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Abstract

After introducing a couple of complex geometric preliminaries, the Hull-Strominger
system and its associated Anomaly flow are introduced and specifically applied to the
case of a complex torus and an Iwasawa manifold. In both cases, the existence of station-
ary points are investigated. Stationary points in the Anomaly flow represent solutions
to the Hull-Strominger system. In the case of an Iwasawa manifold, the stability of a
certain stationary point is further examined.
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1 Introduction

The Hull-Strominger system [Hul86a; Str86] is of considerable interest both in physics,
where it is the equations for supersymmetric compactifications of the heterotic string to a
4-dimensional spacetime, and in mathematics, where it is a non-Kihler generalization of a
Calabi-Yau metric coupled to a Hermitian-Einstein connection.

Its formulation goes as follows. Suppose a compact complex threefold M together with
a nowhere vanishing holomorphic (3,0)-form Q. Consider a holomorphic vector bun-
dle E - M with ¢1(E) =0. Let g be a Hermitian metric on the holomorphic tangent
bundle 71°(M) and denote by w its associated fundamental 2-form. Most often, we im-
plicitly identify a fundamental 2-form with its associated Hermitian metric. In addition,
consider a Hermitian fiber metric H on E and write R € Q? (End (TLO(M ))) respectively
F € Q%(End(E)) for the curvatures of the Chern connections of g respectively H. Suppose
turther a slope parameter o’ € R. Then, the Hull-Strominger system is the following system
of coupled partial differential equations for the metrics w and H:

iﬁgw—%(Tr(RAR)—Tr(FAF)) =0, (1.1)
d(llell,w?) =0, (1.2)
FAw?=0, (1.3)

where the norm of Q with respect to w is defined by

QAQ

2
”Q”w =1 0)3

(1.4)

A generalization of the Hull-Strominger system to higher dimensions is discussed in [CHZ19].

If w was fixed, the third equation (1.3) is the well-known Hermitian-Yang-Mills equa-
tion [Don87; UY86]. From the point of view of non-Kihler geometry and nonlinear par-
tial differential equations, the novelty in the Hull-Strominger system lies in the first equa-
tion (1.1) and second equation (1.2). Equation (1.1) is called the anomaly cancellation equation
or Bianchi identity and it appears in the Green-Schwarz cancellation mechanism in string
theory. Observe that the Bianchi identity is quadratic in the curvature tensor. Equation (1.2)
is called the conformally balanced condition which can be viewed as an analog of the Kihler
condition for Ricci-flat metrics in this non-Kihler setting.

Many solutions to the Hull-Strominger system have been found both in the physics
[Bec+06; CI10; DRS99] and in the mathematics literature [AG12; Feil6; FY15].

Due to the absence of an analog for the dd-lemma, it is generally hard to produce an
ansatz such that the conformally balanced condition is satisfied. This difhculty motivated the
authors in [PPZ18b] to instead consider the so-called Anomaly flow of (w(t), H(t)) defined



o, (191, w2) :iagw—%(Tr(R/\R)—Tr(F/\F)) (1.5)
H™'9,H = A,F, (1.6)
w(0) = wo, (1.7)
H(0) = H,. (1.8)
where the Hodge operator A, on (1,1)-forms ¢ is defined by
w? A v
I (1.9)

The flow starts with some initial metric H(0) = Hy on E and some initial metric w(0) = wy
on T10(M) that is conformally balanced, i.e.

4 (190 2) =0, (1.10)

In equations (1.5) and (1.6), R = R(¢) and F = F(t) denote the curvatures of the Chern
connections of w(r) and H(¢) on M and E respectively.

We will see that equation (1.10) will imply that w(z) is conformally balanced for all times
t. This implies that the conformally balanced condition does not need to be added to the
flow equations. It is sufficient to determine whether the Anomaly flow exists for all times
and whether it converges.

We start the exposition with section 2 in which we introduce the necessary complex geo-
metric tools to introduce the Hull-Strominger system together with its associated Anomaly
flow. The main literature for this section is from the books [Lee24; Huy05]. Notably, we
introduce complex differential forms in section 2.5, connections in section 2.7 and the no-
tion of curvature in section 2.8. We end section 2 with section 2.11 which is a computational
preparation for section 3.

Section 3 is on the Hull-Strominger system and its associated anomaly flow. We first
provide general observations in section 3.1 and then discuss the first application on a complex
torus in section 3.2. The main result of section 3.2 is theorem 3.2.1 in which the Anomaly
flow is solved. The main strategy is to provide a specific flow ansatz which translates into
a soluble initial value problem. In particular, theorem 3.2.1 shows the non-existence of
stationary points in the Anomaly fow.

In section 3.3 we repeat the analysis on an Iwasawa manifold. Theorem 3.3.3 shows that
the Anomaly flow does not converge if @’ # 8. However, if the slope parameter is o’ = 8,
theorem 3.3.4 demonstrates that only for a special type of initial metric on the Iwasawa
manifold, a stationary point exists. In every other case, within the low ansatz, the geometry
on the holomorphic vector bundle L& L* collapses either to L or to L*. Finally, section 3.3.6
discusses the degree to which the stationary point from theorem 3.3.4 is unstable.



2 Complex Geometric Preliminaries

In this section, we introduce the complex geometric tools that will allow us to understand
the Hull-Strominger system together with its associated Anomaly flow. We will consider
the Anomaly flows in two different setups in sections 3.2 and 3.3.

The main literature for this section is from [Lee24; Huy05]. We develop the necessary
complex geometry in an almost self-contained way and whenever proofs are omitted, ex-
act literature references are provided. Einstein summation convention is implicitly implied
whenever repeated indices appear in individual terms.

2.1 Complex Manifolds

We start with the definition of a complex manifold. A topological manifold is a second count-
able Hausdorft topological space with the property that every point has a neighborhood
homeomorphic to an open subset of R” for some fixed n € N called the dimension of the
manifold. For a topological manifold M of dimension n, a coordinate chart for M is a pair
(U, ), where U is an open subset of M and ¢ is a homeomorphism ¢: U — ¢(U) CR". An
atlas for M is a collection of charts whose domains cover M. Given two charts (U, ¢) and
(V.,¢) with overlapping domains, their transition functions are composite maps

vod L p(UNV) >y (UNV), (2.1)
poy ™l Y (UNV) - ¢(UNV).

Two charts are said to be smoothly compatible if their domains are disjoint or their transition
functions are smooth as maps between open subsets of R". A smooth atlas for M is an atlas
with the property that any two charts in the atlas are smoothly compatible with each other.
Finally, a smooth structure for M is a smooth atlas that is maximal, meaning that it is not
propetly contained in any larger smooth atlas. Saying that an atlas A is a maximal smooth
atlas just means that every chart that is smoothly compatible with every chart in A is already
in A. Smooth manifolds are topological manifolds endowed with a smooth structure.
We choose the following standard identification between R?" and C":

(Lt Xyt e (xtiyh iy (2.3)

Now suppose that M is a 2n-dimensional topological manifold. If (U, ¢) and (V,y) are two
coordinate charts for M, we say they are holomorphically compatible it UNV =0 or both
transition functions ¢ oy~ and ¥ o ¢~1 are holomorphic under our standard identification
of (UNV) and ¢ (UNV) as open subsets of C". A holomorphic atlas for M is an atlas with the
property that any two charts in the atlas are holomorphically compatible with each other,
and a holomorphic structure for M is a maximal holomorphic atlas. An n-dimensional complex
manifold (or holomorphic manifold) is a topological manifold of dimension 2n endowed with
a given holomorphic structure. Any one of the charts in the maximal holomorphic atlas is
called a holomorphic coordinate chart, and the complex-valued coordinate functions (z!,...,z")
are called holomorphic coordinates, where z/ = x/ +iy/ and 7/ = x/ —iy/.



Remark 2.1.1. Because holomorphic functions are smooth, a holomorphic atlas is also a
smooth atlas and thus determines a unique smooth structure on M. Therefore, every com-
plex manifold is also a smooth manifold in a canonical way. On the other hand, a given
even-dimensional smooth manifold may have many different holomorphic structures that
induce the given smooth structure, or it may have none at all. E.g., S* carries no holomor-
phic structure.

We finish this subsection with the definition of holomorphic maps between complex man-

ifolds.

Definition 2.1.2. If M and N are complex manifolds, amap f: M — N is called holomor-
phiciffor all p € M there exist holomorphic charts (U, ¢) for M and (V,y) for N with p e U,
f(p) € Vand f(U) CV such that the coordinate representation of f, Yo fo¢™t: ¢(U) —
¢ (V), is a holomorphic map. If f bijective and holomorphic with holomorphic inverse £,
f is called a biholomorphism.

2.2 Complex Vector Bundles

We now introduce the notion of a complex vector bundle.

