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NUCLEAR MATTER and QCD PHASES

T A
(GeV]
) 0.2
T —~a - quark — gluon phase
-y
o NS . .
;.:.. critical point 7
S [ ]
o
_________ a hadron phase —
S SUUS CSC phases
LT mmmmiili nuclear g ?
-------------------- : matter\ :
0 S —>
.................. P T
baryon chemical potential

Scales in nuclear matter:)

@ momentum scale:

Fermi momentum kp ~14 fm™' ~ 2m,

@ NN distance: dny ~ 1.8 fm~ 1.3 m; "

@ energy per nucleon: E/A ~ —-16 MeV

St @ compression modulus: K = (260 + 30) MeV ~ 2m,
s Eerey

** ** Technische Universitat Minchen m



V(1) MeV]

a ke
*

* o a X

40_ I 1 1 1

-10
-20 1
-30 |

_40- I T |

*
& ECT* L

Nuclear Forces

contemporary approaches:

Chiral Effective

Field Theory
+

Lattice QCD

G.E.Brown & A.D.Jackson
The Nucleon-Nucleon Interaction

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

30}
20 F

10|

S.Aoki, T. Hatsuda, N. Ishii
Prog. Theor. Phys. 123 (2010) 89

NN potential

RITER O 1 Hierarchy of
o SCALES
A I S 3 rhm]

one-pion

short exchange

distance

Sall e

it

X

[M (explicit treatment of

two-pion exchange

1 NN Central Potential
from Lattice QCD
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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

e oo T < T -+ dynamics:
. o e N N contact terms

y
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NUCLEAR INTERACTIONS from
CHIRAL EFFECTIVE FIELD THEORY

Weinberg Bedaque & van Kolck Bernard, Epelbaum, Kaiser; MeiB3ner; ...
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Explicit A(1230) DEGREES of FREEDOM

Otot (mb)

20 |-

J e el —p———

10 ‘}‘
0.1

0.2 0.5 1.0

plab (GeV/c)

@ Large spin-isospin polarizability of the Nucleon

<@ dominance of A(1230) in pion-nucleon scattering

g2

£2(Ma — Mn) m

Ba

MaA —Mn~2m, << 4rnf.

(small scale)

@ Pionic Van der Waals - type intermediate range central potential

*** ***
o EETE
K, *

N. Kaiser, S. Gerstendorfer, W.W., NPA637 (1998) 395

J. Fujita, H. Miyazawa (1957)
Pieper, Pandharipande, Wiringa, Carlson (2001)

_-— - - v 9 gi e 2m.,r b
o ||A o(r) = — 552 £2 ba —— Plmar) | <=
N < N

N. Kaiser, S. Fritsch, W.W., NPA750 (2005) 259

N

strong 3-body
interaction
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Explicit A(1230) DEGREES of FREEDOM (contd.)

standard chiral EFT Including A as an explicit DOF
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Krebs, Epelbaum, MeiBner (2007)

@ Important physics of A(1230) promoted to NLO

@ Improved convergence
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Important pieces of the
CHIRAL NUCLEON-NUCLEON INTERACTION

200

O ISOVECTOR i +7T """ + <« A(1232) _
TENSOR FORCE > b\ 17 T _
2 N N

-

/7 N N
/
/
300 7 . _
@ // Isovector Tensor Potential

) r [fm]]

_400 / | | | | | | | | | | | | | | | | |
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

N. Kaiser, S. Gerstendorfer, W.W.: Nucl. Phys. A 637 (1998) 395

@ CENTRAL ATTRACTION from TWO-PION EXCHANGE

O Van der WAALS - like force:
A(1232) .
N p|—2m, ¥
- Ve(r) o — e P(m,r)
N N ... at intermediate and long distance

@ note: O O boson >

* **
*
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IN-MEDIUM CHIRAL PERTURBATION THEORY |

@ Small

energy, momentum, m,, kg << 4nf,; ~1GeV J
scales:

@ Loop expansion of (In-Medium) Chiral Perturbation Theory

Systematic expansion of ENERGY DENSITY & (kyg) in
powers of Fermi momentum [modulo functions f,, (kg /m, )]
(works for kg << 4nf, ~ 1 GeV)

y

@ Nuclear thermodynamics: compute free energy density

(3-loop order)
N. Kaiser, S. Fritsch, W.W.

