Math. Res. Lett.
Volume 25, Number 4, 12511284} 2018

Rotationally invariant singular solutions

to the Kapustin-Witten equations

S1qQ1 HE

In the present paper, we find a system of non-linear ODEs that
gives rotationally invariant solutions to the Kapustin-Witten equa-
tions in 4-dimensional Fuclidean space. We explicitly solve these
ODEs in some special cases and find decaying rational solutions,
which provide solutions to the Kapustin-Witten equations. The
imaginary parts of the solutions are singular. By rescaling, we find
some limit behavior for these singular solutions. In addition, for
any integer k, we can construct a 5|k| dimensional family of C!
solutions to the Kapustin-Witten equations on Euclidean space,
again with singular imaginary parts. Moreover, we get solutions to
the Kapustin-Witten equation with Nahm pole boundary condition
over S3 x (0, +00).
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1. Introduction

In [13], Witten proposed a new physical interpretation of the Jones polyno-
mial and Khovanov homology in terms of counting the solutions of a certain
supersymmetric gauge theory in four dimensions and five dimensions. The
BPS equations of N=4 twisted super Yang-Mills theory in four dimensions
are called the topological twisted equations [6] and play an essential role in
this framework.

Let X be a connected, smooth, oriented 4-manifold with a Riemannian
metric. Let P be a chosen principle SU(2) bundle over X and let ad(P)
denote the adjoint bundle of P. The topological twisted equations are equa-
tions for a pair (A, ¢) where A is a connection on P and ¢ is a ad(P) valued
1-form. These equations have the following form

(Fa—¢ Ao+ Adag)" =0,

(1) (FA—¢N¢—A""dag)” =0,
"¢ = 0.
Witten points out that the most interesting case to study is when A = —1.

In this case, we obtain the following equations, which we call the Kapustin-
Witten equations:

(2) FA_¢A¢_*dA¢:O7
¢ = 0.

In [6], Kapustin and Witten prove that over a closed manifold, all the
regular solutions to the Kapustin-Witten equations are flat SL(2;C) con-
nections. Therefore, the regular solutions to these equations are not so in-
teresting over closed manifolds. However, the Kapustin-Witten equations
are interesting over non-compact spaces with singular boundary conditions.
Witten’s gauge theory approach [13] to the Jones polynomial conjectures
that the coefficients of the Jones polynomial of a knot are determined by
counting the solutions to the Kapustin-Witten equations with Nahm pole
boundary conditions. See also Gaiotto and Witten [5] for an approach to
this conjecture. The case of the empty knot is resolved in [7].

In addition, Taubes studied the compactness properties of the Kapustin-
Witten equations [I0][9]. He shows that there can be only two sources of
non-compactness. One is the traditional Uhlenbeck bubbling phenomenon
[11] [12], and another is the non-compactness coming from the unboundness
of the L? norm of ¢.
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Therefore, a natural question to ask is whether the Uhlenbeck bubbling
phenomenon can appear for solutions to the Kapustin-Witten equations. In
addition, do we have a model solution to the Kapustin-Witten equations.

In this paper, we construct some singular solutions to the Kapustin-
Witten equations.

To be more precise, consider the trivial SU(2) bundle Py over R*. Denote
x to be a point in R%, after identifying R* with the quaternions H and the
adjoint bundle ad(FPy) with imaginary part of the quaternions, we prove the
following:

Theorem 1.1. For any real number C, the formulas
3C
Alz) =1 Td,
(@) m(c%wuwcmp+1$x>

30(0|x\2+1) -
(C2z]* +AC]zP + 1)(Clz2 —1) "™

3)

o) = 1 (

give solutions to the Kapustin- Witten equations with the following prop-
erties:

(1) For C # 0, the solutions are smooth away from |x| = % and decay
to 0 when |x| — oo.

(2) The solutions have instanton number 0.

(3) When C' — 400, |F4| converges to a Dirac measure at x=0.

(4) For C # 0, the pole singularity of ¢ at |x| = % cannot be removed
by SU(2) gauge transformations.

In addition, we also prove the following theorem:

Theorem 1.2. There exists a family of rotationally invariant solutions to
the Kapustin- Witten equations on Euclidean R* with instanton number +1.
These solutions are smooth away from a sphere where the real parts are C*
and the imaginary parts are singular.

In addition, given an integer k, we can generalize the ADHM construc-
tion [2] and obtain the following theorem:

Theorem 1.3. Given an integer k, there exists a 5|k| dimensional family of
singular solutions to the Kapustin- Witten equations on Euclidean R*. When
k = %1, these include the solutions from Theorem 1.2.

We conjecture that under some non-degeneracy condition, the solutions
we obtain in Theorem [L.3] have instanton number k.
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In addition, Witten in [I3] suggested to study solutions to with a
singular boundary condition called the Nahm pole boundary condition. So-
lutions with the Nahm pole boundary condition play an important role in
the gauge theory approach to the Jones polynomial.

In the last chapter, we observe the relation between the singularity which
appears in Thm 1.1 and the Nahm pole boundary condition and get the
following theorem:

Theorem 1.4. There exist two Nahm pole solutions to the Kapustin- Witten
on S3 x (0, +00), with instanton number % and —%.

Outline. In Section 2, we find a system of non-linear ODEs which will
give rotationally invariant solutions to the Kapustin- Witten equations. In
Section 3, we find a first integral of these ODFEs and solve them to obtain
the solutions in Theorem 1.1. In Section 4, we prove the rest part of Theorem
1.1. In Section 5, we construct other families of solutions to the Kapustin-
Witten equations and prove Theorem 1.2 and Theorem 1.3. In Section 6, we
build up the relation of our singular solution and Nahm pole.

2. ODEs from the Kapustin-Witten equations
2.1. Background

In accordance with the philosophy of the ADHM construction [I][2] for the
anti-self-dual equation, we use quaternions to describe the gauge field in R*.
We begin by briefly recalling the elementary properties of quaternions.

