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Going-up theorems for simultaneous
Diophantine approximation

Johannes Schleischitz

Abstract. Weestablish several new inequalities linking classical exponents
of Diophantine approximation associated to a real vector � = (�, �2,… , �N),
in various dimensionsN. We thereby obtain variants, and partly re�nements,
of recent results of Badziahin and Bugeaud. We further implicitly recover in-
equalities of Bugeaud and Laurent as special cases, with new proofs. Similar
estimates concerning general real vectors (not on theVeronese curve)withℚ-
linearly independent coordinates are addressed as well. Our method is based
on Minkowski’s Second Convex Body Theorem, applied in the framework of
parametric geometry of numbers introduced by Schmidt and Summerer. We
also frequently employ Mahler’s Duality result on polar convex bodies.
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1. Introduction and outline
Let N ≥ 1 be an integer and � = (�1,… , �N) ∈ ℝN . We denote by �N(�) the

ordinary exponent of simultaneous approximation, de�ned as the supremum
of real � such that

1 ≤ |x| ≤ X, max
1≤j≤N

|�jx − yj| ≤ X−�, (1)
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has a solution (x, y1,… , yN) ∈ ℤN+1 for arbitrarily large values of X. Let the
ordinary exponent of linear form approximation wN(�) be the supremum of
real w such that

max
1≤j≤N

|xj| ≤ X, |x0 + �1x1 +⋯ + �NxN| ≤ X−w (2)

has a solution (x0,… , xN) ∈ ℤN+1 for arbitrarily large X. Similarly, let the
uniform exponents �̂N(�) and ŵN(�) respectively be given as the respective
suprema such that (1) and (2) have a solutions for all large X. Dirichlet’s The-
orem implies for any � ∈ ℝN

�N(�) ≥ �̂N(�) ≥
1
N , wN(�) ≥ ŵN(�) ≥ N. (3)

This paper is primarily concerned with the special case � = (�, �2,… , �N) for
� ∈ ℝ, that is points on a Veronese curve. We then denote the exponents
�N(�), wN(�) simply by �N(�), wN(�) respectively, and likewise the respective

uniform exponents by �̂N(�), ŵN(�). 1 Thereby, we see that any real � gives rise
to four sequences of exponents

(�N(�))N≥1, (�̂N(�))N≥1, (wN(�))N≥1, (ŵN(�))N≥1. (4)

Clearly the exponents �N(�), �̂N(�) are non-increasing with N whereas the ex-
ponents wN(�), ŵN(�) form non-decreasing sequences. Ordinary exponents
may take the value +∞, whereas uniform exponents turn out to be always
less than twice the trivial lower bounds in (3), see Remarks 1, 4 below for re-
�nements. Only for N = 2 numbers satisfying �̂N(�) > 1∕N or ŵN(�) > N
have been found, see Roy [29], [30], Fischler [18], Bugeaud, Laurent [10] and
Poels [28].

Investigation of these exponents with emphasis on Veronese curves is partly
motivated by well-known connections to the problem of approximation to real
numbers by algebraic numbers (integers) related toWirsing’s problem, seeWirs-
ing [45], Davenport, Schmidt [16] and Badziahin, Schleischitz [3]. The main
purpose of this paper is to establish new inequalities interconnecting these ex-
ponents, in various dimensions. Concretely, in Sections 2, 3 we establish sev-
eral lower bounds for �k(�) in terms of various exponents of index n ≤ k,
and compare them. Thereby, we complement a recent paper by Badziahin and
Bugeaud [2], as well as previous work of the author, especially [35], [41]. As a
byproduct we further �nd new proofs of transference inequalities by Bugeaud,
Laurent [12]. Section 4 treats analogous topics for general ℚ-linearly indepen-
dent vectors. Estimates are naturally weaker here and it is included rather for
sake of completeness and to motivate a comprehensive conjecture. In Section 5

1We believe that this slight abuse of notation will improve readability of this paper, but want
to remark that other notions for the exponents with respect to general � inℝN , like !N(�), !̂N(�)
and !∗N(�), !̂∗N(�), are more common. The exponents on the Veronese curve are denoted as in
the standard literature.
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we introduce parametric geometry of numbers, a key tool in the proofs of the
main results carried out in Sections 6, 7. Finally in Section 8 we provide short
proofs of the results from Section 4.

2. Relations between exponents of simultaneous approximation
2.1. Going-up Theorems for the sequence (�N(� ))N≥1. We want to under-
stand relations between the exponents �N(�) associated to real � in various di-
mensions N, thereby to draw information on the joint spectrum of the �rst se-
quence in (4), i.e. all possible sequences (�1(�), �2(�),…) induced by transcen-
dental real �. Bugeaud [8] was the �rst to study this topic in detail. Among
other results, he established the inequalities

�nk(�) ≥
�k(�) − n + 1

n , (5)

valid for positive integers k, n and any real number �. A generalization of (5)
conjectured by the author in [35] was proved by Badziahin and Bugeaud [2].

Theorem 2.1 (Badziahin, Bugeaud). For any real number � and integers k ≥
n ≥ 1 we have the estimate

�k(�) ≥
n�n(�) + n − k

k . (6)

In the special case �n(�) > 1 it had been known before, and if even �k(�) > 1
then there is in fact equality, see [35, Corollary 1.10]. In particular the estimate
is sharp in certain cases. It is tempting to believe that it is best possible for all
reasonable parameters (i.e. if the bound becomes at least 1∕k). If the bound in
(6) is less than 1, this leaves some freedom for �k(�). However, when consider-
ing all large k simultaneously, stringent restrictions on the joint spectrumwere
given in [41].

We re�ne Theorem 2.1 by means of introducing uniform exponents. We fur-
ther include an alternative bound that is sometimes stronger.

Theorem 2.2. Let k ≥ n ≥ 1 be integers. For any real � we have

�k(�) ≥
(n − 1)�n(�) + (k − n)�̂n(�) + n − k

(n − k)�̂n(�) + k − 1
. (7)

Moreover, we have

�k(�) ≥
(n − 1)�n(�) + (k − 1)�̂n(�) + n − k

(n − 1)�n(�) − (k − 1)�̂n(�) + n + k − 2
. (8)

Remark 1. For every n ≥ 1 and transcendental real � we have �̂n(�) ≤
2

n+1
, in

fact

�̂3(�) < 0.4246, �̂n(�) ≤
2

n + 1 if n odd, �̂n(�) <
2

n + 1 if n even, (9)
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follows from Roy [31], Laurent [25] and Schleischitz [41, Section 4] respectively.
See also [16], [36]. Badziahin recently announced further small improvements
for even n, in a paper in preparation. If � satis�es �n(�) > 1, then �̂n(�) = 1∕n,
see [35].

Remark 2. We could derive from (8) with �̂n(�) ≥ 1∕n that �k(�) ≥ (n�n(�) +
n− k + 1)∕(n�n(�) + k + n− 1). However, this turns out not to be of interest as it
never both exceeds the bound in Theorem 2.1 and 1∕k.

For �̂n(�) = 1∕n the claim (7) becomes just Theorem 2.1, otherwise we get a
stronger result. Thereby in particular we provide a new proof of Theorem 2.1
that is signi�cantly di�erent from the one given in [2], and from the proofs
of (5), (6). Our proof is based on Minkowski’s Theorem that we apply in the
formalism of parametric geometry of numbers, andMahler’s Theorem on polar
convex bodies. In particular, a novelty in our approach are its close ties to the
dual linear form problem intorduced in (2).

We enclose a few more remarks on (7), (8). In view of the last claim in Re-
mark 1, in (7) we need �n(�) ≤ 1 for an improvement of Theorem 2.1. As
indicated above, by (7) equality in (6) implies the identities

�̂i(�) =
1
i , n ≤ i ≤ k,

a new result in this generality. If �k(�) > 1, it is already implied by [35, The-
orem 1.12], in fact its proof shows the analogous claim up to i = 2k − 1. The
special case n = 2 is of particular interest, as only then numbers � satisfying
�̂n(�) > 1∕n have been found. Classical examples are extremal numbers as de-
�ned by Roy [29] and Sturmian continued fractions, see Bugeaud, Laurent [10],
we omit de�nitions here. See also Poels [28]. Forn = 2, k = 3 and � an extremal
number, the identities from [29], [37]

�2(�) = 1, �̂2(�) =
√
5 − 1
2 = 0.6180… , �3(�) =

1
√
5
= 0.4472… , (10)

induce equality in both (7) and (8). While some extremal numbers are Sturmian
continued fractions, the identity does not extend to other Sturmian continued
fractions �, nor does it to larger values of k. For n = 2, k = 4 and � an extremal
number, (8) still provides a non-trivial bound that reads

�4(�) ≥
6
√
5 − 5
31 = 0.2715… > 1

4 . (11)

However, a stronger bound �4(�) ≥ (
√
5 − 1)∕4 = 0.3090… with conjectured

identity was established in [37]. Moreover, we may alternatively derive (11)
from (20) below.

Combining (8) with an inequality of Jarník [21] that reads

�2(�) ≥
�̂2(�)2

1 − �̂2(�)
(12)
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we can formulate a bound for �k only in terms of �̂2 that is not trivial when
k ∈ {3, 4}.
Corollary 2.3. For any � we have

�3(�) ≥
−�̂2(�)2 + 3�̂2(�) − 1
3�̂2(�)2 − 5�̂2(�) + 3

(13)

and

�4(�) ≥
−2�̂2(�)2 + 5�̂2(�) − 2
4�̂2(�)2 − 7�̂2(�) + 4

. (14)

If � is an extremal number, (13) becomes an identity again according to (10),
and (14) becomes (11). The bound (13) exceeds 1∕3 if �̂2(�) > (7 −

√
13)∕6 =

0.5657…, and (14) exceeds 1∕4 for �̂2(�) > (9−
√
17)∕8 = 0.6096…, just slightly

below themaximum possible value in (10) obtained for extremal numbers [29].
Corollary 2.3 is stronger thanwhat can be derived from combining (7)with (12).
Similar bounds for �k(�) in terms of �̂n(�) can be obtained for n > 2 as well via
the implicit estimates (45) below that originate in [27] and generalize (12), but
their formulation becomes cumbersome.

2.2. Comparison (7) vs (8). We discuss when (8) both improves on (7) and
exceeds the trivial bound 1∕k. In view of Remark 1 and Remark 2, we may
assume �̂n(�) > 1∕n and �n(�) ≤ 1. We take into account the estimates (9) and
distinguish 3 cases.

∙ Case 1: k = 2n − 1. If �n(�) = 1, the bounds in (8) and (7) coincide,
regardless of the value of �̂n(�). If �n(�) < 1, then the bound (8) is
stronger for any �̂n(�). Moreover, (8) is non-trivial if

�̂n(�) >
n + 1 + (1 − n)�n(�)

2n . (15)

Thus for instance if �n(�) = 1 and �̂n(�) > 1∕n, both are guaranteed.
As we decrease �n(�), condition (15) on �̂n(�) becomes more stringent,
if �n(�) ≤ 1 − 2

n−1
then �̂n(�) ≥ 2∕n which contradicts (9). So for (8) to

be interesting, we require

�n(�) ∈ (1 − 2
n − 1 , 1],

in fact a slightly larger lower bound can be stated.
∙ Case 2: k < 2n−1. The claim (8) turns out stronger than (7) as soon as

�̂n(�) >
(1 − n)�n(�) + k − n

k − 2n + 1 , (16)

(or �n(�) <
k−n
n−1

but this is of no interest here) and non-trivial if

�̂n(�) >
(1 − n)�n(�) + k − n + 2

k + 1 . (17)
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The bound in (16) rises with respect to �n(�) whereas (17) decays, and
they coincide for �n(�) = (k − n + 1)∕n < 1 which yields 1∕n in both
expressions. Thus as soon as �n(�) ∈ ((k− n+1)∕n, 1]we only have to
satisfy (16), i.e. �̂n(�) > c > 1∕n where c depends on �n(�), and have
both requirements met. It can be checked that here we do not get any
restrictions from (9) under our assumptions above.

