THE BRIGGS INEQUALITY OF BOROS-MOLL SEQUENCES
ZHONG-XUE ZHANG AND JAMES JING YU ZHAO

ABSTRACT. Briggs conjectured that if a polynomial ag + a1x + -+ + a,z™ with real
coefficients has only negative zeros, then

ap(af — ar—1ax11) > aj_ (aj 1 — araky2)

for any 1 < k < n — 1. The Boros-Moll sequence {d;(m)}", arises in the study of
evaluation of certain quartic integral, and a lot of interesting inequalities for this sequence
have been obtained. In this paper we show that the Boros-Moll sequence {d;(m)}™,, its
normalization {d;(m)/i!}7,, and its transpose {d;(m)}.,,>; satisfy the Briggs inequality.
For the first two sequences, we prove the Briggs inequality by using a lower bound for
(d;i—1(m)d;+1(m))/d?(m) due to Chen and Gu and an upper bound due to Zhao. For
the transposed sequence, we derive the Briggs inequality by establishing its strict ratio-
log-convexity. As a consequence, we also obtain the strict log-convexity of the sequence

{W}n21 for¢>1.

1. INTRODUCTION

In the study of positive irreducibility of binding polynomials, Briggs [12] proposed two
inequality conjectures concerning elementary symmetric functions over a set of positive
numbers. Suppose that X = {1, x9,...,2,} is a set of n variables. Recall that the k-th
elementary symmetric function is defined by

ex(X) = E TjTiy e T, 1<k<n.
1<j1<ga < <jrp<n

By convention, we set ¢g = 1 and e, = 0 if £ < 0 or k > n. Briggs [12] conjectured that
if X is a set of n positive numbers, then for 1 < k < n — 1 the following two inequalities

hold:
(1.1) Ch—1€p 10 T €rrrs + €y > erpt (Er1€hps + 2ep€ri2)
(1.2) ei(ek — er—1er41) > 1€y — erer2).

It is worth noting that the expression

(x4+z)(x+22) - (T + 2) = Z en_pt"
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allows us to formulate Briggs’ conjecture in the following manner: If a polynomial f(z) =
> h_o axx® with positive coefficients has only real zeros, then for 1 <k < n — 1 we have

(1.3) a;{;_lai+2 + @i aggs + aiﬂ > apy1 (Ap—10k43 + 200542) ,
(1.4) ap(ay — ap-1ar11) > a3y (Ajyr — Arlpia).

We would like to point out that the inequality (1.3) is closely related to the notion of
2-log-concavity. Recall that a sequence {ag }r>o with real numbers is said to be log-concave
if
(1.5) az — agp_1ap11 > 0

for any k > 1. The sequence {ay}r>o is called log-convex if a? — ay_1axy1 < 0 for k > 1.
A polynomial is said to be log-concave (resp. log-convex) if its coefficient sequence is log-
concave (resp. log-convex). For more information on log-concave and log-convex sequences,
see Brandén [10], Brenti [11] and Stanley [34]. For a sequence {a, },>0, define an operator
L by L{an}n>0) = {bn}n>0, where b, = a? — a,_1a,.1 for n > 0, with the convention that
a_1 = 0. A sequence {a,}n>o is said to be k-log-concave (resp. strictly k-log-concave) if
the sequence £7 ({a,}n>0) is nonnegative (resp. positive) for each 1 < j <k, and {a, }n>0
is said to be oo-log-concave if L* ({a,}n>0) is nonnegative for any & > 1. The (strict)
k-log-convexity is defined in a similar manner. The notion of infinite log-concavity was
introduced by Boros and Moll [8]. We see that (1.3) can be reformulated as

Q41 Q42 Ap43
(16) ag Ak4+1  Agyo| > 0.
ag—1 QA Qg1

By Newton’s inequality, if f(x) = >_,_, axx* has only real zeros, then the sequence {aj }r>0
is log-concave. Due to the positivity and log-concavity of the coefficients a, the inequality
(1.6) amounts to say that the sequence {ay }x>¢ is 2-log-concave. It is also natural to study
(1.3) and (1.4) for infinite sequences {ay}x>0. Notably, the 2-log-concavity property was
verified for various sequences. For instance, Hou and Zhang [25] and Jia and Wang [26]
independently proved it for the partition function {p(i)};>221. Mukherjee [33] explored
the sequence of overpartition functions {p(i)};>42. Yang [39] investigated the sequences of
differences {p(i) — p(i — 1) };>71 and {p(i) —p(i — 1) };>s. Additionally, Yang [38] examined
the sequence of broken k-diamond partition function {Ag(i)}i>12 for k=1 or 2.

It is known that a real-rooted polynomial with nonnegative coefficients, more generally
a multiplier sequence, is 2-log-concave due to Aissen, Edrei, Schoenberg and Whitney [1].
See also Craven and Csordas [20, Theorem 2.13] for the case of multiplier sequence. Hence,
the conjectured inequality (1.3) for a real-rooted polynomial with positive coefficients is
already established by allowing equality. In fact, the strict inequality can also be proved
by using Newton’s inequality and Brandén’s theorem [9] (see also [13, Theorem 1.2]).

