


R ≈ 9− 13 km

M ≈ 1.4− 2.2M�
nc ≈ 4− 8n0

R ≈ 6371 km

M ≈ 3× 10−6 M�
nc ∼ n0 = 2.7× 1014 g/cm3

R ≈ 1737 km

M ≈ 4× 10−8 M�
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M = 2.08± 0.07M�

R2.0 = 12.39+1.30
−0.98 km

R2.0 = 13.7+2.6
−1.5 km
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= − (ε+ P )(m+ 4πr3P )

r(r − 2m)

( )

dm
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= 4πr2ε

P (r + dr) = F (r + dr)/A

P (r) = F (r)/A

dr







nuclear observables

(CalLat, HALQCD, NPLQCD, ...)(t
ru

nc
at

io
n 

er
ro

rs
, m

an
y-

bo
dy

 a
pp

ro
xi

m
at

io
ns

, .
..)

(structure, reactions, astrophysics, ...)

un
ce

rt
ai

nt
y 

qu
an

ti
fic

at
io

n

quantum chromodynamics

E

A
(n, δ, T )



nuclear observables

many-body theory

(CalLat, HALQCD, NPLQCD, ...)(t
ru

nc
at

io
n 

er
ro

rs
, m

an
y-

bo
dy

 a
pp

ro
xi

m
at

io
ns

, .
..)

(Weinberg, van Kolck, Kaiser, LENPIC, Idaho, ...)

(structure, reactions, astrophysics, ...)

exact
approximate

phenomenological

QMC, NCSM, ...
CC, IMSRG, MBPT, SCGF, ...
SM, DFT, ...

renormalization group

chiral forces & currents

un
ce

rt
ai

nt
y 

qu
an

ti
fic

at
io

n

quantum chromodynamics

(SRG, Okubo-Lee-Suzuki, ...)

E

A
(n, δ, T )

H(θ) |ψ(θ)〉 = E(θ) |ψ(θ)〉



12 14 16 18 20 22 24 26 28

Mass Number A

−160

−140

−120

−100

−80

−60

G
ro
u
n
d
-S
ta
te

E
n
er
g
y
[M

eV
]

A
O

Framework

MR-IMSRG(2)

VS-IMSRG

IT-NCSM

CCSD

Λ-CCSD(T)

ADC(3) SCGF

NLEFT

AME (2016)

1995 2000 2005 2010 2015 2020

Year

0

50

100

150

M
a
ss

N
u
m
b
er

A

Algorithmic scaling

exponential

polynomial



nuclear observables

many-body theory

(CalLat, HALQCD, NPLQCD, ...)(t
ru

nc
at

io
n 

er
ro

rs
, m

an
y-

bo
dy

 a
pp

ro
xi

m
at

io
ns

, .
..)

(Weinberg, van Kolck, Kaiser, LENPIC, Idaho, ...)

(structure, reactions, astrophysics, ...)

exact
approximate

phenomenological

QMC, NCSM, ...
CC, IMSRG, MBPT, SCGF, ...
SM, DFT, ...

renormalization group

chiral forces & currents

un
ce

rt
ai

nt
y 

qu
an

ti
fic

at
io

n

quantum chromodynamics

(SRG, Okubo-Lee-Suzuki, ...)

E

A
(n, δ, T )

0.00 0.05 0.10 0.15 0.20

Density n [fm
−3
]

−20

−15

−10

−5

0

5

10

15

20

E
n
er
g
y
p
er

P
a
rt
ic
le

E
/
A

[M
eV

]

δ = 0.0

δ = 1.0

δ = 0.5

δ = 0.7

δ = 0.8

δ = 0.9

FFG

Sv

L

K

n0

E0

Nuclear Equation of State at T = 0

δ =
nn − np

nn + np

H(θ) |ψ(θ)〉 = E(θ) |ψ(θ)〉



VNN

VNN

E(2)

V
=

1

4

∑
ij
ab

| 〈ij|V NN|ab〉 |2
εi + εj − εa − εb

VNN

|i〉 = |kiσiτi〉

E(0)

V
= +

1

2

∑
ij

〈
ij
∣∣V NN

∣∣ ij〉

E
(3)
hh

V
= +

1

8

∑
ab
ijkl

〈
ij
∣∣V NN

∣∣ ab
〉 〈

kl
∣∣V NN

∣∣ ij〉 〈ab
∣∣V NN

∣∣ kl
〉

DijabDklab

E
(3)
ph

V
= +
∑
abc
ijk

〈
ij
∣∣V NN

∣∣ ab
〉 〈

ak
∣∣V NN

∣∣ ic〉 〈bc ∣∣V NN

∣∣ jk〉
DijabDjkbc

E
(3)
pp

V
= +

1

8

∑
abcd
ij

〈
ij
∣∣V NN

∣∣ ab
〉 〈

ab
∣∣V NN

∣∣ cd〉 〈cd ∣∣V NN

∣∣ ij〉
DijabDijcd

V3N= + ξV3N V3N



E
(2)

NN+3N

V
=

1

4

4∏
i=1

[
Trσi

Trτi

∫
dki

(2π)3

] ∣∣〈12 ∣∣∣V (2)
as

∣∣∣ 34〉∣∣2nτ1
k1
nτ2
k2
(1− nτ3

k3
)(1− nτ4

k4
)

ετ1k1
+ ετ2k2

− ετ3k3
− ετ4k4

× (2π)3δ(k1 + k2 − k3 − k4)

:

VNN

VNN

E(2)

V
=

1

4

∑
ij
ab

| 〈ij|V NN|ab〉 |2
εi + εj − εa − εb



E
(2)

NN+3N

V
=

1

4

4∏
i=1

[
Trσi

Trτi

∫
dki

(2π)3

] ∣∣〈12 ∣∣∣V (2)
as

∣∣∣ 34〉∣∣2nτ1
k1
nτ2
k2
(1− nτ3

k3
)(1− nτ4

k4
)

ετ1k1
+ ετ2k2

− ετ3k3
− ετ4k4

× (2π)3δ(k1 + k2 − k3 − k4)

:

VNN

VNN

E(2)

V
=

1

4

∑
ij
ab

| 〈ij|V NN|ab〉 |2
εi + εj − εa − εb



〈1′2′ . . . A′ | AAVAN | 12 . . . A〉
= 〈(σ1′τ1′) . . . (σA′τA′) | AAVAN (p,p′) | (σ1τ1) . . . (σAτA)〉

p = p1 ⊕ p2 . . .⊕ pA
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residual 3N contributions 

They are expected to be smaller than EFT truncation 
error (and other MBPT diagrams at the same order)
They are relatively inexpensive to evaluate using 
automated MBPT.
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