EXTENSION THEOREMS FOR THE FOURIER
TRANSFORM ASSOCIATED WITH NON-DEGENERATE
QUADRATIC SURFACES IN VECTOR SPACES OVER
FINITE FIELDS

ALEX IOSEVICH AND DOOWON KOH

ABSTRACT. We study the restriction of the Fourier transform to qua-
dratic surfaces in vector spaces over finite fields. In two dimensions, we
obtain the sharp result by considering the sums of arbitrary two elements
in the subset of quadratic surfaces on two dimensional vector spaces over
finite fields. For higher dimensions, we estimate the decay of the Fourier
transform of the characteristic functions on quadratic surfaces so that
we obtain the Tomas-Stein exponent. Using incidence theorems, we also
study the extension theorems in the restricted settings to sizes of sets
in quadratic surfaces. Estimates for Gauss and Kloosterman sums and
their variants play an important role.

1. INTRODUCTION

Let S be a subset of R? and do a positive measure supported on S. Then
one may ask that for which values of p and r does the estimate

(11) Hde”LT(]Rd) S Cp77‘||f||Lp(57dg) for all f S LP(S, dU)

hold? This problem is known as the extension theorems. See, for example,
[5],[19],[15],[6],[17], and the references contained therein on recent progress
related to this problem and its analogs. In the case of p = 2 in (1.1),
Strichartz [16] gave a complete solution when S is a quadratic surface given
by S = {z € R¢: Q(z) = j}, where Q(z) is a polynomial of degree of two with
real coefficients and j is a real constant. In this paper, we study the analo-
gous extension operators given by quadratic forms in the finite field setting,
building upon earlier work of Mockenhaupt and Tao [13] for the paraboloid
in vector spaces over finite fields. We begin with some notation and defini-
tions to describe our main results. Let F, be a finite field of characteristic
char(F,) > 2 with ¢ elements, and let Fg be a d-dimensional vector space over
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F,. Given a function f : Fg — C,d > 1, define the Fourier transform of f by

the formula R
Fm) =g~ "> x(—z-m)f(x)

d
zelFyg

where x is a non-trivial additive character on F,. When F, = Z/qZ for some
prime ¢ , we could take x(t) = e2™it/4 and the calculations in the paper
are independent of the exact choice of the character. Recall that the Fourier
inversion theorem is given by

fl@)="Y x(@-m)f(m).
meFd
Also recall that the Plancherel theorem says in this context that

Yo fmP=q Y (@)

d d
meF] z€F]

Let S C Fg be an algebraic variety in Fg. We denote by do normalized
surface measure on S defined by the relation

Fdo(m) #SZX —x-m)f(x),

zeS

where #S denotes the number of elements in S. In other words,

¢~ olx) = #S)" - S().
Here, and throughout the paper, E(x) denotes the characteristic function |,

X e, of the subset E of Fg. We therefore denote by Edo the measure xgdo.
For 1 < p,r < o0, define

11 g gy = D 1 (@

z€Fd

AT (F¢.dm) = > Ifim

meFd

and

A1 s 5,00y = #S > 1)

€S
Similarly, denote by || f||z= the maximum value of f.

Observe that the measure on the ”space” variables, dz, is the normalized
measure obtained by dividing the counting measure by ¢?, whereas the mea-
sure on the ”phase” variables, dm, is just the usual counting measure. These
normalizations are chosen in such a way that the Plancherel inequality takes
the familiar form

||f||L2(1Fg,dm) = ||f||L2(]Fg,dm)'
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We now define the non-degenerate quadratic surfaces in Fg in the usual way.

Let x = (21,22, -+ ,24) € IFZ. Denote by Q(x) a homogeneous polynomial in
Fylx1,- -+, zq] of degree 2. Since char(F,) > 2 throughout this paper, we can
express Q(z) in the form
d
Q(.Il, Loy ,.Id) = Z Qi Ty with Qi5 = Qs
i,j=1

If the d x d matrix {a;;} is invertible, we say that the Polynomial Q(x) is
a non-degenerate quadratic form over ;. For each j € Fy = T, \ {0}, the
multiplicative group of F,, consider a set S; in Fg given by

(12) SJ:{IE]FZQ('IlvaId):]}v

where Q(z) is a non-degenerate quadratic form. We call such a set S; a

non-degenerate quadratic surface in IFZ. For example, the sphere
S’d71z{xEFZ:x%—i—x%—i—---—i—xZ:l}

is a non-degenerate quadratic surface in Fg.

