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ABSTRACT. Throughout this paper e denotes an integer =3 and p a prime = 1
(mod e). With f defined by p = ef + 1 and for integers r and s satisfying 1 <s <r
< e — 1, certain binomial coefficients (;f) have been determined in terms of the
parameters in various binary and quaternary quadratic forms by, for example, Gauss
{13], Jacobi [19, 20}, Stern [37-40], Lehmer (23] and Whiteman (42, 45, 46].

In §2 we determine for each e the exact number of binomial coefficients (g) not
trivially congruent to one another by elementary properties of number theory and
call these representative binomial coefficients. A representative binomial coefficient
is said to be of order e if and only if (r, s) = 1.

In §§3-4, we show how the Davenport-Hasse relation [7], in a form given by
Yamamoto [50], leads to determinations of n»~"/™ in terms of binomial coeffi-
cients modulo p = e¢f + 1 = mnf + 1. These results are of some interest in them-
selves and are used extensively in later sections of the paper.

Making use of Theorem 5.1 relating Jacobi sums and binomial coefficients, which
was first obtained in a slightly different form by Whiteman [45], we systematically
investigate in §§6-21 all representative binomial coefficients of orders e =
3,4,6,7,8,9,11, 12, 14, 15, 16, 20 and 24, which we are able to determine explicitly
in terms of the parameters in well-known binary quadratic forms, and all representa-
tive binomial coefficients of orders e = 5, 10, 13, 15, 16 and 20, which we are able to
explicitly determine in terms of quaternary quadratic decompositions of 16p given
by Dickson (9], Zee [S1] and Guidici, Muskat and Robinson [14]. Some of these
results have been obtained by previous authors and many new ones are included.

For e = 7 and 14 we are unable to explicitly determine representative binomial
coefficients in terms of the six variable quadratic decomposition of 72 p given by
Dickson [9] for reasons given in §10, but we are able to express these binomial
coefficients in terms of the parameter x, in this system in analogy to a recent result
of Rajwade [34].

Finally, although a relatively rare occurrence for small e, it is possible for
representative binomial coefficients of order e to be congruent to one another
(mod p). Representative binomial coefficients which are congruent to =1 times at
least one other representative for all p = ef + 1 are called Cauchy-Whiteman type
binomial coefficients for reasons given in [17] and §21. All congruences between
such binomial coefficients are carefully examined and proved (with the sign ambigu-
ity removed in each case) for all values of e considered. When e = 24 there are 48
representative binomial coefficients, including those of lower order, and it is shown
in §21 that an astonishing 43 of these are Cauchy-Whiteman type binomial coeffi-
cients. It is of particular interest that the sign ambiguity in many of these con-
gruences does not arise from any expression of the form n{?~Y/™ in contrast to the
case for all e < 24.
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1. Introduction and summary. Throughout this paper e denotes an integer = 3 and
p a prime = 1 (mod e). The integer f is defined by p = ef + 1. For integers r and s
satifying 1 <s < r < e — 1, certain binomial coefficients

4

have been determined modulo p by, for example, Gauss [13], Jacobi [20], Stern
[37-40], Lehmer [23], and Whiteman [42,45,46] in terms of representations of p by
certain quadratic forms. The first result of this kind is due to Gauss [13, Vol. 2, p. 90]
who showed that fore = 4, p = 4f + 1 = a®> + b, a = 1 (mod 4),

(1.2) (2ff) =2a (mod p).

Emma Lehmer [23] used Jacobsthal sums to obtain congruences for (%) and ()
when p = 5f+ 1 in terms of the system 16p = x? + 50u? + 5002 + 125w?, xw =
v? — 4uv — u?, x = 1 (mod 5), introduced by Dickson [8].

In this paper we systematically use Jacobi sums to obtain congruences modulo
primes p = ef + 1 for binomial coefficients of the type (1.1). These include old as
well as new ones. The cases treated in §§6-19 are e = 3,4, 5,...,16. In §§20-21 we
handle in some detail the cases e =20 and e = 24, relying heavily on recent
evaluations by, e.g., Berndt and Evans [4] of bidecic and biduodecic Jacobi sums.

Our results are obtained in terms of the parameters in the following Diophantine
systems:

(1) p=a*+b* a=1(mod4), 4e,
(2) p=x*+3y?,  x=1(mod3), 3le,
(3) 4p = A*+27B*, A =1(mod3), 3le,
(4) 16p = x% + 50u® + 5002 + 125w2,  xw = v? — duv — u?,
x=1(mod5), S5le,
(5) p=x>+T?* x=1(mod7), e=17,14,
(6) 72p=2x?+42(x3 + x3 + x2) +343(x2 + 3x2), x, =1 (mod7),
e=17,14,
(7) p=c*+2d* c=1(mod4), e=38,16,24,
(8) 16p = x% + 26u? + 260> + 13w?, xw = 30 — 4uv — 3u?,
x=9(mod13), e=13,
9) p=g*+ 15k, g=1(mod3), e=15,

(10) p=x?+2u>+20*+2w?,  2xv=u’*—-2uw—w?,  x=1(mod8),
u=v=w=0(mod2), e =16,
(11) p=e*+5f2, e=a(mod5)if5|b and e =|b|(mod5)ifS5|a,

e =20,
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(12) p=u*+60v*, wu=-1(mod4)if3|h and u=1(mod4)if3|a,
e = 24.
Although the sign of b is not fixed in (1) it is clear that for p = 4f + 1 there exists
at least one primitive root g( p) such that g¢//* = a/|b| (mod p). For e = 20 and 24

some of our determinations require fixing g in this manner (see, in connection, [19]).
The following congruences are typical of those proved in §§6-21.

2ff =-4 (modp=3f+1) (Jacobi[20]),

2ff =2a (modp=4f+1) (Gauss|[13]),

2f\ 1 w(x? — 125w?) _

f =5(— +4(xw—+5uv)) (modp—5f+ ]) (Lehmer [23]),
3],f =2x (mod p=6f+1),

3ff =-2x (mod p=7f+1)  (Jacobi[19]),

2f 4f 4f\ _ _

f) +( f) +(2f) =-x; (modp=7+1),

2ff =(-1)"*2¢ (mod p =8f+ 1),

SA) 1, _ wx2— 125w?) _
( 71=2 (’x 4(xw + Suv) ) (mod p = 10f+ 1),
(S/f =-4 (modp=12f+1), (6ff)E2a (mod 12f + 1),

a=1(mod4) < 3|b,

af) _1 3w(x? — 13w?)
( f) 2 (_x T 8(wx T 13uv)

2g(mod p=15f+1), AB=0(mod5),

7 24/ + 185g (mod p =15f+ 1), A=Bor-2B(mod5),
2f A—9B

) (mod p = 13f + 1),

24g — 18Bg B _
~ T (mod p=15f+1), A= -Bor2B(mod5),
5\ v 41 _
2f =(-1)2cor(-1)" 2¢ (mod p=16f+1)

accordingasb =0or 8 (mod16),

8) =5 f( _o(x*—20%) _
(f)_z( | x 22— Wit Juw (mod p = 16f + 1),
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() (=4 =,

( I?f) =2eor2ea/|b| (mod p=20f+1), SjborS|a  (Whiteman [45]),
) 2L w2 = 125w7) -
(3f) _2(—x+ 4(xw + Suv) (mod p =20/ + 1)

for the solution (x, -v, u, -w) of (4),

(Sff) =(-1)"*""4 (mod p = 24f + 1),
(12f
f

In so far as possible we determine all binomial coefficients for the cases consid-
ered if they can be given in terms of the systems (1)-(12). Binomial coefficients
which are not treated are related to the parameters in more complicated quadratic
partitions. In some cases, see §§18-21, we are able to determine these binomial
coefficients up to sign in terms of the parameters in (1)—(12).

For each e, there are 3(e — 1)(e — 2) binomial coefficients of the type (1.1) which
are of order e. In §1 it is shown by an application of a simple generalization of
Wilson’s theorem that it suffices to determine N(e) of these binomial coefficients
(for large e, N(e) = e2/12) where N(e) is given explicitly by

(13) Ne) (e?—a)/12 ife=a(mod6), a=-3,0,1,4,
. e) =
(e*+ a)/12 ife=a(mod6), o= -4,-1.

) =(-1)2u (mod p = 24f + 1).

These N(e) binomial coefficients will be called representatives.
When e is composite, say e = mn, it is useful to have a congruence of the type

(14) n("_‘)/'":alf!azf!"'a,f!

=B ftby 1 byt (modP)

where the a,, b, are integers between 1 and e — 1 inclusive. Such a congruence
follows from the Davenport-Hasse relation for Gauss sums [7] and a congruence of
Yamamoto [50]; see (3.11). For values of m and n for which m or » is small we show
in §4 that the expression on the right-hand side of (3.11) can be given in terms of
binomial coefficients (mod p). Together with known results for n»?~D/™ (mod p) in
terms of representations of p by quadratic forms we deduce congruences (mod p)
relating certain binomial coefficients which are used in later sections. For example, if

p = 2mf + 1, it is shown in Theorem 4.1 that we have

as 2=y () /(00 (o),

Putting (1.5) together with a result of Emma Lehmer [23], see (4.5), we obtain
Corollary 4.1.1 which is used in §§9, 15, and 21. The results in §4 appear to us of
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some interest, totally apart from their use in later sections. For example, an easy
application of (2.1), (2.2) and (3.11) gives

3= 1/16 E(_1)f( 1?’[)/ ( 138;[) (mod p = 48f + 1).

