Preweighting method

in Monte-Carlo sampling with complex action
— Strong-Coupling Lattice QCD with 1/g? correction, as an example —

AKkira Ohnishil and Terukazu Ichiharal2
1. YITP, Kyoto U., 2. Kyoto U.

The 33rd Int. Symp. on Lattice Field Theory,
Kobe, Japan, Jul.14-18, 2015

LATTICE
2 015

[7]
Star
= _Matter

Ohnishi @ Lattice 2015, 2015/07/17 1




OCD phase diagram and Sign Problem

# Finite density QCD

Critical Point,
Nuclear Matter EOS,
Compact Stars, ...

Obstacle
= Sign problem at finite p.

T (MeV)

Many methods proposed.
Taylor expansion, Re-weighting,
Imag. u+AC,

Canonical, Fugacity expansion,
Histogram method,

Complex Langevin,

Lefschetz thimble,

Strong Coupling,

but it is still difficult
to attack low T.
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Many Talks During Lattice 2015 !

Less Popular but some in Lattice 2015.
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Strong Coupling Lattice QCD

Wilson ('74), Kawamoto ('80), Kawamoto, Smit ('81), Aoki ('84), Damagaard, Hochberg, Kawamoto ('85),
Bilic, Karsch, Redlich ('92), Fukushima ('03), Nishida ('03), Kawamoto, Miura, AO, Ohnuma ('07).
Miura, Nakano, AO, Kawamoto ('09), Nakano, Miura, AO ('10), Mutter, Karsch ('89), de Forcrand,
Fromm ('10), de Forcrand, Unger ('11), Misumi, Nakano, Kimura, AO('12), Misumi, Kimura, AO('12),
AO, Ichihara, Nakano ('12), Ichihara, Nakano, AO ('14), ...

# Integrate links first, and fermions later — Milder sign prob.

# Two indep. methods give consistent phase diagram
in the Strong Couplmg Limit.
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de Forcrand, Fromm ('10), de Forcrand, B
Langelage, Phlltpsen, Unger ('14) T.Ichihara, AO, T.Z.Nakano, PTEP2014,123D02.

@R 1 YETP-csa2

Ohnishi @ Lattice 2015, 2015/07/17 4




Finite coupling corrections

# Mean field results: No sign prob. . de Forcrand et al. ("14).

s Monomer-Dimer-Polymer: - St
Phase diagram by reweighting e e\
de Forcrand, Langelage, Philipsen, Unger ('14) os Y

# Auxiliary Field Monte-Carlo: s popmes L

o 4=05 (e e S R |

Severe weight cancellation at finite 1/g2 .| =22 . EE;
T.Ichihara, T.Z.Nakano, AO, Lattice 2014 ol 'Sz"f’:ﬂ“‘n“jﬁﬁ f[,'_g et

Direct sampling method is average phase factor (spNLO). f=0. 1

1.2 . .
not yet fully developed. R e
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- 50
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AO, Miura, Nakano, Kawamoto (Lattice 2009), . T ,
Nakano, Miura, A0 (710, r11) T.Ichtham, T.Z.N(lktl”O, AO, Lattice 2014
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Contents

# Introduction
s Strong coupling lattice QCD with fluctuation and 1/g? correction
@ Strong coupling expansion and Effective action
@ Bosonized action and Auxiliary Field
@ Sign problem and Shifting integration path
@ Phase diagram in SC-LQCD with fluctuation and 1/g* effects
8 Preweighting
@ Histogram method.

@ Can we include the cancellation effect in advance ?

8 Summary
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Strong-Coupling Lattice QCD
including Fluctuation and 1/g? Effects
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Lattice QCD action

s Lattice QCD action (unrooted staggered fermion)

L=2¥[ri-v; ]+—Zn, 5 U () o = UT(x) %

2
X X, J
m — 2Nc la 1 la
H g 2 Kt lySﬁ Y S q]
x g
Sha=% 1—NiReTrUpa]
P c

o

Vi=g Uo(x)e" %wsr Viz=xmoUs(x)e™ Yy,

@ Staggered sign factor
N,X)=(-1)**(x ... 4x, )

@ U1, x U(1)r chiral sym.
% — explife(x)] x,, e(X)=(-1)**(x,+x +x,+x,)

@ Anisotropy parameter y

ssssssssssssssss »
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Strong Coupling Lattice QCD

# Strong coupling limit
Damgaard, Kawamoto, Shigemoto ('84), Jolicoeur, Kluberg-Stern, Lev, Morel,

Petersson ('84).
Spatial link integral— Fermion action with four-Fermi int.

