First test for hyperon potentials &
implications to neutron star matter

Theodoros Gaitanos
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Introduction..

SN 1987A

Neutron Stars (NS)

“ stablecosmic nucleus® maderofipne:,...

* densest visible matiter in the universe
1.5-2! X solar mass) inside

Inner crust : P . Outer crust:
nuclei, neutrons + e * . ruclei + &
Uniform nuclear matter
n+p+€ +U
S0 N
1 2x10® g cm™ B
14 " :
2x10 gcr:i" ufg?kn‘é
4%10'gem’ - -
= 10 km

earth's average density~5.5 g cm™

earth's radius ~6.371km Tiibingen, 15.11.19




Units in particle physics

Structure within
the Atom
Quark

Size < 10719 m

Nucleus

Size = 10714m

~ Neutron
and
~— Proton
Size = 10713 ¢

Size = 107'0m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

Tubingen, 15.11.19
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Temperature units:
[1MeV]~[10'K]

nuclei: T~OMeV
(earth:T~180K-330K)

Density units:

Units in particle physics

Structure within
the Atom
Quark

Size <107 "9m

Nucleus
Size =107 m

~ Neutron
, and
" Proton
Size = 10715

Size = 107'0m

If the protons and neutrons in this picture were 10 ¢m across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

nuclei:p ~ 2.5 10"* g cm™ = 0.165 fm™®

(earth:p~ g cm™)
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Units in particle physics

Structure withi
the Atom
Quark

Size < 10719 m

Size =107 m

its: and
UF"“TS ' 1 " Proton
=C= Size = 10715
1 GeV: 1 8 10—24 g Size = 10-10m
1 fm = 10° Bm hrcn the ks IR o less thas 01 1

size and the entire atom would be about 10 km across.
Scales in hadron physics:

Baryon masses M ~ 1000MeV=16GeV

Baryon potentials V ~ 500 MeV (~M!)

Nuclear ground state ~ 8 MeV (small numberl!)
That means for us...

Density units: T~1MeV is a cold relativistic system

nuclei:p ~ 2.5 10 g cm™ = 0.165 fm™* EREstel /I ERC Y Tl T TR A )

(earthip~ g cm™) — static neutron stars are cold objects

Temperature units:
[1MeV]~[10'K]

nuclei: T~OMeV
(earth:T~180K-330K)

— neutron star binaries can be cold/hot
Tubingen, 15.11.19



Crab Nebula = M1 HST = WFPC2

Introduction..

explore astrophysics...
*Properties of low/high density warm

matter (supernovae, neutron stars)

NASA, ESA, and J. Hester (Arizona State University) STScl-PRCO05-37

Tubingen, 15.11.19



Crab Nebula = M1 HST = WFPC2

Introduction..

explore astrophysics...

*Properties of low/high density warm
matter (supernovae, neutron stars)

NASA, ESA, and J. Hester (Arizona State University) STScl-PRCO05-37

...in the laboratory

HIC: Heavy-Ion Collisions
AX, . K,...

Tabingen, 15.11.19



Cosmic matter in the Lab: Heavy-ion collisions

T T

formation of high
two l:ﬂlli':_““ﬂ compressed aﬂn::!"
nuclei heated collision zone

Temperature T [MeV]
2
(=)
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Cosmic matter in the Lab: Heavy-ion collisions

g T

two colliding fcﬂr::rﬂ::dhfnhdw
nuclei heated collision zone

~= 102 g

| P_hasea iggram
- Quarks and Gluons

Y

3SI2AIUN ﬂ;jm
/N
r It ‘

Temperature T [Me

Initial stage...
p,~0.16fm>
T~0 MeV

¥ .
Net Baryon Density
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Cosmic matter in the Lab: Heavy-ion collisions

- T

formation of highly
compressed and
heated collision zone

two colliding
nuclei

S 200 Phase diagram
m ..-|' ?’ v — I . 5 ﬂ
= < - - Quarks and Gluons
— z
v 0
= 5. M A
L]
3 ool | compr'eisled stage
e p~(1-10)p,
)
= T~50-150 MeV