\ f (2002-2004)
f y

Technische Universitat Minchen m

in-medium
nucleon propagators
incl. Pauli blocking
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NUCLEAR MATTER |

In-medium ChPT
3-loop (m,N,A)

Input parameters:
two contact terms

basically:
analytic calculation

@ Output:

B Binding & saturation

E/A [MeV]

A0}

201

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

: T=0

3-body

Pauli

~ ... empirical

. .
-----

Eo/A = —-16MeV , pg =0.16fm° | K = 290 MeV

B> Realistic (complex, momentum dependent) single-particle potential

y

y

Asymmetry energy: A (k%) = 34MeV

Fermi Liquid Theory:

Quasiparticle interaction and Landau parameters

Technische Universitat Minchen m

J-W. Holt, N. Kaiser, W.W.
Nucl. Phys. A 870 (2011) 1,
Nucl. Phys. A 876 (2012) 61,
Phys. Rev. C 87 (2013) 014338



NUCLEAR

THERMODYNAMICS

NUCLEAR
CHIRAL (PION) DYNAMICS

BINDING & SATURATION:

Van der Waals + Pauli

. >< . 3-body
forces

N N

contact terms

Ky

* *
o EETES

****

nuclear matter: equation of state
N Y A

. pressure

3:— 3-loop
in-medium
ChEFT

(\S)
I

. T =25MeV

P [MeV/fm’]

[E—
I

—0

0l e ——

_ 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

0 0.05 0.1 0.15 - 0.2
3 )
p [fm~] baryon density

Liquid - Gas Transition at
Critical Temperature Tc = |5 MeV

(empirical: Tc = 16 - |8 MeV)

y
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PHASE DIAGRAM of NUCLEAR MATTER l

o Trajectory of CRITICAL POINT for asymmetric matter

as function of proton fraction Z/A

16 _ S. Fiorilla, N. Kaiser, W.WV.
i Nucl. Phys. A880 (2012) 65
14 |
12 Z _os
- . A
>10r 0.4
— [
o |
O i I | | | I

0 002 004 006 008 01 012 014 0.16
-3
p [fm ~]

... determined almost completely by
isospin dependent (one- and two-) pion exchange dynamics
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NEUTRON MATTER
(T =0)

@ In-medium chiral effective field theory (3-loop) with resummation of
short distance contact terms (large nn scattering length, ag = 19 fm)

40—
I V(low-k) + 3N @ Neutron matter
I A behaves almost
30 s . .
| ¢ APR Akmaletal 1998 RS (bUt not qUIte) like
= [ = QVC R IR a unitary Fermi gas
> | S. Gandolfi et al. SO - 4 &
= 20 PRC80 (2009) 045802 A _
< [ e -
S - ) i
: e : @ Bertsch parameter
10_ ’{‘;/r.l’ B E
I '*i""‘ f E— ~ (0.5
- s EFermigas
_I | | | | | | | | J
% 0.05

J.W. Holt, N.Kaiser, W.WV.
Phys. Rev. C 87 (2013) 014338

@ perfect agreement with sophisticated many-body calculations

Pl (e.g. Quantum Monte Carlo computations (P. Armani et al.,arXiv:1110.0993) )
x

Yax® TUTI
** ** Technische Universitat Minchen



CHEMICAL FREEZE-OUT

@ Chiral nucleon - meson model

S. Floerchinger, Ch.Wetterich : Nucl. Phys. A 890-891 (2012) ||

T [MeV]
/ .
207 line of
- N constant density
chira _
ol ; p=0.15 pg
crossover —
toE
I N
100 | ! .
\ N\
\ .
\ \
501 . \ N
nuclear liquid-gas \ \
| phase transition \ \
0 - ‘ | ‘ ‘ | ‘ ‘ | ‘ ‘ \ ‘ |
0 200 400 600 800 1000

empirical
freeze-out:

A.Andronic,
P. Braun-Munzinger,
J. Stachel

Phys. Lett.
B 673 (2009) 142
B 678 (2009) 516

p [MeV]

@ Chemical freeze-out in baryonic matter at T < |00 MeV
is not associated with chiral phase transition or rapid crossover

*** ***
o EETES

****
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Chiral nucleon - meson model beyond mean-field
- Renormalization Group strategies -

