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The Topics:

* From Cosmic to Hadronic Scales

- QCD, Hadrons, and Nuclei

* Hadronic Effective Field Theory

* Nuclear Density Functional Theory

- Hypernuclear Matter, Hypernuclei, Neutron Stars

- Summary and Outlook



...and weaving the science net!



Today t t = 15 billion years _
Life on earth T=3K (1 meV¥) t tO tOday

Solar system

Quasars

Galaxy formation

Epoch of gravitational collapse Big Ba”g

Recombination
Relic radiation decouples (CBR)] C |
Matter domination Osmo Ogy

Onsetof gravitational instability

Nucleosynthesis

Lightelements created - 0, He, Li t=1 second

T=1MeV

Quark-hadron transition
Hadrons form - protons & neutons

Electroweak phase transition =10
Electomagnetic & weak nuclear

forces become differenfated:
SU(3) &8 U(2)xU(1]) = SU3)xU (1)
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T=10%GeV

The Particle Desert
#xions, supersymmetry?

Grand unification transition
G -> H - SU(B)xSU(2)xU[1)
Inflation, baryogenesis,
monopoles, cosmic sirings, etc.?

7

The Planck epoch — -
The quantum gravity barrier t—O Blg Bang
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Constituents of the Universe (Q=p/p.):

* Baryonic (luminous) Matter: Q;~0.05

- Dark Matter:

* Dark Energy:




The big Riddle of Cosmology:

Present
b : B e A AL
"T::::::-:“ _-—LA_" L L .

.
Accelerating ™.\,
expansion \ .

S Farthest

Slowing SUpernova

expansion

W
%
~
=y
=
2
E
LTy
—
!
b o

Expanding universe




Cosmology, Astrophysics und Atomic Nuclei
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Theory of Strong Interactions: QCD
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..and from asymptotic freedom...
to confinement...

to the nuclear shell model

*‘Nucleus ~ cold, degenerate
Fermi-Gas of Quasiparticles

U=Uy+U_2 o




QCD Phase-Diagram

early universe
LHC

IJ? quark-gluon
HIC plasma
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Recent Progress in Lattice QCD - ab initio Description of
the Baryonic Mass Spectrum:
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What about mass..?

The Higgs-Field: A massive (complex) scalar field
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QCD and Many-Body Physics

QCD View
of a

(d.y)=>n+p
Photodis-

integration
Reaction

Reduction to the relevant degrees of freedom:

QCD > effective hadronic scales but retaining
fundamental symmefnﬁ'ﬁes!//'
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Weinberg Hypothesis (~1979):
‘Nuclear Physics = EFT of Pions and Nucleons

-Symmetries as the underlying fundamental theory of QCD

-Spontaneously broken chiral symmetry

‘Low energy theorems

Order-by-Order expansion in Q/A
Influence of the nuclear medium?
Medium-Dependent Scales?

Weinberg 1879

LQCD —>Lr=L_+L +Lyt---




3N INTERACTION to N°LO: PREDICTIONS

= Parameter-free predictions for nd and pd scattering & break-up
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Limits of nuclear
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.. Relative Abundance
of the Chemical Elements
in the Solar System
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REVIEWS OF
MODERN PHYSICS

VoruMe 29, NUMBER 4 OcroBer, 1957

Synthesis of the Elements in Stars*

E. MARGARET BUrBIDGE, G. R. BurBIDGE, WiLLIAM A. FowLER, AND F. HovLE

Kellogg Radiation' Laboratory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washinglon,
California Institute of Technology, Pasadena, California

“Tt is the stars, The stars above us, govern our conditions”;
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act I, Scene 2)

.B2FH" TheoryE:




Theorems on the Dynamics of Interacting
Quantum Many-Body Systems:

Kohn-Sham (~1960) : QM many-body systems = DFT of E[p]

Kohn-Hohenberg (~1963) : DFT = E[p,1]

Elp,7)/p=1 + 3E;x/p ~7 + 2p(3asg+are)/4 + ..




Lagrangian Hadronic

Density Functional Theory
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Giessen DDRH Theory:
Covariant Octet Flavour Density Functional Theory

- SU(3) DFT at the Fermi Momentum Scale
- BB Interactions in Free Space by Meson Exchange

- ab initio Approach to In-Medium Interactions

- Self-consistence, Thermodynamical Consistence
l-‘:»;:: \,\_’,/L
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Non-Perturbative Approach to BB Interactions...

e L adder Kernel

® Map the ab-initio calculations on
an effective Lagrangian

® Medium dependent
renormalization




Building blocks for a covariant nuclear DFT...




