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Hamiltonians for many-body physics
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Hamiltonians for many-body physics

• I will not discuss many-body methods 

• Many approaches at our disposal


• Exact diagonalization = exact computation of , limited mass range


• Hartree Fock = Slater-determinant approximation of ,  
provides variational bounds on ground-state energy 


• IMSRG, CC, (SCGF) = improved correlated approximation of , 
quantitative predictions of ground-state properties

|Ψ⟩
|Ψ⟩

E
|Ψ⟩
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Challenges for Hamiltonians
• #1: Chiral effective field theory is (often) not very precise 

• #2: Accurate Hamiltonians exist, but are "fine-tuned"


• #3: Accurate Hamiltonians lack uncertainties or are untested


• #4: No "full UQ" accounting for cutoff scheme & scale, order, fit to data
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• Uncertainties for low-resolution Hamiltonians 
Plies, MH, Schwenk, arxiv:2509.24671


• Ab initio analysis of parity-violating electron scattering 
Noël, MH, Hoferichter, Miyagi, Schwenk, in prep.


• Testing lattice Hamiltonians with variational methods 
Rothman, Hagen, MH, Papenbrock, in prep.



Uncertainties for  
low-resolution Hamiltonians

Plies, MH, Schwenk, arxiv:2509.24671



Some Hamiltonians are accurate
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1.8/2.0 (EM)

• NN:  potential with cutoff  by Entem, Machleidt  
Optimized to NN scattering data 
SRG evolution to 


• 3N:  potential with low cutoff  
 from NN potential,  fit to , 


• Accurate ground-state energies and spectra, differential charge radii, etc.


• But many conceptual problems (esp. from a purist perspective)


• How do we quantify the Hamiltonian uncertainty here?

N3LO Λ = 500 MeV

λ = 1.8 fm−1

N2LO Λ = 2.0 fm−1 = 394 MeV
ci cD, cE

3H 4He
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Hebeler et al., PRC (2011)



1.8/2.0 (EM): Strategy for UQ
1. Recover parametric form of Hamiltonian  

(operator basis + free parameters/LECs)  
 

                                    


2. Perform Bayesian inference of free parameters 
                    


3. Check model with posterior predictive distribution

4. Predict medium-mass nuclei with posterior predictive 

distribution

H = ∑
i

siOi

pr(si, cD, cE |𝒟, I)

7

uncertainty quantification

Plies, MH, Schwenk, arxiv:2509.24671

Tom Plies @ TU Darmstadt



SVD of NN potential

• SVD in plane-wave partial-wave basis:  
 
V = ∑

i

si | li⟩⟨ri | = ∑
i

siOi
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singular value decomposition 
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Impact of singular values

• Only some  are relevant at low  ( , , )  leave others fixedsi Elab s1 s3 s5 →
9
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Bayesian inference of si, cD, cE
• NN:  in S- and P-waves


• Isospin charge independence approx.


• Higher partial waves included exactly


• 3N: 


• MCMC sampling using likelihood with 


• NN phase shifts ( ) 
: emphasis on low-  phase shifts 
: even grid, more conservative


•  ground-state energy and half life ( )
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Results of model checking
• 3N input likelihoods 

excellently reproduced


• For phase shifts


• Overestimate unc. at 
low  
(not part of likelihood)


• Well reproduced for 



• Underestimated at 
 

Elab ≤ 10 MeV

20 − 75 MeV

Elab ≥ 100 MeV
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PPDs for 48Ca

• Posterior predictive distributions with 100 samples
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Success! But some limitations...
• Model checking in NN phase shifts not completely satisfactory 

• Uncorrelated likelihood


• EKM uncertainties are small at low 


• Operator pool limits freedom at high 


• 3N calibration uses triton half life (anomalous convergence pattern)


• Charge independence approximation required adjustment 

• Mean shift of distribution (original approach)


• New and improved: explicit charge independence breaking included,  
but no decomposition

Elab

Elab
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 of 2+ 100Sn
• Reproduce 1.8/2.0 (EM) value, but with Hamiltonian uncertainty


• Correlation analysis allows us to reduce Hamiltonian uncertainty

14
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Ab initio analysis of parity-
violating electron scattering

Noël, MH, Hoferichter, Miyagi, Schwenk, in prep.



