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As a solution towards the numerical sign problem, we propose a novel hybrid Monte Carlo
algorithm, in which molecular dynamics is performed on a continuum set of integration surfaces
foliated by the antiholomorphic gradient flow (“the worldvolume of an integration surface”).
This is an extension of the tempered Lefschetz thimble method (TLTM) and solves the sign
and multimodal problems simultaneously, as the original TLTM does. Furthermore, in this new
algorithm, one no longer needs to compute the Jacobian of the gradient flow in generating a
configuration, and only needs to evaluate its phase upon measurement. To demonstrate that this
algorithm works correctly, we apply the algorithm to a chiral random matrix model, for which
the complex Langevin method is known not to work.

Subject Index A20, A22, A23, B0O1, B38

1. Introduction

The sign problem is one of the major obstacles to numerical computation in various areas of physics,
including finite density QCD [1], quantum Monte Carlo simulations of statistical systems [2], and
the numerical simulations of real-time quantum field theories.

There have been proposed many Monte Carlo algorithms towards solving the sign problem, such
as those based on the complex Langevin equation [3-9] (see, e.g., Ref. [10] for a review) and those on
Lefschetz thimbles [11-21], each of which has its own advantages and disadvantages. The advantage
of using the complex Langevin equation is its cheap computational cost, but such algorithms are
known to suffer from a notorious problem called the “wrong convergence problem” (giving incorrect
results with small statistical errors) for physically important ranges of parameters [6,7,9]. On the
other hand, although computationally expensive, the algorithms based on Lefschetz thimbles are
basically free from the wrong convergence. However, this is the case when and only when a single
Lefschetz thimble is relevant for the estimation of observables, because otherwise there can appear
another problem of multimodality due to infinitely high potential barriers between different thimbles.

The tempered Lefschetz thimble method (TLTM) [17] is a Lefschetz thimble method that avoids
the sign and multimodal problems simultaneously, by introducing a discrete set of integration sur-
faces (replicas of integration surface) and exchanging configurations between replicas. The TLTM
has proved effective and versatile when applied to various models, including the (0 + 1)-dimensional
massive Thirring model [17] and the 2D Hubbard model away from half filling [20,21]." The dis-
advantage of the original TLTM is its computational cost, the cost coming from the computation of
the Jacobian and from the additional cost due to the introduction of replicas.

! See Refs. [22,23] for another Lefschetz thimble approach to the sign problem in the Hubbard model.
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In this paper, as an extension of the TLTM, we propose a novel hybrid Monte Carlo (HMC)
algorithm, where molecular dynamics is performed on a continuum set of replicas, not on each
replica as was done in Ref. [21] (see also Refs. [14,24]). This algorithm no longer requires the
computation of the Jacobian in generating a configuration, which is expensive for large systems. To
overview this new algorithm, we first review the basics of the sign problem, and then introduce our
algorithm.

Let us consider a system of an N-dimensional dynamical variable x € RY with an action S(x).
Our aim is to evaluate the expectation value of an operator O(x),

(Okx)) = % /RN dxeSWO®x), Z= A;v dxe 5™ (1)

where dx = dx!---dx". When the action takes complex values, the Boltzmann weight e 5™ /Z
can no longer be interpreted as a probability distribution, which invalidates a direct application
of the Markov-chain Monte Carlo (MCMC) method. The simplest workaround is the so-called
reweighting method, where a positive weight is constructed from the real part of the action,
e ReSM) fRN dx e ReSM and (O(x)) is estimated by a ratio of reweighted averages,

<e_i mS0 o (X)) rewt
<e_i Tm.§(x) )rewt

(O() =

, 2)

where

f]RN dx e—ReS(x)f(x)
.[RN dx e—ReSx)

{f () rewt = (3)
For large degrees of freedom (DOF), however, the phase factor e /m5() in reweighted averages
makes the integrals highly oscillatory, so that Eq. (2) becomes a ratio of exponentially small quan-
tities of e"?™) even when the ratio should give a quantity of O(1). Since the reweighting is a
mathematically equivalent rewriting, it should not give any problems if one can obtain the values of
the reweighted averages precisely both in the numerator and the denominator. However, in the Monte
Carlo calculations, they are evaluated separately as sample averages, which should be accompanied
by statistical errors of O(1/+/Neonf), Where Neons is the size of the sample. Thus, for the naive
reweighting method, the expectation value is estimated in the form

e OW) 4 O(1/+/Nconf)
e OWN) £ O(1/v Nconf),

which means that we need an exponentially large sample size, Neonr = M) in order to make the

(O() ~ “4)

statistical errors relatively small compared to the exponentially small mean values. This enormous
computational time makes the MCMC computations impractical. This is the sign problem.

Lefschetz thimble methods are a class of algorithms towards solving the sign problem. In these
methods, we complexify the integration variables, x € RV — z e CV, with the assumption that
5@ and e 5@ O(z) are entire functions over CV. Then, from Cauchy’s theorem, the integrals do
not change under continuous deformations of the integration surface from RY to ¥ ¢ CV, as long
as the boundary at infinity (|x] — o00) is kept fixed under the deformations:

B fz dze 3@ O(z)
(O(x)> - ‘/‘E dZ e_S(Z)

)
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where dz = dz! - - - dzN. We expect that the sign problem is reduced if we can find an integration
surface & on which e/1™5® s almost constant.

Such surfaces are obtained from the following antiholomorphic gradient flow z,(x) at large flow
times:

7t . .
d—; = [0S, zj_g=x". (6)

In fact, this flow defines a map from the original integration surface £ = R" to areal N-dimensional
submanifold ¥, = {z;(x) |x € RV} in CN = R?V:

Zy 2() 2 X > Zt(x) € E[, (7)

and the flowed surface ¥; approaches in the limit # — oo a union of Lefschetz thimbles, on each
of which Im S(z) is constant.> We thus expect that the sign problem is substantially remedied on %,
for sufficiently large 7. The expectation value is then expressed in the form?

(e71ImS@Hiv@ O(z))5,
(e—1ImSG)+ip()) 5,

(O®)) = 3

with

r)s = 15 |dzi] e R @)
X = th |dZ¢| e—ReS(z)

)

Here, |dz;| is the invariant volume element of 3;, and can be expressed with the Jacobian of the flow,
Ji(x) = 9z;(x)/0x, as

dZ[ = det.], dx, IdZtl = |det.]t| dx. (10)

The phase factor /) in Eq. (8) is then given by

dZt . detJt

v — 97t _ .
|dZt| |detJt|

(11)

2 Since (d/dt) S(z;) = |S(z)|* = 0, ImS(z,) is constant along the flow, and Re S(z,) increases except at
critical points z, [at which 0;,S(z,) = 0]. For each critical point z,, the Lefschetz thimble .7, is defined as
I, ={z € CV|lim,_, _s z,(z) = z,}, on which Im S(z) is constant [= Im S(z,)].

3 The original reweighting (2) and (3) corresponds to the # = 0 case. When only a single Lefschetz thimble
is relevant, one can argue that the exponentially small part in the estimation (4) increases as e~ °™), where A
is the minimum singular value of H (z) = (9;0;S(2)) at the critical point. We thus expect that the sign problem
is removed for the flow time ¢ 2 O(In N).
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The Jacobian J;(x) can be computed by solving the second flow equation:*

% = [He)* Ji=o =1, (12)
where H (z) = (9;0;5(2)).

When ¥; approaches more than one Lefschetz thimble, ¥; gets decomposed into separate regions
as t increases, each region being surrounded by infinitely high potential barriers. This causes a
multimodal problem in MCMC calculations.® The tempered Lefschetz thimble method (TLTM) was
proposed in Ref. [17] to solve this multimodality by implementing the parallel tempering algorithm
[25-27] with the flow time ¢ used as the tempering parameter. Namely, we prepare a finite set of flow
times, {#,}, and introduce copies (replicas) of the corresponding configuration spaces, {%;, }.6 The set
{t4} is chosen so as to include large enough flow times to resolve the sign problem, as well as small
enough flow times to resolve the multimodality.” Then, in addition to Monte Carlo updates on each
3¢, we swap configurations between adjacent replicas, which enables easy communications between
configurations around different modes, and thus accelerates the relaxation to global equilibrium.
Thus, the TLTM is an algorithm that solves the sign and multimodal problems simultaneously, and
has proved effective for various models [17,20,21], as mentioned before. However, in this original
TLTM, we need to increase the number of replicas as we increase DOF in order to keep sufficient
acceptance rates in the swapping process. Furthermore, we have to compute the Jacobian J;(x) every
time in the swapping process, which is expensive because the second flow equation (12) involves a
matrix multiplication, whose cost is of O(N?).

