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On Dense Matter. By R. H. Fowler, F.R.S.

§ 1. Introductory—The accepted density of matter in stars such as
the companion of Sirius is of the order of 10°%¢gm./c.c. This large density
has already given rise to most interesting theoretical considerations,
largely due to Eddington. We recognise now that matter can exist in
such a dense state if 1t has sufficient energy, so that the electrons are
not bound in their ordinary atomic orbits of atomic dimensions, but
are in the main free—with sufficient energy to escape from any nucleus
they may be near. The densruy of such ‘“ energetic ”’ matter is then
only limited a pwﬁom by the ““sizes ”” of electrons and atomic nuclei.
The *° volumes ” of these are perhaps 10714 of the volume of the corre-
sponding atoms, so that densities up to 104 times that of terrestrial
materials may not be 1mpossible. Since the greatest stellar densities
are of an altogether lower order of magnitude, the limitations 1imposed
by the *“ sizes ”’ of the nuclei and electrons can be ignored in discussions
of stellar densities, and the structural particles of stellar matter can
be treated as massive charged polints.

Eddington has recently * pointed out a difficulty in the theory of
such matter. Assuming 1t to behave more or less like a perfect gas,
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Introduction: what's compressed BM?

‘What Is baryon: the standard model of particle physics

—------------------~

48 'Baryon (a quark) 1/3° \

color number
electricity

1st generation
2nd generation
3rd generation

d(5-15MeV)
c(~1GeV) s(~200MeV)
v t(~1OOGe\/) b(~4GeV) W

--------------------

Strong electro-magn.  \Weak  gravity )
. Higgs Boson [l
Gauge Boson | gluon  photon W,Z  graviton
Spin 1 1 1 2
LS umber 8 1 3 1 Totally: 62

1
1
1
1
1
1
1
\
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Introduction: what's compressed BM?
{uud}

udd)

There iIs plenty of empty vacuum between atoms. ..

*What if the vacuum Is squeezed out? —— density extremely high, «?
*How can one squeeze? —— gravity!
*\Where would such matter exist? —— in the heaven!

Supernovae creates compressed baryonic matter
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Introduction: what's compressed BM?

made of NM/SM world S population

e
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Introduction: what's compressed BM?

-Three reasons to study compressed BM now...

v'to understand the fundamental strong interaction between
quarks at low-energy scale (non-perturbative QCD) through
extreme events of astrophysics (different manifestations of
compact stars, stellar evolution, SN, GRB, ...).

»10 use pulsars as tools for fundamental (naro-Hertz GWs,
ephemeris, ISM) and applicable (time standard, navigation)
reasons.

10 do at least science at FanglLZ’s 2nd level because of
advanced facilities in China (FAST, HXMT, ...).
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Introduction: what's compressed BM?

-Three reasons to study compressed BM now...

»1o understand the fundamental strong interaction between
quarks at low-energy scale (non-perturbative QCD) through
extreme events of astrophysics (different manifestations of
compact stars, stellar evolution, SN, GRB, ...).
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ephemeris, ISM) and applicable (time standard, navigation)
reasons.
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Summary

e Introduction: What’s compressed BM?
v An old answer proposed by Landau

e A new answer: quark-cluster matter?

e Hints from different manifestations

e Conclusions
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An old answer proposed by Landau

{uud}

proton

neutron

{udd}

Liquid ?
Solid ?

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
Weizsaecker formula (1935): E, ~ A— A?3— A13— (A-22)/IA+6

G. F. Bertsch (1974): solid nucleus?
(giant resonance resembles the vibration of an elastic solid?)

1904+1968



An old answer proposed by Landau

Red Supergiand _
r Supernova
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Hewish, Bell et al.
discovered pulsars in
1967.

Gold: PSR = NS

spinning
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In 1931/1932:

matter ~p, o In star for energy
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An old answer proposed by Landau

1T

Liquid? Solid?

Still only three
quarks grouped?

Quark-degree
still negligible?

More flavors?
(strange flavor)

B £,

*Electrons are included in gigantic nuclei but not in normal nuclei due to large scale
* NSs at supra-nuclear density (a few nuclear saturation densities) due to gravity

Questions relevant to the gigantic nuclei:
» Still only two flavors participated? — strangeness? My gigantic nuclei:
« Still only three quarks grouped? — n-quark clusters?

o o ) solid quark (clustering) stars!
« Still in Gamow’s liquid drop state? — solid?
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A new answer: quark-cluster matter?

-E0S of compressed BM: the mainstream ...

