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Elementary tensor calculus

We will study in this section some basic multilinear algebra and operations on tensors.

Let V' be an n-dimensional vector space over R. From linear algebra we know that the space of all
linear functionals on V forms a vector space itself, called the dual of V, i.e.

V* =Hom(V;R) = {f : V — R linear}.

Elements of V' are called vectors while elements of V* are called covectors. If {e1, e, - ,e,} is a basis
for V, then there is a corresponding dual basis {e7,e3,--- , e} for V* defined by the relationship
N - | 1 wheni=yj,
cilej) = 0y = { 0 when i # j.

Any v € V can be written uniquely as a linear combination v = a1e; + - - - + anéy, and it can be written

as a column vector:
ai
az

Gnp

On the other hand, any covector v* € V' can be written uniquely as v* = aje] + - - - + aye;,. It can be
expressed as a row vector:

v*:(()q S REE an).

The vector space V and its dual V* have a natural (non-degenerate) pairing between them:

ai

az
v*(v):(al Qg v Oén) . = a1a1] + aga2 + - -+ apay.

an

One important thing we learned from linear algebra is that although V and V* are isomorphic vector
spaces, they are not canonically isomorphic. In other words, there is no default isomorphism between
V and V*. Another example of this kind is that any n-dimensional real vector space V is isomorphic to
R"™ by taking a basis. However, the isomorphism V = R"™ depends on the choice of the basis. To obtain
a canonical isomorphism between V' and V*, one needs extra structure. For example, if (V, (-,-)) is an
inner product space, then the linear map §: V — V* defined by

vt = (v, )



is an isomorphism which is independent of the choice of a basis (but depends on the inner product
(-,-)). Note that if {e1,--- , ey} is an orthonormal basis for (V/ (-,-)), then {e%, e ,egb} is the dual basis
for V*. One also induces an inner product on V* by requiring that § preserves their inner products.

Now, we define the tensor product of two real vector spaces V and W (not necessarily of the same
dimension). The tensor product V @ W is the set of all formal linear combinations of v ® w, v € V and
w € W, with an equivalence relation ~ identifying elements through a bilinear relation:

VoW =span{v@w:veV,we W}/ ~,
where for any c1,co € R,
(c1v1 + cv2) @ w = c1(v1 ® W) + ca(v2 ® w),

v ® (crwy + cowa) = c1(v @ wi) + ca(v @ wa).
By convention, we set V& = R. It is trivial that V®! = V. To see what V®? is, if we take a basis

{e1,-++ ,en}, then we can write v = Y1, ae;, w = > 1, bje;, using the bilinear relations:

n

VR W= (Z aiei> & ijej = Z aibj(ei@)ej).
i=1 j=1

4,j=1

For example, (e1 +e2) ® (61 —e2) =e1 ®e; +ea ®e; — e ® ex — 3 @ ea. Note that e ® e2 # €2 ® ey.
In general, if {e1,--- ,en} and {f1, -+, fm} are bases for V' and W respectively, then {e; ® f;} forms
a basis for V @ W. One can define higher tensor powers V®* similarly. On the other hand, we have

V*®@ W = Hom(V, W).
One can identify an element v* ® w € V* @ W with a linear map V' — W by
(v* @ w)(v) :=v*(v)w,

and then extend to the rest of V*@W by linearity. (Exzercise: Show that this is indeed an isomorphism.)

Next, we define another operator called the wedge product A. It shares similar multilinear properties
but has the extra characteristic of being anti-symmetric. Let V be a real vector space as before. We
define the k-th wedge product of V' to be

APV = span{vi Avg A - Avg i v € V] ~,
where for any constant ¢ € R,
VA Ao+ w) A Avg=c(op A A A Avg) F (0T A Aw A Avg),

VA ANUANVig1 N ANV = =V A AUjg1 AU A -+ - A Vg,



These two properties imply that the wedge product is linear in each variable and that v A---Avp =0
whenever v; = v; for some i # j. If {e1, - ,e,} is a basis for V, then it is easy to see that

{61'1/\--~/\€Z'k:1§i1<i2<"'<ik§n}
forms a basis for A*V. Hence, dim A*V = (Z) where n =dimV'.