In this paper, we propose anovel hybrid Monte Carlo (HMC) algorithm, where molecular dynamics
is performed on a continuum set of integration surfaces, | J, X;. This algorithm solves the multi-
modal problem without preparing replicas. Furthermore, the Jacobian of the gradient flow no longer
needs to be computed in generating a configuration, and only its phase needs to be evaluated upon
measurement.

This algorithm is based on the observation that, since integrals on ¥; do not depend on ¢ due to
Cauchy’s theorem, the values do not change even when we average them over ¢ in a range [Ty, 7]

with an arbitrary weight e =" ®):

o, _
fTol dr e fz, dz; 5 O(z))

(Ox)) = /‘72;1 dt e WO [ dzge=SG) (13)
We denote the new integration region by R (see Fig. 1):
T
R=J = ={zx) e |tel Nl xR}, (14)

t=To

* This can be shown as (d/dt)(J,(x))', = (8/91)(9z/(x)/0x") = 8[dz!(x)/dt]/9x* = 3[8:S(z,(x))]*/9x* =
[8:0S (z/(x)) (32, (x) /0x“NT* = [Hy(z,(x)) (J:(x)Y I*.

5 In the following discussions, we assume that there is no multimodal problem on the original integration
surface ¥,_o = R". If this is not the case, we implement an extra algorithm to resolve the multimodality (such
as tempering with respect to the overall coefficient of the action) or make a shift of the starting integration
surface from RY.

® Note that %, is not necessarily homeomorphic to X, = R" because we remove zeros of e 5@ from %,
(see Ref. [21]).

7See Refs. [28,29] for a geometrical optimization of the values #, based on the distance between
configurations introduced in Ref. [30].
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Fig. 1. The worldvolume R (shaded region) embedded in CV = R,

which we regard as the worldvolume of an integration surface moving in the “target space”
CN = R?N. We abbreviate the TLTM based on Eq. (13) as the WV-TLTM.
Although the weight function e~ can be chosen arbitrarily, a good choice in practice is one that
gives an almost uniform distribution with respect to ¢ (see Sect. 3.4 for details).

The expectation value is now expressed as a ratio of reweighted averages over R.:

gDz VOUAR 0@ U 0@)R
O = DreTO4m T e

(15)

Here, the reweighted average

fR Dz e_V(Z)f(Z)
[ Dze 7@

f@)r

(16)

is defined with respect to the (real-valued) invariant volume element Dz on the (N + 1)-dimensional
region R and to the new weight®

e—V(Z) e—ReS(z)—W(t(z)). (17)

The accompanying reweighting factor 4(z) is then given by

i) e SO=WEE) gt gz, —imS(o) 9t dzt (18)
z) = = i
e @Dz ¢ Dz

The aim of this paper is to establish an HMC algorithm for the reweighted average (16) on the
worldvolume R. To demonstrate that this algorithm works correctly, we apply the algorithm to a
chiral random matrix model (the Stephanov model) [31,32], for which the complex Langevin method
is known not to work [33].

This paper is organized as follows. In Sect. 2, we review the basics of the HMC algorithm on a
general constrained space R. In Sect. 3, we deepen the argument for the case where the constrained
surface R is the worldvolume of an integration surface. We first study the geometry of the worldvol-
ume R by using the Arnowitt—Deser—Misner parametrization of the metric [34]. We then construct

8 The function ¢ = #(z) is given by ¢ in z = z,(x). Later we will extend the defining region from R to the
vicinity of R in order to define the gradient 9;#(z) on R (see Sect. 3.2).
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molecular dynamics on R, with a prescription to determine the weight e After summarizing the
HMC algorithm on the worldvolume R, we give an algorithm to estimate observables. In Sect. 4, we
apply this algorithm to the Stephanov model, and show that our algorithm correctly reproduces the
exact results, solving both the sign and multimodal problems. Section 5 is devoted to the conclusion
and outlook.

2. HMC algorithm on a constrained space (review)

In this section, we briefly review the basics of the RATTLE algorithm [35,36], which is an HMC
algorithm on a constrained space such as our worldvolume R. A detailed discussion is given in
Appendix A with more geometrical terms.

2.1.  Stochastic process on a constrained space

Let R be an m-dimensional manifold embedded in the flat space RM =z=HYd =1,...,M).
We assume that R is characterized by M — m independent constraint equations ¢"(z) = 0 (r =
1,...,M—m). When R is the worldvolume of an integration surface, we set M = 2N andm = N+1,
treating CV as a real space R?".

Denoting the coordinates on R by & = (§*) (u = 1,...,m), the embedding is expressed by

I = ZI(£), and the induced metric on R is given by

ds* = (dz' (£))* = gy (§) dE"dE” with g, (&) = 8,2" (§) 8,27 (), (19)

functions z

which defines the invariant volume element as

Dz = /g(§) d§, (20)

where d& = dg! ... ™.

The probability distribution p(z) on R is defined with respect to Dz, and thus is normalized as
fR Dz p(z) = 1. The transition matrix is also defined for Dz, so that a transition from a probability
distribution p(z) to p’(z) (z € R) is expressed with a transition matrix P(z’|z) as

p’(z/) = /RDZP(Z/lz)p(Z)  eR). (21)

For the equilibrium distribution on R with respect to a potential V' (z),

ra@=e"9)2r (2r = f

= eV <Z)), 22)

the detailed balance condition is given by
P |z)e”"® = P(zlZ)) e e (z,Z € R). (23)

Throughout this paper, we denote a function on R by f(z) and f(£), interchangeably, with the
understanding that z = z(&). The transition matrix on R is also written as P(z’|z) and P(&’|§) for
z=12z(&),z =z(&) e R.

2.2. HMC on a constrained space

Denoting by 7 = (/) the conjugate momentum to z = (z!) € R, we consider the Hamiltonian
dynamics on R with the Hamiltonian

H(z,m) = ! @+ V() (24)
b i 2 b
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which can be expressed as a set of first-order differential equations in time s with Lagrange multipliers
Ap

3z =1, (25)

9t = =9V (2) — A 09" (2), (26)

¢ (2) =0, 27)
w99 (z) =0. (28)

Here, 0 = (9,/) is the gradient in RM.
Equations (25)—(28) can be discretized such that the symplecticity and the reversibility still hold
after the discretization (below, As is the step size) [35,36]:

As ,
T =1 — S0V (@) — A 097 (2), (29)
Z,=Z+ASJT1/2, (30)
A
7= — 7S () =N, 0¢" (), 31)

where A, and A, are determined, respectively, so that the following constraints are satisfied:”
7 eR (e.,¢"()=0), (32)
7' e TR. (33)

One can easily show that the map ®a; : (z,7) — (2/,7’) actually satisfies the symplecticity and

the reversibility (with A, and A/ interchanged):'°
o w(Z, ) =w(z,mn), (34)
L4 (Z/an,) = (DAS(Zan) = (Za —77) = CDAS(Z/a_jT/)' (35)

The Hamiltonian is conserved to the order of As?, i.e., H(z,7') — H(z, ) = O(As>).
The HMC algorithm on R then consists of the following three steps for a given initial configuration
z € R:

Step 1. Generate a vector 7 = (7!) € T.RM from the Gaussian distribution

1 -
- w2
(ZM)M/Ze ’ (36)

and project it onto 7.R to obtain an initial momentum 7= = (! e T.R.

Step 2. Calculate ®a4(z, w) from Egs. (29)—(33). We repeat this step n times to obtain (z/,7") =
o (z,7).

Step 3. Update the configuration z to z’ with a probability

min (1,7 ED), (37)

 We regard the tangent bundle TR = |J. T.R (not the cotangent bundle T*R) as the phase space for
motions on R [35,36]. See Appendix A for details.

Vo z,m)=dn! Adz
TR (see Appendix A).

d | 7 18 the induced symplectic form for the embedding of the phase space 7R into
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The above process defines a stochastic process on R. One can show that its transition matrix P(z’|z)
satisfies the detailed balance condition (see Appendix A):

P |2)e V@ = P(z|) e Ve, (38)

3. HMC on the worldvolume

In this section, we apply the general formalism in the previous section to the case where R is the
worldvolume of an integration surface. We first clarify the geometry of the worldvolume R and then
construct the HMC algorithm on R.

