T E C H N l S C H E Unterstiitzt von / Supported by : ’ /
&

=\ UNIVERSITAT ¢
DARMSTADT Alexander von Humboldt

Stiftung/Foundation

P
e
i
I
B
oo

\NN»

= .._____. 4
~—
—0— __ @

Nuclear matter at zero and finite temperatures
based on chiral forces
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TH Institute “Neutron Stars” - CERN - 6 December 2016

2N Force 3N Force 4N Force

Spectral function, A(k,w)/(2r) [MeV'1] Lo
ion, , 0, —e
@y X

wo X
@/ [jj::H:H?"i|

NNLO +HJ
(Q/A,)?

|
g

]
vio XEH oy

1
ont g, AT




Nuclear theory: from nuclei o nuclear matter

A NEUTRON STAR: SURFACE and INTERIOR
® 5 “Spaghettr” -

The nuclear many-body problem

o Build reliable methods with predictive power
o Probe the limits of the nuclear landscape

o Constrain the EOS of neutfon star matter
T

Temperatur T [MeV]

Unstable nuclei

Density r/r,

Radioactive beam facilities access

this region at the extremes
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Solving the nuclear many-body problem

Self-consistent Green’s functions

Spectral Function
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Breakthrough: full formal extension

to consistently include 3BFs

Carbone, Cipollone, Barbieri, Rios, Polls,
PRC 88, 054326 (2013)

Q@\\‘;ﬁr}’j‘ TECHNISCHE . o . Unterstiitzt von / Supported by ‘
2/~) UNIVERSITAT Arianna Carbone — Nuclear matter at zero and finite temperatures based on chiral forces — 6t December 2016 Mexander von Humboh

' DARMSTADT

Chiral Hamiltonian

nucleons and pions

Hierarchy of N-body forces
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Energy/Nucleon, E/A [MeV]
o)
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» Improved prediction of saturation density

The need for 3-body nuclear forces

Symmetric Matter

2N N3LO EM500
2N N3LO EM500+ 3N N2LO

N3LO

— — = N3LO+N2LOdd corr. full
N3LO+N2LOdd free full
N3LO+N2LOdd corr. ext. .+

o A

\
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Density, p [fm_3]

o Neutron matter energy stitfens

0.32

Carbone, Rios, Polls, PRC 88, 044302 (2013)
Carbone, Rios, Polls, PRC 90, 054322 (2014)
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Energy/Nucleon, E/A [MeV]
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TPE contact
Py Py P P P X 3 p % 3
P1 P2 P3 P1 P2 P3 P1 P2 P3

C1,C3,C4

Neutron Matter

— N3LO
— - N3LO+N2LOdd cor. reg. full

N3LO + N2LO dd free reg. full
N3LO+N2LOdd cor. reg. ext.
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What can we predict?

Thermal effects
in the PNM EOS

Saturation point — m—

& uncertainties of et

1 R Finite-T & estimate of
I liquid-gas transition
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Saturation point according to different Hamiltonians

Carbone (in preparation)
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- T=0 MeV Symmetric Nuclear Matter P P> Py Pip: P PLp: P
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o ——— e e ——
Ry - N3LO EM500SRG, 3NFs fit to °H BEs, “He rr,
-6 - N2LOopt (POUNDERS), 3NFs fit to °H,°He BEs
T T B T - N2LOsat (POUNDERS), NN+3N fit to °H,**He,
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Density, p [fm_3]

2N N3LO EM500 (SRG L=2.0fm-")+ 3N N2LO (L=2.0fm-") &
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2N N2LOsat + 3N N2LO Y
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N2L Osat (NN+3N):
predicts saturation density
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From microscopic... To macroscopic:

S .
YMmetrjc Nucleagr Matter

why N2LOsat saturates

The microscopic picture: momentum distribution - T=OMeV  Symmetric Nuclear Matter -
E > 1 '
A < A e 2N N2LO_ +3N N2LO ]
& < N N3LOg, . +3N N2LO
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> N2LOsat high-momentum states 4% .the macroscopic picture:
, total energy more repulsive
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Predictions for the Symmetry Energy and slope L
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Necessity to check all infinite
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goodness of a potential

.».g; TECHNISCHE
SiF/=) UNIVERSITAT
2 DARMSTADT

0,08

| | |
0,16
Density, p [fm_?’]

