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Nuclear matter covers wide ranges of density and temperature

The phase diagram of hadronic matter

o Matter interacting via the strong
force appears in diverse forms

o Experiments try to fill the phase
diagram puzzle

100 > Radioactive beam facilities will

probe the neutron-rich region
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https://www.gsi.de/en/start/fair/forschung_an_fair/lkernmateriephysik.htm

o What's the contribution from
nuclear many-body theory?
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The nuclear many-body problem

o Build reliable methods with predictive

power
From nuclei to nuclear matter

o The study of exotic nuclei is probing the
limits of the nuclear landscape

o Constraining the equation of state (EOS)

A NEUTRON STAR: SURFACE and INTERIOR
i “‘Spaghetti’

of infinite matter has a high v

astrophysical impact
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Why nuclear matter from chiral EFT?

Epelbaum et al., Rev. Mod. Phys. 81, 1773(2009)
' Machleidt et al., Phys. Rep. 503, 1 (2011
Power countmgl LR L
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o Effective theory of QCD

———————

o Nucleons & pions as d.o.f.

o Power counting expansion
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o Hierarchy of many-body forces

o Theoretical uncertainties

20 years of ongoing improvement

2015 2012
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Why nuclear matter from chiral EFT?
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Self-consistent Green's functions

Dickhoff & Barbieri, PPNP 52, 377 (2004)
- The Green’s function as a tool to solve the nuclear many-body problem:

Goplw) =3 SO AR AL SN > (O |0, [N 1) (WD a0 W) Spectral Function
T T BN EY) v o (Bo— BN 1)+

n

o Self-consistent nonperturbative method:

Green’s

function

Dyson equation

o Breakthrough: full formal extension to consistently include 3BFs
Carbone, Cipollone, Barbieri, Rios, Polls, PRC 88, 054326 (2013)
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Self-consistent Green's functions

Dickhoff & Barbieri, PPNP 52, 377 (2004)
- The Green’s function as a tool to solve the nuclear many-body problem:

<\IJN‘CLQ\%<\I/N+1|CLB‘\IJN> ‘I/N]a5|\IfN 1‘&‘4‘\ ’aam,N SpeC’[ral FUﬂC’[IOﬂ

Ga = +
5(w) ; —@Eév)—km ; w—(EO@—l—W

energy with an added particle enerqgy with a removed particle

o Self-consistent nonperturbative method:

Green’s

function

Dyson equation

Breakthrough: full formal extension to consistently include 3BFs
Carbone, Cipollone, Barbieri, Rios, Polls, PRC 88, 054326 (2013)
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Self-consistent Green's functions

Dickhoff & Barbieri, PPNP 52, 377 (2004)
- The Green’s function as a tool to solve the nuclear many-body problem:
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energy with an added particle enerqgy with a removed particle

o 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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Extended SCGF approach

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

2B  ——] 2B + 3B

1. define effective interactions to include correctly 3B terms, dressed normal ordering:

(

2. calculate T-matrix with effective 2B term, modified ladder approximation:
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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:

o L a Y o o Y
The 4 -pt vertex fu nctlon o ; | o
m I [4-pt = j‘\/\/\}'o 4 + o+
) 5 (a) re-et [4-pt pd-et
B4 ) 8
':.b,l \_’_/ \—F’-/
) . . 7 fa a o
It's an equation including X N y 1 TN
the 4-pt, 6-pt and 8-pt o rﬁ—% ré-m rﬂﬂ

Interacting S gy 5 B 5

vertex functions! ) o

a [4-pt a
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4-pt 4-pt 4 S v [8-;)
B i 5 [4-pt 8 B 5
v U»J
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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 functlon |

2

It's an equation including
the 4-pt, 6-pt and 8-pt

Interacting o P S s
vertex functions! . o
Q F“_pt fa
. v NN
4-pt d-pt 4 N o v [\8—;)
8 i 5 —pt 8 5
v [\4 g (k)
€r. ;3 5
(1) (7)
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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:| 5

Residual 3NF

2B + 3B @ W\x+ @ r}pt
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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

