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Ab initio low-energy nuclear theory

Solve the nuclear many-body

problem from first principles

Employing reliable methods with predictive power
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Ab initio low-energy nuclear theory

Solve the nuclear many-body

problem from first principles

Employing reliable methods with predictive power

o Structure and reactions of nuclei
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Ab initio low-energy nuclear theory

Solve the nuclear many-body

problem from first principles

Employing reliable methods with predictive power

» Structure and reactions of nuclei

» Structure and dynamics of peutron stars
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Ab initio low-energy nuclear theory

Solve the nuclear many-body

problem from first principles

Employing reliable methods with predictive power

» Structure and reactions of nuclei
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Ab initio low-energy nuclear theory

Solve the nuclear many-body

problem from first principles

Employing reliable methods with predictive power

» Structure and reactions of nuclei
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How do we proceed in this endeavour?
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degrees of freedom and interactions
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How do we proceed in this endeavour?
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Schrédinger equation
many-body approach

Self-consistent
Green’s function
method

Dickhoff & Barbieri,
PPNP 52, 377 (2004)
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Self-consistent Green's functions

- Green’s function: a tool to solve the nuclear many-body problem
N-particle many-body system

single- single-
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Self-consistent Green's functions

- Green’s function: a tool to solve the nuclear many-body problem
N-particle many-body system

Spectral Function

single-
hole
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Self-consistent Green's functions

- Green’s function: a tool to solve the nuclear many-body problem
N-particle many-body system

quasi-particle peak

Spectral Fuhction

single-
hole
state
beyond mean-field
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Self-consistent Green's functions

- Green’s function: a tool to solve the nuclear many-body problem
N-particle many-body system

quasi-particle peak

Spectral Fuhction

single-
hole
state

- Self-consistent nonperturbative method:

Gren’ funcion —atrix | Slfner
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Dyson equation
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Self-consistent Green's functions

- Green’s function: a tool to solve the nuclear many-body problem
N-particle many-body system

quasi-particle peak

Spectral Fuhction

single-
hole
state
- Self-consistent nonperturbative method:
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Gren’ funcion —atrix | Slfner

A |
Dyson equation

- Breakthrough: full formal extension to consistently include 3BFs

Carbone, Cipollone, Barbieri, Rios, Polls, PRC 88, 054326 (2013)
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The need for 3-body nuclear forces

Koltun sumrule
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The need for 3-body nuclear forces

Koltun sumrule
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The need for 3-body nuclear forces

Koltun sumrule
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The need for 3-body nuclear forces

Koltun sumrule
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Saturation point according to different Hamiltonians

Carbone (in preparation)
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Saturation point according to different Hamiltonians

Carbone (in preparation)
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Predictions for the Symmetry Energy and slope L

Energy of asymmetric matter
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Predictions for the Symmetry Energy and slope L

Energy of asymmetric matter
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Predictions for the Symmetry Energy and slope L

Energy of asymmetric matter
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Constraining stellar equations of state from ab initio results

Drischler, Carbone, Hebeler, Schwenk PRC94, 054307 (2016)
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Constraining stellar equations of state from ab initio results

Drischler, Carbone, Hebeler, Schwenk PRC94, 054307 (2016)
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Free energy and pressure at varying temperature er

increasing temperature

Free Energy/Nucleon, F/A [MeV]
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Free energy and pressure at varying temperature er

increasing temperature
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Free energy and pressure at varying temperature er

increasing temperature
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Free energy and pressure at varying temperature er
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Many-body uncertainty for finite-T propeﬂch’ea’maﬂer

evolved potentials to unevolved
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Many-body uncertainty for finite-T propeﬂch’ea’maﬂer

evolved potentials to unevolved
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Many-body uncertainty for finite-T propeﬂch'ea’maﬂer

evolved potentials to unevolved

Free Energy F/A,Chemical Potential (L [MeV]
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Many-body uncertainty for finite-T propeﬂch'ea”‘mter

evolved potentials to unevolved
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The liquid-gas phase transition and critical point

Carbone, Polls, Rios PRC 98 025804 (2018)
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The liquid-gas phase transition and critical point
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The liquid-gas phase transition and critical point
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The saturation energy vs the critical temperature
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Carbone, Polls, Rios PRC 98 025804 (2018)
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The saturation energy vs the critical temperature

Carbone, Polls, Rios PRC 98 025804 (2018)