Carbone (in preparation)

Arianna Carbone — Nuclear matter at zero and finite temperatures based on chiral forces — 6t December 2016

by
"

ttttttttttttttttttt

8



S .
YMmetrjc Nucleagr Matter

Uncertainties due to fitting procedures

o Triton beta-decay is experimentally precisely known
o Constraints on the ¢D coupling

112 T LANMARRR\IN T T T T T T T T T T T | T T T T
WA AMN\L
I AR RO — full calculation
1.1+ N\ N \\\\\ \\\ —— NN only N
B AR\
o 108 D D
<
0] B . . .
A 106 OPE 3N interaction axial vector current
O | .
vV 1.04
~ | Cutoff dependence on the current
— 1.02
@) i
Vv 0 |
0.98 _4__
1 1 1 1 1 1 1 1 L\ | 1 N 1 1 1 1 1 : 400
0.96_4 ) 0 ) 4 6 8+ 500 1\1\22://
CD i 600 MeV

o Visible effect on the prediction of™
the saturation point

o Energy and density range:
E=~[-11;-21]MeV, r=~[0.13-0.20]fm-3

161

Energy/Nucleon, E/A [MeV]
o
[

. Symmetric Nuclear Matter
24
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1 1 1 | 1 1 1 | 1 1 1 | 1 1
0 0.04 0.08 0.12 0.16 0.2

Understand new ways to fit the LECs Density, p [fm”]

Klos, Carbone, Hebeler, Menéndez, Schwenk (in preparation)
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W"“matter

Many-body methods comparison

Many-body perturbation theory
Self-consistent Green’s functions

>
Q) 50 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
e e T T ] = | mmmm N3LO+N2LOdd (SRG) 7
20— EMs00 M:V:N3LO 3N + 4N 7 < 40 Drischler et al.
- EI EM 500 MeV, RG evolved + N°LO3N ~ £& e — = = N3LO+N2LOdd
- oo SCGF (Carbone et al.) ~ 30
15_ a—a CC (Hagen et al.) ; -
| e—e MBPT (Corragio et al.) > 8
= | - S 20
S i 2
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sk - 5 0 0.08 0.16 0.24 0.32
i _ . -3
i ] Density, p [fm ]
N N I N Carbone, Rios, Polls, PRC 90, 054322 (2014)
0 0.05 0.1 0.15
n [fm”] > Agreement up to 0.20 fm-3 with the use of
Hebeler ef al., Ann. Rev. Nucl. Part. Sci. 65, 457 (2015) different Hamiltonians

o Questionable validity of chiral EFT
o Low-density neutron matter perturbative
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Wonn‘]atter

Pure neutron matter with 2N + 3N at N3LO

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based 3NF average Drischler 2014-2015

many-body approximation uncertainty

e ————————T

How perturbative is chiral forces
the potential: EM N3LO500 EGM 450/500 EGM 450/700 uncertainty

MBPT vs SCGF 5 3 Y 2 ;
[ N°LO EM 500 MeV N°LO EGM 450/500 MeV 4 N°LO EGM 450/700 MeV ] . .
band Shrlnks 25 - N’LO 3N forces N’LO 3N forces 4 N2LO 3N forces O NSI_O SNF Sh|ft N
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o }X [ ¢, =—(0.75-1.13) GeV ! O
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o 15
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[ R I T R N B T S R R R B
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
n [fm=3] n [fm3] n [fm™]
Drischler, Carbone, Hebeler, Schwenk PRC94, 054307 (2016)
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W"”matter

