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ABSTRACT. We clarify the question whether for a smooth curve of polynomials one
can choose the roots smoothly and related questions. Applications to perturbation
theory of operators are given.
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1. INTRODUCTION

We consider the following problem. Let
(1) Pt)=z"—a1(t)z" + - 4 (=1)"a,(t)

be a polynomial with all roots real, smoothly parameterized by ¢ near 0 in R. Can
we find n smooth functions z1(t), ..., z,(t) of the parameter ¢ defined near 0, which
are the roots of P(t) for each t7 We can reduce the problem to a; = 0, replacing
the variable = by with the variable y = 2 — a;(t)/n. We will say that the curve (1)
is smoothly solvable near ¢ = 0 if such smooth roots x;(t) exist.

We describe an algorithm which in the smooth and in the holomorphic case
sometimes allows to solve this problem. The main results are: If all roots are real
then they can always be chosen differentiable, but in general not C* for degree
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n > 3; and in degree 2 they can be chosen twice differentiable but in general not
C?. If they are arranged in increasing order, they depend continuously on the
coefficients of the polynomial, and if moreover no two of them meet of infinite order
in the parameter, then they can be chosen smoothly. We also apply these results to
obtain a smooth l-parameter perturbation theorem for selfadjoint operators with
compact resolvent under the condition, that no pair of eigenvalues meets of infinite
order.

We thank C. Fefferman who found a mistake in a first version of 2.4, to M.
and Th. Hoffmann-Ostenhof for their interest and hints, and to Jerry Kazdan for
arranging [15].

2. CHOOSING DIFFERENTIABLE SQUARE AND CUBIC ROOTS

2.1. Proposition. The case n = 2. Let P(t)(z) = 2% — f(t) for a function f
defined on an open interval, such that f(t) > 0 for all t.
If f is smooth and is nowhere flat of infinite order, then smooth solutions x exist.
If f is C? then C'-solutions exist.
If f is C* then twice differentiable solutions exist.

Proof. Suppose that f is smooth. If f(¢y) > 0 then we have obvious local smooth
solutions ++/f(t). If f(tg) = 0 we have to find a smooth function z such that
f = 2, a smooth square root of f. If f is not flat at tg then the first nonzero
derivative at ¢y has even order 2m and is positive, and f(t) = (t — to)*™ fom (1),

where fo, () fo 1(2221:),1 f@™) (g 4 r(t — ty)) dr gives a smooth function and

fom(to) = (Zm)!f@m)(to) > 0. Then x(¢t) := (t — to)™+/ fam(t) is a local smooth
solution. One can piece together these local solutions, changing sign at all points
where the first non-vanishing derivative of f is of order 2m with m odd. These
points are discrete.

Let us consider now a function f > 0 of class C2. We claim that then 22 = f(t)
admits a C'-root z(t), globally in ¢t. We consider a fixed to. If f(tg) > 0 then there
is locally even a C2-solution x4 (t) = £+/f(t). If f(to) = 0 then f(t) = (t —to)?h(t)
where h > 0 is continuous and C? off to with h(tg) = % f”(to). If h(tg) > 0 then
x4 (t) = £(t — to)\/h(t) is C? off ty, and

7'y (to) = lim 2x(t) — wxlto) _ = lm +/h(t) = £/h(ty) = \/T

t—to t— tO

If h(tp) = 0 then we choose x4 (tg) = 0, and any choice of the roots is then
differentiable at ty with derivative 0, by the same calculation.

One can piece together these local solutions: At zeros t of f where f”(¢t) > 0
we have to pass through 0, but where f”(t) = 0 the choice of the root does not
matter. The set {t : f(t) = f”(t) = 0} is closed, so its complement is a union of
open intervals. Choose a point in each of these intervals where f(¢) > 0 and start
there with the positive root, changing signs at points where f(t) =0 # f”(t): these
points do not accumulate in the intervals. Then we get a differentiable choice of
a root x(t) on each of this open intervals which extends to a global differentiable
root which is 0 on {t: f(¢t) = f"(¢t) = 0}.
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Note that we have

f'(t) ;
2(t) = { 2200 £ 18) >0
LI () =0
In points ¢y with f(ty) > 0 the solution x is C?; locally around points ¢, with

f(to) =0 and f”(to) > 0 the root x is C* since for t # to near o we have f(t) >0
and f’(t) # 0, so by I'Hospital we get

P02 2O 1)

. :1. — _ /t 2
Jim YR Y g~ @)

and since the choice of signs was coherent, =’ is continuous at to; if f”(t9) = 0 then
2'(tg) = 0 and 2’/ (t) — 0 for ¢t — tg for both expressions, by lemma 2.2 below. Thus
xis C.

If moreover f > 0 is C*, then the solution z from above may be modified
to be twice differentiable. Near points ¢, with f(¢p) > 0 any continuous root
t— x4 (t) = £1/f(t) is even C*. Near points ty with f(to) = f'(to) = 0 we have
f(t) = (t —to)%h(t) where h > 0 is C?. We may choose a C'-root z with 22 = h by
the arguments above, and then x(t) := (t — t9)z(¢) is twice differentiable at g since
we have

2(t) = '(to) _ 2(t) + (t — to)(t) — 2(to)

t—1o t—to
=20+ 220 e -y T

If f(to) = f"(to) = f®(to) = 0 then any C" choice of the roots is twice differen-
tiable at g, in particular x(t) = |t — to|z(t).

Now we can piece together this solutions similarly as above. Let y be a global
Cl-root of f, chosen as above changing sign only at points ¢t with f(¢) =0 < f”(0).
We put z(t) = e(t)y(t), where £(t) € {£1} will be chosen later. The set {t: f(t) =
f"(t) = f®(t) = 0} has a countable union of open intervals as complements. In
each of these intervals choose a point to with f(tg) > 0, near which y is C*. Now
let e(tg) = 1, and let e change sign exactly at points with f(¢) = f”(¢) = 0 but
f@(t) > 0. These points do not accumulate inside the interval. Then x is twice
differentiable. [

2.2. Lemma. Let f > 0 be a C?-function with f(to) = 0, then for allt € R we
have

(1) ()2 < 2f(t) max{f"(to +7r(t —t)) : 0 <r <2}

Proof. If f(t) = 0 then f’(¢) =0 so (1) holds. We use the Taylor formula

(2) f@+@=f®+f@ﬁ+A(LwV%HwQW¥
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In particular we get (replacing t by to and then ty + s by t)

(3) f&)=0+0+ /0 (1 —=r)f"(to +r(t —to)) dr (t — to)?

< %max{fu(to +T(t—t0)) -0 S r S 2}

Now in (2) we replace s by —es (where € = sign(f’(¢))) to obtain

1

(4) 0< ft—es)=f(t)—|f(t)|s +/ (1—7)f"(t —ers)dr s*
0

Let us assume ¢ >ty and then choose (using (3))

2f(t)
max{f"(to +r(t —t0)) : 0 <7 < 2}

Note that we may assume f(¢) > 0, then s(¢) is well defined and s(¢) > 0. This
choice of s in (4) gives

s(t) :=

<t —to.

o< ] S )0 < s
701 < <5 (10 + 2 max( (e - ersto) 0 < r < )
1 SO (7t =t —1 <1
< s (10 + G max(r ¢ - - ) -1 <7 < 1))
2sf((t \/2f max{ f"(to +r(t —t9)) : 0 <r <2}

which proves (1) for t > 5. Since the assertion is symmetric it then holds for all
t. O

2.3. Examples. If f > 01is only C', then there may not exist a differentiable root
of 22 = f(t), as the following example shows: 2% = f(t) := t?sin?(logt) is C", but
+tsin(logt) is not differentiable at 0.