1.1. Extension theorems and main results of this paper. Let 1 < p,r <
0o. We define R*(p — r) to be the best constant such that the extension
estimate

| fdollLrga,am) < R (P — 1) fllLes; o)

holds for all functions f on S;. The main goal of this paper is to determine
the set of exponents p and r such that
R*'(p—r1)<Cp, < o0,
where C), - is independent of the size of IF;. We note that
(1.3) R'(p1 —r) < R*(p2 — 1) for p12>po,
and
R'(p—r) < R'(p—re) for ri>ry

which will allow us to reduce the analysis below to certain endpoint estimates.

Let S be an algebraic variety in Fg with #£5 ~ ¢* for some 0 < k < d.
Here, and throughout the paper, X < Y means that there exists C' > 0,
independent of ¢ such that X < CY, and X = Y means both X <Y and

Y < X. Mockenhaupt and Tao [13] proved that R*(p — r) is uniformly
bounded (O(1) with constants independent of the size of F,) only if

2d dp
1.4 > — d r>———.
(1.4) rz oo an T_k(p—l)

For the detailed proofs of these assertions, see ([13], pages 41-42).
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Mockenhaupt and Tao also showed that R*(2 — r) is uniformly bounded
whenever
2d + 2

1. >
(15) "=

if
S={(z,z-z):z¢€ qufl},
an analog of the Euclidean paraboloid. Moreover, when d = 3 and —1 is not a

square in Fy, they improved the result in (1.5) by showing that for each € > 0
there exists C, > 0 such that

1
(1.6) R* <§ — 4) <1 and R* <2 — ;) < Ceq-.

If we replaced the paraboloid by a general non-degenerate quadratic sur-
face, the extension problem becomes more complicated, in part because the
Fourier transform of quadratic surfaces cannot be computed by simply con-
sidering the Gauss sums, as was pointed out by the authors in [13]. Using
generalized Kloosterman sums, we estimate the decay of the Fourier trans-
form of non-degenerate quadratic surfaces. As a result, we obtain Theorem 1
below which gives the same exponents as (1.5) (see the FIGURE 1).

Theorem 1. Let S; be a non-degenerate quadratic surface in Fg defined as

in (1.2). If d > 2 and r > %, then

R*2—r) <1,
In the case d = 2, Mochenhaupt and Tao [13] showed that the necessary
conditions for the boundedness of R*(p — r) in (1.4) are also sufficient when S
is the parabola. Theorem 2 below implies that this also holds in the case when

S is a non-degenerate quadratic curve. To see this, observe from Corollary 10
that #S = ¢ for d = 2. Thus the necessary conditions in (1.4) take the form
2
(1.7) r>4 and rZ—p.
p—1
Combining (1.3) with Theorem 2 below, we see that
(1.8) R'(p—4)<1 for 2<p<oc.
By direct estimation, we have
(1.9) R'(p—o0) <1 for 1<p<oo.

Interpolating (1.8) and (1.9), we see that the necessary conditions given by
(1.7) are in fact sufficient as we claim once we establish the following result.

Theorem 2. Let d > 2. Let S; be the non-degenerate quadratic surface in
F? defined as in (1.2). Then we have

R*(2—4)< 1.
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Observe that Theorem 2 is stronger in two dimensions. Theorem 1 and
Theorem 2 are the same in three dimensions, and Theorem 1 is stronger in
dimension four and higher. Using incidence theory, we are able to improve the
exponents above in a restricted setting. See Theorem 3 and FIGURE 1 for
extension theorems restricted to big sets, and also see Theorem 4, FIGURE
2, 3, and 4 for extension theorems restricted to small sets. These results are
analogous to those obtained by Mockenhaupt and Tao as described in (1.6)
above. While the aforementioned authors use combinatorial methods to prove
their incidence theorems, we use Fourier analytic methods which eventually
reduce proofs to the estimates for Kloosterman and related sums.

