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N ={0,1,2,...}: natural numbers

N, ={1,2,...,n}: natural numbers up to n, ¥n € N
Z={..,-3,-2-1,0,+1,42,+3,...}: integer numbers
N, =Z, = N\ {0}: natural numbers not including 0

Z. = Z\ {0}: integer number not including 0
Zyn=7/0Z={0,1,...,n—1}, Vn € N,

Q: rational numbers
Q. = Q\ {0}: rational numbers not including 0

R =] — 0o, +00[: real numbers

R, =R\ {0} =] — 00,0[U]0, o0[: non-zero real numbers

R =]0, +00[:' non-negative real numbers

R = [~00,+0] = RU {00}:? compact real numbers

R, = [0,+00] = {0} UR, U {oc}:* compact non—negative real numbers

=

C: complex numbers with ¢ denoting the imaginary unit

C, = C\ {0 +0}: non-zero complex numbers

C: compact complex numbers

a,b,c, ..., lowercase Latin letters either denote set elements or functions

a, B3,7,...: lowercase Greek letters either denote set functions or random variables or stochastic processes
A, B,C,.... uppercase Latin letters denote sets or random variables or stochastic processes

A,B,C,...: calligraphic Latin letters denote collections of sets

A, B, ¢, . ... Fraktur Latin letters denote families of collections of sets

10 is not included to form an Abelian group under multiplication, also the range of log.
200 is really one topologically, reachable from either positive of negative real numbers.
30 can now be included under the group multiplication with co its multiplicative inverse.
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Introduction

Superstring theory has been studied intensively as a unified theory that includes quantum gravity. The theory is defined in
10 spacetime dimensions and the connection to the real world — where only 4 dimensions are macroscopic — is realized via
compactification of the extra dimensions. How this can actually occur has been investigated perturbatively by using D—brane
configurations as a background, leading to tremendously many vacua giving rise to the so—called string landscape. Clearly,
it is important to see if this picture remains valid when the issue is addressed in a non—perturbative manner.

The type IIB matrix model, also known as the IKKT model [1], is regarded as one of the most promising candidates for a
non-perturbative formulation of superstring theory. The model is defined by dimensionally reducing either 10-dimensional
N =1 super Yang-Mills theory to 0 dimensions or the N' = 2 type IIB superstring Green—Schwartz formulation in the Schild
gauge [2, 3, 4]. Therefore, spacetime does not exist a priori in this model. The eigenvalues of the bosonic matrices stand as the
spacetime coordinates, inferring that spacetime is generated dynamically from the bosonic degrees of freedom of the matrices
[5]. Since type IIB superstring theory is defined in 10 dimensions, it is important to understand how our 4-dimensional
spacetime emerges by studying this model, hinting that compactifications of extra dynamics is an non—perturbative inherent
property of type IIB superstring theory dynamics.

Various attempts have been made to address the emergence of 4-dimensional spacetime from the 10-dimensional background
of type IIB superstring theory. In the Lorentzian version of the IKKT matrix model, the indices are contracted by the
Minkowski metric

-1
+1

+1

and the action has the SOgy; Lorentzian symmetry.! The bosonic action is unbounded from below, making the (unmodified)
study of the Lorentzian model a priory difficult, which is why efforts have been focused on the Euclidean version [6, 7, 8, 9,
10, 11, 12, 13, 14, 15] instead, defined by making a Wick rotation with respect to (analytical continuation to) the temporal
direction, and contracting the indices by the Euclidean metric

+1
+1

+1

The Euclidean version has the SO;g rotational symmetry instead of the Lorentzian SOg41, and it is amenable to numerical
simulations because the partition function is finite without any cutoffs [16, 17]. However, it suffers from a severe sign problem,
which appears after integrating out the fermions. The complex Pfaffian,? stemming from integrating the fermion degrees of
freedom out the model into an effective bosonic model, plays a central role in the spontaneous symmetry breaking (SSB)
of the SOy rotational symmetry [19, 20]. In models where there are no fermionic degrees of freedom, like the bosonic
model, or the Pfaffian is real positive, like in the 4—-dimensional supersymmetric toy model, there is no SSB of the rotational
symmetry [6, 7, 21]. There is no SSB, either, in the phase—quenched model, which omits the complex phase of the Pfaffian
[13], implying that the SSB of the rotational symmetry might be an effect of the model complex phase, warranting its study

IWhich is a (hyperbolic-rotational) subgroup of the Poincaré group of Minkowski spacetime symmetries.
2Which is a determinant in the simplified 4-dimensional [18] or 6-dimensional supersymmetric models [14]).



Introduction

by re—weighting for instance, in which case the important configurations are generally different between the original model
and its phase—quenched counterpart, leading to a severe overlap problem. To reduce this problem, the factorization method
[9, 10, 11, 12, 13] simulates a constrained system, in which the expectation value of the phase factor is calculated to determine
the true vacuum. The results are consistent with the SSB pattern of SO,y — SO3 predicted using the Gaussian expansion
method (GEM) [22, 23]. While this is an interesting dynamic property, its relevance to the emergence of a 4-dimensional
spacetime is unclear.?

This observation led to Monte Carlo simulations of the Lorentzian IKKT model [24, 25, 26, 27]. The problem of the unbounded
bosonic action was solved using separate cutoffs in the temporal and spatial directions [24]. Although the Pfaffian is real,
the model has a severe sign problem as well, due to the bosonic part of the action Sphoson , Which appears with a factor
exP 1Shoson 0 the partition function. To avoid it, the authors in [24] used an approximation, and they found that 3 out of 9
spatial dimensions start to expand after a critical time. That moment — which results from the dynamics of the model —
may be identified as the birth of the universe. Later works [25, 26] computed the expansion rate of the universe numerically,
which starts with an exponential-law expansion at early times, followed by a power—law expansion at late times. However,
the authors in [27] found that it is simply an effect of the domination of almost 3-dimensional configurations with a singular
Pauli-matrix structure, because of the approximation.

Monte Carlo methods have been playing a crucial role in non—perturbative studies of quantum field theories and statistical
systems relevant to particle, nuclear and condensed matter physics. However, in many interesting cases, it happens that such
methods cannot be applied straightforwardly because the effective Boltzmann weight appearing in expectation values of the
form

(0) = /Odw

can become negative or even complex. A brute—force method would be to use the absolute value |w| of the weight in generating
configurations and to treat the phase as an observable,*

(O exprargw)g

(exprargw)y

(0) =

with
(0) = /Od|w|.

This re-weighting method indeed works for small systems, but the computational complexity is exponential to the system
size due to huge cancellations among configurations, which is commonly referred to as the sign problem.

In recent years there has been major progress in evading the sign problem by complexifying the dynamical variables, which
are supposed to be real in the original system, leading to the development of two approaches:

e The generalized Lefschetz—thimble method [28, 29, 30, 31], which amounts to deforming the integration contour in such
a way that the complex phase arg w becomes mild enough to be handled by the re-weighting method.

e The complex Langevin method (CLM) [32, 33|, which attempts to define a stochastic process for the complexified
variables so that the expectation values with respect to this process are equal to the expectation values defined in the
original system, extending the idea of stochastic quantization [34].

In both approaches, holomorphy plays a crucial role. The advantage of the CLM compared to the other one, is that it is
computationally less costly, which enables its application to much larger system size. The disadvantage, on the other hand,
is that the equivalence to the original system is non—trivial. Progress in this direction was made by clarifying the conditions
for the equivalence [35, 36, 37, 38, 39, 40] and by inventing new techniques that made it possible to meet these conditions
for a larger space of parameters [18, 41, 42, 43, 44, 45, 46, 47].

In this work [14, 15] we applied the CLM to the Euclidean version of the type IIB matrix model, and reproduced the SSB of
the SO1p symmetry to SO3. The application of the CLM to the Lorentzian version [48, 49, 50] may elucidate the spacetime
structure that emerges when we exclude the approximation to avoid the sign problem. While this is still an ongoing work,
there are some preliminary results [50] that look quite promising.

3 A priori the 3-dimensional surviving symmetry contradicts the 4-dimensional ansatz, however remembering that this is a Euclidean model result,
it becomes unclear if this is only part of the SSB that is sought for. For example, this surviving 3—dimensional symmetry may simply correspond
to the spacial part of the expected 4—dimensional spacetime.

4w = exp z € C formally, its modulus is |w| = exp Rz and its phase is argw = Jz.



This thesis is structured as:

Part I includes a pedagogical preview of the mathematical machinery behind stochastic calculus, which is the foundation of
the methodology studied. This part should be skipped to chapter 4 for readers familiar with measure and probability
theory and or stochastic calculous.

chapter 1 presents the fundamental mathematical structures used throughout this thesis, mainly to establish a nota-
tional convention as much as revise core concepts. This includes

e clements of abstract algebra
e clements of analysis and related topics of general topology and metric spaces
e clements of differential geometry and connections to algebra

chapter 2 moves on to develop the core concepts behind probability theory and how they extend to stochastic pro-
cesses. The starting point is elements of measure theory and how it expands into an applicable theory of probability,
which stands as the groundwork for defining stochastic properties.

chapter 3 expands on the topic of stochastic differential equations and technical issues behind solving them into
stochastic processes that are “well-behaved”. Stochastic calculus stems from merging notions of analysis with that
of measure theory. Only elements roughly relevant to the Langevin equation are presented here.

chapter 4 applies aforementioned mathematical background in the context of complex stochastic differential equations
and processes, which stand as a precursor of the CLM used in this work. This chapter is based on the concept of
stochastic quantization as pioneered by Parisi, Wu and Klauder [32, 33, 34].

Part IT focuses on the physics problem addressed in this work and solutions, as well as a preview of the related background
behind it.

chapter 5 is a brief revision of core elements of (classical) field theory, provided here for notational conventions mostly.
Readers familiar with quantum field theory may skip this chapter.

chapter 6 contains elements of string theory somewhat relevant to the origin of the IKKT model as well as the
dynamical compactification of extra dimensions. Readers familiar with string theory will find here how the IKKT
model connects to type IIB superstring theory, as well as what issues are addressed by matrix models (dynamical
compactification of extra dimensions) and what issues are not (for example the moduli space of string theories).

chapter 7 contains a thorough presentation of the CLM applied in the context of the IKKT model, together with
technical aspects that arise when working with field theories (for example exploiting gauge symmetries of fields).
This chapter previews the backbone of the methodology used in the research of this doctorate study.

chapter 8 contains the results of the study of the Euclidean IKKT model using the CLM. For completion, the results
of the 4-dimensional toy model are included together with the 6—dimensional toy model and the 10—dimensional
true model, which are part of this dissertation.

chapter 9 contains the results of the study of the Lorentzian IKKT model using the CLM, with various modifications
to the model in exploring the dynamical generation of a Lorentzian spacetime.

Supplementary material for other type IIB superstring theory matrix models can be found in [51, 52, 53, 54, 55, 56]. Further
details about the history and evolution of the IKKT matrix model can be found in [4, 57, 58, 59, 60, 61, 62, 63].

A compulsory greek synopsis of the thesis is appended at the end.
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Background






1. Mathematical foundation

1.1. Algebra

Foundations
Relations

Definition 1.1.1. A binary relation ~ on a set R for which:
e Va € R, a ~ a (reflexivity),
e Va,b € R, a~bif and only if b ~ a (symmetry),
e Va,b,c € R with a ~band b~ ¢, a ~ ¢ (transitivity),

is an equivalence relation on R.

An equivalence relation ~ partitions R into disjoint sets or equivalence classes, defined (and denoted) by

R beRp~a).

Indeed, suppose that 3¢ with ¢ € [a] and ¢ € [b] and [a] # [b]. Then, ¢ ~ a and ¢ ~ b, hence by symmetry and transitivity
a ~ b, hence a € [b] and b € [a], and since the same holds for all of [a] and all [b], [a] = [b].
Definition 1.1.2. A binary relation < on a set R for which:

e Va € R, a < a (reflexivity),

e Va,b,c€ R with a <band b < ¢, a <c (transitivity),

e Va,b € R with a <band b < a, a =b (antisymmetry),

e Va,b€ R, a <borb<a (strong connectivity),

is a total ordering on R.

R with a total ordering < (implicitly) has a strict total ordering < too:
e Ya € R, a £ a (non-reflexivity),
e Va,b,c € R, with a < bor b < ¢, a < c (transitivity),
e Va,be R with a #b, a < bor b< a (strong connectivity),
which is implied by < with the definition:
e Va,be R withb < a,a<b.

If 3z € R such that Va € R, a > x/a < x, R is bounded from below/above with respect to the total ordering <. The same
definition applies with respect to the strict total ordering <. A strict total ordering bound is a total ordering bound and it
is unique.



1. Mathematical foundation

Sets with operation(s)

Definition 1.1.3. A magma is a set G closed under a binary operation o : G x G — G.
A monoid is a magma (G, o) whose binary operation o satisfies:
e Ya,b,c € G,ao(boc)=(aob)oc (associativity),
e J1 € GG unique, such that Va € V, 1oa = ao 1 = a (identity),
(G,o0) is a group is on top
e Va € G, 3x € G unique, such that aox =z oa = 1 (divisibility).
(G,0) is an Abelian group if on top
e Va,b € G, aob=0boa (commutativity),

Definition 1.1.4. A field is a set K closed under two binary operations +,- : K x K — K such that:
e K is an Abelian group with operator +, identity 0 and, x = —a inverse Va € K,
e (K\ {0},-) is an Abelian group with identity 1 and z = a™! inverse Va € K,
e Va,b,c € K, a(b+ c) = ab+ ac or (a + b)c = ac + be (distributivity).

Excluding 0 from multiplication implies it should either be undefined, or Va € F', a0 = 0a = 0 (destructibility), which in turn
implies that Va,b € F with ab=0,a =0 or b= 0.

Definition 1.1.5. A vector space over a field K is a set V' closed under addition + : V' x V' — V and scalar multiplication
- K xV — V, such that:
e V is an Abelian group with operator +, identity 0y and inverse —x, Vo € V,
e All group properties of field multiplication in K except for divisibility hold for the scalar multiplication:
o Va,b € K and Vz € V, a(bz) = (ab)z (scalar associativity),
o Yz € V, lx = z (scalar identity),
o Va € Kand Vz,y € V, a(x +y) = ax + ay (vector distributivity),
o Va,b € Kand Vz € V, (a4 b)x = ax + bz (scalar distributivity).
also implying:

o Va € Kand Vx € V with ax =0y, a=0or z = 0y.

Thus a field F is its own vector space by definition 1.1.5.

A linear subspace U < V is a subset of V (finitely)! closed under the operations of vector space V. VA C V, span A is the
smallest subspace U <V with A C V. dimV < |A| with equality (and thus definition) holding if A is a (not unique) smallest
subset for which span A = V. These concepts change when relaxing the finiteness constraint.

Definition 1.1.6. An algebra over a field K is a vector space K, additionally closed under binary multiplication o : Kx K — K
(magma), such that

e Va,y,2€ K,z0(y+z2)=roy+zozand (v +y)oz=2x0z+yoz (left and right distributivity),?
o Va,b € K and Vo,y € K, (ax) o (by) = ab(x o y) (product compatibility).
Additionally,

LAn alternative definition of span A is all the (finite) linear combinations of elements in A. This may be different to all the linear combinations
of elements in A, if A is infinite.
?Notice how “and” is used instead of “or”, because unlike in a field, an algebra is generally (and usually) non-commutative.

10



1.1. Algebra

If K is a monoid with o, K is a unital algebra,

If o is associative, K is an associative algebra,

If o is commutative, K is a commutative algebra,

If o is anti-commutative, i.e. Vx,y € K, roy+yoxz =0, K is a Grassman algebra.

If K is a group with o, o = - and K simply reduces to a field. Thus a field F is its own (associative, unital, commutative)
algebra.

Definition 1.1.7. A Grassman number over a field K is defined Va,b € K, as a + b/ with ¢ = 0. Grassman numbers form
a Grassman algebra U over K with the algebra operations defined by:

o Vo =g+ P14, =g+ 1€ € U, and Va,b € K, ad + byp = a(po + ¢1£) + b(vo + ¥1€) = (adg + bibo) + (apy + bi1)L,
o Vo = do+ 1, = Yo + il € U, poyp = (¢ + ¢1£) (o + ¥1l) = dotbo + (potp1 + Pp11b0)L.

The concept of a base generalizes to that of a generating set A C K, such that Vz € K, there exists a combination of elements
in A that generate x via any or all of the operations of the algebra K. The usual process is to span a base B out of the
generators A via o, then simply span B = K. dim K = |B|, not |A].

For non—commutative algebras K the commutator operator is defined via
[|]: KxXK—K:z,y—[z|ly =xz0oy—youz,

which is identically 0 for commutative algebras.

Operators

Definition 1.1.8. A linear operator F : V — U : x —— Fx from a vector space V to a vector space U, both over a field
K, satisfies

e Va,b € K and Va,y € V, F(ax + by) = aFz + bFy (linearity).

Example 1.1.9. The set £(V,U) of all linear operators F' : V. — U is a vector space under function addition and scalar
multiplication as

Va,b € K, Va,y € V and VF € L(V,U), F(ax + by) = F(ax + by) = aFz + bFy.

Moreover, L(V,V) = L(V) ~ Mgim vK is an (associative unital) algebra under function composition as,
Yz € V and VF,G € MagimvK, (F o G)x = F(Gz) = FGz,

where Maip, vK is the space of all dim V' x dim V' (square) matrices representing linear operators in £(V).

Definition 1.1.10. An operator F': V — U:
e such that F'(V) < U, is a homomorphism,
e such that F'(V) = U, f is an epimorphism,
e such that F' is injective, F' is a monomorphism and V' < U,

e F'is both a monomorphism and epimorphism (implying it is bijective), F' is an isomorphism and V ~ U.

11



1. Mathematical foundation

Tensors

VYV, U vector subspaces with V N U = 0, their Cartesian product V x U is identified as their direct sum V @ U, while

VeU={zeye LUV)VzeU and Vy € V},

withz®@y:V—U:ar—z(y-a)?

Definition 1.1.11. VV a finite collection of vector spaces,

T:®V:®V€VV

is a tensor space of rankT = |V|. Vo € T, z is a tensor.

VU,V algebraic structures of the same type (groups, fields, vectors spaces, algebras etc) such that U C V', U is a subconstruct
(of the corresponding type) of V', denoted as U < V.

Definition 1.1.12. VV a vector space over a field K, and Vn € N,

n
™V = Vv
i=1
is the rank n tensor space generated by V.
The direct sum

= @nEN ™V = @neN ®'L'=1 v

together with the product, such that V2 = (2,,)nen, ¥ = (Yn)nen € TV 2

TY = (l'n ® yn)TLENa

forms the so called free (graded) tensor algebra generated by V' [64].

Linear equations

Equality = in vector spaces and their respective operator algebra can be used to pose questions in the form of (linear)
equations.

Definition 1.1.13. VF : V — U linear operator between vector spaces V and U, and Vy € F(V) < U, 3A C V such that
Vo e AP Fo=y.

For the homogeneous case Fx = 0,% the solution A = ker ' < V is a subspace of Vand called the kernel of F. Vz solution
of Fx =y, A= {x + xo|Vzx € ker F'}.
The following are equivalent VF : V — U:

e Fz =y has an exact solution {x¢},

o ker F' = {0y} or dimker F' =0,

e JF1:F(V) — U and thus det F # 0, and . = F~1¢y.”

3See definition 1.2.6 for the definition of an inner product on a vector space in general and definition 1.1.16 specifically for the standard inner
product in vector spaces, used here.

Wn,m eN, T"V TV ~ Tty

5Note that y € F(V), and not y € U generally, is essential for the existence of a solution A C V.

SNote that VB < U, 0 € B, as a vector (sub)space.

7F :V — U injective means its representations are square matrices. This also implies that V <U.

12



1.1. Algebra

Eigenvalues

Definition 1.1.14. VF' : V — V operator on a vector space V on a field K, Vx € V and VX € K such that,
Fx = Az,

x is an eigenvector of F' and A an eigenvalue of F'.

F — A1 being singular (dimker ' > 0) is the definitional requirement for non-zero eigenvectors. Since eigenvectors are
non—zero solutions to the homogeneous equation (F'— A1)z = 0, they form a whole subspace ker(F — A1) < V corresponding
to the eigenvalue A.

The direct sum of all eigenvector subspaces forms the original vector space V/,

V= @)\ eigenvalue of F ker(F N Al),

therefore F' can have at most dim V' eigenvalues if dim V' < oo.

Representations
Definition 1.1.15. VYV vector space, a smallest subset A C V for which span A = V, if it exists,® is a base of V.

If |A| < oo, dimV = |A| and A = {a,}dmV vz € V,

dim X

T = E Ty Q-
n=1

Similarly, for A = {a, }nen countable and V' complete,

IZE TnQ,
neN ntn,

where (z,,)3mY € R4m VYV Both cases can be expressed with the generic form

z = ZGGA Zqa. (1.1.1)

Definition 1.1.16. YV finite dimensional vector space, z, stands for the base—invariant vector € V. In the same convention,
pair of repeating indices imply summation, for example, Vx,y € V|

T Y= TaYq-
F,;, stands for the base—invariant F' € Mg, vK operator on V. If F' is hermitian for example,

x'F'y:xaFabyb-

If a new inner product is defined via a hermitian (and positive definite for Euclidean spaces) operator g € Mgim v K,
T:gY = ZTaGab¥b-
It also applies on vector level
F-T|a = LabTh,

which is the familiar matrix product stemming from operator action. In this case, the free index a is mandatory and denotes
that this is a vector relation. In this notation, a symbol without indices is a scalar. Repeating indices are not free (as they
are summed over).

Operator composition is represented by a matrix product, VF,G: V — V,

Fo G|ab = Fachb

8The most common use cases are finite-dimensional vector spaces V', for which dim V' = |A|, and complete infinite-dimensional (see section §1.2.
Analysis) vector spaces.

13



1. Mathematical foundation

Example 1.1.17. The identity operator 1 : V — V has Kronecker’s delta as an index form, Vz € V,°

1z =z or x|, = dapxp = Tq.

Another example is the antisymmetric tensor € with ranke € N such that

4+1 1...Zranke is an even permutation of Nyapnk e

Exy =<¢—1 x1...Zranke 1S an odd permutation of Noanke

-+ Zrank e

0 otherwise

the simplest non—trivial case being ranke = 2 with 91 = +1, €190 = —1 and gg9 = €11 = 0.

VE :V — V linear operator, det F' = €4, . 20 v o1 zaim v -

Index squashing

VT tensor with rank T € N, its symmetrized version is written as

1

T = — E T
(@10 @rankT) (rankT)! (0:Nrank 7 —Nrank 7) €Srank T (@) To(ranc 7))

and its antisymmetrized version as

1

T = —— E € T
o1 @rane ] = Gk T 2= (0:Nane 1 —Neank 7)€ Seamier 707 )2 (@ (1) T ranie )2

where Vn € N, S, is the group of all permutations of n numbers.
For rank T = 2,
1

1
T(zy) = 5 (Twy + Tyw) and T[:z:y] = i(TM/ — T,ﬂ)

1.2. Analysis

Topology

Definition 1.2.1. A collection of subsets 7 on a set V such that:
ecTandVeT,
e VA C T subcollection of T,

UA:UAeAAeT,

e VA C T finite subcollection of T,

A=, AcT

is a topology (of open subsets) on V. A set V' equipped with a topology 7 is a topological space (V,T).

YU CV, Ty ={ANU|A € T} is the induced on U topology of V.10

9Kronecker’s ¢ is the discrete version of Dirac’s § distribution and outright definable as

1 z=y

Sy = .
o {0 Tty

10y € T is not necessary for U € Ti; by definition V € T therefore VN U = U € Ty;. Obviously § NU = () € Tyy. Union and finite intersection
are straightforward to show too.
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1.2. Analysis

Definition 1.2.2. A function f:V — U between two topological spaces V and U with topologies Ty, and T respectively
such that VA € Ty, f~1(A) € Ty,. A function f : V — U that is bijective, continuous with inverse f~! : U — V continuous
as well, is a homeomorphism between V and U, and in such a case V and U are homeomorphic, writing V ~ U.

As in an abstract set, a vector space V may assume a topology 7. Topologies on sets can be defined via mappings on its
elements, the most common being a metric d on V.

Definition 1.2.3. A limit point z € U of a subset U C V' of a topological space V' with topology 7T is such that YU € T
with © € U, U\ {z} # (. The set U of all limit points of U is called the closure of U.

Obviously, V D V. If V = V, then V is complete.

Metric

Definition 1.2.4. A metricd: V x V — R on a set V satisfies:
o Vz,y €V, d(z,y) =0 if and only if z = y (identity of indiscernibles),
o Vaz,y €V, d(z,y) = d(y,v) (symmetry),
o Vr,y,z €V, d(z,z) <d(zx,y)+d(y,z) (triangle inequality),

Non-negativity is implied:
o Vz,y €V, 2d(x,y) = d(z,y) + d(z,y) = d(z,y) + d(y, ) = d(z,z) = 0.
A metric on V implies a topology T on V by taking unions of e-balls on V defined as {y € V : d(x,y) < €}, Vx € V.

Norm

Definition 1.2.5. A seminorm |- || : V — R on a vector space V over a field K satisfies:

o Vx,y eV, |lz+y| < |zl + ||yl (subadditivity),

e Vo € Kand Va € V, ||az|| = |a|||z|| (absolute homogeneity),
A norm is a seminorm that additionally:

o Vx €V, if ||z| =0 then = Oy (positive definiteness) which implies |0y || = ||0z|| = |0]||z|| = 0]|z|| = 0.
Non—negativity is implied:

o Vo eV, 2] = [zl + [|lz]| = [l — =[| = l0v ] = 0.

A norm on V implies a metric on V by d(z,y) = ||y — z||, Vz,y € V. A complete normed space V is a Banach space.

Inner product
Definition 1.2.6. An inner product (:|-) : VxV — Kon a vector space V over a field K equipped with the extra (conjugate)
involution -* : V —— V such that,
e K is an extension of R and particularly, Va € K hermitian, i.e. with a = a*, a € R,
e Va € K, a** = a,
e Va,b e K, (ab)* =b*a*,
satisfies

o Vz,y eV, (x|y) = (y|z)* (conjugate symmetry) which implies (z|z) = (z|z)* € R, Vz € V,

15



1. Mathematical foundation

e Va,b € K and Vz,y,z € V (linearity),

(az + byl2) = afalz) +b(yl2), or
(zlay + bz) = afzly) + b(z|z).
o Vx €V, if x # Oy then (x|z) > 0 (positive definiteness).
An inner product on V implies a norm on V by [|z|| = 1/(z]|z). A complete space with an inner product is called a Hilbert
space.
If the inner product is real specifically, i.e. (:|-) : V x V — R, the conjugate symmetry reduces to symmetry,
o Vz,y € V. (z|y) = (y|z) (symmetry).
Vz,y € V\ {0y} with (z|y) =0, = and y are orthogonal. If on top ||z|| = |ly|| = 1, they are orthonormal.

By definition, a finite-dimensional vector space V allows at most dim V' number of orthogonal vectors, as orthogonality
implies linear independence.

Duality
Operators

Definition 1.2.7. VV,U normed vector spaces over a field K, a linear operator F': V — U is:
e bounded if 3¢ € R such that, Vo € V, ||[Fz| v < ¢||z|v,
o an isometry (specifically) if Vo € V, |[Fz| v = ||z]lv,

e a functional if U = K.

The set L(V,U) of all bounded linear operators F': V. — U is a vector space, with dim £(V,U) = dimV dim U.

For bounded linear operators F': V. — V on the same vector space V, the shorthand notation £(V) is used. L£(V) still is
an algebra.

The set V* of bounded linear functionals on V is the topological dual set of V. The duality defines a natural pairing map
(])v : V xV* — R such that Vo € V and Vf € V*, (z|f)v = f(z). If V is a real Hilbert space, it is self-dual in the sense
that the natural pairing and its inner product coincide (isomorphically).

Definition 1.2.8. VF : V — U operator from V to U Hilbert spaces, for the adjoint operator Ff : U — V, Va,y € V,

(@|Fly)y = (Fz|y)v.

The definition of the dual natural pairing map provides a natural (bra—ket) notation (due to Dirac) for (dual or otherwise)
vectors z in a vectors space V. In the context of dual spaces, (f| € V* and |z) € V. An operator F': V. — U operates on
the left on vectors as F|z) = Fz and on the right for dual vectors respectively.

In the context of a complex inner product, an operator F': V. — V on a Hilbert space V is hermitian if and only if FT = F,
or equivalently Vx € V and Vy € U,

(Faly) = (z[Fy) = (x| Fly),
which basically allows the last notation.'’ The same is true for a real inner product, provided F is symmetric.

VA eigenvalue of a hermitian operator F'; A € R, and if on top F' is positive—definite, A > 0.

Finally, the inner product defines a natural projection functional on a Hilbert space V,Vz € V', as (z| : V — K.

' Note that in the hermitian notation (z|F|y), there is only one inner product, the one on U.
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1.2. Analysis

Definition 1.2.9. A hermitian operator F' : V. — V on a vector space V such that Vo € V, (z|Fly) > 0, is positive—definite.
VA eigenvalue of a positive—definite operator F'; A > 0.

Proposition 1.2.10. VF : V — V positive definite operator on a vector space V,

(x| Fly) = (zly)r

defines an inner product on V' per definition 1.2.6.

Definition 1.2.11. VYV complete vector space,'? and base A,

|z) = ZaeA |a)(a|z), (1.2.1)

where the operator
> o X — X, (1.2.2)

is a projection operator.

The projection operator (1.2.2) does nothing, as is understood by (1.2.1), allowing it to be interjected wherever in operations
on V. However, if A is not a base of V, in the sense that span A < V', the operator does act as a projector on z € V to
span A, hence the name. Va € A, (a|z) € K is the component a (projection) of x, and (1.2.1) is identical to (1.1.1).

Definition 1.2.12. By extension, an operator F' : V. — U from V to U vector spaces assumes a matrix representation

given a base A on V,
F=Y S laalFlb)),

whose components are {(a|F|b), Va,b € A.

Combining vector representations 1.1.15 and matrix representations 1.2.11, an expression (calculation) is possible at compo-
nent level, Vz,y € V and VF € L(V),

Py =3 S () al FIb) (bly),
simply by injecting projection operators.
At component level, the following shorthand notations will be used throughout:
e Vx,y € V vectors, the inner product can be written as
z-y=aly=(zly) = zaya € K.

where the matrix column-row notation is used for reference. VF,G € L(V) component matrices, this notation relates
to the ordinary matrix product as

F-G=F'GeL(V)or F-Gla=FGe.

e Vx,y € V vectors, the outer product
TRY = wyT € ﬁ(V) orzr® y|ab = ZalYv-

where the matrix column-row notation is used for reference. VF,G € L(V') component matrices, this notation relates
to the ordinary matrix product as

F®G=FG € L(V)or F®Glap = FucGs..

12 4 in definition 1.1.15 is at most countable.
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1. Mathematical foundation

The inner (dot) product notation will be used as an alternative often to avoid confusion with the inner product induced by
a measure on measure spaces.'> For K =R, t = T, i.e. the notion of the adjoint becomes that of the transpose. Extended
matrix operations in definition 1.2.8 reduce to the ordinary matrix product for hermitian operators. Finally, for a hermitian
operator F': V — U and Vzx,y € V, the following symmetric notation makes sense,

x-F-y={(x|Fly) = z.Fapyp € K.

Infinite—dimension spaces require extra structure to that of a topology, namely a measure and a collection of measurable
subsets to define a metric/norm/product, and their completeness as spaces is at risk, even if K is complete.'*

Definition 1.2.13. The suprenum sup A of a subset A C V of a set V' equipped with a topology T and a total ordering <
is the lowest upper bound by said ordering of A. For a functional f : V — K, sup f = sup f(V).

Spectrum

Definition 1.2.14. V) € K such that for a bounded linear operator F': V. — V of a vector space V over a field K, operator
F —)1:V — V is non-bijective.

Of note is that the spectrum of an (bounded) operator is more than its eigenvalues (definition 1.1.14).

The natural numbers N

Definition 1.2.15. By the axiom of infinity,'® 30 collection of (inductive) sets such that, A/ € N:
e 0=0={} € NV (empty set),
e Va € N, next(a) =a U {a} € N (successor),

The intersection (which is straightforwardly also an inductive set),

N:ﬂm:ﬂNemN

is the set of natural numbers.

Informally, the axioms in definition 1.2.15 effectively describes a counting process, which is the essence of natural numbers,

N={{} {{}, {3 =1{01,2,3,...},

and the process is countably infinite.

The successor function defines an addition operation on N such that
Va € N, a+0=a and Vb € N, a + next(b) = next(a + b),

which associative and symmetric, and with neutral element 0, making N a monoid.

The natural numbers are well-ordered by the total ordering < such that

Va,b, a < b if and only if 3¢ € N such that a + ¢ =b.

It is unusual to assume a topology on the natural numbers, so it is customary to just assume the power set 2V (maximum
topology) if necessary.

13See section §2.1. Probability theory for details.
14See section §2.1. Probability theory for more details on o—algebras and measures.
1534 set with ) € A such that Ya € A, aU {a} € A. Such sets are called inductive, and the axiom allows the existence of (countably) infinity sets.
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1.2. Analysis

Finite counting with N,,, Vn € N,

N,, € Nis simply {1,2,3...,n}, Vn € N, and is frequently used to enumerate finite ordered sets (vectors) and or indices.

The integers Z

Definition 1.2.16. The equivalence relation ~ in N x N such that,
Y(a,b), (¢,d) € Nx N, (a,b) ~4 (¢,d) if and only if a +d = b+ ¢,

defines the set of integers as

N x N
7 =2

Informally, Z = {...,-3,-2,—1,0,+1,+2,43,...} D N.
Z is a group under the addition operator defined as,
Vi(a,b)], [(c,d)] € Z, [(a,b)] + [(c,d)] = [(a + ¢, b+ d)],
with neutral element [(0,0)] and opposite —[(a,b)] = [(b, a)], ¥[(a,b)] € Z.
7 is a monoid under the multiplication operator defined as,
Vl(a,b)], (¢, d)] € Z, [(a,b)] - [(c, d)] = [(ac + bd, ad + bc)],

with neutral element [(1,0)].

Integers are well-ordered by the total ordering < such that

V[(a,b)], [(c,d)] € Z, [(a,b)] < [(¢,d)] if and only if a +d < b+ c.

