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NN interaction i1s not unique
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..but phase-shift equivalent!
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*Non-uniqueness of nucleon forces X

..but phase-shift equivalent!
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Complications SURREY

NN interaction is not unique  Strong short-range correlations
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*Non-uniqueness of nucleon forces X
eShort-range core needs many-body treatment X
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Saturation point of nuclear matter
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*Non-uniqueness of nucleon forces X
eShort-range core needs many-body treatment X
*Three-body forces needed for saturation X



NN forces from EFTs of QCD
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Chiral perturbation theory

e and N as dof
e Systematic expansion
2N at N3LO - LECs from zN, NN
e 3N at N2LO - 2 more LECs
O (%) o (Often further renormalized)
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NN forces from EFTs of QC
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Chiral perturbation theory
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SCGF Ladder approximation SURREY

In-medium interaction Ladder self-energy

T e Self-consistent resummation
e Energy and momentum integral
e @Finite T (Matsubara)

pp & hh Pauli blocking G ——y Ry ~
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Dewulf et al., PRL 90 152501 (2003)
Frick & Muther, PRC 68 034310 (2003)
Rios, PhD Thesis, U. Barcelona (2007)
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One-body properties
Momentum distribution
Thermodynamics & EoS

Transport
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Effective interactions

TWO_bOd/V Interaction Effective one-body force

o----o e===¥X = o---©+ ;—- ------- @O

, , Effective two-boady force
In-medium T-matrix

OMVWS = e---9 4 0--e-o 0 nennnn O

In-medium T-matrix

Self-energy Self-energy

5 -0 7D

(" c )
Dyson equation

Carbone et al., PRC 88 054326 (2013)
- Y, A. Carbone, PhD Thesis 5




Two-body N3LO
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Uncorrelated average?!
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Density-dependent interaction SURREY

Chiral NN effective 2B forces: symmetric matter
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e 3NF bring repulsion: correlated & uncorrelated averages are similar
e Correlated average brings small corrections to 1/2 of terms

e Diagonal k=k’ matrix elements computed

e Off-diagonal exirapolated & regulated

'Holt et al. Phys. Rev. C 81 024002 (2010)

2Carbone, Polls & Rios, PRC 90, 054322 (2014); A. Carbone, PhD thesis ¢
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Equation of state of symmetric matter
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e 3NF result is still underbound
o difference in infinite matter for N3LO & N2LO...
e |n contrast to finite nuclel!
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e Uncertainty band from unknown ChPT LECs + cutoff + MBPT

¢ Finite tfemperature available too



Neutron matter SURREY
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Mass, M (Solar Masses)
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e Mass-Radius relation from SCGF calculations
e Cut-off variation (N3LO) and/or SRG evolution



Neutron matter SURREY

N
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Mass, M (Solar Masses)
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Radius, R (km)

Hebeler, Lattimer, Pethick, Schwenk ApJ 773 11 (2013)

e Mass-Radius relation from SCGF calculations
e Cut-off variation (N3LO) and/or SRG evolution
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e Dependence on NN inferaction understood

e N3LO+3NF = N3LO 2NF + N2LO 3NF @ A=414-500 MeV (cutoff variation only)
Coraggio, Holt, et al. PRC 89 044321 (2014) |,
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Spectral function, A(
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In preparation, will be publicly available 13



Effective mass, m /m
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T=5 MeV, p=0.20 fm-3

Avl18 N3LO+SRG+3NF

Can we quantify differences?

Energy weighted sum rules

>~ d
m}({o) = / —wAk(w) =1

27
N[ dw 2k
mé):/oo %w/lk(w): - + 27
> d
m® — /_ P Ax(w) = [m ﬂ +o?

Ventura, Polls et al, PRC 49 3050 (1994)
Frick, Mother & Polls, PRC 69 054305 (2004)
Duguet & Hagen, PRC 85 034330 (2012)

5)

)

10 50-500.250 0 250 500 750 -750-500-250 0 250 500 750 Duguet, Herbert et al, PRC 92 034313 (201

Energy, o—-u [MeV] Energy, o-l [MeV] Rios, Carbone, Polls, PRC 96 014003 (2017) 15



Centroid energies
(" S 27.2

1 _ [ dw _ PR e
& | Grwdie) = j
f 00 (131(] — - L P

k =/(?T)3 (kk(|V|kky)ang,

1 dzk d’;k"’ —-+—= = —-— =
+= (.qﬂ)‘z oy WK W IRK ks b,

\_ < J ) (ay

J

Cutoff evolution

d A

dA

dA

rng) moment [MeV]

ml((l) moment [MeV]

Duguet, Herbert et al, PRC 92 034313 (20195)

; el e
L 06y = [n(), 00,
d o .

