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Crossover toward Quark Matter
in Neutron Stars

Bt WP g G BT 0N RGN OGS OGS S WP W
* * * # * * #

Kenj1 Fukushima

The University of Tokyo

— XVth Quark Confinement and the Hadron Spectrum —
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Isospin rich matter may not have a 1st-order transition at all.
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Phase Diagram

AR et gt G g Rt R 0 N i IR T IS SN

Meson-Rich Crossover (at low density)

The picture of 1deal hadron resonance gas works.
Thermodynamics dominated by non-interacting mesons.
Deconfinement = Hagedorn Transition

Near 7. conformality is the most broken.

Baryon-Rich Crossover (at high density)

Baryons interact very strongly (in the large N, limit).
Quark degrees of freedom encoded 1n pion exchanges.
Conformality restored very early via interactions.

Fujimoto-Fukushima-McLerran-Praszalowicz (2022)
— Talk by Yuki Fujimoto on August 4th.

August 2, 2022 (@ University of Stavanger, Norway 3




Equation of State for Neutron Stars

ARt e N g R 00 SR PR OGS G e, Db, SN

Fujimoto-Fukushima (2020)

Data-driven EOS agrees with an empirical EOS (APR)
and seems to continue to the pQCD EOS with crossover.

=
o
w

Pressure P [MeV/fm?3]
=
o

I 7 I
4 =1 HDLpt (this work)
101 4 pQCD 5
: /; L. XEFT+Astro
L —— APR
102 103 104

Energy density € [MeV/fm?3]
See: Fujimoto-Fukushima-Murase (2018-2021) for ML (NN) inference.
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Underlying Physics for Crossover

s, B, R T DD IO WD WO WO TS, W WD

High-T has been understood by HRG + pQCD

AD /T4 HRG  Lattice A D /T4 pQCD

~ Aqcp ~ Aqep
High-Density

A duality region
where the hadrons
and quarks may
coexist (quarkyonic). 1ol L —

Energy density € [MeV/fm3]
August 2, 2022 @ University of Stavanger, Norway 5
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Underlying Physics for Crossover

AR et gt G g Rt R 0 N i IR T IS SN

Baryonic (Nuclear) Matter and Quark Matter
are not distinguishable = Quarkyonic

McLerran-Pisarski (2008)

-
Pressure of Quark Matter

T . Kinetic Energy ~ O(/V¢) )

- ™
Pressure of Baryonic Matter

N N . Interaction Energy ~ O(Nc)J

August 2, 2022 (@ University of Stavanger, Norway 6



Underlying Physics for Crossover

R O PO O PO BRSSP ER  ORFS  FR g, OO

Fukushima-Kojo-Weise (2020)

: =
o
NN, NNN, NNNN, ....
B g all many-body interactions
S S become the same order
' of O(NV¢) around ~ 2ny
Quantum Percolation at pq(E)
Classical Percolation at pc / Quantum percolation

Hard

\- (Mode-by-mode deconf.)  (Core dominance) has a critical density
. Deconfinement as a f“ﬂCtion Of enel‘gy.

Nuclear Matter .

Partial deconfinement!

Baryon Density ~ 8o

August 2, 2022 @ University of Stavanger, Norway 7



Underlying Physics for Crossover

P WP g W NG 0N RGN S G R WP, W
Matching of Global Symmetry Breaking Patterns
Baryons: 8+1 (low-lying) Quarks: 3color x 3flavor =9

Flavor
Triplet

Diquark condensates break chiral symmetry
<ud> <d8> <Su> in the same way as the hadronic phase.

Condensate
@ @ Excitation

Diquarks realize duality between baryons and quarks!

Physical degrees of freedom have 1-1 correspondence.
(Quarks = Baryons / Gluons = Vector Mesons / etc...)

August 2, 2022 (@ University of Stavanger, Norway 8



Underlying Physics for Crossover

ARt e N g R 00 SR PR OGS G e, Db, SN

Fujimoto-Fukushima-Weise (2020)

In the neutron star nuclear matter is neutron rich and
the neutron pairing 1s formed.

Neutron superfluid Color superconductor
@Q @Q P 9 ' Chiral symmetry
@ @ ﬁ"@ ﬁ}@ can be broken by
e “.O0® o this component.
» 71
~ 1o ~ D (70 ~ 10 no B

Neutron pairing: <nn> ~ <Udd Udd> 4
Corresponding diquark pairing: <ud> <ud> <dd>

August 2, 2022 (@ University of Stavanger, Norway 9



Underlying Physics for Crossover

ARVt WPt OGPt BGPTSR SR SRt R N R N N0

Controversy

Rotate the bucket filled

with quarks
dronic Vortex Upper part : Hadronic Vortex
Lower part : Quark Vortex

299

()
B Vortex How can they be connected’

August 2, 2022 @ University of Stavanger, Norway 10



Underlying Physics for Crossover

Wit W g N e, Ny SR SRR SRS SRR P e
Controversy

Alford-Baym-Fukushima-Hatsuda-Tachibana (2018)
o>

q

q q

q 49

We proposed a scenario
qq of the vortex continuity,

qq but...
qq

August 2, 2022 @ University of Stavanger, Norway 11



Underlying Physics for Crossover

E NS PR T R R S R T

Controversy “Test” Vortex

Contour C

Cherman-Sen-Yaffe (2018) I

Hadronic phase has no color flux and no phase...
Distinguishable?