Z can be seen as the minimum group closure of the natural numbers under addition. The ordered pair (a,b) stands for the
difference a — b and an equivalence class consists of all such pairs of natural numbers giving the same difference.

The positive integers Z, = N,
Of interest are the positive integers
Zy ={1,2,3,...} =N\ {0} = N,

for they make a good case of a magma with respect to multiplication, as they do not include the destructive (for multiplication)
0. Such positive subsets will become more relevant in the grater number sets that follow.

Integers naturally define the operation of absolute value as,

>0
VaeZ, lof=4 7" *=Y
—a a<0
bearing in mind that +0 = —0 are the neutral element of addition.
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1. Mathematical foundation

The cyclic groups Z,,, Vn € Z
Of greater interest are the finite mod groups defined by Euclidean division on integers.

Definition 1.2.17. Va,b € Z, 3¢ € Z and JIr + 1 € N, unique, such that a = gb+ r.
Symbolically, r = a mod b.

Vn € Z, the equivalence relation ~, matching integers by their Euclidean remainder with n, partitions integers into a finite
set of equivalence classes represented by said remainder, defined as

Zy, is a group under the addiction +,, defined as

Va,b € Zy, a+, b= (a+b)modn.

Informally, Z, = {0,1,2,3,...,n —1}.

The rational numbers Q

Definition 1.2.18. The equivalence relation ~. in Z X Z, such that,
Y(a,b),(c,d) € Z x Z, (a,b) ~. (¢,d) if and only if ad = be,

defines the set of rational numbers as
Q= 7 X Dy

~,

where Z, = Z \ {0}.

Rational numbers maintain their integer ordered pair notation in the form of a fraction a/b, V[(a,b)] € Q. The corresponding
equivalence class stands for all equivalent fractions.

Informally, Q D Z.

Q is a group under the addition operator defined as,

c a-d+b-c

C a
7&6Q75+7_77

v d b-d

b
(

with neutral element 0/1 and opposite —a/b = (—a)/b, Ya/b € Q, where the corresponding equivalence classes are implied.

The positive rational numbers Q4

Of interest are the positive rational numbers,
_ Z+ X Z+

Q4

which form a group under the multiplication defined as,

~,

a C a C .
YacQ i

with neutral element 1/1 and inverse (a/b)~! = b/a, Va/b € Q.

The multiplication (and corresponding group structure) of Q4 extends to @, and together with the addition operator, Q is
a field (definition 1.1.4).
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1.2. Analysis

Q still is well-ordered by the total ordering < such that

a ¢ a ¢
Z Z < 2 i < be.
Vb,de(@, = dlfandonlylfad_bc
Absolute value extends to rational numbers as
v?eq |? =
b b |b]

Q can be seen as the minimum field closure of the integers group under multiplication.

The real numbers R

V{an}nen € Q Cauchy sequence of rational numbers, the existence of a limit a € Q is not guaranteed. Informally the set of
all limit points of Q (the completion of Q) is the set of real numbers R.

Definition 1.2.19. The set of real numbers is a totally—ordered field, having the least—upper—bound property,
VA CR, dsup A € R such that Va € A, a <sup A and Vb € R with a < b, sup A < b.

The real numbers is the first set to assume a non—trivial topology 7, generated by all the open intervals in R. This topology
is also generated by the metric defined Va,b € R by d(a,b) = |a — b|.1¢

Informally, R = Q D Q.

The positive real numbers R

The positive real numbers R, is of equivalent interest to that of the positive rational numbers Q,, as a clean group under
multiplication with 1 and no destructive element. It is interesting to point out that the functions mapping one set to the
other are none other than

log: Ry — R and exp: R — R,

with the corresponding properties of translating one operation into the other,

Va,b € Ry, log(ab) =loga + logb, and Va,b € R, exp(a + b) = expaexpb.

The probability interval [0, 1]

The probability interval [0,1] follows a similar pattern, this time with the pair of the logistic function and its inverse sigmoid
function:

1
logit : [0, 1] —>R:xn—>logitx:10g1_x and 0 : R — [0,1] : 2 — o(z) = T+ oxp(—a)’
with the corresponding operator in [0,1] now respecting,'”
1 1 1 o(a)o(b)
Va,b e R b) = = = = = b
R ) S @ b)) Tt e en(h) |, oA o(h)  ol@e® +al-a)tap U7

so that Va,b € [0,1], logit(a o b) = logit a + logit b.

16 Coincidentally this metric also stands for the Lebesgue measure on the Borel o—algebra B(R) = o(7") stemming from the topology 7 of R (see
section §2.1. Probability theory for details).

"Note that o(—z) = 1 — o(x) and

o(—x)

o(+z)

exp(—x) =
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1. Mathematical foundation

The complex numbers C

Definition 1.2.20. The set of complex numbers C is (isomorphic to) R? equipped with the corresponding addition and a
product stemming from the polynomial notation of complex numbers via an indeterminate ¢+ (imaginary unit),

V(xo,x1) € R?, 29 + 121 € C,

with the condition ¢ + 1 = 0, making it a field.

The condition ¢ = —1 implies Vn € Z,

,L4n+0 — +1’ Z4n+1 _ +Z, Z4n+2 _ _17 Z4n-‘,—3 = —,

which means that the group generated by 2 via polynomial multiplication is isomorphic to Z4, and the cyclicity allows
the reduction of all polynomials on 2 back to a linear polynomial of the form x + 1y, making C closed under polynomial
multiplication.
Definition 1.2.21. Vz = Rz +:152z € C,

o 2* =Rz — 132 is the conjugate of z (apparently z** = z),

o Rz = (24 2*)/2 is the real part of z,

e 3z = (z — 2*)/2 is the imaginary part of z,

o |z] = Vz¥z = /(R2)? + (J2)? is the modulus or absolute value of z.

C is a field under polynomial addition and multiplication, more specifically:
o V2,2 €C, z+ 2 = Rz + R) +14(Sz + §2') (addition),
o V2,2 €C, 22/ = R2Tz — RZ'T2’) +1(N2'TFz + R=J2') (addition).

It should be noted that functions on R need care when extending to C.

Polar representation and the U(1) group

The exponential function on exp is defined as
exp: C— C: z+— expz = (cos Sz + 1sin Iz) exp RNz,

which implies that exp is periodic in the imaginary direction.

Definition 1.2.22. A complex number z € C assumes an alternative (polar) representation by their modulus and their
so—called (imaginary) phase:

z =Rz +18z = |z]exprarg z,
where

ox
|2| = vV (R2)? + (82)? and arg z = arctan \S—,

Rz

with the usual singularity at z = 0, where |z| = 0 and any phase applies.
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1.3. Differential Algebra

The quaternions H

A possible (and common to all further extension possibilities) extension of complex numbers with a richer imaginary unit
algebra is the set of quaternions H.

Definition 1.2.23. The set of quaternions H is (isomorphic to) R* equipped with the corresponding addition and a product
stemming from the polynomial notation of complex numbers via an indeterminate 1 (imaginary unit),

Y(zo, 1,29, 23) € RY, 2 + 121 4 g29 + ks € C,
with the imaginary product algebra
+1 |+ 4y +k
+ | =1 4+k —3
+7 |-k -1 +2 .

+k|+7 — -1

Unlike the complex numbers, the quaternion product is not commutative, hence H is not a field (but a ring).

Clifford Algebras C/,V

Definition 1.2.24. VV a vector space over a field K and Vg : V x V — K non-degenerate symmetric map such that:
o Vy eV, if g(x,y) = 0 then x = 0 (non—degenerate),
o Vz,y eV, g(z,y) = g(y,z) (symmetric),

the Clifford algebra C¢,V = TV/g with g interpreted as an equivalence relation stemming from z @ y+y®z = 2g(z,y)1® 1,
meaning the algebra product o respects
roy+yox=2g(zy)

dim Cf,V = 24mV [64].

VYV is equipped with an inner product (symmetric bilinear form) and

1 1
Va,y €V, g(z,y) = §(x°y+y0w) = §($y+yx) = (z|y),

the abbreviation C/V = Clgim vK is used. If the inner product is not positive definite, the notation splits the positive from
the negative eigenvalues of the metric defining said inner product, like C/V = C/,, ;K with p +¢ = dim V.

Of interest is the special case of exterior algebras C¢yV = AV defined for g = 0, resulting in an anticommutative algebra
such that,
Ve,yeV,zoy+yox=axAy+yAz=0.

1.3. Differential Algebra

Manifolds

Definition 1.3.1. A topological space V, such that Vz,y € V with x #y, JA,B € T withx € A,y € Band ANB =1, is
a Hausdorfl (separable) topological space.

The topology T of a topological space V' admits a base B C T such that VU € T, 34 C B such that

U=UA:UA€AA
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1. Mathematical foundation

Definition 1.3.2. A topological space V' that admits a countable base is a second countable (completely separable) one.

A bijective function f : V' — U between two topological spaces U and V with topologies S and T respectively, that respects
said topologies in the sense that VA € S, f~1(A) € T, is a homeomorphism. U and V are then said to be homeomorphic.

Definition 1.3.3. A topological manifold M modeled after a vector space V on a field K, is a second countable Hausdorff
topological space with topology 7 that is locally homeomorphic to V with the usual topology coming from K¥™V . This
means that VA € T, 3¢ : A — V homeomorphism, called a chart.

A collection of charts enough to cover M is an atlas of M.

Definition 1.3.4. A differentiable (smooth) manifold M modeled after a vector space V on a field K is a manifold such that
VA C T atlas of M such that VA, B € A, ¢>Zl o¢p:V — V is differentiable on V.

Lie (matrix) groups
Definition 1.3.5. A Lie group G is a group that is also a smooth manifold additionally with smooth charts.
The material presented here applies to the general theory of Lie groups/algebras, but when applied to matrices they assume

simpler and more explicit forms [65].

Let Mgj vK ~ K4m V&V the vector space of operators (matrices) on a vector space V over a field K, with the usual topology
Tu stemming from 7y which in turn stems from 7x (hence the term “usual”), is a monoid under composition (matrix product)
o, ¥because it is closed and associative, and 31 € Mgjm v K unit element, but YA € Mgim vK, A~ is not necessarily defined.
Maim vK does not only assume a topology but a metric as well, stemming from a definition of a norm, usually the Frobenius

norm VA € Myim vK, || Al = VAwAab-

Definition 1.3.6. The subspace GLgimvK = {A € Mgim vK|det A # 0} < MgimvK of all invertible matrices on K is a
group under composition o, called the (dim V—-dimensional) general linear group over K. Any closed under the relative 7gr,
subgroup G < GLgj, vK is a matrix Lie group.
GLgim vK is a group, because

o VA, B € GLgimvK, det(AB) = det Adet B # 0.

o det1 #£0,

e VA € GLgim vK, A-le GLgim vK by definition.
Most frequently used matrix Lie groups are closed under Ty as well, as subsets of Mg, v K.

Note that GLgimvK € Ty, meaning that the set of non—invertible matrices is closed [65]. However GLgim vK is trivially
closed under its own (induced) topology 7Gr.

Linear groups
Note that GLgim v K € Ty, meaning that the set of non—invertible matrices is closed [65]. However GLgim vK is trivially
closed under its own (induced) topology 7gr,, therefore GLgim v K, by definition 1.3.6, is a (matrix) Lie group.

Field inclusion transfers, from the defining fields to the corresponding Lie groups. For example, GLgin, vR < GLgj, vC for
R < C.

The special linear group SLgim v K = {A € GLaimvK|det A = 1} < GLgim vK is a Lie group, as det : MgimyK — K is a
continuous function on 7y and all induced topologies, and:

e VA, B € SLgimvK, det(AB) = det Adet B = 1.
e detl =1,
e VA € SLgim vK, det Al = (det A)_l =1.

I8 Matrix multiplication is denoted as composition for clarity here.
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1.3. Differential Algebra

Unitary groups

VK field with a conjugation * : K — K (definition 1.1.4), Mgim v K assumes a conjugation
" Maim vK — MaimvK : A +— AT with (A7), = (Apa),

which is nothing more than the adjoint operator defined in 1.2.8.
The unitary group Ugim vK = {4 € GLgimvK|ATA = AAT =1 or A7! = AT} < GLgim vK is a Lie group, as:

e VA B € SLaimvK, (AB)™! = B71A~! = BT At = (AB)T.

e 17! =1=1f,

e VA € SLgimvK, (A7) = (AH) =1 = (4~Ht
By the definition of a unitary matrix, | det A| = 1, with the modulus function

|- K— Ry :a— |a| = Va*a

induced on K by its conjugation.'?
The special unitary group SUgim v K = Ugim vIK N SLgim v K < Ugim vK is a Lie group by construction.
For unitary groups with K = C, the field symbol is omitted.

Orthogonal subgroups

For K = R, the (special) orthogonal subgroup (S)O 4, v < (S)Uygy,, v defined by
(S)Oyimv = {4 € GLaim VvRIATA=AAT =1 or A7' = AT (and det A =1)}
is a Lie group, with the adjoint t replaced by the transpose T.

The definition of unitary /orthogonal matrix groups is based on the definition of the adjoint/transpose of a matrix (operator),
which in turn relies on how the operators behaves in relation to the inner product of the model vector space V. According
to definition 1.2.6, an inner product shall be positive—definite, in compliance with inducing a norm on V. If that condition
is dropped, and the inner product has the general (mixed—signature) form

n n+k
<£U|y> = Za:l TaYa — Za:n+1 ZaYa

a new set of (special) orthogonal groups (S)O,, ., is defined with n 4+ k = dim V.2

Isometries

An orthogonal group Ogim v can be extended to a group of isometries Egim v of V o~ RI™V a5 follows:
VA € Ogimv and Vz € V|, 1A, € Egim v such that Vy € V|, A,y = Ay + =,
which in fact includes rotations and translations — or isometries overall —in V.
o VA, B, € Eqinv and Vz € V, A, B,z = A(Bz +y) +© = ABz+ Ay + © = (AB) ay+2# (product closure),
e VA, By,C; € Egimv and Yw € V (associativity),
(AzBy)Cow = (AB) ay+.Cow = ((AB)C) a2t (Ay+a) = (ABC)) A(Bz4y)+a = Az(BC) paty = Az(ByCr)w,

e J1, such that 1o = 1z + 0 = = (unit),
e VA, € Egimv, JA, 1 = (A71)_ 41, (inverse).

It is worth noting that Egim v < GLgim v+1R specifically, with the extra degree of freedom necessary to encode translations
[65].

19For real numbers it is just &1, while for complex numbers it is the whole unit circle.
20These are labeled with the explicit n + k index to indicate the split of dimensions into positive-definite and negative—definite.
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1. Mathematical foundation

The exponential map

The composition operator (matrix product) of Mgim v K may not be commutative, but it is self-commutative, in the sense
that VA € Mgim v K, the exponent notation makes sense, Vn € N,

ar =TT Awith 4° = 1.
For GLgim vK, n € Z more so, as Vn € Zy, A~ = (A71)" = (A")~L.

Definition 1.3.7. The exponential map is defined as

1
exp : MgimvK — GLgimvK: A— exp A = ZneN EA”.

Proposition 1.3.8. The exponential map is analytic on My, vK on its topology and Frobenius distance.

Theorem 1.3.9. VA € Myin vK, detexp A = exptr A. In addition:
e exp0 =1,

(exp A)T = exp AT,

(exp A)~" = exp(—A),

Va,b € K, exp((a+ b)A) = exp(aA) exp(bA),

e VB € MyimvK with AB = BA, exp(A+ B) =exp Aexp B,

VB € GLgimvK, exp(BAB™!) = Bexp AB™L.

Lie (matrix) algebras

Definition 1.3.10. A Lie algebra g is an algebra replacing a composition operator with that of a Lie bracket [|-] : gxg — g,
that satisfies:

e Va,b € Kand VX,Y, Z € g (bilinearity or distributivity and scalar product compatibility),

[aX +bY|Z] = a[X|Z] + b]Y|Z]
[X|aY + bZ] = a[X|Y] + b|X|Z]

)

e VX € g, [X|X] =0 (alternality),
o VXY, Z € g, [X|[Y|Z]] + [Y[Z|X]] + [Z][X|Y]] = 0 (Jacobi identity).

By alternality, VX,Y € g, [X + Y|X + Y] = 0. By bilinearity, this becomes [X|Y] + [Y|X] = 0 (anticommutativity).

All types of moprhisms in definition 1.1.10 extend to Lie groups with the added requirement that the function is continuous
with the respective domain topology.

A subalgebra h < g such that Vo € g and Vy € b, [X|Y] € b, is an ideal of g. The maximal subalgebra < g such that
VX,Y €, [X|Y] =0, is the center of g.

The Lie bracket [-|-] : g x g — g defines VX € g an X—adjoint map

MWx:g—g:Y —axY =[X,Y]

Definition 1.3.11. V{X]l}di:mlg C g vector base of g, the structure constants of g with respect to said base are defined by

a

[Xa‘Xb] = QgpeXe-
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1.3. Differential Algebra

The alternality of the Lie product implies
Qgbe + Abae = Oa

while the Jacobi identity implies
QabcQede + UpdcOicae + Odaciche = 0.

Definition 1.3.12. VG < GLgjy, v K matrix Lie group, 3g < Mgy v K Lie matrix algebra, such that Va € R and VX € g,
exp(aX) € G [65].2!
Definition 1.3.12 defines subdomains of the exponential map as exp : g — G.
VA € G, the A—adjoint map on g is
ady :g—g: Y —adyY = XY XL

Theorem 1.3.13. VG < GLgim vK K-matriz Lie group, the corresponding K—matriz Lie algebra g is an R-matrix Lie
algebra too, such that VA € G and VX € g, for the A-adjoint of X, ady X € g.

group algebra
GLgimvK 9lgim v K = Maim vK
SLgim v K 5laim vIK < Mgim vK such that VX € slgm v K, tr X =0
Uaim vK Ugim v K < Mgim vK such that VX € ugim v K, X + XT =0

SUdimvK  sugim vK < Mgim vK such that VX € sugin, vK, tr X =0 and X + Xt=0

Table 1.3.1.: Examples of Lie group/algebra correspondences.

Proposition 1.3.14. VXY € MyinmvK as a Lie algebra,

adexpx Y =expadx Y.

Complexification of a real matrix Lie algebra

Definition 1.3.15. A vector space V over R is complexified by the smallest superspace U such that, VA, B €V, A+1B € U,
hence U~V @ V.

Proposition 1.3.16. Vg real matriz Lie algebra, 3 vector complexification that is a complex matriz Lie algebra in the sense
of the complexified Lie bracket, VX,Y € b,

[X,Y] = [RX + 13X, RY +13Y] = ([RX,RY] — [SX, SY]) + o([RX, SY] + IX, RY]).

algebra complexified algebra

glgim v R 9laim vC
slaim vR Slaim vC

Ugim v R lgim vC
SUgim vIR 5laimvC

Table 1.3.2.: Examples of Lie algebra complexifications.

21Note that a € R suffices even if V is over K.
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1. Mathematical foundation

Physics phase convention

In the context of physics, expz: g — G : X —— exp(:X). The result of table 1.3.1 and table 1.3.2 in this context are show
in table 1.3.3.

real complex

group algebra algebra group
GLgimvK laimvK =MaimvK —  glimvK  GLiaimvK
SLgim vK Slgim vK < Mgim vK such that VX € slginvK, tr X =0 —  slgmvK  SLgimvK
UgimvK Udim vK < Maim vK such that VX € ugimvK, X = X7 — gl vK  GLaimvK
SUdim vK  sugim vK < Mgim vK such that VX € sugimyK, trX =0and X = X7 —  slgimvK  SLgimvK

Table 1.3.3.: Examples of Lie group/algebra correspondences and their complexified variant.

tr X = 0 stems from det exp X = exp(ztr X) = 1 for the special groups.

X = XT stems from the unitary requirement of the unitary groups.

1.4. Numerical linear algebra methods

The conjugate gradient method

Equation Fx = y for finite dimension admits a linear system of equations representation F,,x, = y,. To solve an exactly—
solvable system like this (det ' # 0) numerically, there exist several methods, several of which are optimized for specific prob-
lems. The conjugate gradient method applies to problems where F' is hermitian (F = F) and positive definite (det F' > 0).

The term “conjugation” in this context means “orthogonality”. V{x, }&™ "V of F-orthogonal (hence linear independent) vectors,
i.e. such that ¥n,n' € Naim v, (Xn'|F|Xn) X S, span{y, t4imV = V.

Assume 1z, is the exact solution to the equation, i.e. Fa, =y or z, = F~'y. Expressed in the basis {x,}¢™" and ignoring
the Einstein index notation,

dim V' dim V'
<Xn’|y> = <Xn"F"T*> = anl <Xn’|F|Xn><Xn|I*> = anl <Xn|F|Xn>5nn’ <Xn‘x*> = <Xn’|F|Xn’><Xn’|17*>7

so the components of the solution z, are

Xn| F'Xn) -y

The foundation of the conjugate gradient method lies in efficiently building an orthogonal basis {z}d™"V" such that, the

corresponding solution can be approximately good enough for a given tolerance. This is extremely useful for considerably
large dim V.

Note that the exact solution z, to Fx = y is also the (unique) minimizer of
FoV R el Fla) — (aly),
whose existence is justified by its second derivative being F. The equivalent equation is then
Vf(x)=Fr—-y=0,
making the conjugate gradient method for F' similar to a gradient descent method for a scalar function f, in which Vn € N

and z,, € V a guess of ., the search direction is given by the residual €, = =V f(x,,).
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1.4. Numerical linear algebra methods

Algorithm 1.1 Conjugate gradient method in C-like syntax

Let € > 0 be a tolerance for a good approximation.
Let xg € V be an initial guess at x,.
Let €9 = y — Fzg be the residual to the exact solution.

If ||leo| < e
Return x, = xg.

Let xo0 = €.
Let n =0.

Repeat over n € Ngim v :
Let

<€n‘€n>
(Xn|F'[xn)

Ap =

Let z,,4+1 = x, + ayXn be the better guess.
Let €441 = €5, — @ F'xy be the new residual.

If lenya| < e
Return z, = zg.
Break from loop.

Let
B, = (€n+1l€nt1) .

<€n|€n>

Let xXnt+1 = €nt1 + BnXn be the next orthonormal direction.
Advance k =k +1

Return z, = zp41.

What makes the conjugate gradient method special is the requirement that the consecutive search directions are orthonormal,
therefore, assuming all previous actual search directions are orthonormal, the next one is built per the Gram-Schmidt

orthonormalization,
_ n=1 {x;|Ale;)
X == 2 Tl
giving the next best guess
(Xnl€n)

X =ZTp+ ————Xn-
s " <Xn|A|Xn>Xn
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2. Stochastic processes

2.1. Probability theory

Definition 2.1.1. A collection F of events on a sample space {2 that satisfies:
e the empty set § € F is an event (a null event),
e VA € F event, the complement =A = 2\ A € F is also an event,

e VA C F countable subcollection of events in F, the union

UA:UAeAAEJ:’

is also an event (logical V),

is an o—algebra on 2.

Definition 2.1.1 implies that:
e the sample space 2 = —) € F is an event (the sure event)

e VA C F countable subcollection of events in F, the intersection

ﬂA:ﬂAeAA:_‘UAGA_‘AE]:7

is also an event (logical A).
This means that a o—algebra is closed under countable set operations.

A sample space {2 that admits a o—algebra F of events is a measurable space. {2 is implied by the cover of F,
n=Jr= UAEF A.

Theorem 2.1.2. VA collection of events of a set E, 30(A) a smallest c-algebra of events such that o(A) D A.?

V2 a family of o—algebras on a set {2, their o—union is

\/Q[: \/]-'691}—: U(Ufem]:) :U(Um)'
2= ”

The arbitrary intersection

is already a o—algebra.

Definition 2.1.3. V2 a family of o-algebras, the product o—algebra ®% is defined as the Cartesian product of events in

each of the o—algebras.
RA=Q, ,F = {HF@[ A;’A; € FVFe m}

I The power set 22 of (2 is a o—algebra and also, V.A collection of events on 2, 2 D A by definition, so such a o—algebra always exists.
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2. Stochastic processes

If the sample space {2 admits a topology T, B(£2) = o(T) is the Borel o—algebra on 2. The most prominent such example
is R with the usual topology formed from open intervals.
Definition 2.1.4. A finite positive set function p : F — [0,1] C R on an o-algebra of events F that satisfies:

e p(0) =0,

e VA C F countable disjoint2 subcollection of events in F,
,0( UAEA A) - ZAeA p(A)

is a probability measure on F.

VA € F event with p(A) =0 is a null event. () is a null event by definition 2.1.4.

Definition 2.1.5. V2l a family of o—algebras, and V{pr}rcq probability measures defined on them, the product probability
measure is defined as the product of measures on the product o—algebra @,

®]—‘eal pr: QA —[0,1] : HFE% Ar erm pr(AF).

A sample space {2 that admits a o—algebra of events F (a measurable space), which in turn admits a probability measure p,
is a probability space.

A probability space is complete if and on if VA € F null event, VB C A, B € F, i.e. F contains all possible null events as
defined by probability p.

Any property with respect to the sample space {2 will be said to hold for almost all of {2 if and only if for the subset A C 2
on which it does not hold, p(A4) = 0. Henceforth, Vw € {2 will mean almost everywhere. For a probability measure in specific,
this means that p(—A) = 1, so “almost everywhere” coincides with “almost surely”.

Definition 2.1.6. A function X : {2 — R from a measurable space {2 with o—algebra F for which, VA € B(R), X ~1(A) € F,
is a F—measurable (or just measurable when the o—algebra is implied) function. If F additionally admits a probability measure
p, the measurable function X is a random variable.

Without going into much detail, a (probability) measure p defines a (Lebesgue) integral of a measurable function (random

variable) on an event A € F, denoted as
/ fdp.
A

With this definition, for another measure p on F with p < p (absolutely continuous to p), 3f : £2 — R measurable function
(Radon-Nikodym derivative) such that, VA € F

u(A) = /A fdp.

From definition 2.1.6, X induces a probability measure (a law) px on B(R). VA € B(R),

Definition 2.1.7. A non-decreasing right continuous function F' : R — R is a distribution.

2VA,B € Awith A# B, AnB = 0.
3The product measure is a probability one because VA C [0, 1],

HaEA a € [0,1].
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2.1. Probability theory

In particular, VX : 2 — R random variable, 3Fx : R — [0, 1] such that, Yz € R
Fx(z) = p(X ™ ((—00, 2))).

The correspondence is bilateral, i.e. a distribution Fx can always be associated with a probability measure p on R.

Random variables are in essence encoding the event information in F into quantifiable formats, avoiding the technicality of
measure spaces and the corresponding Lebesgue integrals. For example in the target space of a random variable X, together
with the distribution Fx it induces on R, the Radon-Nikodym derivative simply reduces to the so called probability density
function fx : R — R of the random variable X, such that, Vz € R,

Fx(z) = /(oo’m) dFx = /; fx(2')da!,

where the latter integration is meant with the Lebesgue measure on B(R), mapping all subintervals of the form ]a,b[,*
Va,b € R, to |a — b|.

Definition 2.1.8. For a random variable X : {2 — R, the integral
BLX) = (X) = [ Xdp
0
if defined, is the expectation of X on £2.°
By the distribution F'x associated with X, its expectation is trivially
(X) = / ldpx = / xdFx (),

R R

where 1 : R — R is the identity function, Vz € R, 1(z) = x.

Lemma 2.1.9 (Jensen’s inequality). V¢ : R — R convezr and measurable and VX : 2 — R an integrable random variable
on a probability space, such that ¢ o X : 2 — R 1is integrable,

(X)) < (o X) = / ddpx = / o(x)dFx (x).

Definition 2.1.10. For a random variable X : {2 — R, its variance
variance(X) = (X — (X))2) = (X?) — (X)?,

is well-defined as ¢(x) = 22 is both convex and measurable on B(R).

Similarly for an additional random variable Y : 2 — R, the covariance of X and Y is
covariance(X,Y) = (X — (X))(Y — (¥))) = (XY) — (X)(Y).
For (X) to be unique, (|X|) < oo, where the absolute value | - | is both convex and measurable on B(R).

Example 2.1.11 (Noise). A random variable 7 : 2 — R with () = 0 and 3o € R such that variance(n) = (n?) = 02, is
also called a noise.

4 All other possible endpoint combinations for the subintervals included.

5The alternate (unary) (-) notation of the expectation is not to be confused with the (binary) notation (-|-) of the inner product in Hilbert space
nor its (ternary) counterpart (| - |-) involving hermitian linear bounded operators on such spaces. This notation becomes inconvenient with
conditional expectation however.
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2. Stochastic processes

Definition 2.1.12. A collection X' of random variables, for which
supx e (| X[) < o0

is uniformly integrable.

Lemma 2.1.13. The law px of a random variable X : 2 — R on a probability space (§2,F, p) is uniquely determined by
its characteristic function defined by
vx(a) = (expraX).

If px is absolutely integrable on R, the density fx correspondent to the law px of X is the Fourier transform of the
characteristic function,

Ix () Z/Rexp(—zam)gox(a)da.

The characteristic function of a random variable also generates its various moments, Vn € N,

(x") = (=) T (o)

The central moments are respectively ((X — (X))™). The first order central moment is trivially 0. The second order central
moment is simply the variance of X,

2 2
variance X = (X - (X)) = (%) - (0)* = (X (0)) - G2

da da? (0).

The characteristic function is what will be addressed as the partition function for an action as a random variable on field
configuration space.

Definition 2.1.14. For a probability space:
e A finite subcollection A C F of events is independent if and only if

p(ﬂAeA A) - HAeA p(A),

and an arbitrary subcollection A C F is independent if and only if every finite subcollection of A is independent.

e A finite family 2 of o—algebras is independent if and only if every finite selection {Ax € F|F € 2} is an independent
collection of events, and an arbitrary family of [ of o— algebras is independent if and only if every finite subfamily of
2l is independent.

e A finite collection of random variables X = {X,, : 2 — R},, is independent if and only if every selection
{X,(A): Ae A},

of events in B(R) is independent.
Proposition 2.1.15. A finite family of random variables X = {X,, : 2 — R}, is independent if and only if V{¢, : R — R},

finite collection of measurable functions,
< Hn ¢n o Xn> = Hn<¢n o Xn>

VA, B € F events with p(A) # 0, the probability of B occurring given A,

p(AN B)
p(A)

defines a conditional probability measure p(-|A) with p(A|A) = 1. If A and B are independent, p(B|A) = p(B) and
p(A|B) = p(A) mutually.

p(BIA) =
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2.1. Probability theory

By extension, a conditional on A € F expectation VX random variable is
E[X|A] = / Xdp(-|4).
Q
The o-algebra of a probability space encodes the information said probability space has (observable) access to. Conditioning
on a particular event A € F, results in a sub-o-algebra £ < F,°
E={ANB|B e F},

so it makes sense to generalize conditioning on a sub—o—algebra £ < F.

Definition 2.1.16. V€ < F sub-c—algebra of events in a probability space, the conditional on & expectation E[X|E] of a
random variable X on {2 is an £—measurable and integrable random variable satisfying VA € &,

E[X14] =E[E[X|]14].

For another random variable Y, the conditional on Y expectation E[X|Y] of X is simply E[X|o(Y)].”

Theorem 2.1.17. Y(£2,F, p) probability space and VE < F sub-o—algebra of events, the conditional on € expectation E[X|E]
of an (absolutely—integrable) random variable X € L*(£2,F, p) is almost surely (p—almost) unique.

For conditioning with another random variable:

Theorem 2.1.18. V({2, F, p) probability space, V(E,E, u) measure space, VX : 2 — R p-integrable random variable and
Y : 2 — R random variable, where a measure p is induced by Y as p(A) = p(Y1(A)), VA € B(R),* 3¢ : R — R p-unique

w—integrable random variable such that VA € £
/ odu = / Xdp.
A Y-1(A)

Therefore E[X|Y] = ¢oY : 2 — R, roughly speaking a function of Y as the expectation on X naturally eliminates any
information on X. In the usual case that Y is also a random variable (valued on R), ¢ reduces to a measurable function.

The conditional expectation inherits the properties of the Lebesgue integral (expectation) along with some extra properties.

Lemma 2.1.19 (Taking out what is known). VX : 2 — R an integrable random variable and VY : 2 — R an E-measurable
random variable, both on a probability space with £ < F, such that XY is integrable,

E[XY|E] = YE[X|E].
Jensen’s inequality (lemma 2.1.9) holds conditionally as well,

P(E[X|E]) < E[¢ o X[E].

For multivariate random variables (ordered collection of random variables) X = (X;)_; : {2 — R™ with the target space
assuming the Lebesgue measure on B(R™), the corresponding characteristic function becomes

px(a) = (expra - X),

6& is a o—algebra of £ from definition 2.1.1.

"The E notation is used for random variable conditioning as it is of the “same kind” as the main argument (also a random variable), unlike
conditioning with a sub—o—algebra. However behind the scenes the forms are equivalent.

8This is possible because Y as a random variable (definition 2.1.6) is F—measurable, therefore Y "1(A) € F, meaning the measure is well defined
VA € B(R). In general o(Y) < F (with equality meaning no conditioning).
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2. Stochastic processes

where "
a-X = Zi:l aiXi
is simply a linear combination of the random variables in X expressed in the default inner product of R™.
Per the definition 2.1.14, a collection of random variables X is independent if and only if the joint distribution F'x and the
marginal distributions Flx,, Vi € N,,, relate as

Fy(z) = H; Fx,(z;), Yz € R™.

If the joint fx and marginal fx,, Vi € N,,, densities exist,
fx(x) = Hi:l Ix,(x;), Vo € R™.

For two independent random variables X and Y, the measurable function ¢ in theorem 2.1.18 for E[X|Y] is in fact the
marginal density fy, and

fr(y) = / v (@, y)da.

2.2. Stochastic processes

Definition 2.2.1. A time index set T is a totally-ordered set with a (unique) strict minimum 0, i.e. V¢ € T with ¢ # 0, ¢ >0
with the induced strict total ordering.” A complete time index set T also includes a (unique) strict maximum oo, labeled as
such to represent the end of time.

Both N and R, U {0} are time index sets, with their completed variants N U {oco} and R,. However, N,,, Vn € N, and [0, 7],
V7 € Ry are also complete (finite) time index sets. N as a time index is discrete, while R is continuous.

