
Wh D M tt Ph i ?Wh D M tt Ph i ?Why Dense Matter Physics?Why Dense Matter Physics?

Because we simply don’t knowp y
what’s going on out there …

moreovermoreover
It’s exciting and challenging! 

WCU-HIM
Fall 09



BasicBasic IssuesIssuesBasicBasic IssuesIssues
Phase diagram at low T and high density is more orPhase diagram at low T and high density is more or 
less unknown. Intellectual challenge. At present, 
there are no lattice or lab data.there are no lattice or lab data.
Physics of dense matter is essential for physics of
stable compact stars (e.g., neutron stars), collapse to
black holes etc.
Maximization of black holes in the Universe 
and its link to cosmologyand its link to cosmology
….
….
Conceptual overlap with strongly correlated 
condensed matter  



“Canonical” phase diagram“Canonical” phase diagramCanonical  phase diagramCanonical  phase diagram

Don’t believe all!!



Th h di t hi hThe phase diagram at high 
density is a fantasy!density is a fantasy!

We are totally ignorant beyond
nuclear matter density!nuclear matter density!

No reliable theoretical tools are
f h i d iforthcoming, need experiments.



What could happenWhat could happenpppp
B.Y. Park et al  1999

Skyrmions:
FCC

½ skyrmions:
FCC CC

Increasing
density

Instantons:
FCC

½ instantons
(dyons): BCCFCC (dyons): BCC

Sin, Zahed, R. 2009



And not least

there are tantalizing analogies

And not least

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



H d iH d i M tt d C d d M ttM tt d C d d M ttHadronicHadronic Matter and Condensed MatterMatter and Condensed Matter



QuestionsQuestionsQQ

• Where does the hadron mass come from?Where does the hadron mass come from?

• What do hadrons look like inside nuclei?What do hadrons look like inside nuclei?

• Can one “undress” hadrons to the core?Can one undress  hadrons to the core?



H dHadrons mass 

?

Quark condensate

Chiral symmetry



Quark condensate (in T)Quark condensate (in T)Quark condensate (in T)Quark condensate (in T)

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

h lgoes up, i.e., chiral symmetry gets
restored.

D T 2008

What does this do hadrons??

DeTar 2008



HadronHadron massmassHadronHadron massmass

l fTrace anomaly of QCD

Ignore for m → 0
Mass of hadron “h”

1 h| |h 0| |0

Ignore for mq → 0

Mh∼ (1/4)(<h|θμ
μ|h>-<0|θμ

μ|0>)                 

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



Lattice with dynamical quarksLattice with dynamical quarksLattice with dynamical quarksLattice with dynamical quarks

T dil iTwo-dilaton picture
H.K. Lee and MR 2009

“soft” “hard”

∼

At chiral restoration <χ >→0

“dilaton”

D.E. Miller 2006

At chiral restoration <χs>→0
But <χh>≠0, as QCD coupling
“g” remains non-zerog

At chiral restoration,
so the dilaton condensate and

→0
Note

so the dilaton condensate and
chiral condensate are related. 



Mass scalingMass scalingMass scalingMass scaling
In two dilaton pictureIn two-dilaton picture

“Brown-Rho scaling”: Hadron masses scale withg
<χs> or equivalently  with       , so the scaling
signals chiral symmetry/”soft” scale symmetry

irestoration. 

Widely misquoted andWidely misquoted and 
Misunderstood relation !!!

How to “see” the scaling?

This is a very subtle issue!!



Present Status: TemperaturePresent Status: TemperaturePresent Status: TemperaturePresent Status: Temperature

(Define ≡ strictly personal “% trustfulness”)

TheoryTheory:
• There are no lattice data or other model-independent

predictions for light-quark hadrons (i.e., N, N*, ρ, ω, ...)
• Hidden local symmetry theory with the assumption

th t i ti l d i ti kthat quasiparticle description makes sense:

Predicts mV(T)/ mV(0)≈ (T) / (0)Predicts   mV(T)/ mV(0)       (T) /        (0)

~70% very near Tc

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



Experiments: Experiments: DileptonDilepton “fiasco”“fiasco”

CERES N l i• CERES etc.: No conclusion
• NA60: Experiment: > 90%(?)