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

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

Calculate self-energy paying attention to the effective terms

Selteneray|

2B + 3B
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Spectral function, (21) ' A(k,w) [MeV ]
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3The spectral function A(p,w)

Lo 2,0()

==

S .
YMmetrjc Nucleagr Matter

1 10 | Slight 3BF effect in general....
-2 10_2 m — et —— e ———
10° S
10—4 .
-5 — N3LO + N2LO dd o
10 _——————— A AITOWer quasi-parcicie
10! k=ky, =K J10" £ peak at low momenta
) -2 <
10 107 7
107 10° S
10 10" g
. T=5MeV _, s .
10 p=0.16 fm 100 % -
10° —— ........::::::::::.10_65 Lower energy for quasi-
10" k=2ky K=2ked o2 ~ particle with 3NF because
2 2 O
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10 10
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Energy, o—u [MeV] Energy, o—l [MeV]
Carbone, Rios, Polls, PRC 88, 044302 (2013)
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S .
YMmetrjc Nucleagr Matter

Momentum distribution n(p)

Carbone, Rios, Polls, PRC 90, 054322 (2014)

density

10° dw

nip) = | —A(p,w)f(w

10
=
=

[ — 2B

10°E —— corr. full

free full
COIT. eXt.

o small changes due to 3BF

o depletion density-dependent

r 1 r 1 rrrj 7 11 1 J[1 11 T17
e ¢ ¢ ¢ o 31 o 3NFs affects depletion
) . i
2 —_
° { ©high-momentum components
. e N3LO+N2LOdd _-
I ¢ N3LO ]
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S .
YMmetrjc Nucleagr Matter

Single-particle potential

density
BLIL L B N L L LI L™ T L L L LN BNLI T L L LN L BLINLIL L
— oF T=5MeV FT=5MeV + T=5 MeV -—
> + + —
O P /2 = po - 2P PR
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o~ ¥
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~ —— ——
<ﬁ> 60 F ¥
3 : T
& gofp— 2B —+ +
* R — — 2B+3B corr. reg. fullF ¥
QO _100 2B+3B free reg. full J= T
m —— ——
2B+3B clorr. reg. Iext.:: | | | =
[ T T O I I | L1 11 Lil 1 1 11 L1 11 L1 11 L

-120

0 1 2 3 0 1 2 30 1 2 3
p[fm’] p [fm’] p [fm’]
P2
Eqp(P) = Y + ReX™(p, e4p(p))
o strong effect of 3-body forces m

. . , Single-particle spectra
o repulsion rises with density

o modifications due to averaging procedure visible at high density
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Define a hew sum rule

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

o Total energy of the system with three-body forces:

EN = (N HITNY = (N T|[oV) + <\11N\vmfN quywy\pN

> @Qalitskii-Migdal-Koltun sumrule modified:

EN_gN-1
1 A A .
Z/ dww=Im Gaq(w) = (TN |T|INY + 20TV |V TN + 3(TN W [TV
_ T

o 2 | 2m

(2m)°

Lt [l [ wf A - e

5% TECHNISCHE

%0’ DARMSTADT

7= universitaT - Arianna Carbone — Nuclear Matter from a Self-Consistent Green’s Function Approach — 25t October 2016~

Stiftung/Foundation



Define a hew sum rule

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

o Total energy of the system with three-body forces:

@V e+ @ )
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Modified Koltun sum rule

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

o Written in other words, we are calculating:
E v / d3p / dwl [ p?
A p) @2n)3 ) 2r2 | 2m

O-0-O | Jsga
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S .
YMmetrjc Nucleagr Matter

The need for 3-body nuclear forces

The Koltun sumrule

TPE contact
P’ P’ P'; p'1 P o 1 Py P3 d3p dw 1 p2 1 R
—_J 4 = \IJN \IJN
>< >K =2 [ s [ 5o | b A ) - ™)
| o1 | &) P3 P1 P2 P3 P1 P2 P3