Definition 2.2.2. A collection
X={X;: Q2 —>RteT}:TxN —R
of random variables for a time index T is a stochastic process.

For a discrete time index, X is also termed a stochastic sequence.

vt € X, X; : 2 — R is a particular state (and a random variable) of the stochastic process X.

VYw € 2, X(w) : T — R is particular sample path of the stochastic process X.

Definition 2.2.3. The o—algebra of events generated by a stochastic process is
X = \/teT o(Xy).

A o—algebra is generated for subsets of the time index X' as well. Of particular interest are the subsets I C T bounded by
two time limits a,b € T,'°

o [=a,b)={teTa<t<b} CT,
o I=[a,b[={teTla<t<b}CT,
o [ =la,b|={te€Tja<t<b} CT,
o [ =la,b[={t€Tja<t<b} CT,

91t is indeed unique in the strict ordering sense; assuming 30’ € T also strict minimum with 0’ # 0, both 0/ > 0 and 0’ < 0 from the definition of
the strict minimum.
10Generalizing the notion of intervals in R, which solely rely on the total ordering of the set.
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2.2. Stochastic processes

denoted as
Xr = \/tel o(Xy).
For a stochastic process X:
e the past of the process is described by X<y = X |,
e the complete past of the process is described by X<; = &g 4,
e the present of the process is described by X—=; = X 4,
e the future of the process is described by X~y = A}y |,
e the complete future of the process is described by X>; = Ay o,
If the time index T has a maximum time oo, the upper time bound of the future of a process X is closed instead.

As a random variable induces a probability measure on B(R), a stochastic process induces a probability measure on
B(T) ® B(R), which is a (product) o-algebra.'*

A contained in I C T stochastic subprocess Xj : I x {2 — R can then be measurable on the B(I) ® F o—algebra.

Definition 2.2.4. A filtration F on a probability space is a family {F;}+er of sub—co—algebras of F such that V¢, ¢’ € T with
v <t Fo < F

It is straightforward to see that a filtration F assumes a total ordering with a global minimum Fy (and optionally a global
maximum F, if T is complete).!? If T is discrete, the filtration is well-ordered (see also definition 2.2.4).'3

A filtration models the information growth with time related to an experiment prescribed by the o—algebra of all events on
a probability space, elevating the corresponding probability space to a filtered probability space.

The o—algebras in definition 2.2.3 form the so—called natural filtration of the process X.

Definition 2.2.5. Vi € T,

=7
is the immediate future o—algebra to time t on the filtration F = {F;}ser, while'*
Fie = \/t’<t Fi

is the past o—algebra to time t.

A filtration F is right—continuous if and only if V¢t € T, F; = Fiy, i.e. the lower bound of the totally ordered (possibly
uncountable) intersection is included in it. A filtration F is complete if the corresponding probability space is complete and
VA € Fu with p(A) =0, A € Foy, i.e. all c—algebras of the filtration contain all the null events of F.,. Both right—continuity
and completeness ar labeled as usual conditions.

1 To include discrete times in this case, a topology has to be devised for N. As a countable set, it makes sense to use the power set 2V, which is a
trivial topology for all sets. In this case, B(N) = 2N as well. In such cases space delimiters have no meaning and the closed interval will be used.

12The notation Foo is used for all the evens in §2 in the sense, that any filtration will maximally contain all events eventually in time T, if at all.
This way the symbol F is reserved for the filtration itself, in par with the notation used for a stochastic process X.

Fo 2\ F=\__ Fr

with equality holding for T complete (3maxT = oo € T).
13The difference is that with a partial ordering, not all pairs of elements are comparable but, for those that are, the same properties of the total
ordering hold. In total ordering, every pair of elements is comparable.
14y9( a family of o-algebras,
N, 7
Fed

is also a o—algebra. Indeed:
e VF €2, ) € F,therefore § € NrecyF,
o VA € NrecgF, A € F meaning ~A € F, VF € AU therefore A € NreoyF,
o VA C NreyF finite subcollection, A C F meaning Ugec 4 A € F, VF € X, therefore Usc 4 A € Nreg F.

It is labeled as “immediate” because NreyF, as a lower bound of {F}rcq(, is not necessarily included in it (see Definition 2.2.4).
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2. Stochastic processes

Definition 2.2.6. A stochastic process X such that Vt € T, X; is F;—measurable, is adapted to the corresponding filtered
probability space.

A stochastic process is adapted to its natural filtration X by definition 2.2.3.

Definition 2.2.7. A stochastic process X such that V¢ € T, Xo4 is B([0,t]) ® F;—measurable, is progressively measurable.
A progressively measurable stochastic process is adapted to the filtration of the filtered probability space it is defined on.

A random variable T : {2 — T is a random time. T is a stopping time if and only if V¢ € T, {T < t} = {w € Q2|T(w) < t} € F;.
The intuition behind a stopping time is that events defined by it only require information from the past alone.

Definition 2.2.8. VI : {2 — T a stopping time,
Fr={Aec FIAN{T <t} € F,Vt €T}
is the o—algebra of events occurring by time 7. T as a random variable is Fpr—measurable.

For T a stopping time and V¢t € T, t and T + t are stopping times. For a countable collection T of stopping times sup T
and inf T are stopping times. If T = {T},},en is a sequence of stopping times,'® lim sup,,cy I’ and liminf,en 71" are stopping
times.

Proposition 2.2.9. VX progressively measurable stochastic process on a filtration F of a filtered probability space, and VT
stopping time, the random variable X is Fr—measurable.

The definition of time—contained natural filtrations (see definition 2.2.3) can also be defined by stopping times as well.

2.3. Martingales

Definition 2.3.1. A progressively measurable stochastic process X = {X;}+er on a filtered probability space with filtration
F = {Fi}ter, for which Vt € T, E[X;] < co and V¢’ < ¢:

o E[X:|Fv] < Xy, is a F-supermartingale,

o E[X;|Fy] = Xy, is a F-martingale,

o E[X,|Fy] > Xy, is a F—submartingale.
Martingales are defined for both discrete and continuous time indices T, however the latter requires some technical assumptions
not really relevant to the use of stochastic processes in Monte Carlo simulations, therefore focus will be given in the case of

discrete time, as in [66]. This means that stopping times are henceforth also integer—valued random variables, in the range
N (including 0).

Theorem 2.3.2. VX F-martingale and VT non-decreasing sequence of stopping times, 1%, X+ is an F-martingale.

Analogous results hold for supermartingales and submartingales. This result allows replacing the time index with a random
time in martingales.

Example 2.3.3. V{1, },en countable collection of independent identically distributed noises,'” the stochastic process X
defined ¥n € N by
Xn = Zi:() i

is an martingale with respect to the filtration defined Vn € N by

n
a\n;).
\/i:0 (m:)
15 A collection {Bg}aea of sets is a sequence if and only if A is well ordered.
16y € 2, Yn,n' € N with n/ <n, T/ (w) < Th(w).
17 Also a stochastic noise in a sense.
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2.4. Wiener processes

Theorem 2.3.4 (Strong law of large numbers). VX F-super-, F-sub-, F-martingale such that sup,cn(|Xn|) < oo,
limy, 00 X = Xoo with (| Xs|) < 0.

For martingales, the suprenum condition may be replaced with non—negativity of X.

Theorem 2.3.5. VX stochastic process consisting of independent identically distributed random variables X,,, Yn € N, such
that variance(Xy) < oo,

lim,, 00 Zj:o X; = (Xo), almost surely.

2.4. Wiener processes

Markov processes have several equivalent definitions, all telling the same thing, that in a present state X; of such a process
X at a time t € T, the future and the past of the process are independent.

Definition 2.4.1. A stochastic process X such that V¢ € T, VFpas bounded X<;—measurable function and VFgture bounded

&> —measurable function,
]E[Fpasthuture|X:t] = E[Fpast|X:t]E[Ffuture|X*t] almost SureIY7

is a Markov process.

An equivalent definition describes a Markov process by its more famous description that its future is not dependent on its
past.

Definition 2.4.2. A stochastic process X such that V¢t € T and VFryture bounded X>;—measurable function,
]E[FfuturelX:t] = E[Ffuture|X§t] almost SurGIY7

is a Markov process.

VA € X<y with Fpast = 14 and VB € X, with Fryture = 1B, these definitions reduce to probability definitions respectively,
P(AB|X_y) = p(A|X=y)p(B|X=:) and p(B|X=) = p(B|X<t).
For a discrete time index T, a Markov process is a Markov chain.

Example 2.4.3. Vi = {n,}nen a sequence of independent random variables and V{f, : R x R — R}, collection of
measurable on B(R) ® B(R) functions, the stochastic process X = {X,, }nen defined Vn € N by,!®

Xn = ,fn o (Xn—l & nn)a XO = To,

is a Markov chain.

The underlying theory of transition probabilities ensures that Markov processes with special conditions can be formed from
an initial random condition and a transition function (kernel) that advances the process by induction. This induction depends
only on the immediately previous state for the case of Markov chains, as shown in example 2.4.3.

VT a time index which is also a field with addition + and multiplication - (definition 1.1.4), and V{¢, }nen C T sequence of
times with tg = 0 € T, {At,, = t,, — tn—1}n>0 IS a sequence of time increments defined by {¢, }nen.

Henceforth VX a stochastic process, the states of the process at times {¢, },en will be labeled by the new index directly, as
{ X, }nen. In effect, N constitutes a time discretization of T (if T ~ R ), and {X,, }nen is a countable subprocess of X. If Ny,
VN € N is used instead, a finite subprocess of X is extracted, which is also a vector random variable. The finite—dimensional
distributions of a stochastic process refers to the distribution of its finite subprocesses.

VX a stochastic process, let AX be a process of increments in that Vn > 0, AX,, = X,, — X,,_1.

BYX )Y, Z setsand Vf : X — Z:x — f(z) and Vg: Y — Z : y — f(y) functions with the same target set,
h=f®g: X XY — ZXZ:(z,y) = hz,y) = (f(),9(y))
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2. Stochastic processes

Definition 2.4.4. A stochastic process X such that V{t, }nen C T sequence of times, the random variables induced by the
corresponding states of the increments process AX on said times are independent, is said to be a process of independent
increments.

To define such a process, only the initial distribution and those of increment random variables are necessary, as can be seen
by the characteristic function of the finite—dimension distributional distributions of finite subselections of states on the times
given:

< exp1 Zj:o aan> = < exp z(aoXO + Z:;l Z;;Z oziAXn> > = (exp 1o Xp) H:;l < exp1 ijz oziAXn>

Proposition 2.4.5. A process with independent increments is a Markov process.

Henceforth for random vectors a generic vector space V' on a field of finite dimension with an inner product -, and a possible
conjugation -* on a field K with a topology 7 ,' will be assumed as the target space, i.e. X : 2 — V. For random variables,
the generic field K will be used, but in reality either R or the algebraically closed C with conjugation will be meant, i.e.
X : 2 — K, with B(K) defined by the topology T on K. Lastly, besides being well-ordered, the time index T will be
assumed a field as well.

Definition 2.4.6. A random variable X : 2 — K with Gaussian probability density function,

fK—Ry:z— f(z) =

1 |z — pf?
exp| — ——— |,
V2mo? 202
with 4 € R and 02 € R,

The parameters of the Gaussian density define the first (and all) the moments of X,

(X) = p and variance(X) = o

The case 02 = 0 is formally definable with Dirac’s § distribution:

Definition 2.4.7. Dirac’s § on a field K with a topology T, is a measure on B(K) = o(7T) such that, VA € B(K),

S T

where 0 € K is the unit element of the field addition (and the destructive element of the field product) in K (definition 1.1.4).

Vf: K —K,
/de5:f(0)-

Dirac’s d is extensible to vector spaces with a topology as is.

For a vector random variable X : 2 — V', dim V € N, the corresponding (orthonormal Gaussian density becomes

im im — 2
v e 0= (T o (- S0 B 25)

The base-independent form for a generic vector space V,

f:V—Riz— f(z)= \/(QW)*dimV(detv)*lexp%(x —p) -t (= ),

19See chapter 1. Mathematical foundation for details.
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2.4. Wiener processes

where v : V — V is a non-singular (Jv~!) positive definite (and hence hermitian) operator on V and p and x are vectors
onV.

The Gaussian characteristic is

1
<expza~X):exp(za~a—2a~v-a>.

Gaussian random variables are uniquely determined by the first two moments p and v. If v is diagonal, the random variables
defining the finite random vector X are termed uncorrelated.

Proposition 2.4.8. Uncorrelated random variables in a finite—dimensional random vector X are independent.

Definition 2.4.9. A finite stochastic process X<, Vt € T, is Gaussian if and only if every discrete finite subprocess { Xy, }nen,,
Vv € N, of X is Gaussian.

Proposition 2.4.10. VX = {X, },en a Gaussian stochastic sequence and VX a random variable with lim, . X, = X, X
is also Gaussian.

The proposition 2.4.10 extends to a sequence of stochastic processes.

Definition 2.4.11. A stochastic process X whose finite-dimensional distributions are independent of a time—shift ¢ € T are
strictly stationary.

All moments of a stochastic process are functions of the form
moment(X) : T — K : ¢ — moment(X,).

Of particular interest in strictly stationary processes are the first two moments:
e the expectation u(t) = (X;) is constant,
e the correlation v(t',t) = covariance(Xy, X;) = (Xp — u(t')| Xy — p(t)) = v(t — ¢') depends only on the time difference.

The converse is not true, defining a widely stationary process X, which satisfies these two moment conditions. However a

Gaussian wide stationary process is a strictly stationary process.
Let
—dimV/2

o1V — Rz p(z) = (21) exp g — p) - (&~ p)

be the standard Gaussian density with mean 0 and variance 1gjm v -
Definition 2.4.12. Vz € K, a Wiener process (or Brownian motion) W = {W;};er with Wy = = (a deterministic initial
condition) is a stationary standard Gaussian process. The Wiener process W with Wy = 0 is a standard Wiener process.
As such, a Wiener process is a process of independent increments, and more specifically:

o Vt €T, (AW,;) =0,

o VAt € T on ¢, variance(AW;) = (AW | AW,) = At,
For the Wiener process W itself:

o VteT, (W) =u,

o V't € T, covariance(Wy, Wy) = (Wy — x|Wy — ) = min{t/, t}.
A Brownian motion has a continuous modification with continuous sample paths [66], therefore it will henceforth be assumed
as such directly.
Theorem 2.4.13. Vx € R and a finite stochastic process X<; with Xo = x adapted to a filtration F such that, Vt € T
VYAt €T ont:

o E[AX}|F:] =0 almost surely or X is a martingale,

o E[(AX,)?|F] = At almost surely or {X? — t}ier is a martingale,

1s a Wiener process.
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2. Stochastic processes

Properties of a Wiener process W with W, =«

1
{]V[t = exp <o¢Wt — 2a2t2)}

is a martingale with respect to the natural filtration W of W,%0 i.e.

e (stochastic exponent) Vo € K, the process

1
Elexp a AW, |W,] = exp §a2At almost surely.

e (strong Markov property) VT stopping time, {AW; = Wiy — Wi her is @ Wiener process independent of W.

standard Wiener paths and their eventual bounds

0 10000 100000

Figure 2.4.1.: A collection of Wiener process realization with their eventual bounds. One of the sample paths appears to
require more thermalization time, as it still breaches the bounds.

Properties of a standard Wiener process W

(spatial homogeneity) Vo € K, {W; + x}ier is a Wiener process starting on x,

symmetry) —W is a (standard) Wiener process,

scaling) Vo € T, {\/aWy o }ier is a (standard) Wiener process,

(
(
e (time reversibility) Vo € T, {W;}i<o and {Wy — Wa_¢ }i<q are identical in probability,
(strong law of large numbers) lim;_, o tW; = 0 almost surely.

(

law of iterated logarithm) A standard Wiener process W is eventually bound by ++/2tloglogt (figure 2.4.1):

I/ — +1 and liminf B —
V2tloglogt e ot loglogt

lim sup,_,

20See definitions 2.2.3 and 2.2.4.
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3. Stochastic calculus

3.1. The Ito6 integral

Initially, time integrals of the type
| s
0

for (possible random) functions f satisfying specific conditions and a measure induced by the Wiener process W need to be
defined.! Assume a probability space {2 with events F,,, a probability measure p on them, and a filtration F on a time index
T, satisfying all usual conditions listed after definition 2.2.5.

Definition 3.1.1. Vp € N, let L?(p) be all the almost—everywhere p-—norm p-integrable random functions, i.e. VX : 2 — V € LP(p)

/ 1X|[2dp < oo,

where the p—norm is defined Vz € V' by
» dim V »
ey =3

with the special case ||z||3 = 2 - z for the inner product of V.

LP(p) is a Hilbert (infinite-dimensional vector) space with inner product defined VX,Y € L?(p) by
(X|Y) = /X Ydp

For V =R, all pnorms reduce to an absolute value defined by the addition on R and the inner product to the product on
R.? For simplicity, X is assumed real.

V7 € T, H2[0, 7] is the space of all progressively measurable stochastic processes X : T x 2 — R that satisfy
/OT(Xt|Xt>dt < 00. (3.1.1)
The inner product of L?(p) appears to naturally extend to Hz[0, 7] via the correspondence
X +— / ’ X dWy,
0
defining an isometry between the two spaces, however special conditions apply [66], namely VX € H5[0, 7]

J ) = [} s a1

| xaw,
0

is (naturally) a random variable on 2 — R. If however 7 € T is assumed variable, the aforementioned integral becomes
a stochastic process itself. In what follows, 7 may be oo, therefore time index T itself is simply assumed, whether finite or
infinite.

< Xtth> =0 and < Xtth
0 0

where it becomes apparent that the integral

1One can naively expect that the process W : T x £2 — R induces a measure (law) py on B(R) by the product measure defined on B(T) ® Feo,
however stochastic integration involving time requires some extra conditions, which are explored in this chapter.
2See definition 1.1.4 for details.
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3. Stochastic calculus

Theorem 3.1.2. VX € Hy(T), the stochastic process

{Aﬂnmmhg (3.13)

is an almost surely continuous martingale, such that
/ Xtth>> §4/ (X | X)) dt.
0 0

< Sup, et < / Xtth
0

Example 3.1.3. The stochastic process W defined Yz € R, Vf, g : T — R, non-random functions, such that V7 € T,

Wo=a )+ [ gaw,

0

is a Gaussian process with independent increments, such that
W)= o+ f(7),

Condition (3.1.1) states that random variables in H(T) are square—integrable in mean. If this condition is relaxed to almost
certain square—integrability, Ho(T) is expanded to L2(T), which allows the definition of a process integral like (3.1.3) but
with a random time T : 2 — T [66],

Example 3.1.4 (a Langevin process). Vo, progressively measurable with respect to the filtration § stochastic processes
such that \/a, 8 € L2(T), and W a standard Wiener process with F—-independent increments,*, the stochastic process X such
that X (0) is Fop—measurable and V7 € T,

X, —Xo= /OT audt + /OT BedWy, (3.1.4)
defines a Brownian motion with drift o and noise 8.4
Definition 3.1.5. The integral form (3.1.3) defined an equivalent differential form,
dX; = oupdt + B dWy, (3.1.5)
(3.1.5) is the precursor for stochastic differential equations, whose solutions are stochastic processes.

Definition 3.1.6 (It6’s formula). Vf : R — R twice differentiable on R and V¢t € T,
9
Ox
A weaker condition applies to Itd’s formula; it is sufficient for f to be once—differentiable only, but 3¢9 : R — R measurable
on B(R) such that Vz € R,

1
df o Wt = 8lf o Wtth + 56% o Wtdt, 6L:

mﬂ@—&ﬂ@=l%@WL

Then, Vt € T,
1
df o Wt = axf o Wtth + 59 o Wtdt

Theorem 3.1.7 (It6’s formula). Vf : T x R — R, piecewise—twice continuously differentiable on T X R (assuming T = R),
Vte T and Yw € 2,°

1
dft o Wt == 8tft o Wtdt + &vft o Wtth + éaif o Wtdt

3Vt € T and VAt € T on ¢, AW, is independent of the events F; € §.

4These functions assume for consistency a notation similar to stochastic processes.

5Such formulas should normally be written Vw € £2, which is omitted for brevity. Vf : R — R function and VX : T x £2 — R stochastic process,
Vt € T, Xt : 2 — R is a random variable, so only f o X; makes sense if w—dependence is to be omitted. Such formulations become difficult
when multiple variables get involved, and some textbooks write f(X¢) when they actually mean Vw € 2, f(X¢(w)), in effect treating a random
variable as a variable and not the function on the sample space 2 that it actually is.
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3.2. Stochastic differential equations

VX a random variable of the form
dXt = Oétdt + Btth

Va, B as in example 3.1.4, It6’s formula becomes Vt € T and Yw € (2,

1
dft o Xt = atft o Xtdt + Oétaxft o Xtdt + ﬁtawft o Xtth + 55?85]% o Xtdt, (316)

In what follows, explicit dependence on time will be omitted.® In such notation, (3.1.6) becomes

df o X = 0,f o Xdt + ad, f o Xdt + B0, f o XdW + %B%ﬁf o Xdt. (3.1.7)

Definition 3.1.8. Vf : T x V — R twice continuously differentiable functional for a real vector space V ~ RImV,
Va.f:V — V stands for the vector of partial derivatives of f on V (excluding time T), and V, @ V. f : V. — L(V) stands
for the (Jacobian) matrix of second—order partial derivatives of f. In this notation, the derivative with respect to time is still
abbreviated as 0, f.

By definition 3.1.8, Vf : T x V — R, Itd’s formula generalizes Vt € T to
1
dfOX:athth—i—a-szOth+5~me0XdW—|—§B'V1®fo0X-Bdt,

where (-]-) is the inner product of V. 7

There is an alternative definition of the stochastic integral due to Stratonovich, denoted with e instead of -, which relates
to Itd’s formula by the differential notation

foWodW:foWdW+%8IfoWdt.
Stratonovich’s integral changes It6’s formula (for f: R — R) into a form that resembles its deterministic counterpart,
dfoW:(‘)mfoWodW:(‘)IfoWdW—l—%(‘)ifoWdt.
The intuitive difference between the two formulations is the logic by which time differences A7 € T and their effect on

stochastic processes are treated. By It6’s logic, the reference point for the corresponding AX is 7, whereas by Stratonovich’s
logic, it is (7 + AT)/2.

The intuition behind Itd’s formula is describing the total differential df o W of the stochastic process foW : T x 2 — R
induced by a function f : R — R and the Wiener process W. This can be illustrated by deducing It6’s formula from the
(naive) Taylor expansion in computing the total differential df o W. Aside from eliminating dt higher orders, ((dW;)?) o dt,
Vvt € T, which is why the second order derivative remains in It6’s formula.

3.2. Stochastic differential equations
Definition 3.2.1. V3 € £5(T) and VX stochastic process, such that Vt € T,

1
X, = BudW, - 5 B7dt,

6The function composition o takes precedence over function operations. Operators on functions (as vectors, like V) take precedence over function
composition.

"By chapter 1. Mathematical foundation, the notation 8-V, ® V. f o X - 3 is possible because V is real and the Jacobian V, ® V f is symmetric
(hermitian) for f twice continuously differentiable on V.

8The usual notation for Stratonovich’s calculus is o, but since the function composition is explicitly used here in consistency with the functional
nature of random variables, e is used instead to avoid confusion.
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3. Stochastic calculus

the stochastic process P = exp X is a stochastic exponent. Applying Itd’s formula (3.1.7) for f = exp and no time dependence
(1e Pt = foXt7 Vit € T),

1 1
dP, = B, P,dW,; — iﬁfPtdt + EBfPtdu

or

APy = By PrdWy, Py = 1,

which is a first instance of a stochastic differential equation, that is not directly integrable.

For the sake of defining a Cauchy problem for stochastic differential equations, all used symbols and assumptions are re—
iterated.

Definition 3.2.2. Let {2 be a probability space of events F with probability (measure) p, filtered by {F% }+er for a (continuous)
time index T. Let W : T x {2 — R be a Wiener process with Wy =z € R and ¢ : {2 — R a random variable independent
of W,, VT € T. Let the filtration of {2 be generated by the processes W and &, as in Vr € T

Fr=a©V\,_ oW).

Finally let «, 5 : T x R — R be measurable on B(T) x B(R) functions.

The continuous §—adapted stochastic process X : T x 2 — R with initial condition Xy = £ is a strong solution to the
stochastic differential equation
dXt = (¢t © Xtdt + ﬁt (@) Xtth,

ifvr e T,
/ (Jouw © Xg| + [Be 0 Xy |*)dt < o0,
0

and i )
XT :£+/ O[tOXtdt+/ BtOXtth-
0 0

Theorem 3.2.3. If a, 8 satisfy the Lipchitz condition, meaning 3¢ > 0 such that, V7 € T and Vx,y € R,
lar(z) — ar(y)| + 8- (z) — Br(y)| < Lz —yl,
and the corresponding linear growth condition, meaning
lar(@)| + |B-(2)] < £(1 + |2]),
and (|€?) < oo, IX wunique strong solution with Xy = & to the stochastic differential equation
dXt = Q¢ O Xtdt + Bt (@) Xtth, (321)

satisfying sup,er(|Xt|?) < oo.

(3.2.1) is the most generic form of a time—dependent first—order linear stochastic differential equation, consisting of a drift
function a and a noise function 8. The drift is basically the deterministic part of the equation, and the noise is what makes
it stochastic.

The linear variant of (3.2.1),
dXt = OétXtdt + BtXtthv

X, =exp (/OTﬁtth —&—/OT (at — ;ﬁf)dt).

has general solution, V7 € T,
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3.2. Stochastic differential equations

Definition 3.2.4. Let V ~ RY™V be a vector space of finite dimension and an inner product

dimV
(«|o):V><V—>R:x,yr—>x~y:Z Vi,

i=1

and consequent 2-norm
[-1:V—Ryze o] =Va-a,

zeVand W : T x 2 — V a multidimensional Wiener process with independent components and Wy = z. Likewise in
definition (?7?), let £ : 2 — V be a stochastic process independent of W, V7 € T. Let the filtration F be generated by the

initial £ and W as in
Fo= Qe v\ Q.

where the product o—algebras of the corresponding (independent) components appear. Let o : T X V' — V be a measurable
on B(T) x B(V) vector function, and §: T x V — L(V) a measurable on B(T) x B(L(V)) matrix function, assuming £(V)
has the Frobenius norm, defined by the inner product

dimV dim V'

G LV)XL(V) —R:F,GoF-G=trF'G=>Y_ ) > . FyGi,
1= 1=

as

||l £(V) — Ry : F s |F|| = VF - F.

The continuous in the topology of V induced by its inner product F—adapted vector stochastic process X : T x 2 — V
with initial condition Xy = £ is a strong solution to the vector stochastic differential equation

dXt = (¢t © Xtdt + Bt (@) Xtth,
ifvreT,*?

/ (o 0 Xl| + 160 o X |2)dt < oo,
0

and

XT:§+/ OltOXtdt+/ Bt o XpdWs.
0 0

Theorem 3.2.5. If a, 8 (uniformly in components) satisfy the Lipchitz condition, meaning 3¢ > 0 such that, Y7 € T and
Vz,y € R,

llor () = ar @) + 18- (z) — B- ()| < L= =yl
and the corresponding linear growth condition, meaning
lloer ()| + 18- ()| < €1 + [l]]),
and (||€]]?) < oo, IX unique strong solution with Xy = & to the stochastic differential equation
dXt = Q¢ O Xtdt + Bt o Xtth7 (322)

satisfying Supte’ﬂ‘<||Xt||2> < oo.

The vector stochastic differential equation (3.2.2) is in effect a (linear) set of stochastic differential equations.

YW’ : T x 2 — V dependent vector Wiener process, AM € L(V) transformation matrix such that W = MW’ is an
independent vector Wiener process, therefore all linear stochastic Cauchy problems reduce to ones with independent noise,
as in definition 3.2.4.

9Note that ¥Vt € T, Bt o Xt : 2 — L(V) is an “operator” random variable, thus Vw € §2, the result may act on the image of another random
vector, namely dWy : £2 — V in this case. Hence the shorthand notation B o X¢dW% : 2 — V is in fact a random vector in itself as a
matrix—vector product.
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3. Stochastic calculus

Definition 3.2.6 (Langevin equation). Another simplification of (3.2.1), is with time—independent drift o : V. — R and
noise i : V. — R and deterministic initial condition x € V,

dXt =00 Xtdt + Mo Xtth, XO =T. (323)
Adapting the conditions of theorem 3.2.5, namely the Lipchitz condition, 3¢ € R, such that, Vo, Az € V,
[Ac ()] + [ Au()|| < £ Az,

and the linear growth condition
lo(@) I+ llp(@)| < €1+ =),
assert by theorem 3.2.5 the existence and uniqueness of a solution to (3.2.2).
(), denotes the expectation with respect to the probability measure p, induced on B(V') by the stochastic process X : Tx{2 — V

(solution of (3.2.3)) starting at Xy = x € R,'” a notation which is possible thanks to the well placed Cauchy problem for
stochastic differential equations (existence and uniqueness given initial condition).

3.3. Diffusion processes

Definition 3.3.1. VX : T x 2 — V a Markov process, a function ¢ : (T x V)2 — R such that:
e Vt,t' € Tand Vo € V, o(t,z,t',-) : V — Ry and o(t,,t',-) : V — R, are measurable on B(V),!!

e Vt € T and Vz,2’ € V, o(t,z,t,2') = 6(x — 2'), where ¢ is the Dirac distribution stemming from the Dirac measure
0:B(V) — Ry such that VA€ B(V) and VF : V — V,

1 0eA
5(A){0 0¢A and /VFd(;:F(O).

o Vi, t/,t" € T with ¢ <t <t and Va,2’,2” € V, the Chapman—Kolmogorov equation holds [66],

Q(t”,x”,t,a:):/ ot 2" ' "ot 2 t, x)du(z"),
v

where integration is meant with respect to the Lebesgue measure p giving parallelogram volume on all parallelogram
subsets of V.!?

Proposition 3.3.2. The density law vx : T®V — Ry of a Markov process X is uniquely defined by an initial law
vo 1V — Ry : 2 — fx(0,2) and it transition function ox : (T x V)? — R,.2% Conversely, Vv transition function, 3X
Markov process corresponding to it."4

In that sense, the transition function progresses a Markov process, so all is needed is a starting point, in the distribution
space. Namely Vt € T and Vz € V,

vx(tva):/Vvo(y)Q(O,y,t,w)du(y)-

Definition 3.3.3. A Markov process X such that Vt,At € T, 3u: T x V — V drift and Jo : T x V — L(V) noise (or
diffusion [66]), such that:

10 According to definition 2.1.6, this is only applicable to random variables, unless the product measure of B(T) ® Feo is also a probability on T x £2.

H1n other words they are random variables on V with the Borel o—algebra of events and therefore have a law defined on V. In some textbooks,
like [66], alternative definitions involving corresponding functions as measures are often given.

IQV{wn}%i;’“lv C V base of V, and the change—base operator B € L£(V) it defines, the volume of the parallelogram with the base vector as edges
has volume p(B) = |det B|.

13Here the notation of the probability measure px : B(T) ® B(V) — Ry is abused to stand for the corresponding probability density function
fx : TxV —R4.

MTn fact, there exists a whole family of Markov processes, distinct (but not necessarily uniquely) by an initial distribution.
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3.3. Diffusion processes

o limas ,o(AY) TE[AX| X, = 2] = u(t, z),
e limp;,o(AT)IE[AX; - AXy| Xy = 2] = o(t,2) - o(t,x), or more generally,
o limpa;o(AH)IE[AX; ® AXy|X; = 2] = o(t,x) ® o(t, x), [citation needed]

is a diffusion.

Theorem 3.3.4 (Kolmogorov backward equation). VX diffusion with continuous on V' drift p and noise o, and probability
density Vvg : V — Ry and V7 € T such that

vilo eV —Rete o [ weltnm0du)
1%
is continuously twice differentiable on V', the latter satisfies the following Cauchy problem:

1
—0w =p-Vyu+ 5 tr((c ® o) - (Vy @ Vyu)), limy,, v(t, z) = vo(x),

The transition function ox of the diffusion X is uniquely defined by the drift u and the noise o.

Theorem 3.3.5 (Kolmogorov forward equation (Fokker—Planck)). VX diffusion with continuous on V' drift p and noise o,
probability density Vvg : V — Ry and V7 € T such that

v: TRV — Ry i t,x— / vo(x)o(T, X, t, x)dp(x)
1%
is continuously twice differentiable on V', the latter satisfies the following Cauchy problem:

O = %tr((vx ®Vy) - (0 ®@0v)) — V- (), v(0,z) = vo(x).

The Fokker—Planck equation essentially describes the evolution of the probability distribution v(¢,-) of the state random
variable X; with time t € T.

Theorem 3.3.6. VX solution to a well-placed (stochastic) Cauchy problem as in definition 3.2.4,
dXi = pg o Xpdt + 04 0 XpdWy, Xo =,
X is a diffusion process with drift i and noise o.
For the special case of time-independent drift ;1 and noise o,
dX; = po Xydt + 0 o XedWy, Xg =€,
the corresponding to X transition function gx is time-translation—invariant, V¢, t', At € T and Vz,2’ € V,
ox(t' + At, 2’ t + At,z) = ox (¥, 2/, t, x),

meaning that the transition function depends only on time differences At € T. X is then a homogeneous diffusion.
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4. Stochastic Quantization

In this chapter, the machinery of stochastic processes calculus is summarized and reformulated in physics terms.

4.1. Assumptions

Stochastic differential equations
Let {2 be a probability space with a probability measure p (definition 2.1.4) on events Fo, (2.1.1) filtered by F (definition
2.2.4). Let V ~ RYmV be a finite-dimensional real vector space (definition 1.1.5).

Let T = R4 be a real time index (definition 2.2.1) with the usual topology T (definition 1.2.1) of open intervals, total
ordering < (definition 1.1.2), field operations + and - (definition 1.1.4), and the Lebesgue measure on the Borel o—algebra
B(T) =0(T), and 7 : 2 — T a stopping time (definition 2.2.8).

Let @ : T x 2 — V be a stochastic process (usually with the usual conditions, see for example definitions 2.2.2, 2.2.8, 2.2.8,
and usually a diffusion), whose notation is changed hereon to stand for a (physical) field .1 For T x {2 assume the product
measure of the Lebesgue time measure and the probability measure p on the product o—algebra B(T) ® Fo, (definition 2.1.5).

