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Motivation & introduction

Relativity in nuclear systems?
Relevance of relativity:

kp/M ~1/4 — velocity v ~ 1/4c
— moderate corrections from relativistic kinematics
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Motivation & introduction

Relativity in nuclear systems?

Relevance of relativity:

kp/M >~ 1/4 — velocity v ~ 1/4c

— moderate corrections from relativistic kinematics
But:

» Relativistic dynamics
RMF, Hadronic many-body theory (DBHF), QCD sum rules

—  Xg ~ —350 MeV, X~ + 300 MeV

» Cancellation in mean field potential Us.p. >~ ¥¢ + L5 ~ —50 MeV
> Large spin-orbit force Us.o. o< (o — %a)L - S ~ 4750 MeV

» Effective nucleon mass in nuclear matter M* = M + X
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NN interaction models
Self-energy © Restoration of symme f Lorentz group

r NN potentials
gy from chiral EFT

Relativistic NN potentials

,N,p,0,8,6

» Bonn A

field theoretical relativistic one-boson-exchange potential,
various scales and spin-isospin structure is associated with meson exhange,
long range part due to OPE, short/intermediate range = heavy mesons
» CD Bonn
charge independence breaking due to pion mass splitting,
readjustment of certain parameters in each partial wave (phenomenological

high-precision NN potential with 43 free parameters)
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NN interaction models
Self-energy © Restoration of symmet

ults for NN potentials
rom chiral EFT

Non-relativistic NN potentials

» Nijm 93 and Nijmegen /I
long range part due to OPE, approximate OBE amplitudes

» Argonne vig
long range part due to OPE, intermediate and short range parametrized via
operators O, and strength functions V,

» ldaho potential
Chiral effective field theory, N3LO, D. Entem and R. Machleidt, (29 free model
parameters)

> Viewk
Derivation of an effective low-momentum potential V., from modern NN
potentials (out-integration of high-momentum modes, A ~ 2fm~1, and use of

renormalization group methods)
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NN interaction models
Self-energy © Restoration of symmetry of Lorentz group

Its for NN potentials
from chiral EFT

Nucleon self-energy in Hartree-Fock approximation

Z:—i/F(Tr[GV]—GV)

» |LSJ) — partial wave helicity basis — plane wave helicity basis —
covariant operator basis

» translational and rotational invariance, parity conservation, time reversal

invariance

Z(k, kF) = Zs(k, kp) — 70 Zo(k, kF) + Y - kZV(k, kF)
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Self-energy © e ation of symmetry of Lorentz group

Results for NN potentials
from chiral EFT

Large scalar/vector fields

saturation density k.=1.35

T T T T O
400 o= S -
-5 —= b VIowk

= 200 0 | kzv 1s o—o Bonn A
g o—o CD Bonn
5 or &2 |daho (n3LO)
N + - Nijmegen |

-200 - 4-10 - Nijmegen Il

o—a Argonne v,
-400
0 160 260 360 460 0 260 460

k [MeV] k [MeV]

— Mapping of NN potentials on covariant operator basis
— large scalar/vector fields — universal feature of NN interaction

0.P., Fuchs, van Dalen, PRC 73 (2006) 014003
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Role of contact terms
LO

Self-energy ©

g3 &1K5, kK _ .
V=iz gt 0 VS Gt Cra o =
(]
NLO =
) N
leading order 27 exchange
V=...+G(—iS-(Gxd)+...+G(.)
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Self-energy © on of symm of Lorentz group

Ppsu\ti for NN poten
Self-energy from chiral EFT

Role of contact terms

LO T
s 400f=——f—o—o—o-—o0—o—a gonly C,#0
]
200 B
g3 &1K5, kK .o
)
NLO = 0r 7
W L i

’fL)’ kiiw t:ﬁ{ lfﬂfl [] 200 Zs i
i IN°LO
leading order 27 exchange _400-¢ full NLO

0 200 400
V=...+G(—iS-(Gxd)+...+G(.) k [MeV]

SO force (NLO contact terms) — large scalar/vector fields
— Nucleon mass M* = M + ¥s — short-distance physics

0.P., C. Fuchs, PRC 74 (2006) 034325
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Self-energy © es on of symm of Lorentz group

Résults for NN ﬁ)oter]
Self-energy from chiral EFT

Relativity in nuclear systems?