We have three elements I, J, K satisfying the identities: I? = J? =
K?=-1,IJ=-JI=K, JK=-KJ=1, KI=—IK =J. A general
quaternion x is of the following form:

I:$1+I21+$3J+I4K,

where x1,x2,x3, x4 are real numbers. After choosing a canonical basis of
R*, we can naturally identify points in R* with quaternions. The conjugate
quaternion is given by

T=x1—xol —x3J — x4 K
and with we have the relation y = yZ. In addition, we also know that

x7 = zx = |z|? = Y 22. For & = 21 + 2] + 23J + 24K, the imaginary part
of x is Im(x) := 2ol + x3J + x4 K. Therefore, the Lie group SU(2) can be
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identified with the unitary quaternions and the Lie algebra su(2) can be
identified with the imaginary part of the quaternions.

Using the well known isomorphism of the Lie group SO(4) with SU(2) x
SU(2)/ ~, the action of SO(4) on a quaternion z is given by  — axb, where
a, b are unitary quaternions.

In order to find rotationally invariant solutions, we assume that the
gauge fields of have the following form:

A(z) : = Im(f(t) zdx)
(4) ¢(z) : = Im(g(t) zdx)
t:=|z|?

I

~—

Here f(t), g(t) are real functions with variable ¢ = |z|?. Obviously, ¢t > 0.

Remark. In the remaining part of the paper, we use f', g’ to simplify writ-
ng dfT(;) and —d%(tt) .
Proposition 2.1. A(z) and ¢(x) defined as in are rotationally invari-

ant up to gauge equivalence.

Proof. 1t is easy to see that for a, b are two unitary quaternions, under the
change x — axb, we obtain |azb|? = |z|?, A(azb) = Im(f(t) axb d(azb)) =
bIm(f(t) Zdx)b. Therefore, A(axb) is gauge equivalent to A(z) by a con-
stant gauge transformation. Similarly, we can show ¢(x) is also rotationally
invariant up to the same gauge transformation. O

2.2. Basic properties of rotationally invariant connections

As the equations depend on the metric, we need to be explicit about the
metric we choose.

Definition 2.2. A metric g on R* is called rotationally invariant if in
quaternion coordinate g = h(t)dx @ dx. h(t) here is a positive function, t =
.

Example 2.3. The Euclidean metric dr®dz and the round metric dx

4
(I+1)2
® dzx on R* are both rotationally invariant metrics.

Remark. In the rest of the paper, all the metrics we considered are rota-
tionally invariant.
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Now, we will introduce some basic properties of connections in .
Lemma 2.4. Im(zdx A zdz) = —1[z|? dZ A dx — § 2dx A dzw.

Proof. Since the wedge product of a real form with itself is zero, we know
that

R(zdx) A R(zdx) = 0.

Since
- d di
R(zde) = 22T 0T :’“; T

we obtain

0 = R(zdx) A R(zdx)
(zdx + dzz) A (Zdx + dzx)
N 4
xdx N\ xdx + xdx A dxx +t dx A dx + dzx A drx
1 .

In addition, we have

Im(7dz A Fdz) — Tdx N\ rdx + dTzxz A dxx.

2
The plus sign on the right hand side of the above identity is because given
two quaternion one forms wi,ws, we have wi; A wg = —wa A wy.
The result follows immediately. O

Lemma 2.5. Im(zdz) A Im(zdz) = Im(zdz A zdz).
Proof. We calculate that

Im(zdzx) A Im(Zdz)
_ (@dx — dZz) A (Tdx — dTx)
N 4
zdr A\ xdx — Zdxr N dxx —t dx A dx + dTx N dTx

4
Tdx N\ Tdx + dxx A dxx

= 5 (by Lemma

= Im(zdx A Zdz).
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Lemma 2.6.

dx N dZ = —=2((dzy A dxg + dxs A dxy)] + (dzy A dxs + dxg A dag)J
+ (dzy Adzy + dzo A dx3) K)

dz A dx = 2((dzy A dxg + dag A dxs)I + (dxy A dxs + dog A dxy)J
+ (dz1 Adzy + das A dxe)K).

Proof. By direct computation. O

Remark. Given a rotationally invariant metric g (Definition , we can
define the Hodge star operator with respect to g. Denote Q2+ (Q27) to be the
self-dual (anti-self-dual) two-forms with respect to the Hodge star operator.
It is easy to see that do A dz € Q*F and dz A dx € Q2. Also Im(dz A dz) =
dzx A dz and Im(dz A dx) = dz A dz.

2.3. Separating terms in the topological-twisted equations

Since the equations in are separated into the self-dual parts and the anti-
self-dual parts, we also want to separate our calculation into the self-dual
parts and the anti-self-dual parts.

Lemma 2.7. For A(z) defined as in (), we have
Fi= —%(f’ + f?) zdx A dzx
Fy = (;tf’ — %tf2 + f) dz A da.
Proof. We calculate that

Fa=dA+ANA
= dIm(f zdz) + Im(f? Zdx A Tdx)
= Im(df zdz) + Im(f dz A dz) + Im(f? Zdx A Tdx)
=TIm((f' + f?) Zdx A Zdz) + Tm((f't + f) dZ A dz) (by 2Z = |22 = 1)

1 1
=~ (f'+ )t dz A+ (f't+ ) di Ado = S (f + ) #dw A dia
(by Lemma [2.4)
= <;tf’ - %th +f> dz A dx — %(f’ + f?) Zdx A dix.

The result follows immediately. O
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Lemma 2.8. For ¢(z) defined as in ([{), we have

1
(dAP)T = —§g2 Tdx N dzx

(GNP~ = —%th dz A dx.

Proof. We calculate that

¢ N ¢ =1Im(g zdr) N Im(g zdz)
= Im(g? Zdx A Zdz) (by Lemma

1 1
= —§g2t dz N\ dx — §g2 Zdx A dZx. (by Lemma [2.4))

Lemma 2.9. For (A(z), ¢(z)) defined as in (4)), we have

(d46)" = ~5(4' +2fg) #dw A dix

(dad)” = (;g’t +g-— fgt> dz A dx.