3.1.  Geometry of the worldvolume R

Recall that our worldvolume R is an N 4 1-dimensional submanifold embedded in CV = R?N. As
in the previous section, we again assume that R C R?V is characterized by a set of independent

constraint equations: ¢"(z) = 0 (r = 1,...,N — 1). We will often write a point z = (') € cN
(i=1,...,N) with real coordinates as!!
R, i
== "% ) er® g=1,...2N). (39)
Im z*

Since £ = (M) = (¢, x%) specifies a pointz(§) = (z/(£)) = (z{ (x)) in R, we can use & as coordinates
of R. The flow equation (6) then takes the form

az! x!
B 9ReS(2), (im0 = ( 0 ) (40)
Similarly, we write an N-dimensional complex vector v = (v/) € C¥ (i = 1,...,N) as a real
vector!?
R i
v=oh=[ "V ) erR® q=1,...,2N). (41)
Im*

The vectors E,, = (EIIL = 9z/ /3&") form a basis of T, R (see Fig. 2), from which the induced metric
guv on R is given by

guw =E, E,. (42)

Since our worldvolume R = [ J, X; is foliated by the antiholomorphic gradient flow, its intrinsic
geometry should be best described (at least for physicists) by the Arnowitt—Deser—Misner (ADM)
parametrization [34], for which the metric is expressed in the form

ds® = g, (€) dEFEY = a*(§) dP* + yap(§) (dx® + B(&)dt) (dxb + P (&)dr). (43)

' We use the same symbol for both complex and real coordinates to avoid a mess of many symbols. We will
clarify when one needs to specify which coordinates are implied.

12'We define the inner product of two real vectors u = (1), v = (v/) e R®¥ by u-v = u’v = /v In terms
of complex vectors u = (1), v = (v') € CV, the inner product is expressed as Re (u'v). We do not distinguish
the upper and lower indices for /.
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Fig.2. A basis of I. R, {E,} = {Eo, E,}. R is drawn one dimension less than in Fig. 1.

t

R
Yiyde Bdt / dx®
J

(t + dt,z" + dx®)

adt

/t,m“)

Fig. 3. Geometrical meaning of the ADM parametrization. « dt is the geodesic distance froma point & = (¢,x“)
on ¥, to the surface ¥, . B°dt shows that the time axis 7 is tilted with respect to the normal of X, by this
amount in the x coordinates. y,, is the induced metric on ¥,. The geodesic distance ds between two points
& = (t,x*) and & + d& = (¢t + dt,x* + dx“) is then obtained from the Pythagorean theorem as in Eq. (43).

2

v

Here, ¥, is the induced metric on ¥, (with its inverse matrix %), ¢ is the shift vector, and « is
the lapse function:

Yab = Eq - Ep, (44)
,Ba = yab ,Bb = yab EO . Eb: (45)
a? =Eg-Eo— y® BBy = Eo - (1 — y® E,E]) E. (46)

The inverse matrix of (g,,) can be easily calculated to be

v 1/o? —BP /o
(gM ) = ( _Iga/aZ ﬂ“ﬂb/a2+y“b ) 47)

The geometrical meaning of the ADM parametrization is explained in Fig. 3.
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Since the flowed surfaces ¥; are determined by the flow equation, we can write down the explicit
form of the basis E,, = (E], = 3z’ /3§") of TR as

ReJ!
E)=0,ReS(z), El= a | (48)
: “ ImJ’,

where we have defined J (§) = J (¢, x) = J;(x). Thus, the induced metric y,, can be directly expressed

in terms of the Jacobian as!?

Yap =Re (V' Ny = (U ). (49)
The lapse function « can be expressed as the length of the normal component of Ey:
o = Ef - Ef = (E)°. (50)
Here, the decomposition of £y to the tangential and normal components is given by
E0=Eg+EOL, (51
Ey =Ty, Eo, Ei =(1—Tls,) Eo, (52)
where ITy, is the projector onto 7 ¥, 14
My, = y*E.E]. (53)
Note that the following relation holds:
B°E, = E). (54)

Then, by using Egs. (47), (50), (53), and (54), we see that the projector from 7,R?" onto T, R is
given by

1
M = g"EE) = — 5 Ey (Ep)' + 1, (55)
(Eg)
In the ADM parametrization, the volume element of R is given by (see Fig. 4)

Dz = ,/gdé = a|detJ]|dt dx. (56)

Since the complex measure on ¥ is given by dz, = detJ dx, we find that the reweighting factor (18)
takes the form

A(z) = %e—iImS(z) — 0‘_1(2) o P@—iImS(2) (eiw(z) _ detJ )

= 57
Dz | detJ| ©7

Note that the inverse lapse, @ ! (z), plays the role of the radius of A(z).

13 The second equality is a direct consequence of the identity Im (J7J) = 0, which can be proved by
a differential equation (d/dt)Im (JTJ) = 0 [as can be shown from Eq. (12)] with the initial condition
Im (J7J) |, = 0.

!4 In actual calculations, we do not need the explicit form of I3, in projecting vectors in 7. "R?N onto T, R
(see Sect. 3.2), and thus do not have to calculate the Jacobian J. A similar statement can be applied to the
expressions below.
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Fig.4. E; and the volume element.

In Appendix B, in order to show the typical behaviors of various geometrical quantities near critical
points at large flow times, we give explicit expressions of these quantities for the Gaussian case with
the action

,3 N
S0 =7 >k =i (58)
k=1

k

There, we find that «~!(z) increases exponentially in flow time ¢ as z* = X (1, x) approaches the

Lefschetz thimble at Im zF = 1.

3.2. Molecular dynamics on the worldvolume

We first rewrite the Lagrange multiplier term A, d¢" in Eq. (26) in a more convenient form. Note
that A, d¢” is normal to R, and thus it satisfies

(A 09") -Eo =0, (A 3¢") E,=0. (59)
Since the vectors
ImJ',
F, = ; =1,...,N 60
a ( —Re Jla ) (a ’ B ) ( )
span the normal vector space N, X, atz € £,,'3 the second equation in Eq. (59) means that A, 9¢” can
be written as a linear combination of F,, with new Lagrange multipliers A e R (e =1,...,N ):16
N—1 N
D hdgn =D AF, 61)
r=1 a=1

The first equation in Eq. (59) is then treated as a constraint on AF,:!7

AF,-Ey=0. (62)

15 F, form a basis of the normal space N. X, because E, - F, = —Im (J7J),, = 0 (see footnote 13). They
can be written as F, = iE, as complex vectors.

16 We put the summation symbols here to stress the summation ranges for » and a.

17 It is possible to solve the constraint (62) as follows. We first take a subset {F,} (r = 1,...,N — 1) of {F,},
whose elements are not parallel to Ey,. Then, we construct a basis of N,R by F.=F —(F,-E, /(Eo)*)Ey, and
replace A°F, in Eq. (62) by ' F, with new Lagrange multipliers (1”) € RV~

11/33

1.20Z Yyoley gz uo Jasn Aysiaaiun 0j0AY Aq $G£Z€19/809£20/2/1202/3101He/de)d/woo dno-ojwepeoe//:sdiy woij papeojumod



PTEP 2021, 023B08 M. Fukuma and N. Matsumoto

From the above argument, we find that the RATTLE algorithm (29)—(33) can be written as

As
T =T = AV (2) — AFq(2), (63)
7 =z4 As T1/2, (64)
A
n =g — TS AV () — VFL (), (65)

where A% and A'“ are determined, respectively, so that the following constraints are satisfied:

7 eR and AYF,(z)-Ey(z) =0, (66)
7' e TR and VNF,()-Ey() =0. (67)

The gradient of the potential, 9 (z), now takes the form
aV(z) = IRe S(2) + W'(t(z)) 3t(z). (68)

In order to define the gradient 0¢(z) atz € R, we regard (¢”) as coordinates in the extra dimensions

R2N

and construct 2N coordinates (§#, ¢”) in the vicinity of R in . Then, one can show (see Appendix

C) that the gradient d7(z) is given by

E, - Ef

1 1
1) = s B — s
0

(Ey)?

3¢ () (zeR). (69)

Since the last term is a linear combination of the gradients d¢" (z) and thus can be absorbed into the
Lagrange multiplier terms in Egs. (63) and (65), we can (and will) set d7(z) to the form

1
At(z) = (EOT)2E°L z € R). (70)

3.3.  Solving the constraints in molecular dynamics

In this subsection, we present numerical algorithms to solve the constraints (66) and (67).