We note that criteria for 3 to be a 16th power in terms of the parameters in
Diophantine systems is an open problem.
In 1840, Cauchy [5, p. 37] show that

(1.6) (‘?,f) si(‘fjf) (mod p = 20f + 1),

and in 1965 Whiteman resolved the sign ambiguity in this congruence. Representa-
tive binomial coefficients which are congruent to =1 times another representative
modulo p for all p = ef + 1 are said to be of Cauchy-Whiteman type for reasons
given in [17] and §21. We systematically investigate all such congruences. The 27
congruences of this type given in Theorems 21.1 and 21.2 far exceed the number of
such congruences for all e < 24. Moreover, the congruences in Theorem 21.2 do not
arise (as do all other known Cauchy-Whiteman type congruences) as expressions of
the form (n»~ /™) p = mnf + 1.
Forp = 11f+ 1,4p = a* + 11b% a = 2 (mod 11), Jacobi [19] showed that

(3;)(3;)/(‘;) =a (mod p).

For larger values of e with many representative binomial coefficients it is not
appropriate to list all such congruences, and we cite only one.

Forp=20f+ 1=e?+ 5% (e =a(mod5)if 5|band e =|b| (mod5) if 5|a) we
have

(“ff)(gff)/ (lslff)E(-l)""”'% (mod p).

The sign may be given unambiguously in this congruence (and in many other
congruences in §20) only because of an important sign ambiguity resolution ob-
tained by Muskat and Whiteman [31] in determining the cyclotomic numbers of
order 20.

In all that follows we are heavily indebted to Berndt, Evans, Muskat, and
Whiteman for their pioneering work on Jacobi sums of higher orders.

2. The number of distinct binomial coefficients of the type (1.1). If m and n are
positive integers such that m + n = e, then a simple modification of Wilson’s
theorem yields

(2.1) mfinfl=(-1)""""=(1)""" (mod p).
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Making use of (2.1) and the elementary property (3) = (,%,) of binomial coeffi-
cients, we deduce that for 1 <s <r <e — 1 we have

I R

—( l)sf( (e—r+ s)f) —( 1)sf((e r+s)f
(e—r)f sf

If r #2s, 2r — s # e, r + s # e then the entry pairs in the six coefficients in (2.2)
are distinct and we call (2.2) a 6-cycle. If exactly one of r =12s, 2r —s =e,
r + s = e holds, then there are three distinct entry pairs in the coefficients in (2.2)
and we call (2.2) a 3-cycle. Finally, if at least twoof r = 2s,2r—s=e,r+s=e
hold, then in fact all three hold so that e = 3s and the coefficients in (2.2) reduce to
the 1-cycle (35/).

The number N, of 1-cycles is clearly 1 if e = 0 (mod 3) and 0 if e = 0 (mod 3). The
number N, of 3-cycles is the number of pairs (r, s) satisfying exactly one of r = 2s,
2r —s=e, r+s=e. Thus N; is the number of integers ¢ satisfying 1 <t <e/2,
t # e/3, so that

| (modp),

e/2 -2 ife=0 (modé),
(e—=1)/2 ife=1 (mod6),
e/2 — 1 ife=2 (mod6),
(e—3)/2 ife=3 (mod6),
e/2 -1 ife=4 (mod6),
(e—1)/2 ife=5 (mod6).

(2.3)

=
I

The number N of 6-cycles is now easily deduced from the values for N, and N; and
the identity

(2.4) N, + 3N, + 6N, = L(e — 1)(e — 2).

Since the coefficients in (2.2) are congruent (mod p) it suffices, for each e, to
determine N(e) = N, + N; + N, of them. For the convenience of the reader Table 1
is given summarizing the above and indicating the representative to be chosen from
each cycle.

A representative binomial coefficient of the type (1.1) with (r, s) > 1 is the same
as the lower order binomial coefficient ("f 1), where

rn=r/(r,s,e), s,=s/(r,s,e), e, =e/(r,s,e)<e,

fi=(r,s,e)f,p = e, f, + 1. Henceforth, a representative binomial coefficient will be
said to be of order e only if it is not the same as one of lower order. It is easy to see
that if R(e) denotes the number of representatives with lower order ones excluded,
we have

R(3)=R@4) =1, R(5)=R(6)=2, R(7)=R(8)=

(2.5)  R(9) = R(10)=6, R(11)=10, R(12)=38, R(13)=
R(14) = 12, R(15) = R(16) = 16, R(20) =24, R(24) = 33.
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We close this section with a lemma which will be useful when R(e) > 1 in that it
makes it possible to further reduce the number of binomial coefficients which must
be treated separately.

LEMMA 2.1. If g, h, k are integers satisfyingl <Sh<g<e— 1, 1sh<k<e—1,
e—k<g— h,then

I R [ e

3. Basic properties of Gauss and Jacobi sums. For a positive integer n we set
¢, = exp(2mi/n). For (a, e) = 1, we define the automorphism g, by
(3.1) 0%, — {2, 0, P->P,
where P denotes any of the ¢(e) prime ideals dividing p in Q({,). Let g be a
primitive root (mod p) such that g»~"/¢ = ¢, (mod P). We define a character x,
(mod p) of order e by
¢4 ifx =0 (mod p), xP~V/¢ = {2 (mod P),
(2)  xlo= |5 HxE0(meds) (mod P)
0 ifx=0(modp),
so that x,(g) =¢,. If x Z0 (mod p), the index of x with respect to g, written
ind ,(x), is the unique integer b such that x = g? (mod p), 0 < b < p — 2. Clearly
X(x) = ¢ Let r and s denote positive integers. The Gauss sum G(r) of order
e is defined by

p—1 p—1
G(r) = 2 xe(x)§; = X {0
x=0 x=1

The Jacobi sum J,(7, s) of order e is defined by

-1 —1

14 p
Je(r’ S) — 2 x;(x)x.:’(l _ x) — 2 {;indg(x)+sindg(l—x).
x=0 x=2

Gauss and Jacobi sums are related by
(3.3) J(r.s) = G(r)G.(s)/G(r + 5),

provided e does not divide 7, s, or r + 5. Moreover (see, for example, Muskat [30]),
we have

(3.4) Jrys) = s, r) = ()T (r = s,5),
(3.5) L(r,s)J(-r,=s)=p (r,s,r+s5s=0(mode)),
(3.6) G(r)G(-r)=(-1)"p  (r=0(mode)),
(3.7) J(r,s)=J(rn,sn) ife=mn,

and if eis prime and e} r, s, or r + s, then

(3.8) J(r,s)=-1 (mod(1-¢,)").
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An important relation involving Gauss sums is provided by the Davenport-Hasse
relation [7], namely,
G(m)IL=1G, ()
-1 >
724G, (m; + 1)

(39) g—'l'indg(n) —

Further, it follows from the work of Yamamoto [S0] that if Hj’-;'{Ge( 7)Y (¢; an
integer) is a unit of O(§,,), then

and
(3.10) TGN =TT () (mod ),

Applying this to (3.9) we obtain

ntf 172 N (mjf )!
(311) n(p—l)l/mE nf] J .l( Jf) (modp)
I52o((mj + 1) f)!
Finally, it follows from Stickelberger [41] that if e{r, s or r + s, and (J(r, 5))
denotes the ideal generated by J (r, s), then

e—1

(3.12) (J(r,5))= I P,

=1
(t,e)=1

(re='fe}+ {st™! fe} <1
where ¢! denotes the inverse of r modulo ¢, and { } denotes, as is customary, the
fractional part of the quantity inside the braces.

4. n‘?~Y/™ a5 a product of binomial coefficients (mod p). In this section for values
of m and n for which either m or n is small and ¢ = 1 we show that the expression on
the right-hand side of (3.11) can be expressed as a quotient of products of binomial
coefficients (mod p). Making use of known results in the literature for n(»~D/m
(mod p) in terms of representations of p by quadratic forms, we deduce congruences
(mod p) relating certain binomial coefficients of the type (1.1). These congruences
will be used in later sections.

Throughout this section we have p = mnf + 1. Taking n =2 in (3.11) and
appealing to (2.2), we obtain foreacht = 1,2,...,m — landp = 2mf + 1,

2(p=yt/m z(_l)'"f( Zt;f)/ (r:'ff) (mod p).

Binomial coefficients (mod p = ef + 1), when e is composite, are often related to
one another by powers of n'?~D*/™ where n is a divisor of e (not necessarily prime).
For e < 12 we are able to determine these interrelationships by simply taking ¢ = 1
in (3.11) so we may appeal directly to results in this section. Beginning with e = 14
in §17 the number of powers of n‘?~D*/™ which need be considered becomes
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sufficiently large that it is convenient to use the full strength of the congruence
(3.11). We postpone this generalization for now and it will be understood throughout
this section that ¢ = 1 in applying (3.11).

Taking n = 2 in (3.11), and appealing to (2.2), we obtain

THEOREM 4.1. If p = 2mf + 1 is prime then

(4.1) 2<P""/"'E(1)f(("'; 1)f)/('z"f) (mod p).

When m = 2 we have, as is well known,
(4.2) 20792 =(-1) (mod p = 4f + 1).
When m = 3, Theorem 4.1 gives

(4.3) (-1)’(2ff) Ez<ﬂ-”/3(3ff) (mod p = 6f+ 1).

