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Abstract

We apply an effective multidimensional Q-result of Voronin in
order to obtain effective universality-type theorems for the Rie-
mann zeta-function. We further use this approach to study ap-
proximation properties of linear combinations of derivatives of the
zeta-function.

1. History of Voronin’s work and related results

In 1975, Voronin [17] proved a remarkable universality theorem
for ((s) which states, roughly speaking, that any non-vanishing analytic
function can be approximated uniformly by certain purely imaginary
shifts of the zeta-function in the critical strip:

Theorem 1. Let 0 < r < 3 and suppose that g(s) is a non-vanishing
continuous function on the disk |s| < r which is analytic in the interior.

Then, for any e > 0,
3
C(S"l‘z‘f‘iT) —g(s) <e} > 0.

It is natural to ask for an effective version of this theorem. Given an
admissible function g and some positive ¢, is it possible to give an upper
bound for the first 7 > 0 such that

(s Erir) -t

or is it possible to give a lower bound for the positive lower density
in Theorem 17 This is indeed a very difficult problem and neither the

1
lim inf T meas {T € [0,T] : max

T—o00 ls|<r

max

< €,
|s|<r
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known proofs of Voronin’s universality Theorem 1 nor its generalizations
or extensions are effective. However, there are some remarkable attempts
towards a solution of this problem.

First of all, Good [4] combined Voronin’s universality Theorem 1 with
the work of Montgomery [10] on extreme values of the zeta-function,
which enabled him to complement Voronin’s qualitative picture with
Montgomery’s quantitative estimates. His result is rather complicated
and a more satisfying statement was recently given by Garunkstis [1],
building on Good’s ideas. Garunkstis proved that if f(s) is analytic in
|s| < 0.05 with max|s<q.05 | f(s)| < 1, then for any 0 < € < 3 there exists
a real number 7 with

(1) 0 <7 < exp (exp (10e~'?))
such that
3
max |log( (s—i— - —i—iT) —f(9)| <e
|s]<0.0001 4

and further

1
liminf — meas {7’ €1[0,7]: max
T—oo T |s]<0.0001

log¢ <S+ g +iT> — f(s)

2

> exp (—6_13) .

The original theorem is too complicated to be given here. Laurinéikas [6],
[7] found another approach which gives conditional effective results sub-
ject to certain assumptions on the speed of convergence of the related
limit distribution. However, the rate of convergence of weakly conver-
gent probability measures related to the space of analytic functions is
not understood very well. Steuding [12], [13] obtained non-trivial upper
bounds for the upper density of universality.

The purpose of the present paper is to give another approach to
obtain effective statements on the approximation by ((s). The ori-
gin of Voronin’s universality Theorem 1 seems to be a density theorem
from [15]:

Theorem 2. For any fired numbers s1, ..., S, with % < Resp <1 for
1<k<mn and s # sy for k # ¢, the set

{(C(s1 +it),...,C(sn +it)) : t € R}

is dense in C™. Moreover, for any fived number s in % <o <1,

{C(s+ir), ¢ (s +ir),...,¢" V(s +ir)): T € R}

is dense in C".
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This theorem is a significant improvement of classic results due to
Harald Bohr and his collaborators from the first half of the twentieth
century. Of course, Theorem 2 is a simple consequence of Theorem 1,
but Theorem 2 was proved earlier than Theorem 1. In [16], Voronin ex-
tended his approach in order to prove the joint functional independence
of Dirichlet L-functions to pairwise inequivalent characters. Actually,
this paper may be regarded as forerunner of his universality Theorem 1.
As indicated by Laurincikas [8], the missing link for obtaining (joint) uni-
versality was the absence of a rearrangement theorem for Hilbert spaces
which was proved by Pecerskii [11] on Voronin’s request. Garunkstis [2]
found a slight modification of Voronin’s proof which does not make use
of the rearrangement theorem.