PVES motivation



• Neutron skins give insight into nuclear interactions 
in neutron-rich environments, neutron stars


• PVES measures , infers neutron radius & skin


• PREX: Larger skin in 


• CREX: Smaller skin in 


• :  in 


• Nuclear theory so far unable to consistently 
explain CREX and PREX

Rskin = Rn − Rp

APV
208Pb

48Ca
Qweak Rskin ≈ 0 27Al
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parity-violating electron scattering

Rn − Rp for 48Ca versus Rn − Rp for 208Pb is shown in
Fig. 5. A number of models including the microscopic
coupled cluster calculations [8] are consistent with our
results, slightly underpredicting 208Pb while slightly
overpredicting 48Ca. Dispersive optical model calculations
agree well for 208Pb but substantially overpredict Rn − Rp

for 48Ca [72].
In conclusion, we have reported a new and precise

measurement of the PVES asymmetry from 48Ca and a
model-independent extraction of the difference between the
charge form factor and the weak form factor Fch − FW at
q ¼ 0.8733 fm−1. In addition, we have extracted, with a
small model dependence, the weak skin RW − Rch and the
neutron skin Rn − Rp of 48Ca and compared it to that of
208Pb. The extracted neutron skin of 48Ca (CREX) is
relatively thin compared to the prediction of most models,
while that of 208Pb (PREX) is thick, yet both are consistent
with a number of density functional models and with the
microscopic coupled cluster models [8]. This will have
implications for future energy density functional calcula-
tions and the density dependence of the symmetry energy.
The small model dependence of this result could be

further constrained with a future measurement of APV from
48Ca at an additional Q2 [73]. Experimental techniques
from this Letter, including excellent systematic control of
helicity-correlated fluctuations and demonstration of
high precision electron beam polarimetry, will inform
the design of future projects MOLLER [74] and SoLID
[75] at JLab measuring fundamental electroweak cou-
plings, as well as P2 and the 208Pb radius experimental
proposals at Mainz [76].

We thank the entire staff of JLab for their efforts to
develop and maintain the polarized beam and the exper-
imental apparatus and acknowledge the support of the U.S.
Department of Energy, the National Science Foundation,
and NSERC (Canada). We thank J. Piekarewicz, P. G.
Reinhard, and X. Roca-Maza for RPA calculations of 48Ca
excited states and J. Erler and M. Gorchtein for calculations
of γ − Z radiative corrections. This material is based upon
the work supported by the U.S. Department of Energy,
Office of Science, Office of Nuclear Physics Contract
No. DE-AC05-06OR23177.
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Ab initio PVES
• Computations based on EDFs are routine 

• But now we can compute this using ab initio methods! 

• Approach:


• Start from given nuclear Hamiltonian


• Compute charge and weak densities  , 


• Compute  with Coulomb corrections  
https://pypi.org/project/phasr/ (Frederic Noël)


•

→ Vch VW

dσ/dΩ

APV ∼
dσ
dΩ (Vch + VW) −

dσ
dΩ (Vch − VW)

17

Noël, MH, Hoferichter, Miyagi, Schwenk, in prep.

parity-violating electron scattering

https://pypi.org/project/phasr/


Taming uncertainties with correlations
• Predicted charge and weak densities are correlated (also with )


• Same for any observable related to nuclear densities (like )


• Strategy: Study correlation with  and calibrate on expt. value

Rch

APV

Rch

18
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Parity Violating Electron Scattering

Coulomb Corrections in APV

→ Direct comparison to experiments
relies on Coulomb corrections

→ Coulomb corrections via phasr:

APV ↑ dσ

dΩ
(Vch + Vw)↓

dσ

dΩ
(Vch ↓ Vw)

↔ requires full ρch and ρw

First correlation for PVES
based on ab-initio calculations

APV(
48Ca) = 2432(50)(62) · 10↓9 CREX: 2668(106)(40) · 10↓9

APV(
208Pb) = 579.2(1.5)(5.3) · 10↓9 PREX: 550(16)(8) · 10↓9

Remaining slight tension of ↑ 1.6σ in both cases

F. Noël (Uni Bern, ITP) µ ↔ e conversion & charge distributions 16.10.24 23 / 24

Preliminary

Preliminary

CREX

Comparison with CREX & PREX
• Fiducial Hamiltonians, e.g., , 

, 1.8/2.0 (EM), 1.8/2.0 (EM7.5)


• 34 nonimplausible samples (no weights)


• Point by point calculation of  

• Only weak tension found with both expts.