If f > 0 is twice differentiable there may not exist a Cl-root: 2% = f(t) =
t*sin®(1) is twice differentiable, but +¢?sin(1) is differentiable, but not C.

If f > 0is only C3, then there may not exist a twice differentiable root of

2 = f(t), as the following example shows: 22 = f(t) := t*sin®(logt) is C*, but

+t?sin(logt) is only C' and not twice differentiable.

2.4. Example. If f(t) > 0 is smooth but flat at 0, in general our problem has
no C2%-root as the following example shows, which is an application of the general
curve lemma 4.2.15 in [5]: Let h : R — [0, 1] be smooth with h(t) = 1 for ¢ > 0 and
h(t) =0 for ¢ < —1. Then the function

oo

fi): = hn(t —tp). <;n (t—tn)* + 41n> , where

1
2

S a 2 1 1
b = k: Tt )) T T e
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is > 0 and is smooth: the sum consists of at most one summand for each t, and
the derivatives of the summands converge uniformly to 0: Note that h,(t) = 1 for
t| < —r and hy,(t) = 0 for |[t| > —-+ + -5 hence h,(t —t,) # 0 only for

rn <t < Tpy1, where r, 1= Z;ll (% + #) Let ¢, (s) := %82 + % > 0 and
H; :=sup{|h®(t)| : t € R}. Then
1 1

i sup{| (o - )P (B)] € R} = 2 sup{| (o - ) O (O] 1] € — s+ =)

k
E\ o » 1 1
<n’) ()n Hysup{|E 0] 1) < —r + =
i=0 ’

k
AN ‘ _
< (X () ) st <2 g < by

=0

and since ¢y, is rapidly decreasing in C*°(R,R) (i.e. {p(n) ¢, : n € N} is bounded in
C>(R,R) for each polynomial p) the right side of the inequality above is bounded
with respect to n € N and hence the series > hn( —tn)cn( —t,) converges
uniformly in each derivative, and thus represents an element of f € C*(R,R).
Moreover we have

1 2n

f(tn) = qn’ f/(tn) =0, fﬁ(tn) =

Let us assume that f(t) = g(¢)? for ¢ near sup,, t, < oo, where g is twice differen-
tiable. Then

f"=2g9'
f// — 299// + 2(9/)2
2f " = 4¢°¢" + (f')°
Qf(tn)f//(tn) = 4g(t71)3g//(tn) + f/(tn)2

thus ¢”(t,) = £2n, so g cannot be C?, and ¢’ cannot satisfy a local Lipschitz
condition near limt,. Another similar example can be found in 7.4 below.

According to [15], some results of this section are contained in Frank Warners
dissertation (around 1963, unpublished): Non-negative smooth functions have C*
square roots whose second derivatives exist everywhere. If all zeros are of finite
order there are smooth square roots. However, there are examples not possessing
a C? square root. Here is one:

f@t) =sin®(1/t)e Vet for t >0, f(t)=0fort<O0.

This is a sum of two non-negative C*° functions each of which has a C*>° square
root. But the second derivative of the square root of f is not continuous at the
origin.

In [6] Glaeser proved that a non-negative C?-function on an open subset of R"
which vanishes of second order has a C! positive square root. A smooth function
f > 0is constructed which is flat at 0 such that the positive square root is not C2.
In [4] Dieudonné gave shorter proofs of Glaeser’s results.
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2.5. Example. The case n > 3. We will construct a polynomial
P(t) = 2 + as(t)x — as(t)

with smooth coefficients as, az with all roots real which does not admit C'-roots.
Multiplying with other polynomials one then gets polynomials of all orders n > 3
which do not admit C'-roots.

Suppose that P admits C'-roots x1, z2, £3. Then we have

0=x14+ 22+ 23
A2 = T1T2 + T2X3 + T3
a3 = T1X92T3
0=2a21+ 22+ T3
A9 = T1X9 + T1To + Toxs + XoX3 + T3x1 + T3

dg = i1£172333 + 3311.32333 -+ $1$2i3

We solve the linear system formed by the last three equations and get

. az — AT
xr1 =
! (372—331)(%‘3—331)
. a3 — (2T
Tro =
(z3 — 22) (71 — T2)
. az — G273
r3 =

($1 - $3)(5U2 - $3)
We consider the continuous function
ag + d%d;gag - élgag
3 2
day + 27a3

b3 = 3'3‘1$.2.f3 =

For smooth functions f and ¢ with €2 < 1 we let

w:=—12ay := f>
v:=108a3 := e f>.
then all roots of P are real since ag < 0 and 432(4a3+27a3) = v?—u3 = f6(e2-1) <
0. We get then
493 — 27Tuno + 2703w
2 — usd
B 4f3e'3 +9f2fe%e +2Tf f26(e® — 1) 4+ 27f3e(? — 3)
B e2—-1 '

11664bs =

Now we choose
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where h,, and t, are as in the beginning of 2.4. Then f(t,) = 0, f(t,) = 5, and
g(tn) = g+, hence
f(tn)35(tn)(5(tn)2 -3)

108b3(t,) = TR ~n® — 0o
n

is unbounded on the convergent sequence t,,. So the roots cannot be chosen locally
Lipschitz, thus not C*.

3. CHOOSING LOCAL ROOTS OF REAL POLYNOMIALS SMOOTHLY

3.1. Preliminaries. We recall some known facts on polynomials with real coeffi-
cients. Let

P(x)=2" —ai2" ' 4+ (=1)"a,
be a polynomial with real coefficients ai,...,a, and roots zi,...,xz, € C. It
is known that a; = o;(x1,...,2,), where o; (1 = 1,...,n) are the elementary
symmetric functions in n variables:

oi(z1,...,Tn) = Z Tjy ... T,

1<j1<--<gi<n

Denote by s; the Newton polynomials 37,

—, x; which are related to the elementary
symmetric function by
(1) Sk — Sk—101 + Sg—_202 + -+ + (—1)k_1810k,1 + (—l)kkak =0 (k' < n)

The corresponding mappings are related by a polynomial diffeomorphism ", given
by (1):

o":=(01,...,0n) : R" = R"
s"i=(s1,...,8,) : R" > R"
s"i=¢Y"oo"

Note that the Jacobian (the determinant of the derivative) of s™ is n! times the
Vandermonde determinant: det(ds"(z)) = n! [, ;(2; —z;) =: n! Van(z), and even
the derivative itself d(s™)(z) equals the Vandermonde matrix up to factors ¢ in the
i-th row. We also have det(d(¢)")(z)) = (—1)""+3)/2p1 = (—1)7(»=D/2p! and
consequently det(do"(x)) =[], ;(z; — x;). We consider the so-called Bezoutiant

So S1 e Sn—1
S1 S92 . Sn
B =
Sp—1 Sp ... S2p—2

Let By be the minor formed by the first k£ rows and columns of B. From

k—1
1 1 - 1 1z ... x
T X9 e Tp 1 xo ... scg*l
Bk(l‘) = :
k—1 k—1 k—1 k—1
Xy Ty Ty 1 z, ... x,,
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it follows that
(2) Ag(x) :=det(Bg(z)) = Z (x5, —23,)% (g, — 20, )2 (i, — i),
iy <tp < - <ip

since for n x k-matrices A one has det(4AAT) = D iycoci, det(Ay, i,)?, where
Ai,....in is the minor of A with indicated rows. Since the Aj are symmetric we
have Ay = Ay o o™ for unique polynomials Ay and similarly we shall use B.
3.2. Theorem. (Sylvester’s version of Sturm’s theorem, see [14], [10]) The roots
of P are all real if and only if the symmetric (n x n) matriz B(P) is positive
semidefinite; then Ag(P) := Ag(a1,...,a,) > 0 for 1 < k < n. The rank of B
equals the number of distinct roots of P and its signature equals the mnumber of
distinct real roots.
3.3. Proposition. Let now P be a smooth curve of polynomials

P(t)(z) = 2" —ar(t)a" " + -+ (=1)"an(?)

with all roots real, and distinct for t = 0. Then P is smoothly solvable near 0.
This is also true in the real analytic case and for higher dimensional parameters,
and in the holomorphic case for complex roots.

