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• How and where in the universe 
are the chemical elements 
produced?

• How does the complexity of 
nuclear structure arise from 
the interaction between 
nucleons?

• What are the limits of 
nuclear stability?

NuPECC Long Range Plan 2017 
Perspectives in Nuclear Physics

• What are the properties of 
nuclear matter in compact 
stellar objects?

http://www.nds.iaea.org


Extending The Nuclear Landscape

adapted from A. B. Balentekin et al., 
Mod. Phys. Lett. A 29, 1430010 (2014)

adapted from M. McLaughlin, APS 
Physics Viewpoint, October 16, (2017)

Cutting-edge experimental results

Rare-isotope facilities Neutron-star mergers



Nuclear theory has experienced a renaissance in the 
past few decades thanks (in part) to two developments. 

1. Advances in ab initio many-body methods. 

2. Chiral effective field theory (EFT) for nuclear 
interactions.

What Can Theory Offer?
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work with protons + neutrons  
& 

controlled approximations

ab initio



Reach Of Ab Initio Methods

2000

from H. Hergert et al., Phys. Rep. 621, 165 (2016)

adapted from from G. Hagen et al., Nat. Phys. 12, 186 (2016)

• 1980s & 1990s:               
Exact methods (exponential 
scaling) e.g. Green’s 
Function Monte Carlo 
Method (GFMC), No-Core 
Shell Model. Limited by 
Moore’s law -  A < 10, 12 

• 2000s and beyond:        
New methods (polynomial 
scaling) e.g. Coupled 
cluster, auxiliary-field 
diffusion Monte Carlo 
(AFDMC). Closed-shell 
nuclei around up to A = 40. 

Moore’s 
law



Reach Of Ab Initio Methods

2015

from H. Hergert et al., Phys. Rep. 621, 165 (2016)

adapted from from G. Hagen et al., Nat. Phys. 12, 186 (2016)

• 1980s & 1990s:               
Exact methods (exponential 
scaling) e.g. Green’s 
Function Monte Carlo 
Method (GFMC), No-Core 
Shell Model. Limited by 
Moore’s law -  A < 10, 12 

• 2000s and beyond:        
New methods (polynomial 
scaling) e.g. Coupled 
cluster, auxiliary-field 
diffusion Monte Carlo 
(AFDMC). Closed-shell 
nuclei around up to A = 40. 

Moore’s 
law
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I. SUPRANUCLEAR DENSITY MATTER

A. Introduction

Neutron stars are the densest observable objects in the
Universe, attaining physical conditions of matter that cannot
be replicated on Earth. Inside neutron stars, the state of matter
ranges from ions (nuclei) embedded in a sea of electrons at
low densities in the outer crust, through increasingly neutron-
rich ions in the inner crust and outer core, to the supranuclear
densities reached in the center, where particles are squeezed
together more tightly than in atomic nuclei, and theory
predicts a host of possible exotic states of matter (Fig. 1).
The nature of matter at such densities is one of the great
unsolved problems in modern science, and this makes neutron
stars unparalleled laboratories for nuclear physics and quan-
tum chromodynamics (QCD) under extreme conditions.
The most fundamental macroscopic diagnostic of dense

matter is the pressure-density-temperature relation of bulk
matter, the equation of state (EOS). The EOS can be used to
infer key aspects of the microphysics, such as the role of
many-body interactions at nuclear densities or the presence of
deconfined quarks at high densities (Sec. I.B). Measuring the
EOS of supranuclear density matter is therefore of major
importance to nuclear physics. However, it is also critical to
astrophysics. The dense matter EOS is clearly central to
understanding the powerful, violent, and enigmatic objects
that are neutron stars. However, neutron star–neutron star and
neutron star–black hole binary inspiral and merger, prime
sources of gravitational waves and the likely engines of short
gamma-ray bursts (Nakar, 2007) also depend sensitively on
the EOS (Shibata and Taniguchi, 2011; Bauswein et al., 2012;
Faber and Rasio, 2012; Lackey et al., 2012; Takami, Rezzolla,
and Baiotti, 2014). The EOS affects merger dynamics, black
hole formation time scales, the precise gravitational wave and
neutrino signals, any associated mass loss and r-process
nucleosynthesis, and the attendant gamma-ray bursts and

optical flashes (Metzger et al., 2010; Hotokezaka et al.,
2011; Kumar and Zhang, 2015; Rosswog, 2015). The EOS
of dense matter is also vital to understanding core collapse
supernova explosions and their associated gravitational wave
and neutrino emission (Janka et al., 2007).1

