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Abstract

In 1975, a Russian mathematician S. M. Voronin discovered the universality
property of the Riemann zeta-function ((s), s = o +it. Roughly speaking, this
means that analytic functions from a wide class can be approximated uniformly
on compact subsets of the strip {s € C : 1/2 < ¢ < 1} by shifts ((s + i1),
7 € R. Later, it turned out that other classical zeta and L-functions are also
universal in the Voronin sense. Moreover, some zeta and L-functions have a
joint universality property. In this case, a given collection of analytic functions
is approximated simultaneously by shifts of zeta and L-functions.

In the paper, we present our extended report given at the Conference
dedicated to the memory of the famous number theorist Professor A. A.
Karacuba. The paper contains the basic universality results on the so-called
mixed joint universality initiated by H. Mishou who in 2007 obtained the joint
universality for the Riemann zeta and Hurwitz zeta-functions. In a wide sense
the mixed joint universality is understood as a joint universality for zeta and
L-functions having and having no Euler product.

In 1989, A. Selber introduced a famous class S of Dirichlet series satisfying
certain natural hypotheses including the Euler product. Periodic Hurwitz zeta-
functions are a generalization of classical Hurwitz zeta-functions, and have
no Euler product. In the paper, a new result on mixed joint universality
for L-functions from the Selberg clas and periodic Hurwitz zeta-functions is
presented. For the proof a probabilistic method can be applied.

Keywords: Riemann zeta-function, Hurwitz zeta-function, periodic Hurwitz
zeta-function, Selberg class, universality, joint universality.
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L-®YHKIINN KJIACCA CEJIBBEPTA U
IEPUONYECKUX JI3ETA-OYHKITUAN

T'VPBUITA

P. Manaiirene (1. Hstysmstit, JluTsa)

Hocsawaemesn namamu npopeccopa A.A. Kapauyow

AnHoranus

B 1975 1. poccuiickmit maremarux C. M. BopoHUH OTKpPBLI CBONCTBO yHU-
BepcanpHOCTH 3eTa~-byHKimn Pumana ((s), s = o + it. ['py6o rosopsi, 910
03HAYAET, YTO IMUPOKOI0 KJIACCA aHAJUTUIECKUE (PYHKIUU MOTI'YT OBITH MPU-
6/MKeHbl PABHOMEDHO Ha KOMIIAKTHBIX IOJIMHOXKecTBax mosioca {s € C :
1/2 < 0 < 1} cusuramu ((s + i7), 7 € R. Ilozxxe oko3am0Ch, 9TO U MHO-
rue Apyrue Kjaccudeckue n3eta u L-dyHKInT Takke 00/1aal0T yHUBEPCAIb-
HOCTBIO B cMmbiciie Boponuna. Kpome toro, mekoropwie jg3era u L-dyHKIun
MMEIOT COBMECTHOE CBOMCTBO yHUBEPCAJLHOCTU. B 3TOM ciyvae, JaHHBIN Ha-
60p aHaMTHIECKUX (DYHKIINN OJTHOBPEMEHHO TPUOJIMAKAETCH CIBUTAMU JI3€Ta
nn L-byHKImii.

B crarbe MBI JaeM pacCHIMPEHHBIN TEKCT HAIEro JIOKJIaJa, TPOIUTAHHO-
ro Ha KOH(MEPEHINH, TOCBAIIEHHON TaMATH U3BECTHOI'O YUCJIOBUKA IIPOdECcco-
pa A. A. Kapaiy6sr. CraTbst COfep:KuT 0030p OCHOBHBIX PE3yJIbTATOB O TaK
Ha3bIBAEMOI CMEITaHHONH COBMECTHOW yHUBEPCAJIHLHOCTH, HAYAI0 KOTOPOl ObI-
Jio ObLT0 a0 anonckuMm maremarwkoM [, Mumy B 2007, moka3aBIimM cOB-
MECTHYIO YHUBEPCAJIBHOCTD n3eTa-pyukimit Pumana u ['ypsuma. B mmupokom
CMBICJIE CMEIIAHHAS COBMECHAasi YHUBEPCAJILHOCTD IIOHUMAETCS KaK COBMECHAsT
YHUBEPCAJIBLHOCTD j13eTa U L-yHKIM, IMEIONUX 3MIePOBCKOe IIPON3BEIEHIE
10 MIPOCTBIM YHUCJIAM U HEUMEIOIINX TAKOIO [POU3BEICHUS.

