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ABSTRACT

In this dissertation two kinds of strongly interacting fermionic systems were stud-
ied: cold atomic gases and nucleon systems. In the first part I report 7' = 0 diffusion
Monte Carlo results for the ground-state and vortex excitation of unpolarized spin-1/2
fermions in a two-dimensional disk. I investigate how vortex core structure properties
behave over the BEC-BCS crossover. The vortex excitation energy, density profiles,
and vortex core properties related to the current are calculated. A density suppression
at the vortex core on the BCS side of the crossover and a depleted core on the BEC
limit is found. Size-effect dependencies in the disk geometry were carefully studied.
In the second part of this dissertation I turn my attention to a very interesting prob-
lem in nuclear physics. In most simulations of nonrelativistic nuclear systems, the
wave functions are found by solving the many-body Schrédinger equations, and they
describe the quantum-mechanical amplitudes of the nucleonic degrees of freedom. In
those simulations the pionic contributions are encoded in nuclear potentials and elec-
troweak currents, and they determine the low-momentum behavior. By contrast, in
this work I present a novel quantum Monte Carlo formalism in which both relativistic
pions and nonrelativistic nucleons are explicitly included in the quantum-mechanical
states of the system. I report the renormalization of the nucleon mass as a function
of the momentum cutoff, an Euclidean time density correlation function that deals
with the short-time nucleon diffusion, and the pion cloud density and momentum
distributions. In the two nucleon sector the interaction of two static nucleons at large
distances reduces to the one-pion exchange potential, and I fit the low-energy con-
stants of the contact interactions to reproduce the binding energy of the deuteron
and two neutrons in finite volumes. I conclude by showing that the method can be

readily applied to light-nuclei.
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Chapter 1

INTRODUCTION

The many-body problem has attracted much attention since the dawn of physics.
There are two essential ingredients to this problem. First, we need many bodies
to be present: many atoms, many electrons, many nucleons, etc. Secondly, these
bodies must interact, otherwise the problem would be reduced to many one-body
problems. Fermions, such as electrons, protons and neutrons, compose all the usual
matter around us. The Fermi-Dirac statistics governs the behavior of a wide range of
systems: electrons in metals, nuclei, atoms, and even neutron stars. In this work, we
focus on two types of many-body problems concerning strongly interacting fermionic
systems: cold atomic gases and nucleon systems.

After the successful realization of the strongly interacting Fermi gases in three
dimensions (3D), much attention has been payed to Fermi systems that have even
stronger correlations, such as low-dimensional fermionic gases (Levinsen and Parish
(2015)). Two-dimensional (2D) systems are of particular interest, due to insights into
complex solid-state systems such as high-temperature superconductors and semicon-
ductor interfaces. Ultracold atomic gases are dilute systems in which the interparticle
interactions can be tuned via Feshbach resonances, leading to strongly interacting sys-
tems. This allows for the investigation of the crossover from BCS-type pairing to the
Bose regime of tightly bound dimers. The concept of a BCS-BEC crossover was first
applied to 2D Fermi gases by Randeria et al. (1989). Such mean-field calculations
can qualitatively describe either very large or very small pair sizes, corresponding to
the BCS or BEC limits, respectively. The intermediate regime is not expected to be

accurately described by a mean-field theory, especially at unitarity where the system



lacks any perturbative expansion parameter. Hence, quantum Monte Carlo methods
are invaluable tools to calculate properties of cold fermionic gases over all BCS-BEC
crossover. In this work we studied properties of the ground-state and vortex excita-
tion of spin-1/2 fermions in a 2D disk (Madeira et al. (2017)). Further motivation
and a more comprehensive introduction to this problem is given in Chap. 3.

The second part of this dissertation deals with a very challenging problem in
nuclear physics: the development of a method capable of including explicit pionic
degrees of freedom in the frame of chiral effective field theory (EFT). Most Monte
Carlo simulations of nucleon systems only include nucleonic degrees of freedom, while
contributions from pions are implicitly included in the interaction potentials (Carlson
et al. (2015a)). We developed a novel formalism which allows us to explicitly include
contributions of the pion fields in Green’s function Monte Carlo (GFMC) simulations.

Our goal with this formalism is to be able investigate problems that are not acces-
sible to standard potential models where pions are included implicitly. Here we list
some possibilities that we plan to investigate in the future. One of these problems
is the scattering of pions by nucleons. The extraction of phase shifts from our simu-
lations is not trivial because we work with a box geometry, however formalism such
as the one of Bernard et al. (2008), developed for lattice QCD, may bridge the gap.
The effect of pions on A-body systems is also a problem of great interest. One advan-
tage of our formalism is that at leading order (LO) it already includes pion-mediated
three-body forces that only start to appear at next-to next-to leading order (NNLO)
in standard simulations (Epelbaum et al. (2011)). Finally, an example of nucleon sys-
tems that clearly requires explicit pionic degrees of freedom is the pion condensate,
which attracts the interest of both the nuclear physics and astrophysics communities.
The pion condensate is a conjectured state of neutron matter at extremely dense

regimes, such as the ones found in neutron stars. The condensate is characterized



by the macroscopic occupation of one of the pion modes. The condensate manifests
itself as a neutron spin-density wave, where alternating layers of opposite spins are
located where the gradient of the pion field is maximum. Since we have explicit pion
degrees of freedom, we should be able to observe that the ground-state of the system,
in the pertinent density regime, corresponds to a macroscopic occupation of a single
pion mode.

In this dissertation we present an extension of our results presented in Madeira
et al. (2016, 2017, 2018). This work is structured as it follows. We start with the
quantum Monte Carlo methods, which are used in both cold gases and nucleon sys-
tems, in Chapter 2. We present the variational Monte Carlo (VMC) and diffusion
Monte Carlo (DMC) methods. Chapter 3 deals with 2D Fermi gases. After a brief
introduction on the BEC-BCS crossover and vortices in two-dimensional fermionic
systems, we present our methodology. We derive the wave functions we developed
to study the ground-state and vortex excitation in these systems. Finally, we report
our results. In Chapter 4 we introduce our formalism that allows for the inclusion of
explicit pion degrees of freedom in quantum Monte Carlo (QMC) simulations. We
present our formalism in the mold of chiral EFT, which includes expressions for the
Lagrangian and the pion field. We derive the Hamiltonians and wave functions for
A-nucleon systems, and we comment on technical aspects of the implementation. We
report our one- and two-nucleon results. Finally, we present our final remarks in
Chapter 5. In Appendix A we review the optimization algorithms used to determine
the variational parameters in the wave functions. In Appendix B we show how unbi-
ased estimators can be calculated in diffusion simulations. We list our conventions in

Appendix C.



Chapter 2

QUANTUM MONTE CARLO METHODS

2.1 Monte Carlo methods

The core of a Monte Carlo simulation is the evaluation of multidimensional in-
tegrals by sampling the integrand statistically and averaging the sampled values

(Foulkes et al. (2001)). Suppose we define a 3 N-dimensional vector,
R:(Tl,Tg,...,’T’N), (21)

where r; is the position of the i-th particle. Commonly, a particular R is called a
walker. If the probability density of finding the particles in the configuration R is

given by

P(R) >0,

/ dRP(R) =1, (2.2)

then let {R,, : m = 1, M } be a set of uncorrelated configurations distributed accord-

ingly to P(R). We define a random variable Z; by

Zf — [f(Rl)—i_f(RQ;\;“i_f(RM)] (23)

The function f(R) is any reasonable function with mean p; and variance 0]2@ given by

no= [ dRIRPR)
7t = [ dRIFR) - PR, (2.4)

For large enough M, Z is normally distributed with mean 1y and standard deviation

os/V M. Thus, regardless of P(R), the mean value of a function of R will be a good

4



estimator of the mean of that function with respect to P(R). Moreover, the standard
deviation will decrease as 1/v/ M, regardless of the dimension of the integral.

Suppose we want to evaluate an integral such as

I / dRg(R). (2.5)

We begin by introducing an “importance function” P(R) and cast the integral in the

form
[ / dRf(R)P(R), (2.6)

where f(R) = ¢g(R)/P(R). The importance function is chosen such that it obeys
Eq. (2.2), hence it is a probability density. The value of I may be obtained by

drawing an infinite number of vectors from P(R),

M
) 1
I= lim {M Zl f(Rm)} . (2.7)
A Monte Carlo estimate of I is obtained by a large, but finite, number of samples

drawn from P(R),

| M
I~ mZ:l F(R,p). (2.8)
The variance o7 /M is
UJ% 1 M M 2
M*m; f(Rm)_M;fa:{n) , (2.9)

leading to error bars of +0/v/ M on the computed value of I. A wise choice of P(R)

can significantly reduce the variance for a fixed number of samples.
2.1.1 The Metropolis algorithm

The method described in the previous section relies on evaluating multidimen-

sional integrals by sampling probability distributions in high-dimensional spaces.



Generally, normalizations of these distributions are unknown. The Metropolis re-
jection algorithm (Metropolis et al. (1953)) allows us to sample complex distributions
without knowledge of their normalizations. The Metropolis algorithm generates a
sequence of sampling points R,,, and it can be summarized as the following:

(1) Start the walker at a random position R.

(2) Make a trial move to a new position R’ chosen from a
probability density function T(R' <+ R).

(3) Accept the trial move to R’ with probability

(2.10)

AR’ + R) = min (1, T(R « R’)P(R’)) |

T(R' < R)P(R)
If the trial move is accepted, R’ becomes the next walker, otherwise
R is the next walker. If P(R) is high, points near R may occur many
times in the set of points making up the random walk.

(4) Return to step (2) and repeat.

To understand how this algorithm works, let us consider an enormous number of
walkers executing random walks according to the algorithm. The probability that a
walker at R is taken to dR’ in one move is dR'A(R’ <+ R)T(R’' + R), the average

number of walkers moving from dR — dR’ in a single move is
dR'A(R' + R)T(R' + R) x n(R)dR. (2.11)
This must be balanced with the number moving from dR’ — dR,
dR'AR' + R)T(R' + R)n(R)dR = dRA(R «+ R)T(R + R )n(R)dR’. (2.12)

Hence, n(R) satisfies

= (2.13)



Since the ratio of acceptance probabilities are

AR+ R) _ TR +R)PR) (2.14)
AR «R) TR+ R)PR) |

then
n(R)  P(R)
n(R)  PER)

(2.15)

Therefore, the equilibrium walker density n(R) is proportional to P(R), and the
probability of finding any given walker in dR is P(R)dR, as required. A rigorous
derivation of the results presented in this section is given in Feller (1957), where

convergence of the method is also shown.
2.2 Variational Monte Carlo

The Variational Monte Carlo method is based on the variational principle, and the
Monte Carlo method is applied in the evaluation of the resulting multidimensional
integrals (Foulkes et al. (2001)). It relies on a trial wave function W7 which should
mimic as many as possible properties of the true ground-state function ¥y.

The expectation value of H, evaluated with a trial wave function W, provides an

upper bound on the exact ground-state energy FEjy

VAL (R)HYr(R)dR
Ey = J T*( JH V7 (R) > F, (2.16)
[V (R) V- (R)IR
where R= (71, 7,...,7y) is a 3N-dimensional vector with the coordinates of the N

particles. This property can be easily verified. Consider the expansion

\I/T = ZOQ\IJZ‘, (217)

where {W;} are the eigenstates of H with eigenvalues {F;}. The substitution of the
last expression in Eq. (2.16) shows that Ey is an upper bound of the exact ground-

state energy.



The application of the Monte Carlo method in the evaluation of Eq. (2.16) is

accomplished by rewriting this equation in the form

_ SV R)P [Pr(R) T HU7(R)] dR
o ] (RIPAR ' 219

The Metropolis algorithm then can be used to sample a set of points {R,, : m = 1, M}

from the configuration-space, with the probability density

= 19 (R)PaR (2.19)

We define a “local energy” E(R) = ¥r(R)"'HUr(R) and, at each of the points, it

is evaluated and its average energy accumulated

M
1
By~ ~ TnZ:l EL(R,,). (2.20)

The trial moves can be sampled from a Gaussian centered on the current position of
the walker and the variance is chosen such that the average acceptance probability is
~ 50%. Expectation values of operators other than the Hamiltonian can be computed

in analogous ways.
2.3 Diffusion Monte Carlo

Diffusion Monte Carlo is a method for solving imaginary-time many-body

Schrodinger equation (Foulkes et al. (2001)),
-0 PR, t) = (H — E7)®(R, 1), (2.21)

where t is real and it measures the progress in imaginary time, and Ep is an energy

offset.



In the integral form Eq. (2.21) is rewritten as
R, t+71)= /G(R + R, 7)®(R/,t)dR/, (2.22)
where
G(R + R',7) = (R|exp[-7(H — E7)]|R’) (2.23)

is the Green’s function. For ¢ > 0 it obeys the same equation as ®(R, 1),
-0,G(R+ R/,7)=(H - Er)G(R + R/, 7), (2.24)

with the initial condition G(R + R',0) = (R — R’). The Green’s function can be

expressed as
GR <+ R/,7) = Z T,(R) exp {—7(E; — Er)} ¥ (R!), (2.25)

where {U;} and {E;} are the complete set of eigenstates and eigenenergies of H,
respectively. As 7 — oo, the operator exp{—7(E; — E7)} projects out the lowest

eigenstate |Wg) that has non-zero overlap with an initial state |®iy),

lim (R|exp [-7(H — Er)]|®Pinit) = lim G(R + R/, 7)Pi(R)dR’

T—00

= lim Z ;(R) exp [—7(E; — Er)|(U;|Pimie).  (2.26)
By adjusting Ep = Ep, and taking the limit 7 — oo, only the |U,) state is projected,
since the higher energy states are all exponentially damped because their energies are

higher than FEj.

If we neglect potential terms in Eq. (2.21), it simplifies to
h2
9,Po(R, 1) Zv%o (R, 1). (2.27)
The Green’s function for this problem is

(2.28)

Go(R + R/,7) = [ m rm Xp[—M}

2mh2T 2h2T

9



If we consider the Hamiltonian with both kinetic and potential terms, the exact
Green’s function is known only for a few special cases. The Trotter-Suzuki formula

can be used to obtain an approximation of the Green’s function. For two operators
A and B,

e TAB) = o~B[2=mA=TBI2 | ()(73), (2.29)

If A =T, where T is the kinetic energy operator, and B = V — Ep, V being the

potential energy operator, we have

GR+ R,7) = Rle "V FIIR)

~ e TVRZED2(R) o~ |R e IV (R) - Erl/2, (2.30)
The approximate Green’s function for small 7 is therefore
GR <+ R, 7)=Go(R <« R/, 7)exp[—7[V(R) + V(R) — 2E7]/2], (2.31)
and the error is proportional to 72. The exponential
P =exp[-7[V(R) + V(R') — 2E7]/2] (2.32)

is a time-dependent reweighting of the Green’s function. This change of normalization
is incorporated in the calculations by using the branching algorithm, in which P
determines the number of surviving walkers in each step. The procedure is:

(1) If P <1 the walker continues its evolution with probability P.

(2) If P > 1 the walker continues and, in addition, a new walker is
created in the same position with probability P — 1.

One way the number M, of walkers evolving to the next step at a given position
can be coded as

Myew = INT(P + €), (2.33)

where INT is the integer part of a real number and £ is a random number drawn from

a uniform distribution in the interval [0,1]. The energy offset Er is used to control
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the population of walkers. By adjusting Er, the total number of walkers fluctuates
around a desirable value.

The ground-state energy can be calculated by the mixed estimate

(Wr|H|®(t = 00))
(Wr|®(t — 00))

(Wr|®(t = o0))

H i = (2] B(t > o0))

= F

— F,. (2.34)

In Sec. 4.8 we show the changes to the DMC algorithm so that it can be used in

systems with spin/isospin degrees of freedom.
2.3.1 Importance sampling

The simple DMC algorithm described so far is spectacularly inefficient. The main
reason is that P from Eq. (2.32) may fluctuate wildly between steps. This difficulty
is overcome by carrying out an importance-sampling transformation using a trial
wave function U7 (R). Let us multiply Eq. (2.21) by Ur(R) and introduce f(R,t) =

O(R,t)VUr(R). After some manipulations,
—0f(R,1) = —%VQf(Ra t)+ V- [vpR)f(R, )] + [EL(R) — Er]f(R, 1), (2.35)
where V = (Vy,...,Vy), vp(R) is the 3N-dimensional drift velocity,
vp(R) = VIn |U1(R)| = U7(R)'VI,(R). (2.36)
The integral equation becomes
FRE+7) = / G(R « R, 7)f(R', )R/, (2.37)

where

G(R <R/ ,7) = U;(R)GR « R, 7)¥(R)"L. (2.38)

11



The short-time approximation to G(R « R/, 7) is

GR+ R, 7))~ G(R <+ R, 7)Gy(R «+ R/, 7), (2.39)

where
[R—-R —7vp(R)]?
2T ’
Gy(R+ R/,7) = exp{-7[EL(R)+ EL(R") —2E7]/2}. (2.40)

GiR <R 1) = (217) N ?exp |~

Eq. (2.40) is a typical implementation of importance sampling, however other related
methods can be used to sample Eq. (2.38). Importance sampling has several conse-
quences. The density of walkers is increased (decreased) where Uy is large (small),
because vp(R) carries the walkers along in the direction of increasing |Wr|. Moreover,
the exponent in the reweighting term contains the local energy, instead of the poten-
tial. This is crucial because, for a good trial wave function, the local energy is close
to the ground-state energy and approximately constant, thus diminishing population
fluctuations.

Importance sampling is also extremely helpful in fulfilling the fixed-node con-
straint. Whenever a walker approaches the nodal surface, the drift velocity grows
and pushes it away. Despite that, in the event of a walker crossing the nodal surface,
the walker is eliminated.

Note that the trial wave function W7 (R) is used in three different ways: approx-
imation of the ground-state in the VMC calculation, importance function, and for

avoiding the sign problem as we will see in the next section.
2.3.2 The fixed-node approximation

So far we have assumed that the wave function is positive everywhere, which is

not true for fermions due to the antisymmetry requirement. Unfortunately, DMC will
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be stable only for positive distributions. For example, the denominator of a matrix
element such as the mixed energy contains the sum 3., P,Up(R;). If the path of
sample 7 has crossed nodes of W7 an odd number of times, the contribution to the
sum will be negative. For large times, the contributions of the negative paths cancel
almost completely the contributions of the paths that have not crossed the nodes (or
crossed an even number of times). The signal dies out exponentially compared to the
noise.

Fixed-node DMC (Anderson (1975)) is an alternative method to overcome the
sign problem. A trial many-body wave function is chosen and used to define a trial
many-body nodal surface. In a three-dimensional system with N fermions, the wave
function depends on 3N variables and the trial nodal surface is a (3N —1)-dimensional
surface. If a walker in a proposed move crosses the nodal surface, it is deleted.

The fixed-node DMC algorithm then produces the lowest-energy state given the
nodal surface. Therefore, fixed-node DMC may be regarded as a variational method

that gives exact results provided that the nodal surface is exact.
2.3.3 Extrapolated estimators

Expectations of quantities that do not commute with the Hamiltonian can be
calculated using a combination of mixed and variational estimators (Foulkes et al.
(2001)),

(0]510) ~ 2(®[S|¥r) — (¥r]Sr) + O [(® — wr)7 . (2.41)

where S is the operator related to some physical quantity of interest. For nonnegative

quantities, for example the density, another possibility is

(®|S[Pr)”

PISI®)~ 1 T

+O[(®—¥r)]. (2.42)

Such combinations of VMC and DMC estimators are called extrapolated estimators.
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2.3.4 Forward walking

The direct calculation of the expectation value of an operator S(R) other than
the Hamiltonian (or an operator that commutes with H) from ®¢(R) corresponds to

a matrix element which is usually called a “mixed estimator”,

(W (R)|S(R)|Po(R))
(W7 (R)|®o(R))

(S(R))m = (2.43)

There are several methods to compute expectation values of quantities, such as the
density, that do not commute with H. One of them is the extrapolation method
where the results of diffusion and variational simulations are combined, see Sec. 2.3.3.
However, the accuracy of the extrapolation method relies on the quality of the trial
wave function. Moreover, even in the case of accurate trial wave functions, the bias
of the extrapolated estimator is difficult to evaluate. One alternative is the forward
walking method, which is discussed in detail in Casulleras and Boronat (1995). This
method relies on the calculation of the asymptotic offspring of walkers coming from

the branching term to compute the exact estimator,

_ {Po(R)|S(R)|Po(R))
(S(R))e = SRR (2.44)

A more detailed discussion of forward walking and unbiased estimators is presented

in Appendix B.

2.4 QMC on parallel computers

Monte Carlo calculations are intrinsically parallel. The calculations performed on
each walker are independent, and may be carried out in parallel. QMC calculations
are very suitable for parallel architecture machines, which offer orders of magnitude

more computational power.
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The most common paradigm used in QMC on massively parallel processors is
the “master-slave”, with one processor orchestrating the whole simulation. In VMC
simulations, the argument for using parallel computers is even more compelling. Each
process independently runs a simulation and accumulates its own set of observables; at
the end of the run the master processor gathers and averages the results. The situation
is similar in DMC and GFMC simulations, however some inter-process communication
is required during the simulation to control the population of walkers and perform
the load balance between processes.

