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CHIRAL SYMMETRY in NEUTRON STARS |

mm—u Wolfram Weise
Technische Universitat Miinchen

PHYSIK
DEPARTMENT

* Introductory notes about scales: inside the nucleon

¥ Nuclear chiral dynamics and neutron stars

@ In-medium chiral effective field theory

@ Chiral nucleon-meson field theory and
functional renormalization group (with Matthias Drews)
* Neutron star matter as a relativistic Fermi liquid

@ Equation-of-state and Landau parameters
(with Bengt Friman)




CHIRAL SYMMETRY |

* (almost) massless u- and d-quarks :

e T— SU(2)r x SU2)p, |

@ Low energy: spontaneous chiral symmetry breaking

@ PJONS as (almost) massless Nambu-Goldstone bosons

* Symmetry breaking scale : Ay =4nt; ~ 1 GGVJ
@ Pion decay constant:
f7(TO) ~ 86 MeV (chiral limit) f. ~92MeV (empirical)
* Order parameter :
m, +mq ,_
@ Chiral condensate f? - = > < (Qq) = <0>2J
. : 2m
and sigma field T

2 m
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CHIRAL SYMMETRY RESTORATION

® Thermodynamics of chiral order parameter : dependence on
temperature and baryon chemical potential / baryon density

@ From Nambu-Goldstone to Wigner-Weyl realisations of chiral symmetry

/

T. ~ 156 MeV

\.

pg =0

crossover

Lattice QCD
HIC Freeze-out

T/T.

-

phase transition ?

uB ~ MnN
low — T

crossover !?

(P)NJL type models,
Quark-meson models,

suggest |st order

chiral phase transition,
BUT ...
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CHEMICAL
FREEZE-OUT

A.Andronic, P. Braun-Munzinger, K. Redlich, |. Stachel
Nature 561 (2018) 321
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Low-temperature
freeze-out trajectory :

NOT a first-order
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CHIRAL SYMMETRY RESTORATION
in the CORE of NEUTRON STARS ?

@ Chiral Nucleon-Meson field theory and
Functional Renormalization Group

@ Chiral order parameter :

Important role of

fluctuations 081
beyond |
mean-field ()9
fr o

. . 0.4
multi-pion loops |
nucleon-hole 0.2l
excitations |
many-particle 0.05

correlations

<O>T,u — f; (Ta :u)

1.0

neutron matter

\$
\
v
mean . | q
. >, Ist order
fleld \‘ chiral
" phase

“‘ transition
L}
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1.
’Jntrocfucwry Notes

about Scales:

fﬁé NLLC feon
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Reminder of SIZES :
CHIRAL SOLITON MODEL of the NUCLEON

Spontaneously broken chiral symmetry + localisation (confinement)

@ NUCLEON : compact valence quark core + mesonic cloud

[f _1] T ! T T T T N. Kaiser‘,
S | U.-G. MeiBner, W.W.
7 baryon density} Nucl. Phys.
baryonic core 1 2| 4rr* pg(r) : A466 (1987) 685
2 1/ 2 ~ i isoscalar |7 I
<I' >B ~ 0.5 fm [charge density mesonic cloud
4mr? ps(r)
1 2\1/2 -
<I‘ >E,isoscalar ~ 0.8 fm

compact baryonic core
and (multi-)pion cloud

§ Technische Universitat Minchen m

@ Separation of scales between ( R >3
core ~ O 2




Transverse distributions of quarks in the proton l

Deeply Virtual Compton Scattering @ JLab

R. Dupré, M. Guidal, M.Vanderhaeghen

Phys. Rev. D95 (2017) 011501 ____.—-"'J IP
Rep. Prog. Phys. 76 (2013) 066202 - |
b
compact core: |\
valence quarks | longitud.

Q? = 3.75 GeV?

