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ABSTRACT. In this paper, we explore matrix Lie groups, which are groups in the space of
real or complex matrices. The Lie group structure can be used to prove properties of many
important groups such as the unitary and orthogonal groups, among others. We explore
matrix Lie groups along with Lie algebras, a non-associative skew-symmetric algebra that
satisfies a property known as the Jacobi identity. Lie groups and Lie algebras go hand in
hand, as locally they can be bijectively mapped to one another by using the exponential and
logarithm functions on a matrix, which we define and prove properties of in this paper. We
prove that every Lie algebra homomorphism gives rise to a unique Lie group homomorphism,
which is equal to the composition of the said Lie algebra homomorphism along with the
exponential function. In order to prove this result, we first prove the Baker-Campbell-
Hausdorff formula, which shows that log(eXeY) can be expressed as an infinite series of
nested brackets in X and Y, provided both the matrices are sufficiently small in magnitude.

1. INTRODUCTION

Lie groups are groups that are also differentiable manifolds, such that the product and
inversion operations are smooth. In this paper, we focus on a special case of Lie group,
namely matrix Lie groups.

We define a topology on the space of n X n complex matrices, which allows us to define
topological properties such as connectedness and simple-connectedness on groups of matrices.

By using a matrix norm and by absolute continuity, it is possible to define the exponential
of a matrix to be the convergent infinite sum that is identical to the complex Taylor series
expansion of e*, with z being replaced by X. While the scalar and matrix exponential satisfy
common properties, it is, in general, not true that eX*Y = eX¢eY for complex matrices X and
Y. The matrix logarithm can also be defined for matrices, though just like in the complex
case, we must restricted the domain to the open ball ||[A — I]| < 1 in order to avoid the
logarithm to be a multi-valued function. Just like in the complex case, it is possible to prove
that the exponential and logarithm function are inverses one another in local neighbourhood
of I and 0.

A (real) Lie algebra is a (real) vector space g along with a product map [[] : V xV — V
that is billinear, symmetric, and satisfies the Jacobi product:

XY 2N+ 2, X Y+ Y, [2, X = 0.

The Lie bracket [-] needn’t be associative.

Every matrix Lie group has an associated Lie algebra, which is the set of matrices X
such that e/* € G for all real numbers . We show that a Lie algebra defined from this
way is indeed a real Lie algebra as defined earlier. We also prove that for any matrix Lie
group homomorphism (which is a continuous group homomorphism) ® : G — H between
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two matrix Lie groups G and H, there exists a unique Lie algebra homomorphism (which is
a linear map that preserves that Lie bracket [-]) ¢ : g — b, where g and b are the Lie algebra
of G and H respectively. Moreover, the functions ® and ¢ satisfy:

e?X) = d(e)

for all X € g.

Our main theorem for this paper is a partial converse to this result, which provides a
canonical matrix Lie group homomorphism given a Lie algebra homomorphism, such that
the domain matrix Lie group G is simply-connected.

Theorem 1.1. Let G and H be matrix Lie groups with associated Lie algebra g and b
respectively. If ¢ : g — b is a Lie algebra homomorphism, and G is simply connected, then
there exists a unique Lie group homomorphism ® : G — H such that

d(er) = (@)
forall X € g.

In order to prove this result, we first prove the Baker-Campbell-Hausdorff Formula (or
BCH formula for short), which has consequence other key results in Lie Theory. Suppose
log A
A= ——
which is defined for |A — 1] < 1. Then the BCH formula states if X,Y are n x n complex
matrices with || X || and ||Y|| sufficiently small, then

1
log(eXe¥) = X —I—/ g(e* ™) (Y)dt,
0

where ady is the function on g that sends X to [X,Y]. The above integral can be expressed
in the form of a series of nested brackets in X and Y.

This series formulation of the BCH formula is useful in the proof of Theorem [I.1} as it is
used to prove that a "local homomorphism” with the desired properties exists if given a Lie
algebra homomorphism. To extend this local homomorphism into a global one, the condition
that GG is simply-connected is required.

2. LiIE GROUPS

We first start with definitions concerning matrix Lie groups. In what follows we denote
M, (F) as the ring of n x n matrices over the field F, and GL,(F) as the group of n x n
invertible matrices over F. Also, log will mean a logarithm in base e.

Definition 2.1. If A € M,,(C), then we define the norm of A to be

(2.1) [A]l = sup

recn\fo} |7
where |[v|| for v € C™is />, |vs]2.

Note that other norms can be given to matrices such as the largest absolute magnitude
of its entries, or the square root of all sums of the squares of the magnitudes of each entry,
similar to the vector norm. Nonetheless, all such other norms can be proven to be equivalent
to the norm defined above, so that there is no ambiguity when using || - ||.
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The expression satisfies the usual properties of a norm (such as the triangle inequality).
However, the norm is not multiplicative, but rather sub-multiplicative.

Claim 2.2. For all A, B € M,(C), || AB]|| < ||A]|||B].

Proof. We have
|ABol| _ ABul| _ [ABv| |Bol - C[[Aw]]  C[|BY]

< sup
[l oo Mol Buzo [[Boll floll 7 wio llwll wzo [0l

|AB]| = sup = [AlllB]-
v#0

The norm gives rises to a metric space, and hence a topology over M, (C). We can thus
create a subspace topology over any subset of M, (C), including GL,(C).

Definition 2.3. If G is a subgroup of GL,(C), then G is said to be a Lie group if it is
a closed set with respect to the subspace topology of GL,(C). In other words, given any
convergent sequence of matrices in G, its limit must either not be invertible or remain in G.

For example, the set of all matrices n x n complex matrices with determinant 1 is a Matrix
Lie Group. This is because, along with being a group, the set can be represented as the
pre-image of {1} with respect to the determinant, and hence is closed. This set is denoted
by SL,(C).

Of course GL,(C) is also a Matrix Lie group, along with GL,(R) and SL,(R), since
matrices in R still follow the group axioms, and the fact that R is a closed subset of C.

Suppose we have a vector space (either R™ or C") with the following inner product:

(X,¥) =211 + Tay2 + - .. + TpYn.

The group of operators that preserve the above inner product is called the n x n orthogonal
group of R (or C), denoted by O,(R) and O,(C).

If we impose the additional condition that the determinant must be 1, we get the special
orthogonal groups SO, (R) and SO, (C).

Another inner product, this time being only applicable to C", is as follows:

<X7y> - xlgl + x2g2 + ...+ xngn

The group of matrices that preserve this inner product is known as the unitary group, or
U(n). Imposing the determinant to be 1, we get the special unitary group SU(n).
Topological properties such as compactness, connectedness, and simple connectedness ap-
ply to matrix Lie groups. Note that since we the norm for matrices we use is identical to
that over C™, and hence all connected sets are path-connected.
To conclude this section, we define matrix Lie group homomorphisms.