By convention, A°V = R. Also, A'V = V. For higher wedge products, for example, when V = R?
with standard basis {e1, ez}, then A2V = span{e; A ez} and A¥V =0 for all £ > 3. When V = R3, we
have

AV = span{ey, eg, €3},

A2V =span{e; Aeg,e; Aes, ez Aesl,
A3V = span{e; A es A es}.
Note that A¥V = 0 whenever k >dimV (Ezercise: Prove this.)
The anti-symmetric property of wedge product is related to the determinant function when k =dimV'.
Proposition 1. Let {e1, - ,e,} be a basis for V. For any v; = szzl a;je; fori=1,---,n, we have

Vi Ao Aoy =det(agj)er A Aep.
Proof. Exercise to the reader. O

One can define the wedge product A¥V* for the dual space V*, and in fact we have a canonical
isomorphism A¥V* = (A¥V)* defined by

fi(vr) -+ fi(vn)
(fiN--Afa)vr A+ Avy) = det : : ,
fn(vl) Tt fn(vn)

and extending to all the elements of A*V and A¥V* by linearity. For example,

apnCr (D) a( 7)) —aa( 3 1)

An orientation of V' is a choice of [n] where 0 # n € A"V* and n ~ ¢n for ¢ > 0. For example,
the standard orientation on R™ is given by [e] A e A--- Aek]. Note that since A"V* = R, so there
are only two distinct orientations on V. An ordered basis {v1,--- ,v,} for V is said to be positive if
n(vi A -+ Awy) > 0. For example, if we take the standard orientation n = e} A e of R?, then the
ordered basis {e1, ea} is positive while {eg, e1} is negative.

Another useful operation is called contraction. Let v € V and w € A¥V*, then the contraction of w
with v, denoted by tyw € AF~1V* is defined by

(Lyw) (V1 A~ Avg—1) =w(@WAvE A Avg_q).



we have the following explicit formula for contraction:

k
(Vf A Avg) = (=D (W) (0f A ATEA - AR,
/=1

For example, if v = aej + beg, then v,(e] A e3) = ae; — bej. Hence, if we fix v € V, then we have a
sequence of contractions which reduces the degree of the wedge products:

0 <= AOV* &2 AV & AT
Differential Forms in R"

In this section we introduce the language of differential forms in R™. Let U be an open domain in
R™ equipped with the standard Euclidean metric (-,-). The tangent space at each p € U is denoted by
T,U, which is an n-dimensional real vector space. Note that T),U is equipped with the inner product
(-,-) so (TpU, (-,-)) is in fact an inner product space. The tangent bundle is simply the disjoint union
of all these tangent spaces:

TU .= [[ T,U ~ U x R™.

peU
If we denote the standard coordinates on R™ by x!,--- 2", then we obtain an orthonormal basis
{% T %L}} of T,U. Because of this standard basis globally defined on U, we have a “canonical”

identification of TU with U x R™ once a coordinate system is fixed. A vector field X on U is just

. 0
Xz;fiax,.,

where f; : U — R are smooth functions,

Now, for each tangent space T,U, we can take the dual vector space T;U, which is called the
cotangent space at p. As for the tangent bundle TU, we can put all the cotangent spaces together to
form the cotangent bundle:

T°U = [[ ;U ~U x R™.
peU

We will denote the dual basis of { % S 6%‘ }in TXU as {dx!|,, - -dz"|,}. We can take the /-th
z" Ip z™ Ip p

wedge product of the cotangent spaces at each point as in the previous section and then put them

all together to get the bundle A‘T*U. A differential /-form is just a section of A*T*U which can be

expressed as

w= Z fil...ildxil Ao Ada®,

1< < <iy<n

for some smooth functions f;,..;, : U — R.



For example, a O-form is simply a smooth function f : U — R. When n = 2, the 1-forms have the
form

w= f(z!, %) dat + g(zt, 2%)da?,
and a 2-form would have the form
w= f(z',2%)dx' A dz?.