Test the many-body convergence at full 2N+3N N3LO

EM N3LO500 EGM 450/500 EGM 450/700

30 | + + -
: o] % no | T w1 0.16 fM-3
i I \i I ¢ = —(0.75—1.13) GeV ']
25 | ii 1 3 + cs= — (4.77—5.51) GeV -
S O I \ I & An=+(@20-25fm? |
2 I \ ) 1 \\ 1 i ]
= 20 | O 2 | ' { | N\ '
z i ) A= 1 M /{’ - T \ )
Lo YR D N4 3N N2LO
15 | 1 1 - {_ L\—
L 1 1 _\
EM 500 MeV !  EGM 450/500 MeV ! EGM 450/700 MeV -
T=0 MeV T T=0MeV T T=0MeV 1
19 i | | I | 1 |
HF  2nd  3rd  SCGF HF  2nd  3rd  SCGF HF  2nd  3rd  SCGF

many-body truncation
attractive 2nd order
repulsive 3rd order

o understand the many-
body convergence

EM N3LO500 EGM 450/500 EGM 450/700 o test the chiral Hamiltonian

How perturbative is the potential: smaller beyond of 3rd order

Drischler, Carbone, Hebeler, Schwenk PRC94, 054307 (2016)
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W""matter

The pairing gap in neutron matter

P 2N
Beyond BCS: > 25 1 (a) — BCS NN+3NF
correlations = o O SRCNN+INF
) > 1S0 max 2.3 MeV,
strongly reduce S 15 | 1 closes at ~1.5 fm-1
(@)}
dap 2 4L | o 3NEs repulsive,
T pairing smaller
QO 05 - -
o effect of 3NFEs:
o 1S0: weaker, 0........
attractive, lower 3pE
" 1} FFo
densities = | (b) > No closure for
() i .

- 3PF2: stronger, —_ = | 3PE2 gap with SN
repulsive, higher - > limits of
densities S 0.1 | applicability of

I chiral forces
5
Ding et al., PRC94, 025802 (2016) 0.01

00 05 10 15 20 25

Drischler et al., arXiv:1610.05213v1 (2016) Fermi momentum. k [fm'1]
, KF
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Free energy and pressure at varying femperature
F=FE_TS P = /0( w— F) _“ OM SymmechuclearMmj

10
- T=8 MeV ;;; T=8 MeV 1 s <
15 1. :
20 - ' o ]
) = 25 2N N3LOg, ., ,+3N N2LO Jo 3
o Q _30 i 11 1 | 11 1 | 11 1 | 11 1 | 11 1 11 1 | 11 1 1 1 ] _05 m-
3 E 15 [ T=12 MeV T=12 MeV 315 oo To0s oz ode oz oz
E <C L _E 1 '8 Density,p[fma]
Q = Ar 205 o
Q. & 251 20 &
E § _30 B 11 1 | 11 1 | 11 1 11 1 11 1 11 1 | 11 1 | 11 1 L1 | E _05 z . . ,
o S F T=16MeV T=16 MeV 215 a~ o similar behaviour to
g rC = o
2 | 5ok ERS- zero T energy
= 5 F »» 2N N3LO_ . +3N N2LO 3 4
40 - - —a 2N N2 3aNN2LO 30 @
% Lﬁ 40 - I B N B |SI|{G|2 T N B 1\|Ill\I |L|00pt|+| 1|\II\I |L|O| f 05 5: < NZLOOpt mOSt
0 o “F T=20 MeV T=20 MeV 215 .
(&) L 30 =N repulsive
= 45 =05 .
o s N N3LOG g 1#3NN2LO e INN2LOS + 3N N2LO 0 o less difference
0 004 008 012 016 0 004 008 012 016 027 between other
\ 4 Density, p [fm_3] Density, p [fm_3] potentials
2N N3LO EM500 (SRG L=2.0fm-1)+ 3N N2LO (L=2.0fm"1) liquid-aas phase
_ _ - liguid-gas phase
2N N3LO EM500 (SRG L=2.0fm-")+ 3N N2LO (L=2.5m-1) —
2N N3LO EM500 (SRG L=2.8fm-1)+ 3N N2LO (L=2.0fm-1) lransition
2N N2LOsat + 3N N2LO
2N N2LOopt + 3N N2LO Carbone, Rios, Polls (in preparation)
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The liquid-gas phase transition and critical point

