Celebration in Honour of Magda and Torleif Ericson’s 80th Birthdays CERN, Geneva, | 7 September 2010

PIONS and NUCLEI

- In Honour of the PIONeers -

Wolfram Weise m
Technische Universitat Minchen



Foundations of
Pion-Nuclear PhYSiCS Optical Properties of Low-Energy Pions in Nuclei

@ Pion-nucleus
optical potential

@ Pionic atoms

@ Pion propagation
in a
nuclear medium

@ Ericson-Ericson- jrepmioye

Lorentz-Lorenz
effect

@ Pion absorption
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Pion-Nuclear 2
Many-Body Problems

@ Nuclear PCAC B ke gty

@ Spin-isospin
(axial)
polarizabilty

@ Delta-isobar
in nuclei

@ Renormalization
of the
axial vector
coupling in nuclei
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NUCLEAR MATTER and QCD PHASES

° T A
nuclei | Gev]
0.2 F
T~ = - quark — gluon phase
% b ~ critical point ?
©
g hadron phase —
QEL e CSC phases
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5ca|es in éaryon chemical pot(fntial
. | | >
nuclear matter: 0 015 donsity [fm9]
@ momentum scale:
Fermi momentum kp ~1.4 fm ! ~ 2m,
@ NN distance: dhnny ~1.8fm~1.3 m;1
@ energy per nucleon: E/A ~ —-16 MeV
@ compression modulus: K = (260 +£ 30) MeV~ 2m,
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PIONS and NUCLEI
in the context of LOW-ENERGY QCD

e CONFINEMENT of quarks and gluons in hadrons

O Spontaneously broken CHIRAL SYMMETRY

© LOW-ENERGY QCD:
Effective Field Theory of weakly interacting
Nambu-Goldstone Bosons (PIONS)

representing QCD at (energy and momentum) scales

Q<<4nf, ~ 1GeV

.
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CHIRAL EFFECTIVE FIELD THEORY

O Systematic framework at interface of QCD and Nuclear Physics

o Interacting systems of
PIONS (light/fast) and NUCLEONS (heavy / slow):

,Ceff — LW(U, (9U) + ,CN(\IJN, U, )

U(r) = explitama(r)/ fr]

@ Construction of Effective Lagrangian: Symmetries

. short

Sy distance

...‘f' ..... o T < T dynamics:
. o e N N contact terms

y
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V(r) [MeV]

Nuclear Forces
- recent developments -

contemporary approach:

Chiral Effective

Field Theory
+

Lattice QCD

Early history: M. Taketani et al. (1951)

N. Ishii, S. Aoki, T. Hatsuda: PRL (2007)

100

NN potential

| 111

Hierarchy of

H SCALES

short
distance

exchange N N

one-pion
exchange

: [fm]

explicit treatment of
two-pion exchange
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Important pieces of the
CHIRAL NUCLEON-NUCLEON INTERACTION
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N. Kaiser, S. Gerstendorfer, W.W.: Nucl. Phys.A 637 (1998) 395

@ CENTRAL ATTRACTION from TWO-PION EXCHANGE

L Van der WAALS - like force:
e A(1232) e . V.(r) ~ exp[—2m,r] P(m.r)
(0 clt) & 6 u
N N ... at intermediate and long distance

@ note: O O boson >
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CHIRAL DYNAMICS and the
NUCLEAR MANY-BODY PROBLEM

N. Kaiser, S. Fritsch, W.W. (2002 - 2005)

@ Small

ki ~2m, ~ Ma — My << 47 f, J
scales:

@ PIONS (and DELTA isobars) as explicit degrees of freedom

@ IN-MEDIUM CHIRAL PERTURBATION THEORY

! pion exchange processes in presence of filled Fermi sea A
/A Y W A~
+ .............. + + ” 2 in_medium
T
N N N N
2nd order TENSOR force + nucleon’s SPIN-ISOSPIN polarizability
short-distance dynamics: Nx N contact interactions
\_ J

B Ericsonian concepts at work, now implemented in ChPT
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Explicit A(1230) DEGREES of FREEDOM

@ Large spin-isospin polarizabilty of the Nucleon

—~ 600
= i . .
2 sof <@ example: polarized Compton scattering
= I
& 400 |
) [
t')% 300 gi .