(b?) ~ 0.16 fm? - In(1/xp)

@ Valence quark region:

1 1
—_— X —_—
3 B9

@ Core size:

6 0. 2
b [fm! Reore = 1/ = (b2) ~ 0.4 — 0.5 fm
2
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New developments:
Form factors of the Energy-Momentum Tensor of the Nucleon

Energy Density Momentum Density
| V.D. Burkert, L. Elouadrhiri, FX. Girod

Compton Scattering

@ JLab

700 701 02 0 Nature 557 (2018) 7705
10
THY ;20 chear forces 7“2p(7“) radial pressure distribution
T30 el B  data before 6 GeV |Lab
— Pressure - I 6 GeV JLab data
| i B projected 12 GeV JLab data
Fnergy Flux Momentum Flux £
L — —— 10 Repmswe
pressure
= .
B
>
Deeply Virtual vy °

X
s
L

Confining
pressure

-«

pressure distribution
in the proton

T L T O Y e L O I 0 o e
0 02 04 96 o8 10 12 14 26 18 28

r (fm)

L — —
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Pressure Distribution in the Nucleon : Chiral Quark-Soliton

0 (quark core
DQ(t) 0.01 |
1 :
0.005 |
JLab data [
| 4 lartice LHPC : GeV |
= = = dispersion relations ] fm
By, A ’
— chiral quark soliton I ]
— " bag model B -0.005 F -
form factor of pressure distribution : : : : : -

0 0.5 1 r in fm

0 0.2 0.4 -t [GeV?]

K. Goeke et al.
Phys. Rev. D75 (2007) 094021

@ deep interior of the nucleon:

a piece of “quark matter” Chiral Q::g;'SOI'ton
@ baryon density, pressure and Note again:
energy density in the nucleon core: compact core
- radius R ~ /2 fm
Pcore ™~ 1 PO o
1 3 M.V. Pol i
~ ~ .V. Polyakov, P. Schweitzer
Peore = 9 Ecore 2 0.7 GeV /fm ) Int. . Mod. Phys.A33 (2018) 1830025

10



normal nuclear matter

oB = po = 0.16 fm3J

Densities and

Distance Scales in
Baryonic Matter

baryonic core

20 Average distance L of the nucleon
N between 3
| two nucleons
1.6 L
dnn
1.4 ‘
[fm] |
1.2 \\
1.0 \M
0.8

P/ po

@ (Multi-)pion fields in space between baryonic sources (ChEFT)

@ Quark cores of nucleons overlap (percolate) at baryon densities
PB > 9 Po )

i Technische Universitat Minchen m




NUCLEAR FORCES from LATTICE QCD

NN Central Potential (S=0, I = 1)
deduced from LQCD two-nucleon (6-quark) correlation function

Hadrons to Atomic nuclei

e
still:
. 4
unphysically large :
u- and d-quark 30 F
masses 20 |
% 10 ]
PRPIS but : E 0 C il 1
stable 0.5 Fermi 3 g now:
. v -10 .
repulsive core > : 5 :
_ C ‘ " v‘;fé § 7
20 ¢ : towards
S.Aoki, T. Hatsuda, N. Ishii -30 F N E physical
Prog. Theor. Phys. 123 (2010) 89 . i
_40 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | quar’k
S. Aoki 0 0.5 1 1.5 2 2.5
Eur. Phys. . A49 (2013) 81 r [fm] [Ra5sES

@ Compression of baryonic matter is energetically expensive)

i Technische Universitat Minchen m




2.

Chiral fﬁ(ec’a’\/e Field ‘J'ﬁeory
OLTLC[ T Q[Ctl?d' a}opmacﬁes to tﬁe

Nuclear Q\/lany-CBoc[y Problem
and Neutron Star Matter

@ Pions and Nucleons as “active” degrees as freedom in a Nuclear Fermi Sea

@ Perturbative methods: @ Non-perturbative methods:
Chiral Effective Field Theory Chiral Nucleon-Meson Field Theory
and and
Nuclear Many-Body Problem Functional Renormalisation Group
(baryon densities p S 2 po) (towards higher densities : p ~ 5 pg )
|3 Technische Universitat Miinchen m



Minimal Conditions to be satisfied by
Chiral Symmetry - based theories of
Dense Baryonic Matter

¥ Vacuum:

@ [|ow-energy theorems of spontaneously broken CHIRAL SYMMETRY
(Gell-Mann, Oakes, Renner ; Goldberger-Treiman ;...)