Let time-independent drift g : V' — V and noise o : V.— L(V) , that, together with a Wiener process W : T x 2 — V,
define a pair of a stochastic equation for the field ¢,

dP(1) = po @(r)dr + 0 0 O(7)dW (1), P(0) = Pg : 2 — V,
and a Fokker—Planck equation for its probability transition density o: T x V — Ry,

0 1
59=§0~(V®V0)~0—V~(u9)7 0(0)=00:V — Ry, (4.1.1)

with initial time 79 = 0 and initial configuration ¢g = (P¢). A typical initial distribution corresponds to said deterministic
field initial condition, which is represented by Dirac’s § distribution on V' (definition 2.4.7),

00(¢) = (¢ — o),
although this is only formulaic, as Dirac’s § measure has no corresponding density function (Radon-Nikodym derivative).
Rewriting (4.1.1) as

R — T
5.2 Ao,

defines a (differential) Hamiltonian operator A that prescribes the time evolution of an observable O : T x V — R,

0
§<OO¢> = (A0 0 D).

INot to be confused with an algebraic field as in definition 1.1.4.
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4. Stochastic Quantization

Expectation

V@, : 2 — V € L*(p) square integrable random variables, the following inner product is well defined,

(W) = /Q@ - Wdp, (4.1.2)

where - is the inner product of V. In consistency with the Dirac notation for vector spaces, (P|¥) is the projection of ¥ on .
However, looking for a base may not be straightforward if dim L?(p) is uncountable. In such a case, a measure is required for
L?(p), which in turn requires a o—algebra on L?(p), which in turn if it is to be the Borel o—algebra B(L?(p)), a topology is
needed on L?(p). The inner product (4.1.2) guarantees a topology on L?(p) and as such a Borel o—algebra B(L?(p)). Recall
that LP(p) spaces in particular group random variables by version.? Thus L?(p) is a measurable space. Defining a measure on
such a space however is highly non—trivial and will be postponed when simplified assumptions will enable its good definition.
Formally however, one define a projection operator (in Riemannian notation) as

/ )(2[Da,
2(p)

where D@ represents integration with respect to whatever well-defined measure L?(p) may have. In the context of physics,
this is known as a (Feynman) path integral [67].

The inner product (4.1.2), as it is built on the probability measure p of (2, is in fact a correlator between ¥ and @.

H2,? the vector space generated by stochastic processes @ satisfying (3.1.2), also formally admits an inner product (and a
corresponding isometry to L? at that), V&, W : T x 2 — V € Ho(T),
[eaw),
T

where integration is meant with the measure induced on T by the stopping time 7.

@lv) = [ @) () = < [ #awe)

Realized sampling (w € 2)

Mathematically speaking, random variables {2 — V| and by extension, stochastic processes T x {2 — V are tied to a
probability space (2. Fixing w € {2 however yields a value in V' out of a random variable or a sample path T — V out of a
stochastic process.

Hereon all random variables and stochastic processes will be assumed realized for a w € 2. In this context, the stochastic
differential equation appears to be an ordinary one,

dp() = p((r))dr + o (o(7))dW (1), ¢(0) = ¢o € V,
and the corresponding Fokker—Plank equation remains the same.

Note that, formulating problems in realized sample paths does not eliminate their stochasticity; every realization happens
randomly and the notion of expectation is relevant. Because diffusion processes have all the usual (good) properties with
respect to the filtration F of the corresponding probability space {2, namely they are adapted and progressively measurable,
the filtration conditional may be omitted for brevity from expectations.

Discretized time

It is worth noting that path realization affect the stopping time 7 : 2 — T. The original assumption for the time index is
T = Ry. A straightforward discretization would be to switch to T = N. An alternate approach is to assume a sequence of

2Meaning they only differ on subsets of A C 2 with p(A) = 0.
3See section §3.1. The It6 integral.
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4.1. Assumptions

stopping times 7 : N x 2 — R which, as it being stopping times, is (safely) realized to a sequence of times 7 : N — R
for fixed w € 2.

In this context, the (ordinary) stochastic differential equation becomes
Ady, = 1 dn) AT + 0 () AW, Ay = — 1, YN € Zy. (4.1.3)

To generate a process ¢, gg with known zy needs to be known to realize an initial condition ¢g. Vn € Z, A7, > 0. Recalling
the definition 2.4.12 of a Wiener process,

(AW,) =0 and (AW, |AW,,) = AT, Vn € Zy,

so all is required is a distribution with these two moments, for example a Gaussian distribution with ¢ = 0 and o = VAT,
to generate the noise AW,,. If a random variable 7 satisfying the standard Gaussian distribution (ux = 0 and o = 1), equation
(4.1.3) becomes

Ay = p(dn) ATy + 0 () ATy, Y € Zy. (4.1.4)
Given ¢g, simply ¢, = ¢pp—1 + Apy, Vn € Z,..

To avoid unnecessarily referring to a (non—definable) formal derivative of a Wiener process, it is this well-defined discretized
version of the stochastic differential equation that will be referred to upon as the Langevin equation (and the corresponding
process as a Langevin process).

It is worth noting that the L? function space now realizes a well-defined projection operator for a countable collection

{¢n}n€N C L2,
S oo =3 ol

where in the latter part, the specifics of base selection are ignored for the sake of generality. L? as a vector space has its
own vector space of bounded operators £(L?). VA € L£(L?) hermitian (symmetric if K = R), V¢, and for a particular
(countable) base of L2,

(@A) = > (el nlAn@mly) =Y > bnAumtn. (4.1.5)

In this discretized time context, the Dirac notation may be abused for stochastic processes as well. V¢,¢ : N x 2 — V|

<¢>|¢> = Zn6N<¢n|wn>a

assuming the sum converges.?This simply means that the identity operator on stochastic processes is not bounded, which
is not unexpected. Correlators like (4.1.5), may however converge under the right conditions for the operator A and the
differential equation generating ¢ and .

Einstein indexing

Per definition 1.1.16, assume that V¢ € V| x € Ngjn, v is the integer index running through coordinates ¢,. In such a case,
Ad = u(P)AT + a(P)nV AT is written as Ag, = e ()AT + 04(P)nV AT,

with the free index = depicting the vector nature of the equation, and equivalently, the fact that it is in fact a system of
equations.

In this form it becomes apparent how this equation may be generalized with a vector Wiener process as

Apy = Mw((b)AT + Uwy((é)ny\/r =A¢, = AT + Z Uwy AT

4For finite time index, it does, however, a finite time index is in fact a variable one, assuming it simulates the corresponding infinite—time (and
continuous) stochastic process, therefore concerns of convergence are relevant. As a counter example,

2 _ 2 _ —
Aaw|2 =3 IAW|> =3 Am = oo,

for stationary stopping time 7 or with a fixed time step.
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4. Stochastic Quantization

where the noise o : V.— £(V') now maps to a linear operator instead of a vector.

The Fokker—Planck equation becomes

aaT 5 0y(02:0y-0) — Ox(120) Z O Z 9y Z (02:0y20) — Zw 0 (12 0)-

The repeating index summation convention (definition 1.1.16) is emphasized here for clarity.

Action and stationary noise

The generic noise function o : V.— V is replaced by a constant o € R,. In consistency with the fact that (realized) ¢ € V,
(realized) n € V instead of R, and the noise term of equation (4.1.4) becomes

U(gb)n\/E — na\/E — n\/E,

Or Ogy = Ogy, Where in the latter change, the constant o is absorbed as standard deviation of the distribution of 7,

(nn) = o*Ar.

Furthermore, the drift function p : V' — V is assumed to be a derivative of a bounded from below functional f : V — R,
ie. u=Vf.

Langevin equation (4.1.4) becomes

A¢ = Vf(S)AT + VAT or Ady = 0, f($)AT + noVAT (4.1.6)

where the defining trait is now the functional f, to be known as action in a physics context. (4.1.6) is the template for what
is known as stochastic quantization in field theory [68].

The corresponding Fokker—Planck equation simplifies to

0

87'9 = 7028 amg a (Qa f) - 70—28m8x9 - 6zyaz(gayf) = %U2azazg - aa?@amf - gamarfa

or
o 1 1
5.0= 502V29 — V- (oVf) = 502V29 —Vf Vo— oV

Symmetry fixing

Assume the functional f has a symmetry prescribed by a Lie group G with a corresponding Lie algebra g, namely V¢ € V
and Vg € G, that f remains unchanged if ¢ is replaced by g¢.

A € g such that g = exp, defined the infinitesimal change A¢p = 1\¢.

Assume G if of finite dimension and has K generators (A,)X_; C g, such that Vg € G, J!(g.)%_, € RX such that

g = exXpigara,
giving
Ad =19aAa,
thus the symmetry of f under G translates to parametric freedom of ¢.
A usual approach in fixing (g,)X_; is by minimizing a squared norm-like function A" on ¢.% The simplest example
N(¢) < ||o]* = ¢ ¢,

5See section §1.3. Differential Algebra for a brief reference.
6See definition 1.2.5 and 1.2.6.
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4.2. Complexification

where the inner product of V' was used for the default norm on V. The differential of the norm becomes
AN ¢ ' A¢ = Z(b . gaAa(rba

which is nothing but a modified inner product on V.

Symmetry fixing of ¢ leads to a modified discretized Langevin process (and equation),

¢'(7) = g(7)$() and ¢(1 + A7) = ¢/ () + (¢ (1) AT + o (¢ (7))nV A

4.2. Complexification

¢ scalar
$p€ERand f:R— R

The Langevin equation becomes

0
A¢p = % (P)AT + NV AT, (4.2.1)
with the corresponding Fokker—Planck equation
0 1,02 0 0 1,02 0 0 0?
0= 0" 50—\ 0 f ) =50 s 50— s0n f o5 )
or 2" 0¢ 0o\~ 0¢ 2" 0¢ 0 aqﬁ 0¢

pcCand f:C—R

This case may seem peculiar but is in fact well-defined, so long as the operator V is properly understood. In the simplest
case of V= C, we get the corresponding Wirtinger derivatives of f : C — R, for ¢ € C,

o 1/9 @ L0 1[0 )
96 2\ome '956) M a5 T 2\ome ' '956)"

Recall that functionals of the form f : V' — R are not holomorphic, but in such cases holomorphism is irrelevant. In effect
the process breaks down to two processes, per C ~ R2. The crucial detail here is that for the variable ¢ € C the corresponding
Wirtinger derivative is the conjugate one.

peceRand f:R—C
This may appear as a non—conventional case, it appears however in several applications, where the action f is manifestly
complex. Once again, assume the simplest case V= R, and therefore f = Rf +13f : R — C, i.e. a trajectory in C. V¢ € R

9.0
96’ ~ 99

which creates an incompatibility in the Langevin equation,

§Rf+za Sf,

¢

Ap = (P)AT + VAT

3¢>
whose consistency requires the complexification of ¢ € R.

The complexification of ¢ € C can happen in many ways, the most straightforward one being to assume an extra imaginary
part as in

¢ — @+ 1.
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4. Stochastic Quantization

This replacement affects the definition of the functional f (for scalar ¢ € C it becomes f : C — C), which — aside from the
definition of f — affects how f is derivated.

1/ 0 9 1/ 0 0 )L 0
%f*§ a%(b(%erz\sf)*Z ¢(§Rf+“f) =5\ one f+*a¢‘¢ Sf)+31 5 ¢ f*ia(\qb I
1/ 0 N 9 N 1) 0 1 a 0 0

Example 4.2.1. V¢ € C, f = ¢,

b 1 9 2 o 1 9
50 3 (g 7 %0) + (oo pg )
;( 0w+ 8*%*)“;((98 Ro — 0 s¢*>1,

RS AT S¢* RS
or f=¢*,

0 . (9 .0 N0 0\
20" =3 (am*m T ) “2(3%*”"5 MR ) =0

peCand f:C—C

Before exploring the general case of a complex Langevin equation, it is important to analyze it with Einstein indexing based
on C~R27
V(be (Cv ¢:¢0+7f¢17

where by convention, the real part is indexed by O.

Vector operations on R? carry over as is on C,

V%‘,Z/ € R and v¢a ¢ S (Ca (x(b + 2/¢)a = .73@15,1 + y¢a~

The complex product requires a rank 3 tensor O : C x C — C to define,

+1 +1
V¢7¢ S C7 (¢¢)a = Oabcqsbwm o= ( ‘ )
1141

Multiplication with unities becomes

(1¢)a = dap¢p and (Z¢)a = €abPv,
where € is the anti-symmetric tensor depicting the sign of the permutation of its indices.

Conjugation is defined via a matrix (linear operation) o : C — C,

V¢ S C, (¢*)a = O’de)b.

The analog of an inner product @ : C x C — C in C becomes,

+1 +1
Vfﬁﬂ/) € (Cv ((b*w)a = Oabcabc(bcwd = .abc¢b¢cv o= ( 1 ‘ 1 >
+ _

Note how the fact that |¢|? = ¢*¢ = ¢e¢a, V¢ € C, cannot be expresses in terms of @. This is an important aspect when
examining a fully complex Langevin equation.

7This analysis is contained here and is not to be confused with complex vector and matrix variables to be introduced later.
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4.2. Complexification

The notion of complexification applies to complex numbers as well, in the sense of extending C to C ® C, which is equivalent
to complexifying the real components of a complex number. With the double complex set C ® C, a second imaginary unit j
is introduced, and a third one ¢ stems from the complex Cartesian product,?

C 3¢ =g+ 161 — (doo + J001) + t(P10 + JP11) = doo + Jdo1 + 1¢10 + 23911 € C x C.
In index notation ¢ assumes an extra free index, as in ¢, — Pgp-
Conjugation extends naturally too,
" = doo — JP01 — 1910 + 19011 O (@ )ab = TacObdPed,

thus ¢* € C ® C is not the one ¢* € C extends too, which is o,.¢., instead, so care is needed when extending complex
derivatives.

Vf:C — C, the complex derivative of f, shorthand—denoted as df is indexed and complexified as
aa — Uacacb hence (8f)a - Oacdacfd — Oacdaceaebfd = .acdacbfd = (af)aba

where the correction stems from the disagreement between conjugation in C ® C and the extension of a conjugate in C. After
complexification, f : C® C — C, but 9f : C ® C — C ® C, because the derivative is affected by the complexification.

Example 4.2.2. Let u, A € R and
f:C—C: ¢ f(9) = ulol* —uA|gl",

a typical scalar (complex) action functional. As a complex functional it should assume a free index, but the image form it
takes cannot be written in index form using the standard operations.”

The modulus of ¢ becomes

|¢|2 = ¢a¢)a — (¢a¢’a)b = Obcd¢ac¢ad S (Ca

and

10! = Patadbds — (PabaPv®b)e = OcdgOdefOghiPacPatDonBis

allowing the indexed expression of f,

fa = 1OabePabPdec — AeapObedOceg OdfhPiePig®ifPin-

This internal complex index notation was used here to exhibit the need of complexifying

¢ vector

The aforementioned concepts generalize straightforwardly to a (finite-dimensional) vector complexification V' ~ RdimX __ Cdim X/
simply on a component level. The arguments per the derivation, apply to the partial derivatives (components) of the func-
tional f.

8Note that C ® C with k = 27 is not isomorphic to H, the imaginary units algebra differ,

+1 |+ +3 +k +1 |+ 47 +k

-1 k- -1 k-

CC: i + J vs H : e + J
T I A S S

+k| -7 — +1 +k |+ — -1

9More qualitatively, think about being unable to “hide non—symbolically” the imaginary unit representation of the complex p|¢|? —2\|$|* by using
index notation. There is no way to write this as fq(¢) = ....
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4. Stochastic Quantization

¢ matrix

L(V) as an algebra (definition 1.1.6, example 1.1.9), is field-like — the only difference being that the set £(V') is not a group
under the binary product o — meaning it can be equipped with a conjugation when V ~ C4mV

FoL(V) — L(V) : ¢ — ¢ with ¢f|a = 67,
and the corresponding product,

P L(V) X} LV) —> LV) : ¢, — ¢ = ¢ o tp with ¢ihlap = Pactieh-

The corresponding real axis of the conjugation is the set of positive-definite hermitian operators ¢, for which ¢ = ¢f. Indeed,
Yy e L(V),
@) = 9ttt = gly since (Yiea)” = ¥iuva.

The corresponding conjugate derivative of a functional f : £L(V) — C becomes

0 0

a5\, = 905,

1.

V¢ € L(V) hermitian, ¢T = ¢ or ¢*, = ¢p, and

967! | = 9o

Example 4.2.3. Let f(¢) = ||¢]*> = tro'o,

0
a o o) N ¢>* 5o Pachic = D ¢ab¢> e = G50addbe = Oy, OF 7 trofo = o,
or f(¢) = (troTe)?,
az*(tra%) —2tr¢f¢a¢* trolo =2(tr o' g)gf,
since tr¢Tg € Ry, or f(¢) = [|¢]|* = tr ¢l
6¢* tr ¢T¢¢T¢ ab = 8¢* ¢dc¢de¢fe¢fﬂ ¢dn 8§[)* ¢d?¢f€¢f€ + ¢d(‘¢d€¢f€ 8¢ ¢

= d):;c(sad(sbe(bfe(bfc + ¢Zc¢de¢}55af5bc = ¢ac¢fb¢fc + ¢)2b¢de¢ze = ¢Zf¢fc¢la + ¢Zd¢d€¢la7

or

tro'oplo =207 po.

8¢>*

The case corresponding to the real process in that of the matrix ¢ being hermitian. In such case ¢T = ¢ or ¢* = ¢, so the
corresponding to above derivatives are with respect to ¢, not ¢.

4.3. Stochastic Quantization

The stochastic setting for a scalar field theory consists of
e a time index T,
e a field configuration space V with the Borel o—algebra B(V) and ¢ : B(V) — R the corresponding Lebesgue measure,

e a time—independent drift p : V' — V that stems from a time-independent action functional S: V — R as uy = —VS,
and
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4.4. The complex action problem

e a vector Wiener process n: T x 2 — V,
e a consistency noise setting o = v/2,

such that V¢ : T x 2 — V,

AP(T) = 0 An(T) — VS o ¢(T)AT, $(0) = ¢ : 2 — V, (4.3.1)
and a Fokker—Planck equation for its probability transition density ¢: T x V — R, (with X' = 1),
0
5.0= V- (Vo4 pVS) =V20+oV2S+Vp-VS, 000)=1:V — R, : ¢+ (¢ — ¢p). (4.3.2)
Note that the expectation form of the Langevin equation (4.3.1), with the assumption of time-independence of ¢ yields
(VS og) =0,

which basically stands for the (classical) equation of motion for ¢.

The main argument of stochastic quantization is that the corresponding field theory stems as the stationary limit of a
stochastic process defined by the stochastic differential equation (4.3.1) [68].

Thus, of interest are the stationary solutions of the corresponding deterministic Fokker—Planck equation (4.3.2). If the vector
field ¢ is indexed by z, the stationary Fokker—Planck equation is written as

02 (020 + 00:5) = 02050 + 00:0,5 + 0,00, = 0.

with apparent solution
000 () o exp(—5(9)).
Indeed, 0:000 = —0000:S and 0,0, 000 = —0x(00002S) = 00002 S502S — 0000,0:5, the stationary part of (4.3.2) becomes,

axamgoo + Qooaacaacs + a’I‘QOOal‘S = Qooarsars - Qoogrars + Qooarars - Qooaacsaﬁcs = 0.

Monte Carlo methods for evaluating stochastic integrals (O o @) of functionals O : V. — R, rely on stochastic processes to
generate (realized) Markov chains for efficient sampling of the configuration space for the Monte Carlo calculation.

The stochastic differential equation of O o @ is
A(Oo¢)=VOo¢p-Ap=VOo¢p-VSod(T)AT +0VOo¢p- AW(7), Oop(0) =0Oo0¢y: 2 —V,

which is a more generic stochastic differential equation that still relies on a vector Wiener process, even if O (and thus O o P)
is scalar. The distribution of functionals of stochastic processes is not a trivial matter, and will not be expanded here [66].
The corresponding evolution equation of the expectation (O o @) is [68],

(%<Oo¢>> =V - (V({Oo¢)—(00p)VS) =V 0o ) — (00¢)V?S —V(Oo¢)-VS
=V (V(Oog¢)—(0Oop)u) =V*(0Oo0¢) = (00d)V-pu—V(0od) p, (Oo¢)(0)=(0o¢). (43.3)

4.4. The complex action problem

Any time-evolving process (even deterministic) can be simulated by their defining differential equation, provided a corre-
sponding discretization scheme, and stochastic processes are no different.

A simulation of a stochastic process ¢ : 2 x T — K, is a sample path for w € {2 discretized on either N or a discrete stopping
time 7.

Mounte Carlo stands for a range of techniques by which expectation values (O o ¢) of functionals O : V' — K are estimated
efficiently.’® The calculation relies on obtaining a representative (pseudo)random sample path on the configuration space V.

10Note that O o ¢ : 2 — K is in fact evaluated, O simply the formula of the observable set on V. For example
O(z) =z*x
is a functional on V/, but the expectation value that is sought is (O o ¢) = (¢*¢).
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4. Stochastic Quantization

Monte Carlo methods improve the sampling process, by sampling in a way that maximizes contributions to the functional
integral (O o ¢).

Of note is the fact that a theory or quantity is of interest at equilibrium of ¢, i.e. at the limit 7 — oco. In practice, there
exists a thermalization time 79 by which ¢ has practically achieved equilibrium and depends on the speed of (stochastic)
convergence of ¢, and is usually determined empirically, by examining the time history of the functional O o ¢.

A customary Monte Carlo method (important sampling) for estimating observables on a (Euclidean) theory with action
functional S : V' — K relies on generating instances of ¢ with a transition probability that depends on the partition value

7 = (exp(~S 0 )

which gives a good probability only for K = R. The logic behind importance sampling is to lead a Markov chain of samples
in to domain of high contribution to observable integrals (O o ¢) for Said Monte Carlo method does not break if K = C,
however its effect in optimizing the simulation does.

Reweighting and the overlap problem

An obvious solution to the complex action problem would be to split the action functional parts as S = Sy — +I", and make
evaluations on the Sy functional of both the observable functional O and the phase factor exp I,

(Oexprl’ o )

(Oo9) = (expil)o

where ()¢ is estimated on sample path(s) generated by Sp. This approach generates a new overlap problem, by which the
two phase—quenched observables do not become important in the same domain of V.

The Complex Langevin method

The Langevin process (4.3.1) is defined for complex S provided @ is complexified accordingly, i.e. the domain C for random
variables defined on V' becomes C x C if necessary, altering the definitions of S and all functionals O. Generally speaking ¢
assumes an analytic continuation. This process has a well defined Fokker—Planck equation, and thus probability, therefore
it is conjectured that it generates sample paths compatible with Monte Carlo simulations. Keeping the corresponding
Wiener process 1 “uncomplexified”, under some special assumptions, (3O o ¢) = 0, making the complexified Langevin process
compatible with the original functionals. A slightly more generic treatment with a complex noise can be found in [35, 36].

To skip the cumbersome index notation of section §4.2. Complexification, hereon complexified objects will be denoted with
an overline. Also random variables will be lower—cased as if they are realized (even if they are not).!! The first object that
requires explicit definition is the complexified vector space V over C, assuming V is a vector space over R, in which vector
representations are allowed to have values from the new field.

A compact form of the (real) Langevin equation with drift —V.S and stationary noise 7,
Ap=An—VSodAt, $(0) = ¢y €V, (4.4.1)
and the corresponding Fokker—Planck Hamiltonian operator
A=V.-V-VS§S-V

which has 0 as a non—degenerate eigenvalue and non—negative spectrum overall, implying stability of the stationary Fokker—
Planck solution

000 © ¢ x exp(=S o @),

where Vg is the derivative with respect to a/the real ¢.'?

11See section §4.1. Assumptions for details on the assumption of realized stochastic processes in context of numerical calculations.
12Upon complexification of ¢, this real ¢ becomes R¢.
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4.4. The complex action problem

If the action functional is complex, the minimal edit to the Langevin equation is to complexify ¢, which will in turn edit S
as well, however the derivative operator Vg with respect now to ¢ = R¢ remains as is in the definition of A. This minimal
edit allows leaving the Wiener process 7 real, leading to the complex Langevin equation

A¢p = An — VS o pAr,
which can be decomposed as a pair of real Langevin equations,'?

ARG = An — RVS o AT

AP = — Q3VS o pAT

which in turn has a real corresponding Fokker—Planck Hamiltonian

V-V -RVS
v

VS-V

VSV

3

A
SA

=3
»

\%

S : V — C is the analytic continuation of the action S, i.e. the complete form it takes after complexification of ¢. The
corresponding Fokker—Planck probability density o : T x V' — R, is a distribution over the complexified V.

Recall from section §4.2. Complexification that,
= 1
V= §(V§R —1Vg), Ve =V,
allowing the definition of a “complexified” Hamiltonian,
A=V.-V-VS.V,

Applied on holomorphic observable functionals O, by the Cauchy—Riemann equations, Vg = 1Vg, implying V = Vg and in

turn, A = A. Henceforth thus, observables will be assumed to be holomorphic functions of ¢.

Correspondingly, let 9: T x V — C be a complex distribution that satisfies

—0=V-Vo+V.(aVS),
5.0 0+V-(eVs)
in contrast to the proper Fokker-Planck density o satisfying
9 o
5.0=V Vet V- (eV5). (4.4.2)

The main conjecture of the complex Langevin method is that YO : V — R observable functional with O : V — C analytic
continuation and V7 € T,

(0 0)o(r) = (O 0 d)g(r) given (O 0 ) o(0) = (O 0 $)5(0) (4.4.3)

and 3!p(c0) = lim, o, o(7),"* such that
lim.,-HOO<O 9] ¢>E(‘F) = <O o (b>§(oo). (4.4.4)

What the first complex Langevin method conjecture (4.4.3) states in words is that the complex “probability” measure defined
by the complex action functional of the corresponding theory is “equivalent” to the proper (Fokker—Planck) probability
measure implied by its (complex) Langevin formulation. The correspondence is:

original (complex) theory (complex) Langevin formulation
complex probability g: T x V — C proper probability o: T x V — R
original O realized on original ¢ as O o ¢ holomorphic O realized on complexified ¢ as O o ¢

What the second complex Langevin conjecture (4.4.4) states in words is that the (complex) spectrum (definition 1.2.14) of
the corresponding Fokker-Planck Hamiltonian AT (which applies to the complex @), lies in the positive real half of C, i.e.
Va € C eigenvalue of AT, Ra > 0 [35, 36]. The defining element of A is the process drift —VS.

131t may appear that only one of them is stochastic, but in fact the equations are coupled so the system is stochastic.
M Notably such that g(co) o ¢ = exp(—S o ¢).
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4. Stochastic Quantization

Complex action functional decomposition and requirements

A partition function more generally (assuming the real case)
Z:(V—R)—R:S+— Z(5) = (exp(—=S 0 ¢))

maps an action functional S : V' — R to an integral over the entire configuration space that is used to evaluate expectation
values of observables. Even when the action functional is real, it must also be positive definite for the partition integral to
converge, i.e. V¢ € V, S(¢) > 0.

In case of a complex (and/or complexified) action functional S, the condition becomes Yo € V, RS(¢) > 0, as

(exp(—S 0 ¢)) = (exp(—RS 0 ¢) exp(—13S5 0 9)),
where exp(—RS(¢)) decides the convergence of the partition integral, as the imaginary phase is periodic.

A complex action functional can be expressed in two ways,
S =RS +135 = |S|exprarg S = |S| cosarg S +1|S|sinarg S. (4.4.5)

In the latter case, it is often convenient to explore Rexprarg S = cosarg S instead.
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IKKT matrix model
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5. Field theory

The approach to string theory in this text is to ascend from the fundamental tools in building quantum field theories rather
than a physics—oriented approach.

Before proceeding to the main material some conventions need to be established.

Einstein indexing

In index notation, a tensor field ¢ has as many free indices as its rank. For example:
e a scalar ¢
e a vector ¢,
e a matrix ¢

e a tensor of rank n, ¢q,...a,

Euclidean versus Lorentzian metric signature
For a real finite-dimensional vector space X with an inner product
G AXX — Rz, y— -y =TaYq = dabTa Vb,

the positive definite symmetric (hermitian for complex) defining matrix 1 is implied in the contraction. VA such matrix
defines a new Euclidean inner product,

A XXX —R:iz,y—x2y=x-A-y=AwpTalp.
Such matrices belong to the general linear group GLgim x(R) of invertible (diagonalizable matrices), so there exists a base
on which A is diagonal. As positive-definite, all eigenvalues of A are positive.

The positive—definiteness of A is required by the triangular inequality condition of the metric the corresponding inner product
induces on X. If that condition is dropped, A is allowed to have negative eigenvalues as well. The most popular (diagonalized)
non-positive-definite metric is the Lorentzian one defined by 7;; = d;;, Vi, j>0 and 1o = —1, or

-1 +1

n= ] ) ] versus 1 =

+1 41

Even in real vector spaces, a non—trivial metric implies a conjugation involution in the sense
T=A.z=2 A,

which offers an alternative encoding of a custom metric as a conjugation using the trivial inner product defined by 1. In
index notation, such a conjugate is usually represented by an upper index instead of a lower one, with the defining matrix
implied.
Vr € X with Lorentzian metric g,

¢ = n“b:cb or T = nabxb and z,z% = nabx“azb

Qualitatively speaking, the role of g is to raise or lower indices, and contraction is no longer represented by plain pairs of
repeating indices, the pair has to be one of upper and lower index. This effect extends straightforwardly to tensors as well.
Also by convention, the standard vector components are henceforth indexed above.

By convention indexing in Euclidean signature ranges from 1 to dim X while in Lorentzian signature from 0 to dim X' — 1.
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5. Field theory

Wick rotation
A point of interest is that one can connect the Euclidean inner—product and the Lorentzian one via the correspondence

0 _ ’mjdlmX xdlmX — 0

x or 1w,

due to 1?2 = —1, called a Wick rotation or else analytic continuation, as the multiplicative role of » = exp(i7/2) in C is to
rotate by m/2 counter—clockwise. Wick rotation is a mechanism to translate a theory with Lorentzian metric signature to
one with Euclidean signature or vice—versa.

5.1. Classical Field Theory

Lagrangian
The first and most fundamental asset in quantum field theory is classical field theory. The key elements of a field theory are:
e A background space X', which can be any of:
o a (real finite-dimensional) vector space,
o any of its local variants, like (most generally) a manifold.
e A degrees of freedom target space F, which can be any of:
o an algebraic field K,
o a K—vector space,

o a K-tensor space

®]: - ®]Fe]—' IF’

over a collection F of K-vector spaces,’
e A symmetry Lie group G with a corresponding Lie algebra, usually
o a rotation group, like SOg;, FK or its Poincare—equivalent, characteristic of bosons

o a spin group (that is not an aforementioned rotation group), characteristic of fermions,

A resulting configuration space F*, which is:
o a tensor space if X' is a vector space,

o a tensor bundle if X is a manifold.

A Lagrangian function,
L:FY —SKY: ¢ Log.

2

An action functional (X—integral of Lagrangian),

S:FX—>K:¢»—><EO¢>X:/ Lo ¢(z)dz.
X

L o ¢ will be often abbreviated by £ when an explicit formula on ¢ is given on it, hence there is no confusion. Technically
speaking the Lagrangian also depends on V¢ which has been omitted above for clarity.

Integration in X stems from the Lebesgue measure on B(X), which is always defined, as both vector spaces and manifolds
assume a topology. The bra—ket notation will be used throughout with the corresponding integration space understood from
the content of the bra—ket or the context.

11t is understood that rank 0 tensors are scalars in K and rank 1 tensors are vectors in F.
2Indexing over X is done with functional notation, i.e. Vo € X and V¢ € F¥, ¢(x) € F.
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5.1. Classical Field Theory

Euler—Lagrange equations

The equations of motion for a particular field theory stems from the principle of least action.

0 0 0 0 0 0 0
5= <6¢‘C5¢+ aaa¢wa§¢> - <8¢55¢+8 ((mf ¢> % 506" ¢> - <<a¢£ % 5000 >5¢>X’

where the total derivative term
0
Oy L6 =0
(o (Ggo=) ),

was dropped as dependent on the boundary of integration dX’, which is zero as said boundary lies at infinity and all functionals
are implied square—integrable on X', meaning the fall-off fast enough at infinity, and thus definitely 0 on 0.X.

The least action principle 65 = 0, VA¢ € F¥, yields the Euler-Lagrange equations (of motion) of the theory

0 0
96 = % 50,6~

Noether’s theorem

A Lagrangian £ may be invariant under transformations/operators that act on vectors in F*. Such symmetries are closed
under composition, 1 is a symmetry for any Lagrangian, and for every symmetry, the inverse operator is also a symmetry.
Therefore the set of symmetries of a Lagrangian forms a group. If said group is also a smooth manifold, it is a Lie group.?

The symmetries of the Lagrangian pass on to the corresponding action functional. However, the action functional is addi-
tionally immune to total derivatives (divergences), Vo € K|

0L = af, A

of the Lagrangian due to the diminishing boundary conditions in the integral.

Theorem 5.1.1 (Noether’s). VG symmetry Lie group of an action functional S, such that VA € G with ¢ — exp(1A) - ¢
or equivalently (infinitesimally) VA € g (the tangent to G Lie algebra) with §¢ = 1A - ¢ and A vector field such that for a
Lagrangian corresponding to action S,

0L = 9,A%,
3J wvector field (Noether current) such that
oL
a A Aa
T a0 0T

which is conserved, 9,J% = 0 on shell (the subspace of Y satisfying the equations of motion of L).

Noether’s theorem holds for local (gauge) symmetries too [69], which assume the form Vz € X,
0¢(x) = 1A(z) - ¢(2),

meaning that symmetries are now part of orbits of X in G.

Currents stemming from (gauge) symmetries of the action are not the only ones that can appear in a Lagrangian. Their
presence can be manifest as interacting with the fields terms, putting the free theory off shell.

3See section §1.3. Differential Algebra for details on matrix Lie groups and corresponding algebras.

67



5. Field theory

The energy—momentum tensor

The spacetime translations are a special set of symmetries that all action functionals satisfy and are infinitesimally modeled
by a set of Killing vectors £ as

0¢ = £"0a.