T

A

(oGP

Alford (2004)

color

superconducting

gas 1ﬂ11q \ —_= =
I|
L - | |I -
_nuclear J compact star l_]_

Compressed baryonic matter

http://vega.bac.pku.edu.cn/rxxu R. X. Xu



A new answer: quark-cluster matter?

Xu 2009, JPG, 36, 064010

I ( Quark-Gluon Plasma
Coupl I ng between TA g (Quark Matter)
quarks? c
-
... DSE approach of 5
L]
NQCD “
(99)
o H‘ | Hadrons
T _ | gas qqq
N A _:_?TOO H“‘u%[\QCD . Clustering:
A=200 "7 & SPS? solid QM

- )—
TNormal nuclei TQuark stars? MB
? Clustering «<— BEC «— BCS

o =1/137
em

R A quark clustering phase?
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A new answer: quark-cluster matter?

-The state of QcM: solid?

cluster
lattice

- V

2NN
IIIIIH;ZfImI

[enusio

strong Interaction weak Interaction

sClassical solid: barrier penetration negligible
=Quantum solid: penetration significant



A new answer: quark-cluster matter?

-Differences between NS & quark-cluster star?

. Outer crust:

nuclei + ¢

Uniform nuclear matter
n+p+¢€ +u

J 1()14 : OSkm %% I:
210 g 5 - 0.3 ki ;
4x10'gem’ : (1 10) km

3 ~ 10 km

conventional neutron star quark-cluster star
(Heiselberg, 2000) (Xu, 2011)

-Gravity-bound (weak binding) vs. Self-bound (strong)

_____________

-Atmosphere Vs. {g-clusters, electron sea}



A new answer: quark-cluster matter?

-A guark-cluster star looks like a big metal ball
Metal ball V.S. Quark-cluster star

lons/nuclei qguark clusters

E-M Interaction > strong/color one
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A new answer: quark-cluster matter?

Any essential differences
between NSs and QcSs?

——eSurface:
self- or gravity- confined?

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

E = (c?p*+m?ch) 2 ~p2— p ~ 7 idea gas:
(r>1!) P = (1/3) pt




A new answer: quark-cluster matter?

-To distinguish: an easy example ...
Eggs: Raw or Cooked ?

Pulsars B1821-11: precession or even free precession?

(Stairs, Lyne & Shemar, 2000, Nature, 406, 484)
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Hints from different manifestations

Xu et al. (1999) ApJ; Yu & Xu (2011) MN

-Subpulse drifting: quark-c surface?

.

I
r

. :'l--:—-t: _.- Drlftlng SprU|S€S t gnE_:FT&Emc_r;gHGE— " #f . RS7|5
=< I MAGNE TOSPHERE / A 4 E-B=0
S PSR B0943+10 _ & "'
;' of

S eee———u— | Gil & Sendyk(2000)

bear a severe problem,
| binding energy problem:
Longitude (deg) partiC|eS flow ff@Ely.

“PSRs: Gigantic Nuclei” http://vega.bac.pku.edu.cn/rxxu R. X. Xu



Hints from different manifestations

Xu (2002) ApJ; Xu (2006) ASR

Nonatomlc spectra: quark-c surface?

™, g RX J1856] NSs: atomic atmosphere
iﬁ Obs: no such feature
| detected with certainty!
Iron atmosphere model fit I 3 EX'. RX ‘]18561 a DTN
| i | .
WW‘ ] lﬂ f r ‘UIJ Il_,llfu!,.u!'!l.p.' .,"i. i M| -5
E I % -
EF Solar atmosphere model fit E Blackbody fit
E . o d ,  Burwitz et al. (A&A, 2001)
0.2 0.5 E/keV 0.2 0.5 E/keV



Hints from different manifestations

MN; Chen, Yu & Xu (2007) ApJ; Cui, Xu & Wei (2011)

.Clean fireball for SNE & GRB?

Nascent Radiation Gap\, Shocked Collapsing
Strange Star\ (Fire Ball) Matter Matter
w baryon &
0 taminatid‘ﬂ!ﬂ_ ~_Exploding —7 1 4 [Collapsmg J
Radius<10km e T & (Homologousl
+ -/ Radiation | Degenerate™ \ =
ee . <
» .. Pressure | Pressure TS
T>3x10 K e I o
w
Y e €
Strange Matter 1 2 Nuclear Matter / Nuclear Matter
radiatio (r)=—aT4
Region 4 Reglof‘l 3 Region 2 Region 1

SNE: v-driven or y-driven?



