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in Matrix Models
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1. Introduction

Supersymmetry (SUSY) is a symmetry between bosons and fermions. It leads to degeneracies
of mass spectra between bosons and fermions. Although such degeneracies have not been
observed yet, there is a possibility for SUSY being realized in nature as a spontaneously broken
symmetry. From a theoretical viewpoint, SUSY provides a unified framework describing
physics in high energy regime beyond the standard model (Sohnius, 1985). Spontaneous
breaking of SUSY is one of the most interesting phenomena in quantum field theory. Since
in general SUSY cannot be broken by radiative corrections at the perturbative level, its
spontaneous breaking requires understanding of nonperturbative aspects of quantum field
theory (Witten, 1981). In particular, recent developments in nonperturbative aspects of string
theory heavily rely on the presence of SUSY. Thus, in order to deduce predictions to the
real world from string theory, it is indispensable and definitely important to investigate a
mechanism of spontaneous SUSY breaking in a nonperturbative framework of strings. Since
one of the most promising approaches of nonperturbative formulations of string theory is
provided by large-N matrix models (Banks et al., 1997; Dijkgraaf et al., 1997; Ishibashi et al.,
1997), it will be desirable to understand how SUSY can be spontaneously broken in the large-N
limit of simple matrix models as a first step. Analysis of SUSY breaking in simple matrix
models would help us find a mechanism which is responsible for possible spontaneous SUSY
breaking in nonperturbative string theory.

For this purpose, it is desirable to treat systems in which spontaneous SUSY breaking takes
place in the path-integral formalism, because matrix models are usually defined by the path
integrals, namely integrals over matrix variables. In particular, IIB matrix model defined
in zero dimension can be formulated only by the path-integral formalism (Ishibashi et al.,
1997). Motivated by this, we discuss in the next section the path-integral formalism for
(discretized) SUSY quantum mechanics, which includes cases that SUSY is spontaneously
broken. Analogously to the situation of ordinary spontaneous symmetry breaking, we
introduce an external field to choose one of degenerate broken vacua to detect spontaneous
SUSY breaking. The external field plays the same role as a magnetic field in the Ising model
introduced to detect the spontaneous magnetization. For the supersymmetric system, we
deform the boundary condition for fermions from the periodic boundary condition (PBC) to a
twisted boundary condition (TBC) with twist a, which can be regarded as such an external
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384 Theoretical Concepts of Quantum Mechanics

field. If a supersymmetric system undergoes spontaneous SUSY breaking, the partition
function with the PBC for all the fields, Zppc, which usually corresponds to the Witten index,
is expected to vanish (Witten, 1982). Then, the expectation values of observables, which are
normalized by Zppc, would be ill-defined or indefinite. By introducing the twist, the partition
function is regularized and the expectation values become well-defined. It is an interesting
aspect of our external field for SUSY breaking, which is not seen in spontaneous breaking of
ordinary (bosonic) symmetry.

Notice that our argument can be applied to systems in less than one-dimension, for
example discretized SUSY quantum mechanics with a finite number of discretized time steps.
Spontaneous SUSY breaking is observed even in such simple systems with lower degrees
of freedom. Also, we give some argument that an analog of the Mermin-Wagner-Coleman
theorem (Coleman, 1973; Mermin & Wagner, 1966) does not hold for SUSY. Thus, cooperative
phenomena are not essential to cause spontaneous SUSY breaking, which makes a difference
from spontaneous breaking of the ordinary (bosonic) symmetry.

In this setup, we compute an order parameter of SUSY breaking such as the expectation
value of an auxiliary field in the presence of the external field. If it remains nonvanishing
after turning off the external field, it shows that SUSY is spontaneously broken because it
implies that the effect of the infinitesimal external field we have introduced at the beginning
remains. Here, it should be noticed that, if we are interested in the large-N behavior of SUSY
matrix models, we have to take the large-N limit before turning off the external field, which
is reminiscent of the thermodynamic limit of the Ising model taken before turning off the
magnetic field in detecting the spontaneous Z; breaking.

In view of this, it is quite important to calculate the partition function in the presence
of the external field in the path integral for systems which spontaneously break SUSY.
Especially it would be better to calculate it in matrix models at finite N in order to observe
breaking/restoration of SUSY in the large-N limit. We address this problem by utilizing two
methods: localization and Nicolai mapping (Nicolai, 1979) in sections 3 and 4, respectively.
As for the localization, in section 3 we make change of integration variables in the path
integral, which is always possible whether or not the SUSY is explicitly broken (the external
tield is on or off). It is investigated in detail how the integrand of the partition function with
respect to the integral over the auxiliary field behaves as the auxiliary field approaches to zero.
It plays a crucial role to understand the localization from the change of variables. For SUSY
matrix models with Q-SUSY preserved, the path integral receives contributions only from the
fixed points of Q-transformation, which are nothing but the critical points of superpotential,
i.e. zeros of the first derivative of superpotential. However, in terms of eigenvalues of matrix
variables, an interesting phenomenon arises. Localization attracts the eigenvalues to the
critical points of superpotential, while the square of the Vandermonde determinant arising
from the measure factor prevents the eigenvalues from collapsing. The dynamics of the
eigenvalues is governed by balance of attractive force from the localization and repulsive force
from the Vandermonde determinant. Without the external field, contribution to the partition
function from each eigenvalue distributed around some critical point is derived for a general
superpotential.

In the case that the external field is turned on, computation is still possible, but in section 4
we find that a method by the Nicolai mapping is more effective. Interestingly, the Nicolai
mapping works for SUSY matrix models even in the presence of the external field which
explicitly breaks SUSY. It enables us to calculate the partition function at least in the leading
nontrivial order of an expansion with respect to the small external field for finite N. We can
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Spontaneous Supersymmetry Breaking, Localization and Nicolai Mapping in Matrix Models 385

take the large-N limit of our result before turning off the external field and detect whether
SUSY is spontaneously broken or not in the large-N limit. For illustration, we obtain large-N
solutions for a SUSY matrix model with double-well potential.

Section 5 is devoted to summarize the results and discuss future directions.

This chapter is mainly based on the two papers (Kuroki & Sugino, 2010; 2011).

2. Preliminaries on SUSY quantum mechanics

As a preparation to discuss large-N SUSY matrix models, in this section we present some
preliminary results on SUSY quantum mechanics.
Let us start with a system defined by the Euclidean (Wick-rotated) action:

B . y
sQm :/O dt EBZHB (¢+W(9) + % (4 + W (P)y)|, )

where ¢ is a real scalar field, ¢, { are fermions, and B is an auxiliary field. The dot means the
derivative with respect to the Euclidean time ¢ € [0, B]. For a while, all the fields are supposed
to obey the PBC. W(¢) is a real function of ¢ called superpotential, and the prime (') represents
the ¢-derivative.

