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Introduction: from NM to SMIntroduction: from NM to SM
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~100 cm ~10-8 cm ~10-13 cm

George Gamow (~1930): liquid drop!
What does a little nucleus behave like?
George Gamow ( 1930): liquid drop!
(to treat the nucleus as a drop of incompressible nuclear fluid)
…then developed by Niels Bohr and John Archibald Wheeler

Can we have a kind of macroscopic 
matter composed by such liquid?



Introduction: from NM to SMIntroduction: from NM to SM
after CC-SN Landau (1932)

~10-13 cm ~100~6 cm?
~1011 cm

a gigantic nucleusa little nucleus a gigantic nucleus a gigantic nucleus
in a star

What’s difference between little and gigantic ones?What s difference between little and gigantic ones?
•Large scale: Electrons are included in gigantic nuclei but not in daily life nuclei
•Gravity: Matters at supra-nuclear density (a few nuclear saturation densities)
Questions relevant to the gigantic nuclei:
•Still only two flavors participated?  strangeness? A gigantic nucleus made of

St M tt•Still only three quarks grouped?  n-quark clusters?
•Still in Gamow’s liquid drop state?  solid?

Strange Matter
of  quark-clusters in solid state



Introduction: from MN to SMIntroduction: from MN to SM
A rubber All of the

ld' l timade of NM/SM world's population
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Why SM: top down and bottom upWhy SM: top down and bottom up
•Approach from hadronic state: bottom-uppp f p
From the asymmetry term to a u-d-s-flavor symmetry

Symmetry Energy Term

Eb(Z, N) =
Symmetry Energy Term

symmetry isospin (up, down) (up, down, strange)

From hadrons (e g ?) to quark clusters (e g H ?)

energy term symmetry symmetry symmetry???

From hadrons (e.g. ?) to quark-clusters (e.g. H, …?) 
H-particles in lattice QCD:
B t l [NPLQCD C ll b ti ] Ph R L tt 106 162001 (2011)Beane et al. [NPLQCD Collaboration], Phys. Rev. Lett. 106, 162001 (2011)
Inoue et al. [HAL QCD Collaboration], Phys. Rev. Lett. 106, 162002 (2011)

H l t t ? (
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H-cluster stars? (Lai, Gao & Xu, arXiv:1107.0834)



Why SM: top down and bottom upWhy SM: top down and bottom up
•Approach from free-quark state: bottom-uppp f f q p

If turning off color interaction: AF  CSg ff
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in case of dressed quarks, mass ~ 300MeV.

Wh t b t ?What about s?



Why SM: top down and bottom up
coupling between Xu 2009, JPG, 36, 064010

Why SM: top down and bottom up
p g

quarks?
DSE approach of… DSE approach of 

NQCD

? Clustering ← BEC ← BCS

A k l t i h ?A quark clustering phase?
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Why SM: top down and bottom up
•A quark-cluster star looks like a big metal ball

Why SM: top down and bottom up

Metal ball V.S. Quark-cluster star

q g
Q

ions/nuclei quark clusters

E-M interaction              strong/color one

q

g
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Hints from different manifestations?
•What is a quark-cluster star? (Xu, ApJ, “Solid quark stars?” 2003)

Hints from different manifestations?
q

(1 10) km~ (1, 10) km
conventional neutron star                        quark-cluster star

(Heiselberg 2000) (Xu 2011)

•Gravity‐bound (weak binding) vs. Self‐bound (strong)
(Heiselberg, 2000) (Xu, 2011)

•Atmosphere vs. {q‐clusters, electron sea}



Hints from different manifestations?

Any essential differences
Hints from different manifestations?

Any essential differences
between NSs and QSs?between NSs and QSs?

Surface:
self- or gravity- confined?

Global:
complete or partial solid?complete or partial solid?
NR  stiff EoS? (ER: soft!) 

E ( 2 2+ 2 4)1/2 2
( )

idea gas:
P = (1/3) 1

P ~ 
( > 1!)

E = (c2p2+m2c4)1/2 ~ p2 



Hints from different manifestations?
Non-thermal emission: bound strongly?

Hints from different manifestations?

•Subpulse drifting: PSG or self-bound surface?
Bi drifting: strong self bound quark surface?

g y

•Bi-drifting: strong self-bound quark surface?
Thermal emission: featureless & clear? Surface

•Nonatomic spectra: quark surface?
Cl fi b ll for SNE & GRB?•Clean fireball for SNE & GRB?

Quark-cluster stars in a solid state?
•Precessions of pulsars?
Quark cluster stars in a solid state?

Global
•Quake-induced free energy for AXP/SGRs?
Test if stiff equation of state?

Global
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es s equ o o s e?



Quark-cluster star passes test of M/R measurements

Lai & Xu (2009, Nq = 18, U0 = 100 MeV)

Q p

PSR J1614

Demorest et al. (2010) ( )

(Sala et al. ApJ, arXiv:1204.3627)(Lai & Xu 2009 MNRAS, 398, L31)
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ConclusionsCo c us o s

Top-down

Bottom-up



Th k !Thank you!
Email: r x xu@pku edu cnEmail: r.x.xu@pku.edu.cn

A short review:
Xu (2011) IJPME 20, 149 (arXiv:1109.0665)
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