∙ Case 3: k > 2n − 1. Then for improving (7), conversely to (16) we need

�̂n(�) <
(1 − n)�n(�) + k − n

k − 2n + 1 , (18)

whereas the condition (17) for non-triviality remains unchanged. A dis-
cussion of when (17), (18) can occur simultaneously, upon taking into
account �n(�) ≤ 1 and (9), after some calculation �nally implies the
necessary conditions

k = 2n, n ≠ 3, 1 − n + 2
n2 − n < �n(�) ≤ 1. (19)

We notice that for n = 2, k = 4 and extremal numbers �, condition (19)
is satis�ed and an improvement is indeed obtained, see (11).

3. Relations involving simultaneous and linear form exponents
3.1. Mixed properties. Now we want to �nd relations that also contain lin-
ear form exponentswN(�), ŵN(�). The following relation was already implictly
derived in [41] and obtained with a di�erent proof and explicitly formulated by
Badziahin, Bugeaud [2].

Theorem 3.1 (Badziahin, Bugeaud; Schleischitz). Let k ≥ n ≥ 1 be integers
and � be a real number. We have

�k(�) ≥
wn(�) − k + n
(n − 1)wn(�) + k

. (20)

The bound exceeds 1∕k i� wn(�) > k. For consequences of Theorem 3.1
regarding the Hausdor� dimensions of the level sets {� ∈ ℝ ∶ �N(�) ≥ �} and
{� ∈ ℝ ∶ �N(�) = �} for � ∈ [1∕N,∞], see [2]. In this note we put no emphasis
on metrical aspects, see however Section 3.2. We remark that combining (20)
for n = 2 and k ∈ {3, 4} with Jarník’s identity [23] and another estimate of
Jarník [20] given as

w2(�) ≥ ŵ2(�)2 − ŵ2(�), ŵ2(�) =
1

1 − �̂2(�)
(21)

yields another proof of Corollary 2.3. In particular, for n = 2, k = 3, Theo-
rem 3.1 is again sharpwhen � is an extremal number, and also for any Sturmian
continued fraction � as follows from [39]. We complement Theorem 3.1 with
inequalities containing uniform exponents again. Our �rst estimate reads as
follows.
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Theorem 3.2. Let k ≥ n ≥ 2 be integers and � be a real number. We have

�k(�) ≥
wn(�)ŵn(�) − wn(�) + (n − k)ŵn(�)

(n − 2)wn(�)ŵn(�) + wn(�) + (k − 1)ŵn(�)
. (22)

The special case k = n simpli�es to an estimate of Bugeaud and Laurent [12],
i.e.

�k(�) ≥
(ŵk(�) − 1)wk(�)

((k − 2)ŵk(�) + 1)wk + (k − 1)ŵk(�)
, k ≥ 2. (23)

See also [11], [26], and also Schmidt and Summerer [43] for another proof of
(23). As in [12], [26], [43], then our proof applies to the more general set-
ting of ℚ-linearly independent {1, �1,… , �k}, so with respect to the exponents
�k(�), wk(�), ŵk(�) from Section 1.

We compare (22)with (20). In contrast to (7), herewe only improve onBadzi-
ahin, Bugeaud in certain cases. As we explain below, it turns out this may hap-
pen in the cases

Case 1: n ≥ 3, wn(�) = wn−1(�), Case 2: n ≥ 3, n + 1 ≤ k ≤ 2n − 2.
(24)

A short calculation shows that our new result is stronger than Theorem 3.1
as soon as

ŵn(�) >
nwn(�)

wn(�) − k + n
. (25)

We elaborate on how restrictive this estimate is. First we notice that (25) en-
ables the trivial condition ŵn(�) ≤ wn(�) as soon as wn(�) > k (a slightly more
restrictive bound was obtained in [27]), which we impose anyway for a non-
trivial estimate. Assume � satis�es

wn(�) > wn−1(�). (26)

Then another restriction comes from the reverse estimate of the form

ŵn(�) ≤
nwn(�)

wn(�) − n + 1
(27)

of [13, Theorem 2.2]. Hence, according to (25) in this case Theorem 3.2 may
improve on (20) only if k < 2n − 1, while it at best con�rms the same bound
if k = 2n − 1. It can be shown that for n = 2 and ŵ2(�) > 2 we have (26)
automatically satis�ed, see Proposition 5.2 below. Combination leaves the cases
(24) open for potential improvement. Since the existence of � with ŵn(�) > n
for any n > 2 is at present unproved, we cannot yet provide numbers for which
Theorem 3.2 improves Theorem 3.1.

Let now n = 2 and � be a Sturmian continued fraction. This setup induces
equality in (27) as can be seen from the main result of [10]. Then for k = 3
we once more obtain the correct value of �3(�) from [39] as a lower bound,
so Theorem 3.2 is sharp in certain cases as well. For k > 3 the bound (20) is
stronger than (22).
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In the case wn(�) = ∞, Theorem 3.2 yields �k(�) ≥ (n − 1)−1, con�rming
a partial claim of [41, Theorem 2.1] stating that if wn−1(�) < ∞, i.e. � is a Un-
number in Mahler’s classi�cation, then �k(�) = (n − 1)−1 for large enough k.
On the other hand, in case of ŵn(�) > n the bound (22) will exceed 1∕(n−1) for
every k. This leads to a new proof that Un-numbers satisfy ŵn(�) = n, already
obtained in [13, Corollary 2.5]. Adamczewski, Bugeaud [1] showed the related
claim that ŵn(�) > n for some n ≥ 1 implies � is noUk-numberwith k > n (nor
k = n as pointed out above), see also Roy [33] when n = 2. We �nally remark
that ŵk(�) ≤ k + n − 1 holds for any Un-number � and every k ≥ 1 by [13,
Corollary 2.5], for n ≤ k ≤ 2n − 2 see also the bound from [40, Corollary 2.3].

In some cases, we can strengthen our estimates in Theorem 3.2 upon the
additional assumption (26) on �.
Theorem 3.3. Let k, n be integers with 2 ≤ n ≤ k ≤ 2n − 2. Assume � is a real
number and satis�es the inequality (26). Then

�k(�) ≥
wn(�)ŵn(�) + (n − k − 1)wn(�) + (n − k)ŵn(�)

(2n − k − 2)wn(�)ŵn(�) + (k − n + 1)wn(�) + (n − 1)ŵn(�)
. (28)

Remark 3. A variant for k > 2n − 2 turns out weaker than Theorem 3.1.

If k = n we again obtain formula (23) as from Theorem 3.2, so then condi-
tion (26) is not required. Otherwise (28) is stronger than (22). Assumption (26)
may not be required for the conclusion, however in our proof as in [13] it guar-
antees some nice properties of the integer polynomials realizing the exponent
wn(�), see Proposition 5.2 below. Theorem 3.3 improves on Theorem 3.1 upon
the same condition (25), thus we require Case 2 of (24) and still cannot settle
existence of numbers � where this happens.

Our last claim provides a lower bound for �k(�) in terms of ŵn(�) only, if n ≤
k ≤ 2n − 2. We also include a bound that arises as a hybrid with Theorem 3.3.

Theorem 3.4. Let k ≥ n ≥ 2 be integers and � be a transcendental real number.
Then

�k(�) ≥
ŵn(�) + 2n − 2k − 1
(2n − k − 2)ŵn(�) + k

, if k ≤ 2n − 2. (29)

In fact we have the stronger bound

�k(�) ≥ min {Θ , ŵn(�) + 2n − 2k − 2
(2n − k − 3)ŵn(�) + k }

, if k ≤ 2n − 3, (30)

where Θ denotes the bound in (28).

Remark 4. The proof method of Theorem 3.4 also provides a new proof of

ŵn(�) ≤ 2n − 1, n ≥ 1, (31)
which is due to Davenport and Schmidt [16], corresponding to the case k = 2n−1.
See [13], [38] for slightly stronger bounds, and [16], [29] for n = 2. Unfortunately,
combining (29) with German’s estimates (88) below turns out not to give an inter-
esting relation between �k and �̂n in view of (9).
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The bound (29) is non-trivial, i.e. gives �k(�) > 1∕k, as soon as ŵn(�) >
k. So we restrict to this case in the sequel (which requires n ≥ 3 if k > n).
The bound (29) is smaller than both expressions in (30) if wn(�) > ŵn(�), in
particular weaker than the conditional bound (28). We compare (29) with the
unconditional Theorem 3.1 and Theorem 3.2. A short computation shows that
it improves Theorem 3.1 if

wn(�) <
(2n − k)ŵn(�) − k
2n − 1 − ŵn(�)

. (32)

For ŵn(�) = k the right hand side gives k as well, and it exceeds ŵn(�) if
ŵn(�) > k. Marnat, Moshchevitin [27] generalized (21) by improving the trivial
estimate wn(�) ≥ ŵn(�) for n ≥ 2, which plays against (32). Nevertheless, (29)
is potentially of interest in many cases. Assume 1 < � < � < 2 are �xed, and
for large n choose k = �n+o(n) and ŵn(�) = �n+o(n). It can be checked that
then [27] only gives a lower boundwn(�)∕ŵn(�) ≥ 1+o(1) asn →∞. Whenne-
glecting lower order terms, we see that forwn(�)∕ŵn(�) < (2−�)∕(2−�)+o(1)
as n → ∞, property (32) will be satis�ed. This leaves a non-empty interval
(1 + o(1), (2 − �)∕(2 − �) + o(1)) for the ratio, for large n. See also Example 3.5
below.

Inequality (29) improves Theorem 3.2 as soon as
wn(�)
ŵn(�)

< Ψ(ŵn(�)), (33)

where

Ψ(ŵn(�)) =
(3kn− k2− k− 2n2+ 2n− 1)ŵn(�)+ kn− k2+ k− 2n+ 1

(n − k)ŵn(�)2+ (3n− 2k− 1− 2n2+ 2kn)ŵn(�)+ k+ 1− 2n
.

Despite [27] recalled above, the scenario that (33) holds for many � and k, n is
likely. With �, � as above, for wn(�)∕ŵn(�) < (3� − �2 − 2)∕(� − �� + 2� −
2) + o(1) as n → ∞, we satisfy (33). We want to mention that (33) requires
k > n, indeed for k = n the bound in (29) becomes (23) ifwn(�) = ŵn(�) and is
weaker otherwise. The next example illustrates a hypothetical scenario where
Theorem 3.4 is reasonably strong.

Example 3.5. Let n = 10, k = 13 and assume � is a real number satisfying
ŵ10(�) = 14. Then [27] gives w10(�) ≥ 15.0190…. The right hand sides of (32)
and (33) become 17 and 16.1875…, respectively. Hence �13(�) ≥ 7∕83 = 0.0843…
from Theorem 3.4 improves on both Theorem 3.1 and Theorem 3.2 if w10(�) ∈
(15.0190, 16.1875).

For k = 2n − 2, the bound (29) becomes an easy a�ne function

�2n−2(�) ≥
ŵn(�) − 2n + 3

2n − 2 .

This may be of interest for 3 ≤ n ≤ 9. If n ≥ 10 then ŵn(�) ≤ 2n − 2 for
any � was established in [38] (see also [13]), and the bound becomes trivial.
For n = 2 the implied bound �2(�) ≥ (ŵ2(�) − 1)∕2 is weaker than �2(�) ≥
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ŵ2(�) − 2 + ŵ2(�)−1 derived from Jarník’s identity (21) and (12). We close this
section with an asymptotic result.

Corollary 3.6. Let � be a real transcendental number and write

ŵ(�) = lim sup
n→∞

ŵn(�)
n , �(�) = lim sup

n→∞
n�n(�).

Then

�(�) ≥
(2 −

√
2 − ŵ(�)) ⋅ (ŵ(�) + 2

√
2 − ŵ(�) − 2)

ŵ(�)
√
2 − ŵ(�)

.

The according estimate with respect to the lower limits holds as well.

The bound as a function of ŵ(�) induces an increasing bijection of the inter-
val [1, 2] onto itself, upon taking the left-sided limit if ŵ(�) = 2. It can be seen
complementary to �(�) ≥ (w(�)+1)2∕(4w(�)) from [41, Theorem 2.1], forw(�)
de�ned analogouslywith respect to ordinary exponents. The latter estimate can
be derived from Theorem 3.1.