Proof. We calculate that

dap=dp+ANp+pNA
= dIm(g zdz) + Im(2fg Tdx A Zdx) (by Lemma
= Im(dg zdz) + Im(g dz A dx) + Im(2 fgzdz N Tdz)
=Im((¢ + 2fg) zdx A Tdz) + Im((tg' + g) dT A dx)

1 1
= (—2(9’ +2fg)t+ (g't + g)) dz A de — 5(9' +2fg) 2dx A dzx

1 1
= <29't+g — fgt) dx N dx — 5(9/ +2fg) zdx A dzz.

Now, we will discuss the third equation of .
At first, we have the following identity:

Lemma 2.10. z;Im(Z) 4+ zoIm(zI) + 23Im(zJ) + z4Im(zK) = 0.



Singular solutions to the Kapustin-Witten equations 1259

Proof. We calculate that

x1Im(z) + xoIm(z1) + z3lm(zJ) + x4Im(z2K)
=x1(—xol — x3J — x4 K) + zo(x1 ] + 23K — 24J)

+ xg(le —xoK + .%'41) + 1‘4($1K + x9J — 1'31)
=0.

O

Lemma 2.11. Given a rotational invariant metric h(t)dx ® dz, denote x
to be the Hodge star operator with respect to this metric, we have d(Im(Z) *
dxy +Im(zI) *x dee + Im(zJ) x dxs + Im(ZK) x dxg) = 0.

Proof. By definition, we have
Im(z) = —xol —x3J — 24K, *(dz1) = hdxs A dxs A dzy,
therefore (dIm(Z)) * dx; = 0. Similarly, we have
(dIm(Z1)) * dxe = (dIm(ZJ)) * dxg = (dIm(ZK)) *x dxy = 0.
Therefore,

(5) d(Im(z) x dzq + Im(ZI) * dze + Im(ZJ) x dxs + Im(ZK) * dzy)
= 20 (210 (7) + 22Im(Z1) + 23Im(zJ) + 24Im(7K))
= 0.

Lemma 2.12. For (A(z), ¢(z)) defined as in (), we have
AN*xp+*pNA=0.
Proof. For A A x¢, we calculate that

AN*p
= fg Im(zdx) A xIm(zdx)
= fg (Im(z)dx1 + Im(z1)dze + Im(zJ)dxs + Im(TK)dzs)

A (Im(z) * dxy + Im(Z1) *x dzg + Im(zJ) * dxs + Im(ZK) * dxyg)
= fg (Im(Z)Im(z)dx) A *dz1 + Im(ZI)Im(z])dxs A *dzo

+ Im(zJ)Im(zJ)dzs A xdxs + Im(zK)Im(zK)dxg A *dzy).



1260 Siqi He

In addition, we calculate that

*Pp N A

= fgxIm(zdx) A Im(Zdx)

= fg (Im(Z) * dzxy + Im(Z1) x dzo + Im(zJ) x dzg + Im(ZK) * dxy)
A (Im(z)dzy + Im(z1)dze + Im(zJ)drs + Im(ZK)dxy)

= fg (Im(2)Im(Z) x dz1 A dzy + Im(z1)Im(z]) * dxa A dxo
+ Im(zJ)Im(zJ) * des A deg + Im(ZK)Im(ZK) * dxg A dxy)

= —A A *¢.

Therefore, we obtain A A x¢ + ¢ A xA = 0. OJ

Proposition 2.13. For (A(z), ¢(z)) defined as in {), for a Hodge star
operator correspond to a rotational invariant metric h(t)dr ® dz, we have
dA * ¢ =0.

Proof. By definition,
da*xdp=d*xdp+AN*)+*p A A.

First, we compute d x ¢ = 0.

Take xg to be the Hodge star operator correspond to the Euclidean
metric in R*, then xdx; = h(t)? xg dx;.

By , we have

¢ = g Im(zdx)
= g (Im(z)dzy + Im(zI)dxe + Im(zJ)dxs + Im(zK)dzy).

Therefore, we calculate

d* ¢
= d(gh®)((Im(Z) *g dz, +Im(Z]) xg deo+Im(ZJ) *p des+Im(ZK) xp dzy))

+ gd(Im(a‘s) *g dry —I—Im(:ﬁ]) *E dacg—l—Im(EJ) *g dxs —i—Im(a_:K) *B d1‘4)

(gh?) (gh?)

= Trllm(f)dxl A xpdx1+ o

d(gh?) d(gh?)
8333 ax4
(by Lemma [2.11])
= 2(gh?) (z1Im(Z) +z2Im(Z]) +23Im(ZJ) +24Im(z K) ) day Adxy Adxs Adxy
(by Lemma [2.10)
= 0.

Im(f])dl‘Q A *gdTs

_l’_

Im({fJ)dI‘g N *pdxs+

Im(i‘K)dl&; A *xgdTy
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Combining this with Lemma [2.12] we finish the proof. O

2.4. ODEs from the Kapustin-Witten equations

Recall that the topological twisted equations are equivalent to the fol-
lowing:
Fi—(¢ne)" =—Adag)"
Fy—(¢nd)” =27 (dao)”
"¢ = 0.
By Proposition we know that d’ ¢ = 0 is always satisfied under our

assumption .
Combining Lemma [2.7] and we obtain the following ODEs:

"N fE— P20 fg=0
(©) {f g+ —yg fg

tf —tA\r +2f =227 g+ g*t — fPt+2tfgr Tt = 0.
To summarize the previous computation, we have the following theorem:

Theorem 2.14. Given a solution (f(t), g(t)) to the ODEs (0, taking
A(z) = Im(f(z) Zdx) and ¢(x) = Im(g(z) Tdx) gives a solution to the topo-
logical twisted equations (|1)).

By some linear transformations, we obtain the following ODEs:

. AHXDEf - 20F — (A= A"D(tf2 —tg?) — 29 +4fgt =0
Q A+ A Dtg + 2207 g—2f + (A= A"H2fgt +2t(f* — ¢*) = 0.