Since this is a vector of symmetries, the corresponding Noether current (energy-momentum tensor assumes another free
: 4
index,

a aE a
Tb—m'ab¢+§b£,

where the dot product is meant with respect to I, where as the contraction of indices is meant wit respect to X. On shell
DT = 0P,

Spinor fields are such that X is a Grassman algebra instead of a (in a sense classical) scalar/vector/tensor space.

Wick rotation

Wick rotation is a special case of analytic continuation of a field theory on complex spacetime. The transformation itself
replaces the time coordinate z° with a coordinate

0
Tdimx = 1T,

which transforms bilinear contractions with Lorentzian signature into ones with euclidean (positive definite) one, namely

Ve X,
dim X —dim X dim X —1 —dim X—1

OabTalp = E g x%zb.
Za:l Zb:l abbatb a=0 b=0 Mlab

With a euclidean metric signature, index leveling becomes obsolete, and by convention, lower indices are used.

5.2. Quantum Field Theory

The path integral

The path integral represent a measure-theoretic approach to second quantization [67, 68].° The configuration space F*¥ as
a vector space is infinite-dimensional and concerns about a possible Lebesgue measure leave the definition of the Feynman
path integral formal,

(.. px =/.--D¢,

where here the bracket is understood as integrating on F*, defining the Lebesgue measure on B(F%), but it becomes possible
on the lattice-regularized theory (finitely discretized X’).

A much as the action functional S : F¥ — K is characteristic of a classical field theory, by extension, the generating
functional, also labeled the partition function,

Z:FY — K :Jr— (exp(sS + 1(Jp) x))px. (5.2.1)

J = 0 corresponds to the free theory.

4Note that
6ab =N"Neps
so g appears in the definition of a similar—index energy—momentum 7%,
5Similarly to stochastic quantization, they are compatible.
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5.2. Quantum Field Theory

Connection with stochastic quantization

The generating functional is the characteristic understood in probability theory (lemma 2.1.13), and as such it generates the
probability law of the theory

€xXp ZSlorcntzian

<eXp ZSlorentziarA)FX

)

and all expectations of (observable) functions O : F¥ — K,

<O exXp lSlorentzian>]FX
<6Xp lSlorentzian>]FX

(O)px =

This is formal apparently, as the imaginary unit in the Boltzmann factor exp ¢Sjorentzian invalidates any proper definition of
a probability with it.°

Wick-rotating X as in 2gimx = 227, leads to the so—called Euclidean version Seuclidean Of & theory with a positive definite
and diminishing entropic factor exp(—Seuclidean)- The connection of stochastic quantization to that of path integration is one
tying a stochastic process to the probability law generating path integral (5.2.1) defines.

The conjecture of the complex stochastic quantization is that, as a valid stochastic process it admits a probability law anyway,
even if the corresponding theory has a probabilistically ill-defined generating path integral Z. Setting up such a stochastic
process is not trivial, complexification may be necessary, which in turn complexifies observables.”

Examples

In what follows, a 4-dimensional spacetime X’ is assumed, i.e. dim X = 4

A massive scalar theory F = C with Higgs potential

A massive scalar field theory in a Higgs potential sports the Lagrangian
L=10"0,0"0,¢ —m*¢*¢ — \(9*¢)?,

with equation of motion
D¢ - m2¢ - )‘|¢‘2¢ = Ov U= nl—wauau~

This theory has U;C symmetry group. Indeed, Va € R, substituting ¢ — ¢ expia in the Lagrangian leaves it invariant.

A massless boson (vector) theory F = Rdm~¥
A typical massless vector field Lagrangian is that of photons
L= 1F B, =0,A,—0,A
—_Z Qv y Lpy — Ypfy — Uvddy,
where J,, is an external current (source), with equations of motion
0 F" =0,

and U;C symmetry. This is a special case of a Yang—Mills theory.

61t is for this reason, the Lorentzian signature of the theory is stressed here.
7See section §4.2. Complexification for a technical presentation of the concept.
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5. Field theory

A massless boson (vector) theory with fermions (Weyl spinors) F = Rdm ¥

The vector Lagrangian becomes
1 nz Al
—L = ZFWF’ + 1wy D, D, = 0, —10A,,

where « are generators of a Clifford algebra, satisfying
("} = 29" 0y =20,

leading to the equations of motion B
8HF#U + 0”/”71/1/’ = 07
with a > 0 being a coupling constant between 1) or ¢ and A.

Yang—Mills theories
Bosonic

A (purely) bosonic classical generic Yang—Mills Lagrangian has the form
1
L= 1 tra(Fy - Fo), Fapw = 0pAay — OvAap + afapcAvpAcy (5.2.2)
with a (generally non—Abelian) gauge symmetry group G with a corresponding algebra g,° whose generators \ satisfy

Ya € Ndimga

1
trg()\a)\b) = §5ab and A\g 0 \p = [)\a‘)\b] = 2)\[0,)‘17] = Zfabc)\a

f being the structure constants characteristic to the algebra g.°
The field strength in general is defined via the commutator of the covariant derivative (A4, = A\ Aq,)
D, =0, —1wA,, Ay = AAqy,
as (Fu = AaFauw),
F,, = Qza*ID[HDV] =1 [D,|D,] =1 [0, —1aA,|0, —1aA,] =1 ([0,]0,] — 1[0, A)] —1[AL)0,] — oP[AL]AL)])
2104_1(8[“81,} —100), Ay — 1A, 0, — aQA[MA,,]) =0,A, — 0,A, —waf[A,)A]

where 0,0, — 0,0, = 0 and
A0y — A0y = Mg Aapu0y — AgAa 0, =0,

as total derivative terms. Expanding on g-components,

/\aFauu = 6u)\aAaV - au/\aAau - Za[/\bAbup\cAcu} = /\aauAau - AaauAau - Za[/\bp\c]AbuAcv
= 8;1,)\0/41111 - 8V)\aAap, + a)‘afabcAbuAcy-

Note that the non—commutativity of A in Yang-Mills theories stems from the non—commutativity of its gauge group G (and
corresponding algebra g), i.e. from the internal degrees of freedom of A.

The commutator Jacobi identity becomes a Bianchi identity, as
[DPHDM‘DVH + [DV|[DP|DP«]] + [Du|[DV|DpH = GD[pDVD/L] = 6D[pF,uu} = 2(DpFlw + DVFP,U« + D;LFVp) =0,
The equation of motion of A in a Yang-Mills Lagrangian (5.2.2),

DFFpy =0 0r D*Fapy = 0" Fapy + o fape Ay Fepy = 0. (5.2.3)

8See section §1.3. Differential Algebra for some details.
9Note how each trace has a subscript indicating the space tracing is happening. For example, VX € X, try X = Nuv XHY.
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Bosonic with fermions

Editing (5.2.2) to include fermions,

1 1
L= 1 tra(Fy - Fy) + izatru(wav - D), D), = 0 — 1 Aqy (5.2.4)

where U is the vector space on Grassman numbers the fermion field reside.

The equation of motion (5.2.3) acquires a source current,

DNF,LLV + a@’}/ud} = )‘a-DuFa,uV + a@avvd)a =0.

N = 1 super Yang—Mills theories

N = 1 super Yang-Mills theories have a similar form to (5.2.4). In super Yang-Mills theories, the covariant derivative is
defined as
Dy = 0y -+ Ayl ]

The supersymmetries of a super Yang—Mills theory are

1
6€A/L = E’Y;ﬂ/f and 54/) = 7§F Ve Yuv = V[pT]-

Of interest are the zero—volume super Yang—Mills theories. By taking dim X = 0, all spacetime derivatives vanish, yielding
F, = —wafA,|A)] and Dy,- =1afA,|].

Substituting in (5.2.4),

L= ia(F - F)— Sutng(dy - DY) = —cﬂ(jl tre([A14] - [AA) + 5 tru (- [Alw])>~ (5.2.5)
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6. String theory

String theories rose out of the necessity for incorporating the gravitational interaction into a unified framework enticing the
Standard model. The dynamic geometric nature of the classical general relativity theory of gravity, in which matter and the
spacetime background affect each other dynamically, makes it impossible to directly produce a renormalizable quantum field
variant. String theories offer not only a way to quantize gravity, but to incorporate the Standard Model with it into a unified
framework for describing all fundamental aspects of the universe as observed to this day [2, 4].

6.1. The bosonic string

Assuming a fixed for now background spacetime X and a metric g with Lorentzian signature (— + ...+), the life cycle of a
single (point) particle is represented by a monoparametric (world) line

X:T—X:7— X(7).

The world line of a particle is expected to be at least continuous, and world line intersections represent particle interaction
events.

Even if it describes events, the parameter 7 of a world line can be thought of as an internal time. String theory assumes a

second “modal” parameter o, as in
X:TxYXY—X:1,0— X(1,0),

a degree of freedom whose modes of “vibration” serve for particle type distinction. The added advantage is that world lines
now become world sheets, and interactions are no longer singular events in space time, but topological properties of the world
sheets involved [2].

Strings belong to a more general category of p—dimensional p—branes, embedded in a spacetime X, Vp € Ny, 1, such that
p = 0 corresponds to particles and p = 1 corresponds to strings,

X:TxHiEHX:(ai)ir—)X(a),

where T' x [, X is a (p + 1)-dimensional parametric vector space.

The string action
O-branes

The motion of a free point particle (p = 0) in a curved spacetime X, is along geodesics (straight lines for a curved spacetime),
therefore the action is proportional to the invariant worldling length,

So = —mo/du(h

where

dhto = \/ gy (X)AXHdXVdr = /~[[dX Pdr = 1]dX |ldr

and mp a mass scale in inverse length units (¢ = i = 1). This action is linked to a mass scale that cannot be zero, therefore
an equivalent action with an auxiliary field h is used to describe massless point particles as well,

So oc (W X|* = mgh)r, (6.1.1)
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6. String theory

which is also easier to quantize.
This action is equivalent to the invariant length action. The equation of motion of h

05

5 = A2 X2 4+ mo =0

yields h = vmg || X||. Replacing the solution for A in the action (6.1.1), yield the original invariant length action.

p—branes

This process generalizes to the p—brane action

S, = —mp/dup,

with the inverse length mass scale replaced by the p-brane inverse volume tension m,, and the (p + 1)-dimensional p-brane
hyper—volume
d, = V—det GaP o,
where the induced metric on (p + 1)—dimensional T' x X' is
Gap = 9 (X)0.X"03X",
where p = dim X.

S, extremizes the (p + 1)—dimensional world hyper—volume, in the same sense that Sy extremizes the length of its world line.

The string action in flat spacetime

In the case of a flat spacetime X', the induced metric becomes,
Gap =N 0o X" 08 X" = 0, X - 05X,
where - stands for the Lorentzian-signature inner product defined by 7.!
For strings (p = 1), it becomes
det G = [|0oX||?|01.X||* = [00X - 01.X|? = (00X - 9o X) (01X - 1 X) — (0o X - 01 X) (1 X - Do X)

leading to the Nambu—Goto action
Sl = 7m1<\/ — det G>T><E;

which extremizes the area of the world sheet that a propagating string generates in spacetime X

The string tension m; defines a natural string length scale as

1
0 = . 6.1.2
1 — (6.1.2)
The string sigma model action
The sigma model action is
1 1
Sy = —§m1<\/— det hh*PGop)rxs = —§m1<\/— det hh*P0,X - 95 X)) x5, (6.1.3)

where h is an auxiliary metric on the world sheet X' with measure—theoretic volume \/— det h with

1
§det h = —det hhogdh®? or §v/—det h = —5\/— det hhoz6h™?, (6.1.4)

IRecall that a Lorentzian-signature metric breaks the positive definiteness of a metric, induced norm and in-turn induced inner product. See
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6.1. The bosonic string

which action is classically equivalent to the Nambu—Goto action. The equation of motion for the auxiliary metric i stems
from the variation of the action 4.5, with respect to dh, also encoded in the vanishing of the respective energy-momentum
tensor T', with

T 2 dS, 0
of = miv/—det h 6hef 7
which, together with (6.1.4), gives
1
Jggzzcgggfihaﬁhﬁ(lﬁ::o, (6.1.5)

which equates the auxiliary metric h to the world sheet induced metric G.
The corresponding equation of motion in non—index form (let tr G = h*3G5) is
1 1 1
G= ihtr G leading to detG = 3 det(htrG) = 3 det h(tr G)2.

For strings (p = 1),

det G = %det h(tr G)? or vV—det G = %\/fdet htrG or vV—det G = %\/f det hh*PG g, (6.1.6)

which proves the equivalence of the string sigma model action to the Nambu-Goto action for strings (p = 1).
The string sigma model action has three distinct symmetries:

Poincaré symmetry: Lorentz infinitesimal rotations and spacetime translations X* — a*, X" + b, with the auxiliary
world metric satisfying dhog = 0, as the world sheet maintains its geometry with Lorentz transformations a and
spacetime translations b.

Diffeomorphism invariance: 0 — f(0) with hag(0) = 00 f705fhqs(f(0)),
Weyl invariance: h,z — exp(—¢(7,0))has and 60X+ = 0.

Diffeomorphism and Weyl invariance are local transformations, which allow a gauge selection on the auxiliary metric field.

For p =1, h has 4 components,
b ( hoo  ho1 )7
hio  hi1

but is symmetric (ho; = hig), therefore it has 3 independent components, 2 of which are fixed by reparametrization (diffeo-
morphism) invariance gauge selection and one by scale (Weyl) invariance; the flat metric can thus be chosen,

-1
h=mn= :
+1
resulting in a simpler string sigma model action,
Sl X —<7’]a’87’]#,,6aXHa3XU>T><E = <60X . 80X — 81X . 81X>T><E- (617)

Gauge fixing the auxiliary world sheet metric h to the flat metric 7 requires that the worlds sheet topology actually allows
such a metric.? It is worth noting that this is not a complete gauge fixing, in the sense that there exist reparametrizations
that are also Weyl rescalings, satisfying

0" = ™,

where ¢ is a parameter vector for infinitesimal parametrizations and A a corresponding infinitesimal Weyl rescaling parameter
2]
Strings can topologically be classified as either closed or (finitely) open. All world sheets topologies:

e of a closed propagating string are homeomorphic to an infinite cylinder (figure 6.1.1)

e of an open propagating string are homeomorphic to an infinite strip (figure 6.1.1)

2tr G = h*PGpp > 07
3The world sheet as a manifold may have a metric defined in an atlas covering it. Assuming a global flat metric means the topology of the
manifold has a single chart atlas, i.e. be diffeomophic to a Euclidean space.
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6. String theory

XO

closed string

open string

-+

X2

Figure 6.1.1.: The world sheets of a closed (homeomorphic to a cylinder) and an open (homeomorphic to a strip) string
respectively.
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6.1. The bosonic string

The string equations of motion

Extremizing the string sigma model action leads to a wave equation of motion,
O0X =0, 0 =7n*?9,0s, (6.1.8)

which holds for arbitrary world—sheet dimension p + 1.

By eliminating the equation of motion of the auxiliary metric by gauge fixing it, the vanishing of its corresponded energy—
momentum tensor (6.1.5) becomes a (manual) constraint,

1 1
Top = Gag = 5Napn""Gro = Gag = Snlas tr G,

which implies the vanishing of its trace, tr T = n®*T,5 = 0 [2].

Assuming, without loss of generality, that o € [0, 7] is finite, variation of the string sigma model action yields the boundary
term

051 x —(00X - 6 XH|ger — 00X - 6 X|s—0)T
the vanishing of which defines the string topology, classified as:
closed strings: X*(r,0) = X*(7,0 + ) (periodic boundary conditions)
open strings:
with Neumann boundary conditions: 9yX*(7,0) = 9y X*(r,7) = 0, which respects dim X—Poincaré invariance,

with Dirichlet boundary conditions: Vu < dim X —p with p # 0, X#(7,0) = X} and X* (7, 7) = X* and Neumann
boundary conditions for Vu > dim X — p and g = 0, which breaks dim X—Poincaré invariance. The modern
interpretation of Dirichlet open string boundary condition embeddings are as Dp-branes (“D” for “Dirichlet”),
which, if space filling (p + 1 = dim X), respect Poincaré—invariance [2].

Classical solutions

Reparametrizing to lightcone world sheet coordinates,
1 — 1 1
of =740 with 0+ = =(0p = 1) and n = e T =—= ,
2 2\ 4
Nt N
the equation of motion (6.1.8) becomes (suppressing free indices)
O0X =0,0=09.0_, (6.1.9)

while the energy—momentum tensor becomes

T, T _ 0.X-9.X )

where the vanishing of the off-diagonal elements is tautological from the tracelessness identity for a flat world sheet metric
7.

The general solution of the equations of motion can then be expressed are left-propagating X and right-propagating X ~
on o strings as
X(oyT)=X"(07)+ XT(a™). (6.1.10)

The vanishing of the energy—momentum tensor as part of the world sheet metric equation of motion implies

O_ X -0_X =0and 9, Xt -0, X" =0.
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6. String theory

The general solution of (6.1.9) for the open string (with Neumann boundary conditions)
X(r,0) =z + lapT + 14 Z . m ™oy, exp(—wm) cos(ma), ag = £1p, (6.1.11)

where = denotes the center of mass of the string and p its free momentum. The closed string allows for propagating wave
modes, while the modes of the open string are stationary.

In what follows, we will refer to the open string only, for keeping the presentation brief. For the closed string similar results
hold with double the algebra, and level matching, further details can be found in [2].

The requirement that the solution is real, yields a_,, = ;.

Quantization
The non—zero Poisson brackets of X with its canonical momentum P =m0y X,
[PH(7,0)| X" (7, 0")]poisson = N (0 — o),
can be used to quantize the string by replacing Poisson brackets with commutators [-|-] — ¢[-|-] and the solution (6.1.11),

[ la] = mn™ G njo-

The Hamiltonian stemming from the Lagrangian £ of the string sigma model action (6.1.7) (hence forth denoted S; simply)
becomes

1 1
H=1Ly= <80X ~P—£1>2 = §m1<60X -0 X + O X '81X>2 = 52'“620(,” © Oy,
where Vm € Z,
1
L, = §Znez Qm—m * Oy (6.1.12)

are the Virasoro generators appearing in the mode expansion of the energy—momentum tensor. The first derivatives of the
string embedding are

1 1
0:X = S (00X £ 01X) = Sy Zm )

Ay, EXP(—2MN O
oy Om p(

yielding,*
1
Tiy =0+X -0+ X = 5@% E ez L., exp(—zmai)

The Virasoro algebra

The classical Virasoro algebra generators, with the quantum commutator notation satisfy Ym,n € Z,
[Lin|Ly] = (m —n)Lypin.

However the quantized Virasoro algebra generators shall have normal ordering, which is relevant only for

1 1,
LO B 5 ZnEZ P Qn O 2= §a0 + ZnEN O—n * Cn,

4The square of partial sums of a sequence o : N — R,

(07
ZnEN e
D en 2o DI Bl
(0% cQn = Oy, — cQn.
meN LeneN " meN L—n=0 " "

This formula extended over Z has unbounded inner sums,

ZmEZ ZnGZ Om * Qn = ZmEZ ZnEZ Om—n " On,

which roughly translates to summing diagonal slices over the infinite Z grid instead of horizontal /vertical.

becomes
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6.1. The bosonic string

as it is the only generator containing matching conjugate pairs of o modes, which in turn extends the classical Virasoro
algebra as

1
[Lin|Lyn]) = (m —n)Lyqn + 0 dim Xm(m? — 1)6m+njo — admo,

where a is a constant stemming from the normal ordering arbitrariness of Ly [2]. The central extension term added to the
classic Virasoro algebra stands for a conformal anomaly.

Closed strings

The extraction of the Virasoro algebra was done on open strings (stationary solutions) for the sake of simplicity. However
closed strings are of interest as they are the foundation of Type II (super)string theories which are of interest in this work.
Analogous to the open string solution (6.1.11) of the string sigma model equation of motion (6.1.9), the closed string (periodic)
boundary condition X (7,0 + ) = X (7,0) does not require left—-movers X+ and right-movers X~ to form standing waves,

2X*(0%) = 2 4 Liago™ + by ZmEZ* m~taE exp(—2umo®),

where now we get two sets of string modes ot and a~ respective to each propagation directions, resulting in two sets of
Virasoro modes L+ and L~ of the corresponding energy-momentum tensor, each set independently satisfying the Virasoro
algebra, while each set commutes with the other. Classically:

[L’I:EL|L1:’|L::| - (m - n)Lm+n§:t:t'

The conformal anomaly

Without going into details (see [2, 4] for further details), the Faddeev—Popov gauge fixing produces extra terms, the ghost
action
SEOS o (¢ b 4 ¢t by ) s

where ¢ is a vector ghost field and b a traceless symmetric antighost tensor field, with corresponding energy—momentum
tensor

1
T 4 = —Z(aicibii + 2Ciaibii>.

The Virasoro modes satisfy Vm,n € Z the extended algebra

S os os 1
[L§r}Ll%t|L§Lh t} = (m - TL)L%}LI_,'_TE - ém(l?)mz - 1)§m+n|0~

The total Virasoro modes Vm € Z
L;‘;tal _ Lm + L%lllost _ a6m|0

thus satisfy the algebra

1
[Liotal| Lfotal] = (1 — m) Lot Tp((dim & — 26)m” + (2 + 24a — dim X))d,,4.n)0,

where a is a constant correction on L stemming from its normal ordering arbitrariness [2]. The conformal anomaly (algebra
extension) vanishes for dim X = 26 and a = 1 for a bosonic string theory.

The aforementioned critical dimension for bosonic strings can be derived by studying the conformal anomaly of fermion ghosts
arising from the Faddeev—Popov gauge fixing of the string action.The general form of the conformal anomaly stemming from
a conformal analysis of a Euclidean version is

c(e,\) = —2(6A% — 61 + 1),

with € and A being the tensor ranks of each of the two ghost fields stemming from the gauge fixing.
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6. String theory

For bosonic strings, the two fermion ghosts have ¢ = 1 and A = 2 respectively, leading to
Chosonic = —2-1-(6-22—6-2+1) = —2(24 —12+1) = —2- 13 = —26,
which can be countered by the contribution of dim X bosonic (Apesonic = 1) dimensions,

Abosonic IM X + Chosonic = 0 or dim X' = 26.

A similar argument for string theory with fermions fixed to a superconformal gauge leads to dim X = 10. In superstring
theories two bosonic ghosts appear with e = —1 and A = 3/2, giving

32 3 27 11
cfermio,ﬁc_—2-(—1).<6-22—6-2+1)_2<2—9+1> =25 =11,

thus the total conformal anomaly is
Csuper = Cfermionic + Cbosonic = 11 -26 = —15,
that assuming contributions from both bosonic degrees of freedom (Aposonic = 1) and their superpartners (Atermionic = 1/2),

()\bosonic + )\fermionic) dim X + Csuper =0 or dimX = 10.

6.2. Fermions and superstrings

For string theory to be able to account for the standard model, a description and modeling of fermions is necessary. In string
theory, fermions manifest as a supersymmetry [2], and the two most common approaches to adding fermions are:

e the Ramond-Neveu—Schwarz (RNS) formalism which is world sheet supersymmetric, and
e the Green—Schwarz (GS) formalism which is spacetime supersymmetric.

In this section, the latter formalism will be presented which leads to related type II superstring theories. The foundation
is extending spacetime X to a superspace X @ UBN | where U is informally a vector space over a 1-dimensional Grassman
algebra instead of a field (definition 1.1.7), with dim#{ = 24™*/2 and A is the global factor to counting the number of
supersymmetric degrees of freedom (supercharges).

A first candidate

The (p + 1)—dimensional sigma model action

1
Sp = —5mp(V=det hh*P I, - Ig) 1y 5, (6.2.1)
also models the dynamics of a Dp-brane, where Vi € Zgim x, and Vo € Zgim 541,
I, = 0, X"

is the conjugate momentum for a bosonic string. Assume A supersymmetries, thus requiring NV d-dimensional Majorana
spinor embeddings, indexed as ©4?, VA € Zyr, and Va € Zgimy. Type II string theory exhibits ' = 2 supersymmetry, so
henceforth the supersymmetric component groups of © will be henceforth labeled ©F and ©~.°

Relevant to spinors is the Grassman (anti-commuting) algebra whose (dim & total number of) generators I satisfy (in matrix
representation notation) the (general) Dirac algebra.

{07y = 20", or LM T Yap = {T" 0T} = 20" Oab-

5These embeddings have opposite chirality in type IIA string theory and the same chirality in type I1IB string theory.
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6.2. Fermions and superstrings

In such a case, V) a Majorana spinor, ) = ¢TIy and V¢ another Majorana spinor and Vu € Zgim x»
dIMap +pIH ¢ = 0.

Of importance in a Dirac algebra with dim X generators is the chiral matrix

= s
H#GZdimX ’
for which, Yiu € Zaim x, {IT*|I"} =0 and I*I™ = 1.

Supersymmetry in the sense of transforming the super world hyper volume takes the form (fermionic vector index suppressed)
[59]
6.60F = ¢ and 6. X" = o(e THO~ —e" THOT), (6.2.2)

where € is the (here dim/~dimensional) antisymmetric tensor (here matrix) VA € Zpr—s.

The supergroup of transformations generated from Poincaré transformations and supersymmetric transformations (6.2.2)is
the super—Poincaré group.

The simplest supersymmetric extension of IT, for which dgupersymmetryZ] = 0 is |2, 59],°
", = 0, X" — (0 I'"0,0 — 8@ I'",0M).

It is prudent at this point to assume the N' = 2 supersymmetry that arises from type IIB string theory in particular. In this
notation, the two super world hypervolume embeddings (Majorana—Weyl spinors) ©F and ©~ are of equal chirality and one
can set © = O = ©~, which reduces the fermionic degrees of freedom by half. This comes down to IT#, = 9, X", indicating
that additional terms may be needed to represent supersymmetry in type IIB superstrings.

Kappa (k) symmetry
Notably the supersymmetric part ¢ has only half of its degrees of freedom independent (dimi//2 = 24 */2=1) [2].
This is modeled after the k—symmetry, defined from the transformations [2, 59],

o Vi € Laim x, 0u XH = 1(O T'M5,0 — @ I'H5,0%),

e 6,0 =2I"II1,*r*°,

o Vo, 8 € Zaim 541, 0x(vV— det hh*P) = —81(9,0 k=P P+7 — 87@+/<;+ﬁp+°‘7)
where Vo, 8 € Zaim 541, PT? = /= det hh®8 £ 8,
As a reminder, ¢ is the antisymmetric tensor, such that VA € Mgim v K,

det A = g1 %dim VAlal o Adim Voadim v *

For dimV = 2,

+1
€= ( ) and det A = saﬁAOO[AlB.
-1

Mind that eq5 = —£*? and e*7e 5 = §%;.

Corrections to the proposed Dp-brane action candidate (6.2.1) result is the full Green—Schwarz action, which consists of the
string sigma model equivalent action (that does not have x symmetry)

1
Sp = —5mp(V=dethh®* I, - g)rxx;,

6Indeed, bar boundary terms,

5. (07 8,04) = 6.0 19,04 + O '19,5.04 = EATH 9,04 + @ M 0neA = 90 (FATHOA) = 000 XH = 590 XM,
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6. String theory

and a separate part
AS) = —m1e? (10, X - (B T30 + @ I'9307)+ 0 TI'0,0% -0 I'ds0 s,
which is the missing part to the modification of the bosonic string action together with respecting the extra x symmetry.
Assuming type IIB strings (7 = O~ = 0), the xk symmetry simplifies to [59]:
® Vi € Zaim x, 0. X" =0,
e 6,0 =2I"II, K,
o Vo, 3 € Zaim 541, 0x(v/—det Rh¥P) =0,

and the full Green—Schwarz action becomes (I, = 9,X)"
1 _
SGreenfschwarz = Sboson + Sfermion = _§m< vV — det hhaﬁGaﬁ + 4z6a68aX . @F85@>T><E; (623)

where ©1'0,0 - OT'030 = 0 as a Grassman quartic term.

Compactification of extra dimensions

As explained in section §6.1. The bosonic string, superstring theory generally requires dim X = 10,® which is different from
the macroscopically observed and expected spacetime dimension of 4. In analytical string theory, the subject is approached
by studying the topology of the spacetime background, and looking for topologies that are compactified in the 6 extra
dimensions, in the sense that the characteristic scale of said dimensions becomes irrelevant at low enough energy (or large
enough length) scales, with the most prominent example that of Calabi-Yao n—folds.

The topic of string theory background topology goes beyond the scope of this work,” however, the motivation — compacti-
fication of extra dimensions — remains, and is the primary focus.

6.3. Matrix models

The Schild gauge

Integrating out the world—sheet metric by using its equation of motion (6.1.5) (see (6.1.6) as well), the original Nambu—Goto

action for the bosonic strings emerges,
Sboson = _m< VvV —det CYV>T><E-

For strings in particular (p = 1),
det G = "G, G1s = 27 (00X - 0, X)(01 X - 95X ) =
= 90, Men B0 X PO, XY 01 X 05 X = 0, Murn0o X 01 X700, XV 0; X, (6.3.1)

Note that
€790, X" 95X = 70, X 95X = 7095 X" 0, X = —7°0, X 05 X",

therefore flipping p and v with k and A,
N ea00 X101 X700, XV 95 X = 1aiun Qo X "0 X700, X 05 XV = —1umunOr X PO X 5e7°0, XV 05 X ™.
Splitting the term in (6.3.1) leads to[1, 59|,

2det G = n o HMHY, HY = P9, X195 X" . (6.3.2)

7 Abbreviating the string tension mj to m.
8M-theory, which is not presented in this text, closely requires dim X = 11, however the argument about compactification remains the same [2].
9See [2] for a good discussion of the matter.
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6.3. Matrix models

Recall that the Poisson bracket for two scalar functions f and g is given by [4, 59],

V= det h[f|g]poisson = € 0a fO39, (6.3.3)

therefore
2det G = det hn/u/nm/\[Xu |X'€]Poisson [XV|X)\]POisson =deth tI'([)(l)(]l)oisson : [X|X]Poisson)u

and the bosonic action becomes

\/§Sboson - _m<\/_ det h tr){([*Xv|){]l:’oisson : [X|X]Poisson)>T><E~
In a similar fashion, the fermionic action becomes
Sfermion = _QZm< vV — det h@F : [X‘@]Poisson>T><E~

The Schild action, defined on a different world sheet auxiliary metric gauge hschild,

4SSchild = <\/ —det hSchild(a(tr){([X|X]Poisson : [X|X]Poisson) - QZEU‘(F : [X|w]Poisson)) + b)>T><E
= <(\/ —det hSChﬂd)‘1anwnmeaﬁsﬁaaX”@BX“&YX”@(;XA — an,tua“ﬁaaX“Etr 65FV¢ + 4/ —det hschﬂdb>T><2, (6.3.4)

is equivalent to the Green—Schwarz action [1, 59].

Indeed, by integrating the auxiliary metric volume +/— det hgchild,

2/ — det hgchilg = \/7&[)71n#VﬂKAEaﬁ€75aaX”85X“87XV35X)‘ or \/72 det hgchilg = \/7(11)71 det G, (635)

and substituting the Schild world sheet auxiliary metric volume solution (6.3.5) to the Schild action (6.3.4), the Green—Schwarz
action (6.2.3) is retrieved for suitable a and b.

The N = 2 supersymmetry of the Green—Schwarz action manifests in the Schild gauge in two forms [1]:

e Homogeneous transformations (redefining ),

1 1
Sep = —i[X“|X”]poissonF”"e and 6. X = 1€l and € = 5(61 —é?),

that vanish for vanishing X.

e Inhomogeneous transformations (£ being complementary to €),
6 _ _ _ 1 1 2
cp=Eand 0:X =0, ¢ = 2(6 + €%),

that for vanishing X.
Note that Yu, v € Zgim x»

1
v =reprl = S

The corresponding bosonic and fermionic parts of the Schild action are (dropping the b term and redefining the coupling
constraint a = g~2),

1 1 —_——
S = Sboson + Sfermion = ig_2< v det htrX([XIX]Poisson . [X|X]Poisson)>T><E - ig_2< —det hw trX(F : [X‘w]l:’oisson»TXZ‘
(6.3.6)
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6. String theory

Varying the action of the bosonic model Shoson (Stermion = 0 and no supersymmetry),

4\/mg255boson = 6<7]Mu77m\€a55758aX‘uagXﬁa,yXua(;XA>TX2
= N Mere® 7% (606 X195 X 0, X" 0, X

+ 00 X 605X 0, X" 05 X
+ 0o X105 X550, X" 05X
+ 00 X" 05X 0, X 605X )y 5
= N Ae®P 7 (6" ,0, 0 X "0, XV 05 X
+ O X165 ,05°0, X" 05X
- Do XM0X" 6" 0,05 X
+ 0o X195 X" 0, X" 67 05)60. X" )7y x

= ((NpuereP e 95 X" 0, X" 05 X*
+ DA€ 0 X 0, XV 05 X
+ Nupere®PeP 0, X 05 X 05 X
+ N pe P 00 XD X0, XY )50 X P ) 5o
= (AP OB X " + 1 pre® 00 XM 0, XV 95 X
+ %P0, X 5 X" (MupMene 05 X 4 0 pe Y05 XY )00 X ) 5
= (N AP OB X " + My npre™0a X 1) H
+ HP(1,p0exe 05 X + 101 p7 05 X)) 60X P ) 1 52
= (HpneP0p X" + H,,pe* 0o X"
+ Hpe®05 X + Hype 0, XV)00 X )1y 55
= 4(H <0 X 60X ) x5,

where the matrix H is the Poisson bracket defined in (6.3.2). Integration by parts and discarding total derivative integrants
(turning to vanishing boundary terms)

V= det 0 Shoson = 9 2((0eH e 00 X ¥ + H 2% 0,00 X")5 X )1y .
Taking into account that e“*9.0, = 0,
V — det hésboson = 7972<56a85praaXM5Xp>T><E = 7972<[HPIL|XM]PoiSSon6Xp>T><E = 7972<[Hp#|XH}Poisson5Xp>T><2

or
(;Sboson = 7972<[[Xp|Xu]Poisson|X”]Poisson5Xp>T><Z = 07

leading to the bosonic equation of motion (free indices suppressed),

Um [XH| [XV |X]P0isson]Poiss0n =0.

The Lorentzian IKKT matrix model

The Green—Schwarz action (6.3.4) in the Schild gauge constitutes a hint on a model that can describe strings non—perturbatively.
In 1996, Ishibashi, Kawai, Kitazawa and Tsuchiya proposed a matrix model (IKKT model) as a regularization of type IIB
string theory as described by the Green—Schwarz action (6.3.4) in the Schild gauge [1].

