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{ { X Ladder approximation within SCGFE

In-medium Interaction Ladder self-energy

Ramos, Polls & Dickhoff, NPA 503 1 (1989)
Alm et al., PRC 53 2181 (1996)
Dewulf ef al., PRL 90 152501 (2003) Thermodvhamics & EoS
Frick & Muther, PRC 68 034310 (2003) ’
Rios, PhD Thesis, U. Barcelona (2007) Iransport
Soma & Bozek, PRC 78 054003 (2008)

One-body properties
Momentum distribution

Selt-consistency, pp+hh & effects
Finite tfemperature



UNIVERSITY OF

Microscopic properties Bulk properties
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Momentum distribution, n(k)
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CIMC vs SCGE
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e Consistent calculations up 1o A=132

e Many-body (CC) errors under control
e Overbinding even when 3NF included
e Radii are too small
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Complications

NN interaction I1s not unique
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e Three-body forces needed for saturation X
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e Non-unigueness of nucleon forces X
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NN interaction is not unique  Strong short-range correlations
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NN forces from EFTs of QCD SURREY
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Robert Roth - TU Darmstadt — 04/2013 Tews, Schwenk et al., Phys. Rev. Lett. 110, 032504 (2013) 13
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Effective interactions

4 .
Dyson equation
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Effective one-boaly force

e===3X = o-———-©+ 1—0 ------ : ----- ;

Effective two-boady force
OV = e---9 4 -oooleeeee @

Carbone et al., PRC 88 054326 (2013) 14
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Effective interactions

TWO_bOd/V Interaction Effective one-boaly force
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Effective interactions
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Two-body N3LO
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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 extrapolated & regulated

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

2Carbone, Polls & Rios, PRC 90, 054322 (2014); A. Carbone, PhD thesis 15
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Two-body N3LO " Equation of state of symmetric matter
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e Cor. req. full=best we can do now is underbound
o work with uncorrelated averages is validated
e Regulation at high momentum is

1Carbone, Polls & Rios, PRC 88 044302 (2013)
2Carbone, Polls & Rios, PRC 90 054322 (2014); A. Carbone, PhD thesis 16
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Further renormalizations g‘“ﬁﬁ'{éﬁ’;

'So NN matrix elements from N3LO

A=4 [fm] A=2 [fm] A=1.5 [fm] A=1 [fm]
S 1
4 0.5
— 0
< 3 0.5
¥1 1.5
2
0 25
2 3 4 50 2 3 4 50 2 3 4 50 2 3 4 5
kﬁm B kﬁm B kﬁm b kﬁm b
dH

ds — [[TrelaHs]aHs] S )\ = 3_1/4

e Series of unitary transformation

e Observables unaltered, but force becomes perturbative
e|nduces 3-, 4- and up o A-body forces...

e|f these can be freated perturbbatively, calculation is easier

Bogner, Furnstahl, Schwenk, Prog. Part. Nucl. Phys. 65 94 (2010) 18
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Equation of state: LEC dependence
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¢ | ECs dependence is strong
o via SRG: nuclear structure calculationse
e Small 3NF effects with larger saturation densities = smaller radii

Carbone, Polls & Rios, PRC 88 044302 (2014) 19



UNIVERSITY OF

SURREY

Idaho chiral NN forces 10 ,
E=——= N3LO 600 a
1000 A-Ald MoV g 15 1000 = A=S00 MeV 15 S mmm N3LO 500 (a)
800 - . (1)_5 _ 800|- 8 ;_5 0 N3LO 450
600 - 4H o g 600 - H o =~ N3LO 414 P
L 405 = 400k IH -0.5 -
Zﬁﬁ wro© Zﬁﬁ 1 - § B e
1H -15 1H 15 e —

o- 8D -' el L8 ::' -10 e SOOI
1000 ——psAOMeV 45 j000 5000MeV 45 3 -15 ST Z =<
800 |- | (1)5 800 |- | 2)5 o o
600 | 1 o § 600 | . 1 o 5 -20 SNM
400-_ 1H -05 - 400-_ -1 -0.5 2

} . & T f 1 . QO 3

ST R et EAER Y (0)

% 200 400 600 8001000 - % 200I4(I)0I6(I)0I8CI)OI1000_2 ;*- 25 Dl ¢, C, range .