Definition 2.2.1. For a topological space M, a complex vector bundle of rank k over M
is a topological space E together with a continuous subjective map 7: E — M such that each
fiber E,, = n7!(p) has the structure of a k-dimensional complex vector space. Furthermore,
each p € M has a neighborhood U over which there exists a local trivialization, that is a
homeomorphism ¢: 771(U) — U x C¥ that restricts to a complex linear isomorphism E, —
{q} xC* for all g € U. To summarize, the diagram

Ll (U) — Uxck
\ lﬂl (2.4)
7T|,,—1
) U

shall commute, where 71 : UxCkK — U is the projection map onto the first factor.

If M and E are smooth manifolds, 7 is a smooth map, and local trivializations can be
chosen to be diffeomorphisms, we call it a smooth complex vector bundle. Moreover, if
M and E are complex manifolds, 7 is holomorphic, and the local trivializations can be chosen
to be biholomorphisms, we speak of a holomorphic vector bundle. A local trivialization
over all of M is called a global trivialization and if such a trivialization exists, the bundle
is said to be a trivial bundle. A real or complex vector bundle of rank 1 is called a line
bundle.

If we have two vector bundles 7: E — M and n’: E’ - M and a map F: E — E’ such
that 7”0 F = and such that F| : E, — E}, is a complex linear map, F is called a bundle
homomorphism. If F is also 2 homomorphism, F is called a bundle isomorphism and E
and E’ are called isomorphic, denoted E = E’.

A fiberwise direct sum of vector spaces can be defined.



Definition 2.2.2. Suppose two holomorphic vector bundles E — M and E’ — M of rank
k and k', respectively, over the same base manifold M. Then their Whitney sum E® E’ is
the holomorphic vector bundle of rank k + k" whose fiber at each p € M is the direct sum
E,®E)

Definition 2.2.3. Suppose 7: E — M is a smooth vector bundle and U € M is an open
subset. A local section of E over U is a continuous map o : U — E such that 7o o =1dy.
The map o is called a global section of E if U = M. We denote the space of smooth global
sections of E by I'(E). For a holomorphic vector bundle E — M, a local or global section is
called a holomorphic section if it is holomorphic as a map between complex manifolds.

Given a k-tupel of local sections (or1,...,0%) over an open set U C M whose values at
each p € U form a basis for the fiber E,, the k-tupel is called a local frame for E.

The existence of smooth sections is quite straightforward.

Remark 2.2.4. Every smooth vector bundle has a smooth zero section ¢, for which £(p) is
the zero element of E,, for all p € M.

The following definition is important for later considerations.

Definition 2.2.5. Suppose M is a smooth manifold and E — M is a smooth complex vec-
tor bundle of rank m. A Hermitian fiber metric H on E is a choice of a Hermitian inner
product H,, on each fiber E,, that is smoothly varying in the sense that for all smooth section
o and 7 of E over an open subset U € M, U 3 p — H,(c(p),7(p)) € C is a smooth func-
tion. A smooth complex vector bundle endowed with a Hermitian fiber metric is called a
Hermitian vector bundle.

With a partition of unity argument, one can prove that any smooth complex vector
bundle admits a Hermitian fiber metric [Huy05, Proposition 4.14]. One can define a natural
Hermitian fiber metric on the dual of a given Hermitian vector bundle.

Theorem 2.2.6 ([Lee24, p. 218]). Let E — M be a smooth complex vector bundle endowed
with a Hermitian fiber metric H.

1) The metric H determines a smooth conjugate-linear bundle isomorphism H:E — E* by
H(o)(1) =(7,0)n.

2) (¢ ¥y = (H Y (¢), H(¢))u defines a Hermitian fiber metric H* on E*, called the dual

metric

2.3 Complex Vector Fields

Consider a complex manifold M and local holomorphic coordinates (z,...,z") on an open
subset U € M. Denote the coordinate map by ¢: U — C" which can also be thought of
a smooth coordinate map U — R?" with smooth coordinate functions (x',y!,...,x", ")



where z/ = x/ +iy/. These coordinates yield smooth coordinate vector fields (6%, aiyl’ e,

o 0 - L
=, W)’ which act on a smooth function f: U — C by

9
ox/

_0fog™!
f = VI (2.5)

o -1
_0f<¢ and J

» /= oxJ ay’

p

where the derivatives on the right-hand sides are ordinary partial derivatives on R2",

We define a smooth local complex frame {0j,6]—.} for the complexfied tangent bundle

T@Mby
o 1(d 0 o 1({d 0
I 9 2(8x1 lay.z)an %= 2(ax1+layf)’ (26)

where -2 and ai), are the smooth vector fields on U € M. The vector fields in equation (2.6)
are called complex coordinate vector fields, and the corresponding local frame is called a complex
coordinate frame.

We call a section of TcM a complex vector field and it can be written locally as a linear
combination of coordinate vector fields with complex-valued coefhcient functions, or as
a sum of a real vector field plus i times another real vector field. A complex vector field
Z = X +1Y acts on a smooth real-valued function f by

Zf =Xf+iVf, (2.7)
and on complex-valued functions f = u+iv by the same formula, where
Xf=Xu+iXvand Yf =Yu+i¥v. (2.8)

The Lie bracket operation can be extended to pairs of smooth complex vector fields by
complex bilinearity.

[X1+iY1, X2 +iYa] = [X1, Xo] — [Y1,Yo] +i ([ X1, Yol + [¥1, X2]) . (2.9)

The formula [ fV,gW] = fg[V,W]+ f(Vg)W —g(W £)V also holds when the vector fields V
and W and the functions f and g are complex.

Similarly, a section of the complexified cotangent bundle 7'M is called a complex 1-form
or a complex covector field, and can be written locally as a linear combination of coordinate
1-forms with complex coefhcients, or as a sum of real 1-forms plus i times another real
1-form.

2.4 Complex Structures

The tangent bundle 7C" has the canonical complex structure Jon: TC" — TC" defined by

0 0 0 0
Jon— =— and Jon— = ———. 2.10
& o oy’ and.Je oy’ ox/ ( )




The corresponding complexified tangent bundle TcC" splits as TcC" = T1-0(C") @ 7™ (C")
where T19(C") is spanned by é1,...,8, and T%1(C") is spanned by 4y, ..., 5.

Proposition 2.4.1. On every complex manifold M, there is a canonical complex structure Jyy : TM —
TM.

Proof. Let p € M and consider holomorphic coordinate chart (U, ¢) on a neighborhood of
p,and define Jy: TM|y;, — TM|y, by

Ju =D¢ toJemoDé. (2.11)

It remains to prove the independence of the definition of Jy on the holomorphic coor-
dinate chart. Whenever two holomorphic charts (U, ¢) and (V,y) overlap, the transition
function g0 ¢~ is a holomorphic map between subsets of C" so that D(y o¢™!) =Dy o D¢~
commutes with Jen [Lee24, Lemma 1.54]. Finally, we find

Dy toJeno Dy =Dyt odono (Do Do) o Dy (2.12)
=Dy Lo(DyoD¢ ™ )oJenoDy =D odenoDg. (2.13)
The fact that J1%4 = —Id follows immediately from J2, = —Id. m]

On a complex manifold M, there are subbundles T710(M), 7% (M) € TcM whose fibers
at each point are the i-eigenspace and (—i)-eigenspaces of the complexification of Jy, re-
spectively. We then have the Whitney sum decomposition TeM =T0(M) @ T%!(M). Con-
sidering local holomorphic coordinates z/ = x/ +iy/, the complex vector fields {d,} form a
local frame for T7"0(M). Similarly, the vector fields {07} form a local frame for T%!(M).
Since the two subbundles 71%(M) and T%!(M) are spanned locally by smooth vector fields,
they are both smooth.

2.5 Complex Differential Forms

Let M be a complex manifold and denote the bundle of complex k-forms by A% M which
is the complexification of A* M. Every smooth section of A% M can be written uniquely as
a sum «a +ifB, where @ and 8 are smooth real k-forms, and /\(Ié M has a natural conjugation
operator given by @ +if = @ —i8. We call a complex differential form w real if & = w.

In the domain of any local holomorphic coordinates (z',...,z"), the 1-forms (dz',...,
dz",dz',...,dz") constitute a local frame for the complexified cotangent bundle and there-
fore

{dz* Ao AdZP AdZV A AT prg=k, i< <jpand i< <1} (2.14)

delivers a smooth local frame for AL M.

Suppose p+q = k. We call a complex k-form of type (p,q) ora (p,q)-formif in every local
holomorphic coordinate chart (z,...,7"), the complex k-form can be expressed as a sum
of terms whose summands have exactly p of the dz/ factors and g of the dz’ factors. Denote
by AP4M C N\EM the subset of (p,gq)-forms. It is locally spanned by smooth sections of
AL M and is thus a smooth subbundle of A% M.

