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I. Introduction

Net Baryon Density

Nuclei

Density frontier
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발표자
프레젠테이션 노트
High baryon number density beyond n_0, Unexplored  area either theoretically or experimentally. 
High energy density, or high temperature, field theoretical method,
Lattice calculation, RHIC, LHC,  : early Universe


High baryon number density

 RIB Machines(FAIR, FRIB, NICA, RAON, ..):
h>n_0O
 Neutron star

1 solar mass inside 10km :
n~107159/cm”3 > n_O

Gravitational wave from cosmic collider

. binary(neutron star-neutron star/
neutron star-black hole) coalescence



Inspiral Late Inspiral Merger Postmerger

- Ce O o
. °® @ ©

Inspiral Late Inspiral Merger/Disruption = Postmerger

C. Ott(2013)



[. Advanced LIGO/Virgo: 2015 -

Advanced LIGO Input and
Output Beam Faths

Input Path ——»

iﬁé )
ﬂ
B ]

Grey = Steering Mirrors,

Mode Matching Telescopes
Violet = Mode Cleaner Optics
Green = Power Regycling O ptics
Yellow = Input Faraday Isolator

< Output Path

Green = Signal Recycling Optics
Yellow = Output Faraday Isolator
Grey = Tip-titt Mirrors, Output
Mode Cleaner Optics
.

The Advanced LIGO beam layout. Note the folded input

~ The Virgo Interferometer; central area-view

and output paths.
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detectors during the 2009-2010 science runs.

LIGO, 1205.2216 Eric Chassande-Mottin, 1210.7173

Improvement of Sensitivity : 10-times



« Higher rate of GW detection
NS-NS coalescence : 0.02/yr = 40/yr

Table 5. Detection rates for compact binary coalescence sources.

IFO Source® Nigw yr—! N yr! Nhigh yr~! A
NS-NS 2% 107 0.02 0.2 0.6
NS-BH 7 x 107 0.004 0.1

Initial BH-BH 2 x 107 0.007 0.5
IMRI into IMBH <0.001° 0.01¢
IMBH-IMBH 10—4d 10-3¢
NS-NS 0.4 40 400 1000
NS-BH 0.2 10 300

Advanced BH-BH 0.4 20 1000
IMRI into IMBH 10 300¢
IMBH-IMBH 0.14 1€

J.Abadie, et al. Class. Quantum Grav. 27,173001(2010)

GW amplitude detection: increase of 10 times sensitivity
- increase of 1073 times volume for observation.






e Current and future GW interferometric detectors

Eric Chassande-Mottin, 1210.7173




.

e EOS In Binary merger
a. Inspiral period: mass
b. coalescing period : EoS (soft or stiff)

Final phase depends EOS of NS

Pomt particle approximation OK Numerical relativity

N 01 — I |' N | ||| || ||| r| WH EOS
j 4_ ; '. a |||I|I|||'I|I| |||||| HHH dependent
[ || u' I| |
—os _ B .h". '!lllwaveform

Shibata, 2011


발표자
프레젠테이션 노트
Thanks to the development of numerical relativity,  the wave forms are supposed to have quite 
different forms depending on the EoS of compact stars.  Black hole has a rather simple EoS 
defined by only its mass. However neutron star is rather complicated, radius and mass are very 
dependent of  EoS in detail. 


C.Horowitz: Third Year of APCTP-WCU Focus program April , 2012
Gravitational Waves from NS mergers and EOS
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발표자
프레젠테이션 노트
Some examples of numerical simulations: show clearly different  wave forms depending  on EoS’s.  
Hence  GW can provide  opportunity to investigate EoS of dense baryonic matter at the 
higher density   which can not be attained in the laboratory experiment


Effect of hyperons

Sekiguchi, Kiuchi, Kyutoku, Schibata PRL 107, 211101(2011)

h, [102] (D = 100Mpc)
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FIG. 4: (a) GWs observed along the axis perpendicular to the orbital plane for the hypothetical distance to the source
D = 100 Mpe. (b) The effective amplitude of GWs defined by 0.4f|h(f)| as a function of frequency for D = 100 Mpec. The
noise amplitudes of a broadband configuration of Advanced Laser Interferometer Gravitational wave Observatories (bLIGO),
and Large-scale Cryogenic Gravitational wave Telescope (LCGT) are shown together.