As p is a prime = 1 (mod 3), there are integers x, y such that
(4.4) p=x*+3y? x=1 (mod3).

The determination of 2*~"/3(mod p) in terms of x and y is given by

1 (mod p) ify =0 (mod3) (Jacobi [19]),

x + 3y L
(4.5) 20p70/3 =4 x—3y (mod p) ify =1 (mod3)

x—3y e
XT3y (mod p) ify =2 (mod3)

(Lehmer [23]).

Primes p = 1 (mod 3) are also expressible in the form 4p = 4% + 27B*, 4 = 1
(mod 3), where 4 and B are related to x and y in (4.4) by

A= -2x, B= =2y if y = 0 (mod 3),
(4.6) A=x+3y, B=*x4(x—y) ify=1(mod3),
A=x—-3y, B=={(x+y) ify=2(mod3).

Thus (4.5) may be reformulated in terms of 4 and B as follows:

1 (mod p) if A =B =0(mod2),
A+ 9B .
47) 20-v3=17—9p (mod p) if4A=B=1(mod2),4 =B (mod4),
A — 9B e —
<98 (mod p) if4=B=1(mod2),4 = -B(mod4).

Combining (4.3) and (4.5) we obtain



BINOMIAL COEFFICIENTS AND JACOBI SUMS 441

COROLLARY 4.1.1. If p = 6f + 1 = x> + 3y?, x = 1 (mod 3), is prime, then
2
((—1)’( ff ) (mod p) ify =0 (mod3),

() =2z (M) moan) i1y =1 moa)

x — 3y

(—l)/—x—jﬂ ( fo) (mod p) ify =2 (mod3).

Combining (4.3) and (4.7) we obtain

COROLLARY 4.1.2. If p = 6f + 1, with 4p = A% + 27B2, A = 1 (mod 3), is prime,
then

7

r(_1)f(2ff) (mod p), ifA=B=0(mod2),
A—9B
(_l)fA + 9B

/A + 9B
-1 A— 9B

(fo) (mod p), ifA=B=1(mod2),4 = B (mod4),

(2ff) (mod p), ifA=B=1(mod2),4 = -B(mod4).

When m = 4, Theorem 4.1 gives

4
(4.8) (3f) E(—I)IZ"’“V“( f) (mod p = 87+ 1).
f 2f
As p = 1 (mod 8) there are integers a and b such that
(4.9 p=a*+b*, a=1(modd4), b=0(mod4),

and by a result of Gauss [13, Vol. 2, p. 89] we have
20 0/4 =(-1)"* (mod p).

Hence from (4.9) and Lemma 2.1, we have

COROLLARY 4.13. If p=8f+ 1=a?+ b> (a=1 (mod4), b =0 (mod4)) is
prime, then

[A)=cor () wen

When m = 5, Theorem 4.1 gives

f

As p = 1 (mod 5) there are integers x, u, v, w such that

(4.10) (4f) s(_l)fzw—'w( ;;) (mod p = 10f + 1).

(@11) {16;; = x2 + 50u® + 500° + 125w?,  x =1 (mod5),

xw = 0% — duv — u?.
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It is known (see, for example, [49, p. 544]) that (4.11) specifies x uniquely. If x =0
(mod 2), Lehmer [21] has shown that 2(»~"/5 =1 (mod p). Moreover, if x = 1
(mod 2), then there is a unique solution (x, u, v, w) of (4.11) satisfying

(4.12) u=0 (mod2), x+u—v=0 (mod4),
and for this solution we have 2(?""/% = a(x, u, v, w)(mod p) where

w(125w? — x2) + 2(xw + Suv)(25w — x + 20u — 10v)
w(125w? — x2) + 2(xw + Suv)(25w — x — 20u + 10v)

(4.13) a(x,u,v,w) =

Combining these we have

COROLLARY 4.14. If p = 10f + 1 is prime, and (x, u, v, w) is a solution of (4.11)
satisfying (4.12) we have

-

where a(x, u, v, w) is given by (4.13).

(—l)f( ;;) (mod p), if x =0 (mod?2),

(-1 a(x, u, v,w)( ;;) (mod p) ifx=1(mod?2),

When m = 6, Theorem 4.1 gives

(4.14) (Sff) E(_1)f2<1’-‘)/6(§’§) (mod p = 12f + 1).
Since 2(#~V/2 = (-1)/ (mod p), we have
(4.15) (Sj,f) _=.(2“’_”/3)2( g{,) (mod p).

Appealing to (4.5), we obtain
COROLLARY 4.1.5. If p = 12f + 1 = x2 + 3y2 (x = 1 (mod 3)) is prime, then

(26§) (mod p) ify =0 (mod 3),

A

(Sff) i T ;i (gf) (mod p) ify =1(mod3),

x + 3y

E 3y (;’}) (mod p) ify =2 (mod3).

When m = 7, Theorem 4.1 gives

(4.16) (6f) s(_l)fzw—'v?( 7f) (mod p = 147 + 1).
f 2f

The determination of 2(»~)/7 (mod p) has been given by Nashier and Rajwade [33].

Since this determination is extremely complicated, we just illustrate it below for the

case when 2 is a seventh power (mod p).
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COROLLARY 4.1.6. Let p = 14f + 1 be a prime. Then there are integers x,,...,Xxq
such that
(72, = 2x2 + 42(x2 + x2 + x2) + 343(x5 + 3x,)’,
12x2 — 12x2 4 147x2 — 441x2 + 56x,x4
(4.17) 1 +24x,x; — 24x,x, + 48x;x, + 98x5x, = 0,
12x7 — 12x] + 49x2 — 147x2 + 28x,x5 + 28x,x,
+48x,x; + 24x,x, + 24x,x, + 490x,x, = 0,

with x;, =1 (mod7). All the solutions of (4.17), except the two trivial solutions
(x), X3, X3, X4, X5, Xg) = (=62, =2u, *2u, +2u,0,0), where p = 2+ Tu?, =1
(mod 7), have the same value of x,. If x, =0 (mod?2), then 2 is a seventh power
(mod p), and we have

(4.18) (‘;f) s(_l)f(;’ff) (mod p).

ExaMpLE. We illustrate Corollary 4.1.6 by taking p = 673 so that f = 48 and
x, = 22 =0 (mod 2) (see [47, p. 1136]). In agreement with (4.16), we have

(6f) _ (288) =346 (mod673),

f 48
(1) ( Z:) = (39366) =346 (mod673).
When m = 8, Theorem 4.1 gives
(4.19) (7;)(-1)’20’—‘)/8( 3) (mod p = 16f + 1).

From Lehmer [23, p. 66] we have

+1 if 5 = 0 (mod 16),
+b/a if b =4 (mod 16),
-1 if b = 8 (mod 16),
“b/a  ifb =12 (mod16),

(4.20) 20P-1/8 =

where a and b are defined as in (4.9). Combining (4.19) and (4.20) we obtain
COROLLARY 4.1.7. Let p = 16f + 1 = a* + b* (a = 1 (mod 4), b = 0 (mod 4)) be

prime. Then
(7= )] e

Since expressions for 2(?~Y/™ (mod p) are also known for m = 10, 12, 15, 16, 20,
24, 32 and 40 (see [23, p. 70; 18]), similar congruences to those given in Corollaries
4.1.1-4.1.7 can be deduced.
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Next we take n = 3 in (3.11) to obtain

THEOREM 4.2. If p = 3mf + 1 is prime then

(_3)(p—l)/m = ( (m "f' 2)f)/ ( (m ;'fz)f) (mod p).
When m = 3, Theorem 4.2 gives
(4.21) (Sff) = 3<P-'>/3( j;) (mod p = 9f + 1),
By a result of Lehmer [23, p. 67] (see also [48, p. 279]) we have
1 (mod p) if B=0 (mod3),
A— 9B e
(4.22) 3r-0/3 =1 T 0B (mod p) if B=1(mod3),
j t gg (mod p) if B =2 (mod3),
where
(4.23) 4p = A2+ 27B*, A =1 (mod3).

Combining (4.21) and (4.22) we obtain

COROLLARY 4.2.1. If p = 9f + 1 is prime then

(;ff) = ( 5;") (mod p) if B =0 (mod 3),
j t gg ( Sff) (mod p) ifB=1(mod3),
_A-9B
T A+9B

(Sff) (mod p) if B=2(mod3).

When m = 4, Theorem 4.2 gives

6f\ _  a\p-vsa[6f _
(4.24) ( f) =(-3)* (3f) (mod p =121+ 1).
From the work of Gosset [15] we have
(r-nsa _ |1 (mod p)  if b=0(mod3),
(4.25) (-3) "{_1 (mod p) ifa =0 (mod3),

where a = 1 (mod 4), b = 0 (mod 2) ((-3)»""/*==+1 (mod p) as p = 1 (mod 12)).
Combining (4.24) and (4.25) we have

COROLLARY 4.22. If p=12f+ 1 =a%?+ b? (a =1 (mod4), b =0 (mod?2)) is

prime then
(6/) (g;) (mod p) if b =0 (mod 3),
f =

_ (g;) (mod p) ifa =0 (mod3).
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When m = 5, Theorem 4.2 gives

(4.26) (7ff) = 3<P—'>/5( ;’;) (mod p = 15f + 1).