B 1989 . A. Cennbepr BBe 3aMedaTe bHbIN KiTace S psanos Jupuxite, yao-
BJICTBOPSIONINX HEKOTOPBIM HATYPAJLHBIM YCJIOBHUSIM, BKJIIOUAs SIEPOBCKOE
npossegenne. [lepuoanaeckne n3era-pyukimn ['ypBulia gaBjsiioTcs 0000IIeHN-
eM KJacCUiecKux n3era-dyHkIiuil ['ypBuia u He UMEOT 3MIepOBHOIO MPOU3-
Bejsienus. B crarbe popMysinpyeTcs HOBasi TEOPEMa O CMEIaHHONH COBMECTHOMN
yHUBepcaJbHOCTH it L-pyuknuii u3 Kiaacca Cenbbepra u mepuoindecKux
m3eta-pyukmuit I'ypeuma. st jokazarebcTBa MOXKET OLITH MPUMEHEH BEpO-
SITHOCTHBIN METO/I.

Kmouesvie crosa: n3era-pyuknus Pumana, n3era-dyukius ['ypsuiia, me-
puoanveckast a3era-pyuknust ['ypsuna, kinacc Cesbbepra, yHEBEPCAJIbHOCTD,
COBMECTHasS YHUBEPCAJIHLHOCTD.

Bubauoepagpun: 24 HazBaHus.
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1. Introduction

The start point of the universality theory for zeta and L-functions is a remarkable
work of S. M. Voronin [21], a student of Professor A. A. Karatsuba, on the universali-
ty of the Riemann zeta function ((s), s = ¢ + it, which is defined, for o > 1, by

<<s):g%:g(1_%>_l,

where the product is taken over all primes p. The initial form of the Voronin theorem
is the following [21].

THEOREM 1. Let 0 < r < i. Suppose that f(s) is continuous non-vanishing

function on the disc {s € C : |s| < r} which is analytic in the interior of this disc.
Then, for every e > 0, there exists a real number T = 7(€) such that

max < €.

|s|<r

<<s+§l+if) — f(s)

Various authors found a more general form of Theorem 1, and observed that
analogues of this theorem are also true for other classical zeta and L-functions.
To state a modern version of the Voronin theorem, we need some notations. Let
A ={s e C:0y <o < oy} be a vertical strip on the complex plane. Denote by
KC(A) the class of compact subsets of the strip A with connected complements, by
H(K), K € K(A), the class of continuous functions on K which are analytic in
the interior of K, and by Hy(K), K € K(A), the class of continuous non-vanishing
functions on K which are analytic in the interior of K. Let D = {5 eC: % <o < 1},
and let measA stand for the Lebesgue measure of a measurable set A C R. Then we
have the following statement, see, for example [7], [20].

THEOREM 2. Suppose that K € K(D) and f(s) € Hy(K). Then, for every e > 0,

T—o00 scK

lim inf %meas {7’ € [0, 7] :sup |¢(s+iT) — f(s)| < e} > 0.

Different methods are known for the proof of Theorems 1 and 2. The original
Voronin method is based on a version of Riemann’s theorem on rearrangement of
series in Hilbert space, on the approximation of ((s) in the mean by finite Euler’s
product as well as on the Kronecker approximation theorem. There exists also a
probabilistic proof proposed by B. Bagchi in his thesis [1]. This proof uses a limit
theorem on the weak convergence of the probability measure

PT(A)def% {re0,T]:C¢(s+ir) € A}, AecB(H(D)),

as T'— oo, where B(X) denotes the Borel o-field of the space X, and H(D) is the
space of analytic functions on D endowed with the topology of uniform convergence
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on compacta. It is proved that Pr, as T' — oo, converges weakly to a probability
measure on (H (D), B(H(D))) which support is the set

S={g€ H(D):g(s)#0org(s)=0}.

Moreover, for the proof of Theorem 2, the Mergelyan theorem on the approximation
of analytic functions by polynomials [14], see also [24], is applied.

The universality problems for zeta and L-functions were investigated by a large
group of number theorists, among them, already mentioned above B. Bagchi, H.
Bauer, A. Dubickas, R. Garunkstis, J. Genys, S. M. Gonek, A. Good, R. Kac¢inskaiteé,
J. Kaczorowski, A. Laurincikas, J.-L.. Mauclaire, Kohji Matsumoto, H. Mishou, Y.
Nagoshi, T. Nakamura, L. Paitkowski, A. Reich, J. Sander, W. Schwarz, J. Steuding,
R. Steuding, the author and others.