Our code, in the computational sense, is very similar to an auxiliary field diffusion
Monte Carlo (AFDMC) code developed together with our collaborators. The AFDMC
code has been successfully used to calculate properties of a plethora of systems: nu-
clear matter, neutron matter, and medium-mass nuclei (see Carlson et al. (2015a)
and references therein). Although heavy load-balancing is involved, the AFDMC
code shows strong scaling up to 96,000 cores on Edison at National Energy Research
Scientific Computing Center (NERSC) - Edison is a Cray XC30, with a peak perfor-
mance of 2.57 petaflops/sec, 133,824 compute cores, 357 terabytes of memory, and
7.56 petabytes of disk. In Fig. 2.1 (Stefano Gandolfi, private communication, 2018)
we show the time it takes to propagate for 100 steps 96,000 configurations of 28

nucleons in a box with a number density of 0.16 fm=3.
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Time to propagate 96,000 configurations for 100 steps
28 nucleons in a periodic box, p=0.16 fm”

T T | T | T T
1.02
> 101} . Y
]._ % - | /// - —
é ]_‘. L . __ L )
S 099 f
- L ' | I | d - i
9 098, 40000 80000 -~
a P
= 0.5F el =
J'/ g
1"‘.’
f"rl
d | | | | | | | |
Of 20000 40000 60000 80000 le+05
# of cores

Figure 2.1: Scaling of the AFDMC code obtained on the Cray XC30 machine at

NERSC. The inset shows the efficiency as a function of the number of cores, which

is higher than 98% for 96,000 cores.
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Chapter 3

TWO-DIMENSIONAL FERMI GASES

3.1 Introduction

The study of cold Fermi gases has proven to be a very rich research field, and the
investigation of low-dimensional systems has become an active area in this context
(Giorgini et al. (2008); Bloch et al. (2008)). Particularly, the two-dimensional Fermi
gas has attracted much interest recently. It was the object of several theoretical
investigations (Randeria et al. (1989, 1990); Petrov et al. (2003); Martikainen and
Térmé (2005); Tempere et al. (2007); Zhang et al. (2008)), but its experimental
realization using a highly anisotropic potential, see Fig. 3.1, was a milestone in the

study of these systems (Martiyanov et al. (2010)).

5.3 um

Figure 3.1: The experiment of Martiyanov et al. (2010) consisted in a degenerate
gas of fermionic atoms which move in two dimensions, while the motion in the third
dimension is “frozen” by tight confinement and low temperature. The gas is confined
in a optical potential, in the antinodes of a standing optical wave. The isolated clouds
of atoms are shown in red, and the standing-wave intensity in purple. Each disk has

a radius of approximately 70 pum, while the separation between them is of ~ 5.3 pm.
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Many other studies have been carried out since (Orel et al. (2011); Makhalov
et al. (2014)). Quantum Monte Carlo methods were successfully employed to compute
several properties of the BEC-BCS crossover. These methods include diffusion Monte
Carlo (Bertaina and Giorgini (2011); Galea et al. (2016)), auxiliary-field quantum
Monte Carlo (Shi et al. (2015)), and lattice Monte Carlo (Anderson and Drut (2015);
Rammelmiiller et al. (2016); Luo et al. (2016)). The fact that a fully attractive
potential in 2D always supports a bound state, and the ability to vary the interaction
strength over the entire BEC-BCS crossover regime offers rich possibilities for the
study of these systems.

The presence of quantized vortices is an indication of a superfluid state in both
Bose and Fermi systems. In three-dimensional systems, much progress has been made
(Bulgac and Yu (2003); Sensarma et al. (2006); Simonucci et al. (2013); Madeira
et al. (2016)), including the observation of vortex lattices in a strongly interacting
rotating Fermi gas of °Li (Zwierlein et al. (2005)). With the recent progress on the
2D Fermi gases, it seems natural to also extend the theoretical study of vortices to
these systems. Interest is further augmented in 2D, where a Berezinksii-Kosterlitz-
Thouless transition (Berezinsky (1971); Kosterlitz and Thouless (1972)) could take
place at finite temperatures, and pairs of vortices and antivortices would eventually
condense to form a square lattice (Botelho and S& de Melo (2006)).

We are interested in how the properties of a vortex change over the BEC-BCS
crossover. Experiments in 3D systems show that the vortex core properties change
over the crossover. A theoretical investigation of 2D systems seems pertinent, so that
the results can be compared with experiments once they become available.

In this work we focus on ultracold atomic Fermi gases, but it is noteworthy that
a duality is expected between neutron matter and superfluid atomic Fermi gases. In

3D, both ultracold atomic gases and low-density neutron matter exhibit pairing gaps
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of the order of the Fermi energy (Carlson et al. (2013)). In dilute cold gases systems,
the effective range r, between atoms is nearly zero, and the diluteness guarantees that
the scattering length a is much larger than the interparticle spacing 79'. Comparison
with other systems is meaningful if they also obey a > rq > r.. The scattering length
of neutron matter, a™ ~ —18.5 fm, is much larger than the interparticle distance and
the effective range, r ~ 2.7 fm, such that |r"/a™"| ~ 0.15. However, only at very
low-densities the effective range is much smaller than the interparticle distance. If
we neglect the effects of a finite effective range in the neutron-neutron interaction,
cold atoms and neutron matter are universal in the sense that properties depend
on the product kra. Unlike the Fermi atom gases, the possibility of microscopically
tuning interactions of neutron-matter is not available. However, we can study neutron
pairing by looking at the BCS side of the crossover (Gezerlis and Carlson (2008,
2010)). Vortex properties are also of significant interest in neutron matter (De Blasio
and Elgargy (1999); Yu and Bulgac (2003)) because a significant part of the matter in
rotating neutron stars is superfluid, and vortices are expected to appear. Moreover,
phases called nuclear pasta, where neutrons are restricted to 1D or 2D configurations,
are predicted in neutron stars (Ravenhall et al. (1983); Yu and Bulgac (2003)).

We report properties of a single vortex in a 2D Fermi gas. We considered the
ground-state to be a disk with hard walls and total angular momentum zero, and
the vortex excitation corresponds to each fermion pair having angular momentum
h. Hopefully, our results will motivate experiments to increase our understanding of
vortices in 2D Fermi gases.

This chapter is structured as it follows. In Sec. 3.2 we introduce the methodology
employed. In Sec. 3.2.1 we discuss aspects of finite-size fermionic systems, we briefly

introduce 2D scattering in Sec. 3.2.2, and Sec. 3.2.3 is devoted to the wave functions

1For SLi, kg ~ 1 pm™?, while the order of magnitude of the range is ~ A.
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employed for the bulk, disk, and vortex systems. Finally, the results are presented in

Sec 3.3 and a summary of the work is given in Chapter 5.
3.2 Methods

Previous simulations of vortices in 3D bosonic systems, such as *He, have often
employed a periodic array of counter-rotating vortices, which enables the usage of
periodic boundary conditions. In the *He calculations of Sadd et al. (1997), the
simulation cell consisted of 300 particles in four counter-rotating vortices. If we had
employed a similar methodology, we would need the same number of fermion pairs,
i.e., a system with 600 fermions. There are simulations of fermionic systems that
have been performed with this number of particles, but the variance required for a
detailed optimization is beyond the scope of this work. Instead, we considered a disk
geometry similar to the one used in Ortiz and Ceperley (1995) for DMC simulations

of the vortex core structure properties in *He.
3.2.1 Finite-size systems

We are interested in the interacting many-body problem, but it is useful to first
consider the non interacting case. In this section we compare the energy of finite-size
2D systems to the results in the thermodynamic limit.

First let us consider the case of N fermions in a square of side L with periodic
boundary conditions. The single-particle states are plane waves ¥y, (r) = ek /L,

with wave vector

2
ky = %(nxi +n,9). (3.1)

The eigenenergies are E,, = h*k2/2m, where m is the mass of the fermion. At T' = 0,

all states with energy up to the Fermi energy e¢x = h?k%/2m, where kp is the Fermi
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wave number, are occupied. A shell structure arises from the fact that different
combinations of n, and n, in Eq. (3.1) yield the same |k,|. The closed shells occur
at total particle number N = (2,10, 18,26,42,50,58,---). The free-gas energy of a
finite system with N fermions, ERU<(N), is readily calculated by filling the lowest
energy states described by Eq. (3.1). In the thermodynamic limit, which corresponds
to N, L — oo and n = N/L? held constant, the energy per particle of the free-gas is
FErg = ep/2 and kp = v/27n.

Now let us consider the case of N fermions in a disk of radius R with a hard wall
boundary condition, i.e., the wave function must vanish at R. The single-particle

states are

Bl 0) = Nopdy (220 e, 82

where (p, ¢) are the usual polar coordinates, N,, is a normalization constant, .J, are

Bessel functions of the first kind, and j,, is the p-th zero of J,. The quantum number

v can take the values 0, +1,4+2,--- and p = 1,2, --. The corresponding eigenenergies
are
B2 G\
E,=—(22) . 3.3
=30 (%) (33)

This system also presents a shell structure, due to the energy degeneracy of single-
particles states with the same |v|, with shell closures at total particle number N =
(2,6,10,12,16, 20, 24, 28,30, 34, - - - ). Notice that the energy levels of the bulk system
are much more degenerate than the ones of the disk. In practice this means that
more shells are needed to describe a disk with a given N. The free-gas energy for
the disk, E%K(N), can be calculated analogously to the bulk case using the energy
levels of Eq. (3.3). The thermodynamic limit for this case corresponds to R — oo
with n = N/(7R?) held constant, and Erg and kr go to the same expressions as the

bulk ones.
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The comparison between the free-gas energy of finite systems in the bulk case and
in the disk geometry is not immediate due to the presence of hard walls in the latter.

In order to compare the free-gas energy in both geometries, we define

is is )‘5 n
E§™(N) = Epes(N) — S\ TN (3.4)

in which we separated the total energy E%k(N) into a bulk component, EJs5(V), and
a surface term, the second term on the RHS. For further discussions on the functional
form of the surface term, see Sec. 3.3.1. Figure 3.2 shows E2UX(N) and EZS5(N), with
As = 17.5 EF(;k;;l, at the same density. The value of \,, within a 0.2% error, was

determined by fitting the data for 10 < N < 226 to the functional form of Eq. (3.4).

1.2

11}

1.1 ¢

101

Erg(A) [units of /2]

1.0

0.9

10 100
N

Figure 3.2: Free-gas energy for finite-size systems as a function of the number of
particles N, where the dotted lines are drawn to guide the eye. The (red) closed
circles denote the energy of the bulk system, E24<(N), and the (green) open circles
indicate the bulk energy component in the disk geometry, ES%(N), as defined in

Eq. (3.4). Local minima in E24%(N) correspond to shell closures.

The disk presents a considerably higher free-gas energy, if compared to the bulk
system, due to the presence of hard walls, but the difference between them is rapidly

suppressed as we increase the particle number.
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3.2.2 Scattering in 2D

Two-body scattering by a finite-range potential V(r) in 2D is described by the
Schrodinger equation. We separate the solutions into radial R(r) and angular P(¢)
parts, the latter being a constant for s-wave scattering. The two-body equation for
an azimuthally symmetric (s-wave) solution is

h2k?
B 2m,

u(r), (3.5)

h2V?
{_ 2m,

+ V(r)} u(r)
where m,. is the reduced mass of the system, and h?k?/2m,. is the scattering energy.
The scattering length a and effective range r.g can be easily determined from the

k — 0 solution of Eq. (3.5), ug(r), and its asymptotic form y,. We choose the

solution

r

yo(r) = —In (—) , (3.6)

a

and we match uy and yp, and their derivatives, outside the range of the potential.
In 2D, the low-energy phase shifts d(k), a, and effective range r.g, are related by
(Khuri et al. (2009))

2 ka k2r?
(k) ~ = |In | — e 3.7
cordthy = 2 [ (5] 4] 4 (3.7)
where v = 0.577... is the Euler-Mascheroni constant, and the effective range is
defined as (Adhikari et al. (1986))
=1 [ ()~ i) dn (3.9
0

Equation (3.7) is often called the shape-independent approximation because it guar-
antees that a broad range of well-chosen potentials can be constructed to describe

low-energy scattering.
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We consider the modified Poschl-Teller potential
h2 M2

V() =~
(r) o m,. cosh®(ur)

(3.9)

where vy and p can be tuned to reproduce the desired a and rqg.

Bound-states occur for purely attractive potentials for any strength in 2D. If we
continually increase the depth of V(r), a will eventually reach zero, and then it
diverges to +0o0 when a new bound-state is created. The binding energy of the pair
is given by

4R?

ma2e?v’

(3.10)

€p =

We chose values of vy and p such that only one bound-state is present, and kpreg is
held constant at 0.006 (Galea et al. (2016)). This choice guarantees that the systems
studied in this work are in the dilute regime, since ro >> reg, where ro = 1/4/7n is of
order of the interparticle spacing.

The Hamiltonian of the two-component Fermi gas is given by

N N
52 T ) 1 ,
H = __2m Zlvl + ZVj/ + E‘l V(T’L'j/)7 (311>
= = ij

with N = Ny + N, and V (r;;) given by Eq. (3.9). The DMC method projects the
lowest energy state of H from an initial state 17, obtained from variational Monte
Carlo simulations, see Sec. (2.3).

We carefully optimized the trial wave function ¢7, since it is used in three ways: an
approximation of the ground-state in the VMC calculations, as an importance func-
tion, and to give the nodal surface for the fixed-node approximation. The variational
parameters in Egs. (3.18), (3.21), and (3.23) were determined using the stochastic
reconfiguration method (Casula et al. (2004)), see Appendix A.1. Expectation values
of operators that do not commute with the Hamiltonian, for example the current and

density, were calculated using extrapolated estimators, Eq. (2.41).
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3.2.3 Wave functions

The BCS wave function, which describes pairing explicitly, has been successfully
used in a variety of strongly interacting Fermi gases systems, such as: 3D (Carlson
et al. (2003)) and 2D (Galea et al. (2016)) bulk systems, vortices in the unitary regime
(Madeira et al. (2016)), two-component mixtures (Gezerlis et al. (2009); Gandolfi
(2014)), and many other systems. This wave function, projected to a fixed number
of particles N (half with spin-up and half with spin-down), can be written as the

antisymmetrized product (Leggett (1975); Bouchaud, J.P. et al. (1988))

Ypes(R, S) = Alp(r1, 51,72, 52)0(T3, 53,74, 54) - .. O(TN—1,Sn—1,7N,5n)],  (3.12)

where R is a vector containing the particle positions r;, S stands for the spins s;, and

¢ is the pairing function, which is given by

o(r,s,1,8") = o(r,r) [(s | 1) — (s ' L )], (3.13)

where we have explicitly included the spin part to impose singlet pairing. The as-
sumed expressions for qg depend on the system being studied (see Secs. 3.2.3, 3.2.3,
and 3.2.3). Since neither the Hamiltonian or any operators in the quantities we cal-
culate flip the spins, the results are equivalent to viewing spin-up and spin-down
as distinguishable particles. Thus, we adopt hereafter the convention of primed in-
dexes to denote spin-down particles and unprimed ones to refer to spin-up particles.

Equation (3.12) reduces to
Ypes(R,S) = Alp(r1, 51,71, 51)P(12, 82, T2, 52) ... P(TN/2, SN/2, TNj2, SNy27)]
(3.14)

where the antisymmetrization is over spin-up and/or spin-down particles only. This

wave function can be calculated efficiently as a determinant (Gandolfi et al. (2009)).
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In addition to fully paired systems, it is also possible to simulate systems with
unpaired particles (Carlson et al. (2003)), described by single particle states ®(r). For
q pairs, u spin-up, and d spin-down unpaired single particles states, N = 2¢ 4+ u + d,

we can rewrite Eq. (3.14) as

wBCS(Ra S) = A[¢(Ir1, S1, T/, 81/) T ¢(Irq7 Sq; Ty Sq/)(blT(qurl) e q)uT(rq+u)
D1y (rgiy) - Pay(rgray)l- (3.15)
We also included a two-body Jastrow factor f(r;j:), ;7 = |r;—rj|, which accounts

for correlations between antiparallel spins. It is obtained from solutions of the two-

body Schroedinger equation

[ h*Vv?

T V(r)] fr<d)=\(r<d), (3.16)

with the boundary conditions f(r > d) = 1 and f'(r = d) = 0, where d is a variational
parameter, and \ is adjusted so that f(r) is nodeless. The total trial wave function

1s written as

Yr(R, S) = [ [ f(riy)¥mes(R, S). (3.17)

irj
Bulk system

The assumed form of the pairing function for the bulk case is the same as Carlson

et al. (2003),
ngulk(Ty T,) = Z O‘neikn‘(r_r/) + B(|T‘ - TID» (318)
n=1

where «,, are variational parameters, and contributions from momentum states up to

a level n. are included.

26



Contributions with n > n. are included through the § function given by

_ Br)+ B(L—r)—2B(L/2) forr < L/2
B(r) = (3.19)
0 for r > L/2
with

—br

B(r) = [1 + cbr][1 — e~ <

—_ 2
dbr’ (3.20)

where r = |r —r'| and b, ¢, and d are variational parameters. This functional form of
B(r) describes the short-distance correlation of particles with antiparallel spins. We

consider b = 0.5 kr, d = 5, and c is adjusted so that 8@/87" =0atr=0.

Disk

The pairing function for the disk geometry is constructed using the single-particle
orbitals of Eq. (3.2). Each pair consists of one single-particle orbital coupled with
its time-reversed state. This ansatz has been used before in the 3D system (Madeira
et al. (2016)), a cylinder with hard walls, and the form presented here is analogous to

that one if we disregard the z components. We supposed the pairing function to be

¢d15k r,r') Z (‘]Vpp> J, (%p’) eVle=¢) 4 B(r,r"), (3.21)

where the @, are variational parameters, and n is a label for the disk shells, such
that different states with the same energy are associated with the same variational
parameter, as in the plane wave expansion of Eq. (3.18).

In principle the single-particle orbitals in Eq. (3.21) form a complete set. To speed

convergence, we introduce a cutoff and we assume that higher momenta contributions
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are described by the S function. It is similar to 8 employed in the bulk system, but

we modify it to ensure the hard wall boundary condition is met,

.
2 Joip Joip’
01J0(R)J0< R )X

Blr,r') =9 [8(r) + B@R —r) —28(R)] forr <R (3.22)

0 forr >R

\

and [ has the same expression as the bulk case, Eq. (3.20).

Vortex

The vortex excitation is accomplished by considering pairing orbitals which are eigen-
states of L, with eigenvalues +h. This is achieved by coupling single-particle states
with angular quantum numbers differing by one. In this case we used pairing orbitals

of the form
Frome( ) = 3 BN 1 {JV (%p) Jor (%p) (i1
n=1

jl/p / jl/—l;p i(vp'—(v—1)p)
(22 g, (ke ¢ , 3.23

where n is a label for the vortex shells, and & are variational parameters. The largest
contribution is assumed to be from states with the same quantum number p for the
radial part (Madeira et al. (2016)). Equation (3.23) is symmetric under interchange
of the prime and unprimed coordinates, as required for singlet pairing.

The 3 function of Eq. (3.22) is not suited to describe the vortex state because it is
an eigenstate of L, with angular momentum zero. We tried different functional forms
that had the desired angular momentum eigenvalue, but none of them resulted in a
significant lower total energy. Thus, we chose to employ only the terms in Eq. (3.23).

As before, the functions in the absence of cutoff form a complete set.
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3.3 Results

This section is structured as it follows. Sec. 3.3.1 contains the ground-state en-
ergies in the disk geometry and discussions of size-effects. In Sec. 3.3.2 we present
the vortex excitation energy. The determination of the crossover region is done in
Sec. 3.3.3. Density profiles of the vortex and ground-state systems are shown in
Sec. 3.3.4. Properties of the vortex core are discussed in Sec. 3.3.5.

We define the interaction strength 7 = In(kpa). Large values of 1 correspond
to the BCS side of the crossover, while small  are on the BEC side. We probed
0.0 < n < 1.5, which encompasses the crossover region (see Sec. 3.3.3). For all

systems the number density is n = N/(7R?), and kr = V2N /R.
3.3.1 Ground-state energy and size-effects

We used the pairing function of Eq. (3.18), and N = 26, to calculate the ground-
state energy per particle of the bulk systems. Our results (see Table 3.1) are in
agreement with previous DMC calculations (Galea et al. (2016)).

Previous DMC simulations of 2D Fermi gases found that N = 26 is well suited to
simulate bulk properties of systems in the region studied here (Galea et al. (2016)).
However, the disk geometry presents more intricate size-dependent effects. We inves-
tigated how the ground-state energy depends on the disk radius R. In the thermo-
dynamic limit, R — oo, the energy per particle should go to the bulk value. Since
our system has hard walls, the energy has a dependence on the “surface” of the disk.

Including this surface term, the energy per particle can be fit to

As
Egs(R) = By + —=-, 3.24
disk(R) 0o+ TR ( )

where Ey and A\, are constants related to the bulk and surface terms.
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Table 3.1: Comparison between the ground-state energy per particle of the bulk
(Epux) and disk systems as a function of the interaction strength 1. The parameters
Ey and A, see Eq. (3.24), are related to our assumption of the functional form of the

ground-state energy per particle in the disk geometry.

n | Evax [Erc) | Eo [Erg) | As [Ercky']

0.00 | -2.3740

0.25 | -1.3316(3

0.50 | -0.6766(2

1.00 | 0.0233(2

1.25 | 0.2149(2

1.50 | 0.3523 0.34

(3) (3) (2)
(3) (3) (2)
(2) (2) (1)
0.75 | -0.2562(2) | -0.25(2) 11(1)
(2) (1) (1)
(2) (2) (1)
(2) (1) (1)

A few words about Eq. (3.24) are in order. The relation between the thermody-
namic properties of a confined fluid and the shape of the container where it is confined
has been an active field of study. Our choice was inspired by functional forms (see
for example Konig et al. (2004)) where, aside from the constant term, thermodynam-
ical properties are expressed as functions of the various curvatures of the container.
The next correction to this functional form of the energy per particle would include
a term proportional to R™2. We found that the inclusion of such a term does not
significantly improve our description of the ground-state energy.