B. The nature of matter: Major open questions

The properties of neutron stars, like those of atomic nuclei,
depend crucially on the interactions between protons and
neutrons (nucleons) governed by the strong force. This is
evident from the seminal work of Oppenheimer and Volkoff
(1939), which showed that the maximal mass of neutron stars
consisting of noninteracting neutrons is 0.7M⊙. To stabilize
heavier neutron stars, as realized in nature, requires repulsive
interactions between nucleons, which set in with increasing
density. At low energies, and thus low densities, the inter-
actions between nucleons are attractive, as they have to be to
bind neutrons and protons into nuclei. However, to prevent
nuclei from collapsing, repulsive two-nucleon and three-
nucleon interactions set in at higher momenta and densities.
Because neutron stars reach densities exceeding those in
atomic nuclei, this makes them particularly sensitive to
many-body forces (Akmal, Pandharipande, and Ravenhall,
1998), and recently it was shown that the dominant uncer-
tainty at nuclear densities is due to three-nucleon forces
(Hebeler et al., 2010; Gandolfi, Carlson, and Reddy, 2012).

FIG. 1. Schematic structure of a neutron star. The outer layer is a
solid ionic crust supported by electron degeneracy pressure.
Neutrons begin to leak out of ions (nuclei) at densities
∼4 × 1011 g=cm3 (the neutron drip density, which separates
the inner from the outer crust), where neutron degeneracy also
starts to play a role. At densities ∼2 × 1014 g=cm3, the nuclei
dissolve completely. This marks the crust-core boundary. In the
core, densities reach several times the nuclear saturation density
ρsat ¼ 2.8 × 1014 g=cm3 (see text).

1Note that while most neutron stars, even during the binary
inspiral phase, can be described by the cold EOS that is the focus of
this Colloquium (see Sec. I.C), temperature corrections must be
applied when describing either newborn neutron stars in the
immediate aftermath of a supernova or the hot differentially rotating
remnants that may survive for a short period of time following a
compact object merger. The cold and hot EOS must of course connect
and be consistent with one another.

Anna L. Watts et al.: Colloquium: Measuring the neutron star …

Rev. Mod. Phys., Vol. 88, No. 2, April–June 2016 021001-3
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Quantum Monte Carlo 
(QMC) methods with 
chiral effective field 

theory (χEFT ) 
interactions is a 

compelling piece of the 
puzzle!
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Quantum Monte Carlo (QMC) Methods

25 50 75 100



1. Start with a trial wave function     and generate a 
random position:  

2. Metropolis algorithm: Generate new positions     
based on the probability                     

3. Invoke the variational principle: 

QMC Methods - Variational Monte Carlo (VMC) Method

= , , . . . , .

′

= � (
′)�

� ( )� .

= � � � �
� � � > .

{ }→



• The wave function is imperfect:  

• Propagate in imaginary time to project out the 
ground state 

QMC Methods - Diffusion Monte Carlo Method

∣ ⟩ .
� ( )� = −( − ) � �

= −( − ) [ � � +�
≠

−( − ) � � ].

∣ ⟩ = ∑∞= ∣ ⟩ .
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QMC Methods - An Example

Trial wave function; e.g.

( ) =√ ( − ).
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QMC Methods - An Example

⟨ ⟩ = [ . ( )]

=
Imaginary-time evolution:

.



• Psi~3A    coordinates 
&          complex 
amplitudes: 
Exponential scaling. 

QMC Methods - Compare/Contrast GFMC & AFDMC

• Psi~3A    coordinates & 
4A complex amplitudes                                                                                                           
s                              : 
Polynomial scaling. 

Green’s function Monte 
Carlo (GFMC)

Auxiliary-field diffusion 
Monte Carlo (AFDMC)

∣ ⟩ ∼( ) ∣ ⟩ ∼
(∣ ↑⟩ , ∣ ↓⟩ , ∣ ↑⟩ , ∣ ↓⟩)



Chiral Effective Field Theory (EFT)
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• If probed at high energies, 
substructure is resolved. 

• At low energies, details are 
not resolved. 

• Can replace fine structure 
by something simpler 
(think of multipole 
expansion): low-energy 
observables unchanged.

Chiral EFT

Lower 
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• Chiral EFT: Expand in 
powers of             
This and this allow 
for space. 

• Long-range physics: 
π exchanges. 

• Short-range physics: 
Contacts x LECs. 

• Many-body forces & 
currents enter 
systematically.
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Chiral EFT
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∼

Weinberg, van Kolck, Kaplan, Savage, Wise, Bernard, Epelbaum, 
Kaiser, Machleidt, Meißner,… 
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O O

Fit to few-body 
data.



Local construction possible1 up to NLO.  

Definitions. 

Regulator: 

Contacts: 

Chiral EFT

.

1A. Gezerlis et al, PRL 111 032501 (2013); JEL et al, PRL 113 192501 (2014); A. Gezerlis et al, PRC 90 054323 (2014)
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What to fit cD and cE to?

Choosing Observables

• Uncorrelated observables. 

• Probe properties of light 
nuclei: 

• Probe            physics:        
scattering phase shifts.  

.

