Why Dense Matter Physics?

Because we simply don't know

what's going on out there ...
moreover

[t's exciting and challenging!

WCU-HIM
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B Phase diagram at low T and high density is more or
less unknown. Intellectual challenge. At present,
there are no lattice or lab data.

B Physics of dense matter is essential for physics of
stable compact stars (e.g., neutron stars), collapse to
black holes etc.

B Maximization of black holes in the Universe
and its link to cosmology

I
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B Conceptual overlap with strongly correlated
condensed matter



“Canonical” phase diagram
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Don’t believe all!l



The phase diagram at high
density Is a fantasy!

We are totally ignorant beyond
nuclear matter density!

No reliable theoretical tools are
forthcoming, need experiments.



What could happen

B.Y. Park et al 1999
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And not least

there are tantalizing analogies
to highly correlated condensed
matter systems. Are they real?



Hadronic Matter and Condensed Matter
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Questions

e Where does the hadron mass come from?
« What do hadrons look like inside nuclei?

e Can one “undress” hadrons to the core?



Hadrons mass

‘?

Quark condensate

L]

Chiral symmetry
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The condensate “melts”
(goes to zero) as temperature

goes up, i.e., chiral symmetry gets
restored.

What does this do hadrons??
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Trace anomaly of QCD

P& ~a auv _
e =5, Cln G + (L +y)mydq

Ignore for my, — 0
Mass of hadron “h”

M~ (1/4)(<h|6,+/h>-<0]6,+/0>)

So the scaling of "h" mass is related to the scaling
of the gluon condensate in the presence of quarks



Lattice with dynamical quarks
h Two-dilaton picture
S _ H.K. Lee and MR 2009
B ! 'soft”  "hard”
“ L (@) =@ +a
e ) d) e
O: =\ 1 At chiral restoration <y.>—0
o ows ea o osomos Byt <y >#0, as QCD coupling
DE. Miller 2006 g’ remains non-zero
Note

At chiral restoration, (yv)
so the dilaton condensate and
chiral condensate are related.



Vidoo oLldlllly

In two-dilaton picture

“Brown-Rho scaling”: Hadron masses scale with
<y.> or equivalently with (ww) , so the scaling
signals chiral symmetry/“soft” scale symmetry
restoration.

Widely misquoted and
Misunderstood relation !!!

How to “see” the scaling?

This is a very subtle issue!!
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(Define = strictly personal “% trustfulness”)

Theory:
e There are no lattice data or other model-independent
predictions for light-quark hadrons (i.e, N, N*, p, o, ...)
e Hidden local symmetry theory with the assumption
that guasiparticle description makes sense.

Predicts my(T)/ my(0)= (yvy)(T) / {(ww) (0)

~70% very near T,

Caveat: hadrons are not guasiparticles at high T (and n)?



Experiments: Dilepton “fiasco”

e CERES etc.: No conclusion
» NA6O: Experiment: > 90%(?)
Conclusion “BR scaling is ruled out’: & ~ 0%

Dileptons are “blind” to BR scaling
both in T (and density)
Brown, Holt, Harada, Rho and Sasaki 2009
&~ 50%

What's seen? Just on-shell vector mesons in nuclei !
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It's dreadful!

Theorists have been busy with models
with limited reliability and no experiments.

O ~ 0%

(non—CFL)
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Things we are sure of

BR scaling reduces tensor forces
G.E. Brown & MR 1990

VI(r) = 'firp m, T\ T ( 5 [ l + : 80- [KERY | | |
= MyT T2 =912 \
P G e 7 @/ |\ Tensorforce
+ 3 l i|€_mpr)‘ 4'0'_— \
m.r
p 20|
VI(r) = 4\””.'?1.177'17'3 S1o — + S 2 0
T (m,r)Y  (m,r) =3
T T - 20
| I
+ 3 ‘}e_fnﬂr). _40 i
M1 _
.60 -
-80 - ' L |
0 1 2 3 4

At n ~ 3n,, attraction disappears
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No tensor force

Reduced tensor
force by ~ 1/2

Pion tensor force

s Pfn b



14C dating & BR scaling

Holt et al 2008

« Carbon 14 has a long life-time t= 5730 yrs ~ 1/|M¢|?

* M is controlled by the tensor forces given by the © and p exchanges

* In medium the properties of the mesons are affected by density, e.g.,
by BR scaling; increased p tensor suppresses the GT matrix element.

With @(ng)=m_(ng)/m (0)
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Carbon 14 with 3-body (or many-body) forces

Holt, Kaiser, Weise 2009

< BR scaling <> Many-body forces

Chiral Symmetry !
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Oxygen drip line

Oxygen neutron drip line is ALSO explained by the same

Otsuka, Suzuki, Holt, Schwenk, Akaishi 2009
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Nuclear isotopes
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0 quasiparticles in heavy nuclei

Probe the proton on top of Fermi sea

J =g,(k/my)  |k|=ke

g, =orbital gyromagnetic
ratio
=1+0gQ,

% 5g, =0.23+0.03 from Pb208

Landau-Migdal Fermi liquid theory

% 069/ =(4/9)(1/d-1 +pion term)
~ 0.22 with ®(ny)=0.8  tBackflow” in many-body

B. Friman & MR 96




Bottom line
(to theorists)

Walecka mean field theory is just Landau-Migdal
Fermi liquid theory, first shown by T. Matsui in 1981.