7



Any complex k-form is a sum of various types (p,q) so that p+¢ = k and because

: PapM ifp’=pand g’ =g,
/\qun/\qu:{/\ itp’=pandq =q (2.15)

0 otherwise,

there is the Whitney sum decomposition
k p.q
AM=EP N\ 'm (2.16)
p+q=k

For each (p,q) there exists a coordinate independent projection operator 779: ALM —
A9 M. We denote Q(M) =T (/\é M) and QP4(M) =T (AP M).

We can now define for p,q € {0,...,n} the Dolbeault operator 8: Q77 (M) — QP-T+ (M)
by 8 := 77+ o d and its conjugate 9: QP4 (M) — QP*19(M) by 8 := aP*19 0 d. More gen-
erally, the operators 3 and 9 are extended onto Q¥(M) by decomposing complex k-forms
into types of type (p,q) with p+¢ = k and applying 8 and 9 on each term separately.

Considering holomorphic coordinates

@=aj, e, d2 A AdZP AT A AdTY (2.17)
the Dolbeault operators act as

da = (‘97@11,...,;,;,11,...,16,) dz" Adz/* Ao AdZP AdZT A - AT, (2.18)

da = (6r01j1,_“, jp,,l,n_,,q) dz" AdZ/t A=~ AdziP AdZ A -+ A dT. (2.19)

The following proposition is a direct implication of equation (2.18).

Proposition 2.5.1. Suppose M is a complex manifold and f is a smooth function on M. Then f
is holomorphic if and only if 9 f = 0.

Here are some useful properties of Dolbeault operators.

Proposition 2.5.2. Let M be a complex manifold and - a complex differential form on M. Then
the following identities hold:

1) d=08+0,
2) da =0,
3) 80 =0=49,
4) 80+00=0.

Proof. We decompose « into types and apply the Dolbeault operators to each type separately.
In this way, we can assume «@ to be of some type (p,q) to begin with. Point 1) is essentially
a local calculation in local holomorphic coordinates. Using, equations (2.18) and (2.19),
one immediately finds d = @ +4. Point 2) also follows from the coordinate equations (2.18)

8



and (2.19) since essentially dz/ and dz’/ are conjugates of each other. For the last two points,
3) and 4), we make the following observation by using point 1):

aaa+(35+53)a+%a: (a +5)2a:d2a:o. (2.20)

Now, dda € QP*24(M), (65+56) a € QP+ (M) and §9a € QP7+2(M) and these spaces

intersect pairwise only in the trivial form implying that indeed dda = 0= 00a and (65+58) a=
0. O

Definition 2.5.3. A Hermitian metric on a complex manifold M is a Riemannian metric
g for which the complex structure is an orthogonal map. A complex manifold endowed with
a Hermitian metric is called a Hermitian manifold. On a Hermitian manifold (M, g), the
2-form w = g(J-,-) is called the fundamental 2-form of the Hermitian metric.

To determine the coordinate expression of the fundamental 2-form w, we write w = w}.zdzf A

dz* with the coefficient functions Wz being determined as
wj;=w(3j,5;)=g(fajaai) =ig ([‘)j,@;):igj;, (2.21)

where J is the complex structure and we defined the matrix g 7 =g (9;,9¢). We denote by

(ng ) the inverse of the matrix (gjz).

2.6 Wedge Product of Endomorphism Valued Forms

Consider a smooth manifold M and a smooth complex vector bundle E — M. For each
q € Ng, we define the bundle of E-valued g-forms as AL, M ® E and denote QI(M,E) =
r (/\gj M® E) and Q"(M,E) =T'(E). Similarly, we call AL M @ End(E) the bundle of endo-
morphism valued q-forms and denote Q7(M,End(E)) =T (A%M ®End(E)).

Especially important are wedge products with endomorphism-valued forms. For A® @ €
Q4(M,End(E)), B®B € Q7 (M,End(E)), and 0 ® y € Q4" (M, E), we define

(A®a) A (B®B) =(AoB)®(a AB) € Q" (M,End(E)) (2.22)
(A®a)A(y®0) =(A0)®@a Ay e Q74" (M, E) (2.23)

and extend bilinearly.

To see how to compute these locally, let (s;) be a local frame for E and (") the dual
frame for E*. Because of the canonical isomorphism End(E) = E ® E*, each section w €
Q%(M,End(E)) can be expressed locally in the form

w:sj®6k®w']i (2.24)

for a uniquely determined matrix w] of ordinary g-forms. The tensor product s; ® € rep-



resents the endomorphism of E whose action on a basis element s; is
(sj®6k)(sl-) :6llfsj, (2.25)

so the wedge product defined above satisfies

w/\n:(sj®6k®w£)/\(sl®em®n,ln) (2.26)
= (6Fs; @ €™ ® (w] Al,) (2.27)
= (sj®em)®(a){€/\n,];). (2.28)

In other words, the matrix of forms representing w A7 is the matrix product of the ones
representing w and 7, with individual entries combined via the wedge product. (In an
expression like a)',’;, we always interpret the upper index as a row number and the lower
index as a column number.)

2.7 Connections

It is important to introduce the notion of connections before delving into the definition of
curvature.

Definition 2.7.1. Let E be a smooth complex vector bundle of rank m on a smooth man-

ifold M. A connection on E is a map

V: T(TM)XT(E) — T'(E),
(X, O') — Vxo

that is C®(M)-linear in X, C-linear in o and satisfies the Leibniz rule
V(fo)=fVo+dfe®oc (2.31)
for all complex-valued functions f. The expression Vyo is called the covariant derivative

of o in the direction of X.

Remark 2.7.2. The value of Vxo at a p € M depends only on X(p) and the value o in an
arbitrary small neighborhood of p. Consequently, any connection V on E determines a
connection, still denoted by V, on the restriction of E to any open subset of M.

For any smooth section o, the section Vo € I'(T*M ® E) of the bundle T*M ® E is called
the rotal covariant derivative. The bundle T*M ® E is canonically isomorphic to Hom(TM, E)
and the section is defined by (Vo)(X) = Vxo.

We can extend connections by complex linearity to accept complex vector fields. If V is
a connection on E and Z := X +1iY is a smooth complex vector field on M, we set

Vzo =Vxo+iVyo. (2.32)

This operation is C* (M, C)-linear in Z, and it allows us to regard the total covariant deriva-
tive Vo as a section of T:M ® E = Hom(Tc M, E).

10



2.7.1 Connection Forms

It is sufficient to work locally to understand the action of a given connection. To do so, we
suppose a smooth local frame (s1,...,s,,) for E and an open subset U C M. For each vector
field X on U there exist smooth functions 9? (X) such that

Vxsj =05 (X)si (2.33)

for all j € {1,...,m}. Using the Leibniz rule, we observe that equation (2.33) determines
the covariant derivative of arbitrary sections. Due to the C®(M)-linearity of V in X, (0;‘ )

defines a matrix of complex 1-forms, called connection 1-forms with respect to this frame.
Connection 1-forms are smooth because they act on all smooth vector fields X as

€' (Vxsj) = 60'(X) €  (s)) = 05(X) (2.34)
N——
:5{6

where (€’) is the frame for E* dual to (s;).
In terms of a smooth local frame and associated connection 1-forms, we can write

Vs; =05 @y, (2.35)
V(o/s)) =d0'j®sj+0'j9§®sk. (2.36)

Conversely, given an arbitrary matrix of smooth complex 1-forms 05? on the domain U of a
smooth local frame for E, the formula

Vx (07s;) = (Xa/)s; +o‘j9f(X)sk (2.37)

determines a connection on E over U.
If we have another local frame (5x), then where they overlap, we can write

Se=1ls), (2.38)

for a GL(m,C)-valued transition function 7 = (TJ ) We derive the transformation law of

the connection 1-forms by

éi@EPZVEkZV(T]{Sj)=dT]£®Sj+T]{9ﬁ-®S1 (2.39)

= (=) ar)+ ()] o] ) 05, (2.40)
where we have used s; = (T_l)i. §;, and thus

o = (T_l)f dT,{ + (T_l)feﬁn',{ (2.41)

Or 1h matrix hotation

6=7"tdr+t7'or. (2.42)
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The matrices dr and 6 are matrices of complex 1-forms and the order of matrix multiplica-
tion is, as usual, important.

Example 2.7.3. Given E — M and E’ — M are holomorphic vector bundles of ranks k and
k’ respectively and holomorphic local frames (s1,...,s¢) for E and (s},...,s,) for E’, we
get a local frame (s1,...,8¢,57, .. - 85%) for E®E’. If T and 7’ are transition functions for

overlapping local frames for E and E’, respectively, then the transition function for E & E’
T/

is the GL(k + k’,C)-valued matrix function (g 0), which is holomorphic. Thus, by the

chart lemma [Lee24, Lemma 3.4], E® E’ is a holomorphic vector bundle of rank & +&’.