(LO in 1/d expansion)

SSV=L S [rr—v 52 M, 3

2
X

JGE
O+—0
~
Sy

o ZM Mx+ <Mx:>zxxx>
4Ncy X, ] !
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Strong Coupling Lattice QCD

# Strong coupling limit
Damgaard, Kawamoto, Shigemoto ('84), Jolicoeur, Kluberg-Stern, Lev, Morel,

Petersson ('84).
Spatial link integral— Fermion action with four-Fermi int.

(LO in 1/d expansion)

1 N IR
Sg’sffCL)_zz !Vx_Vx ]+TO§M)C

X

M M Mx — >Z)C Xx)
4 N,y Zi (
s Eff. Action with 1/g2 correction
Faldt, Petersson ('86), Miura, Nakano, AO,

Kawamoto ('09) |3

(NLO) _ (SCL) | P+ +
SO =g Z[VXV AVIV]
X, J

eff eff 2

i
4 Z .MxMx+}'Mx+kMx+k+]
Y x,k,j, k;é] M

B, —1/2N o'y, B.=1/16N'g’y
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Extended Hubbard-Stratonovich Transformation

s Extended HS transf. exp(ocAB)=f dodog exp(—ale o+ A+¢ B])

4 Bosonized Effective Action

g(EH rt r— 1 .
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Extended Hubbard-Stratonovich Transformation

s Extended HS transf. exp(ocAB)=f dodog exp(—ale o+ A+¢ B])

4 Bosonized Effective Action
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Lattice Setup

# One species of unrooted starggered fermion

@ N, = 4 in the continuum limit

@ Chiral symmetry: U(1), x U(1),

Strong coupling expansion to 1/g? order.

@ LO (strong coupling limit), NLO (1/g? correction)

@ Spatial link: LO in 1/d expansion (no spatial baryon hopping)

@ Temporal link : exact
B,=2N./g2=0,1,2,3
Lattice size : 43 x 4, 6°> x 4
Auxiliary Field Monte-Carlo

Ohnishi @ Lattice 2015, 2015/07/17
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Phase Transition at u=0

# Suppression of transition T from mean field results
on anisotropic lattice with N_=4 by ~ 10 % for p_=0~3

8 Tc¢ from max. -do/dT

7 AFMC, 43::«:4 (Pseudu)(,unral TEIH]]E'] ature (LL 0)
Hybrid MC/MDP 4
- MF (aniso., \5 4) ------
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= | ¥om . - AFMC (6'x4) U
~f . |\ TSR
o 1 N o1 III \ T ::=-:II]89 |
= 3 N I| II". s TS - i
'%' .‘u- q \“1‘\\ I| II'.I TN,
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T Bg
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Finite u (.=3)
- Ry

# Sudden collapse of the average phase factor, < exp (i 0) >,
where quark number density becomes finite.

# Strong correlation is found btw 0 and one of the aux. field,
o, = Im(o (k=0)). — O(V?) effect !

0~6pB,p, 0, LN,

AFMC, 4x4, B ;=3
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Why do we have a large complex phase ?

s Effective action terms including o,(k=0)

S,, :1CL3m§+iCm1N
I 2 q

\ AFMC-NLO
i ™ x
2 ﬁﬁrmpq L“:'\T o
1 B
P . VP — _|
= 0
a1t
B s
B=3.4 x4, WT=04,T=1.0 °%} :
-3 - . ,
-1 -0.5 0 0.5 1

|

= A\
--.
YiTP.weos) P
far
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Ohnishi @ Lattice 2015, 2015/07/17 16




O: Why ? A: Repulsive Vector Potential

s Effective action terms including o,(k=0)

_1 3 2 . 1 3/ 2 . v 1 3 2
SU)I_ECL (1)1+1C(D1Nq :ECL ((Dl-l-lpq) +§CL o
— Textbook example of the sign problem,
and we know the answer !

— Shift the integral path to imaginary direction.

[]ﬁ i rr II|';:-i,III \.:x_;x\\ H:]“'

/
N
P
{
l
N\

D
HaRy s _;' i < p >
05 ¢t ’;. 5; :: VL 1 q

>

>
. P O)I
f(x)=exp(-x"+21ax)

-3 -2 -1 0 1 2 3
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O: Why ? A: Repulsive Vector Potential

. AFMC-NLO
2 ﬁﬁrmpq L°N, v
1 B
=
= 0
-1t
20r 3
B=3. 4" x4, WT=0.4, T=1.0
3 : : :
1 0.5 0 0.5 1
: AFMC, 4°x4, B_=3
WI=0 —=-
0.8 r G—8—a gi "]
A 0.6 s *m 0.6 * -
= 04| %t 1.0 -~
- ' |
u I.
Vo02t = .
0 b g By
_[Lz 1 1 1
0 0.5 1 1.5 2

Ohnishi @ Lattice 2015, 2015/07/17 18



O: Why ? A: Repulsive Vector Potential

AFMC-NLO ; AFMC-NLO (subt. ‘:pq3}='|].51)

3 1 1 L= e 1 1 T

3 6 | ‘
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1 17
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s 0 s 0
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1 0n.s 0 0.5 1 -1 -0.5 0 0.5 1
3 3 O
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Phase diagram at finite fj,

# Phase diagram on a 43 x 4 lattice
at Pg =3

@ Suppression of Tc(u=0),
Smaller curvature.