Theorem 3. Let S; be a non-degenerate quadratic surface in Fg and E be a
subset of S;. Then we have the following estimate

(110)  NEdolpsegam S 1Bl 3 ) for aF SHE S

Ir

12 T

(d-1y/2d

Conjecture

(d-1)/(2d+2) Theorem 1.3

/4 T (3/4,1/4)

Theorem 1.1 (Tomas—Stein)

I I
T T ¥

0 1n 314 1 irp

FIGURE 1. Tomas-Stein exponent and extension estimates
in a restricted setting to big sets (q% S#E < ¢

Theorem 4. Let S; be a non-degenerate quadratic surface in FZ and E be a
subset of S;. Then for every po > 2, we have the following estimates

— d—1
(1.11) |Edo||Lr®d,am) S N EllLe(s; o) for 1S#ESq ™

where the exponents p and r are given by

(6d — 2)py — 8d + 8

(6d —2)po —8d + 8
P=18a=5)py —4d+ 12

(3d —3)po — 4d + 4’

and r>

and

. d+1
(1.12) |Edo|lLr@wa,am) S | Elles;do) for 1S#ESq 2
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where the exponents p and r are given by

(6d — 10)po — 8d + 24 and r (6d —10)po — 8d + 24
P= (38— 9)po — 4d + 20 = (3d—T)po—4d+12°

1r

172 T

(3d-3)/(6d-2)
The first part in Theorem 1.4 "\

(d-1)/2d

Conjecture

(d-1)/(2d+2)

4 T Theorem 1.1 (Tomas—Stein)

l
1
0 (3d-5)/(6d-2) 12 3/4 P

FIGURE 2. Extension estimates in a restricted setting
(1SH#HEST)

1r

12 T
The second part in Theorem 1.4 (d>5)
(3d-7)/(6d-10) —<
(d-1)/2d
Conjecture
(d-1)/(2d+2)
V4 T Theorem 1.1 (Tomas—Stein)
0
I I I
f t t t o
0 (3d-9)/(6d-10) 12 3/4 1

FIGURE 3. Extension estimates in a restricted setting
d+1

(1S#ESq"T,d>5)

1.2. Outline of this paper. In section 2, we shall introduce few theorems
related to bounds on exponential sums. As an application, we get the decay
of the Fourier transform of the characteristic functions on the non-degenerate
quadratic surfaces in vector spaces over finite fields (see Lemma 9 below). In
section 3, we shall prove Theorem 1 which can be obtained from the results
of Lemma 9. In section 4, the proof of Theorem 2 will be given. In the final
section, we prove Theorem 3 and Theorem 4.
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1r

12 T

(d-1)/2d

(3d-7)/(6d—10) Conjec
The second part

in Theorem 1.4 (d<5)

(d-1)/(2d+2)

4 T Theorem 1.1 (Tomas—Stein)

0 (3d-9)(6d-10) 12 34 I
FIGURE 4. Extension estimates in a restricted setting
(1S #E S q ,d <5)

2. CLASSICAL BOUNDS ON EXPONENTIAL SUMS AND CONSEQUENCES

In this section, we shall estimate the decay of Fourier transform of the
characteristic functions on non-degenerate quadratic surfaces in Fg using the
classical bounds on exponential sums. To do this, we first introduce the well
known theorems for exponential sums. The following theorem is a well known

estimate for Gauss sums.

Theorem 5. Let x be a non-trivial additive character of Fy, and 1 a multi-
plicative character of Fy. It follows that

Galx,¥) = Y x(at)p(t) = O(g?), a € F},.
te>Fy

Proof. If ¢ = 1, the result is obvious, so we may assume that 1) is a non-trivial
multiplicative character of Fy. We Have

|Ga(x ZZ (at —as)p(ts™t)

tEF; scFy
= Z p(t) Z x(ast — as)
teF: seF;
- Z¢(t)(—1+ > x st—s)
teF: s€Fy,
S ST SpoR It
teF; t€F; seF,
=04+qg=gq.

Thus )
|Ga(X, V)| = ¢2
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and the proof is complete. 0

The following theorem gives us the relation between more general expo-
nential sums and Gauss sums in Theorem 5. For a nice proof, see [12].

