Momentum dependent mean-field dynamics

for
in-medium Y-interactions

Th. Gaitanos, A. Violaris

Introduction

“Non-Linear Derivative (NLD) model of relativistic hadrodynamics
RMF approach to infinite nuclear matter & in-medium hyperons

- Saturation properties, EoS, symmetry energy

In-medium proton & antiproton optical potentials

 In-medium hyperon optical potentials

Final remarks & outlook

Gaitanos & Kaskulov, Nuclear Physics A 899 (2013) 133
Gaitanos & Kaskulov, Nuclear Physics A 940 (2015) 181

Gaitanos & Violaris,in preparation
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Introduction..

Important for astrophysics
explore EoS beyond saturation, .g., at high densities

Neutron stars (mass & radius)

Crab Nebula = M1 HST =« WFPC2

Heavy-ion collisions

(collective flow, meson production)

Densities of fireball for HIC@SIS:
p ~ (2-3)p,

Densities in static NS: p ~ (8-10)p,

= In high-density matter (+kinematics) — particles with high-momenta p
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Important for astrophysics

explore EoS beyond saturation, .g., at high densities

Heavy-ion collisions

(collective flow, meson production)

Densities of fireball for HIC@SIS:
p ~ (2-3)p,

Neutron stars (mass & radius)

Crab Nebula = M1 HST =« WFPC2

NASA, ESA, and J. Hester (Arizona State University) STSci-PRCO5-37

Densities in static NS: p ~ (8-10)p,

= In high-density matter (+kinematics) — particles with high-momenta p

= Not only density dependence, but also momentum dependence (MD) essential
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Introduction.. %
= 2 2
In-medium proton Schridinger-equivalent Re(U_ ) Uopt = Ez'v —2st o (Zs &= Zvj
M ,
U -

RMF (Relativistic mean-field)

ZV ~g 0~ fmpB — wrong divergent MD at high p_ rsp. high momenta

irac- 3
saturating fields (particular vector) with rising p

Solutions so far:
— non-local (Hartree-Fock) contributions to RMF (Hartree) mean-field
Weber, Bldttel, Cassing et al., Nucl. Phys. A539 (1992) 713

— first-order derivative coupling terms into the interaction Lagrangian

S. Typel, Phys. Rev. €71, 064301 (2005)
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Heavy-ion collisions

(collective flow, meson production)

Densities of fireball for HIC@SIS:
p ~ (2-3)p,

Neutron stars (mass & radius)

Crab Nebula = M1 HST =« WFPC2

NASA, ESA, and J. Hester (Arizona State University)

Densities in static NS: p ~ (8-10)p,

= In high-density matter(+kinematics) — particles with high-momenta p

= Non-Linear Derivative (NLD) model:
RMF-based model with regulators for the high-momentum tails of the interaction
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NLD Lagrangian : as in conventional QHD

1

l — —= — — 1
L= Ui 01— Wi, U| — mT — Smao® + 50,00"c — U(o)
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NLD Lagrangian : as in conventional QHD
1 1
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1 1 o1 5, | R
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Interaction Lagrangian : as in conventional QHD

Lint = ‘%j [5\1’0 + J@lﬂ — %} [@*/“\Pwﬂ + wuﬁfy“llf}

g T, — — e
— ?p [\Ifq/“T Up, + pM\IfT’Y“\If}
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NLD Lagrangian : as in conventional QHD
1 1

O,00tc —U(o)

l — —= — —

L= (Ui 010 = i 9, | — mTW — Sm2o® + 3
1 1 o1 5, | R
+§miwﬂw“ T w B §mgl)up“ - ZGMVGM

‘|_£int

Interaction Lagrangian : as in conventional QHD + non-linear derivative operators

o [— = _— _ I
Lint = = U DWo + 0T DY - = U Dy W, + w, Ty DY|

— — - —
_ 92—0 [mp DALEUG, + p 7 AH D\p]

lwdavviva, 5.5.2017
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NLD Lagrangian : as in conventional QHD

l — —= — — 1 1
L= Ui 01— Wi, U| — mT — Smao® + 50,00"c — U(o)
1 1 o1 5, | R
+§miwﬂw“ — ZFWF“ - imgpup“ — ZGWG“