August 2, 2022 @ University of Stavanger, Norway 12



Underlying Physics for Crossover

ARt e N g R 00 SR PR OGS G e, Db, SN

Gap matrix in color-flavor space
o™ 0 0
O = 0 dI¢ (
0 0 &

August 2, 2022 @ University of Stavanger, Norway 13



Underlying Physics for Crossover

ARt e N g R 00 SR PR OGS G e, Db, SN

Abelian CFL vortex

(I)A — ACFL 67;VA90 C f(?“) 0

Non-Abelian CFL vortex
e1? f(r) 0 0
oM = Acpr 0 g(r) 0
0 0 g(r)

August 2, 2022 (@ University of Stavanger, Norway 14



Underlying Physics for Crossover

P Mg Mg R R R TR WO WO O P

Why Non-Abelian ?

o [e3nEf(r) 0 0
dM = Acpres”t? 0 e 3"1%g(r) 0
Abelian Phase 0 0 e”3"%g(r)
(Supertluid Vortex) Non-Abelian Phase (73 and T%)
(Gauged Vortex)
, -2 00
AP = [1—h(m)]| 0 L0
gcT 0 0 1
3

Non-Abelian vortex carries Non-Abelian Magnetic Flux

August 2, 2022 @ University of Stavanger, Norway 15



Underlying Physics for Crossover

SRt B g Rt Rt WGP SN SRt N Rt S gt WP,

If C1s large enough, f —1, g —1, h —0

e~ 5V 0 0
(Ws(C)) ~tr[ 0  eF™m 0
0 0 esn
N €2§i7/1

Center element of the non-Abelian magnetic flux appears
(making the vortices “anyons”)

Cherman-Sen-Yaffe (2018)
See also Hirono-Tanizaki (2019)

August 2, 2022 @ University of Stavanger, Norway 16



Underlying Physics for Crossover

ARt e N g R 00 SR PR OGS G e, Db, SN

Recent controversy o
There must be a q q
discontinuous q-q q-q
interface!?

— 1st-order phase transition

qq
We can cook up hadronic qq
vortices to realize continuity. qq
Implying that more structures
of hadronic vortices should be considered.

August 2, 2022 @ University of Stavanger, Norway 17



Constrainming EOS
PR RS PRI PRI FHRA s FHRED ORI BB s FHRA s R AR D

Crossover or not?

~ Agcp

Temperature

Nuclear Matter

Duark Matter

N Baryon Chemical Potential

August 2, 2022 @ University of Stavanger, Norway 18



Constraining EOS

ARt e N g R 00 SR PR OGS G e, Db, SN

Low and High Density Regions

10 1

1
(oY)

E
> 10
O
.
o
2 10
O
al

10

0
] Kurkela et al. (2010)
L.
Quark Matter
| Drischler et al. (2020) (pQCD)
2 |
Nuclear Matter (xYEFT)
0™ 10"

Energy Density [GeV/fm?]

August 2, 2022 @ University of Stavanger, Norway

Apg=2~4

Upper edge is
favored by resummed
pQCD:; see,
Fujimoto-Fukushima
(2020)
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Constraining EOS

ARt e N g R 00 SR PR OGS G e, Db, SN

Low and High Density Regions

10" :

] Kurkela et al. (2010)
Y Very Soft!
=
> 10 1
G Quark Matter
° Drischler et al. (2020) (pQCD)
2 107
2 1 Ve Sott!

- ' Nuclear Matter (xYEFT)
1074 —
10 10

Energy Density [GeV/fm?]

August 2, 2022 @ University of Stavanger, Norway

Apg=2~4

Upper edge is

favored by resummed
pQCD:; see,
Fujimoto-Fukushima
(2020)

Uncertainty extends to
the softer direction,
which is nearly excluded
by massive neutron stars.

20



AR T SRS N NP

Pressure [GeV/fm?]

Constraining EOS

10°
| Crossoved 27
Quark Matter
pitt A7~ pt (PQCD)
10_2 ] oA
,..,,.;;::1'-'-'-""'"‘Nuclear Matter (YEFT)
10
10
P
0 [Strong First-order}i 7~
/ " Quark Matter
£ ~p"  (pQCD)
107
‘:,,;;::i'?'”"'Nuclear Matter (xEFT)
107 4= -
10" 10

Energy Density [GeV/fm?]

AP g WO N O N 0

Interpolated by a polytrope EOS
I
p(p) ~ K p

To support the massive neutron stars
the intermediate EOS must be stiff,
and where 1t becomes stiff 1s

parametrized by p -

For the first-order scenario one more
parameter, p,, 1S necessary.

August 2, 2022 @ University of Stavanger, Norway 21



Constraining EOS

ARt e N g R 00 SR PR OGS G e, Db, SN

Parameter regions excluded by physical conditions

R M Cs = €] Bounded by causality.
Stift
Soft
Bounded by massive
1.4 16 18 20 neutron stars.