BR conjecture

Hidden local symmetry theory in the presence of baryons
(as skyrmions) in the mean field (which gives BR scaling)
Is Kohn-Sham density functional theory which at nuclear
saturation point is at the Landau Fermi liquid fixed point.

Needs to be proven rigorously
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[llustration with a recent analysis:
Lalazissis et al, arXiV:0909.1432

9 parameters, 5 from Particle Data Table, 4 fit globally

L =

—I—E(f_)r_:r) — E,rjr.?gr':r2 -7 €, QMY + 5"’”‘3”—’2
]_ — T J. - , J_ 3 J_ 4
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Nuclear matter properties
po = 0.150 (0.148) fm—°
(E/A)oe = 16.31 (16.30) MeV
K = 258.28 (271.76) MeV
J = 38.6 (37.4) MeV
m* /m = 0.594 (0.60)




Binding Energies
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Theory (Experiment)
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Moments of inertia J"* [MeV ]

Transition quadrupole moment Q, [eb]
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Glant resonances

GMR=giant monopole 00
GDR=giant dipole i
400 -
300k
208pp =
o |
Exp. NL3 NL3* 200~
GMR 14.1 +£0.3 14.04 13.90 -
GDR 13.3 £0.1 12.95 12.95 10{3_—
0

E (MeV)
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We are certain we know

Carbon-14 dating, neutron drip lines, Landau
quasiparticle picture etc etc all indicate:

c BR scaling <> Many-body forces

< Many-body interactions
All subsumed in chiral symmetry up to ~ n, !!

So how does one isolate smoking-gun
signal(s) for chiral restoration????



Beyond n, it's a wilderness!!



temperature

Guessing game

. .y
® v ® [ ]
chiral critical ® quark gluon plasma ©
A
e, o o
) e e Triple Point
N ®0 .
X
hadron gas Ny
/2«.:’\ @ Hadronic
nuclear matter
AR
baryon number density —— MN uB_}
Karsch McLerran

Both could be totally wrong!!
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phase diagrams in the market is (to e)

the most plausible scenario (BLQ, that is,

Brown-Lee-Rho

Kaon condensation
IN compact stars

"It Nature chooses this scenario, it will
render moot all other scenarios.”

G.E. Brown

Open problem: Falsity it!



Strange Goings-On

m_~0 m,~1/2 GeV

Dropping mass
“restores” SU(3)
symmetry and
produces attraction

v

Attractive potential Py

m¢= mg + Py (n)

0.0

PK (n = nO) ~ = 200 M eV e . f:.”'_' 0.07 ) |: o [::IllTnl;_:.B.-:l

T. Yamazaki & coll. n ~ n, n~9n Notyet
confirmed
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Kurt Vonnegut's “Cat’s Cradle”
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He



m, drops in nuclear matter

Walecka model

‘ Background n
W, G

N = (qqq)
K = (s anti-q)

In nuclear matter, V (ny) = — Sy (n) = 300 MeV

so Py (ng)=Vy (ng) + Sy (n) =0

In kaonic matter, V¢ (ny) = S¢ (n) = -100 MeV

so Py (ng)= V¢ (ng) + S¢ (n) = -200 MeV

~ Agrees with Yamazaki



e /1

IN neutron-star matter

As density n increases, more electrons populate the
stars, so u, tends to go up. How this happens depends
sensitively on all aspects of nuclear interactions, among
which the symmetry energy £. -- which reflects deviation
from charge symmetry -- plays an important role.

Ec =E(0) + c (1-2x)° + ...
x = N/(P+N)

Note: The same symmetry enerqy Ecfigures in the
neutron drip line.

But unknown beyond n, !!



Kaons condense in compact stars

M myg" Chang-Hwan Lee's thesis
He
\
e —->K +v
K
N, = 3nO < n<c_|q>—>0

n

Kaons bose-condense, softening the EOS and can
trigger star collapse. This can happen before any other
phase transitions, e.g., color SC, can take place
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» Well-measured neutron stars (binary pulsars) have masses
M=14-15M,

« Hulse-Taylor pulsar has the mass M=1.4408+0.0003 M, which
sets a lower bound for black-hole formation.

e Black holes formed at a (much) lower mass would be inconsistent
with carbon abundances in the Universe.