However, the conjectured inequality (1.4) for a real-rooted polynomial with positive
coefficients is still open. From now on we will call (1.4) the Briggs inequality. Recently,
Liu and Zhang [29] proved the Briggs inequality for both the partition function sequence
{p(7) }i>114 and the overpartition function sequence {p(7)};>15. The objective of this paper
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is to prove the Briggs inequality for the Boros-Moll sequence, the normalized Boros-Moll
sequence and the transposed Boros-Moll sequence, which we shall recall below.
The Boros-Moll sequences arise in the study of the following quartic integral

o0 1
dt
/0 (t* + 2xt2 + 1)m+l
for x > —1 and m € N. Boros and Moll [4, 7] proved that this integral is equal to
e P,.(x), where

2m+3/2 (g4 )mt1/25 m

m

(1.7) P,.(z) = z—zm;yf (22:?“) (mzk) (z + 1)k

The coefficients of z* in P, (z), denoted by d;(m), are called the Boros-Moll num-
bers. The polynomials P,,(z) are called the Boros-Moll polynomials, and the sequences
{d;(m)}™, are called the Boros-Moll sequences. Clearly, one sees from (1.7) that

(1.8) di(m) = 27" g 2" (22 _ 2k) (ml;:F k) (]:)

for 0 <i <m. See [3,5,6, 7,8, 14, 17, 23, 24, 31] for more information on these sequences.

Boros and Moll [5] showed that the sequence {d;(m)}", is unimodal with the maximum
term located in the middle for m > 2, see also [2, 6]. Moll [31] conjectured a stronger
property that the Boros-Moll sequences {d;(m)}", are log-concave, which was proved by
Kauers and Paule [28] with a computer algebra method. Chen, Pang and Qu [16] also
gave a combinatorial proof for this conjecture by building a structure of partially 2-colored
permutations. Boros and Moll [8] also conjectured that the sequence {d;(m)}™, is oo-log-
concave, and this conjecture is still open.

Motivated by Newton’s inequality and the infinite log-concavity conjecture on bino-
mial numbers proposed by Boros and Moll [8], Fisk [22], McNamara and Sagan [30]
and Stanley (see [9]) independently gave a general conjecture, which states that if a
polynomial Y ;_, apx® has only real and negative zeros, then so does the polynomial
Son_o(af — ag—1ax41)2" where a_y = a,1 = 0. This conjecture was confirmed by Brindén
[9]. Brandén’s Theorem provides an approach to co-log-concavity of a sequence by relating
real-rooted polynomials to higher-order log-concavity.

Although, as shown by Boros and Moll [5], the polynomials P,,(x) are not real-rooted
in general, Brandén introduced two polynomials

i=0 i=0
derived from P, (z) and conjectured their real-rootedness [9, Conjectures 8.5 & 8.6].
Brandén’s conjectures were proved by Chen, Dou and Yang [13]. As noted by Brandén
9], based on two theorems of Craven and Csordas [21] on iterated Turdn inequalities, the
real-rootedness of @,,(x) and R,,(x) imply, respectively, the 2-log-concavity and the 3-log-
concavity of P, (z). In another direction, Chen and Xia [19] showed an analytic proof of the
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2-log-concavity of the Boros-Moll sequences by founding an intermediate function f(m,1),
so that the quartic inequalities for the 2-log-concavity is reduced to quadratic inequalities.

Since d;(m) has two parameters, it is natural to consider properties for the sequences
{d;(m)}m>i, which was called transposed Boros-Moll sequences in [41] where the extended
ultra log-concavity and the asymptotic ratio-log-convexity for {d;(m)},,>; was proved, and
the asymptotic log-convexity for {{/d;(i +n)},>;2 was also obtained. Note that recently,
Jiang and Wang [27] proved the 2-log-concavity, the higher order Turdn inequality and the
Laguerre inequality of lower order for the sequences {d;(m)} >

As mentioned above, both the Boros-Moll sequence {d;(m)}™, and its transpose
{di(m)}m>; are 2-log-concave, i.e., both of them satisfy (1.3). This motivated us to study
whether they also satisfy the Briggs inequality (1.4). On the other hand, since Briggs’
conjecture on (1.4) is still open for real polynomials with only negative zeros, it is also de-
sirable to know whether @Q,,(z) and R,,(x) satisfy the Briggs inequality. For this purpose,
we define the normalized Boros-Moll sequence {d; x(m)}7, as {d;(m)/(i + k)!}", for any
k > 0. Our main results are stated as follows.

Theorem 1.1. For each m > 2, the Boros-Moll sequence {d;(m)}", satisfies the Briggs
inequality. That is, for anym > 2 and 1 <1 <m — 1,

(1.9) dF(m)(d7 (m) — iy (m)digs (m)) > di - (m)(dZ, (m) — di(m)d;i2(m)).

Theorem 1.2. For any k > 0 andm > 2, the normalized Boros-Moll sequence {d; (m)}7,
satisfies the Briggs inequality. That is, for anym > 2, k>0 and 1 <1 <m — 1,

(1.10) dfy(m)(d(m) — iy p(m)disa x(m)) > iy 1 (m) (A2 4 (m) — dige(m)dian(m)).

Theorem 1.3. For each i > 1, the transposed Boros-Moll sequence {d;(m)}m>: satisfies
the Briggs inequality. That is, for any i > 1 and m > i+ 1,

(1.11)  di(m)(di(m) — d;(m — 1)di(m + 1)) > dZ(m — 1)(dF(m + 1) — d;(m)d;(m + 2)).
However, fori =0, the inverse relation of (1.11) holds.