Voronin’s universality Theorem 1 can be seen as an infinite dimen-
sional analogue of the second part of Theorem 2: the truncated Taylor
series of the target function g(s) can be approximated by the truncated
Taylor series of a certain shift of zeta. This idea was cultivated by Mat-
sumoto [9] and in the next section we shall combine the idea from [9]
with the following Theorem 3 in order to obtain our effective results in
the present paper.

In 1988, Voronin [18] proved the following, remarkable effective ver-
sion of the second part of Theorem 2:

Theorem 3. Let o € (%, 1), e € (0,1) and b = (bg,b1,...,bp—1) € C™
with |bg| > € be fixred. Then the system of inequalities

ICB (o +it) —by| <€ for 0<k<n
has a solution t € [T, 2T provided that

(2) T > C(n,o) exp exp (5A(n, b, 6)%+ (,,81/2) ,

where C(n,o) is a positive, effectively computable constant, depending
only on n and o, and

bl\"
A(n, b, €) = |log|bo|| + <g>

with ||b|| := Eogk<n |bg|.

This theorem is also given in the monograph of Karatsuba and Voro-
nin [5]; unfortunately, Voronin called his results Q-theorems which does
not really match the statement. The proof of Theorem 3 is pretty much
the same as the one for Theorem 2 with two exceptions which allow the
effectiveness of the statement: firstly, the use of systems of linear equa-
tions in as many unknowns as equations (solvable by Cramer’s rule with



212 R. GARUNKSTIS ET AL.

a solution in an explicit range), which replaces the ineffective rearrange-
ment theorem; secondly, Fourier analysis as substitute for Kronecker’s
diophantine approximation theorem.

Because of Voronin’s untimely death in 1997 we will never know
whether this reasoning was Voronin’s inspiration for [18]; we believe
that Voronin was aware of these applications of his late results from [18]
to the effectivity problem in universality and, if he was, we may speculate
that he was not completely satisfied.

2. Effective uniform approximation

Let K = {s € C:|s — so| <r}, where r is a positive real number and
8o = og + ity with og € (%, 1). Notice that K is not necessarily included
in the strip % < Res < 1. Assume that we are given an analytic target
function g: K — C. Our main tool is the Taylor series expansion of g:

o () (g
gls) = 3 Lt (e,

valid for all s € K. By Cauchy’s formula,

k! 9(s)
(k) - N ANV |
9" (s0) 9 /s—so|—r (5 — s9)FT1 s,

where the integral is taken over the circle |s— sg| = r in counterclockwise
direction. Hence,

19" (s0)] < KIMr—F
where M := max|,_,|—r|g(s)|. We fix a number dg € (0,1). Then

‘g(k)(so)

o §M5§ for |s— so| < dor.

(s — s0)*

In order to apply Theorem 3 we suppose that g(sg) # 0. Then we can
choose a sufficiently small € satisfying 0 < € < |g(so)|. There exists a
positive integer n = n(dg, €, M) such that

(k)
(3) %1:=|g(s) — Z gT('SO)(S —s0)F| < for |s — so| < dor-

0<k<n

€
3
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Let 0 < § < §p. Then, needless to say, (3) is valid for |s — so| < dr. Now
we apply Theorem 3 with by, = g(®)(s0) and 5 in place of e. Then, for
any sufficiently large T, there exists t; € [T, 2T such that

(4) IC®) (00 +it1) — g™ (s0)] < % for 0<k<n;
the condition with respect to T is
(5) T > C(n,0p) expexp (5A(n, g, e/3)ﬁ+"0§1/2) ;

where g is the vector composed from the coefficients in the Taylor series
expansion for g. In particular, the first component of g is g(sg). Thus,

oo + ity *) (s
Z ¢k 0+t)(s_80)k_ gk(o)(s—so)k

0<k<n 0<k<n

(6)

§ k

< % Z ( ]:') < gexp(ér) for |s— so| < dr.
0<k<n

Now let 7 = t1 —to; then g9 +1it1 = sg+1i7. We use the Taylor expansion

of {(s) on the disc K + é7. For this purpose it is necessary that the pole

of {(s) is not included in this disc. This is achieved if

(7) T>r,

which is satisfied if T is sufficiently large. Under this assumption, we
have

) (
C(s+ir) ZC SO+ZT (5 — s0)"

for s € K. Put
M(r) = | ma|x IC(s +iT)].
s—so|=r
Then, again by Cauchy’s formula,

C(k) (So + iT)

x (s —s0)"| < M(1)6% for |s— so| < Or.