@ Low-energy pion-pion and pion-nucleon scattering

@ Realistic NN interaction

¥ Low density (p <2p,):
@ Realistic EoS of symmetric nuclear matter and neutron matter
@ Asymmetric nuclear matter and symmetry energy

@ Nuclear thermodynamics : liquid-gas phase transition
3 High density :
@ Neutron star maximum mass M, 2 2 Mg

@ Neutronstarradii 11km < R S 13km

@ Tidal deformability constraints from neutron star mergers (GW signals)
T. Zhao, J.M. Lattimer : Phys. Rev. D98 (2018) 063020 E.R. Most et al.: Phys. Rev. Lett. 120 (2018) 261103
14



Theoretical FRAMEWORKS and METHODS

Uuv
A

1 GeV + AX = 4m t; Functional
g uv Renormalisation
E T
o
3] - ™
- Chiral
e NUCLEON-
~ MESON X
EI) FIELD THEORY IR
c 057 T, 0 A< Ay, m,
o
L No T

~~  LINEAR
c / SIGMA ~ . ~N
/ | MODEL | Chiral EFT J
4 TN perturbative
CHIRAL FRG +P» | onuLnEAR
m. + | SIGMAMODEL |
non- l
perturbative 0 v

\.
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PIONS and NUCLEI

in the context of LOW-ENERGY QCD

@ CONFINEMENT of quarks and gluons in hadrons
@ Spontaneously broken CHIRAL SYMMETRY

v

LOW-ENERGY QCD

At (energy and momentum) scales Q < 4rnf, ~1GeV

is realised as an

Effective Field Theory

of Nambu-Goldstone Bosons (PIONS) coupled to

NUCLEONS as (heavy) Fermion sources

y
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NUCLEON-NUCLEON INTERACTION
from CHIRAL EFFECTIVE FIELD THEORY

Weinberg Bedaque & van Kolck Bernard, Epelbaum, Kaiser, MeiB3ner; ...
NN interaction @ Systematically organized
hierarchy in powers of Q
o | X1 :
(Q: momentum, energy, pion mass)

N2LO | ¢

Mo A B R
>< \'::" %i 4 — body forces
o g b b NLO Hﬂi H%H

@ NN interaction state-of-the-art: N*LO plus convergence tests at N°LO

§ Technische Universitat Minchen m
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NEUTRON and NUCLEAR MATTER from CHIRAL EFT

@ N3LO chiral NN interactions + N2LO 3-body forces

. W. Holt, N.Kai
@ Many-body perturbation theory (3rd order) Phys Rev. 95 (2017) 034126

60 ¥.Lim, J.W.Hol ] .
E i Phys. RJev. Lett.'c utron | Pe r<u rbat|ve
A " 121 (2018) 062701 atter Chiral EFT :
MeV] [
20 applicable up to
[nu?,;“a’:‘f,fjt‘;er} : baryon densities
0
i S P~ 2po
—20

0.06 0.10 0.15 0.20 0.25 0.30
-3
p [fm™"]

@ Agreement with advanced many-body calculations
(e.g. Quantum Monte Carlo computations - s.Gandolfi et al.: EP] A50 (2014) 10)

C.Wellenhofer, J.W.Holt, N.Kaiser, W.W.: Phys. Rev. C89 (2014) 064009, C92 (2015) 015801