We will use QY(U) to denote the space of all /-forms on U. Note that by the properties of wedge
product, we have Qf(U) = 0 whenever 2 C R” with ¢ > n. The top form dz' A --- A dz™ is called the
volume form of R", and we can integrate n-form on an n-dimensional domain U C R™ by

/f(a:)da:l/\--‘/\da;" ::/f(a:)darl'--dac”,
U U

whenever f is (Lebesgue) integrable on U C R".

The power of the differential forms rests on the fact that we can do calculus on forms, i.e. we can
differentiate and integrate forms. We have already seen how to integrate a top degree form above using
the ordinary Lebesgue integral. We now discuss how to differentiate differential forms.

We will define an operation called the exterior derivative d : Q(U) — Q1(U) for £ =0,1,2,3, -
which satisfies all the properties below:

(i) d is linear.

(ii) df = >7i21 52 O da for functions f € QO(U).

(iii) d(w An) = dw An+ (=1)Pw A dn where w € QP(U) and n € Q°(U).

It is clear that the three properties above uniquely define the exterior derivative d. For example,

d Z fr@)yde™ Ao nda' | = Y dfy Adat A Ada
I= 117 5 Z) I:(ilv"' 7i£)

For example, when n = 2, we have

af of

df = —5da' + o da”.
if = t 5.2
Therefore, df is equivalent to the vector field grad( f) (under the dual pairing). On the other hand, the
derivative of a 1-form is given by

0 0

d(fda" + gdz?) = df A da' +dg A da? = (29— 2L\ gut & da?.

oxl  0x?
Note that the coefficient on the right hand side is just the rotation rot(X) of the vector field X = (f, g)
in R? which appears in Green’s theorem. The reader is encourage to try out the case for n = 3 and see

how it’s related to the curl and div of vector fields in R3.



Theorem 2. d2 =dod=0.

Proof. For f € Q%(U), we see that

2 — T e 7 i _ ; i
&f=d <i:1 M»da;) ) ( axjasci) dod Ndo' =Y (amiaxj Y da A dad =0

2,j=1 1<i<j<n

since mixed partial derivatives are equal. That d? = 0 for general /-forms follows similarly and is left
as an exercise for the reader. O

The most important theorem on the calculus of forms is the fundamental theorem of calculus, which
is called the generalized Stokes’ Theorem.

Theorem 3 (Stokes’ Theorem). Let U C R™ be a bounded smooth domain with boundary OU. Suppose

w € Q" Y(U), then we have
/ dw = / w.
U ou

Moving frames on Surfaces

Now, we proceed to define differential forms on surfaces and use the idea of moving frames to
prove the Gauss-Bonnet theorem in the next section. Since everything here is local, we can take a
parametrized surface f : U — R3 where U C R? is a smooth bounded domain.

Suppose we have an orthonormal frame {X;, X2, X3} depending smoothly on u € U such that
X1,Xo € T,f and X3 € N, f. Therefore, X3 = v is simply the unit normal to the surface while X3

and Xs are tangent to the surface. Note that in general we cannot take X, = % and X9 = % as

they cannot form an orthonormal basis everywhere unless the surface is flat. One way to obtain such
a moving frame is that we can take

of
X1 = %ufl s X2 =V X Xl, X3 =V.
[Pl

It is easy to see that these give a moving orthonormal frame adapted to the surface. As in the study
of curves using Frenet frames, we can read off the geometry by studying how the orthonormal frame
changes along the surface. Unlike the case of curves which are only 1-dimensional, we need to examine
the change of the moving frame along different tangential directions on the surface. Hence differential
forms are helpful here since they require certain number of tangential vectors as input. Consider a
tangential vector field Y along the surface, if we differentiate the vector field X; along Y, then since
{X1, X2, X3} is a basis, one can express Dy X in terms of this basis whose coefficients of course depends
on the point on the surface AND the tangential vector field Y:

3
DyX; =Y wi(Y)Xi.
=1

6



Recall that the directional derivative Dy X is tensorial in the Y-variable, therefore the coefficients wji-
in fact defines a 1-form (i.e. a (0,1)-tensor) on U.