Definition 2.4. Let G and H be matrix Lie groups. A matrix Lie group homomorphism
is a map ® : G — H such that

e ® is a group homomorphism
e & is continuous.

A matrix Lie group isomorphism is a matrix Lie group homomorphism that is a group
isomorphism and a homeomorphism.
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3. THE MATRIX EXPONENTIAL AND LOGARITHM

Recall that for any complex number z, the exponential is defined as:
2 3
z

e _ 24
e =ldztrtort

The coefficients of 2", according to the root test

1
= lim sup v/|a,|

n—oo
infer that the radius of convergence of the exponential series is infinite, i.e. the series conver-
gences for all z € C. By absolute convergence, the infinite series above, with z substituted
with a complex matrix A, will also converge (and that too for all A € M), (C). Hence, we

write
2 43

A— —_— —_— . ..
6—1+A+2!+3!+ .

One of the earliest observations one can make is that e4 commutes with A, as e is a power
series in A, and multiplication with A results in the exponents of the power series increasing
by 1. Similarly, e*4 commutes with tA for all s,t € C.

A

Claim 3.1. The function exp is continuous over M, (C).

Proof. The sum
o0
An
et = —
n!
n=0
is uniformly convergent over R = ||A|| by the Weierstrass M-test, as each summand can be
bounded by a convergent infinite geometric series. Since each partial sum is continuous, it
must follow that e? is continuous in the disk whose center is at the origin and radius is R.

Since R can get arbitrarily large, e? is continuous over all of C. |
We now prove some basic properties of the matrix exponential.

Proposition 3.2. Let X,Y € M, (C). Then
(1) =1
(2) X is invertible for all X, and e
(3) if X and Y commute, eXTY = eXe¥ = eVeX
(4) For S € GL,(C), e5 X5 = §-1¢X g,

Proof. Point (1) follows by plugging in A = 0 into the power series.

For point (3), note that since X and Y commute, we can mimic the proof of e*1**2 =
e*1e* in the case of C, by using the Cauchy product formula. The reason that X and
Y must commute is that when expanding the power series of XY, we would require the
multiplicands of X and Y in one term to collect in a single exponent, which is not possible
if X and Y don’t commute since, for example, XY X # X?Y. Hence, the Cauchy product
formula proof cannot apply in the general case.

Point (2) follows from point (3) as

()l =eX

] = 60 — 6X+*X — eXefX'

In order to prove point (4), note that
(STIXS)" = (ST'XS)(ST'XS)---(S71XS) = S1X"S,
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for any n € N. Actually, we may conclude it to be true for n € Z by using point (2) of this
proposition. Thus

1 = (ST K SsTixns Xxn
65 XS:Z( - ) :Z - =9 [Z ]S SIXS
n=0 ’ n=0 ’ n=0

Suppose A € M, (C) is diagonalizable, meaning there exists an invertible matrix S and a
diagonal matrix A such that A = S~'AS. This set of diagonalizable matrices can be proven
to be dense in M,,(C).

As shown above, e4 = S~1eAS. This makes computing exp for diagonalizable matrices very
convenient, as e is just the exponential of all its diagonal entries. Also, this representation
implies that the eigenvalues of e? are the exponential of the eigenvalues of A.

We now define the logarithm for matrices. Recall for complex numbers, we define log z by
the Taylor series centered at z = 1:

o0

logz = Z(—l)m_lﬁ.

By the root test, its radius of convergence is 1. Let

log A = Z A—[)

for a matrix A whenever it’s convergent. Again by absolute convergence, the series above
converges for all A such that ||A —I]| < 1.

Note that some A might still converge even when they don’t fall into the aforementioned
disk. For example, when A — [ is nilpotent, log A converges.

By a similar argument to the exponential case, log A is continuous over ||A — I|| < 1, as
each summand can be bounded by an ||A — I||"/n, where |A — I]| < 1. Since such a series
converges, the Taylor series of log A will be continuous over the aforementioned disk.

We now prove that exp and log are local inverses of one another.

Lemma 3.3. (1) For z € C such that |z — 1| < 1,

6log z

(2) For u € C such that |u| <log2, |e* — 1] < 1, and

= Z.

log(e*) = u.

Proof. We have exp(log z) = z for all positive reals z, specifically z € (0,2). Since 1 €
(0,2) is an accumulation point, the Identity theorem from complex analysis applies, and
exp(log z) = z for all z such that |z — 1| < 1.
Likewise, if |u| < log 2, then
2w 2|
et —1]—|u+——|—§+ \§|u|+7+~-:e‘ul—1<1.
Hence, log(exp(u)) is well-defined for |u| < log2. We have log(exp(u)) = u for all u €
(—log2,log2). Since 0 € (—log2,log?2) is an accumulation point, log(exp(u)) = u for all
lu| < log2. |
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Proposition 3.4. (1) For A € M,(C) such that ||A—I|| <1,

gt = A,
(2) For X € M,(C) such that | X|| <log2, |leX —I]| <1, and
log(e®) = X.

Lemma 3.5. If A is an eigenvalue of a complex matriz X, then |\ < || X||. In particular,
If |A—1| <1 and |X| < log2, then

|z —1] <1
and
lu| < log2

for all eigenvalues z of A and all eigenvalues u of X.

Proof. Let v be a unit eigenvector for the eigenvalue A. We have,
| X vl

o]

Al = [l = | Xvll = < [1X-

Proof of Proposition[3.4 Suppose A € M, (C) such that ||A — I]| < 1. This means log A is
permissible. By the Lemma 3.3} |z — 1| < 1 for all eigenvalues z of A. If A = S~'AS, then
A—1T=S"1A'S, where A’ is A with the main diagonal decreased by 1. This is because the
eigenvalues of A — I are one less than the eigenvalues of A, and the eigenvectors of A and
A — I are the same.

By all of this, we must have, similar to the exponential case,

log(A) = S~ log(A)S,
where log(A) is the logarithm of all its non-zero entries. By Lemma , ee* = 2 for
|z — 1] < 1, and thus
o8t = 5l s g — STIAS = A,
This proves the claim for all matrices as the set of diagonalizable matrices is dense in M,,(C).
For || X|| < log2, a similar argument from Lemma shows that |eX —I|| < 1. By a

similar argument as above, since we have |u| < log 2, by Lemma for all eigenvalues u of
X, we must have |e* — 1| < 1. If X = S7'AS, then

eX = 57LehsS,
and since ||e® — I|| and |e* — 1] are less than 1, log is well-defined for both the LHS and the
RHS, and thus
log(eX) = S log(et)S = STIAS = X.
|

Note that a key ingredient used in the proof was how the logarithm and exponential
functions acted on diagonal matrices.