In the remainder of this paper, we first complete the proofs of Theorems 1.1 and 1.2, in
Section 2, by employing a lower bound for (d;_;(m)d;1(m))/d?(m) given by Chen and Gu
[14] and an upper bound given by Zhao [40]. In Section 3 we establish the strict ratio-log-
convexity of the transposed Boros-Moll sequence {d;(m)},>i, which is the key ingredient of
the proof of Theorem 1.3. The complete proof of Theorem 1.3 will be presented in Section
4. At last, in Section 5, we derive the strict log-convexity of the sequence { {/d;(i + 1) }n>1
for each ¢ > 1 from the strict ratio-log-convexity of {d;(m)},>;.

2. PROOFS OF THEOREMS 1.1 AND 1.2

This section is devoted to proving the Briggs inequality for the Boros-Moll sequence
{d;(m)}, and the normalized Boros-Moll sequence {d; (m)}™,.

Let us first prove Theorem 1.1. In order to do so, we need proper bounds for
(di—1(m)d;y1(m))/d?(m). Chen and Gu [14] established the following inequality in studying
the reverse ultra log-concavity of the Boros-Moll polynomials.
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Theorem 2.1. ([14, Theorem 1.1]) Form > 2 and 1 <i <m — 1, there holds
d;(m)? _ (m—i+1)(i+1)
di_l(m)di+1(m) (m — Z)Z

The following result was obtained by Zhao [40], which was used to give a new proof of
the higher order Turdn inequality for the Boros-Moll sequence.

(2.1)

Theorem 2.2. ([40, Theorem 3.1]) For each m > 2 and 1 <i < m — 1, we have
d?(m) - (m—1i+1)(i+1)(m+?)

di—1(m)d;s1(m) (m—1i)i(m+1d®+1)

We are now in a stage to show a proof of Theorem 1.1.

Proof of Theorem 1.1. By (1.8), it is clear that d;(m) > 0 for m > 1 and 1 < i < m. So,
for any m > 2 and 1 <i < m — 1, the inequality (1.9) can be rewritten as

(2.2)

(2.3) (wip1(m) — 1)ug(m) — 1+ > 0,

1
ui(m)
where

di—1(m)diz1(m
(2.4) ui(m) = (df)(m) ( )

We aim to prove (2.3) for m > 2 and 1 <i <m — 1. As will be seen, the bounds given
by Theorems 2.1 and 2.2 are crucial to the proof.

For any 1 <7 <m — 1 and m > 2, it is routine to verify that

(m—i+1)(i+1)(m+i%) > (m—i)i(m+i*+1)
and hence by (2.2) we have
(2.5) 0 < u(m) < 1.

It should be noted that (2.5) is also implied by a result due to Chen and Xia [18, Theorem
1.1].
By Theorems 2.1 and 2.2, we have for m >2and 1 < <m — 1,

where
(2.7) fi(m) = (m — )i gilm) = (m —i)i(m + 14>+ 1)

(m—i+1)(i+1) (m—i+1)(i+1)(m+i?)
It follows from (2.5) and (2.6) that for m > 2 and 1 <i<m — 2,

28) (s (m) = Du(m) = 1 s > (fia(m) = gs(m) =1+ —s
Denote by E;(m) the right-hand side of (2.8). Observe that
29 Fm)= 4

i+ D)+ 2)(m =) (m =i+ 1) (m+2)(m 2+ 1)
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where
A= 2m? —i? + 10m — 44) + 53m?(m — 1) + *m(13m — 3i) + 3im®(m — 1)
+ 435 + 4t + 4iPm 4 4iPm? + 2im® + 2m* 4+ + 5i*m 4+ m2(dm — i) + 2m?.
For m > 2 and 1 < i < m — 2, it is clear that A > 0, and hence E;(m) > 0. Then we

obtain (2.3) by (2.8) form >2and 1 <i <m — 2.

It remains to prove (2.3) for m > 2 and i = m — 1. In this case, note that
1 (m)dri1(m)
Clearly, the inequality in (2.8) still holds for m > 2 and i = m — 1. It is easily checked that

E;(m) > 0 for m > 2 and i = m — 1. Again, we arrive at (2.3) by (2.8). This completes
the proof. O

i1 (M) = upm(m) =

We proceed to prove Theorem 1.2.

Proof of Theorem 1.2. Fix k > 0 throughout this proof. Similar to the proof of Theorem
1.1, for any m > 2 and 1 < i < m — 1, we reformulate the inequality (1.10) as

1
2.10 i - 1w — 1+ ——>0,
( ) (u +17k(m) )U JC(m) + Uz,k(m) >
where
i+ k
2.11 . = TR m).
@.11) wislm) = — i om)
We aim to prove (2.10) for m > 2 and 1 <i¢ <m — 1. By (2.5) and (2.11), we see that
(2.12) 0 <wur(m) <L
Moreover, from the relations (2.6) and (2.11) we have that for m > 2 and 1 <i<m — 1,
(2.13) fie(m) < uir(m) < gix(m),
where
i+k i+ k
2.14 m) = — T fm), gin(m) = — 2" gi(m).
(2.14) fir(m) = === film), - gin(m) = -————g:(m)
Combining (2.12) and (2.13), we deduce that for m > 2 and 1 <i<m — 2,
1
219) (useralm) = Dup(m) = 1+ s> (fonnalm) = Dgiam) = 1+ —

