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Reptation quantum Monte Carlo
Variational projection approach: ¥z = e P72, — &

Various algorithms:
Variational Path Integral
Path Integral Ground State
Reptation QMC
Pure Diffusion Monte Carlo

Comparison with Diffusion Monte Carlo: Metropolis vs. branching
correlated sampling, derivatives, imaginary-time correlations
population control, mixed estimators



Quantum Monte Carlo Integrals
R={r,r,,....1\}

What integrals do we need to do? BR =R, Foss By}
NB They are all un-normalized .[ der O( R]
(0)=

Ider(R)
METHOD 7(R)
Classical MC exp(—AV(R))
Variational MC | |¥, (R)[" =|det(R) e >
Diffusion MC | ¥, (R){R|e™”|R') ¥, (R")"
Reptation MC | ¥, (R,)(Ry[e ™ R1><Rl & R2>....<Rp_l e RP>‘PT (R,)
Path Integral MC | (R, |e™|R )(R [e™|R,)...(R, ,|e ™ |R, }(R, ,[e ™| PR,)
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Variational projection approach
I'=0

We want to calculate quantities such as
(O)g = (Up|O|Ts)/(Wg|¥s), where |¥g) = e 77/2|Wp)

because |Wg) — |®g) Is better than the trial function |W).
B o0
({‘1’3) = Z(‘I’HWT>B*’3E”’2{‘D£>)

® projection because of e P

® obviously variational: Es = (Vg|H|¥gs)/(¥s|¥s) > Ky

® convergence is monotonic: —EE;; = {((H —Eg)*) >0

05



Trotter breakup: e = (e77#)” T =f/p time step

(O)g = (Ug|O[Wg) /{Ws[Vp)
= /dX(llJT|RO}(RO|e—TH|Rl> .
X(Rp/a_1]€ "Ry 2)O(Ry/2){(Ryjale ™ ™ Ry aat) -
X(Rp1le” ™ | Rp)(Rp|¥r) /(Pp|¥p)

N JdX7(X)O(R,/2)
- [ dX#(X)

X ={Ro,..., Ry} isthe path

a short time approximation for (Rle~""|R’)
gives an explicit expression for 7(X)



Trotter breakup: ¢ 7% = (e=77)" T =f/p time step

= (Ug|O|¥g) /(W5 Tg)

/ dX‘ Ry |‘-_ﬂ,—’fH|1tz1

p/2 I‘E_T |Rpf2 10/2 P/Q‘e |Rp/2+1>"'
/

~ fd}jﬁ”éﬁi?)(ﬁpﬁ) X ={Rq,...,R,} is the path

a short time approximation for (Rle~""|R’)
gives an explicit expression for 7(X)

PIMC has no trial functions



Trotter breakup: e~ %% = (e=F7)” T =f/p time step

= (Ug|O|Wa)/(Vg|Us)

€@

(Rp/a—1l€” "7 |Rp2)O(Ryp/2)( 3:;/2\5_'r Ry /o41) "
(Bl TH /
gde?T X)OUp2) X ={Ry,...,R,} isthe path
de?T(X)

a short time approximation for (Rle~" |R')
gives an explicit expression for 7(X)

PIMC has no trial functions
PIMC has closed paths, R, = PRy



Multilevel Metropolis with bisection

“Variational Path Integral” (D. Ceperley, 1995)
“Path Integral Ground State” (K. Schmidt, 2000)

@
s

./0/

sample the pair action



Multilevel Metropolis with bisection




Multilevel Metropolis with bisection
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Multilevel Metropolis with bisection
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Multilevel Metropolis with bisection
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Multilevel Metropolis with bisection

® |arge local moves without stretching links
® does not use/need importance sampling

/

(in the DMC sense)



we can introduce importance sampling:

® define G(R',R,7) = (R'|e " |R)
and its importance-sampled version G(R',R,7) = Ur(R){(R'|e""H|R) /¥ (R)

