104

| How the EoS jumps to
| the pQCD branch ?

1st-order PT cannot be
excluded... but it must
be weak at low density

or strong at irrelevantly high density...
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EoS Construction

SRS SRS PO, PRI PRI PSS SRS BRI B PRI SRS SRS

Nuclear EoS vs. pQCD EoS

=
o

=
o

Pressure P [MeV/fm?3]
=
o

=
o

w
T —

N
., ——TT T

RV A 1 pQCD
F /; """+ xEFT+Astro
L — = APR
102 103 104

Energy density € [MeV/fm?3]

July 3, 2024 @ Wroclaw, Poland

Or... smooth
crossover?

pQCD branch
is almost
conformal.

cZ ~ 1/3
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EoS Construction

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Fujimoto-Fukushima-Kamata-Murase (2018-2024)
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BB, MR R, B

EoS Construction

R O R g WO MO WO, HP

Fujimoto-Fukushima-Kamata-Murase (2018-2024)
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EoS Construction

G0, WO G0 G PR, N P e, N RN B, e

Fujimoto-Fukushima-Kamata-Murase (2018-2024)
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Crossover vs. 1st-order PT

Rt G RGN G T, SN ARGt G RGN RGN e, e

Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)
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Crossover vS. 1st-order PT

R R TR, TR, B, SR TR i S
Fujimoto- Fukushlma-Kyutoku Hotokezaka (2022 2024)
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Crossover vs. 1st-order PT

R RS PO O PO BORED TERUA FERS B ORI B, OO

Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)
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Crossover vs. 1st-order PT
Rt G RGN G T, SN ARGt G RGN RGN e, e
Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)
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Keep in mind

e BTG RGN Rt N R e BT e IR T SR i Y

Gravitational wave simulation has
uncertainty other than EoS
— resolution dependence
(mesh size ~ 100-300m),
mass ratio g of the binary system,
thermal effect (index), etc.
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Conformality

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Fujimoto-Fukushima-Praszalowicz-McLerran (2022)

1/3 —P/e

Trace anomaly A
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Energy density €/gg

. . . Thermodynamic d.o.f.
Negative trace anomaly implies

*decreasing® d.o.f. at higher density?
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Conformality

ot Gt OGN T OGRS SR N SRR RN SR, R

Fujimoto-Fukushima-Kamata-Murase (2018-2024)
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Conformality

Wit W N g N, ST SN, OO, RSN, SRR, Db, e

Brandes-Fukushima-lida-Yu (2024)
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Conformality

R0 DTG g OGN R R R N WG e Gt RGN R b Y

Brandes-Fukushima-lida-Yu (2024)
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c=1.7816x10"2  pQCD cannot generate...?
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Condensation

ARt e G g Rt et PG g e I N g e
Brandes-Fukushima-lida-Yu (2024)

Suppose the vacuum has a bosonic condensate:
A l
2 2 2 4 6
V(@ |") =m~| ] +Z\¢\ +g|¢\

— //i2 ‘ ¢ ‘2 from the kinetic term

|¢c|2=2—1n[\//12+8;7(,u2—m2) _,1]

July 3, 2024 @ Wroclaw, Poland 24



Condensation

R0 DTG g OGN R R R N WG e Gt RGN R b Y
Brandes-Fukushima-lida-Yu (2024)

Suppose the vacuum has a bosonic condensate:
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Y S — —u In progress...
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Summary

Pt R O RO R R WO WO R R, O WP

P GW simulation can distinguish crossover and
no-crossover (1st-order PT) EoSs.

B Total mass should be within a window.
B Trace anomaly goes negative... interpretation?

B Possibility to extract “condensate” from the trace
anomaly from the observational data.
(PQCD+CSC cannot give negative trace anomaly
unless the CSC gap is unphysically large...?)
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