Proof. Choose k = ⌊(2 −
√
2 − ŵn(�)∕n) ⋅ n⌋ in (29) and look at the dominant

terms as n →∞, we skip details. �

3.2. Metrical considerations. As a small metrical application of our results,
we discuss the problem of estimating the Hausdor� dimensions of

{� ∶ ŵn(�) ≥ ŵ}, ŵ ∈ [n, 2n − 1).
For simplicity we deal with a normalized problem and consider n → ∞. A
well-known metric result of Bernik [6] immediately yields the trivial bound

dim {� ∶
ŵn(�)
n ≥ �} ≤ dim {� ∶

wn(�)
n ≥ �} ≤ 1

� + o(1), � ∈ [1, 2], (34)

as n → ∞. The estimates from [27] also do not improve this asymptotic rela-
tion. While (34) seems a very crude estimate, nothing better seems currently
available.

Upon suitable choice of k, the inclusion

{� ∶ ŵn(�) ≥ ŵ} ⊆ {� ∶ �k(�) ≥
ŵ + 2n − 2k − 1
(2n − k − 2)ŵ + k

} , ŵ > n, (35)

induced by (29) may have potential to improve (34), at least in certain parame-
ter ranges for �. Unfortunately, no reasonable upper bounds for the dimensions
of level sets {� ∶ �k(�) ≥ �} for � ∈ [1∕k, 2∕k] are yet available that we would
require for this avenue. However, we want to give in to some speculation. As-
sume Beresnevich’s [4] lower bound

dim{� ∈ ℝ ∶ �k(�) ≥ �} ≥ k + 1
� + 1 − (k − 1), � ∈ [1k ,

3
2k − 1] , (36)



858 JOHANNES SCHLEISCHITZ

is an identity (as conjectured by him and proved for k = 2 and very recently in
some smaller interval for arbitrary k by Beresnevich and Yang in [5]) and the
reverse estimate extends to � ∈ [1∕k, c∕k] for some c close to 2. Then choosing
k = ⌊(2−

√
2 − �)n⌋ in order tomaximize the expression k�k(�), indeed it turns

out via (35) we improve (34) for � ∈ ( 17
9
, 2− �)with small �, for n large enough.

We believe our assumption is reasonable, in particular it agrees with the lower
bound

dim{� ∈ ℝ ∶ �k(�)} ≥ max
1≤N≤k

{ (N + 1)(1 − (N − 1)�)
(k −N + 1)(1 + �)

} , � ≥ 1
n , (37)

from [2, Theorem 2.3] (also obtained in [41]) is � is small enough. If (37) is a
good approximation to the true value, we can even extend the above interval
for �, in case of a hypothetical equality in (37) (that however contradicts (36)
for � ≤ 3∕(2k − 1) ≈ (3∕2)k−1) a calculation veri�es we get a stronger bound
for every � ∈ [1, 2]. Roughly speaking, Theorem 3.4 shows that not both (34)
and (37) can be sharp.

4. The ℚ-linearly independent case
For sake of completeness, we want to formulate similar going-up principles

for the case ofℚ-linearly independent real vectors. In this situationwe consider
extensions of a given real vector, or equivalently projections of in�nite vectors
� ∈ ℝℕ to its �rst N coordinates, and compare the exponents of approxima-
tion as N increases (note that this is a very di�erent setup than the going-up
principles for �xed N that relate the so-called intermediate exponents, as for
instance in [11]). If � = (�, �2, �3,…)we are in the situation of Sections 2 and 3.
In the general setting, all results will be considerably weaker, as may be ex-
pected, and the proofs are considerably shorter and easier when directly apply-
ing well-known transference inequalities. The hidden work in proving these
preliminaries appears to some extent in our proofs for results of Sections 2, 3,
we elaborate a little more on this issue in Section 8. Our �rst result resembles
(7).

Theorem 4.1. Let k ≥ n ≥ 1 be integers and � = (�1, �2,…) be an in�nite vector
of real numbers. For N ≥ 1, denote by �

N
= (�1,… , �N) the projection of � to the

�rstN entries. Assume that {1, �1,… , �k} isℚ-linearly independent. Then

�k(�k) ≥
(n − 1)�n(�n) + �̂n(�n) + n − 2

(k − 1)(n − 1)�n(�n) − �̂n(�n) + kn − n − k + 2
. (38)

Moreover,

�k(�k) ≥
(A − 1)B

((N − 2)A + 1)B + (N − 1)A
(39)
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with

A = (n − 1)(k − 1)2

nk − k − 2n + 3 − �̂n(�n)
, B =

(n − 1)�n(�n) + �̂n(�n) + n − 2

1 − �̂n(�n)
.

When expanded by inserting for A, B, the bound (39) becomes a lengthy ex-
pression that we omit to state explicitly. It exceeds (38) as soon as �̂n(�n) >
(k − n + 1)∕n, which relies on the fact that we use Theorem 4.3 below in the
proof. Since �̂n(�n) ≥ 1∕n, as a corollary of (38) we obtain a variant that resem-
bles Theorem 2.1.

Theorem 4.2. Upon the assumptions of Theorem 4.1, assume

�n(�n) >
k − n + 1

n .

Then

�k(�k) ≥
n�n(�n) + n − 1

n(k − 1)(�n(�n) + 1) + 1
> 1
k . (40)

For �n(�n) = (k − n + 1)∕n the right inequality of (40) would become an
identity. We believe Theorem 4.2 is optimal in the general setting. We brie�y
talk about metric consequences, even though the metric theory with respect to
the entire space is complete. It is known thanks to Jarník [22] (see also Dod-
son [17]) that for � ∈ [1∕N,∞] we have

DN(�) ∶= dim{� ∈ ℝN ∶ �N(�) ≥ �} = N + 1
� + 1 , N ≥ 1. (41)

Theorem 4.2 and the property dim(A×B) ≥ dim(A)+dim(B) of the Hausdor�
dimension for A the set in (41) with N = n and B = ℝk−n implies

Dk
( n� + n − 1
n(k − 1)(� + 1) + 1

)
≥ Dn(�) + k − n, � ≥ k − n(k − n) + 1

n . (42)

Clearly, the estimate (42) can alternatively derived from (41). We calculate

Dk
( n� + n − 1
n(k − 1)(� + 1) + 1

)
− (Dn(�) + k − n) = (�n − k + n − 1)(kn − 1)

(1 + �)nk
,

the right hand side is non-negative as soon as � ≥ (k − n + 1)∕n. We derive
that there is equality in (42) precisely for � = (k − n + 1)∕n to obtain Dk(

1
k
) =

k. Hence, for larger �, from a metrical point of view, the majority of vectors
contributing to the left set of (42) is not coming from �-approximable points in
a projection to n coordinates. We next establish corresponding going-up results
concerning the uniform exponents.

Theorem 4.3. Keep the de�nitions and assumptions of Theorem 4.1. If we as-
sume that

�̂n(�n) >
k − n + 1

n , (43)



860 JOHANNES SCHLEISCHITZ

then

�̂k(�k) ≥
�̂n(�n) + n − 2

(n − 1)(k − 1)
> 1
k . (44)

Theorem 4.3 is of no interest for Veronese curves as condition (43) contra-
dicts (9) as soon as k > n. The spectrum of �̂N among � ∈ ℝN that are ℚ-
linearly independent with {1} equals [1∕N, 1], as follows for example from the
constructions in [34, Theorem 2.5], or alternatively Roy’s deep existence re-
sult [32]. Consequently the condition (43) can be satis�ed for 2 ≤ n ≤ k ≤
2n − 2. Metrical implications in the spirit of (42) between sets

D̂N(�) ∶= dim{� ∈ ℝN ∶ �̂N(�) ≥ �}, � ∈ [1∕N, 1],

in various dimensions N follow, we omit explicitly stating them. If N = 1,
then �̂1(�) = 1 for any irrational �, see [24]. For larger N, the problem of de-
termining D̂N(�) is only solved in a paper in preparation for N = 2 by Das,
Fishman, Simmons, Urbański [14], [15] and independently by Bugeaud, Che-
ung, Chevallier [9]. However, when taking n = 2 Theorem 4.3 does not provide
new information on any value D̂N(�).

We believe that apart from obvious obstructions, the restrictions (40), (44)
on sequences are su�cient for the projections of suitable � ∈ ℝℕ to attain all
values simultaneously.

Conjecture 4.4. Let (�N)N≥1 and (�̂N)N≥1 be non-increasing sequences of reals
satisfying �̂N ≥ 1∕N forN ≥ 1, the estimates

�̂N +
�̂2N
�N

+⋯ +
�̂NN
�N−1N

≤ 1, N ≥ 1, (45)

originating in [27] and for all k ≥ n ≥ 1 the relations

�k ≥
n�n + n − 1

n(k − 1)(�n + 1) + 1
, �̂k ≥

n + �̂n − 2
(n − 1)(k − 1)

.

Then there is � ∈ ℝℕ such that �N(�N) = �N and �̂N(�N) = �̂N for allN ≥ 1.

This resembles the ”main problem” formulated in [7, Section 3.4] regarding
approximation to the Veronese curve, which however involves di�erent types
of exponents. Less audacious conjectures can be readily stated by considering
only one type of exponents, i.e. either ordinary or uniform. We omit the for-
mulation.

We close with a version of Theorem 3.2 for theℚ-linearly independent case,
that is again considerably weaker but admits an easy deduction from classical
transference principles.
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Theorem 4.5. Upon the assumptions of Theorem 4.1, we have

�k(�k) ≥
(ŵn(�n) − 1)wn(�n)

((k − 2)ŵn(�n) + 1)wn + (k − 1)ŵn(�n)
.

5. Parametric geometry of numbers and preliminary results
Our proofs are based on classical tools from geometry of numbers, in particu-

larMinkowski’s Convex Body Theorems. To simplify to some extent the slightly
cumbersome calculations that appear, we work within the framework of para-
metric geometry of numbers introduced by Schmidt and Summerer in [42]. We
slightly deviate from its original notation and put emphasis on the concrete es-
timates we require. We refer to [42, 43] for amore comprehensive introduction,
see also Roy [32] for a di�erent setup. Recall that the j-th successive minimum
of a convex body K with respect to a lattice Λ is the minimum � > 0 so that �K
contains j linearly independent points of Λ.

5.1. Parametric functions. Let N ≥ 1 an integer and � ∈ ℝN be given. Let
q > 0 be a parameter and let Q = eq. De�ne convex bodies

K(Q) = {(z0,… , zN) ∶ |z0| ≤ Q, |z1| ≤ Q−1∕N ,… , |zN| ≤ Q−1∕N},
and a lattice by

Λ� = {(x, �1x − y1,… , �Nx − yN) ∶ x, yj ∈ ℤ}.

The successive minima of K(Q) with respect to Λ� contain important informa-
tion on simultaneous rational approximation to (�1,… , �N). For 1 ≤ j ≤ N+1,
denote by �N,j(Q) the j-th successive minimum and derive  N,j(Q) and LN,j(q)
as in [42] via

 N,j(Q) =
log �N,j(Q)

q , LN,j(q) = log �N,j(Q) = q N,j(Q).

The functions LN,j are piecewise linear with slopes among {−1, 1∕N}, see [42].
The linear form problem corresponds to dual approximation problem, i.e.

the successiveminima problemwith respect to the dual parametric convex bod-
ies

K∗(Q) = {y ∈ ℝN+1 ∶ |y ⋅ z| ≤ 1, z ∈ K(Q)}
given in coordinates by

K∗(Q) = {(y0,… , yN) ∈ ℝN+1 ∶ Q|y0| + Q−N|y1| +⋯ + Q−N|yN| ≤ 1},
and the dual lattice Λ∗� = {y ∈ ℝN+1 ∶ y ⋅ z ∈ ℤ, z ∈ Λ�}, given as

Λ∗� = {(x0 + �1x1 +⋯ + �NxN , x1,… , xN) ∈ ℝN+1 ∶ xj ∈ ℤ}.