‘|_£int
Interaction Lagrangian : as in conventional QHD + non-linear derivative operators
Lint = = [xp Do + b D\p] = [qf Dy W, + w, Ty D\p]
— —
_ 92—0 [mp DALEUG, + p 7 AH D\p]

Non-linear derivative operators : Taylor expansion of partial derivatives &

n—oo
— 59 — a7
D= ( ) = 2 e § = _vida
jz_jo 859 €0 51 A

lwdavviva, 5.5.2017
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NLD Lagrangian : as in conventional QHD
1l 1= = — = 1 1
L= Ui 01— Wi, U| — mT — Sm2o” + 20,00"s — U(o)
1 2 1 v 1 2 -5 = 1 = = v
+§mwwﬂw“ — ZFWF“ + imppup“ — ZGWG“

‘|_£int

Interaction Lagrangian : as in conventional QHD + non-linear derivative operators

Lim = L2 [xp Do + b D\p] = [qf Dy W, + w, Ty D\p]
— —

_ 92—0 [mp DALEUG, + p 7 AH D\p]

Non-linear derivative operators : Taylor expansion of partial derivatives &

R n— 00 ?j - g
D = ( ) Z 8592)‘6_)0 il fz_‘é)a

cut-off, will regulate the

high-momentum tail of RMF fields

lwdavviva, 5.5.2017
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NLD Lagrangian: contains higher field derivatives: L (QOT, 6?@1 O, 3a1a2 Dy

—> Generalized Euler-Lagrange equations:

0L & - oL
— + —) Oy s =0
Opy z':1( ) 0Oy -a; Pr)

- Generalized Noether-Theorem: conserved current

JH = —i [ICILL(IOT + lcual 801 Or + /C““"l"?é)glaz% ce /C;Lfa'l'“(fn

with the following tensors

n

JoHor - om Z )it H O e oL

i—1 HOjO1- O 807“)

Nucl. Phys. A899 (2013) 133

s Ocy o-cx,, Pr)

1Oy, 907“]
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NLD Lagrangian: contains higher field derivatives: L (901“7 8041 D, 3a1a2 Ppry e, 8a1 oy, (,071)

—> Generalized Euler-Lagrange equations:

- Generalized Noether-Theorem: conserved current

JH = —i [’Cqﬁb%ﬂ - lq?wlaal ©r t+ ,Cffﬁwl@aalaz@r +o Tt ,Cqéwlman 01---0n907°]

with the following tensors

n

i—1
Kﬁal”'am _ Z (_)i—|—1 H aaj a 8£
=1

i=1 j= (a,uajo-l"'o-mgor)

infinite series rsp. fo higher-order field derivatives, but...
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NLD Lagrangian: contains higher field derivatives: L (901“7 8061 D, 8a1a2 Ppry e, aal oy, 907’)

—> Generalized Euler-Lagrange equations:

L < - oL
— + —)' Oay s =0
Oy z‘:1( ) 0(Oay -0 Pr)

- Generalized Noether-Theorem: conserved current

JH = —i [’Cvﬁb%ﬂ - ]C’}lfo-laJl ©r t+ Kﬁalazaalaﬁor +o Tt Kﬁalmanaﬂ---an@'r]

with the following tensors

n 1—1

Kﬁal”'am _ Z (_)i—|—1 H aaj a 8£

i=1 le (a,uajo-l"'o-mgor) .

All infinite series can be resummed to compact expressions l
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NLD field equations...

- Dirac equation for nucleons h/ﬁb (Zau — E/JJ) — (m — Es)] U =0 with selfenergies

— —
XM = g,w"D 4 g, - pHD
%
Yis = g,0D
> Meson field equations:
oU 1 [—« —
8,0% +m2o+ T = 2g, \IfD\IJJr\Ifﬁ\IJ} |
do 27 1L
v v 1 — $S v T~V
OuF" +miw” = g, | Dy + Ty Dxp] |