. | A

Net Baryon Density Tibingen 16.11.19




two colliding
nuclei

Cosmic matter in the Lab: Heavy-ion collisions

heated collision zone

formation of highly
compressed and

perature T [MeV]

+——  3SI3AIUN ﬂ;jm
/N
f It ‘

Back fo ground state

\

=

Critical poin

Hadrons

(light nuclei + particles)

I4
Net Baryon Density
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— equilibration

Tl-.':-c
at freeze-out

——p freaze-out
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Density & temperature evolution at the center

"'m‘im’]
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Large Hadron

Relatiistic eau
Collider (LHC),

lon Collider (RHIC),

Brookhaven Cern, ab 2008
seit 2000
= Facility for
« o Antiproton and
" lon Research
(FAIR), GSI, ab
2011
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rad
4
- ¢
g

Involves

Elementary particles & interactions — quantum mechanics

Particle velocities v~c — relativistic kinematics & dynamics

Tdbingen, 15.11.19



LK 4
c_J
C X4
c_J

Exact treatment

Relativistic quantum transport theory of a many-body nuclear system

Tabingen, 15.11.19



LK 4
c_J
C X4
c_J

Practical applications ...

Relativistic quantum transport theory of a many-body nuclear system

Tdbingen, 15.11.19



LK 4
c_J
C X4
c_J

Practical applications (on computer) approximations ]

Relativisfic@Mport theory of admany-bodydnuclear system

Tdbingen, 15.11.19
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ivisti
classical mechanics <~ quantum mechanics
elem. particles (t,x) —~ wave packets ¥(t,x)

Wave nature of particles not visible, when de Broglie

wave length A=h/p small compared to considered scales

Tubingen, 15.11.19



LK 4

N N

ivisti
classical mechanics <~ quantum mechanics
elem. particles (t,x) —~ wave packets ¥(t,x)

Wave nature of particles not visible, when de Broglie

wave length A=h/p small compared to considered scales

Considered scales here:
nuclear radius d ~ (5-10)x10°m ~ 10 '*fm

O electron

proton

L3 (neutron)
_ quark
. <10"%cm
nucleu l’

— ~10""%cm —
atom~10"cm ~10"3em

Tubingen, 15.11.19



LK 4
c_J
C X4
c_J

proton E, A=h/p
kin
1 MeV 2,86°10 “m
10 MeV 9,03°10 ®m
100 MeV 2,79°10 ®m
1GeV 7.31°10 *m
10 GeV 1,23°10 *m*
100 GeV 12998 "'m"

Tubingen, 15.11.19



LK 4

proton Ek_in A=h/p

s ~ .
Lt S . classical
1GeV 7,31°10 "*m L.
> description
10 GeV 1,23°10 *m"~
100 GeV 12310 " m* possible

- Tlbingen, 15.11.19
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=1. Primer L. Boltzmann, Wien. Ber. 66 (1872) 275
=2. Primer..L. Nordheim, Proc. R. Soc. London A119 (1928) 689
E.A. Uehling, G.E. Uhlenbeck, Phys. Rev. 43 (1933) 552
= Theoretical background
Non-Relativistic kinetic theory
L.P. Kadanoff, 6. Baym, .Quantum Statistical Mechanics" (Benjamin, N.Y. 1962)

Relativistic kinetic theory
S.R. de Groot, W.A. van Leeuwen, C.G. van Weert
.Relativistic kinetic theory" (North Holland, Amsterdam, 1980)

Modern Relativistic Quantum Transport Theory

W. Botermans, R. Malfliet, Phys. Rep. 198 (1990) 115 (<difficult fo understand...)
= First applications to HIC..

P. Danielewicz, Ann. Phys. 152 (1984) 239 & 305

G.F. Bertsch, S. Das Gupta, Phys. Rep. 160 (1988) 189
Relativistic applications to HIC..