An explicit determination of 3~ "/5 has been given in [49, Theorem 2]. Using this
together with Jacobi sums of order 15 given by Muskat [30] an explicit determina-
tion of (/) and (3}) is obtained in §18.

Taking n = 4 in (3.11), and appealing to (2.2), we obtain

THEOREM 4.3. If p = 4mf + 1 is prime then

= (I DY ET) ot

Taking m = 3 in Theorem 4.3 we obtain

COROLLARY 4.3.1. If p = 12 f + 1 is prime then

() 2)

We note that it is possible to obtain a simpler form for the determination of
4(r=D/m(mod p) by using (2.1) together with (3.11). In particular, we have

3
aft Il (mif ) ~
40/ = j =710 +1>‘;f>!'§le)mi SR
0(m+n 707 e ’ '
Jj=0
((m+3)f)((m+2)f)
_ (C0anem)tm - _ o\ S f
f1((m+1)f)H(@m+ 1)) ((m + 3)f)((2m + l)f)
af f

Thus we have obtained the following variation of Theorem 4.3.

THEOREM 4.4. If p = 4mf + 1 is prime then

ap=1/m E(_l)f( (m J; 3)f) ( (m ; 2)f)/ ( (m :f3)f) ( (2m; l)f)

(mod p).

Although Theorems 4.1 and 4.4 clearly give the same result for m = 3, this is not
the case in general.

The following congruence, which will be referred to again in §14, is particularly
interesting, since it shows that representative binomial coefficients may be identical
modulo p = ef + 1. Several of these identities are established in §21. It would be
interesting to know for which values of e such congruences are possible.
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COROLLARY 4.4.1. If p = 12 f + 1 is prime then

9)=(5) e

ProOF. Using (3.4) together with Theorems 4.1 or 4.4 (appealing to (2.2) to see
that (-1)/(¢/) = (}) (mod p) in the latter case),

S/ 57 =551/ () o

(27 an) = (57 (37] e

is an immediate consequence of Lemma 2.1 withg =4, h = 2, k = 6.

We remark that one can also obtain the last step in the proof by expanding in
terms of factorials using (2.1). This corollary is important to us, as using it, other
representative binomial coefficients of order 12 are determined in §14 using the
simple determination of (%/), p = 3f + 1, given by, e.g., Jacobi [20]. Taking n = 5 in
(3.11), and appealing to (2.2), we obtain

On the other hand,

THEOREM 4.5. If p = Smf + 1 is prime then

pym— [ (m+2)f ((3m—1)f) (m+4)f ((3m+1)f)
3 _( f ) (m+2)f /( 5f ) (m + 4)f
Taking m = 3 in Theorem 4.4 we obtain

(mod p).

(4.27) (Sff) = 5("_"/3( Z,) (mod p =15+ 1)
By a theorem of Williams [48, pp. 282-283] we have
1 (mod p) if AB =0 (mod5),
(4.28) 5(p—1/3 = j: t gz (mod p) if A =Bor-2B(mod5),
A — 9B

<798 (mod p) if 4 = -Bor2B(mod5),

where 4p = A2 + 27B2, A = 1 (mod 3). Combining (4.27) and (4.28) we obtain
COROLLARY 4.5.1. If p = 15f + 1 is prime then

(;;) (mod p), if AB =0 (mod5),

A

() =1 4202 () moap. 74 =Bor-25(moas)

o3 (;]}) (mod p), if4 = -Bor2B (mod5).
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Finally, taking m = 4 in Theorem 4.4, we obtain

( l?‘f) = 5(”_”/4( lff) (mod p = 201 + 1).

Since

5(p=1)/4 = 1 (mod p), ifb=0(mod5),
"~ | -1(mod p), ifa=0(mod5),

where a = 1 (mod 4), we have

COROLLARY 4.5.2. If p = 20f + 1 is prime then
( lOf)
f

Corollary 4.5.2 was first proved by Whiteman [45], although the congruence
('Y) ==(4/) (mod p) had been established by Cauchy [5, p. 37] one hundred and
twenty-five years earlier.

( l:?ff) (mod p)  ifb=0(mod5),

_ ( lfff) (mod p) ifa =0 (mod5).

I

5. The basic theorem. We prove the following theorem which shows how each
binomial coefficient of type (1.1) can be determined modulo P by means of Jacobi
sums. This theorem provides a basic tool which will be used through the rest of the

paper.
THEOREM 5.1. If p = ef + 1 is prime and r, s are integers such that 1 <s <r<e —
1, then

rf =(-1)""! r,e—s m
(5.1) (sf) =(-D)"""J(r, ) (mod P).
PROOF. Since
X.(x) =x/ (mod P)

we have
-1
J(re=5)='3 x(1~ 2} (mod P)
x=1
—1 (e—s)f
EPE xS (_1),((e— s)f)x’
= t=0
(e— s)f
2 ( 1) ( S)f) 2 x"f‘H
However,
p—1 0 (mod p) if k =0 (mod p — 1)
‘— )
(5.2) )Elx = {_1 (mod p) ifk=0(modp— 1),
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so that we have, appealing to (2.2),

(e—s)f
—5) = 1yl (e =s)f
(53) dre=9)= 3 () ( y )

e—r (e—s)f sf+1 I‘f
=(-1) )/H( =(-1) mod P).
) (e—r)f (-1) o ( )

We note that Whiteman [45] has already proved a result similar to, but not exactly
the same as Theorem 5.1. Letting 8 = e2"'/¢ be replaced by g/ for a primitive root g
of p=-ef + 1 our J(r, s) becomes Whiteman’s v, .. In Lemma 6 of [45] Whiteman
showed that

(i) Y, ,=0(mod p)  (r+s<e),
(ii) xp,sE—((ze_r_S)f)(modp) (r+s>e).
‘ (e—=r)f
In view of (2.2), condition (ii) can be rewritten in the simpler form
(i srey =0 (7] medn).

In later sections we will refer again to Whiteman’s very useful Lemma 6.

6. ¢ = 3. There is a single representative binomial coefficient of order 3, namely
(7). With A and B defined as in (4.23), we choose P = (), where

(6.1) 772%(A+3B\/3),

so that P|p. It is well known that
(6.2) J(1,1) ==,
(see, for example, [4, p. 357]), so by (6.1) and (6.2)

(6.3) 5L2,2)=7= %(A —3B/-3) =4 (modw).

Hence, by Theorem 5.1 (with e = 3, r = 2, s = 1) we have (as fis even),
7
f

As (3/) and -4 are both rational integers, and 7 |p, we have

(6.4) ) = -5(2,2)=-4 (modw).

THEOREM 6.1. If p = 3f + 1 is prime and A is given uniquely by 4p = A> + 27B?,

= 1 (mod 3), then

7
f

This result is due to Jacobi [20]; see also Whiteman [42] and von Schrutka [35].
Thus, appealing to (4.6), Theorem 6.1 can also be given in the form

) =-4 (mod p).
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THEOREM 6.2. If p = 3f + 1 is prime and x is given uniquely by p = x> + 32,
x = 1 (mod 3), then

5 2x (mod p), if y = 0 (mod 3),
( ff) ={-x—3y(mod p), ify=1(mod3),
—x + 3y (mod p), ify =2 (mod3).
7. e = 4. There is a single representative binomial coefficient of order 4, namely

7).
With a = 1 (mod 4), b = 0 (mod 2), we choose P = (7), where # = a + bi, so that
P|p. Then it is known that J,(1,2) = (-1)/" 'z (see, for example, [4, p. 361]), so
J,2,3)=7,0,2) = (-1) "= (-1)"(a - bi) =(-1)’""2a (mod 7).
Thus, by Theorem 5.1, we have
2
( ff) =(-1)"'5(2,3) =2a (mod ),

and hence

THEOREM 7.1. If p = 4f + 1 is prime and a is given uniquely by p = a*> + b*, a = 1
(mod 4), then
7
f

This is the result of Gauss mentioned in §1; see also Whiteman [42, p. 95].

) =2a (mod p).

8. ¢ = 5. There are two representative binomial coefficients of order 5, namely

(7/) and (/). For convenience we set 8 = {s. It is known that the ring of integers R

or Q(B) is a unique factorization domain [27]. In R, p factors into primes as

(8.1) p = mmmm,,

where 7 is any prime factor of pin R and 7, = o,(7) (i = 1,2, 3,4). We can set

(8.2) 7 =a,B+ a,B*+ a8’ + a,B*,

where a,, a,, a3, a, are rational integers (see, for example, [49]). Clearly a, + a, +
a; +a, =0 (modS5), as 1 — B|5, Stp. Replacing # by its associate aw, where a is
the unit of R given by

+1 ifa, +a, +a;+a,=1(mod5),

-(B+B*) ifa, +a,+a;+a,=2(mod5),

+(B+B*) ifa,+a,+a;,+a,=3(mod5),

-1 ifa, + a, +a;+ a, =4 (mod5),

(8.3)

we may suppose that # = 1 (mod(1 — B)).
Replacing the new value of 7 by its associate f~(“1+242* 3434440z e may suppose
further that

(8.4) 7=1 (mod(l1 - B)).
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By a theorem of Stickelberger, see (3.12), we have

(8.5) J(1,1) =0 (mod mm,),
$O
(8.6) J(1,1) = ummy,

where u € R. From (3.5), (8.1) and (8.6) we have

uammymym, = (ummy)(ummy ) = Js(1,1) J5(1,1) = p = mmymym,,
SO
(8.7) u = 1,
showing that u is a unit of R, that is (see, for example, [36]),
(88) u==(B+pY)B  (k=0,=1,%2,...;1=0,1,2,3,4).
Now (8.7) guarantees that kK = 0 in (8.8) so

(8.9) u= =g (/=0,1,2,3,4).
By (3.8), (8.4), (8.6) and (8.9), we have
+B'=u

= U, Ty (mod(l - B)z)
=J,(1,1) (mod(1 — B)?)
=-1 (mod(1 — .3)2)’

so in (8.9) the minus sign holds with / = 0, that is, u = -1, giving

(8.10) J(1,1) = —mm,.
We set
(8.11) J(1,1) = ¢, B + ¢, B2 + 3 8° + ¢, B*.