In order to determine the number of particles necessary to simulate systems in
the disk geometry, with controllable size effects, we performed simulations with 26 <

N < 70, and all particles paired, i.e., only even values of V.
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The dependence of Ey with the system size was investigated by fitting our data
using Eq. (3.24) for different intervals of R or, equivalently, different intervals of N.
We found that fitting the data for 58 < N < 70 resulted in a good agreement between
Eya and Ey, that is, we were able to separate the bulk portion of the energy from the
hard wall contribution in the disk geometry. The resulting parameters of the fitting
procedure are summarized in Table 3.1, and Fig. 3.3 shows the energy per particle as

a function of R for all interaction strengths studied in this work.
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Figure 3.3: Ground-state energy per particle Fgi as a function of the disk radius R
for several interaction strengths. The curves correspond to the assumed functional
form of Eq. (3.24), with the parameters given in Table 3.1. Error bars are smaller

than the symbols.
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The Ej values agree with the bulk energies within the error bars, except for n = 0
and 7 = 0.5 (however the differences between the values are less than 2% and 4%,
respectively). As it can be seen in Table 3.1, the typical uncertainty in Ej is of order
0.01 EFr, independent of the interaction strength. Thus the relative error can be quite
large for systems where the absolute value of the bulk energy is small, as it is observed
for n = 1.0. This is an improvement if compared to a similar DMC calculation in 3D
(Madeira et al. (2016)) which used the same procedure to calculate the ground-state
energy per particle of a unitary Fermi gas, where the discrepancy between the result
and the known bulk value was ~ 30%.

We point out that this method is not intended to be a precise calculation of the
bulk energy of these systems. Instead, it is a way for us to determine the minimum
number of particles needed to simulate systems in the disk geometry with controllable
size effects. If we had naively assumed that the same number of particles used in bulk
calculations would suffice, N = 26, then we simply could not rely on the results. In
our simulations with 26 < N < 38 the discrepancies between FE, and FEy were
as large as 50%, and in some cases the uncertainty in Ay was bigger than the value
itself. Results with 58 < N < 70 are much more well-behaved, and they are within
computational capabilities.

It is also noteworthy to mention that the energy contribution of the surface term,
due to the presence of hard walls, is more significant for the BCS side than in the BEC
limit (see the As values in Table 3.1). This is expected, since the largest energy con-
tribution in the BEC side should be from the binding energy of the pairs, Eq. (3.10),
and they are smaller than the BCS pairs so that surface effects are smaller. One of
our goals is to obtain the vortex excitation energy, which is the difference between
the vortex and the ground-state energies. Since both systems have hard walls, we

expect that the surface effects will tend to cancel.
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3.3.2 Vortex excitation energy

The energy per particle of the vortex system is obtained using the pairing functions
of Eq. (3.23). The vortex excitation energy is given by the difference between the
energy of the vortex and ground-state systems, for the same number of particles. We
performed simulations with 58 < N < 70 and averaged the results.

In Fig. 3.4 we show the vortex excitation energy per particle as a function of the
interaction strength. The energy necessary to excite the system to a vortex state
increases as we move from the BCS to the BEC limit. The inset shows the vortex
and ground-state energies per particle for n = 1.5, although the other interaction

strengths display the same qualitative behavior.
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Figure 3.4: Vortex excitation energy per particle Foy. as a function of the interaction
strength 7. The inset shows the ground-state (squares) and vortex (triangles) energies

per particle as a function of the number of particles NV for n = 1.5.

3.3.3 Crossover region

In 2D, the BCS limit corresponds to kra > 1 and the BEC limit to kra < 1,

however unlike 3D where the unitarity is signaled by the addition of a two-body bound
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state, there is no equivalent effect with two-body sector in 2D. Nevertheless, we can
determine the interaction strength for which we can add a pair to the system with
zero energy cost (note that the chemical potential is not zero for the unitary gas in

3D). The chemical potential ;1 can be estimated as

e
/’LiaN )

Even N

(3.25)

for each interaction strength, where the even number condition implies that all par-
ticles are paired. For each value of n we used a finite difference formula to evaluate
Eq. (3.25), for 58 < N < 70 (see Fig. 3.5).

We found that © = 0 at n =~ 0.90 for the ground-state of the disk. Previous
DMC simulations of 2D bulk systems (Galea et al. (2016)) found that the chemical
potential changes sign at n ~ 0.65. Although the results differ, most probably due to
the different geometry employed in this work, it is safe to assume that the interaction
strength interval 0 < 7 < 1.5 encompasses the BEC-BCS crossover region. The
chemical potential of the vortex state is higher than the ground-state, as expected,

thus p = 0 is at a smaller interaction strength, n ~ 0.85.
3.3.4 Density profile

We calculated the density profile D(p) along the radial direction p for both the

vortex and ground-state systems. The normalization is such that

/D@M%zl, (3.26)

where the integral is performed over the area of the disk. The results are obtained
using the extrapolation procedure of Eq. (2.41), which combines both VMC and DMC
runs. It is noteworthy to point out that, although the densities observed in VMC and

DMC simulations differ, they are much closer than previous results in 3D (Madeira
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Figure 3.5: Chemical potential of the ground-state (triangles) and vortex (circles) as a
function of the interaction strength. The chemical potential changes sign at n ~ 0.90
for the ground-state, and n ~ 0.85 for the vortex state. In the inset we show the total
energy as a function of the number of particles for the ground-state of n = 1.5. Other

interaction strengths with positive (negative) p have positive (negative) slopes.

et al. (2016)). In that calculation it was needed to explicitly include a one-body term
in the wave function to maximize the density overlap between DMC and VMC runs,
whereas in this work no such term was employed.

Figure 3.6 shows the density profile of both the vortex and ground-state systems
for N = 70 and n = 1.5. The oscillations in the density profiles are much more
pronounced than in a similar DMC calculation of a unitary Fermi gas in 3D (Madeira
et al. (2016)). In this 3D calculation a cylindrical geometry was employed, with hard
walls and periodic boundary conditions along the axis of the cylinder. The density
profiles were obtained by averaging the results over the z direction of the axis of the
cylinder, we therefore expect more fluctuations in 2D where the particles are confined

to a plane. For the ground-state, the density oscillations are surface effects. They
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are present in both the interacting and non-interacting systems, as it can be seen in

Fig. 3.6.
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Figure 3.6: Density profile along the radial direction p of the vortex (red squares)
and ground-state (green circles) for N = 70 and = 1.5. Although there is a density
suppression at the vortex core of &~ 30%, the density is non-zero at the center of the
disk. We also plot the analytical result for the ground-state density of the free- gas

in a disk (blue curve), which presents oscillations due to the presence of hard-walls.

In Fig. 3.7 we show the density profiles of the other interaction strengths studied
in this work, 0 < 7 < 1.25. We found that the density depletion at the vortex core
goes from ~ 30% at n = 1.5 to a completely depleted core at n < 0.25.

The regions close to the walls exhibit a characteristic behavior due to the hard wall
condition we imposed, as it can be seen in Figs. 3.6 and 3.7. In order to estimate the
number of particles outside this region, we can define the particle number a distance

R from the center of the disk as

2 R
N(R) = N/ dcp/ dp p D(p). (3.27)
0 0
For the case of Figs. 3.6 and 3.7 where N = 70, if we set R ~ 8 k}l, N is approxi-

mately between 40 and 45 for the ground-state, and between 35 and 40 for the vortex
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Figure 3.7: Density profile along the radial direction p of the vortex (red squares) and
ground-state (green circles) for N = 70 and 0 < n < 1.25. It is interesting to observe
that the density at the vortex core diminishes as we go from the BCS to the BEC
limit, and at n < 0.25 the core is completely depleted. This can be understood if we
consider the pair sizes, which correspond to a few k' in the BCS side, and tightly
bound molecules in BEC limit. Thus, in the BCS side, one of the fermions in a pair
can be near p = 0 while the center of mass of the pair rotates around the axis. The

same is not possible in the BEC limit of tightly bound pairs, hence the depleted core.

systems. Hence the number of particles in this regime is larger than the usual value
of N =26 employed in bulk systems (Galea et al. (2016)).

Additionally, we performed simulations of the vortex systems with an odd number
of particles, i.e., one unpaired particle was added to a fully paired system, Eq. (3.15)
with ¢ = 34, u = 1, and d = 0. We set its angular momentum to zero, Eq. (3.2)
with v = 0 and p = 1. In the BEC limit we observed a non-vanishing density at the
center of the disk, which suggests that the unpaired particle fills the empty vortex core
region. On the other hand, in the BCS limit the density close to the wall increased,

while the density at the origin was unchanged. We chose a qualitative discussion of

37



this phenomenon because the required variance for a detailed optimization is beyond
the scope of this work. Future calculations should include quantities such as the one-

body density matrix, which may contribute to an accurate quantitative approach.
3.3.5 Vortex core size

The probability current density operator can be written as

1 N

J(r) = N Z [v;0*(r — ;) + 8*(r — rj)v,], (3.28)

j=1
where the velocity operator is v; = p;/m — —ihV;/m. We are interested in the
angular component as a function of the radial coordinate, J,,(p), because the position
of its maximum can be used as an estimate of the vortex core size, Jnax = Jo,(p = §).

We followed the extrapolation procedure of Eq. (2.41). Figure 3.8 shows J,(p)
for N =70 and 0 < n < 1.5. The maximum of the current increases as we go from
the BCS to the BEC limit, its value at the BEC side, n = 0, being more than twice
Jmax at the BCS side, n = 1.5. The position of the maximum is between £ = 1.7
and 1.8 k' at the BCS side of the crossover, i.e., 0.75 < n < 1.5; at the BEC side,
n = 0.25 and 0.5, & ~ 1.6 k'. The case n = 0 moves away from the trend of a
smaller core as we go from the BCS to the BEC limit, with £ = 2.0 k'. It is unclear
if £ or Juax depend on the disk radius R, because the R values are closely spaced for
58 < N < 70, and no significant difference was observed in the maximum as we varied
N. Nevertheless, the relative results contribute to understanding how the vortex core
evolves over the BEC-BCS crossover.

The wave function that we employed for the vortex state is an eigenstate of the
total angular momentum operator. Since this operator commutes with the Hamilto-
nian, the diffusion procedure does not change the eigenvalue of the state. In addition,

the calculation of the probability current density operator allowed us to verify that
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Figure 3.8: Angular component of the probability current J, as a function of the
radial coordinate p for several interaction strengths 7. The position of its maximum

provides an estimate of the vortex core size.

the vortex corresponds to a Ni/2 total angular momentum state in a straightforward

way. The angular momentum can be written as

L= m/('r x J)d*r, (3.29)

and the component of interest is

L. =2mm / p*J,(p)dp. (3.30)

In our definition of the probability current density operator, we divide by the number
of particles N, see Eq. (3.28). Thus, the evaluation of L, using Eq. (3.30) should
yield h/2. We verified that, for all interaction strengths, this is in agreement with

our simulations.
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Chapter 4

QUANTUM MONTE CARLO FOR DYNAMICAL PIONS AND NUCLEONS

Modern nuclear theory is characterized by a series of attempts to rigorously bridge
the gap between quarks and gluons, the degrees of freedom of quantum chromody-
namics (QCD), and the confined phase in which massive particles such as mesons
and baryons can be regarded as the constituents of matter. Nuclear effective field
theories (EFTs) are employed to connect QCD to low-energy nuclear observables.
EFTs exploit the separation between the “hard” (M, typically the nucleon mass)
and “soft” (@, typically the exchanged momentum) momentum scales. The active
degrees of freedom at soft scales are hadrons whose interactions are consistent with
QCD. Effective potentials and currents are derived in a systematic expansion in Q) /M
from the most general Lagrangian constrained by the QCD symmetries. Chiral-EFT,
which is best suited to describe processes characterized by ) ~ m,, exploits the
(approximate) chiral symmetry of QCD and its pattern of spontaneous symmetry
breaking to derive consistent nuclear potentials and currents, and to estimate their
uncertainties (Epelbaum et al. (2009); Machleidt and Entem (2011)).

Potentials and electroweak currents derived within chiral-EFT are the main in-
put to “ab-initio” many-body methods that are aimed at solving the many-body
Schrodinger equation associated with the nuclear Hamiltonian (Barrett et al. (2013);
Epelbaum et al. (2011); Hagen et al. (2014); Hergert et al. (2016); Carbone et al.
(2013); Carlson et al. (2015b)). These schemes rely on the assumption that processes
like the one meson exchange are well approximated by an instantaneous interaction,
and that the meson degrees of freedom can be integrated out and their contribu-

tion is encoded in nuclear potentials and electroweak currents, determining their low-
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momentum behavior. Not much attention has been devoted so far to the development
of techniques capable of including mesonic degrees of freedom in these many-body
calculations. There are several reasons for this choice. The main one is that effects
arising from not assuming an instantaneous interaction are believed to be unessential
for the derivation of nuclear potentials. Without such assumption, many-body inter-
actions would automatically be generated already at leading order when integrating
out the meson fields. The fact that, when neglecting dynamical effects in the me-
son fields, three- and many-body interactions appear at next-to-next-to leading order
(N2LO) suggests that such effects can be considered to be sub-leading at any order.
However, such assumptions have never been rigorously tested in ab-initio scheme for
a many-nucleon system.

Most of the progress to account for explicit pions into nuclear EFT has been made
so far by using lattice methods. Whilst the inclusion of pion fields into the Lagrangians
is straightforward, dynamical pions bring noise and sign problems in lattice Monte
Carlo calculations (Hjorth-Jensen et al. (2017)). One alternative approach is to use
static pion auxiliary fields (Borasoy et al. (2007); Lee (2009)), where time derivatives
are neglected, and thus pions couple to nucleons only through spatial derivatives.
Since these pion fields are instantaneous, this eliminates the self-energy diagrams
responsible for mass renormalization.

It is noteworthy to point out that there is a condensed matter analog to the axial-
vector coupling between one nucleon and the pions, the polaron (Feynman (1955)).
However, the coupling between the electron and the phonons is scalar, and the bosonic
degrees of freedom can be integrated out explicitly. Quantum Monte Carlo methods
have been successful at tackling both problems (Carlson and Schmidt (1992)).

In this dissertation, we devise a QMC framework in which both relativistic pions

and nonrelativistic nucleons are explicitly included in the quantum-mechanical states

41



of the system. From a given order chiral-EFT Lagrangian, the corresponding Hamil-
tonian is derived, and the pion fields are expressed in the Schrodinger representation.
The nuclear structure problem is written in terms of the modes of the relativistic pion
field, and of the position and spin-isospin degrees of freedom of the nucleons. QMC
techniques are employed to accurately solve the corresponding Schrodinger equation,
which is equivalent to summing all Feynman diagrams originating from a given or-
der of the chiral-EFT Lagrangian. Resummation techniques are already employed
in chiral-EFT. The nucleon-nucleon (NN) system at low angular momenta is charac-
terized by a shallow bound state, the deuteron, and large scattering lengths, which
prevents the applicability of standard chiral perturbation theory. Weinberg suggested
to use perturbation theory to calculate the irreducible diagrams defining the NN po-
tential, and apply it in a scattering equation to obtain the NN amplitude (Weinberg
(1990)). Solving the scattering equation corresponds to summing all diagrams with
purely nucleonic intermediate states (Machleidt and Entem (2011)). Diagrammatic
resummation in chiral-EFT is also needed to describe resonances in pion-pion scat-
tering that cannot be obtained in perturbation theory to any finite order (Nieves and
Arriola (2000)).

Before moving to larger systems, there are several non-trivial questions arising
when including pions in a QMC calculation, that need to be addressed already for
the one and two nucleon cases. One of the major issues is the assessment of finite size
effects, since our calculations are necessarily limited to nucleons and pions lying in a
box of side L with periodic boundary conditions. This naturally introduces a infrared
cutoff dependence which, together with the ultraviolet cutoff we employ, affects the
pion-nucleon interaction.

In the single-nucleon sector, we study the energy-shift of the nucleon mass as

a function of the momentum cutoff. We also compute the pion cloud density and
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momentum distributions. In the NN sector, we first verified that our results for two
static nucleons correctly reduce to the one-pion exchange potential at sufficiently large
separation distance. We then fit the low-energy constants associated to the contact
terms of the leading-order (LO) chiral-EFT Lagrangian to describe the deuteron and
two neutrons in a finite volume.

This chapter is a summary of our formalism, and the steps used to derive it,
that allows for the inclusion of explicit pion degrees of freedom in quantum Monte
Carlo simulations of nucleon systems. In Sec. 4.1, after a brief introduction on chiral
effective field theory, we derive the leading order chiral Lagrangian, in which only
nucleons and pions degrees of freedom are included, in the heavy baryon framework.
Expressions for the pion field and related quantities are provided in Sec. 4.2. In
Sec. 4.3 we derive expressions for the Hamiltonians and wave functions needed for
A-nucleon simulations. Sec. 4.4 includes a lowest order nonrelativistic calculation of
the self-energy of the nucleon in a box, and analytical expressions for pion derivatives.
The one pion exchange potential is derived in Sec. 4.5. Physical two nucleon systems,
namely the deuteron and two neutrons, are studied in Sec. 4.6. In Sec. 4.7 we comment
on technical aspects of the implementation of one- and two-body operators, as well
as the basis employed in our code. Finally, the results are presented in Sec. 4.9 and
an outlook of the work is given in Chapter 5.

4.1 Chiral effective field theory

In this section we follow the treatment of Machleidt and Entem (2011) to show how
nuclear forces emerge from low-energy quantum chromodynamics via chiral effective
field theory. One of the major open problems in nuclear physics is how to construct a
nucleon-nucleon (NN) interaction potential from first principles. The first attempts

were based on Yukawa’s seminal idea of a description based on pion exchanges. While
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the one pion exchange (OPE) turned out to be useful in explaining NN scattering data
and deuteron properties, multi-pion exchange could not be resolved in a satisfactory
way. Hence the “pion theories” of the 1950’s were deemed failures, but the reason
is understood today: pion dynamics is constrained by chiral symmetry, which was
unknown at the time.

A major breakthrough occurred when the concept of an EFT was applied to low-
energy QCD. Weinberg suggested that one has to write the most general Lagrangian
consistent with the assumed symmetry principles, in particular the broken chiral
symmetry of QCD. At low energy, the effective degrees of freedom are pions and
nucleons, rather than quarks and gluons. Heavy mesons and nucleon resonances are
“integrated out”.

QCD is the theory of strong interactions. It is part of the Standard Model of
particle physics and it deals with quarks, gluons, and their interactions. One crucial
step for the development of an EFT is the identification of a separation of scales.
In the hadron spectrum there is a large gap between the masses of pions and vector
mesons, such as the p(770). So the soft scale is set by the pion mass, @ ~ m,, and
the rho mass sets the hard (breaking) scale, A, ~ m,. This suggests an expansion in
terms of )/A,. To make sure that this EF'T is not just another phenomenology, there
must be a proper link with QCD, which is established by having the EFT observe all
relevant symmetries of the underlying theory.

The EFT procedure can be summarized as:

1. Identify soft and hard scales, and the appropriate degrees of freedom for low-

energy nuclear physics

2. Identify the relevant symmetries of low-energy QCD (and if and how they are
broken)
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3. Write down the most general Lagrangian consistent with 1 and 2.

4. Design a low-momentum expansion that can distinguish between more and less

important contributions.

5. Guided by 4, calculate the Feynman diagrams for the problem to the desired

accuracy.
4.1.1 Symmetries of low-energy QCD
The QCD Lagrangian is
. 1 v
£QCD - Q(Z’Y#D,u - M)q - Zg,uu,agg ) (41)

with the gauge-covariant derivative,

Aa
D, =0, — ig;AMa, (4.2)
and the gluon field strength tensor,
g,u,z/,a = 8#-/41/,(1 - al/~’4,u,,zz + gfabcA,u,,bAl/,cy (43)

where ¢ stands for the quark fields, M is the quark mass matrix, g is the strong
coupling constant, A, , are the gluon fields, the A\, are the Gell-Mann matrices and
the fupe are the structure constants of the SU(3)color Lie algebra (a,b,c=1,...,8).

The masses of the up (u), down (d), and strange (s) quarks are

m, = 2.5+0.8MeV,
mg = 5.0£0.9MeV,

ms = 101+ 25MeV, (4.4)
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which are small if compared to a typical hadronic scale (low-mass hadrons which are
not Goldstone bosons), m, ~ 1 GeV. So let us look at the QCD Lagrangian in the

limit of vanishing quark masses,
. 1 5
Locp = G7"Dyg = 7Gmads” (4.5)

We define the right- and left-handed quark fields, corresponding to spin and momen-

tum aligned and antialigned,
qr = Pryq, qr = Prq, (4.6)
with the projectors,
1 1
We can rewrite the Lagrangian as
0 T g T g A 1 pv
Loco = qriV"Dugr + @iy Dugr — Zguy,aga : (4.8)

If we restrict ourselves to up and down quarks only, we see that L%CD is invariant

under the global unitary transformations

UR . Ti URr
qr = > JrRqR = €xXp (—z@f§> , (4.9)
dR dR
and
ur, ~LTi ur
qr. = = grqr = exp (—Z@z‘LE> g (4.10)
dL dL

where the 7; (i = 1,2, 3) are the usual Pauli matrices with the commutation relations

EQ}:w‘jkE 411
[2’2 SR (4.11)
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and gr and g, are elements of SU(2)r and SU(2)y, respectively. The conclusion is
that right- and left-handed components of massless quarks do not mix. This is the
SU(2)g x SU(2) symmetry, also known as chiral symmetry.

Noether’s theorem implies the existence of conserved currents, three right-handed,
R = qm“qu with 8,R" = 0, (4.12)
and three left-handed,
L = mﬂ%qL with 9, L} = 0. (4.13)
It is useful to consider some linear combinations; three vector-currents
VA =R IV = qu with 9,V = 0, (4.14)
and three axial-vector currents,
Al =RI'— LI = 67”75%61 with 9, A% =0, (4.15)

which are named after the fact that they transform under parity as vector and axial-

vector current densities, respectively. The vector transformations are

u T u
q= — exp (—z@f%) , (4.16)
d d
which represent isospin rotations. Therefore, invariance under vector transformations

can be associated with isospin symmetry.