SM js invariant under one-dimensional A = 2 SUSY transformations generated by Q and Q.
They act on the fields as

Qp=v, Qyp=0, Qp=-iB, QB=0, )
and ) ) ) ) .
Qp=—-9, Qp=0, Qp=—iB+2p, QB =2i, ®)
with satisfying the algebra
F=0"=0  {QQ} =20 @
Note that SM can be written as the Q- or QQ-exact form:
sQM:g/dttP{éB—(MW’(@)} (5)
= Q0 [t (3hv+ W) ©

For demonstration, let us consider the case of the derivative of the superpotential

W(p)=g(¢*—u*) with g pu*€eR @)

For y? < 0, the classical minimum is given by the static configuration ¢ = 0, with its energy
Ey = % ut >0 implying spontaneous SUSY breaking. Then, B =i ¢u? # 0 from the equation
of motion, leading to Q¢, Q¢ # 0, which also means the SUSY breaking.

For u? > 0, the classical minima ¢ = =+./u2 are zero-energy configurations. It is known
that the quantum tunneling (instantons) between the minima resolves the degeneracy giving
positive energy to the ground state. SUSY is broken also in this case.

Next, let us consider quantum aspects of the SUSY breaking in this model. For later
discussions on matrix models, it is desirable to observe SUSY breaking via the path-integral
formalism, that is, by seeing the expectation value of some field. We take (B) (or (B")
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(n = 1,2,---)) as such an order parameter. Whichever u? is positive or negative, the SUSY
is broken, so the ground state energy E is positive. Then, for each of the energy levels E,
(0 < Eg < E; < E; < ---), the SUSY algebra!

{Q,Q}y=2E,, @Q*=0*=0 (8)

leads to the SUSY multiplet formed by bosonic and fermionic states

|bn) = Qlbn). ©)

As a convention, we assume that |b,) and | f;;) have the fermion number charges F = 0 and 1,
respectively. Since the Q-transformation for B in (2) is expressed as [Q, B] = 0 in the operator
formalism, we can see that

<bn‘B‘bn> = <fn|B|fn> (10)

holds for each 7. Then, it turns out that the unnormalized expectation value of B vanishes?:
B) = [ _dfields) Be 5™ = Tr [B(~1) e FH
(B) = [ dlfields) Be r [B(—1)Fe PH]
Z (bu|Blbu) — (fulBlfu)) e PP = 0. (11)

This observation shows that, in order to judge SUSY breaking from the expectation value of B,
we should choose either of the SUSY broken ground states (|by) or | fp)) and see the expectation
value with respect to the chosen ground state. The situation is somewhat analogous to the case
of spontaneous breaking of ordinary (bosonic) symmetry.

However, differently from the ordinary case, when SUSY is broken, the supersymmetric
partition function vanishes:

: _gom _
7 /PBCd(flelds)e =T [(—1)Fe#H] (12)
=) ((bulbn) — (fulfa)) e PEr =0, (13)
n=0
where the normalization (bu|bn) = (fulfn) = 1 was used. So, the expectation values

normalized by Z PBC M could be ill-defined (Kanamori et al., 2008a;b).

2.1 Twisted boundary condition

To detect spontaneous breaking of ordinary symmetry, some external field is introduced so
that the ground state degeneracy is resolved to specify a single broken ground state. The
external field is turned off after taking the thermodynamic limit, then we can judge whether
spontaneous symmetry breaking takes place or not, seeing the value of the corresponding
order parameter. (For example, to detect the spontaneous magnetization in the Ising model,
the external field is a magnetic field, and the corresponding order parameter is the expectation
value of the spin operator.)

! In the operator formalism, Q, § are regarded as hermitian conjugate to Q, i, respectively.
2 Furthermore, (B")' =0 (n =1,2,- - ) can be shown.
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We will do a similar thing also for the case of spontaneous SUSY breaking. For this purpose,
let us change the boundary condition for the fermions to the TBC:

Y(t+p) =e™y(t),  P(t+p)=e (1), (14)
then the twist a can be regarded as an external field. Other fields remain intact. As seen

shortly in section 2.1.1, the partition function with the TBC corresponds to the expression (12)
with (—1)F replaced by (—e~)F:

2 =l _foin /TBCd(ﬁelds) e SN = Tr [(—e_i“)Fe_ﬁH} (15)
= & (b — e (flf) e P = (1) Dot g

Then, the normalized expectation value of B under the TBC becomes

(B), = —+ Ty |B(—e™)FePH]

zM
1 o0 s —
= —ot 2 ((00lBIba) — e ([ BIfy) ) e P
o n=0
Lo (balBlba)e P Y o (fal Blfu)e P (17)
Yge PEn Yoge Pl

Note that the factors (1 — e*"“) in the numerator and the denominator cancel each other,

and thus (B), does not depend on & even for finite B. As a result, (B), is equivalent to the
expectation value taken over one of the ground states and its excitations {|b,)} (or {|fx)}).
The normalized expectation value of B under the PBC was of the indefinite form 0/0, which
is now regularized by introducing the parameter a. The expression (17) is well-defined.

On the other hand, from the Q-transformation ¢ = [Q, ¢|, we have

1
(Onl@lbn) = (fuld|fu) + \/Z—Tn<fn|¢|bn>- (18)

The second term is a transition between bosonic and fermionic states via the fermionic
operator 1, which does not vanish in general. Thus, differently from (B),, the expectation
value of ¢ becomes

(#ha = S T [9— ) e ]

= saw L (alglbo) — e {fulglf)) e P

_ Siolblelfu)e e 1 Eamolfulvlba) e
= ZZO:O e—BEx 1 — i Z;o:() ¢—BEx .

When (f,|¢|by) # 0 for some n, the second term is a-dependent and diverges as « — 0.
The divergence comes from the transition between |b,) and |f;;). Since the two states are
transformed to each other by the (broken) SUSY transformation, we can say that they should
belong to the separate superselection sectors, in analogy to spontaneous breaking of ordinary
(bosonic) symmetry. Thus, the divergence of (¢), as « — 0 implies that the superselection
rule does not hold in the system.

(19)
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2.1.1 Partition function with the twist o

We here show that the partition function with the TBC for the fermions (14) can be expressed
in the form (15).

Let b, b* be annihilation and creation operators of the fermions:

=02 =0 {5} =1, (20)
and they are represented on the Fock space {|0),|1)} as
bloy =0,  b%0) =1). (21)

We assume that |0), |1) have the fermion numbers F = 0, 1, respectively.
The coherent states |¢), (| satisfying

bly) =ply),  (PIE" = (Pl (22)
(¢, P are Grassmann numbers, and anticommute with b, ZAJ‘L.) are explicitly constructed as
_obt - _ 7
) = [0) —¢|1) =e7¥(0), (P[] = (0] — (1| = (0l]e~"". (23)

Also,
0) = [apyly), Ol = [dp@ld == [dply), Q= [5Gl @
Thus, we can obtain
Tr [(—e—m)Fe—ﬁH} = (0] PH|0) — e~ (1] PH 1)
= [ dgay e+ 9§)(le P y)
= e [ aidy exp () (FlePH]y). (25)

Since the bosonic part of H is obvious, below we focus on the fermionic part Hr = btW”"b.
Dividing the interval B into M short segments of length e: = Me in (25) and applying the
relations

@ly) =™, 1= [dpdy |per? p (26)
to each segment, we have the following expression:

M M o — s
Tr [(_e*i“)FefﬁHF} — _e*iﬂt/ (H le]dlp]) eXp |:€ 2 1,5] <u + W//lP])] (27)
j=1 j=1

with

Pae1 = €Yy, (28)
or
. . M M _‘ - _‘
Tr [(—e‘“")Fe_ﬁHF] = —e_“"/ (H lejlej) exp [s ) (—% + @jw//> 1Pj] (29)
j=1 =1
with '
II_JO = eml/_)M. (30)

Since (28) and (30) correspond to (14) in the continuum limit ¢ — 0, M — oo with = Me
fixed, we find that the formula (15) holds.
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2.2 Discretized SUSY quantum mechanics
In this subsection, we consider a discretized system of (1), namely the Euclidean time is
discretized ast = 1,---,T. The action is written as

T i
$IM _ ¢ Zi 0 {EB(t) = (@t+1) = () + W(g(1))) } (31)
=

T
= 12 | 3B +IB0) {00t 1)~ p(0) + W (o(0)
t=

+§) {9t +1) =) W (9 (D)}], (2

where the Q-SUSY is of the same form as in (2). As is seen by the Q-exact form (31), the action
is Q-invariant and the Q-SUSY is preserved upon the discretization (Catterall, 2003). On the
other hand, the Q-SUSY can not be preserved by the discretization in the case of T > 2.
When T is finite, the partition function or various correlators are expressed as a finite number
of integrals with respect to field variables. So, at first sight, one might expect that spontaneous
breaking of the SUSY could not take place, because of a small number of the degrees of
freedom. In what follows, we will demonstrate that the expectation is not correct, and that
the SUSY can be broken even in such a finite system.

Expressing as SgQM the action (32) under the TBC

P(T+1)=¢(1),  p(T+1)=e"y(1), (33)
the partition function
T
2 = (1) [T16B0)dplnyap(r afe > e
is computed to be
ZIOM _ T (1 - e”") Cr, (35)
T d T
cr= | (H @) exp [—— 2 (pt+1) —(b) + w/(¢(t>))2] (36)
t=1 T t=1

T
< exp [—% Y (9(t+1) — o) + w’<¢<t>>>2] =0 37)

t=1

for the superpotential (7), which is derived from the Nicolai mapping (Nicolai, 1979). (Note
the factor [Hthl (=1+W"(p(t))) — (—1)T} is equal to the fermion determinant under the
PBC.) Also, Cr is positive definite.
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Similarly, for the normalized expectation value

1 gdam

_ SANET ; s
B0 = s (3) [ LT 00 a0 p0) B =™, o9

we use the Nicolai mapping to have

) T
(B(t)), = Zﬁ(—lﬂ (1-e) [ (H d‘P—W) (=) (p(+1) — ¢() + W (9(1)))

T
X exp [—% > (@(t+1) —o(t) + W’(¢<t>>)2] SN 5

The factor (—1)7 (1 - ei"‘) was canceled, and (B(t)), does not depend on «, again. The

result (39) is finite and well-defined. By using the Nicolai mapping, it is straightforward to
generalize this result to the case of W’ being a general polynomial

W (¢) = gpp” +gp—1¢P 1+ + g0 (40)

We find that (39) holds and it is finite and well-defined for even p, and that lim,_,o (B(t)), =0
for odd p.

2.2.1 No analog of Mermin-Wagner-Coleman theorem for SUSY

As claimed in the Mermin-Wagner-Coleman theorem (Coleman, 1973; Mermin & Wagner,
1966), continuous bosonic symmetry cannot be spontaneously broken at the quantum level
in the dimensions of two or lower. In dimensions D < 2, although the symmetry might
be broken at the classical level, in computing quantum corrections to a classical (nonzero)
value of a corresponding order parameter, one encounters infrared (IR) divergences from
loops of a massless boson. It indicates that the conclusion of the symmetry breaking from
the classical value is not reliable at the quantum level any more. It is a manifestation of the
Mermin-Wagner-Coleman theorem.

Here, we consider whether an analog of the Mermin-Wagner-Coleman theorem for SUSY
holds or not. Naively, since loops of a massless fermion (“would-be Nambu-Goldstone
fermion”) would be dangerous in the dimension one or lower, we might be tempted to expect
that SUSY could not be spontaneously broken at the quantum level in the dimension of one or
lower. However, this expectation is not correct. Because the twist a in our setting can also be
regarded as an IR cutoff for the massless fermion, the finiteness of (39) shows that (B(t)), is
free from IR divergences and well-defined at the quantum level for less than one-dimension.
(For one-dimensional case, (17) has no a-dependence, thus no IR divergences.)

We can see it more explicitly in perturbative calculations.  Let us consider the
superpotential (7) with u? < 0, where the classical configuration ¢(t) = 0 gives B(t) = igu?.
If the theorem held, quantum corrections should modify this classical value to zero, and
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there we should come across IR divergences owing to a massless fermion. Although we
have obtained the finite result (39), the following perturbative analysis would clarify a role
played by the massless fermion. We evaluate quantum corrections to the classical value of
B(t) perturbatively. Under the mode expansions

1 TR2 T =
0= L et with §=Go
T n=—(T—-1)/2
1 (T_Zl)/z b, oi(2rnta)t/T
l/)(t) - lpn el N+ ,
VT n=—(T—1)/2
1 (T-1/2 _ (Ornta)t/T
Pt)=—= Y}, Py ETTIVE (41)
VT n=—(T—-1)/2 "
free propagators are
- = o Onm
<¢—”¢m>free 4sin2 (%) + Mz’
~ = . 5nm
<lpn1’bm>free o ei(2”n+“)/T —1 (42)
with M? = —2¢?u?. Here we consider the case of odd T for simplicity of the mode expansion.
Note that the boson is massive while the fermion is nearly massless regulated by a. Also, there
are three kinds of interactions in Sf}QM (after B is integrated out):
L1, 0
Vi=1), 58 o(t)%,
t=1

T
Vap = Zlgqb(t)z (p(t+1) — (1)),
t—

T

Vap = ) 28p(H)p(t)p(t). (43)

t=1

We perturbatively compute the second term of

(B()), = ign® =i (g9(1) +p(t+1) = 9(t)) (44)
up to the two-loop order, and directly see that the nearly massless fermion (“would-be
Nambu-Goldstone fermion”) does not contribute and gives no IR singularity. It is easy
to see that the tadpole (¢(t +1) — ¢()), vanishes from the momentum conservation. For
—i (gp(t)?),, the one-loop contribution comes from the diagram (1B) in Figure 1, which
consists only of a boson line independent of «. Also, the two-loop diagrams (2BBa), (2BBb),
(2BBc) and (2BBd) do not contain fermion lines. The relevant diagrams for the IR divergence
at the two-loop order are the last four (2FFa), (2FFb), (2BFa) and (2BFb), which are evaluated
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O 0O D

(1B) (2BBa) (2BBb)
OO OO
(2BBc) (2BBd)
O OO0
(2FFa) (2FFb)
OO OO
(2BFa) (2BFb)