Let E;x(m) denote the right-hand side of (2.15). Observe that
Bo+ By k+By-k>+ Ak
i+ +2(m—m—i+)m+2)(m+2+DG+k)(i+k+1D(i+k+2)
where A remains the same as (2.9), and By, B;, Bs are defined as follows:
By = 9%m? 4+ 19:%m3 — 14i5m? + 42°m3 + 40i°m? + 10*m* + 29i*m? + 69:*m? + 32:3m*
+ 302%m3 + 46i3m? + 37:2m* + 42i°m3 + 17:2m? — 10i%m — 4:®m + 27i"m + 155m

Ei(m) =
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+ 7°m + 21i*m + 28i3m + 8i%2m + 2010 — 5i% — 22i® — 120" + 125 + 174° + 44*
+20im* 4 32im> 4 12im? + 4m* 4+ 8m?> + 4m?
By = i"(17m? — 14im + 24m — 24i) +i*(51m> — 38i%) + im?(37m — 114) + 59i%m + 20i3m?
+ 3i°m? + 8i% + 8i%m + 110i*m? + 16i>m> + 344° + 25i*m + 87i*m? + 42i*m? 4 37im*
+ 16i* + 50i%m + 28i>m? + 54im® + 48i°m* + 10m™* + 24i%m + 17im? + 20m> + 10m>
By = i%(10m? — 4im — 3i® + 34m — 214) +i°(21m — 8i) + i*m?(23m — 14i) + 30i*m?
+ 1083m3 + 13i%m* 4 208° + i*m + 62i3m? + 2m> + 20im* + 15i* + 27i3m 4 17:%m?
+ 24im3 + 8m* + i + 21%m + 4im? + 16m> + 8m?.

For any m > 2 and 1 < i < m — 2, it is clear that A, By, By > 0. To show By > 0,
notice that

By = (m —1i)C+ D,
where
C =i9m+15—1i) + 4" (19m + 65) + i° (19m* + 38m + 116) + ¢° (52m* + 101m + 143)
+* (10m® + 61m® + 136m + 129) + i* (32m® 4 67m” + 108m + 81)
+i% (37Tm® + 62m® + 53m + 28) + 4i (5m® + Im* 4+ 5m + 1) + dm(m + 1)*,
D = 44% 4 28:% + 85i* + 1461° + 155:° + 104i" + 43i° + 10i” + i'°.

Hence, E; ;(m) > 0. Then (2.10) follows from (2.15) for £ >0, m >2and 1 <i <m — 2.
It remains to verify (2.10) for £ > 0, m > 2 and i = m — 1. In this case, note that
m—+k m-+k

mum(m) = firrk(m) = frnr(m) = mfm(m) =0.

Clearly, the inequality (2.15) still holds for £ > 0, m > 2 and i« = m — 1. It is easy to
verify that E,,_1x(m) > 0 for £ > 0 and m > 2. Again, we arrive at (2.10) by (2.15). This
completes the proof. O

Uit1,k(M) = U (M) =

3. STRICT RATIO-LOG-CONVEXITY OF {d;(m)}.;,>i

The aim of this section is to prove the strict ratio-log-convexity of transposed Boros-Moll
sequences {d;(m)},>; for i > 1. As will be seen in Section 4, this property plays a key role
in our proof of Theorem 1.3.

Chen, Guo and Wang [15] initiated the study of ratio log-behavior of combinatorial
sequences. Recall that a real sequence {a, },>0 is called ratio log-concave (resp. ratio log-
convex) if the sequence {a,/a,—1}n>1 is log-concave (resp. log-convex). They also showed
that the ratio log-concavity (resp. ratio log-convexity) of a sequence {a,},>n implies the
strict log-concavity (resp. strict log-convexity) of the sequence {{/a,},>n under certain
initial condition [15]. By applying these criteria, they confirmed a conjecture of Sun [36]
on the log-concavity of the sequence {{L/D_n}nzl for the Domb numbers D,,.

Partial progress has been made on the ratio log-behaviour of the sequence {d;(m)},>;.
Zhao [41, Theorem 6.1] proved that the sequence {d;(m)},>; is strictly ratio log-concave
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for ¢« = 0, while it is strictly ratio log-convex for each 1 < i < 135. For ¢ > 136, Zhao
[41, Theorem 6.2] proved an asymptotic result for this property for m > |(v/2/4)i%? —
15i/32] + 2. With a sharper bound for d;(m)/d;(m — 1), we obtain the following exact

result for this property.

Theorem 3.1. The transposed Boros-Moll sequences {d;(m)}m,>; are strictly ratio-log-
convex for any 1 > 1. That is, for each i > 1 and m > i + 2,

5 (ain™5) = (i) (i)

We shall prove Theorem 3.1 by applying the following criterion for the ratio log-convexity
of a sequence obtained by Sun and Zhao [35], which was deduced along with the spirit of
Chen, Guo, and Wang [15, Sectioin 4].