B. Bldttel, V. Koch, U. Mosel, Rep. Prog. Phys. 56 (1993) 1
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Nucleons

Degrees of freedom

— Dirac Spinor ¥

Interaction — o, ® mesons

Interaction: short range attractive & repulsive for r<0.8 fm

Yukawa's concept

screened Coulomb potential

Internucleon potential (MeV)

200

200

100 |

. S R e O S [ [ S s |

|

= 2 TT l
[ Repulsive £, 950
core
BT e (] e |: T DA E] S P A Sty ChVe] Ly [ W e Lot il o Lt |
0 0.5 1.0 15 2.0

Separation (fm)

25

V(r)=—g*te "

coupling strength

particle mass
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\visti - \
Classical mechanics vers

o
7]

relativistic field theory
Point-like particles relativistic fields

dof: coordinates «.. gp(t, ?7) — C,O(.CIZ‘)

Velocities .- ‘
. T I

Lagrange function Lagrangian density

Equations of motion Equations of motion
oL oL

b ddb =9 0

dg;  dt di, Op " O(0up)



: Relativisti - i
Free Lagrangian for the Dirac field (spin 3 nucleons)

B S AL

L —r g

Interaction Lagrangian: minimal coupling (analogy to electrodynamics)

c - scalar (spin O) field & - scalar (spin O) field
o" — vector (spin 1) field p* - vector (spin 1) field

Eint :gaﬁlpa — gwﬁvu Wwh
+gsUT U — gp\I"yMT 7l

Full Lagrangian:

J.D. Walecka, Ann. Phys. (N.Y.) 83 (1974) 497



The Non-Linear Derivative (NLD) model...

NLD Lagrangian : as in conventional RHD

l— = — = — 1 1
L =5 [‘I’%ﬂ OHrU — Wy 0 ‘WM\P} —mUYW¥ — §m(2,<72 + 5(%08“0 —U(o)
1 1 1 Lo 1 - =

+£int



The Non-Linear Derivative (NLD) model...

NLD Lagrangian : as in conventional RHD

l 1= &= — = — 1 1
L =5 [‘I’%ﬂ OHrU — Wy 0 ‘WM\P} —mUYW¥ — §m(2,<72 + 5(%08“0 —U(o)
1 1 1 1 - =
—|—§mawuw“ —7 P+ §mgﬁuﬁ“ — ZGWGW
+£int

Interaction Lagrangian : as in conventional RHD

Lint = 970 [ﬁ\lla + aﬁ\ﬂ — ”%U [ﬁﬂy“\llw” + wuﬁv“\ﬂ

g T, — — — T, =
- 7/) UAHTOG, + YTy T



The Non-Linear Derivative (NLD) model...

NLD Lagrangian : as in conventional RHD

l 1= &= — = — 1 1
L =5 [‘I’%ﬂ OHrU — Wy 0 ‘WM\P} —mUYW¥ — §m(2,<72 + 5(%08“0 —U(o)
1 1 1 1 - =
—|—§mawuw“ —7 P+ §mgﬁuﬁ“ — ZGWGW
+£int

Interaction Lagrangian : as in conventional RHD + non-linear derivative operators
o [=$< — = w [=$< — =
Lint = = U DWo+ 0V DY - = U Dy W, + w, Uy D]
— — - —
_ 92—’) [\p DAPEUG, + p L O7AH D\If]

Nucl. Phys. A899 (2013) 133



The Non-Linear Derivative (NLD) model...

NLD Lagrangian : as in conventional RHD

l 1= & — 4= 1 1
L =5 [‘I’%ﬂ OHFT — Wy 0 Hy, } mU¥ — 5m m2o? + 5(%08“0 —U(o)
1 1 1 1 - =
+omewuw! = ZFu P omi gt = G G
+£int

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

Lint = i;PDDWU+JWIN4 fg[mzhmm%,+%ﬂwﬂpm}
L _
—ég[wzwwaﬁM+5¢@vaDw]
Non-linear derivative operators : Taylor expansion of partial derivatives &

— 59 — ¢
D = ( ) —D|-» £ =1 i 0 o
;; 853‘5*03’ A

Nucl. Phys. A899 (2013) 133



The Non-Linear Derivative (NLD) model...