Metric compatibility of a connection is just half the story of being a Chern connection
(which we will introduce later).

Definition 2.7.4. Suppose E is endowed with a Hermitian fiber metric (-,-). A connection
V on E is compatible with the metric, or a metric connection if the following indetify

holds
X{(o,7)y=(Vxo, 1)+ {0, VxT). (2.43)

Applying compatibility with the metric to complex vector fields Z yields
Vz{o, 1) =(Vz0,7)+(0,V5T) (2.44)

because of the conjugate linearity of the Hermitian inner product in the second argument.
Compatibility of a connection with a Hermitian fiber metric has consequences for the
corresponding connection 1-forms.

Proposition 2.7.5. Suppose E — M is a smooth complex vector bundle with Hermitian fiber
metric and V is a metric connection on E. The matrix of connection 1-forms with respect to any local
orthonormal frame is skew-Hermitian:

0% =-0,. (2.45)

Proof. Let (s;) be a local orthonormal frame for E, and let 6 be the corresponding connec-
tion 1-forms. For every local complex vector field Z, compatibility with the metric implies

9?(2) +5£(Z) = 9§(Z)<81,Sk>+92(7)<Sj,81> =(Vzsj,s50)+(5j, Vzsi) = Z({s},s)) = 0.
—_———
:6jk
(2.46)
O
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2.7.2 Compatibility with the Holomorphic Structure
An important technical theorem is the following

Theorem 2.7.6 (The d-Poincaré Lemma, [Lee24, Theoreril 4.13]). Suppose g > 1 and
w is a smooth (p,q)-form on a complex manifold M that satisfies dw = 0. Then locally, i.e., in a
neighborhood of each point, there exists a smooth (p,q —1)-form n such that on = w.

For each pair of nonnegative integers p,q, one defines the bundle of E-valued (p,q)-
forms as the tensor product bundle A M @ E, and Q?4(M,E) =T (A\"!M QE).

Proposition 2.7.7. Suppose M is a complex manifold and E — M is a holomorphic vector bundle.
There are operators O : QP4(M,E) — QP41 (M, E) satisfying the following properties.

1. For 0 € Q*0(M,E) =T(E), dgo =0 ¢ o is a holomorphic section.

2. Forall @ € QP4(M) and B € Q7 (M, E) one has

(@ nB) =T AB+(~1)an (EEﬁ) . (2.47)

3. Forall y € QP4(M,E*) and B € Q"4 (M,E) one has
Ay AB) = D=y AB+(=1)P" Ty NOEp. (2.48)

4. 5E 05E =0.

5. Ifa € QP1(M,E) satisﬁes dpa =0 then in a neighborhood ofeach point there exists B €
QP9~Y (M, E) such that 0gB = a.

Proof. Suppose o € QP4(M, E). In any open subset U C M over which there is a holomorphic
local frame (s;) for E, we can write o|; = o/ ® s; with scalar-valued forms o/. We define
Opo by setting

550‘|U = (Eaj) ®s;. (2.49)

We need to check whether this definition is independent of the choice of a holomorphic
local frame. If (5) is another holomorphic frame, then, where the domains overlap, we can

write .

Sk=Ts; (2.50)
for some holomorphic functions T]{. Then * T]{ sj =55k =0 = 0/s; yielding T,{o'k =o/.
Because d7; =0 (due to holomorphicity), we have

(8c/) ®s;= 5(7']{6']‘) ®s;= (0% ® (T]{Sj) = (05%) ® 5. (2.51)

This proves that O is well-defined.

1. Suppose o~ € I'(E). In terms of any local holomorphic frame (s;), we can write o =
f7s; for some complex-valued functions f/. If o is holomorphic, then each f/ is
holomorphic and equation (2.49) shows that dgo = 0.
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Conversely, if 0 = 9z = (3 f/) ®s; and since the sections s; are linearly independent
at each point, this shows that
afi=0 (2.52)

for each j and thus o is holomorphic by proposition 2.5.1.

. We write locally 8=/ ®s; and compute

Ap(aAB)=0p((aAB)®s;)=d(aAp)®s; (2.53)
=(@anB +(-1)""a N ®s; = (danB)®s;+ (1) (a AIB)® s,

(2.54)

=da AB+(=1)P*a AgB. (2.55)

. Write g € Q"7 (M, E) locally as 8= g/ ® s; and write y = y; ® €k, where (€) denotes
the local holomorphic frame for E* dual to (s;), so that

yAB=(noc)A (B es) = (s) i AP =yinf. (250

We compute

Opy AB+(=1)P* Iy NGB = (57% ®€k) A(B ®s;)+(=1)PH (yk ®ek) A (5,8j ®Sj)
(2.57)

=3y; AR+ (=) y; AR = (v ABT) = (v AB).
(2.58)

. Let o € QP9(M,E) and suppose (s;) is a holomorphic local frame for E on U € M.
Writing o = 0/ ® 5/, we conclude with equation (2.49) that

a5 (EEU) . ((aaf) @s,.) - (%af) ®s;=0 (2.59)

. Suppose @ € QP4(M,E) satisfies drpa =0. In terms of a holomorphic local frame,
we can write @ = @/ ® 5, for some scalar-valued (p, g)-forms o/ satisfying 0 = dpa =
(da’) ®s;. The pointwise linear independence of the s;’s implies da’ = 0 for all j and
the 3-Poincaré lemma (see theorem 2.7.6) yields (p, g —1)-forms 8/ in a neighborhood
of each point such that 88/ = ¢/ and thus

e (B ®s;)=0p ®s;=a’ ®s; =a. (2.60)
O

Suppose M is a complex manifold and E — M is a holomorphic vector bundle. Using

the decomposition T:M = AeM = ANM e N\"' M, we can decompose a connection V on
E as V=V10 4 vOD where V0o e T (/\1’0M®E) and VOV € F(/\0’1M®E) for
o el(E).

14



Definition 2.7.8. A connection V on a holomorphic vector bundle E — M is compatible
with the holomorphic structure if V&V = 9.

There are a few equivalent definitions of being compatible with a holomorphic structure.

Proposition 2.7.9 (Compatibility with the Holomorphic Structure). Let E — M be a
holomorphic vector bundle and V a connection on E. Thefollowing statements are equivalent.

1) The connection V is compatible with the holomorphic structure, i.. vOD =5,

2) Whenever o is a holomorphic local section of E and Z is a smooth local section of TV (M),
we have Vo =0.

3) For each holomorphic local frame (s;), we have Vs; = 9? ® s where the 1-forms Qj? are all
of type (1,0).

Proof. Take any open set over which there is a holomorphic local frame (s;). Let 9? be the
connection 1-forms with respect to this frame. Taking the projection of both sides of

V(o/s;)=do’/ ®s; +0'j9§sk (2.61)
onto A M ® E, we have

.1
) @k (2.62)

v (O'ij) = o/ ®s; +o’ (9;‘

On the other hand, EE’U =00/ ®s ; locally, showing that or (o/s;) = 00/ ®s ; and this
implies

©.1)
) ® k. (2.63)

VO (0is;) = dg (07s;) +07 (9;‘

0.1) —

The equivalence 1)< 3) is immediately given by the observation that V dg if and only

(0,1)
if (6) =0,
To prove 3)=2), we take a holomorphic local section o of E and a smooth local section Z
of T%Y(M). Decomposing o = o/ s ; with holomorphic component functions -/, we observe

Vo =Z(07)s;+05(Z)s; =0 (2.64)

because Z (0/) = 0 and 9;‘. (Z) = 0. The former is because o~/ are holomorphic and the latter
since 0.’; are of type (1,0) by assumption. B

The reverse implication 2)=3) is demonstrated by taking any local section Z of 7% (M)
and calculating

05 (Z)si = Vs, 2 (2.65)
to conclude that 0;? vanishes on 7%!(M) and is thus of type (1,0). |

2.7.3 Chern Connection

We now prove the existence and uniqueness on Hermitian holomorphic vector bundles.
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Theorem 2.7.10 (Chern Connection Theorem). On every Hermitian holomorphic vector
bundle, there exists a unique connection, called the Chern connection, that is compatible with the
metric and the holomorphic structure.