Definition 4. The connection 1-forms wj» associated to an orthonormal frame {X1, Xo, X3} along a
surface is defined by the relation:

3
DX;=> wiX;,  j=12.3
=1

One can regard the w;'- as a matrix of 1-forms or a matrix-valued 1-form. We will see shortly that the
components of the matrix gives information about the covariant derivatives and second fundamental
form along the surface.

i J

) is skew-symmetric, i.e. W’ = —wj.

Lemma 5. (i) The matriz (w ;

J
(ii) Fori,j=1,2, w;'- (Y) = (Vv X, Xi), where V is the covariant derivative and Y is any tangential
vector field.

(i4i) Fori = 1,2, wi = 1x,h, where h is the second fundamental form as a (0,2)-tensor and ¢ is the
contraction map, i.e. tx,h(Y) = h(X;, Y).

Proof. For (i), we need to show that wé(Y) = —w!/(Y) for any tangential vector field Y. Since

i
{X1, X9, X3} is an orthonormal frame everywhere, using the metric compatibility of D, we have

0= Dy(Xi,Xj> = (DyXi,Xj> + <Xi,Dij> = wlj(Y) —l—wji»(Y),

which gives the desired conclusion. (ii) is from definition since Vy X = (Dy X )T and X1, Xy are
tangential vectors. For (iii), since X3 = v, using the definition of the second fundamental form h,

Wi(Y) = (Dyv, X;) = h(Y, X;) = h(X;,Y) = ux,h(Y).

Therefore, we have the matrix of 1-forms

wi wi wi 0 —w? —uxh
w=| W w Wi |= w? 0 —ux,h
Wi wi Wl tx,houx,h 0

With these connection 1-forms wé- one can write the Gauss and Codazzi equations in the following
form:



Theorem 6 (Maurer-Cartan structural equations). We have fori,j =1,2,3,

3
. S
dw’ + g wy, Awj = 0.
k=1

Proof. Since D is just the usual directional derivative in R3, we can write

3
de = Zw; XZ',
i=1

where the left hand side means that we are taking the exterior derivative of each of the components of
Xj as a vector in R3. Taking d on both sides again and using the fact that d? = 0, we have

3 3
0= d2Xj = Z (dw;- —{—Zw,i /\wf) Xi,
j=1 k=1
where we have used the Leibniz rule for differential forms w € QP(R™) and n € Q4(R"),
dwAn) =dwAn+ (—1)Pw Adn.

O

For our convenience, we also denote the intrinsic connection 1-forms corresponding to the covariant
derivative V on the surface by
1 41 1
A A A _ 0 wsy
A2 A2 w? 0 )"

Recall that the intrinsic Riemann curvature tensor R is defined as
R(X, Y)Z = VXVYZ — VYVXZ — V[X7y]Z,

for any tangential vector fields X, Y, Z. Therefore, if X,Y are fixed we can regard R(X,Y) as a linear
operator on T'Y defined by Z — R(X,Y)Z. Hence, we can define curvatures as a matrix-valued 2-forms
as below:

Definition 7. The curvature 2-forms Q; associated with an orthonormal frame { X1, X2, X3} along a
surface are defined by the relation:

2
R(X,Y)X; =) QX Y)X;.
=1

We have the following useful formula of the curvature 2-forms in terms of the connection 1-forms.



Theorem 8. QA =dA+ AN A.

Proof. Recall the Gauss equation in covariant form implies
(RIX,Y)Z,W)=h(Y,Z)h(X,W) — h(X, Z)h(Y,W).
Therefore, using the Gauss equation and Lemma 5 (iii):
(R(X,Y)X, Xx) = h(Y, X;)h(X, Xy) = h(X, X;)(Y, Xp) = ] (V)wi(X) = wj (X)wi (Y).
Since for any 1-forms w,n, we have (Exercise: check this!)
(WANX,Y) = w(X)n(Y) = n(X)w(Y).
Using the definition of curvature 2-forms and Lemma 5 (i),
QNX,Y) = (Wi Aw)(X,Y) = —(w§ Awd)(X,Y).
Using the Maurer-Cartan structural equations, we have

2
QXY = (dwf +) Wi A w;) (X,Y).
=1

By the definition of A, this implies Q) = dA + A A A. O

Finally, we use the formula above to relate our discussion to the intrinsic Gauss curvature.