Theorem 6. Let x be a non-trivial additive character of Fg,n € N, and ¢ a
multiplicative character of F; of order h = ged(n,q —1). Then

h—1
D x(ts™) =Y _vTFHGW", x)
k=1

selfy

for any t € Fy, where Gk, x) = Y ¥vFE(s)x(s).

seFy

The following theorem is well known as the estimation of the Salié’ sum,
often referred to as the twisted Kloosterman sum. See [14].

Theorem 7. Let ¢ be a multiplicative character of order two of ¥y, q odd,
and a,b € Fy. Then for any additive character x of Fy,

S o)t + b)) < gt

teF;

The following is a classical estimate for Kloosterman sums due to Wey [18].
See also [12].

Theorem 8. If x is a non-trivial additive character of Fy and a,b € Fy are
not both 0, then we have

Z xlat +0t7 )| < q2.
teF:

With the same notation as above, we have the following estimate on the
Fourier transform of the characteristic function of a non-degenerate quadratic
surface.

Lemma 9. Let [Fy,q odd, be a finite field. Then
o _ _dt1
Sim)l =gt > x(=z-m)| S ¢~
wESj
if m#(0,---,0), and
SJ(07 : 50) ~ qil'
From Lemma 9, we obtain the following corollary.

Corollary 10.
#Sj ~ qd_l.
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Proof. Using the second part of Lemma 9, we have

550,00 =g~ Si(x) ~ g7,

z€Fd

and the result follows. O

2.1. Proof of Lemma 9. We first observe that

Sim)=q¢= 3" x(~z-m)

€S
=¢ > x(=z-m)g ) x(HQx) - 5))
zeFd teF,
=q "o(m) +q" Y x(=it) Y x(tQ(x) — - m)

ter; z€Fd

where do(m) =1 if m = (0,---,0) and dp(m) = 0 otherwise. To complete the
proof of Lemma 9, it suffices to show that for j # 0,m € IFZ,

(2.1) D(j,m) S ¢

where

(2.2) D(j,m) = > x(=jt) > x(tQ(x) — z-m).
telry; mE]Fg

Let

Wi(m) = Y x(tQ(z) — - m)

z€Fd

for m € F¢,t € F;. We shall need the following theorem (see [12]).

d
Theorem 11. Every quadratic form Q(z) = 3 axx;xr over Fy,q odd, can
ik=1
be transformed into a diagonal form a1x3 + -+ + aqz3 over Fy by means of
a nonsingular linear substitution of indeterminates. Moreover if Q(z) is a
non-degenerate quadratic form, then a; # 0 for alli=1,2,--- ,d.

Using Theorem 11, we may write that for some m’ = (mf},--- ,m)) € Fg,
and a; € Fy forall t =1,2,--- /d,

Wi(m) = > x(t|z]la+2-m'),

z€Fd
d . . d . .
where m' € Fy is determined by m € Fj and [|z|, is given by

lz]|a = al:ch 4t ad:tz.
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Since x is an additive character of F,, we have

d
=11 X xCarai + mia)

k=1z,€l,

Z (tar (zy, + (2tar) " 'm})? — (4tax) " 'm}”)
r€EF

’:]m i ’:]&

(—(4tak)_1m§c2) Z x(tagz?).

IkE]Fq

b
Il
—

Using Theorem 6, we see that
> x(taga}) = v~ (tar)G(x, ¥)
IkE]Fq

where ¢ is a multiplicative character of F; of order two and G(x,v¢) =
>~ x(s)¥(s). Thus we obtain that

SGJF;
d
Wi(m) = v~ 4w (a1~ ag) (GO ) [] x(—(Atar) "'m}.?)
k=1
(2.3) =) N ay - - aq)(G(x, t_lz (4ay,) " 'm}>).

Combining above fact in (2.3) with (2.2), we obtain that
(24)  D(m) =9 a1 aa)(GO6 ) D x(—jt + 1 M)y~ (),
teF:

where M is given by

Mz4ak

Since 1 is a multiplicative character of order two, we see that ¢~ % = 1
for d even, and 1~ = ¢ for d odd. Therefore, in order to get the inequality

n (2.1) , we can apply Theorem 5 and 7 to (2.4) for d odd. On the other
hand, if d is even, we can apply Theorem 5 and 8 to (2.4) because j # 0. This
completes the proof of Lemma 9.