• Open questions:


• Charge radius of  from  atoms? 
Sun, Beyer, Mandrykina, Valuev, Keitel, Oreshkina, PRL (2025)


• Model dependences in analyses of 
PREX and CREX?

NNLOsat
ΔNNLOGO

APV

208Pb μ

19



Testing lattice Hamiltonians  
with variational methods

Rothman, Hagen, MH, Papenbrock, in prep.



Nuclei on a lattice

• Nuclear forces are finite-ranged


• On a spatial lattice, 
Hamiltonians are very sparse


• Interactions only in finite range 


• Volume of interactions small 
compared to total volume


• This can drastically simplify 
computations!

rint

21

Lattice effective field theory

n

n

p

p

p

p

D.L, Prog. Part. Nucl. Phys. 63 117-154 (2009)

3
Lähde, Meißner, Nuclear Lattice Effective Field Theory (2019), Springer

Lee, PPNP (2009)



Quantum computing
• Sparse Hamiltonian reduces 

number of 2-qubit gates 

• 2- and 3-body forces


• Simulations of 2- and 3-body 
systems


• Exact benchmarks met


• Mild scaling of computational 
resources suggests this 
approach is scalable

22

Gu, MH, Kiss, Papenbrock, PRC (2026)



NuLattice
• Python computations of nuclei  

on spatial lattices


• https://github.com/NuLattice 


• Many quantum many-body methods 
implemented


• Educational tool


• But also new science insights:


• Validation of standard approximation  
for 3-body forces


• Hartree Fock is pretty good for short-
ranged forces

23

Rothman, Johnson-Toth, et al., PRC (2025) 
Rothman, Johnson-Toth, et al., EPJA (2026)

Maxwell Rothman @ UTK Ben Johnson-Toth @ UTK

https://github.com/NuLattice


How simple is too simple?
• First studies used LO pionless EFT Hamiltonian


• Purely on-site, attractive NN, repulsive 3N


• Does not bind nuclei beyond  particle


• But simple NLEFT Hamiltonians propose  
to be successful in describing nuclei


• 2017: Only attractive NN interaction + OPE 
Elhatisari, Epelbaum, Krebs, Lähde, Lee, Li, Lu, Meißner, Rupak, PRL (2017)


• 2018: Attractive NN and attractive 3N 
interactions + OPE 
Lu, Li, Elhatisari, Lee, Epelbaum, Meißner, PLB (2018)


• How does this work?

α
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Variational bounds on Hamiltonians

25

2

The Hamiltonian consists of the kinetic energy, T , a
short-range term, V0, and a one-pion exchange term,
VOPE,

H = T + V0 + VOPE. (1)

The kinetic energy is

T = → ⊋2
2ma2

∑

n

[
49

6
a
†(n)a(n)→ 3

2

∑

|n→n→|=1

a
†(n↑)a(n)

+
3

20

∑

|n→n→|=2

a
†(n↑)a(n)→ 1

90

∑

|n→n→|=3

a
†(n↑)a(n)

]
.

(2)

Using a combined spin and isospin index i, we define the
smeared annihilation operator as

ãi(n) = ai(n) + sNL

∑

|n→n→|=1

ai(n
↑) (3)

We then define the smeared density operator as

ω̃(n) =
∑

i



ã†i (n)ãi(n) + sL

∑

|n→n→|=1

ã
†
i (n

↑)ãi(n
↑)



 (4)

We can then define the short-range potential as

V0 =
c0

2

∑

n

: ω̃(n)2 : (5)

Here, the colons indicate normal ordering. The parame-
ters are c0 = →0.185, and sNL = sL = 0.08, see Ref. [19].