® the “pseudo partition function” we use in the simulations is

Zs = /XmIfT(RU)l“G(Ri_l,Ri,_T)lIFT(Rp)
- Jaxeno Sy - ST

D
= [ax[[ GtRes. R V(R

1=1

Yr(Rp-1) G(g;a%j;p) U7 (Rp)

® the commonly used short time approximation for G is

G(R’,R, T} ~ ﬂ_(ﬂf_R—zATV(R))2;4ATE—T[EL(R’)+EL(R}],fz

® for fermions the importance-sampled ¢ enforces the fixed-node constraint



Reptation

“Reptation quantum Monte Carlo” (S. Baroni and SM, 1999)

N N\

Sample 'ﬁ'ﬁ(X) — IIJ%(RD) H e_[Ri'_Ri'_l_QATV(RE'—I)]Efﬁl)\T

2

xg_T[EL (R)+EL(R;—1)]/2



Reptation O

o/.

randomly, or
changing upon rejection *
—[Rpi1—Rp—277V(R,)]2 /ANt

® choose an end of the path, either {
® move with probability ¢

. —r head  potall
® accept with probability p:mm{lﬁe (EL™ —EL )}

* “pounce algorithm”, Pierleoni and Ceperley 2005



Reptation

" N\

high acceptance rate even for global moves
If the local energy is smooth (uses importance sampling)



Reptation

. - head  potail
“ accept with probability P = mm{l,e (B By )} ”

more precisely:

— R, 1—R,-2XTV(R S JANT
P+ P P

a priori transition probability T(X — X’ )
[RU—R1—2ATV(R1)]2/4AT

for the reverse move  1'(X' — X)

T X)TX = X) By ()4 Bo(By)— B (Ba)— Eo(Bo)) /2
#(X) T(X — X))
w% (R ) —[Rg—R1 =227V (R1)]? /4XT

/ ‘D% (Fo) e

this factor is nonzero because of the time step error

—[R1—=Ro=2X7TV(Rp)]? /4 T



Langevin + weights

“Pure Diffusion Monte Carlo” (Caffarel and Claverie, 1988)

% \/\./,/.

® move with probability ¢ [Fe+:~Rem2ATVIEII/AM (| angevin)

® never change direction

® weight averages with W =exp | —7 Z B (R;)

path

useful for small systems



Calculating properties

What is the distribution of individual time slices along the path?
Integrate over all the other time slices:

P(Ro) = / dR; ...dR,m(X)

= (Up|Ro)(Role™ " [Ur) ~ Wr(R)Po(Ro)
® the end(s) of the path sample the “mixed distribution”

For an inner slice (say j = p/2):
P(R;) = (Wrle /2| R;)(R;|e” /2 |Wr) ~ OF(R;)
® the inner slices sample the “pure distribution”

The mixed estimate O, = (U7 |O|®g) /(¥ 1|Py) is unbiased
only if |Q,H] =10 . Thisis a problem in Diffusion Monte Carlo



Calculating properties

Sarsa, Schmidt, Magro 2000

; 2 1,'1;'1.11(1 e ' 1:;'.-{- ) |
EIN (K} TIN (K) .-21_4—1 p= 00218473 1
VMCH —7.0000(54) 14.2185(78) a1l f |
GFMC* —7.292(3) 14.030(21) | &
Extrapolated 13.842(50) =Ler ;}ﬁi ) y ;jf}l
PIGS —7.318(38) 14.390(60) 17 \LH.{.}{\I-’ﬂ\]-/g]ﬂj\_t’ I
s w0 # a0
® With DMC one usually combines the mixed estimate | | Tink
Omix = (¥7|0|Pp) /(Y|P -3 —————————T——
mix = (¥7[0[@o) /{¥|®o) 11 Selid *He viv K)
and the variational estimate O p=00a33A !
3B !
Ovar = (W |O[¥r) /(Y7 |¥r) sl 1 i
to get “extrapolated estimates” .l "-1: 1
) H /
Oext = 20mix — Ovar or Oext = 0715/ Ovar ArsF *rg L/__I;'{r
. . . . . -F'I"I-l—:-I-i-'—:'-:. e s -
whose error is quadratic in the error of the trial function. ss-—————* ===