- | —, =
OuG1 +m2p" = g, [\IJD7 U4 TF A D\D}

- Noether current (energy-momentum tensor):
— 1 — — 1 — = —
=T g, [qj 0Py — T ﬁ“\p} o+ g [\If 21~ — Ty ﬁw} W
1

o _
+5 9, [\If QHAO 7Y — Ty ﬁ“?\lf} 5ot

Nucl. Phys. A899 (2013) 133 lwawiva, 5.5.2017



N ] ® N

> Plane wave Ansatz for ¥ and¥ and D = D(f) with & = — %

¥ = guw'D + gpTip" D, X = go0D

oU —
mga T 5= =00 Z <\IJZD\IJ’L> = JoPs

do ,
i=p,n
MW =gu Z <@701?\If¢> = GwPo
1=p,n
pp —9Yp Z Tz< Z’YOD\I/ > = GpPI -
i=p,n
5 K 5 HM v y
=2 Gy /d BT
e |7 [<pF,

I = pi* 4+ my (9 5) — (9450 )pis
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> Plane wave Ansatz for ¥ and ¥ resand D = D(f) with g = —

¥ = guw'D + gpTip" D, X = go0D

meson-fizld equations

oU —
mga T 5= =00 Z <\D1D\Ijz> = JoPs

oo ,
1=p,Nn
MW =gu Z <@WOD\I’@-> = GwPo
1=p,n
m,%ﬂ —9p Z Ti<$z’70qui> = 9YpPI
1=p.N
Equation of State (EoS)
= ;
= EpE@) — (L
=Y G [ ErEE) - )
=pn 1D |1<pF,
1 K ﬁzﬁ
pP—=_ d’ L
32 Gy g O
= 1D |<pF,

Nucl. Phys. A899 (2013) 133
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Eeatures of NLD model...

cut-off A regulates

= guwtD + g,7ip"D , Xgi = go0D 1) DD & MD of selfenergies

meson-fizld equations

mZo + g—g =00 Y _ <@D\If¢> = Jops

1=p,n

MW =g ) <EWOD\I’¢> = 9w P0

1=p,n

m2p =gp > Tz-<@701?\11i> = gpP1

=D, N

Equation of State (EoS)

=Y G [ dPE@) -0

e 1D |<pF;

1 K ﬁzﬁ
P=- 3
3 Z (27)3 /dp o+

i
17| <pF,
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Eeatures of NLD model...

¥ = guw'D + gpTip" D, X = go0D

meson-field equations

Yo E732)\IJ'L'>:<73
Mo+ =~ =g Z< o

1=p,n

1=p,n

miw =g Y <@-WOD\P@-> = 9w Po

m2p =gp > Tz-<@7°1?\lfi> = GppI

1=p,Nn
Equation of State (EoS)
K ' .

=Y G [ dPE@) -0

=pon |ﬁ|§pFi

_ 1 K 3 I, D
P_§.Z (2m)3 /dp i} L
e 17| <pF,

Nucl. Phys. A899 (2013) 133

cut-off A regulates
1) DD & MD of selfenergies

2) DD of meson-field sources

(particularly for o-field)

lwdavviva, 5.5.2017



Eeatures of NLD model...

¥ = guw'D + gpTip" D, X = go0D

meson-field equations

Yo E732)\IJ'L'>:<73
Mo+ =~ =g Z< o

1=p,n

1=p,n

miw =g Y <@-WOD\P@-> = 9w Po

m?)P —9p Z Ti<$ﬂ’op\1}i> = 9pP1I

1=p,Nn
Equation of State (EoS)
K ' .

=Y G [ dPE@) -0

=pon |ﬁ|§pFi

_ 1 K 3 I, D
P_§.Z (27)3 /dp i} L
= 1D 1<pF,

Nucl. Phys. A899 (2013) 133

cut-off A regulates
1) DD & MD of selfenergies

2) DD of meson-field sources

(particularly for o-field)