G, [MeV] G, IMeV] - SRE £
= 20 v
[
15

* N3LO forces with different cut-offs 10
* (cp,cp) fitted to few-body, no SRG 5 5B N3LO + 3B NILO
e Explore error in many-body (BHF vs SCGF) 0 I i i
e Neutron matter is more perturbative 0 004 008 012 016 02 0.2

Density [fm™]

Carbone, Polls & Rios, in preparation 20



Qutline g‘\ﬁﬁ'{l‘éﬁ;

= Motivation

= Nuclear matter: Equation of state with 3NFs

= Neutron matter: beyond-BCS pairing
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Neufron star 101 ___ fons, slacteons

-%—— electrons, neutrons, nuclei

\

Mass
M ~1.5Mg =3 x 10°° kg

neutron-proton Fermi liquid
few % electron Fermi gas

Radius
R~ 10 km

quarlk gluoh plasma?

Mass density

M

=Y
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Neutron sftar 101

Mass
M ~1.5Mg =3 x 10°° kg

Radius
R~ 10 km

Mass density

-— ions, electrons

-—— electrons, neutrons, nuclei

heutron-proton Fermi liquid
few % electron Fermi gas

quarlk gluoh plasma?

0 = v ~ 7.5 x 1017 kg m™?

o (\®) (')

-

Matter density, p(r) [10'7 kg m™]

Nuclear density systematics

[ I I I I I I I I I I I I I I I I I
N Saturation density
:_ N
i S ]
i \ . |
* \

— \ - 208 ]
I Smy . Pb ]
- N ]
| \ ‘. N
5 . N ]
B X =-| PR I 4. o]
0 2 4 6 8

Radial coordinate, r [fm]
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Neufron star 101 - fons, elacirons

-—— electrons, neutrons, nuclei

Mass |
M ~ 15M® = 3 X 1030 kg \ rie'utyrdn-proton Fermi liquid

few % electron Fermi gas

Radius
R~ 10 km

quafk gluon plasma?

Mass density
~ 7.5 x 1017 kg m™?

0= Nuclear density systematics

I I I B

~ o Saturation density -

Il B I = = = = =N N N N NN N N N

7
A feaspoon weights a billions of tons!

. ]
\ . 208 7]
Snmy . Pb ]

\‘ \ —

.‘\ |
[ 1 1 1 1 1 i I R R . 2 4. =i
0 2 4 6 8
Radial coordinate, r [fm]

Matter density, p(r) [10'7 kg m™]
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Neufron star 101 - fons, elacirons

-—— electrons, neutrons, nuclei

~—

Mass
M ~1.5Mg =3 x 10°° kg

heutron-proton Fermi liquid
few % electron Fermi gas

Radius
R~ 10 km

quafk gluon plasma?

Mass density
~ 7.5 x 1017 kg m™?

p:

Nuclear density systematics

L B R R

~ Saturation density -

Il I B == = = = = = =N =N =N =N =N N =N N =

7
A feaspoon weights a billions of tons!

Escape velocity
2GM

vV=A— ~ 0.5¢c

R

. ]
\ . 208 ]
Snmy . Pb ]
N B
0\ . n
[ 1 1 1 1 1 > | LJ.LA.I-._
0 2 4 6 8
Radial coordinate, r [fm]

Matter density, p(r) [10'7 kg m™]
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Pulsar ___|_Rotation Axis ‘
— —_—