3.3.1. Solving Eq. (66)

The conditionz’ € R foragivenz = z(§) € R is equivalent to the existence of an N + 1-dimensional
vector ¢ = (e*) = (h,u®) such that z/ = z(§ + ¢) = z,15(x + u). Thus, Eq. (66) can be solved by
finding a solution to 2N + 1 equations

Pwy=0 P=0,1,...,2N) (71)

for 2N + 1 unknowns w = (W) = (e#,1%) € R*¥*! (see Fig. 5), where

SOw) = 19F,(E) - Eg(§) = —A“Im[3,:S(z(§)) S a(®)], (72)
flowy =2lE +e) =2l E) — A +29FlE) 7 =1,...,2N) (73)
with
As?
Az=Asw — - v (2). (74)
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1

Yith

Fig.5. Findingz' =z(§ +¢) =z, ;,(x + u) on R fromz = z(§) = z;(x) € R.

Adopting Newton’s method to find a solution, we iteratively update the vector w = (wF) = (¢#,1%)
as w — w + Aw, where Aw is a solution of the linear equation

P
IO 7@ = P (). (75)
ow?

The matrix elements 97 /dw¥ are easily found to be

<afP(w)> _ [0 0 Fa(§) - Eo(&)
aw@ | By +e) ElE+e)  Fi®)
[ 0 0 —Im [0,:8(z(§)) J'a(§)]
=| Re[0:SEE+e)] ReJu(+e) —ImJ'4(§) . (76)
| —Im [0S E +&)] ImJu(E +e) Re 4 (&)

When the DOF (= N) is small, Eq. (75) can be solved by a direct method such as the LU
decomposition of Eq. (76), for which we integrate the second flow equation (12) to know the value
of J. When the DOF is large, the computation of J becomes expensive, and we can instead use an
iterative method such as GMRES [37] or BiCGStab [38], for which we do not need to compute the
matrix elements of J as in Ref. [19]. To see this, we first note that the right-hand side of Eq. (75) can
be written in terms of complex vectors as

o) = —Im [0.:8((§)) J a(§)1], (77)
flw) =2'E +6) —2'(€) — Az + T, (E)A (78)
The left-hand side of Eq. (75) can also be written as
3f 0 (w) i a
v At = —Im [0:5G() S a(§) AN, (79)
8fi(w) A N * i a .7l a
apN AW = [0,:Sz(E + )] +J 0§ +e)Au” + 1T, (§) AL (80)

We thus see that, in the above equations, J appears only in the form J’,(£)v? or J', (& 4 €)v* with a
real vector v = (v¢) € RV. The former can be evaluated from the solution to the flow equation (6)
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and the following equation [see Eq. (12)]:
¥ = [Hy) V1", vieg =/, (81)

by setting J',(£)v* = vi. The latter is obtained in a similar way, by replacing ¢+ — ¢ + & and
x? — x% 4+ u?. We thus find that both sides of Eq. (75) can be calculated without computing the
matrix elements of J.

3.3.2. Solving Eq. (67)
We first note that solving the constraint (67) is equivalent to projecting the vector

A
F=x— 7S IV () (82)

onto 7,/R [see Eq. (55)]:

Ef ()7

ELe Ey () + g, () 7. (83)
0

7'[/ = HR(Z/)ﬁ’/ =

Here, the second term can be computed as a complex vector as in Ref. [14] (see also Refs. [19,21]):
My, )7 =JE)Re (J7H(Z) 7). (84)

One can also show that the normal vector EOl (z) can be computed as a complex vector to be
Ey () =iJ(@)Im (J~'&) [9S(E)T¥). (85)

The expressions (84) and (85) can again be evaluated either by a direct method with the computation
of J(Z'), or by an iterative method without computing J (') as in Ref. [19]. When the iterative method
is used, the inversion J ~1(z’) ¢ is obtained for a given complex vector ¢ = (c) € CV by looking for
vectors a = (a%), b = (b*) € RN iteratively such that

c=J@E)a+iJE)b, (86)

where J (') aandJ (z') b are evaluated by integrating the flow equation (81) with the initial conditions
vi—o = a and v,—¢ = b, respectively. The multiplication J(z’) v is again calculated by integrating
Eq. (81). Therefore, the projection (83) can be performed without computing J (z').

Note that, every time we evaluate 3V (z) [Eq. (68)], we need 9z(z) and thus EOL (2) [see Eq. (70)].
EOL (z) can be calculated from Eq. (85) by replacing z’ with z.

3.4. Construction of W (t)

In this subsection, we present a prescription to construct a weight function e =" in Eq. (13) [or in
Eq. (17)] so that it gives an almost uniform distribution with respect to z. The key is that, for a given
weight e~ the probability of finding a configuration at ¢ is proportional to

Z Wy =e "0 f

. dx a(t,x)| detJ (¢, x)|e ReSEE) (87)

Thus, when a weight e does not give a uniform distribution of ¢, the desired weight can be
obtained by (see, e.g., Ref. [39])

WO (1)) = W (t) + In Z(6; W) + const, (88)
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Z(t; W)

Fig. 6. Estimating Z(¢; W) from {h,}.

because then Z(¢; W ®€W)) becomes constant in #:

Z(t; WOy = W0 / dxa(t,x) | detJ (t,x)| e RESEED)
RN

e~ W@

= const — - "D Z(¢; W) = const. (89)
Z({t; W)

Of course, the above procedure is possible only when we know the values of Z(¢; W) explicitly,
which is usually not the case. However, we can estimate Z(¢; W) from the histogram of flow times
{t}. To be more specific, we first divide the interval [Ty, T1] into p + 1 bins, I, = [£h, (£ + 1)A]
€=0,...,p)withh = (T1 —Ty)/(p+ 1), and generate a certain number (= nype) of configurations
by using V' (z) = ReS(z) + W (t(z)) as the potential. The numbers 4, of configurations inside the
bins /; give a rough estimate of the functional form of Z(z; W) up to a normalization factor (see
Fig. 6). Then, from the histogram #, (¢ = 0,...,p), we calculate

W = W (ar) + In e, (90)

and construct a function W ™% (¢) to be approximated by a polynomial satisfying W W) (q,) =
W™ with ag = (€ + 1/2)h.

In general, the minimum-order polynomial that has values b, at a; = (£ + 1/2)h is given by a
Lagrange interpolation of the form

2 et — am) ’ Alh
m#£L m 0
L (b)) =Y =P b = Y [ [T = a0] ot o1
where, for an array {vg, v{,v3, ...}, we define Avy = vy — vy, so that
: ¢
Alvg =) (1) (k) Ve (92)
k=0
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Using this polynomial, we define'®
W (1) = Lt (W), (93)

Since the estimate of Z(¢; W) from the histogram {/,} includes statistical errors, we use an iterative
algorithm to update {#,} until an almost uniform distribution is obtained:

© Initialize {W,} with appropriate values (e.g., WZ(O) =0).

© From an array {W[(k)}, construct an order-(p + 1) polynomial L(z; {Wg(k)}), and set W0 (1) =
L(t; (w0,

© Generate nype configurations with the potential V' (z) = Re S(z) + W (¢(2)), and record the
numbers h(k) of configurations in the intervals /,.

o Update {W;} as W(Hl) W(k) + ln(h(k) + €.). Here, €. is a cutoff to avoid the divergence
arising when hzk) =0.

© Terminate the iteration when the histogram becomes almost flat. We use the following stopping
condition:

15 hiyr—h 12
_ E 5°. 94
P [(h1+1 + hl)/z] = ©9

In the calculation below, we set p = 7, nype = (p + 1) x 200 = 1,600, €. = 0.01, and §2=0.2.

3.5.  Summary of the HMC algorithm on the worldvolume

We summarize the HMC algorithm for a given initial configuration z € R.

Step 1.Generate 7 = () from the Gaussian distribution, and project it onto 7, R to obtain an initial
momentum 7 = (7/): 7 = I (2) 7.

Step 2.Calculate (z, ) — P ay(z, w) with Egs. (63)~(67). The gradient 0V (z) takes the form (68),
where 9¢(z) is given by Eq. (70) and W (¢) is determined from test runs by using the iterative
algorithm given in Sect. 3.4. The first constraint (66) is solved by finding a root of the functions
(72) and (73), and the second constraint (67) is solved by calculating Egs. (82) and (83). We repeat
this process » times to obtain (z/, 7) = ®} (z,7).