Again, for 1 ≤ j ≤ N + 1, from successive minima with respect to K∗(Q) and
Λ∗� we derive functions  

∗
N,j(Q) and L

∗
N,j(q) accordingly. Any L

∗
N,j(q) is locally
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induced by the function L∗N,x(q) for some x = (x0, x1,… , xN) ∈ ℤN+1 de�ned
as

L∗N,x(q) = max {log ‖x‖∞ − q
N , log⟨x, �⟩N + q} , (46)

where

‖x‖∞ = max
0≤i≤N

|xi|, ⟨x, �⟩N = |x0 + �1x1 +⋯ + �NxN|.

The functions L∗N,j(q) therefore have slope among {1,−1∕N}. For j = 1, the
value L∗N,1(q) just equals the minimum of L∗N,x(q) over x ∈ ℤN+1 ⧵ {0}. Also
notice that for successive powers � = (�, �2,… , �N) the scalar product ⟨x, �⟩N
may be written |P(�)|with P ∈ ℤ[T] of degree at mostN. We close this section
by de�ning the upper and lower limits

 
N,j

= lim inf
Q→∞

 N,j(Q),  N,j = lim sup
Q→∞

 N,j(Q),

and  ∗
N,j
,  

∗
N,j accordingly that are linked to classical exponents, see next sec-

tion.

5.2. Minkowski’s Theorems, Mahler’s duality, relation to classical ex-
ponents. Variants of Dirichlet’s Theorem, or Minkowski’s First Convex Body
Theorem, imply  N,1(Q) < 0 and LN,1(q) < 0, as well as  ∗N,1(Q) < 0 and
L∗N,1(q) < 0, for all q > 0. Minkowski’s Second Convex Body Theorem yields

||||||||||

N+1∑

j=1
 N,j(Q)

||||||||||
≤ CN

q ,
||||||||||

N+1∑

j=1
LN,j(q)

||||||||||
≤ CN , q > 0, (47)

and similarly
||||||||||

N+1∑

j=1
 ∗N,j(Q)

||||||||||
≤
C∗N
q ,

||||||||||

N+1∑

j=1
L∗N,j(q)

||||||||||
≤ C∗N , q > 0, (48)

for constants CN > 0 and C∗N > 0.
Our two approximation problems, simultaneous approximation and linear

forms, are connected by Mahler’s theorem on dual convex bodies. It implies

| N,1(Q) +  ∗N,N+1(Q)| ≤
cN
q , | ∗N,1(Q) +  N,N+1(Q)| ≤

cN
q , (49)

for some constant cN > 0 independent from Q. In particular

 
N,1

= − 
∗
N,N+1,  N,1 = − ∗

N,N+1
. (50)

From (48) and (49) we obtain the two asymptotic identities
N∑

j=1
 ∗N,j(Q) =  N,1(Q) + O(q−1),

N∑

j=1
 N,j(Q) =  ∗N,1(Q) + O(q−1). (51)
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From (48) one may readily derive [43, (1.11)], which reads in our notation

j 
N,j

+ (N + 1 − j) N,N+1 ≥ 0, j N,j + (N + 1 − j) 
N,N+1

≥ 0 (52)

and similarly for  ∗N,j. For j = 1 we immediately deduce [43, (1.11)] that may
be written

−  
∗
N,N+1(Q) ≤

1
N ⋅  ∗

N,1
(Q), − N,N+1(Q) ≤

1
N ⋅  

N,1
(Q). (53)

In fact only the right estimates occur in [43], but the dual left inequalities admit
an analogous proof.

In [42, Theorem 1.4], a fundamental link between the upper and lower limits
on one side and the exponents from Section 1 on the other side is given via the
identities

(1 + �N(�))(1 +  
N,1
) = (1 + �̂k(�))(1 +  N,1) =

N + 1
N , (54)

and
(1 + wN(�))

( 1
N +  ∗

N,1

)
= (1 + ŵN(�))

( 1
N +  

∗
N,1

)
= N + 1

N . (55)

In fact we will often implicitly use parametric versions of (54), (55), stating that
for any 1 ≤ j ≤ N + 1, a set of j linearly independent integer vectors inducing
an exponent � resp. w in (1) resp. (2) gives rise to q with the according identity
linking � with  N,j(q) resp. w with  ∗N,j(q).

5.3. A transference lemma and an observation on minimal polynomi-
als. The following lemma stems froma simple calculation andwill be frequently
applied throughout our proofs. It describes the transformation of the functions
L∗n,x above induced by some x = (x0,… , xn) ∈ ℤn+1, into L∗k,x′ in some larger

dimension k > n upon setting x′ = (x0,… , xn, 0,… , 0) ∈ ℤk+1. In the case of
successive powers we easily gain some improvement by varying x′ that turns
out crucial.

Lemma 5.1. Let k ≥ n ≥ 1 be integers. Further let � = (�1,… , �k) be a real
vector and �̃ = (�1,… , �n) the restriction of � to the �rst n components. Assume
x = (x0, x1,… , xn) ∈ ℤn+1 and q > 0 and  are parameters so that the function
L∗n,x associated to �̃ and x satis�es

L∗n,x(q) ≤  q.
Let

q′ = q (n + 1)k
n(k + 1)

,  ′ = Φk,n( ) (56)

where Φk,n is the a�ne function given as

Φk,n(t) ∶= (t − 1)(k + 1)n
k(n + 1)

+ 1 = n(k + 1)
(n + 1)k

t + k − n
k(n + 1)

. (57)
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Then for
x′ = (x0, x1,… , xn, 0, 0,… , 0) ∈ ℤk+1, (58)

we have
L∗k,x′(q

′) ≤  ′q′.

Moreover, if �j = �j for 1 ≤ j ≤ n and some � ∈ (0, 1), then the same claim holds
for any vector x′ = x′i of the form

x′i = (0,… , 0, x0, x1,… , xn, 0, 0,… , 0) ∈ ℤk+1, 1 ≤ i ≤ k−n+1, (59)

where in x′i the coordinate x0 is in position i.

Proof. First we treat the case of general vectors �. Observe that obviously for
x′ as in (58) we have

‖x‖∞ = ‖x′‖∞, ⟨x′, �⟩k = ⟨x, �̃⟩n.

Hence, according to (46) we have

L∗n,x(q) = max {log ‖x‖∞ − q
n , log⟨x, �̃⟩n + q}

and

L∗k,x′(q
′) = max {log ‖x‖∞ − q′

k , log⟨x, �̃⟩n + q′} .

Thus it su�ces to check that for q′,  ′ as given in (56), the inequalities

log ‖x‖∞ − q
n ≤ q , log⟨x, �̃⟩n + q ≤ q 

imply

log ‖x‖∞ − q′
k ≤ q′ ′, log⟨x, �̃⟩n + q′ ≤ q′ ′.

We leave these elementary calculations to the reader.
Now take the special case �j = �j for 1 ≤ j ≤ n and some � ∈ (0, 1). Then

if we identify x with the polynomial P(T) = x0 + x1T +⋯ + xnTn, we readily
check that a right shift of x within x′ corresponds to a multiplictation by T, so
that x′i corresponds to T

i−1P(T) for 1 ≤ i ≤ k − n + 1. Since � ∈ (0, 1) we have
|�jP(�)| ≤ |P(�)| for j ≥ 0, and thus again

‖x‖∞ = ‖x′i‖∞, ⟨x′i , �⟩k ≤ ⟨x, �̃⟩n,

for any 1 ≤ i ≤ k − n + 1. The claim follows as above. �

We�nish this sectionwith a proposition that extends an observation ofWirs-
ing [45, Hilfssatz 4]. It concerns the degrees of well approximating polynomials
that play a role in the proofs below. It is unrelated to parametric geometry of
numbers.
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Proposition 5.2. Let � be a transcendental real number, n ≥ 2 an integer and
� > 0. Then

|P(�)| < H(P)−wn(�)+� (60)
has in�nitely many solutions in irreducible integer polynomials P of arbitrarily
large height and degree at least ⌈ŵn(�)⌉−n+1 and at most n. On the other hand,
the inequality

|P(�)| < H(P)−ŵn(�)+� (61)
only �nitely many solutions in integer polynomials of degree at most ⌈ŵn(�)⌉− n
if � is small enough. Moreover, if wn(�) > wn−1(�) and � is small enough, then
there exist P irreducible of degree n satisfying (60) of arbitrarily large height.

Proof. By [45, Hilfssatz 4], wemay choose irreducible integer polynomials P of
degree at most n with property (60) of arbitrarily large height. The last, condi-
tional claim follows immediately when taking � = (wn(�)−wn−1(�))∕2 as then
these polynomials cannot have degree smaller than n. For the other claims, we
conclude by showing that the degree of polynomials P satisfying the weaker
property (61) can be ⌈ŵn(�)⌉ − n or less only for �nitely many P.

So let m ∈ {1, 2,… , n} be the minimum integer so that (61) has in�nitely
many solutions in integer polynomials P of degree m or less. It was shown
in [13, Theorem2.3] that for any transcendental real � and any integersm, n ≥ 1
we have

min{wm(�), ŵn(�)} ≤ m + n − 1. (62)
Assume contrary to our claim thatm ≤ ⌈ŵn(�)⌉−n. Then ŵn(�) > ⌈ŵn(�)⌉−1 ≥
m+n−1, and from (62) we concludewm(�) ≤ m+n−1. On the other hand by
de�nition ofm we have wm(�) ≥ ŵn(�). Combining we get the contradiction

ŵn(�) ≤ wm(�) ≤ m + n − 1 < ŵn(�).
Hence indeedm ≥ ⌈ŵn(�)⌉ − n + 1. �

6. Proofs of the mixed properties
We �rst prove the results of Section 3 as the proofs are a bit easier. For sim-

plicity and improved readability, we will omit the argument � in the exponents
w., ŵ., �., �̂. in all proofs. Moreover, it will be throughout understood that �i
derived from some initial � > 0 are positive and tend to 0 as � does.

6.1. Proof of Theorem 3.2. Consider the combined graph of the linear form
problem with respect to (�, �2,… , �n). Let � > 0. By (55), at certain arbitrarily
large Q = eq the �rst minimum satis�es

| ∗n,1(Q) −
n − wn
n(1 + wn)

| = |
L∗n,1(q)
q − n − wn

n(1 + wn)
| < �.

Let
�∗ = n − wn

n(1 + wn)
. (63)
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We may assume that q is a local minimum of L∗n,1. Let s
∗ > 0 be the smallest

positive number such that L∗n,1(q + s∗) = L∗n,2(q + s∗), so that q + s∗ is the
�rst meeting point of �rst and second minimum functions to the right of q. Let
S∗ = es∗ and Q∗ = QS∗ = eq+s∗ . Then by (55) we have

 ∗n,2(Q
∗) =

L∗n,2(q + s∗)
q + s∗ ≤ n − ŵn

n(1 + ŵn)
+ �1. (64)

Let

�∗ ∶= n − ŵn
n(1 + ŵn)

.

Since every local maximum of L∗n,1 is a local minimum of L∗n,2, the function L
∗
n,1

increases with slope +1 in the interval [q, q + s∗]. Thus we have L∗n,2(q + s∗) =
L∗n,1(q + s∗) = L∗n,1(q) + s∗ and we calculate

s∗
q =

L∗n,2(q + s∗)
q −

L∗n,1(q)
q ≤ (�∗ + �1)

q + s∗
q − �∗ + � = �∗ − �∗ + �∗ s

∗

q + �2

and solving for s∗∕q thus
s∗
q ≤ �∗ − �∗

1 − �∗ + �3.

Since L∗n,2 has slope at least−1∕n, with (64) and inserting for �∗ and �∗ at once,
we infer

 ∗n,2(Q) =
L∗n,2(q)
q ≤ 1

q (L
∗
n,2(q + s∗) + s∗

n ) =
q + s∗
q

L∗n,2(q + s∗)
q + s∗ + 1

n
s∗
q

≤ (1 + �∗ − �∗
1 − �∗ ) �∗ + 1

n
�∗ − �∗
1 − �∗ + �4

≤ ŵn(n − wn) + (n + 1)(wn − ŵn)
nŵn(1 + wn)

+ �5.