3. PROOF OF THE T'OMAS-STEIN EXPONENT (THEOREM 1)

Theorem 1 is a result from Lemma 9 in this paper and Lemma 6.1 in [13].
We first introduce Lemma 6.1 in [13]. Let S be an algebraic variety in Fg with
a normalized surface measure do. We introduce the Bochner-Riesz kernel

K(m):= c/l;(m) — do(m)



EXTENSION THEOREMS 11

where do(m) = 1 if m = (0,---,0) and dp(m) = 0 otherwise. We need the
following theorem. For a nice proof, see Lemma 6.1 in [13].

Theorem 12. Let p,r > 2, and Fg be a d-dimensional vector space over F,.
Suppose that

—~ _d
1K || Lo (v ,dm) = Ildo = Sol| oo (ra,dm) S a2

for some 0 < d < d. Then for any 0 < 6 < 1, we have

R* (pﬁg),SlJrR*(p—”‘)eq

_da-0)
4 .

We are now ready to prove Theorem 1. Recall that we are working with a
non-degenerate quadratic surface S; in IFZ. We now check that

_(d*l)
(3.1) HKHLoo(JFg,dm) Sq
In fact, if m = (mq, ma, -+ ,mg) # (0,---,0) then we have
K(m) =do(m) = (#5,)7" Y x(-z-m)
wESj
= (#8,)7" > x(—z-m)S;(x)
mE]Fg

= (#5;)"'¢"S;(m).
From Corollary 10 and Lemma 9 , we have
(#S;) = q"™ and [S;(m)| Sq~ T form £ (0, ,0).

We therefore obtain that

[K(m)| $q~"=  form# (0, .0).
On the other hand, we have

K(0,-+,0) = do(0,---,0)— 1 =0.
Thus the inequality in (3.1) holds. We now claim that
(3.2) R*(2—2)~q2.
To justify above claim, we shall show that
(3.3) 1Fdo L2a.am) ~ ¢ 1 FllL2(s, o)
for all functions f on S;. We first note that

[fdo(m)]* = (#5)72 Y x(—z-m)f(x) 3 x(y-m)f(y)
z€S; YES;
=@#8)7 Y x(y—x) - m)f(@)fy)

z,yE€S;
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We have
1
- - 2
1 Fdolaeg amy = (Y |Fdor(m)?)

meF?

—#5) (L Y M2 mf@Fw)’

z,y€S; meF¢

= #5) et (3 1 @))
T€S;
= (#5;) a2 #S) 2| fll 12,00 = AF | Fll 225, a0)

In the last equality, we used the fact that #S; ~ ¢®~'. Thus our claim in
(3.2) is proved. Using Theorem 12 with (3.1) and (3.2), we obtain that for
any 0 < 6 <1,

[N

_d=1H(-0)
1

B2 2)S1+R(2 2’

6 _(d=1)(1-6)
1

S1+44q2¢q

Taking 0 < 0 < %, we have

Thus Theorem 1 is proved with r = %.

4. PROOF OF THE L? — L* ESTIMATE (THEOREM 2)
To prove Theorem 2, we make the following reduction.

Lemma 13. Let S; be a non-degenerate quadratic surface in Fg defined as in
(1.2). Suppose that for any x € (F3)* =F&\ (0,---,0), we have

> 1<¢%2

{(a,8)€S; xS;:a+p=x}
Then for d > 2,
R*(2—4) < 1.