The precise correspondence between the models is |1, 4, 59],
Type IIB string theory IKKT N-size matrix model
0 0
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6.3. Matrix models

X e xTx A € MyCH™ Y traceless hermitian
v eut™>* Y € MyCU™Y traceless hermitian
9> N
Z['|']p0isson [H

(V—=deth(-))rxs trrxs(°)

Recall that in type IIB string theory with k—symmetry, eliminating half the fermionic degrees of freedom gives

dimyf = 24m*/271,
The key points in this correspondence are:
e The dimensional reduction of the background to a point (effectively eliminating X'—derivatives).
e The discretization of the world sheet objects using hermitian matrices.
Applying these modifications to the modified Schild action (6.3.6),

1 1 _
Sboson = 1972< vV — dethtr([X|X}Poisson . [X|X]Poisson)>T><E - 5972< vV — det h¢ tI‘(F : [X|w]Poisson)>T><Ea

the (Lorentzian) IKKT action becomes
1 1—
5 = N trrss (A1) [AIAD + 5307 [414])

1 1 —
— Ntrgys <4mwnm (A A%[A7| AN + S0 BT [Aﬂw) (6.3.7)

where the A bosons are 10 N x N hermitian and traceless matrices, and I" are the 10 Majorana—Weyl representation 16 x 16
matrices. The fermion vector indices are exposed for clarity.

T x X hermiticity

The worldsheet embedding X is discretized by hermitian matrices by design of the IKKT matrix model so that the spacetime
generated is real in lieu of the real eigenvalues of the bosonic matrices A.

Relation to super Yang—Mills theories

The Lorentzian IKKT action at zero spacetime volume resembles the zero—volume N = 1 super Yang-Mills action (5.2.5),
where there is a direct correspondence between the N x N matrix structure of the N' = 2 type IIB superstring theory and
the /' = 1 super Yang Mills internal SUy gauge structure.'’

X dimensional reduction

The IKKT matrix model encodes the world sheet geometry in a new fuzzy object (the bosonic matrices A), being in line
with Connes’ approach to geometry via operators (matrices) [4, 70]. But there is more to the correspondence between the
IKKT bosonic matrices A and the worldsheet geometry X in type IIB superstring theory [5, 71].

10As briefly presented in section §5.2. Quantum Field Theory.
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6. String theory

Symmetries of the IKKT model

With the type IIB / IKKT correspondence introduced in [1], N' = 2 the supersymmetry transformations of the Schild action
become in the IKKT model (in full index notation)

1
0190 = QZ[A”AU]FWMEB and 01 A" =€, 1" s1p,

and
527/}a = 6(, and 52AH = 0“7
respectively.

Finally the gauge symmetry of the action is SUyC for both A and . The infinitesimal transformation ViU € suynC
(hermitian) is
5gaugewa = [ZU|'¢04] and 6gaLug;e14'u = [ZU|A'M] (638)

Finally, the model is translationally—symmetric,

5translation¢a = 0q and 5translationAu =o'l

Let Q7 and @2 be the corresponding supersymmetric generators, and P the translational generators, with
Q1 =Q1+ Q2= and @, = 1(Q1 — Q2).

By the equation of motion of 1,
I glAultbp] = Oa,

and up to gauge symmetry (6.3.8), it was shown in [1] and reviewed in [71] that,
[EaQ;l€0 Q)] = —20i58a ", 585 P, (6.3.9)

which stands for the full (on-shell) supersymmetry N' = 2 algebra of the IKKT matrix model, further hinting at the
interpretation of the eigenvalues of A a spacetime. From the fact that A/ = 2 supersymmetry is maximal in dim X = 10
dimensions, any theory with supersymmetry (6.3.9) must include gravity, provided it is unitary and has a massless spectrum
[5, 71].

The Euclidean IKKT matrix model

The Wick rotation of the Lorentzian IKKT action (6.3.7) involves the following modifications:'!

Lorentzian FEuclidean
A 1 A1
Iy (AT
n metric signature change 1
index in Zgim x index 0 — dim X index in Ngjm x

For the Pauli matrices

+1 +1 +1
oo=1, 01 = , 09 =1 and o3 = ,
+1 -1 -1

1 Mind the use of lower indices for the Lorentzian analogs.
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the representation for the gamma matrices I' of the Euclidean model is chosen as (I'y shown for completeness)

Iy =100 Q® 09 ® 09 R 0g.
I'hs =109 ® 09 ® 09 ® 01,
Iy =100 ®01 ®02 ® 0,
I =102 ® 09 Q01 ® 03,

Is =101 ® 09 ® 0g ® 0y,

It =109 ® 09 ® 09 ® 03,
I3 =109 ® 09 ®op o3,
Is =109 ® 03 ® 02 ® 0y,
I7 =109 ® 0oy ® o3 ® 09,

Iy =103 ® 09 R g ® oy,

I'o =09 ®og®og & 0g.

The Euclidean IKKT action then becomes (all lower indices now)

S = Sboson + Sfermion

1 1— 1 1—
= Nt 7.5 (10l ALANA] = 5BuTyasl i) = N s (HALAIAA] - 55uMoss ). (6310

where the linear antisymmetric fermion operator M is defined Vi by

(M)a = Lap[Aults]-

M is an N2dimi x N2 diml matrix, traceless on each of its N x N submatrices indexed by its non-spinor indices,

Maaargorr = Maaa oy — Saar ManNgoy — Oobr MaaasNN + MaNNENNOaa Obb s

where

Maaa’ﬁbb/ = F,uocﬁ (A;La’béab’ - Aub’a(sba/)~

Integrating fermions out of the corresponding Euclidean partition function,

7 = /DAD@quexp(—S) = /DAeXp(—Sboson) pfM = /DAeXp(—SeffeCtive),

where for an antisymmetric matrix like M, pf(uxTxg)z M = /detyyxrxx)> M, and

Seftective = Sboson — IOg pf(uxTxE)2 M =5y - rarg pf(uxTx2)2 M,

with SO = §):E‘S’effezctive — Sboson - IOg | prx{XTXE M'

Dynamical compactification of extra dimensions

(6.3.11)

(6.3.12)

The advantage of studying type IIB string theory is that it admits regularizations (prominently the IKKT matrix model) that
can in turn be studied non—perturbatively via finite—size—approximation simulations. One powerful aspect of the IKKT matrix
model in the zero—volume limit is the dynamic emergence of spacetime, and as such it is expected that the compactification

of the extra dimensions will also occur dynamically.

The bosonic matrix A

Each of the bosonic matrices in A stands for each of the 10 spacetime coordinates, so each array of eigenvalues shall represent
an event in such spacetime. However, as is evident from the IKKT action, the induced geometry is non—commutative (a fuzzy
one), which means that said bosonic matrices cannot be concurrently diagonalized to yield a clear cut event in spacetime. In
fact, non—commutativity translates to an uncertainty in the coordinates of an event, hence called a fuzzy event.

VA € MyC, and Vg € GLyC,

trrxx A =trrxyadg A = trrxs(gAg™h).
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6. String theory

However A € suyC as hermitian and traceless, thus the requirement that ad, A remains hermitian,
(adg A)T = (gAg™")T = (97")1 Ag" = gAg™" = ad, A,

requires that Vg € GLyC, g~ = g, therefore g € UnC, which defines the internal matrix symmetry for the bosonic field A.
Recall that dim UnyC = dimuyC = N? and for a base £ in uxC, and Vg € UnC,

g = expigala.

The spacetime symmetry

A Euclidean spacetime is manifestly rotationally symmetric, hence a solid indicator that the 6 extra dimensions in type
IIB superstring theory — and by extension in the IKKT matrix model — are compactified, is the spontaneous rotational
symmetry breaking SOgim x — SOp, with D < dim X.'2

The eigenvalues of the (symmetric) moment of inertia matrix,

Ay = N trpg o (ALAL), (6.3.13)

provide a length scale for each of the dim X’ extends of spacetime. It is ex-
pected that for an isotropic dim X—dimensional spacetime all dim X eigen-
values are identical. Note however that an anisotropy in specific spacetime
directions has no preference in direction become different, therefore when
averaging said eigenvalues, in a Monte Carlo simulation for instance, the
broken symmetry may disappear as the differences among the eigenvalues
cancel out when averaged with random orderings. To circumvent this, the

<Ay>g

0 0.05 0.1 0.15 0.2

1N ordered vector of eigenvalues is measured in expectation instead, so that

differences have an added effect, if any or at all. This is possible for hermi-

Figure 6.3.1.: The expectations (\)g with tian A, because in such a case A is hermitian too (and positive definite at
respect to the partition that), thus having real positive eigenvalues.

function of phase—quenched
model Sy, for various ma-
trix sizes N and their ex-
trapolation to N — oo, at
which point all eigenvalue
expectations converge to a

single value [13]. Isotropy in the phase—quenched Euclidean IKKT model

In the case of generally complex A,'2ordering has to be done by criteria
matching that of the expected physical measurement. This most of the
times means ordering eigenvalues of A by their real part, but using their
modulus is not uncommon.

As described in chapter 5. Field theory, a complex action is a source of

problems when studying the corresponding system via Monte Carlo meth-

ods, that rely on the action to define sampling probabilities. One approach
is to use the phase—quenched model, named as such because the imaginary part of the action produces an imaginary phase
in the partition integral Z.

It has been shown in [13] that the phase—quenched model has no symmetry breaking, i.e. after reducing the breaking order
parameters added to the model initially, the full SO19 symmetry is restored, at finite scale £2 ~ 0.4, which is consistent
to the analytic result /2 = 0.383 of the IKKT model studies wither the Gaussian Expansion Method [16, 17], as shown in
figure 6.3.1 [13].

Therefore the imaginary part of the action may be responsible for the spontaneous anisotropy by which 4 large dimensions
out of 10 shall emerge. The first milestone of this research is to explore the full Euclidean IKKT model, in search of such
anisotropy, as a numerical indication that the IKKT model is indeed a good candidate for type IIB superstring theory.

12See section §1.3. Differential Algebra for details on symmetries as matrix Lie groups.

I3For example in the complexification of the Langevin process, see section §4.2. Complexification for a generic treatment of complexification.

141 the context of the complex Langevin method, the real part is preferred, because it is expected that the imaginary part eventually vanishes at
thermalization of the process.
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6.3. Matrix models

Euclidean IKKT variants

The Euclidean IKKT model may be defined for dim X < 10, which reduce to simpler toy models, which are a priori expected
to exhibit a similar spontaneous rotational symmetry breaking. The ones with a convergent partition functional are the 4—
dimensional [19] and the 6-dimensional [14] toy models. For these two models it is detry s M that appears after integrating
the fermions out instead of pf,, 5 M.

The fermion dimension for even spacetime dimension dim X is 24™*/2=1  Ag shown in [7, 19, 21], the dim X = 4 model
exhibits no spontaneous rotational symmetry breaking, leaving the dim X = 6 toy model as the only viable candidate for
testing the dynamical compactification hypothesis.

For dim X = 4, the corresponding gamma matrices are I, =10, Vi € {0,1,2,3}, where I’y = —uIp, or
I'v =100, I7 =101,
FQZ’LO'Q, FgZZCTg,
F4 = 0yp.

The corresponding fermion determinant detyy sy M is real for this model.

For dim X = 6, the corresponding gamma matrices are

Iy =100® 09, [1 =101 09,
I> =102 ®02, I3=103® 02,
Iy =100 ®o01, I'y=100® 03,

I =0¢® op.

The corresponding fermion determinant detry s, M is complex for this model.
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7. Methodology

7.1. The Gaussian Expansion Method (GEM)

Concept

Hereon the Euclidean IKKT model will be used for reference as is developed in [22, 23]. The full Euclidean IKKT action
(6.3.10), written in dim X—agnostic but N—dependent form,! is

S = Sboson + Sferrni0r17

with 1
Shoson = _ZN trrx o[ApAu][AL AL, (7.1.1)
and 1 7 1 7
Sfermion = —iN trrx s Yo Mapths = §N trrx s Yol uaplApls]. (7.1.2)
with a moment of inertia tensor (6.3.13)
Ay, = N"1tr(A4,A,), (7.1.3)

generating the ordered eigenvalues as order parameters for the spacetime extends.

In terms of bosonic degrees of freedom, the theory has manifest SOgip, ¥ sSymmetry, while in terms of internal string (here
finite size N x N matrix) degrees of freedom, SUy is manifest.

A perturbative analysis of a (quantum) field theory? relies on the action of the theory having a known or analytically
solvable part, which is usually quadratic in terms of the fields, generating a Gaussian term in the partition function which is
analytically integrable. Mass terms in the action of most common quantum field theories are such.

The particular (Euclidean IKKT) model does not contain such a term on either Sposon O Stermion- The main idea of the
Gaussian Expansion Method (GEM) is to introduce such a Gaussian term Sp in the IKKT action,

S = Scem — So or Scem = S + So,
treating Sqrwm perturbatively and —S as the one-loop counter-term.® The requirement that S is Gaussian leaves a lot
of parametric freedom on which results of the corresponding theory are expected to depend. The generic ansatz of GEM
(effectively) is that such a dependence has plateaus, which are interpreted as effective parametric independence [22], as results
are expected to be independent from the parameters defining the artificial Gaussian part.*

Gaussian action
Bosonic

The most general bosonic Gaussian action term in the context of an N—size A-bosonic matrix model that respects both the
matrix internal SUy and the bosonic rotational SOgjy, ¥ symmetries is

1 1
SO‘boson = §N2 trX(]]. . A) = 5]\/.25#,,/1#”.

IRecall that possible values for dim X < 10 with a convergent IKKT partition function are 4, 6 and 10.
2Not presented in this text, see [69] for details on perturbative analysis of quantum field theories

3TFor details on renormalization in quantum field theories, see [69].

4See chapter 8. The Euclidean IKKT matrix model for specifics on each model explored.
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7. Methodology

As explained earlier in section §6.3. Matrix models, and in context with the fact that dim X = 10 in type IIB superstring
theory, the necessity to compactify the extra 6 dimensions to yield a 4-dimensional (euclidean in this case) spacetime as part
of superstring phenomenology, requires to manifestly break SOg4iy x in this model, adding parametric freedom to the bosonic
Gaussian part (by replacing 1 — mboson),

1 1 1
SO|boson = §N2 try (mboson : A) = §N2mboson‘,uu/1uu = §Nmboson|uu trTXZ](Ap,Au)7

where mposon 1S @ (bosonic mass) parameter matrix imposing anisotropy in the bosonic degrees of freedom. Assuming the
moment of inertia matrix ) is always diagonalizable as a real and symmetric matrix,” the mass parameter matrix can be
reduced to a mass vector corresponding to the moment of inertia eigenvalues hereon labeled with a single (bosonic) index,
yielding a bosonic Gaussian part

1
Solboson = §N2mboson|u)\u- (7.1.4)
To simplify, the following replacement can be made
Ay =N""trpus A2, (7.1.5)

effectively using a manifestly diagonal bosonic Gaussian action term independent of bosonic representation, without loss of
generality, as it is also Gaussian and has the same parametric freedom as (7.1.4).

Fermionic

The fermionic Gaussian part assumes a similar form,

SO |fermion = Nmfermion|a6 trrx s (aaw,@)

Note how Miermion Only corresponds to dimif degrees of freedom, in contrast to M corresponding to dimi/ x N x N degrees
of freedom. As expected Mgermion shall depend on I' matrices, though it depends largely on dim X and how it affects dim U
and fermion representations.

Observables and the free energy

The path integral Z can be renormalized in terms of the Gaussian path integral Z; as

Z = Zo(exp(—(S — S0)))o, Zo = (exp(—5So))o,
in a logic similar to that of reweighting, effectively treating exp(—S) as an observable (functional).®
The Boltzmann factor expands as

(exp(—(S — So))ho = S

n=0 ﬁ

(1S = S0 =14 30 1) — So)™)

with
n!

<(S - SO)n> = <(Sboson - SO + Sfermion)n> = Zk:O m«sboson - So)n_kségermion>0

In the free energy (log1 = 0),

S n 1 _
—F = lOg Z = IOg ZO + 10g (Zn:1<—1)n Zk:o m<(5boson — S())n kakermion>0> (716)

51t is real because Vi € Ngim x» A, is hermitian thus trry s Ay, € R (not to mention traceless, thus trry s A, = 0), and thus Vv € Ngim &,
trry s (ApAy) € Ralso. VA, B € MyC hermitian matrices,

6See section §4.4. The complex action problem on reweighting.
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7.2. Complex Langevin Method (CLM)

the effect of the logarithm is to reduce the sum expansion of all correlators (-)o (higher order expectations) to connected
correlators (-)o|connected, corresponding to connected Feynman diagrams [22, 23], leading to an expression of the form

oo n n— 1 n—
—F = log Z() + Zn:l Zk:o Ck<(Sboson - SO) kaQCIimion>0|conncctcd7 Ck X m(fl) k-

Observables assume a similar expansion,

O = <O>O + Zzozl Z::O CVIC<O(Sboson - SO)n_ka%imion>0|Connected~

Any finite order n € N, truncation of (7.1.6), is dependent on Sy and thus is a parametric calculation of m and A. By the
generic GEM ansatz, stationary points satisfying

0 0

F =0, Vu € Ngjm x and F =0, Va,B € Zaimu,
ar’nboson|,u

87nfe1rmion | af

that are also forming qualitatively dense regions in the combined Mmposon and Mgermion Parameter space is sought.

GEM broken symmetry ansatz

The dynamical compactification of extra dimensions as a broken rotational symmetry of the bosonic matrices A, SOgim ¥ — SOp,
D < dim X, can be simulated in GEM context by proper parametric adjustment of Sg. The most trivial example is setting

mboson',u =m VM S Ndim){ and Mfermion = 0,

leaving SOgim x unbroken.
In general, reducing SOginm, ¥ may leave residual symmetries in the remnant directions, usually in the form of either
SOp x SO¢ with C < dimX — D or SOp X Z¢ with C <dimX — D, and D < dim X,
where SO¢ corresponds to reminiscent rotational symmetry on the compactified dimensions, and Z¢ corresponds to exchange
symmetry on said dimensions. These specific symmetry partitions have been studied extensively in [22, 23].

It is worth noting that in all models, the parametric freedom of Sy is restricted by descending ordering of the bosonic masses

mboson|/_t~

A free energy corresponds to each ansatz, and the one (in a parametric plateau) showing the smallest free energy can be the
true vacuum, assuming the ansatz search space is exhaustive.chapter 8. The Euclidean IKKT matrix modelcontains specific
results on the vacuum with the lowest free energy of the models under study.

7.2. Complex Langevin Method (CLM)

The main conjecture for the Euclidean IKKT model is that the imaginary part of the action due to (integrating out)
the fermions is responsible for the spontaneous rotational symmetry breaking standing for the compactification of the extra
dimensions in string theory; specifically SO19 — SOy, for the original type IIB string theory model, standing for the emergence
of the macroscopically observed 4-dimensional spacetime.

In this section the application of the complex Langevin stochastic calculus is applied to type IIB string theory in the context
of its IKKT finite matrix regularization.

The Euclidean IKKT effective action reads

. 1
Seffective = Sboson - log pf(uxTxL‘)? M with Sboson = _ZNtrTXZ‘([Ap,‘AV][Au|AU])a (721)
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7. Methodology

The bosonic part, becomes

1 1
Shoson = —ZNtrTxg([AMA,,] [A,|AL]) = —ZNtrTxg((AMA,, - A A (ALA, —ALAY))
= _%N trrw s (AL A ALA, — AVALAVA, — ALALALA + ALALALA)

1 1
= SN tras(A A A A, = A A ALA) = =N trrs (A, AulA))AL),

whose (complex) derivative is,”

0 1 0
WSboson = 7§N tI'TXE W(A[.LA,LLAVAV — A#ADAuAU)

- _%N trTXZ(Q(AoAVAy + AHAHAO> - AquAu - AHA,LLAO - AOAVAV - AMAOAM)
= %N trrw s (AeAy A, — 24, A0A, + A, ALA,)
1 1 1
= —oN e ([Ao]Au] Ay — Au[AolAu]) = =5 N trrws([AolAu]|Au] = =5 N trrxs[Ap][Au|Ao]],

where A,, are hermitian and traceless /N x N matrices, for which AL =A,or A, = A;,

Y.

Similarly, the derivative of the fermionic part is

0 0 1 0 1 0
wsﬁermion = _mloegpf(L{xTxZ‘)Q M= —5@ log det ¢yxrxx)2 M = _§ﬁ trxTx 22 log M

1 0 _
= —5 tr(Z/lexE)z (%FMM 1).

which defines a (complex) Langevin equation,®

1
AA, = v, AT+, VAT with drift v, = —a%seﬁecme = - troxs (N [Au[[A[Ap]] + try
y7s

5 MM—1>, (7.2.2)

0
AT
0A,
and a Wiener process generated discretely by hermitian n, with o = V2.

Consistency in the complex Langevin process (7.2.2) demands that A € MyCY™¥ je. hermiticity is broken, and A is
complexified.’ Derivation with A* and AT is the same when A is hermitian, so whichever is chosen when complexifying A
leads to a valid extension of said Langevin process. In this study, AT was chosen.

Observables are evaluated as estimated means on (thermalized) sample paths of the stochastic process generated by (7.2.2),

Zn>n0 O,AT,
Zn>no AT" .

The reason for reaching thermalization first is the fact that a field theory is the stochastic limit at equilibrium of a correspond-
ing stochastic process as approached by stochastic quantization.'® Note that summation is performed after thermalization
time ng € N, which stands as an approximation of the 7 — oo equilibrium limit.

(0) = (7.2.3)

The continuum limit A7 — 0 corresponds to the expectation values averaged with the noise probability density 7, which
correspond to the expectations defined by the Fokker—Planck probability density given by (4.4.2). Assuming a total duration
of T, one can formally write

T
(O) = limr_s o <T1 limr, oo / drO(r +¢o)>. (7.2.4)
0

7See section §4.2. Complexification for details.

8Note that tracing A is different to tracing M.

9Note that tracelessness of A is maintained nonetheless.
10See chapter 4. Stochastic Quantization for details.
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7.2. Complex Langevin Method (CLM)

Holomorphicity of O is crucial in the validity of estimator (7.2.4) [35, 36, 37] in the context of the complex Langevin equation,
a results that otherwise stems from stochastic quantization (real Langevin) [16, 32, 68].'!

Stepping

For the transient phase of the Langevin stochastic process, an adaptive step size scheme is adopted to reduce the probability
of instabilities to flourish under discretization of the process. The drift term is the only one responsible for such divergences
therefore its amplitude

B) 2 B 2
2 i _ .
||UH X= ZH aAI Seffectlve ZH Za Zb aA#ba Seffectwe (725)

is expected to guide the time stepping routine Vn € N as,

ATy [vnll < [[voll Vi < no,

AT, = U,

"= aro Lol s gl A > o,

[[vnl

where ng is the number of steps after (adequate) thermalization of the process. Estimators (7.2.3) are computed over the
thermalized time history only (n > ng). A7y is taken as small as possible, but it is cut off by requirement of thermalization,
as too small a time step requires too many iterations per simulation to thermalize.

Validity of the complexified Langevin method

A necessary condition according to [38] for (complexified) estimators which are basically functionals of the (complexified)
Langevin process A, to converge to the corresponding observables at equilibrium, is for the drift norm (7.2.5) to vanish
asymptotically faster than exponentially, hence the drift norm is an extra quantity in need of monitoring, to validate or
discard a run.

As assumed in section §4.4. The complex action problem, an observable O shall admit a holomorphic extension O as part
of complexification of ¢ into ¢. While this also includes an extended Hamiltonian A, the expectation of O obeys the real
version of the time evolution (4.3.3)

.(0) = A(D) with (Ou) = (D(60) for ¢ = 6(m) and -0 = ~A o

with formal solution

(O) = : exp(1.A):(Oy),
where expectation is assumed over the real probability Fokker—Planck distribution ¢ (and not the complex one @), and

TTIAH

neN  nl

exp(TA) = Z

)

with notation : A":, ¥n € N, denoting the reordering of all V operators in A" to the right.!?

For O holomorphic, AO = AO [38], allowing the redefinition

(0) = exp(rA):(00) =3 T (. A"0y), (7.2.6)

neN n!

where placing the expectation inside the exponents, reduces the expectation of O to a power series.

I Averaging is properly done with the noise density 1, however 7 is stationary (and a Wiener process behind it at that) therefore noise sampling
is equivalent to sampling one noise process over stochastic time 7.
I2Per the example in [38],
(f+0)2=f2+ fO+0f + 02 versus : (f + 8)%: = f2+2f0+ 52,
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7. Methodology

Vn € N, the integral (: T:@@Q has maximum contributions from the dependence of A from the drift v of the corresponding
Langevin process. The drift v lives in the configuration space of ¢, and as such, it may have a norm ||v||.

Let
p(u,7) = (§(l[v]| —u))
be the probability distribution of the drift norm. Assume

(=0

Jk € Ry and 3Ing € N such that ¥n > ng, p(u, 7) ~ exp(—kn) = Z N
n n!

(7.2.7)

For such a drift norm distribution, contributions to (7.2.6) become (expectations over p this time)

n!
(ol ~

yielding an approximate radius of convergence « for the power series (7.2.6) [38], making (7.2.7) a sufficient condition for
validity of the complex Langevin method.!'3

In figure 8.1.1 and figure 8.2.1 in chapter 8. The Euclidean IKKT matrix model, examples of valid and invalid simulation
runs can be seen when applied to toy models.

Fermion action and noisy estimators

The fermionic drift can be evaluated using any complex stationary stochastic process (noise), whose instances 1 € V satisfy
(n"n) =1, as

tr M = MgaarAaa’ = 0 Aaa’ Boy M Aaa'Bby = (MaaaMBob ) FM Aaa’ Boy = (Mhaar M Aaa’ Boy Boe) = (1" Mn).

The fermionic drift term becomes
t 2 MM « 9 My ) with M
T = = .
MM is hermitian and positive definite, therefore — assuming invertibility of MTM — equation

MIMx = My,

is computationally solvable using the conjugate gradient method (also see section §1.4. Numerical linear algebra methods).'*
Operations of M or MT on fermions are optimized by its definition (6.3.11) [7], as we did in [14, 15].

Bosonic field hermiticity and gauge cooling
The original theory assumes Vp, AL = A, (hermitian traceless matrices), however Secgective being complex breaks consistency
in the Langevin equation (7.2.2), and A bosons require complexification, becoming generic traceless matrices in M C.

Upon complexifying a hermitian traceless matrix A, its eigenvalues turn from real to complex, however, (by choice) the
matrix can be (and is in this work) kept traceless. VA, B € MyC with tr A = tr B = 0 (based on the previous assumption),
tr[A|B] = tr(AB)—tr(BA) = 0, due to the cyclic property of the trace, hence the bosonic drift is traceless as well. By a similar
argument about the original tracelessness of A, every N x N submatrix of M remains traceless as well after complexification.

The symmetry group of trry s on MyC is GLyC, in consistency with the complexification of UxC (table 1.3.2 on page 27).
dim GLyC = dim gl C = N? still, and for a base ¢ in glyC, and Vg € GLxC,

g = exp gola = exp(Rg, + 1394){a.

13The argument presented here is a qualitative non-rigorous short version of the argument developed in [38, 42].
MMWhen expectation values accumulate near 0, the conjugate gradient method may be slow to converge.
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7.2. Complex Langevin Method (CLM)

The Frobenius matrix norm extended to tensor field A as
JA—AY|? oc N trpy (A, — ADT(A, — AL) = =N rp, (A, — A2,

is a good measure of hermiticity of A.

To avoid unnecessary excursions of the Langevin stochastic process in the imaginary direction, the gauge symmetry of the
effective action is utilized, to minimize said hermiticity norm.

VA € MyC traceless, (A, — AL)T(AH — AL) € suyC, ie. is always hermitian and traceless. The trace of such matrix is
invariant only under arg g = exp1Sg,f, € UnC, therefore |g| = exp Rg,l, generates a variation. For a boson A,

AA = |g|A|g|71 - A= eXp("'%gaga)AeXp(_%gaéa) — A= Rgalo A — ARG Ly = Rga [ea‘A]a
and for its adjoint,
AAT = (|g|A|g|71)Jr — Al = eXp(—%gaﬂa)AT eXp("'éRgaéa) — At — AT%gaga - §RgagaAJr = —%ga[MATL

leading to a variation in the norm

AllA = AT|? oc =N trpsen (A — ARDA(A, = Af)) = =N~ trrws (A — AL (Rgallal Al + Rgalla|AL]))
= —N""trru (A=Al (Rga[lal A+ AlD)) = =N 7' Ry trows la[A— Al |A+AL] o< N7'Rgq trrw s La[Au|Al] = RgaGa.
For UnC,'® the base matrices satisfy £ope @ Lade = Ipeded.

H x —¢,G, sets the direction of steepest descent along which a minimum is sought,

Hab X *gcach = *Nilgcabecde [AplAL}cd = *Nilaaeabd[Ap|AL]ed = *Nil[A,u‘AL]aba

1

so a new B = gAg~! with g = expyH and ~ that minimizes | B — B'||?, which for fixed A is a function of ~.

Gauge cooling as it is called [41, 42, 44] modifies the discretized complex Langevin process by adding an intermediate step
16
as,

B(1) = g(1)A(1)g~ () and A(T + A7) = B(7) + Atv(r) + VATH(T) with g(1) = exp(—yNL[A(7)|AT(7)]).  (7.2.8)

Spontaneous SOy;, v+ symmetry breaking mechanism

In introducing a symmetry breaking mechanism to the model, the diagonal elements of the moment of inertia matrix A as
in (6.3.13) are used, indexed only once, to avoid confusion with the Einstein index summation convention (definition 1.1.16).
The eigenvalues of the moment of inertia matrix A are non—holomorphic functions in the complexified A domain, while on the
other hand the diagonal elements of A (denoted with A) can equivalently be used for breaking the rotational SO;y symmetry.

The symmetry breaking term is controlled by a global parameter e € Ry as [14, 15, 18]

1 1
2 2
ASboson = §N 5mboson|u)\u = iNemboson‘/L trrx s A“a

where the bosonic masses in mposon define specific symmetry breaking parameters. Note that if m, = m, Vu,v € Ngim x,
there is no explicit symmetry breaking. Adhering to the condition of ordering the values of the order parameter, bosonic
masses have to be ordered too.!”

Smaller masses correspond to larger extends, therefore the vector mpeson is usually chosen with increasingly ordered compo-
nents.

15 Correspondingly, for SUNC, Lape ® Lade = Opeded — N 10pe0de
16The one free index is suppressed here to avoid confusion with Einstein summation indexing.
17This term is precisely the Gaussian term S0/boson found in the GEM, see section §7.1. The Gaussian Expansion Method (GEM) for details.
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Fermionic singularity and mass shifting

As seen by the differential equation (7.2.2) of the Langevin process A, the drift is singular due to the fermion matrix M
being manifestly non—invertible as antihermitian and (multiple times in each fermion sub—block) traceless. The eigenvalue
spectrum for M is centered at the complex 0. To circumvent the singularity, the spectrum of M is separated away from 0,
along one direction with the use of an fermionic mass deformation [14, 15, 18]

1
ASfermion - §Nmfermion trTxE(wa’YOzB(F)wB)a (729)

where 7 is generally a 10-dimensional polynomial matrix function of I" matrices, depending only on the fermion indices. The
most typical examples are linear choices in one specific direction, for example v = I'yim x or v = Lgim X_gIﬁm x—2oldimx—1
combining 3 directions in one cubic term. Absorbing the effect of the fermion mass into the fermion matrix M as in (6.3.12),

M(xaa’ﬁbb’ (m) = Maaa’ﬂbb/ + mfermion'YaBaab’ 5a’b7
it is understood that - has to preserve the anti—symmetry of M as well.

In figure 8.1.2 and figure 8.2.2 in chapter 8. The Euclidean IKKT matrix model, examples of how the spectrum of the fermion
matrix M is shifted towards a specific direction in the study of toy models.

The purely bosonic model

Deformations like (7.2.9) have a theory—landscape effect. The limit mfermion — 0 corresponds to the original theory, while
the limit Mmtermion — 00 decouples the fermions from the theory resulting in a purely bosonic IKKT model, which is expected
not to show any spontaneous symmetry breaking.

Primarily, the purely bosonic Euclidean IKKT model
1
Sboson - _thrTXZ'([A;AAV] [AM|AV])

has no complex action (problem). Numerical simulations have shown that both the bosonic, and the full but phase-quenched
model show no spontaneous symmetry breaking indicating that (at least) for the Euclidean IKKT model, the imaginary part
of the fermion determinant/Pfaffian is responsible for the spontaneous symmetry breaking.

Degenerate configurations

It has been shown in [19] that the expected broken symmetry of the IKKT model does not go below SOz. This is evident for
dim X = 10 by the result pf M = 0 for configurations with A3 = Ay = ... = Agim x = 0 [16]. More generally, pf M gradually
takes a simpler form as the dimensionality of the configurations is decreased. Adopting the notation in [19], VD € Ngim x,
the set of all D—dimensional (degenerate) configurations can be expressed as

Qp ={A,|3n € RIM¥ =P @ RIMY guch that Vi € Ngim v—p, nil, A, = 0}.

These configurations are by definition spacetime directional, in a specific subspace of lower dimension D.
In [19] it is shown that:

o for A € (29, pf M € R,

o for A € 2, pf M >0,

o for A € (25, pf M =0.
Similar arguments hold for dim & = 6:

o for A € (25, det M € R,

o for A € (25, det M = 0.
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7.2. Complex Langevin Method (CLM)

The method used in [19] was to replace the fermionic part of the effective action by
I'=RI[+8T = logpf(uXTXE)z M

with lim, oo (RI'+wST), in effect extremizing the imaginary part of the action and forcing configurations for which exp w31
becomes stationary. Specifically for 2 < D < dim X — 2

dimX—-D (O ST =0
Hi:Q aAIM\S -

which implies that the lower the dimensionality of the configuration A, the more stationary the complex phase of the effective
action is [14, 19]. For D = 2, pf M = 0 and lim, o (RI" + wST) is ill-defined, indicating that {25 is a lower bound for
degenerate configurations. With this argument, the symmetry breaking mechanism SOg4im ¥ — SOp is not expected to go
below SOs. In fact, SO; is also prohibited.