NLD Lagrangian : as in conventional RHD

l 1= & — 4= 1 1
L =5 [‘I’%ﬂ OHFT — Wy 0 Hy, } mU¥ — 5m m2o? + 5(%08“0 —U(o)
1 1 1 1 - =
+omewuw! = ZFu P omi gt = G G
+£int

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

Lint = = [\If Do + T D\p] = [\If Dy B, + w, Ty D\p]
o _
_ 92—’) [\p DAPEUG, + p L O7AH D\If]

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

_>, 53 _>__’v°"5>a
D= ( ) j—ZO agjp‘f—w j! 5— _®_

cut-off, will regulate the

high-momentum tail of RMF fields

Nucl. Phys. A899 (2013) 133
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NLD Lagrangian: contains higher field derivatives: L ((,Or, aozl Pr, aalag Ory -

- Generalized Euler-Lagr'ange equaTionS'

oc
&pr N 2_: " Oy )

- Generalized Noether-Theorem: conserved current

©s Oy e-cx,, Pr)

JM — 9 [’C'UJSOT + ]Clwlaal Oy + ]Clwlazaalaz(pr 4+ ...+ ]C,,'L“Lcrl...an

with the following tensors

-~

A C e A\l e (A

\ R—

Nucl. Phys. A899 (2013) 133
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NLD Lagrangian: contains higher field derivatives: L ((,Dr, 8a1 Or, 8a1a2 Pry e, 8a1 ey, QOT)

- Generalized Euler-Lagrange equations:
L  ~, .
0
+ E (=) Oay--.

- Generalized Noether-Theorem: conserved current

JP = —1 [’Cﬁ%" + ]Crffalaaﬁpr - ]Cﬁalmaalaz‘:or t o ]C'f“wlman Ul“"’n(p"“]

with the following tensors

infinite series rsp. to higher-order field derivatives, but...

Nucl. Phys. A899 (2013) 133
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NLD Lagrangian: contains higher field derivatives: L ((,Dr, 8a1 D 8a1a2 Ppry sy, 8a1 ey, QOT)
- Generalized Euler-Lagr'ange equaTionS'

oc
&pr N 2_: “ Oy arr)

- Generalized Noether-Theorem: conserved current

J,U, — _Z []C'u’@fr _|_ ]C'UJO.l ao-l SOT _|_ ]C'u0-10-280-10-2(,0r —l_ c s _|_ ]Cﬁo-l...o-nao—l...o-ngor]

with the following tensors

All'infinite series can be resummed to compact expressions I

Nucl. Phys. A899 (2013) 133



NLD field equations..
- Dirac equation for nucleons [’Yp, (Zau — E'U’) — (m — 25)] U =0 with selfenergies

— =
Y= g,w"D 4 g,T - pHD+ -

— g 0—1_)>_|_ . (up to terms containing derivatives of the meson fields)
S (o)

> Meson field equations:

oU 1 [—<« _
0y0%0 +m20 + — = =g, | DU + T qf} |
Jo 277 L
1 =<4 — =
OuF" +miw” = =g, [T D"+ 7”1)\11] |
= 1 (=« — —
0uG™ +mip = g, [qf DAVF U + U7 VVD\II}

r 5 I / % 9
[E— - [EE— 7 [E— N [E— 7
{ v g R f - f Lo f = ~ V] () by A NP oA f
/ W L s — — \ s v — Y N ;- — N \ 7 N — Ay /
) ) ; Lo 7 v J t 5 ] I ] ! /
5 e g 4 ; I
/
y N
N
/

Nucl. Phys. A899 (2013) 133



RMF approach to mf_ums_qmmg_tr_c_nusjs_qr_mgm

> Plane wave Ansatz for ¥ and ¥ and /- = : with f = —

A

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

oo ,
i=p,n

m2w —0w Z <6270D\Pz> = Gw PO

1=p,n
map =g, > Tz< Uy DY; > = 9pPI
1=p,n
v K 3 Hibpy v
™= 2 G /dp T
- 17| <pF;
T - > ,