Taking A = —1, we obtain

) {tf'+f—|—g—2fgt—0

tg' +g+f—t(f>—g*=0.
We call the equations the Kapustin-Witten ODEs.

Remark. The equations are degenerate at t=0, which means that we
may not have the uniqueness theorem for a given initial value. Given a
solution (f(t), g(t)) to (7)), if we assume (f(t), g(t)) is continous neart =0
and limy_o(tf'(t), tg'(t)) = (0,0), we can take t — 0 in both sides of the
equations and we obtain that Af(0) = ¢(0).
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3. Explicit solutions for ODEs

In this section, we will discuss some properties of the equations and
explicitly solve the equations for some special cases.

3.1. Change of variables

We are going to simplify the equations by a change of variables.
Take f(t) :=tf(t), g(t) := tg(t), then the equations become

A+A! A

f (FP-3-f)+3—2fg
(9) A +2)\—1 A _2)\—1 ~ . N
5t =520+ (F -+ 7).

Remark. It is easy to see that if (f,g) is a solution for some parameter
Ao, then (f,—g) is a solution for —X\o. This is compatible with changing the
orientation of the manifold in the topological twisted equation .

Taking u(t) := f(t) — £, v(t) == §(t), we obtain

-1 y—1
At A tu/:)\ A (u2—v2—1>—2uv

2 2 4
10
. /\+/\_1tv’*—)\_7)\_12uv— uQ—vQ—1
2 N 2 4)°

In order to obtain an autonomous ODE systems, we take u(s) := u(e®)
and 9(s) := v(e®). We obtain

—1 _y—1 1
/\+2/\ i = A QA <a2—52—4> — 20D
11
" AT AT A A s (-
2 a 2 4)"
Here @' := dz(ss) and ¥ ;= dz(ss)

3.2. Some basic properties

Even though the equations are non-linear, we can find a first integral
which can simplify the equations in some special cases.
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Proposition 3.1. Given (u,0) a solution to the equations , I(a,v) =
103 — av? — ta— )‘_2)‘71 (03 — 4?0 + 10) is a constant.

Proof. We calculate that

1 ' 1
(12) <a3 — v — u> = @20 — @'0* — 200 — 1

1
= <a2 — 92— 4) — 2u07

We calculate that

1.\ 1
<ﬁ3 — %0+ @) = 0% — ¥'u® — 20ad’ + Zf/

- _ <ﬂ2 — % - ) o — @' (2a0)

The proposition follows immediately. Il

Since we would like our solution to exist near ¢ = 0, recalling that a(s) =
e*f(e®) — 3, 9(s) = e°g(e®), we obtain the following restrictions:

Sg@oou(s) =3 and Sgrlaoov(s) = 0.

Therefore, combining this with Proposition [3.1], we have the following iden-

tity:

1 1
(13) §a3 — - S - (@3 — 4?0+ 417> = .
By Proposition [3.1] we can prove the following;:

Proposition 3.2. For A # %1, if f(t) does not blow-up in finite time, then
g(t) will not blow-up in finite time.
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Proof. By the identity , we have

i A (5 25+ 15 ) + i + —
u = v u-v 41} uv 12

If f(t) does not blow-up in finite time, @ will also not blow-up in finite
time. If © blows-up in finite time then the right hand side of the identity
will be unbounded but the left hand side will be bounded, which gives a
contradiction. O

Even though the topological twisted equations are not conformally in-
variant, we still have that it is invariant under rescaling by a constant, which
leads to the following proposition:

Proposition 3.3. If (fo(t), go(t)) is a solution of the equations (T)), then
for any constant C, (C fo(Ct),Cgo(Ct)) are solutions to the equations (7).

Proof. By a direct computation. O

3.3. t’Hooft solution when A =0

In this subsection, we will prove that we can obtain the t’Hooft solution of
Yang-Mills equation from the equations . By taking A = 0, becomes

(Fa—¢N@)T =0
(14) (dag)” =0
&6 = 0.

If ¢ = 0, then we are just considering the anti-self dual equation
+ _
Fy=0.

By taking A = 0, becomes

(15)

f/+f2_92:0
g't+2g—2tfg=0.

By Theorem 2.12, we know that every solution to the equations will
give a solution for the SL(2;C) anti-self-dual equation.
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If g =0, the equations have a solution (f(t),g(t)) =

1+‘x|2xd:n) o(x)
covers the t’"Hooft solution for anti-self-dual equation in [3].

(1 ,0). The
0), Wthh re-

corresponding gauge fields are (A(x) = Im(

Remark. We can also find a solution using the first integral I(a,0) =

oa® — 0% — 10. Aﬁer some computation, we obtain the solution (f(t),g(t))

(tztl’tgfl) to

3.4. Explicit solutions to the Kapustin-Witten ODEs

Taking A = —1, the equations become

(16) ‘¥f+f+g—2ﬂn:0

td +f+g-t(f>—g*) =0

We can find a solution

1
ft) =5,
(17) an(—1 In

2t

However, the solution will have so many poles that 0 will be an accumulation
point of singularities, which is not what we want. We hope to find a solution
which is well-defined near 0.

From the equations , we obtain the ODEs corresponding to the
Kapustin-Witten equations:

tu' = 2uv
(18)

tv =u® —v°— —.
4

Recalling that u(t) = tf(t) — 1 and v(t) = tg(t), we hope to obtain a
solution well-defined near ¢ = 0. Therefore, we hope to solve for the
initial value (u(0) = —3%,v(0) = 0).
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By taking a(s) := u(e®), 0(s) := v(e®), we obtain an autonomous system
of ODEs:
o = 2av
’17/ — ,112 o ,172 o i
(19) By ]
Jm als) = =3
SEI_noov(s) =0.
By Proposition we the following identity
1 1 1
p 92 — ~ 3 -
(20) 0~ 2l + 4u D

Combining and , we obtain

120%0 = (20 + 1)*(a — 1)
i = 2uv
1
(21) lim i(s) =

S——00

lim o(s)

=0.
S——00

Assuming u < 0, take W(s) := —u(s), so we are trying to solve the fol-
lowing ODEs:

W(s) = 17\/W (s)VW(s) +1(2W (s) — 1).