Step 3.Update the configuration z to z’ with a probability

min (1, e HE T+ E™), (95)

Upon measurement, we further compute the reweighting factor A(z) [see Eq. (57)], which requires
the phase /¥ = det.J (z)/| det.J (z)|, which is evaluated by first solving Eq. (12) to getJ (z) and then
computing its determinant. The lapse function «(z) = |Ed- (z)| is already obtained in the preceding
molecular dynamics step (Step 2).

18 In the calculation below, we put two additional terms in Eq. (91) to prevent the function from changing
drastically near boundaries. The above L(¢; {b,}) is then replaced by

Alby

L(t;{b,}) = (constt + const) H(t —ap) + Z[H(l az)] IR

=0 m<t

The constants are determined by the conditions L'(Ty; {W,}) = co and L' (T\;{W,}) = c;. We set ¢y =
1.2 x miny (0, AW, /h) and ¢; = 0.01 in the calculation below.
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Fig.7. A transition passing over the boundary at 7.

In the course of molecular dynamics (Step 2), it sometimes happens that the equation (z/,7") =
® a¢(z, m) does not have a solution because z + Az passes over the boundary of R (see Fig. 7). Here,
the boundary in the ¢ direction is given by Ty, 71, while that in the x direction is given by zeros of
e~5G) When a solution is not found near a boundary, we replace the operator ® o by the momentum
reflection T :

T =(z,7r), (96)

where for 7, which is expanded with E#* = gtVE, asm = noEO + n.E*, the reflected momentum
7’ is defined by 7’ = —noE® + n,E* = w — 2noEY, i.e.,

Ey-m
=n -2 5
El

0

Eg. 97)

This preserves the reversibility and the phase-space volume element because the induced symplectic
form is given by w = dn,, A d&H = dno A d&0 + dn, A dE? (see Appendix A). However, this can
change the value of the Hamiltonian. The change comes only from the difference between the norms
of momenta 7 and 7/, and its effect is absorbed in the probability at the Metropolis test in Step 3
above, so that the detailed balance condition (38) still holds. If the change is larger than a prescribed

. _ 22
value (e.g., if e 121 = =177 —771/2

< 0.8), we instead use the momentum flip V [21]:
V(z,m) = (z,—7). (98)

Since the replacement of ® ¢ by 7 or W preserves the phase-space volume element and the
reversibility, the detailed balance condition (38) still holds."”

19 In practice, we check the reversibility at every step of molecular dynamics, (z, 1) — (z/, 7)) = ®Pa,(z, ),
by monitoring that the time-reversed process (z, —77) = O (z', =) (= Py 0 W 0 Py (z, 7)) correctly gives
(z, —m). In the calculation below, we require that |z — z|/ VN < 1075, If this condition is not met, we replace
®,, by 7 or W as in the case where a transition passes over a boundary.
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3.6. Estimation of observables

We first recall that the boundary flow times (7 and 77) can be chosen arbitrarily due to Cauchy’s
theorem. In practice, 7 must be set sufficiently small in order to keep in R a region that is free from
multimodality (to be set to 7y = 0 when the multimodal problem is absent there). On the other hand,
T1 must be taken sufficiently large in order to keep a region where the sign problem is resolved, but,
at the same time, 77 should not be set too large in order to avoid introducing an unnecessarily large
computational time.

When estimating observables, we take a subinterval in [Ty, 7] (to be denoted by [f“ 0, T 1]). Namely,
for a sample of configurations that are generated in the range [Ty, 7] (with sample size Nconf), We
construct a subsample {z(k)} k=1,..., Nconf) taking configurations from the interval [i" 0, T 11
(Tp < To<T1<T 1), and take a ratio of sample averages over this subsample:2°

(1/Neonf) 34 A%) O 0)

OFo. 1) = f
(o T0 (1/Neon) Xp Az®)

99)

T should now be set sufficiently large in order to exclude a region that is contaminated by the sign
problem. Note that 7 and 7} should be set far enough apart in order to maintain a sufficient size for
the subsample. Then, if the original range [Ty, 71] is properly chosen as above, and if the system is
close enough to global equilibrium, there must be a region in two-parameter space (f’ 0, T 1) such that
the estimations @(f‘ 0, T 1) are stable against the variation of the estimation ranges (i.c., the estimates
change only within statistical errors).

The whole process of the WV-TLTM thus proceeds as follows:

(1) Choose a sufficiently small 7y and a sufficiently large 7 to tame both sign and multimodal
problems.

(2) Construct a weight function e =" ® such that the distribution of  becomes almost uniform (see
Sect. 3.4 for more details).

(3) Use the HMC algorithm in Sect. 3.5 to generate configurations in the range [T, 71] from the
distribution o< e V'@ with V(z) = Re S(z) + W (¢(2)).

(4) For the obtained full sample, vary the estimation range [T 0, T 1], looking for a stable region
(plateau) in the two-parameter space (f’ 0, T 1) that gives the same estimate @(f’ 0, T 1) within
statistical errors.

(5) Choose a point (f" 0, T 1) from the plateau and take the corresponding @(f‘ 0, T 1) as the estimate
of (O(x)). The error of estimation is read from the statistical error for the chosen subsample.

4. Application to a chiral random matrix model

In this section, to confirm that the WV-TLTM works correctly, we apply the WV-TLTM to a chiral
random matrix model, the Stephanov model [31,32]. We show that the algorithm correctly reproduces
the exact results, solving both the sign and multimodal problems.

4.1. The model

The Stephanov model is a large-N matrix model that approximates QCD at finite density. For Ny
quarks with equal mass m, the partition function is given by the following integral over n x n complex

20 Nconf = anf(f’ 05 T 1) is the number of configurations in [f" 05 T 11. The total number of configurations
COITGSPOIldS to Nconf - Nconf(TOa Tl)
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matrices X = (X;; = x;; +iy;):
Zy = e / d2x e SEXD = g’ f d2X e XY 4otV (D + m). (100)

Here, D + m represents the Dirac operator in the chiral representation and takes the form

ml,  i(X+C)
D4m= 101
tm (iXMC) ml, ) (101

where

ic=( WFiD Ly 0 . (102)
0 (n—it) 1n2

The parameters o and t correspond to the chemical potential and the temperature, respectively
[31,32]. The number of DOF is N = 2n?%, which may be compared with the DOF of the SU (N,)
gauge field on the lattice of linear size L as N = 4(Nc2 — DL,

For the case Ny = 1, the partition function at finite 7 can be written as an integral over a single
variable:

_ o
Z"IZVf—l — nen(ll«z_mz) / dp e P 10(2},”,”\/5) [(p _ M2 + _L_2)2 + (2MT>2]n/2, (103)
0

where I;(x) (k = 0,1,2,...) are modified Bessel functions of the first kind. Then, the chiral
condensate is expressed as

_ 1 0 Nr=1
=——mhz’W
() 2 om nzZy
_ 2
_ e hemyp ol -k + ) + euo]” (10
J52 dp e In@nmp) [(p — u? + 122 + @ur)?]""?
Similarly, the number density is expressed as
1 0 Ny=1
wy=—— 1z,
(v ') 2 I nzZy
_ 2—-1
_ S dp e lo@nm p) [(p — 1 + 7% + @uo)?]"* ™ (p — p? — 7))
J5% dp e Io@nmp) [(p — 42 + 122 + @ur)?]""?
(105)

We apply the WV-TLTM to this model, by complexifying the real and imaginary parts (x;; and y;;)
separately, and by considering the antiholomorphic gradient flow with respect to the action given in
Eq. (100). We estimate the chiral condensate and the number density using the formulas

1
(V) {tr (D+m)™h), (106)

n

Wiy =M+%<tr [(D+m)_1( 1(1 10” >]> (107)

It is convenient to introduce the matrices

A=X+C, B=X"+C, K=®BA+mH), (108)
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with which D + m and (D + m)~! are expressed as?!

ml, iAd
D+m= , 109
tom iB ml, ) (109)

m(AB +m?)~'  —iA(BA+ m?)~!

-1 _
DO+m ==\ B4+nd) B m(BA+m2)—1)

AKA™!  —idK
=" ). (110)
—iKB mK

The flow equation is then written only with 4, B, K, and the expectation values (106) and (107) are
estimated from the expressions

(Yy) = — (rK), (111)

m
n
W) = p— - (KW +B)). (112)

4.2.  Setup in the simulation

We summarize the setup in the simulation. We set n = 10, m = 0.004, t = 0, and estimate the chiral
condensate () and the number density (¥ T/) as functions of u = 0.4, .. .,0.8.2

We set 7o = 0 while we choose 77 depending on p as in Table 1. Other simulation parameters are
also given in Table 1.