Nuclear Matter DBHF Vertices

o Meson
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The Nuclear Equation of State

Equation of State
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Five Fields of Research at FAIR

Nuclear Matter Physics with

Nuclear Structure & Astrophysics with 35-45 GeV/u HI beams, x1000
radioactive beams. x10 000

Plasma Physics with
50ns compressed 1on beams
& high-intensity petawatt- laser

Hadron Physics with
antiprotons

High EM Field (HI)
Fundamental Studies (HI & p)
Applications (HI)

100 m

1!23!23109




ab initio covariant Nuclear Many-Body Theory:
Energy Density Functional (EDF) - Diagrammatic Order Scheme

E(p) ~E(po)+ Y

E(p)=E(p,)+ X U, (0,)00,+ ¥ Fo.(0, 00,00, +.-

g=p,n q,q|:p,n

Microscopic relativistic Fermi-Liquid Theory



Strangeness and Hypernuclear Physics:
From SU(2) Isospin to SU(3) Flavour Dynamics

Double Hypernucie! ( Three-Dimensional Nuclear Chart )
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World Map of Hypernuclear Physics
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Dynamics of strangeness production

A (m*,K*),B* - AKAB

o

N * (1650), N*(1710), N*(1720) baryonic resonances.




vp = KA Results from the Giessen CC Model

* separate fits to
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Relative Contribution of various Excitation of states with
Resonances different J
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Peak # 900 MeV
(N*(1720) weaker by a factor 1000) Lar'gest J state is dominant

Phys.Rev.C77:052201, 2008\_//




Proton-induced Strangeness Production

¢ (p,K") "C(p,,)
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n exchange dominates, p and ® exchange more important

at back angles due to large momentum transfers.
L

R. Shyam, H. L. and U. Mosel, Phys. Rev.C 6912&05{0’65205




Exploratory Case Study:

Production of Hypernuclei in Heavy Ion Collisions
The HypHI Project@GSI & FAIR (T. Saito)

P+ C@2AGeV
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http://arxiv.org/abs/0811.3506�

What do we learn from hypernuclei?

baryon-meson octet coupling constants and vertices

INo: INer INpe | Frsr Frer The

Free space NN scattering Accessible in
and nuclei hypernuclei

* YA mean-field V(gy,,)=Vo*V|s
?

° 4
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Direct Observation? > Hyperon B;ams at J-PARC!
( \



DDRH-Scaling of In-Medium Hyperon Interactions

AWV

Naive Quark Model Scaling:
Gmr= 2/3 gmn

but...
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Hyperon-Nucleon Vertices at the Mean-Field Level:

Zmy = Imy@m (o)< Zmn = ImnPm(oB)




DDRH Flavour Dynamics: A Single Particle Energies

e new oY experimental data:
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DDRH Spectrum for 89Y: * %Y = A+ %Y(4-, g.5.)
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DDRH Hypermatter Equation of State
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Expected Structure of a Neutron Star

Inner crust :
nuclei, neutrons + ¢ _<gmt >

Uniform nuclear matter
n+p+e€ +U

L
- T

1B

Baryons N* A A, X
Condensates: t, K




Charge-Neutral Neutron Star Matter in B-Equilibrium

n<p+e +v, ; NN < N+Y+K;A<> N+x

Ay =Ap+A A, K—=2y,u+v

Appearance of Strangeness:
p~2po: hyperon threshold (X-), : hypermatter dominates

=
L=
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g
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Q
=
g

PRC 64 (2001) 025804



Baryon Resonances in Neutron Stars?

relative Haufigkeit




Hyperon Interactions and Neutron Stars

M/M

s0l

=135




DDRH Neutron Star Mass-Radius Relation (TOV Eq.):

T g T v T v T v /- Y

@
- Data (Cottam et al., Nature 420 {2002}/
@

Optical
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Crab Nebula DDRH Groningen T B

Chandra X-Ray " " L " I . I . I
Observatory 10 12 14 16

and HST Radius [km]

Data: XMM-Newton X-ray space observatory
Gravitational Red-Shift z =0.35 ~ (-G/Z)M/R
(Fe-Lines from a series of 28 X-ray bursts.ire XO07481676)




AX® Mixing in Asymmetric Nuclear Matter

0 Ors
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Eigenvalues Mass Eigenstates - Q=s*kF(rho) (s=0.1)
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P=Po

Amplitudeés of Lambda-type Eigenstate - Q=s*kF(rho)
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Summary, Conclusions and Outlook

- Hadrons on Cosmic Scales

* QCD in Nuclei: EFT at the Fermi-Momentum Scale

- Relativistic Field Theory for Nuclei and Hypernuclei

* Productions of Hypernuclei

- Investigations of Nuclei, Hypernuclei and Neutron Stars

A-3° Flavor Mixing in Asymmetric Matter

Contributors: Urnaa Badarch, S. Bender, A. Fedoseew, W. Heupel,
P. Konrad, Anika Obermann, V. Shklyar, R. Shyam, C. Valentin

—



hyperan-
antihyperon

production

HYPC!“HUC'CGP at threshﬂlﬂ_
Physics with
PANDA at

@6GSI:

Production of
Double-A of Z-in
Hypernuclei by =- ek
Capture and
subsequent Decay in

a 2-step Process




Tnz O Scalar Wzson Nonzr

PDG:
 5/f0(600): T ~ 600-1000MeV: > mn
+ 8/2,(980); T~50...100MeV: > K
+ £,(975); T~40...100MeV: > mn KK




Srranagz MNzsons and A\

DDRH without 6. .: — experimental finding:
S ABBAA_‘3 gé A’,‘\""'Q’ AB, , = 1.01+0.3 MeV
o) ap = 9.€0 R B, ~7.14+0.3 MeV
< adding ¢: and o,
0< no theoretical constraints
SU3): [} i
DDRH with ¢. o,
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