Smart and Human
wHE

BRAY

Impact of SUSY on the dynamical
emergence of the spacetime in the type
IB matrix model with the Lorentz
symmetry “gauge fixed”

Takehiro Azuma (Setsunan Univ.)

LATTICE 2025, Nov. 32025, 16:40~17:00

with Konstantinos N. Anagnostopoulos (NTUA),

Mitsuaki Hirasawa (Milano-Bicocca, INFN), Jun Nishimura (KEK, SOKENDAI),
Asato Tsuchiya (Shizuoka Univ.) and Naoyuki Yamamori (SOKENDAI)




1. Introduction 2

Type |IB matrix model (a.k.a. IKKT model)
= Promising candidate for nonperturbative string theory

[N. Ishibashi, H. Kawali, Y. Kitazawa and A. Tsuchiya, hep-th/9612115]
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N N _
S = th[AuaAv]z | 9 trpa (") apglApu, ¥g]
—_—
=S, =S
-Dimensional reduction of the D=10 super-Yang-Mills

theory to O dimension
-Au(p=0,1 ,...,9), W, (a=1,2,...,16 after Weyl projection)
=N X N Hermitian traceless matrices.

*N=2 supersymmetry = eigenvalues of A, are
Interpreted as the spacetime coordinates.

How does our (3+1)-dim spacetime emerge dynamically?
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Lorentzian version : no Wick rotation
contracted by the Lorentzian metric 7y, = diag(-1,1,1,---,1)

Time development of the Lorentzian version:
=gauge fixing to diagonalize A, by SU(N).

[S.W. Kim, J. Nishimura and A. Tsuchiya, arXiv:1108.1540]

Aq = diag(a, a, ...,ay ), where a;<a,<- - -<ay.

. Z 1 <
Band-diagonal structure of A; ¢, =S jay., —anl, ax = = Zakﬂ-

—

SSB ofkgiaatial SO(9) symzr:nletry

1 1
Eigenvalues of T;,(t) = Etr(Ai(t)Aj(t))
Ari(t) (k=1,2,---,9)

=

9

R2(t) = <ﬁtrz<Ai<t>>2> = |R¥(1)| exp(2if(1)

=1
v

0s(t) < ¢ =>real space



2. Lorentzian type IIB matrix model 4

SETSUDAI

"Gauge fixing" of the Lorentz symmetry |

[Y. Asano, J. Nishimura, W. Piensuk and N. Yamamori, arXiv:2404.14045]

Diagonalizing A, by SU(N) does not fully fix Lorentz sym.

SO(9,1) Lorentz invariant quantity @ = tr(A5) = >7_, tr(A?)

4

. =T, ny
Minimize 7 w.r.t the Lorentz transformation

()= (e e ) ()
tr(ApA;) =0forall j=1,2,---,9

Gauge-fix the Lorentz symmetry by the Faddeev-Popov procedure:

7 = f dAdpe’® App(A H 5(tr(AgA,

—det 02 ‘7 1

Qi = tr(A2)0;; + tr(A;A;) (i, 5 = 1,2, ,9)
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Sign problem of the type IIB matrix model

Z:/dA

’LSb

r
complex™

dipe’™

7/

“~

=Pf M

[J. Nishimura and A. Tsuchiya,
real arXiv:1904.05919]

M is a 16(N2-1) x 16(N2-1) sparse matrix

Complex Langevin Method (CLM)
=Promising method to solve complex-action systems.

[Parisi, Phys.Lett. 131B (1983) 393, Klauder, Phys.Rev. A29 (1984) 2036]

- Time order a,<a,<...<ay for complexified a; (k=2,==*,N)

051:0, akzz

E=T -
i—=1 €

AO — diag(ah y ,CBN)

[J. Nishimura and A. Tsuchiya, arXiv:1904.05919]

SAdiag N 1Og

N—-1

H (g — o)? — Z Ty-

1<a<b<N

a=1
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Mass term to avoid the near-zero modes of the

Dirac operator:

_N _
Sme = Ttr{wa(ru)aﬁ Aps sl +

Pf M = / dipe?>ms

(m—<0: bosonic model)

imf@a (F7F8TF9)QB ¢B }

- Deformation of the Lorentz-invariant mass term (d = 4,5, 6)

[K.N. Anagnostopoulos, T. Azuma, M. Hirasawa, J. Nishimura and S. Papadoudis and A. Tsuchiya, arXiv:2509.XXXXX]
Control bosonic guantum fluctuations to mimic SUSY cancellation

N~ 2 d 2 : 2
Se = = { tr(4o) =) (AP ¢ ) tr(An)
=1

I=d+1

|

—-N
-¢=1: reduces to S, = TWtF(A“Au)

-€=3, J = ¢ with Myers term
(set y,m; appropriately)

=supersymmetric deformation of
the Lorentzian type |IB matrix model
[G. Bonelli, hep-th/0205213]

~

Break the spatial symmetry SO(9) — SO(d)
=explore the remaining symmetry

SETSUNAN UNIVERSITY



4. Result

N32n8mf2y6§10d—6

Re <kt k>

expandlng 3d space at late time

7
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1

Tiy(t) = —tr<A (1) A5V

CLM cannot sample all the

5
s Re (ri(t)) 7 | \Tw = Lir(A4 )7
N A i /N /
35 [\ Tl Va \ e FEN I
N | — \Re O\T k(t >
M) WA ¥,
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* relevant saddle points in
one simulation.
=Try changing initial

configs.