Nucl. Phys. A899 (2013) 133



R ° < ® °

(84
> Plane wave Ansatz for Wand Y resand _J -~ ~: with f — UO‘/{?

meson-field equations

oU —
m2o+ o= =ge > (UDV;) = gop,

do ,
1=p,n
MW =gu Z <@70D\Ifi> = JwPo
1=p,n

miﬂ =9p Z T¢<EWOD‘I’@'> = 9pPI

=D, N

Equation of State (EoS)

<

Nucl. Phys. A899 (2013) 133



Eeatures of NLD model...

cut-off A regulates

1) DD & MD of selfenergies

meson-field equations

mZo + g—g =00 Y _ <@D\Ifz-> = Jops

1=p,n

MW =gu Z <@70D\Ifi> = JwPo

1=p,n

mf)p =9p Z Ti<@70@q’z’> = 9pPI

=D, N

Equation of State (EoS)

<

Nucl. Phys. A899 (2013) 133



Eeatures of NLD model...

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

meson-field equations

mZo + g—g =00 Y _ <@D\If7;> = Jops

1=p,n

B 2) DD of meson-field sources
MW =gu Z <\IJWOD\I%> = gwPo

1=p,n

m2p =g, > Tz'<@701?\11¢> = GpPI

=D, N

(particularly for o-field)

Equation of State (EoS)

<

Nucl. Phys. A899 (2013) 133



Eeatures of NLD model...

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

meson-field equations

oU —
m2o+ o= =ge > (UDV;) = gop,

Oo -
i=p,n 2) DD of meson-field sources
2 o .~0 N —
MW =gu Z <‘I’27 D\I'Z> BEakel (particularly for o-field)
1=p,n

m2p =g, > Tz'<@7°D\Ifi> = GpPI

=D, N

Equation of State (EoS)

<

3) fully thermodynamic consistent

(important for neutron stars)

Nucl. Phys. A899 (2013) 133



Nuclear EoS...

o —
= Ln
= =

h
o=

Equation of state (EoS) [MeV]

Y0 02 04 06 08 1
3
pg [fm ]

Gaitanos, Kaskulov, Nucl. Phys. A899 (2013) 133



Nuclear EoS...

200f / / ‘
=1
125

f—
Lh
=

% — NLD
= B DBHF
o 100
3 100 =
T’ 1]
- 2
= 50 3
2 s
3 =
S e
0 %
s
=
=
3

'25{) T 01

Gaitanos, Kaskulov, Nucl. Phys. A899 (2013) 133

02 03 04 05 06
3
pg [fm 7]



Nuclear EoS...

Equation of state (EoS) [MeV]

200} / ‘
o=1
125+
150 E—
B DBHF
lU‘O' DD
100 b 3
Q B
2
= 15
o
2|
50 3
L
g 50
L
2
0 =
s
&2 25
=
3
'5()0 0.2 0.4 ( 0
3
pg [fm 7]
'250 0.1 0.2 0.3 0.4 0.5 0.6

Gaitanos, Kaskulov, Nucl. Phys. A899 (2013) 133



Nuclear EoS...

200F / ‘
o=1
125F
= 150 ———
> B DBHF
@ 100 > 3
A £ iy
= = 15
:
= 50 )
S @
5 g 50
S b
2
0 =
8
2 25
=
il
'5()0 0.2 0.4 ( 0
-3
pg [fm ]
_2 M | M |
50 0.1 0.2

Gaitanos, Kaskulov, Nucl. Phys. A899 (2013) 133
Gaitanos, Kaskulov, Nucl. Phys. A940 (2015) 181

03 04 05 06
3
pg [fm 7]



NLD results: EoS...

- symmetric matter

- neutron matter

NLD

(S
=
L

HIC data

P [MeVfm |

—
™1

————
=

10/™15 225 335445 1152 253 35 4 4
pB’l"p sat pB’;psat

]

NLD model is consistent with HIC phenomenology
Nucl. Phys. A899 (2013) 133



125F

— NLD
B DBHF

100F

[MeV]

1D

Nucl. Phys. A899 (2013) 133

Remarkable agreement with microscopic DBHF l
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high p — high momenta

oo
.