0 T T T | T T T | T 20 i T | T T T | T T T | T T T | T ]
| SNM . nggf 11500 - (a) SCGF coexistence line |
full400 -
= r A N3LO . — 18-
E -4 o N2LOSRGZS/20 = % - - N3LOSRG18 .
— : | 2 N3LOSRG20/25 7] 2 B N3LOSRG20 i
< I N3LO g 2020 — 16— R N3LOSRG28
K e v N3LOgg180 = [ N2LO i
e N i—
St o sat _
oS | S 14 -.-- N3LO =
g = B full i
i 2 I !
< ot S | ]
=T D 12+ |
< o, t i
0 g ]
q.) -
— 10 —
024 - | 1
80 0.08

Densﬂy, p [fm ]

;_"|"'|"'|"" | | | | ]
11— |
é) : N3LO, , Kapusta model :
l_‘_lz__ \ ]
< - SCGF ~.  BHF \
m'\ 1 N \ \\ 7]
o i \
2 N3LO \
. : SRG28 \\ ~
theoretical uncertainty : S \
bands correlate: = N2LO oo
helpful in pinning down the critical 0 16] > A
P P g = <\
temperature S b RN
S SURE
%_lg-_ N3LOgpi15\ N
**** X 11 | 1|2I - 1|3.I .I | 1|4I - 1|5I - 1|6I - 1|7I - 1|8I - 1|9 - I20
* poriX Critical Temperature, TC [meV]

Arianna Carbone — Advances in predicting nuclear matter at finite temperature — 20th March 2019




Thermal effects in EoS for astrophysical simulations
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Thermal effects in EoS for astrophysical simulations
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Thermal effects in EoS for astrophysical simulations
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Thermal effects in EoS for astrophysical simulations
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Thermal effects in EoS for astrophysical simulations

Thermal index, I‘th
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Thermal effects in EoS for astrophysical simulations
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Thermal effects in EoS for astrophysical simulations
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Thermal index parametrized via effective mass
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Thermal index parametrized via effective mass
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Extended SCGF approach

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

2B ¢ | 2B+3B

1. define effective interactions:

Interaction|

2. modity ladder approximation:

Tmarlxﬁ D """" i E‘W\”.T |

3. correct diagrams counting:

Self enigj @;D ..
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Extended SCGF approach

Carbone, Cipollone, Barbieri, Rios, Polls, PRC 88, 054326 (2013)
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1. define effective interactions:
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The 4-pt vertex function

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

Obtain the interacting vertex function including 3body forces:

| The 4-pt vertex function:

It's an equation including
the 4-pt, 6-pt and 8-pt
Interacting
vertex functions!

24
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The single-particle self-energy

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

Calculate self-energy paying attention to the effective terms
ﬁSeIf-energy: B <:>

Residual 3NF

-

F6—pt

2B + 3B @_WW
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The single-particle self-energy

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

Calculate self-energy paying attention to the effective terms

Selfenergy:| o Q

Residual 3NF
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The single-particle self-energy

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

Calculate self-energy paying attention to the effective terms

Self-energy:| g
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Define a hew sum rule

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

BN = (WY HWY) = (0 TI0Y) + @71 + <\PNrwr\IfN

Galitskii-Migdal-Koltun sumrule modified:

pN_pN-1
1 A - .
Z/ A wTm G () = (TN [T1TNY 4+ 200N (710 + (0N 17 [0
e s

[ S5 [ 5L vl amwrse) - e
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Define a hew sum rule

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

EN = (UNH|UN ) =N 10N Y@ [V 0N+ @V e )

Galitskii-Migdal-Koltun sumrule modified:
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Modified Koltun sum rule

Carbone, Cipollone, Barbieri, Rios, Polls, PRC 88, 054326 (2013)
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Why nuclear matter from chiral EFT?

& Power countingl

- Effective theory of QCD

= Nucleons & pions as d.o.f.

- Power counting expansion

- Hierarchy of many-body forces

- Theoretical uncertainties

Qver 20 years of
ongoing improvement

Epelbaum et al., Rev. Mod. Phys. 81, 1773(2009)

Machleidt et al., Phys. Rep. 503, 1 (2011)

(2N Force) (3N Force) (4N Force)
\ R X | -
/)< i low-energy
[‘ * ______ | constants

2013 "+} 1994

2015 \/ \\|/ 12002

R q

> ‘ // \
Xl
Y e | W 2007 -4 noog
(*”F\\ 2003 |1t /\\gg?? .
Y+ 2005 . .
2015 2012
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Temperature dependence

Macroscopic
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properties

overcome pairing instability at zero-T

exploit the Sommerfeld expansion for

low temperatures
* energy: e ~ eg + a T

* free-energy: f ~ fy —aT?

semi-sum is an estimate of zero-T results

[AEsvoon)-1.4 MoV, ABr(on)-1 MeV |
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Spectral vision of the nuclear interaction