In this example Oext is worse than both Omix and Ovar .

link

potential energy as a function of

® This PIGS calculation uses a simple Jastrow for both
the liquid and the solid. DMC would need a Nosanow
term for the solid, so it is more trial-function dependent.

the link in the PIGS calculation



Calculating properties

® For the energy, use the mixed estimator to exploit
the zero-variance property of the local energy:

By = [ dX; [y (Re) + By ()] m(X)
® For other quantities, use the middle slice(s):
05 = [ dXO(Ry)m(X)
® Imaginary-time correlation functions:
Canthr) = [ dXA(R)B(Fy)(X)

® Correlated sampling and derivatives are just
as simple as in Variational Monte Carlo, e.g.:

VE, = / X {VEL(Ro) + [EL(Ro) — Es] ¥V Inm(X)} m(X)



projection time extrapolation

-21.8 218 «
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Convergence tests(*Hes - CO2 cluster, RQMC)

time-step extrapolation
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R
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0

2 4 6

og = ((H — {H)g)*)p
(EL(Ro)EL(Rp) — (H)%) g

this variance goes to zero for 3 — oo

extrapolation of the energy to
zero variance iIs easier thanto 3 —

path diffusion
7300
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A i I|I |'I'ﬂ
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Mh,a Ilhf.I lur' |

o ff “H.“nlhn

reptile diffusion l"ur

2500 -

0 50 100 150 200
Monte Carlo time

(make sure the path
doesn’t get stuck)



calculating derivatives of the fixed-node energy:
static linear susceptibility of the 2D electron gas

N
H = Hy + 2u, chs(k ‘)
i=1
(3) _
AE — X(k)vz+ (K, k, k),lﬁ

0 k 4 k

Susceptibilities are calculated as
second derivatives at zero external
field using RQMC.



® choice of U1 : nodes from the ground state of non-interacting particles
INn a cosine potential. o is a variational parameter.

HY — HD "W 4 20w st k-r;) (Mathieu functions)

® short-time approximation to {(R|e""#[R'):
<R|E—TH|RF> ~ = (R—1)? /427 (1 B E—dd’/’kf) o~V () +V (1))
This is the primitive+nodal action.

The nodal action enforces the fixed-node approximation.
It is obtained solving a 1D particle near an infinite barrier by the method of images.

® estimate the nodal distance by linearizing the trial function: d ~ [ /VW¥ |

near the nodes the nodal action is better behaved
than the importance-sampled drift-diffusion term

G‘(R’,R,fr) o o= (' —R=2ATV () /47 ,—7[EL (R')+EL (R)]/2



® choice of ¥7 . nodes from the ground state of non-interacting patrticles
In a cosine potential.  « is a variational parameter.

G O > costk - 1,) (Mathieu functions)

potential
® short-time approximation to (R|e " ¥[R'):
(Rle""H|R') ~ o~ (R—1")?/axr (1 _ E—dd’;‘}«.f) o—TIV (I +V(R))/2
This is the primitive+nodal action.

The nodal action enforces the fixed-node approximation.
It is obtained solving a 1D particle near an infinite barrier by the method of images.

@® estimate the nodal distance by linearizing the trial function: d ~ |7 /VWr|

near the nodes the nodal action is better behaved
than the importance-sampled drift-diffusion term

@(R’,R, T) o~ E—(Rf—R—QATV(R})ZMATB—T[EL{R’HEL(R}];Q

/

drift velocity



static linear susceptibility of the 2D electron gas

re=10, £=0.6, kkg=1.77

N
H=H;,+ 2v cos(k - r; f ;"
0T STk *’2(;,3) Ue - 1) 0 | charge {o
' — [
p xS =10 -4 pd

Susceptibilities are calculated as
second derivatives at zero external
field using RQMC.