NN N2LOsat+3N N2LO

‘Syrr‘lme‘tric ‘Nuélea} M‘atte‘r | ‘SCGF |
| e u(pg) = wlpr)  Plpg) = P(pi)
E | ok
% :¥zi§ sz 20 I I I | I I I | I I I | I I I | I
| v— T=16 MeV _ i
% 2 Il Mey 2N N3LOSRG_1+3N 21O :
% 18 Coexistence line - = 2N N3LOgpg ,+3NNZLO
£ — 2N N2LO +3N N2LO
i% sat
or IS 16 ---2N NZLOOpt+3N N2LLO
0 0,05 0.1 0.15 0.2
Density, p [fm ] [ —..2N N3LOSRG—3+3N N2LO

Temperature, T [MeV]
=
I | | | | | | | | | | | | | | | | | | | | | |

0 | T T T ‘ T T T ‘ T T T
[ 2NN2LO__ +3NN2LO
> _10F 12
[} L
= | .
3t e
— 20 N
S r N
S T 10 \
£ 30k N
A 01 o—e T=8 MeV \
8 T »—= T=10 MeV . N .
5 0| ChlaMy ;s - \ "
_(c.::) i — T=16 MoV ] 8 1 /1 | | | | T~ | | | | £ I i | |
i —T=I8 MeV | 0 0.04 0.08 0.12 0.16
sol — T=20 MeV 1 3
- B L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L B .
0 0.04 0.08 0.12 0.16 0.2 Den31ty » P [fm ]

Density, p [fm_3] ] ) .
Carbone, Rios, Polls (in preparation)

o Coexistence line: equilibrium between a gas and a liquid phase

o Predicted critical temperature ~ T=~[13-15] MeV (experimental ~[15-20] MeV)
- Previous consistent results from Wellenhofer et al., PRC 89 ,064009 (2014)
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Saturation Energy vs Critical Temperature
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Density, p [fm”]

Carbone, Rios, Polls (in preparation)

> Interesting linear correlation between saturation energy and critical temperature
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Pure Neutron Mmatter

Thermal effects for astrophysical applications

> Pressure calculated as: Pcold+Pthermal Pth :4'( — 1)/0Eth
> Thermal index considered constant —

1 1 1 1 LI I 1 1 1 1 LI
i T=0 Pressure and Energy from fit SCGF
22 —
Pth — P(T) — E() B i
°  TeSMeV ] ! 2 —
Tk : = 18 —
: = L e _
=, F 3 1.6p~—"~ o Y —
N | —— T=10MeV AE ]
if — -+ T=20 MeV "ONoa
3 14— T=50 MeV | —
d ‘\ —
1 1 1 1 1 L1 11 I 1 L1 1 L1 1
0.01 0.1 1
80 — T T T T '3
5 p [fm ]
60: . . 1.8_ T T T T T T
= | o Pth decreases after certain density SR o :
> I . - == ~'\\ _o((m*)’/m*) —
& of 1 o Eth decreases monotonically o RN
S 1 ¢ Indexincreases then decreases EMF T ome N E
i el 1 _ _ % - T=50 MeV N 1
after saturation density E1af b 3
o . g ]
0 0. 02 03 o dependence on the effective mass £ 2 ey
p [fm”] . F R E RS L L LInRT R
derivative o o
001 0.1 1
p [fm”]
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What can we predict?

Thermal effects
in the PNM EOS

Saturation point — m—

& uncertainties of et

1 R Finite-T & estimate of
I liquid-gas transition
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Summary and Impact of results
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