Proof. We have to show that

Ifdollpawa,am) S I1fllL2(s; o)

for all functions f on S;. Using Plancherel, we have
— — 1
”de'HL‘L(Fg,dm) = Hfdafdo-”fg(Fg)dm)

1
= || fdo * fda|‘zz(ﬂr37dz)
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and so it suffices to show that
| fdo * de”%?(]Fg,dm) SN 2cs; o)
It follows that
(| fdo * fd0||%2(mg,dz)
Thus it will suffice to show that

(41) q_d|fd0'*fd0'(0,-~' 50)|2 S ||f||%2(5j,da')
and
(4.2) || fdo * fd/U”%?((]Fg)*,dm) SN2, a0)

We first show that the inequality in (4.1) holds. We have
[fdo s fdo(0, - ,0)| < Y7 |fdo(m)l?

meFyd
= (#8) 2" Y_ |f @)
€S
= (#Sj)_lqufH%?(sj,dg) ~ QHfH%%sj,day
Thus the inequality in (4.1) holds because d > 2. It remains to show that the

inequality in (4.2) holds. Without loss of generality, we may assume that f is
positive. Using the Cauchy Schwartz inequality, we see that

(4.3)
fdo * fdo(x)
= (#5;)%q" > F(a)f(B)

{(a,8)€S; xSj:a+P=x}

sy Y (Y Pere)

{(a,8)€8;x5;:a+p=x} {(a,8)€5;%xS;:a+p=x}
= (do % do)? (z)(f2do * f2do)? (z).
From our hypothesis and the fact that #5; ~ q%™', we obtain that for = #
0,---,0),
(4.4) do * do(z) ~ ¢~ 42 > 1<1.
{(a,3)€S; xS;:a+pB=x}

From Fubini’s theorem, we also have

(4.5) [f2do * f2do| L1 @t axy = 1F 1 T2(s; d0)-
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Using Holder inequality and estimates (4.3), (4.4) , and (4.5), we obtain that
|| fdo = fdo'”%?((]b‘g)*,dz) = |(fdo * fdo)?|| L1 () ax)
< |(do + do) - (f*do * f2do)|| L1 ((ze)- da)
< ||do * do|| Lo (ga)e ax) | 2 do % f2do]| L1 ((wa)~ da)

S A1 22(s, 09

Thus the inequality in (4.2) holds and so the proof of Lemma 13 is complete.
O

We now prove Theorem 2. By Lemma 13, it is enough to show that for
any z € (F3)*,d > 2,

(4.6) > 1< q?2

{(a,8)€S; xSj:a+p=x}
where S; is the non-degenerate quadratic surface in IFZ. Using Theorem 11,
we may assume that the non-degenerate quadratic surface in IFZ is given by

Sj={y €Fq:aryi + - + aays = j # 0}
for all ay, #0, k=1,2,---,d. Therefore the left hand side of the equation in

(4.6) can be estimated by the number of common solutions o = (a1, -+, aq)
in Fg of the equations

a1a§+~-~+ada§:j
d
(4.7) 2a1T1000 + -+ - + 2aqT900g = Z apxs
k=1

for x = (21, ,2q4) # (0,---,0) and a, #0 for all k =1,2,--- d. Note that
2a,xy # 0 for some k =1,2,--- ,d because z # (0,---,0) and aj # 0. Thus a
routine algebraic computation shows that the number of common solutions of
equations in (4.7) is less than equal to 2¢%~2. This means that the inequality
in (4.6) holds and so we complete the proof of Theorem 2.

5. INCIDENCE THEOREMS AND THE PROOF OF THEOREM 3 AND THEOREM
4

The purpose of this section is to develop the incidence theory needed to
prove both Theorem 3 and Theorem 4.

Theorem 14. Let S; be a non-degenerate quadratic surface in Fg defined as
before. If E is any subset of S;, then we have

> 1S (BB + (#E)q"T
{(z,y)eEXE:x—y+2z€S;}

for all z € Fg where the bound is independent of z € Fg.
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Proof. Fix I C S;. For each z € Fg, consider

> 1

{(z.9)€Bx Bia—y+2€5;}

= Y E@EWSie-y+2)

(x,y) EFE xFe

= Y E@ER) Y xm-(@—y+2)8m)

(z,y)EFY xXFd meFy
= Y |E(m)Px(m - 2);(m) = 1 + 11
mEFg
where
1= q2d|E(07 e 50)|2Sj(07 te 50)
and