발표자
프레젠테이션 노트
 Present observations of neutron 
stars  mostly give us the information only on the masses of neutron stars not the radii such that it
Cannot fix the relevant EoS.   However the above examples indicate that  it can probe also the radii
as well as masses.  New degre of freedom, interactions,…     



constraint on EoS from NS observations
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Equation of state, E(N,,N,,V)

* energy of the system for a given number
of nucleon number, N, in a finite volume.

« comopsition of nuclear matter
N, T ="MNy/n
leptons: electrons, muons
strange hadrons: kaon, hyperons
dilatons, ...
quarks,
 chemical potential of neutron and proton
- Symmetry enrgy

fn, — pp = 41 —2x)S(n) > ’TT?»-i(’TT?»-f)



II. Symmetry energy

Nuclei

Mass formula (Weizsacker, 1935; Bethe and Bacher, 1936)
Binding energy of a nucleus (A = Z + N)

T s 1, (N-Z)2 32%
N . L) = O, — - 203 _ 2 ' T E
BL(:I"! . ZJ IE]'1..-r_'|]-~")-1- IE:'Eilllf"-)!- zbﬂ}'ln ‘4_ 5 R‘E‘

np

Nuclear matter T =

En,r)=mn + §E%(£)2/3 +&n)(1 —22)° + V(n)

D n0o
{)

Tl

Symmetry energy.
measure of n-p asymmetry in nuclear matter




1. S(n) beyond n_0: ?
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 Driving force toward symmetric matter

En,z) = En,z=1/2)+ (1 — 2:1?)251/2(?1)
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J.M. Lattimer and M. Prakash, Phys. Rep. (2000),
H.Dong, T.T.S. Kuo, R. Machleitd, PRC 83(2011)




Iso-spin symmetry and symmetry energy

Consider a system of nucleon with N, protons and N,, neutrons
N WY _ _' . AT LY
‘_L:'\'p. J.:I\' T ::;' — ZI ( I |I . J.:'\.p s J.:'\' T -

where |12 =11 +1).
Energy of the state

E(N,z)=< N,z|H|N,z > = EJ|(_-TJ('H.:'f’)|QEI('”)

= (1—22)2S(n) +---

Er 1s an reduced matrix element of the Hamiltonian, H = Hg + H; ¢,
Er =<1I||H||I >

which is independent of I3, and depends on the details of the strong interactions for each

[-channel.

Examples: symmetric nuclear matter (I=0, ...)
pure neutron matter( I Z0, ...)



» simple example: free nucleon gas
E_I(interaction) - 0O, however

Pauli exclusion principle for nucleons

* Non-interacting n-p system
\;ﬂ' P’r . . |,.H \
— {2;’1)3/0 (',taermi) pldp
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- additional degrees of freedom
reduce energy of the baryonic matter

 strange quark matter (SQM)
- more stable at higher density

E(s=0) > E(s=1/3)



« Strong interactions: tensor force, ...

2

NSy
VJ\E(T) = Sy iﬁl MAITL - T2912

1 1 1
‘ 6—?71-;»;?‘
([(merP i (masr)? i Smer] )




n > ng,

Mo



nuclei,
neutron star matter

inflation
by scalar field




B
« Examples of asymmetric configuration

a. Heavier nuclei with N> Z
Coulomb interaction due o proton
- less proton number preferred
(asymmetric config.)
Strong interaction
symmetry energy > symmetric config.