There are six conserved charges,

: dOF
QF = /d?’xR? = /d?’xq;%(t,ac)%qR(t,az), with flgtz =0, (4.17)
and
: dQF
QF = /d?’xL? = /d%q}(t,m)%qL(t,w), with 2% =0. (4.18)
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Alternatively,

v _ 3. 10 _ 3 .+ Ti . dQY _
Q! = [ &2V = [ &zq'(t,x) 2q(t,:12), with prat 0, (4.19)
and
i dQ;!
QN = /deA? = /d%qT(t,zc)’yg,%q(t,a:), with 22; = 0. (4.20)

4.1.2 Explicit symmetry breaking

The mass term in the QCD Lagrangian, Eq. (4.1), breaks chiral symmetry explic-

itly. Let us write M for the two-flavor case,

m, O 1 10 1 1 0
0 my 01 0 —1
1 1
= é(mu +mg)l + §(mu — mg)T3. (4.21)

The first term in the last equation is invariant under SU(2)y, i.e. isospin symmetry,
and the second term vanishes for m, = my. Thus, isospin is an exact symmetry if
the up and down quarks have the same masses. However, both terms break chiral
symmetry. Since m, and mg are much smaller than the typical hadronic mass scale of
~ 1 GeV, the explicit chiral symmetry breaking due to non-vanishing quark masses

is very small.
4.1.3 Spontaneous symmetry breaking

A continuous symmetry is said to be spontaneously broken if a symmetry of the
Lagrangian is not realized in the ground-state of the system. There is evidence that
the approximate chiral symmetry of the QCD Lagrangian is spontaneously broken,
which comes from the hadron spectrum. The Q4 of Eq. (4.20), a conserved quantity,

commutes with the Hamiltonian and it has negative parity, thus one would naively
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assume that for any hadron of positive parity there must be a negative one as well.
However, these “parity doublets” are not observed in nature.

A spontaneously broken global symmetry implies the existence of massless Gold-
stone bosons, with the quantum numbers of the broken generators. The broken
generators are the Q4 of Eq. (4.20), which are pseudoscalar. The Goldstone bosons
are identified with the isospin triplet of the pseudoscalar pions. The pion masses are
not exactly zero because the masses of v and d quarks do not vanish either (explicit
symmetry breaking), but this explains why pions are so light. In pions we see a

remarkable example of both spontaneous and explicit symmetry breaking.
4.1.4 Chiral effective Lagrangian

Now we build the Lagrangian consistent with the broken symmetries discussed in
the previous sections. The relevant degrees of freedom are nucleons and pions (Gold-
stone bosons). Since interactions of Goldstone bosons must vanish at zero momentum
transfer and in the chiral limit m, — 0, the low-energy expansion of the Lagrangian
is arranged in powers of derivatives and pion masses. The effective Lagrangian can

formally be written as
Leff = ‘CTHT + £7TN + - ) (422)

where L, accounts for the dynamics between pions, £, deals with the interactions
of pions and a nucleon, and the ellipsis denotes terms with pions with two or more

nucleons. In turn, each Lagrangian can be organized as
Lon=LP2 4+ LW ...
Low= L8+ L8+,
where the superscript denotes the chiral dimension (number of derivatives or pion

mass).

49



We introduce the SU(2) matrix

1

where f, is the pion decay constant. The coefficient of the linear term was chosen to
produce the desired kinetic term in the pion-pion Lagrangian, and the coefficient of
the quadratic term enforces that U is unitary, at second order in the pion fields. The

leading order (LO) Lagrangian is given by

2

£2 = T [0, U0"UT + mZ(U +UT)]. (4.24)

Since Goldstone bosons can interact only when they carry momentum, the interaction
between pions comes in powers of d,U. Only even powers of m, are present because

of Lorentz invariance. The U field transforms under global chiral rotations as
U gLUg;%. (4.25)

Since under global chiral rotations gr and g; do not depend on space-time, 0,U
transforms in the same way as U does, hence the first term in Eq. (4.24) is chiral
invariant. The second term breaks chiral symmetry explicitly, with the coefficient
chosen to reproduce the correct mass term. Inserting U and keeping terms with only

two pion fields yields

1
L2 = 58 - O — §m72r71'2 +O(m?), (4.26)

where we dropped the constant f2m?

The LO relativistic 7N Lagrangian is

ESK, =0 (iy“D# — My + %47“7511#) v, (4.27)
where the chirally covariant derivative is D, = 9, + ', T, = [£1,0,¢], and u, =
i {7, 0,¢} with

) 1
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Using the identity (a-7)(b-7) = (a-b)1 +i7 - (a X b), we have

u= 4%27' (% 9,m) + O(mh), (4.29)

and

Uy, = —fir - Oum + O(w?). (4.30)

The 7N Lagrangian of Eq. 4.27 can be cast more explicitly as

ES}/ =V (W“au — My — 4—foy“7' (e x 9,m) — 297A7“75T O ) . (4.31)

The term proportional to ga/2f, is the axial-vector coupling of one pion to a nucleon,
and the term proportional to 1/4f2 is the so-called Weinberg-Tomozawa coupling.

Finally, the LO NN Lagrangian is
1 - . 1 _ _
£ = —5Cs(NN)(VN) = 5Cr(No'N)(No'N). (4.32)

4.1.5 Heavy baryon formalism

The relativistic treatment of baryons in chiral perturbation theory leads to prob-
lems, mainly because the time-derivative of a relativistic baryon field gives a factor
of E ~ M (M being the baryon mass), which is not small as compared to the chiral
breaking scale A, ~ 1 GeV. A solution is to treat baryons as heavy static sources,
the so-called extreme nonrelativistic limit, because the momentum transfers between
baryons and pions is small if compared to the baryon mass. Here we follow the treat-

ment of Gardestig et al. (2007). The Lagrangian of Eq. (4.27) can easily be cast in

the form
L=V(iy"D, — My +7%G)Y, (4.33)
with
A B
G = , (4.34)
C D



with A — D being 2x2 matices. In our case B = —C' and A = —D, but we carry
out the general procedure. A heavy fermion implies that it is essentially static, and
we can expand its four-momenta around its large mass. We write p* in terms of the

four-velocity v* and a residual fermion momentum [#,

P =mot + 1", (4.35)

2

where [* < m and v? = 1. For an on-shell fermion (p? = m?), we have 2muv-[+1? = 0.

We split the fermion field into large and small components, H and h respectively,
U = e "™ ¢(H + h), (4.36)

where yH = H and yh = —h. We assume, without loss of generality, that v =

(1,0,0,0), such that ¢ = vy. Equation (4.33) now reads

iDy+A —ic-D+B \ [H
L= (H'h" B : (4.37)
—ig-D+C 2m+iDy+ D) \ h

The mixing between upper and lower components is avoided by defining a new small

component field A/,

h = W —(2m+iDy+ D) (—io - D+ C)H,

ht = W= H(—io- D+ B)(2m +iDy + D)™\, (4.38)

Now, the Lagrangian is block-diagonal,

EzHT(z’D0+A—(—z’a-5+B) (—m-ﬁ+0)>H

+h1(2m +iDy + D)I'.  (4.39)

After integrating out the small components, only the H fields remain (Gardestig

et al. (2007)). Then we expand this term assuming iD*, G < 2m, that is, in powers
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of (iDy + D)/2m. The first two orders (inverse power of My) of the heavy fermions

Lagrangian are

£SO = H'GDy+ AH (4.40)
1 o .
£y = —— Hl(—ie- D+ B)(—io - D+ C)H. (4.41)
2M N

We use Eq. (4.40) to treat the 7N Lagrangian of Eq. (4.31) non-relativistically, and
we include the 77 and NN Lagrangians of Eqgs. (4.26) and (4.32). Finally, the heavy

baryon leading order chiral Lagrangian in which only nucleons and pions degrees of

freedom are included reads (Machleidt and Entem (2011))

Vv? 1
2M - 4—]026ijkﬂ7rj807rk — MO]N

™

1 1
ﬁo = 5(%7@0“7@- — §m72r7Ti7Ti + ]\[Jr 280 +

29; NiroidmN — —CS(NTN)(NTN) - -CT(NT IN)(NToiN).  (4.42)

Note that, although the nucleon kinetic energy appears at next to leading order (it
comes from Eq. (4.41)), it has been promoted to the leading order, to allow the usage
of quantum Monte Carlo algorithms. For convenience, let us split the Lagrangian

into
n L
Lrn = —8,L7Ti8 T — =TT

_ T
L.ny = N { 2fﬂ7'z(7j8 T — e
2

, \Y
»CNN - NT |:Zao+2M

ewkrmjﬁ[ﬂrk] N

- MO] N — %C’S(NT N)(NTN)

—%CT(NT o'N)(NT¢'N). (4.43)

The conjugate fields are given by

_ _ it
HN 8(60N) iIN
oL
= e
M= 25 _p NN (4.44)
k= a(aoﬂ_k) = 0T — 4f2€zjk7r] Ti . .
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The Hamiltonian density is obtained as

7‘[ == HNaoN + Hkaoﬂ'k - E

1 V2
= —807Tk807rk + 8 T 0T+ 2m ST + ENTTZU o;mN — Nt [2—% - Mo] N

¥ %@(N*N)(N*N) + SCr(NToN)(NTo'N). (4.45)

Note that the natural variables of the Hamiltonian density are the fields and their

conjugate momenta. Therefore, we need to express Jymy in terms of IIj,

aoﬂ'k = Hk + 4f2 Ewkﬂ'JN TlN (446)

and,

(aoﬂ'k)2 = HZ —+ 2f2€zjk‘7TJHk‘N N + 16f461]k7T]N TzNelmkﬂ'mN N
= Hi 2f2€zjk7T]HkN T.N + 16f47TjN N [ﬂ'jNTTiN —WiNTTjN} , (447)

where we used the property €;x€iim = 0j10km — 0jmOi-

The Hamiltonian density can be written as a sum of three terms,

Hor = %Hkﬂk + %amkam + %miﬂkﬂk,
Hen = 4f262]k7TijN T.N + 321f#7erTTiN ;NN — m;NTm;N
+ %NTTiajﬁij
Hyny = NI {—;—MQO - MU] N+= CS(NTN)(NTN) + %CT(NToiN)(NTaiN). (4.48)

The term proportional to 1/f# is higher order, thus we drop it. Note that the Hamil-
tonian is a constant of motion and we can conveniently write the three contributions

above at 2° =t = 0. The pion-field term is given by

H.. — / d%% [2(x) + (Vi (x))? + 22 (0] (4.49)
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where the standard conventions adopted for the gradient are given in Appendix C.

The pion-nucleon interaction Hamiltonian reads

Hoy = / P {%NT(X)Tinajm(x)N(x) + %ﬂqjm ()T () N ()7 N (x)

(4.50)
The first term is the axial-vector pion-nucleon coupling, and the second (referred to
as the Weinberg-Tomozawa term) is the contact interaction with two factors of the
pion field interacting with the nucleon at a single point (Scherer (2010)). The nucleon

Hamiltonian is given by

Hyy = / & [NT(X)( - 23420 + M())N(X) + %CsNT(X)N(X)NT(X)N<X)+

SOV ()0 NN ()" N (x)] (4.51)

where C's and Cr are two low-energy constants (LEC) that have to be fitted against
two-nucleon properties.

Up to this point everything in this chapter is well known in chiral EFT. In the
following sections we present our contributions, that is, a formulation of chiral EFT

in a way appropriate for quantum Monte Carlo methods.
4.2 Pion fields in the Schrodinger picture
4.2.1 The formalism

We work in the Schrodinger picture, where the pion fields and their conjugate

momenta are time independent, and obey the canonical commutation relations,

[mi(), m;(y)] = [Ii(), I1;(y)] = 0,

[mi(), I;(y)] = i0;0 (2 — y). (4.52)
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Let us perform a plane-wave expansion in a box of size L with periodic boundary
conditions, implying that the allowed momenta are discretized,

27

k= T(nx, ny,n.), with n; =0,£1,£2,. .. (4.53)

This discretization introduces an infrared cutoff on the three-momentum of the pions,
proportional to the inverse of the size of the box. To avoid infinities, the theory is
regularized introducing an ultraviolet cutoff for the three-momentum of the pions,

such that k& = |k| < k.. The Fourier expansions read
mi(x) = L Zw-keik"”
) \/ﬁ - 2 Y
1 )
Ii(w) = — ) Ije™™. 4.54

Since the fields are hermitian, the mode operators are such that ij = T and

ij = II;,_g. The canonical commutation relations of Eq. (4.52) imply
[Tikes Tjkr] = [Tk, ILjger] = 0,
[ﬂ-ikv ij/] = iéijék_k/. (455)

When expressed in terms of the pion modes, the free pion Hamiltonian of Eq. (4.49)

describes a collection of harmonic oscillators with frequencies wy = \/k? + m2,

ZZ { it wkm] : (4.56)

The latter can be quantized by defining the creation and annihilation operators,

1 .
Qi = (wemik + i11;x)
2wk
t 1

Il (4.57)

g, \/m(wkﬂ-zk
which are independent for each mode, and satisfy the canonical commutation rela-
tions,

[aik, a;q] = (5ij5kq . (458)
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Using Eq. (4.57) to express my, and Il in Eq. (4.54) in terms of the creation and
annihilation operators, we recover the usual expansion for the pion field operator and

its conjugate momentum,

77'72("") = |:Clz zkr+alk€ ik:-ri|7

IL(r) = Z VW [aikeik'r — &Ikefik’r] , (4.59)

k

where wy, = \/k% + m2. We perform the unitary transformation,

1 .
a;rk = E <Cjk + ZSIk:) 3

1
aj_k = E <cjk — zsjk) , (4.60)

where the k values on the right hand side of the equations are chosen typically so
that k is included and —k is not. Specifically, if k, # 0 then k, > 0; if k, = 0
and k, # 0 then k, > 0; and if k, = k, = 0 then k, > 0. The single k = 0 mode
does not couple to the nucleons through the axial-vector coupling, but it does couple
to them via the Weinberg-Tomozawa term. With these definitions, the operators
satisfy the canonical commutation relations [a, a'] = 1, and all operators with different
arguments commute. The field operator and its conjugate momentum can be written

as

1 :
mi(r) = W(QOJF@O)

+\/g Z% [(chy + ca) cos(h 1)+ (sl + ) sin(k 7))

) = iy 2 el — o)
\/;Z \/LT"’ — ciw) cos(k - 1) + (s Tk—sik)sin(k:-’r)] (4.61)

where hereafter we adopt the convention of a primed sum to indicate that it is over

the set of k described above. We employ the usual harmonic oscillator definitions,
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7= (a+al)/v2w and p = i\/w/2(a' — a), to write the ¢ and s operators in terms of

the field amplitude operators in whose eigenspace we work,

1 1

¢ — _— ( . s — f .
Tik m(czk + Clk>7 Tik \/2_Wk:(SZk + 52k)7
w w
5, =i 2k (¢, — Ci), 05, =i 2k (83 — Sik), (4.62)

so that
7TiCO 2 ! c S o1
mi(r) = s 52 [k cosh ) + wsin(e 7)),
k
H?O 2 ! c S
IL(r) = Tt EZ 1S, cos(k - 7) 4 T15, sin(k - 7)] . (4.63)
k

Now it should be clear that the fields © and II obey the canonical commutation

relations. We use [, ka,] = 100,30k 0, tO calculate
[T (r), IL(r")] = — Icos(k: -r)cos(k-r") +sin(k - r)sin(k - r')
k

= #Z, (cos(k - (r+7")) +cos(k - (r — 7))

—cos(k - (r+7')) +cos(k-(r—1r")))

21 /

= —) cos(k-(r—r1"))
L3 -

= LN explik - (1 — )] —— i6®(r — 1), (4.64)
L3 ke—o00

where we have omitted the unwanted indexes.

The pion Hamiltonian of Eq. (4.56) becomes

1
Z Z { Ie2 + H,k + 2(k2 +m2)(7¢2 +m2) | . (4.65)

In our simulations, in exact analogy to working in the position operator eigenstates
of the usual harmonic oscillator, we work in the eigenbasis of the mode amplitude

operators, m;; . Wave functions which are the overlaps of our states with this basis,
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represent the states. The momentum operators conjugate to m;; are the generators of
translations of these amplitudes, and therefore when operating on a state represented

in this basis, they give the derivative of the wave function in the usual way,

5 — —i

s 4.66

Using the latter relation, the free pion Hamiltonian operating on the state becomes

the differential operator

/ 1o 1o 1 2 c2 52
T zk: EZ: {_587&6}3 - 287r52 (k +m3) (m; +7Tz‘k):| ) (4.67)

operating on the wave function.

The ground-state wave function for the pion modes is analogous to that describing

the positions of a collection of quantum harmonic oscillators,

Wo(m®) = exp [ Z Zw’c T + )

where we use the symbol w* to denote the full set of 7}, and 7. When pion-nucleon

(4.68)

interactions are accounted for in the Hamiltonian, the solution of the Schrodinger
equation is no longer in closed form. We will employ QMC methods to tackle this

problem when one and two nucleons are present in the system under study.
4.2.2 Pion density

We define
i\T) = —F— Q; e .T7 4.69

which has the commutation relations

[wilr). vl = = Zelk r-r) (4.70)

In the limit of infinite ultraviolet cutoff, this expression tends to @ (r — 7'), as

prescribed by the canonical commutation relations. For a finite cutoff k., the delta

29



function will be smeared over a volume proportional to k3. The corresponding

Cartesian component pion density operator is defined as

pilr) = oL (r)en(r). (4.71)
To compute the expression above we must change the sums over k to the primed
sums using half of the k values,

. / . .
Z a;rce—zk-r _ Z (a;rce—zk-r + a’ikezk-r)
k

k

1 / ‘ ik . ik
= 52 [(chFishe ™+ (el —ish)e].
k

- / - o
§ :ak/e”“" — § :(ak/eZkT+a_k/e ik 'r)

k' k'

1 / |: ) ”
= — E (Ccrr — isp )€’
V24

/

" 4 (ew +z’sk,)e*ik’*] L (4T2)
Hence,

1 ! . ik . ik
pilr) = 5> [(h+ishe ™ + (cf — ish)e ] x
k.k’

[(Ck/ — Z'Sk./)eik/‘r + (Ck,/ + Z'Sk/)e_ik/'r}

1 /
~ 93 Z [4chcp cos(k - ) cos(k' - 1) + 4dshep sin(k - ) cos(k - 7)
k k'

+4c s cos(k - r)sin(k’ - ) + 4s) sp sin(k - 7) sin(k' - 7). (4.73)

So the cartesian component pion density operator is

2 /
pi(r) = ﬁz e} cxr cos(k - 7) cos(k' - T) + skop sin(k - ) cos(k' - 1)
k!

+chsp cos(k - ) sin(k - 7) + sbsp sin(k - r)sin(k’ - 7)]. (4.74)
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The density can be resolved for the different charge states,

) =i )] [ea(r) iy (r)
pre(r) = V2 { V2 ]
[k i) ] [ea(r) — i, ()
pr-(r) = NG { V2 ]’

poo(r) = Wlr)n(r). (4.75)
The corresponding operators are
e (1) = 5 [0 () + 0 (r )y (r) — () (r) + 0 () ()]
pr-(1) = % [E () (r) — il ()0, (1) + i) () (1) + 0l (r)dy (r)] . (4.76)

with

2 /
Yi(r),(r) = ﬁz (e} cyr cos(ke - 1) cos(k' - 1) + 51 ey sin(k - ) cos(k' - 1)
kK

+cl syw cos(k - ) sin(k - 7) + 5! s 0 sin(k - 7) sin(k' - 7)),

T 2 "o / T : /
V) (r)e(r) = ﬁz [CyrCare cOS(K - ) cos(K' - 1) + s, p.cons sin(k - 7) cos(k' - )
e k!