=g 3 [BEm)xm-2)S,m).
m#(0,---,0)
Using Lemma 9 and Plancherel , we obtain that

I~ (#E)*q",

and

_dt1 =~

IS¢ = > [Em)?
m#(0,-+-,0)
_dy1 d—1
<@ T g Y |B@)? =47 (#E).
z€Fd

This completes the proof. O

Corollary 15. Let S; be a non-degenerate quadratic surface in Fg and E be
any subset of S;. Then we have

> LS min{(#E)°, HE)’q ' + (#E)q’T ).
{(z,y,2,5)€eE*:x+2z=y+s}
Proof. Since E is a subset of S;, we have
SRS D SR
{(z,y,z,8)EE*:x+2z=y+s} 2€E {(z,y)€E2:x—y+z€S;}

Thus Corollary 15 is the immediate result from Lemma 14 and the obvious
fact that

> 1< (#E)°.

{(z,y,2,5)EE*:x+2=y+s}
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5.1. Proof of Theorem 3. In order to prove Theorem 3, We first expand
the left-hand side of the inequality in (1.10). It follows that

1
| Bdo| e amy = (S [Edo(m)|*)’

meFd
_ b . %
= (m%g ’#Sj I%;j x(—z m)E(:Z?)’ )

Bl

ST GED DIND DRUCEEEER R

r,y,2,s€ECS; mGIFg

1

(5.1) - ;éj ( 3 1)Z

{(z,y,2,5)EE4:x+2z=y+s}

Since ¢ < #E < ¢! from the hypothesis, we use Corollary 15 to obtain

(5.2) > 1S (#E)q "

{(z,y,2,8)EE*Y:x+2z=y+s}
Combining (5.1) and (5.2), we have
T (#E)
#S;
On the other hand, by expanding the right-hand side of the inequality in
(1.10), we see that

(5'3) ||Ed0||L4(JFg,dm) <

#EN\ 1
1B 46,0 = (5g)
L3(S,do)  \ %S,
Since #S; ~ ¢! by Corollary 10, comparing (5.3) with (5.4) yields the
inequality in (1.10) and completes the proof.

(5.4)

5.2. Proof of Theorem 4. In order to prove Theorem 4, we need the fol-
lowing lemma.

Lemma 16. Let S; be a non-degenerate quadratic surface in FZ and E be a
subset of S;. For pg > 2 ,we have the following estimates
— —3d45 | d—1 d-1
(5.5) HEdU||L4(JFg,dm) Sq " 70 ||Elpro(s; ey Jor 1SHE S q 2
(5.6)
— ~3d49 | d—3 d—1 dt1
|Edo||La@e,am) Sa * Y250 || Bl pro(s, a0y for @7 SH#HESq T,

and

3d49 dt1

— - a-3
(5.7) ||Edo|La@a,am) S qa ° M I EllLro(s; d0y for 1SHESq? .
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Proof. We first prove the inequality in (5.5). Since 1 < #E < T, using
Corollary 15 we have
> LS (#E)*.
{(z,y,z,8)EEt:x+2z=y+s}

Combining this with the fact in (5.1) , we obtain that

d 3
— q4 #E 1
6.8 150 1sgam) 5 T
As before, we note that
(#ENS
(5.9) 1Bl o~ (35) ™

From (5.8) and (5.9), it suffices to show that for every 1 < #FE < ¢z,
d 3_ 1
GHDIE ey
(#5;) o
Since pg > 2 and #S; ~ ¢?7!, the inequality in (5.10) follows by a direct
calculation. Thus the inequality in (5.5) holds. In order to prove the inequality

(5.10)

~

in (5.6), just note from Corollary 15 that since T SHE S ¢“F, we have
> 1S #E) T,
{(z,y,2,5)EE*:w+2=y+s}
and then follow the same argument as in the proof of the inequality (5.5).

The inequality in (5.7) follows from the inequalities in (5.5) and (5.6) because

—3d45 | d—1 —3d49 | d—3
q °® T2 <q = Jr2P0, for po > 2.

Thus the proof of Lemma 16 is complete. O
We now return to proof of Theorem 4. From (3.3), recall that we have
= 1
(5.11) HldeHIP(F;dnn Q“12||E||L2(sj,ala)

for all characteristic functions E(x) on S;. Therefore Theorem 4 can be ob-
tained by interpolating (5.11) and the inequalities in Lemma 16.
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