Fig. 1. One- and two-loop diagrams. The crosses represent the insertion of the operator
—ig¢(t)?. The solid lines with (without) arrows mean the fermion (boson) propagators. (1B)
is the one-loop diagram, and the other eight are the two-loop diagrams. The diagrams with
the name “FF” (“BB”) are constructed by using the interaction vertices Var twice (V4 once or
Vap twice), and those with “BF” are by using each of V3p and V3 once.

as
1 1

43 (T-1)/2 2
2FFa) = i—5 . . ’
( ) T2 m,k:(ZT:l)/Z <4sin2 (%) + M2> el 2rk+a)/T _ 1 pi(2m(m+k)+a)/T _q

3 (T-1)/2 2
4g7 1 X 1
2FFb) = —i—5-— . ,
( ) ! T2 M4 (m(;l)/Z ei(2mm+a)/T _ 1)

4835 ()
T2 M2, Ty 4sin® (H1) + M? | 4sin® () + M?
(T-1)/2 1
X k—(Tzl)/z ei(27rk+zx)/T . 1’
(2BFb) — —ig% (Tzl‘f/Z (1 — M2 ) (T-1)/2 | 1 |
=M m=—(T-1)/2 4 sin (%) + M? = (To1)/2 el(mk+a)/T _ 1

(45)
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Each diagram is singular as « — 0 due to the fermion zero-mode, however it is remarkable
that the sum of them vanishes:

(2FFa) + (2FFb) + (2BFa) + (2BFb)

31T71

5 2
-t L |1 <4sm (M)+M2> F(m) (46)

with

1 1
( i(2m(m+k)+a)/T _ 1) ei(2mk+a) /T _q

)=y (14

T e—i(2mk+a)/T e—i(2mk+a)/T
; 27Tk+oc -1 1- 1— eiZT(m/T o 1— e—i27‘[m/T
T

27Tk+0( =0. (47)

Thus, the two-loop contribution turns out to have no a-dependence, and the quantum
corrections come only from the boson loops which are IR finite, that is consistent with (39).

Since the classical value ig;tz = —i %

of the order O(g?*~1), the quantum corrections can not be comparable to the classical value
in the perturbation theory. Thus, the conclusion of the SUSY breaking based on the classical
value continues to be correct even at the quantum level.

is regarded as O(g~!), and ¢-loop contributions are

3. Change of variables and localization in SUSY matrix models

As argued in the previous section, in order to discuss spontaneous SUSY breaking in the
path-integral formalism of (discretized) SUSY quantum mechanics, we introduce an external
tield to twist the boundary condition of fermions in the Euclidean time direction and observe
whether an order parameter of SUSY breaking remains nonzero after turning off the external
tield. This motivates us to calculate the partition function in the presence of the external field.
In the following, we consider a matrix-model analog of (32)

L i
M — Q 1 N) {500~ (gt + 1) —ol0) + Wp(0)
—

T
= Z;Ntr B 2 HiB(t) {p(t+1) — () + W (p(t))}
t=

O {P(t+1) = 9(1) + QW (9(1)}], (48)
where all variables are N x N Hermitian matrices. Under the PBC, this action is manifestly
invariant under Q-transformation defined in (2). When N = 1, it reduces to the discretized

SUSY quantum mechanics in section 2.2. We will focus on the simplest case T = 1 below.
Under the twisted boundary condition (33) with T = 1, the action is

M — Nir %Bz +iBW (¢) + T (ef“ - 1) ¥+ thW’(qb)] , (49)
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and the partition function is defined by
ZM = ()N /szB aN'p (N pdNp) e, (50)

where we fix the normalization of the measure as

/dN2¢e—Ntr(%¢2) _ /dNZBe—Ntr(%BZ) —1,  (—DV / <dN2¢dN2¢> o N () _ 1

(51)
Explicitly, when W’(¢) is a general polynomial (40), (49) becomes
M [ / ' AL
— ; 7 (i 7 —(—
SM = Nitr | =B +iBW'(9) + (e —1)¢+k;gk;)1p¢ P . (52)

Notice the ordering of the matrices in the last term. We see that the effect of the external field
remains even after the reduction to zero dimension (T = 1). When a« = 0, S?f:o is invariant
under Q and Q:
Qp=19, Qp=0, Qp=-iB, QB=0, (53)

and

Qp=—-¢, QPp=0, Qp=-iB, QB=0, (54)
both of which become broken explicitly in SM by introducing the external field a.
Now let us discuss localization of the integration in ZM. Some aspects are analogous to the
discretized SUSY quantum mechanics with T > 2 under the identification N2 = T from the
viewpoint of systems possessing multi-degrees of freedom, while there are also interesting
new phenomena specific to matrix models 3. We make a change of variables

p=¢+ey, =1 —ieB, (55)
where in the second equation, 1 satisfies
Ntr(B{) =0, (56)

namely, § is orthogonal to B with respect to the inner product (A1, Ay) = Ntr(A}A,). Let us
take a basis of N x N Hermitian matrices {*} (2 = 1, - - - , N?) to be orthonormal with respect
to the inner product: N tr(t*t?) = §,,. More explicitly, we take

tr(By) i
= —Nt
B2 NBZ t

(Bp) (57)

€

with Vg = ||B|| = /N tr(B?) the norm of the matrix B. Notice that for general N ¢ is an
N x N matrix and that & does not have enough degrees of freedom to parametrize the whole
space of ¢. In fact, € is used to parametrize a single component of ¢ parallel to B.

If we write (50) as

M /dNZB E«(B),  Ea(B) = (-1)V /sz¢ (V' pa"p) et (58)

3 Localization in the discretized SUSY quantum mechanics is discussed in appendix A in ref. (Kuroki &
Sugino, 2011).
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and consider the change of the variables in Z,(B), B may be regarded as an external variable.
The measure dV 21[7 can be expressed by the measures associated with ¢ and & as

NZ__L _ N2_1z
d ¢_NB ded™ 1y, (59)

where dN 2_11Z is explicitly given by introducing the constraint (56) as a delta-function:
ANl = ()N AN s (L Ntr(BJJ))
N
S (LG U T
= (-D)N [T d9" . L B (60)
a=1 B a=1
" and B? are coefficients in the expansion of { and B by the basis {t*}:

N? N?
§=Y ¢, B=)Y B (61)
a=1 a=1

Notice that the measure on the RHS of (59) depends on B. When B # 0, we can safely change
the variables as in (55) and in terms of them the action becomes

SM — Ntr %BZ +iBW/(§) +§ (e — 1)y + QW'(§) ) — (¢™ —1)icBy (62)

with Q¢ = ¢.