There, Ny is the number of initial configurations, and Nqns is the number of configurations in the
simulation range [Ty, 71], while Nconf(T 0, T 1) is that in the estimation range [f’ 0, T 1], corresponding
to the point (f’ 0, T 1) chosen from a plateau. Note that T o0 and 7 depend on the choice of observables.
We set the initial configuration to the final configuration in the test run determining # (¢). The tuning
of W (t) turns out to take two iterations to realize the condition (94). In Fig. 8, we show the final
form of W (¢) at u = 0.575 and the resulting histogram of .

It sometimes happens that R = [, X; is not well explored for large ¢ because of the complicated
geometrical structure there. To facilitate transitions, at every start of the HMC algorithm we change
the step size As and the step number n by randomly taking them from a set C = {(A¢,n.} (¢ =
0,...,cmax).> In the calculation below, we set cmax = 3 and choose C as in Table 2.

We comment that, if we use the original TLTM based on parallel tempering, we need about 70
replicas for n = 10. We list in Table 3 the numbers of replicas at 4 = 0.6 for various n. Here, we
first determine the maximum flow time 7" so that the sign problem is well resolved there, and then
determine the number of replicas so that the acceptance rate of the swapping is in the range 0.2—0.5.

4.3. Results and analysis

Figure 9 shows the average reweighting factors from the naive reweighting method (blue) and from
the WV-TLTM (orange), the former exhibiting the existence of the sign problem around u = 0.6.
Figure 10 gives the estimates of (/) from the WV-TLTM at u = 0.575 with various estimation

2l Note that (4B + m?) ™! = AKA™' = B"'KB = (1/m?) (1 — AKB).

22 Since the lattice size is small, we adopt the direct method in the HMC algorithm; we compute J by
integrating the flow equation (12) and use the LU decomposition in the inversion processes. The computation
of J is not necessary if we adopt the iterative method (see Sect. 3.3).

23 This prescription is justified by noticing that this gives a Markov chain on an extended space R x C.
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Table 1. Simulation parameters.

w 0.4 0.45 0.5 0.55 0.575 0.6
T, 0 0 0 0 0 0

T 0.025 0.048 0.056 0.068 0.068 0.068
Nt 80 60 50 50 50 40
Noont 4000 4000 9000 14000 17000 12000
Ty () 0.01 0.02784  0.00448 0.0272 0.01632  0.02448
T ((Fy)) 0.025 0.048 0.056 0.068 0.068 0.06528
Neont (To, TD) (Y ) 2250 1600 8500 9000 13500 7400
T (Wiy)) 0.0105 0.02112 0.0336 0.0272 0.02992  0.01632
T (W) 0.025 0.048 0.056 0.068 0.068 0.065 28
Neont (To, T1) (¥ T9r)) 2300 2400 3600 8800 10 000 8800
m 0.625 0.65 0.7 0.75 0.8

T, 0 0 0 0 0

T 0.068 0.064 0.06 0.052 0.04

Nt 50 75 50 40 40

Neont 9000 8000 4000 4000 4000

T (YY) 0.03536  0.01024 0.0204 0.009 36 0.0056

T ((Ty)) 0.068 0.064 0.06 0.052 0.04

Neont (T, T (Y ¥r)) 4800 6800 2600 3250 3400

Ty () 0.01904  0.01408 0.0048 0.004 16 0.0176

T (Y Ty)) 0.068 0.064 0.06 0.052 0.04

Neont (To, T)) (W Tr)) 6800 6800 3750 3500 2100

13+
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Fig. 8. (Left) Final {,} and its polynomial fit 7 (¢). (Right) Final histogram of z. Both figures are at u = 0.575.

Table 2. HMC parameters.

index ¢

0

1 2 3

As,
nC

0.01 0.005 0.001 0.00025

25

50 50 100

ranges [Ty, T1]. We see a plateau with a value 0.043(15) close to the exact one 0.041. Figure 11
exhibits the estimated values thus obtained for the chiral condensate (1) and the number density
(vTy). As a comparison, we also display in the same figure the results from the naive reweighting
method and the complex Langevin method, both with a sample size of N.ons = 10 000. We see that
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Table 3. Maximum flow time 7 and the number of replicas at u© = 0.6.

n 4 6 8 10

T 0. 0.02 0.06 0.068
#replicas 1 4 ~33 ~70

0.20 S S S S 1
f X reweighting ¥
0-15; ’I‘ WV-TLTM * A
< 0.10f ; % ]
0.05? X ¥
[ z ]

0.00| ‘Ii’l‘l‘ % ¥
&2 o 0i4 o 0i6 o 0i8 o 110

7

Fig. 9. Average phase factors (4) = (e7""5%) ., from the naive reweighting method (blue) and the average
reweighting factors (4) = (4(z))x from the WV-TLTM (orange). The estimation range [T}, 7] in the WV-
TLTM is set to that for the chiral condensate (see Table 1).

T T T T T T T

T1=0.06392  —=--- exact
0.15¢ + 1,=0.06528  =====--= estimate 7
O T1=0.06664

0.10+ O Ti=0.068 B

0.00 001 0.2 003 004 0.05 0.06
T

0.05 g Eiidd a4l

0.00

Fig. 10. Estimates of (Y1) at u = 0.575 with various T, and 7. The red filled box is the point taken from a
plateau, giving the estimate 0.043(15) (shown by the dotted line). The exact value (= 0.041) is shown by the
dashed line.

the WV-TLTM correctly reproduces exact values, while the complex Langevin method suffers from
the wrong convergence even for a parameter region free from the sign problem.

One may find it strange that correct estimates are still obtained from the WV-TLTM even for such
parameters that give small average reweighting factors (4(z))r (see Fig. 9). To understand this, let
us see Figs. 12 and 13, which show the histogram of 4(z) = a N(z) e 1 ImS@+i9(@) and those of its
modulus and phase, in the estimation range [T 0, T 1] at u = 0.575.

We observe that the distribution of @ ~!(z) has a peak around o ~!(z) = 0.12. The point is that this
small value reduces not only the mean value of 4, but also the statistical errors. This is in sharp
contrast to the situation in the naive reweighting (see the right panel of Fig. 12). In fact, in the latter
(the naive reweighting), the reweighting factor is actually a phase factor, and is distributed uniformly
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Fig. 11. (Left) The chiral condensate. (Right) The number density. The top panels are the results from the
reweighting method, and the bottom panels are from the WV-TLTM and the complex Langevin method.

Im(A)x

Fig. 12. (Left) Histogram of A(z) = a~'(z) €#@~11m5@ obtained from the WV-TLTM. (Right) Histogram of
the phase factor €@ ~/1m5@ obtained from the reweighting. Both figures are at u = 0.575.

on a unit circle, giving a vanishingly small average phase factor. The statistical errors are then of
O(1/+/Neont), because the standard deviation of phase factors for uniformly distributed phases is
of O(1). One thus needs a huge sample size of e?YY) to make the statistical errors relatively small
compared to the mean value. In the WV-TLTM, in contrast, the reweighting factor 4(z) is distributed
in a 2D way (not on a circle), and the contributions of the radius a~! enter both the mean value
and the statistical errors, and also both the numerator and the denominator. Thus, the effect of small
radius cancels out in a ratio of reweighted averages. Therefore, no additional problem is caused by
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Fig. 13. (Top) Histograms of the modulus |4(z)| = o~!(z) and the phase arg 4(z) = ¢(z) — Im S(z) from the
WV-TLTM. (Bottom) Histogram of the phase from the reweighting method. All figures are at u = 0.575.

the smallness of the reweighting factor, and the extent of the sign problem is still governed by the
phase factor, which is reduced by taking sufficiently large flow times.

5. Conclusion and outlook

In this paper, we have proposed an HMC algorithm on the worldvolume R of an integration surface
3, where the flow time ¢ changes in the course of molecular dynamics, and thus the multimodal
problem is resolved without introducing replicas. Furthermore, computation of the Jacobian is not
necessary in generating a configuration. We applied this algorithm to a chiral random matrix model
(the Stephanov model) and confirmed that it reproduces the correct results, solving both the sign and
multimodal problems simultaneously.

The validity of this algorithm should be further investigated by applying it to other systems that also
have the sign problem, including finite density QCD, strongly correlated electron systems, and real-
time quantum field theories as well as frustrated spin systems like the antiferromagnetic Heisenberg
model on the triangular lattice and the Kitaev model on the honeycomb lattice.