As Jy(1,1) = -1 (mod(1 — B)?), by (3.12), we have

¢, +e,+c,+e,=-1 (mod$),
(812) {1 2 3 4 ( )

¢, +2¢,+3c, +4c, =0 (mod5).
Next, since 8 — 82 — B> + B* =5, we have
(==t e)f5=(c == cy+¢)(B—B>— B +B*)
—(I+ec, +te,+ey+ey) (mod(l - ,8)4)
=2((c, + co)(B+ B*) + (e + &) (B + B7) +2)  (mod(1 - B)*)
=2(J5(1,1) + J5(1,1) +2)  (mod(1 — B)*)
=2(%(1,1) + (KT + 1) (mod(1 — B)Y)
=0 (mod(1 - B)Y),
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)

(8.13) c,—¢,—¢;+c, =0 (mod5).
Congruences (8.12) and (8.13) enable us to define integers x, u, v, w by
(8.14) { x=-(c,tey+ey+e,), Su=c +2c,—2¢c;— ¢y,
Sv=2¢,—¢c,tec3—2¢,, SW=c —cy;—c3tc,.

Using (3.5), (8.11), (8.12) and (8.14), it is easy to check that (x, u, v, w) is a solution

of

(8.15) {161; = x2 + 50u® + 500% + 125w%,  x =1 (mod5),
xw = v? — 4uv — u’.

From (8.14), we obtain

816 4c,=x+2u+4v+ 5w, 4c;=-x+4u— 20— Sw,
(8.16) dc;=-x —4u+ 20— 5w, 4dcg=-x—2u—4v+ 5w,

and so (8.11) and (8. 16) give
(8.17) J(1,1) = (x + u(2B + 4p% — 4B° — 28%)

+0(48 — 282 + 28> — 48*) + 5w|5 ).
Next, from (8.17), we deduce that

(8.18) .15(1,1)+J5(4,4)=-;—(x+SW\/§).
Since
(8.19) J(1,1) =0 (mod ),
by (8.5), we deduce from (3.4), (8.18) and (8.19) that
(8.20) J,(2,4) = J,(4,4) = (x +5w/I5)  (mod ).
Hence, by Theorem 5.1, we have
2
(8.21) ( ff) = J,(2,4) = - (x +5wy5 ) (mod 7).
It now remains to determine V5 (mod 7) in terms of x, u, v, w.
Since
1
2_Hp3_pé—_ L.
2 B+282—2B% - Bt = 2z,/so + 105 ,

28— B2+ B2 —2B% = %i\/SO -10/5 ,

we obtain from (8.17) and (8.19):

(8.23)  x+ w50+ 10/5 +ivy/50 — 10/5 + 5wy5 =0 (mod ).
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Also from (8.5) we have

(8.24) Ji(1,1) =0 (mod m).
Applying the automorphism g, to (8.24), we obtain
(8.25) Ji(2,2) =0 (mod m,).

Hence from (8.17) and (8.22) we have

(8.26)  x = iw/50 — 105 + ivy/50 + 105 — Sw/S =0 (mod 7).

Adding (8.23) and (8.26) we obtain

(8.27) 2x +i(u+ v)y/50 + 10y5 — i(u— v)}/50 — 10y5 =0 (mod 7).

Taking the term 2x over to the right-hand side of (8.27) and squaring, we obtain
after some simplification,

(8.28) 10(u? — uv — v*)y5 = x2 + 25u% + 250 (mod 7).
From (8.15) and (8.28), we obtain

(8.29) /5 =~ (x2 + 25u% + 250) /10(xw + Suv) (mod 7).
Using (8.29) in (8.21), we get, appealing to (8.15),

2f) _ x| ow(x?—125w?)
(8.30) ( f ) =27 8(xw + Suv)

As both sides of the congruence (8.30) are integers (mod p), and since x, x> — 125w?
and x + Suv/w are independent of the choice of solution (x, u, v,w) of (8.15),
(8.30) holds mod p. Similarly, using J5(2,2) in place of Jy(1,1), we obtain an
analogous congruence to (8.30) for (}f ). These congruences are due to Emma
Lehmer [23, p. 69]. Summarizing, we have

(mod ).

THEOREM 8.1. If p = 5f + 1 is prime and (x, u, v, w) is any solution of (8.15), then

(2ff) E%(‘“‘%ﬁ‘%) (mod p),
(3ff) E%(—X'%) (mod p).

The next corollary follows immediately from Theorem 8.1. It was recently
rediscovered by Rajwade [34].

COROLLARY 8.1.1. If p = 5f + 1 is prime and x is given uniquely by (8.15), then

x + (2ff) + (i,f) =0 (mod p).
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9. ¢ = 6. There are two representative binomial coefficients of order 6, namely

(7/) and (). In this section we establish a congruence for (/) which, in conjunc-

tion with Corollary 4.1.1, gives

(9.1) (:;ff) =2x (modp=6f+1).

We have been unable to find a reference to this result.
Consider the Jacobi sum J¢(2,5). By (3.4) and a result of Jacobi [19,p. 69], we
have

J(2,5) = (-1)/)(5,5) = x5'(4) J5(4,4),
that is (by (3.7))
%(2,5) = x5'(2)4(2,2).
Since x3(2) = 2»7"/3 (mod =) from (4.7) and (6.3) we obtain
A (mod ), if A =B =0 (mod2),

1 .
J(2,5) = _E(A +9B) (mod7), ifA=B=1(mod2),4 = B (mod4),

—%(A —9B) (mod7), if4=B=1(mod2),A = -B(mod4).

Thus by Theorem 5.1 we have
THEOREM 9.1. If p = 6f + 1 is prime and A, B are defined by (4.23), then

(-1)"'4 (mod p) ifA =B =0 (mod2),
(2ff) _(-1)/5(4+98) (mod p) ifA=B=1(mod2), A = B (mod4),

(—l)f%(A —9B) (mod p) ifA=B=1(mod2),4 = -B(mod4).

Appealing to (4.6), we obtain
THEOREM 9.2. If p = 6f + 1 is prime and x, y are defined by (4.4), then
2(~1)’x (mod p) ify =0 (mod3),
( 1= (-1)/(~x + 3y) (mod p) ify =1 (mod3),
(-1)(=x — 3y) (mod p) ify =2 (mod3).

ExAMPLE. We illustrate Theorems 9.1 and 9.2 by taking p = 991, so that f = 165,
x=22,y=13,4 =61, B= 3. We have

21\ _ (330 — gy —
( f ) Bl (165) =974=-17 (mod991),

(-1 (x +3y) = (—l)f%(A —9B) = -17.
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10. e = 7. There are four representative binomial coefficients of order 7, namely,

T = ()
By (2.2) and Lemma 2.1, we have
7)) mosr

(101 (2ff)(;§) I

so that it suffices to determine

[F17) e (7]
modulo p. In order to do this by means of Theorem 5.1 one must consider the Jacobi
sums J,(2, 6), J;(3,6) and J,(4, 6), respectively. Of these, J;(3, 6) is an integer of the
subfield QV-7 of Q(¢,), as
0,(J7(3,6)) = J;(6,5) = J;(3,6),
and we are able to reprove Jacobi’s result [19] for ( j/ ) (mod p) using Theorem 5.1.
The other two Jacobi sums are related to J,(1, 1) by

J1(2,6) = J;(6,6) = o (J5(1,1)), J5(4,6) = J3(4,4) = 0,(J;5(1, 1)),
so that to determine (}/) and (/) modulo p it suffices to consider J5(1,1). This
Jacobi sum, unlike J5(3, 6), does not belong to a subfield of Q({,). We are able to
express J5(1,1) in the form C,{; + C$7 + C3$3 + C,87 + Ci83 + C&8 where the
C,i=1,...,6, are linear combinations of a nontrivial solution (x,,...,x¢) of (4.17).
Using Theorem 5.1 we are able to obtain the congruence

(fo) = -2(2x, + TxsR + 21x,S) (mod 7)

where
R=§+8 -2 257 +87+85,  S=8-8G-8+%89,

and 7 denotes any prime factor of p in the ring of integers of Q({,), but,
unfortunately, we have not been able to determine R and S mod 7 in any aesthetic
form. Consequently, unlike the case e =5, we are unable to give (}/) and (})
mod p explicitly in terms of invariants of the system (4.17), although a result
analogous to Theorem 8.1 (but more complicated) may well exist.