What's known
Finite nuclei (RMF)
large scalar/vector fields = SO force
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Self-energy ©

Results for NN ﬁ)uttr]tldls
Self-energy from chiral EFT

Relativity in nuclear systems?

What's known
Finite nuclei (RMF)
large scalar/vector fields = SO force

What's new
NN-scattering
large scalar/vector fields <= SO force
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In-Medium QCD sum rules

Chiral condensate Chiral condensate and e ive nucleon mass

Chiral condensate in nuclear matter
In-Medium QCD sum rules
Chiral condensate and effective nucleon mass
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In-Medium QCD sum rules

Chiral condensate Chiral condensate and effective nucleon mass

Connection to QCD sum rules

1000

— ~Nwo i
, --- NLO
8r <.+t NLO <%
— _ " 7m _ {7 s=:= LO ¥
s = /\QB [(qq>p <qq>0] 500 *  LOsum rules **%
82 on
N _E my + my rs %‘
S 0
O’NM :
= - pPs
mZ £2
) -500
647 (0q)
0= 3/\23 gd7o0d)p
3271’2 -1000 Ly 1 1 1 1 -
Y 08 1 12 14 16
B

ke [fm™]

Joffe formulae
QCD sum rules and chiral EFT fields well comparable at moderate densities
(both obtained to leading order in density)

0.P., C. Fuchs, PRC 74 (2006) 034325
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Chiral condensate

Connection to QCD sum rules

872 _
Ts = — 5 [(aa), — (@)l
B
82 oN
= T X7 S
/\f3 my + my P
oM
= - PS
mzf2
" (a0a)
0 3/\% qv04q)p
_ 32x2
A%

Joffe formulae

In-Medium QCD sum rules

Chiral condensate and effective nucleon mass

1000f— vio 7
--- NLOo A
= NLO L% A
<%
+=-= LO 3 o
500 % LO sum rules '**% 7
*N ““o
S * ]
5]
Z
W
2 - * ¥ g
-500 - Tl
Il Il
1.3 1.35 3.4
‘1000 1 Il Il Il Il
0.8 1 1.2 14 16
-1
k. [fm~]

QCD sum rules and chiral EFT fields well comparable at moderate densities
(both obtained to leading order in density)

PRC 74 (2006) 034325

0.P., C. Fuchs,
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dium QCD sum rules

Chiral condensate condensate and effective nucleon mass

Nucleon mass in matter

M* =M + X
M* oN
QCD sum rules — =1—-——p5B
M m2f?2
<‘_7q>p oN

Model independent prediction — ng
T

— consistent comparison of effective nucleon mass and
chiral condensate in matter

M 2 <f_7q>p

M (Gq)o

Oliver Plohl The relativistic self-energy in nuclear dynamics



dium QCD sum rules

Chiral condensate condensate and effective nucleon mass

Chiral condensate in nuclear matter

Order parameter of spontaneous chiral symmetry breaking
4gq = %(Du +dd), m= %(mu + my)

(Gq)o = —(225 + 25 MeV)?

From Hellmann-Feynman theorem

dé
2m ((Gq) s — (3q)0) = m—
((@9)ps — (39)0) am
. E
Energy density E=Mps+ A8
. 1 (k[ K 1
Equatlon-of—state E/A = ; /F % [W =+ 5 Us_p‘(k, kF)
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In-Medium QCD sum rules

Chiral condensate Chiral condensate and effective nucleon mass

Chiral condensate in nuclear matter

@ao mzf?
Gell-Mann-Oakes-Renner  2m(gq)o = —m>2f2,

dM
pion-nucleon sigma-term oy = m_— =< N|mgq|N >
m

M* (39)ps
Comparison of —- and B
M (qa)o

the same chiral EFT interaction and at the same order

is done with

Quark mass dependence of the nuclear forces,
E. Epelbaum, W. Gléckle, Ulf-G. Meissner, Eur. Phys. J. A 18,
499 (2003)
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In-Medium QCD sum rules

Chiral condensate Chiral condensate and effective nucleon mass

Chiral condensate in nuclear matter at NLO

T T T
10K~ — Harree-Fock ) Leading order approximation
(gq), o
o 08 {1 - 2P
A (qq)o ma1ze
1o
Y 06 R
&z NLO chiral EFT potential (Hartree-Fock)
N *
M pu
o 04 7 =1+ 75
'7 M M
0.2 - R
0.0 | | |
0 1 2 3
Py /Py