Proof. To prove uniqueness, suppose V is a Chern connection on E — M and let (s;) be a
holomorphic local frame for E over an open subset U € M. We write

Vs =0 ® s, 2.66
J J

and note that the connection 1-forms Qj? are all of type (1,0) according to proposition 2.7.9.
Writing H i = (s, sx) and using compatibility with the metric implies for every local
section Z of T0(M)

Z(Hji) = (Vzsj.sx) +(sj, Vsi) = 05(Z) Hyr, (2.67)

where we have used Vzs; = 6.(Z)s; and Vi = 0 (¢the latter results from proposition 2.7.9).
We can use the positive definiteness of the matrix (Hjx) to invert it and denote the inverse
by (H/¥). We multiply equation (2.67) by H*" and obtain 07(Z) = H*"Z(H ). Since this
holds for every section Z of T1:0(M), we get '

0" = H"0H j;. (2.68)

This proves that V is uniquely determined by the Hermitian fiber metric H.

To prove existence, we use equation (2.68) as the definition of the connection 1-forms
of V in terms of each holomorphic local frame. These forms are of type (1,0) by defini-
tion and thus the resulting connection V is compatible with the holomorphic structure (see
proposition 2.7.9). We start from the middle of equation (2.67), receive the right-hand side
in which we insert equation (2.68) and thus obtain the left-hand side of equation (2.67) so
that this finally proves the compatibility with the metric. O

In a natural way, we can also define the notion of a dual connection.

Theorem 2.7.11 ([Lee24, p. 219]). Let E — M be a smooth complex vector bundle, and let V
be a connection on E. Define a map V*: T (TcM) xIT'(E*) — T(E*) by (Vi) (o) = X(¢(0)) —
¢(VX0')for all X eT (TcM), ¢ € T(E*) and o € T'(E).

1) V* is a connection on E*, called the dual connection.

2) Suppose E is endowed with a Hermitian fiber metric H, and let H* be the dual metric on E*.
Then if V is a metric connection then

Vi () = A (V5o) (2.69)

and V* is also a metric connection.

3) If E is a holomorphic Hermitian vector bundle and V is its Chern connection, then V* is the
Chern connection of E*.
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2.8 Curvature

Having set up the notion of a connection on a vector bundle, we now provide the following

Definition 2.8.1. Suppose M — E is a smooth complex vector bundle and V is a connection
on E. Define the curvature of V as the map F: I' (TcM) xI'(TcM) XT'(E) — I'(E) by

F(X,Y)o =VxVyo—VyVxo—Vxy|o. (2.70)

A connection V is called flat if F = 0.

One can prove quite quickly that F is C®(M,C)-linear in all of its three arguments
and antisymmetric in its first two arguments. Furthermore, E® E* = E* ® E is canonically
isomorphic to End(E) so that finally F € Q*(M,End(E)).

For connections V; on E and Vs on E’, there is a natural connection V on E & E’ such
that V(s1 ® s2) = V1(s1) ® Va(s2), where 51 is a section of E and s9 a section of E’. In this
case, Fy = Fy, ® Fy,.

In the study of the Hull-Strominger system on a complex torus or an Iwasawa manifold,
we will work with line bundles which is why we need

Proposition 2.8.2 ([Lee24, Proposition 7.20]). Let L — M be a Hermitian holomorphic line
bundle and let Fy be the curvature ofits Chern connection. When L* is endowed with the dual
connection, the curvature of its Chern connection is given by Fr- = —FJ.

2.8.1 Curvature Forms

Now take a smooth local frame (s;) for E and let 6% be the matrix of connection 1-forms.
The curvature F is completely determined by its action on each basis section s; for arbitrary
X,Y e T(TcM). We calculate

F(X.Y)s; = Vx (ej?(X)sk) ~vy (ej?(X)sk) — 04 ([X, Y1)y = (dej +6L A ef) (X,Y)s; (2.71)
where in the second equality sign, we used the invariant formula

da(X.Y) = X(a(Y)) - Y (a(X)) ~a([X.Y]) (2.72)

for a 1-form a. Thus, with respect to this frame, we define the curvature 2-forms F} of V by

Fl:=d6}+0, n 6. (2.73)

Thus, F is represented locally by the matrix of 2-forms (F ]l) Interpreting 95 and F ]l as the lo-

cal expressions for End(E)-valued forms, we can use the wedge product of endomorphism-
valued forms defined by equation (2.28) to write

F=d0+0A6. (2.74)

Some remarks are in order about equation (2.74): Since 6 is a matrix composed of 1-
forms, 6 A 6 is in general not trivial. Moreover, € is an endomorphism-valued form only in
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the domain of a specified frame. However, F is a globally defined End(E)-valued 2-form.
The fact that 0 is not a local matrix representation for a globally defined End(E)-valued
1-form is reflected by the transformation equation (2.42). If it were, the transformation law
of @ under a change of frames would have been simply 6 = r~!dr.

We prove now that all curvature forms of a Chern connection are of type (1,1).

Proposition 2.8.3. Suppose M is a complex manifold and E — M is a Hermitian holomorphic
vector bundle. With the Chern connection on E, we have F € QY1 (M, End(E)).

Proof. In terms of a holomorphic local frame (s;), we can write
m _ qpm m k
F' =007 +007 +6]' AO; (2.75)

having used d = 8+ (see proposition 2.5.2). According to proposition 2.7.9, 07 is of type

(1,0) so that the first term 96 in equation (2.75) is of type (1,1) and the remaining two
terms are of type (2,0). So it remains to prove that the remaining two terms add up to zero.
Inserting equation (2.68) into the last two terms of equation (2.75) yields

00" + 07 A6 = OH"" NOH ;i + H""HT 0H,, AOH . (2.76)
Differentiating H*? H,; = 6 f‘ and multiplying the result by H'™ gives
OH"" = —H™H'P 9H (2.77)
and substituting this into the right-hand side of equation (2.76) provides
00" + 07 A0S = —HP"HY 0Hy, NOH g+ H"" H™" 0H ., NOH 4 = 0 (2.78)

implying that F = 59’]’.’ is indeed of type (1,1). |
The connection and curvature forms on a dual bundle can be given in terms of the

original vector bundle as described in

Theorem 2.8.4 ([Lee24, p. 219]). Let E — M be a smooth complex vector bundle, let V be a
connec.lion on E, and V* the dual connection on E*. Suppose (s;) isa holomorphic localframefor E,
and 6, and F] are its connection and curvature forms, respectively. Let (e’) be the dual frame for E*
defined by €/ (si) =6, and let 9*_]/‘. and F*;‘- be the connection and curvature forms for V* satisfying

Ve =0*§(X)ek and F*(X,Y)€’ :F*f(X,Y)ek.

2.79
(A summation over repeated indices is also implicitly implied here.) (279

Then . '
0% =~6] and F*\ =-F]. (2.80)

2.9 The First Real Chern Class

Suppose a connection V on a smooth complex vector bundle E — M. Since F € Q*(M,End(E))
and the trace of an endomorphism is independent of the choice of a basis, we can define the
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first Chern form of V by _
(V) = iTr(F) (2.81)

which is a global scalar 2-form.

Theorem 2.9.1. For any connection on a smooth complex vector bundle, the ﬁrst Chern form is
closed, and its de Rham cohomology class is independent of the choice of connection.

Proof- Let E — M be a smooth complex vector bundle and V a connection on E. In terms
of a smooth local frame, we have

c1(V) = iFj - %dej., (2.82)
where we have used that 9{ A Qﬁ. = 0. With equation (2.82), we therefore see that ¢ (V) is
locally exact and thus closed.

Now suppose V is another connection on E. We define the difference tensor D: T'(TcM) x
I'(E) by D(X)o = Vxo —Vxo. One can see by direct computation that D is C*(M)-linear
in both arguments which makes it a section of Q' (M, End(E)). This implies that its trace is
a globally defined scalar 1-form and

c1(V)—c1(V) = %(Tr(dé) —Tr(d)) = %Tr(dz)) = %dTr(D). (2.83)

That is, ¢1(V) and ¢1(V) differ by an exact form and thus represent the same de Rham
cohomology class. o

The Chern form becomes real when we deal with metric connections, in particular
when we work with Chern connections, as demonstrated in

Proposition 2.9.2. Suppose E — M is a smooth complex vector bundle with a Hermitian fiber
metric. If V is a metric connection on E, then ¢1(V) is a real 2-form.

Proof. Let V be a metric connection on E. In a neighborhood of each point, we may choose
an orthonormal local frame (s;) and denote by 95? the corresponding connection 1-forms.
Proposition 2.7.5 shows that

0+ 7 =0 (2.84)

Tgking k = j and summing over j yields that the 1-form 95 is purely imaginary and so is
F! =d@’. This implies that

J J :
i

V)= —F/ 2.85

c1(V) = o F; (2.85)

is indeed real. m

Let E — M be a smooth complex vector bundle. We can always choose a Hermitian
fiber metric on E and a connection V compatible with it, so that ¢1(V) is represented by
a real 2-form. Thus, the cohomology class determined by ¢1(V) lies in H3, (M;R) where
H3. (M;R) is considered as the subspace of H3, (M;C) consisting of cohomology classes
that are invariant under conjugation.
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We define the first Chern class of E, denoted by ¢ (E) € H3, (M;R), to be the cohomology
class of ¢1(V), where V is any connection on E.