3) fully thermodynamic consistent

(important for neutron stars)

lwdavviva, 5.5.2017



- Li, Machleidt, Brockmann

) |
Parameters
1_3"7 cut-off A Ay (i s dp b y c Mg Ty, My
[GeV] [GeV] [fm™] [GeV] [GeV] [GeV]
NLD : ; =3 .12‘:: = 095 1.125 10.08 10.13 3.50 15341 -—-14.735 0.592 0.782 0.763
1+ 5, (¢id.) kd
Comparison with other models
Mﬂdﬁ‘l II:'.:';._-!'“ Eﬁ .Ir(l- fr_'._-yr“ .Ir.’ .Ir‘.-dym .Ir‘.-”_-;_-y
[fm™? [MeV/A] [ MeV] [MeV] [MeV] [MeV] [ MeV]
NLD 0.156 —15.30 251 30 81 —28 —514
NL3* 0.150 —16.31 258 38.68 125.7  104.08 —650.12 — Lalazissis
DD 0.149 —16.02 240 31.60 56 —9530  —431.30
- Typel
DC 0.151 —15.98 232.5 31.90 5930  —T4T —430.50
DBHF 0.185 —15.60 290 33.35 7110 271 —453.70
0.181 —16.15 230 34.20 71 87.36 —340 > Fuchs
empirical | 0.167+0.019 —-16+1 230+ 10 31.1+ 1.9 88+ 25 - —550 + 100
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- Li, Machleidt, Brockmann

. |
Parameters
1_'; cut-off monopole fOI"m dp b c Ty e my
[fm~] [GeV] [GeV] [GeV]
NLD 1 —— 0.95 1.125 10,08 1013 350 15341 -—-14.735 0.592 0.732 0.763
1+ 55 (Grida)
Comparison with other models
Model Pant Ey K 2 zym L Jr'i-.ayrr. Jr'i-u#y
[fm™? [MeV/A] [ MeV] [ MeV] [MeV] [MeV] [MeV]
NLD 0.156 —15.30 251 30 81 —28 —514
NL3* 0.150 —16.31 258 35.68 125.7 104.08 _650.12 — Lalazissis
DD 0.149 —16.02 240 31.60 56 —95.30 —431.30
— Typel
D*C 0.151 —15.98 2325 31.90 59.30 —74.7 —430.50
DBHF 0.185 —15.60 290 33.35 T1.10 —271 —453.70
0.181 —16.15 230 34.20 71 BT.36 —340 — Fuchs
empirical | 0.167£0.019 —-16+1 2304+ 10 3114+ 19 B84+ 25 - —550 + 100

lwdavviva, 5.5.2017



5 |
Parameters
1_3"7 cut-off A Ay (i s dp b c Mg Ty My
[GeV] [GeV] [fm~] [GeV] [GeV] [GeV]
1 A2 ) i ) _ i . . _ -
NLD —— —— | 095 1125 | 1008 1013 3.50 15341 -14.735 | 0502 0.782 0.763
'|_ 4 E_}.—q (':jl ||- lf.:j: :'l/‘] .'JII. +J.:'_
Comparison with other models
i e E, K soft EoS at P
; : : i i i |
(fm (MeV/A MoV but stiff at high p relevant for NS!
NLD 0.156 —15.30 —hl4d
NL3* 0.150 —16.31 258 35.68 125.7 104.08 —650.12 — Lalazissis
DD 0.149 _16.02 24() 31.60 56 9530 —431.30
. — Typel
D*C 0.151 —15.98 232.5 31.90 59.30 74T —430.50
DBHF 0.185 _15.60 200 33.35 7110 -271  —d4s370 — Li, Machleidt, Brockmann
0.181 —16.15 230 34.20 i 87.36 —340 - Fuchs
empirical | 0.167+0.019 —16+1 230+ 10 31.1+ 1.9 88+ 25 - —550 £ 100 loduuiva. 5.5.2017
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NLD results: EoS..

F symmetric matter - neutron matter
10°F
"s
i
-
9
=
&
10'}
l[}ﬂ L - 1 - 1 - 1 - 1 5 1 5 1 . 1 1 - 1 . 1 - 1 5, 1 . 1 .
1 15 225 335445 115 2 25 3 35 4 45

pB'fp sat P B’lfpsat

Nuel. Phys. A899 (2013) 133 WOWNT, 5.5.20
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Remarkable agreement with microscopic DBHF |
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high p — high momenta

In-medium proton SEP (real part)
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In-medium proton SEP (real part)
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i high p - high momenta
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Re U

