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Abstract

In this paper we give proof of three binomial coefficient inequalities. These inequalities
are key ingredients in [Wen and Jin, J. Comput. Math. 26, (2008), 1-22] to establish
the L'-error estimates for the upwind difference scheme to the linear advection equations
with a piecewise constant wave speed and a general interface condition, which were further
used to establish the L'-error estimates for a Hamiltonian-preserving scheme developed in
[Jin and Wen, Commun. Math. Sci. 3, (2005), 285-315] to the Liouville equation with
piecewise constant potentials [Wen and Jin, STAM J. Numer. Anal. 46, (2008), 2688-2714].
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1. Introduction

In this paper we give proof of the following three binomial coefficient inequalities.

Theorem 1.1.

n

> TuiNn—nx—1] < \/?/m —N(n+1), Yo<A<1l,neN, (1.1)

1=0
where
Lha(A) = CoA (1 =N, (1.2)
and C!, denote binomial coefficients.

Theorem 1.2. Let 0 < A=, AT <1,neN,J € Z, with —n\~ < J<0,K = i—t(J—i—n)\_).
Define

Ty =vinn+J+1L,A7)A", if [K]” =0, (1.3)

n—1 min(n—1,—J) 1

Ti=vinn+J+LADA + > > > Afk

l=n+J+1—[K]~ j=max(n+1-1—[K]~,1) k=0
+v(n,n+1—[K|7, DAt if [K]” >0, (1.4)
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where [x]” denotes the largest integer no more than x, and

n

v(n,p, z) = Zrn,z(z)z_l(l —p+1), 0<p<n0<z<l, (1.5)
l=p
Fide = Ot Oty )P (1= A5 R (1 = A" (1.6)
Then
Ty < v(n,n —[pA™]T + 1, Am™)AM, (1.7)

where [x]* denotes the smallest integer no less than x, ™ = min{\~, T}, and A™ = max
{A7, AT

Theorem 1.3. Let 0 < A", AY < 1,n € N,J € Z, with —n\~ < J < 0,K = 3=(J +n\").
Define

l
T, = > Ak (1.8)

1=0 j=1—J k=0
Then
Ty < n(n,n — [pA™]” — 1L, \™)AM, (1.9)
where
p
nin,p,z) = Zfi(z)z_l(p—i— 1-0), 0<p<n—-10<z<l (1.10)
1=0

These binomial coefficient inequalities have been used in [6] to derive the L!-error estimates
for the upwind difference scheme to the linear advection equation

ou ou

— — = R 1.11
8t+06‘:c 0, t>0,zeR, (1.11)
ult=0 = uo(z), (1.12)

with a step function wave speed

c” x <0,
c(x) = { (1.13)

ct x>0,

where we consider ¢(z) has definite sign.
Egs. (1.11)-(1.13) is the simplest case of a hyperbolic equation with singular (discontinuous
or measure-valued) coefficients. In [6], we proved that given a general interface condition

uw(0T,t) = pu(0~, ), p>0, (1.14)

the upwind difference scheme with the immersed interface condition converges in L'-norm to
Egs. (1.11)-(1.13) with the corresponding interface condition, and derived the half-order L*-
error bounds with explicit coefficients for the numerical solutions. Due to the linearities of both
Eq. (1.11) and the upwind difference scheme, the error estimates for general BV initial data can
be derived based on error estimates for some Riemann initial data. This strategy is specifically
suitable for linear schemes and linear equations and has been used in [5] to estimate lower error
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bounds for monotone difference schemes to the linear advection equation with a constant wave
speed.

For Egs. (1.11)-(1.13) with Riemann initial data, the L'-error (upper bound) expressions
for the immersed interface upwind scheme are binomial coefficient expressions. Therefore,
estimating their upper bounds is equivalent to proving some inequalities on binomial coefficients,
which are Theorems 1.1, 1.2 and 1.3 (Theorems 3.3, 3.4 and 3.5 in [6]). Thus these binomial
coefficient inequalities are key ingredients in establishing the L!-error estimates in [6] for the
immersed interface upwind scheme to the linear advection equations (1.11)-(1.12) with a step
function wave speed (1.13) and general interface conditions (1.14).

More recently, we have applied the L!-error estimates established in [6] to study the L!-error
estimates for a Hamiltonian-preserving scheme developed in [1] to the Liouville equation with
a piecewise constant potential [8]. The related work on the L!-stability of the Hamiltonian-
preserving scheme and the L'-error estimates for the Hamiltonian-preserving scheme with per-
turbed initial data was studied in [7]. The Liouville equation with piecewise constant potentials
is a linear hyperbolic equation with a measure-valued coefficient. The Hamiltonian-preserving
scheme is designed by incorporating the particle behavior at the potential barrier into the nu-
merical fluxes, see, e.g., [1-4]. By using the results in [6], we established in [8] the half-order
L'-error bounds with explicit coefficients for the Hamiltonian-preserving scheme with Dirichlet
incoming boundary conditions and for a class of bounded initial data.