3.1« = 0 case

Let us first consider the case of the PBC (« = 0). SM. ; does not depend on € as a consequence
of its SUSY invariance, because (55) reads

p=¢+eQp, T =19+eQp. (63)

Therefore, the contribution to the partition function from B # 0
70 0= / ANVBE,_o(B) (0<e<1) (64)
||Bl|>¢

vanishes due to the integration over € according to (59). Namely, when a = 0, the path integral
of the partition function (50) is localized to B = 0.
For the contribution to the partition function from the vicinity of B = 0

Z = / dl“zB Hy—o(B), 65
a=0 1B <e o 0( ) ( )
when W/ (¢) is given by (40) of degree p > 2, rescaling as

F=Nz "¢,  F=Ng ¢, (66)
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we obtain
0 -1\" ( ¢ 1 IN2 N2 7 —iNtr(Qpg,")
" =l<—> / dNp e 2B /dQB/d 4)/6_1 T5288p
a=0 1+1
V21 0 NB v

_ 7 p=1 (10 o 1p—0—
% /szlp/dészfllI-]/e Ntr[lngZ/f:O(P PP 1] [1—{—0(61/’3)} , (67)

where the measure of the B-integral was expressed in terms of polar coordinates in RN * as

2

N
dBﬁl 1 2 N2—1
N'B = == dNp dQp, 68
H (27T> N~ dNpdQp (68)
and Qp = ng B represents a unit vector in RN, Since the é-integral vanishes while the

(0)

integration of Ng becomes singular at the origin, Z 1—p takes an indefinite form (co x 0). When
W/ (¢) is linear (p = 1), the ¢-integrals in (65) yield

0 —1 N? N2 1 1 pr2 N?
Z 0 =i — / dB? | —— ¢ 2/VB S(B?
=0 <|gl‘) ||B||<e (1:[1 ) NB H ( )

a a=1

" / ANy / de dN' =15 e Nu(Pgiy), (69)

which is also of indefinite form — the B-integrals diverge while [ dé trivially vanishes. The

(0)

indefinite form reflects that Z,
well-defined manner.

_o possibly takes a nonzero value if it is evaluated in a

3.1.1 Unnormalized expectation values
Next, let us consider the unnormalized expectation values of % tr B" (n > 1):

<—trB”> /dN ( trB)E,X:O(B). (70)

Since contribution from the region ||B|| > € is shown to be zero by the change of variables
(55), we focus on the B-integration around the origin (||B|| < ¢).
When W/(¢) is a polynomial (40) of degree p > 2, after the rescaling (66) we obtain

—1 tr B" / = / dNg N, n - —2 N3 Y, [14—(9(81/’”)}
N B N 4
= _1 l n N? o o= iNtr(Qpg,¢'?)

% /dNZlP /dé dNZ_ll/_)/ e*Ntr [l/}lgp 25;3 4’/21/)47/%671} ) (71)

The N, p-integral is finite, and it is seen that Yy definitely vanishes. Thus, the change of
/
variables (55) is possible for any B in evaluating <% tr B”> to give the result

<%tr8”>/:0 (n>1). (72)
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/
When W/(¢) is linear, <% tr B”> has the same expression as the RHS of (69) except the

integrand multiplied by % tr B". It leads to a finite result of the B-integration for n > 1,
and (72) is also obtained.
Furthermore, it can be similarly shown that the unnormalized expectation values of

multi-trace operators Hl 1 111 tr B" (nq,--- ,n > 1) vanish:
/
kg
[[-tB") =0. (73)
i=1 N

3.1.2 Localization to W’/ (¢) = 0, and localization versus Vandermonde
Since (73) means

(et my 9L <_N2”;1)” <(%tr32)”>' T

n=0

u=1 g2\ \ '/
for an arbitrary parameter u, we may compute <€_N (7 B )> to evaluate the partition

function Zg/[:(). It is independent of the value of u, so u can be chosen to a convenient value to
make the evaluation easier.
Taking u > 0 and integrating B first, we obtain

2

N2
Z01>/[:O — (_1)N2/dN24) (1) 2 ethr[ﬁ W/(¢)2] /(szlpszlI_]> eiNtrW)QW,((P)]_ (75)

u

Then, let us consider the u — 0 limit. Localization to W/(¢) = 0 takes place because

2
N2

N
(1N _Nu[Lw(e)? N2
tm () e = o ¥ TToov 7

It is important to recognize that W/(¢)? = Oforalla i é)hes locahzatlon to a continuous space.
Namely, if this condition is met, W/ (UT¢U)? = 0 for YU € SU(N). Thus the original SU(N)
gauge symmetry in the matrix model makes the localization contmuous in nature. This is
characteristic of SUSY matrix models.

The observation above suggests that in order to localize the path integral to discrete points,
we should switch to a description in terms of gauge invariant quantities. This motivates us to
change the expression of ¢ to its eigenvalues and SU(N) angles as

M
p=U u',  UeSu(N). (77)
AN
This leads to an interesting situation, which is peculiar to SUSY matrix models and is not seen

in the (discretized) SUSY quantum mechanics. For a polynomial W’(¢) given by (40), the
partition function (75) becomes

N2

R PO W
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after the Grassmann integrals. Note that the N2 x N? matrix Zlf:l Sk Z’tf;(l) ¢' @ ¢F~1 has
the eigenvalues Zlf:l Sk Z’,f;(l) /\f)t;‘_g_l (i,j = 1,---,N). Thus, the fermion determinant can
be expressed as

k—1
k=1 =0

iLj=

2
N W' (A;) = W'(A))
AN (H W”(/\i)> H < p— . (79)
i=1 i>j ]
The measure dV 24) given in (51) can be also recast to
N? ~ N 2
¢ =Cy (]‘[ d/\l-) A(M)2dU, (80)
i=1
where A(A) = TT;5j(A; — A;) is the Vandermonde determinant, and dU is the SU(N) Haar

measure normalized by f dU = 1. Cy is a numerical factor depending only on N determined
by

=l revms

Plugging these into (78), we obtain

M, =Cy [ (ﬂdm) (ﬂw”w) {Hl (w’mw’(@-))z}

1= 1>]

% <1)2 NI 5 WA)? (82)

u

In this expression, the factor in the second line forces eigenvalues to be localized at the
critical points of the superpotential as u — 0, while the last factor in the first line, which is
proportional to the square of the Vandermonde determinant of W'(A)), gives repulsive force
among eigenvalues which prevents them from collapsing to the critical points. The dynamics
of eigenvalues is thus determined by balance of the attractive force to the critical points
originating from the localization and the repulsive force from the Vandermonde determinant.
This kind of dynamics is not seen in the (discretized) SUSY quantum mechanics.

To proceed with the analysis, let us consider the situation of each eigenvalue A; fluctuating
around the critical point ¢, ;:

Ai=¢ei+Vudi  (i=1,---,N), (83)

where }; is a fluctuation, and ¢c1, -+, ¢c N are allowed to coincide with each other. Then, the
partition function (82) takes the form

2=y [( HdA HW” 0ei) TT (W (@) = W/ (e )1y

¢ci >]
xe  NEL W' (0al*AE 1 0 (/). (84)
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Although only the Gaussian factors become relevant as u — 0, there remain N(N — 1)-point
vertices originating from the Vandermonde determinant of W’ (A;) which yield a specific effect
of SUSY matrix models.