@ Further recent developments: N4LO F Sammarruca et al.: arXiv:1807.06640

Technische Universitat Minchen



Mesons, Nucleons, Dense Baryonic Matter
and
Functional Renormalisation Group

@ Chiral nucleon - meson Lagrangian N
_ 1 T, O
L= Ny, 0"'N + 5 (0,000 +0,m - OH'm) + ==& g
s RS . ) N
+>< U o) W T
NN e e
isoscalar & isovector v

current-current interactions
mediated by heavy vector fields

@ Nambu-Goldstone boson 7T and “heavy” o

@ Potential {(c,7): polynomial in y = 7% 4 o constructed to
reproduce vacuum physics and equilibrium nuclear matter

@ Symmetry-breaking mass term + x> log x term

Review: M. Drews, W.W. : Prog. Part. Nucl. Phys. 91 (2017) 347

Technische Universitat Minchen



Renormalisation Group strategies |

[k—dependentj [ full j
action . . propagator
X Wetterich’s FRG flow equations V
8Pk[<I>] 1 i aRk (2) —1]
k = STr (k2 ( R) | =
T R L A G e L R y
[pr[®] =S
uv T} [®] G.cale regulator Rk)
C.Wetterich:
Phys. Lett. B 301 (1993) 90 ['p—o|®] =T'|P]
IR
y
® Thermodynamics: Non-perturbative treatment of :
k Ok (T, 1) (@ Q \.> @ multi-pion
VAl exchange processes

-~ @ nucleon-hole
- + Q o excitations
~ - T =0 .
7 ' HO @ multi-nucleon
Cnucleons) m correlations
20
Technische Universitat Minchen m




Classes of mesonic and baryonic fluctuations
treated non-perturbatively in the FRG approach

@ Pion propagator

1 4=

Pion propagation in pionic heat bath

@ Nucleon propagator Dn(xi1,x2) = [

N
thermal

pion cloud

1
T 1
-”\ ¢'.'~‘
1

N
+O+

Hartree
(MF)

Dy (x1,%2) = [

Ol

07 (X1) 577(X2)] i

Pion propagation in nuclear Fermi sea

Ol

713
Two-pion  2nd order
exchange tensor force - --

multi-nucleon correlations

21

+

(5N(X1) 5NT (Xz) ]

loops & ladders involving
nucleonic particle-hole
excitations

Technische Universitat Minchen m



From symmetric to asymmetric nuclear matter
in the Chiral FRG approach

M. Drews, W.VV. Phys. Lett. B738 (2014) 187  Phys. Rev.C91 (2015) 035802

0.2
0.3
0.4
0.5

proton

fraction )|

15 20 25
P/ po

@ Symmetry energy S = 32 MeV

@ FRG results (non-perturbative)
consistent with (perturbative)
Chiral EFT calculations

@ Liquid-gas phase transition:
Evolution of coexistence regions from
symmetric to asymmetric nuclear matter
| critical point ) empirical

J.B. Elliot et al.
20 - \— PRC 87 (2013) 054622 -
B 4 ‘ proton
. ¢ fraction
>
2 10 !
B~ 0.5
0.4
0.3
5 0.2
® : : :
8.0 0.2 0.4 0.6 0.8 1.0
p/ po

22
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NUCLEAR THERMODYNAMICS .
CHIRAL ORDER PARAMETER in NUCLEAR MATTER

@ Chiral Nucleon-Meson field theory and Functional Renormalisation Group

@ Chiral order parameter : <0>T,u = (T, n)

100F

0.65 |
/(Iines of
. 80} ]
Chiral const. (0)
FRG = 6ol |
]
=)
nuclear liquid-gas Phys. Rev.
20} o 0.7 C91(2015)035802
matter [phase transmok /
o | . . . | | Prog. Part. Nucl. Phys.
700 750 800 850 900 950 93 (2017) 69

p (MeV)

@ No first-order chiral phase transition in the range

T < 100 MeV

23
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CHIRAL ORDER PARAMETER in NEUTRON MATTER

@ Chiral Nucleon-Meson field theory and Functional Renormalization Group
M.Drews, WW.  Phys.Rev.C91 (2015) 035802  Prog. Part. Nucl. Phys. 93 (2017) 69