= /

JEL et al, PRL 116, 062501 (2016)



QMC Methods + Chiral EFT Interactions - The Rug

fermion sign problem

problems with scaling

local regulators + Fierz ambiguity



First Results

Light Nuclei

JEL et al, PRL 116, 062501 (2016)

One consistent approach:



First Results

JEL et al, PRL 116, 062501 (2016)

n-α Elastic Scattering
One consistent approach:



First Results

JEL et al, PRL 116, 062501 (2016)

Neutron Matter
One consistent approach:



Energies and charge radii of selected nuclei up to 16O 
well reproduced.

Recent AFDMC Results

D. Lonardoni, J. Carlson, S. Gandolfi, JEL, K. E. Schmidt, A. Schwenk, X. Wang, arXiv:1709.09143 [nucl-th] (2017)



Short-Range Correlations (SRCs) & EMC Effect
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Some History And Definitions

Deep inelastic scattering (DIS) cross section for EM 
interactions of charged leptons with nuclear targets:

∝ ( , )

= �( ⋅ ) = −

( , ) = ( , )
( , ) ∼



1983 EMC Paper

One-picture/One-sentence summary

J. J. Aubert et al. (EMC), Phys. Lett. B. 123, 275 
“We are not aware of any published detailed prediction presently available which 

can explain the behaviour of these data.”

K. Rith, arXiv:1402.5000 [hep-ex] (2014) 



1983 EMC Paper

The strength of the EMC effect is given in terms of the 
slope:  

( , )� � . < < . ∼ � � � � � . < < .

K. Rith, arXiv:1402.5000 [hep-ex] (2014) 



Short-Range Correlations And The EMC Effect

( , ) ≡ � . < <

� ∝

K. Rith, arXiv:1402.5000 [hep-ex] (2014) 



Implications Of EFT

J.-W. Chen & W. Detmold, Phys. Lett. B 625, 165 (2005): 

( )� = ( )+ ( , ) ( , )

( , ) = � �( ) � �

J.-W. Chen, W. Detmold, JEL, A. Schwenk,  
arXiv:1607.03065 [hep-ph] (2016) (PRL in press):

( , > ) = ( , )
( , ) ⇒ ∝ .



EFT Arguments In Detail

nuclear PDFs

( , ) =∑ ( , )
( , )

⟨ ; ∣O ⋯ ∣ ; ⟩ = ⟨ ⟩ ( ) ( ⋯ )

Leading twist (twist-2) expansion of PDFs 
+ Operator product expansion:

⟨ ⟩ ( ) = ∫− ( , )
O ⋯ = ¯ ( ⋯ )

Mellin transform



EFT Arguments In Detail

Matching QCD operators to hadronic 
operators.

O � → ∶ � � ( � ) [ + ]
+ � � �( � � ) +� ∶

� �
� � ( ) = � � ( ) � + ( , ) � �∶ ( ) ∶� � �

( , )� � ( , ) + ( , )˜ ( , , )
Inverse Mellin transform

( , ) � ( , ) + ( , ) ( , , )



EFT Arguments In Detail

For quasielastic kinematics

� � + ( , ) ( )

( , > ) � ( , )
( , )

( , ) � ( )[ ( ) − ]



Two-Body Distribution Functions (g2)

( , ) = , ( , = )� , , ( , ) ≡ � ��
<
( − )� �

Scale and scheme dependent



SRC Correlation Factors

Scale and scheme independent!

≡
→

, ( , )
, ( , )

J.-W Chen, W. Detmold, JEL, A. Schwenk, arXiv:1607.03065 [hep-ph] (2016)



Preliminary!

SRC Correlation Factors

A prediction for a2 in 40Ca: 
Saturates as expected.

≡
→

, ( , )
, ( , )



• An exciting time in nuclear physics thanks to new 
experiments, many-body methods, and chiral EFT. 

• QMC methods with chiral EFT interactions: A 
powerful set of tools to advance nuclear physics. 

• EFT predicts (postdicts) the linear relationship 
between 

• We can make scheme- and scale-independent 
predictions for SRC scaling factors.  

• Our results suggest that EFT can shed light on the 
existence of a3.

Summary



Outlook



Outlook



Outlook



Outlook



Acknowledgments

• P. Klos                                 
L. Huth                                          
H.-W. Hammer                          
A. Schwenk 

• J. Carlson,                        
S. Gandolfi,                                 
D. Lonardoni 

• I. Tews 

• J.-W Chen

Collaborators

• A. Gezerlis 

• K. E. Schmidt 

• W. Detmold



Acknowledgments

Thank you for your attention!

• P. Klos                                 
L. Huth                                          
H.-W. Hammer                          
A. Schwenk 

• J. Carlson,                        
S. Gandolfi,                                 
D. Lonardoni 

• I. Tews 

• J.-W Chen

Collaborators

• A. Gezerlis 

• K. E. Schmidt 

• W. Detmold