0 i > 0 1 >
o oL
The nodal displacement increases the / /

statistical noise, in a way which A parameter in the trial function that controls
strongly depends on the fixed-node  the nodal displacement induced by the external
constraint imposed by the Green’s potential. A zero value means no displacement,
function. The “nodal action” by far the optimal value is the location of the minimum
outperforms the “drift diffusion”. of the curve.




static linear susceptibility of the 2D electron gas
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application to electronic structure: forces

cumulant approximation to pair action (Ceperley,

. 1983) |
G(R', R, ¢) o e~ (F—H)*/2¢ (1 _ o—2dd /e) o >, ulrarie)

/

e_t t s = |r —r'| (2r%€e/ )~ 1/?
J

ro[r' y=( =) (28%¢/ )Y

e; v = eie;(2eu/h?) /7

1
1 1y + 25\
ey =~ [ d f
ulr.r, €) TA y+2wfr(ﬁM1MPﬂ)

: one two-dimensional
0 5 table




hydrogen
dimer,

1.2 ‘ 2 )
1 15 5
R
(a.u.)
~ ~—~ a2 7 T 8=10
O = P
x c:; 1174 | "
W — -1.176 ¢
1.178 .
DMC

0.1 0.2 03
time step
(a.u.)

(;5(1‘) _ e—[r—rgl[ 4+ e—|r—ng

LL

~
-
©

~—

force(Ro)
(a.u.)

-0.687

-0.688 |
> -0.689 |
-0.69 |
-0.691 |
-0.692 |
-0.693 |
-0.694 |
-0.695

0.007

= 0.006
= 0.005
0.004 |
0.003 |
0.002 |
0.001 |

-0.001

*
¢
f
0r 0.0I005 0.601 0.0615 0.002
variance of H
l l
| ] 3 =10
0 0.65 .OI.1 0.15 OI.E O.é5 0.3
time step
(a.u.)



examples of calculations of forces

Assaraf, Caffarel Lee, Mella, Rappe
01 T T T T T T T I - T ” I v =
ST00 30 - = = VNC -
= — DMC ~
0.08 Exact . O o
, . ~ -
Hybrid — m ™ e _ I
- 0.06 ¢ . ’g 10041} -
= LIE =
© > 10042} -
qQr L
G 0.00 N\ (o - 100.434 -
O ; -, s
- ‘=, 10044 .
0 o :
R P A 17 1§ 19
Bond Distance {bohr)
-0.02
4'1 5 6 : ? : a FIG. 1. Energy and force calculations of HE with VMC and DMC. Two thin
horizontal lines at each data point show the energy error bar The slope of
R (ﬂ. u '] the thick lines show the force at each data peint.

FIG. 11, Hybrid foree lor Li; . Solid Jine: exacet noorelativistic loree corve.

improved estimators on the mixed
distribution



Filippi, Umrigar 2000
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FIG. 2. Potential energy curve for B, in ¥MO snd DMC. The
thres DM curves are optained with three different primary peom-
etrigs [equilidrium, stretched by 02 snd 0.2 an ) zed using re-
centered wave functions. All curves are shifted with the energy &t
the equilibrium distance (arrew]) deficed as the zer<. Atomic ueits
re nsed.

neglect contribution from drift-diffusion



Zong, Ceperley, 1998

4
g
I *.
oot D
E! -
: I
5 Ny
000 T, \‘._""'___
.
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FIG. 6. The force en the cuter protons in a H-H-H collinear
cenliguration of Hy molecule as a functien of the nearest neighbor
proten-proten distance . Diamonds with ersor bars are PIMC
simulations at =384 with 198 time slices. The solid line is a it (o

the PIMO result.

neglect nodal displacement



J. Wrbik and S. M. Rgthstain:
J. Chem. Phys., Wol. 05, Mo, 3, 1 February 1992
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iIncludes everything
problems with time step extrapolation



Lithium dimer,

nodes from HF with STO3G basis

L B=2 gaf=2
> O T
5_6, 14.9 -0.05 |
' 4 5 R 6 7 - 3 4 R 5 6
(a.u.) (a.u.)
the force Is consistent with the interpolation of E
S535°
3 < force |
scalingwith: 3 £ |
— energy

5, (l':l.u.)