For simplicity let

∗ = ŵn(n − wn) + (n + 1)(wn − ŵn)
nŵn(1 + wn)

. (65)

Now we transition to dimension k. Let x1, x2 be the integer points inducing
L∗n,1(q), L

∗
n,2(q) according to (46) for our q above, respectively. Wewill implictily

identify xj = (xj,0,… , xj,n)with polynomials Pj(T) = xj,0+xj,1T+⋯+xj,nTn,
for j = 1, 2. Say d is the exact degree of P1, where d ∈ {1, 2,… , n}. Consider the
set of k − n + 2 polynomials

R = {R1,… , Rk−n+2} = {P1, Tn−d+1P1, Tn−d+2,… , Tk−dP1, P2}.
It consists of polynomials of degree at most k andwe readily checkR is linearly
independent. Indeed P1, P2 are linearly independent and adding one by one the
remaining polynomials fromTn−d+1P1 up toTk−dP1 increases the dimension in
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each step because the new polynomial has larger degree than any polynomial
that occurred before.

Now, for 1 ≤ u ≤ k− n+2, the coe�cient vector of Ru can be interpreted as
a vector x′i with some i = i(u) as in (59), derived from putting x = x1 if 1 ≤ u ≤
k − n+ 1 and x = x2 if u = k − n+ 2. For simplicity denote L∗k,Ru(q) = L∗k,x′i

(q)
the functions in (46) upon this identi�cation. Hence, withΦk,n from (57), from
Lemma 5.1 we get that the �rst k − n + 1 polynomials in R induce average
slopeΦk,n( ∗n,1(Q)) in [0, q

′], and onemore induces average slopeΦk,n( ∗n,2(Q))
in [0, q′], at some transformed position q′ = (n + 1)k∕(n(k + 1)) ⋅ q. Writing
Q′ = eq′, in other words we establish

 ∗k,k−n+1(Q
′) =

L∗k,k−n+1(q
′)

q′ ≤ min
1≤u≤k−n+1

L∗k,Ru(q
′)

q′ ≤ Φk,n( ∗n,1(Q))

and

 ∗k,k−n+2(Q
′) =

L∗k,k−n+1(q
′)

q′ ≤
L∗k,Rk−n+2(q

′)
q′ ≤ Φk,n( ∗n,2(Q)).

Then k + 1 − |R| = k + 1 − (k − n + 2) = n − 1 successive minima functions
remain. Thus from (48) for the last function at Q′ we derive

 ∗k,k+1(Q
′) =

L∗k,k+1(q
′)

q′

≥ −
(k − n + 1)Φk,n( ∗n,1(Q)) + Φk,n( ∗n,2(Q))

n − 1 − O(q′−1),

thus

 ∗k,k+1(Q
′) ≥ −

(k − n + 1)Φk,n(�∗) + Φk,n(∗)
n − 1 − �6 − O(q′−1).

From Mahler’s duality (49), for  k,1(Q′) the average slope in the successive
minima diagram of the �rst successsive minimum in [0, q′] (with respect to
(�, �2,… , �k)) we obtain

 k,1(Q′) ≤ − ∗k,k+1(Q
′) + O(q′−1) (66)

≤
(k − n + 1)Φk,n(�∗) + Φk,n(∗)

n − 1 + �6 + O(q′−1).

Let � > 0. As Q → ∞, with (54) for N = k, j = 1 applied to our estimate
(66), and inserting for �∗, ∗ from (63), (65), after a lengthy computation we get
a lower bound of the form

�k ≥
wnŵn − wn + (n − k)ŵn

(n − 2)wnŵn + wn + (k − 1)ŵn
− �7.

Since �7 can be arbitrarily close to 0, the desired bound is obtained. The proof
is complete.

The key point of the proof was to �nd a relatively large set R of linearly in-
dependent polynomials with small evaluation at �. For this we made extensive
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use of the fact that we work with successive powers of some �. The proofs of
Theorems 3.3, 3.4 rely on the same principle.

6.2. Proof of Theorem 3.3. To improve our result upon condition (26), in the
proof of Theorem 3.3 below the main step is to notice that in this case we can
extend the polynomial set R from the proof of Theorem 3.2 and still guarantee
that it remains linearly independent.

We verify (28) upon our assumption (26) and k ≤ 2n− 2. Let �∗, �∗, ∗ as in
the proof of Theorem 3.2. Further take the same q and derived q′. In place of
(66), we show the stronger estimate

 k,1(Q′) ≤
(k − n + 1)Φk,n(�∗) + (k − n + 1)Φk,n(∗)

2n − 1 − k + �4 + O(q′−1). (67)

Observe that the denominator is positive by assumption. By our hypothesis (26)
and Proposition 5.2, wemay assume that the polynomial P1 inducing  ∗n,1(Q) ≤
�∗ + o(1) is irreducible and of degree exactly n. In particular coprime to the
polynomial P2 inducing  ∗n,2(Q) ≤ ∗ + o(1). We claim that then the set of
polynomials

R̃ = {P1, TP1,… , Tk−nP1, P2, TP2,… , Tk−nP2}
consists of polynomials of degree at most k, and is linearly independent. In-
deed, otherwise if some non-trivial linear combinationwithin R̃ vanishes iden-
tically, we have a polynomial identity

P1(T)U(T) = P2(T)V(T)
with U,V integer polynomials, U of degree at most k − n and V of degree at
most k − n ≤ n− 2 < n. Thus P1 has to divide either P2 or V. Clearly it cannot
divide V as P1 has larger degree. However, it cannot divide P2 either since P1 is
irreducible of degree n and P2 has degree at most n and is not a scalar multiple
of P1. We obtain a contradiction and our claim is proved.

From the above argument, in the k-dimensional combined graph, with the
same position q′ as in the proof of Theorem 3.2, we now have k−n+1 polyno-
mials inducing average slope essentially at most Φk,n(�∗) in [0, q′], and further
k − n + 1 polynomials inducing average slope essentially at most Φk,n(∗) in
[0, q′]. Thus

 ∗k,k−n+1(Q
′) ≤ Φk,n(�∗),  ∗k,2(k−n+1)(Q

′) ≤ Φk,n(∗).

Then k + 1 − |R̃| = k + 1 − 2(k − n + 1) = 2n − 1 − k ≥ 1 polynomials
corresponding to successive minima remain. Using Mahler’s duality as in the
proof of Theorem 3.2, this obviously implies (67) as the sum of k,j(Q′) over j =
1, 2,… , k+1 isO(q′−1). The rest of the proof is done analogously to Theorem3.2,
we skip the details and computation.

Remark 5. Considering k = 2n−1, with �∗, ∗ in (63), (65), a similar argument
implies Φ2n−1,n(�∗) + Φ2n−1,n(∗) ≥ 0, upon condition (26). This turns out to be
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equivalent to (27), again upon the same hypothesis. Thereby we have found a new
proof of this fact that relies only on Minkowski’s Second Convex Body Theorem.

6.3. Proof of Theorem 3.4. Gelfond’s Lemma states that for polynomials P, R
of degree at mostN we haveH(PR) ≍N H(P)H(R). In particular for any integer
N there is some absolute c(N) > 0 so that

H(PR) > c(N) ⋅H(P)H(R) ≥ c(N)H(P) (68)

holds for all non-zero polynomialsP, R of degree atmostN. Using this property,
the proof is similar to that of Theorem 3.3 again.

So let us prove Theorem 3.4 now. As recalled in Proposition 5.2, inequality
(60) has solutions in irreducible integer polynomials P of degree ≤ n and arbi-
trarily large height. Let P1 be such a polynomial. Let c(n) as in (68) and put
M = (c(n)∕2) ⋅H(P1). By de�nition of ŵn(�) there is an integer polynomial P2
of degree at most n with

H(P2) ≤ M, |P2(�)| ≤ M−ŵn(�)+�∕2.
By construction P2 is not amultiple of P1, thus coprimewith P1. Hencewe have
found coprime P1, P2 with

max
i=1,2

H(Pi) ≤ M, max
i=1,2

|Pi(�)| < M−ŵn(�)+�. (69)

Identitfy P1 as above with its coe�cient vector x ∈ ℤn+1, so that we have
L∗n,P1(q) = L∗n,x(q) for the induced function from (46), and similarly for P2. Now
by (55) with N = n, estimates (69) induce parameters Q = eq with

 ∗n,2(Q) ≤ max
i=1,2

L∗n,Pi (q)
q ≤ n + 1

n
1

1 + ŵn(�)
− 1
n + �1 (70)

= n − ŵn(�)
n(1 + ŵn(�))

+ �1.

Let d be the degree of P1. Next we claim that

R ∶= {P1(T), TP1(T),… , Tk−dP1(T), P2(T),… , Tmin{d−1,k−n}P2(T)}
is a linearly independent set of integer polynomials of degree at most k. Since
d ≤ n anddegP2 ≤ n aswell, only the linear independenceneeds to be checked.
Indeed, otherwise there would again be a polynomial identity P1(T)U(T) =
P2(T)V(T) with integer polynomials U,V of degrees at most k − d and d − 1
respectively, and a very similar argument as in the proof of Theorem 3.3 shows
this is impossible. This proves the claim.

Since all polynomials in R also have height ≤ M and evaluation at � of ab-
solute value smaller thanM−ŵn(�)+� if we assume � ∈ (0, 1), we have found
ℎ ∶= |R| = (k − d + 1) + (min{d − 1, k − n} + 1) = min{k + 1, 2k + 2 − d − n}
linearly independent integer polynomialsR1,… , Rℎ of degree atmostk andwith

max
1≤i≤ℎ

H(Ri) ≤ M, max
1≤i≤ℎ

|Ri(�)| < M−ŵn(�)+�.
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Since d ≤ n and k ≤ 2n − 2 < 2n − 1 we have ℎ ≥ 2(k − n + 1). Again we
identify Ri with its coe�cient vector xi ∈ ℤk+1 and write L∗k,Ri = Lk,xi . Then
for the induced functions, Lemma 5.1 and (70) gives rise to positions Q′ = eq′
with

 ∗k,ℎ(Q
′) ≤ max

1≤i≤ℎ

L∗k,Ri (q
′)

q′ ≤ Φk,n (max
i=1,2

L∗n,Pi (q)
q )

≤ Φk,n (
n − ŵn(�)
n(1 + ŵn(�))

) + �2 =
n(k + 1)
(n + 1)k

n − ŵn(�)
n(1 + ŵn(�))

+ k − n
k(n + 1)

+ �2.

Since there are arbitrarily large such Q′ and � can be taken arbitrarily small

 ∗
k,ℎ

≤ n(k + 1)
(n + 1)k

n − ŵn(�)
n(1 + ŵn(�))

+ k − n
k(n + 1)

. (71)

Using (50) and (52) we can estimate

 
k,1

= − 
∗
k,k+1 ≤

ℎ
k + 1 − ℎ 

∗
k,ℎ
, if k ≤ 2n − 2. (72)

The condition on k ensures k + 1 − ℎ > 0. Inserting the bound for  ∗
k,ℎ

from

(71) and the worst case ℎ = 2(k − n + 1) in (72) and applying (54), we get (29)
after some calculation.

For (30), we notice that if the degree ofP1 above is d = n thenwe can proceed
as in the proof of Theorem 3.3 to get its bound (28). Otherwise d ≤ n − 1 and
thus now ℎ ≥ 2k − 2n + 3, and as soon as k ≤ 2n − 3 we can proceed as above
to obtain the other bound when using ℎ = 2k − 2n + 3 in (72).

7. Proof of the going-up Theorem 2.2
Similar ideas as for themixed inequalities are used to prove the estimates that

contain only simultaneous approximation exponents �N(�). However, roughly
speaking, one more step of duality considerations between simultaneous and
linear form approximation is required here. We apply the same notational sim-
pli�cations as in Section 6.

7.1. Proof of (7). Let � be a real number. It follows from (54) that for any � > 0
there exist arbitrarily large parameters Q such that

| n,1(Q) −
1 − n�n
n(1 + �n)

| < �. (73)

Consider such largeQ �xed and let q = logQ. When we transition to the linear
form problem, together with (51) we infer

 ∗n,1(Q) +⋯ +  ∗n,n(Q) ≤
1 − n�n
n(1 + �n)

+ � + O(q−1). (74)
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We also want to bound  ∗n,1(Q) from above. We could estimate it by the right
hand side of (74) divided by n, which would turn out to reprove Theorem 2.1,
but using the uniform exponent we �nd a better bound.