Recall the asymptotic notation f(z) = O(g(x)) for f,g: R — R, which is that there exists
M, xy € R such that M > 0 and

|f(2)] < M|g(x)|
for all x > x.
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If f: My(C) = M,(C), we define f(A) = O(g([[Al])), where g : R — R, if [[f(A)]| =
O(g(]|A]l)). We now give an asymptotic identity of log A.

Claim 3.6. For all A € M,(C) such that ||A| < 3
[log(1 + A) — All = O(||A|I*).
Equivalently,
(3.1) log(I +A) = A+ O(||A]|?)
Proof. We have
Aan
IOg(I+A — A= Z n+1 AZ Z( )n+1_

n
n=2
00 1)m—2

(_
| log(I + 4) — Al < 43 2
n=2

and we're done as the geometric series converges, and hence || log(I+A)— A|| is asymptotically
bounded by || A]|?. |

Note that the choice ||A| < 1 is arbitrary when we apply the above claim to to the next
result.
We now state another important theorem regarding exp.

Theorem 3.7 (Lie Product Formula). For oll XY € M, (C), we have

X+Y : X X

e = lim (emem)™.
m—0o0
Proof. By multiplying the power series of eX/™ and e¥/™, we see that all except three terms

will be asymptotically bounded by O(-;). Specifically,
X v X Y 1

eme

As m — oo, eX/meYim gets sufﬁciently close to I, hence falling into the domain of the
logarlthm Also 12+ X1 0(%) <iifmis Sufﬁmently large. Thus we get (using Claim

’ X Y 1
log(emen) = log(I + po + - + O(W)

= O O+ - O P)

= O F Oy =S 4 O( ).

Exponentiating the logarlthm and tendmg m to 00, we get

— lim (e%e%)m = lim exp(X +Y + O(

1
m—o0 m—00 m

) = exp(X +Y),

which is what was desired. [ |
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We now consider the differentiation and integration of matrix-valued functions. The de-
rivative of a function A : R : M,,(C) is defined as

dA\ Ay
dt ) dt”

The linearity and product rule follow the usual proofs from the scalar case.

Theorem 3.8. For X € M,(C) eX is a smooth function, and

ietX _ XetX _ etXX.
dt
In particular,
d
—etX = X.
at |-,
Proof. If A is diagonal, then
d i d(e™) thi;
—_— = — AZ . ¥ .
(dte ) s di i°

Thus, the identity holds for diagonal matrices.
It suffices to prove the result for diagonalizable matrices X as they are dense in M, (C).
If X = S71AS, then
ietX — S—lietAS — S—lAetAS
dt dt
= (STIAS)(S7te™9) = XetX.

The integral of a matrix-valued function is defined similarly as the derivative, by taking
the integral of each entry. This will be used in the Baker-Campbell-Hausdorff formula.

To conclude this section, we define and prove a result on one-parameter subgroups, which
will be useful later.

Definition 3.9. A continuous function A : R — GL,(C is called a one-parameter sub-
group of GL,(C) if

o A(0)=1

o A(t+s) = A(t)A(s) for all s,t € R

Theorem 3.10 (Characterisation of One-Parameter Subgroups). If A is a one-parameter
subgroup of GL,,(C), then there exists a unique X € M, (C) such that

A(t) = e
for allt € R.

Lemma 3.11. Fiz e < log2. Let B> be the open ball of radius €/2 centered at the origin,
and let U = exp(Bcj2). Then for every B € U, there exists a unique C € U such that
C? = B, and is given by C = exp(%log B).

Proof. Since |B — I|| < 1, it’s clear that exp(3 log B), and by Proposition , C? = exp(2 *
1 log B) = exp(log B) = B.
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In order to establish uniqueness, suppose, for the sake of contradiction, C’ € U such that
(C")? = B. Let Y = log(C’, so that by Proposition Y € B, which in turn implies
2Y € B.. We also have expY = (C”) and hence

exp(2Y) = (C")* = B = exp(log B)).
|

Note that log B € B2 C B.. By point (2) of Proposition , exp is injective over B, and
because exp(2Y’) = exp(log B), hence 2Y = B. Hence

C'=exp(Y) = exp(% log B) = C.

Proof of Theorem[3.10. The fact that X is unique, if it exists, is clear, as

d
X = —A(t)
dt t=0
In order to prove existence, let B/, and U be as described in the previous lemma. Note that
U is an open neighbourhood of I, as it is the pre-image of B, on the function log. Hence, by

A’s continuity, there exists ¢y > 0, such that A(t) € U for all ¢ € R such that |t| <. Let
1
X = t—log(A(to))
0

so that tg.X = log(A(tp)). This means that ¢t¢cX € B/, and thus
etOX = A(to)

Now by the definition of t, A(ty/2) € U, with A(tg/2)? = A(ty by the axioms of a one-
parameter subgroup. By Lemma A(to) has a unique square root, given by exp(toX/2).
Thus, we have

i

A7) = e

By inductively applying this argument, we have that for all positive positive integers k, we
get

t toX

A(

Also, for all integers n,

toXn toX n toXn
AT = (A= e
Hence A(t) = exp(tX) for all t = Jto, with n € Z and k € N. Since all such ¢ are dense

in R, and A along with exp are continuous, we can conclude that A(t) = exp(tX) for all
teR. |

4. DIRECTIONAL DERIVATIVES

The total derivative of a function f: U — C" (where U is an open subset of some C™) at
a point x € U is the unique complex linear transformation Jy : C™ — C" such that

) = 69 = Ay = %)l

= 0.
y—x ly — x|
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The above should hold regardless of how y approaches x. The directional derivative of f
with respect to a vector v € C™ is defined by the limit

vﬁbozhmf@+hﬂ—f@)

h—0 h
for h € R. If we set y(t) = x+tv (t € R), then we have

0 = fim O = J(x) = Sy = x|
yox ly — x|

iy N 8V) = fx) = J(tv)]
=0 [£]]

[HEEI — g ()|

= lim ¢
10 vl

_ va(X) - JxV
]

Y

hence V, f(x) = Jyv for all x € U and v € C™.

We use the directional derivative in the proofs for a couple of crucial theorems, including
the Baker-Campbell-Hausdorff Formula.

5. LIE ALGEBRA

Definition 5.1. A Lie algebra g is a real (or complex) vector space together with a billinear
symmetric map [-] : g X g — g that satisfies the Jacob identity, meaning

X Y. 2+ [Z, [ X, Y]]+ [Y, [Z,X]] =0

forall X)Y,Z € g.
A subalgebra h) C g is a subspace such that [hi.hs] € H for all hy, hy € H.

For this paper, we only consider real Lie algebras.

One example of a Lie algebra is R? with the cross product. The validity of the axioms can
be verified, but won’t be relevant for this paper.