+czksmk/ cos(k - r)sin(k’-r) + szksxk/ sin(k - r)sin(k" - 7)].(4.77)

The elements we need to calculate are

tg _ k(o 1 O\ Juf 5 1 0
QirBiq = B (Wik_wk a”z'c;c> 9 (qu_l_wq I’

jq
B 2
1 ¢ 0 . O 1 1 0
— B ik jq
= —Jwpw, | 77, + — = kg — —— -
2 q( I, 87qu wr 0TS Wi P WrWq 8%3687][2 ’

(4.78)

with the (abusive) notation «, 8 = ¢, s, and i,j = z,y,z. Notice that the expres-

sion above includes mixed derivatives in the pion coordinates. Alternatively, we can

integrate by parts to calculate only the elements

1 0
(e Baltr) = /2 (wfq + JW) (m** o). (479)



The dot product with (aug|tr))T = (r]al, gives the elements needed for the density

calculation,
t ) _ c,s C,s % a i 0
<<¢T|aik> (Biqlt'r)) _/dﬂ- (or|m™) 2 (mk Wy 8%&)
ﬂ 8 ii c,s
N (%ﬁwq aﬂfq) (). (480)

4.2.3 Number of pions

The Hamiltonian describing the pions is that of a harmonic oscillator. Excitations

of the pion field correspond to pion production. For each pion mode k, a,7 we have

1

Ega,i = Wi <Nk,a,z‘ + §> , (4.81)

where N ; is the number of pions. In the absence of coupling, all harmonic oscillators
are in their respective ground-state and N = 0. So we can calculate how many pions

are in a given mode by computing

1 1 02 1 1
Npoi = — |—= B ] p— 4.82
k.o W [ 2 0m%? 2" mk} 2 ( )

4.2.4 Charge conservation

Unlike standard Green'’s function Monte Carlo (GFMC) calculations (Carlson

et al. (2015b)), the sum of the nucleon charges in our QMC simulations,
A

B (1+7%)
o=y (489
is not conserved configuration by configuration. This is due to the fact that the total

charge of the system includes that of the charged pions,

Q=0Qn+ Qr, (4.84)

with @, = (N4 — N_). The charged pion number operators are defined as

Ny = Z a:rtkaj:ka (4.85)
k
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where the creation and annihilation operators — see Appendix C for our conventions

on the fields associated with charged pions — are given by

al :L [aT $iaT }
+k \/§ zk yk |

1
Qi = —— |Qgp T 1048 - 4.86
while for the neutral pion,
Ao — Az - (487)

The pion-charge is evaluated expressing the Cartesian isospin creation and annihila-
tion operators in terms of the modes of the pion field. It simplifies some expressions
to combine the isospin components into vectors in the usual way and define the pion

mode amplitudes and their conjugate momenta as the isospin vectors,

c,s C,S A c,8 ~ C,S &
I, = Iz +10y+1152,

c,s

o C,S & c,5 ~ c,S »
T, = T+ TRyt T2 (4.88)

The pion charge operator becomes

!/

Qr = —2->  [mp xTj +my x 0], (4.89)
k

or as a differential operator on a wave function,

/ 0 0 0 0
Qr=1i)_ + : : (4.90)
k

C C S
o, ——— — T, T — M, .
zk c yk c zk s yk s
awyk o, anyk ons,

4.2.5 Perturbation theory

In this section we are interested in the first-order old-fashioned perturbation theory
ground-state of a nucleon fixed at the origin. The interaction only couples to states

with a single pion, hence the ground-state is

0) = yo>+ZM+... (4.91)



and we wish to calculate the expected value of (one Cartesian component of) the pion

density operator

oy Olamo)

(4.92)
The interaction can only create a single pion in the intermediate state. The density
operator does not change the number of pions, so the lowest order surviving term in
the numerator is second order in the interaction. The next-order perturbation term
contributes to the density at higher order. In the denominator, the normalization
change is also second order in the interaction. Since the numerator is already second
order, we can drop the normalization change, and take the denominator to be 1. Let
us start with the numerator,

( 0] + 2/7;0 O‘V‘m ’) pi(r) <|0> +3 —‘”2;"_1%10)) . (4.93)

The action of V' on the vacuum is given by

V|0) = nga ket (75, cos(k - &) — 75, sin(k - x))[0). (4.94)

2f

We use Eq. (4.62) and

1

—m(aik — (Ii,k), (495)

Sik

to write the 7 amplitudes in term of the creation/destruction operators,
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70 R S O TO8
Vi§0) = 2. L3;U ki /_20%\/5[( i(agy, — ai_y)

+i(aig — aig)) cos(k - ) — (al, + al_, + ai + a;_g) sin(k - m)] |0)

_ %\/gzk:’a . kﬂ%m [(—icos(kz -x) —sin(k - x))|k)
+(icos(k - ) —sin(k - x))| — k)]
_ QfW\/;Za' kr,,z\/_[ e |k) — e | — >]
_ %\/;;a-kn;ﬁemlkw (4.96)

Now let us calculate
E _ |m)(m|V1]0) =
Ey,— E,,

= Z (E E. ) \/;Z s k)=

i —ik~:c
2fﬂ,/ng i k), (4.97)

where we used Fy — F = wy. Similarly,

1 / _7' zkw
Z <m) <O‘V‘m / 2f7r L3Z lezwk3/2 <k)’, (498)

m'#£0 k40

Finally, we set the position of the nucleon to the origin, = 0, and we evaluate

(pi) = (Z %) (ngzazke g ) (Z Inéoriuv\o )

m/#£0

<9A 2)2 2 e kKT

/
=\op V) o ke K 7 (4.99)
2/xVL° ] L \/-’4w/wk,/

kK’
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The result becomes

B ga o-ko- k ik — k)
(i) = (ﬁ\/ 3) IVE Z B
2 2
( ga 2 ) 1 Z keilkm
YA NE 3 3/2
2f- VL 4L - Wk/
Dropping the k = 0 term that gives zero contribution, and combining the —k and k
2
o) = (253
Pil-= \op V13| a1
2
ga |2 1
2f-V L3 | L3

4.3 QMC Hamiltonian and wave functions

(4.100)

terms, we find

2
rk2sin(k - r)
Z e

W

rksin(k - r ’
3 (k-r)

o (4.101)
Wi

With our periodic box and the pion momentum cutoff, we now have a finite number
of degrees of freedom, and can now use real-space quantum Monte Carlo methods to
solve for the ground and low lying excited state properties of A nucleons. Our goal
here is to be able to adapt variational Monte Carlo (VMC), GFMC, and Auxiliary
field diffusion Monte Carlo (AFDMC) (Schmidt and Fantoni (1999)) methods to
include the pion degrees of freedom. We therefore need to write our Hamiltonian in
the A nucleon sector along with the pion fields, find good initial variational trial wave
functions, and describe how we include the additional terms in the propagators. Note
that, at variance with nuclear lattice approaches (Lee (2009)), we adopt a continuum

representation for the eigenstates of the position operator.
4.3.1 The quantum Monte Carlo Hamiltonian

We write the pion operators using Eq. (4.88) and the momentum operator con-

jugate to the particle position operator, r;, as P;. Since the number of nucleons is
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conserved, the Hamiltonian for the sector with A nucleons and the pion field can be

written down immediately,

H = Hy+ Hq.p+ Hav + Hyr,

A A

P2

Hy = E U —f-Mp—l—/BKPZQ—f—éM + 5R0(Ti_rj)[cs+CTo'i'Uj7
= 2Mp i<j

1 ! c c s s
Hmr = 52 |:|Hk‘2 + wlzc‘ﬂ-k|2 + ’Hk:|2 +W12c|7"k’2} )
k

A
gA 2 !/ s c .
Hav = 3353 o kin - micos(k-m) = - misink - )}
i=1 /7 k
S

!/ /!
ur = 3 g | et x X eota -

i=1 k q

+ Z/ cos(k - r;)my, X Z/ sin(q - ;) 1T,

k q

+ Z/ sin(k - r;)my, ¥ ZI cos(q - ;)11

(
k q
+ Z/ sin(k - ;) 7y, ¥ Z, sin(q - r)IT; | (4.102)

k q
where the sums over ¢ and j are over the nucleons, Mp is the physical nucleon mass,
and 0g,(7; —7;) is a smeared out delta function for the contact term which we take to

be the same form as that used in local chiral EFT potentials (Gezerlis et al. (2014)),

Op,(T) = m exp [—(|r|/Ro)*], (4.103)

where I' is the gamma function, and Ry = 1.2 fm. We are aware that there may
be shortcomings in employing the regulator of Eq. (4.103) (Kaplan et al. (1996);
Nogga et al. (2005)). However they are mitigated by the fact we focus on deuteron
properties, which has a relatively small d-wave component, and we employ fixed pion
masses. This regulator choice will be thoroughly analyzed, and might be revisited,

for larger nuclei. The low-energy constants C's and Cr need to be adjusted to agree
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with experiment. We fit the deuteron and the neutron-neutron scattering length in
section 4.9.5. There are, of course, many other possible choices for the contact term.

Notice that we have two distinct mass counter terms in Hy. We call Sk the kinetic
mass counter term and oM the rest mass counter term. The values are not simply
related because we are employing a cutoff on the three-momentum of the pion modes

that explicitly breaks Lorentz invariance. The kinetic energy bare mass is given by

Mp

285 Mp” while the bare rest mass is Mp + oM.

Our resulting field theory Hamiltonian is in the same form as the Hamiltonian of
a nonrelativistic many-body quantum system, and all standard methods for such a
system can be applied.

In this work we will sometimes neglect the Weinberg-Tomozawa Hyr term in
our initial QMC calculations. In general we have found that it is small enough to
be included perturbatively. This term is known to be relevant only in the isovector

channel, and the s-wave TN scattering length is relatively small (Robilotta and Wilkin

(1978); Weinberg (1992)).
4.3.2 'Trial wave functions

Analogously to standard real-space QMC methods, we first construct an accu-
rate ground state trial wave function for the Hamiltonian. In GFMC or AFDMC
methods, the trial function performs the dual role of lowering the statistical errors
and constraining the path integral to control the fermion sign or phase problem. For
small numbers of nucleons where the fermion sign/phase problem is under control,
our QMC methods will give exact results within statistical errors independent of the

trial function. A good trial function in that case keeps the statistical errors small.
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Standard GFMC and AFDMC methods use the position eigenbasis for the nucle-
ons. Here we add to this nucleon basis the eigenbasis of the pion mode amplitudes,

and write our trial wave functions to be
Ur(R,S,I1) = (RST|WYr), (4.104)

where R represents the 3A coordinates of the nucleons, II represents the 3Ny pion
mode amplitudes, and .S the spin-isospin of the nucleons.

If we assume the pion motion is significantly faster than the nucleons, then a
Born-Oppenheimer approximation where we initially neglect the nucleon mass can
guide our construction of a trial wave function for the full dynamical system. We
therefore initially analyze the problem without the nucleon kinetic energy and the
Weinberg-Tomozawa terms in the Hamiltonian, assuming that they are smaller than

the axial-vector pion-nucleon terms. Deﬁning

B, = LgfﬂZTzsmk: ri)o; - k,
B; = — L3 T Z;Tl cos(k - r;)o; - k, (4.105)
allows us to complete the squares in these terms of the Hamiltonian, yielding
Hon + Havy = —Z ITL; | + wi |7 |? + ITLG | + wi 7]
- (B3 4 1P| (4.106)

with 7% = 75" — Bp® /2w?.

The 7;* operators do not commute because of the nucleon spin-isospin operators
contained in Bp°. If instead these spin-isospin operators were c-numbers, we could
immediately write the ground-state wave function for the pions. This suggests taking

the form for trial wave function to be

(RSTr) = (RST|exp | =) F(#[+ &) |19).  (4107)
k
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where |®) is an A nucleon model state. Writing in terms of the original pion coordi-

nates, this wave function becomes

73

. T Wk c|2 512
(RSU|¥r) = (RS exp§ =3 | il + [mif?) + 5

k

(7). - B, + 7, - By)

A
1
—ZwkaiGZ Z T, - Tjo; - koj - kcos(k - r;;)

} D). (4.108)

1gA 2
= A2 4.1
Ge= i\ I (4.10)

and we drop terms that only contribute to the overall normalization. We have also

1<j

where 7;; = r; — 75,

introduced the variational parameters ay, which rescale the coupling for different
momenta.

Eq. (4.108) is the standard form we will take for our trial functions. The two-body
terms do not contain pion amplitudes; they look like two-body correlations typically
included in variational calculations, and therefore they could be replaced or modified
with other correlation forms that may be more convenient for calculations. The pion-
nucleon correlation terms look very much like the AFDMC propagators, as it would
be expected from the fact that the auxiliary fields in AFDMC can be thought of as

replacing the real pion fields.
4.4 One nucleon
4.4.1 Lowest order self energy from nonrelativistic pion nucleon Hamiltonian

To estimate the magnitude of the mass counter terms, we first calculate these terms
in perturbation theory. These should agree with our full Monte Carlo calculations for
a weak coupling and when the cutoff is small. In this calculation we consider only the

lowest order interaction term, represented by the diagram of Fig. 4.1. First, we need
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Figure 4.1: Diagram for the lowest order self-energy % (F, p).

to compute the propagators for the nucleon and the pions (harmonic oscillators). The

nonrelativistic propagator for the nucleon of mass M is

G(r—r',t—t) = —iT{O|N(r,t)NT(+',¢')[0)

1 ; ! : 2 /
= —if(t — )7 D ettt (), (4.110)
p
Writing the Fourier transform as

1 dw . A ’
[ A A Y ip-(r—r')—iw(t—t')
Gr—rt—-t)= 73 E 27Tep G(p,w), (4.111)

p
yields

B 0

o0

1
2M

where the —nt with 1 a positive infinitesimal is added to converge the integral at
the upper limit. The harmonic oscillator propagator needed for an oscillator with

frequency wy and mass m =1 is

! ~ / . a(t) +al(t) a(t’) + al (¢
Gro(t —t) = —iT(0lx(t)x(t')[0) = —iT(0| ”%” ( )mo( Lo
1 . o
Y S _ 4\ —iwo(t—t') I —iwo(t —t)
Yo O —1)e +O(' —t)e ]
_ b ol
200 : (4.113)
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Fourier transforming in time yields

. 00 0
Gpo(w) = S [/ dtetw—wotint +/ dtei(w+“’°m)t}
0

2w0 — o
1 1 1 1
— — — | = - (4.114)
20 |W—wo+1m wHwy—1n w? —wi +in

Equations (4.112) and (4.114), together with standard Feynman diagram rules

(Fetter and Walecka (2003)), provide an expression for the self-energy,

2 oo 2
. ga dw 1 q 1
Y(E,p) = —i3 (—) / —— —
2f7r N 2 L3 a (E —w— |1’2—]\Z|2 + Z'n) (w2 - wg + 277)
(4.115)

where the factor of 3 comes from 7! - 72 (or the 3 types of hermitian pions), and
wg = q*+m. The w integral has poles at E —|p—q|*/2M +in and £w, Fin. We can
chose the integration contour along a semicircle in either half plane, a counterclockwise
contour that encloses —w, + in or a clockwise with w, — in. The self-energy is given

by

392\ 1 ¢
Y(E = —— | =] — . 4.116
(E.p) 2<2fﬂ) L3;(E_Ip—ql2_w>w ( )
2M q q

The single-nucleon spectrum is dictated by the pole of the Green’s function,

1
E= + Bk | P+ M, + M + X(E,p) . (4.117)
2Mp
We must adjust Sx and 0M so that at small momentum, £ = Mp + %, or
P
Brp* 4+ 0M +X (Mp+ ———.p| =0. (4.118)
2Mp
Expanding in powers of p, we find,

3 (94" 1 7’
0=0M— = = —E 4.119
2 <2f7r) L3 . weDy’ ( )
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1 1 /[ ga | q4
(=19 - (Z24) =
(MPJr BK) 2<2f7r) LSZ%DS”
q
(4.120)
where
1

Solving these self consistently gives the lowest order values of 0M and Bx. We see

from the form above, that the kinetic mass renormalization is small.
4.4.2 Pion derivatives

The trial wave functions contain terms which are exponentials with arguments
that are linear in the pion field amplitudes and contain nucleon operators. We wish
to take derivatives with respect to the pion field amplitudes. These exponentials have

the form
exp (m S0 +m > 0P+ ) (4.122)

where 7; are the different pion field amplitudes (we use j below as a label for the
momentum, Cartesian component and sine/cosine mode, for brevity, in this section
only), and OZQ) is the particular linear combination of the 0;,7;s terms for nucleon i
that m couples to. The Ogl), 01(2), ..., terms which act on the same particle do not
commute, but the terms which act on different particles do commute. We can write

this exponential as a product of exponentials for each nucleon as

exp (Z 7@05”) . (4.123)
J
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Defining this single nucleon exponential as e, with real pion fields, O is Hermitian.

We want to calculate a derivative de® /0z, where x is one of the pion field amplitudes.

If we write e© = [e?/N]V | then we have,

% _ 9eO/N (O/N  (O/N | JO/N 9eO/N (O/N  LOIN |
5 o 9 oy
N—1 times

N —2 times
L OIN LON (M)

S—— or
N—1 times

N-1 86 O/N .
= ZGON g I/N( )eO]/N. (4.124)
= ox

In the limit N — oo the summation goes to an integral, and we make the substitution
a=j/N,
1
00
—e? = / dae@U=e) —— 0%, (4.125)
0 ax

Since O is Hermitian, we have O|n) = A,|n), with |n) orthonormal,
1
20 00
I )\n(l_a) 7rLa’
=3 [ el =S = 0l 92 ) o

(4.126)

eAm _en
—An

For the diagonal or degenerate case, where m = n or \,, = A\,, 5 — e,

Because O is linear in z, the laplacian does not contain terms with 9%0/0x?,

hence:
82 O 7 An(l1—a—p) 00 mo 00 B
5 = 2;/%/ dafn)e (|52 e (m| S 1N 1] =
00
= 2) |n) n|—|m e DIUVE (4.127)
nml
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2 i Xy = A = A
ety T ety i A # An £ N

Fomi = § S G0l i Ay = A # A (4.128)
P Ol if Ay = A A
bt O] if A = A # A

\

For mixed derivatives the result is similar,

00 00
DS / as / da[m 070Dl 5 m)e e (ml e

nml

00 00

+|n>e%<1—a—ﬁ><n|a—yrm>ekma<m|%u>eW<u]

_;[m (1 ) ol S0+ )l S )l 200 o (4,129

Notice that the result agrees with the second derivative of Eq. (4.127) if we take

x=y.
4.5 Two fixed nucleons
4.5.1 Implementation
We can write the wave function as
Y (T, 5, @, 51, 82) = (5182]10roe? e2e912|), (4.130)
with

s2
YO = exp L T T )

Z/ V k2 +m72r { c2
-4
2
k
(4.131)

5



k2 1
01 = 3~ Y e <2T 7 cos(k - (a1 - 2) Yo kk) |
1,J
k? 2
0,=Y"- —\’;m“akak o

[— sin(k: . :1:1)7'&',0c . 7-1 —+ Cos(k . ;,;1)71-2 . 7-1} 7
[ sin(k - @o)7f - 72 + cos(k - )7y, - 77

k
1\ k24+m2
02 = g — TO%G]J{? . 0'2

(4.132)

Notice that ¥zoe? e?2e%12 is symmetric under the exchange of 1 <+ 2, and O;, does

not depend on the pion coordinates. Hence, the pion derivatives are

— awHO 01 02 012
Oy, (sl 50— omy, 2
D9 0e0?
+<8182"¢H0 < ) 02 + 601 8—@) 6012|¢>, (4133)
and
827/}T 8 ¢HO o O O ai/JHo 86 05 O
A 7 7HO 01,02 ,012 2 5 O12
(97?,% (s152] 37@% ) + <8182| o ——e2e"12| o)
Vo 1) 0e0? 19 %91 0020
2 1 12 2 12
+ <3132| aﬂ'k € a € ‘¢> <5182‘¢HO aﬂ.k e ’¢>
0e9t 002 9260

e912|p) 4 (s152|YVroe e912|¢). (4.134)

+2(s152|Ym0

om, Omy, 87Tk

We want to implement the wave function of Eq. (4.130) efficiently. The e“* and
€92 can be written as 4x4 matrices, but the term €2 is, in principle, a 16x16 matrix.

Let us write €912 as

6012 = exp [(0.1 . <Z> . 0.2>(7_1 . 7_2) ’ (4.135>
with A being a real symmetric tensor,
k.2 2 1
Aap = Z VI 0267 (2 cos(k - (@ ) kaks) . (4.136)
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The real eigenvalues )\, and the real eigenvectors |n) are such that A|n) = A\,|n),

hence

A o —ZU Aagag— ZU An(a|n) <n’ﬁ>

a,B,n

=M (Z Ui(OfW) (Z(M@J}i) - (4.137)

B
Notice that (n|8) = (5|n) because the eigenvectors are real, thus we can define a

rotated basis where

ol =Y oulali), (4.138)

and the o} obey the usual commutation relations. In this primed basis,

oA —ZA on o2 =Y A, (4.139)

1/

/
152" These operators commute,

where we defined S,, = o

020V 0 = ioVio? — (—ioY)(—io?) =0, (4.140)

Sz, S, = ot 0% gt o — gV -

17 2
y-y Yy y

and similarly for cyclic permutations. Because they commute, we can write

012 — oxp [(01 T o) (r! .7-2)] — HeXp (NS (! - 72)]. (4.141)

Now we want to linearize the exponentials, that is,
ST — A1 4 Bi(rt 1) 4 CiS; + DySi(rh - 7). (4.142)
We use the fact that the isospin singlet (triplet) is an eigenstate of 7! - 72 with
eigenvalue -3 (1) to get the equations
e 3% = cosh(3)\;) — Sisinh(3\;) = A; — 3B; + (C; — 3D;)S;.  (4.143)
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Solving for the coefficients yields

1
A, = 1 [3 cosh(\;) + cosh(3)\;)], (4.144)
1
B, = 2 [cosh(A;) — cosh(3)\;)],
1
1
Finally,
6012 _ e)\mS;c(Tl'Tz)e)\ySy(Tl'T2)6)\ZSZ(T1'T2)
= [ (A1 +Bi(z" - 7°) + CiS; + DiSi(r! - 77)) . (4.145)

%

All the operators listed in the equation above can be written as 4x4 matrices.

4.5.2  One pion exchange

N N

Figure 4.2: One pion exchange diagram.