In the case of W/(¢) = g1¢, where the corresponding scalar potential 3 W’(¢)? is Gaussian,

the critical point is only the origin: ¢.1 = - -- = ¢,y = 0. Then, (84) is reduced to
- ~ \2 %
Mo =Cn [ (Hd/\) TTI(Ri-4)) e NER AR, (85)
i>j

where no O(1/u) term appears since W’(¢) is linear. By using (81) we obtain

ZM o = (sgn(g1))N = (sgn(sg1))N. (86)

For a general superpotential, we change the integration variables as

;\i = ! ) Yis (87)

W”(‘Pc,i
then the integration of A; becomes [*_dA;--- = W” lemil [% dy;---. Inthe limit u — 0, (84)
is computed to be

W// . _ 0o N
anw" ; {CN / (I‘[dyi)my)ze—wzfil;y%}
—® Y=1

@i i=1

= Zl_[sgn (W"(9c,))

¢ci i=1

=1 ) sen(W'(¢o))| - (88)
Pe: W (¢c)=0

Note that the last factor in the first line of (88) is nothing but the partition function of the
Gaussian case with g = 1. The last line of (88) tells that the total partition function is given
by the N-th power of the degree of the map ¢ — W/ (¢).

Furthermore, we consider a case that the superpotential W(¢) has K nondegenerate critical
points ay,- - - ,ag. Namely, W/(a;) = 0 and W”(a;) # 0 for each [ = 1,--- ,K. The scalar
potential W’ ($)? has K minima at ¢ = ay,--- ,ax. When N eigenvalues are fluctuating
around the minima, we focus on the situation that

the first v; N eigenvalues A; (i = 1,--- ,v1N) are around ¢ = a4,

the next 1, N eigenvalues A N4 (i =1,--- ,12N) are around ¢ = a»,

and the last vg N eigenvalues A N...4y, N4i (i =1, -+ ,vgN) are around ¢ = ag,
where vy, - - -, vk are filling fractions satisfying Zﬁl vi=1lLetZq . 0 be a contribution to
the total partition function ZM | from the above configuration. Then,

N!

N
ZM
= VlN,"gKN_O (V1N>' s (VKN>'

(89)

Z

V1, ",VK)'
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(The sum is taken under the constraint Y'X ; v; = 1.) Since Z (1, uy) 1s equal to the second
line of (88) with ¢, ; fixed as

b1 =" =N = a1,
PeyN+1 = = PeyyN+1,N = a2,
e N+ +vg (N+1 = " = Pe, N = 4K, (90)

we obtain

uN | (91)

K
1
Z(Vll"' rVK) 7 H ZG/VI’ ZG/V[ < (sgn (W (al)))
I=1
ZG,y, can be interpreted as the partition function of the Gaussian SUSY matrix model with the
matrix size vN x vy N describing contributions from Gaussian fluctuations around ¢ = aj.

3.2xa # 0 case

In the presence of the external field «, let us consider E, (B) in (58) with the action (62) obtained
after the change of variables (55). Using the explicit form of the measure (59) and (60), we
obtain

[1]

j (—pN! N2z (N2 N2 2\ —Ntr[1B2+iBW (§)+HQW' ()]
W(B) = (e = 1) [dN' (aNpaN'f) o NUEHEW @ o (g
KA ARG )

x N tr(B) N tr(Byp) e~ "~ DNEWY)  (92)

which is valid for B # 0. It does not vanish in general by the effect of the twist ¢* — 1.
This suggests that the localization is incomplete by the twist. Although we can proceed the
computation further, it is more convenient to invoke another method based on the Nicolai
mapping we will present in the next section.

4. (¢’ — 1)-expansion and Nicolai mapping

In the previous section, we have seen that the change of variables is useful to localize the
path integral, but in the & # 0 case the external field makes the localization incomplete and
the explicit computation somewhat cumbersome. In this section, we instead compute ZM in
an expansion with respect to (¢/® — 1). For the purpose of examining the spontaneous SUSY
breaking, we are interested in behavior of ZM in the a — 0 limit. Thus it is expected that it
will be often sufficient to compute ZM in the leading order of the (¢?* — 1)-expansion for our
purpose.

4.1 Finite N
Performing the integration over fermions and the auxiliary field B in (50) with W’(¢) in (40),
we have

, P k-1 ,
ZM — /sz¢ det ((e“" ~D1e1+ Y g Y o' cpp—ﬂ—l) e NI W(9)?, (93)

k=1 (=0

Hereafter, let us expand this with respect to (¢ — 1) as

N2 )
ZM =Y (e~ 1) Z,y, (94)
k=0
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and derive a formula in the leading order of this expansion. The change of variable ¢ as (77)
recasts (93) to

zM = ¢ (ﬁ d/\‘> A(M)? ﬁ et —1+ i ki AAPTEL) NI W A2 (g5
AN 1L P S /
1= 1,]: = =

after the SU(N) angles are integrated out. Crucial observation is that we can apply the Nicolai
mapping (Nicolai, 1979) for each i even in the presence of the external field

Ai = (@® —1)A; + W (Ay), (96)

in terms of which the partition function is basically expressed as an unnormalized expectation
value of the Gaussian matrix model

ZM _ C~ N AN A — A 2 ,—NY; %A-z 7N):i(7AA,-)\i+%A2/\-2) 97
x — LN H i H( i ]) e ‘e "y 97)
i=1 i>j

where A = ¢/® — 1. However, there is an important difference from the Gaussian matrix
model, which originates from the fact that the Nicolai mapping (96) is not one to one. As
a consequence, A; has several branches as a function of A; and it has a different expression
according to each of the branches. Therefore, since the last factor of (97) contains A;(A;),
we have to take account of the branches and divide the integration region of A; accordingly.
Nevertheless, we can derive a rather simple formula at least in the leading order of the
expansion in terms of A owing to the Nicolai mapping (96). In the following, let us concentrate
on the cases where

A — 00 as A — Foo, or Aj — —00 as A; — Foo, (98)

ie. the leading order of W/(¢) is even. In such cases, we can expect spontaneous SUSY
breaking, in which the leading nontrivial expansion coefficient is relevant since the zeroth
order partition function vanishes: Z,,lt/[:o = Zyo = 0. Namely, in the expansion of the last
factor in (97)

N
e NG (CAMAHI AN — 1 _ N} (—AAZ-/\,- + %AH?) e (99)
i=1

the first term “1” does not contribute to ZM. It can be understood from the fact that it does
not depend on the branches and thus the Nicolai mapping becomes trivial, i.e. The mapping
degree is zero. Notice that the second term also gives a vanishing effect. For each i, we have
the unnormalized expectation value of N <AA1~)L1' — %AZAZZ), where the Aj-integrals (j # i)

are independent of the branches leading to the trivial Nicolai mapping. Thus, in order to get
a nonvanishing result, we need a branch-dependent piece in the integrand for any A;. This
immediately shows that in the expansion (94), Z, y = O fork =0, .-, N — 1 and that the first

possibly nonvanishing contribution starts from O(AN) as

~ N YN 12 Y
Zuyn = Cn NN/<H dA1> H(Al — A])Z e~ NLiz 24 H(Ai)\i) . (100)
i=1 i>] i=1 Ao
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Note that the A(= ¢/® — 1)-dependence of the integrand comes also from A; as a function of A;
through (96). Although the integration over A; above should be divided into the branches, if
we change the integration variables so that we will recover the original A; with A = 0 (which
we call x;) by

Ai =W (xy), (101)
then by construction the integration of x; is standard and runs from —oco to co. Therefore, we
arrive at

o , N N
Zun = CuNY [ (TTax) TT OV ()W ei)as) TTOV i) = W' (7))
% ti=1 i=1 i>j
e NI 3 W (xi)?) (102)
which does not vanish in general. For example, taking W’/ (¢) = g(¢?> — u?) we have for N = 2
< oL 9 (L)\?
Zap =1087C 12 | 2~ Z (2 1
a2 = 108°Colj 7o 5<IO , (103)
where -
I, = / AN e W1 (1 =024, .-). (104)
In fact, when ¢ = 1, u? = 1 (double-well scalar potential case) we find
I L\?
Iy = 197373, =2 — 2 (2} = _o165492 £0, (105)
I 5\

hence Z, > actually does not vanish. In the case of the discretized SUSY quantum mechanics,
we have seen in (35) that the expansion of ZM with respect to (¢* — 1) terminates at the linear
order for any T. Thus, the nontrivial O(AN) contribution of higher order can be regarded as
a specific feature of SUSY matrix models.