M. Drews, T. Hell, B. Klein, W.W.
arXiv:1307.6973; Phys.Rev.D (2013), in print

@ Incorporate fluctuations using Wetterich’s RG flow equations

@ One-loop meson contributions included non-perturbatively (all orders)

. —_ . : Fiorilla, N. Kaiser, W.W.
@ Comparison with in-medium chiral EFT (3-loop) ,flch'I"'l;'h;s ABE0 (2012) 65

25. ...................... . 25
20k e. RG
D mean field
S 15
Q I
\E/ : — — YEFT
~ 10}
5t
0' ......................
900 910 920 930 940 . . .
MeV
oy 1 (MeV) Pl po
* =K

g ) m
** ** Technische Universitat Minchen



CHIRAL CONDENSATE

in huclear matter

parison of chiral effective field theory and model RG results

@ Com
1.0
0.8} . RG ]
o T T ==
o YEFT
S 04 density dependence
' of chiral condensate
atT =0
0.2}
0.0 - : : -
0.00 0.05 0.10 0.15 0.20 0.25
-3
p [fm™]
100F N
8o}
S 60}
= contour plots of
= 4l chiral condensate
<qq>T,p
20 (da)o y-
* k . . . . . .
** ** 700 750 800 850 900 950
ECT*
* * 1 (MeV)

****

1.0
0.8 RG
5 0.6 yEFT T T T ——=-
b
0.4} ) ]
dependence of chiral condensate
0ol ©on baryon chemical potential
atT =0
0.0L. . . . E
910 920 930 940 950
1 (MeV)

Remarkable consistency between RG
and chiral effective field theory results

No tendency towards chiral phase transition

for baryon chemical potentials 1 S 1 GeV
and temperatures T < 100 MeV

M. Drews, T. Hell, B. Klein, W.WV.
arXiv:1307.6973; Phys.Rev.D (2013), to appear

Technische Universitat Minchen m



cditional NEUTRON STARS and the
2 EQUATION OF STATE of

e DENSE BARYONIC MATTER
CFL
AZE o J. Lattimer, M. Prakash: ~ Astrophys.]. 550 (2001) 426
CFL /| .2 X Phys. Reports 442 (2007) 109
2SC CFL ondensed . .
o ' @ Mass-Radius Relation
quark sta 2SC
: 6 8 10 12 14
' P H2.5
.;\\; A /,’Q.Q 20 i
3 -<|Y NUCLEAR
, OF _q \" MATTER {20
@ Neutron Star Scenarios ~ o7 saus)\ 0 >
. > . sQm1_ -7 '
@ Tolman-Oppenheimer-Volkov ~ 1.oF oy —EA8 1.5
equations o I
= 10F .-~ STRANGE 10
dP G (M + 47Pr3)(£ + P) SX_I’_‘TRE';
- - B 12
dr c?2 r(r— GM/c?) 0S| 0.5
dM 5 & 0.0 0.0
—— = 47r°—
dr c2 6 8 10 12 14
4 Radius (km)
a* K
*

*
ECT*
Sax® TUTI
** ** Technische Universitat Minchen



New constraints from NEUTRON STARS

P Demorest et al.
Nature 467 (2010) 108

T T T T T
/ o~ \ { — \
| ( | {
\ \/ | ., \_} ,‘
g
4 Y

PSR J1614-2230

[ M = 1.97 4 0.04 M@j

«** ***
& ECT* L

J. Antoniadis et al.
Science 340 (2013) 6131

PSR J0348+0432

[1\/[:2.01:

-0.04 M, |

Technische Universitat Minchen m



News from NEUTRON STARS

@ Constraints from neutron star observables

F. Ozil, D. Psaltis: Phys. Rev. D80 (2009) 103003

F. Ozil, G. Baym, T. Giiver: Phys. Rev. D82 (2010) 10130

4 purely “nuclear” EoS

2.5
. i A.Akmal, V.R. Pandharipande, D.G. Ravenhall
Mass-Radius i Phys. Rev. C 58 (1998) 1804
Relation o . -
i 18 140
B _ A.W. Steiner,
- 11120 J. Lattimer, E.F. Brown
— —1F 2 Astroph.|. 722 (2010) 33
By 71 =100
| 11 =80
kaon i K. Hebeler, J. Lattimer,
condensate 11 60 C. Pethick, A.Schwenk:
r,>>R 4| 7 Phys. Rev. Lett.
11 40 105 (2010) 161102 ;
quark i Astroph. ). 723 (2013) I |
matter 1 3%
o lrl T R T SR N R _ O
R (km)
Pl @ “Exotic” equations of state ruled out !
ECT*
* *

****
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NEUTRON STARS:
MASS and RADIUS constraints

J. ETrumper
Prog. Part. Nucl. Phys.
66 (2011) 674

Mass (M@)

very stiff
Equation of State
required !