We first solve W (s

\/W VW (s) + 1(2W (s) — 1).
Taking H(s) := 1+4W(8)

W N AOE Ok we have the following Lemma

Lemma 3.4 #2(5) dH (s) = —ds
Proof. We calculate that
H(s) (2W(5) ~ )W (s) |
4N3(W ()2 + W (s)) /W (5)2 + W (s)
In addition, we calculate that
L H(sy W) - 12

12(W(s)2 + W(s))
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Combining this with W (s =7 L /W (s)\/W(s) + 1(2W(s) — 1), the re-
sult follows immediately. O

By the previous lemma, 3 In( E gﬂ) —5+ C. Therefore, H(s) = $e+1,

Combining this with H(s) = 5 f\}*;m;giw( 5> We find

2—-3H?+3HVH? -1

Wis) = 2(3H2 — 4)

Therefore, we have

10%2 —2Ct+1

W(lnt
(Int) = 2022 +4Ct+1°
By definition,
1
5 — W(Int)
fi =2
We calculate that
3C

ft) =

P2 a0t £ 1 (for any constant C).

Putting this into the equations and taking g(t) = M, we obtain

(1) = 3C(Ct+1)
T = Ccr ract + 1)(Ct— 1)
For W(s) = \/W )VW (s) + 1(2W(s) — 1), we obtain another so-
: c224C 3C(Ct—1
lution (f(?), g(t)) ( e T (02t2+4é’t+1)()0t+1) )-

To summarize, by solving the equations with A = —1, we obtain the
following proposition:

Proposition 3.5.

30
(22) h(t) = (CHZ+4(Ct) + 1
o0 3C(Ct +1)

T (CHZ+4(CH+1)(Ct—1)
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1 CP+Ct+1

Tt CAH2 4 ACE + 1
3C(Ct+1)

90 = (e T acn T =1

fa(t)
(23)

are two families of solutions to the Kapustin- Witten ODEs (8)).

4. Instanton number zero solutions

In this section, we will give a complete proof of Theorem 1.1.

4.1. Computation of instanton numbers

We will now give a formula to compute the instanton number for the rota-
tionally invariant solutions, which will prove property (2) of Theorem 1.1.

Lemma 4.1. Zdx Adzz A Zdx A dzz = 24t%dzy A dzg A dxs A dxy, dT A
dx Ndx N\ dxr = —24 dx1 A dxo A dxg A dxy.

Proof. By Lemma [2.6] it is just a direct computation. (]

Combining this with Lemma we obtain that

[FL?=6(tf +2f —tf?)?
(24) ’FZ|2 — 6(fl + f2)2t2-

Since we are considering the solutions over the non-compact space R?,
the instanton number is defined as:

Definition 4.2. Given that a connection (A(z), ¢(x)) is a solution to the
Kapustin- Witten equations , if the integral 4—71r2 fR4 tr(Fa A Fy) exist, we
define the instanton number k for (A(x), ¢(z)) is

1

RAL

For a rotationally invariant solution as in , we have a simple formula
to compute the instanton number.
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Proposition 4.3. For a globally defined C' connection A(x)=1Im(f(t)zdx)
over R*, by taking f(t) := tf(t), the instanton number k satisfies:

oo B
k:6/0 F(F—1)Fdt = @ = 37%) [

Proof. We calculate that

1
k=— tr(FaNF
471'2/]1{4 T(A A)
1

T Jy

47r2/ (f 4 %2 = 6(tf +2f — tfH?) doy Adxy Adxs A dxy

(\F+|2 — |F|?) doy A dzg A dg A day

/ th Ytf + f) dey A dag A das A dzy
/ f)dxl/\d:cg/\dxg/\dx4
3 teo Lo rt}
:7r212V01(S)/0 (f(f=1)f") at
(by dri Ndxo Ndxs ANdry = d Volssétdt)
= 6/+oo(f(f— 1) f) dt (since Vol(S%) = 27?)
0
= (2/* =3/ 7.
O

Remark. The previous formula for the instanton number only works for
connections with the specific type A(x) = Im(f(t) zdz).

For A(z) = Im(f(t) zdZ), a conjugate form of ([4)), we have the following
corollary:

Corollary 4.4. For a globally defined C' connection A =Im(f(t) Zdx)
over R*, by taking f(t) := tf(t), the instanton number k satisfies:

oo - N N
k=6 [ (7o nfde= (P -2 5.

0
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Proof. We can calculate in a similar way and obtain that

IFE1? =6(tf +2f —tf?)?

(25) FL? = 6(f + 12)%2.

By the same computation as in Proposition [£.3] we obtain the result. [

Corollary 4.5. The solution (f1(t),g(t)) = (t2+it+1, (t2+i£f1§gt_1)) to the

Kapustin- Witten ODFEs has instanton number zero.
X 2 3(t+1 ,
The solution (f2(t),g(t)) = (%;jj;ll, (t2+4§+1)2t_1)) to the Kapustin-
Witten ODEs has instanton number zero.

Proof. Defining fy(t) :=tf1(t), then fi(0) = fi(+0c) =0. Therefore, by
Proposition we know the instanton number of A(x) = Im(f1(t) zdx)
is 0.

Similarly, for fa(t) := tfa(t), we have f2(0) = fa(400) = 1. Therefore, by
Proposition we know the instanton number of A(z) = Im(f2(t) zdz) is
0. O

Proposition 4.6. Given that (f(t),§(t)) is a solution to the equations @),

if
(1) limy—o f(t) and limy G(t) ewist.
(2) imy— 400 f(t) and limy_, o0 G(t) exist.
Then A(zx) = Im(M Zdx) is a connection with instanton number 0, 1

t
or —1.

Proof. After a change of variable and translation, the ODEs @ turn into
. Equation is an autonomous system, therefore the limit point must
be a equilibrium point of .