Theorem 3.2. ([35, Theorem 4.2]) Let {S,},>0 be a positive sequence satisfying the fol-
lowing recurrence relation,

Sp=a(n)S,—1+b6(n)S,—2, n>2,
with real a(n) and b(n). Suppose a(n) > 0 and b(n) < 0 for n > N where N is a
nonnegative integer. If there exists a function g(n) such that for alln > N + 2,
(i) %2 < g(n) < g

(i) 49°(n) — 3a(n)g*(n) — a(n + 1)b(n) = 0;

(ii1) g'(n) — a(n)g®(n) — a(n +1)b(n)g(n) — b(n)b(n + 1) > 0,
then {Sy}n>n is ratio log-convex, that is, forn > N + 2,
(3-2) (Sn/5n71)2 < (Snfl/SanXSnH/Sn)-

Remark 3.3. By the proof of Theorem 3.2, it is easy to see that the inequality in (3.2)
holds strictly if the inequality in condition (iii) is strict.

To apply Theorem 3.2, we shall employ the following recursion found by Kauers and
Paule [28] with a computer algebraic system, and independently obtained by Moll [32] via
the WZ-method [37].

Theorem 3.4. ([28, Eq. (8)]) Form > 2 and 1 <i < m — 1, there holds
2 Q452 _ _ _ ;
8m* — 8m 4-1 +3di(m— 1) - (4m — 5)(4m — 3)(m -1—1—2)
2m(m — 1) dm(m — 1)(m — 1)

The following lower bound for the ratio d;(m + 1)/d;(m) derived by Zhao [40] is crucial
to our proof of Theorem 3.1.

(3.3) dy(m) = dy(m — 2).

Theorem 3.5. ([40, Theorem 2.1]) For any m > 2 and 1 <1i < m — 1,we have

(3.4) T

> L(m,1),
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where

4m? + Tm — 2i* + 3 N iv4it + 8i2m + 5i2 +m
2m+1)(m—i+1)  2m+1)(m—i+1)Vm+i®
We are now ready to present a proof of Theorem 3.1.

Proof of Theorem 3.1. Fix ¢ > 1 throughout this proof. To apply Theorem 3.2, let S,, =
d;(n) and set N = i. By Theorem 3.4, we have

di(n) = a(n)d;(n — 1) + b(n)d;(n — 2),

(3.5) L(m,i) =

for n > i + 2, where

8n? — 8n — 4i* + 3 (4n —5)(4n —3)(n — 1 +14)
2n(n — 1) dn(n —1)(n —1)

Clearly, a(n) > 0 and b(n) < 0 for n > i + 2.

For any n > i + 2, we first prove the conditions (i) and (i) in Theorem 3.2. For this
purpose, let

(36)  a(n) =

4n? — 212 —n W4t +82n —3i2+n—1

Inn—13) | 2nm— v in_1

(3.7) g(n) =L(n—1,i) =

By Theorem 3.5, we have
di(n)
di(n 1)’
for n > i+ 2. On the other hand, we see that
a(n)  (6n —3)A; + 2iA,

(38) 9n) === = =AY

g(n) <

for n > i+ 2, where
(3.9) Al =Vi2+n—1, Ay=+V4i* +8i?2n—3124+n — 1.

So the inequalities in condition (i) of Theorem 3.2 are confirmed.
We proceed to check the condition (iz). Direct computation gives that

(3.10) 4¢%(n) — 3a(n)g?*(n) — a(n + 1)b(n)
CA(F(n—i =)+ F) + Ag(Fa(n —i — 1)i + F)
8@+ n—1)Endn—i)B3n+1—i)(n2—1)

where Ay, Ay are given by (3.9), and

Fy = 240n" + (2404% + 2567 — 364)n° + (160i* + 256i° — 164i* — 32i + 32)n°
+ (2804% + 352i% + 676i* — 392 + 166)n" + 32(2n? — i?)i%n?
+ (64° + 448i° + 1004i" + 1044 — 64i* + 2560 — 83)n®
+ (128" + 456i° + 1168i° + 798i* + 984i* — 203i* — 18i + 9)n?
+ (644 + 57677 + 1568:° 4 2440i° + 15967* + 442i* + 103i*)n

Y
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+ 6447 + 672:% 4+ 22087 4 39967 4 3748:° 4 22514* 4 5604° + 7942,

Fy = 643'° 4 7044° + 2912i% 4 6152i" + 77961 + 60744° + 2736i* + 648> + 70i?,

Fy = 144n° + 36n° + 18(64° + 167 — 13)n* + (288® + 202i* + 72 — 18)n?
+ (144n? — 40i%)i*n® + (16i° + 232i* + 5044° 4 4004% — 1807 + 90)n*
+ (32i° + 2084° + 8004* + 764i* + 2304 + 36i — 18)n
+ 442(84° + 564* 4 2424 + 395i% + 2814 + 44),

Fy = 4i%(8i% + 68i° + 2944 + 643i% + 67042 + 315 + 54).

Clearly, Ay, Ay, Fy, Fy and the denominator of the right-hand side of (3.10) are positive

for n > i+ 2. It is easy to see that F; > 0, F» > 0 for n > i + 2. It follows that (3.10) is
positive for n > ¢ + 2, which leads to the condition (iz).