Hints from different manifestations
-GRB abrupt falloff and X-ray flare

Zhang (2007) | Xu & Liang (2009)
Dai, Li & Xu (2011)

t)5:104-10° s \ Phase transition
ll Solidification -

1 MeV : .
~-1.2 ; |
! 1 | Fast cooling
t,,110-10% s t 103104 s IV~ 2

~103s ~10%4s !

1. Platform-like behavior: solidification of newborn quark cluster stars
with latent heat released as energy injection to the GRB afterglow.

2. Central engine X-ray flares: magnetic energy ejection before and
guake-induced release after solidification.
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Hints from different manifestations
-Advantages of central engines related to QcSs

(Dai & Lu, Zhang, ...)
1. Avery clean fireball: less baryon contamination

2. GRB-SNE connection

3. Restart of the engines
4. Quake-induced energy release: same for sGRBs & SGR?

R 2
Estored ~ GM - 1053 A_R ergS
R R
— AR

for M ~ M4
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Hints from different manifestations

Xu et al. (2006) MNRAS; Xu (2007) ASR; Xu & Liang (2009) Sci. China G.; Dal, Li & Xu (2011)

-Gravitational & elastic free energy

— s . e RN RN NN NN NN RN NN NN NN N NN RN NN NN NN E N AN NN AN AN AN NN AN AN AN ENNENENEEEEENEEEEEEEEEEEEE
- ~

-~ - H
o w= = s s SRR RN AR SR N R EE NS RN E A AN AN AN NN A EE SN AN NN AN NN NN AN NN NN EASNE AN ENEANEENENEEEAEREEREEREEEEEEEEEsEEsmsmssnmund

= (uake-induced fireballs for AXP/SGR/sGRB?

Quark-star vs. Magnetar ...
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Hints from different manifestations
-Non-detection of AXP in Fermi/LAT

>Magnet03pher|C aa . \‘Tong, Song, Xu 2010 ApJ 725, L196
activity: sx10?f s\

L (P,B)

»A L, calculation |n :
the outer gap model  =|
IS higher than the L\ﬁ_ N
detection limit of tec“f’” -
Fermi/LAT! P s e s

EfMeV]

III'I'I'I

hotons 5=

-Hl.
1600

2x 1070
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Hints from different manifestations

Timing residual (us)

230+

40

A stiffe

30

Lai & Xu (2009) Astropart. Phys., (2009) MN, (2011) RAA; Na & Xu (2011) CPC

I equation

2ok

Delm 0 rles't et al

T
I
1

0o

01 0z 03

04

467, 1081 |

8 0g 1.0

20

Crhital Phase (turns)

06 07

of state ...

Lennard-Jones quark matter and massive quark stars

X.Y.Lai* and R. X. Xu MNRAS 2009, 398, L31

ABSTRACT

Quark clustering could occur in cold quark matter because of the strong coupling between
quarks at realistic baryon densities of compact stars. Although one may still not be able to
calculate this conjectured matter from the first principles, the intercluster interaction might
be analogized to the interaction between inert molecules. Cold quark matter would then
crystallize in a solid state if the intercluster potential is deep enough to trap the clusters in the
wells. We apply the Lennard-Jones potential to describe the intercluster potential and derive
the equations of state, which are stiffer than those derived in conventional models (e.g. MIT
bag model). If quark stars are composed of the Lennard-Jones matter, they could have high
maximum masses (=2 M@J as well as very low masses (< 103 M). These features could
be tested by observations.

—Nq=3r U[]=5':| MEV ‘ ’ ’;
y
AT e a3, U 00N ‘]
.E q ' ¢ ’
“&: |-|-|Nq'13, UG-EU MEV # ’

v N :1E,U =100 MeV
q 0

2



Hints from different manifestations

Lennard-Jones quark matter and massive quark stars Lai & Xu (2009, Nq =18, U, =100 MeV)
prs Probability
X. Y. Lai™ and R. X. Xu /\ 5.8-10 kip
ABSTRACT A= I I I I I I I T I I I I T I T T LI
Quark clustering could occur in cold quark matter because of the sirong coupling between | i
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(Lai & Xu 2009 MNRAS, 398, L31) (Sala et al. ApJ, arXiv:1204.3627)
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Conclusions

o nucleus # electron

9 proton °u—quark
@ d-quark <10 cm—>]
9 neutron (g s-quark

Quter Core Atmosphere

Quter Crust

Inner Core
: Inner Crust

€—~10" cm—>>|

1 . . Bottpms-
Landau's Gigantic Nucleus Normal Neutron Star Quar “cluster Star