We are (in analogy to Rajwade’s result [34]) able to evaluate

() (7] () tmoar

First we show, however, how Theorem 5.1 can be used to deduce Jacobi’s result [19].
The ring R of integers of Q({,) is a unique factorization domain [27]. In R, p
factors into primes as

(10.2) JEEE XX R XS
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where 7 is any prime factor of p in R and m, = o,(7), i = 1,2,3,4,5,6. In precise
analogy to the case e = 5 (see 8.4) we may normalize 7 so that

(10.3) 7=1 (mod(1-¢,)").
By (3.12) we have
J;(1,2) =0 (mod 7,m,m,)
$O
J5(1,2) = ummym,,

where u is an integer of Q({,). In view of (3.5) we have uit = 1 so u is a unit of
Q(£,)- As all units of Q(¢,) are of the form

(104) t(B+BG)k|(B2+B5)k2‘BI
(see, for example, [36, p. 99)), it follows from (10.4) that k, = k, = 0, therefore
(10.5) u==8'"  1=0,1,2,3,4,5,6.

But J5(1,2) = -1 (mod(1 — ¢,)?) and m,mm, = 1 (mod(1 — ¢;)?) so
u=-1 (mod(1—,)%).
Thus (10.5) must hold with the minus sign and with / = 0, that is,
J5(1,2) = —mmym,.
Next, as
0,(5(1,2)) = oy(-mmym,) = ~mmem, = J5(1,2),

we deduce that J,(1,2) € Q(Y-7). Since J,(1,2) is an integer of Q(¢,), it must be an
integer of O(Y-7), so there are integers X and Y with X = Y (mod 2) such that

(10.6) J7(l,2)=%(X+ Y/-7).
As J,(1,2)J,(1,2) = p, by (3.5), we have
(10.7) 4p = X2 + 772,

which implies there exist integers x and y with X = 2x, Y =2y, and (from (10.6)
and (10.7))

L(1,2)=x+y/-7, x*+Tr=p.
As J;(1,2) = -1 (mod 1 — {,)? and (as is easily checked),
FT=6+8-8+8-6-¢=0 (mod(1-£)),
we have x = -1 (mod(1 — ¢{,)?) so x = -1 (mod 7).

Finally, using Theorem 5.1 we have

(10.8) (3]{) = J,(3,6) = J(5,6) = - T(1.2)

= —(x—y\/?) = -2x (mod ).
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As the quantitites in the congruence (10.8) are rational integers, we have the
following theorem due to Jacobi [19].

THEOREM 10.1. If p = 7f + 1 is prime and x and y are integers with p = x* + Ty2,
x = -1 (mod 7), then

(3ff) = 2x (mod p).

We now show that a result analogous to that of Rajwade [34] follows easily from
Theorem 5.1 and the basic properties of Jacobi sums listed in §3.
First, note that a precisely analogous argument to the one above for J,(1, 2) gives

J(1,1) = —mmmy so J,(1,1) =J5(2,2) =J5(3,3) =0 (mod 7).
By Theorem 5.1 we have

(10.9) (2ff) = ,(2.6) = -J,(6,6) (mod ).
(10.10) (“ff) = J,(4.6) = J,(4,4) (mod 7).
(10.11) (;‘;) = J,(4.5) = J(5.5) (mod).

Adding (10.9)-(10.11) we obtain

)] (8] =1 1) e

Since
6
> J6i,i)=x, x;=1 (mod7),
i=1

we have

THEOREM 10.2. If p = 7f + 1 is prime and (x,,...,x¢) is a solution of (4.17) with
x, = 1(mod7), then

)+ () + (5] == moam

ExaMPLE. We illustrate Theorem 10.2 by taking p = 29 so that f = 4 and x, = 1
(see [47)). In agreement with Theorem 10.2 we have, for f = 4,

(2ff) i (4ff) * (iﬁ) =12+22+23=-1 (mod29).

11. e = 8. There are four representative binomial coefficients of order 8, namely,

(1G] e 57)
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Now, by Corollary 4.1.2, we have

(1) ) =[] moan).

and appealing to Theorem 7.1, we obtain

THEOREM 11.1. If p = 8f + 1 is prime and a is given uniquely by p = a* + b2,
a = 1 (mod4), then

f
Next, from Lemma 2.1 and (2.2), we obtain
af\(4f) —, 3\ [5
(112 ()G = ()37 o
Thus from (11.1) and (11.2) we have
(11.3) (jﬁ)z(-n”/“(“ff) (mod p).

Again, appealing to Lemma 2.1 and (2.2) we have

(A=) s

which gives, in view of (11.3),

(11.4) (sz) E(—l)f+b/4(4ff) (mod p).

(11.3) and (11.4) show that it suffices to determine (}f ) (mod p). In order to do this
we must consider Jy(1, 4).

We set B=¢;, =(1+i)/V2. The ring R of integers of Q(B) is a unique
factorization domain [27]. Let 7 denote a prime factor of p in R. We have

os(4(1,4) = 40,4) = HEBD - BB 1.4,

s0 Jy(1,4) belongs in the subfield QV-2 of Q(B). As Jy(1,4) is an integer of Q(B), it
must be an integer of Q(v-2 ). Thus we can set
(11.5) Jy(1,4) = - (c + d/-2),

where ¢ and d are integers. As Jg(1,4)J;(1,4) = p, we have p = ¢? + 2d2. Clearly,
we have

(11.6) (l;n)—l‘z‘O(mod2) ifpt1—n.
Further, since y-2 = B(i + i), we have

(11.7) Xs(n) =1 =0 (mody-2 ) if(%)=+1,
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(11.8) xs(n) — B =0 (mod/-2 ) if(%):—l.

We now combine (11.6)-(11.8) and note that

Pt 1= r—l’ (ﬁ):-H’
n§2(1p )_ S (2):_’
p
g 2(p- 3. (%) =+1.
1 =
= 3-n, (5) =

It clearly follows that

(11.9) J(1,4) = -1 (mod2/-2),
(11.10) c=1 (mod4).

Then by Theorem 5.1, we have

()= 5ED moan)

=(-1)Y""J(1,4) (modw)
E(—l)f(c—d\/_:Z_) (mod 7).

But Jy(1,4) = 0 (mod 7) by (3.12), so ¢ + dy/-2 = 0 (mod 7). Hence

(“ff) =(-1)2¢ (mod 7).

Thus we have proved

THEOREM 11.2. If p = 8f + 1 is prime with a and c defined uniquely by p = a* + b?
=c*+2d* a=c=1(mod4),

Y =12e (moap)
sz) =(-1)"*2¢ (mod p).

The first congruence in Theorem 11.2 is due to Jacobi [20] and Stern [40].
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12. e = 9. There are six representative binomial coefficients of order 9, and using
(4.21) it is easy to show that all six are expressible in terms of

F1E)

In particular,

(12.1) (sz) = 3"’"’”(?) (mod p),
(12.2) (3ff) = 3(,,_.)/3(3) (mod p),
(12.3) (Sff) = 3w—1>/3(§’}) (mod p).

Unfortunately, we have been unable to determine any of these binomial coeffi-
cients explicitly. However, we are able to prove the following theorem analogous to a
result of Jacobi; see Theorem 14.1.

THEOREM 12.1. Forp = 9f + 1,4p = A? + 27B%, A = 1 (mod 3), we have

I G =G0/ () =4 e

PROOF. Since
(4f)(5f)/ (Bf) _ Af15f16f!
fl\2f f 3f13fte6f1°
the result follows immediately from (2.1) and (12.1)-(12.3).
13. e = 10. There are six representatives binomial coefficients of order 10, namely,
2f (3f) [4f\ (5f 5f 6f
(131 7)) 0F-07)- 300 (5)

We show that all of the binomial coefficients in (13.1) can be determined from the
lower order binomial coefficients (3/}) and ($/;) which are given explicitly in Theorem
8.1.

We begin by taking the Davenport-Hasse relation (3.9) withe = 10, m = 5,1t = 3,
to obtain

G10(5)010(6) = xg(2)010(3)GIO(8)'
By (3.3) we have

J10(5,8) = G14(5)G1(8)/G14(3) = x2(2)G1(8))*/G0(6)
= Xg(z)-]lo(ga 8) = X§(2)J|0(8’4)

s0, by Theorem 5.1, we have

)=o) e
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where 7 is defined as in §8, so

5 4
(132) (2§) E(Z‘P‘”“)B(z;) (mod p).
From (4.10) and (13.2) we have

4 of 4
(13.3) (ff) = (_1)/ (20 1/5) (2§) (mod p).
Applying Lemma 2.1 (withg = 5, h = 2, k = 4) we have

of\ _ [\ /(¥
(13.4) (3f) =y (3) /(3] moan
Using (13.2) in (13.4) we obtain
(13.5) (2;) E(—l)fz”’_”“(;;) (mod p).

Applying Lemma 2.1 (with g = 3, h = 1, kK = 4), using (2.2), (13.3), and (13.5), we
obtain

(13.6) (3;) z(2<P—‘>/5)3(§§) (mod p).

Next, applying Lemma 2.1 (with g = 3, A = 1, kK = 5), using (2.2), (13.4)-(13.6), we
get

5 6
(13.7) ( ff) zzw—”/S(z;) (mod p).
Finally, applying Lemma 2.1 (with g = 2, h = 1, k = 5) and using (13.7) we obtain
2 _ 6
(13.8) ( ff) E(~1)f(2<1’ l>/5)2(2§) (mod p).

Combining (13.2), (13.3), and (13.5)-(13.8), we have the following new theorem.