The more important example of a Lie algebra is that of M,,(C) with an operation known
as the commutator:

[X,Y]=XY - YX.

The reason for the name commutator is because [-] equals 0 if and only if XY =Y X ie. X
and Y commute.

We shall denote the above Lie algebra as gl,,(C), whose naming shall become clear in due
course.

Note that gl,(C) can be interpreted as either a real or complex Lie algebra, which are
distinct. In this paper, we’ll consider the real Lie algebra.

Suppose sl,(C) (whose naming will also be explained) is the set of n x n complex matrices
with trace zero. Then it can be checked that sl,,(C) along with the commutator as a Lie
bracket is a real Lie algebra.
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Definition 5.2. If g and h are real (or complex) Lie algebras, then a linear map ¢ : g — b
is called a Lie algebra homomorphism if [¢(X),¢(Y)] = ¢([X,Y]) for all X, Y € g. If
the linear map is also invertible, then ¢ is a Lie algebra isomorphism.

Definition 5.3. If g; and gs are real (or complex) Lie algebras, then define the direct sum
Lie algebra g of g; and gs to be the vector direct sum of g; and g, along with the bracket
given by:
(5'1) [(XlaXZ)a(YbY?)] = ([X1>}/1]7[X2>)6])7
for X1,Y; € g1 and X5, Y5 € go. We denote the direct sum as g; & go.

It can be shown that [5.1] adheres to the Lie algebra axioms.

Definition 5.4. If g is a Lie algebra, and g; and g, are Lie subalgebra of g, then g decom-
poses as the Lie algebra direct sum of g; and g if g is the vector space direct sum of
g1 and gdo, and [Xl,XQ] =0 for all X1 c g and XQ € go.

Claim 5.5. If g decomposes as a Lie algebra direct sum of g, then the direct sum g, and go
15 1somorphic to g.

Proof. Since g = g1 @ go, every A € g can be expressed as A = X + Y, where X € g; and
Y € go. Since X € g; and Y € g, commute with one another,

[A, B] = [X; + Y1, X5 + Y5
= [X1, Xo] + [ X1, Ya] + [Y1, Xo] + [V1,Y5] = [ Xy, Xo] + [V3, Y5

for all A, B € g. The equation 5.2]is essentially identical to and hence ¢([X,Y]) = X+Y
provides the required Lie algebra isomorphism. |

(5.2)

We now explain the connection between matrix Lie groups and Lie algebras.

Definition 5.6. Let G be a matrix Lie group. The Lie algebra of GG, denoted by g, the set
of all complex matrices (not necessarily invertible) X such that e!* € G for all t € R.

Another way of formulating the above definition is that the entire the one-parameter
subgroup generated by X lies in g.

This is the explanation behind the notation gl,(C) and sl,,(C). Note that in physics, the
definition demands eX to be in G, rather than !, causing the formulations of some Lie
groups to be off by a factor of 7.

It is possible to define the Lie algebra for a general Lie group (as the tangent space of G
at the identity), though that won’t be relevant here.

Proposition 5.7. Let G be a matrix Lie group, with Lie algebra g. For all X,Y € g, A € G,
and s € R, we have

(1) A ' XAeg

(2) sXeg

3) X+Yeg

(4) XY —-YX €g.
Thus, g is a real Lie algebra in the way defined earlier.
Proof. (1) Recalling point (4) from Proposition [3.2]
6t(A_lXA) _ A—letXA cG
for all t € R, as all three of A™!, e!X, and A are in G. Hence A1 X A € g.
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(2) Observe that e*¥) = ¢tX ¢ G for all ¢, thus showing sX € g.
(3) In order to prove this point, we use the Lie product formula:
et(X—l—Y) = lim (etX/netY/n)n‘
n—oo
Now (etX/metY/m)n € @ for all n, and since G is closed in GL,(C), the limit e!™X*+Y) is
either in G or isn’t invertible. Due to point (2) in Proposition we know efX+Y)
can’t be invertible, and hence e!X*Y) € G.
(4) By the product rule and Theorem [3.8]

d
—eXyYe ™| = (XY)e + (2Y) (- X)
dt t=0

=XY -YX.
Now

hXV —hX
XY — VX = lim &Y€ Y
h—0 h

for h € R. By point (1) of this current result, e"*Ye X € g. Since we have already
proven that g is a real vector space, the LHS of the above limit is in g for all h. Since
g, being a vector space, is a closed set, the limit XY — Y X must be in g.

[ |

We now prove a converse to our main result (Theorem [1.1]), though this result is more
generally applicable.

Theorem 5.8. Let G and H be matrix Lie groups, with corresponding Lie algebra g and b
respectively. If ® : G — H if a matriz Lie group homomorphism, then there exists a Lie
algebra homomorphism ¢ : g — b such that

d(e) = e?X)
for all X € g. Additionally for all XY € & and A € G,
(1) p(ATXA) = B(ATH)p(X)D(A)
(2) o([X,Y]) = [o(X), 6(Y)]
®) 606) = o)

=0
Proof. Since ® is a continuous function and a homomorphism, ®(e!*) is a one-parameter
subgroup of GL,(C). Hence by Theorem [3.10, there exists a unique matrix Z such that
(5.3) P(eN) = el?
for all t € R. We define ¢(X) = Z. If we substitute ¢ = 1 in equation , we easily see that
(X)) = eZ = 2N,

If another map ¢' : g — b existed satisfying ®(e*) = e?¥) for all X € g, then

et¢>(X) _ 6tq&(X/) _ (I)(etX).
Differentiating at ¢t = 0 shows that ¢(X) = ¢/(X). We now prove linearity. Since ®(eX) =

et for all t € R, we get
es[tqﬁ(X)] _ (I)(etsX) _ €t¢(sX)



THE BAKER-CAMPBELL-HAUSDORFF FORMULA AND SIMPLY CONNECTED LIE GROUP HOMOMORPHISMS3

for all s,t € R. Differentiating at ¢t = 0 yields s¢(X) = ¢(sX).
PEHY) — O(lim (e e )")
tX tY tX tYy

= lim (@(ewen))" = lim (P(e)P(en )"

n—oo

= lim (e“F &m0 ) = tX)+o(1),
n—oo

Differentiating the above result at ¢ = 0 proves ¢(X +Y) = ¢(X) + ¢(Y). We now prove
the remaining properties (1), (2), and (3) of ¢.
(1) If A € G, then

€t¢>(A—1XA) e(j)(tA_lXA)

— B = (A B(H)B(A) = (D(4)) DD (A).