There are two equilibrium points, (@,7) € {(3,0),(—3,0)} or equiva-
lently (f,g) € {(0,0),(1,0)}. Therefore, (f(0),3(0)) € {(0,0),(1,0)} and
(f(+00), §(+00)) € {(0,0),(1,0)}. By Proposition we know that A(x) =
Im(@aﬁd:p) can only have instanton number 0, 1 or -1. O

4.2. Bubbling for instanton number 0 singular solutions to the
Kapustin-Witten equations

In this subsection, we will prove property (3) of Theorem 1.1: the existence
of some bubbling phenomenon for singular solutions.
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By previous computation, we know that:

[FL [P =6(tf +2f — tf?)?

(26) |FX|2 6(f,+ f2)2t2

Consider the solution

3
= arms
(27)
o(t) = 3(t+1)

(2 +4t+1)(t—1)
Combining and , we obtain that

|Fal? = [FLPP + | FL[?
= (6(tf" +2f = tf*)* + 6(f' + )t
108(2t1 + 263 + 12 4 2t + 2)
(2 + 4t + 1)4

As the curvature norm |Fy4| plays an important roles in the Uhlenbeck
compactness theorem [4] [IT], we also hopes to understand it in the Kapustin-
Witten equations.

The graph of |F4|(t) is depicted in Figure 1:

Figure 1: Norm of |Fy4| as a Function of Radius .

Proposition 4.7. |F4|(t) is decreasing and |F4|(0) is its mazimum.
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Proof. A direct computation shows that

1|F 2() = _ 216(4t° + 5t* + 3t° + 8> 4 19t 4 15)
at" AT (12 + 4t + 1)5 ’

so |Fa|' <0 for all t > 0. Therefore, |Fy4| is decreasing and |[F4|(0) is its
maximum. O

By Proposition 3.5, for any constant C, we have the solutions

(28) 1) = C22 +4Ct + 1
L) = 3C(Ct+1)

(C?2 +4Ct+1)(Ct—1)

to the Kapustin-Witten ODEs.
We define |F§|(t) as the curvature norm for f¢(t), then we have the
following proposition:

Proposition 4.8. (1) |F{|(t) = C|Fa|(Ct).
(2) fp: IFSI2(t)dVol =[5 |Fal*(t)dVol.

Proof. For (1), this is an immediately computation. For (2), by the definition
of t = |x|?, we get the result immediately. O

Proposition 4.9. Let D to be a real number defines as follows: D :=
Jes IFSP(t)dVol. Then we have lime_, o0 55|FS|(t) = 80, where 8o is the
Dirac measure at 0.

Proof. By Proposition [4.8] we know that

1 C 1

5|Fg](t) = B\FAKCt) and /R4 5|Fg]2(t)d\/ol =1.
Therefore, the function $|Fa|(Ct) is a rescale of |Fa|(t) and has inte-
gral 1. By classical approximations to the identity results [§], we obtain

limeo 40 51 FS1(E) = do. O

4.3. Non-removability of singularities for ¢ by SU(2) gauge
transformations

In this subsection, we will prove property (4) of Theorem 1.1. It is suffice to
consider the C' =1 case.
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By Lemma [2.9] we obtain that

(d46)* = 3¢+ 2g) ade A da

3(3 + 3t +2)
= tdz A d7
4+ )-8 32—t 1) D

(dag)” = (;g/t—kg — fgt> dz A dzx

263 + 3t2 + 1
= -3 dx N dz.
@+at+D)t-)B+32—st+1)

We calculate that

432(2t8 + 6t7 + 5t0 + 25 + 61 + 23 4 5t2 + 6t + 2)

dad)? =
[dadl (12 + 4t + 1)2(t — 1)2(83 + 3t2 — 3t + 1)2

Therefore, we know ||d4¢||r2 is unbounded near t = 1.
Since ||da¢||z2 is invariant under the SU(2) gauge action, we know that
the singularities of ¢ can not be removed by SU(2) gauge transformations.

5. Non-zero instanton number solutions
5.1. Instanton number +1 solutions

In this subsection, we are going to give a proof of Theorem 1.2.

First, we are going to give a construction of an instanton number 1
solution.

By Proposition we know that the instanton number is determined
by the limit behavior of our connection A(z) = Im(f(t) Zdz). In order to
construct an instanton number +1 solution, we only need to construct a
solution with different equilibrium points at ¢ = 0 and ¢t = +o0.

By Proposition taking C = 1, we have the following solutions:

3
ht)= 57—

(29) B . +4§(—7~f_41- 1)
9= Erarne_1
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1822 +t4+1
(30) R = tE T m
RN (23)
92 E+at+1)(E-1)

As g1(t) = g2(t), we hope to understand the relationship of fi(¢) and
f2(t). The graphs of fi(t) and fa(t) are depicted in Figure 2 and obviously,

we get f1(1) = fo(1).

Figure 2: Graph of fi(t) and fa(t).

Now, we hope to glue these two solutions to obtain a new solution.

Proposition 5.1.

3
I — T <1
m(t2+4t+1xdfc) (t<1)

(31) Al) = 12 4+t+1
<tt4+4t+1 m> (t=1)
B 3(t+1) i
(32) $(t) = Im <(t S (2 + 4t +1) xdx)

1s a solution to the Kapustin- Witten Equations which satisfies the fol-
lowing properties:

(1) The solution has instanton number=1.

(2) A(x) is C* away from t =1 and C' at t =1, ¢(t) is singular at
t=1.
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Proof.
t?+it+1(t§1)
(33) ft) = 9
1#24+t+1 (t>1)
ttd 44t +1 0 —

_ Taking f(t) =tf(t), by a direct computation, we know that f(0) =0,
f(+o00) =1. By Proposition we know that the instanton number is equal
to 1.

Defining u(t) := f(t) — 3, then

182 —2t+1
242 + 4t + 1
34 t) =
(34) u(t) 16292t +1
22 44t +1

(t<1)
(t>1).