“"
o**
.®

1 2 3 4
density p/po

24

@ Chiral order parameter :
sigma field

!

in-medium pion decay constant
(@)p = [r(p)

Important role of fluctuations
(pionic, nucleon-hole,
many-body correlations)

beyond mean-field approximation:

NO first-order
chiral phase transition
in the n-star density range

Technische Universitat Minchen m



1000

100

10

0.1

M. Drews, W.W.

NEUTRON STAR MATTER
Equation of State

@ Chiral Nucleon-Meson Field Theory
@ FRG calculations with inclusion of beta equilibrium

Phys. Rev. C91( 2015) 035802 Prog. Part. Nucl. Phys. 93 (2017) 69

Pressure

|

P(£)
MeV]

fm3

|

range of

Chiral EFT

neutron matter
calculations

core region of
_ massive neutron stars

0.3}

ﬁspeed of sound }

0.2}

015 02 0.3 05 07 10 .,

£ [GeV  fm 3

0.1 o0 0 0 0=
£ [GeV - fm 3] 02 04 06 08 10 12 14
-3
—— I I I I I I | | | p I [fm ]
02 04 0.6 0.8 1.0
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NEUTRON STAR MATTER Equation of State

@ incl. M,,,.. = 2My + GW constraints and extrapolation to pQCD limit
A.Kurkela et al.: Astroph.).789 (2014) 127  A.Annala etal.: PRL 120 (2018) 172703  A.Vuorinen : arXiv:1807.04480

]-O E [ 1 1 11 | [ [ [ [ 11 |

- ' . uark matter ? ] -
B Core region [ Q :
- of massive .
P 1L neutron stars _
[GeV - N e | pQCD |-
fm?3 B g
1071 <
- Chiral FRG ] -
B M. Drews, W.WV. )
10_2 B PPNP 93 (2017) 69 B
= PR C91 (2015) 035802 =
i Nuclear _ |

) J.W. Holt, N.Kaiser : PR C95 (2017) 034326
10-3 constraints K. Hebeler et al.: AP] 773 (2013) || _
| | [ N | | [ N .

0.1 1 10
E [GeV/fm?]
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Neutron Star Matter

as a

Relativistic Fermi Licluic[

y

@ Derive Landau Fermi-liquid parameters from EoS
@ Discuss sound velocity and strength of correlations

@ Compare with other well-known Fermi liquid: “He

( Bengt Friman & W.W. - work in progress )

Technische Universitat Minchen m



Basics of (Relativistic) Fermi-Liquid Theory

G. Baym, S.A. Chin : Nucl. Phys. A262 (1976) 527

@ Variation of the energy (T = 0)

T. Matsui : Nucl. Phys. A370 (1981) 365

np = O(u —ep)

1
SE=V6E =) ep0n,+ o7 Y FopOngbngy + ...

p

quasiparticle
energy

Ep =

OF

0Ny

/ pp’

@ |Landau effective mass

@ Density of states at Fermi surface N(0) =

quasiparticle interaction
0°E
f /I — V = f / —I— g ' O - 0'/
pp pp pp
0N 0Ny

m* = /o + M2(p) (M = g(o))

m* pr
2

T

o = ngPg cos Oy )

Landau parameters

28
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Relativistic Fermi-Liquid Theory (contd)

@ |[eading Landau parameters (T=0)

_prm=(p) O°E(p) _ m*(p) .