2.10 Chern Connection and Curvature on L @ L*

Let L — M be a Hermitian holomorphic line bundle and V its Chern connection. Given a
local holomorphic frame s for L (i.e., s # 0 holomorphic local section) over an open U € M,
let 6 be the corresponding connection 1-form. The fiber metric is completely determined
in U by the strictly positive function

h=1s? = (s,5). (2.86)

It implies
0=h"t0h=0d(log(h)). (2.87)

Its curvature is the globally defined 2-form F; whose expression in terms of each holomor-
phic local frame s is F; = d6 = 33 (log(h)) = 80 (log(|s|2)). Thus, the Chern form for this

connection has the local expression

c1(V) = igﬁ(log(h)) - iéa (log(|s|2)). (2.88)

On the Whitney sum L@ L* the curvature Fy g+ becomes

fo 0 ) (2.89)

F * =
LoL (O _F,

because F;- = —Fy. The dual connection V* on L* is automatically the Chern connection
(see theorem 2.7.11).

Remark 2.10.1. Equation (2.89) implies directly ¢1(L @ L*) = 0 which is one of the neces-
sary conditions in the formulation of the Hull-Strominger system if we use L & L* as the
holomorphic vector bundle over a complex threefold M.

2.11 Computational Preparation

Given a holomorphic vector bundle E — M and a connection V on E, we can locally de-
compose the corresponding curvature as

. 1 ) 1 . .
F=F(0,0;) a2 ndz/ + SF(8:0) ®d nd2/ +5F (8.9;) ©7 Az (2.90)

with (z) being local holomorphic coordinates on M. Further assuming V to be the Chern
connection on E, proposition 2.8.3 tells us that they must be of type (1,1) which implies

F(6,0;)=0=F (‘9{’ GJ—) for all i and j, reducing equation (2.90) to
F= F(Bi,aj-) ®dz' AdZ. (2.91)
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Taking the wedge of the curvature F with itself amounts to

FAF =F (0,05) F (3, 8) ®d2 A dZ/ ndz Az (2.92)
Going back to the definition of curvature, namely F € Q*(M,End(E)), a straightforward
observation is that we can think of F as being a matrix composed of 2-forms, or more
precisely of (1,1)-forms since we are working with a Chern connection. This provides the
computationally feasible observation that

(FAF),=F, AF} (2.93)

Therefore, F A F is computed by standard matrix multiplication, but instead of using ordi-
nary multiplication of complex numbers, we take the wedge of 2-forms and do the standard
summation as is part of ordinary matrix multiplication.

We thus receive

Te(F AF) =T (F (01,05) F (3. 8)) ) d2' A& Adzh ndZ! = FIAF. (2.94)
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3 The Hull-Strominger System

The Hull-Strominger system is a system of coupled partial differential equations and origi-
nates from supergravity [Hul86b; Str86] and it first appeared in the mathematics literature
in [LYO05]. There is a conjectural relation between the Hull-Strominger system and confor-
mal field theory which arises in a certain physical limit in compactifications of the heterotic
string theory.

Yau proposed to study this system of partial differential equations as a natural general-
ization of the Calabi problem for non-Kihlerian complex manifolds [Yau05] and due to its
relation to Reid’s fantasy on the moduli space of projective Calabi-Yau threefolds [Rei87].

Solutions to the Hull-Strominger system are found by polystable holomorphic vector
bundles and Kihler Ricci flat metrics when the dimension of the complex base manifold is 1
or 2 [Gar16]. In the case of a three-dimensional complex base manifold, arguing on the ex-
istence and uniqueness for the Hull-Strominger system is still an open problem. Under mild
assumptions, the existence of solutions to the Hull-Strominger system has been conjectured
by Yau [Yau10].

3.1 General Observations

Assuming (M,w) to be a compact Kihler threefold with ¢1(M) =0 and taking E :=T'%(M)
and H = g, the anomaly condition is automatically satisfied. Furthermore, when ¢’ =0,
the Bianchi identity (1.1) is reduced to the Type IIB equation with no source [Pho23].
The main obstruction in proving the existence of solutions to the system of equations (i.e.
when assuming dimc(M) = 3), is the Bianchi identity in equation (1.1) that couples the
fundamental 2-form w of the conformally balanced Hermitian metric g on the complex
manifold M with the curvatures of the Chern connections of g and H respectively.

If w were time independent, the flow in H is the well-known Donaldson heat flow.
Thus, the Anomaly flow has the interesting peculiarity that w flows as well and couples to
the Donaldson heat flow. Using Hamilton’s version of the Nash-Moser implicit function
theorem, the short-time existence for the Anomaly flow is proven in [PPZ18b].

An interesting way of finding solutions to the Hull-Strominger system in equations (1.1)
to (1.3) is to search for stationary points of the Anomaly flow formulated in equations (1.5)
to (1.8). The reason for its name is that the stationary points of the Anomaly flow obviously
satisfy the Green-Schwarz anomaly cancellation equation (1.1). Given wy in equation (1.7)
being the fundamental 2-form of an initial Hermitian metric on 7%%(M) and Hy in equa-
tion (1.8) an initial Hermitian fiber metric for E, we study the Anomaly flow of the pair
of time-dependent metrics (w(f), H (1)) satisfying equations (1.5) and (1.6) simultaneously.
The initial metric wy shall satisfy the conformally balanced condition (1.2) and it is indeed
possible to construct conformally balanced metrics [TW16].

Using dddw = d?dw = 0 and the fact that Tr(R A R) and Tr(F A F) are closed representa-
tives of the Chern classes co (T'9(M)) and c2(E) of the bundles 7" (M) and E respectively
[PPZ18b], we find with equation (1.5),

ad (I1Qll,w?) = dd; (I12ll,w®) = 0. (3.1)
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That is, w(¢) satisfies the conformally balanced condition for all times 7 since wy does and this
implies that the conformally balanced condition does not need to be added to the flow equa-
tions in order to ensure that its stationary points are indeed solutions to the Hull-Strominger
system. Actually, to find solutions to the Hull-Strominger system, it is sufficient to deter-
mine whether the Anomaly flow exists for all times and whether it converges.

The solution to the Hull-Strominger system Fu and Yau constructed on a T?-fibration
over a K3 surface [FY08; FY07] can be recast into flowing metrics that satisfy the Anomaly
flow and the associated stationary point recaptures the solution found by Fu and Yau [PPZ18a].

For future reference, we denote w = igjzdzj A dZ* for the local decomposition of the
fundamental 2-form on M, and then

W’ = ~ig r@mgpgdz’ A" AdZ' AdZ" Adz? AdZ

= ig0'10'{g0'20'é ga'go-é dZO-I A dZa-2 A dZ(’3 A dzo-i A dZ‘Té A dZUQ
= isign(a)sign(o")gm(,{g(,wé 8o, dz' AdZ2 Ad2 AdZ  AdZ2 AT
=i3ldet(g)dz' AdZ?2 AdZ3 AdZE AdZ2 A dZE.

)
)
)
)

LW W LW W
U1 B~ LN

(
(
(
(

.
.

In the notation, we understand o = (071,02, 03) and o’ = (07,05, 0%) as individual ele-
ments of the symmetric group Ss over which a summation is implied.

Working locally with Q = fdz! Adz? Adz? for some nowhere vanishing function f, we
find by combining equation (1.4) with equation (3.5),

||2 _ |f|2

= Gdet(a)’ (3.6)
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3.2 On a Complex Torus

Suppose a complex vector space V with dime(V) = n, considered as an abelian complex Lie
group. A lattice in V is a discrete additive subgroup A C 'V generated by 2n vectors vy, ..., va,
that are linearly independent over R. In [Lee24, Corollary 1.17] it is shown that V/A is an
n-dimensional complex Lie group, called a complex torus. When n =0, it is just a single
point. When n > 0, the real linear isomorphism A: R** — V given by A(x!,...,x*") =x/v;
descends to a diffeomorphism from R?"/Z?" to V/A. Since R*'/Z*" is diffeomorphic to the
2n-torus ST x---x S, so is V/A. Thus, complex tori defined by different lattices are all
diffeomorphic to each other. They are typically not biholomorphic.

3.2.1 Anomaly Flow Ansatz on a Complex Torus

Here, we consider a complex torus M := C3/A with A being some lattice in C3. For the
torus M, we make the Anomaly flow ansatz

t)h 0
H(t) = a(g 0 a(t)_lhal) and w(t) = b()wy (3.7)
with
wo = igj;(O)dzj Adz* and Hy = (%0 h(fl) (3.8)
0
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where wy is the fundamental 2-form of some initial metric on M that is conformally balanced
and hg is the initial metric on the line bundle L. Thus, Hy := H(0) constitutes the initial
metric on L & L*. We further need a(0) =1 = b(0). The time-dependent functions a and b
must necessarily be positive for all times to ensure we are dealing with Hermitian metrics
for all # > 0. With the definition of the first Chern class and equation (2.89), we of course
have ¢ (L ® L*) = 0 automatically.