Proof. The derivative <L P(0)(x) does not vanish at any root, since they are dis-
tinct. Thus by the implicit function theorem we have local smooth solutions z(t)
of P(t,x) = P(t)(xz) =0. O

3.4. Splitting Lemma. Let Py be a polynomial
Py(z) = 2" — a1 4+ (—=1)"ay.

If Py = Py - P2, where P1 and P are polynomials with no common root. Then for P
near Py we have P = Py (P)Pa(P) for real analytic mappings of monic polynomials
P +— Pi(P) and P — P(P), defined for P near Py, with the given initial values.

Proof. Let the polynomial Py be represented as the product
P() = Pl.PQ = (.Iip — blaipil =+ 4 (—1)pbp)($q — 01$q71 —+ 4 (—1)qu),

let x; for i = 1,...,n be the roots of Py, ordered in such a way that for:=1,...,p
we get the roots of P, and fori =p+1,...,p+ ¢ = n we get those of P,. Then
(@1,...,an) = ¢PU(b1,...,bp,c1,...,¢q) for a polynomial mapping ¢”7 and we get

o" = ¢p7q o (UP X 0—‘1)7
det(do™) = det(d¢? (b, c)) det(do?) det(do?).
From 3.1 we conclude
I @i—2))=det(de"(b,0)) [] (@i—x) [] (xi—=)
1<i<j<n 1<i<j<p p+1<i<j<n
which in turn implies
det(dg™ (b)) = [ (wi—2;)#0
1<i<p<j<n

so that ¢P is a real analytic diffeomorphism near (b,¢). O
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3.5. For a continuous function f defined near 0 in R let the multiplicity or order
of flatness m(f) at 0 be the supremum of all integer p such that f(t) = tPg(¢)
near 0 for a continuous function g. If f is C"™ and m(f) < n then f(t) = t™Fg(t)
where now g is C"~"() and ¢(0) # 0. If f is a continuous function on the space
of polynomials, then for a fixed continuous curve P of polynomials we will denote
by m(f) the multiplicity at 0 of t — f(P(t)).

The splitting lemma 3.4 shows that for the problem of smooth solvability it is
enough to assume that all roots of P(0) are equal.

Proposition. Suppose that the smooth curve of polynomials
P(t)(z) = 2" + as(t)a"? — -+ (=1)"an(t)

is smoothly solvable with smooth roots t — x;(t), and that all roots of P(0) are
equal. Then for (k=2,...,n)

m(Ag) > k(k —1) min m(z;)

1<i<n

> i ;
m(ag) > k121£nm(x’)

This result also holds in the real analytic case and in the smooth case.
Proof. This follows from 3.1.(2) for Ay, and from ay(t) = ox(z1(t), ..., z.(t)). O

3.6. Lemma. Let P be a polynomial of degree n with all roots real. If a1 = as =0
then all roots of P are equal to zero.

Proof. From 3.1.(1) we have > 27 = sy(x) = 0% (x) — 202(z) = a? —2a; =0. O

3.7. Multiplicity lemma. Consider a smooth curve of polynomials

with all roots real. Then, for integers r, the following conditions are equivalent:
(1) m(ag) > kr for all2 <k <n.
(2) m(Ay) > k(k—1)r for all2 <k <n.
(3) m(ag) > 2r.

Proof. We only have to treat r > 0.
(1) implies (2): From 3.1.(1) we have m(5;) > rk, and from the definition of

Ay = det(By) we get (2).

(2) implies (3) since Ay = —2nas.

(3) implies (1): From a2(0) = 0 and lemma 3.6 it follows that all roots of the
polynomial P(0) are equal to zero and, then, a3(0) = --- = a,(0) = 0. There-
fore, m(as3),...,m(a,) > 1. Under these conditions, we have as(t) = t2"ag 2,(t)
and ay(t) = t"™* ag,m, (t) for k = 3,...,n, where the my, are positive integers and
a2,2r, A3,mg, - - - y An,m, are smooth functions, and where we may assume that either
mg = m(ag) < 0o or my > kr.

Suppose now indirectly that for some k > 2 we have my = m(ax) < kr. Then

we put
ms My,

— e, <r.
3 n) "
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We consider the following continuous curve of polynomials for ¢ > 0:

P (t) () := 2" + ag o (t)t* 2"z 2

— a3,ms (t)tmg—?)mg;n—?) 4+ (_1)nan’mn (t)tm"_"m_

If z1,..., 7, are the real roots of P(t) then t~™x,...,t~™x, are the roots of P,,(t),
for t > 0. So for t > 0, P,,(t) is a family of polynomials with all roots real. Since
by theorem 3.2 the set of polynomials with all roots real is closed, P,,(0) is also a
polynomial with all roots real.

By lemma 3.6 all roots of the polynomial P,,(0) are equal to zero, and for
those k with my = km we have ajm,(0) = 0 and, therefore, m(ar) > ms, a
contradiction. [J

3.8. Algorithm. Consider a smooth curve of polynomials
Pt)(z) = 2™ —a1(H)2"t +ao(t)z" % — -+ (=1)"an(t)

with all roots real. The algorithm has the following steps:

(1) If all roots of P(0) are pairwise different, P is smoothly solvable for ¢ near
0 by 3.3.

(2) If there are distinct roots at ¢ = 0 we put them into two subsets which splits
P(t) = P1(t).Pa2(t) by the splitting lemma 3.4. We then feed P;(t) (which
have lower degree) into the algorithm.

(3) All roots of P(0) are equal. We first reduce P(t) to the case a1(tf) = 0 by
replacing the variable x by y = & — a1(¢)/n. Then all roots are equal to 0
so m(ag) > 0.

(3a) If m(ap) is finite then it is even since Ay = —2nay > 0, m(ag) = 2r and by
the multiplicity lemma 3.7 a;(t) = a; ;- (£)t" (i = 2,...,n) for smooth a; ;.
Consider the following smooth curve of polynomials

P.(t)(z) =2+ a272r(t)1:"72 - ag,gr(t)z"73 oo (=) e ().

If P.(t) is smoothly solvable and xy(t) are its smooth roots, then zy(¢)t" are
the roots of P(t) and the original curve P is smoothly solvable too. Since
a2,2m(0) # 0, not all roots of P,(0) are equal and we may feed P, into step
2 of the algorithm.

(3b) If m(ag) is infinite and ay = 0, then all roots are 0 by 3.6 and thus the
polynomial is solvable.

(3¢) But if m(asg) is infinite and ag # 0, then by the multiplicity lemma 3.7 all
m(a;) for 2 < i < n are infinite. In this case we keep P(t) as factor of the
original curve of polynomials with all coefficients infinitely flat at ¢ = 0 after
forcing a; = 0. This means that all roots of P(t) meet of infinite order of
flatness (see 3.5) at t = 0 for any choice of the roots. This can be seen as
follows: If z(t) is any root of P(¢) then y(t) := x(t)/t" is a root of P.(t),
hence by 4.1 bounded, so x(t) = t"~!.ty(t) and t — ty(t) is continuous at
t=0.
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This algorithm produces a splitting of the original polynomial
P(t) = P(t) PO (t)

where P(°) has the property that each root meets another one of infinite order at
t = 0, and where P(S)(t) is smoothly solvable, and no two roots meet of infinite
order at ¢ = 0, if they are not equal. Any two choices of smooth roots of P() differ
by a permutation.