Conclusion “BR scaling is ruled out”: ~ 0%Conclusion BR scaling is ruled out :      ~ 0%

Dileptons are “blind” to  BR scaling
both in T (and density)both in T (and density)

Brown, Holt, Harada, Rho and Sasaki 2009

~ 50% 50%

What’s seen? Just on-shell vector mesons in nuclei !



DenseDense MatterMatterDenseDense MatterMatter
It’s dreadful!It s dreadful!

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

~ 0%



Things we are sure ofThings we are sure ofThings we are sure ofThings we are sure of
BR scaling reduces tensor forces

G.E. Brown & MR 1990

g

At n ~ 3n attraction disappearsAt n ~ 3n0, attraction disappears



Tensor forces and nuclear BETensor forces and nuclear BETensor forces and nuclear BETensor forces and nuclear BE
Lalazissis et al arXiV:0909.2364

No tensor force

Reduced tensor
force by ~ 1/2

Pion tensor forcePion tensor force



1414C dating & BR scalingC dating & BR scaling
Holt et al 2008

• Carbon 14 has a long life-time τ = 5730 yrs ~ 1/|MGT|2

• M is controlled by the tensor forces given by the π and ρ exchanges• MGT is controlled by the tensor forces given by the π and ρ exchanges
• In medium the properties of the mesons are affected by density, e.g.,
by BR scaling; increased ρ tensor suppresses the GT matrix element.

With Φ(n0)≡mρ(n0)/mρ(0)
≈0.85

Lifetime Energy



Probing nuclear matter in 14CProbing nuclear matter in C
Holt et al 2008

Wave function



C b 14 i h 3C b 14 i h 3 b d (b d ( b d ) fb d ) fCarbon 14 with 3Carbon 14 with 3--body (or manybody (or many--body) forcesbody) forces
Holt, Kaiser, Weise 2009

• No BR scaling but add many-body forces

B C

π π π Ignore
4-body

A B C

BR scaling ↔ Many-body forcesBR scaling ↔ Many body forces

Chi l S !!Chiral Symmetry !!



Oxygen drip lineOxygen drip lineyg pyg p
Oxygen neutron drip line is ALSO explained by the same
3-body (n-body) forces Otsuka, Suzuki, Holt, Schwenk, Akaishi  2009, , , ,

KoRIA?KoRIA?

2-body
+

3 body

π π π
2-body

3-body

A B C

y



N l i tN l i tNuclear isotopesNuclear isotopes



AlsoAlso quasiparticlesquasiparticles in heavy nucleiin heavy nucleiAlso Also quasiparticlesquasiparticles in heavy nucleiin heavy nuclei

Probe the proton on top of Fermi sea

J =g (k/m ) |k|=kJ =gl (k/mN) |k|=kF

gl =orbital gyromagnetic
ratio

≡1+δgl

δgl
exp =0.23±0.03 from Pb208

Landau-Migdal Fermi liquid theory
B. Friman & MR 96δgl

th =(4/9)(1/Φ−1 +pion term)gl ( / )( / p )
≈ 0.22 with Φ(n0)≈0.8 “Backflow” in many-body



Bottom lineBottom line
(to theorists) (to theorists) 

Walecka mean field theory is just Landau-Migdal
F i li id h fi h b T M i i 1981Fermi liquid theory, first shown by T. Matsui in 1981.

BR conjecturej

Hidden local symmetry theory in the presence of baryonsy y y p y
(as skyrmions) in the mean field (which gives BR scaling)
is Kohn-Sham density functional theory which at nuclear

i i i h d i li id fi d isaturation point is at the Landau Fermi liquid fixed point.