Phase diagram on a 4° x 4 Lattice

AFMC, B =0 =
.................. MF(iso., Bg -0) MDP, B =0
16 e AFMC, Bg=3 —e-

04 MF(so., Bg=3) 32

0 0.2 04 0.6 0.8 1

(P0S
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Phase diagram at finite fj,

# Phase diagram on a 43 x 4 lattice
at Pg =3

1.5
@ Suppression of Tc(u=0), 1}
Smaller curvature. 0.5

=

@ Different pg dep. from previous works?

5 Phase diagram on a 4° x 4 Lattice

Miura, Nakano, AO, Kawamoto ('09),

AFMC, Bg=0 —H- AO, Miura, Nakano, Kawamoto ('09)
1 6 ............... E'L'I]F{'SG? Bg:[}} MDP, Bg=[:] ar T T T T T T T
. - e, — = 144 e -
[l AFMC, B3=3 - S
""--._______ *-._‘ 12 F N ] . N 4
= nsf o ";'Lﬁ&
0.8 T el % l
chiral 2" ordar mrﬁ:'l'l.kﬁ;gﬂ‘l'm, I L,
0.4 o e mmem |
) [=0.5 [mponantal) - CEP fmQ5 - - 4
o el BEART
0 | | 5 | o PrisipommnEl i oueqm .
a (1} oz 0.3 0.4 0.5 D& o7 .8

0 0.2 0.4 0.6 0.8 1 de Forcrand, Langﬁélage, Philipsen,
H Unger, PRLI113('14)152002
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Remaining Problem

s Larger spread of 0 distribution on lager lattice.
How to handle it ?

# Phase coexisting region.
Two local minima have different p, values,

B/m

then how can we shift the path ?

Cad

AFMC-NLO (subt.)

B=3, 6°x4, WT=0.4, F=1.0

p q

14 AFMC-NLO (subt.)

1.2

1t
0.8 1
0.6 1
0.4 r
0.2 ¢

B=3, 6"x4, WT=0.8, T=0.7

0

o = (624m) 2

o 02 04 06 08 1 1.

2

14
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Preweighting
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Preweighting

# Histogram method (Gaussian 0 dist.) S. Ejiri, PRD77('08)014508
. ] 6—62/2A2[<D] "
Z=[Dddoe """ "= Dddoe” e
f f V2T A | D]
= Do " exp(—A°[D]/2 0-dist.
J ( | o dep. APF =
# Preweighting supp. large 0 @ dep. supp. factor
Z,ow=| DOd0e™ " [exp(—f(0))= [ DD "™ | F(A[D))
f o 0124’ o) 1))
F(A)l=]1dO——e
(&) V2mA
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Preweighting Function

# Can we find f(0) which satisfies F(A)=exp(-A2/2) ?
— Yes, as perturbative series of A

F(8) =

,

___Elil__gl.:- 17

1 8
50 + 5% + 5%+ 2e? TOE"

> F(A)=exp(—A*/2)+ O(A") !
08 |
# But there is no free lunch. 0.6
—6°/2A° = e [
fde\/ e /19 = 04t
2mA 0.2 |
f(0)
9 : : - .
\/2 — f doe”’ (A o0) 0 —
s Practical method: Preweighting+Reweighting A

@ MC with preweighting fn, e.g. £f(0)=02/2

e ’ Let us examine I
@ Make a histogram in @ and obtain A[D] in SC-LOCD !
- Give Reweighting factor exp(-A2/2) / F(A)
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0 dist. in SC-LOCD ( B.=3, u/T=0.4)
I el ittt o St et A

# Chiral condensate distribution is spread,
but 0 distribution is well approximated by Gaussian.

# Observed results in
phase reweighting,

preweighting, preweighting+Gauss reweighting

agrees well.