4 UNIVERSITY OF
¥ SURREY
PSR 1133+16

Sketch of a pulsar Earth A AN ?
I f\/\k

o wel S
Wve — e | &
<.
| |~ 8—
T Kl
‘ O
C
\/’\_/\ ((n?
WOAVAN i
w\’.ﬂ\
\4
Average

pulse

*Highest magnetic fields in nature: 1016 G« = ®

Particles accelerated along field lines
Rotation is fast and accurate, unique of each pulsar

Radio & X-ray bursts point our way o



How do we find them?@ SURREY

Averaged pulse profle a pulsars fngerprmt

Sketch of a pulsar Earth e | w0 gz
Pulsar protation Axis ‘ N h H'VW—J M‘\
0 10454509 603~ ? 2 12
(«
‘i ! /| 1
| il A
”—&—J L—.—M M \\”‘O‘w JJ‘ .
J1732-5049 J1744-1134 J18 4 J18 3
'\ | l f
‘fq ll ﬂ| l: [ |
| . \JJ Mevrtmae”
C 3744 J193% 13 2124 3158 2129-5721 2 0

Hoblbs et c:I Pub. Astr. Soc Aust. 202, 28 (201

*Highest magnetic fields in nature: 10'° G

e Particles accelerated along field lines

eRotation is fast and accurate, unigue of each pulsar
Radio & X-ray bursts point our way
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IXE_%SS from fufure observations SURREY

G>

i
e
I(),.‘S'/)( V
J/‘, i
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1 25F .
T | 20F
= d 2 INVISIBLE
- | = SURFACE
= Z LS -
a E
-_.'.?' : = 3.0 T T T T 4.0
- - 1.0F . 25} fus=600Hz
0.5 - 2 *°
: 3 A
M=197TM; 5 0
. ] 3 . ] : ] 2 ] 2 0.0 4 1 | | | =
142 144 146 14.8 150 15.2 15.4 g 10 12 14 16 1.Of
v o lo em—3 .
]”’w]“’ [‘» m ] Radlus (km) 0.5+
Hebeler et al. 2013 LOFT Yellow Book o0 R 20
00 02 04 06 038 1.0

Phase

e S A X-ray observatory with dense matter program
e Burst oscillation of known sources will yield M-R to few % level
e Did not make it as M3... Might be put forward as M4<e
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Neutron matter mass and radius

lolman-Oppenheimer-Volkov equations
dp G (m + 4mpre)(e + p)
dr 2  r(r—2Gm/c?)

dm 4w
ar @7

Equation of State Mass-Radius relation

vvvvvvvvvvvvvvvv

AAAAAAAAAAAAAAAAAAAAAAAAAAAAA

10 20 30
R (km)  Jim Lattimer
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Neutron matter mass and radius

Tolman-Oppenheimer-Volkov equations

dp G (m + 4mpre)(e + p)
dr 2  r(r—2Gm/c?)
dm 4w

— = — €T
2 Inferred EoS and M-R relation from observations
T C

x10° 1
i 3w 2,5 i 1 ] L B | L l 1 4 LI § ' l-..l Al ] T 1 L " Ll 1) | ' L .;'1 ) x 03
10° 1l B
300 1 8 160

- 2—- —
i 250 I 1140

mAloz: - -

E F %b - - 120
2 | = [ 1

= K )
~ 10F 150 P 11 s0

- 1+~ =
100 a
1 ]| F%©
] 50 05 - 20

1 l | . L-t‘l 1 1 l-

200 400 600 800 1000 1200 1400 1600 1800 0 3 3 18 0

£ (MeV/fm’)

Steiner, Lattimer & Brown, ApJ 722, 33 (2010)

3 X-ray bursts, 3 X-ray binaries & 1 isolated NS
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lolman-Oppenheimer-Volkov equations

dp G (m+4mpre)(e + p)
dr c  r(r—2Gm/c?)