1+ F — = incompressibilit
O(p) 2 8,02 3]?%1 (/0) ( P Y)
o Fi(p)  m*(p)
| —
3 ILL . [ [ [ [ [
900 [ m*(p) = \/ ps + M2(p) ]
. . . - - - [MeV] Landau effective mass
sl 850 |-
pr(p)  baryon
~ [Gev] chemical 500
B potential 750
i 700 -
i 0
P/ Po
0 1 2 3 p/py > 0 Chiral FRG calculation
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LANDAU FERMI-LIQUID PARAMETERS

@ Deduced from neutron star matter EoS calculated using
Chiral Nucleon-Meson Field Theory & Functional Renormalisation Group

neutron

star
matter

strongly
correlated
Fermi liquid

but not
“extreme” !

strongly
repulsive
correlations

Fy(p) decrea.slng
effective
| | | 1 1 Fermion mass
1 2 4 6
P/Po

L ——

@ Low densities P S py:  Fo in good agreement with ChEFT results

J-W. Holt, N.Kaiser, W.W.: Phys. Rev. C87 (2013) 014338

@ Comparison with liquid helium3 at pressures P = (0 - 30) bar:
Fo(°He) ~ 10 — 70

30

F,(°He) ~5—13
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Relativistic Fermi-Liquid Theory (contd) |

@ Speed of sound

0.5

0.4

0.3

0.2
0.1

0.0

2
Cq

L(pr\" 1+ F
3\p) 1+1iF

N

strongly
repulsive
correlations
drive

1
Cs>—

V3

|

E

| | | | |
0.6

| 0.8 —
[GeV - fm ™3]

1.0

31
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e e

SUMMARY / CONCLUDING REMARKS

ChEFT + many-body perturbation theory works for p < 2 p,

Chiral nucleon-meson field theory combined with
(non-perturbative) FRG works also at higher densities (p — 5 p;)

No chiral phase transition in neutron star matter
Hadronic EoS (Nambu-Goldstone phase) consistent with constraints
from neutron stars and mergers (M,,.. ~ 2 M , tidal deformability)

Neutron star matter : strongly correlated Fermi liquid
... but not as strongly correlated as liquid helium !

0.6
Speed . |
A ) °
of . chiral crossover
04 ' .. e ?
sound | v ~ transition ?
t‘ o
1} g
\~__,'
0.2
core densities of
massive neutron stars
0 O | |

8 10

P/ Po
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Qzljajoencﬁ’x X
Sujajo[emenmry Materials
Chiral FRG details

33
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Mesons, Nucleons, Nuclear Matter
and
Functional Renormalization Group

@ Chiral nucleon - meson model ¥ = (¢, ¢y) "

— 1
L= Wiy,o"¥P + 5 ((%08“0 + 0, - 8“71')
—‘T’[Q(U+i757'°77)+% (gvv“+ng“)}‘I’

1
—U(o, ) + 5 ms, (v, 0" + pupu)

1 (% (% 174 v
_ 2| pl) po)p o i

@ Potential U (o, ) constructed to reproduce standard
nuclear thermodynamics around equilibrium

vy

@ Pionic fluctuations and nucleonic particle-hole excitations
treated non-perturbatively using FRG

M. Drews, T.Hell, B. Klein, W.W.  Phys.Rev. D88 (2013) 09601 |
M.Drews, WW.  Phys.Lett. B738 (2014) 187 Phys.Rev.C91 (2015) 035802 PPNP 93 (2017) 69
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Fixing the input |

)explicit chiral symmetry breaking

@ Potential Z/{(J,ﬂ') = Z/{o(x) — m72rf7r(0- — fw)

N

4 . . .
Chiral invariant part :

n
expanded in powers of

X = 3(0% +m?)

-

Uo(x) = Zan(X —

XO)n +x?1nx term

Xo = f2/2 (vacuum)

Nmax = 4

ai, A2
determined by vacuum
constants (fr, My, Mmy)

az, a4
adjustable parameters
/

@ Scalar (“sigma”) field:

mean field (chiral order parameter) plus fluctuating pieces.

0 mass: NOT to be identified with “o(500)”:

@ Nucleon mass: My = g4/ 2x
. invacuum: My = g fr (Goldberger - Treiman)

35

m, ~ 0.9 GeV
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Fixing the input
(contd.)