Oliver Plohl The relativistic self-energy in nuclear dynamics



In-Medium QCD sum rules

Chiral condensate Chiral condensate and effective nucleon mass

Chiral condensate in nuclear matter at NLO

T T T
1.0 k —— Hartree-Fock g

> Leading order approximation
(gq), o
o 08 1 Exe=1-—Kp
= (949)0 ma 1z
o
Y 06 E
&z NLO chiral EFT potential (Hartree-Fock)
N *
M pu
S 04 . 1. Es
'7 MM
0.2 - E
L * -
M <Q‘7>p
0.0 ‘ L ! — — £ =
0 1 2 3 M " (Gq)o
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In-Medium QCD sum rules

Chiral condensate Chiral condensate and effective nucleon mass

Chiral condensate in nuclear matter at NLO

T T T
10K~ — Hartree-Fock ) Leading order approximation
(gq), o
o 08 {1 - 2P
o (qq)o me iy
1o
Y 06 E
&z NLO chiral EFT potential (Hartree-Fock)
N *
M pN
o 04 1 —14 =5
v MM
02 E
L | * =
M <Q‘7>p
0.0 ! ! ! _— — # —
0 1 2 3 M " (Gq)o
Py’ Py

M* generated by NLO contact interactions
Change of chiral condensate mainly due to virtual low momentum pions
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Chiral condensate

Ir

Vledium QCD sum rules
Chiral condensate and effective nucleon mass

Chiral condensate in nuclear matter

T T T T T T T
1.0 —— Hartree-Fock 1.0 —— Brueckner-Hartree-Fock-
--- leading order approx. --- leading order approx.

08 M*/M
o 0 ° 0.8 *
o o
I \C/T I \C/Y
~ 06 Y o6 §

& &
S 04 S 04 .
o o
\Y \Y
N
0.2 AN 0.2 —
0.0 ‘ : 0.0
0 1 2 3 0

Py’ P

— short range NN correlations have minor influence on the

density dependence of the chiral condensate

Oliver Plohl The relativistic self-energy in nuclear dynamics



Summary

Summary & conclusions

> Relativistic self-energy
— Vacuum structure of NN interaction enforces the
generation of large scalar/vector fields (~ 300 — 350 MeV)

» Self-energy from chiral EFT
NLO contact terms (LEC Cs connected to SO Force)
— large scalar/vector fields
» Scalar condensate in matter (NLO)
Effective nucleon mass does not depend only on the scalar
condensate (20%),
different physical origin
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Summary

Summary & conclusions

P Relativistic self-energy
— Vacuum structure of NN interaction enforces the generation of large
scalar/vector fields (~ 300 — 350 MeV)
P Self-energy from chiral EFT
NLO contact terms (LEC Cs connected to SO Force)
> large scalar/vector fields
P Chiral condensate in matter (NLO)
Effective nucleon mass does not depend only on the scalar condensate (20%),
different physical origin

Thank you!
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Summary

One-boson exchange potentials

. q %
Bonn and CD-Bonn potentials
,M,p,0,,6
2 I
Vg,a)= > Va(d,q) Fi(d.a; M)
a=s,ps,v
a @
I (@) =al) () /
e U(—q’) x; 'u(—q)Po u(q’) r; " u(q) [E4+M [ 1
—iVa /’ = 5 2\ g p)
iVa(qd',q) @ —aqf—m ux(q) V oM E\‘/sz X\
Dirac structure k&) =g, kP = gpsfg—;ﬂgi%, Y = gy* + ZLVM/'U“"

— long range=0OPE, short/intermediate range = heavy mesons
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Summary

Non-relativistic potentials

Low energy expansion of OBE potential

V(dha) = Y [Va+ Vi71:7] O,

a=1,5
0 =1,
02 = 0102, k=q —q,
03 = (o1°k)(02-k), P=1(q +q),
O3 = 3(01+02) -, n=qxq = Pxk,

Os = (o1-n)(o2-n),
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Summary

Nucleon self-energy in Hartree-Fock approximation
Z:—i/ (THGV] - GV)
F

» Fermi covariants
S=181, V=9"@v, T=0""Q0u, P=7%8, A=17"@7
> Pseudovector choice T, ={S,5,(A —A),PV,PV}

» |LSJ) — partial wave helicity basis — plane wave helicity basis —
Covariant operator basis