The factor P(>) may or may not be smoothly solvable. For a flat function f > 0
consider:

wh = (f(t) + )2 + 12 () = (2° = f(1)).(x — t) (@ + 1).

Here the algorithm produces this factorization. For f(t) = g(t)? the polynomial is
smoothly solvable. For the smooth function f from 2.4 it is not smoothly solvable.

4. CHOOSING GLOBAL ROOTS OF POLYNOMIALS DIFFERENTIABLY

4.1. Lemma. For a polynomial
P(z)=2" —a;(P)z" ' 4+ -+ (=1)"a,(P)
with all roots real, i.e. Ak(P) = Ak(al, ceyan) >0 for 1 <k<mn, let
21(P) < xo(P) < -+ < x,(P)

be the roots, increasingly ordered.
Then all z; : c™(R™) — R are continuous.

Proof. We show first that z; is continuous. Let Py € o™ (R"™) be arbitrary. We have
to show that for every € > 0 there exists some § > 0 such that for all |[P — Py| < &
there is a root 2:(P) of P with 2(P) < x1(Py)+e¢ and for all roots 2(P) of P we have
x(P) > x1(Py) — e. Without loss of generality we may assume that x1(FPy) = 0.

We use induction on the degree n of P. By the splitting lemma, 3.4 for the C°-case
we may factorize P as Py (P)- P2 (P), where Py (Fy) has all roots equal to z; = 0 and
P5(Py) has all roots greater than 0 and both polynomials have coefficients which
depend real analytically on P. The degree of Py(P) is now smaller than n, so by
induction the roots of Py(P) are continuous and thus larger than x1(Py) — ¢ for P
near Fjy.

Since 0 was the smallest root of Py we have to show that for all € > 0 there exists
a 6 > 0 such that for |P — Py| < ¢ any root = of P;(P) satisfies |x| < €. Suppose
there is a root z with |z| > €. Then we get as follows a contradiction, where n; is
the degree of P;. From

1

—a™ = (=Dfay(P)am "
k=1
we have

1

ni k
e < |a| = )Z(—l)kak(Pl)xl_k‘ <3 Jan(Py)] 2] < %el—k —,
k= k=1 k=1
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provided that ni|ax(Py)| < ¥, which is true for Py near Py, since ay(Py) = 0. Thus
x1 is continuous.

Now we factorize P = (z — z1(P)) - P2(P), where Py(P) has roots za(P) <
-+ < x,(P). By Horner’s algorithm (a, = by,_121, @n_1 = bp—1 + bp—221, ...,
ag = by + bi1x1, a1 = by + x1) the coefficients by, of Py(P) are again continuous and
so we may proceed by induction on the degree of P. Thus the claim is proved. [

4.2. Theorem. Consider a smooth curve of polynomials
P(t)(z) = 2" + as(t)a"? — -+ (=1)"an(t)

with all roots real, for t € R. Let one of the two following equivalent conditions be
satisfied:

(1) If two of the increasingly ordered continuous roots meet of infinite order
somewhere then they are equal everywhere.

(2) Let k be mazximal with the property that Ay (P) does not vanish identically
for all t. Then A(P) vanishes nowhere of infinite order.

Then the roots of P can be chosen smoothly, and any two choices differ by a
permutation of the roots.

Proof. The local situation. We claim that for any ty, without loss g = 0, the
following conditions are equivalent:

(1) If two of the increasingly ordered continuous roots meet of infinite order at
t = 0 then their germs at ¢t = 0 are equal.

(2) Let k be maximal with the property that the germ at ¢ = 0 of Ag(P) is not
0. Then Ay (P) is not infinitely flat at ¢t = 0.

(3) The algorithm 3.8 never leads to step (3c).

(3) = (1). Suppose indirectly that two nonequal of the increasingly ordered
continuous roots meet of infinite order at ¢t = 0. Then in each application of step (2)
these two roots stay with the same factor. After any application of step (3a) these
two roots lead to nonequal roots of the modified polynomial which still meet of
infinite order at ¢ = 0. They never end up in a facter leading to step (3b) or
step (1). So they end up in a factor leading to step (3c).

(1) = (2). Let 21(t) < -+ < x,(t) be the continuous roots of P(t). From 3.1, (2)
we have

(4) Ak(P(tD = Z (xil _$i2>2 (mll _‘rin)Q"' (‘rik—l _‘Tik)Q'

1 <tg< - <ip

The germ of Ag(P) is not 0, so the germ of one summand is not 0. If A, (P) were
infinitely flat at £ = 0, then each summand is infinitely flat, so there are two roots
among the x; which meet of infinite order, thus by assumption their germs are
equal, so this summand vanishes.

(2) = (3). Since the leading A, (P) vanishes only of finite order at zero, P has
exactly k different roots off 0. Suppose indirectly that the algorithm 3.8 leads to
step (3c), then P = P(>) P(%) for a nontrivial polynomial P(>). Let z1(t) < --- <
z,(t) be the roots of P(*)(¢) and x4 (t) < -+ < x,(t) those of P(¥). We know
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that each x; meets some z; of infinite order and does not meet any x; of infinite
order, for i,j < p < I. Let k*) > 2 and k(*) be the number of generically different
roots of P(>) and P(®), respectively. Then k = k(> + k() and an inspection of
the formula for A, (P) above leads to the fact that it must vanish of infinite order
at 0, since the only non-vanishing summands involve exactly k(°°) many generically
different roots from P(°°).

The global situation. From the first part of the proof we see that the algorithm
3.8 allows to choose the roots smoothly in a neighborhood of each point ¢ € R, and
that any two choices differ by a (constant) permutation of the roots. Thus we may
glue the local solutions to a global solution. [

4.3. Theorem. Consider a curve of polynomials
Pt)(z) = 2" —a1(t)z" ' 4+ (=1)"an(t), teR,

with all roots real, where all a; are of class C™. Then there is a differentiable curve
x=(x1,...,2,) : R —> R™ whose coefficients parameterize the roots.

That this result cannot be improved to C2-roots is shown already in 2.4, and
not to C! for n > 3 is shown in 2.5.

Proof. First we note that the multiplicity lemma 3.7 remains true in the C"-case
for r = 1 in the following sense, with the same proof:
If a1 = 0 then the following two conditions are equivalent

(1) ax(t) = t*ay x(t) for a continuous function ay ., for 2 < k < n.
(2) az(t) = t2az2(t) for a continuous function as .

In order to prove the theorem itself we follow one step of the algorithm. First
we replace x by x + %al(t), or assume without loss that a; = 0. Then we choose a
fixed t, say t = 0.

If a3(0) = 0 then it vanishes of second order at 0: if it vanishes only of first
order then Ay(P(t)) = —2nay(t) would change sign at t = 0, contrary to the
assumption that all roots of P(t) are real, by 3.2. Thus ax(t) = t2as2(t), so by
the variant of the multiplicity lemma 3.7 described above we have ay(t) = tFay 1 ()
for continuous functions ay, j, for 2 < k < n. We consider the following continuous
curve of polynomials

Pi(t)(z) =2" + agvz(t):r"72 — a3,3(t):z:"73 oo (=) ann ().

with continuous roots z1(t) < -+ < z,(t), by 4.1. Then xx(t) = z(t)t are dif-
ferentiable at 0, and are all roots of P, but note that xx(t) = yx(t) for t > 0,
but z(t) = yn—r(t) for t < 0, where y1(t) < --- < y,(t) are the ordered roots of
P(t). This gives us one choice of differentiable roots near ¢ = 0. Any choice is then
given by this choice and applying afterwards any permutation of the set {1,...,n}
keeping invariant the function k — z;(0).