—
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발표자
프레젠테이션 노트
Proton capture electron   neutron(weak interaction), energy minimum moves to x0 .  Appearance of proton moves minimum x< ½ 


b. Neutron star matter
N>>7Z -2 N~/Z
Strong Interaction
Symmetry energy > more protons
Charge neutrality and Weak interaction :
- Weak equilibrium

i\/ X~O-1/2




* Anatomy of symmetry energy

HKL and M. Rho Int. J. Mod. Phys. E 22, 1330005 (2013)

e(n,x) =€en,x =1/2) + €gym(n, x)

/
h- o

e(n,z) = e(n,z = 1/2) + nS(n)(1 — 2z)*



Ann(n) =¢€n.0) —2en/2,x=0)

App(n) = €en.x=1/2) —2e(n/2.x = 0)

€sym (1, 0) = App(n) — Ay (n)

Ann(n) = App(n)]/n

S(n)




Phenomenological forms of symmetry energy

Sp(n) = (223 — 1) B3 K
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Model J L Ksym Ko €0

FSU 32.59 60.5 —51.3 230 —16.30
NL3 37.29 118.2 100.9 271.5 —16.24

1 . 1
Apn =n 5}'1’0(?"1-2 — %) + L(a—u) + 5*&83’111('&'2 o uz)]
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* How can we explore dense hadronic
matter other than doing simple
extrapolations from low density models?

* Lattice QCD ?
« Effective theory at finite density?

skyrmions on the lattice
- symmetry energy (density dependent)




ITI. Dilaton in dense hadronic matter

HKL, SC6T12(2012)

Walking Technicolor at LHC?
SSB of chiral symmetry - dilaton as GB

Explicit(spontaneous) breaking of scale symmetry
> SSB of chiral symmetry

Chiral symmetry: nonlinear realization

™ X

Change of < y > with baryon number density




.

SSB of scale symmetry: Freund -Nambu model

|4 (U (1)) V;z + X/b

1 5 .
‘/a — ifz’lﬁﬁz(‘)“
T &1 1 A
b 4 [gz 2(‘5 2(}4] 341 (g“ )
(_—
X = ((J b —1)/(29) Sx = e(z - D+ 2)y + -
My = 25, mi = T3
matter field dilaton

(approximate) SSB of scale symmetry:

only the mass of Goldstone boson(dilaton) must be small
while all other fields can be arbitrary.

Freund & Nambu, 1968; B. Zumino, 1970


발표자
프레젠테이션 노트
1.The mass of matter field comes from Va  and is independent of tau and is  arbitrary.
 2.The mass of dilaton  depends on tau, going to zero liniearly as tau  0. 
3.     vev    does not depend on tau.  
1.The mass of matter field comes from Va  and is independent of tau and is  arbitrary.
 2.The mass of dilaton  depends on tau, going to zero liniearly as tau  0. 
3.     vev    does not depend on tau.  





Explicit(spontaneous) breaking of scale symmetry
> SSB of chiral symmetry

Let us consider the lagrangian of linear sigma model with ® = o + i7 - (5 with
potential of the following form

V(6) = NGTroal — ) = Ao? + 5,62 — )2 (6)

The scale invariance is broken due to nonvanishing v?. But it is the term which
breaks chiral symmetry spontaneously. When we assign the vacuum expectation
only to o, ¢;,1 = 1,2,3 becomes Glodstone bosons related to the spontaneous
chiral symmetry breaking and we call it pions, 7. For A = 0, there is no explicit
breaking of scale symmetry regardless of the value of v2. We introduce a scalar field,
Y, and reformulate the above potential in the following form,

1
V(0.x) = AGTroal — 22 + V() (7
The first term is analogous to V, in eq.(2), which is scale invariant. The second
term breaks scale symmetry. In general, V) is giving the nonvavinshing vacuum
expectation value for y, which can be of the following forms