Needs to be proven rigorouslyNeeds to be proven rigorously



How It WorksHow It WorksHow It WorksHow It Works
Illustration with a recent analysis: y

Lalazissis et al, arXiV:0909.1432

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



Binding EnergiesBinding Energiesg gg g

Theory (Experiment) 



Absolute deviations of BE from 
experiments



Rotational statesRotational statesRotational statesRotational states



Giant resonancesGiant resonancesGiant resonancesGiant resonances

GMR i t lGMR=giant monopole
GDR=giant dipole

208Pb



Up to nuclear matter densityUp to nuclear matter density
We are certain we know

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

We are certain we know

BR scaling ↔ Many-body forces 
M b d i i

quasiparticle picture etc etc all indicate: 

↔ Many-body interactions 

All subsumed in chiral symmetry up to ~ n0 !!

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



Beyond n0 it’s a wilderness!!y 0



Guessing gameGuessing gameGuessing gameGuessing game

Karsch McLerran

Both could be totally wrong!!



Glaringly missing in most of the popularGlaringly missing in most of the popular
phase diagrams in the market is (to me)
the most plausible scenario (BLR), that is, 

Kaon condensation
in compact stars

Brown-Lee-Rho

in compact stars

“If Nature chooses this scenario it willIf Nature chooses this scenario, it will
render moot all other scenarios.”

G.E. Brown

fOpen problem: Falsify it!



St G iSt G i OOStrange GoingsStrange Goings--On On 

mπ ~ 0,  mK ~ 1/2  GeV

Dropping mass  
“restores” SU(3) 
symmetry and 

d iproduces attraction

Attractive potential PK

mK
*= mK + PK (n)K K K

PK (n=n0) ≈ - 200 MeV

n ~ n0 n ~ 9nT. Yamazaki & coll. Not yet
confirmed



IceIce 9 Phenomenon9 PhenomenonIceIce--9 Phenomenon9 Phenomenon
Kurt Vonnegut’s “Cat’s Cradle”g

Kaon in skyrmion matter
mK

*

standard

Ice-9

μe



mmKK
** dropsdrops in nuclear matterin nuclear matterKK pp

Walecka model 
N K

N = (qqq)Background n

N, K

K = (s anti-q)ω, σ 
Background n

N, K

In nuclear matter, VN (n0) ≈ - SN (n) ≈ 300 MeVN 0 N
so PN (n0)= VN (n0) + SN (n) ≈ 0

In kaonic matter, VK (n0) ≈ SK (n) ≈ -100 MeV
so PK (n0)= VK (n0) + SK (n) ≈ -200 MeV

~ Agrees with Yamazaki



μμeeee
in neutronin neutron--star matterstar matter

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

E =E(0) + c (1 2x)2 +ES =E(0) + c (1-2x)2 + …
x = N/(P+N)

Note: The same symmetry energy ES figures in the 
neutron drip line.

But unknown beyond n0 !!



Kaons condense in compact stars

mK
*

μ
M Chang-Hwan Lee’s thesis

μe

e- → K- + ν
003 >→<<≈ qq

K
c nnn

e → K- + ν

n

K b d f i h EOS dKaons bose-condense, softening the EOS and can
trigger star collapse. This can happen before any other 
phase transitions e g color SC can take placephase transitions, e.g., color SC, can take place



February 3, 2009



ObservationsObservations
• Well-measured neutron stars (binary pulsars) have masses
M 1 4 1 5 MM ≈ 1.4 – 1.5 M⊙ 

• Hulse-Taylor pulsar has the mass M=1.4408±0.0003 M⊙ which
sets a lower bound for black-hole formation. 

• 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⊙?





Maximizing Number of BHsMaximizing Number of BHs
Bethe-Brown conjecture: 

With kaon condensation at ~3n0 , the  minimum 
(maximum) mass of a black hole (neutron star)  is 

Mmin
BH ~ 1.5M⊙ ≡ MBB .