Holomorphic Observables

As has been mentioned earlier, the complexified moment of inertial A is non—holomorphic, which leaves a question about the
applicability and correctness of the CLM, in accordance with the strong criterion developed in (7.2.7) [38]. Since the criterion
is only sufficient, there is room for the applicability of the CLM provided an equivalent (and holomorphic) observable is
found. For the Euclidean model [14, 15, 72], the diagonal elements where used as observables

Ay = Ay, (no summation implied)

instead of the true eigenvalues of A. however there exists an equivalent and holomorphic extraction of the (ordered) eigenvalues
of A with the help of the characteristic polynomial of A and its Vandermonde matrix.

Let the characteristic polynomial of A reads VA € C,

dim X . dim X .
XA(Z) = det()\]l — A) = anl ()\ _ )\n) — )\dlmX + anl an)\dlmX—n’

meaning _
ag=1,a; = —tr A = A, (summation implied as usual) and agim x = (—1)7™ ¥ det A. (7.2.10)

The Vandermonde matrix approximation

The Vandermonde matrix Vz € CHim &
2 pdim X
V(z) =
dim X
Zdmx T ZQim

The remaining coefficients after (7.2.10) are then the solution of the trimmed Vandermonde system

29 Zcziim X -1 as X*A(G'Q)
Zdimx—1 o zamad Qdim X—1 X (Gdim x—1)
with
Zn = Zmax + (Zmin — Zmax)(dim X — 3)"H(n — 1) with 2z, = (1/2)1/(”_2) and Zmax = (3/2)1/(”_2)7
and V) € C,

XZ(A) _ XA(A) o ()\dimX + al)\dimel +adimX) _ XA()‘) o ()\dimX 7tr/1)\dimX71 + (71)dimX det/l)
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7. Methodology

Exact solution

In [73], recursively exact solutions of the characteristic polynomial coefficients are extracted as summations and products of
trace expressions b, = tr A™,'® Vn € N, special cases of which are found in (7.2.10).

As shown in 73], Vm € Zdim x+1,

Zm_o nbm—n =0, (7.2.11)

leading to a recursive over the matrix size dim X € N definition of characteristic polynomials,
A —by, dim&X =1

)\Q—bl)\ -‘1-2_1(()%—()2), dimAX =2
A3 — bl)\Q + 2_1(1)% — bg))\ — 6_1(19113 — 3b1by + 2b3), dimX =3

It is interesting as observed by [73], characteristic polynomial coefficients grow statically as the matrix size dim X' grows,
forming a sequence over dim X. Expanding equations (7.2.11),

—10,1 = bl,
—2ay = biay + by,
—3&3 = b1a2 + b2a1 + bg,

Grouping the last set of equations into a power series,

ZnEN na, " = — ZmeN bmr1x™ ZnEN anpx”. (7.2.12)

In accordance with [73], let the generating functions for the sequences a and b of the characteristic polynomial and traces of
powers of the matrix A be

fay=3" ana"andg(@) =3 bmpra", (7.2.13)
such that on o
an = (n!)*lwf(()) and b,y1 = (n!)*lwg(()), vn € N.

Replacing (7.2.13), (7.2.12) becomes the Cauchy problem

9
ox

=exp| — d
flx)=e p( /0 g(t) t>,
which gives

f(z) =exp ( - ZRGN* nilbnx") = HneN exp(—n " th,a™) = HHGN* ZmneN(mn!)fl(—nilbnxn)m”.

Grouping terms of equal power in z,

f(z) = ZnGN x” Zmesngzgﬂ szl(mk!)fl(—kflbk)mk»

() = —g(2) f(x), f(0) =1,

with solution

BForn=0,trA% =tr1 = dim X.
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7.2. Complex Langevin Method (CLM)

where Vn € N, S,, C Z7 | is the set of all natural number vector solutions m = (my)}_, satisfying

"k
mr = n.
Dy e

n

n = Zmes Ccz™ Hk_l(mk!)il(_kilbk)mkv Vn € ZdiquLl,
n=fn41 =

a formula that can be used for finite cutoff n = dim X" to calculate the coefficients of the characteristic polynomial x4 of the
moment of inertia matrix A.

The coefficients are then

A example included in [73], applies the formula for calculating determinants. In particular,
dim X
dimX _ dlmXE I | N—1/_7-1 my
det A = ( ) adim X = ( 1) €S 4 CZAIm X kel (mk) ( k bk) . (7214)

dim X+1

Expanding (7.2.14) for dim X = 10 of type IIB superstring theory,

1 1 1 1 1 1 1 1 1 1 1
det A = —1gb10 + gbobr + Tebsbs - Ebgbf + oybrbs — 7ybrbobi + Ebﬂﬁ + 570601 — Ebﬁbgb1 - —b6b§ + ﬂb6bgb§

1 1 1 1 1 1 1 . 1 1
bob + £5 U8 — obsbabi — 2=bsbyba + =sbsbobf + —sbsb3by — bbb + coobsb} — 1z, b2b27—bb2
61+505 5050401 30532+3053 + 50501 50207 + 5 42+ 4

144 600 64 7
1 1 ; 1 . 1
—b b3boby — —babsb® + ——bybS — —b bib2 + bybob? byt bsb bib2 — —bzb b2+ b2b4
+ g Pabs02bL = 5 0abs0y 4 750040 4 192421 288041+162 1+1443 727372 43273
1 1 1
b b3b —b b2b3 — ——bsbob® + ———b3b! — —b5 —b4bz - —b3b4 —b%ﬁ Sy SR ——— S
30201+ 70 7203721 T 15190 2402 988 2"1 T 57602 80640 2”1 T 3628800 !

Vieta formula

Another approach is to use Vieta formula, which relates the roots of a polynomial to its coefficients. In particular for the
characteristic polynomial x4 and the eigenvalues (\,)%™% of the moment of inertia A (roots of x ),

n
A = (=1)"a,, Vn € Zg;
Zl§m1<...<mn§dim)€ Hk:l mi = (=1)"an, dim X+1,

which provides another recursive analytic recipe for evaluating the ordered eigenvalues of A.

Assuming ag = 1, a recursive formula is possible via the 2-loop algorigthm

ag = 1:Yn € Zgim x+1{an — 0:Ym € Z,{am — am + \nam—1}}.

Eigenvalue expectation values as polynomials of expectations of holomorphic expressions

The characteristic polynomial is holomorphic, as is the polynomial solutions for its coefficients presented above, and finding
the eigenvalues of the moment of inertia is reduced to finding the roots of p4 after (emphasis here) the expectation values of
the (holomorphic) coefficients via

dlmX
<XA> — <det()\]1 _ /1 )\(th +Z )\d1mX n
n=1

Note that, while the eigenvalues of a matrix are interchangeable, the coefficients of the characteristic polynomial are not,
therefore the late ordering of the eigenvalues can and actually (based on simulations) match with those averaged from
straightforward measurement and ordering of the eigenvalues on each step of the (thermalized) Langevin process.

In each step of the process, the (unordered) eigenvalues are measured, then the coefficients of the characteristic polynomial are
evaluated via Vieta formula. At the end of the simulations, expectation values of the coefficients are estimated, and then used
to extract estimates for the expectation values of the eigenvalues. This process compared to estimating the ordered eigenvalues
outright gives similar results, indicating that the applicability of the CLM is not affected by the non—holomorphicity of A.
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8. The Euclidean IKKT matrix model

As discussed in section §6.3. Matrix models, the (ordered) eigenvalues of the moment of inertia tensor (6.3.13) represent the
extends of spacetime. To avoid using non—holomorphic complexified observables, the ordered set of the diagonal elements of
the moment of inertia tensor are assumed instead. The estimated observable

W
D SN

is a function of the finite size N, the global symmetry breaking parameter ¢ and the fermion deformation mass mgermion. The
dependence on ¢ is reduced between the numerator and the denominator, which makes the € — 0 extrapolation more reliable
and is the reason for using p as the set of order parameters [15]. In what follows, the following ordered composite limit is
estimated by extrapolation of the simplest possible fitting polynomial:

N~—! — 0 Elimination of finite size effects comes first for every deformed and explicitly symmetry—broken model. The model
is defined for N — oo similarly to the thermodynamic limit in statistical mechanics, therefore is it the first parameter
to extrapolate. Linear

ay N_l =+ ap

and quadratic
CLQN_2 + alN_l + ag

extrapolations were attempted.

€ — 0 Vanishing of the bosonic orders parameter to look for the spontaneous symmetry breaking of mgermion—deformed
model. Quadratic extrapolation
a252 + a1 +ap

as used for the bosonic order parameter.

Meermion — 0 Elimination of the Mmfemion—deformation to retrieve the original (Euclidean) IKKT model. Quartic (even)
extrapolation
4 2
A4Mtermion + A2Mtermion + ao

was used for the deformation fermionic mass.
The following result sections are organized as follows:

e Samples of the drift norm histories are given to show where the CLM fails or not, based on the fall-off speed of the
drift norm.

e Samples of the hermiticity norm histories are given to show the effect of gauge cooling in constraining the drift of A in
antihermitian direction.

e Samples of the eigenvalue spectrum of the fermion matrix M is given to show the effect of the fermion deformation in
eliminating the singular drift problem of the complex Langevin process A, due to the zero eigenvalues of M.

e Observable p plots in order of appearance:
o The selection of the symmetry—breaking bosonic masses mpeson and fermion deformation v matrix
o A sample depicting the N=! — 0 extrapolation.
o A few samples depicting the spontaneous symmetry breaking (or symmetry recovery) by € — 0.
o The final plot where mgermion — 0 to examine the spontaneous symmetry breaking of the original model.

Next to the simulation results, the corresponding GEM search space results are displayed for comparison.
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8. The Euclidean IKKT matrix model

8.1. Euclidean Gaussian matrix model with dim X = 4

It has been shown that det M > 0 in the 4-dimensional IKKT matrix model [7], meaning that customary Monte Carlo
methods are applicable. In that same study, it was shown that the model presents no spontaneous symmetry breaking, which
is a further hint that (at least for the Euclidean IKKT model) the imaginary part of the fermionic contribution « log det M
on the effective action might be responsible for the spontaneous symmetry breaking.

In the GEM study [74] a Gaussian matrix model was used as an example with dim X' = 4 that does have a complex action
and presents spontaneous symmetry breaking, which was later studied via the CLM in [18], namely,*

Sboson X NtI‘(AMAM) and Sfermion X —NE(XFHQBAng. (8.1.1)

This section presents and compares these results as a precursor to the dim X = 6, 10 exploration that followed.

Gaussian Expansion Method

For dim X = 4, dimU = 2, Mgermion 1S recoded from a fermion mass matrix to a boson mass vector via the I matrices as

SO|fermion = mfermion|u@apua5wﬂ>

thus the parametric freedom is 4 4+ 4 and the ansatz search space is practically very small. In [74]the SOz and SOs X Zs
ansétze are explored.

SOg3 ansatz (3 parameters)

mboson|1 = mboson|2 = mboson|3- (2 parameters including mboson‘4)
mfermion|1 - mfermion‘Z = mfermion|3 =0. (]- Pafameters inChlding mfermion|4)

This vacuum is realized for arbitrarily large N.

SO2 X Zo ansatz (3 parameters)

mboson|1 = mboson|27 mboson|3 = mboson‘4- (2 parameters)
mfermion|1 = mfermion‘Z = 0; mfermion|3 = mfermion|4- (1 parameters)

This vacuum is realized for arbitrarily many fermion flavors Niermion with fixed (and finite) ratio Nieymion/N for N — oo,
indicating that SOs is a surviving symmetry after the spontaneous symmetry breaking of SOy.

In particular, for Ntermion/N = 1, the observable values
)\1 = /\2 = 2.1, )\3 = 1.0 and )\4 = 0.8,

approximately correspond to
pP1 = P2 = 0357 pP3 = 0.17 and P4 = 013, (812)

indicating that the surviving SOy symmetry is also the extended one, with the broken dimensions being shrunken in com-
parison.

LA variant of the model was used in [74] originally found in [75], containing Nfermion fermion families instead of just one. In said study, the
large—N limit was taken with Ntermion/N fixed.
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Complex Langevin Method
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1.1.: Three sets of runs with varying € and increasing Mfermion
drift fall-off for the Gaussian matrix model (8.1.1) [18].
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8.1. Euclidean Gaussian matrix model with dim X = 4
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Figure 8.1.2.: A case for specific € that shows the effect of the fermion mass deformation in eliminating zero eigenvalues in

M of the Gaussian matrix model (8.1.1) ,
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Figure 8.1.3.: The hermiticity norm shown for a run with and without gauge cooling for a run of the Gaussian matrix model
(8.1.1) [18].

In [18] ; Mboson

(20,2F1 242 2+3) and v = I'; were chosen.

In figure 8.1.1 some (discarded) cases are shown where the drift norm fall-off is not sub—exponential.

In figure 8.1.2 the fermion matrix eigenvalue spectrum is shown shifted away from the origin with tuning the deformation
mass Mgermion, Which results in a non—singular fermion matrix M.
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8. The Euclidean IKKT matrix model

In figure 8.1.3 shows an example of a run using gauge cooling and one without. While both runs do not seem to escape in
the imaginary direction, the constraint of A towards hermiticity is evident.

Figure 8.1.4.:
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The N~! — 0 limit of runs of the Gaussian matrix model (8.1.1) with linear extrapolation a1 N~! + o from
finite size [18].

In figure 8.1.4 an example is shown where results seems consistent across various finite matrix sizes N. However a linear
extrapolation is taken for the limit N~=! — 0 regardless.

Figure 8.1.5.:

In figure 8.1.5
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The ¢ — 0 limit with quadratic extrapolation B2e? + Bie + By showing the symmetry breaking mechanism
ASposon in the Gaussian matrix model (8.1.1). As the fermion deformation ASfermion starts to vanish, the
extends of spacetime observables start to separate [18].

, a breakdown of the rotational symmetry breaking of X is shown, using the N~=! — 0 extrapolated values from

each parameter run. A quadratic (fit) extrapolation is used to extract the & — 0 limits. An interesting effect is that, while
the fitted polynomials extrapolate to separate values, the corresponding € > 0 simulations seem to converge to one value.
This seems to indicate that if the original model were to be simulated, the SO4 spacetime symmetry would be preserved.
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8.2. Euclidean IKKT matrix model with dim X = 6
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Figure 8.1.6.: The Mfermion — 0 limit with quadratic extrapolation yamg, . + Y1M& ion + Y0 00 M2, . showing the
surviving symmetry in the original model in the Gaussian matrix model (8.1.1) [18].

Finally, figure 8.1.6 the ¢ — 0 extrapolated results are collected with respect to Mermion, and by extrapolation, an estimate
for the original undeformed model is obtained. Towards the bosonic limit, SO4 seems to be restored, while towards the
original model, SO, appears to be the maximal surviving symmetry, with the rest of spacetime extends shrunk to a smaller
scale.

In particular, approximately,
p1 = p2 = 0.33, p3 = 0.21 and ps = 0.13, (8.1.3)

which results relatively agree with the estimates (8.1.2) by the Gaussian Expansion Method on the SO5 part of the SO2 X Zo
ansatz.

8.2. Euclidean IKKT matrix model with dimX = 6

Gaussian Expansion Method

For dim X = 6, dimU = 4, Mermion is recoded from a fermion mass matrix to a boson mass vector plus a self-dual 3—form
via the I matrices as

Soltermion = Mermion| Tt + Metermion | we VLI Teth, With Mtermion|uve = MMtermion] [uve] (8.2.1)
where the self-duality
Mifermion |pve = gzswg#/y/g/mfermionl WE
manifests from the Weyl condition of 4 [74]. In this case the 6—dimensional IKKT bosonic term is used.

At this point it is important to elaborate the parameter counting of (8.2.1), as it is the most general form that can appear
in IKKT model variants. In the general case, the rank—1 mgermion always counts dim X parameters. The 3—form Mmgermion ON
the other hand as a rank—3 tensor originally has (dim X')? parameters. As a 3—form however,

Mfermion ‘ [uv€] = Mfermion |;LVE ’

which means that the independent components come down to

dim&\  (dim&)! 1 . .
< 5 )_B!(dimX—Zi)!_GdlmX(dlmX 1)(dim X — 2),

which is further trimmed—down by the aforementioned self-duality in the case of dim X = 6 by 2, resulting in 6 4+ 6 4 10 total
parametric freedom of Sp.?

2For dim X = 6,
11
35 dim X (dim X — 1)(dim X — 2) = 10.
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8. The Euclidean IKKT matrix model

In [22], ansitze SO — SOp with D = 5, D = 4 and D = 3 were explored, with the most prominent examples given
in table 8.2.1. The corresponding free energy analysis shows a preference for SOs surviving, implying the spontaneous

SOg — SO3 symmetry breaking.

!
SO; —1.70472
S —1.79599
SO4 xZy  —1.78072
SO3 x Zz ~ —1.81743

SO3 x SO, —1.84330

{p1)
0.18993
0.22999
0.22365
0.30457
0.30497

(p2)
0.18993
0.22999
0.22365
0.30457
0.30497

<P3>
0.18993

0.22999
0.22365
0.30457
0.30497

<P4>
0.18993
0.22999
0.22365
0.02990
0.02673

<P5>
0.18993

0.04190
0.05952
0.02990
0.02673

Table 8.2.1.: List of broken symmetries explored by GEM on dim X = 6 IKKT model in [22]
together to outline the surviving symmetries after the spontaneous symmetry breaking.

Following is a breakdown of the parametric freedom of fundamental ansétze.

SOs5 ansatz (3 parameters)

mboson|1 = mboson|2 = mboson|3 = mboson‘4 = mboson|5~ (2 parameters inCIuding mboson|6)

(p6)
0.05037

0.03816
0.04589
0.02650
0.03162

. Identical values are grouped

mfermion|1 = mfermion'Q = mfermion|3 = mfermion‘4 = mferrnion|5 =0. (1 Parameters inChlding mfermion|6)

V,u, va € NdimX7 mfermionly,v§ =0.

SO, ansatz (5 parameters)

mboson|1 = mboson|2 = mboson|3 = mboson‘él- (3 parameters inCIUding mboson|5a mboson|6)

mfermion|1 = mfermion|2 = mfermi0n|3 = mfermion‘4 =0. (2 Parameters inChlding mfermion|57 mfermion|6>

VM7 va € NdimXa mfermionlul/{ =0.

SO3 ansatz (8 parameters)

mboson|1 = mbos0n|2 = mboson|3- (4 parameters inChlding mboson‘4; mboson|57 mboson|6)

mfcrmion|1 - mfcrmion|2 - mfcrmion|3 =0. (3 parameters inCIUding mfcrmion|4a mfcrmion|57 mfcrmion|6)

Vi, v, € € Naim x5, Mfermion|uve = 0 except for:

L4 mfermion|123 = _meermion|456~ (]- parameters)

SO, ansatz (13 parameters)

mboson|1 = mboson|2- (5 parameters including mboson|37 mboson|4a mboson‘Ea mboson|6)

mfermion|1 = mfermion|2 =0. (4 Parameters inCIUding mfermion|Ba mfermion|4a mfermion|57 mfermion|6>

VN7 V7£ € NdimXa mfermionl/tv{ = 0 except for:

L4 mfermion|123 = _meermion|4567 (1 Parameters)
L4 mfcrmion|124 - *mecrmion|3567 (1 parameters)
i mfermion|125 = _'meermion|3467 (1 parameters)
L4 mfermion|126 = _meermion|345~ (]- pal"ametel"s)
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8.2. Euclidean IKKT matrix model with dim X = 6

Complex Langevin Method

As part of this study, the next step was taken, by studying the 6—dimensional Euclidean IKKT model, which, based
on the GEM result presented here [74], the spontaneous symmetry breaking is expected to be SOg — SOs. In [14],
Mposon = (271,271,202 272 9+3) and v = Iy were chosen. The rationale behind having a manifest minimal rotational
symmetry is because it is unlikely to observe symmetry breaking beyond SO,, based on the argument about degenerate
configurations presented in section §7.2. Complex Langevin Method (CLM). Technically, the lowest expected surviving sym-
metry is in fact SO3 based on that argument, however in order to observe it using Monte Carlo and the CLM, and assuming
it is one of the possibilities (and in fact it is), SOz only is preserved in the symmetry breaking term AShoson-
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Figure 8.2.1.: Three sets of runs with varying ¢ and increasing Mmsermion that show how reducing both leads to problematic
drift fall-off for the 6-dimensional IKKT matrix model [14].

In figure 8.2.1 the effect of both vanishing & and Mfermion On the drift of the Langevin (stochastic) process A is shown. While
the effect of Mermion — 0 relates to the singularity of the drift, it appears low values of € impede convergence of the process
A as well.

(e,;m;)=(0.10,0.65) (e,m)=(0.25,0.65)
4+ 4+
2 2
E 0 E 0
2| ol
4t 4t
4 2 0 2 4 4 2 2 4

Figure 8.2.2.: A case for specific Mfermion in the deformed 6-dimensional IKKT matrix model, that shows that vanishing
symmetry order parameter € has a detrimental effect on the eigenvalue distribution of the fermion matrix as it
is affected by the Langevin process A [14].

In figure 8.2.2, the effect of vanishing € on the eigenvalue spectrum of the (deformed) fermion matrix is apparent as well,
relating to the effect of € — 0 has on the drift norm.

In figure 8.2.3 an example is shown where results for finite matrix sizes N are once more linearly extrapolated to the limit
N~! — 0. This time however, since SO is expected to minimally survive, the respective observables (A1) and (\2) may be
grouped together for more statistics on a unified observable ({(A1) + (\2))/2 or

p1+ p2

P1+2 = 5
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8. The Euclidean IKKT matrix model

(£.m9)=(0.25,0.65)
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Figure 8.2.3.: The N~! — 0 limit or runs of the 6-dimensional IKKT matrix model using a linear extrapolation a1 N !+ aq
from finite size [14].
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Figure 8.2.4.: The ¢ — 0 limit with quadratic extrapolation (2e2 + B1e + By showing the symmetry breaking in the 6-
dimensional IKKT matrix model, as the effect of ASposon is reduced. As the fermion deformation AStermion
starts to vanish, the extends of spacetime observables start to separate [14].

In figure 8.2.4, a breakdown of the rotational symmetry of X is shown, using the N~—! — 0 extrapolated values from each
parameter run. A quadratic (fit) extrapolation is used to extract the e — 0 limits. The near—bosonic model Mgermion = 1000
restores SOg at € — 0. AS Mfermion Pecomes smaller, the restored symmetry becomes lesser; for 1.40 it is SOy that survives,
while for 0.60 it is SO3 that is restored, with all other extends of spacetime taking lower values than the three dominant
extends.

Finally, in figure 8.2.5 the ¢ — 0 extrapolated results are collected with respect to Mgermion- It is clear that piyo and ps
converge to the value predicted by the GEM analysis of the 6-dimensional model, while p4, ps and pg converge to the lower
one [22]. Specifically, said values are

P1 (mfermion — 0) = P2 (mfermion — 0) = pP3 (mfermion — 0) = 0307

p4(mfermion — 0) = pP5 (mfermion — 0) = Pe6 (mfermion — O) = 0.035.
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8.3. Euclidean IKKT matrix model with dim X = 10

Grouping the observables are such, and using the same extrapolation scheme as in the original observables, the projected
values obtained by the complex Langevin simulation are a little higher, [14],

P1 (mfermion — 0) = P2 (mfermion — 0) = pP3 (mfermion — O) = 0.33,

,04(mfermion — 0) = pP5 (mfermion — O) = P6 (mfermion — 0) = 0.046.
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Figure 8.2.5.: The Mfermion — 0 limit with quadratic extrapolation yomg, .+ Y1m2, o + Y0 on m2, . . showing the
surviving symmetry in the original 6—dimensional IKKT matrix model. The points at mfermion = 0 represent
the GEM results [14].

8.3. Euclidean IKKT matrix model with dim X = 10

Gaussian Expansion Method

For dim X = 10, dimU = 16, Mfermion 18 recoded from a fermion mass matrix to a (non self-dual) 3—form only (in contrast
to dim X = 6) via the I" matrices as

SO|fcrmion = mfcrmion|yl/£EFuFJFEwa with mfcrmion|;u/£ - mecrmionh;u/&]v (831)

In this case, only the 3—form symmetry mfermion‘[ﬂyﬂ = Miermion|uve affects parameter counting, yielding 120 free parameters
for Meermion. FOT Mpeson it is 10 as expected.

In [23], ansétze SO19 — SOp with 2 < D < 7 were explored, where the parameter freedom of each ansatz was restricted
to 5. This is possible VD by imposing extra symmetries in the form of coordinate permutations in the remaining directions
corresponding to the broken symmetry, with the only requirement that the resulting group is a subgroup of the original
SO;¢ symmetry group. The corresponding free energy analysis shows a preference for broken symmetries with SO3 surviving,
implying the spontaneous SO19 — SO3 breaking.

Complex Langevin
The next and final step in studying the Euclidean IKKT model is the physical 10—dimensional model in which, based on the
GEM result, the spontaneous symmetry breaking is expected to be SO — SOs.

For the 10—dimensional model, v = 1[31, g I'1p was chosen. This type of deformation manifestly breaks SO19 down to SO7.
As the fermion deformation term contains the last of the gamma matrices, and the observables A are ordered before taking
the expectation value (\), the part involved in the spontaneous symmetry breaking is SO7.

In [15],
Mposon = (2717 2717 2717 207 2+17 2+27 2+37 2+37 2+37 2+3) for Mfermion = 3 and

mbOSOl’l = (2_17 2_1) 207 2+17 2+27 2+3a 2+37 2+37 2+3a 2+3) fOI' mfermion < 3
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8. The Euclidean IKKT matrix model

were chosen respectively. As shown by the 4—dimensional and 6—dimensional cases respectively, greater deformation fermion
mass Miermion leads to higher surviving symmetry at the extrapolated € — 0 limit, therefore for mgermion > 3, the breaking
terms were grouped accordingly to maximize statistics and focus on the dimensionality of the expected symmetry breaking.
For lower miermion values, the minimal SOs is expected as discussed in section §7.2. Complex Langevin Method (CLM) [19].
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Figure 8.3.1.: The N~! — 0 limit of runs of the 10-dimensional IKKT matrix model with linear extrapolation c; N~ + g
from finite size [15].
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Figure 8.3.2.: The ¢ — 0 limit with quadratic extrapolation B2e2 4 1€+ B showing the symmetry breaking mechanism in the
10—dimensional IKKT matrix model as the effect of ASpeson is reduced. As the fermion deformation AStermion
starts to vanish, the extends of spacetime observables start to separate [15].

The corresponding grouping of observables is

p1+ p2+ p3 P8 + P9 + p1o _
o P4 P5,P6,P7, 5 for Mfermion = 3; and

p1+ p2 pe + p7 ps+ po + pio
Tap37p4ap57 2 ) 3

for Meermion < 3.

The same techniques used in the lower—dimensional models were used here, namely, monitoring the drift norm and discarding
runs when the drift fall-off is not subexponential, gauge cooling and the ordered limit N — oo, € = 0o and Mgermion — 0.

In figure 8.3.1, an example with Msermion < 3 is shown, where results for finite matrix sizes N are quadratically extrapolated
to the limit N~! — 0, i.e. like ao N72 + oy N~ + ag.
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8.3. Euclidean IKKT matrix model with dim X = 10

In figure 8.3.2, a breakdown of the rotational symmetry of X is shown, using the N~! — 0 extrapolated values from each
parameter run. A quadratic (fit) extrapolation is used to extract the ¢ — 0 limits. At Mfermion = 3, the manifestly broken
SO7 remains intact. AS Mgermion 1S reduced, the simulations themselves start to collapse back to a fully restored SO1q
symmetry. Recall that the manifest SO;yp — SOz breaking is due to the fermion mass deformation, so this separation
vanishes with Mgermion close to 0. Accounting only for the simulations before the aforementioned “collapse”’, the quadratic
fits and corresponding extrapolations lead to a gradual separation of the observed extents in spacetime, with mgermion = 0.7
exhibiting a restoration of a dominant SO3 over all other smaller extents. This is in agreement to the GEM SO;p — SOs3
result.
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9. The Lorentzian IKKT matrix model

When studying the Euclidean IKKT model,’ it has been shown with both the analytical GEM and the numerical CLM
methods that the rotational symmetry SO1¢ breaks down to SOj3 instead of SO4, and with the dominant spacetime extents
being finite instead of infinite. This prompted the study of the Lorentzian IKKT model.

On the other hand, the Lorentzian IKKT model presents a few challenges in itself. By construction, all Monte Carlo studies
of quantum field theories rely on the Wick-rotated Euclidean counterparts for a well-defined—as—a—probability Boltzmann
factor exp(—S) in contrast to expS. It has been shown in (but not restricted to) the Euclidean IKKT model, there are cases
where even then, the action is complex and the corresponding Boltzmann factor is ill-defined as a probability. As the CLM
offers an alternative stochastic process for sampling effectively the configuration space of such a theory, models with their
original metric signature may become approachable again, as the Boltzmann factor they defined has a strong complex phase
by construction.

However, the Boltzmann factor complex phase is not the only concern. Returning to the Lorentzian IKKT model, its action
is unbounded from below, leading to divergences in the partition function [24, 25, 26, 27].

In this chapter, the primary technical elements of the Lorentzian IKKT CLM study are presented, and relevant simulation
results included.

A note on index notation: greek indices starting from pu, v, ... refer to all spacetime components, which are raised/lowered
by the Lorentzian metric 7. Latin indices starting from 4, j, k. . .. refer to space components only which are contracted by the
positive definite Kronecker ¢ and therefore positioning will be fixed in upper. Time index is labeled with 0. Matrix operator
abbreviations like that of the trace will be used for the internal degrees of freedom only, which are indexed with latin starting
from a,b,c,d,. ...

9.1. Background

Gauge fixing in the Lorentzian IKKT matrix model
The band—diagonal gauge fixing

It has been shown in section §7.2. Complex Langevin Method (CLM), that the bosonic matrices of the Euclidean IKKT
model have an internal SUy symmetry that can be exploited to modify the configuration search path during Monte Carlo
simulations. For instance, in the Euclidean IKKT, the symmetry was used to search for a configuration that has minimal
deviation from hermiticity, — a process labeled as gauge cooling [41, 42, 44] — to prevent the search path from spending too
many simulation steps in the antihermitian direction..

An alternative gauge fixing stems from the idea of approximating simultaneous diagonalization of all bosonic matrices [7, §].
As explained in section §6.3. Matrix models, the fundamental interpretation of the matrix model through Connes’ operator
approach to geometry [4], is dynamically generating spacetime via the N x N bosonic matrices representing N spacetime
points. If all bosonic matrices were diagonalizable, this would result in a classical geometry with their eigenvalues serving
as the spacetime points. In the case of the IKKT matrix model however (and in general), they are not, leading to a fuzzy
geometry where not all dim X' coordinates of a spacetime point can be known simultaneously.

Much like in gauge cooling, where in the context of the CLM, hermiticity is approximated via the SUy internal matrix
symmetry, the same can be done towards approximating simultaneous diagonalization, by bringing all dim X bosonic matrices

ISee chapter 7. Methodology and references therein for more.
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9. The Lorentzian IKKT matrix model

to as thin a band—diagonal structure as possible. [6] devised an SOgim x—1,1 (Lorentz) and SUy symmetric norm

2 _ A1\ B =N ; ;
A =N (ApAy)un — max (N3 WA (U AT )

measuring proximity to simultaneous diagonalization of all bosonic matrices, also used in [7, 8].

time relevant to matrix block

A,

_ -1 Nblock
tn = Nyjoo anlock=1 Qnfnp ook

Antnplock

A° Al

Figure 9.1.1.: Two approaches of matching time with space, one matching all spatial blocks that contain the indices of a
particular time and one matching all times with indices of a particular spatial block.

The time matrix Ag

As demonstrated in section §7.2. Complex Langevin Method (CLM), the SUy — becoming SLy after complexification —
gauge symmetry of the N—size Euclidean IKKT matrix model is exploited to select a gauge that minimized the hermiticity
deviation of the bosonic matrices all over the CLM configuration path. The Lorentzian IKKT model presents another
possibility. The fundamental aspect of the non—commutative geometry of the IKKT is that Vi € Zgim x, A" are pair—wise
not simultaneously diagonalizable, which also translates to the fact that the coordinates diagonalizing one of them always
leaves the others non—diagonal. Since time is special in the Lorentzian IKKT model in that it has a different sign in the
signature, it becomes apparent that the gauge can be fixed by diagonalizing the time bosonic matrix,

aq
0 o2
A" =diaga =
an

Reordering is allowed within a gauge symmetry, therefore the eigenvalues of A? are chosen in ascending order, resembling
time advance.

In this gauge, the spatial bosonic matrices are generally expected to have a band—diagonal structure of block size Npjock € Ny
[76]. In practice what is observed in simulations is that the structure is approximately band-diagonal, with off-band-diagonal
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9.1. Background

elements being below a practical threshold, which in turn defines Nyjocx- This allows the interpretation of a possible time
and space matching, two mainstream possibilities of which are shown in figure 9.1.1, the latter of which is applied in [24, 25,
26, 27] as well as in our current work.

Assuming a fixed block size Npjock, let ¥n € Ny, 11, An be the nth block of a band-diagonal bosonic matrix A, i.e.
such that vablock7 bblock S Nnmocka

An|ablock,bblock = An+ablock,n+bblock‘

The time matching such a block is defined as the average time indexed by the block,

Nblock

~ _ a1
Qn = Nblock | An+npiock
ock=

as
t, = Zi:l |A5&i|, Aa; = Q1 — Oy (9.1.1)

The (s, k) IKKT space

Wick rotation

When studying quantum field theories via Monte Carlo methods that rely on the Boltzmann factor of the partition function,
Wick rotation to a Euclidean version may be necessary, because in the original theory, said partition function is formally

Zlorentzian = /eXp(lS) becoming Zeuclidean = /QXP(_S)7

after a Wick rotation to imaginary time.