Rios, Carbone, Polls, PRC 96, 014003 (2017) ——
( Av18 ) N3LO+SRG+3NF
107! E’ k=0 (a) 11 E’ k=0 (d) ~1 107!
= 5 1 f energy
Hard-core E
3 Soft-core
S
<
5
()
=
3
-
<
5
()
=
_ El - i
p = 0.20fm 3 < 107 5 :
< 107 : {107
kp = 283 MeV A i [y
- | .4 I IS AT AT AT AT AT AT | ol l AV sl aa Nl 10—
S N M 2750-500-250 0 250 500 750 -750-500-250 0O 250 500 750
Energy, o—u [MeV] Energy, o—u [MeV]
* %k
A% Ko
ECT* s
*** *f :< 30



Spectral vision of the nuclear interaction A(k,w)—-
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Spectral vision of the nuclear interaction
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Spectral vision of the nuclear interaction A(k,w)—
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Understanding nuclear states fragmentation  m’ = / A (w)
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Understanding nuclear states fragmentation  m’ = / A (w)
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Understanding nuclear states fragmentation  m’ = / T Aw)
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Rios, Carbone, Polls, PRC 96, 014003 (2017)
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Rios, Carbone, Polls, PRC 96, 014003 (2017)
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n(® —
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spectral function
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The variance as a proxy of softness

Rios, Carbone, Polls, PRC 96, 014003 (2017)
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. p = 0.20fm ™"
The variance as a proxy of softhess | _ ey

Rios, Carbone, Polls, PRC 96, 014003 (2017) S N I\/l
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Sum rules provide a measurement of hardness (or softness) of nuclear potential

Relation to effective single-particle energies in finite nuclei
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Momentum distribution according to different Hamiltonians

Spectral function, Log[A(p,w)] dw
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Self-consistent Green's functions

- Green’s function: a tool to solve the nuclear many-body problem

quasi-particle peak
,oart/c/e exits par z‘/c/e enters - @

Spectral Fuhction

<@N’aa’%<@N+1|%|@N> Z \IJNlaB‘lIJN 1}&\ |aa|\I!N

Gap(w) = +
o ; @Eév)ﬂn . w—(Eo@ﬂn

energy with an added particle energy with a removed particle

- Self-consistent nonperturbative method:

Dyson equation

. Breakthrough: full formal extension to consistently include 3BFs
Carbone, Cipollone, Barbieri, Rios, Polls, PRC 88, 054326 (2013)
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From microscopic... to macroscopic tric nuclear magte,

The microscopic picture: momentum distribution

Momentum Distribution, n(p)
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The microscopic picture: momentum distribution
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Energy contributions: SNM vs PNM

Energy/Nucleon [MeV]
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Carbone (in preparation)
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Uncertainties due to fitting procedures

Triton beta-decay is experimentally precisely known

- Constraints on the ¢D coupling
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Uncertainties due to fitting procedures

= Triton beta-decay is experimentally precisely known

~ Constraints on the ¢D coupling
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Uncertainties due to fitting procedures

- Triton beta-decay is experimentally precisely known

~ Constraints on the ¢D coupling
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Pure neutron matter with 2N + 3N at N3LO

LO

(@Q/A)°

NLO

(Q/A,)?

NNLO

(Q/A,)?

N°’LO

(@Q/A)!

. >< .
% +

2N Force

K]
A

3N Force

4N Force

E/N [MeV]

25 |

20

15 |

10 f

EM N3LO500

\ / Improved 3NF matrix elements Hebeler et al. 2015

- /\ o Partial-wave based 3NF average Drischler 2014-2015

'_cs

N:LO EM 500 MeV
[ N’LO 3N forces

(0 75— 1. 13) Gev!
eV

Drischler, Carbone, Hebeler, Schwenk PRC94, 054307 (2016)

40



Pure neutron matter with 2N + 3N at N3LO
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Pure neutron matter with 2N + 3N at N3LO

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based 3NF average Drischler 2014-2015
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Pure neutron matter with 2N + 3N at N3LO

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based 3NF average Drischler 2014-2015
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Many-body convergence at full 2ZN+3N N3LO in PNM

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based 3NF average Drischler 2014-2015
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Many-body convergence at full 2ZN+3N N3LO in PNM

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based 3NF average Drischler 2014-2015
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Many-body convergence at full 2ZN+3N N3LO in PNM

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based 3NF average Drischler 2014-2015
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The pairing gap in neutron matter
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The pairing gap in neutron matter
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The pairing gap in neutron matter
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The pairing gap in neutron matter
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The pairing gap in neutron matter
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