% B c2 . 1.4 F
s |
=2}
g |
=08 |
§ L
= 0.6 -

0.4 F
0.2 F
0

Radius, R [km]
R. Sellahewa & A. Rios, Phys. Rev. C 90, 054327 (2014)
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SURREY

> EoS for neutron matter: SRG
O 50 -_"l""l""l'
~ NN+3N
z _ N3LO+N2LOdd (SRG) <0 ._ ----- NN+3N (unevolved, min/max)
< 40 =ISSSS] Drischler & Hebeler =
E — = = N3LO+N2LOdd Z5 [
= 30 é _ _
S = 10 - ’
- 20 - '
2 : 50 -
N 10
CD | T TR TR T T Y WO NN SN SN N
— | | J) ST ——
D] O 0 0.05 ‘ _().;.]() 0.15
5 0 0.08 0.16 0.24 0.32 n [fm ™)
. 3 Hebeler, Laftimer, Pethick, Schwenk
Density, p [fm | ApJ 773 11 (2013)

e Error band from unknown ChPT ¢;, ¢3 parameters
¢ Finite temperature & higher densities available

Carbone, Polls & Rios, PRC 90 0564322 (2014); A. Carbone, PhD thesis 27



Neufron martter

N
-

o Lo -
- -

—

Energy/Nucleon, E/A [MeV]
-

0

-

EoS for neutron matter: SRG

mmm N31.0+N2L0dd (SRG)

Drischler & Hebeler
- = = N3[O+N2LOdd

0.08 0.16
Density, p [fm'3]

0.24

2.5

Mass [M |
O »
N — N o

=

UNIVERSITY OF

SURREY

8 10 12 14 16
Radius [km]

Hebeler, Lattimer, Pethick, Schwenk

ApJ 773 11 (2013)

e Error band from unknown ChPT ¢;, ¢3 parameters
¢ Finife femperature & higher densities available

Carbone, Polls & Rios, PRC 90 0564322 (2014); A. Carbone, PhD thesis 27



Cooling of neufron stars ,ﬁ ST aY

NS cooling curves (M=1.3Mo) SPF, pairing & CasA
L R B A I I B B e —
64 PR ]
62 |- \ I + : f i
~ S } g &
- S & -
s of T V-
L s 3 — &
ss | #
g6 |- $ ? A 10° T BRI BRI BT T BT
: £ 2\ - 1 10 100 1000  10*  10°
5.4'“.‘1U“1uuluulu.?ll\," Age [yrs]
1 2 3 4 5 6
lg t (yrs) Page et al., PRL 106 081101 (2011)

Yakovlev & Pethick, ARAA 42 169 (2004)

e Observational data available for a handful of systems
e Sensifive to interior physics!
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Cooling of neufron stars % SURREY
NS coollr)q curves /M 3/\/1@)_ SPF> pairina & COSA

6.6 T T : : 2.08
] 9 - { Case I
. N i § Casell
6.4 s 2 ) 2.06f § Caselll|
! ——— (&) s o
: x © - § CaselV
s -
! I ._}_. o & - 2.04
62 ~ 1 = — -
~~ i § g [ é’ f
= & = 8 = 2.02r
S 6| I g8 L _ S
= ” & &
20 S Y S - 2.00f
I 3 g x -
58 |- 8 - -
L - o -
% £ ] 1.98r
e o~
s < t? g
56 ™ :a:o S \ —
] .E. 2 \\ 1 1.96" I 1 2 N N N -
g B X 2000 2002 2004 2006 2008 2010
P | I | | : ! \ [ Year
e 1 2 3 4 5 8 Figure 2. Inferred temperatures from HRC-S count rates for the NS in Cas A
gt (yrs) with different cases of source and background extraction regions (see Table 1 for

. case definitions). Cases II-1V have been shifted by a small offset in time (+0.1,
Yakovlev & Pethick, ARAA 42 169 (2004) +0.2, +0.3, respectively) to make them easier to distinguish. The temperature

decline over 10 yr, for dnfferem cases, ranges from 0.9% =+ 0.6% ( x = 2.7 for
2 dof) to 2% + 0.7% (x2 = 1.3 for 2 dof). Our preferred value for comparison

with other detectors, Case I, exhibits a temperature decline of 1.0% + 0.7%
(x> = 1.8 for 2 dof).