Dynamics: Free rotation in “superfluid” He clusters

The microscopic Andronikashvili experiment

Reiative Depletion [%1]
o QT N % 0¥, TR L B o O R I e R L LT % N - v - Vo O L R A e+
TTUTITTE T ' | oo

N4=0 S A
- .
e .
etnrany —ere T . Mﬂ.m_‘h._ﬁ:‘*?
¥ o B
P
r’/x Y
i =
ot e X e e e
25 an C
! b,
— o "
o ay
e b J""“.-"’"\-vu""-_.'t.-".ﬂmhn
-5 Dr
| Ly
r o g
o *».-"_*—-"w"m"’ﬁw_wﬂ"# i el
i |
| 1l E X
'L :
i '.I ;
b -
gt iy
100 " RO F |
1l !
' !
Fi - -~ = .
e e [
-2 0.0 02 0.4

Wave Number Change [cm’1]

as few as ~60 “He atoms
yield rotational peaks:
“molecular superfluidity”

(S. Grebenev, P. Toennies, A. Vilesov, 1998)



size-selective measuremets in small clusters: OCS@Hen

i § 4 3

Ratatianal zenstant, B (MHz)

8

rotational constant

E

a

nanodroplet |

xparirmenial
nanc<droplet value

imit

7 {4 2 % L s " 7 m 1 41 11 12
Numiber of solvaling He atoms, M

number of He atoms

3 + &5
;\hulﬂ"h:ww‘"ﬁ\-rﬁ‘—r"‘_"wx_fd "n.,."'uh-.r-_." W/
! N
WYY AN Y |

I-,.JL":JMW-.—JLJMF . : A

e . : . : . :
2062.2 20624 DE2 B M0e2.8 2063.0
Wavenumber (em-1)

free-rotor-like IR and MW spectra
assigned for N up to 8.

the rotational constant undershoots
the asymptotic value for N=6, 7 and 8
thus implying a subsequent turnaround
which will be taken as evidence for the
onset of “superfluidity”

McKellar, Xu, Jaeger 2002



Calculating the optical spectrum

The measured absorption spectrum is

I(w) o 2m Y [(od|,)*6(E, — By —w) = f e (d(¢t) - d(0))dt

The dopant molecule is modeled as a rigid linear rotor S
interacting with He atoms with a pair potential. 80 N= '
. . . . —
The dipole d is proportional to the unit vector along = . J=4
. — 40
the molecular axis. =
) . .. 4=3
We can calculate correlation functions in imaginary time El J=2
o J=1
—tH . L
C(t) = (Po|de tHd[@U> 0 03 05 07
(Byle 1| By} imaginary time
= D (o] d| )| e BB
015 [ & 5o
: . . . . ] 05 o @
Correlation functions of hlgher multipoles give higher-J states 3} L?
(n) —{Eﬂ Eo)t ot b 57
Ca(t) = (Py (d( t)) = ZA e . oa <
s H !
. . . X Cxacimont &
Rotational excitation energies are obtamed by inverse CE T uaton o
o
Laplace transform g ~ Mmomhedpot X

'::II::I"S‘ 1 1
0 5 8 15 Zo 25 3G



OCS@Hen: structure vs. rotational dynamics

He-OCS
potential

He density
profile

He-OCS peak value
angular of angular
correlation correlation

p(r) = (Z o(r —r;)) He density

2

o(r) = —{(L-1(r)} He-OCS angular correlation

I(r) = —ikir x Z (Vid(r —r;) +d(r —r;V;)



Rotational transition frequency / GHz

HCCCN@Hen: MW spectra & QMC simulation

experiment ©

microwave transitions
(W. Topic and W. Jaeger, 2006)

nanodroplet limit
(Callegari et al.,2000)