In Sections 2-4 we will prove Theorems 1.1-1.3 respectively. We conclude the paper in
Section 5.

2. Proof of Theorem 1.1

We will split the binomial coefficient expression at the left hand side of (1.1) into two
equivalent parts, for which the upper bound estimates are given.
Proof. We define

m]~

m
m)=S T, (177) ), o< . neN, meR. 2.1
o(n,m) ; y n (m—1) m<n,neN me (2.1)
Then we can show that

> TuiWln—nX =1 =o(n,n—n\) +o(n,n)), 0<A<L, (2.2)
=0

o(n,m) = { ] (1= 2) Doy (1= 52)

[n—m] BT, - (1-2),

o(n,m) < \/;/[mw (1-2). (2.4)
o(n,m) < @\/[n—mwf. (2.5)

The result (2.2) can be verified directly. For (2.3), one has

and
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[m]~ m [m]~ m
o(n,m) = Z Ty (1 - E) m — Z | (1 - —)l
1=0 1=1
[m]~ [m]
=3 (=) (=)= > T (1) %(n —m)
1=0 =1
m\ m
== T (1= ) 3
One can then check the two parts of the right-hand side of (2.3) are equivalent. To prove
(2.4)-(2.5), define
x x
man(@) =\l (1= ) Lo (1= ) 2 € (fm]* =1, m)*] (26)
Using (2.3) one has
o(n,m) — ()
]t (1 =)

n+%
<1 ( 1 -2
V2 2(n+3) —V2e’

which gives (2.4). To prove (2.5), observe that (2.3) implies o(n,m) = o(n,n —
(2.4) to o(n,n —m) gives (2.5).
By (2.3)-(2

m). Applying
S, for0< A< 1,neN,

o(n,n —n\) = o(n,n\)

< \/2T Vi ] (L= V), [(1 = N[ *AJ.

(2.7)
Then applying (2.2) gives
Zrnl )n —nA—1
—Unn—nM+amnM
\[\/mm{ AnJH(1 = A), [(1 = A)n|+tA}
< 2VAT =N (28)

This completes the proof of this theorem
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3. Proof of Theorem 1.2

Define
9(n7p7Q): Z Fn,l()‘i)(lin+p7q4>1)+ Z Fn,l(AjL)(l*p)
l=n—p+q l=p+1
n—1min(n—I,p—q+1) 1|
+> > S AL, 0<qg<p<n-1, (3.1)
l=q j=max(p+1—1,1) k=0
e(n,pvcﬁ = Z Fn,l(>‘+)(l_p)a foqup—i—LOSpgn—l, (32)
l=p+1
0(n,p,q) = Tni(A ) —q+1), for0 < ¢ <n,p=n, (3.3)
l=q
O(n,p,q) =0, forg>n+1,p=n. (3.4)

From the definition (1.3)-(1.4), one can check that
T, =0nn—[K| " ,n+J+1-[K]7). (3.5)
We will focus on upper bound estimates for 6(n,p,q) when 0 < A~ # AT < 1 and
(n,p,q) € Oy = {(n,p,q) ENXZ)0<p<n,0<qg<p+ 1}, (3.6)
and consequently prove Theorem 1.2. We use the recurrence relations for 6(n, p, ¢) when (n, p, q)
are restricted in ;. We establish the upper bound estimates for 8(n,p, q¢) when (n,p, q) are at

boundaries of €2; where the recurrence relations do not apply. Together with these results we
can prove upper bound estimates for (n,p, q) in ;. Finally we give the proof of Theorem 1.2.

3.1. Some lemmas
Lemma 3.1. For v defined by (1.5), one has
v(n,q,z2) <v(n,qo,21), for0 <z <z2 <1, (3.7)

where
Go=lg+n—qg+1)(1—2/2)] . (3.8)

Proof. Define i = [(n — q+1)z1/2]". Then gy = n — i + 1. Using the monotonically
decreasing property of v(n, qq, z) with respect to z gives

V(n7q0521) > V(nquaﬁLZQ/(n7Q+1)) (39)
We will use the following inequality

vin,n—m+1,dm/(m+1)) >vin,n—m,A), 1<m<n, 0<A<1 (3.10)
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which is proved as follows

v(n,n —m-+ 1, dm/(m+ 1))\

:mTH zn: Cl( ) <(1—/\)+mi_1/\)l(l—n+m)

l=n—m+1

:mn“:l zn: cl( ) Zc’w— (milA)l_k(l—n+m)

l=n—m+1

+ n n m n—1 1 -k
L ~kyn—Fk 1— k _
Ej e e L ) U-ntm)
=0 l=max(n—m+1,k)

n

m+1 n m n—l 1 l—k
> = l nk _
> S §jc CkA ) (m-i—l) <m+1) (I—n+m)

k=n—ml

m+1
Lo, Zrn klk( +1>(l—n+m)