It remains to prove that the conditions (7i7) in Theorem 3.2 holds for n > i + 2. For
convenience, define a function

(3.11) h(z) = 2* — a(n)z® — a(n + 1)b(n)z — b(n)b(n + 1),
for x € R. By computation we get

B G+ A1 AxGy
(3.12) o) = e D T = @+ n = D = )1

where Ay, Ay are given by (3.9), and
G1 = (512i — 128)n'0 + (10244 — 768i% — 16647 4 400)n?
+ (512° — 928i* — 2304i% 4 2880i% + 1392i — 328)n®
+ (—352i8 — 8644 4 4424i* — 192:% — 358442 + 776i — 173)n”
—647% — 160i7 4 2840:° — 189615 — 6252* 4 44483 + 922i% — 1765i + 410)n°
647° 4 688i% — 15287 — 4340:° + 6276i° + 2279i* — 4694:% + 144042 + 885i — 224)n’
64710 — 496i% — 1336i% 4 4396i" + 1592i% — 6645:° + 1812* 4 2068:°
—1075i% — 139i + 46)n*
+ (—64i't — 80i'% + 13204% 4 332:% — 439647 + 1554i° 4 3155i°
—19164* — 305¢® + 149:? + 3i — 3)n?
+ (1443 + 480 — 141249 + 67218 + 21527 — 1615:° — 579:° + 599i* — 5473 + 45i%)n?
+ (1923 + 88419 4+ 740:% — 55148 — 5377 + 47115 — 204° + i* + 9i3 — 9i*)n
4 104i™ — 10440 — 189:° + 189i® + 667" — 66i° 4 19:° — 19i*
Go = 240in® + (240i% 4 16i? — 604i)n” + (32i° + 16i* — 676i° + 76i* + 396i)n°
+ (—32i% — 280i° + 276i* + 8644® — 392i* + 134i)n®
+ (323" + 18445 + 5644° — 932i* — 31003 + 482i% — 2494)n?
+ (324 + 400" — 492i% — 1124° + 914i* — 3790 — 1914% 4 92i)n?

~—~~ Y~ —~

+
+
+
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4 (=728 — 2447 4 4845 — 276i° — 325¢* 4 296i> + 9i% — 9i)n?
+ (968 — 4447 — 20815 + 1594 + 29i* — 32i%)n — 52i® 4 52i7 4 49i% — 4945 + 3i* — 343,
Clearly, the denominator of (3.12) is positive for n > i + 2. It suffices to show that
(3.13) G1+ A1AGy > 0, for n > i+ 2.
Observe that

AAy = V2 +n—1/(42+ 1)(i2 +n — 1) + 4i%n

1
= 2i(i? — 1)y /14+ —
i(i*+n )\/ tat
(3.14) > 2i(i* +n—1),
for n > 7+ 2. Also note that

n
i?+n—1

Go=1i(n—1—1)H, + Hy,
where
H,y = 240n" + (2404% 4 2567 — 364)n°® + (256i* — 180i* — 32i + 32)n°
+ (8¢* 4 3524° + 6521 — 392i + 166)n* + 32(n? — i%)i'*n?
+ (1924 + 9244* + 724* — 504% + 2567 — 83)n?
+ (2004 + 6244° 4 884i* + 9367 — 173i* — 18i + 9)n?
+ (128i" 4 800i® + 1992i° + 1544i* + 438i* + 105i*)n
+ 128:% + 102447 + 27485 + 3328i° 4 2141i* + 5724% + 732,
Hy = 2i%(64i" + 576i° + 1860:° + 30643* + 2759i" + 13324% + 324 + 35).
Clearly, H; > 0, Hy > 0, and hence G5 > 0 for n > i + 2. It follows from (3.14) that

(3.15) G1+ A DGy > Gy + 2i(i2 +n — 1)Gs.
It remains to show that
(3.16) Gi+2i(i*+n—1)Gy >0, n>i+2.

To this end, we rewrite the left hand side as
G, +2i(i*+n—1)Gy=(n—i—2)K, + Ky,
where
K1 = (512i — 128)n” 4 (10244 + 2244 — 768i + 144)n® 4 (512i° + 1056i* + 872i* — 40)n”
+ (70445 + 1280i° + 3496i* + 800i* + 160i* + 736i — 253)n°
+ (512i7 + 35525 + 4832i° + 5412* 4 52724 + 14540 — 5467 — 96)n°
+ (576:% 4 403207 + 11012i% + 181524° 4 16295i* + 90524% 4 3036i% — 303i — 416)n*
+ (512i% 4 5120i® + 2025677 + 39796i° 4 50610i° + 42818i* + 2186243
+ 5376i% — 11617 — 786)n>



12 7Z.-X. ZHANG AND JAMES J. Y. ZHAO

+ (5120 + 6272° + 30476i® + 79692i" + 130670:° + 1443334°
+ 1071163* + 491954% 4 9538i% — 3105i — 1575)n>
+ (5120 + 7296410 + 429124° + 1407244% + 2901727 + 405520:° + 395929:°
+ 263352i% + 1078560 + 16034i? — 7785i — 3150)n.
+ 512i'? + 83200t + 57504410 + 2265761 + 571579 + 98589947
+ 120696015 + 1055138:° + 634619:* + 231755¢% + 242747 — 187205 — 6300,
Ky = 512i'3 + 93444'2 4 74144 + 34158440 + 10247444° + 21290447% + 3178732:"
+ 34690845 + 2744908:° + 1500980i* + 4877844% + 29828:% — 43740i — 12600.