It is also important to keep developing the algorithm in order to perform large-scale calculations
for such systems as those listed above with lower computational cost. For example, it should be
nice to find a more efficient algorithm to tune W (r).2* At the same time, it is worth developing an
algorithm where the weight e~ ® need not be introduced, as happens when one switches from
simulated tempering [40] to parallel tempering [25-27]. It would also be desirable to construct
an algorithm to evaluate the phase ¢’¥ = det.J/| det.J| without computing the matrix elements of .J
explicitly. Furthermore, in order to make a more accurate statistical analysis, it is important to develop

24 Machine learning may be one of the possible tools.
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a systematic method to estimate numerical errors that are necessarily introduced in integrating the
antiholomorphic gradient flow and in solving Newton’s method iteratively (Step 2 in Sect. 3.5).
The modification of the flow equation (6) also deserves intensive investigation for various reasons.
To see this, note that Eq. (6) is not the only possible equation deforming the original integration
surface RY so as to approach a union of Lefschetz thimbles. For example, it can be modified with a
positive Hermitian matrix G (z, z*) to the form
dz!
dt

without changing the structure of the thimbles. However, this modification changes the flows of

= GY(z,2) [9;S(z)1", (113)

the configurations off the thimbles, and can be designed so that the flowed configurations approach
zeros of e 5@ only very slowly (see, e.g., Ref. [41]). We have investigated this type of modification,
proposing to take GV of the following simple form [42]:

§Y

GY(z,2*) = (a >
1+ (19S@)|/A)*

This actually removes zeros from R for finite flow times, and is sometimes helpful in iteratively

2). (114)

solving the constraint (66). However, it seems that the obtained gain does not exceed the increased
complexity of the algorithm, and also that the functional form of G¥ needs to be fine-tuned, depending
on the parameters of each model. This is the reason why we did not pursue this possibility in this
paper. However, it will be essentially important when one develops a Metropolis—Hastings algorithm,
described in Appendix D, because the configuration space R = {€ = (t,x%) | Ty <t < T} comes
to have a simple structure if points to be mapped to zeros do not exist in the region.

Another possible application of modifying the flow equation is to provide a mechanism to solve the
so-called global sign problem (cancellation among contributions from different thimbles). In fact,
since o~ ! (z) increases exponentially in the vicinity of a Lefschetz thimble [see the comment below
Eq. (B.8)], a change of flows caused by the modification may significantly shift the distribution
of A(z) and distort the balanced contributions from different thimbles, which was the origin of the
global sign problem.

A study along these lines is now in progress and will be reported elsewhere.
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Appendix A. Geometry of the RATTLE algorithm

In this appendix, we clarify the geometrical aspects of the RATTLE algorithm and prove a few
statements necessary for discussions in the main text.

As in the main text, let R be an m-dimensional manifold embedded in the flat space RM = {z =
ENa=i,... , M).%%> With local coordinates E=E" (u=1,...,m) of R, the embedding is

25 When R is the worldvolume of an integration surface in C¥ = R?", we set M = 2N and m = N + 1.
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expressed by functions z/ = z/ (). The vectors
E, = (EI, = 3z' J3E") (A.1)

form a basis of the tangent space T.R at z € R, and give the induced metric ds* = guv(§) dEHdEY
as

guw =E,-E,. (A.2)
Furthermore, denoting the inverse of (g,,,) by (g#"), and defining another basis of 7,R by?°
EVt =gME,, (A.3)

we also introduce local coordinates n = (,,) on T;'R as coefficients in an expansion with respect to
ErZ Namely, for 7 € TR, its coordinates n = (n,,) are defined through the relation

T =n, E", (A4)
whose explicit forms are given by
Nu==E,-m. (A.5)
The line element on 7,R then takes the form
(dn")?| 7 = "7 €) dnyudmy, (A.6)
and thus the volume elements of 7R are given by
dVrr = DzDrm = D& Dy (A7)
with
Dz =Dt = \/gdé, Dn =Dn=dn//g. (A.8)

We think of the tangent bundle TRM = {(z/, )} (not the cotangent bundle) as the phase space
of motions in RM with a symplectic form Q2 = dn! A dZ'. The sub-bundle TR = {(Z/,n!) |z €
R, m € TR} is then regarded as the phase space of constrained motions on R. Its symplectic form
is given by”®

o= Q|rr =dn, NdE", (A9)
which defines the Poisson bracket as {#,1,} = 8/, (4, &) = {n,nv} = 0. The volume element
(A.7) agrees with the phase-space volume element associated with w:

m
AVrm = 2, (A.10)
m!

26 Note that E* - E” = g"”.

27 As in the main text, we denote a function on R by f(z) and f (§), interchangeably, with the understanding
that z = z(&). The transition matrix is also written as P(z'|z) and P(§'|§) for z = z(§), 2 = z(&') € R.
Similarly, a function on 7R is written as f'(z, w) and f (€, ), interchangeably.

28 This can be proved as follows: @ = dn’ AdZ'|rr = [dn|rr]| A dz'(§) = [dn' =] A EL(E) dE" =
d[7' .= E!(§)] AdE" = dn, A dE", where we have used d[EL (§)| AdE" = (9%2' /€7 08") dE” AdE" = 0.
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because 0" /m! = d& dn = (/g d§) (dn/./g) = D& Dn.
We now consider molecular dynamics on 7°R with a Hamiltonian

1 1
HEm =3 @+ V() e = 78 E M + V6, (A.11)

with which the time evolution of (£, n) is given by

B,E" = (6", H) = 8y, H(E. 1), dyny =y H) = dgnH (€, ). (A.12)

It is easy to see that this evolution preserves the Hamiltonian H, the symplectic form w, and thus
also the phase-space volume element dVrR:

O6H =0, dw=0, d(dVrr)=0. (A.13)
We write the motion from (&, n) to (¢/,n") with time interval s as a map ®;:

&) — &) = O, 1) = EE, ), s, ). (A.14)

Since the Hamiltonian satisfies the relation H (&, —n) = H (€, n), the map @, preserves the reversibil-
ity. Namely, if (¢§’,n") = ®4(&, n) is a motion, we have (¢, —n) = ®4(&’, —n’). Furthermore, due to
the volume preservation, the kernel

Do 01, m) = 8(8' — &(&,m) (0 — ns(§,m)) (A.15)
satisfies the relation
q)S(Sls 77,|5, 77) = (DS(S: _77|§:,,_77/)- (A16)

For stochastic processes on R, we define the probability density p(z(£)) = p(§) on 'R with respect
to the volume element Dz = D§ = /g d§, which is thus normalized as

/Dép(é) =1L (A.17)
R
One can then easily show that the transition matrix
1 Ly
Py(E'E) = f Dy / Dy (&', n'|E,m) S e €@ /2 (A.18)
TR R Qmym/
satisfies the detailed balance condition?’
Py(E'|8) e EE) = py(g|g") eV EED) (A.19)
and the normalization condition
f DE'Ps(E'|E) = 1. (A.20)
R

The Gaussian distribution e=8"" @ 1um/2 /(271)/2 in Eq. (A.18) can be obtained by first generating
7 = (#1) € T.RM from the Gaussian distribution e~ 22 /(2)M/2 and then projecting it onto T, R.
In fact, for the orthogonal decomposition 7 = 7w + 7, 72 is written as #2 = 72 + ni, and the

29 This will be proved for a more complicated case in Eq. (A.39).
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integration measure of T,RM is factorized as dM 7 = di!-..d#M = Dx D . By integrating out
only the normal component, the distribution of # € T,R is left in the desired form:

1 ) 1 2,2 1 2
M ~ —722 _ —(m4m)/2 _ —7/2
/sz T —(27T)M/2e =Dn /ZRDJU P e e = )y e Dr.