(m+ )3 Tk (m’il) - ZF (m”jl) ™ L - l)]

I=k
1—(n-— | .
m+ (n Z kllk( +1)
n

= LN (E—n+m+1).

k=n—m

n—
n
k=n—

Fn,k()‘)

I
M= =

k

I
3

—m

Fn,k()‘)

I
NE

k=n—m

Therefore, by repeatedly using (3.10) one obtains
vinn—m+1,mz/(n—q+1)) >v(n,n—(n—q+1)+1,2). (3.11)
Combining (3.9) and (3.11) gives (3.7). O

Lemma 3.2. For (n,p,q) € Q1, 0(n,p,q) defined in (3.1)-(3.4) satisfies

(n, @0, A7) AT, 0< A <At <1,
0(n,p,q) S{ (05 XA D<At <A <1 (3.12)
where
orl=[g+(n—-p)(L-XA"/AN)]", @, =[g+@+1-q(1-AT/A7)] . (313)

Proof. We give proof for the first part of (3.12). The second part can be proved in the same
spirit. Firstly we check that 6(n,p,q) defined in (3.1) and (3.3) satisfies

0(n,p,0) <v (n [(n—p) (1=X"/A")] ,A*) A, for0 <A™ < AT <1 (3.14)

One can check the following equality

n—p—2

p—
n,p,0 Zrm JI+1) = (AT/A"=1) > DA\ )n—p-1-1).  (3.15)
=0
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Denote m = [(n —p) (1 — A~ /A1)] . From (3.15) one can check (3.14) as follows

ZFM Y —m+1)AT/A™ — 0 (n,p,0)
> Zrnl Yl —m+1)AT /A" = Zrnl + DAt/
+(ATAT =)D T )+ D+ (AT/AT =)D Tua(AN ) —p—1-1)
=0 =0

> (AT/AT 1) (n—p) —mAT /A"
=AT/A" [(n—p) (1=X"/AT) —m] > 0.
The first part of (3.12) is equivalent to
v(n, ®0r A7) AT = 60(n,p,q) =6 (n,p.q) >0, fO0<A <AT <1 (3.16)
From (3.14) and Lemma 3.1 one has
0~ (n,p,0) >0, 0 (n,p,p+1)>0, if0< A" <A <1,neN. (3.17)

We will prove (3.16) by induction. First, (3.16) holds for n = 1. Now suppose (3.16) holds for
n, we will prove it is also true for n + 1. It can be checked that §(n, p,¢q) defined in (3.1)-(3.4)
satisfies the following recurrence relation for 1 <¢<p+1,0<p<n

O(n+1,p+1,9) =A"6(n,p,q) + (1 —A")b(n,p,q - 1). (3.18)
From (3.18) one can deduce
0 (n+1,p+1,9) =270 (n,p,q) + (1 = A7)0 (n,p,q—1). (3.19)
From (3.19), applying the assumption that (3.16) holds for n, one has
0 (n+1,p+1,9) >0, if0<A <At <1, 1<qg<p+1, 0<p<n. (3.20)

Combining (3.20) and (3.17) implies that (3.16) holds for n + 1. O

3.2. Proof of Theorem 1.2

Proof. From the relation (3.5) and applying the first part of Lemma 3.2, for 0 < A\~ < AT < 1
one has

Ty <v(n,ql, \7)AT, (3.21)
where
N\T-
@ = [n+J+1—[K]+[K] (I_Mﬂ >n— A7) 4 1. (3.22)
Thus

T <v (nn — ]t + 1,x) A, if0< AT <At <1 (3.23)
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From the relation (3.5) and applying the second part of Lemma 3.2, for 0 < AT < A~ < 1 one

has
Ty < v(n, g2, ")\, (3.24)
where
AN\
q2:[n+J+l—[K}_—J(1—>\>} >n— AT+ 1. (3.25)
Thus
T <v (nn — [T+ 1,>\+> AT, o< At <A <1 (3.26)

Combining (3.23), (3.26) and checking that (1.7) holds for 0 < A~ = At < 1 complete the proof
of Theorem 1.2. O

4. Proof of Theorem 1.3

Define
p p+ltg—l 1

Xp ) => > Y Ay 0<pgp+qg<n—1. (4.1)

1=0 j=1+q k=0
From the definition (1.8), one can check that

Ty = x(n,n+J— [K]T —1,-J). (4.2)

The idea of the proof is similar to that of Theorem 1.2. More precisely, we will focus on upper
bound estimates for x(n,p,q) when 0 < A~ # AT < 1 and

(n,p,q) € ={(n,p,q) ENxZ*0<p,qp+q<n—1}, (4.3)

using the recurrence relations for x(n,p, ¢) when (n,p, q) are restricted in 2 and upper bound
estimates for x(n,p, ¢) when (n,p,q) are at boundaries of Qs where the recurrence relations do
not apply. Based on these estimates we then give the proof of Theorem 1.3.