Hence,

for |s — so| <dr.
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Putting (3)—(8) together, we find

n

1-46°

IC(s+im) —g(s)| <T1+ X+ 383 < % + %exp(&r) + M(7)
Now choose § > 0 such that
= (2 exp(on));
this is possible since the left hand-side tends to zero as § — 0, while
the right hand-side tends to § > 0, resp. when § — 1 the left-hand side

tends to infinity, but the right-hand side remains bounded. We thus have
proved

(9) M(7)

Theorem 4. Let o9 € (3,1), g: K — C continuous, g(so) # 0 and
analytic for |s — so| < r. Then, for any € € (0,|g(so)|) there exist real
numbers T € [T,2T] and 6 = 6(e, g,7) > 0 defined by (9) such that

max s+1i1) —g(s)| < e,
|S_SO‘SMIC( ) —9(s)|

where T = T(g,€,00) has to satisfy (5) and (7), and § is effectively
computable.

Corollary 5. The assertion of Theorem 4 holds even if g(so) = 0, if we
replace (5) by (10) below.

Proof: Suppose g(sg) = 0. Set ge(s) = g(s) + €/2, so that g.(so) # 0.
Since €/3 € (0,]ge(s0)]), we can apply Theorem 4 to find 7 € [T, 2T
and ¢ > 0 for which

max |C(s+i7) — ge(s)] <¢€/3
|s—so|<ér

holds, and T has to satisfy
(10) T > C(n,o)expexp (5A(n,g6,6/3)%+“0§1/2) ,

where g, = (¢/2,9"(s0),...,9" " (s0)). This clearly implies the asser-
tion of the corollary. O

Remark. By the same idea it is possible to show that a slightly modified
version of Theorem 3 holds even if by = 0. Let b = (¢/2, by, ... bn 1)
Applying Theorem 3 we find that the system of inequalities [ACES

it) —by| < ¢/3 for 0 < k < n (where by = ¢/2) has a solution t € [T, 2T,
provided that

(11) T > C(n,o) expexp (5A( b ,€/3)T=0 AT 1/2)
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This ¢ is a solution of the system |((*) (o + it) — by| < € for 0 < k < n,
as desired.

It is remarkable that there is no objection on g to be non-vanishing
on K as in the universality Theorem 1. Indeed, the statement of Theo-
rem 1 contradicts the Riemann hypothesis if g has a zero in K (since any
such zero would generate via Rouché’s theorem many zeros of {(s +i7);
see [14, §8.1]). However, it seems that there is an inner mechanism which
prevents to obtain an extraordinarily good approximation of the target
function. We observe that a small € leads to a big T in (5) and further
that the bigger T', the smaller we have to choose d via (9). This follows
from the fact that the zeta-function is unbounded inside the critical strip
and so the quantity M (1) is increasing with T to infinity. We illustrate
this by an example. Let sg be a complex number with % < o0p <1and
b > 0. We put g(s) = b+s— sp; then g is an entire function with a simple
zero in sg —b. So we may choose n = 2 in the above proof of Theorem 4
(and there is no error term coming from (3)). We observe that (9) holds
for some sufficiently small 6 > 0. Now assume that 0 < b < dr. Note
that 0r < log 2 holds because the right-hand side of (9) is positive under
our choice of §. If we could choose € > 0 such that

(12) max [((s+i1) —g(s)|<e< min |g(s)] =dr —b,

|s—so|=dr [s—so|=0r

then we would obtain a disproof of the Riemann hypothesis (if we ad-
ditionally suppose that % < 09 — 0r and og 4+ dr < 1 in order to have a
zero off the critical line). Indeed, the zero of g(s) in s = sg — b lies inside
the disk of radius dr, and so by Rouché’s theorem ((s + i7) vanishes for
some value of s with |s — so| < dr too. The second inequality of (12)
can be fulfilled by choosing e sufficiently small, comparing with the value
of §. However, in order to fulfill the first inequality of (12), Theorem 4
yields only a large value for 7 which leads to a big M(7) so that ¢ has
to be chosen rather small. Here we see an indirect link between uniform
approximation and the order of growth of the zeta-function on vertical
lines.