From (73) we obtain points (q, Ln,1(q)) with arbitrarily large q and the prop-
erty

(−� − �)q ≤ Ln,1(q) ≤ (−� + �)q, (75)
where we have put

− � = 1 − n�n
n(1 + �n)

. (76)

for simplicity. We can assume that Ln,1 has a local minimum at q. Then in
some interval [q−s, q] the function Ln,1 decays with slope−1. The switch point
q − s, where Ln,1 changes slope from 1∕n to −1, is where it meets the second
minimum function Ln,2. At q − s, again from (54) we obtain

Ln,1(q − s) = Ln,2(q − s) ≤ 1 − n�̂n
n(1 + �̂n)

(q − s) + �1q.

Again let

−� ∶= 1 − n�̂n
n(1 + �̂n)

.

Since Ln,1 decays with slope −1 in [q − s, q], on the other hand by (75) we have

Ln,1(q − s) = Ln,1(q) + s = (−� + �)q + s,
where � ∈ (−�, �) is of smallmodulus. Equating the two expressions forLn,1(q−
s), after some calculation we get

0 < s ≤ q ⋅ �n − �̂n
1 + �n

+ �2q.

As the second successiveminimumhas slope at most 1∕n in [q−s, q], inserting
for s, at position q we get

Ln,2(q) ≤ Ln,2(q − s) + 1
ns ≤

�n − (n + 1)�̂n + 1
n(1 + �n)

q + �3q.

Let

−  ∶= �n − (n + 1)�̂n + 1
n(1 + �n)

. (77)

Now again consider the dual linear form problem with respect to the vec-
tor (�, �2,… , �n). Recall the notation q = logQ and  ∗n,j(Q) = L∗n,j(q)∕q. By
Mahler’s duality (49), for the last two successive minima at position q we ob-
tain

 ∗n,n+1(Q) =
L∗n,n+1(q)

q ≥ −
Ln,1(q)
q − O(q−1) ≥ (� − �) − O(q−1) (78)
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and

 ∗n,n(Q) =
L∗n,n(q)
q ≥ −

Ln,2(q)
q − O(q−1) = ( − �3) − O(q−1). (79)

Since the sum of all n + 1 successive minima functions  ∗n,j at Q is O(q−1) by
(48), we have that

n−1∑

j=1
 ∗n,j(Q) ≤ − ∗n,n(Q) −  ∗n,n+1(Q) + O(q−1) ≤ −� −  + � + �3 + O(q−1).

In particular

 ∗n,1(Q) ≤
∑n−1

j=1  
∗
n,j(Q)

n − 1 ≤ −� − 
n − 1 + �4 + O(q−1). (80)

This is the desired bound for  ∗n,1(Q).
Now we transition to dimension k ≥ n. Each of the pairs (Q,  ∗n,j(Q)) are

induced by L∗n,xj as de�ned in (46) for some xj = (xj,0,… , xj,n). We identify
each xj with the polynomial Pj(T) = xj,0+xj,1T+⋯+xj,nTn again. Moreover
P = {P1,… , Pn} are linearly independent. Let d be the degree of P1, that is the
largest index with x1,d ≠ 0. Clearly 1 ≤ d ≤ n. Starting from these polynomials
we derive the ordered set of k polynomials

R = {R1,… , Rk} = {P1, Tl−d+1P1,… , Tk−dP1, P2, P3,… , Pn}.

Any Ri has degree at most k. Furthermore it is easy to check that the lin-
ear independence of P implies that R is linearly independent as well, since
starting with P and adding one by one the new polynomials in R ⧵ P =
{Tn−d+1P1,… , Tk−dP1}, the dimension of the span increases in each step be-
cause the new polynomial has strictly larger degree than all the previous poly-
nomials, and thus does not lie in their span.

For simplicity now assume the typical case d = n, otherwise the correspon-
dence to Lemma 5.1 in following argument has to be slightly altered, and the
remainder of the proof remains una�ected anyway. Then the �rst k−n polyno-
mialsR1,… , Rk−n correspond to vectors x′i in (59) for 1 ≤ i ≤ k−n in Lemma 5.1
for x = x1 the coe�cient vector of P1, and similarly Rk−n+j to x′ in (58) for
x = xj the coe�cient vector of Pj as de�ned above, for 1 ≤ j ≤ n (so x1 ap-
pears k−n+1 times in total). We may assume � ∈ (0, 1) and apply Lemma 5.1
to each Ri. With Q′ = eq′ for q′ in (56), from the linear independence of R we
obtain

 ∗k,j(Q
′) ≤ Φk,n( ∗n,1(Q)) = ( ∗n,1(Q) − 1)k + 1

k
n

n + 1 + 1, 1 ≤ j ≤ k − n,

 ∗k,k−n+j(Q
′) ≤ Φn,k( ∗n,j(Q)) = ( ∗n,j(Q) − 1)k + 1

k
n

n + 1 + 1, 1 ≤ j ≤ n.
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Summing over j = 1, 2,… , k we infer

k∑

j=1
 ∗k,j(Q

′) ≤ (k − n)A + B,

where

A = ( ∗n,1(Q) − 1)(k + 1)n
k(n + 1)

+ 1, B =
n∑

j=1
[( ∗n,j(Q) − 1)(k + 1)n

k(n + 1)
+ 1] .

This can be equivalently written

k∑

j=1
 ∗k,j(Q

′) ≤ (k − n) (k + 1)n
k(n + 1)

 ∗n,1(Q) +
(k + 1)n
k(n + 1)

n∑

j=1
 ∗n,j(Q) +

k − n
n + 1 .

Now we use the estimates (74) and (80) and inserting for �,  from (76), (77)
after some calculation we end up at

k∑

j=1
 ∗k,j(Q

′) ≤ k(1 − n)�n + (kn + n − k2 − k)�̂n + k2 − kn + k − 1
k(n − 1)(�n + 1)

+ �5.

Together with (51) this implies for large Q we derive the estimate

 k,1(Q′) ≤
k(1 − n)�n + (kn + n − k2 − k)�̂n + k2 − kn + k − 1

k(n − 1)(�n + 1)
+ �6.

Since there are arbitrarily large Q and thus induced Q′ with this property, we
derive

 
k,1

≤ k(1 − n)�n + (kn + n − k2 − k)�̂n + k2 − kn + k − 1
k(n − 1)(�n + 1)

+ �6.

Inserting in (54) we derive the desired estimate (7) after some calculation and
� → 0.

Remark 6. From (80) when inserting for �,  in (76), (77) and applying (55) we
get a new proof of the inequality

wk(�) ≥
(k − 1)�k(�) + �̂k(�) + k − 2

1 − �̂k(�)
, k ≥ 2,

already obtained by Bugeaud, Laurent [12], andwith a di�erent proof by Schmidt
and Summerer [43]. Again our proof of this estimate, as in [12] and [43], extends
to the general case ofℚ-linearly independent {1, �1,… , �k}.

The proof of (8) is very similar, with a slightly di�erent strategy for estima-
tion.
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7.2. Proof of (8). We proceed precisely as in the proof of (7) up to (80). From
(78), (79) and since the sum of all n + 1 successive minima functions  ∗n,j at Q
is O(q−1) by (48), we have that

n−1∑

j=1
 ∗n,j(Q) ≤ − ∗n,n(Q) −  ∗n,n+1(Q) + O(q−1) ≤ −� −  + �7 + O(q−1). (81)

We will use this in place of (74), and combine it again with (80).
Now we transition to dimension k ≥ n. Let x1,… , xn−1 be the linearly inde-

pendent integer vectors inducing L∗n,j(q) (or equivalently  
∗
n,j(Q)) for 1 ≤ j ≤

n−1 as above. They correspond to polynomialsPj(T) = xj,0+xj,1T+⋯+xj,nTn.
Let

P = {P1,… , Pn−1}.

Let d be the degree of P1, that is the largest index with x1,d ≠ 0. Clearly 1 ≤
d ≤ n. Starting from these polynomials we derive the ordered set of k − 1
polynomials

R = {R1,… , Rk−1}
= {P1, Tn−d+1P1, Tn−d+2P1(T),… , Tk−dP1, P2, P3,… , Pn−1}.

Any Ri has degree at most k. Furthermore it is easy to check that the linear
independence of P implies that R is linearly independent as well. Indeed,
starting with P and adding one by one the new polynomials in R ⧵ P =
{Tn−d+1P1,… , Tk−dP1}, the dimension of the span increases in each step be-
cause the new polynomial has strictly larger degree than all the previous poly-
nomials, and thus does not lie in their span.

The polynomials Pj ∈ P give rise to points x′1,… , x
′
n−1 as in (58) via em-

bedding them into ℤk+1. Write  ∗k,Pj (Q
′) =  ∗k,x′j

(Q′) = L∗k,x′j
(q′)∕q′ with the

functions L∗k,x′j
as in (46) for the polynomial Pj above, and the corresponding

notation for other polynomials. With Φk,n as in (57), from Lemma 5.1 and (81)
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we get some point Q′ = eq′ where we have

∑

P∈P

 ∗k,P(Q
′) =

n−1∑

j=1
 ∗k,Pj (Q

′)

=
n−1∑

j=1
 ∗k,x′j

(Q′)

=
n−1∑

j=1
Φk,n( ∗n,j(Q))

= Φk,n(
n−1∑

j=1
 ∗n,j(Q)) + (n − 2) k − n

k(n + 1)

≤ Φk,n(−� − ) + �8 + (n − 2) k − n
k(n + 1)

+ O(q−1).

Hereby we used the fact that Φk,n are a�ne functions with constant term (k −
n)∕(k(n + 1)). Assume without loss of generality � ∈ (0, 1). Then, again by
Lemma 5.1, for the remaining (k − 1) − (n− 1) = k − n polynomials in R ⧵P
we obtain ∑

R∈R⧵P
 ∗k,R(Q

′) ≤ (k − n)Φk,n( ∗n,1(Q)).

The entire sum overR = P ∪(R ⧵P) is the sum of both left hand sides above,
thus by (80) we infer

∑

R∈R

 ∗k,R(Q
′) ≤ Φk,n(−� − ) + (k − n)Φk,n( ∗n,1(Q))+

+ (n − 2) k − n
k(n + 1)

+ �9 + O(q′−1)

≤ Φk,n(−� − ) + (k − n)Φk,n(−
� + 
n − 1)+

+ (n − 2) k − n
k(n + 1)

+ �10 + O(q′−1).

As R is a linearly independent set of cardinality k − 1 here, we may write this
as

k−1∑

j=1
 ∗k,j(Q

′) ≤
∑

R∈R

 ∗k,R(Q
′) ≤ � + �10 + O(q−1),

where inserting in Φk,n we calculate

� ∶ = Φk,n(−� − ) + (k − n)Φk,n(−
� + 
n − 1) + (n − 2) k − n

k(n + 1)

= −(� + ) (k + 1)(k − 1)n
(n + 1)(n − 1)k

+ (k − 1)(k − n)
k(n + 1)

.
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Now for  ∗k,k+1(Q
′), which is the average slope of the last minimum function

L∗k,k+1 in [0, q
′], by (48) we obtain

 ∗k,k+1(Q
′) ≥ −

∑k−1
j=1  

∗
k,j(Q

′)
2 − O(q−1) ≥ −�2 − �11 − O(q−1).

Again by Mahler’s duality (49), for the �rst minimum of the simultaneous ap-
proximation problem in dimension k at q we get

 k,1(Q′) ≤ − ∗k,k+1(Q
′) + O(q′−1) ≤ �

2 + �11 + O(q′−1). (82)

Using

�k(�) ≥ lim sup
Q′→∞

1 − k k,1(Q′)
k + k k,1(Q′)

(83)

from (54) again, from (82) we get a lower bound for �k(�) in terms of �, which
in turn depends only on �, . Inserting for �,  from (76), (77) for large enough
q ≥ q0(�) as above, after a tidious calculation and rearrangement, we end up at

�k ≥
(n − 1)�n + (k − 1)�̂n + n − k

(n − 1)�n − (k − 1)�̂n + n + k − 2
− �12. (84)

Since we can choose � arbitrarily small, the bound becomes as in the theorem.