(2) As in Proposition [5.7, we have (using the fact that a linear transformation commutes
with the derivative, along with (1))
t:(])

HX,Y)=¢ (ietXYetX

dt
= Loerye )| = LoEXpy)oE)
dt t=0 dt t=0
d _
= 5" e )e ) = [p(X), (V)]
=0
(3) Since
(I)(etX> — e(;S(tX) — etqﬁ(X)
and J
L oto(X) — WX
G| = o)
we get (3).

This theorem shows that a unique Lie group homomorphism gives rise to a unique Lie
algebra homomorphism. The converse, in general, not true, however we later use the Baker-
Campbell-Hausdorff formula to prove that the converse is true if we assume G is simply-
connected.

Next, we define some important maps in Lie theory and for the proof of the BCH formula.

Definition 5.9 (The Adjoint Map). Let G be a matrix Lie group and g its Lie algebra. For
A € G, define the adjoint map Ad, : g — g

Adu(X) = AXA™.

In what follows, GL(g) be the space of invertible linear operators of g, with gl(g) as its
associated Lie algebra. Equivalently, GL(g) can be identified with GL,,(R), and gl(g) can
be identified as M,,(R), where m is the vector space dimension of g.

Proposition 5.10. (1) For all A€ G, Ady € GL(yg).
(2) The map Ad: G — GL(g) is a Lie group homomorphism.
(3) The map Ada satisfies Ada([X,Y]) = [Ada(X), Ada(Y)] for all X,Y € g.
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Proof. (1) We have Ada(tX) = A(tX)A™! = t(AXA™!) = tAda(X).
Also, Ady(X +Y) = A(X + V)AL = AXA™L + AY AL = Ads(X) + Adu(Y).
This shows that Ad4 is linear.
To show that it’s invertible, consider Ad4-1.
Then (Ady-10Ads)(X) = A (AX A1) A = X and by symmetry composition the
other way around gives X. Hence Ady € GL(g)

(2) Note that Ads(X) sends X to a vector of n? polynomials in z;, with coefficients
being a rational function in A. Thus, if Ads and Adg are sufficiently close, then the
coefficients of the polynomial entries is sufficiently close, which means the entries of
A and B themselves must be sufficiently close, imply Ad is continuous.

We also have Adp(X) = ABX(AB)™! = A(BXBY)A ! = (Ad4 o Adp), hence @
is a homomorphism.

Hence, ®, being both continuous and a homomorphism, is a Lie group homomor-
phism.

(3) We have

Ads([X,Y]) = A(XY —YX)A = AXYA™ — AY XA
— AXATTAYAT' — AYATTAX AT = [AdA(X), Ada(Y)).

By Theorem , there exists a Lie algebra homomorphism ad : g — gl(g such that
ady __
¥ = Ad x

for all X € g. We shall come to what e** means (see . For now, we see adx as an
element of M,,(R).

Proposition 5.11. For all X,Y € g,
adx (V) =[X,Y].
Proof. By point (3) of Theorem [5.8|

d
ad = —Ad tX
A,
Hence,
adX(Y):iAd x(Y) _ 4 xy g = [X,Y].
dt-° o dt —0 ’

We now revisit trying to understand the meaning of e*dx. Observe that

ad3
X =T +ady + —= + -+

2!
where ad’y is ad composed with itself n times. We now have
d2
(V) = I(Y) + adx (V) + X (V) + -
o XX,
=Y+ XY+ ——"F+--

2!
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We will now interpret e as a linear operator on g. Actually e*x € GL(g), since e is
invertible for any linear operator X.

We now show that exp and log are local inverses in the context of Lie theory. If X € g,
then exp(X) is in G by definition. Hence we can consider and analyse the map exp : g — G.

Lemma 5.12. Let G be a matriz Lie group with Lie algebra g. Suppose B, (n € N) are
elements of G such that B,, — I. LetY, = log B,,, which is defined for sufficiently large n.
If' Y, is non-zero for all n where it’s defined, and Y, /||Y,|| = Y, then Y € g.

Proof. For all t € R, =~ — ¢Y. Since B, — I, we must also have Y,, — 0 and hence

Tl
t
IYall =0
{HYnH}

|Y,]] = 0. Hence for a fixed ¢,
where {-} is the fractional part of a real number. This is because the expression inside the
{-} above is bounded in the interval [0,1). We now have

t t

t t
— g~ el

t
MY ||J IYall =t

where [-] is the floor (or greatest integer) function, which is always an integer. Thus we
define the integers a,(t) as
0=
an(t) =
b

for sufficiently large n (since Y,, is defined for sufficiently large n). Thus,

a Yn
e Y — oxp {(an(t)HYnH)m] — e,

On the other hand,

ean(t)Yn _ (eYn)an(t) _ (Bn)an(t) cG
for all t € R, as a,(t) are integers. Since G is closed and e® is invertible, it must be the
case that e € G for all t € R, which implies Y € g. [

Theorem 5.13. For 0 < e < log2, let U. = {X € M,(C)|||X]| < €}, and let V. = exp(U,).
Let G be a matriz Lie group with Lie algebra g. Then there ezists € € (0,log2) such that for
any A € V., we have A € G if and only if log A € g.

Note that if log A € g, and A is sufficiently close to I, €64 = A € G (by the definition of
g. So it suffices to prove only one direction of the above theorem, namely A € V.NG —
log A € g.

Proof. We currently view g as a real vector subspace of M, (C) (which can also be viewed as
the real vector space ]RQ”Q). We can define a symmetric inner product on R2”2, like the one
we defined in order to describe O,, and SO,,. Let S be the orthogonal complement of g with
respect to this inner product. Thus every n X n Z matrix can be written as 7 = X + Y,
where X e gand Y € §.
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Let ® : M,,(C) — M, (C) be defined as
B(Z) =ee.

We interpret the above map over R2** now. We have X = proj,(Z), and Y = projg(Z),
where proj is the projection map, which is linear and hence continuously differentiable. Since

(I)(Z) — eprojg(Z)eprojS(Z),

we can conclude that ® is continuously differentiable. We now calculate directional deriva-
tives of ® at Z = 0 in the direction of X and Y (which can be viewed as input vectors). We
have

(5.5) V®(0) = li M-I _d B(tX,0) X
. = ]11m = — = .
* R0 h dt L,
We used the fact that the D component of X is 0 as X € g. Similarly, Vy®(0) =Y.
Since X = Vx®(0) = JoX and Vy®(Y) = JyY, we have

V00)=JoZ=Jo(X +Y)=JoX =LY =X +Y =Z

for all Z € M,,(C). This shows that Jy, or the total derivative of ® at Z = 0 is the identity.
Since the identity is invertible, the inverse function tells us that ® is a isomorphism from a
neighbourhood of 0 to a neighbourhood of I. Hence there exists a local inverse of ® in a
neighbourhood of I.