It is straightforward to check that K; > 0, Ky > 0 for n > 7 + 2, and hence
Gi+2i(*+n—1)Gy >0, n>ii+2

So (3.16) is proved. Combining (3.12), (3.15) and (3.16), we have h(g(n)) > 0 for n > i+2,
that is, the condition (4i7) in Theorem 3.2 holds for n > i+ 2. It follows from Theorem 3.2
and Remark 3.3 that (3.2) holds strictly for S,, = d;(n). Therefore, we obtain the strict
ratio-log-convexity of the transposed Boros-Moll sequence {d;(m)},,>; for each i > 1. O

4. PROOF OF THEOREM 1.3

In this section we proceed to prove the Briggs inequality for the transposed Boros-Moll
sequence {d;(m)}m>; for i > 1. Comparing with the proof of Theorem 1.1, it is natural to
consider the equivalent form of (1.11), that is, for ¢ > 1 and m > i + 1,

(4.1) (vi(m+1) = Dv;(m) — 1+

>0
vi(m) ’
where v;(m) = (d;(m — 1)d;(m + 1))/d?(m). However, numerical experiment shows that
the left-hand side of (4.1) trends to zero very fast, and the known bounds for v;(m) are
not sufficiently sharp for the proof of (4.1). In order to prove Theorem 1.3, we find the
following sufficient conditions for the Briggs inequality.

Theorem 4.1. Let {a,},>0 be a sequence with positive numbers. Let Ny be a positive
integer. If the following conditions are satisfied:

(1) {an}n>n, is strictly log-concave,

(ii) {an}tn>n, is strictly ratio-log-convet,
then the Briggs inequality holds for {a,}n>n,. That is, for n > Ng + 1,

(4.2) @@~ ty1ai) > @y (@ — 0u04)

Moreover, if {an}n>n, is strictly 2-log-conver and condition (it) holds, then the Briggs
inequality (4.2) holds for n > Ny + 2.

Proof. Let {a,}n>0 be a sequence with a,, > 0 for all n. Let Ny > 0 be an integer. We first
prove the first result that conditions (7) and (i7) imply (4.2) for n > Ny + 1. By condition
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(i), the sequence {a, }n>n, is strictly log-concave, that is, for n > Ny + 1,
(4.3) a2 — ap_1apy1 > 0.

Then we have for n > Ng + 1,

2 2
(4.4) I Onit

2 2
A1 an

On the other hand, by condition (ii), the sequence {a, }n>n, is strictly ratio-log-convex,
implying that
Ap—2Qn  Qp_10y
(4.5) 2n ol > Ny + 2.

2 2 )
Ap_1 an,

Hence for n > Ny + 1,

Ap—10n41 A G 4-2
(4.6) .
az gy
It follows from (4.6) and (4.3) that
Ap—10n+1 QnQp4-2
(4.7) - dnollnil oy 0,
a? a?wl
for n > Ny + 1. Combining (4.4) and (4.7), we obtain
(48) Zi (1 o anlgnJrl) = ai;l (1 _ angnJrZ) .
p—1 an, an Apt1
Multiply a2a?_; on both sides of (4.8). Then we have (4.2) for n > Ny + 1, and hence the

first result is proved.

We proceed to show the second statement that the strict 2-log-convexity of {a,}n>n,
together with condition (i7) imply the Briggs inequality (4.2) for n > Ny+ 2. Assume that
{an}n>n, is strictly 2-log-convex, that is, for n > Ny + 2,

2 2

Gy — Ap—10p41 Ay — Aplpy2
5 <

an

(4.9)

5 .
_1 — Qp—20pn Ay — Ap—1Ap41

To make the proof more concise, let

o Ap—10n41
(4.10) =z
Thus, (4.9) can be rewritten as
- n - n
(4.11) L% iﬁj
1-— Cn—1 1-— Cp,

forn > Ny+2. Clearly, {ay}n>n, is strictly log-convex. Then we have ¢, > 1 forn > Ny+1.
So, the inequality (4.11) is equivalent to

(cn — 1)2

4.12 1 — 1) > ,
(1.12) (nsr = 1)y > 25
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On the other hand, by condition (ii), we have (4.5), which can be restated as

(4.13) Cn1 < Cp, 1> N+ 2.
Combining (4.12) and (4.13), one can easily obtain that for n > Ny + 2,
n - 1 2
(4.14) (Cnp1 — 1)c2 > % =c, — 1.
Cn —

Substituting (4.10) into (4.14) leads to the desired inequality (4.2) for n > Ny + 2. O

To prove Theorem 1.3, we also need the following result due to Jiang and Wang [27],
where the log-concavity of the sequences {d;(m)}n,>; for i > 1 was established.

Theorem 4.2. ([27, Theorem 3.1]) For any i > 1, the sequence {d;(m)}m>i is log-concave.

Notice that by the proof of Theorem 4.2, it is clear that the sequence {d;(m)},,>; is
strictly log-concave for any ¢ > 1. We would like to point out that Zhao [41] obtained an
inequality in studying the extended reverse ultra log-concavity of the transposed Boros-
Moll sequences {d;(m)}m>i, which implies the strict log-concavity of {d;(m)},,>; for i > 1.

Theorem 4.3. ([41, Theorem 3.2]) For each i >0 and m > i+ 1, we have
d?(m) - (m —i+1)m3
di(m—1)d;(m+1) = (m—49)(m+1)(m2+1)
Denote by R(i,m) the right-hand side of (4.15). Clearly, R(1,m) = m*/(m*—1) > 1 for

m > 2, and it is easily checked that R(i,m) > (m?+1)/m? > 1 for i > 2 and m > i+ 1.
We are now in a position to give a proof of Theorem 1.3.