THEOREM 13.1. Let p = 10f + 1 be a prime and let (x, u, v,w) be a solution of
(8.15). If 2 is a quintic residue of p (equivalently, x is even), we have

() =)o) -2

w(x? — 125w?)
8(xw + Suv) ) (mod p),

() -eofg=co(2) (3

x | ow(x?—125w?)
2 8(xw + Suv) ) (mod p).

=(-1) —-;-—

=(-1)| -




BINOMIAL COEFFICIENTS AND JACOBI SUMS 461

If 2 is a quintic nonresidue of p (equivalently x is odd), we can choose a solution
(x, u, v,w) of (8.15) satisfying u =0 (mod2), x + u — v =0 (mod4) so that (see
Lehmer [21])

200°V/5 =a(x,u,v,w) (mod p)

where a = a(x, u, v, w) is given by (4.13). Then we have

)zl o) =l )
=(-1)a?| 5 - H) (mod p),

() s3] = 0f2) -1
=(-1)a* g %) (mod p).

We close this section with two examples illustrating Theorem 13.1.
ExaMPLE. Let p = 151 so that f = 15 and 2 is a quintic residue of p. Then

(?(5)) E‘(‘g) E‘(Zg) E‘(gg) =52 (mod151),
(?(5)) E‘(gg) E"(;(S)) E(Z(s)) =95  (modI51).

A solution (x, u, v, w) of (8.15) with x even is given by (x, u, v, w) = (-4,2,2,4).
In agreement with Theorem 13.1, we have

= 125w?) | _ -4 4(16 — 2000)
Ly [lx _wGP 125w ) 4 416 — 2000) _
= ( 2 8(xw+ Suv) 2 " 8(-16 + 20) 52 (mod 151),
and
P 125w?) ) _ -4 4(16 — 2000)
-1 -z + W(x— _ -4 _ 4016 —2000) _
= ( 2 8(xw + Su) 2 816120 (mod 151).

ExaMPLE. Let p = 11 so that f = 1 and 2 is a quintic nonresidue of p. Note that
a=4s0 a>=5 (mod1l), a®> =9 (mod11), a* =3 (mod11). Now it is easily
checked that

(2)=(3) =(3) =5(§) =2 moary
and, similarly,
(1) =(3) = (3] =5(§) =4 moarn,

Moreover, solutions of (8.15) are

(x,u,0,w) = (1,0,1,1), (1,-1,0,-1), (1,1,0, 1), (1,0, -1, 1).



462 R. H. HUDSON AND K. S. WILLIAMS

The first of these solutions satisfies (4.12) (4 =0 (mod2), x + u — v = 0 (mod 4))
and, in agreement with Theorem 13.1, we have

1 1-125) _
—5(_5_—8(14-0)) =2 (modl1l)

and

AR e RS A ]

Il

4 (modl1l).

14. ¢ = 11. There are ten representative binomial coefficients of order 11, namely
JHEHITHE)
14.1 ) ) ) ) )
(141 )70

[S7- 7 L7 (571 ()

It appears to be difficult to determine any of these explicitly modulo p in terms of
the variables of a quadratic partition of p such as

(14.2) 4p =a*+ 116%, a=2(modll),
or the representation given in [25]. We first show that Theorem 5.1 can be used to
reprove a theorem of Jacobi [19] relating (), (3/) and (§}) modulo p.

Let 7 be a prime factor of p in the unique factorization domain R of integers of
0($,,)- By Stickelberger’s theorem (3.12), we have

In(1,2) ~ mmmememg,  J11(2,2) ~ mmmemymg,  J14(3,3) ~ mymymsmmg,
where, if a; and a, are integers of Q({,,), «; ~ a, means that a,/a, is a unit of the
ring of integers of Q({,,). Hence,

(14.3) y =JIn(1,2)71(3,3)/4,,(2,2) ~ mymmmsmg,
showing that y is an integer of Q({,,). Next, appealing to (3.3), we have
Y = G,(1)G1(3)G,,(4)/G1,(2)G,(6),
$O
03(v) = G1,(3)G1(9)G (1) /G1(6)G (7).

Since, by (3.6), G,,(2)G,,(9) = G,,(4)G,,(7) = p, we obtain o,(y) = y, which shows
that y belongs in the subfield Q(v-11) of Q(§,,). As v is an integer of Q(¢,,), it must
be an integer of Q(vV-11), and so has the form

(14.4) y=-3(a+b/T0),

where a, b are integers such that a = b (mod2). From (14.3) and (3.5) we have
vY¥ = p. Hence a and b satisfy the equation given in (14.2). The congruence in (14.2)
follows as

a=a+b/-11 = -2y=2 (mod(l - {1,)2),
by (3.8).
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Finally by Theorem 5.1 we have

J,(9.10) = _(9ff) (mod ),
J,,(8.8) = - ( 2;) (mod ),
J1(9,9) = - (;;) (mod =),

SO

9f\ [ 8f 9f\ _ _
was {7)(3)/120) =
But from (14.3) and (14.4) we have

(14.6) %(a-l—b\/—ll)EO (mod ).
Hence from (14.5) and (14.6) we have

5/ () i

and so appealing to (2.2), we obtain

%(a—b\/—_lT) (mod 7).

THEOREM 14.1. If p = 11f + 1 is prime and a is defined uniquely by 4p = a* + 11b?,
a = 2 (mod 11), we then have

M

This is equivalent to Jacobi’s result [19]

1
@ = Fafagisprepn (modp).

EXAMPLE. With p = 89, sothat f = 8,a = -9, b = 5, we have

(FIE)/(7) =52 =T == moum)

15. e = 12. There are eight representative binomial coefficients of order 12,
namely,

v LI

We show that all the binomial coefficients in (15.1) can be determined from the
lower order binomial coefficients (), (3}) and (§/).

We begin by determining (/) in terms of (§;) modulo p. Let P be a prime ideal
divisor of p in Q({,,) and define g and x,, as in §3. Then it is known (see, for
example, Whiteman [44, p. 61]) that J,,(3,3) = —a + bi where p =a’+ b%, a=1
(mod 4).

Il
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Appealing to Whiteman’s cyclotomic numbers of order 12 [44] we have
(15.2) J(1.2) = (=1)ex12(3)712(2.9).
where ¢ is given by
(-1)/ ifa =1 (mod3), b =0 (mod3),
(-1)""  ifa=2(mod3),b =0 (mod3),
(-1)"'i ifb=1(mod3),a =0 (mod3),
(-1)i  ifb=2(mod3),a =0 (mod3).

(15.3) c=

Now 3 is clearly a quadratic residue of p so that x,(3) = (1)’ if b = 0 (mod 3)
and x,3) = (=D if @ =0 (mod 3) (see, for example, [22,p. 24]). Taking con-
jugates on both sides of (15.2) we have

J,(10,11) = €¢J,,(10,8),
where
[ +1 if b =0 (mod3),
7121 ifa=0(mod3).

Appealing to Theorem 5.1, we have

(_1)f+‘( 'Of) = —85( lof) (mod P).

f 4f
Finally, as J|,(3,3) = —a + bi = 0 (mod P) we have, using (2.2),
3\ _ [ 6f

(15.4) ( f) —0(2f) (mod p),
where

(-1 ifa =1 (mod3), b =0 (mod3),

_ f+1 . = =
(15.5) o — (-1) ifa =2 (mod3), b =0 (mod3),

(-1Yb/a  ifb=1(mod3),a =0 (mod3),

(-1Y"'b/a if b =2 (mod3), a =0 (mod3).

We now show that the 7 remaining binomial coefficients of order 12 may be
determined in terms of lower order binomial coefficients.

Corollary 4.1.5 relates (7/) and (3/) modulo p. However, Corollary 4.4.1 gives a
simpler congruence, namely,

(15.6) (5j,f) z(jﬁ) (mod p).

Corollary 4.2.2 gives the congruence

[7)=A51)
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Corollary 4.3.1 gives the congruence

(15.7) (2;)5(2“’—”/3)2(6[) (20 'W)(“) (mod p).

Appealing to (2.2) and Lemma 2.1 (g = 2, h = 1, k = 9) we have

L) =)/ )=/ ) s

Thus, using (4.3), we obtain

()= ) =2 )

Now using (15.4) and (15.7) we have

(15.8) (“ff) 0(31;) (mod p).

Next using Lemma 2.1 (g = 7, h = 3, k = 4) we have
f 8\ _ w4 5f
3/ () = ()7 (7] moam,

s0, using (15.5) and (15.8), we obtain

(15.9) (;’;)—( 1)f0(3§) (mod p).

Again appealing to Lemma 2.1 (g = 6, h = 3, k = 5), we have

51/ 5 =0 () (35) moap.

Using (15.9) we have

(15.10) (Z,) E()"(gﬁ) (mod p).

Finally, appealing to Lemma 2.1 (g = 4, h = 2, k = 5) and using (2.2), we have

271/ (B3 = )/ i) =)/ (5]

Using (4.3), (15.9) and (15.10) we have

)-8/ (2
el ) e

so that after cancellation we obtain

(15.11) (;ﬁ) s(_n)fzw“”/%(g;) (mod p).