1 g

Apg = §RG<Z(Ai)pq(Ai)qp>
band-diagé)_nal structure




4. Result
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exoandlng 3d space at Iate time
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qu —

1
—R
96

g

<Z(Ai)pq(Az‘)qp>

=1
band-diagonal structure
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4. Result

N=32, n=8, m=2, y=6, £=10, d = 6

5

\ ¥ = o . ¥
L \T T ar = SR X/
3.5 St i jTr/ 1 ,g/ ;;‘\x#/

A %
\ e /
251 'R T/’)}/i\%"';/

Re <kt k>
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5 Tj(t) = —tr(Ai(t)4;(1))
k(1
1 9
Apq = §RG<Z(Ai)pq(Ai)qp>

=1
band-diagonal structure

A

‘Hné:EUcHdeahspacé
i
= <t/
\'6) 8
@ real space
-2 15 1 05 0 0‘.5 1 1‘.5

t
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5. Conclusion 10
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Complex Langevin Method (CLM) of the
Lorentzian type [IB matrix model.

Lorentz symmetry Is "gauge-fixed" by Faddeev-
Popov procedure.

Emergence of expanding 3d space from 2,3,4-dim
Initial configs.

Future prospects
*N—~=y—0, m—0 limit: does the 3d space emerge?

-Simulation of the supersymmetric deformation of the
Lorentzian type 1B matrix model. te. soneli nep-to205213

SETSUNAN UNIVERSITY
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Gauge fixing of the Lorentz symmetry
SO(d,1) Lorentz invariant quantity Q = tr(A42) —3_"__ tr(A2?)
N——

(]
N J
-~

=T U
(1+1)d Lorentz transformation in the i-th direction

Ay \ [ cosho sinho Ay
A, )\ sinho cosho A;
T — tr(AgL)Ao) = T = %(acoshQa + bsinh 20 + (a — b))
a = tr(A} Ag) + tr(ATA;), b= 2Retr(A} A;)

Minimum of 7~ : Va® =1 at tanh20 = —

a

SETSUNAN UNIVERSITY
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Gauge fixing of the Lorentz symmetry
Minimization of 7 : (ATOZAO,ATFAD
b=1tr(ApA;) =0foralls=1,2,--- ,d

Gauge-fix the Lorentz symmetry by the Faddeev-Popov procedure:
AT = 0,4, O €850(d,1)

d
[ 40 Aep(4°) [T s(0x(4§ A9 = 1
—det;; T

A (j, o) cosho  sinho A9\ A0 (i oy — A0 |
? - O- _ k
( Ag)(j,ﬁ) sinho cosho A§9 k (97 ) k ( 75 j)
Q;; = %tr(Ag(j’U)A?(j:g)))w—o

_ { 75 {3tr((AF)? + (A9)?) sinh 20 + tr(AF AP ) cosh 20} (i = j)

= tr(AJ)?8;; + tr(AY AY
%{tr(AgA?)coshg +tr(A?A?)Sll’lh 0}\0‘:0 (’L # j) l‘( 0 ) J + I'( A )
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Total effective action:

Lo = /dAddee_Seff, where Seg = —i(Sp + Sg) + Ser, 1. + SAadiag — log PIM
—N Ny d 2 ’ 2
Sy, = Ttl‘[A A ] Se == { t(40)” ;ﬂ“(z‘h) —¢ ) tr(Ay)

I=d+1
9
« < - ) L
Seer = 5 {tr(Aod; )} + (sz > " kjtr(AoA;)

g=1

| etans 0 = utadi, 4 =120

SAdiag = — log H (g — w)? ZTa PEM = /dﬂ,/)e ™t S = tr{&a(ru)a,@[Awwﬁ]+imf&a(F7F8TF9)aﬂw,@}
drift term Herm|t|an matri real-number white noise
hit 2?7]1 Ciégeff
A(A)a(0) _ | dSew | yhicnoise == 2 (o)
= = | ni,ab(g), do dr, !
do d(A;)ba dk;(0) _ _ St |0y
do dk; L
A : Hermitian—general complex traceless matrices
"Ta,k: Real number — complex number.
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The condition to Jusnfy the CLM: K Nagata, J. Nishimura and S.

Shimasaki, arXiv:1606.07627]
The probability distribution of the drift norms falls
exponentially or faster

’ dSeff o i o
— AI ba o \ N a=1

2

B 1
uA_\T

Dyn am|Ca| Stab|l|zat|()n [F. Attanasio and B. Jager arXiv:1808.04400]

After each Langevin step, A— A1TnA' Here, n=5x 10-3.

(n=0: do nothing, n=1:Hermitize completely)

SETSUNAN UNIVERSITY



Re <kt k>

Im <a¢

A. backup
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expanding 3d space at late time 4, %Re<z(Ai)pq(Ai)qp>
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N=32, n=8, m=2, y=6, £=10, d = 6

expanding

16
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Lorentz boost is
mitigated.



Re <kt k>

A. backup
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9

%RG<Z(Ai)pq(Ai)qp>
band-diaggnal structure

2 15 -1 -05 0 0.5 1 15 2

t

Lorentz boost is
mitigated.
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