Lemma 9. O = dAl = K dA where dA is the area 2-form of the surface.

Proof. Recall that the Gauss curvature (or sectional curvature in general) for the 2-plane spanned by
an orthonormal basis {X7, Xo} is given by

K = (R(X1,X2) X5, X1) = Q3(X1, Xo).

This implies that Q) = KdA. The equality Q3 = dA} following from Theorem 8 and that

B 0 Al 0 ALY\ [ —AInAL 0 B
AAA_(—A; 0>A<—A§ 0 )~ 0 —Aipnay )Y

since w A w = 0 for any 1-forms w. O

Proof of Gauss-Bonnet Theorem



We are now ready to prove the smooth local Gauss-Bonnet Theorem, which says that for any surface
¥ C R3 with smooth boundary X and that ¥ is diffeomorphic to a disk, we have

/KdA—l—/ kyds = 27.
> ox

Our proof here would be very similar to the proof the Theorem of Turning Tangents which says
that for any simple closed curve v C R?, oriented positively, we have

//ids = 2.
~

Note that the local Gauss-Bonnet Theorem reduces to this formula when the surface ¥ is flat. Let us
first recall how we proved the Theorem of Turning Tangents. Let {e1,e2} be the Frenet frame of the
plane curve 7. The key idea is that we can define a continuous polar angle function ¢ (up to multiples
of 27) by measuring the angle from the positive z-axis to the unit tangent vector e;. Therefore, we
have

0 . 0 .0 n 0
€1 =cosp— +sinp—, ey =—sinyp— + cosp—.
! r (’an 2 Y ox (’Day
By the definition of curvature x := (€], e2) (we have parametrized the curve v by arc length and ’
means % here), we have
dep
P / = .
K= <el7 62> dS

Integrating both sides and using a homotopy argument, one proves that
L
d
//ﬁds = / %0 ds = o(L) — ¢(0) = 2.
~ 0 ds

The proof of the local Gauss-Bonnet formula will be very similar to the arguments above. Except
that we do not have a canonical global orthonormal frame {8%, a%} for plane curves. However, we can
always set up (locally) an orthonormal frame {X;, X2} along the surface as before. If the boundary
0Y. is parametrized by arc length with e; = d% and eg = v X e1 be the inward unit normal to 9% which
is tangent to the surface ¥. Then, we can write

e1 = (cos ) X1 + (sinp)Xa, ey = —(sinp)X; + (cos ) Xs.

In other words, e; makes an angle ¢ from X; measured in the intrinsic metric (g;;) on the surface.
Recall that the geodesic curvature k, := (Ve €1, e2). Using the metric compatibility and that e; and
eo are orthogonal by definition, we have

d
kg = (Ve e1,e2) = £<€1,€2) — (e1, Ve, e2) = —(e1, Ve, €2).

Using the expression of e1, es in terms of X7, Xo, we get

d .
Ve, €2 = —d—fel — (sin @) Ve, X1 + (cos ) Ve, Xo.

10



Using the definition of the connection forms A;'» and that A} = — A2 we have

dy
—(e1, Ve, €2) = A A%(el).

Therefore, putting all these together, we obtain

dp
e kg + Aj(er).

Integrating on both side along 03, using Stokes’” Theorem and Lemma 9, we have

L
277:/ st:/ kgd5+/ A%:/ kgds+/dA§:/ k:gds+/KdA.
o ds o5 o% o5 > o5 >

This proves the Gauss-Bonnet theorem as wished. (Note that the integral on the left hand side is 27
because we can define the polar angle ¢; with respect to the interpolating metric g; = (1 — t)d + tg
where 0 is the Euclidean metric on U and g is the first fundamental form of . Since the integral
is always an integer multiple of 27 and that it should depend continuously with respect to ¢t. As the
integral is 27 for the Euclidean metric gy by the Theorem of Turning Tangents, it is also true for g1 = g
by this continuity argument.)
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