If there doesn’t exists € € (0,log2) such that for all A € V.NG = log A € g, then there
must exists a sequence of matrices A,, in G such that A, — I and log A,, ¢ g for all n. By
using the local inverse of ®, we may write A,, for sufficiently large n as

A, = eXnetn

where X,, € g and Y,, € S for all n. Also, since A,, — I, X,,,Y,, — 0, it must be that Y,, # 0
for any n, as then

A, =e" = logA, =X, €9,

which is a contradiction. Note that X,,, which is the projection of A, onto g, will be
sufficiently close to 0, and hence log(e*") = X,,. Since X,, € g and A, € G, we get that

B, =e XA, =™
is in G. Since Y,, and B,, are sufficiently close to 0 and [ respectively,
log B, =Y,.

This implies that B,, — I. Consider the unit sphere in the subspace S. This set is compact,
and thus there exists a subsequence of Y,, such that
Y,
[1Yol]
for some Y € S such that Y is in the unit sphere of S, which implies ||Y'|| = 1. By Lemma

b, Y € g. But g and S are orthogonal complements, thus Y = 0, which contradicts the
conclusion we derived above that ||Y| = 1. |

—Y

This remarkably powerful theorem has some major consequences, particularly for con-
nected matrix Lie groups.
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Corollary 5.14. If G is a connected matriz Lie group, then for every A € G, there exists
X1, Xo,..., X, € g such that
A=efeXz | Xn

Lemma 5.15. Suppose a < b € R, and f : [a,b]" — GL,(C) is continuous. Then for all
€ > 0 there exists § > 0 such that for all s,t € [a,b]™ with ||s — t|| < J,

IfE) )7 1] <e
Proof. Observe that
(5.6) 1FE) )7 =1l = I(f(s) = FONFO) T < [Lf(s) = FONILE) T,

where we used the sub-multiplicativity of || - ||. Since [a,b]" is compact, || f(t)~] is bounded
above by a constant, say by C' > 0. Another consequence of [a,b]" being compact is that
f is uniformly continuous, which implies for any € > 0 there exist 6 > 0 such that for
all s,t € [a,b] with [|s —t|| < d, ||f(s) — f(t)|| < ¢/C. Multiplying this inequality with
|f(t)7!]] < C, we get our desired result. |
Proof of Corollary[5.14 Let V. be as defined as Theorem [5.13] For any A € G, let f :
[0,1] = G be a continuous path such that f(0) = I and f(1) = A. By Lemma [5.15] there
exists § < 0 such that if |s — ¢| < 4, then f(s)f(t)"" € V.. We partition [0,1] into n pieces,
such that % < ¢§. Thus, for i = 1,2,...,n, we have f(i_Tl)’lf( ) € V., which implies

Py = e

i
n n
for all 7 and some Xy, Xs, ... X, which follows by Theorem [5.13] Hence

A= 0 F)
= SO ) f )7 ()

6. THE BAKER-CAMPBELL-HAUSDORFF FORMULA
Consider the complex function
~ log=z
= -
=2
g is analytic centred on z = 1, and has a radius of convergence 1 since the closest pole of g
to 1is 0. If

9(2)

9(z) = Zam(z - "

for some a,, € C, then by absolute convergence, the above can series can be defined to any
matrix A € M, (C), such that ||A— || < 1. This can be generalized to any linear operator of
a finite-dimensional complex vector space V', by identifying V' with C™ and hence defining the
norm of linear operator on V. To summarise, for any linear operator A of a finite-dimensional
complex vector space V,

(6.1) g(A) = ]ligil =3 au(A- D"

n=0
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is well-defined provided ||A — I]| = 1.
We shall now state and prove the Baker-Campbell-Hausdorff Formula, which is the biggest
tool that will be used to prove Theorem [I.1}

Theorem 6.1 (BCH Formula). For all XY € M, (C) with || X|| and ||Y|| sufficiently small,

we must have .

log(eXe¥) = X +/ g(e®™x e (Y)dt.
0
Consider the derivative

d
A(X, Y) — EeXthY

t=0
where X, Y € M,(C) and t € R.

Also consider the directional derivative of exp : C*° — C" in the direction a complex
n x n complex matrix Y acting as a n?-dimensional vector.

We have:

XHY _ X

(6.2) Vy exp(X) = lim — = A(X,Y).

t—0

Therefore, we must also have A(X,Y) = JxY, where Jx is a linear operator on C". Hence

for fixed X, A(X,Y) is a linear function on Y.
Theorem 6.2 (Derivative of exp). For all X,Y € M,(C"), we have

sy = { I m)

:ex{y_ X)X XY _}

2! 31—

Note that adx need not be invertible, by % we mean the power series expansion of
the expression, which is

[ — exdx adx = ad3
S A i R, §
adx AT
Lemma 6.3. If Z is a linear operator on a complex finite-dimensional vector space, then
1 — I—e?
6.3 lim — —Zfmyn —
(6.3) lim nmzo(e ) ~

Similar to above, the RHS is to be interpreted as a power series so that it’s well-defined
for all operators Z.

Proof. We have

m=0
. I—e %
= lim T T 5
I—e?
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for all operators Z with det(Z) # 0 and none of Z’s eigenvalues are 0 (the second condition
as I — e~%/™ is invertible if and only if Z’s eigenvalues are all non-zero). Actually, the first
condition is enough as det(Z) = 0 if and only if Z has a 0 eigenvalue.

Since the set of all operators with determinant not equal to 0 is dense in M,,, we see that
is true for all operators (when viewed as a power series). |

Proof of Theorem [6.2. For every positive integer n, we have

X Yy "
XY — {exp(— - —)} .
noon

A(X,Y) is the derivative of the above expression at ¢t = 0. By the product rule, we have:

n—1

AKX, Y) = Yo (S exp( ()
m=0

_ =DX/n 7:21 (eX/my=m A(%, %)(Q(X/m)m

= e(nl)X/n% :LZ:) Adeexmy-m (A(%, Y))

- e(”—l)X/”% :g[exp(_zdx )]m(A(%, V).

Note that we also used to linearity with respect to Y above.
If we tend n to oo in the final expression, we see that e"~)¥/" tends to e*, A(X,Y’) tends
to A(0,Y) =Y. Lastly,

n—1

1 —adyx 1 — e 2dx
lim — =
b S o - Lo
Hence we have shown that
d xiy x[1—e2dx
- — - (Y)5.
Tl Rl v Pt

This means that the total derivative (or Jacobian) of exp at X equals

1 — e 2dx
_ X
Jx—e {—adx }

Let U be an open subset of R. Suppose X(¢t) : U — M,(C) is a smooth matrix-valued
function. By the chain rule, we must have

d xw dX  x@flme?xo (dX
@ Tl )| T e S\

for all real scalar complex matrix-valued functions X.
Recall that adx(Y) = [X,Y] for a complex matrix Y. Hence, ady(Y) equals the nested
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bracket expression [X, [X,...[X,Y]]...], where there are n Xs. Thus
1 — e2dx
ad X

is a series of nested brackets, as shown in [6.2]
If X is sufficiently small, then adx(Y) = XY —Y Z is sufficiently close to the zero operator

on M,(C), and thus

1 — e 2dx ad ad?
6.4 — =T 4+
(6.4 adx STRET

approaches I as X approaches 0. Specifically, for sufficiently small X, will be so close to
I so that its determinant cannot be zero (since det I = 1), and hence will be invertible.