3.2.2 Necessary Conditions on Curvature Form on L

We assume the curvature on L& L* to be coming from the Chern connection of H and
having the form

(3.9)

P (f(t)w(t) 0 )

0 —f(Dw(1)

for some function f that solely depends on the flow parameter 7 > 0. The assumption
necessitates

d(h5'dhg) 0

fHw(1) 0 ) =F(1) :5(6H(t) ‘H(l)_l) — ( 0 _E(h_laho)) (310)
0

0 —f(Dw(1)

which implies f = b7 such that F(r) = F(0) is actually time independent, and w, =
6(h610h0), i.e., the assumption necessitates this particular interrelation between the initial
metrics. This interrelation is achieved by, for example, assuming the connection 1-form on
i -7k
L to be ig 727 dz’.

3.2.3 Solving the ODEs Associated to the Anomaly Flow

We first define the nowhere vanishing holomorphic (3,0)-form Q = fdz', Adz? Adz? such
that | f] is constant and
A _
192l 1) = ——==1b(1) 3/2 (3.11)
det(g(1))
for some A > 0. For simplicity and to obtain equation (3.11), we implicitly assume the metric
w to be diagonal.
The conformally balanced condition

4 (1190l w()?) =0 (3.12)
is of course satisfied for all times # since we assume w to be position independent.

The Anomaly flow equations translate to a system of coupled ordinary differential equa-
tions in the functions a and » which is soluble.
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Theorem 3.2.1. The PDEs of the Anomaly flow are solved by

’

2
w(t) = (%tﬂ) wo and (3.13)

exp(i—/} (1— ﬁLl))ho 0
H(t) = 2 . (3.14)

Proof. We have

(3.15)

6tlog(a(r))((1) _01)=H(t)_18tH(t):w(Z)2/\F(t)— L (1 0)

w®3 b \0 -1

and

%b'(;)b(t)—l/%g =8, (|Ql (yw(H)?) =18 dw (1) —%(Tr( R(#) AR(1))-Tr(F(t) AF(2))) = %lwﬁ

—— ——
0 -0 202
(3.16)
We thus obtain the following coupled initial value problem.
b'(1) =%b(1)!/? ith b(0) = 1,
(1) =450b(1) with 5(0) (3.17)
o;log(a(t)) =b(t)™"  with a(0) =1.
The first equation in equation (3.17) implies
o 2
b(1) = (ﬁm) (3.15)
and inserting equation (3.18) into the second equation of equation (3.17) delivers
a(t) = exp 2—1 1- ,1 . (3.19)
a st +1
Inserting equations (3.18) and (3.19) into the ansatz in equation (3.7), provides equa-
tions (3.13) and (3.14). O

Theorem 3.2.1 implies that the infinite-time behaviour of 7 — w(r) is divergent although
we find for t — H(t),

62/1/6/ hO 0 . )
_ , provided &’ > 0,
He = lim H(1) = 0 e~ 2/ ol (3.20)
divergent with blow up time 7' := —g—/; provided o’ <0
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That is, although the flow has no fixed point, and thus, there is no solution to the Hull-
Strominger system in this torus case, H converges only in the physical case o’ > 0.

3.3 On an Iwasawa Manifold

Inspired by [L4z+25, Section 4.2], we consider the subgroup H < GL(3,C) consisting of
matrices of the form

1zt
0 1 z? (3.21)
00 1

for z1,72,7% € C. It is a complex Lie group that is biholomorphic to C* with multiplication
given by

(1,222 - whw?wd) = (H+wh, 22 +w? 2wl +2w?). (3.22)
We consider the standard lwasawa manifold which is the left coset space M = H/T", where
I" < H is the discrete subgroup consisting of matrices in which z*, 22, z3 are Gaussian integers,
i.e., complex numbers of the form m+in for m,n € Z. The Iwasawa manifold is a complex
manifold [Lee24, Corollary 1.17] with dimc(M) = 3. The subgroup I is cocompact, that
is, M is compact. The variables z' define complex coordinates on H and hence a complex
structure J on M.

3.3.1 A Left-Invariant Basis and Anomaly Flow Ansatz

We define a global (left-invariant) basis for Q'0(M) by a1 :=dz!, @3 :=dz? and a3 = -dz* +
z'dz? which satisfy da; =0 = deg and das = @1 A az. We also define the nowhere vanishing
holomorphic (3,0)-form Q = a1 Aaz Az = —dz! Adz? AdZ3.

Now, consider the Anomaly flow ansatz

.3
i _
w(t) = 3 ; bi(t)a; AN a;

i 2
- % (bl(t)dzl AdzZ+ (bg(t) + bg(t)|zll2) dz2 AdZ2 +b3()dZ® A dZ (3.23)
—by ()7 P AdZE = by(D)z A A dZ3)
such that
e
( 8,-70)) =| o ool |2 a0 1 (3.24)

with ¢; = b1(0) > 0, ¢ = b2(0) > 0, b3(0) =1 and b; > 0 being positive low parameter-
dependent functions and w( = w(0) is the initial metric that is assumed to be conformally
balanced. In particular,

det (gif(t)) = by ()ba(1)b3 (1) /8. (3.25)
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As in the torus case in section 3.2,

A
191w = (3.26)
\Vb1(1)ba(1)bs(t)
for some A > 0.
Analogous to section 3.2, we make the Anomaly flow ansatz
a(t)hg 0
H(t) = 2
(Z) 0 a(l‘)_lhal (3 7)

with a > 0, a(0) = 1 and h¢ being the initial Hermitian fiber metric on the line bundle L
and thus H the Hermitian fiber metric on L& L*.

3.3.2 Curvature of Iwasawa Manifold and Conformally Balanced Condition

Lemma 3.3.1. The time-dependent Chern connection of the metric in equation (3.23) is flat.

Proof. The associated matrix of connection 1-forms is computed rather quickly via

00 O
0=0g-g7'=[0 0 - (3.28)
00 O
so that the connection is flat since R = 96 = 0. O

It is a general fact that w(t) is conformally balanced for all times # since wy is [PPZ18b].
However, it is a straightforward calculation to prove the conformally balanced condition

for w(¢) for all # by hand:
Lemma 3.3.2. The metric w(t) is conformally balanced for all t > 0.

Proof. Squaring the fundamental 2-form delivers

1
a)(t)2 = —i(bl(t)bQ(l)Cl’l Aal ANag Aag +b2(t)b3(t)042 Aag Aaz Aas

(3.29)
+b3(t)b1(t)a3 Aa3Aay /\51).
The conformally balanced condition is satisfied for all times since
2) = _1 111292 x 322 1, =1
4 (190l 9 @()?) = =519l b3(DVb1 (00 +8) (j2!de® Az A de! Az 530
A2 AP AdZ AdZT = ZH B AR AdZ! A le) 0. 5
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3.3.3 Necessary Condition on Curvature Form on L

We define a Chern connection on the rank-2 holomorphic vector bundle L& L* — M, so
that it has the curvature

A(0H(t)-H()™) =F(1) = ;1(041 AT —ay A Qo) (é _01). (3.31)

This implies that a necessary requirement for the initial Hermitian fiber metrics is
- i B B
d (hytdho) = 7 (@A - AT) (3.32)
and this is how we choose the initial metric. This is for instance guaranteed by taking

the connection 1-form on L as i (Zza/g —Zlal).