As mentioned above, the long-range behavior of the nuclear force is due to the one-
pion exchange, Fig. 4.2. It arises from tree-level diagrams with four external nucleons
and an off-shell pion. The matrix element is given by the usual Feynman rules (and
recalling that a derivative acting on a scalar field with incoming momentum ¢ gives

d'¢ = —iq'¢), so we have the matrix element (Savage (1999))
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2 o i
_ z(\/”g}) NngaNNgJTaququme - e o

with g4 = 1.25 and f, = 132 MeV. This is more commonly written as

_ ga 2 S R (Ul'k)(o'z'k)
Vi(k) = (\/ifw) ( ) e i (4.147)

The spatial potential is recovered from the momentum space potential V; (k) via a

Fourier transform,

- (\/gﬁf“fw)Q(Tl.72)(01.v)(02.v)/(;ljrﬁ’geik""mimi. (4.148)

Starting with the integral,

Pk 1 1 [~ ! : 1
T — ik-r — dkk2 d 0 ikr cos 6
(r) / (27r)36 k2 +m2  Ax? /0 /1 cosve k? + m?2

1 e k 7 o0 k A .
= dk sin(k =— dk ihr et
27r27“/0 sin r>k2+m72r 8m2r /Oo k2 +m3r(6 )
1
_ —Mrr 4.149
drrC ’ ( )

where we used Cauchy’s residue theorem in the last step. Hence,

_ L ( ga 27_1.7_2 ol o?. le—mﬁr
Vi = g () e Ve e s

Now we have to evaluate the partial derivatives acting on I(r). Let us begin with

e‘mr@-f)j <%) + E)ie_mraj <%> + @e‘mrai (%) + %810]-6_"". (4151)
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Next, we evaluate the two possible cases. For i # j,

e S i S (A Fird
0,0, ( ) =e " +e "2m +e ™Mm +e ™ m?—.  (4.152)
r r

r3 r2 2 r
And for i = j,
e~"mr T /AL S _ Pipd _ Pipd _ Pipd
0;0; = e ™ = —; + e ™2m — te ™'m — te 2
r r r r r r
m
—ﬁ@j- (4.153)

So far we ignored the singularity at the origin. For r — 0, e™™" — 1. If we integrate

around the origin,

sphere
radius R—0

-1
Surface r

= —/dCOS@/d(p(O‘leiDQCOSQO+01ySiHQSng0—|-O'12COSQ) X

1 1
&r oy - Voo - V; = /dSTV- {0'10'2 . V;} =

(024 8In 6 cOs ¢ + 09y, sin @ sin ¢ + o9, cos §)

= — /dcos O(m sin® 0]o 1,02, + O1y0ay| + 271,02, cos? 0)

4
= oo (4.154)
3
where we used V1/r = —#/r?. Hence,

—mr 2 —mangr o 3 3
9,0, (e - ) - %e [(zww —6;) (1 +— 4 > +5,-j}

r Mmar — (mgr)?
Finally, the result is

m? ([ ga \

Volr) = 137 (\/Ef) )
N PO 1. 2 3 3 ]
Br-or-0°—0 -0°) |1+ + ;| to o

dr 1 5
30 o ) (r)) : (4.156)
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4.6 Two nucleons
4.6.1 Nucleon model states

To complete our trial wave functions, we need to construct good trial nuclear
model states, |®) of Eq. (4.108). We again are guided by previous experience with
GFMC and AFDMC calculations. The trial functions there are typically built from
operator correlated linear combinations of antisymmetric products of single-particle
orbitals. For example, in nuclear matter the trial function is a Jastrow product of
pair-wise operator correlations operating on a Slater determinant of orbitals. Here we
will begin by assuming that the pion-nucleon correlations and the associated terms
in Eq. (4.108) will include the long-range correlations.

Initially, we build our nuclear model state in the same way. However, we include
only short-range operator correlations; the remaining terms in Eq. (4.108) will include
long-range correlations. For the calculations described here, we need to construct
model states for one- and two-nucleon systems. Since a single nucleon only interacts
with the pion field, its model state |®) in Eq. (4.108) is a spin-isospin state, i.e. proton
up, proton down, neutron up, neutron down, with no spatial dependence.

Two nucleons in our Hamiltonian interact via pion exchange and from the short
range smeared-out contact interactions. A reasonably good trial wave function for
s-shell nuclei that contains the major correlations can be constructed with a Jastrow
operator product multiplying an antisymmetric product of spin-isospin states. The
Jastrow factors go to zero exponentially to properly match the separation energy of
one nucleon. At short range, the Jastrow factors solve the two-body Schrodinger
equation.

Quantum Monte Carlo simulations have been very successful at describing prop-

erties of nuclei and other nucleon systems (Carlson et al. (2015a)). Usually, in these
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simulations, the nucleon-nucleon interactions are modeled by one of two choices of
potentials classes. There are phenomenological potentials, such as the AV18 potential
(and related AV6’) (Wiringa et al. (1995)), and, in the past few years, chiral effec-
tive field theory interactions have been employed in QMC simulations (Tews et al.
(2013); Gezerlis et al. (2013, 2014); Roggero et al. (2014); Lynn et al. (2017)). Both
approaches include pionic degrees of freedom implicitly. The AV18 potential, for ex-
ample, includes a charge-dependent Yukawa potential with a short-range cutoft for
the one-pion exchange potential (OPEP), and in the intermediate range there are
terms that account for two-pion exchange. Chiral effective field theory, similarly,
includes pion-exchange terms. Some terms in these interaction potentials are built
assuming static nucleons (which is not the case for the momentum-dependent terms,
clearly), and the pion contributions are integrated out. The inclusion of pions in

QMC simulations allows us to go beyond this approximation.

Chiral effective field theory

For the calculation of two nucleon trial wave functions we chose a chiral potential, at
leading order (LO), of the form specified in Gezerlis et al. (2014). We do not include
any of the OPE terms present in Gezerlis et al. (2014), since our formalism already
accounts for this piece of the interaction. The pair interaction can be written in the
usual operator form
V(r) = v(r)1+v(r)7" 7> +u,(r)o" - o?
+ Ve (T) (T T2 (0 - o) F v (r)tie + v () (T T, (4.157)

where t15 is the usual tensor operator,

t12:30'1'72120'2'7212—0'1'0'2, (4158)
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and the radial functions v;(r) are fully specified in Gezerlis et al. (2014). In this work,

we are interested in the contact terms,

05530 (T)l,

Crog,(r)ot - o2, (4.159)

which are present in v.(r) and v,(r), respectively, and we take C's and Cr to be

tunable constants. The dp, are smeared delta functions,

1

Oy (1) = TEmE P [—(r/Ro)"], (4.160)

where I' is the gamma function, and Ry = 1.2 fm.

AVe6’

The AV6’ potential is a reprojection of the AV18 potential (Wiringa et al. (1995))
that preserves the binding energy of the deuteron, F;=2.225 MeV. It also has the

same form as Eq. (4.157), but with different radial functions.
4.6.2 The deuteron

A first step towards writing the trial wave function of the deuteron in the presence
of explicit pions is to write the exact wave function for the deuteron in free space. The
deuteron state is a total angular momentum 1 state, J = 1. It has even parity, and it
has a quadrupole moment so there are both s and d state orbital angular momenta.
Since the parity is even, it cannot have odd orbital angular momenta. Historically,
the quadrupole moment indicated the presence of the tensor force, to mix s and d
states. The tensor force is zero for singlets, so the spin state is S = 1. The total
wave function has to be antisymmetric, so it must be in an isospin singlet state. In

practical terms, this means we can work in the isospin singlet space and just replace
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the 71 - 72 operator with —3. Later, when we do more complicated nuclei, we will
need to deal with the isospin explicitly. The three possible spin states for the two

particles are the usual triplet states |S Mg),

1y = [,

1
EO T +14),

-1 = [ (4.161)

10) =

We can get a build a J = 1 state by:

e coupling an L = 0 state to an S = 1 state,

e coupling an L =1 or 2 state to an S = 1 state.

Parity tells us that the L = 1 state is not part of the ground-state. The deuteron
has a triply degenerate ground-state for the three M ; values corresponding to J = 1.
For convenience, let us calculate the M; = 1 state. Whenever coupling two angular
momenta j; # 0 and j, = 0, then the Clebsch-Gordon coefficient is simply 07,0n, .m,,

thus
(J=1, M=1,L=0, S=1|L=0, M, =0, S=1, Mg=1) =1. (4.162)

For the L = 2 states, we need to look at the table corresponding to coupling an angular
momentum 2 to 1, and the column where J = 1 and M; = +1. The coefficients are

the following,

3
(J=1,M;=1,L=2S=1L=2M, =2,5=1Mg=—1)= \[g

3
(J=1M;=1L=285=1L=2M,=15=1Ms=0)= — /-,

1
(J=1,M;=1,L=2S=1L=2,M,=0,5=1,Mg=1) = 1 (4163)
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We can construct the following L = 0 and L = 2 states, which have good J =1 and
M;=1,

IL=0) = [Il=0,m=0,5=1Ms=1)

3
\/g|l:2,m:2,S:1,MS:—1)
3
— \ggll=2m=15=1Ms=0)

1
+ gl =2m=05=1Ms=1), (4.164)

L=2)

such that the overlap of the angular part with the position eigenbasis gives the usual
spherical harmonics, (#|lm) = Y},,(7). These states are called the spin spherical

harmonics. The deuteron wave function is therefore
) = fo(r)|L = 0) + fo(r)|L = 2), (4.165)

where fo(r) and fy(r) are functions that we need to determine, and r is the position
operator. Since all the spin states are spin triplets, the o - o9 operated on these
states gives 1. Let us do a brute force calculation of the tensor operator on the spin

state |1 1),

85



oLronr|l 1) = 2?| ]) =21 —1)

o1xoy|l 1) = dzy| ) =dzy|l —1)

o1.809,2|1 1) = zz| {71)

o1yYorxll 1) = dzy| L) =izy|l —1)

ouyoayll 1) = —y?| 1) = —¢*1 —1)

o1yY02:2[1 1) = iyz[ 1)

01,209, 2|1 1) = zz| 1))

o1zo9y|l 1) = 1yz| 1)

0120021 1) = 22| 11) = 231 1), (4.166)

which gives

322 —1r? 3z(x +1i 3(z + iy)?

or

. 1 322 —r? 3z(x+1 3z +iy)?
Vanta(Ol1 1) = 5= (5 1) v gy 2 )

2\/m r?
(4.168)
The spherical harmonics Y5, can be written as
. 1 /15 (x +1y)?
22(m7y72) <T| m > 4 I T2 )
. 1 /15 (x4 1y)z
Yoi(z,y,2) = (r|l:2m:1>:—§ D
1 [5(22% — 2% — o2
Yaolt,y.2) = (ll=2m=0)=2,/23Z =2 =v) (4.169)

4V 7 r?
Therefore, operating with the tensor operator on the |L = 0) spin spherical harmonic
is just
t1a|L = 0) = V8|L = 2). (4.170)
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From this identity, notice that the deuteron wave function can be written as

) = (fo(r) T %fzwu) L=0), (4.171)

which is the operator Jastrow form. To complete the analysis, we need to work out
what the tensor operator does when it operates on state |L = 2). This can be done

by brute force, but instead notice that

1 t2
tio|L = 2) =t (ﬁtlgﬂ/ = o>) = %|L =0). (4.172)

On the triplet state, o1 - o is 1, so we can write 3, on this state as

t%z = (30’1 - fOgy T — 1)2 = 9(0’1 . 77’)2(0'2 . f')2 +1— 6(0-1 . 72)(0-2 . 7%)

= 8 — 2y, (4.173)

where we used the identity (a-o)(b-o) = (a-b)l+i(a x b)-o. Hence, on triplet

states, we have

to|L = 2) = %(8 — 2t1,)|L = 0) = VB|L = 0) — 2|L = 2). (4.174)

The deuteron Hamiltonian can be written in terms of the relative coordinates in

the usual way as

V2 + Bo(r) 4 9e(r)t, (4.175)

where t is the tensor operator, m, is the reduced mass, and since o - 09 = 1 and

T1 - T» = -3, the potentials in terms of the original vg pieces are

0e(r) = ve(r) + v,(r) — 3v.(r) — 3v,,(7),

U(r) = v(r) — v (). (4.176)
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Substituting the wave function and H into the Schroedinger equation, and using

10 I(1+1)

2 —_—— _
Ve = “52" o (4.177)
gives the coupled equations for fy and f;. We define
rfo(r) = Fo(r),
rfa(r) = Fi(r), (4.178)

and the coupled equations are

_ QZ () + 5.(r)Folr) + VB3 (1) Falr) = EF(r),
~ Py + 2R + (5u(r) — 2000) Falr) + VB () Fo(r) = EFy(r).

2m, m,r?

(4.179)

These equations can be integrated to give the ground-state wave function of the

deuteron.
4.6.3 Two neutrons

The case of two neutrons corresponds to the uncoupled channel T'= 1, S = 0.

We start with the state [0), = (|Jn T30 1) — |n J;n 1))/v/2, and the wave function is

)™ = £ (1)]0) . (4.180)
Since 71 - 72 = 1 and o' - 6% = —3, we have the central potential,
Ue (1) = ve(r) + v (1) — 30 (1) — 3vs7(1), (4.181)

and the equation we need to solve is

22% Fo(r) + 32 (r) Fy (r) = EF(r). (4.182)
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4.6.4 Deuteron and two neutrons with pions

For the short range interaction here, we use

2
p2?
H = § L+ Mp + BgP? + M| + Csdp,(r12) + Crdp,(ri2)os (4.183)
| 2Mp

and we take C's and Ct to be tunable constants.

The wave function for the deuteron and for two neutrons is Eq. (4.108) using the
model state |®) given by )%™, When solving the corresponding differential Egs.
(4.179) and (4.182), we only retain the contact contributions of the leading-order local
chiral potential of Gezerlis et al. (2014). The correlations arising from the one-pion

exchange term are dynamically generated when summing over the pion modes.
4.6.5 T'wo nucleons in a box

Secs. 4.6.2 and 4.6.3 deal with the deuteron and two neutrons in free space. In
order to compute the energy of those systems in the box we performed a “numerical
experiment” using a well-established phenomenological pairwise interaction. We used
a numerically stable version of the Lanczos algorithm (Lanczos (1950)) to solve for the
energy of the deuteron and two neutrons in a box using the AV6’ potential (Wiringa
et al. (1995)). Previous numerical solutions are available for two neutrons in a finite
volume (Klos et al. (2016)), and the differences between our results and those are
negligible. The necessary inputs for the algorithm are a nxn Hermitian matrix, in
our case the Hamiltonian H with a AV6’ interaction, an initial state, and a number of
iterations m. The output is a matrix V' with orthonormal columns, and a tridiagonal
real symmetric matrix T = VTAV of size mxm. If m = n, then V is unitary and

H = VTVT. The algorithm can be summarized as

1. Begin with a normalized state, we choose |v1) = | 1)
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2. Initial step
(a) |wi) = Hlv:)
(b) ay = {w]or)
(¢) Jwr) = |wi) — aafvr)

3. Forj=2,---'m

(a) B = v {(wjalwj-)
(b) Jvs) = |w;—1)/5;
() |wy) = Hlvy)

(d) o = (wjlvs)

(e) |wy) = |wj) — alvy) — Bjlvj-1)

4. V is the matrix with columns |v1),--- , |vy,), and T is
ar B
B2 s [
«
T = P . (4.184)
e B ﬁmfl
ﬁm—l 7| Bm
Bm Qg

The deuteron (or two neutrons) ground-state energy is the lowest eigenvalue of the
tridiagonal matrix 7. We use fast Fourier transforms to calculate the kinetic energy
efficiently, and the cubic group irreducible representation that corresponds to the

angular momentum channels in the periodic box.
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4.7 Operators
4.7.1 Basis

In our code we chose to represent each particle state by a pair of bits, with the
right bit being the spin and the left bit representing the isospin. Spin up (down)
corresponds to 0 (1), and a proton (neutron) is represented by 0 (1). For example, a
proton with spin up is 0 (00) and a neutron with spin down is 3 (11).

When we are dealing with two particles, the rightmost bit pair represents particle

1, and the two leftmost bits deal with particle 2. For example,

3 = 001l= 00 11 —ptnl,

=~ =~
particle 2 particle 1
4 = 0100= 01, 00 —plpt. (4.185)

particle 2 particle 1
The generalization to A particles is straightforward, we just add pairs of bits to the
left until we have 24 bits. There are 44 possible states, represented by integers in
the interval [0,44 — 1].

In order to show more concrete examples, let us present the model states of the
deuteron and two neutrons, which correspond to determining the 16 entries of the
¢ array for the two cases. The deuteron corresponds to the isospin singlet, (|p n) —
In p))/v/2. We need to write the states of Eq. (4.161) in the same basis used in the

code,

[T = et at)—Int ph) = o@8)=1,6(2) = -1,
L8 = el nd)—1Ind pl) = o(13) = 1,6(7) = -1,
[T = et nl)—Int pl) = ¢o(12) = 1,6(6) = -1,
11 = el nh)—Inl pT) = ¢(9) =1,6(3) = -1. (4.186)
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Notice that the entries that do not appear in the equation above (0,1,4,5,10,11,14,15)
have either two protons or two neutrons. The two neutrons system is in the T" =1,

S = 0 channel. In our basis this corresponds to the model state ¢(14) = 1 and
o(11) = —1.

4.7.2 One nucleon

For one nucleon the operators are implemented as 4x4 matrices.

0 1,0 0f [t ot
1 0,0 0] [¢» o

Opp = {----t---- = (4.187)
00,0 1| ¢ o

00,1 0f [¢™ o™

S L R _ (4.188)
0 010 —i| [¢n —ig™

o= {------ - = (4.189)
1 0 ¢nT ¢nT

0 —1| [¢™| |-o™

0 011 0 [¢#t il
0 0,0 1 + e
PR LT B L I (4.190)

0 0] [o™ PPt




T.Q =

One-body operators

—i 0
|

:0 —1
R
0 0
|

0 0
00
|
00
[
—1 0
|

0 -1
4.7.3

Two nucleons

Qyﬁ
(bm
ol

ot

quT
¢p¢
anT
¢n¢

_ qgnT
_ ani

(4.191)

(4.192)

When we have two nucleons a straightforward way is to consider the operators to

be 16x16 matrices. For example, a one-body operator such as o, acting on particle 1

18

while the same operator acting on particle 2 is given by

93

(4.193)



moooooimmooolmogoooimogooo
0 mg O 030 mor 0 030 mez 0 030 mes 0 0
00m00030 OmmOiO Omogoio 0 mes O
OOOmooiO00mo13000m023000m03
o 0 0 O lmy 0 0 0 im0 0 Olms 0 0 0]
0 myp O oio my 0 oio mys 0 oio miy 00
00m10030 Omn()i() Omlgoio 0 my 0
0O 0 O m103 0O 0 O mlli 0O 0 O m123 0O 0 0 mys
o 0 0 0 lmm 0 0 0 lmm 0 0 0 lms 0 0 0
0 mep O 0,0 my O 0,0 my 0 0,0 mey 0 0
oom%oio 0m21030 ommoio 0 mgs O
000m203000m213000m223000m23
mw 0 0 0 lmy 0 0 0lmm 0 0 0 lmg 0 0 0
0 mg O 030 ms; 0 030 mss 0 030 mss 0 0
0 0 mgp 0,0 0 mg 0,0 O mgp 0,0 0 mg O
0 0 0 mgp 0 0 0 myuy, 0 0 0 mp 0 0 0 may

where m;; are the entries of the corresponding one particle 4x4 matrix.

In both cases, the matrices are sparse. A more efficient procedure comes from
the realization that a one-body operator acting on a given particle can, at most,
change that particle’s state into a combination of only four states (proton/neutron
1/)). This way the operators can be represented by 4x4 matrices, but we have to
select the relevant states to construct the 4x1 array that is operated on, as well as

the 4 elements of the 44x1 array with all the amplitudes that will change.

94



Two-body operators
In general, two-body operators are represented by 16x16 matrices, but there are
special cases where a simpler description is sufficient. That is the case of 7! - 72,

which corresponds to twice the exchange minus the original state,
Th T2ty sy ty 51) = 2ty sy by 51) — |ta 59 11 51), (4.194)
where ¢; corresponds to the isospin of particle i, and s; the spin (unchanged).

4.8 Green’s function Monte Carlo

When introducing the diffusion Monte Carlo algorithm in Sec. 2.3 we assumed
that the only degrees of freedom were the positions of the particles. The Green’s
function Monte Carlo method used for the nuclear field theory is similar to the DMC
algorithm, with the main difference being that it allows spin- and isospin-dependent
interactions, and it includes explicit summations over spin and isospin components.
Just like DMC, the GFMC method projects out of a trial wave function |¥r) the

lowest eigenstate |®g) of the Hamiltonian H with non-zero overlap with |¥r),
|®g) o< lim exp [—(H — Ep)7] |¥Y7), (4.195)
T—00

where Er controls the normalization. A repeated application of a short-time propa-
gator is used as in the diffusion Monte Carlo method. Inserting a sequence of com-
pleteness relations between each short-time propagator, and using the abbreviated
notation of Eq. (4.104), where R stands for all spatial coordinates and IT for all pion
coordinates,

(RySnTIy|®o) =Y - Y / PRIy - - - d*Ry_1d° Ty,
So Sn-1

)

N-1
( <RZ‘+1SZ‘+1H1‘+1| exXp [—(H - ET)(;T] |RZSZHZ>) <R050H0|\I/T>, (4196)
=0

95



where the summations are over the 44 spin-isospin states of the A-nucleon system.
Monte Carlo techniques are used to sample the R; and II; in the propagation at
each imaginary time-step. For a detailed description of the algorithm, the reader is
referred to the review of Carlson et al. (2015a) and references therein.

For the remainder of this section we write R as an abbreviation for the RSTI. Since
we consider two versions of the Hamiltonian (including and omitting the Weinberg-
Tomozawa term, see Sec. 4.3), we need to consider two distinct versions of the prop-

agator, namely:

Ga(R,R) = (R'| exp [~ (H — Er)0T] |R) ~
(R'| exp [—07Vy /2] exp [—07 Hyr] exp [—07T] exp [—07V, /2] exp [0T E7] |R),
(4.197)

and

G(R',R) = (R'|exp [—(H — E7)07| |R) =~ (R'| (1 — d7Viyr) exp [—07 V5 /2]

X exp [—0TH ) exp [—07T| exp [—07V, /2] exp [0TEr] |R). (4.198)
4.8.1 Propagators

Kinetic energy

The Euclidean time propagator associated with the non-relativistic kinetic energy of

the nucleons T gives rise to a free diffusion process described by the propagator:

(R'|exp [~To7] |R) = {@] . {_ R _AzR/)Q

with A = /2h2d7/m.