2. Selberg class S

We will briefly discuss the universality of L-functions from the famous Selberg
class S [18]. The class S consists from Dirichlet series

L(s) = a(m)’ o> 1,
(s) mz:l >

satisfying the following hypotheses:

1° Ramanujan hypothesis: for every € > 0, the estimate a(m) < m* is true;

2° Analytic continuation: there exists an integer r € Ny = N U {0} such that
(s —1)"L(s) is an entire function of a finite order;

3? Functional equation: there exist @, A\; € Ry, p;,w € C with Rp; > 0 and
lw| =1, 7 =1,...,1, such that the function

Ac(s) = L(s)Q" [T (Njs + ).

j=1
where I'(s) is the Euler gamma-function, satisfies the functional equation
Ar(s) = wAg(1 —3);

4° Euler product: there exist the numbers b(p®), b(p®) < p*® with a certain
0 < %, such that

L(s) = Hexp{z%}.

Examples of the functions from the class S are the following:
1. The Riemann zeta function ((s);
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2. Dirichlet L-functions

L(s,x) = i X<m>, o>1,

ms

m=1

where x is a Dirichlet character;
3. L-functions of algebraic number fields

Li(s,x) = Z Jifcg))‘*’ o>1,

where k is an algebraic number field, I runs over the non-zero ideals of the ring of
integers of k, N(I) denotes the norm of I, and x is a Hecke character;
4. L-functions of holomorphic modular forms f(z)

Lf(S) = Z a(m)’ o> 1,

ms

m=1
where a(m) are normalized Fourier coefficients of f(z).
The theory on the structure of the Selberg class S can be found in [5].

In [19], J. Steuding introduced a new class S. The functions from S satisfy
hypotheses 1° and 2° of the class S, hypothesis 4° of § is replaced by polynomial
Euler product, i.e., there exists m € N and, for every prime p, there are complex
numbers ¢;(p), 1 < j < m, such that

2o =TI11 (p%)_l.

p j=1

Moreover, an additional prime mean-square hypothesis that there exists a constant

k > 0 such that )
. 2 —
o > lap) = &,

p<z

where

m(x) = Z 1,

p<w

is required. B
The universality of functions from the class S NS was considered in [18], [20]
and [16]. For £ € S, the degree d. of L is defined by

Let

1 1
Dl;:{seC:max(é,l—E)<0<1}.
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We state the universality theorem from [16]. Let Hos(K), K € K(D,), be the class
of continuous non-vanishing functions on K which are analytic in the interior of K.

THEOREM 3. Suppose that L € S and that the prime mean-square hypothesis is
satisfied. Let K € K(Dg) and f(s) € Hoz(K). Then, for every e > 0,

1
lim inf pneas {7‘ €[0,T] : sup |L(s +iT) — f(s)| < e} > 0.

T—oo seK

3. Hurwitz zeta-function ((s, a)

Theorems 2 and 3 are universality theorems for zeta and L-functions having the
Euler product over primes. Also, zeta-functions without Euler product are universal
in a similar sense. The simplest example of zeta-functions without Euler product is
the Hurwitz zeta-function ((s, ) with fixed parameter , 0 < o < 1. The function
((s, ) is defined, for o > 1, by the series

Sa :Z m—i—oz

m=0

and is meromorphically continued to the whole complex plane with unique simple
pole at the point s = 1 with residue 1. Obviously, ((s,1) = ((s) and

(s3) ==

Ifa#1,1 2 then the function ((s, «) has no Euler product over primes. Universality
of ((s, ) is given in the following theorem.

THEOREM 4. Suppose that the parameter « is transcendental or rational # 1, %
Let K € K(D) and f(s) € H(K). Then, for every e > 0,

T—o0 seK

1
lim inf meas {7’ €[0,7] :sup |C(s +iT,a) — f(s)] < e} > 0.

The case of rational o was obtained in [1], [3] and [22]. The case of transcendental
a is given [1|. Universality of ((s,«) with algebraic irrational « till now is an open
problem. For a« = 1 and o = %, the function ((s, ) remains universal, however, in
this cases f(s) € Ho(K).

A natural generalization of the function ((s,«) is the periodic Hurwitz zeta-
function. Let a = {a,, : m € Ny} be a periodic sequence of complex numbers with
minimal period ¢ € N. The periodic Hurwitz zeta-function ((s,a;a) is given, for

o > 1, by the series
oo
((s,;0)
R

m=0
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The periodicity of the sequence a implies, for ¢ > 1, the equality

q—1

m=0

and this gives meromorphic continuation to the whole complex plane for (s, «; a)
with a possible simple pole at the point s = 1. If

q—1
E am = 0,
m=0

then the function (s, «;a) is entire one.
For the function ((s, o; a) with transcendental «, an analogue of Theorem 4 was
obtained in [4].

4. Joint universality

For zeta and L-functions, also the joint universality is known. In this case, a
collection of given analytic functions is approximated simultaneously by shifts of
zeta or L-functions. The first result in this direction belongs to S. M. Voronin
who obtained [22] a joint universality theorem for Dirichlet L-functions. We state a
modern version of his theorem [8].