It should be noticed that Gauthier and Clouétre [3] obtained a non-
effective variant of Theorem 4; they proved that every function holo-
morphic on a compact set K C C having connected complement can be
approximated by translates of Taylor polynomials of the zeta-function.
Here K is not necessarily contained in the right half of the critical strip.
Their proof depends on Voronin’s theorem.
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3. Linear combinations

The approach of the previous section also applies to any deriva-
tive (1) (s) of the zeta-function in place of ¢(s). Moreover, we can even
allow linear combinations.

Theorem 6. Let \g, Ai,..., A5 be any complex numbers, not all equal
to zero, and define
J

(s) =Y A\i¢Y(s).

=0

Suppose that oy € (%,1), g: K — C is continuous, g(so) # 0, and
analytic for |s| < r. Then, for any € € (0,|g(so)|) there exist real num-
bers 7 € [T,2T) and § = 6(e,g,7) > 0 defined by (9) such that

max |[l(s+iT) —g(s)| < e
|s—so|<dr

for all T > C = C(g,¢,00,M0,---,As), where § and C are effectively
computable positive constants.

Proof: The key idea for the proof of this theorem is also to use The-
orem 3. Since the case J = 0 was already treated by Theorem 4, we
assume J > 1 in the following proof.

Let 7 be real. Using the local power series expansion

1
C(s+iT) ;k_ )(s0 +i7)(s — s0)*,

we find

00 J
1 k k
(s +iT) ZEZ/\JC( ) (59 +i7)(s — so)".
k=0 7=0
Hence, different from the previous section, we now have to find 7 which
is a solution of the system of inequalities

J
(13) ST NCED (5o + i) — g P (s0)| <

Jj=0

Wl m

for 0 < k < n. For this purpose we solve the system of linear equations

(14) Z)‘jxkﬂ =g®(sg) for 0<k<n
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in the unknowns xg, 1, ..., Z,+7—1. Since this system consists of n equa-
tions and n + J variables, it follows that the space of solutions has a
positive dimension.

We claim that, amongst those infinitely many solutions, we can find
a solution such that xg # 0. In fact, if A\g = 0 this is clear. If Ay # 0 we
have

To = )\io(g(so) — Mz + -+ Agzyg)).
Ifall \; = 0 (j > 1), then xp = A\;'g(so) # 0. If some \; (j > 1)
does not vanish, then let ¢ be any fixed non-zero real number. We can
solve the system (14) with the additional condition o = ¢ because of
the above positivity of the dimension. Hence the claim follows.
Now we use Theorem 3 to find a positive real number 7 such that

< €
(15) INCHH) (50 + i) — Nk < 3T

for 0 < k+j <n+J. Summing (15) up on j = 0,1,...,J and com-
bining with (14), we obtain (13). This corresponds to (4) in the proof
of Theorem 4. The rest of the proof follows as in the previous section;
the constant C' can be made effective by solving the system of linear
equations explicitly. Thus the proof of Theorem 6 is complete. O

In the above proof, the assumption g(sg) # 0 is used only in the case
when all \; =0 (j > 1). Therefore this assumption is actually not neces-
sary unless all A; = 0 (j > 1). However the latter case is that we treated
in Theorem 4, and we have already seen that the condition g(sg) # 0
can be removed in the sense of Corollary 5. Therefore we can conclude

Corollary 7. The condition g(so) # 0 can be removed from the state-
ment of Theorem 6.
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