Rotational transition frequency / GHz

HCCCN@Hen: MW spectra & QMC simulation

experiment ©
simulation ¢

ROMC simulations

He-HCCCN potential




Rotational transition frequency / GHz

HCCCN@Hen: MW spectra & QMC simulation

+ €Xperiment ©

simulation ¢
. ¢
®* J=2-1
& ¢35

...more RQMC simulations




HCCCN@Hen: MW spectra & QMC simulation

N
T experlmento
O q simulation ¢
%) © ¢ ...Mmore microwave transitions
3 @ @3 J=2- 1 found and assigned with
e 7 o% { 0(559 the help of computed
c i? * - rotational excitations
@ ® #
¥
5 5
[ R
S %0, ] =1- o
® a'
s %
T 3 . 1

0 10 20 30

N

simulation facilitates the search and assignment of MW transitions



Rotational transition frequency / GHz

HCCCN@Hen: why local minima at 6 and 9 ?

@ experiment O
simulation ¢ |
o ¢
é‘ J=2-1
'IIWQ ? ¢ * (}di}
# o '}} %DD '
+* Dci + ©
t
¢ 14
®
L
J=1=0
“ et
0% « O
-“ ]

—
>
.‘éz
NQL
o |
gz
Q)Q.
£ |
Q
S =&
£ 4

N=7 and 10 contribute to full solvation



HCCCN@Hen: why a local minimum at 22 ?
density profile

@ experiment O
al simulation ¢ |
T
-{'? @ é* }
& J=2-1
& & ¢ K3 o
g 7 ¢ + % DD
£ DOQ DD} e
5 A
c | #
g5 o { fraction of He atoms in
g long exchange cycles
o ¢ S, s=1-0 * ' ' &
E = | -
* Yot + 5 04 | "._..-. « |{I & IT shell
3t 02| o° *
o . *_|I shell only
0 ¢ |
0 : ot
N 10 15 20 25

second shell opens new channel for exchange cycles



Introducing size scaling of efficiency:

Fermion DMC with Importance Sampling 2G0T

Reminder

The practical utility of DMC relies on importance sampling.
@ Rewrite the imaginary-time Schrodinger equation

1_» owv
VNV -V =__
2? or

as an equation for f(R, 7) = V(R, 7)¥ 7 (R):

i of
SV -V (V) - Eif= o J

where

~3V2 4 V(R))Vr(R
v(Hj}:E%E%Q and E,(R) = "2V Tu T((m))wr( )

W.M.C. Foulkes (Imperial College London) DMG for Fermions Tuesday 22nd January 2008 21 /34



Projection Monte Carlo:
Branching vs. Metropolis

Cost of calculating energies per particle vs. system size:
(VMC), DMC, ground-state Path Integral

4He at equilibrium density
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Linear-Scaling Quantum Monte Carlo Calculations

A_J. Williamson, Randolph Q. Hood, and J. C. Grossman

Lawrence Livermore Natiomal Laboratory, 70U East Avenue, Livermore, California 94550
(Received 3 May 2001; published 26 November 2001)
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FIG. 2. CPU time on a 667 MHz EV67T alpha processor to
move a confipuration of electrons within DMC far 8iH,, 8i-H,.,
Si.’lSH.’!-hu SiH?HTﬁ:. Si]sz]:m, SiZHH]Ws Cz:h C'jf:: Cfﬂ:]s CH[]!: H.Ild
C]Hﬂ'

Note, the discussion thus far involves the scaling of the
computational cost of moving a single configuration of
electrons. In practice, cne calculates either (i) the retal
energy of the system, or (ii) the energy per arom, with a
given statistical error. The statistical error, 6, 1s related
to the number of uncorrelated moves, M, by 8 = o /M,
where o2 is the intrinsic variance of the system. Typi-
cally, the value of o® increases linearly with system size.
Therefore, to calculate the roral energy with a fixed 4, the
number of moves, M, must also increase linearly. When
multiglit:d by our linedar increase in the cost of each move,
an N size scaling is obtained. For quantities per atom,
such as the binding energy of a bulk selid, o’ still in-
creases linearly with system size, but 4 is decreased by a
factor of ¥, and, hence, the number of required moves, M,
actually decreases linearly with system size. Therefore the
cost of calculating energies per afom 15 now independent
of system size.