Stiffening Density it [00]

For a conservative choice we use I' = 3.5 in our simulation.

August 2, 2022 @ University of Stavanger, Norway 22



Constraining EOS

ARt e N g R 00 SR PR OGS G e, Db, SN

Parameter regions excluded by physical conditions

4.0
Bounded by causality.
Stiff
—
<
<
=
Soft
5 s Bounded by massive
0.2 0.4 0.6 0.8 neutron stars.

Transition Point pyg [GeV/fm?]

Assuming a transition at far high density, p, IS irrelevant.

August 2, 2022 @ University of Stavanger, Norway 23



Constrainming EOS

o o % ° % ° w w
B R S R SR S SR R R R R R

Pressure [GeV/fm?]

[U—
S

—_
S
&

—_
(e

10

10

10

S
.

Quark Matter
pasitt A7~ " (PQCD)

“ﬁ;‘;;::if-"""Nuclear Matter (YEFT)

=]

| [Strong FiI‘St-OI‘dC/I_‘J:fZ:‘(;’#

A7 _Quark Matter
£ ~p"  (pQCD)

‘,_,,,,.::;;12'-'-'-""'Nuclear Matter (xEFT)

10

10°
Energy Density [GeV/fm?]

< ——
We call this “With Crossover”.

Discard the phase transition
(too high density to probe)

(=
We call this “Without Crossover”.

August 2, 2022 (@ University of Stavanger, Norway 24



Constraining EOS

ARt e N g R 00 SR PR OGS G e, Db, SN

10
£ 1l [Crossowen L&
8 Quark Matter
P pusit e~ ot (PQCD)
2 1072 Vi
" Nuclear Matter (xEFT)
107 =
10"
—
107 Strong First-ordcx|:fff::ff-j;‘,'”"'
/ " Quark Matter
£ ~p"  (pQCD)
107
d,:‘.;;::i'?'”"'Nuclear Matter (xEFT)
107 .
10" 10°

Energy Density [GeV/fm?]

(Remark)

Weak 1st-order at intermediate
density 1s still possible, but 1n this
construction to match pQCD,

it 1s inevitably very weak 1st, and
there 1s no qualitative difference
from the crossover.

August 2, 2022 @ University of Stavanger, Norway 25



Gravitational Waves with Crossover

P WP g W NG 0N RGN S G R WP, W
Fujimoto-Fukushima-Hotokezaka-Kyutoku (2022)

Without Crossover With Crossover
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2 2000 159
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Fujimoto-Fukushima-Hotokezaka-Kyutoku (appearing)
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A side remark: Thermal Index

ARt e N g R 00 SR PR OGS G e, Db, SN

Pinermal & P€thermal(LI'th — 1)

Fujimoto-Fukushima-Hidaka-Hiraguchi-lida (2021)

- 1.8t
17k —
165 - =
L:E E I>_< 1.6'
- 15F 7 ()]
g0 2
=} - ] —
= = 14f
E |3 — 1.8/20(EM) E =
2 L ——-2.0/2.0 (EM) (- )
= N v TR e
120 2.8/2.0 (EM) LT < 12l -=—- T=30 MeV ST
: 2N N3LO (EM) N o L 1240 Mev
11E ---- 2N N3LO (EM) + 3N N2LO N B VN el
[ ... N2LOsat ‘\\ ] —— T=50 MeV \ ‘-7
Coovovo v b by b b by e 1 1 1 1 1 1 1 \ 1
10 0.05 0.1 0.15 0.% 0.25 0.3 1.0 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Density, n [fm 7] Baryon number density ng/ng

Carbone-Schwenk (2019)

Thermal index is not larger than 1.8 and could be ~1.5 at high density.
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Important Consistency Check

ARt e N g R 00 SR PR OGS G e, Db, SN

Fujimoto-Fukushima-Hotokezaka-Kyutoku (2022)

0.2

0.15

MT>7‘AH [MG)]
]

0.05 F

I I
1.375 M, -1.375 M,

1.55M, -1.2M,, = = =

10 15

t'tcollapse (ms)

Equal mass case is disfavored, but unequal mass is possible.
If the mass ratio is determined independently (in the inspiral
stage), the ejecta mass imposes a useful constraint on EOS.

August 2, 2022 @ University of Stavanger, Norway 28

From the kilonova data

the ejecta mass 1s known
to be 0.05M

The remaining mass
outside the apparent
horizon after the BH
formation should be
larger than this mass.



Summary

ARt e N g R 00 SR PR OGS G e, Db, SN

P Gravitational waves from the post-merger stage

should be sensitive to EOS at high density.
0 Needs further upgrade but should be coming 1f the
(reliable) theoretical prediction is made.

B Crossover (or weak 1st-order PT at low density)
vs. strong 1st-order PT at high density

0 Life-time till the BH collapse signifies the sudden
softening of EOS associated with quark matter.

P Kilonova and ejecta mass give another constraint.

0 Some discussions on the maximum NS mass could be
changed with realistic EOS.

August 2, 2022 @ University of Stavanger, Norway

29