(A.21)
Note that the projector [T from 7 € T,RM to 7 = Iz @ € T,R is given by
Mg = E (EMT = g™ E,ET. (A.22)

We now assume that R is characterized by M — m independent constraint equations, ¢’ (z) = 0
(r=1,...,M —m). Then, Hamilton’s equations (A.12) can be expressed as constrained motions in
RM by using Lagrange multipliers A,

dyz = 7, (A.23)

3 = =3V (z) — A, 09" (2), (A.24)

¢"(z) =0, (A.25)
-3¢ (z) = 0. (A.26)

Here, = (d,/) is the gradient in RM .
The RATTLE algorithm [35,36] is an algorithm that discretizes Egs. (A.23)—(A.26) preserving the
symplecticity and the reversibility (below As is the step size):

As -
T =7 — - aV(z) — A, 00" (2), (A.27)
7 =z+ As )2, (A.28)
/ As / ’ root
b4 =JT—73V(Z)—)»r3¢ (). (A.29)

Here, A, and A, are determined, respectively, so that the following constraints are satisfied:
ZeR (e, ¢ () =0), (A.30)

7' e TR, (A31)

One can easily show that the map @, : (z,7) — (Z/,7') actually satisfies the symplecticity and
the reversibility (with A, and A. interchanged):

e w(Z, 1) =w(zmn), (A.32)
o (Z,n) = Pz, 1) = (2, —7) = Ppag(Z, —7), (A.33)

which means that
Dpg(@, |z, 1) = Pag(z, —m|Z, —7). (A.34)

The Hamiltonian is conserved to the order of As?, i.e., H(z,7') — H(z, ) = O(As>).
The HMC algorithm then consists of the following three steps for a given initial configuration
z € R:
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Step 1.Generate a vector 7 = (7/) € T.RM from the Gaussian distribution

1 )
T2
(zn)M/Ze (A.35)
and project it onto 7>R to obtain an initial momentum 7 = (! e T.R.
Step 2.Calculate ® a4 (z, ) from Egs. (A.27)—(A.31). We repeat this step n times to obtain (z/, 7’) =
O (z,7)
Step 3.Update the configuration z to z’ with a probability

min (1,7 ED), (A.36)

The above process defines a stochastic process on R with the following transition matrix forz’ # z:

—%/2

P(Z)z) = f Dr’ / Dr min (1, HETTHED) o (2 7’|z, ) ¢ (A.37)
TR T-R

(27‘[)’”/2'

The diagonal (z/ = z) components are determined from the probability conservation. P(z’|z) can be
shown to satisfy the detailed balance condition

P2 eV =Pil)e ") (2,7 eR) (A.38)
as follows:
Ve HE 7'y +H @) e HEm
P / —Vi(z — D / / D : 1’ — z ., zZ,JT q)l’l /, / , -
(Z'z)e /TZ/R T ® T mln( e ) Az, |z, ) L
1 / - —H(zm) —HE 7w n / /
= W TZ/RDT[ . D min (e ,e ) Dp (2, —m|z, —7")
= PzlZ)e V@, (A.39)

where we have used Eq. (A.34) n times to get the second line, and have made the change of integration
variables, 7 — —m and 7’ — —n’/, with the relation H (z, —7) = H (z, 7) to obtain the third line.

Appendix B. Analytical expressions for the Gaussian case

We present analytical expressions for some geometrical quantities defined in Sect. 3.1 for the action
8 N
S0 =7 ];(xk — 0> (B.1)

This has a single critical point at z, = (zg = i), and the corresponding Lefschetz thimble is given
by J» = {z = (z¥) € CF|Imz* = 1 (Vk)}. Complex vectors will be used throughout this appendix.
The solution of the antiholomorphic flow equation (6) takes the form

Ft,x) = xkePt +i(1 — e P, (B.2)
The Jacobian J (¢, x) is thus given by

3z (¢, x) _ P 85
a

JEat,x) = (B.3)
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The tangent vectors £y and E, are
Eb =BE —* =g aFeP +ie™), EF =ePsk (B.4)
Using Eq. (85), we have
(EHF = —ip(ImzF — 1) =ige P (B.5)

The components of g, are then given in the ADM parametrization (43) by

Vab = (T ) ap = €' 8., (B.6)
B =y Re (E)Ey) = Bx°, (B.7)
a = |Ef| = BVNe P (B.8)

1

We see that the inverse lapse is given by o~ = ef’/(8+/N) and increases exponentially in flow time

t as z(t,x) approaches the Lefschetz thimble.
The ideal weight function e =" ® giving a uniform distribution of ¢ is given by [see Eq. (87)]

e+W(1‘) :/ dxot(t,x) |detJ(t,x)| e—ReS(z(t,x)) — ﬁ\/ﬁ <277T)N/2 e—ﬁl+(I3N/2)€*2ﬂt, (B9)
RN

and thus we have
N
W(t) = —Bt + % e 2P, (B.10)

We have ignored #-independent constants. We see that the weight factor also increases exponentially,
e WO ~ P at large flow times.

Appendix C. Proof of Eq. (69)

In this appendix, we prove the equality (69). First, we construct 2N coordinates (¢4) = (£#,¢") in
the vicinity of R in R?", by regarding (¢") as coordinates in the extra dimensions, and introduce at
each point z € R a basis {E4} of the tangent space T.R?" as

Eq = (E} =97 /ac?). (C.1)
We further introduce the dual basis {EA} to {E4} by
EY = (B =3¢/, (C.2)
which satisfies
E4 . Ep =683, (C.3)

Note that £9 and E” equal the gradients d7(z) and d¢" (z), respectively. Then, since the vectors E| +
E", and £" also form a basis of T LRV EO can be expanded in the form

E® = clEf + c B + o E" (C.4)
The coefficients can be calculated by using the relations (C.3) and Ej - EOl = (Ed-)2 to be

. 1
(E)?

E,-Ef

a:O’ r:—Er-EJ_X = -, C5
¢ ¢ (Er-Eg) x cy ED? (C.5)

cl
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and thus we find that £9 = 97(z) takes the form

1 E, -Ef
A(z) = —— Ey —
° (B

5 3¢ (). (C.6)

Appendix D. Another version of WV-TLTM with a Metropolis—Hastings algorithm

In this appendix, we give another version of WV-TLTM that also does not require the computation
of the Jacobian in generating a configuration. This is a Metropolis—Hastings algorithm on a subspace
in the parameter space (not in the target space), R = {§ = (t,x9) | Tp < t < T1}.

We first rewrite Eq. (13) to the form

_ [ dg detJ (§) e SEETO Oz(§))
(O) = [dé detJ () e SCO-WDH

(D.1)

where dé = dtdx = dtdx'---dx". Then, by introducing a new positive weight and a new
reweighting factor as

eV ®) = g ReSEEN-W (), (D.2)

AE) = detJ (§) e I MSEE), (D.3)

we can rewrite Eq. (D.1) as a ratio of new reweighted averages,

(O0)) = (A($)~(9(Z($)))7§ (D.4)
(A& s
where
S dE eV ®
(f@)p = Jrdée /&) (D.5)
[ dE e 7®
The weight e ® is determined so that the function
Zt;wy=e "0 f dx e ReSE) (D.6)
RN

is almost independent of 7, as in Sect. 3.4. i
The distribution eV /Zp (Zp = fﬁ dg eV can be obtained from a Markov chain without

evaluating J explicitly, if one uses the Metropolis—Hastings algorithm to update a configuration.>”
Namely, from a configuration & we first propose a new configuration &” with a probability
1 122 1 292
NeyY= — = W=0%20f = ,—('—x)%/20%
Prop(&'|€) = e T , (D.7)
2mo; x
where we have treated ¢ and x anisotropically. We then accept &’ with a probability
P AAG)
min(l, ropGle) e ) (D.8)
Prop(&'|§) e~V ®)

39 One can also use the HMC algorithm in principle, but this requires the computation of the Jacobian J =
(J7,(&)) because Hamilton’s equation in molecular dynamics involves the gradient 8,5 (z(§)) = 8,:5(z) J' . (§).
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This algorithm gives a stochastic process with the transition matrix3!

Prop(£|€) e~V &)
" Prop(£'|§) e 7®

P(&'lg) = min(1 ) Prop(&'I6) (€ # ), (D)

and one can easily show that this satisfies the detailed balance condition:
PE'1g)e”"® = Pl e €. (D.10)

In a generic case, Re S(z(#,x)) changes rapidly at large flow times ¢, and thus we should better

change the proposal depending on & = (¢,x%). One way is to change (olz, o2) by randomly taking

X
them from a set C = {(afc,axz’c)} (c = 1,...,cmax) as in Sect. 4.2. Another way is to use an

asymmetric proposal Prop(&’|€) by making 0,2 and axz t-dependent functions:

Prp(E ) = S O 0
2102 (t) oy

In the latter case, the functional forms of otz (¢) and o*x2 (#) are fixed manually or adaptively from test
runs.

After a sample is obtained for the region [Ty, 7], we consider subsamples for various estimation
ranges [7o, 711, and estimate an observable by looking at a plateau in the 2D parameter space
{(f"o, f’l)}, as in Sect. 3.6.
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