Proof of Theorem 1.3. Fixi > 1. To apply Theorem 4.1, set a,, = d;(n) and let Ny = i. By
Theorem 4.2 or Theorem 4.3, the sequences {d;(n)},>; are strictly log-concave for ¢ > 1.
By Theorem 3.1, the transposed Boros-Moll sequences {d;(n)},>; are strictly ratio-log-
convex for any ¢ > 1. Thus, for any given ¢ > 1, it follows from Theorem 4.1 that (4.2)
holds for n > i+ 1, or equivalently, (1.11) holds for m > i+ 1.

It remains to prove the reverse Briggs inequality for + = 0. That is, for m > 1,

(4.16) 3 (m)(d3(m) — do(m — 1)do(m + 1)) < dB(m — 1)(dB(m + 1) — do(m)do(m +2)).
Observe that (4.16) holds if and only if

(4.17) So(m) = r(m) (1 — %) —rg(m+1) (1 — %) <0,

for m > 1, where ro(m) = do(m)/do(m — 1). Recall that for ¢ > 0 and m > i, Kauers and
Paule [28, Eq. (6)] showed a recurrence relation as follows.
m+1 dm + 20+ 3

m——l—ldi_l (m) + Wdz(m)

(4.15)

(4.18) di(m +1) =

By setting i = 0 in (4.18), we have
_dm -1
- 2m

ro(m) , m>1
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It is easily checked that

6o(m) 8m? + 5m — 2 ~0
m) = —
0 Am2(m+12(m—+2)
for m > 1, and hence (4.17) is true. This completes the proof. U

5. STRICT LOG-CONVEXITY OF {{/d;(i +n)},>1

In this section, we show the strict log-convexity of the sequence {{/d;(i + n)},>1 for
1 > 1, by applying Theorem 3.1 and a sufficient condition given by Chen, Guo and Wang
[15]. Note that Zhao [41] proved an asymptotic result of this property for ¢ > 136.

Theorem 5.1. ([41, Theorems 7.1 & 7.2]) The sequence {/d;(i +n)}n>1 is strictly log-
concave for 1 = 0, and is strictly log-convexr for each 1 < i < 135. For i > 136, the

sequences { {/d;(i + n)},>2 are strictly log-convex.

The main result of this section is as follows.

Theorem 5.2. The sequence {/d;(i +n)}n>1 is strictly log-convex for each i > 1. That
is, for any i > 1 and n > 1, we have

(5 1) n+\1/ d,(z—i—n—i— ].) < n+\2/ dl(z—l—n—i—Z)

. {/di(i+n) /AP A1)

Chen, Guo and Wang [15] established the following criterion which indicates that ratio
log-convexity of a sequence {5, } together with certain initial condition imply log-convexity

of the sequence {{/5,}.

Theorem 5.3. ([15, Theorem 3.6]) Let {S,}n>0 be a positive sequence. If the sequence
{Sn}n>n is ratio log-convex and

N+1/—SN+1 _ N+2/—SN+2
N/_SN 1\14-1/—5«]\[4_1

for some positive integer N, then the sequence { /Sy }n>n s strictly log-convez.

(5.2)

We are now ready to present a proof of Theorem 5.2.

Proof of Theorem 5.2. For i > 1, setting S,, = d;(i + n) and N = 1 in Theorem 5.3. By
Theorem 3.1, the sequence {d;(i + n)},>o is strictly ratio log-convex for each i > 1. Tt
suffices to verify the condition (5.2), or equivalently,

di(i+2)
(i +1) - $/di(i + 3)
For convenience, denote by (i) the left-hand side of (5.3).

Notice that it was proved in [41, Lemma 7.5] that the sequence {t(i)};>o is strictly
decreasing. That is, for ¢ > 0,

d;(i +2) - dit1(7 + 3)
di(i+1)Y/di(i+3)  diga(i+2)/dia (i +4)

> 1.

) -

(5.3)

(5.4)
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To be self-contained, we make a brief overview of the proof for (5.4). Since d;(m) > 0 for
m > i > 0, the inequality (5.4) holds if and only if

di(1 +2)di1 (1 + 2) v/ di(i+3)
di(i 4+ 1)d;y1(i + 3) m
Applying (1.8), it is easy to obtain the expressions of the terms in (5.5). For example,
(20 + 3)(2¢ + 1)(21)!
2iF1(j + 1)(il)?2
Denote by V; and V5, respectively, the LHS and RHS of (5.5). We have checked that
(i+1) >ty sed
(i + 2)5(2i + 3)3(422 + 260 + 43)3(44% + 30i + 59)(2i + 9)(2i + 5)’
where s;, > 0 are integers for k = 0,1,...,18. Clearly, V> — V3 > 0 for ¢ > 0, which leads
to (5.5), as well as (5.4).
Using (1.8) again, it is easily verified that
(1) = di(3) _ 43-8857 - 323
di(2) - {/dy(4) 13275

Thus, ¢(1) < 1. By (5.4), we see that (i) < 1 for all i > 1, and hence (5.3) is proved. That
is, for any ¢ > 1, the condition in (5.2) is satisfied for N = 1. It follows from Theorem

5.3 that the sequence {{/d;(i + n)},>1 is strictly log-convex for each i > 1. The proof is
complete. O

(5.5)

di(t+1) =

‘/'13_‘/'23:

=09+4¢, 0<e< 107t
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