We stress here that, although we have expanded the partition function in terms of (¢'* — 1)
and (102) is the leading order one, it is an exact result of the partition function for any finite
N and any polynomial W’(¢) of even degree in the presence of the external field. Thus, it
provides a firm ground for discussion of spontaneous SUSY breaking in various settings.

4.2 Large-N
As an application of (102), let us discuss SUSY breaking/restoration in the large-N limit of our
SUSY matrix models. From (102), introducing the eigenvalue density

1 N
x) = Ni;&(x—xi) (106)
rewrites the leading O(AN) part of ZM as
Zyn = NN / (de) exp(—NZ?F), (107)

1 1 -
F=— [dxdyp(x)p(y) log |W'(x) = W'(y)| + [ dxp(x) ;W' () = <5 logCx

—% /dxp(x)log(W”(x)W’(x)x). (108)
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In the large-N limit, p(x) is given as a solution to the saddle point equation obtained from
O(N?) part of F as

— W (x) Lo "
O_fdyp(y)yw/(x)_w/(yﬂ _EW (x)W (X) (109)

Plugging a solution pg (x) into F in (108), we get ZM in the large-N limit in the leading order
of (¢ — 1)-expansion as

ZyN — NN exp(—NzFo),
1
Fo = — [ dxdypo(x)po(y) 1og |W'(x) = W'(y)| + [ dxpo(x)5 W' (x)?
1
Nz log Cy, (110)

where Cy is a factor dependent only on N which arises in replacing the integration over ¢
by the saddle point of its eigenvalue density, thus including Cxn. From consideration of the
Gaussian matrix model (85), Cy is calculated in appendix B in ref. (Kuroki & Sugino, 2010) as

Cn = exp ENZ + O(NO)] . (111)

In (110) we notice that, if we include O(1/N) part of F (the last term in (108)) in deriving
the saddle point equation, the solution will receive an O(1/N) correction as p(x) = po(x) +
&p1(x). However, when we substitute this into (108), p;(x) will contribute to F only by the

order O(1/N?), because O(1/N) corrections to Fy under pg(x) — po(x) + 01 (x) vanish as
a result of the saddle point equation at the leading order (109) satisfied by pg(x).

4.3 Example: SUSY matrix model with double-well potential
For illustration of results in the previous subsection, let us consider the SUSY matrix model
with W/(¢) = ¢? — 2. The saddle point equation (109) becomes

/ o(y) [ py) 3_ .2
d d =x" —ux. 112
Y — Y + 1 ay X+ ropx (112)
Let us consider the case 4> > 0, where the shape of the scalar potential is a double-well

2
5 (2 —p2)"

4.3.1 Asymmetric one-cut solution

First, we find a solution corresponding to all the eigenvalues located around one of the minima
A = ++/p2. Assuming the support of p(x) as x € [a,b] with 0 < a < b, the equation (112) is
valid for x € [a,b].

Following the method in ref. (Brezin et al., 1978), we introduce a holomorphic function

b
F(z) = /ﬂ dy %, (113)

which satisfies the following properties:

1. F(z) is analytic in z € C except the cut [, D] .

www.intechopen.com



404 Theoretical Concepts of Quantum Mechanics

2. F(z) isreal on z € R outside the cut.
3. Forz ~ oo,
Fz)=1i+0 (%)
4. For x € [a,b],
F(x £i0) = F(—x) + x> — u?x Fimp(x).
Note that, if we consider the combination (Eynard & Kristjansen, 1995)

F(z) = 5 (F() ~ F(~2)), (114)

then the properties of F_(z) are
1. F_(z) is analytic in z € C except the two cuts [a,b] and [—b, —a].
2. F_(z)isodd (F-(—z) = —F_(z)), and real on z € R outside the cuts.
3. Forz ~ oo,

F(z)=1+0 <Zl3)
4. For x € [a,b],

F_(x£i0) = 3 (x® — p%x) FiZp(x).
These properties are sufficient to fix the form of F_(z) as

_lys o1 2 _ g2)(22 _ B2
F_(z) = > (z U z) 22\/(2 a?)(z> — b?) (115)
with
> =242 PP =242 (116)

Since a? should be positive, the solution is valid for y?> > 2. The eigenvalue distribution is
obtained as

po(x) = =/ (2 — a2) (82 — 2). (117)
From (117), we see that
. . 1 b
01(11)1}) <I\111£noo <N tr ¢>a) = /a dx xpo(x) (118)

is finite and nonsingular, differently from the situation in (19). It can be understood that the
tunneling between separate broken vacua is suppressed by taking the large-N limit, and thus
the superselection rule works. Note that the large-N limit in the matrix models is analogous
to the infinite volume limit or the thermodynamic limit of statistical systems. In fact, this will
play an essential role for restoration of SUSY in the large-N limit of the matrix model with a
double-well potential.

Using (117), we compute the expectation value of % tr B as

lim ( lim <%tr8>“> = /ab dx (x* — 4?)po(x) = 0. (119)

a—0 \ N—oo

Furthermore, all the expectation values of % tr B are proven to vanish:

1
li li — tr B" = =12,---). 12
tm (g (o) ) =0 =120 120

(For a proof, see appendix C in ref. (Kuroki & Sugino, 2010).) Also, the large-N free energy
(110) vanishes. These evidences convince us that the SUSY is restored at infinite N.
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4.3.2 Two-cut solutions

Let us consider configurations that v N eigenvalues are located around one minimum A =
++/112 of the double-well, and the remaining v—N(= N — v; N) eigenvalues are around the
other minimum A = — \/? .

First, we focus on the Z;-symmetric two-cut solution withv; =v_ = %, where the eigenvalue
distribution is supposed to have a Zy-symmetric support Q) = [—b, —a] U [4,b], and p(—x) =
p(x). The equation (112) is valid for x € Q). Due to the Z; symmetry, the holomorphic function
F(z) = [qdy g%) has the same properties as F_(z) in section 4.3.1 except the property 4,
which is now changed to
F(x+i0) = % <x3 - y2x> Finp(x) for xe Q. (121)
The solution is given by
O T O P ST A RS
F(z) = 5 (z U z) 22\/(2 a?)(z> — b?), (122)
1
S — 2 _ 42)(h2 — 42
po(x) = 5—lxly/ (32 = a2) (82 — 2), (123)

where a, b coincide with the values of the one-cut solution (116). It is easy to see that,
concerning Zp-symmetric observables, the expectation values are the same as the expectation
values evaluated under the one-cut solution. In particular, we have the same conclusion for
the expectation values of %tr B"™ and the large-N free energy vanishing.