> V'(lal,0) = g&(lal,0) S — gi(lal,0) S + gA(lal, 0) (A — A)

+gbv(lal,0) PV — gl (lal,0) PV
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Summary

Lorentz invariant amplitudes

fm’]

fm’]

Y] 200 400
o8r q[Mev]
06 —e Vi +-v Nijmegen |
NE 0.4 o—o BonnA =0 Nijmegen Il
&~ |daho (n3LO) —— OPE
o2 o—a Argonne v, o+ w
00 o—a CD Bonn

q [MeV]
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Summary

Chiral NN potential

2N forces

Leading QO e
Order Lo

Next-to
Leading
Order

Next-to-
Next-to
Leading
Order

Next-to-
Next-to-
Next-to
Leading
Order

R. Mach

luclear For

CNS Summer School 2005

L= ‘Cﬂ'ﬂ' + £7TN +£NN

3N forces 4N forces
Q\V
(%)

+ + J Q is momentum (derivative,
} \>< >K or pion mass mg

! A is chiral symmetry
l j [>< breaking scale

+. 17

R. Machleidt, Nuclear Forces - Lecture 4, CNS Summer School 2005
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Summary

Remarks
Tree level HF -
Single particle potential Us_p_ full self-consistent DBHF calculation
T T T T T
100 - E 400 — .5 _
%
& =& Nijmegen Il 200 :.m.“\.—.*'*
o—a Argonne v, g < L J
O—0 Bonn A ()
v =v Nijmegen | s 0O} =—=a DBHF (BonnA)
o—a CD Bonn w 0—o tree level (Bonn A) |
A—A |daho
T - M
4007 s -
-100 - ) I ! ! |
0 200 400 0 200 400 600 800
k [MeV] k [MeV]

= MXs/E — o + Zyk?/E
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Summary

Chiral condensate in nuclear matter

WO OO = = E(3)

d d
WL HNA)) = S @NIHA)(A)
Explicit chiral symmetry breaking Hqcp = Ho + Hm, Hm = my tu + my dd +---

Introduce Ggq = %(Du + ad), mg = %(mu + my), 6mg = mg — my

1 -

Hm =2mq gqq — Eémq(ﬂu —dd)+---
Identify A\ — mq and H — [ d3xHqep
_ d
2mq(w(ma)| [ *xqalu(ma)) = ma—S—(w(ma)] [ d*xHaclb(my).
q

[¥(mgq)) = |pn) (ground state of nuclear matter at py)
[#(mgq)) = |0) (vacuum state)
Taking the difference of these two cases one obtains

2mq((G9) oy — (39)0) = quimq (E(pn) — £(0)) .
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Summary

Chiral condensate in nuclear matter

Gell-Mann-Oakes-Renner (GOR) relation  2m{gq)o = —m>2f2,

. . dM _
pion-nucleon sigma-term oy = m—- =< N|mgq|N >
m
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Summary

Chiral condensate in nuclear matter

DBHF with OBE Potential ,1,p,0,8,0

A
dE OF dm;  OF dg g
m — = E —_— —_— Tt ~ 0.s
dm om; dm og; dm; A
S,V,m.p =
\
+on
oM R IR
0.s 1.0 15 20 25 30 3.5
dmg
os =m—— = Csopn p/Po
dm
Fig. 3. The ratio (4g),/(@g)o of the chiral condensate at baryon
density p with respect to its value at p = 0. Dashed curve: leading
order result with éry = 5. The solid curves correspond to different
05< CS <1 scalar “'sigma terms” as in Fig. 2.

R. Brockmann, W. Weise, Phys. Lett. B 367 (1996)
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Summary

Chiral condensate in nuclear matter

(@q)p [ E}
aa)o 272 |7V am A
q O(E/A) dM J(E/A) d
sy 0 [y nXELAM  AE M I )
(3q)o m2 f2 OM  dm Omy dm
@y | » [1 | AE/A) | O(E/A) mﬂ}
(Gq)o pX oM om; 2oy
_ 5 o dM dmyz _ mg m2f2
2m<qq>0 = _mwfw oN = m—, =5 > PX =
dm dm 2m onN
Quark mass dependence of the nuclear forces,
E. Epelbaum, W. Gléckle, Ulf-G. Meissner, Eur. Phys. J. A 18, 499
(2003)
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