The one-pion exchange term is given by

VOPE = → g
2
A

8εf2
ω

∑

n→,n,S→,S,I

: ωS→,I(n
↑)fS→,S(n

↑→n)ωS,I(n) :

(6)
Where the density ωS,I is defined as the following for spin
and isospin indices S = x, y, z and I = x, y, z, respctively,
for the Pauli spin matrices ϑS and isospin matrices ϖI

ωS,I(n) = a
†(n) [ϑS ↑ ϖI ] a(n), (7)

and fS→,S is given by

fS→,S(n
↑ → n) =

1

L3

∑

q

e
→iq(̇n→→n)→bωq

2

qS→qS

q2 +m2
ω

. (8)

Here qS is the S component of the momentum transfer. It
is an integer multiplied by 2ε/L, and bω acts like a cuto!
for the interaction and uses the value bω = 0.7. The pion
mass used is mω = 134.98 MeV, the axial-vector coupling
constant gA = 1.287, and the pion decay constant is
fω = 92.2 MeV. The potentials (5) and (6) are in lattice
units and need to be multiplied with ⊋/a = 100 MeV in
actual computations.

TABLE I. Hartree-Fock ground-state energies (in MeV) for
various nuclei and lattices of extent L and compared to the
results from auxiliary-field Monte Carlo simulations [19] and
experiment [43].

Nucleus L = 5 L = 6 Ref. [19] Exp.
4He →20.054 →19.797 →25.4 →28.3
8Be →63.31 →63.13 →51.9 →56.5
12C →137.75 →137.22 →83.8 →92.2
16O →214.07 →213.300 →128.2 →127.6

Finite nuclei.— Our computations of nuclei start from
simple localized initial states and solve the Hartree-Fock
equations self consistently. For 4He, we create our initial
state by placing an ϱ particle (i.e., spin up and down
protons and neutrons) at the origin (x = 0, y = 0, z = 0).
For 8Be, we place a second ϱ particle at ex = (x = a, y =
0, z = 0). In a similar manner, for 12C we add another ϱ

particle at ey and for 16O we add an ϱ particle at ez. Our
initial states are too compact, with energy expectation
values of . . . . Solving the Hartree-Fock equations relaxes
the density, reducing the repulsion of the kinetic energy.
The resulting negative Hartree-Fock energies are varia-
tional upper bounds on the exact ground-state energy,
which would require additional correlations beyond the
mean-field level to compute.

Our results are summarized in Table I. Comparing pre-
dictions for lattices with extents L = 5 and 6, we see that
finite volume e!ects are small, at most a few MeV. The
Hartree-Fock energy of 4He is qualitatively correct, and it
is plausible that the small beyond mean-field correlations
expected for this soft Hamiltonian are su"cient to bring
the ground-state energy into good agreement with experi-
ment. For heavier nuclei, however, the variational bounds
from Hartree Fock are already significantly lower than
experiment and the results from Ref. [19]. 8Be, 12C, and
16O are overbound with 7.9, 11.4, and 13.3 MeV binding
energy per particle, respectively. We see no sign of satu-
ration, and we are far from the nuclear binding energies
of about 8 MeV per nucleon we observe in nature.

Nuclear matter.— For our nuclear matter computations
we consider lattices of extents L = 4, 5, and 6. The kinetic
energy is a one-body operator and can be represented
by a matrix of dimension D = 4L3 on a lattice of extent
L. In a first step we compute the eigenvalues Tk and
eigenstates |Tk↓ with k = 1, . . . , D of the kinetic energy
and store them in order of increasing eigenvalues. The
eigenstates are delocalized on the lattice and can serve as
basis states for nuclear matter computations.

The eigenvalues Tk come in sets of degenerate numbers
that reflect the cubic symmetry of the lattice. On large
lattices, the ordered eigenvalues change after eigenstate
numbers 4, 28, 76, 108, 132, and so on. In nuclear physics
parlance, these are closed-shell configurations on a cubic
lattice. We then consider nucleon numbers A that cor-
respond to these closed-shell systems and construct the
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Variational bounds on Hamiltonians
• 2018 Hamiltonian  

(NN+3N, both attractive) 
shows realistic saturation 
Lu, Li, Elhatisari, Lee, Epelbaum, Meißner, PLB (2018)


• Saturation driven by

• More repulsive kinetic energy  

(smaller lattice spacing)

• Strong nonlocal smearing

• Pauli principle and lattice 

spacing

• See talk by Thomas Papenbrock 

for details and analysis
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Challenges for this Program
• How should we think about uncertainties for 

accurate (fine-tuned) Hamiltonians?


• What about exploring optimization to properties 
of open-shell medium-mass nuclei?


• How do we explore/improve lattice Hamiltonians 
and connect understanding of nuclear systems 
on the lattice and in continuous bases?
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