If a3(0) # 0 then by the splitting lemma 3.4 for the C™-case we may factor
P(t) = Pi(t)...Py(t) where the P;(t) have again C"-coefficients and where each
P;(0) has all roots equal to ¢;, and where the ¢; are distinct. By the arguments
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above the roots of each P; can be arranged differentiably, thus P has differentiable
roots yg ().

But note that we have to apply a permutation on one side of 0 to the original
roots, in the following case: Two roots z;, and x; meet at zero with xy(t) — x,(¢) =
tegi(t) with e (0) # 0 (we say that they meet slowly). We may apply to this choice
an arbitrary permutation of any two roots which meet with cg;(0) = 0 (i.e. at least
of second order), and we get thus any differentiable choice near ¢ = 0.

Now we show that we choose the roots differentiable on the whole domain R.
We start with with the ordered continuous roots y;(t) < -+ < y,(t). Then we put

k(1) = Yo (1) (k) (t)
where the permutation o(t) is given by
o(t) = (1,2)720  (1,n)1n1(2,3)722(0) | (n — 1,p)n—1m(®)

and where ¢; ;(t) € {0, 1} will be specified as follows: On the closed set S; ; of all ¢
where y;(t) and y;(t) meet of order at least 2 any choice is good. The complement
of S;; is an at most countable union of open intervals, and in each interval we
choose a point where we put ¢, ; = 0. Going right (and left) from this point we
change ¢; ; in each point where y; and y; meet slowly. These points accumulate
only in §; ;. O

5. THE REAL ANALYTIC CASE

5.1. Theorem. Let P be a real analytic curve of polynomials
P(t)(z) = 2" —ai(t)a" "+ (-1)"an(t), tER,

with all roots real.
Then P is real analytically solvable, globally on R. All solutions differ by per-
mutations.

By a real analytic curve of polynomials we mean that all a;(¢) are real analytic
in ¢t (but see also [8]), and real analytically solvable means that we may find z;(t)
for ¢ = 1,...,n which are real analytic in ¢ and are roots of P(t) for all ¢. The
local existence part of this theorem is due to Rellich [11], Hilfssatz 2, his proof uses
Puiseux-expansions. Our proof is different and more elementary.

Proof. We first show that P is locally real analytically solvable, near each point
to € R. It suffices to consider ¢ty = 0. Using the transformation in the introduction
we first assume that a;(t) = 0 for all ¢. We use induction on the degree n. If n =1
the theorem holds. For n > 1 we consider several cases:

The case az(0) # 0. Here not all roots of P(0) are equal and zero, so by the
splitting lemma 3.4 we may factor P(t) = P;(t).Py(t) for real analytic curves of
polynomials of positive degree, which have both all roots real, and we have reduced
the problem to lower degree.

The case az(0) = 0. If ax(t) = 0 for all ¢, then by 3.6 all roots of P(t) are 0,
and we are done. Otherwise 1 < m(az) < oo for the multiplicity of as at 0, and
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by 3.6 all roots of P(0) are 0. If m(ag) > 0 is odd, then Ay(P)(t) = —2nas(t)
changes sign at ¢ = 0, so by 3.2 not all roots of P(t) are real for ¢ on one side of 0.
This contradicts the assumption, so m(ag) = 2r is even. Then by the multiplicity
lemma 3.7 we have a;(t) = a; ()t (i = 2,...,n) for real analytic a; ;., and we
may consider the following real analytic curve of polynomials

P.(t)(z) =2+ a272r(t):z:"72 - a373r(t)£lin73 s (=) e (1),

with all roots real. If P,.(t) is real analytically solvable and x(¢) are its real analytic
roots, then zy(t)t" are the roots of P(t) and the original curve P is real analytically
solvable too. Now as 2,(0) # 0 and we are done by the case above.

Claim. Let © = (z1,...,2y) : I — R™ be a real analytic curve of roots of P on
an open interval I C R. Then any real analytic curve of roots of P on I is of the
form « o x for some permutation a.

Let y : I — R™ be another real analytic curve of roots of P. Let t;, — ¢y be a con-
vergent sequence of distinct points in I. Then y(tx) = ag(2(tr)) = (Tapls- -+ Tagn)
for permutations ay. By choosing a subsequence we may assume that all oy are
the same permutation «. But then the real analytic curves y and « o x coincide on
a converging sequence, so they coincide on I and the claim follows.

Now from the local smooth solvability above and the uniqueness of smooth so-
lutions up to permutations we can glue a global smooth solution on the whole of
R. O

5.2. Remarks and examples. The uniqueness statement of theorem 5.1 is wrong
in the smooth case, as is shown by the following example: 22 = f(t)? where f is
smooth. In each point ¢ where f is infinitely flat one can change sign in the solution
z(t) = £f(t). No sign change can be absorbed in a permutation (constant in t). If
there are infinitely many points of flatness for f we get uncountably many smooth
solutions.

Theorem 5.1 reminds of the curve lifting property of covering mappings. But
unfortunately one cannot lift real analytic homotopies, as the following example
shows. This example also shows that polynomials which are real analytically pa-
rameterized by higher dimensional variables are not real analytically solvable.

Consider the 2-parameter family 22 = 3 + t3. The two continuous solutions are
x(t) = %|t|, but for none of them t; +— x(¢1,0) is differentiable at 0.

There remains the question whether for a real analytic submanifold of the space
of polynomials with all roots real one can choose the roots real analytically along
this manifold. The following example shows that this is not the case:

Consider

P(t1,t2)(z) = (2% — (] +13)) (x — (t1 — a1)) (z — (t2 — a2)),

which is not real analytically solvable, see above. For a; # ag the coefficients
describe a real analytic embedding for (¢1,t2) near 0.

6. CHOOSING ROOTS OF COMPLEX POLYNOMIALS

6.1. In this section we consider the problem of finding smooth curves of complex
roots for smooth curves ¢t — P(t) of polynomials

Pt)(2) = 2" —a1(t)2" "1 4+ - + (=1)"an (1)
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with complex valued coefficients aq(¢),...,a,(t). We shall also discuss the real
analytic and holomorphic cases. The definition of the Bezoutiant B, its principal
minors Ay, and formula 3.1.(2) are still valid. Note that now there are no restric-
tions on the coefficients. In this section the parameter may be real and P(t) may
be smooth or real analytic in ¢, or the parameter ¢t may be complex and P(t) may
be holomorphic in t.

6.2. The case n = 2. As in the real case the problem reduces to the following
one: Let f be a smooth complex valued function, defined near 0 in R, such that
f(0) = 0. We look for a smooth function g : (R,0) — C such that f = g2. If m(f) is
finite and even, we have f(t) = t™)h(t) with h(0) # 0, and g(t) := t™)/2, /h(t)
is a local solution. If m(f) is finite and odd there is no solution g, also not in the
real analytic and holomorphic cases. If f(t) is flat at ¢ = 0, then one has no definite
answer, and the example 2.4 is still not smoothly solvable.

6.3. The general case. Proposition 3.3 and the splitting lemma 3.4 are true in
the complex case. Proposition 3.5 is true also because it follows from 3.1.(2). Of
course lemma 3.6 is not true now and the multiplicity lemma 3.7 only partially
holds:

6.4. Multiplicity Lemma. Consider the smooth (real analytic, holomorphic)
curve of complex polynomials

P(t)(2) = 2" +ag(t)z" 2 — -+ (=1)"an(t).

Then, for integers r, the following conditions are equivalent:
(1) m(ax) = kr for all2 <k <n.
(2) m(Ag) > k(k—1)r for all2 <k <n.