-

Black holes must, if any, be formed at M > 1.45 M,?



week ending

PRL 101, 091101 (2008) PHYSICAL REVIEW LETTERS 29 AUGUST 2008

Kaon Condensation, Black Holes, and Cosmological Natural Selection

G.E. Brown,' Chang-Hwan Lee,” and Mannque Rho’

I. - T T
Department of Phyvsics and Astronomy, SUNY, Stony Brook, New York 1179, USA
3 . . . .
“Department of Phvsics, Pusan National University, Busan 609-7335, Korea

*Institut de Physigue Théorique, CEA Saclay, 91191 Gif-sur-Yvette Cédex, France
(Received 29 February 2008; published 28 August 2008; publisher error corrected 2 September 2008)

It is argued that a well-measured double neutron-star binary in which the two neutron stars are more
than 4% different from each other in mass or a massive neutron star with mass M = 2M, would put in
serious doubt or simply falsify the following chain of predictions: (1) a nearly vanishing vector meson
mass at chiral restoration, (2) kaon condensation at a density n ~ 3ng, (3) the Brown-Bethe maximum
neutron-star mass M., = 1.3M,, and (4) Smolin's “cosmological natural selection™ hypothesis.

DO 101103 PhysBevLer. 101.091101 PACS numbers: 97.60Jd, 97.60.LE, 98 80.Bp, 98.80.0c



Maximizing Number of BHs

Bethe-Brown conjecture:

With kaon condensation at ~3n,, the minimum

(maximum) mass of a black hole (neutron star) is

Min? ~ 1.5Mg = Mg .

@ The minimum mass of BH cannot be lower than the Hulse-Taylor
mass My = 1.4408+0.0003 Mg, since the latter is “seen.”

® Furthermore it cannot be lower because of the carbon abundances
required. So M. B > M,

@ With BR scaling, 3-body forces are damped at n > ~n,, so ineffective
in preventing kaon condensation. This implies that M, B" cannot be
much greater than Mgg

S

“BH maximiztion hypothesis”

min

Kaons in dense matter
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« Maximization of black holes= maximization of the entropy.
g — kg surface area of horizon
M4 (Plancklength)?

| | M \2
= 1.05 X 1[]7?f<3(M—) .

©

A star of solar mass has ~ 10°/ nucleons with entropy ~ 1 per
nucleon.

So when Fe goes into black holes, the entropy is increased
by a factor of 1020 per particle.

Fundamental law of nature is that a system moves toward
equilibrium so as to maximize the entropy. Thus the maximization
of the number of black holes.
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Lee Smolin, 7The Life of the Cosmos
The Problem of ~ 1019 Universes

« "Cosmological natural selection (CNS)”

"A bouncing black hole singularity leads to a new expanding
region of space time, i.e,, a universe, behind the horizon of

every black hole”
Maximization of black holes < CNS.

This scenario offers an alternative to the anthropic principle
with eternal inflation — that the universe is eternally inflating,
endlessly spawning “pocket universes” (a la string theory).

Highly Controversial!!



This Bethe-Brown-Lee-Rho-Smolin (BBLRS)
scenario will be falsified by the symmetry

energy suggested by FOPI n-/n*ratio
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Variation Scenario is also interesting

Assume no kaons condense at densities
n > ~(2-3)n,. Other things can happen before
guarks appear

Quarkyonic matter

$

Half-skyrmion (pseudogap) matter™

|

Deconfined quantum critical phase

** Alias “dyonic salt”



In large N, where QCD can be
handled, there is a baryonic

phase with confinement but

with (possibly) chiral symmetry
restored.

McLerran & Pisarksi 08

What is this phase and what does it do to
kaon condensation — if any — and to neutron stars?
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Simulate dense matter by putting skyrmions
in FCC crystals and squeeze them

~ Increasing |
density

skyrmlons

2 skyrmions
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Intriguing analogy
to condensed matter systems



Neel-VBS transition

Temjperature, T QU antum

Senthil et al 08 Cr|t|ca||ty
Conformal field theory

-~

Y2 skyrmions
or merons

A J



Phase diagram of cuprate High - T, superconductors
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MULTIFAGETED
SKYRMIUON

This is & sequel to the World Scientific volume edited
try Gerald E Brown in 1554 entitled “Selected Papers,
with Commemtary, of Tony Hilion Royle Skyrme” Thene
ha been o series of impresive developments in the
spplication of the skyrmion structure 1o wide-rmanging
physical phenomena. The firt walume wos mainky
fonuned on the rediscovery of the doyrmion in 1523 in
the ottt of OQuartum Chromedymamics (300] and
on its striking mole in nuclear physics. Since 1964,
seyrmiors have been found to play on even greater roke
not only in various aspects of particle physics and
mirophysics but also mest remariably in condensed
matter physics. [t is alo proving te be frathd indense
hadronic matter relevant to compact stars, o system
difficult to scoess by other approaches. The recent
discovery of holegraphic baryons in gravitylgauge
duality which cornespond 1o skymions in the infinite
tower of vector mesons provides & valushle confron-
tation of siring theory with mature, particularly in the
regime of wrong coupling that 0D proper bas difficulty
in accessing. This valume consists of contributions
from the active resranchers whe have made import ant
progres in these three areas of theoretical physies —
'qﬁmd matter physics, nuclear [ Z2oms o0 g
ard par ics, and string theany O
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