By a direct computation, we know that u(t) is a C! function. Therefore,
A(z) is also a C! connection. O

Remark. By Corollary 4.4, we know

3
I wdz ) (t<1
m<t2+4t+1xx>(—)

L2 +t+1
S TIT D pdz) (> 1
(tt2+4t+1$x (tz1)

(35) Ax) =

- 3(t+1) ]
(36) ¢(@) =Im <(t S (24t +1) xdx)

1s a instanton number —1 solution to the Kapustin- Witten equations.
5.2. Linear combination of solutions

In this subsection, we aim to generalize the ADHM construction from [I] to
obtain higher instanton number solutions to the Kapustin-Witten equations.
However, there exists an essential problem to generalizing the instanton
number computation method from the anti-self-dual equation case [I]. We
conjecture that we will obtain some higher instanton number solutions from
this construction.
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In view of Corollary without loss of generality, we can focus on
instanton number k& > 0.

Now, let A\, ..., Ax be k real numbers and by, ..., by be k numbers in H.
Take U := (A1(z — b1), ..., \e(z — bx))T and U* be the conjugate transpose
of U. Take eg =1, e; =1, e = J, e3 = K, then for any quaternion b;, we
can write b; = b;je;.

Now we are going to compute an identity which is parallel to & = 0 case.

Lemma 5.2. For any g(t) € Ct, dxIm(g(|U[?) U*dU)=
Proof. We calculate that

(37) dIm(g(|U|?) * U*dU)

k
= dg(|UP)Im(A\}(Z — b;) A xd(x — b;)) (by Lemma 211)

il
—szg U)X Im((z — bi)ej) A*d(z; — bij)
= 1] 1
—ZA2Z %9 Im bi)e;) dxj A *dx;
< Bz, j) ATj J

= Z >\2 /Z 8|U| ((i‘ — Bi)ej) d.’E]’ VAN *dﬂ?j

L

_Z:/\2 /Z)\l bl]

M%

e] dx; N\ *dx;
]:

kK k 4
= 2¢'dVol Z MNP (25 — by Tm((F — bi)e;)
=1 1=1 j=
kK k 4 4
= g’dvolzZZAfAQ > (= byy)Im((T — bi)e;)
i=1 I=1 j=1 j=1
4 —
+ ) (= big)Im((Z — by)ey)).
j=1

Therefore, in order to show d % Im(g(|U|?) U*dU)=0, we only need to show

4

(z; — by Im((Z — bi)e;) + > _(w; — bi;)Im((z — by)e;) = 0.
j=1

'M%

<
Il
—
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By translation, without loss of generality, we can assume b; = 0. Then
we calculate that

4
(38) > (@j — byy)Im((2)e;)

4
= Z Zbljlm

4
(39) ijlm((:b bi)e;)
j=1
=— Z:L"jlm(glej)
j=1

= —(x1(=biad — bz — buK) + x2(bii I + bz K — by J )
+ 23(bpnJ — bo K + by I) + x4 (b K + baJ — bi3I))

4
Z by;Im((Z

Therefore, we obtain the following identity:

4 4
Z — by;)Im(( i)e;) +Z — bi;)Im((z — by)e;) = 0.
7=1 7j=1
Combining all the things above, we obtain the lemma. U

Lemma 5.3. For any f(t), g(t) € C', we have
m(f(|U|*) U*dU) A «Im(g(|U|?) U*dU) = 0.

Proof. Since f(|U|?),g(|U|?) are real functions, we only need to show that
Im(U*dU) A «Im(U*dU) = 0
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We calculate that

(40) (U*dU) A *Im(U*dU)
= ZZ)\QIm i)ej) daj A Z Z)\2 Im(( ) €n) *dxy,
i=1 j=1 m=1n=1
= Z Z Z MA2Tm((Z — b;)e; ) Im((F — by,)ej) daj A *da;
i=1 m=1 j=1

= —x Im(U*dU) A Im(U*dU).
U

Corollary 5.4. For any f(t),9(t) € CL, if A(z) = Im(f(|U|*) U*dU) and
#(x) = Im(g(|U|?) U*dU), then we have da x ¢ = 0.

Proof. We have dg x ¢ = d¢p + AN *¢p + ¢ A xA. This is a direct corollary of
Lemma [5.2l and Lemma [5.3] O

3(t+1)
)

1 t2+¢+1
(t) D)2 4tr1)

. 3
Taklng fl(t) = Braif1 f?(t) = TP+ g
the following proposition:

we have

Proposition 5.5.

(41)
2 * — Im 3 *
o m (f(|U]?) U*dU) =1 QU4+MUP+1UdU>(W¢§D
B 2 * _ 1 ’U|4+|U’2+1 *
m (f2(|UI*) U*dU) =1 <u12uﬂ4+4u12+¢5’dU> (lU]1>1)
(42)

3(|UP2 +1)
(U2 =) (JU* +4]U> +1)

¢(z) =Im (g(|U|*) U*dU) = Im ( U*dU)

are solutions to the Kapustin- Witten equations.

Proof. By Corollary. 5.4} the equation d’ ¢ = 0 is always satisfied. Therefore,
we only need to show that the equation Fq — ¢ A ¢ — xda¢p = 0 is satisfied
by (A(z), ¢(x)) defined above.

For

(43) (A(2), ¢(2)) = (Am(f(JUP)U*dU), Im(g(|U[*)U*dU)),

we observe that all the computations in Section 2 can be finish similarly. To
be more precise, replacing every computations in Section 2 of ¢ = |z|? with



Singular solutions to the Kapustin-Witten equations 1279

|U|?, replacing x with U and Z with U*, we can easily obtain the following
results comparing to Lemma, Lemma [2.8 and Lemma 2.9

1
Fi=—5(f'+ f2) U*dU A dU*U,
F, = <;tf’ — %tﬂ + f) dU* A dU
(pAp)T = —192 U*dU A dU*U
(44) 2

1
(PN~ = —§g2t dU* A dU

1
(dag)t = —5(9/ +2fg) U*dU A dU*U

(dag)” = <;g't +g— fgt) dU* A dU.