Gr(R,R)

} , (4.199)
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Free harmonic oscillator

Each harmonic oscillator of frequency w in the Hamiltonian also gives rise to a prop-

agator that can be exactly evaluated,

1/2
U G N
Gho(r", ') = (27r sinh(w57'>>

w

"2 2 Y
S simh(wr) (7" + 7") cosh(wdT) — 2a'7") | . (4.200)

X exp {—

The importance sampled version of this Green’s function is (Kalos and Schmidt

(1997))

woT

exp [T] Guo (7", '), (4.201)

w() (ﬂ'”)

Yo(7')

éHO (7T”, 7T/) _

where 1) is the wave function for the ground-state of the harmonic oscillator, and we
have introduced the trial energy of the harmonic oscillator E¥°© = w/2. Expanding

the equation above we have

5 1/2 1" —wT 12
Gro(r",7') = (ﬁ) exp [—W(W )y (4.202)

(1 _ e—Qw(ST 1 — e—2w§7

which is a Gaussian centered at e~/ with variance (1 — e~297)/(2w). Notice that
for 67 — oo we have G(7”,7') — 12(x""), and for 67 — 0 we recover the free particle
propagator. For N free harmonic oscillators, the importance sampled Green’s function

is just the product of one dimensional Green’s functions of the form of Eq. (4.202).

Weinberg-Tomozawa term

The propagator of Eq. (4.198) contains pion derivatives. As a first-order approxi-
mation, we act with the pion derivatives present in Vi on the propagator for the
harmonic oscillators Guo. This procedure omits possible terms rising from the com-

mutators, and is analogous to the one used to implement spin-orbit propagator used in
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other quantum Monte Carlo methods for many-nucleon systems (Sarsa et al. (2003)).

We consider only the linear part of the Weinberg-Tomozawa propagator,
(1 — 01 Vigp) e °7Ho. (4.203)

We operate with the derivatives on the free-propagator, and the result is

i0T c (—20.) ’) c —w 10T _C
01 Viyr = _—2f72L3 €ijkTi ng, [cos(q 1) cos(q’ - r)wqj—l — e—ZZq/5T (7Tq/k” — e Wq'd Wq/k/>
. c (_QW /) s —w_ 0T 8
+cos(q - r)sin(q’ - T)?qu—l ~ 6_2211/& (T — €% J Tk )
. s (-2&) ') c —w_ 10T _cC
+sin(q - r) cos(q’ - T)ijﬁ( N A Py
. . / s (_2(*}11') s M —w_ 6T s !
+sin(q - r)sin(q’ - )y ——— 5 (Mo —e w0 (4.204)

qj 1— 6—2wq/§T
Pairwise interaction

For the two nucleon systems we need to compute the exponential of Eq. (4.157), which
would involve, in principle, the computation of 16x16 matrices. Instead, we linearize
the exponential in order to be able to work with only 4x4 operators. We wish to

calculate

exp(—[ve + voot - F vty + 0T TR F e T - TRet 0 F vt - TH6T)

= pet+peo’ -0 +pitia+p T+ po, T TR0 0 F pirtinT! TP (4.205)

A simple way to derive the form for the p functions is to work in the eigenbasis of
the vg operators. If we rotate the coordinates so that the z axis is along 7, then the
eigenbasis is trivially found to be the standard singlet and triplet sets in the spins
and isospins. The o' - 0% and 7! - 72 have eigenvalues 1 in the corresponding triplet
states and eigenvalue -3 in the singlet. The tensor has eigenvalue 2 in the Mg = +1

triplet spin states, and -4 in the m = 0 triplet state, while the tensor has eigenvalue 0
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in the singlet. Evaluating Eq. (4.205) in each of the eigenstates gives 6 independent

equations. We evaluate them in the order

We define

and we need to solve

state 1 T=1 S=1, |Mg|=1,
state 2 T=1 S=1, Mg=0,
state 3 T=0 S=1, |Mg|=1,
state 4 T=0 S=1, Mgs=0,
state 5 T=1 S=0,
state 6 T=0 S=0. (4.206)
e = 6_(U0+UU+2'Ut+”U7—+”UJT+2’UtT)5T,
ey = e (vetvo—tortvrtuor—tuir)or
g — e (etvot2u—dur—3uor—6uir)dT
ey = e (etvodv=3ur—3ugr+120r)or
5 = e (vem3votur—3upr)oT
g = e (Uem3ve—Bur9var)or (4.207)
€1 = Det Do+ 20+ Dr + Dor + 2047
€2 = Pe+t Po— 4Pt + Pr + Por — 4pir
es = Pc+t Do+ 2P — 3pr — 3por — Opir
€4 = Pe+ Do — 4Pt — 3pr — 3por + 12p4r
€5 = Pe—3Po + Pr— Por
€6 = Pe— 3Py — 3pr + Wor. (4.208)
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This is the matrix equation,

€1

€2

€3

€4

€5

€6

De

Do

Pt _ i

D, 48

DPor

Ptr

The result is

Pe =
Do =
by =
pr =
Dor =
Pir =

1 1 2 1 1 2 De
1 1 -4 1 1 —4 Do
1 1 2 -3 -3 —6 pt (1200)
1 1 -4 -3 -3 12 Dr
1 -3 0 1 -3 0 Dor
1 -3 0 -3 9 0 D
8 9 6 3 9 3 €1
6 3 2 1 -9 -3 €
6 -6 2 -2 0 0 es3 (4.210)
6 3 -6 -3 3 -3 €4
2 1 -2 -1 -3 3 es
2 =2 —2 2 0 0 e
(6e1 + 3eq + 2e3 + €4 + 3es + ¢€5) /16
(6e1 + 3ea + 2e3 + e4 — 9e; — 3eg) /48
(3e1 — 3ea +e3 —ey)/24
(261 + €2 — 2e3 —eq + €5 — €6) /16
(2e1 + ex — 2e3 — eq — 3es + 3eg) /48
(e1 —ex —es+ey)/24. (4.211)
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4.8.2 Diflusion constant

The effective mass of nucleon can be obtained by looking at its diffusion. First,
let us consider the 1D diffusion of (classical) particles that are initially at the origin,

C(z,0) = 6(x). The diffusion equation,

9C (x,7) D82C($, 7)

= 4.212
or 0x? ( )
has the normalized solution
C(z,7) L. { i } (4.213)
,T) = xp | ——| . )
VAar DT P 4Dt

If we multiply the diffusion equation by z? and integrate all over space we have

o +oo ) +o0 232C(ZE,T)
E/oo de x°C(z,7) = D/ dx:pT,
0

—{z(r)) = 2D,

(x*(1)) = 2Dt + constant. (4.214)

[e.e]

Generalizing the result to three dimensions yields (r?(7)) = 6 D7 + constant. Thus,

the mass of the nucleon m is related to the slope a of the graph (r?(7)) vs 7 through

3(hc)?
me? = S (4.215)
(6%
4.9 Results

All the results are obtained considering a cell in momentum space, in which the
sums over the k wave vectors are limited by the spherical cutoff w? = /k2 + m2,

where

Ark? (2m\’
7;0 - (%) N, (4.216)

Np being the number of k vectors in the unprimed sums. The number of wave

vectors, in the primed sums, in each of the first 10 shells is (1,3,6,4,3,12,12,6,15,12,12).
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When k has no zero components there are 6 pion coordinates associated with each
k, corresponding to the sine and cosine components of the three Cartesian isospin
coordinates. We set the pion mass to the average of the masses of the neutral and
charged pions, m, = (Mg, + 2m,,)/3 = 138.04 MeV. For the nucleon physical mass
we used Mp = 938.92 MeV, the average of the inverses of the proton and neutron
masses, 2/Mp = 1/Moton + 1/ Mueutron-

It is worth noting that for one nucleon there is no node-crossing, because no
fermion exchange occurs with only one fermion. For the two nucleon case the node-
crossing is also zero. We expect s-shell nuclei to have a mild fermion sign or phase
problem, as occurs in potential models. Whenever energies are computed, both the
full propagator and the propagator omitting the Weinberg-Tomozawa term are used.

For all other estimators we have limited ourselves to the latter case only.
4.9.1 Mass renormalization

Since our choice for the momentum cutoff is not Lorentz invariant, the two mass
counter terms appearing in the Hamiltonians, S and M, are not simply related.
The kinetic mass counter term coefficient i is determined by requiring that the
nucleon diffuses with the physical mass Mp = 938.92 MeV for long imaginary-times,
and oM is set so that the ground state energy of one nucleon is also the physical mass
Mp.

In order to determine Sk, let us consider the diffusion of (classical) particles that
are initially at the origin, C'(r = 0,7 = 0) = §®® (7). The solution for the diffusion

equation

oC(r,7)  V?
5 = ) (4.217)
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is a Gaussian centered at the origin and with variance 7/M. Multiplying the diffusion
equation by r? and integrating over r, we get for the mean square displacement
(r?(r)) = 37/Mpg and the kinetic mass of the nucleon can be computed from the
slope of (r?(7)).

In Fig. 4.3 we plot the mean square displacement as a function of the imaginary
time for a cutoff of wi ~ 449 MeV, and also the curve we would expect from a diffusion
given by Eq. (4.199) with the physical mass Mp. A linear fit to the functional form
we propose yields masses that differ by ~ 2 MeV at most from the physical mass, for
every cutoff we considered. Thus, in our simulations we set the kinetic mass counter
term to zero fx = 0, in agreement with our nonrelativistic calculation reported in

Sec. 4.4.1 which shows this correction is small.

1.4

GFMC o
1.2 | Diffusion with Bx=0 ——

1.0 +
0.8 r
0.6
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Figure 4.3: Mean square displacement (r?) as a function of the imaginary-time 7. The
(blue) curve stands for a particle diffusing according to Eq. (4.199) with the mass set
as the physical mass, M = Mp. The (red) circles are the GFMC results for w? ~ 449

MeV.

The rest mass counter term oM is calculated by requiring that the total energy

of a single nucleon interacting with the pion field is equal to the physical mass of the
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nucleon. We investigated the full single-nucleon Hamiltonian and the one without
the Weinberg-Tomozawa term, using the corresponding propagators. We summarize
our results in Fig. 4.4 that are obtained for L = 10 fm. The difference between the
mass counter terms is ~ 4.7 MeV for the largest cutoff considered, order 0.5% of the
total rest mass. Given the simplification in the computational procedures, such small
energy difference suggests that it is quite safe to propagate the configurations using
the axial-vector coupling only, and to include the Weinberg-Tomozawa contribution

to the energy perturbatively.

70 T T T T
Axial-vector coupling e

60 | [Full coupling S .
. 50t .
>
(0] .
= 40 ®
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30 . ©

20 |
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320 340 360 380 400 420 440 460

o; [MeV]

Figure 4.4: Rest mass counter term as a function of the cutoff w?. The (blue) open
circles are the results with the full one-nucleon Hamiltonian Eq. (4.102). The (red)

closed circles are the results neglecting the Weinberg-Tomozawa terms Hyp.

We also investigated the dependence of our results on the simulation box size. We
varied the side of the box L = 5, 10, 15 fm, and we compared the results for the
rest mass counter term, neglecting the Weinberg-Tomozawa term Hyrp. In Fig. 4.5 it
is possible to see that the counter term calculated with L = 5 fm deviates from the
other values for the smallest cutoff considered. However, the difference between the

results obtained with L = 10 and 15 fm is ~ 0.5% of Mp at most. Therefore, in order
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to speed up the calculations, we chose L = 10 fm for all the calculations presented in

the remainder of this work. As an example, for w? ~ 449 MeV, the box with L = 15

fm requires more than 3 times the number of k vectors. In Fig. 4.5 we also show

our lowest order nonrelativistic results for the rest mass counter term, described in

Sec. 4.4.1. The results differ, at most, by 0.4% of Mp.

70 :
GFMC
L=15fm -=-
60 i -10fm
L=5 fm =2 ]
— 90 [ Lowest order . oF
s L=15fm © "0
= 40} L=10 fm " .
% L=5 fm & . =0
30 + 8
20 s
LN
10 ‘ ‘ ‘ ‘ ‘ ‘ ‘
300 320 340 360 380 400 420 440 460

oy [MeV]

Figure 4.5: The rest mass counter term as a function of the cutoff for L = 5, 10, 15

fm, (blue) triangles, (green) circles, (red) squares, respectively. The closed symbols

represent GFMC results obtained discarding Hyr in Eq. (4.102) in the one-nucleon

Hamiltonian. The open symbols stand for the lowest-order nonrelativistic rest mass

calculated with Eq. (4.119).

4.9.2 FEuclidean time density correlation function

The Euclidean time density correlation function (Fetter and Walecka (2003)),

defined as

D(r) =

(Tr|p(r)e”HFr p(0)| Tp)

(Wr[Wp)
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accounts for the nucleon displacement in between diffusion steps. In Fig. 4.6 we
compare our results with the free-particle propagator of Eq. (4.199), where we set
M = Mp, with those obtained from D(r), assuming that the latter is a function of
only r = |r|, which is true for large enough systems. The fact that in the short-time
limit the nucleon is diffusing with a constant related to Mp is consistent with our

findings reported in Sec. 4.9.1.
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Figure 4.6: Euclidean time density correlation as a function of the displacement for
a cutoff w? ~ 449 MeV. The red circles correspond to the GFMC results, while the

blue curve stands for Eq. (4.199) evaluated at M = Mp.

4.9.3 The pion cloud

One of the most interesting properties that can be computed within the formal-
ism presented in this paper are those of the virtual pions surrounding the nucleons.
Although this might in principle contain some dynamical information, at present we
limit ourselves to analyze static properties.

An interesting quantity to analyze is the ground-state momentum distribution of

the pion cloud for the different charged states n, (k). Since we the sum of Eq. (4.54)
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are written in such a way that k is included and —k is not, this is best represented

by the expectation value of
Nig = @} ok + @/, a0k, (4.219)

with the creation and annihilation operators for a pion in a given charge state are given
in Eqgs. (4.86-4.87). We computed the momentum distributions and radial densities
of the pion cloud using the forward walking procedure described in Appendix B in
order to avoid the bias due to the trial wave function. We considered a box with
L=10 fm, and the model state |®) of Eq. (4.108) corresponding to a spin-up proton.

In the limit L — 00, n,(k) should be a function of k& = |k| alone. Already for
L=10 fm we found minimal differences among the modes with the same k, hence
in Fig. 4.7 we show the pion momentum distribution as a function of k, only. The
normalization is chosen such that N, = L Y~ no(k;)g;, where N, is the total number
of pions of charge «, and g; is the multiplicity of the i-th shell. An interesting feature
is that the distribution of 7, is approximately twice the one of my. This follows from

the structure of the axial-vector coupling, which involves

1 1
= §T+<7Tx —imy) + 57 (my + imy) + ToT0, (4.220)

with 74 = (7, £ i7,) being the isospin raising and lowering operators, and 7y = 7,. If
we suppose that the cartesian m; are produced in the same amount, then we expect
twice as many my than 7. Since we are looking at a one proton state, the production
of m_ is much smaller compared to that of 7+ and 7°. Conversely, if the baryon is a
neutron, we get analogous results with the distributions of 7, and 7_ interchanged.
Although increasing the cutoff increases the total pion production, the number of
pions at low-momenta appears to be cutoff independent.

The pion densities, whose off-diagonal components are related to the momentum

distributions through a Fourier transform, can also be resolved for different charge
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Figure 4.7: Momentum distribution for the different charge states, for systems with
different shell numbers, n = 5 corresponds to a cutoff w? ~ 327 MeV, and n = 10
to w? =~ 449 MeV. The different symbols correspond to 7, my, and 7_ for n = 5,
(purple) open circles, (cyan) triangles, and (yellow) open squares, respectively; and
Ty, o, and m_ for n = 10, (red) crosses, (green) solid squares, and (blue) pluses,

respectively.

states, as in Eq. (4.75). The results for the density are displayed in Fig. (4.8) for a
spin-up proton as model state — we did not plot the n = 5 density for 7_ because it
is negligible in the scale of the Figure. In analogy to n,(k), the production of 7_ is
heavily suppressed. If the model state is a neutron, we, of course, get identical results

with the densities of 7, and m_ interchanged.
4.9.4 One pion exchange

As mentioned above, the long-range behavior of the nuclear force is due to the
one-pion exchange. It arises from tree-level diagrams with four external nucleons and

an off-shell pion. At lowest order in perturbation theory, the potential arising from
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Figure 4.8: Pion density for the different charge states as a function of x coordinate
of the box. We plot the density for two systems with different shell numbers, n = 5
corresponds to a cutoff wi ~ 327 MeV, and n = 10 to w ~ 449 MeV. The different
curves correspond to m,, mg, and 7_ for n = 10, red long-dash, green dot dash, and
solid (blue), respectively; and 7, my for n = 5, purple dot short-dash, and cyan

double-dot dash, respectively.

two static nucleons is

2
Vore(q) = — <§TA) (alq'zqi(;é q)n Ty, (4.221)

where q is the transferred momentum. The coordinate-space potential is recovered

from Vopg(q) via a Fourier transform. In order to make a meaningful comparison we
need to compute the one-pion exchange potential keeping into account the geometry
and the cutoff of the simulation cell we use.

In Eq. (4.106) the last term on the RHS of the fixed nucleon Hamiltonian contains

contributions of the self-energy of the nucleons and the one-pion exchange potential,
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in which we are interested. Keeping only terms that involve the coupling between the

two nucleons,

(4.222)

which is consistent with Eq. (4.221).

The instantaneous one-pion exchange potential neglects terms where two or more
pions are exchanged and the vertices are in different time orders. These commuta-
tor terms contribute even for fixed nucleons. However they become unimportant for
large nucleon separations. We studied the interaction between two fixed nucleons as a
function of the inter-particle distance r inthe T =1and S=0and T =0and S =1
channels. We used VMC calculations and checked that they were accurate by per-
forming GFMC calculations at a few separations. Our VMC results, represented by
the points in Fig. 4.9, are obtained by subtracting the nucleon self-interaction terms
from the ground-state expectation value of H,, 4+ H 4y for two different spherical cut-
offs. For comparison, we also show the curves corresponding to the one-pion exchange
potential of Eq. (4.222) for the same cutoff employed in the VMC calculations. As
expected, the VMC results agree with the one-pion exchange potential at sufficiently
large distances, r 2 3.0 fm. The differences at smaller distances are from multiple
pion-exchange contributions, which are automatically included in the VMC calcula-
tions. This is one of the key features of explicitly including the modes of the pion
field, which is absent in conventional nuclear many-body theory approaches, in which

multiple pion-exchange potentials have to be explicitly included in the Hamiltonian.
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Figure 4.9: One-pion exchange potential for two nucleons a distance r apart along the
x-axis in the T'=1 and S = 0 channel (upper panel) and 7' = 0 and S = 1 channel
(lower panel). The points (VMC) correspond to our variational results, where the
full red circles denote n = 5 (w? ~ 327 MeV) and open blue circles stand for n = 10
(wf ~ 449 MeV). The curves (OPE) correspond to the one-pion exchange potential

of Eq. (4.222) with the same cutoff as the VMC calculations.

4.9.5 Two nucleons

We need to fix the low-energy constants C's and Cr associated to the contact
terms entering H2/); of Eq. (4.183). These should be either fitted to experiment or to
QCD. Instead of fitting to experiment, we take the expedient step of fitting to results

of a potential model that has been fit to experiments. Since our calculations rely on a
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periodic box, we fit Cs and Cr to reproduce the ground state results of the Argonne
vg (AV6P) potential (Wiringa et al. (1995)) for the deuteron and two-neutrons in a
periodic box. Note that a possible way of direct fit to experiments would involve the
Liischer method (Lischer (1991)). The energy spectrum of a system of two particles
in a box with periodic boundary conditions, for box sizes greater than the interaction
range, and for energies below the inelastic threshold, is determined by the scattering
phases at these energies. The Liischer method can be used to compute the energy
levels given the scattering phases or, conversely, to calculate the scattering phases if
the energy spectrum is known.

As a first step, we developed a numerically stable version of the Lanczos algorithm
(Lanczos (1950)) to solve for the energy of the deuteron and two neutrons in a periodic
box using the AV6P potential and a plane wave basis. By imposing periodic boundary
conditions, the continuum version of the AV6P potential, which has the operator
structure of Eq. (4.157), is modified to include periodic images from the surrounding

boxes,

Vin(riz) = Y V(rp + Ln), (4.223)

where n = (n,, ny, n,) with n; integers numbers. The self potential energy term of the
periodic images is included. We proved that for L > 10 fm one image in each direction
is sufficient to obtain periodic solutions since the AV6P interaction is at most of one
pion exchange range. In panel (a) and (b) of Fig. 4.10 we plot the binding energy of
the deuteron and two neutrons, respectively as a function of the box side. For L < 25
fm, the deuteron energies are much lower than the value for the system in free space.
However, for L > 25 fm the agreement between finite periodic box results and the
continuum is remarkably good.

We then tune C's and C'r in the GFMC simulations with explicit pions to reproduce

the energies of both two nucleon systems. We do not include the Weinberg-Tomozawa
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Figure 4.10: Binding energy of the deuteron (a) and two neutrons (b) in a box. The
symbols correspond to the energy calculated using the Lanczos algorithm with the
AV6’ potential. The dashed line corresponds to the binding energy of the deuteron

in free space using the AV6’ potential.

term, as the one-nucleon results suggest it will provide a small contribution for the
momentum cutoffs we employed. Based on the results of Fig. 4.10, we performed
the explicit-pion calculations only for 25 < L < 35 fm. The pion nucleon axial-
vector coupling in our formalism is already periodic, hence only the contact terms of
Eq. (4.183) should in principle be modified as in Eq. (4.223). Since those terms are
short-ranged compared to the one-pion exchange potential, for 25 < L < 35 fm we
find that we do not require the potential from the surrounding boxes.

