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Difficulties in simulating complex partition functions.

/= /Q’z‘ﬁle}’(p(—SO-|-ll_‘)j ZO — /dAe_SU

Sign problem:

il
The reweighting (¢) = $2¢ 1

(e)o

<*>, = (V.E.V. for the phase-quenched partition function Z,)

requires configs. exp[O(N?)]
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Promising candidate for nonperturbative string theory
[N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, hep-th/9612115] (a.k.a. "IKKT model")

7= [anaye o0

Sb:—ZtI[A,u:Av] , Of = Ntf'l_fo:(ru)aﬁ[Au:Wﬁ]

*Euclidean case after Wick rotation Ag—iA ,o,[0—-il" 4.
= Path integral is finite without cutoff.

[W. Krauth, H. Nicolai and M. Staudacher, hep-th/9803117, P. Austing and J.F. Wheater, hep-th/0103059]

A, Y, =N XN Hemitian traceless matrices.
10, a,p=1,2,...,16)
Elgenvalues of A, . spacetime coordinate= .4"=2 SUSY
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Sb"'Sfeff
=Pf. 7/ =|Pf. |l =¢ Lot
-Pf.Z 's complex phase I contributes to the
Spontaneous Symmetry Breaking (SSB) of SO(10).

- Result of Gaussian Expansion Method (GEM)

[T.Aoyama, J.Nishimura, and T.Okubo, arXiv:1007.0883. J.Nishimura, T.Okubo and F.Sugino, arXiv:1108.1293]

SSB SO(10)—S0(3).
Dynamical compactification to 3-dim spacetime.

SETSUNAN UNIVERSITY



3. Complex Langevin Method 5

SETSUDAI

Complex Langevin Method (CLM)

= Solve the complex version of the Langevin equation.
[Parisi, Phys.Lett. 131B (1983) 393, Klauder, Phys.Rev. A29 (1984) 2036]

d(Ap)ij 9IS % 1 OM_ 4
L (1) = — — =T ij
s ETrw e A Trw MR R TV T PR N R
drift term :along;/é‘(Au) ji

*A, - Hermitian—general complex traceless matrices.

*n,: Hermitian-matrix white noise obeying the
probability distribution exp( l / () dt)
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3. Complex Langevin Method 6

CLM does not work
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when It encounters these problems:

(1) Excursion problem: A Is too far from Hermitian
= Gauge Cooling minimizes the Hermitian norm

10
i A
N 1ONMX:‘,IU‘[( u

(2) Singular drift pro
The drift term dS/c

— (Ap)")?]

Dlem:
(A,); diverges due to.Z 's

near-zero eigenva

We trust CLM when

_ Ly y * fal
\l 10N3 ,ugli,jgl 8(AH)J-,- [K N

ues.

the distribution p(u) of the drift norm

Is exponentially as p(u)cceay,
agata, J. Nishimura and S. Shimasaki, arXiv:1606.07627]

Look at the drift term = Get the drift of CLM!!
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Mass deformation I[Y. Ito and J. Nishimura, arXiv:1609.04501]
10

-SO(D) symmetry breaking term AS, =N § Zlmutr(Au)z
U=

Order parameters for SSB of SO(10): 2, =Re { %Vtr(A,u)z}

Fermionic mass term: AS;= Nmjtr (ll_foc(f Y A Ty P Wﬁ)

Avoids the singular eigenvalue distribution of ..

Extrapolation (i) N—c =(ii)e,,—0 = (iii) m;—0.

SETSUNAN UNIVERSITY



4. Result 8

10
ASy = N& Z mytr(Ay)?

SETSUDAI

(/1”)8 my
AV )em

AS; = Nmgtr (u‘fa(irgrgrm)aﬁ wﬁ) pu (e, mr) =
m, (050512488888)

Yyl

s : 100 ¢ T T T T L T, T T —
N 128 64 48 22 histogram of fermionic drift ¢ Zo1rs
of \ ' SR> asfeﬁ" 18 203
A u 1 2 10k 10N322 1e =0.250
N\ o{'s i (I) N-—co \ ':.r_“y"'--\_\x N £ 2030
AN N NN\ |z =o032s
< E m~1.00, €=0.325 'F AN N\ £ =0.350
Vot ¥ AN\ . Zak0
1|1 0.1 (il / \ O\ {& =0.450
Ly i / \ £ =0475
P _ f \ € =0.500
|| I i i \\,\ £ =0.525
I s 0.01 i/ \ 4e =0.550
| — F | ) _
Al u=3 | N
L Sl = | : \ £ =0.625 —
oos | M=, S al all faster than 3
é f— '|J =Oz/—— 'm=1.00, N=32  exponential
5 IJ : 1 Q /“ : | ) 0.0001 1 1 1 1 1 1 1 1
000s o001 =1l Mo02 0025 003 003 1.6 1.7 18 1.9 2 21 22 2.3 24 25

SETSUNAN UNIVERSITY



4. Result

ASy =N ): mytr(Ay)?
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u=1

GEM result for m>0 at 3 loop
solutions of SO(6), SO(7) ansatz ,

i GEM 8§ ] .
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Dynamical compactification of the spacetime
in the Euclidean IKKT model.

"Complex Langevin Method"
=trend of SSB SO(10)—S0O(3).

Future works

Application of CLM to the Lorentzian version of the
type 1B matrix model

[K.N. Anagnostopoulos, T. Azuma, K. Hatakeyama, M. Hirasawa, Y. Ito, J. Nishimura, S.K. Papadoudis
and A. Tsuchiya, work in progress] their talks
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