The derivative here is taking the derivative of |U|?.
Therefore, by , we could get an ODEs comparing to @:

FAURY +Xg(UPY + F(U)? = g(IUPP)? + 20 f (U9 (U]*) = 0,

(45) tf(|UPRY — A" g([U?) + 2f (JU[*) — 227 g(|U|?) + g(IU[*)*t
— F(UPt + 2t f((UPg((UPA = 0.

The derivative here is the derivative of |U|%.

Comparing this with , we are exactly solving the same equations.
Therefore, comparing to Proposition [5.1] our construction gives solutions to
the Kapsutin-Witten equations. Il

Proof of Theorem 1.3. By our construction, we have the freedom to choose k

real numbers A1, ..., A\; and k quaternions by, ..., b; in H in Proposition |5.5
Therefore, we have a 5k dimension family of solutions to the Kapustin-
Witten equations. O

6. Nahm pole boundary solution over S3 X (0, +0o0)

In this section, we will show that our solutions in Section 4 can provide
solutions on S? x (0, 4+00) with Nahm pole boundary.
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6.1. Nahm pole boundary condition

Now, we will discuss what is a Nahm pole boundary condition to the
Kapustin-Witten equations. Give a closed 3-manifold Y3, let P to be a
principle SU(2) bundle over Y3 x (0, +0o0) and let ad(P) denote the adjoint
bundle of P. Give a point x € Y3, for integer a=1,2,3, let e, be any or-
thonormal basis of T,,Y and t, € ad(P) satisfy the lie algebra relationship
[tasty] = €abele-

From [7] [13], we have the following definition of Nahm pole boundary
condition on Y3 x (0, +0c0) and denote y as the coordinate on (0, +00).

Definition 6.1. A solution (A,$) to KW equation [2| over Y3 x (0, +00)

satisfies the Nahm pole boundary if there exist orthonormal basi53 eq Such
S0 taeek
a=1 a +

that the Taylor expansion in y coordinate nears y = 0 will be ¢ ~ ses

¢0—|—---,A~A0+ya1+-~-

6.2. Nahm pole boundary condition over S$3 x (0, 4+o00)

In this subsection, we will describe the Nahm pole boundary condition on
53 and show that our solution satisfy the Nahm pole boundary condition.

Now, we first describe the tangent space of S3. Consider S® as the
unit quaternion, S3 = {x = z1 + xol + 23J + 24K € H|a? + 23 + 25 + 25 =
1}, and the metric is induced by Euclidean metric on R*. Fix a point z € S3,
we can identify the tangent space with vectors on R*, 7,5% = {v € RY| <
v,x >= 0}, here we consider x as a vector space on R%.

Define three orthnonormal basis

€1 = (73:272717 7:’647:63)
(46) €2 = (_1'3,37471'1, _$2)

€3 = (7'1:47 —x3, T2, CCl).

Obviously, we have TS = span{e1, e, e3}.
So by the induced metric from the Euclidean metric on R?*, we have the
dual unit basis

e] = —xodry + x1dry — T4dT3 + T3dTy
(47) 65 = —x3dr1 + r4dxo + r1dT3 — T2dT4
e5 =

= —x4dr1 — x3dxo + Todrs + x1d2y4.
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In addition, we have

(48) Im(zdz) = (—xodxy + x1dry — T4dx3 + T3dTyg)]
+ (—x3dry + w4dro + x1d2s — x2dLy)J
+ (—x4dzy — x3dry + Todxs + T1dry) K
=eil +e5J +esK.

Therefore, (0, w) can be consider as a leading term of Nahm pole
boundary condition on S3.

Now, we will show that the following singular solutions to the Kapustin-
Witten equations over R* can be consider as solutions to the Kapustin-
Witten equations over (0, +o00) x S3.

As the first equation of (2|) are conformal invariant, consider the solutions

3C _
A(z) =Im <C’2|x\4 TACRE xda:)

- 3C(Claf? + 1) i
¢lz) =Im ((029:\4 T 4O+ D(CRP 1) xdﬂ”) |

(49)

Using the following conformal transformation

¥ : (0, 400) x 8% — R?

|z|> 7=

(y,w) — \}aeyw

Then the pull back of using W gives the following solution on
(0, +00) x S3:

3

6 x
A(JZ) _e4y + 4e2y +1 X;taea
a=

e
o(x) = 6(e™ +1) ) Ztae;.

(et 4+ 4e?v 4+ 1)(e2v — 1

6(e?v+1)
etv44e?v+1)(e?v—1)

It is easy to see that when y — 0, 0
the solution exponentially decays.

N%andy—%i—oo,
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From Section 4, we get another solution to the Kapustin-witten equa-

tions ,

1 CHz|*+ Ol +1
Afz) =Tm | — G
(z) =Im <|x]2 C?la[f + 4C[aP + 1 xdw)
2
3C(Clzf + 1) )xdx>

(51)
¢(w) =Im ((C2|$|4 T 4C[2 + 1)(Cla2 —

Following the same process, we get another solution to the Kapustin-Witten
equations with Nahm pole and exponentially decays.

Then the pull back of using W gives the following solution on
(0, +00) x S3:

2 M4l 3t
T e et 4+ 4e29 + 1 Zaa

B 6(e?¥ +1) N
9(@) (e 4 4e2V + 1) (e2v — 1) ;taea.

(52)

Therefore, we have the following theorem:

Theorem 6.2.

3
6 *
A(l‘) _e4y + 4629 + 1 Ztaea

2y
b(x) = 6(e®Y +1) Zte

(et 4+ 4e% +1)(e2v — 1)

is a solution to the Kapustin- Witten equations over (0, +00) x S with Nahm
pole boundary with instanton number —i—%.

3

2 et et 41
Ale) = €2 e 4+ 42 + 1 Z taca

B 6(e?¥ +1) .
o(x) = (e® + 4e2v + 1) (e — 1) Z tacq

is a solution to the Kapustin- Witten equations over (0, +00) x S with Nahm
pole boundary with instanton number —%.
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Proof. The computation of instanton number directly follows from Proposi-
tion 4.3. ]
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