The fitted values of Cs and C7 for different box sizes and cutoffs are reported
in Tab. 4.1. We are aware that the cutoffs we used are very low compared to those
typically used in other chiral EFT formulations. This choice is by no means due to an
intrinsic limitation of the method, but to the extent of the computational effort that
we deemed reasonable to obtain these demonstrative results. It is worth mentioning
that the chiral potential of Gezerlis et al. (2014) at LO gives a deuteron binding

energy of Ey = —2.02 MeV, which considerably differs from the experimental value
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-2.23 MeV. Hence, one of the reasons for the difference between the values of Cs and
Cr that we found and the ones reported in Gezerlis et al. (2014) for the LO potential
can be attributed to this difference in the fitted deuteron energy. Additional reasons
for this difference are the finite volume of the box, and the momentum cutoff that
we employ. Finally, subleading multiple pion-exchange contributions, fully accounted
for in our calculations, appear at NLO in the standard power counting of the chiral

interaction.

Table 4.1: Contact parameters for different box sizes, L=25, 30, and 35 fm, as a

function of the cutoff w?. The w? are given in MeV, while Cs and C7 are in fm?.

L= 25fm L= 30 fm L= 35 fm

n w? CS CT w? CS CT w? CS CT

1 ]150.06 | -3.342 | -0.185 || 146.49 | -3.333 | -0.197 || 144.30 | -3.331 | -0.196

2 |160.61 | -3.409 | -0.140 || 154.06 | -3.372 | -0.165 || 149.98 | -3.354 | -0.176

3 | 166.05 | -3.444 | -0.121 | 158.02 | -3.395 | -0.149 || 152.97 | -3.368 | -0.165

4 1169.68 | -3.474 | -0.109 || 160.67 | -3.412 | -0.137 || 154.99 | -3.379 | -0.157

5 | 181.85 | -3.579 | -0.085 | 169.67 | -3.466 | -0.108 || 161.88 | -3.415 | -0.134

6 177.08 | -3.512 | -0.100 || 167.61 | -3.437 | -0.120
7 180.40 | -3.521 | -0.094 || 170.19 | -3.457 | -0.110
8 176.06 | -3.485 | -0.108
9 180.28 | -3.501 | -0.101
10 184.20 | -3.533 | -0.097
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Chapter 5

FINAL REMARKS

We have investigated several properties of vortices in 2D Fermi gases over the BEC-
BCS crossover region. We dedicated a considerable portion of this work to carefully
understand and control size effects in the disk geometry, since it is very convenient
for simulating a single vortex. Given that we were interested in the evolution of the
properties in the BEC-BCS crossover, determining the crossover region was important
to verify that the interaction strengths studied in this work span the crossover.

The vortex excitation energies and the density profiles are quantities that can be
compared with experiments, once they become available. Interestingly, the observed
density depletion of the vortex core goes from =~ 30% at the BCS side, n = 1.5, to
an empty core for n < 0.25, at the BEC limit. In 3D, Bogoliubov-de Gennes theory
has been used to calculate the density suppression at the vortex core throughout the
BEC-BCS crossover (Bulgac and Yu (2003); Sensarma et al. (2006); Simonucci et al.
(2013)). Also, determining the probability current was essential to investigate the
changes in the vortex core throughout the crossover region.

Similar calculations in 3D could be compared to our findings. A pseudogap phe-
nomena occurring in 2D and 3D Fermi gases can be related in a universal way through
a variable that spans the BEC-BCS crossover (Marsiglio et al. (2015)). Further stud-
ies are necessary to determine if this universality holds for other quantities, such as
the density and the probability current density per particle. This would provide a

very clean way of comparing 2D and 3D results.
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In 3D the interplay between experiments, theory, and simulations led to rapid ad-
vances in our comprehension of cold Fermi gases. Hopefully, our results will motivate
experiments to increase our understanding of vortices in 2D Fermi gases.

In the second part of this dissertation we describe a promising scheme to explicitly
include pion fields in a quantum Monte Carlo calculation of a one- and two-nucleon
systems. This approach can be readily extended to larger nuclei, consistently with the
limits of application of the underlying GFMC (or AFDMC) techniques. One impor-
tant remark to be made is that, since pion fields are bosonic, no further contribution
to the fermion sign/phase problem is introduced.

The first application to the one-nucleon system is meant to verify the consistency
of the method itself. In particular we analyzed finite-size effects, and the extent of
the differences due to the choice of the initial Lagrangian. We first studied the renor-
malization of the nucleon mass with a Hamiltonian in which the coupling between the
nucleons and the pion fields is described by an axial-vector interaction. A consistency
check against first-order diagrammatic calculation of the self-energy of the nucleon
has been successfully carried out. We tried to assess the importance of including
the Weinberg-Tomozawa coupling in the interaction. Although this term appears at
leading order in the chiral expansion, we showed that its effect in the renormalization
of the nucleon mass is much smaller than that of the axial-vector coupling. One inter-
esting possibility opened by our method is the direct study of the pion distribution.
In the one-nucleon sector, we analyzed the momentum and density distributions of
the pion cloud surrounding the nucleon. Although many details are still missing, this
can be thought of as a first step towards the calculation of the single-nucleon elec-
troweak form factors. Standard chiral-EFT calculations fail to describe the proton
and nucleon form factors for momentum transfers beyond @* ~ 0.1 GeV? (Kubis and

Meissner (2001)). The inclusion of vector mesons sensibly improve the agreement
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with data (Scherer (2010)). Within our explicit-pion QMC framework, we plan to
assess whether the resummation of important higher-order contributions can mimic
their inclusion.

Turning to the two-body problem, the correct asymptotic behavior of the potential
between two static nucleons was verified. As expected, the short/intermediate range
part of the potential differs from the OPE expression, due to multiple-pion exchange,
automatically included in our formalism. The low-energy constants of the contact
terms in the Hamiltonian were determined by fitting exact diagonalization results
on the binding energy of the two-body problem (pn and nn) in a finite box. This
is a necessary step towards the simulations of light nuclei within the explicit-pion
formalism. In this paper we employed a sharp spherical momentum cutoff. The
dependence of results on the specific choice of the regularization will be explored in
future works.

As previously mentioned, the extension of the calculations to larger systems (and
in particular A=3,4 nuclei) is straightforward, aside for the larger computational cost.

Work along this direction is currently in progress.
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Quantum Monte Carlo methods rely on a trial wave function which should mimic
as many as possible properties of the true ground-state wave function. The trial wave
function is used in three different ways in QMC simulations: as an approximation of
the ground-state in VMC calculations, as an importance function when importance
sampling is performed in DMC simulations, and also as the nodal surface for the
fixed-node approximation. Thus, it is clear that a careful optimization of the wave
functions is required to produce accurate results, and also to reduce their variance.

The wave functions presented in this work have many variational parameters, so
that a brute-force search for a set of parameters that minimizes the variational energy
of the system is not feasible. In the following sections we introduce two methods which
can be used to find optimal values for the variational parameters.

A.1 Stochastic reconfiguration

The Stochastic Reconfiguration (SR) method (Casula et al. (2004)) allows us
to minimize the energy expectation value of a variational wave function containing
many variational parameters in an arbitrary functional form. We assume that the
wave function W has p variational parameters {af}r—1 .., and we seek the solution
of the linear system,

p
> sirlay = (U|Ox(AI — H)|D), (A1)
k=0
where the operators Oy, are defined on each N particle configuration x = {ry,--- ,ry}

as the logarithmic derivatives with respect to the parameters ay,

Ok(z) = % In¥(z) for k > 0. (A.2)

The operator Og—q is the identity, equal to 1 independent of the configuration. The
(p+1) x (p+ 1) matrix s ; is given by

(V|O;0k|¥)

Sjk = oy (A.3)

and it is calculated at each iteration through standard variational Monte Carlo sam-
pling; the single iteration constitutes a small simulation referred hereafter as bin.
After each bin, the wave function parameters are iteratively updated,

AOék
AO&() ‘

o — ap + (A4)

The method is convergent to an energy minimum for large enough A.

SR is similar to a standard steepest descent (SD) calculation, where the expecta-
tion value of the energy,

V|H|V)

Ea) = Al (A5)

127



is optimized by iteratively changing the a4 according to the derivatives of the energy
(generalized forces f),

- OE (\II|O H+HOk~+(0a H)‘\I!> (\I/|O \\P><\I’|H|\If)
fe=—tay =~y T2 gy
ap — ap + At fy. (AG)

The small time step At can be taken as a suitable fixed value, or it can be determined
at each iteration by minimizing the energy expectation value. Notice that we have
assumed that the variational parameters may also appear in the Hamiltonian. The
variation of the total energy AF at each step is negative for small enough At,

AE = —At) f7+ O(AP), (A7)

thus the method certainly converges at the minimum when all the forces vanish.

In the following we will show that similar considerations hold for the SR method.
Indeed, by eliminating the equation with & = 0 from the linear system (Eq. A.1), the
SR iteration can be written in a form similar to SD,

k

where 5 is the reduced p x p matrix,
Sjk = Sjk — 55,050k (A.9)

and At is given by

1
At = . (A.10)

2 <A ULUNSS Aa,ﬂm)
k>0

Thus the value of At changes during the simulation, and it remains small for large
enough energy shift A. However, the analogy with the SD method shows that an
energy minimum is reached when At is sufficiently small and constant between iter-
ations. The energy variation for a small change of the parameters is

AE =—AtY 51 fif;. (A.11)
i5J

The above term is always negative because 5 and 5! are positive definite; s being an
overlap matrix with all positive eigenvalues.

A condition for the stability of the SR, or SD, is that at each iteration the new
parameters o’ are close to the old a according to a distance. The most important
difference between SR and SD is the definition of this distance. For SD we use the

Cartesian metric,
Ao = laj — arl” (A.12)
k
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Instead the SR uses the physical Hilbert space metric of the wave function W,

A, = ZEi’j(a; —a;)(a) — aj), (A.13)

i?j

namely the square distance between the two normalized wave functions corresponding
to two different sets of parameters {o}} and {ax}. The most convenient change of
the variational parameters minimizes the functional AE 4 AA,, where AFE is the
linear change in the energy AE = — ). fi(a — «;); and A is a Lagrange multiplier
that allows a stable minimization of W (with small change A,). Finally, the iteration
is obtained from Eq. (A.8).

The advantage of SR over SD is that sometimes a small change of the variational
parameters correspond to a large change of the wave function, and SD takes into
account this effect by using the Hilbert space metric of the wave function ¥. A weak
tolerance criterion € ~ 1073 provides a very stable algorithm even when the dimension
of the variational space is large.

Instead of setting the constant A, we choose to determine At by verifying the
stability and convergence of the algorithm at fixed A¢. The simulation is stable
whenever 1/At > A, where Ay, is strongly dependent on the wave function.

Our aim is to conduct simulations with small bins, so many iterations can be
performed. However, in the Monte Carlo framework the forces f; are determined
with some statistical noise, and there is an optimal value for the bin length which
guarantees fast convergence and unbiased forces.

A.2 Linear method
A.2.1 Overview

We first introduce the normalized wave function (Toulouse and Umrigar (2007))

= |V (p))
v P)) = . A14
l ( )> V (\I/(p)|\11(p)> ( ! )

Then we expand this normalized wave function to first order in the parameters p,
around the current parameters p°,

Wi (p)) = [Po) + Z Api|0;), (A.15)

i=1

= |Wy) (chosen to be

where the wave function at p = p® is simply |¥(p%)) = |¥y)
1, |W(p)) that are orthogonal

normalized to 1), and for i > 1, |¥;) are the derivatives of
to |\I/0>,

_ 0| ¥(p))

.

= |¥;) — Soi| Vo). (A.16)

p=p’
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In order for |¥;) to be orthogonal to |W¥y), we must have Sy; = (V| ¥;):

We want to minimize the energy, up to linear order, with respect to the parameters
b,
By, = min Eyy, (p), (A.18)
P
where

<\I]1in (p) ’H|\ijlin(p)> .

Eyn(p) = —= - (A.19)
<\I]lin (P) ’\I/hn(p»
This leads to the stationary condition of the associated Lagrange function,
Vp [<¢lhn<p)|H“I}hn(p)> - Elin<@lin(p>’q]lin(p)>} = 07 <A20>

where Ey, acts as a Lagrange multiplier for the normalization condition. Eq. (A.20)
leads to the generalized eigenvalue equation:

H - Ap = EiS - Ap, (A.21)

where H is the matrix of the Hamiltonian H in the (N + 1)-dimensional basis of
the current normalized wave function and its derivatives {|Wo),[¥1),..., |¥y)}, with
elements H;; = (U;|H|¥;); S is the overlap matrix of this (N + 1)-dimensional basis,
with elements S;; = (¥;|¥;) (note that, because of the orthogonality of the derivatives
with respect to |Wg), Sgo = 1 and Sip = Sp; = 0, for i > 1); Ap is the (N + 1)-
dimensional vector of parameter variations with Apy = 1.
The linear method consists of solving the generalized eigenvalue equation of

Eq. (A.21) for the lowest (physically reasonable) eigenvalue, and associated eigenvec-
tor Ap.

A.2.2 Overlap and Hamiltonian matrices
The elements of the symmetric overlap matrix S are
Soo = 1, (A.22)
and, for 7,5 > 0,

Sio = So; = 0, (A.23)

L Jrmum)\ Jem)\ )
% = <%<R> \vo<R>> - <%<R>><%<R> > 20

and




The elements of the Hamiltonian matrix H are
Hyo = (EL(R)), (A.25)

and, for 7,5 > 0,

and

28
N T~

+ <\I!;(R) L,j<R>> - <%><ELJ(R)>- (A28)
A.2.3 Stabilization

We stabilize the linear method by adding a positive constant, agiag > 0, to the
diagonal of H except for the first element,

Hyj — Hij + adiagdij (1 — 00). (A.29)

Also, there is an arbitrariness in the previously described procedure. We have
found the parameter variations Ap from the expansion of the wave function |¥(p))
of Eq. (A.14), but another choice of normalization would lead to different parameter
variations. Consider a differently normalized wave function

¥(p)) = N(p)|¥(p)), (A.30)

with N(p°) = 1, which leaves the normalization at p = p° unchanged (|\if(p0)) =
|Wo)). The derivatives are

_ ol _
0y = 2P0 ) 4y, (A31)
pi |
where
ON(p)
N, = : A.32
| (A.32)
P=p
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i.e., their projections onto the current wave function depend on the normalization.
The first-order expansion of this new wave function is

[P (p)) = [Wo) + 3 Api|¥s), (A.33)

which leads to different optimal parameter variations Ap. The two wave functions,

| Uy, (p)) and |\i/hn(p)), lie on the same variational space. Therefore, they must be
proportional after minimization of the energy, which implies that Ap and Ap are
related by a uniform rescaling,

Ap

Ap = .
1- sz\il NiAﬁi

(A.34)

o]l

An arbitrary choice of normalization does not necessarily give good parameter varia-

tions. A good one is to choose each derivative |¥;) orthogonal to a linear combination
of [Wy) and |Wy,), that is

‘IIin
<€\Ifo +(1-¢) H\Ifi- T > =0, (A.35)

where ¢ is a constant between 0 and 1. Hence
B (1 -8 ;""" Ap;Sy
(1= €) +€4/1+ 00" Ap ApLSi

We verified that the method is stable for £ = 1/2.

Ni:

(A.36)

A.2.4 Heuristic procedure

The constant agi,e introduced in Eq. (A.29) heavily influences the behavior of the
algorithm. For large values of agiag, the method becomes equivalent to the steepest
descent, and for small values of agiag, the algorithm becomes unstable. We adopt a
heuristic procedure described in Contessi et al. (2017) which has proven to be very
robust. For a given value of agiag We solve Eq. (A.21). If the linear variation of the
wave function is small,

Ui (p)[?

N

ij=1
then a short correlated run is performed in which the energy expectation value

(Ur(p)|H|Vr(p))
(Ur(p)[¥r(p))

E(p) = (A.38)
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is estimated along with the full variation of the wave function for a set of possible
values of aqiag (= 100 values). The optimal agi,e is chosen such it minimizes E(p)
with the constraint:

|7 (p)|?
TGorE <O (A.39)

We verified that § = 0.2 guarantees a fast and stable convergence.
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The DMC algorithm solves Eq. (2.21) stochastically and, after an iterative process,
the asymptotic solution is obtained V(R,t — 00) = ®(R). The direct calculation of
an operator S(R) from ®y(R) corresponds to the mixed estimator

[ dRU7(R)S(R)®(R)
(SR)m = [dRU+(R)®o(R)

(B.1)

which is exact only when S commutes with the Hamiltonian H (so that ®¢(R) is an
eigenfunction of 5).

There are several methods to compute expectation values of quantities that do
not commute with H, and one of them is the extrapolation method. In this method,
the “pure” (exact) estimator,

_ [ dR2,(R)S(R)®q(R)
(SR = T R (B2
is approximated by
(S(R))e = 2(S(R))m — (S(R))w, (B.3)
where
_ [ dRU£(R)S(R) U7 (R)
(S(R))» = TdRU» (R)Ur(R) (B.4)

is the variational estimator of S. The accuracy of the extrapolation method relies
completely on the trial wave function. Moreover, even in the case of accurate trial
wave functions, the bias of the extrapolated estimator is difficult to be calculated. For
these reasons several algorithms that overcome these restrictions have been proposed.
Here we describe a method called forward walking, which is discussed in detail in
Casulleras and Boronat (1995).

The pure estimator of Eq. (B.2) can be rewritten as

_ [ dR@O(R)S(R)%\I}T(R).

J AR (R) 2 w7 (R)

(S(R))y

(B.5)

The quantity ®o(R)/¥r(R) is related to the asymptotic offspring of the R walker
(Casulleras and Boronat (1995)). If each walker R; is assigned a weight W (R,),
proportional to its number of descendants, then Eq. (B.5) becomes

;S(Ri)W(Ri)
2L W(R:) ’

(S(R))p = (B.6)

where the summations run over all walkers and all times in the asymptotic regime.
In order to evaluate Eq. (B.6), an algorithm that calculates S(R;) and weights pro-
portional to its future progeny must be introduced.
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The algorithm we implemented, which is described in Casulleras and Boronat
(1995), is the following. The set of walkers {R;} and the values that the operator S
takes on them {S;} evolve after one time step according to

{R;} — {R},
{si} = {5}, (B.7)
while the number of walkers changes from N to N’. In order to sample the pure

estimator, an auxiliary variable { P;} is introduced for each walker, with an evolution
law

(R} = (P} = Ry x 51+ {27 e (B9

where p is the weight associated with the branching factor, Eq. (2.40), and { P!} is the
old set {P;} “transported” to the new set. The values of { P;} are initialized to zero at
the beginning of the run. After M addition steps, we get the set {P;} corresponding
to Ny walkers. The pure estimator is given by

(SR, = 1 SR B9)

where N is a normalization constant related to the weights p in Eq. (B.8).

The transport operation in Eq. (B.8) accounts for the replication of S(R) contri-
bution. In order to ensure that we are in the asymptotic regime where ®o(R)/¥r(R)
is related to the offspring of the R walker, the series is continued for a while only
with the reweighting law

(P} > (P} = {ﬁﬁ—ﬁip} . (B.10)

Since our calculations are divided in blocks, we use the evolution law of Eq. (B.8) in

the first half of the block, and Eq. (B.10) in the second half. We choose the block
length as to minimize the variance of {P;}.
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In this appendix we list our conventions related to the explicit pion formalism,
Chapter 4. We use units such that h = ¢ = 1. The contravariant space-time and
momentum four-vector are given by

= (t,©) , p'=(Ep). (C.1)

Greek indices u, v etc. run over the four space-time coordinate labels 0, 1,2, 3, with
2% = t the time coordinate. Latin indices i, j, k, and so on run over the three space
coordinate labels 1,2, 3. The metric ¢"* = g, with ¢° =1, ¢" = —1. The covariant
versions of the above-mentioned vectors are

Ty = g’ =, =2)  pp=guwp” = (E,—D) (C.2)
where summation over repeated indices is always understood; also

2’ =gt =t -7 | pP=ppt=E—p (C.3)
While for an ordinary three-vector we have, in general, ¥ = (z!, 2% 23), there is

caution in place with the (three-dimensional) gradient operator which is defined to
be

=

V = (04, 0%, 03) (C4)
with P 5
0; = i _c%vi = —0 (C.5)

The Levi-Civita tensor is
+1 if (4,7, k) even permutation of (1,2,3)
¢* = { —1 if odd permuation (C.6)
0 otherwise

Note that €% = —e¢;;;, and for the cross product e viuf = [0 x @]’ €;jvur = [0 x d);.
The charged and neutral pion field operators are defined as
1 .
TL(x) = 7 (72 (%) £ iy (x)]
mo(x) = m(x), (C.7)

so that 7, o _ creates a 7"~ or annihilates a 7.

The spin 1/2 and isospin 1/2 operators of the nucleons are defined as s = o/2
and t = 7/2, where o and 7 are the Pauli matrices operating in spin and isospin
space, respectively. The Pauli matrices are

T () PR (A T

Notice that for isospin components it does not make sense to distinguish between
upper and lower indices, thus upper and lower subscripts have the same meaning.
The proton and neutron states are defined as:

1p) = (})) = ((f) | (©9)



The operator T - 7 is

T T = T+ TyTy + 7,7,
= 5(73C +i7y) (mp —imy) + 5(% —i1y) (g + imy) + T,
1 1
= 57’4.(71'33 —imy) + 57 (7y + imy) + Ty, (C.10)

where we can identify (7, —im,)/v/2 with the annihilation of a 7, (or with the creation

of a 7_) and (7, + im,)/v/2 with the annihilation of a 7_ (or with the creation of a
7T+).
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