In-medium anti-proton SEP (real part)
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In-medium anti-proton SEP (real part)

Of Larionov/Mishustin 1
20 NLD '
2 il _' -
2 W good description of
a7 ?50- | phenomenology.
>k | ] : :
o : - also for in-medium
-1000F - : : :
_ anti-proton interaction ©
-1250F &
-1500

0 500 1000 1500 2000 2500 3000
E,_ [MeV]

Also: NLD provides the imaginary part of SEP for anti-proton in-medium interactions
using dispersion relation (without subtractions) —  Phys, Lett. B703, ('11) 193 VoG, 552017
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Consistent with analyses of F. Ozel. l

Phys. Rev. D82, 101301 (2010).

P [MeVfm ]
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Consistent with analyses of F. Ozel. l

Phys. Rev. D82, 101301 (2010).

P [MeVfm ]

]
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..and A.W. Steiner

Astrophys. J. 722, 33 (2010). -
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Compatible with ... I

Lattimer/Prakash, Science 304 ('04) 536, Phys. Rep. 442 ('07) 109 =y

NLD

J1614-2230

J1903+0327

double NS systems

Neutron star mass M [M_ ]
sol
|

05+

0 I L O T B T S T T J y
6 s 8 9 10 11 12 13 14 15
Neutron star radius R [km]
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Compatible with all observations I

Lattimer/Prakash, Science 304 ('04) 536, Phys. Rep. 442 ('07) 109

Steiner, Lattimer, Brown, arXiv: 1205. 6871

1614-2230

1903+0327

0 ; 1 " | ; 1

Neutron star radius R [km]
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Compatible with all observations

Lattimer/Prakash, Science 304 (‘04) 536, Phys. Rep. 442 (*07) 109
Steiner, Lattimer, Brown, arXiv: 1205. 6871

double NS systems
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Neutron star radius R [km]
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NLD + SU(3) for standard meson-nucleon couplings
Hyperon cut-off regulates MDI

30 ——————————————
20 y

10F -
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—T
i
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|

20F
30F

I Standard Walecka 1
40 (NL3) o
50 il
e 1 = &

momentum p [fm_l]

Gaitanos & Violaris, in prep. lwavwiva, 5.5.2017
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NLD + SU(3) for standard meson-nucleon couplings

Hyperon cut-off regulates MDI

D ¢

30
20

10

=

Re U, [MeV]
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Standard Walecka__

(NL3)

Gaitanos & Violaris, in prep.

1

momentum p [fm_l]

2
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Re Uy (k) [MeV]

« INn- | - |
|| —
; B EFT NLO NLD versus chiral-EFT (Haidenbauer, et al., EPTA52 (16) 15)
20| YEFT LO Compares well with NLO-calculations
10 | = = Jiilich '04 (cut-off A=0.7 & 1 GeV for o & w)
NSCOT7f
0
—10 . ; T
—920 -
—30} i
_40 i - > " A
—50 F P
—60 ' .
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2-opt. potential attractive in conventional RMF+SU(3)
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2-opt. potential attractive in conventional RMF+SU(3)
Hyperon (Z) cut-off A in NLD induces repulsion!
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Einal remarks & outlook...

=NLD model

- keeping simplicity (RMF) to describe complexity (non-linear p & p dependences)
- realized by covariant introduction of regulators on a Lagrangian level

- in RMF: cut-off A regulates high p- & p-components of mean-fields

- cut-off A regulates also p-dependence of hyperon opt. pot.!

=NLD Results
> EoS soft at low p (K~250 MeV), but stiff at high p
remarkable agreement with microscopic DBHF
- Correct MD for in-medium proton (!) and (!) antiproton interactions
- compatible with all recent observations of high-p EoS & NS
—> compatible with recent results from chiral-EFT for hyperons in matter

= Future/under progress developments
- apply NLD to finite nuclei (done by others...)
- apply NLD to p-nucleus scattering in Eikonal approx. (done, it works)
- apply NLD to heavy-ion collisions (under progress)

lwdavviva, 5.5.2017
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Consistent with microscopic DBHF
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Scalar damping dominates...

NLD effect

Strong vector-field suppression with increasing baryon density

convergent behavior at p, >
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