Proof. (2) implies (1): Since Ay = nay we have s5(0) = —2a2(0) = 0. From
A3(0) = —s3(0)% we then get s3(0) = 0, and so on we obtain s4(0) = - -- = 5,,(0) =
0. Then by 3.1.(1) a;(0) =0 for i = 3,...,n. The rest of the proof coincides with
the one of the multiplicity lemma 3.7. O

6.5. Algorithm. Consider a smooth (real analytic, holomorphic) curve of poly-
nomials
P(t)(2) = 2" —a1(t)2" 1 4+ ag(t)2" % — - 4 (=1)"a, (1)

with complex coefficients. The algorithm has the following steps:

(1) If all roots of P(0) are pairwise different, P is smoothly (real analytically,
holomorphically) solvable for ¢ near 0 by 3.3.

(2) If there are distinct roots at ¢t = 0 we put them into two subsets which
factors P(t) = Pi(t).Pa(t) by the splitting lemma 3.4. We then feed P;(t)
(which have lower degree) into the algorithm.

(3) All roots of P(0) are equal. We first reduce P(t) to the case a;(t) = 0 by
replacing the variable x by y = & — a1(¢)/n. Then all roots are equal to 0
so a;(0) = 0 for all 4.

If there does not exist an integer r > 0 with m(a;) > ir for 2 < i < n, then
by 3.5 the polynomial is not smoothly (real analytically, holomorphically)
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solvable, by proposition 3.5: We store the polynomial as an output of the
procedure, as a factor of P(™ below.

If there exists an integer r > 0 with m(a;) > ir for 2 < i < n, let
a;(t) = aiiw ()t (i = 2,...,n) for smooth (real analytic, holomorphic)
a; ir- Consider the following smooth (real analytic, holomorphic) curve of
polynomials

P.(t)(z) =2" + a272r(t)$n72 — (13737,(75):E"*3 oo (=) e ().

If P.(t) is smoothly (real analytically, holomorphically) solvable and x(t)
are its smooth (real analytic, holomorphic) roots, then x(¢)t" are the roots
of P(t) and the original curve P is smoothly (real analytically, holomorphi-
cally) solvable too.

If for one coefficient we have m(a;) = ir then P.(0) has a coefficient
which does not vanish, so not all roots of P,.(0) are equal, and we may feed
P, into step (2).

If all coefficients of P,.(0) are zero, we feed P, again into step (3).

In the smooth case all m(a;) may be infinite; In this case we store the
polynomial as a factor of P(°) below.

In the holomorphic and real analytic cases the algorithm provides a splitting of
the polynomial P(t) = P (t)P(®)(t) into holomorphic and real analytic curves,
where P(®)(t) is solvable, and where P(™(t) is not solvable. But it may contain
solvable roots, as is seen by simple examples.

In the smooth case the algorithm provides a splitting near t = 0

P(t) = P (t) P (1) P (1)

into smooth curves of polynomials, where: P(°>) has the property that each root
meets another one of infinite order at ¢t = 0; and where P(®) (t) is smoothly solvable,
and no two roots meet of infinite order at t = 0; P is not smoothly solvable, with
the same property as above.

6.6. Remarks. If P(t) is a polynomials whose coefficients are meromorphic func-
tions of a complex variable ¢, there is a well developed theory of the roots of
P(t)(z) = 0 as multi-valued meromorphic functions, given by Puiseuz or Laurent-
Puiseuz series. But it is difficult to extract holomorphic information out of it, and
the algorithm above complements this theory. See for example Theorem 3 on page
370 (Anhang, §5) of [1]. The question of choosing roots continuously has been
treated in [2]: one finds sufficient conditions for it.

7. CHOOSING EIGENVALUES AND EIGENVECTORS OF MATRICES SMOOTHLY

In this section we consider the following situation: Let A(t) = (A4;;(t)) be a
smooth (real analytic, holomorphic) curve of real (complex) (n x m)-matrices or
operators, depending on a real (complex) parameter ¢t near 0. What can we say
about the eigenvalues and eigenfunctions of A(t)?

Let us first recall some known results. These have some difficulty with the
interpretation of the eigenprojections and the eigennilpotents at branch points of
the eigenvalues, see [7], II, 1.11.
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7.1. Result. ([7], II, 1.8) Let C > t — A(t) be a holomorphic curve. Then all
eigenvalues, all eigenprojections and all eigennilpotents are holomorphic with at
most algebraic singularities at discrete points.

7.2. Result. ([11], Satz 1) Let t — A(t) be a real analytic curve of hermitian com-
plex matrices. Let X be a k-fold eigenvalue of A(0) with k orthonormal eigenvectors
v;, and suppose that there is no other eigenvalue of A near \. Then there are k real
analytic eigenvalues \;(t) through A, and k orthonormal real analytic eigenvectors
through the v;, for t near 0.

The condition that A(t) is hermitian cannot be omitted. Consider the following
example of real semisimple (not normal) matrices

Alt) = (2tjtt3 é) 7

t? t 2
Me(t) =t+ = +62/14 2, xi(t):<1+2it\/1+4>,

2 1

where at t = 0 we do not get a base of eigenvectors.

7.3. Result. (Rellich [13], see also Kato [7], II, 6.8) Let A(t) be a C'-curve of
symmetric matrices. Then the eigenvalues can be chosen C' in t, on the whole
parameter interval.

For an extension of this result to Hilbert space, under stronger assumptions,
see 7.8, whose proof will need 7.3. This result is best possible for the degree of
continuous differentiability, as is shown by the following example.

7.4 Example. Consider the symmetric matrix

The characteristic polynomial of A(t) is A2 — (a(t)? + b(¢)?). We shall specify the
entries a and b as smooth functions in such a way, that a(t)? +b(t)? does not admit
a C?-square root.

Assume that a(t)? + b(t)? = c(t)? for a C%-function c. Then we may compute as
follows:

2 =a24+ b
cd = aa’ + bb

(61)2 + CC/' _ (aI)Q + aa// + (bI)Q + bb//

1
== ((a’)2 +ad” + (V) + by — (c’)2>
&
_ 1 N2 " N\ 2 7z (aa/ +bb/)2

(ab’ o ba')2 + a3a// + bsb// + abQ(],” + a2bb//
3
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By ¢? = a® + b? we have

3

a a2b

3

ab?
3

b3
3

1 1
< — < .
RVEN VA

So for C?-functions a, b, and continuous ¢ all these terms are bounded. We will
now construct smooth a and b such that

((ab’ - ba')2>2 (ab/ — ba')?

& T (@ +0?)3

<1

f— ) — )

3

is unbounded near ¢ = 0. This contradicts that ¢ is C?. For this we choose a and b
similar to the function f in example 2.4 with the same ¢,, and h,,:

Then a(t,) = 7, b(ta) = 0, [e(tn)| = g, and V' (tn) = 3%

7.5. Result. (Rellich [12], see also Kato [7], VII, 3.9) Let A(t) be a real analytic
curve of unbounded self-adjoint operators in a Hilbert space with common domain
of definition and with compact resolvent.

Then the eigenvalues and the eigenvectors can be chosen real analytically in t,
on the whole parameter domain.

7.6. Theorem. Let A(t) = (A;;(t)) be a smooth curve of complex hermitian
(n x n)-matrices, depending on a real parameter t € R, acting on a hermitian space
V = C", such that no two of the continuous eigenvalues meet of infinite order at
any t € R if they are not equal for all t.

Then all the eigenvalues and all the eigenvectors can be chosen smoothly in t, on
the whole parameter domain R.

The last condition permits that some eigenvalues agree for all ¢ — we speak of
higher ‘generic multiplicity’ in this situation.