e Observational data available for a handful of systems
e Sensifive to interior physics!
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Cooll.ng Of COSSiOpeO A 6.5._ I I lllllll I I lllllll I I llllll-
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o ions, electrons

Pulsar glitches

Year -a—— electrons, neutrons, nuclei

1975 1980 1985 1990 1995 2000 2005 2010
B -
69235 - BISI22 4 ) \
6923 3 neutron-proton Fermi liquid
:'E 69225 _ 3 A few % electron Fermi gas
= sa2f x

69215
681 |

_: superfluid
z 5 e R E -
o : L .
105- . \'\ _ 8_ '
P R EE R T GL)
. L=

quark gluoh plasma?

Av (uHz)

: : '
SN P R SR PR . '
z0f 3 s:SZ)//’?\C/O
S b 4
- 2730— — E
N T — m'mm 200 w0 54000 >
M '
Espinoza, Lyne, Stappers & Kramer Tlme

MNRAS 414 1679 (2011)

e Crystalline crust + dripped neutron superfluid

e Crust slows down due to magnetic braking

e Superfluid can only spin if vortices move out

|f vortices are pinned to nuclear lattice, they experience a fime lag

e At some critical pile-up, a lot of vortices are released and crust spins up

Haskell & Melatos, arxiv:1502.07062 30



Bardeen-Cooper-Schrieffer paiing 3 &{RREY

Neutron matter BCS gaps

's, 3PF,
3O‘I,-\~IIIII‘ L L L L L L
[ ./ \ ] I ]
S o5f /) 1t CDBONN
< 3 1 AVi8
é i N3LO
T 2.0 1 F -
< :
S 15¢ . - .
O [
2 1o} 1ot :
I E 1t P E
Q. 05F | 1 F rd ]
L : : / :
0.0-/'...I....I ........ I B I il B PP B B \
0.0 0.5 1.0 15 20 25 30 3500 05 1. 15 20 25 30 35
Fermi momentum, kg [fm'1] Fermi momentum, kg [fm'1]

Dean & Hjorth-Jensen, Rev. Mod. Phys. 75 607 (2003)

BCS equation

E[VEE KD

L 2Xk
k2
e Single-particle spectrum choice: €k = om +U(k) — p
e Angular gap dependence: ARP =D AR
L

Maurizio, Holt & Finelli, Phys. Rev. C 90, 044003 (2014) 3l
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Neutron matter BCS gaps
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BCS equation

E[VEE KD

L 2Xk
k2
* Single-particle spectrum choice: €k = I ><k) — M
e Angular gap dependence: ARP =D AR
L

Maurizio, Holt & Finelli, Phys. Rev. C 90, 044003 (2014) 3l
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Neutron matter BCS gaps
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BCS equation
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Bardeen-Cooper-Schrieffer pairing ,& SBREY
Neutron matter BCS gaps
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Bardeen-Cooper-Schrieffer pairing 3 & {RREY

Neutron matter BCS gaps
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* Angular gap dependence:



Beyond BCS 101: results SNM 3§

Symmetric matter

3SD| nuclear matter BCS gaps

UNIVERSITY OF

SURREY

SRC-depleted 3SD | gaps

14.0 —————————

12.0F
10.0F
8.0f
6.0F

40F 7

Pairing gap, Ag [MeV]

0.Q°F

33D,

N — p = 0.04, dressed
S —

CDBONN

Y —

N3LO3NF

I
-— p=016fm~ -

-— p=008 fm”

-— p=0.04 fm'3
— p=0.08, dressed

—g

Maurizio, Holt & Finelli, PRC 90, 044003 (2014)

* Massive gaps 3SD1 channel but...