@L | C1,C3,C4
QN
\/ . |
© = [ Y ~ Self-consistent Green’s functions
/ \ 0) 1() 1 1 1 | 1 1 1 1 | 1 1 1
E - N3LO T=0:
J.W. Holt et al., PRC 81, 024002 (2010) s 0 N ]
Hebeler et al., PRC 82, 014314 (2010) B B i
Carbone et al., PRC 90, 054322 (2014) S | _ i
< 10 .
2 - -
2220 SNM .
S wli T NN T [N TR TR TN Y T T O Y T N .
Uﬁ 0 0.08 0.16 0.24 0.32

. -3
Density, p [fm ]
Carbone et al., PRC 90, 054322 (2014)
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TPE

P/1 PIQ P/3

P1 b2 P3

C1,C3,C4

J.W. Holt et al.,
Hebeler et al.,
Carbone et al.,

contact

P1 P2 3

Y\
; /m\}”

PRC 81, 024002 (2010)
PRC 82, 014314 (2010)
PRC 90, 054322 (2014)

o Overall repulsion due to 3BF

o Improved prediction of saturation density

o Small averaging dependence

o However saturation energy underbound
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(&= N
di7/=\ UNIVERSITAT
Y0’ DARMSTADT

p1 P2 P3

P1 P2 | 851 P1 P2 Ps

S .
YMmetrjc Nucleagr Matter

The need for 3-body nuclear forces

The Koltun sumrule

[
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—_
-
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Energy/Nucleon, E/A [MeV]
®
-}

Self-consistent Green’s functions

N3LO T=01

— — = N3LO+N2LOdd corr. full

N3LO+N2L0dd free full

N3LO+N2LOdd corr. ext. »*
7

>

0.08

0.16 0.24
Density, p [fm_s]

0.32

Carbone et al., PRC 90, 054322 (2014)
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S .
YMmetrjc Nucleagr Matter

Uncertainties due to fitting procedures

Carbone PhD Thesis(2014)
T [ 1 1 1 1 1 J

=111, ¢, =-0.66
=1.0, ¢,=-0.029
D
D

Some low-energy constants |
ﬂ are fit to few-body properties |

ek
-

C

c.=-0.2, CE=+0.2
c.=1.271, cE=-O.131 (SRG) 7
7

(binding energiés, nuclear radii, etc.)

S D

/.
g
\

\

\

o Band gives theoretical uncertainties

—_
-

"—.._I'

—
)

SCEG > Uncertainty increases with density

0.08 0.16 0.24 0.32
Density, p [fm ]

1
S

Energy/nucleon, E/A [MeV]
D
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/

\

\

\

-—
LIL
<

e
<

-

112 — ————— T
11 j - if\lllll\ll gz:lllc;ulation g Al SC FG
: : o 108 = I 400 MeV
> Triton beta-decay is E o < 00 MoV
isely known 5 T :
- =
precisely Vi f
& Lof S -I5¢
> Visible dependence on v % - 1=0
5 20
the Current CUTOﬂ: 0.987 . . L%) | Symmetric Nuclear Matter
0.96 ;——————— \0\ \2 S ‘\‘\;3 20 0 oz ole o0z
ChH Density, p [fm_3]

Klos, Hebeler, Menéndez, Carbone, Schwenk (in preparation)
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P

How neutron matter energy stiffens

o Global repulsive effect due to 3NFs
o Repulsion of 4 MeV at 0.16 fm-3 to 15

MeV at 0.32 fm-3

o Small dependence on averaging

procedures

$57% TECHNISCHE
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o 3NFs fully predicted

2 no need to fit to few-body properties

30

10

-

Self-consistent Green’s functions

— N3LO
— - N3LO+N2LOdd cor. reg. full

N3LO + N2LO dd free reg. full
N3LO+N2LOdd cor. reg. ext. 7

A
// ?
g 3NE

T=5 MeV

-]

0.08 0.16 0.24 0.32
Density, p [fm_3]

Carbone et al., PRC 90, 054322 (2014)
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W‘Matter

Many-body methods comparison

Hebeler et al., Ann. Rev. Nucl. Part. Sci. 65, 457 (2015)

I I I I I I I 2] I I I I I I I I
20'_ —~ EMS500MeV +N LO3N

| 7 EM500MeV +NLO 3N + 4N
- =3 EM 500 MeV, RG evolved + N ’LO 3N
~ ¢ SCGF (Carbone et al.) :
| a—a CC (Hagenet al.)
o—e MBPT (Corragio et al.)