Proof. We will use the following estimates. For (n,p,q) € Qa, x(n,p,q) defined in (4.1)
satisfies

n(n, ¥l A7) AT, 0< A <At <1,
< D.q 4.4
X(”’p’Q)—{ n(n, W2, AT A", 0<AT <A <1, (4.4)
where
n — + N1+
Upr=p+n—1-p=—q(1=-A"/A")]", ¥ =[p+q(1-2"/A7)]". (4.5)
We check the first part of (4.4) which is equivalent to
n,1 — + — - . _ +
1 (n, Uy, A7) AT = x(n,p,q9) = x"(n,p,9) 20, 0 <A™ <A <1, (4.6)
and omit the proof for the second part being in similar spirit. Firstly we check that
X~ (n,0,¢) >0, x (n,p,0) >0, ifo< A <A <1,neN. (4.7)

In a similar spirit for proving Lemma 3.1 one can prove the following inequality

n(nap7 Z?) S n(naQOazl)a for 0 <z <29 < 1a (48)
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where
Go=[p+Mn—1-p)(1—2z/2)". (4.9)

Applying (4.8) in the case p = 0 one can check the first part of (4.7)

x(n,0,q) < (A7) (n —q.[(n—q=1)(1=A"/x")]" M‘) AT
gn(n, [(n—1-gq) (ux/ﬁ)]*,x) AT (4.10)

Define

P l
p(n,p) = Z Z ZA?J@,I' (4.11)
1=0 j

=p+1-1k=0
From the definition (4.1) and applying Lemma 3.1 in [6] one has

x,p,0) = 37 p(nin — i) = n(n,p, AN (4.12)

i=n—p

Then applying (4.8) gives the second part of (4.7).

It can be easily verified that (4.6) holds for n = 1. Now suppose (4.6) holds for n, we will
prove it is also true for n 4+ 1. It can be checked that x(n,p,q) defined in (4.1) satisfies the
following recurrence relation for 1 < p,q,p+q¢<n

x(n+1,p,q) = A" x(n,p, ¢ = 1) + (1= A7)x(n,p — 1,9). (4.13)
From (4.13) one can deduce
X (n+1Lpg=A"x (n,p,g=1)+(1=A")x"(n,p—1,9). (4.14)
From (4.14), applying the assumption that (4.6) holds for n, one has
X (n+1,p,9) >0, fO<A <At <1, 1<pqp+qg<n. (4.15)

Combining (4.15) and (4.7) implies that (4.6) holds for n + 1.
From the relation (4.2) and applying the first part of (4.4), for 0 < A~ < A* < 1 one has

Ty < n(n, g1, A\7)AY, (4.16)
where
A~ +
q = [n+ J—[K]" -1+ [K]*" (1 - /\+)] <n-—[nA7]" -1 (4.17)
Thus
T < (nn—[nA7]7 =LA )X, i0<A” <At <1 (4.18)

From the relation (4.2) and applying the second part of (4.4), for 0 < AT < A~ < 1 one has
Ty < n(n,q2, A"\, (4.19)
where

q2={n+J—[K]+—1—J(1—/A\i>r<n—[m+]——1. (4.20)
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Thus
Ty <n(nn—[IAF]7 = LAT) A7, 0 <At <A <L (4.21)

Combining (4.18), (4.21), and checking that (1.9) holds for 0 < A~ = AT < 1 complete the
proof of Theorem 1.3. O

5. Conclusion

In this paper, three binomial coefficient inequalities were proved, which are key ingredi-
ents used in [6] to establish the L!-error estimates for the upwind difference scheme to the
linear advection equations with piecewise constant wave speeds and a general interface con-
dition. More recently based on the work [6] we have established the L'-error estimates for
a Hamiltonian-preserving scheme developed in [1] to the Liouville equation with a piecewise
constant potential [8].

In proving the first binomial coefficient inequality (Theorem 1.1), we split the binomial
coefficient expression into two equivalent parts, for which upper bound estimates were derived.

In proving the next two binomial coefficient inequalities (Theorems 1.2 and 1.3), we obtained
upper bound estimates for the binomial coefficient expressions when their parameters taking
values in larger domains than considered in the theorems. We used the recurrence relations
for the binomial coefficient expressions in the extended domains and established upper bound
estimates for the binomial coefficient expressions at boundaries of the extended domains where
the recurrence relations do not apply. Together with these results we proved upper bound
estimates for the binomial coefficient expressions in the extended domains.
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