@ Vector fields encode short-distance NN dynamics:

self-consistently determined background mean fields (non-fluctuating)

(NOT to be identified with physical w and p mesons)

Effective chemical potentials /pr = ln,p — Gu Vo L Gr ,08

Relevant quantities:

2 2
G, = gg , G = 972 <«—> contact terms in ChEFT
my, my,

G~ Gy/d ~ 1 fm?

® Parameters
determined by nuclear matter properties and symmetry energy

Technische Universitat Minchen m



Flow equations in practice

UV scale: Y,

action I'p A I'y “full”
A~A, =A4n f7\ IR effective action

- I'v—o

@ Simplifying assumptions and approximations :
derivative expansion & no “k-running” of Yukawa coupling

@ k-dependent effective action :

1

4 [=. . 1 L y k-dependent
[, = /d :U[\Ifwué’ U+ 58“05’ o+ 5%71‘8 7y

potential

!

—\Tl[g(a%—i%v'-ﬂ')%—% (gvvo%—ngng)}\Il— Uk}

y

Technische Universitat Minchen




Flow equations in practice

(contd.)
k-dependent oU 3
potentiah k Ok (T7 :upnuranvO)pO) —
k> (1+2ng(E, 2np(FE, 1— En — pctt
_ {+nB( )_|_3—|—TLB( )_42 nrg(En ,uz)}
1272 E, E. & En
1=n,p )
1 2 2
X = 5(0 +7°)
Er =k + U (x). Eg =k + U, (x) + 2x U (x) ,
ou
u;c(X) — ak(X) ; E]2V =k + 292X7
X
eft 3 1 1
Mn,p — Hn,p — Yv V0 T gr Py nB(E) — cE/T _1 7nF(E) — /T +1 .
... plus vector field equations,
then full system of coupled differential equations solved on a grid.
38 Technische Universitat Miinchen m



&3

- ) ;
effective potential Chiral Order Parameter
S~ . . . .
— M. Drews, W.WV.
= Phys. Rev. C91 (2015) 035802
=
=) important role of fluctuations
SC'E beyond mean-field approximation:
DISAPPEARANCE of
S0 W T first-order chiral phase transition
. // " Y, v
L0 / liquid-gas
transition
08l o
o6 T ]
“4 symmetric chiral 04| (Mean ., neutron
MEaN | | phase field . matter
0.21 nuclear field transition chiral * atte
matter 0.2f phase “
0.0p_ . . . . =T transition *,
020 925 030 035 940 945 050 955 00 ".‘

pu (MeV)

o 1 2 3 4 5

density P/ 0 m

nische Universitat Minchen
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Test case: in-medium pion mass

@ Contact with phenomenology :
compare with s-wave pion-nuclear optical potential from pionic atoms

1.20

1.15}

1.10f

1.05}

1.00

Chiral FRG
m2 _ az/lk:O

900 910 920 930 940 _ 950

u (MeV)

960

S-wave T optical potential

small dominant

U(s) =~ 2 [y - (bz r26) (1)

U(p) p

@ (Good agreement of FRG calculation with empirical
in-medium pion mass shift, both in sign and magnitude
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@ Non-perturbative FRG result in comparison with

In-medium pion mass (contd.) |

in-medium Chiral Perturbation Theory

1.4
m.(p)

1nm.-vacC
n( )1.3

1.2

1.1

1.0

M. Drews, W.W.
Phys. Rev. C91 (2015) 035802
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= ChEFT
S. Goda, D. Jido:
PTEP (2014) 33D03
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@ In-medium ChPT (NLO):
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Susceptibilities

@ Mean-field (MF) versus full FRG calculations

Test case: liquid-gas first-order phase transition

MF

@ Baryon no.
susceptibility

82U'__3n

xn (T, 1) = o2 ou

250 895 900 905 910 913 930 925
1 (MeV)

50 . .
FRG
40}
%30-
=)
~ 20}
10} Ly
Xn [fm ]
§50 895 000 905 910 0I5 920 925
1 (MeV)
@ Chiral

susceptibility
Xo (T, 1) = mg ' (T, )

50895 000 905 910 915 930 925
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