Proof of Theorem[6.1] For sufficiently small X,Y € M, (C), let
(6.5) Z(t) = log(eXe'™)
so that Z(t) is defined in [0, 1]. By the generalization of Lemma [6.2] we have

20 4z _ [1 =20 (dZY)
dt ad 7 dt

Since eZ® = eXetY | we must also have have
d
e 20 L2 _ (X)X Ny .
dt
Hence,

]’ _ —adZ(t)
()8
adZ(t) dt
If X and Y are sufficiently close to 0, then Z(t) would as well be sufficiently close to 0 for
0 <t < 1. Hence by arguments above,

I — e ™z
adz(t)
is invertible for sufficiently small X and Y.
Hence,
dz (I —e2dzm) ™!
2 _)7° Uy,
dt adZ(t)
Since eZ® = eXetY | we may use the properties of Ad and ad to conclude
Ad zey = Ad.xAdy
_— eadz(t> — eadxetady

— adZ(t) — log(eadxetady>

The last implication follows as X,Y, and Z(t) are small and hence log is defined for e*dz®
and e2dx efady
This implies that

az {1 — (edxetady )~ }‘1(”

dr log (eadx etady )
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Recall that the function g defined in equation [6.1] is
1—- A1t
A) = .
9(4) { og A }

dz

92— ey

is a differential equation with initial condition Z(0) = log(e®e®) = X. Integrating, we
conclude that

Thus,

1
log(e*e¥)=2Z(1)= X +/ g(e*x ) (Y at,
0
which proves Theorem [6.1] [

We conclude this section by proving the series form of the BCH formula, which involves a
series of nested commutators. By using the Taylor series expansion of g at z = 1, it can be
shown that

g(A)—1+%(A—I) (A—I)2+%(A_[)3+...

1
6
for all A such that [|[A — I]| < 1. We also must have

ad? t2ad?
:(I+adx+2—‘x+---)([+tady+ 2'Y+---)—I

d%  t?ad?
:adX+tady+taandy+aTX+ E;Y

Since e*dxefady — [ has no zeroth-order term with respect to ady and ady, (e?dxefady — )™

will have no mth-order term. Thus, computing g upto degree 2 gives

g(eadx etady )

1 di  t?ad}
:I+§(adx+tady+tadxady+aTX—|— azy)

1
—(adi + ad} + tadxady + fadyady) + -

Applying the above expressing to Y and integrating (as well as nothing that ady(Y) = 0,
hence all terms with ady at the beginning are zero), we get

log(eXe)

2 4
1 1 1

:XJFY+§[X,Y]+§[X,[X,Y}]—E[Y,[X,Y]]Jr---,

continuing as an infinite series of nested brackets.

_ X+/O (V 4 S[X, V] + S[X,[X, Y]] - é[x, X, V] - é[y, X, Y]] +--)
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7. SIMPLY CONNECTED LIE GROUP HOMOMORPHISMS

Recall that if (X, 7) is a topological space, then it is said to be simply connected if for all
continuous maps fo, f1 : [0,1] — X such that fo(0) = f1(0) and fo(1) = fi(1), there must
exist a continuous map F : [0,1] x [0,1] — X such that

F(0,t) = fo()

(1,2) = fi(t)
F(s,0) = fo(0) = f1(0)

(s,1) = fo(1) = f1(1)
for all s,t € [0,1].

Equivalently, for all closed loops f(t) in X, there exists a map F'(s,t) that contracts f(t)
into a single point as s ranges from 0 to 1.

We prove a partial converse to [5.8] which gives a unique canonical matrix Lie group
homomorphism, when given a Lie algebra homomorphism. This is Theorem [I.1, We first
prove this result locally

Definition 7.1. If G and H are matrix Lie groups, then a local homomorphism of G to H
is a pair (¢, U), where U is a connected neighbourhood of the identity in G, and &' : U — H
is a continuous map such that ®'(AB) = ®(A)®(B’) for all A, B € U with AB € U.

Note that U doesn’t necessarily need to be a subgroup of G.

Theorem 7.2. Let G and H be matriz Lie groups, with Lie algebras g and by. Let ¢ : g — b
be a Lie algebra homomorphism. Define U, € G as

U={AcG||A-1I|| <1 and ||log A|| < €}.
Then there exists € > 0 such that the map ¢ : U, — H given by
P'(A) = e#log A)
18 a local homomorphism.
Note that for this theorem, GG needn’t be simply connected.

Proof. Firstly, observe that ® must be continuous as it is the composition of the continuous
function log, ¢ (which is continuous as it’s a linear map), and exp.

Let € > 0 be small enough such that Theorem holds, and small enough so that for
any A, B € U, the BCH formula holds for X =log A and Y = log B, as well as ¢(X)) along
with ¢(Y) (note that X, Y € gand ¢(X),o(Y) €bh) . If AB € U,, then

CDI(AB) _ <6X6Y) (log(exey))‘

We now apply the BCH formula, which can be expressed as an infinite series of nested
brackets. We have

H(log(e¥e"))
= S(X 4V 4 S Y]+ X (X, V] = o[V [X Y] 4 )
= 6(X) + 6(Y) + S B(X), 6(V)] + T5[0(X), [6(X), 6V )] ~ 7516V, [B(X), 6V )] +

— Jog(e?) M),
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where we've used the fact that ¢([X,Y]) = [¢(X), ¢(Y)]. We now get

O'(AB) = ePlos(e™ ) — plog(e?e?™) _ (6(X) 6(V) — @A) (B),
which proves the result. Note that expolog is the identity in this case as X and Y are
sufficiently close to I. [ |

We now wish to extend &’ into a global homomorphism over G, which will be possible
thanks to the group’s simple-connectedness.

Theorem 7.3. Suppose G and H are matriz Lie groups with G simply-connected. If (P',U)
1 a unique local homomorphism of G into H, then there exists a unique Lie grop homomor-
phism ® : G — H such that ®|y = @' (i.e. O agrees with ' on U ).