Proof. The proof will use an algorithm.
Note first that by 4.2 the characteristic polynomial

(1) PA()(A) = det(A(r) - AI)
= A" — @ (ON (N2 = (= 1) an ()

= Z Trace(A"A(t)) A"
i=0

is smoothly solvable, with smooth roots Ai(t),...A,(t), on the whole parameter
interval.
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Case 1: distinct eigenvalues. If A(0) has some eigenvalues distinct, then one can
reorder them in such a way that for ip =0 <1 <4 <ip < -+ <ip <N =iy We
have

A(0) ==X, (0) < Xiy41(0) = -+ = Xy (0) < -+ - < A 11(0) = -+ = A, (0)
For t near 0 we still have
Al(t), .. -7>\i1(t) < )\1‘1+1(t),. .. ,)\7;2(?5) <L e K )‘ik—l-l(t)v .. ,)\n(t)

Now for j =1,...,k+ 1 consider the subspaces

Vi = 69 {veV:(At) — M) =0}

i:ij_1+1

Then each Vt(j ) runs through a smooth vector subbundle of the trivial bundle
(—e,6) x V. — (—¢,¢), which admits a smooth framing e;,_, 11(t),...,e;;(t). We

have V = @f:ll V;(j ) for each t.

In order to prove this statement note that
Y _ ker((A(t) — i, (B oo (A() = Ay, (t)))

SO Vt(j ) is the kernel of a smooth vector bundle homomorphism B(t) of constant rank
(even of constant dimension of the kernel), and thus is a smooth vector subbundle.
This together with a smooth frame field can be shown as follows: Choose a basis of
V such that A(0) is diagonal. Then by the elimination procedure one can construct
a basis for the kernel of B(0). For ¢ near 0, the elimination procedure (with the
same choices) gives then a basis of the kernel of B(t); the elements of this basis are
then smooth in ¢, for ¢ near 0.

From the last result it follows that it suffices to find smooth eigenvectors in each
subbundle V) separately, expanded in the smooth frame field. But in this frame
field the vector subbundle looks again like a constant vector space. So feed each of
this parts (A restricted to V), as matrix with respect to the frame field) into case
2 below.

Case 2: All eigenvalues at 0 are equal. So suppose that A(t) : V — V is hermitian

with all eigenvalues at t = 0 equal to alT(O), see (1).

Eigenvectors of A(t) are also eigenvectors of A(t) — ‘“T(t)]l, so we may replace

A(t) by A(t) — ‘“T(t)ﬂ and assume that for the characteristic polynomial (1) we have

a; = 0, or assume without loss that A;(0) = 0 for all ¢ and so A(0) = 0.

If A(t) = 0 for all ¢t we choose the eigenvectors constant.

Otherwise let A;;(t) = tAgjl-)(t). From (1) we see that the characteristic polyno-
mial of the hermitian matrix A()(¢) is P;(t) in the notation of 3.8, thus m(a;) > i
for 2 <4 < n (which follows from 3.5 also).

The eigenvalues of A1) (t) are the roots of Py (t), which may be chosen in a smooth
way, since they again satisfy the condition of theorem 4.2. Note that eigenvectors
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of AN are also eigenvectors of A. If the eigenvalues are still all equal, we apply
the same procedure again, until they are not all equal: we arrive at this situation
by the assumption of the theorem. Then we apply case 1.

This algorithm shows that one may choose the eigenvectors z;(t) of A(t) in a
smooth way, locally in ¢. It remains to extend this to the whole parameter interval.

If some eigenvalues coincide locally, then on the whole of R, by the assumption.
The corresponding eigenspaces then form a smooth vector bundle over R, by case 1,
since those eigenvalues, which meet in isolated points are different after application
of case 2. _ _

So we we get V = P Wt(J ) where each Wt(] ) is a smooth sub vector bundles of
V x R, whose dimension is the generic multiplicity of the corresponding smooth
eigenvalue function. It suffices to find global orthonormal smooth frames for each
of these vector bundles; this exists since the vector bundle is smoothly trivial, by
using parallel transport with respect to a smooth Hermitian connection. [J

7.7. Example. (see [11], §2) That the last result cannot be improved is shown by
the following example which rotates a lot:

reyi= (S00)0 e () a - e,

A= 0.o-0) (400 ) et o)

,i COS 2 Sln -
& 5 OE
sin 1 — COS 1

Here t — A(t) and ¢t — Ai(t) are smooth, whereas the eigenvectors cannot be
chosen continuously.

7.8. Theorem. Let t — A(t) be a smooth curve of unbounded self-adjoint op-
erators in a Hilbert space with common domain of definition and with compact
resolvent. Then the eigenvalues of A(t) may be arranged in such a way that each
eigenvalue is C'.

Suppose moreover that no two of the continuously chosen eigenvalues meet of
infinite order at any t € R if they are not equal. Then the eigenvalues and the
etgenvectors can be chosen smoothly in t, on the whole parameter domain.

Remarks. That A(t) is a smooth curve of unbouded operators means the follow-
ing: There is a dense subspace V of the Hilbert space H such that V is the domain
of definition of each A(t), and such that A(¢)* = A(t) with the same domains V,
where the adjoint operator A(t)* is defined by (A(t)u,v) = (u, A(t)*v) for all v for
which the left hand side is bounded as function in u € H. Moreover we require that
t — (A(t)u,v) is smooth for each v € V and v € H. This implies that ¢t — A(t)u
is smooth R — H for each w € V by [9], 2.3 or [5], 2.6.2.

The first part of the proof will show that ¢ — A(t) smooth implies that the
resolvent (A(t) — z)~! is smooth in ¢ and z jointly, and only this is used later in
the proof.

It is well known and in the proof we will show that if for some (¢, z) the resolvent
(A(t) — z)~! is compact then for all ¢+ € R and z in the resolvent set of A(t).
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Proof. For each t consider the norm |u|? := |Jul|? + ||A(t)u|* on V. Since A(t) =
A(t)* is closed, (V,|| ||+) is again a Hilbert space with inner product (u,v); :=
(u,v) + (A(t)u, A(t)v). All these norms are equivalent since (V,| |l: + || |s) —
Vil |l+) is continuous and bijective, so an isomorphism by the open mapping
theorem. Then t — (u,v); is smooth for fixed u,v € V, and by the multilinear
uniform boundedness principle ([9], 5.17 or [5], 3.7.4 + 4.1.19) the mapping ¢ —
( , )¢ is smooth into the space of bounded bilinear forms on (V,|| ||s) for each
fixed s. By the exponential law ([9], 3.12 or [5], 1.4.3) (t,u) +— |[ul|? is smooth
from R x (V,|| |ls) — R for each fixed s. Thus all Hilbert norms || ||; are locally
uniformly equivalent, since {|jul|; : |[t| < K, ||us < 1} is bounded by Lk s in R, so
llulls < Li s|lul|s for all |¢| < K. Let us now equip V with one of the equivalent
Hilbert norms, say || |lo. Then each A(t) is a globally defined operator V. — H
with closed graph and is thus bounded, and by using again the (multi)linear uniform
boundedness theorem as above we see that ¢ — A(t) is smooth R — L(V, H).

If for some (t,2) € R x C the bounded operator A(t) — z: V — H is invertible,
then this is true locally and (¢, 2) — (A(t)—z)~!: H — V is smooth since inversion
is smooth on Banach spaces.

Since each A(t) is hermitian the global resolvent set {(t,z) € Rx C: (A(t) — 2) :
V — H is invertible} is open, contains R x (C \ R), and hence is connected.

Moreover (A(t) —z)~!: H — H is a compact operator for some (equivalently
any) (t,z) if and only if the inclusion i : V — H is compact, since i = (A(t)—2)" 1o
(A(t)—2):V —>H — H.