M) (%) = 0,

M) () = —(Wg W|{lIn(h),ap], HM)],a))

+ {lap, HO)L[n(0),al 1} w5 ().

ml((l) moment [MeV]

-100F
-150b——

250F——

N3LO
——————

N3LO+3NF

200F

150f
100f
50f

-50F

00F "
150t

Sum rule —

(b)

N3LO+SRG
————

250

200f
150f
100f
50f

-50F

N3LO+SRG+3NF
L I B B

250F——

200f
150f
100f
50F
of
-50F

100F
150

©7F

(1)

0

Momentum, k [MeV]

A R R R B S
200 400 600 O

P I T W T A TR T SR N
200 400 600
Momentum, k [MeV] |6



10t N3LO N3LO+3NF
X L L | A L B L
Sum rule 1t
(\l; 4x 104k [ml((l)]z |
sf variance Z ol e _
5 _
( 100 d ) s 4
2 W (1)72 2 2x10
o= Sl-mPAw) | 2™
— 00 2T £ 1x10 - 7
4 } (b) J
O, — — — Im Zk(w) 10 N3LO+SRG N3LO+SRG+3NF
T X 1 ' L L L
_CX) L
k J A

ml((z) moment [MeV

2
|
oY)
>
[
-
N
|
|

2x10°

1x10°

mg) moment [MeV

() |
O TR i | PR T T S S N TR T SR R
0 200 400 600 O 200 400 600
Momentum, k [MeV] Momentum, k [MeV] |7




st variance
f —+ o0 X
= [ - m A
oo 2T
T dw
O%:_/. — Im S (w)
_ T
\_ > Y
N3LO
1500 T T T T [ T T T T T T 1 17 O
> i 14 -10
2 1000 |- 1
T 500 I 30
° 1 40
2 41
%0 0 —— _ -50
Uﬁ :: (a) E -60
-500 NS TN TN T W AN TN N T NN AN TR TN NN WA M 70
0 500 1000 1500

Momentum, k [MeV]

] '7\‘:00' |
- - - A=3.0fm’.
& 10000 N meeee e A=2.8 fm
% — - — A=2.5fm
A=2.2 fm
E 8000 A=2.0 fm |
© 6000k --=- - A=15fm _
- /'/ \
8 F . ~~\ - '/'¢ / ™\ \
S 4000~ oo
.g _ . -
> 2000 F. -~ :
i N - =" s
= T .
0 500 1000 1500 2000
Momentum, k [MeV]
N3LO+SRG
1500 [ I I I I | I I I I | I I I I | i | O
= {4 -10
£ 1000 - 1H 20
T 500 | 1F 0
Sn a 1 -40
T 14 _s0
) 0 -@— — B
& . (b) 1 I -60
_500 C ] ] ] ] | ] ] ] ] | ] ] ] ] | ] _’70
0 500 1000 1500

Momentum, k [MeV]

|7



UNIVERSITY OF

SURREY

3 _ _
1 SO ~ g{})ﬁ’gonn | __3PF2 |
1 BCS N3LO -
75 L —— N=414 MeV |
) - - - A=450 MeV
sl Y A A=500 McV
O
= 2 r ]
41\
Q.
S15 F -
§ 0.1
g o1t -
05 - -
O 'n L L | L L L L | L L L L L TR | o L L 0.01 L L L L | L L L L | L L L | L L L L I I I I
0.0 0.5 1.0 1.5 2.0 25 0.0 05 1.0 1.5 2.0 25
Fermi momentum, kg [fm'l] Fermi momentum, kg [fm‘l]
LL 1./
Ay = E/ L LN Xk = €k — |4
— , — _
! 2\/ka -+ ‘Ak"Q k k
k2
e Single-particle spectrum choice: g} = FU (k) — p
m™m
e Angular gap dependence: AR]* = E ]A£\2
T,

18



UNIVERSITY OF

SURREY

3 L - _|
1 SO ~ g{})ﬁ’gonn | __3PF2 |
1 BCS N3LO -
s |- —— A=414 MeV _
' - - -+ N=450 MeV
S A=500 MeV
O
= 2f —
<c\
Q.
S15F :
§ 0.1 F
g o1t -
05 F :
O 'u L L | L L L L | L L L L L TR | o L L 0.01 L L L L | L L L L | L L L | L L L L I I I I
0.0 0.5 1.0 1.5 20 2.5 0.0 0.5 1.0 1.5 20 2.5
Fermi momentum, kg [fm'l] Fermi momentum, kg [fm‘l]
LL’ /
— E | _
! 2\/ka -+ ‘Ak"Q k k
k2
* Single-parficle spectrum choice: g = | D@) —
m™m
e Angular gap dependence: AR]* = E ]A£\2
T,

18



UNIVERSITY OF

SURREY

311 —— CDBonn 7 3
S0 -+ Av1S 1k P, .
— BCS N3LO -
75 L —— N=414 MeV |

) - - -+ N=450 MeV
= N e A=500 MeV
Q
= 2r -
41\
o,
<
en 1.5 n
o0 0.1
R=
B
SER -

05 n
O 'u L L | L L L L | L L L L L T | PR L L 0.01 L L L L | L L L L | L L L | L L L L I I I I
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
Fermi momentum, kg [fm'l] Fermi momentum, kg [fm‘l]

AL Z/ VLL' k’/> /\L’ o
, 2\/Xk/‘|“Ak"2 k' + Xk — €k 1%

k2
* Single-parficle spectrum choice: g = | D@) —

e Angular gap dependence: \Ak|2 Z |AL|2 AL‘z
18



Bardeen-Cooper-Schrieffer pairing ,ﬁ SRREY
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3PF2 pairing: phase shift equivalence 3o &RREY
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Muether & Dickhoff, PRC 72 054313 (2005)
Rios, Polls & Dickhoff, arXiv:1707.04140
Maurizio, Holt & Finelli, PRC 90, 044003 (2014)

e Massive gaps 3SD1 channel but...

* No evidence of strong np nuclear pairing
* 3NF do not alter picture significantly

e Short-range correlations deplete gap
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Polarzied matter & finite temperature
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How can we get more systematic linkse
s there a way to go beyond subjective choices?
Landavu parameters & response?¢
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