8 10 12 14 16

Radius (km)
1 Largest mass J1614 - 2230 4 Radius, 90% confidence limits LMXB 47 Tuc
(Demorest et al. 2010) (Heinke et al. 2006)
2 Maximum gravity XTE 1814 — 338 5 Largest spin frequency J1748 — 2446
(Bhattacharyya et al. 2005) (Hessels et al. 2006)
** ** . . .
* o 3 Minimum radius RXJ1856 - 3754
* EcY * (Trimper et al. 2004) Tlm
Technische Universitat Miinchen



NEUTRON STAR MATTER
Equation of State (contd.)

Trumper
constraint

100}

T. Hell, B.Rottgers,
W.W.
arXiv:1307.4582

low density (crust)
+

nuclear ChEFT

Steiner et al.
Hebeler et al.
constraints

P [MeV fm™]
o

0.1 100150 200 300 _ 500 700 1000
T e [MeV fm™> ]

gt
s TLM
*H* Technische Universitat Miinchen



NEUTRON STAR MATTER
Equation of State

@ |n-medium Chiral Effective Field Theory up to 3 loops
(reproducing thermodynamics of normal nuclear matter)

@ 3-flavor PNJL model at high densities (incl. strange quarks)

N D | | I‘ “‘I““““‘Ij o
el W PNJL,G, = 05G | @ Dbeta equilibrium
. nell, .YV, N
i (2013) 1 n << Pp+ep
200F PNIL,G, =0 _
4 @ charge conservation
o 100 E
qg [quark: "“Clea") 1 @ coexistence region:
> coexistence Gibbs conditions
S 20 -
: 10k |1 @ quark-nuclear
5 | coexistence occurs
i realistic i (if at all) .
“conventional” EoS at baryon densities
P> 9D po
o\ 1 ‘ ‘ | I BN ENENE A |
]5() 100 200 300 500 1000 2000 see also:
w* K _3 K. Masuda,T. Hatsuda, T. Takatsuka
¥ ecret € [MeV fm ] PTEP (2013) 7,073D0|
¥ *

b & ¢ Technische Universitat Minchen
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NEUTRON STAR MATTER
Density Profiles

Mo @ stiff EoS
stif b M, —> larger maximum mass
Mass -~ —> |ower central density
EoS 4 R
70
O M(R):—Z/ drr? &(r)
c* Jo
p —> relevant quantity: r?p(r)
central
10— neutron star )} 2.0
central density: — ChEFT
0.8} five times 00 sl — — ChEFT + PNIL (G, = 0)
— 0.6} <
E | 10
204 =
~
0.2} M=195M_ 0->
’ R = 11.39km
o2 4 6 s 10 D A TR
r [km] r [km]
x> X T. Hell, W.W.

Lo @013 T
** ** Technische Universitdt Minchen



Densities and Scales in Compressed Baryonic Matter I

pionic remember
field the
Brown-Rho

y
core 1
Chiral Bag
‘ b core

pg = 0.15 fm =3 o = 0.6 fm
normal nuclear matter: dilute neutron star core matter:
compressed but not superdense

_1] T ! ! 1 | T

@ recall: [fm
chiral (soliton) model
of the nucleon

N. Kaiser, U.-G. MeiBBner, W.WV.
baryon density Nucl. Phys. A 466 (1987) 685
4rr? pg(r) ]

mesonic cloud

isoscalar i o\ 1 /2
charge density ~
4nr? pg(r) <I‘ >E,isoscalar ~ 0.8 fm

" com pact
baryonic core

<r2>]13/2 ~ 0.5 fm

... treated properly
in chiral EFT

* , f
a BETES 0o 02 04 06 08 1.0 12 r [fm] TI_ITI
** ** Technische Universitat Miinchen