B=3, 6°x4, WT=0.4, T=1.0
AFMC

- *
N & Gaussian
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- F A
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F L
¥ L R 5 D A e,
A .‘5‘::.-':.';'-'-.' e e
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L0t ol [ s e S
A e f T
1 - AL TN P FE R Ao e s
"_._.:"__.--__ b .j_.--ll'—,f_'-.-“.- . 3“\. P
I r i, » - e -
- ‘T"-.?-’?.-';""'."-""- F ‘-:.-\. Fﬁ_-'q“-_.":"‘i-: o ."E-f-"_
0 I s
’ it i o s r—
A e
e
i 1

1.4 ra | i)hasle rew. O
_ prew

1.2 R prew+rew

Ly s

0.8

0.6 g

0.4
- ﬁ\.k

0.2 1 B3, 634, WT=0.4 = N -

0 02040608 1 1.2 14 1.6 1.8
T

G 7 VTP ool PR

ssssssssssssssss
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Summary

# Strong-coupling lattice QCD including fluctuation and 1/g* effects
is developed, and applied to phase diagram study.

@ Dominant contribution to complex phase comes from the repulsive
vector potential, which can be removed by shifting the integration
path. __AFMCNLO

. I_'_. .. ) ﬁE},[ﬂpq ]-3)'_1- o

AFMC-NLO (subt. <3pq3>=l].51)

30
‘EBtmpqL“)«T J

O/m
| 1 1
L [ i = - [ L)

O/m
] i i
L) [ et = ot (3% L)

L r 3
B=3,4°x4, WT=0.4, T=1.0 'S8 : B=3, 4" x4, WT=0.4, T=1.0

% .
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1
O

0
@ (Caveat: Selt-consistent subtraction is necessary for stability.

@ Preliminary phase diagram is obtained.

# Once the correlated auxiliary fields are subtracted, 0 distribution
seems to be well described by Gaussian. Then we can obtain
observables even when APF is very small. Adding preweighting
function will help to enhance statistics.
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Discussion & Future works

# Non-gaussianity of 0 distribution

@ SC & HP expansion: Greensite, Myers, Splittorf, arXiv:1311.4568.

@ Superposed Lorenzian in the 7 cond. phase
M.P. Lombardo, K. Splittorff, J.J.M. Verbaarschot,
PRD80 ('09) 054509

# To do
@ Configg. dep. subtraction.

@ Polyakov loop
0 OG-
# Application to other systems

@ AFMC with 1/g2 terms 001

o1 | 4th/2nd
ﬂ Lillk MC LQCD -r:_[:||.:_:| = _"',ll.. 1 -
Can we remove 7 cond. phase ? N, = 2048
@ Which variable is most closely ;701 05 05 1 1o

[ f) rIJ
correlated with 0 * Greensite, Myers, Splittorf, arXiv:1311.4568.

Ohnishi @ Lattice 2015, 2015/07/17 28

ssssssssssssssss




Thank you !

™ A
UNITS -m.
P08 A
| - far
wTnmw YUKAWAINSTITUTE FOR
& ST eonericatpivsi cs il £ offer
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0 dist. in AFMC-SCL (1/T=0.8)

. . T.Ichihara, AO, T.Z.Nakano, PTEP2014,123D02.

8 0 dist. ~Gaussian — T AFMC 494 O

15 B m“"""'-...____. 53}{4 ) .
——p BIX6

8 average prew. factor ~ 0.7

# average phase factor ~ 0.5-0.6 —

Preweighting accounts for
a large part of weight cancellation !

1 ;
MC o
prew —--
Gauss - iR
0.8 | st
rn"‘ ; =
______ --'ll'..g '."
2
0.6 | ....,_____.& -
| Wr=0.8

06 07 08 09 1 11 12
T
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0 dist. in AFMC-SCL (u/T=2.4)

T.Ichihara, AO, T.Z.Nakano, PTEP2(014,123D02.

# 0dist. #Gaussian 77U AFMC 45X4 O
16 f BaX4 —6— 1

6.X6 —i

@ 0 distribution well extends
around 0 ~ 7.

1.2

|_

— We need to consider 0.8
mirror contributions.

T=0.1wg}

D . L L L . . L L
0 02 04 06 08 1 12 14 186
T
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Mirror contributions

# Mirrored Gaussian

0—2mn)
2A° )

P(0)=—t T expl(-

@ Apparent std. dev. A (obtained in —n< 0< 7)
— Actual A (defined in -00< 0 < o0)

@ Alternative
Obtain 0 in -0 <0 <o (Ejiri)

1.2
1 -

08 |

S 06
0.4
02

0

0 01 02 03 04 05 06

Ohnishi @ Lattice 2015, 2015/07/17 32



0 dist. in AFMC-SCL (u/T=2.4, again)

a 0 dist. ~ Mirrored Gaussian — " AFRAC N —

16 f—n 634 —6— -
i = = G-XG i

@ APF is also well explained

with Mirrored Gaussian. 2 T
@ average prew. factor ~ (0.4-0.6) e
04t e

@ average phase factor ~ (0.1-0.3)

Preweighting accounts for
around half of weight cancellation !

0.8 |
P(s,0) M¢ — | Gauss
15 Gauss(M) — pT=24, T=0.1 & g GCauss®) —
i s - [y
" Soaf g
0o b _
0 ].lf[‘=2.4
0.1 0.15 02 025 0.3 035 04 045

T
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