15

—_—
o

T T T I T T T T I T T T T I

E/N [MeV ]

| I I | I | I A | I | I A |

o Low-density neutron matter perturbative
» Bands from ¢1 and ¢3 uncertainties % 0.05 0.1 0.15
o First calculations including N3LO 3N at HF n [fm]

Further results:

AFDMC - Gezerlis et al., PRC 90, 054323 (2014)

Lattice EFT - Epelbaum et al., EPJA 40, 199 (2009)
In-medium Chiral PT - J.W. Holt et al., PPNP 73, 35 (2013),
Lacour et al., Ann. Phys. 326, 241 (2011)

MBPT Wellenhofer et al, PRC 92, 015801 (2015)
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Chiral forces within the SCGF approach

> Choose five different chiral Hamiltonians
Test how they behave in SNM
Check microscopic and bulk properties
Predict PNM and estimate the symmetry energy

> Study SNM finite-T properties and the liquid-gas
phase transition
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Saturation point according to different Hamiltonians

- N2LOopt (POUNDERS), 3NFs fit to 3H 3He BEs PiE i B P
> N2LOsat (POUNDERS), NN+3N fit to 3H,34He, 14C, 16O BEs,rcn, etc. ><
N3LO 1 N3LO 2 N3LO 3 NNLOopt NNLOsat b, pg Ds B Py D
cD 1.271 -0.292 1.278 -2 0.81680589
cE -0.131 -0.592 -0.078 -0.791 —0.03957471
. 0 T T T | T T T | T T T | T T T | T T T | T T T
> 3NF make a difference from - T=0 MeV Symmetric Nuclear Matter 1
the 2NF only case .
o 4
E i
o7 L B < i
_ SCGF Symmetric Nuclear Matter - E B
% . C‘T -8
= | S
< ok ) -
S 10E 2 _
§ 15 > 12
2 i Ted 2
£ N3LO (SRG MA,=2.0/2.0 fm™) B S
5 . ’ _ “<e ; -16
Lﬁ -251~ »—> N3LO (SRG WA,=2.0/2.5 fm ) 2N only . ] I |
E — N3LO (SRG }\‘/}\' 2 8/2 0 fm ) \E | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
B0 o o oM Y 0 0.04 0.08 0.12 0.16 0.2 0.24
Density. p [fm’”] Density, p [fm_3]

Carbone (in preparation)
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Microscopic properties: the spectral function

N3LO1 |[ N3LO2 | NNLO sat |

and density dependence

2 = o full description beyond quasiparticle
=
A ] 4 ; Spectral function, A(k,o)/(2r) [MeV™']
-6 @)
0.5 -8 O
% 0 0
E—i -2 (Yl) 0
Ea1.5 \ § 1‘; 2
g 1 6 © 10:2
O) 1—. 10 15
E 0.5 8 o 10
§ , . 10:: Momentum, k/kF
-2 Crl) 107 200 450 350 = p
15 0 50 q00 TR 0
] E 200
4 Energy, o-u [MeV]
; g W
v N «
0.5 " S N
° -400-200 O 200 400 -400-200 O 200 400 -400-200 O 200 400 "
Ener W —
< gy, M y
. D a0
~ energy tails affected by the cutoff on the NN = 10
c
force g
2 10
- high-momentum region also affected by cutoff 3
£ 107
5
£
=

3 \
. . : . ) 10
. effects clearly visible in momentum distribution v

Carbone (in preparation)
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From microscopic... to macroscopic