200 | ﬁ — ~ 5 fm

; A
0|
200 | (2001) (small scale)
100 200 300 400 500 o
E, (MeV)
@ Pionic Van der Waals - type intermediate range central potential
N. Kaiser, S. Gerstendorfer, W.WV., NPA637 (1998) 395 N. Kaiser, S. Fritsch, W.W.; NPA750 (2005) 259
-——- 9 g2 e 2m,r 77'
Ve(r) = — A Pm,r) | «—>
L A C( ) 327_‘_2f7% ﬂA I‘6 ( 7T ) ’7_"'-
N < N N

J. Fujita, H. Miyazawa (1957) Stl’OI‘Ig 3-b0dy
Pieper, Pandharipande, Wiringa, Carlson (2001) interaction
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IN-MEDIUM CHIRAL PERTURBATION THEORY |

@ Loop expansion in Chiral Perturbation Theory «—
Systematic expansion of ENERGY DENSITY & (kr) in
powers of Fermi momentum [modulo functions f,, (kg/m;)]

@ Finite nuclei «— energy density functional

many quantitatively successful applications throughout the nuclear chart

@ Nuclear thermodynamics: compute free energy density
(3-loop order)
N. Kaiser, S. Fritsch, W.WV.
I t
nucleon propagators SN

incl. Pauli blocking

y
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NUCLEAR MATTER |

B B B B B B ELNLL L BN ILRLELN B
In-medium ChPT JOE Nl Py A 750 2009) 25 :
3-loop (7, N, A) =~ : 3-body :
> F v )
Input parameter: = o0k Paull ;
single contact term <
basically: 0f
analytic calculation S
n ~~..,,...._.empirical 7
o | L el il Ll
Output: 0 0.1 0.2 0.3 0.4

p Binding & saturation
Eo/A = -16MeV , pg =0.16fm* , K = 290 MeV

B Realistic (complex, momentum dependent) single-particle potential
.. satisfying Hugenholtz - van Hove and Luttinger theorems (!)

B Asymmetry energy A(kp)=34MeV B Landau parameters
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NUCLEAR THERMODYNAMICS

NUCLEAR
CHIRAL (PION) DYNAMICS

BINDING & SATURATION:

Van der Waals + Pauli

N N
X 3-body
+
forces
N N

contact terms

y

S. Fritsch, N. Kaiser, W.W.: Nucl. Phys. A 750 (2005) 259

P [MeV/fm’]

nuclear matter: equation of state

3-loop
in-medium
ChEFT
- T =25MeV

I I I I | I I I I | I I I |
pressure

@

\’—/
\%:O

] ]
0.1 0.15 0.2

| 0.05 .
p[fm”] baryon density

Liquid - Gas Transition at
Critical Temperature T. = |15 MeV

(empirical: T. = 16 - 18 MeV)

y
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temperature T [MeV]

PHASE DIAGRAM of

NUCLEAR MATTER
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critical point
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baryon chemical potential g |[MeV]

@ Pion-nucleon dynamics
incl. delta isobars

T [MeV]

@ Short-distance
NN contact terms

@ Three-body forces ol

@ In-medium

chiral effective field theory
(3-loop in the free energy density)

S. Fritsch, N. Kaiser, W.W.: NPA 750 (2005) 259

S. Fiorilla, N.Kaiser, W.W. (2010)

gas N=7
gas - liquid
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PHASE DIAGRAM of NUCLEAR MATTER l

@ Trajectory of CRITICAL POINT for asymmetric matter

T [MeV]

as function of proton fraction Z/A

S. Fiorilla,
N. Kaiser,
W.WV.

I ] ] ]
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...determined almost entirely by

0.16

iIsospin dependent pion exchange dynamics

(2010)
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DENSE MATTER and NEUTRON STARS

2 [ CruISt oS I E :\§ - K. Hebeler, . Lattimer, C. Pethick, A. Schwenk (2010)
HEE necutron star matter ;\: 2
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CHIRAL CONDENSATE at finte BARYON DENSITY

@ Chiral (quark) condensate (Qq):
Order parameter of spontaneously broken chiral symmetry in QCD

OH O& (my:
@ Hellmann - Feynman theorem: (¥|qq|¥) = (¥ 81?1013 W) = éﬁq p)
9 q
aw . A
sigma term in-medium e
oM chiral *’.'.'.'.'.'.'.'.'.'.'.'.'.'.’
mg N effective N 7 P
Omgq field theory
N J
\a9)p _ 1— ’0 UN 1 3 PF | 0 ([ Eint(PrF)
(@a)o 10MZ ) T om2 | A
7 y

free) Fermi gas nuclear interactions
of nucleons (dependence on pion mass)
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CHIRAL CONDENSATE: DENSITY DEPENDENCE

1 I [ [ : [ [ [ |
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. ~.
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R (200D dynamics
O ——= PN —
(NLO 3-loop) (Yp)(p = 0) \\\f m, = 0.14 GeV
constrained by 041~ chiral limit "\ Sl |
realistic nuclear - my =0 s
. leading ‘<.
equation of state | order
Eormi
N. Kaiser, Ph.de Homont, W.W. i pog (Fermi gas) |
Phys. Rev. C 77 (2008) 025204
| | | | | | | | | | |
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@ Substantial change of symmetry breaking scenario

between chiral limit m, = 0 and physical quark mass mq ~ 5 MeV

@ Nuclear Physics would be very different in the chiral limit !

Technische Universitat Minchen m



il gl