It is somewhat surprising that the end points of the cut a, b and the large-N free energy
coincide with those for the one-cut solution, which is recognized as a new interesting feature
of the supersymmetric models and can be never seen in the case of bosonic double-well matrix
models. In bosonic double-well matrix models, the free energy of the Z;-symmetric two-cut
solution is lower than that of the one-cut solution, and the endpoints of the cuts are different
between the two solutions (Cicuta et al., 1986; Nishimura et al., 2003).

Next, let us consider general Z;-asymmetric two-cut solutions (i.e., general v4.). We can check
that the following solution gives a large-N saddle point:

The eigenvalue distribution pg(x) has the cut O = [—b, —a] U [a, b] with g, b given by (116):

_ [ FxV/EE - -2 (a<x<b)
po(x) = { Vx| /(62 = a2) (0% — 22) (=b<x< —a).

(124)

This is a general supersymmetric solution including the one-cut and Z,-symmetric two-cut
solutions. The expectation values of Z;-even observables under this saddle point coincide
with those under the one-cut solution, and the expectation values of %tr B" and the large-N
free energy vanish, again. Thus, we can conclude that the SUSY matrix model with
the double-well potential has an infinitely many degenerate supersymmetric saddle points
parametrized by (v, v_) atlarge N for the case > > 2.

4.3.3 Symmetric one-cut solution
Here we obtain a one-cut solution with a symmetric support [—c, c]. As before, let us consider
a complex function

Gz = [ dy%, (125)
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and further define

G-(z) = =(G(z) — G(—2z)). (126)

N[ —

Then G_(z) has following properties:

1. G_(z)is odd, analytic in z € C except the cut [—c, c|.
2. G_(x) e Rforx €e Rand x ¢ [—c,c].

3. G_(z) » 1 + O(Z%) as z — oo.

4. G_(x+i0) = Y (x? — p?)x Finp(x) for x € [—c, c].
They lead us to deduce

Lo o 1(, 5, ¢ 7 2
G,(z)zz(z —y)z—§ - — U+ = z2—¢ (127)

2 2[5 1
c —§<P‘ +/ut+12), (128)

with

from which we find that

2

po(x) = 1 <x2 — 4+ C—) V2 —x2, x€[—cc. (129)

27T 2

The condition pg(x) > 0 tells us that this solution is valid for 4> < 2, which is indeed the
complement of the region of u? where both the two-cut solution and the asymmetric one-cut
solution exist. (129) is valid also for u? < 0. Given pg(x), it is straightforward to calculate the
large-N free energy as

—1 4_L S_L 6 2 4 . 2 4
fo =31~ 316" ~ 21 T30k )it +12-log(4 + \ /it +12) +1og6,  (130)

which is positive for u? < 2. Also, the expectation value of % tr B is computed to be
Ly trB) = —i é(c2 —u?) = #£0 for u?<2 (131)
N 16 '

These are strong evidence suggesting the spontaneous SUSY breaking.  Also, the
?-derivatives of the free energy,

3
lim =0, lim 4f0_ 1 (132)

. . dFy
lim Fy= lim P TG2)8 5

u2—2-0 u2—2-0 d(p?) - u2—2-0 d(p?)2

show that the transition between the SUSY phase (4> > 2) and the SUSY broken phase (1% <
2) is of the third order.
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5. Summary and discussion

In this chapter, firstly we discussed spontaneous SUSY breaking in the (discretized) quantum
mechanics. The twist a, playing a role of the external field, was introduced to detect the
SUSY breaking, as well as to regularize the supersymmetric partition function (essentially
equivalent to the Witten index) which becomes zero when the SUSY is broken. Differently
from spontaneous breaking of ordinary (bosonic) symmetry, SUSY breaking does not require
cooperative phenomena and can take place even in the discretized quantum mechanics
with a finite number of discretized time steps. There is such a possibility, when the
supersymmetric partition function vanishes. In general, some non-analytic behavior is
necessary for spontaneous symmetry breaking to take place. For SUSY breaking in the finite
system, it can be understood that the non-analyticity comes from the vanishing partition
function.

Secondly we discussed localization in SUSY matrix models without the external field. The
formula of the partition function was obtained, which is given by the N-th power of the
localization formula in the N = 1 case (N is the rank of matrix variables). It can be
regarded as a matrix-model generalization of the ordinary localization formula. In terms of
eigenvalues, localization attracts them to the critical points of superpotential, while the square
of the Vandermonde determinant originating from the measure factor gives repulsive force
among them. Thus, the dynamics of the eigenvalues is governed by balance of the attractive
force from the localization and the repulsive force from the Vandermonde determinant.
It is a new feature specific to SUSY matrix models, not seen in the (discretized) SUSY
quantum mechanics. For a general superpotential which has K critical points, contribution
to the partition function from v;N eigenvalues fluctuating around the I-th critical point
(I=1,---,K), denoted by Z(,, ... ,), was shown to be equal to the products of the partition
functions of the Gaussian SUSY matrix models Zg ,, - - - Zg,,. Here, Zg,, is the partition
function of the Gaussian SUSY matrix model with the rank of matrix variables being v|N,
which describes Gaussian fluctuations around the I-th critical point. It is interesting to
investigate whether such a factorization occurs also for various expectation values.

Thirdly, the argument of the change of variables leading to localization can be applied to
« # 0 case. Then, we found that a-dependent terms in the action explicitly break SUSY and
makes localization incomplete. Instead of it, the Nicolai mapping, which is also applicable
to the &« # 0 case, is more convenient for actual calculation in SUSY matrix models. In the
case that the supersymmetric partition function (the partition function with & = 0) vanishes,
we obtained an exact result of a leading nontrivial contribution to the partition function with
a # 0 in the expansion of (e/® — 1) for finite N. It will play a crucial role to compute various
correlators when SUSY is spontaneously broken. Large-N solutions for the double-well case
W/(¢) = ¢? — u? were derived, and it was found that there is a phase transition between the
SUSY phase corresponding to > > 2 and the SUSY broken phase to y? < 2. It was shown to
be of the third order.

For future directions, this kind of argument can be expected to be useful to investigate
localization in various lattice models for supersymmetric field theories which realize some
SUSYs on the lattice. Also, it will be interesting to investigate localization in models
constructed in ref. (Kuroki & Sugino, 2008), which couple a supersymmetric quantum field
theory to a certain large-N matrix model and cause spontaneous SUSY breaking at large N.
Finally, we hope that similar analysis for super Yang-Mills matrix models (Banks et al., 1997;
Dijkgraaf et al., 1997; Ishibashi et al., 1997), which have been proposed as nonperturbative
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definitions of superstring/M theories, will shed light on new aspects of spontaneous SUSY
breaking in superstring /M theories.
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