-
Vi = g(Xz—'U

X
2 or Vi =r71x*In Y7 (8)



Dilaton for scale symmetry
1. chiral symmetry breaking and partially for
2. QCD trace anomaly

> Effective theory(talks by B.Y. Park and by Y. Oh)
1. pions,
2. dilaton

12

L = %tr 0, U0"UT]
2

4
X

1
L(U,Y) = ot 0, U"UT] 4+ V() + 50,[1;(0#‘;(

3. vector mesons (SU(2) x U(1))
(talks by B.Y. Park and by Y. Oh)



IV. Half skyrmion and new scaling(BLPR)

single hedgehog skyrmion
1960, T. H. R. Skyrme

1 i i 2
3202 TI‘[U J,UU dl,U]

-2
L= J;T Tr(0, U0 U) +

U(x) - mapping from R’-fo} =5° to SU2)=5
— topological soliton

- R~1fm . paryon?
M~ 15 GeV

Effect on symmetry energy

Ye-skyrmion Scaling prediction
Eeum
5
24
N

T 7
nin, Ng Ny

u

HKL, B.Y. Park and M. Rho, PRC83, 025206(2011)

Goldhaber and Manton(1987)
Byung-yoon Park et al. (2003), ...



(a) Suppression of rho-mediated tensor force

2

T N M
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Sum of 7 and p tensor forces in units of MeV for
densities n/ng =1 (dotted), 2 (dashed) and 3 (solid) with the
“old scaling” ® ~ 1 — 0.15n/np and R ~ 1 for all n (upper
panel) and with the “new scaling.,” ¢r ~ 1 — 0.15n/ng with

R =~1forn <nij and ¢y = ¢y and R ~ fﬁ%; for n > nq/9,

assuming no < nqse < 2no (right panel). For simplicity we set
Fy/F, = 1.

HKL & M.Rho, arXiv:1306.4584, EPJA to be published


발표자
프레젠테이션 노트
Mean field calculation is now in progress

http://xxx.lanl.gov/abs/1306.4584

* New scaling (BLPR) for dense matter

HKL, B.Y. Park and M. Rho, PRC83, 025206(2011)

- old scaling (BR) for region I
- RG implemented EFT(Stony Brook)

H.Dong, T.T.Kuo, HKL, R.Machleidt, M.Rho, PRC(2013)
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.

(b) stronger attraction in n-p channel
> stiffer symmetry energy S(n)

S(n) = E(n.n, =0) = E(n.n, =ny)

H.Dong, T.T.Kuo, HKL, R.Machleidt, M.Rho, PRC(2013)
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발표자
프레젠테이션 노트
Mean field calculation is now in progress


(c) EoS with new scaling, BLPR

Dong, Kuo, HKL, Machleidt, Rho, 1207.0429
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Massive neutron stars

PSR J1614-2230(1.97 +* 0.04)M,
PSR J0348+0432(2.01 + 0.04)M,

9 10 11 12
Radius (km)

Mijmie = 201 Mo \
|

P. Demorest et al., 2010

J. Antoniadis et al,, 2013
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J. Piekarewicz arXiv:1305.7101


http://lanl.arxiv.org/find/nucl-th/1/au:+Piekarewicz_J/0/1/0/all/0/1

Summary

* Nuclear symmetry energy : useful indicator
for new physics

« Skyrmion on the lattice(dilaton and vector
mesons) > new scaling and stiffer EoS
(RIB machines) > new physics ??

* New degrees of freedom in highly dense
hadronic matter: strange hadrons,....,
quarks, ..

e Gravitational waves from cosmic collider
:advanced detectors(2015 > )
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Density dependence of Symmetry Energy

E/A (p,8) =FE/A (p,0) + 82S(p):

o= (pn_ pp)/ (pn+ pp) ~ (N'Z)‘fA

Pressure (MeV/fm?)

Danielewicz, Lacgy. Lynch, Science 298,1592 (2002)
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