“cost of the move” extended to “cost of the calculation”



liquid “He at equilibrium density
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Variational Monte Carlo

size effect:

energy potential energy
per particle per particle
-17.8 :
+ f ELﬂf—ﬁ.EE i +
K.
. >
' 17.84 |
0.01 0.02 0 G.ID‘I 0.02

1/N 1/N



o (°K?)

1t

Variational Monte Carlo
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Variational Monte Carlo

variance of EL test function
per particle for linear scaling
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A statistical error
M number of steps
N number of particles

MN=T is the cost of the simulation 9
assuming linear scaling in the cost of the move. The efficiency is E — 1/TA
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ground-state Path Integral Monte Carlo
details of the simulation:

primitive action:
<R‘E—TH |R!> ~ e—(R—R‘r)zf-'—l)\?'e—T[V(R)—[—V(R")]/Q

typical time step: T = 107K !

total projection time: upto 3 = 2K 1 (2000 slices)

multilevel Metropolis, bisection algorithm, level 6
(attempt to move 63 slices, acc. rate about 50%, not necessarily optimal)
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ground-state Path Integral Monte Carlo

E vs. time step
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ground-state Path Integral Monte Carlo
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test function
for linear scaling
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ground-state Path Integral Monte Carlo
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Diffusion Monte Carlo

F(Ryt+ 1) = f ARCG(R, R, 1) (R, 1)

Cﬁj(j?:F R’, T) ~ 6_(R!_R_Q")‘TV(R))EX‘{I)\TE—T[EL(R’)-{-EL(R}—EET]XZ

\ \
drift-diffusion branching
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Diffusion Monte Carlo

detalls of the simulation:

® typicaltimestep: T = 107K~}
® number of walkers: up to 8000

® branching is done (with constant number of walkers)
after moving once all particles
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Diffusion Monte Carlo
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Diffusion Monte Carlo

results:

time step error
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Diffusion Monte Carlo

test function
for linear scaling
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correlation between walkers increases ...and with number of walkers

with system size
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Diffusion Monte Carlo

population control bias
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Diffusion Monte Carlo

population control bias
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define a common level of systematic accuracy
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Diffusion Monte Carlo

test function

population control bias for linear scaling
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estimate efficiency at similar level of systematic error

(worsens for higher accuracy)
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Diffusion Monte Carlo

Eliminating the population control bias:

reweight the contributions of walkers at time t by the product of
all renormalization factors of the total weight occurred since t-T

energy vs. correction time T
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harder to get strong corrections for larger systems



Diffusion Monte Carlo

Eliminating the mixed estimate bias: Forward walking

a walker drawn from the mixed distribution at time t
contributes to the pure estimate the value of V of his ancestor at time t-T

recall path integral result:

E vs. projection time
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T should be about 0.15



Diffusion Monte Carlo

Eliminating the mixed estimate bias: Forward walking
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Diffusion Monte Carlo

Eliminating the mixed estimate bias: Forward walking

forward walking alone
forward walking + eliminate pop
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Diffusion Monte Carlo
Eliminating the mixed estimate bias: Forward walking

test function
0 for linear scaling
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for large systems and/or poor trial
functions branching becomes problematic

» PIMC scales in a controlled way;

for condensed helium the DMC/PIMC
efficiency crossover is at sizes of practical interest

®  PIMC does not (necessarily) heavily rely

on the quality of the trial function (except for FN approx.)

as a Metropolis algorithm it can
be improved introducing better moves

® It Is more straightforward for derivatives,

Imaginary-time correlations, correlated sampling...