Proof. Let A € G, and define a continuous path f : [0,1] — G such that f(0) = I and
f(1) = A. We say that a partition 0 = tg < t; < --- < t, = 1 is a good partition if for
each s,t € [t;,t;1q] forany 0 <0< n—1,

f&)f)" el
By Lemma a good partition exists, (by making the mesh of the partition less than the
0 defined in Lemma . We define

(7.1) O(A) = &' (f(tn) f(tnr) ) - @ (ft2) F(0)THR(f(01) f(t0) ).
We now prove that ®(A) is independent of the partition or path chosen.
If to, ..., t, is a good partition, then inserting any s in between some [t;, t;11] the partition

will still be good, as the mesh would either stay the same or decrease. The effect the addition
of s has on [7.1]is the replacing the factor ®'(f (1) f(t;)~") with

O (f(tipa) ()" (f(s)f(t:)7H).
Since @’ is a local homomorphism, and f (1) f(s)™%, f(s)f(t;) 7, and f(t;11)f(t;)~" are all

in U, we have
O (f(tiga) f()71) = D' (f(tip) f(5) DR (f(5) ()7,
hence not changing the value of ®(A). Hence, ®(A) will remain the same for any finite
number of additions in its defining partition. Now, any two permutations have a common
refinement, namely their union. Since ®(A) on each partition stays the same in their union,
we conclude that both partitions yield the same ®(A) , and hence ® partition independent.
We now prove ®(A) is path independent. Let fo(¢) and f;(¢) be continuous paths in G

joining I to A. Since G is simply-connected, there exists a function F' such that for all
s,t €[0,1],

(1) F(0.1) = folt) and F(L1) = (1)

(2) F(s,0) =1 and F(s,1) = A.
As in Lemma[5.15] there exists N € N such that for all s,s',¢, € [0,1] with |s — &/|, [t — /| <
2/N,

f(s,t)f(s', ) el

Let gjx(t) (with j,k =0,1,...,N —1and k =0,1,...,N) be continuous paths from [0, 1]
to G that connect I to A. They are defined as:

j+1 k—1
F(51) 0<t<EL
gik(t) = F(5E —t,t) B <t< %
j k
F(%,1) rx<t<1
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when k # 0. If k = 0, then define g;(t) = F(£,t) for all ¢t € [0,1]. In particular, we have
goo = fol(t).

We now deform fj to go 1, then go; to goo, and so unit we reach gy n, which we then reform
to g1,0, and continue in a lexicographical manner, until we reach gy_1 5, which we deform
into fi. The claim is that ®(A) is the same over all such deformations. Note that the pair
9j.x(t) and g; x+1(¢) for some 0 < j,k < N — 1 are identical over [0, 1] except for the interval

E—1 k+1
N N )

We have proven above that ®(A) is partition independent, and we are free to choose any
good partition. Let that partition be
1 k=1 k+1 kE+2
N 7 N’ N N’
which is good by definition of N. By [7.1] ®(A) only depends on the partition points. Since
9;.x(t) and g;,+1(t) agree on the above partition points, we must have both paths yield the
same ®(A) .

Similarly, the pair g; v and g;41,0 for some 0 < j < N — 2, along with the pair gy_1 x and
/1 are identical over all of [0, 1] except

0,

L

N -1
(——D-
Choosing the partition
1 N -1
0, —,ve, ——
N N
will suffice as g; v and g;41,0 agree on all of the partition points. Hence both paths yield the
same ®(A). All of this together implies that by deforming f; to f, via this process preserves
®(A), and hence ® is path independent.

We observe that ® is continuous as ¢’ is continuous and for two sufficiently close points
A and B, they have paths f, and fg from I to A and B respectively whose max distance
from one another is sufficiently small.

If f4(t) and fp(t) are paths connecting I to A and B respectively, define f4p(t) as

N

(h@ﬂ ogtgé
If tg,...,t, is a good partition of f4 and sq,...,s,, is a good partition of fg, then
So Sm 1+1o 1+1¢,
2 Y ) 2 ) 2 ? 9 2
is a good partition of fap, noting that *» = % = H% Then
®(AB) = ®'(fan(— )fAB(Tl) ) @ (fan( 5 “) fab( 5 ) (fan( 02 )fAB( - )" Y
Sm Sm—1,_ S
' (fa(—- 5 )fas( 5 )7 (fAB( )fAB( )hHe (fAB( 5) fas( 20) Y
= ¢(A)2(B)
since . = 10 and thus
1 +t0 Smy_1
Smy-l g
IESVIES
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Hence ®(AB) = ®(A)®(B), and @ is a Lie group homomorphism.

Lastly, we prove that ® agrees with ® on U. Let A € U, and t,...,t, a good partition
over a path f in U (f exists since we assume U is connected). Then we use induction to
prove ®(A) = &'(A) = D'(f(t,)).

For the base case, we note that

(f(t1)) = ' (f(tr) f(to)™") = ®'(f(t1))

as to =0 and f(ty) = 1.

For induction, assume ®(f(t;)) = (t;)), we have

'(f
D(f(tjr1)) = O (f () f () DR (f (1) f(tim0) ") - @' (f(t1))
= O (ftj) f(t) R(f(t) = D' (f (1) f ()P (f(E5)) = @' (f(Ej41)),

where we used the fact that @' is a local homomorphism. Hence ®(A) = ®'(A) for all
Ael. n

Proof of Theorem[I1.1] For existence, let @ be the local homomorphism in Theorem [7.2] and
® the global homomorphism in Theorem . For X € g, the matrix eX/™ will be in U for
sufficiently large m, and

CI)(GX/m) — cI)/(eX/m) _ 6¢(X)/m.
Since ® is a homomorphism,
(X)) = P(eNm)™ = ¢X)

as desired.
Assume for contradiction that ®; and ®, are two homomorphisms such that ®;(A) #
Py(A). Since G is connected, by Corollary [5.14, we have A = X1 ...¢%» for X; € g. Hence

®1(A) = ®2(A)

which contradicts our assumption. Hence ® is unique, and our main theorem has been
proven |

8. CONCLUSION AND ACKNOWLEDGEMENTS

The above exploration into Lie Theory can be applied to the representation theory of Lie
groups and algebras, as representations are a special case of homomorphisms.

Using the Baker-Campbell-Hausdorff formula, one can also prove that if G is a matrix Lie
group with Lie algebra g, then for any subalgebra i C g, there exists a unique ” Lie connected
subgroup” H such that the Lie algebra of H is b.

By the above result and Ado’s theorem (which state that every Lie algebra is a Lie algebra
of matrices with the Lie product being the commutator), it follows that for every real Lie
algebra g, there exists a matrix Lie group G such that g is isomorphic to the Lie algebra of
G.

I would like to thank my instructor Simon Rubinstein-Salzedo, my peer Atticus Kuhn and
my mentor Annika Mauro for their guidance and feedback on this paper, which was done
for an independent research writing class of Euler Circle.
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