—
n
<

Equation of state (EoS) [MeV]

. In-medium proton SEP (real part)
50
0
. . . 100F
% 0.2 0.4 0.6
pg [Im”]
— & exp.
= sk ent? ssee P
2, a®
o L
B *®
- ™
0OF ®
@
- @
&
-5ﬁ.
-IDDD 250 500 750 1000 1250

E,, [MeV]

Nucl. Phys. A899 (2013) 133
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In-medium proton SEP (real part)
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In-medium proton SEP (real part)
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high p — high momenta

In-medium proton SEP (real part)

oo
¢

200

—
n
<

100

wh
=
T

Equation of state (EoS) [MeV]

o

, , , 100F
'500 02 04 0.6

| NLD

[MeV]

opt

8]

NLD is consistent with

Dirac phenomenology

0 250 500 750 1000 1250
E,, [MeV]

Nucl. Phys. A899 (2013) 133



[MeV]

=
5

Re U

-250

-750

-1250

-1500
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oo
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In-medium anti-proton SEP (real part)

..... o lapi : in, Phys. Rev. C80 ('09) 021601(R).
]
0 500 1000 1500 2000 2500 3000
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[MeV]

=
5

Re U

oo
¢

In-medium anti-proton SEP (real part)
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oo
¢
¢
g

'

In-medium anti-proton SEP (real part)

----- ——T—t N
0_ -
2250 [ NED -
A _- good description of
=} - phenomenology
& -750f - : :
= . also for in-medium
"4
-1o0or 1 anti-proton interaction ¢
1250 1
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



SAS

,NL_D_&_U]]‘_S high-density EoS at B-equilibrium..,

Consistent with analyses of F. Ozel. l

Phys. Rev. D82, 101301 (2010).

P [MeVfm |

Nucl. Phys. A899 (2013) 133



Consistent with analyses of F. Ozel. l

Phys. Rev. D82, 101301 (2010).

P [MeVfm |

[ B¥]

fa—
=

pressure density P [Merm'B]

..and A.W. Steiner l

Astrophys. J. 722, 33 (2010). -

Z{IJG I 400 I 600 | 800 | IOGDI IZDDI 14DDI lfﬂ]ﬂl 1800
Nucl. Phys. A899 (2013) 133 energy density € [MeVim ]

10




Compatible with ... I

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

NLD J1614-2230

J1903+0327

double NS systems

Neutron star mass M [M__ ]
|

Q3+

0 S L T T L T E T T T T
6 7 8 9 10 11 12 13 14 15
Neutron star radius R [km]

Nucl. Phys. A899 (2013) 133



2_
E
=
2 1.5
vl
& double NS systems
2
7
=S
E
=1
w
Z.

=
Ln

|
.

J1903+0327

Compatible with all observations

Lattimer/Prakash, Science 304 (‘04) 536, Phys. Rep. 442 ('07) 109
Steiner, Lattimer, Brown, arXiv: 1205.6871

1614-2230

0 ! I ’ I ! I I ! I y
6 7 8 9 10 11
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Key Information

» HADES Spectrometer at GSI
» Secondary m—-beam 1.7 GeV/c

g Ta rget W E

W Segment Length [mm] | 2.4 T2
B plg/cm’ 19.3 1.85
. A 183.84  12.011
lh  Statistics [x10] 1.69 2.00

Idea:
» Search for Charge Pattern 24+ 2- (A —= p+7m—, R G g ol S T )

» Make best assignment of bouble 7~ occurence by minimizing:
AMp = Miyy (p+ 7~ ) — M(A)ppe
AMyo = Mpyy (7" + 7~ ) — M(KO0)ppc

For all m— Combination
» Cut on 2D AMp vs. AMy,

Icons from: https://www.flaticon.com/

Gaitanos & Violaris & HADES, in progress...
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