In [77] the relationship of the two versions of the IKKT model are first explored simplified down to the pure bosonic model
to reduce computational complexity, to allow an exhaustive exploration of the theory space. The bosonic action

1 1 1
Shoson = ZNtrTXZ F¥F,, = N<4 tr(Fij Fij) — 3 tr(FOiFOi)> with F,, = 1[A,]|A,]

is real, therefore the corresponding Boltzmann factor is a pure complex phase. To circumvent the problem, a double—
parametric extension of the Wick rotation has been introduced in [48],

1 1
Shoson = —1N B exp (zsg> (4 tr(FiFij) — 3 exp(—km) tr(FOiFOi)>, (9.1.2)
such that the partition function is written by the corresponding Euclidean convention

Z = /dA exp(—Shoson)

such that it formally has the form of a well-defined Boltzmann factor (ignoring the fact that Sposon may be complex. S
contains the global coupling constant of the model; usually 3 = g72N~!. Parameter s corresponds to a Wick rotation in the
worldsheet while k corresponds to a Wick rotation in the target space.’

(s,k) = (0,0) corresponds to the Lorentzian IKKT matrix model while (s, k) = (1,1) corresponds to the Euclidean one. This
is evident by the form of the Wick rotated A,, Vi,

Ag = exp <z(s — 4k)g>210 and Vi, A; = exp <zsg>;1i.

In general s and k define a parametric theory space with the Lorentzian and Euclidean being special cases. In figure 9.1.2,
the full phase diagram for s and k is shown, along with domains that lead to ill-defined models.

2Suppressing the bosonic index p here for simplicity.
3While the model is zero-volume, it carries the spacetime signature of the corresponding type ITB superstring theory (or the corresponding super
Yang-Mills theory). It is the spacetime signature on the IKKT matrix model that is affected by k.
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9. The Lorentzian IKKT matrix model

sk k
Sang-Woo Kim, Jun Nishimura, and Asato Tsuchiya.
Expanding (3+1)-dimensional universe

from a Lorentzian matrix model

for superstring theory in (9+1)-dimensions. +1
Physical Review Letters, 108(1), 2012. .,0 Euclidean
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Figure 9.1.2.: The phase diagram of the parameter s and k space prescribing the Wick rotation of the IKKT model [48]. The
Wick rotation is periodic beyond the region shown.

The decisive factor is the sign of $S5. Let the Lorentzian IKKT action be
1 m 1 7
Shoson = Stime + Sspace X 5/8 €Xp Z(S +1- 2k)§ tr(FOiFOi) + ZNﬁ €xXp Z(S - 1)5 tr(FijFij)~

Sspace Promotes space non—commutativity, while Sgime promotes a more band-diagonal form for A.

According to (4.4.5), RStime > 0 becomes

cos |5—1|z 20means|s—1|ﬁgzor0§s§2,
2 2 2
and R Sspace > 0 becomes
Is+1—2k=) >0 s+1— 2T < Torts<h< st
cos [ |s — 2k|= means |s —2k|= < = or =s —s+1.
2) 27 2 2 - T2
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9.1. Background

The real part signs are given in the table below based on the distinct phase of each term in the action:

s condition k condition RStime NSspace
0<s<+1]s/2 <k<s/2+1 + +
0<s<+1|s/2-1<k<s/2 + —
—1<s< 0]s/2 <k<s/2+1 — +
—1<s< 0s/2—-1<k<s/2 - -

In the single-parametric theory subspace defined by s = k = u, the Wick rotation takes the form

- 1 -
Ay = exp <— w3877>A0 and Vi, A; = exp (8z7ru> A;, (9.1.3)

with F o = Z[A#VL}. In this subspace, u = 0 corresponds to the Lorentzian version and u = 1 to the Euclidean one. Let
~ 1 ~9
Au=N""tr4,

By (9.1.3),

(Ao} = exp ( - w?’;) (3o} and (A;) = exp (zug> (3. (9.1.4)

The general concept behind this dual parametrization is to allow getting results for the Lorentzian model (at s = 0 and
k = 0), by simulating variants in the dual parameter space approaching the Lorentzian model along a path starting from a
well defined variant, like the Euclidean model, as was done in [77].

The real time constraint

In order to obtain real time in the Lorentzian IKKT matrix model,* the

any = \/E eC
constraint is imposed via an even polynomial action deformation

1
AS, = Z'Yoz(O‘N - \/";)4a

which, however, breaks (9.1.3) and consequently (9.1.4) as well. This constraint stems from the infrared cutoff
Ao = Kk and Vi, \; = 1,

introduced to moderate the unboundedness of the Lorentzian IKKT bosonic action [78§].

The logarithmic time

The complex Langevin method is applied to this model as is founded in chapter 4. Stochastic Quantization and applied the
same way as in the Euclidean version, as in chapter 7. Methodology.

The ascending « sequence is encoded by a logarithmic time—increment sequence 7 as

ap = exXpP T,
b §c<b P Te,

4In the sense that the Euclidean IKKT matrix model has imaginary time.
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9. The Lorentzian IKKT matrix model

with Jacobian
Oay expT, =0, a<beN

a’Ta 0 aZb€N7

0 Oay, O 0
G = 2 r Do~ 9 2on B

Of interest is the 7—derivative of an a—difference,

that defines the 7—derivative

+a, c<a<bd

0
a—(ab—ac)z 0 otherwise: a < b,cor b,c<a,
-
“ —a, b<a<ec
or
0 a, c<a<borb<a<ec

—(ap — ) = sign(ap — a,
5Ta(b ) gn(s ) 0 a<bcorbc<a

Since sign(ap — a.)? = 1, the 7—derivative of the absolute a—difference is

8|a — a.| = sign(ay )8(a —a.) = @ cSa<borbsa<c
Z ¢ . ' " 710 a<beorbe<a '

These formulas are essential in calculating the drift term of the complex Langevin equations of the bosonic Lorentzian IKKT
model.

The bosonic action in the time gauge®

The various quantities of Sposon are calculated here on the assumption of a diagonal A° = diag o matrix;® in index notation
it is
Agb = aaéab = 5abab-

Let the bosonic squared terms be,
Cl=AN or Cj=) A A, andD=3 C"orDup=)
The bosonic matrix commutators with time components are,
[A%| A% g = C% — Z AY, Z Al A% = ana(sacAib - Zc Al S, = agAly — ALy = (g — ap) Al
The bosonic Jacobi terms with time components are,
A A Aoy = 3 A [A]AT), — 3 [4°)A7, A7,
= Zc A (o — ap) A%y — Zc(aa — )AL A% = Zc Qalac(ae — o)Al — Zc(aa — )AL Sapay
= aq(aq — ap) Ay, — (a0 — ap) Agyan, = (aq — a3) Ay,

The bosonic moment of inertia with time components is,

S FE Y S S R Y S A0,
o 72 Z Z B ab ab(ab Qa Aba Z Z Z - Olb 2AZ bA (915)

5Note that, in this subsection only, for the range of calculations in the index-less notation, derivation with the transpose is implied instead of
being explicitely stated, i.e. VA square matrix,

0 0
0A |, C 0Ap,
as this is the only derivation used in the calculations, and cluttered notation is avoided this way.
6For index notational clarity, the spacetime indices will be rendered raised in this subsection.
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9.1. Background

The bosonic Jacobi terms with space components are,
S A[ATAT] = 37 (A7 |AT) — [AT]ATAT) = 37 (AT(ATAT — ATAT) — (AT AT — ATAT) A7)
J J J
=Y (AAA - AAAN — VAN + AAA)=DA =" CIVA + A'D =" AIC.
J J J
The bosonic moment of inertia with space components is,
tr FUFY =t AYAT[AY AT =t ATAT — ATAD(ATAT — AT A
Y3 e AT AT AT =3T3 ) )
=t ATATATAT — ATATATAY — ATATATAT + AT AT AT A
I LAY
=t cici — A'DA" — AIDAI otlleik
(XY > >, IDID IR
=2t CHCH — A'DAY) =2 trCYCY —tr DD 9.1.6
rzi<zj ) (ZLZJ 8 g )’ ( )

because matrices in a product can cycle when traced.

=11, 1L, (ca—aw)
a<N b<a

accumulate all forward time differences. Then the effective action of the model reads

Seffective = Sboson - ZagN Zb;ﬁa log ‘Oéa - abl - Za<N Ta = Sboson - 210g A(Oé) - Za<N Ta

Let the function

Time drift

The time derivative of time component (9.1.5) is
A lATAT =~ 57 S (a4l = = Y, Y Al S~ a)?
= —QZ Z bcAib 68 (ap — )
= 2, Zb>a cha(ab — ae) Aj Al + 204 Zb<a Zc<a(ab — ac) A Ay,

— —205(1 Zb>a cha(ab — Oéc> c b + 20&(1 Zc<a Zb< ch
= —4da, Zb>a ZK@ Qp — Qc Abc cb

therefore

0 7T oAt
a—%Sboson = 21N exp (zs2> exp(—tkm)ay, ZZ Zb>a cha(ab —ac)A Al

The effective action volume term is

log Al Z Z# log |ag — .

Since ¢ < a < bor b<a < cimplies b # ¢, while ¢ < b implies a. < ap,

0

a—logA Z Z#ba loglay, —acl =) ZL# ‘arw o \ — ol
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9. The Lorentzian IKKT matrix model

Finally, 5

The effective action time derivative is,

9 2
8Taseffemve:Nﬁexp( 2(2+1—2k> (ZMZM( a—ac) Y Al A, ab_ac> —1+5GN),

Space drift9.1.3

The space derivative of time component (9.1.5) is

DR ZUVU L) DI Bl N R e Al =230 3 (e — @0 Bisbiebuaf, = 2o — )AL

S 9AL

or

_aii Zj tr[A°|A7]% = 2[A°|[A°| AY]].

The space derivative of space component (9.1.6) is,”

acik DAI, - 9AF , A
ﬁ - (8141 Ace 8Azd> - Ze(aijdbcdaeAlgd + Agedikébeéad) = 5ij6bcAI;d + Aibaikéadv

and
ocihcat oCI* 1 OCIE
Zj Zk Zc Zd 86;11;'”1(10 Z Z Z Z (aAid glf + Cg(lic aA?C >
=200 D0 D (Gbne ALy + Alybudaa) Ol + CLi (GisBna A, + Afpdindac)
= Zj DD D (00 ARCIE + Al OirdaaCil + 01300 AbCLY + AQydirdacCly)
B Z’“ Zd AnaCit + Zj Z CﬂAjb + Z Z A Cay + Zj Zd CZZAfzb
=2 Zj > (LG + CliAl) =2 Zj > (ALC + ClLAL),

or

Jjkak — ij AJ it
o re7e QZCA+AC)

"In general, for a matrix product ABC for example,

tr(ABC) BB Z Z Z AgiBim mk*Z Z Z

or
— tr(AB = A

Z Z Z 5zmcmkAkl(5l]*Z CikAgj,

so derivating scalar functions of matrices reduces to scalar derivative operations with attention to product ordering when applicable. More

(trivial) examples include

3] 3] 0
9B, trB = o5, Zk By = Zk 8BJZ Z Oik0rj = 035 or B—BtrB =1,

or

8Bka1 B

)
tr BN = Biwi: Beiko - Biw kv =N oo - Bhn ke
ZkeNN Nk1Zkika N-1kN ZkeNN dBj; 1k2 N-1kN

OB;; 0B;i

9 N N-1
= NZkENN Siky Brykg - Bin_1knOkng = NZngw—z Bigy - Bry_yj OF ﬁtrB = NBN-1
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9.2. The Euclidean—Lorentzian IKK'T matrix model correspondence

and N
0D, ocY’ . , , X
3 Aid =2_3 Aid = (8ij0be ALy + A?,5ii0aa) = beAby + Alydad,
ba j ba j

and
0D dDd( 8Dcd aDdc
EX, G = XX (G Pt Peag)
= Zc Zd 51)(' ad + A b(sad)Dd(' + D(‘d((sbdAa(- + Adb(sa(' Z AadDdb + Z A bD(L(‘ + Z D(‘bAi + Z DadA?ib
=2 Z cb + DacAcb)

or

a 7 l

thus
i S S e = DS S a0 O (S etk D)
- 2(2 Zj(chﬂ + ATCIY) — 2(DA + AZD)) = —4(DAZ - Zj ClIAT 4+ A'D — Zj AJC“>
=4 47147, A7)

Finally,
OSeffective [ 41 _ ™\ (1 9 0 4i12 i k12
DA [A] = zNﬁexp(sz)<Qexp( zkﬁ)aA Z tr[A°, A7) 48AZZ Z tr[A7, A¥]
_ T\ (1L 9 0. pJ i Ak
= zNﬁexp(zs2><2exp( Zlm)@A Z tr[A°, A7] 481412 Z tr[A7, A"
— ™ 0 140 4i
=1Nfexp (152> (exp(—2km)[A", [A”, A"]] Z

(A7 Az>

J

Time constraint drift

The constraint term is,
1
V = Z(QN — \/E)4A/a.

The time derivative of constraint term is,

°)% aV Oa oV
5 — Z 5 b = Qg Z F — Qg Zb>a 6bN<aN - \/"2)3704 = O401,(05N - \/E)gf)/a-

01, b Doy 0T, b>a Oy

9.2. The Euclidean—Lorentzian IKKT matrix model correspondence

The pure bosonic case

From (9.1.3), the difference between Euclidean and Lorentzian observables linear in the bosonic matrices is a phase of —(3/8).
For time « in particular with the constraint turned off (v, = 0),

3m
<alorentzian> - <aeuclidean> exp - 7’? .
Let Vi € NN Nyjoer—15
Aoy = otip1 — oy

be the physical time step.
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9. The Lorentzian IKKT matrix model

For

(Aq;) x exp ( - 2387T>,
the emergent time is Euclidean, while for (Aq;) € R, the emergent time
is Lorentzian, i.e. corresponding to the proper metric signature. In fig-
ure 9.2.1, « is plotted for various constraint values of v, and k. In all
settings the emergent time is Euclidean near times with low |af, but be-
comes manifestly Lorentzian for large |a.

An observable of space extent can be defined from the specific space extent

98 06 04 -02 00 02 04 06 08 moment of inertia as
Re (ei)y,

dim X—1 _
N~ Zi:l (trblock (4:)?),

Figure 9.2.1.: Distribution of complex

time «, for various con- where

strain settings (offset x and trblock = ZN‘““““ )

scale 7,) of the Lorentzian Mblock =1

IKKT model with a time To obtain a time evolution of the space extent, we are limited by the block

cutoff a, = v/k. The line size allowed by the non—commutativity of spacetime [77], so time (9.1.1) is

corresponds to FKEuclidean used and averaging on space block (band-diagonal) matrices is the maxi-

time [77]. mum “resolution” that can be achieved when estimating time dependence,
dim X—1 _ 1

fwszM5¢Xff (i) with A% = |R*(0)] and 6(t) = J arg B(¢). (9.2.1)

1=

In [77] it was shown that spacetime of the Lorentzian bosonic IKKT matrix model exhibits a small expansion in times away
from ¢ = 0. The main result is that without constraints the Euclidean and Lorentzian IKKT models are equivalent, while
introducing said constraints on time (ay = y/k), Lorentzian time emerges at the edges of time.

The extents of space

In [78] a detailed exploration of the extents of space in our simulations was done, using a modification of the spatial moment
of inertia tensor A defined Vi, j as

Aij (t) = trblock(ﬂ?;li (t)%AJ (t))
where VA € MyC,
1 1

%A:§M+AUMM%A:§M—AU
are the hermitian and antihermitian parts of A respectively, and once again, tracing is done on the block submatrices A of
A, to allow exploring the dependence of space expansion with time at the fuzzy resolution of the emergent non—commutative
spacetime. The reason behind regarding the hermitian part of the complex bosonic matrices only is that, the original
moment of inertia tensor (6.3.13) is non—holomorphic. However, due to gauge cooling intermixed in the simulation process,
the hermiticity norm of configurations is minimal. Also, as explained in section §7.2. Complex Langevin Method (CLM), an
alternative holomorphic method was used that could give identical results within statistical error.
The moment of inertia A is a matrix of its own with components that are block—traces of the spatial bosonic matrices. As a
matrix of its own, its space—only trace labeled as

_ dim xX—1 _
RQ(LL) = <trX/X(J A(t» = Z ) <trblock(§RAi(t))2>

1=

in (9.2.1), where

dim X1
trx/XO = Zi:l
In [78], we used a “detailed variant”
dimx—1 _ _ )
o =" a2,
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9.2. The Euclidean—Lorentzian IKK'T matrix model correspondence

to measure the radial spread of space. Interestingly

tra/xo A(t) = trplock Q(t),

but studying the distribution of the eigenvalues as event radii may give more information about how the space expands. In
figure 9.2.2 some examples are shown with different radial behavior. Some spacetimes show tendency to be singular at the
large N limit, while others show a more spread distribution of radial extends (eigenvalues of @)). The hermiticity norm & in
figure 9.2.2 is a normalized variant of the one used in our simulations, namely

A2z AT = A2 At
h(4) = —A (R4 = ol 4] = (4 4), VA € My,

such that h = 0 corresponds to hermitian A and h = 1 corresponds to antihermitian A.

As is explained in [24, 48|, terms [Ag|A;] favor close to diagonal structure, while terms [A4;|A;] favor non-commutativity
of the bosonic matrices, arguments that apply on their block versions as well. Maximal commutativity according to [24],
leads to a so—called Pauli-like structure of A; configurations, which can be evident by the radial extent tensor Q; if only two
eigenvalues of () separate from the rest, a Pauli-like structure is evident.

The parametric path chosen in [78] is for fixed k = 0 starting at s = —1 (figure 9.2.3). No spontaneous symmetry breaking
is observed.

0.7 T T T T T 0.65
0.6
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0.45 -
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0.6 05l

05l 0.45 -

0.4+

0.4+ 0.35 1

a(t)
ak(®
ak(t)

0.3+
0.25 1
0.2+

0.15 1

Figure 9.2.3.: Plots of the eigenvalues of Q) respectively with respect to (block—averaged) time along the k = 0 path of the
Wick-rotated Lorentzian IKKT matrix model [78], with N = 128, 8 = 2.5 and x = .8 and from left to right,
s =—.8, s =—.6 and s = 0 respectively.

The eigenvalue distribution of the moment of inertia A (figure 9.2.4) shows a uniform change through time ¢, hinting at no
spontaneous symmetry breaking either, which hints that it might be an effect of supersymmetry in the Lorentzian IKKT
model as well as it show to be in the Euclidean case [15, 79].
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U'021-11 5 -1 -0.5 0 0.5 1 15

Figure 9.2.4.: Plot of the eigenvalues of A respectively with respect to (block—averaged) time for the Lorentzian IKKT matrix
model (at s =0 and k = 0) [78], with N =128, 8 = 2.5 and k = .8.
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9. The Lorentzian IKKT matrix model

2.5 - eigenvalues of Tj(t) eigenvalues of Q(t)
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(a) Model with s = —1.0000 and k = 0.0000, N = 128 with Npjock = 16, £ = 0.1300 and S8 = 2.
Only the largest 4 eigenvalues of @) are plotted.
This spacetime is expected to be singular in the N — oo limit, as some of the eigenvalues of the radial expansion tensor ) are orders of
magnitute distinct from the rest. Pauli-like structure is evident here.

35 Ré(Rg(ti) T eigenvalues of Tj(t) eigenvalues of Q(t)
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t t t
(b) Model with s = 0.0076 and k = 0.5038, N = 128 with Npjock = 16, k = 0.0037 and 8 = 32.
Only the largest 8 eigenvalues of @) are plotted.
This spacetime is expected to be less singular than its s = —1 and k = 0 counterpart in the N — oo limit, as the eigenvalues of the radial
expansion tensor @@ have more gradual differences. Departure from the Pauli-like structure is evident.

1.6 eigenvalues of Tj(t) eigenvalues of Q(t)
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(c) Model with s = 0.0118 and k = 0.5059, N = 192 with Npjocx = 24, K = 0.0044 and 8 = 64.
Only the largest 8 eigenvalues of @ are plotted.
This spacetime is a further improvement in the N — oo limit, as the eigenvalues of the radial expansion tensor @) are even more spread out.The
departure from the Pauli-like structure is more evident here.

Figure 9.2.2.: Plots (logarithmic) of the radial R, the eigenvalues of the moment of inertia A and the radial extend tensor @
for one thermalized configuration A (no expectation value) respectively with respect to (block—averaged) time
[48], for various settings of the dim X = 6 bosonic Lorentzian IKKT matrix model (9.1.2).
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9.2. The Euclidean—Lorentzian IKK'T matrix model correspondence

Lorentz—invariant mass term

It is apparent from the previous results that the introduction of constraints induced a dynamical signature change in the
emergent spacetime, near time ¢t = 0, from Euclidean to Lorentzian. In [49], a new Lorentz-invariant term scaled by = is
introduced in the pure bosonic action (9.1.2) in further exploring the dynamic emergence of a Lorentzian spacetime.,

Smass = —%ZN’}/ exp (252) (exp <— zkm’) tr(AgAo) — tr(AiAi)>,

where the s and k dependence stems from the derived wick rotation (9.1.3), where the tilde notation is omitted for simplicity,
since we always refer to the Wick-rotated fields in the context of s and k& model parametrization. A variant of the 7 term
was first introduced in [80], further explored in [53, 55, 56, 76, 81, 82, 83, 84, 85, 86, 87, 88, 89|.

In [49] we studied the Lorentzian bosonic IKKT model (s =0, k = 0 and 8 = 1) with a final action

Sboson = ilN(; tI‘(FOiFOi) — itr(FljFlj)> — %ZN’Y(‘]I’(A()A()) — tr(AZAZ)) (922)

el =3 e
i3m/8

(i), x e

0.5

-1 —0.5 0 0.5 1
Re(oi)1,

Figure 9.2.5.: Complex phase diagram of the expectation values {«;) Vi, N = 32 and v = 3 for the Lorentzian IKKT matrix
model with Lorentz—invariant mass term (9.2.3) [49]. The solid line represents the Euclidean signature.

As shown in figure 9.2.5, the resulting spacetime deviates from Euclidean signature towards a closer—to—Lorentzian signature,
with near—Lorentzian signature at late times.
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t t

Figure 9.2.6.: Plots of expectation values of § = (arg R(t)) and |R?(¢)| respectively for the Lorentzian IKKT matrix model
with Lorentz—invariant mass term (9.2.3) and v = 3 [49]. The Euclidean signature (solid line) corresponds to
0=mn/8.

In figure 9.2.6, the deviation of the phase 6 of R? from Euclidean spacetime is evident, while a slight expansion of space at
late times is observed as well. These results indicate that the presence of the Lorentz—invariant mass term introduced in
(9.2.2) with v > 0, affects the signature of the emergent spacetime towards a Lorentzian signature, which brings the model
closer to one generating a proper spacetime.
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9. The Lorentzian IKKT matrix model

The supersymmetric case

In [90, 91], we added the contribution of fermions in studying the Lorentzian IKKT model. The s = k = u IKKT model
parametric subspace is chosen once more, as in (9.1.3). For the sake of simplicity the tilde is again not shown. The full
supersymmetric Lorentzian IKKT matrix model action is,

1 1
Seftective = 1IN exp (zu;r> (2 exp(—wum) tr(Fp; Fo;) — 1 tr(FijFij))
1
- 52]\[7 exp (zui) (exp(—wum) tr(AgAo) — tr(A4;4;)) — logpt M, (9.2.3)
where the fermion matrix M is wick-rotated relative to its original Lorentzian definition as

AO — ZAQ = exp <ZU;>A0

When applying the new Lorentz-invariant deformation, the sign of the + coupling plays an important role in the sign of
RSeffective, Wwhich is why v > 0 is explored in particular.® Once again, the term is split into two phases

™

1 1
Sy = Sy—time + Sy—space = §N7 exp ( —2(3u+ 2)Z> tr(Agdo) + §N'y exp (z(u +2) 4) tr(A; A;).

0 < u < 1 is the range from the Euclidean to the Lorentzian model. The period of u with a 7/4 factor is 8, and since
cos p < 0 means |¢| < 2, the range of ¢ is chosen around 0 for each phase explored.

According to (4.4.5), ¥y > 0, RS,—time > 0 if
™ . 4 . . .8
cos | |3u+ 2|Z > 0 meaning [3u+2| <2 or — 3 < u < 0 with a period 3

and RSy_space > 0 if

cos (|u—|— 2|Z> > 0 meaning |u+2| <2 or —4 < wu <0 with a period 8,
All inequalities overlap only for u = 0, which stands for the Lorentzian IKKT model, and for which the gamma term becomes
0 too. Therefore, on the parameter path s = k, ®S, > 0 for v < 0, which secures the equivalence of the models. On the

other hand, v > 0 poses an interesting domain where the equivalence is broken, as the model is ill-defined along the search
path s =k =u > 0.

The large—N limit however of the Lorentzian IKKT matrix model is expected to be nonequivalent to the Euclidean IKKT
matrix model. Furthermore, the authors in [76] have discovered classical solutions with an expanding (3+1)-dimensional
space for v > 0, we thus focused our Monte Carlo study around that domain.

The fermionic contribution presents singularities much like its Euclidean counterpart,’, therefore a correspondent fermion
mass deformation
ASfermion = _Nmfermion tr(wF'TFgTFQ’(/})

is necessary to shift the eigenvalue distribution away from the origin.
In [90], we applied the so—called dynamical stabilization of the complex Langevin process by interjecting VA bosonic matrix,
RyA — (1+n) ' (A+nAl).

Note that RpA = A and $; A = RA, thus R, for 0 < n < 1 interpolated between the original matrix and its hermitized
version. This method was first introduced in [92]. In the study that followed, n = .01 was used.

8~ = 0 defaults to the original Wick-rotated Lorentzian IKKT matrix model.
9See section §7.2. Complex Langevin Method (CLM) for details.
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9.2. The Euclidean—Lorentzian IKK'T matrix model correspondence
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Figure 9.2.7.: Complex phase diagram of the expectation values (o;) Vi, N = 64 and ~ values shown for the Lorentzian
IKKT matrix model with Lorentz—invariant mass term (9.2.3) [90, 91]. The solid line represents the Euclidean
signature.

The effect of the v mass term speculated in [49] to affect the signature of spacetime is shown here to evidently shift the
signature from Euclidean to Lorentzian, with 1.8 < v < 2.6 identified as the region of this phase transition (figure 9.2.7).
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(a) Model for v = 4.0 and Mfermion = 10. (b) Model for v = 2.6 and Mfermion = 10. (c) Model for v = 2.6 and Msermion = 5-

Figure 9.2.8.: Plots of the eigenvalues of A for the supersymmetric Lorentzian IKKT matrix model with Lorentz—invariant
mass term (9.2.3) [90]. The expanding eigenvalue is fitted with a exp(bt) + c.

On account of figure 9.2.8, a spontaneous symmetry breaking of SOg is observed, however with one broken dimension being
the dominant one. The expansion of this one dimension becomes more pronounced as y decreases and Myermion decreases.
While lower v generally implies “less” Lorentzian spacetime signature, these runs where done within the overall Lorentzian
signature phase, not going into the phase transition range. It is speculated in [90, 91|, that this spontaneous symmetry
breaking shown for finite mgermion may lead to a higher dimensionality symmetry breaking as mermion is decreased.

[50] has a good breakdown of the current development in exploring the Lorentzian model. [71] contains an overarching review
of the history and successes of the IKKT model from its date of origin to date.
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Summary

First, in [18] a 4-dimensional matrix model and in[14, 15], the 6-dimensional and 10-dimensional IKKT matrix models were
studied via the CLM.

The CLM applied to the IKKT model presents three challenges:
e the singularities of the drift of the complex Langevin process,
e the excursions of the complex Langevin process in the imaginary direction and
e the correctness of convergence of the complex Langevin process.
Each of these challenges were addressed by:
e the deformation of the original model:
o finite size N approximation
o explicit symmetry—breaking term of order parameter ¢
o fermion mass Mgermion deformation of the Dirac operator
e gauge cooling
e the drift norm diminishing faster than exponentially [38]

The deformation of the original model is necessary for technical reasons. The finite size N makes simulations computationally
possible, so the N — oo extrapolation provides insight to the original model. The explicit symmetry—breaking term is
necessary to probe the SSB by explicitly breaking it, then gradually turning the order parameter ¢ down and observing the
surviving symmetries in the original model via appropriate observables. Finally the artificial fermion mass is eliminated last,
which in fact, acted as a decoupler of fermions, with the mgermion — 00 model in fact being identical to the pure bosonic
model.

The excursions in the imaginary direction were solved by gauge cooling, an exploit of the underlying symmetries of the action,
to maintain the imaginary part of the complexified configurations at minimum.

Finally, correctness is established by monitoring the drift norm histogram and making sure its falloff is subexponential,
ensuring applicability of the CLM [38].

In [18], the authors successfully applied the CLM to Gaussian matrix model based on the aforementioned strategy and
methodology, in which model the SSB of SO4 — SO is expected to occur due to the phase of the complex fermion determinant.
The SSB did not occur with the phase quenched, which implies that the overlap problem in the reweighting-based Monte
Carlo methods is severe.

In the 4-dimensional model, the authors in [18] treated the drift singularity by shifting the Dirac operator of the original
model to a custom model with no singularities in two ways, which were gradually reduced to approximate the original model
in a series of simulations. The results were self-consistent and consistent with the corresponding GEM result [74].

In [14], we applied the CLM on the 6-dimensional IKKT model, with the same recipe. One type of fermion deformation was
applied, and all results stem from gradual extrapolations N — 0o, € — 0 and Mgermion — 0, leading to an SOg — SO3 with
observable expectations that are consistent with the corresponding GEM result [22].

In [15], we applied the same methodology to study the true 10-dimensional IKKT model. The fermion mass deformation
was applied in the (expected) compactified directions, and the same process and order of extrapolations were applied to yield
an SO19 — SO3 SSB which is consistent with the corresponding GEM result [23] as well.
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Figure 1.: Observables plotted for the modified Lorentzian IKKT model (9.2.3) for various v > 0. Quoted from [50, 71].

Next, attention was drawn to the Lorentzian IKKT matrix model which de-

16 ; w w o spite having an ill-defined (complex) Boltzmann factor, its study is possible
T Vo 3.55(99;(3)028‘;;;: S with the CLM, provided it satisfies the strong conditions of correctness [38,
1 L / 42].Equivalence between the original Lorentzian and Euclidean IKKT ma-

trix models is found, and a Lorentz—invariant v > 0 mass term is introduced
to account for the generation of a Lorentzian spacetime from the dynamics
of the model. Different phases are identified across the v spectrum:

e For finite IV and as « is reduced, we have a Euclidean signature gener-
ated spacetime [71] (figure 1a). For approximately 1.8 < v < 2.6, we
have a phase transition from a strictly Euclidean signature spacetime
to a mixed signature spacetime that is manifestly Lorentzian at late
times, while not clearly Euclidean.

Figure 2.: Expansion of one spatial di-
mension exponentially with a
(M1 (t)) ~ aexp(blt]) + c fit.

e These mixed with time spacetime signatures are more evident in the
phase 6 = arg R of the radial expansion of spacetime R (figure 1b),

where 0(t) 1z, 0, while #(0) < 7/8 meaning there is a finite but
small shift towards a Euclidean signature at early times.

e The mixed signature phase presents an overall expansion tendency

[t]—o0

[R(t)]

A detailed exploration of how space expands can be given by the moment of inertia A of the bosonic matrices encoding

spacetime. Preliminary studies show that 1 out of 9 dimensions expand exponentially as indicated by a sample run in
figure 2.

oo of space at late times (figure 1c).
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Conclusions

The numerical simulations of the Euclidean IKKT model using the CLM yield results that are consistent with the SO19 — SOj3
rotational SSB result of the GEM. While this is an interesting dynamical property, its relevance to the real world is unclear.
The initial expectation has been SOy — SOy corresponding to an emergent 4-dimensional spacetime. The discrepancy with
SO19 — SO3 is not only the difference in the dimension of the surviving symmetry. Both the GEM and the CLM results
yield a finite ratio of the extended dimensions versus the “compactified” ones, in contrast with the fact that the observable
4-dimensional spacetime is manifestly infinite (even if time—expanding). Both of these concerns eventually motivate the
study of the Lorentzian IKKT model using the CLM, where we expect to see real time emerging and 3—dimensional space
expanding.

The Lorentzian IKKT model on the other hand also has a sign problem, it stems however from a different source. As the
Boltzmann factor is now exp 1S, the phase stems from the bosonic part of the action as exp 2Speson, and the problem is thus
manifest in both the pure bosonic Lorentzian IKKT model and the full model. The fermionic part Stermion is still responsible
for the drift singularities, thus similar to the Euclidean version fermion deformations are necessary.

The Lorentzian version however has one more issue: its action is unbounded from below. Without any cutoffs however, the
Lorentzian model was found to be equivalent to the Euclidean model, and that the emergent spacetime obtained from the
Lorentzian model should be interpreted as Euclidean.

To overcome this situation, we proposed to add a Lorentz—invariant mass term . Our preliminary results for the bosonic
model are very promising. When the mass parameter -y is large enough, the path integral is dominated by one of the classical
solutions, having Lorentzian signature and expanding behavior. As + is decreased, the extent of the emergent time increases
and the emergent space is expanding more at late times. The expansion at late times is consistent with an exponential
behavior. The signature of spacetime is Lorentzian at late times, while it seems to change to Euclidean at early times. We
speculate that an expanding spacetime with Lorentzian signature emerges at late times in the 7 — +0 limit after taking the
large—N limit.

When space has an expanding behavior, we observe a clear block—diagonal structure, which is important in extracting the
time—evolution from the matrix configurations that we obtain from the model. We also observe that space appears to be
continuous instead of having the Pauli-matrix structure that was observed previously by using another approximation to
avoid the sign problem.

In the bosonic model, we observed that only 1 out of 9 spatial directions expands. This may be understood from the action
of the original type IIB matrix model. Since the spatial directions expand exponentially, the trpys[Ar|As][Ar]As] term
becomes dominant. The fluctuation of this term can be made small by having only one expanding direction.

As a future prospect, it is important to study the impact of the fermionic matrices on the dynamical generation of spacetime.
We expect supersymmetry to play an essential role in realizing the expansion of 3 spatial directions. It is known that pf M
vanishes if we set A, = 0 Vp apart for two of them [13,15], which strongly suppresses the (1 + 1)-dimensional spacetime and
possibly also (2 + 1)-dimensional spacetime considering the exponential expansion of space. It remains to be seen whether
we can reduce the fermionic mass deformation Mmgermion to the extent that enables us to see the effects of supersymmetry
needed to make the emergent spacetime (3 + 1)—dimensional.
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