Let us fix a parameter s. We choose a simple smooth curve v in the resolvent
set of A(s) for fixed s.

(1) Claim For t near s, there are C''-functions ¢t — X\;(t) : 1 < i < N which
parametrize all eigenvalues (repeated according to their multiplicity) of A(t)
in the interior of . If no two of the generically different eigenvalues meet
of infinite order they can be chosen smoothly.

By replacing A(s) by A(s)—z if necessary we may assume that 0 is not an eigenvalue
of A(s). Since the global resolvent set is open, no eigenvalue of A(t) lies on v or
equals 0, for ¢ near s. Since

t— —L, /(A(t) —2)7Vdz=: P(t,)
2mi J,

is a smooth curve of projections (on the direct sum of all eigenspaces corresponding
to eigenvalues in the interior of v) with finite dimensional ranges, the ranks (i.e.
dimension of the ranges) must be constant: it is easy to see that the (finite) rank
cannot fall locally, and it cannot increase, since the distance in L(H, H) of P(t) to
the subset of operators of rank < N = rank(P(s)) is continuous in ¢ and is either
0 or 1. So for t near s, there are equally many eigenvalues in the interior, and we
may call them p;(t) : 1 < i < N (repeated with multiplicity). Let us denote by
ei(t) : 1 <14 < N a corresponding system of eigenvectors of A(t). Then by the
residue theorem we have

N
S mpeie. )= -5 [ A0 -27 ds
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which is smooth in ¢ near s, as a curve of operators in L(H, H) of rank N, since 0
is not an eigenvalue.

(2) Claim. Let t — T'(t) € L(H, H) be a smooth curve of operators of rank N in
Hilbert space such that T'(0)T(0)(H) = T(0)(H). Then t — Trace(T'(t)) is
smooth near 0 (note that this implies 7" smooth into the space of nuclear op-
erators, since all bounded linear functionals are of the form A — Trace(AB),
by [9], 2.3 or 2.14.(4).

Let F:=T(0)(H). Then T(t) = (T1(t), T»(t)) : H — F & F* and the image of
T'(t) is the space

T(t)(H) = {(T1(t)(2), Ta(t)(2)) : ® € H}
={(T1(t)(z), T2(t)(x)) : € F} for t near 0
={(y,8(t)(y)) : y € F}, where S(t) := T(t) o (T1(t)|F)~".

Note that S(t) : F — F is smooth in ¢ by finite dimensional inversion for T (¢)|F :

F — F. Now
(s %) (R0 o) (s 1))
Ty (t)|F T, (t)|F+ 1 0
( 0 —S(t)Ty(t)|F+ +T2(t)|Fi> (S(t) 1))

(
(
= Trace ((Tl(é”F Tl(%FL) (Szt) ?)) , since rank = N
(Tl(t)lFJr(IS(t)IFL)S(t) Tl(t())IFL>

- Trace(Tl(t)\F (T FHS@E) : F — F)

which is visibly smooth since F' is finite dimensional.
From claim (2) we now may conclude that

N
Z,ui(t)p = —L, Trace/ P(A) —2)" dz
= 274 y

is smooth for ¢ near s.

Thus the Newton polynomial mapping s (u1(t),...,un(t)) is smooth, so also
the elementary symmetric polynomial o™ (uy(t),...,un(t)) is smooth, and thus
{pi(t) : 1 < i < N} is the set of roots of a polynomial with smooth coefficients.
By theorem 4.3 there is an arrangement of these roots such that they become
differentiable. If no two of the generically different ones meet of infinite order, by
theorem 4.2 there is even a smooth arrangement.

To see that in the general case they are even C' note that the images of the
projections P(t,v) of constant rank for ¢ near s describe the fibers of a smooth
vector bundle. The restriction of A(t) to this bundle, viewed in a smooth framing,

M
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becomes a smooth curve of symmetric matrices, for which by Rellich’s result 7.3
the eigenvalues can be chosen C'. This finishes the proof of claim (1).

(3) Claim. Let t — X;(t) be a differentiable eigenvalue of A(t), defined on some
interval. Then

IAi(t) = Ai(t2)] < (14 [Xi(t2) ) (e 772l — 1)

holds for a continuous positive function a = a(¢1,t2) which is independent
of the choice of the eigenvalue.

For fixed t near s take all roots A\; which meet A; at ¢, order them differentiably near
t, and consider the projector P(t,7) onto the joint eigenspaces for only those roots
(where v is a simple smooth curve containing only X;(t) in its interior, of all the
eigenvalues at t). Then the image of u — P(u,~), for u near t, describes a smooth
finite dimensional vector subbundle of R x H, since its rank is constant. For each u
choose an othonormal system of eigenvectors v;(u) of A(u) corresponding to these
Aj(u). They form a (not necessarily continuous) framing of this bundle. For any
sequence t; — t there is a subsequence such that each v;(ty) — w;(t) where w;(t)
is again an orthonormal system of eigenvectors of A(t) for the eigenspace of \;(t).
Now consider

A(t) — Ai(t)
tp —t

A(te) — A(t)
tp —t

Ai(tk) — Ai(t)

vi(tr) + P—

Ui(tk) - Ui(tk) = 0,
take the inner product of this with w;(¢), note that then the first summand vanishes,
and let t;, — t to obtain

Ni(t) = (A" (H)w;(t), w;(t)) for an eigenvector w;(t) of A(t) with eigenvalue \;(t).
This implies, where V; = (V|| ||z),

N < A O v,y llwi ()[Iv, lwi () |2
= 1Al Lev,, 1) \/||wi(t)||§, + A wi ()13
= [|A ) Lv,,my V1 + Ai(t)? < a+alXi(t)],

for a constant a which is valid for a compact interval of t’s since t ~ | ||? is
smooth on V. By Gronwall’s lemma (see e.g. [3], (10.5.1.3)) this implies claim (3).

By the following arguments we can conclude that all eigenvalues may be num-
bered as A;(t) for ¢ in N or Z in such a way that they are differentiable (by which
we mean C!, or C° under the stronger assumption) in ¢t € R. Note first that by
claim (3) no eigenvalue can go off to infinity in finite time since it may increase at
most exponentially. Let us first number all eigenvalues of A(0) increasingly.

We claim that for one eigenvalue (say Ag(0)) there exists a differentiable extension
to all of R; namely the set of all ¢ € R with a differentiable extension of Ay on the
segment from 0 to ¢ is open and closed. Open follows from claim (1). If this intervall
does not reach infinity, from claim (3) it follows that (¢, Ag(¢)) has an accumulation
point (s,z) at the the end s. Clearly x is an eigenvalue of A(s), and by claim (1)
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the eigenvalues passing through (s, ) can be arranged differentiably, and thus Ao (%)
converges to x and can be extended differentiably beyond s.

By the same argument we can extend iteratively all eigenvalues differentiably to
all t € R: if it meets an already chosen one, the proof of 4.3 shows that we may
pass through it coherently.

Now we start to choose the eigenvectors smoothly, under the stronger assump-
tion. Let us consider again eigenvalues {\;(t) : 1 <1 < N} contained in the interior
of a smooth curve « for ¢ in an open interval I. Then V; := P(¢,7)(H) is the fiber
of a smooth vector bundle of dimension N over I. We choose a smooth framing
of this bundle, and use then the proof of theorem 7.6 to choose smooth sub vector
bundles whose fibers over t are the eigenspaces of the eigenvalues with their generic
multiplicity. By the same arguments as in 7.6 we then get global vector sub bundles
with fibers the eigenspaces of the eigenvalues with their generic multiplicity, and
finally smooth eigenvectors for all eigenvalues. O
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