00 05
Fermi momentum, kg [fm'1]

Muether & Dickhoff, PRC 72 054313 (2005)

e No evidence of strong np nuclear pairing

e Short-range correlations deplete gap
e 3BF effecte Short-range effectse
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Nuclear Matter SF: T=5 MeV,p=0.16 fm™>

Beyond BCS 101: SRC
(B) iF(1,2) = (T{y(1)¥(2)}) = = = ——QDe—> + —Bp— 300
(B") iFT(1,2) = (T{¥1(1)¥1(2)}) = »=e = — e + (D 200
(C) iG(1,2) = (T{w(1)¥1(2)}) = o=t = —— + _._®'_._ " _’_@‘_’ 100
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BCS+SRC equation
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R A Ak/l+ - f(w) = f()
— f(w) — J(w ,
%:/w/w, A(k,w)As(k,w')

w + w!

e BCS is lowest order in Gorkov Green'’s function expansion
e How does removal of strength affect pairing?
e Effective replacement of denominator

Bozek, Phys. Rev. C 62 054316 (2000); Muether & Dickhoff, Phys. Rev. C 72 054313 (2005) 3
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Nuclear Matter SF: T=5 MeV,p=0.16 fm™>

Beyond BCS 101: SRC
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e BCS is lowest order in Gorkov Green'’s function expansion
e How does removal of strength affect pairing?
e Effective replacement of denominator

Bozek, Phys. Rev. C 62 054316 (2000); Muether & Dickhoff, Phys. Rev. C 72 054313 (2005) 3



Beyond BCS 101: SRC SURREY

Nuclear matter, p=0.16 fm-3

s full prop. T=5 MeV
W full prop. T=0

v wmm w QP T3 MeV

— QP Tu0

Denominator [MeV]

k [fm ]

e BCS is lowest order in Gorkov Green'’s function expansion
e How does removal of strength affect pairing?
e Effective replacement of denominator

Bozek, Phys. Rev. C 62 054316 (2000); Muether & Dickhoff, Phys. Rev. C 72 054313 (2005) 33



CDBonn, PNM, p=0.16 fm-3

UNIVERSITY OF

SURREY

Microscopic extrapolation
1 , , , ,

0.8

< 06

= L.,

Macroscopic extrapolation

! ! ! » 26
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1- ) - f&)

(k,w)A(k,w")

w4+ W’

e Similar o G, component at finite T... but need T=0 data!
e Extrapolate X(k,®;T) (13 Gb worth data)

e Consiraining with

properties
A. Rios, fo be published 34



Pairing gap, A [MeV]
N

0.5

UNIVERSITY OF

SURREY

CDBonn Av18 N3LO
's, BCS
0.0 05 1.0 1.5 05 10 15 05 10 15
Fermi momentum, kg [fm'1: Fermi momentum, kg [fm'1] Fermi momentum, kg [fm'1]

e Moderate screening due 1o SRC: Anax=2.5 MeV

o Effect s

: Independent of NN potential

e Similar gap closure
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Pairing gap, A [MeV]
N

0.5

UNIVERSITY OF
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CDBonn Av18 N3LO
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Fermi momentum, kg [fm'1] Fermi momentum, kg [fm'1] Fermi momentum, kg [fm'1]
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e Bare NN potential only is not the only possible interaction
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e Bare NN potential only is not the only possible inferaction
e Diagram (a): nuclear interaction

Gao, Lombardo & Schuck, Phys Rev C 74 064301 (2006) 37
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e Moderate screening due 1o SRC: Anax=2.5 MeV
e Additional screening due to LRC: Apnax=2 MeV

e Effect Is : Independent of NN potential

e Similar gap closure
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e Anti-screening induced by SRC: A=0.15-0.20 MeV

o gap closure
e Effect is robust: independent of NN potential
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Chiral EoS & pairing gaps
N-LO EoS with 3BFs
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Chiral EoS & pairing gaps
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Conclusions SURREY

* Ab Initio nuclear theory to treat pairing systems

*Different NN forces give robust predictions
* Approximations introduced in a meaningful way

* Challenges ahead:

*PpP pairing!
*isospin asymmetric matter?
* Cooling?
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