3.3.4 Solving the Anomaly Flow Equations

We now use the ansatz in equations (3.23) and (3.27) to solve the Anomaly flow partial
differential equation in equations (1.5) to (1.8):

Theorem 3.3.3. The Anomalyﬂow is solved by

i c1 (1 o _ i co (1 o _ i _
H==|/—[(-=]t Aap+= = |=-=|t Ads+—a3Aas, (3.33
w(r) 2( 02(/1 8/1) +c1)a1 al+2( o (/l 8/1) +02)a2 a2+2a3 as ( )
and
32 ( fer, [e2
N o
H(r) = 12 __3/2 (\/E+\/§) ,
: i s () o) THNEA
0 cica \ 4 84
(3.34)
whereas theformulafor H holds only in the case o' # 8 and c1 # c.
Proof. We have
1
Tr(FAF) = T AT AN, (3.35)
Furthermore,
00w =00 %|z1|2b3(t)dz2 AdZ2| = %bg(t)cm AT A g ATo. (3.36)

The anomaly flow now delivers
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A b1(t)ba(1) _ — ba(1)b3(1) — —
——| O | ————a@1 A@I A2 Ao+ 04| ————as ANas Aag A&
2(;\{ bs () 1 1 2 2+0; by (1) 2 2 Aasg 3

bs(t)b1 (1) _ _
+0; %as/\%/\al/\al) =(9t(||9||w(r)w(t)2) (3.37)
=100w(r) — %(Tr(R(t) AR(t))=Tr(F(t) ANF(1)))
= (iy—(; — b32(t))a’1 ANap Aag Aao

and using

cu(t)3 = —zibl(l‘)bz(l)bg(t)a’l Aai Aas ANag Aas Aas, (338)
we find

2 1

8, 1og(a(1)) ((1) _01) C HO) G H () = % _ g (bll(t) _ bm) (é _01) . (3.39)

The first Anomaly flow equation (3.37) gives the initial value problem

9 by()ba() _ b3() o
N T T8
by(Dbs()  _
a,m =0,
b3(t)b1(1) —_
Ja /00—, (3.40)

b1(0) =cq,
b2(0) =co,
b3(0) =1,

and the second Anomaly flow equation (3.39) provides

(3.41)

a10g(a() =3 (5~ 5k )
a(0) =1.

The second and third equations in equation (3.40) are easily soluble:

ba(t)b3(t) _ [c2 b3(1)bi(t) _ [c1
\/ bi() Ve and bao(t) Nz (542
Multiplying these two equations with each other gives b3 = 1. Inserting this into the inte-

grated third line of equation (3.40) results in by = 2b; and together with the first line in
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equation (3.40) provides

bl(t) \/7(2_8_/1)t+61 and bg(t) \/7(5_8_/1)t+62 (343)

Inserting b1, b2 and b3 into the ansatz in equation (3.23) for w, delivers equation (3.33).
We now integrate the differential equation (3.41) and find

_ 3/2 Cc9 1 i’
SRR W R 1O P
so that
== (o241 %’%(E\/—) (3.45)
“a B \/6'1C2 A 84 '
Inserting equation (3.45) into the ansatz for H in equation (3.27) finishes the proof. m

Theorem 3.3.3 shows that the infinite-time behaviour of w and H is divergent if &’ # 8. It
proves the non-existence of a stationary point and thus the non-existence of solutions to the
Hull-Strominger system in the case o’ # 8.

It should be mentioned that equation (3.33) defines a Hermitian metric on 71:%(M) as
longas @’ < 8. If o’ > 8, there exists a finite time T > 0 for which w(7) is not the fundamental
2-form of any Hermitian fiber metric on 7%9(M).

3.3.5 The Special Slope Parameter o’ =8

In the case ¢1 = ca, we get by = by and together with equation (3.39), we find
H(t) = H(0) for all times ¢ > 0. (3.46)

However, also in this case, the infinite-time behavior of w remains divergent if o’ # 8.
Clearly, the initial value problem in equation (3.40) demonstrates that the case @’ =8 is
special.

Theorem 3.3.4. Suppose o’ =8.
1) If ¢1 = ¢y, a stationary point exists in the Anomaly flow and is given by (w(0), H(0)).
2) If ¢1 < ¢y, the geometry of L& L* collapses to the line bundle L.
3) If c1 > ca, the geometry of L® L* collapses to the dual bundle L*.

Proof. Since o’ =8, we obtain the constant solution b; = ¢y, by = ¢2 and b3 = 1 and thus

a)(t) =wy = %(clal Aaq+coag ANag+as /\53), (3.47)
hoet (57%) 0
e C C
H(t)=|" a1 (3.48)
0 pote Haa)
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by equations (3.40) and (3.41). Hence, the infinite time behavior of w exists trivially. The
infinite time behaviour of H exists only if ¢; = ¢2, and in this case, also H(¢) = H(0) for all
times # > 0. We thus have

0
(OO ) ifcl < Co,
0

0
He=lmH(D) = {H(0)  ifcr=co, (3.49)
0 0
( ) ifCl > Ca.
0 o

This shows that the geometry collapses to the line bundle L if ¢; < ¢ or to its dual L* in
the case ¢1 > ¢ at infinite times. Only at ¢; = ¢, the metric H is the initial metric on the
Whitney sum L& L*. m]

The existence of a solution to the Hull-Strominger system on the Iwasawa manifold was
proven in [Ldz+25].

3.3.6 Stability Analysis for the Stationary Point

Rescaling the metric H in equation (3.48) to
H(t) = 3.50
@ 0 hal _3(%_%)’

and assuming ¢1 < ¢2 (in the case ¢1 > ¢ we can rescale this H by multiplying equation (3.48)

with e%(%_%)t), we find

L _(ho O
Hoo—llggH(t)—(o 0). (3.51)

This collapses the discussion to considering the line bundle L over the Iwasawa manifold M.
Together with the limiting metric we = lim;_,e w(r) = w(0) one might ask, whether this
pair (weo, Heo) poses a solution to the Hull-Strominger system.

After a small calculation, one sees rather quickly that the Bianchi identity (1.1) of the
Hull-Strominger system is not satisfied. Indeed, the associated curvature reads

i 1
F., = i (@l AT — g AT) (0 8) (3.52)
and thus .
TI(FOO/\FOO) = gal Aal Aag Aas. (353)
Also,
= 1= _ 1 _ _
100w = —588((13 Aag) = —éafl Aal Aag Aas. (3.54)

Having o’ = 8, we find
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_ / 1

100w — L (Tr( R ARw)=Tr(Fa AFu)) = —=ay ATL Ay ATy £ 0 (3.55)

4 4
=0

and thus the Bianchi identity (1.1) is not satisfied. This renders the case @’ =8 and ¢; = ¢o,
for which a solution to the Hull-Strominger system exists, as highly unstable.
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4 Conclusion

We first developed the necessary complex geometric tools in a self-contained way to intro-
duce the Hull-Strominger system together with its associated Anomaly flow. We studied the
Anomaly flow on a torus and on an Iwasawa manifold separately. More concretely, we gave
specific individual flow ansatzes, translated the Anomaly flow into individual soluble cou-
pled initial value problems and proved the existence or non-existence of stationary points.
The existence of stationary points is equivalent to the existence of solutions to the Hull-
Strominger system on the particular setup under inspection. In this procedure, we gave
necessary conditions for the connection forms of the Chern connection on the Whitney
sum L& L* to receive the curvature F that we would like to work with (see equations (3.10)
and (3.31)).

It is clearly the case that the Anomaly flow we discussed on the torus does not have a
stationary point and thus the Hull-Strominger system does not exhibit a solution on the
torus. On the Iwasawa manifold, there were three cases we were able to differentiate which
are summarized in equation (3.49). Only when o’ = 8 and only in the case ¢1 = ¢ we can
guarantee the existence of a stationary point in the Anomaly flow on the Iwasawa manifold.
This stationary point is actually given by the initial metrics (wo, Hp). All other values of
@ deliver divergent infinite time behaviours for the Hermitian fiber metric H(¢) on L &
L* (see equation (3.34)) and the fundamental 2-form w(¢) on the Iwasawa manifold (see
equation (3.33)).

The stationary point on the Iwasawa manifold, for @’ =8 and ¢; = ¢y, is identified to be
an unstable one in the following sense. Assuming o’ =8 but ¢; # c¢2 does not only imply
the non-existence of solutions to the Hull-Strominger system. After rescaling H(z) as in
equation (3.50), its infinite time behaviour is convergent (see equation (3.51)) but the limit
does not qualify as a solution to the Hull-Strominger system.

In [FY08], Fu and Yau develop a solution to the Hull-Strominger system. They consider
a T?-bundle (M, w,Q) over a complex surface (S, ws, Q) with a non-vanishing holomor-
phic 2-form Qg. The surface S must be a finite quotient of a K3 surface, a complex torus or
a Kodaira surface due to the classification of complex surfaces by Enriques and Kodaira. Fu
and Yau rule out the existence of solutions to the Hull-Strominger system on 72-bundles
over Kodaira surfaces. They further argue that due to duality from M-theory, a supersym-
metric solution to the Hull-Strominger system is not expected when the base manifold is a
complex torus (Iwasawa manifold included). Thus, they prove the existence of a solution to
the Hull-Strominger system on T?-bundles over K3 surfaces.

Phong, Picard and Zhang [PPZ18a] take the Fu-Yau ansatz from [FY08; FY07] and
assume certain components to be time dependent. In this way, they can write down the
Anomaly flow and rediscover the Fu-Yau solution as a stationary point. More precisely,
they consider a Goldstein-Prokushkin fibration over a Calabi-Yau surface and consider a
stable vector bundle. After a mild cohomological assumption, they prove for given initial
data that the Anomaly flow exists for all times and converges to a solution of the Hull-
Strominger system.
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