The minimum mass of BH cannot be lower than the Hulse-Taylor
mass MHT = 1.4408±0.0003 M⊙ since the latter is “seen.” 

min ⊙ BB

HT ⊙  

Furthermore it cannot be lower because of the carbon abundances 
required. So Mmin

BH > MHT
With BR scaling, 3-body forces are damped at n > ~n0 , so ineffective
in preventing kaon condensation. This implies that Mmin

BH cannot be
much greater than MBB

Kaons in dense matter

“BH maximiztion hypothesis” 



The Cosmos: Black HolesThe Cosmos: Black HolesThe Cosmos: Black HolesThe Cosmos: Black Holes
• Maximization of black holes≈ maximization of the entropy• Maximization of black holes≈ maximization of the entropy.

A star of solar mass has ~ 1057 nucleons with entropy ~ 1 per
nucleon.

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

Fundamental law of nature is that a system moves toward
equilibrium so as to maximize the entropy. Thus the maximizationequilibrium so as to maximize the entropy. Thus the maximization
of the number of black holes.  



The Cosmos:The Cosmos: MultiverseMultiverseThe Cosmos: The Cosmos: MultiverseMultiverse
Lee Smolin, The  Life of the Cosmos

• “Cosmological natural selection (CNS)”

The Problem of ~ 10100 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 ofg p
every black hole.”

Maximization of black holes ⇔ CNS.Maximization of black holes  CNS.

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

Highly Controversial!!Highly Controversial!!



Beware: A torpedo?Beware: A torpedo?Beware: A torpedo?Beware: A torpedo?
This Bethe-Brown-Lee-Rho-Smolin (BBLRS)This Bethe-Brown-Lee-Rho-Smolin (BBLRS)
scenario will be falsified by the symmetry 
energy suggested by FOPI π−/π+ ratioenergy suggested by FOPI π /π  ratio

BBLR B A Li / + tiBBLR Bao-An Li π−/π+ ratio  

H.K. Lee
& K. Kim 09



“Ice“Ice 9” Phenomenon9” PhenomenonIceIce--9  Phenomenon9  Phenomenon
Kurt Vonnegut’s “Cat’s Craddle”g

Kaon in skyrmion matter
mK

*

standard

Ice-9?

μe

B.Y. Park, J.-I. Kim, MR 2009



Variation Scenario isVariation Scenario is also interestingalso interesting

Assume no kaons condense at densities
n > ~(2-3)n Other things can happen beforen > ~(2-3)n0. Other things can happen before
quarks appear

Quarkyonic matter

Half-skyrmion (pseudogap) matter**y (p g p)

?

Deconfined quantum critical phase

** Alias “dyonic salt”



QuarkyonicQuarkyonic mattermatterQuarkyonicQuarkyonic mattermatter

In large Nc where QCD can be 
handled, there is a baryonic 
phase with confinement butphase 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?kaon condensation – if any – and to neutron stars? 



HalfHalf skyrmionsskyrmions andand pseudogappseudogapHalfHalf--skyrmionsskyrmions and and pseudogappseudogap
B.-Y. Park et al since 1999

Simulate dense matter by putting skyrmions
in FCC crystals and squeeze themin FCC crystals and squeeze them 

I iIncreasing
density

skyrmions
½ skyrmions



SkyrmionSkyrmion phase diagramphase diagramSkyrmionSkyrmion phase diagramphase diagram

fπ
∗

*

skyrmions ½ skyrmions ~y ½ skyrmions ~  
“quarkyonic”



Intriguing analogyIntriguing analogy
to condensed matter systemsto condensed matter systemsto condensed matter systemsto condensed matter systems



NeelNeel--VBS transitionVBS transition

S thil t l 08Senthil et al 08

½ skyrmions
or merons







End