0 T I T T T I T T T I T T T

~ T T T I T T T
%“ 10 T=0 MeV Symmetric Nuclear Matter
g =~ :
=R Q -4 — 2N N2LO_ +3N N2LO
2 10 E - sat i
_g’ < 2N N3LO, (#3N N2LO -
S r 1
= o . gl »—-— 2N N3LO ,+3N N2LO |
=
= 10 S) - i
=S
é 107 ‘ < 120
0 05 1 15 20 05 1 15 20 05 1 15 2 oot
Momentum, p/p,, L%)
dw 161 PN S
n(p) = %A(p,w)f(w) . ]
Il Il Il I Il Il Il I Il Il Il I Il Il Il I Il Il Il I Il Il Il
0 0.04 0.08 0.12 0.16 0.2 0.24

Density, p [fm”]

..start seeing the big picture

AN ~ the big picture

, 2
p

Eqp(p) = 5+ ReX™(p, eqp(p))
~ OJIII]llll3|llll|lllI]I__llll]llllsl’llII]llll]l__lllI]IIII]IIII]IIII]—
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Pure Neutron Matter and Symme’rry Energy

~ Epnum Esnm

SNM 3N Pot. SRG1 SRG2 SAT

SNM Tot. Sv (MeV) 31.57 30.59 25.81
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increasing temperature

Free energy and pressure at varying temperature

F=FE-TS

P =p(p—F)
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The liquid-gas phase transition and critical point
N2LOsat
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o Coexistence line: equilibrium between a gas and a liquid phase
o Lower critical temperature respect to estimated experimental value ~ T=18 MeV
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Saturation Energy vs Critical Temperature
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Remarkable linear correlation between saturation energy and critical temperature
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Many-Body approximation uncertainties

o N2LOsat biggest spread

o Small difference at T=0 causes bigger or
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Pure neutron matter at 2N + 3N at N3LO

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based average Drischler 2014-2015
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Pure neutron matter at N3LO: many-body convergence

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based average Drischler 2014-2015
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Thermal effects for supernovae simulations
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The effective mass
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Summary

—
Symmetric Nuclear Matter

'
W

\ | o A consistent extension of the SCGF method

-10— | L

ok~ ~ EM 500 Mev +INjL013N y . . .
EM 500 MeV + N'LO 3N + 4N t | d SNF pl h d
: r EM 500 MZV,;G evolved++ N’LO 3N * O I n C u e S I S a C C O m | S e
151 - oo SCGF (Carbone et al.) 3
— 15 | a—a CC (Hagenetal.)

Energy/Nucleon, E/A [MeV]

| e—e MBPT (Corragio et al.)

o Nuclear and neutron matter with theoretical
uncertainties can be calculated reliably using
ab initio methods based on chiral
Hamiltonians

20———

(=)
E/N [MeV]

Momentum Distribution, n(p)

F

o A thorough microscopic description within
the SCGF method is available

o 1
c:l Ty

r —_—
-60 [ 2N N3LOg, . +3NN2LO ]

SP potential, ReZ*(p £(p))

of—t M Comemeine OO, o Small overall effect of 3NFs on the
momentum distribution, strong repulsive
| effect on bulk properties
e 1 « Critical temperature can be estimated
" =—=—==——— © Gamma thermal index obtainable
p T ~° 1 microscopically
| p[fﬁ']
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Outlook

o Chiral EFT Hamiltonian: power counting, theoretical uncertainties, limits of
chiral EFT, etc.

o Many-body approximation methods: include irreducible 3B terms, improve the
effective interactions, include particle-hole diagrams, asymmetric matter, etc.

o Reliable finite temperature results from ab initio theory: high astrophysical
impact (EOSs at finite T, dynamics of neutron star merger simulations, core-
collapse supernovae, etc.)

Collaborators:
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Thank you for your attention!
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o Chiral EFT Hamiltonian: power counting, theoretical uncertainties, limits of
chiral EFT, etc.

o Many-body approximation methods: include irreducible 3B terms, improve the
effective interactions, include particle-hole diagrams, asymmetric matter, etc.

o Reliable finite temperature results from ab initio theory: high astrophysical
impact (EOSs at finite T, dynamics of neutron star merger simulations, core-
collapse supernovae, etc.)
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