8. Deduction of the results from Section 4
Let N ≥ 1 be an integer. Assume {1, �1,… , �N} is linearly independent over

ℚ and write � = (�1,… , �N). Khintchine’s transference principle [24] states

wN(�)
(N − 1)wN(�) +N

≤ �N(�) ≤
wN(�) −N + 1

N . (85)

We recall the re�nements in terms of introducing uniform exponents

�N(�) ≥
(ŵN(�) − 1)wN(�)

((N − 2)ŵN(�) + 1)wN(�) + (N − 1)ŵN(�)
(86)

and

wN(�) ≥
(N − 1)�N(�) + �̂N(�) +N − 2

1 − �̂N(�)
, (87)

already quoted below Theorem 3.2 and Remark 6, respectively. Considering
only uniform exponents, German [19] showed

ŵN(�) − 1
(N − 1)ŵN(�)

≤ �̂N(�) ≤
ŵN(�) −N + 1

ŵN(�)
. (88)

The estimates in (85), (88) are best possible, and (86), (87) at least for N = 2
as well [12],[26]. In the Remark on page 80 in [42], a short proof of (85) that
only uses parametric geometry of numbers is given. It resembles our proofs
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from Sections 6, 7 that implicitly recover the re�ned estimates (86), (87). For
an alternative proof of (88) and its optimality based on parametric geometry of
numbers, see [44]. It is worth noting that (88) is stronger than the analogue of
(85) obtained from replacing ordinary by uniform exponents. In the proofs, we
apply above estimates to �nite dimensional projections of � ∈ ℝℕ.

Proof of Theorem 4.1. Westartwith the inequality (87) forN = n and � = �
n
.

On the other hand it is easy to see that for any � ∈ ℝℕ and k ≥ n

wk(�k) ≥ wn(�n), (89)

since for any vector x = (x0,… , xn) as in the de�nition of wn taking x′ =
(x0,… , xn, 0,… , 0) ∈ ℤk+1 yields ‖x‖∞ = ‖x′‖∞ and ⟨x, �

n
⟩n = ⟨x′, �

k
⟩k. Com-

bining yields

wk(�k) ≥
(n − 1)�n(�n) + �̂n(�n) + n − 2

1 − �̂n(�n)
= B, (90)

with B as de�ned in the theorem. Now apply the left inequality from (85) with
N = k, � = �

k
to (90) to obtain the bound (38) after a short calculation.

For (39), we notice that (44) combined with the right estimate in (88) for
N = n and � = �

n
yields

ŵk(�k) ≥
k − 1

1 −
�̂n(�n)+n−2

(n−1)(k−1)

= (n − 1)(k − 1)2

nk − k − 2n + 3 − �̂n(�n)
= A,

again with A as de�ned in the theorem. Inserting this and (90) in (86) with
N = k and � = �

k
yields (39). �

Starting with (85) in the proof, instead of (38) we would have directly ob-
tained Theorem 4.2. The proof of Theorem 4.3 relies solely on the inequalities
in (88).

Proof of Theorem 4.3. Similar to (89) we have

ŵk(�k) ≥ ŵn(�n).

Together with (88) for N = n and � = �
n
we infer

ŵk(�k) ≥ ŵn(�n) ≥
n − 1

1 − �̂n(�n)
.

Inserting in the left inequality of (88) with N = k and � = �
k
yields the claim.

�



878 JOHANNES SCHLEISCHITZ

Proof of Theorem 4.5. We combine

wk(�k) ≥ wn(�n), ŵk(�k) ≥ ŵn(�n),

with (86) for N = k and � = �
k
. �

The author thanks Yann Bugeaud for fruitful discussions that helped to im-
prove the paper! The author further thanks the referee for pointing out several
small inaccuracies.
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[6] Bernik, Vasiliĭ I. Application of the Hausdor� dimension in the theory of Diophan-
tine approximations. Acta Arith. 42 (1983), no. 3, 219–253. MR0729734, Zbl 0482.10049,
doi: 10.4064/aa-42-3-219-253. 857

[7] Bugeaud, Yann. Approximation by algebraic numbers. Cambridge Tracts in Mathemat-
ics, 160. Cambridge University Press, Cambridge, 2004. xvi+274 pp. ISBN: 0-521-82329-3.
MR2136100, Zbl 1055.11002, doi: 10.1017/CBO9780511542886. 860

[8] Bugeaud, Yann. On simultaneous rational approximation to a real numbers and its in-
tegral powers. Ann. Inst. Fourier (Grenoble) 60 (2010), no. 6, 2165–2182. MR2791654, Zbl
1229.11100, doi: 10.5802/aif.2580. 850

[9] Bugeaud, Yann; Cheung, Yitwah; Chevallier, Nicolas. Hausdor� dimension and
uniform exponents in dimension two.Math. Proc. Cambridge Philos. Soc. 167 (2019), no. 2,
249–284.MR3991371, Zbl 1450.11081, arXiv:1610.06374, doi: 10.1017/S0305004118000312.
860

[10] Bugeaud, Yann; Laurent, Michel. Exponents of Diophantine approximation and
Sturmian continued fractions. Ann. Inst. Fourier (Grenoble) 55 (2005), no. 3, 773–804.
MR2149403, Zbl 1155.11333, arXiv:math/0406064, doi: 10.5802/aif.2114. 849, 851, 854

[11] Bugeaud, Yann; Laurent,Michel. Exponents ofDiophantine approximation.Diophan-
tineGeometry, 101—121, CRMSeries, 4,Ed.Norm., Pisa, 2007.MR2349650, Zbl 1229.11098,
arXiv:math/0611354. 854, 858

[12] Bugeaud, Yann; Laurent, Michel. On transfer inequalities in Diophantine approxima-
tion. II.Math. Z. 265 (2010), no. 2, 249–262. MR2609309, Zbl 1234.11086, arXiv:0811.2102,
doi: 10.1007/s00209-009-0512-0. 849, 854, 873, 876

http://www.ams.org/mathscinet-getitem?mr=2661240
http://www.emis.de/cgi-bin/MATH-item?1200.11054
http://dx.doi.org/10.1112/plms/pdp054
https://nyjm.albany.edu/j/2020/26-19v.pdf
https://nyjm.albany.edu/j/2020/26-19v.pdf
http://www.ams.org/mathscinet-getitem?mr=4089038
http://www.emis.de/cgi-bin/MATH-item?07202026
http://www.emis.de/cgi-bin/MATH-item?07202026
http://arXiv.org/abs/1906.05508
http://www.ams.org/mathscinet-getitem?mr=4216725
http://www.emis.de/cgi-bin/MATH-item?07313198
http://arXiv.org/abs/1912.09013
http://dx.doi.org/10.1090/tran/8245
http://www.ams.org/mathscinet-getitem?mr=2874641
http://www.emis.de/cgi-bin/MATH-item?1264.11063
http://arXiv.org/abs/0904.0474
http://dx.doi.org/10.4007/annals.2012.175.1.5
http://arXiv.org/abs/2105.13872
http://www.ams.org/mathscinet-getitem?mr=0729734
http://www.emis.de/cgi-bin/MATH-item?0482.10049
http://dx.doi.org/10.4064/aa-42-3-219-253
http://www.ams.org/mathscinet-getitem?mr=2136100
http://www.emis.de/cgi-bin/MATH-item?1055.11002
http://dx.doi.org/10.1017/CBO9780511542886
http://www.ams.org/mathscinet-getitem?mr=2791654
http://www.emis.de/cgi-bin/MATH-item?1229.11100
http://www.emis.de/cgi-bin/MATH-item?1229.11100
http://dx.doi.org/10.5802/aif.2580
http://www.ams.org/mathscinet-getitem?mr=3991371
http://www.emis.de/cgi-bin/MATH-item?1450.11081
http://arXiv.org/abs/1610.06374
http://dx.doi.org/10.1017/S0305004118000312
http://www.ams.org/mathscinet-getitem?mr=2149403
http://www.emis.de/cgi-bin/MATH-item?1155.11333
http://arXiv.org/abs/math/0406064
http://dx.doi.org/10.5802/aif.2114
http://www.ams.org/mathscinet-getitem?mr=2349650
http://www.emis.de/cgi-bin/MATH-item?1229.11098
http://arXiv.org/abs/math/0611354
http://www.ams.org/mathscinet-getitem?mr=2609309
http://www.emis.de/cgi-bin/MATH-item?1234.11086
http://arXiv.org/abs/0811.2102
http://dx.doi.org/10.1007/s00209-009-0512-0


GOING-UP THEOREMS FOR SIMULTANEOUS DIOPHANTINE APPROXIMATION 879

[13] Bugeaud, Yann; Schleischitz, Johannes. On uniform approximation to real num-
bers.Acta Arith. 175 (2016), no. 3, 255–268. MR3557124, Zbl 1356.11042, arXiv:1512.00780,
doi: 10.4064/aa8372-7-2016. 854, 855, 856, 865

[14] Das, Tushar; Fishman, Lior; Simmons, David; Urbański, Mariusz. A variational
principle in the parametric geometry of numbers, with applications to metric Diophantine
approximation. C. R. Math. Acad. Sci. Paris 355 (2017), no. 8, 835—846. MR3693502, Zbl
1427.11072, arXiv:1704.05277, doi: 10.1016/j.crma.2017.07.007. 860

[15] Das, Tushar; Fishman, Lior; Simmons, David; Urbański, Mariusz. A variational
principle in the parametric geometry of numbers. Preprint, 2019. arXiv:1901.06602. 860

[16] Davenport, Harold; Schmidt, Wolfgang M. Approximation to real numbers by
algebraic integers. Acta Arith. 15 (1968/69), 393–416. MR0246822, Zbl 0186.08603,
doi: 10.4064/aa-15-4-393-416. 849, 851, 855

[17] Dodson, Maurice M. Hausdor� dimension, lower order and Khintchine’s theorem in
metric Diophantine approximation. J. Reine Angew. Math. 432 (1992), 69–76. MR1184759,
Zbl 0749.11036, doi: 10.1515/crll.1992.432.69. 859

[18] Fischler, Stéphane. Spectres pour l’approximation d’un nombre réel et de son carré.
C. R. Math. Acad. Sci. Paris 339 (2004), no. 10, 679—682. MR2110935, Zbl 1073.11048,
doi: 10.1016/j.crma.2004.10.009. 849

[19] German, Oleg. On Diophantine exponents and Khintchine’s transference principle.
Mosc. J. Comb. Number Theory 2 (2012), no. 2, 22–51. MR2988525, Zbl 1294.11116,
arXiv:1004.4933. 876

[20] Jarník, Vojtěch. Une remarque sur les approximations diophantiennes linéaires. Acta
Sci. Math. (Szeged) 12 (1950), 82–86. MR0034416, Zbl 0037.17003. 853

[21] Jarník, Vojtěch. Contribution à la théorie des approximations diophantiennes linéaires
et homogènes. Czechoslovak Math J. 4(79), 330–353. MR0072183, Zbl 0057.28303. 851

[22] Jarník, Vojtěch. Über die simultanen diophantische Approximationen. Math. Z. 33
(1931), no. 1, 505–543. MR1545226, JFM 57.1370.01, doi: 10.1007/BF01174368 859

[23] Jarník, Vojtěch. Zum Khintchineschen “Übertragungssatz”. Trav. Inst. Math. Tbilissi 3
(1938), 193–212. Zbl 0019.10602. 853

[24] Khintchine, Aleksandr Y. Über eine Klasse linearer diophantischer Approximatio-
nen. Rendiconti del Circolo Matematico Palermo 50 (1926), 170–195. JFM 52.0183.01,
doi: 10.1007/BF03014726. 860, 876

[25] Laurent, Michel. Simultaneous rational approximation to the successive powers of a
real number. Indag. Math. (N.S.) 14 (2003), no. 1, 45–53. MR2015598, Zbl 1049.11069,
doi: 10.1016/S0019-3577(03)90070-X. 851

[26] Laurent, Michel. On transfer inequalities in Diophantine approximation.Analytic num-
ber theory, 306–314, Cambridge Univ. Press, Cambridge, 2009. MR2508652, Zbl 1163.11053.
854, 876