THEOREM 5. Suppose that x1, ..., X, are pairwise non-equivalent Dirichlet cha-
racters. For j =1,...,r, let K; € (D) and f(s) € Ho(K;). Then, for every e > 0,

1
lim inf meas {T € [0,7]: sup sup |L(s+it,x;) — fi(s)] < (—:} > 0.

T—o0 1<j<r s€K;

Joint universality of periodic zeta-functions was considered in a several works,
and we will recall only the most general result obtained in [10]. For j = 1,...;7, let
l; € N, and, for every I =1,...,1;, let aj;, = {aj : m € Ny} be a periodic sequence
of complex numbers with minimal period g;; € N. Moreover, for j = 1,...;r, let
0 < a; <1, g; be the least common multiple of the periods ¢;1, ..., ¢;;,, and

aiji Qg2 ... Qg
Aj _ Q251 Q252 ... Q24
Qgjj1 Qgj52 - -+ Qg

Then the following statement is true [10].
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THEOREM 6. Suppose that the set
L(ay,....,a.)™ {log(m+a;): meNy, j=1,...,r}

is linearly independent over the field of rational numbers Q, and that rank(A;) = [;,
j=1,..,r Foreveryj=1,..randl =1,..1; let K; € K(D) and f;(s) €
H(Kj;). Then, for every e > 0,

1
liminf —meas< 7 € [0,7]: sup sup sup |((s+iT,a;;a;) — fiu(s)] <ep >0.
T—oo T 1<j<r 1<I<1; s€K )

The aim of this paper is the so-called mixed joint universality when analytic
functions from classes Ho(K) and H(K), K € K(D), are simultaneously approxi-
mated by shifts of zeta functions having and having no Euler product. The first
result of such a kind was obtained by H. Mishou [15] for the functions ((s) and

(s, ).

THEOREM 7. Suppose that «v is a transcendental number, K1, Ko € K(D), f1 €
Ho(Ky) and fy € H(Ks). Then, for every e > 0,

1
lim inf ?meas{T € [0;T7 : sup |((s +iT) — fi(s)] <€,

T—o0 s€K1

sup |((s + i1, ) — fas)| < e} > 0.
seKo

The Mishou theorem was generalized in [6] for a pair consisting from the periodic
zeta-function and periodic Hurwitz zeta-function. In [2], a mixed joint universality
theorem was obtained for the zeta-functions ((s), ((s,a ;a5), j = 1,...,r, | =
L,..,0;. In [11], [12] and [17], the function ((s) was replaced by zeta-functions
of normalized Hecke cusp forms, zeta-functions of newforms and zeta-functions of
newforms with a Dirichlet character, respectively.

A very good survey on universality of zeta-functions is given in [13].

Now we state our new mixed joint universality theorem for the functions L(s)
and ((s, o ;a5), j=1,...,r, 1 =1,...,1;, where L € S.

THEOREM 8. Suppose that L € S, the prime mean-square hypothesis is satisfied,
the numbers oy, .., o, are algebraically independent over Q, and that rank(A;) = [;,
j=1,..,7r. Let K € K(Dg), f(s) € Hoc(K), and, for every j = 1,...,r and
l=1,..1; let Kj € K(D) and f;(s) € H(Kj;). Then, for every e > 0,

1
lim inf Tmeas{T €[0,T]: sup|L(s+iT) — f(s)] <e,

T—o00 seK

sup sup sup [((s+i7, a5 a;) — fu(s)] < 6} > 0.
1<j<r 1<I<l; €K
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Let .
u:le, v=u+1,
j=1

and

H® = H"(D;, D) = H(D.) x H*(D).

where H(D,) is the space of analytic on D, functions. The proof of Theorem 8 is
based on a limit theorem for the vector

Z(Sl,S,g; g?‘C):(E(Sl)) Q(S, Q5 ull)a s 7C(Sa a; a1l1)7 ey C(Sv (7% ar1)7 CII) C(Sa (7% arlr))a

where a = (aq,...,a;), @ = (a1, ..., A155 -y Op1, ..., Gy, ). More precisely, the weak
convergence for

1
fmeas{r €0,7]: Z(sy +ir,s+ir,aza,L) € A}, Ae B(H"),

is considered, as T" — 0o, and it is obtained that the latter measure converges weakly
to the explicitly given probability measure on (H", B(H")) with the support

{9 € H(Dc) : g(s) #0or g(s) =0} x H*(D).

This result together with the Mergelyan theorem leads to the assertion of Theorem 8.

5. Conclusion

In the paper, a survey of results on mixed joint universality of zeta and L-
functions is given. Also, a new mixed joint universality theorem for L-functions
from the Selberg class and and periodic Hurwitz zeta functions is stated.
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