[27] Marnat, Antoine; Moshchevitin, Nikolay G.An optimal bound for the ratio between
ordinary and uniform exponents of Diophantine approximation. Mathematika 66 (2020),
no. 3, 818–854. MR4134247. 852, 854, 856, 857, 860

[28] Poëls, Anthony. Exponents of diophantine approximation in dimension 2 for num-
bers of Sturmian type. Math. Z. 294 (2020), no. 3-4, 951—993. MR4074029, Zbl 07179285,
doi: 10.1007/s00209-019-02280-2. 849, 851

[29] Roy, Damien. Approximation to real numbers by cubic algebraic integers. I. Proc. London
Math. Soc. (3) 88 (2004), no. 1, 42–62. MR2018957, Zbl 1035.11028, arXiv:math/0210181,
doi: 10.1112/S002461150301428X. 849, 851, 852, 855

[30] Roy, Damien. On two exponents of approximation related to a real number and
its square. Canad. J. Math. 59 (2007), no. 1, 211—224. MR2289424, Zbl 1115.11036,
arXiv:math/0409232, doi: 10.4153/CJM-2007-009-3. 849

http://www.ams.org/mathscinet-getitem?mr=3557124
http://www.emis.de/cgi-bin/MATH-item?1356.11042
http://arXiv.org/abs/1512.00780
http://dx.doi.org/10.4064/aa8372-7-2016
http://www.ams.org/mathscinet-getitem?mr=3693502
http://www.emis.de/cgi-bin/MATH-item?1427.11072
http://www.emis.de/cgi-bin/MATH-item?1427.11072
http://arXiv.org/abs/1704.05277
http://dx.doi.org/10.1016/j.crma.2017.07.007
http://arXiv.org/abs/1901.06602
http://www.ams.org/mathscinet-getitem?mr=0246822
http://www.emis.de/cgi-bin/MATH-item?0186.08603
http://dx.doi.org/10.4064/aa-15-4-393-416
http://www.ams.org/mathscinet-getitem?mr=1184759
http://www.emis.de/cgi-bin/MATH-item?0749.11036
http://dx.doi.org/10.1515/crll.1992.432.69
http://www.ams.org/mathscinet-getitem?mr=2110935
http://www.emis.de/cgi-bin/MATH-item?1073.11048
http://dx.doi.org/10.1016/j.crma.2004.10.009
http://www.ams.org/mathscinet-getitem?mr=2988525
http://www.emis.de/cgi-bin/MATH-item?1294.11116
http://arXiv.org/abs/1004.4933
http://www.ams.org/mathscinet-getitem?mr=0034416
http://www.emis.de/cgi-bin/MATH-item?0037.17003
http://www.ams.org/mathscinet-getitem?mr=0072183
http://www.emis.de/cgi-bin/MATH-item?0057.28303
http://www.ams.org/mathscinet-getitem?mr=1545226
https://zbmath.org/?q=an:57.1370.01
http://dx.doi.org/10.1007/BF01174368
http://www.emis.de/cgi-bin/MATH-item?0019.10602
https://zbmath.org/?q=an:52.0183.01
http://dx.doi.org/10.1007/BF03014726
http://www.ams.org/mathscinet-getitem?mr=2015598
http://www.emis.de/cgi-bin/MATH-item?1049.11069
http://dx.doi.org/10.1016/S0019-3577(03)90070-X
http://www.ams.org/mathscinet-getitem?mr=2508652
http://www.emis.de/cgi-bin/MATH-item?1163.11053
http://www.ams.org/mathscinet-getitem?mr=4134247
http://www.ams.org/mathscinet-getitem?mr=4074029
http://www.emis.de/cgi-bin/MATH-item?07179285
http://dx.doi.org/10.1007/s00209-019-02280-2
http://www.ams.org/mathscinet-getitem?mr=2018957
http://www.emis.de/cgi-bin/MATH-item?1035.11028
http://arXiv.org/abs/math/0210181
http://dx.doi.org/10.1112/S002461150301428X
http://www.ams.org/mathscinet-getitem?mr=2289424
http://www.emis.de/cgi-bin/MATH-item?1115.11036
http://arXiv.org/abs/math/0409232
http://dx.doi.org/10.4153/CJM-2007-009-3


880 JOHANNES SCHLEISCHITZ

[31] Roy, Damien. On simultaneous rational approximations to a real number, its square,
and its cube. Acta Arith. 133 (2008), no. 2, 185–197. MR2417464, Zbl 1228.11100,
arXiv:0712.2304, doi: 10.4064/aa133-2-6. 851

[32] Roy, Damien. On Schmidt and Summerer parametric geometry of numbers. Ann. of
Math. (2) 182 (2015), no. 2, 739–786. MR3418530, Zbl 1328.11076, arXiv:1406.3669,
doi: 10.4007/annals.2015.182.2.9. 860, 861

[33] Roy, Damien. Ameasure of transcendence for singular points on conics. J. Théor. Nombres
Bordeaux 31 (2019), no. 2, 361–369. MR4030912, Zbl 07245875, doi: 10.5802/jtnb.1085. 855

[34] Schleischitz, Johannes. Diophantine approximation and special Liouville numbers.
Commun. Math. 21 (2013), no. 1, 39–76. MR3067121, Zbl 1284.11098, arXiv:1301.2177. 860

[35] Schleischitz, Johannes. On the spectrum of Diophantine approximation constants.
Mathematika 62 (2016), no. 1, 79–100. MR3450571, Zbl 1397.11125, arXiv:1409.1472,
doi: 10.1112/S0025579315000182. 849, 850, 851

[36] Schleischitz, Johannes. On uniform approximation to successive powers of a real
number. Indag. Math. (N.S.) 28 (2017), no. 2, 406–423. MR3624564, Zbl 1420.11098,
arXiv:1603.09236, doi: 10.1016/j.indag.2016.11.001. 851

[37] Schleischitz, Johannes. Approximation to an extremal number, its square and its cube.
Paci�c J. Math. 287 (2017), no. 2, 485–510. MR3632898, Zbl 1410.11097, arXiv:1602.04731,
doi: 10.2140/pjm.2017.287.485. 851

[38] Schleischitz, Johannes. Uniform Diophantine approximation and best approxima-
tion polynomials. Acta Arith. 185 (2018), no. 3, 249–274. MR3858388, Zbl 06970431,
arXiv:1709.00499, doi: 10.4064/aa170901-4-7. 855, 856

[39] Schleischitz, Johannes. Cubic approximation to Sturmian continued fractions. J.
Number Theory 184 (2018), 270–299. MR3724166, Zbl 1420.11103, arXiv:1603.08808,
doi: /10.1016/j.jnt.2017.08.022. 853, 854

[40] Schleischitz, Johannes. On the discrepancy between best and uniform approxima-
tion. Funct. Approx. Comment. Math. 60 (2019), no. 1, 21–29. MR3932601, Zbl 1451.11068,
arXiv:1701.01108, doi: 10.7169/facm/1642. 855

[41] Schleischitz, Johannes. An equivalence principle between polynomial and simul-
taneous approximation. Ann. Sc. Norm. Super. Pisa Cl. Sci. (5) 21 (2020), 1063–1085.
arXiv:1704.00055, doi: 10.2422/2036-2145.201902_014. 849, 850, 851, 853, 855, 857, 858

[42] Schmidt, Wolfgang M.; Summerer, Leonhard. Parametric geometry of numbers
and applications. Acta Arith. 140 (2009), no. 1, 67–91. MR2557854, Zbl 1236.11060,
doi: 10.4064/aa140-1-5. 861, 863, 876

[43] Schmidt,WolfgangM.; Summerer, Leonhard. Diophantine approximation and para-
metric geometry of numbers. Monatsh. Math. 169 (2013), no. 1, 51–104. MR3016519, Zbl
1264.11056, doi: 10.1007/s00605-012-0391-z. 854, 861, 863, 873

[44] Schmidt,WolfgangM.; Summerer, Leonhard. The generalization of Jarník’s identity.
Acta Arith. 175 (2016), no. 2, 119–136. MR3551951, Zbl 1402.11103, doi: 10.4064/aa8316-5-
2016. 877

[45] Wirsing, Eduard. Approximation mit algebraischen Zahlen beschränkten
Grades. J. Reine Angew. Math. 206 (1961), 67–77. MR0142510, Zbl 0097.03503,
doi: 10.1515/crll.1961.206.67. 849, 864, 865

(Johannes Schleischitz)Middle East Technical University, Northern Cyprus Campus,
Kalkanli, Güzelyurt
johannes@metu.edu.tr

This paper is available via http://nyjm.albany.edu/j/2021/27-33.html.

http://www.ams.org/mathscinet-getitem?mr=2417464
http://www.emis.de/cgi-bin/MATH-item?1228.11100
http://arXiv.org/abs/0712.2304
http://dx.doi.org/10.4064/aa133-2-6
http://www.ams.org/mathscinet-getitem?mr=3418530
http://www.emis.de/cgi-bin/MATH-item?1328.11076
http://arXiv.org/abs/1406.3669
http://dx.doi.org/10.4007/annals.2015.182.2.9
http://www.ams.org/mathscinet-getitem?mr=4030912
http://www.emis.de/cgi-bin/MATH-item?07245875
http://dx.doi.org/10.5802/jtnb.1085
http://www.ams.org/mathscinet-getitem?mr=3067121
http://www.emis.de/cgi-bin/MATH-item?1284.11098
http://arXiv.org/abs/1301.2177
http://www.ams.org/mathscinet-getitem?mr=3450571
http://www.emis.de/cgi-bin/MATH-item?1397.11125
http://arXiv.org/abs/1409.1472
http://dx.doi.org/10.1112/S0025579315000182
http://www.ams.org/mathscinet-getitem?mr=3624564
http://www.emis.de/cgi-bin/MATH-item?1420.11098
http://arXiv.org/abs/1603.09236
http://dx.doi.org/10.1016/j.indag.2016.11.001
http://www.ams.org/mathscinet-getitem?mr=3632898
http://www.emis.de/cgi-bin/MATH-item?1410.11097
http://arXiv.org/abs/1602.04731
http://dx.doi.org/10.2140/pjm.2017.287.485
http://www.ams.org/mathscinet-getitem?mr=3858388
http://www.emis.de/cgi-bin/MATH-item?06970431
http://arXiv.org/abs/1709.00499
http://dx.doi.org/10.4064/aa170901-4-7
http://www.ams.org/mathscinet-getitem?mr=3724166
http://www.emis.de/cgi-bin/MATH-item?1420.11103
http://arXiv.org/abs/1603.08808
http://dx.doi.org//10.1016/j.jnt.2017.08.022
http://www.ams.org/mathscinet-getitem?mr=3932601
http://www.emis.de/cgi-bin/MATH-item?1451.11068
http://arXiv.org/abs/1701.01108
http://dx.doi.org/10.7169/facm/1642
http://arXiv.org/abs/1704.00055
http://dx.doi.org/10.2422/2036-2145.201902_014
http://www.ams.org/mathscinet-getitem?mr=2557854
http://www.emis.de/cgi-bin/MATH-item?1236.11060
http://dx.doi.org/10.4064/aa140-1-5
http://www.ams.org/mathscinet-getitem?mr=3016519
http://www.emis.de/cgi-bin/MATH-item?1264.11056
http://www.emis.de/cgi-bin/MATH-item?1264.11056
http://dx.doi.org/10.1007/s00605-012-0391-z
http://www.ams.org/mathscinet-getitem?mr=3551951
http://www.emis.de/cgi-bin/MATH-item?1402.11103
http://dx.doi.org/10.4064/aa8316-5-2016
http://dx.doi.org/10.4064/aa8316-5-2016
http://www.ams.org/mathscinet-getitem?mr=0142510
http://www.emis.de/cgi-bin/MATH-item?0097.03503
http://dx.doi.org/10.1515/crll.1961.206.67
mailto:johannes@metu.edu.tr
http://nyjm.albany.edu/j/2021/27-33.html

	1. Introduction and outline
	2. Relations between exponents of simultaneous approximation 
	3. Relations involving simultaneous and linear form exponents
	4. The Q-linearly independent case
	5. Parametric geometry of numbers and preliminary results
	6. Proofs of the mixed properties
	7. Proof of the going-up Theorem 2.2
	8. Deduction of the results from Section 4
	References