466 R. H. HUDSON AND K. S. WILLIAMS

Combining (15.4) and (15.11) and appealing to (4.5), Corollary 4.1.1, and Theo-
rems 6.1, 7.1 and 9.2, we have

THEOREM 15.1. Let p=12f+ 1 = a* + b> = x> + 3y? be a prime with a = 1
(mod4), x = 1 (mod 3), and let 4p = A* + 27B> with A = 1 (mod 3). Then we have
the following congruences modulo p:

] (7)o (7] (7] ()
(f)_.20¢a, ; = 20x, (f = 24a, 7= A, f)_20a,

()3 ()= (Y-
where 8 is given by (15.5) and ¢ by

1 ify =0 (mod3),

6=1<(x+3y)/(x—3y) ify=1(mod3),

(x—3y)/ (x+3y) ify=2(mod3).

ExaMpPLE. For p <97, formulas (15.4)-(15.11) and Theorem 14.1 can be easily
checked from the following brief table of values. (See Table 2.)

16. e = 13. Since o04(J,5(1,3)) = J,5(3,9) = J;5(1,3), J15(1,3) is an integer of the
field Q(iV26 + 6y13 ). Zee [15, p. 263] has shown that

(16.1)  J5(1,3) = %(x+wvfl_§+i(u\/26+6\/ﬁ +u\/26—6¢§)),

where (x, u, v, w) is a solution of the system
(16.2) {16p=x2+26u2+2602+ 13w?,  x =9 (mod13),
' xw = 302 — duv — 3u’.

We prove

THEOREM 16.1. If p = 13f + 1 is prime then

af\ _ x  3(x?—13w)w
( f) -2 * 8(xw + 13uv) (mod p)

and

- ~8(xw + 13u0) (mod p),

(27§) _ _% 3(x? — 13w?)w

where (x, u, v, w) is any solution of (16.2).

PrOOF. The ring of integers of Q({,;) is a unique factorization domain (see, for
example, [27]). Let 7 be a prime dividing p in Q({,5). By Theorem 5.1 and (2.2), we
have

wy (Y]

1

() = tt01 (mote)
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Since, by (3.12), we have
(16.4) Ji5(1,3) =0 (mod =),
adding (16.3) and (16.4) and appealing to (16.1), we obtain

2Re(J5(1,3)) = - (4f) (mod 7),

f

that is,
(16.5) (“ff) = —%(x +w/13) (mod ).

For brevity we set 8 = {,;. We have (see, for example, [51, pp. 262-263])
(16.6) B+B3+B4+B9+B'°+ﬁ'2=%(\[l§—1),
(16.7) B2+BS+B°+B7+BR+B”=%(—\/13—1),
(16.8) 32+,B5+,B6—B7—38—B”:%‘/26+6\/§,
(16.9) ,B+,B3—B“+,B9—,B‘°—B'2=é 26 — 6/13 .

By (3.12) and (16.1) we have

(16.10) %(x + w13 + i(u\/26 +6/13 +v)/26 - 6/13 )) =0 (modn).

Applying the automorphism g, to (16.10) and appealing to (16.1)-(16.9), we obtain

(16.11) %(x— w13 —i(u1/26—6\/_1§ — 026 + 6/13 )) =0 (modn).

From (16.1) and (16.4) we have

(16.12) %(x+ w/13 + i(u‘/26 +6/13 + 026 — 6/13 )) =0 (mod ).

Adding (16.11) and (16.12) we get

(16.13) 2x+iu(\/26+6\/1— — /26 —6\/E)
+iv(\/26+6\/1_3 + \/26—6\/’1?) =0 (mod).

Taking the term 2x to the right-hand side of (16.13) and squaring, we obtain, after
some simplication,

(16.14) 13 =(x*+ 13u® + 1302)/ (2u? — 6uv — 20®) (mod ).
Next, using (16.2), we get

(16.15) 13 = -3(x2 — 13w?)/4(xw + 13uv) (mod ).
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Substituting (16.15) into (16.5), we have

) - _x 37— 13whhw
(16.16) ( f) =27 8(xw + 13uv)

R. J. Evans (personal communication) has shown that all solutions of (16.2) are
given by

(mod 7).

(x,u,o,w), (x,-u,-v,w), (x,v0,-u,-w), (x,-v,u,-w).

Hence, x, w? and uv/w are independent of the choice of solution of (16.2), and thus
(16.16) holds (mod p). This completes the proof of the first part of the theorem. The
second part follows similarly, by considering J5(7, 11) = J5(7,8) = 0,(J}5(1,3)) in
place of J5(1, 3).

COROLLARY 16.1. If p = 13f + 1 is prime and x is given uniquely by (16.2), then

= ()3

ExaMPLE. We taken p = 53 so that f = 4. A solution of (16.2) is given by
(x, u,v,w) =(9,3,4,-3), so that

—x/2=22, 3(x*—13w?)w/8(xw + 13uv) =49 (mod53).
Hence, by Theorem 6.1, we have (mod 53),
7l 27
=22 + 49 =18, =22 — 49 = 26.
7 y

Indeed, we have

(4ff) - ( 146) = 1820 =18 (modS53),
(;;) = (288) = 3108105 =26 (mod 53).

17. e = 14. There are 16 representative binomial coefficients to consider when
e = 14 (see Table in §2), four of which are of lower order. The binomial coefficient
(‘z’ff) is given by Theorem 10.1. In this section we show that the 12 representatives of
order 14 can all be expressed in terms of the lower order binomial coefficients

(3727 e ()

THEOREM 17.1. If p = 14f + 1 is prime then the sixteen representative binomial
coefficients can all be expressed in terms of the lower order binomial coefficients

(5727 57)

In particular, we prove
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We have (mod p),

(-

= 2(p—l)/7( 2;) E(_l)f22(p—l)/7( 3;)’

[7) =zl §) 23] = () = ()

I\ — ssp-na| 3 — 4<p—1/7(6f) (7f = 3p—l/7(8f)
(f)_z( )/(2f)_( D2 5 3f)_2( "Nas)

PROOF. We begin by noting that
TGV G =)/
oo (F)/(F) =) 7030 /50 =00)/130)
5/ 6f\ _ [3f 6f)
=/ 5= 170/ 15)
For brevity we denote {,, by .
From the work of Dickson [9] (see also Muskat [28]) we have

i

(17.2) Jia(1,4) = BEnig@y,,(4.4)  [28,(4.7)],
and
(17.3) J14(1,6) = B12ng@y (6,6)  [28,(4.8)].

Applying the automorphisms o,; and o,, to (17.2) and (17.3), respectively, we obtain
J,4(13,10) = Béindg@y, (10, 10)
and
J14(11,10) = Béindg@y, (10, 10),
so
J14(13,10) = J,,(11,10).

Hence by Theorem 5.1 we have

( 10/) - ( lOf) (mod 7).

f 3f

where 7 is a prime ideal divisor of P in Q( ). Appealing to (2.2), we obtain
S\ _[7f

i ) =(2) o

The proof of
M _ [

(17 [7]=(2)) tmoar)

1s similar.
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Next, appealing to (3.11) withn = 2 and r = 1,2,...,m — 1 we have, using (2.2),

s (4)/(7) men

Applying Lemma 2.1 with g = 2¢, h = t, k = m, e = 2m, we have from (17.1),

p=1y/m — mf 2m —21)f
o=/ (S ) o

Appealing to (17.2) and (17.3) with r = 1,2,3, and m = 7, and using (2.2) we
obtain (mod p),

(17.6) (2f) E(_l)f2<p—n/7(7ff), (7f) Ezw—n/v( 8f)’

! f 2f
4f _ =111 7f 7f _ - 9f
(77 (2/‘) =ay (Zf)’ (Zf) =2 )/7(4;‘)’
Ot R A e
Moreover, from (4.16) we have
o) =1y (p—lw( 7f)
(17.9) (f) —(L1)2 ).

Theorem 17.1 now follows easily from (17.1)-(17.9).
REMARK. The congruences in (17.4), (17.5), and

VAN 4
[7) =0 (5] mear)
(Theorem 17.1) are of Cauchy-Whiteman type (see [17], (1.6), and §21).

18. ¢ = 15. There are 19 representative binomial coefficients to consider when
e = 15, including 3 of lower order. We begin this section by establishing seven
congruences relating these representatives solely by powers of 5(7~1/3 or 3(»=1/5,
We prove the following.

THEOREM 18.1. If p = 15f + 1 then we have the following congruences (mod p):

() =(2)

f 2f
(1) ofi) =)= ()

=g ()=l
2f 3f)° f 3f
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PROOF. The first and fourth congruences in Theorems 18.1 are exactly (4.26) and
(4.27).
The third congruence can be established using (2.2) and Lemma 2.1 with g = 3,

the second congruence follows at once from this, and the third follows from the
second.
The fourth, sixth and seventh congruences are easy consequences of (2.1) and
(3.11). For, using (3.11) with n = 3, ¢t = 3, m = 5, it follows from (2.1) that
33— 11/ E9f! 1011511 _ 2 !
318113 fref!  3f!
Similarly, using (3.11) withn = 3,7 = 2, m = 5, it follows from (2.1) that
32p=1/5 E6f! 10f115f! - 8ft  3f'ef!
2f1VIf V12 2f16f! 9f!
Next, using (3.11) withn = 3, ¢ = 1, m = 5 it follows from (2.1) that
3(p_,)/553f!5f!10f! _ 45! 3f13f!
frefriift — f13f! 6f!
Finally the fifth congruence clearly follows from the second and the fourth.
The last two congruences in Theorem 18.1 are particularly interesting because they

relate binomial coefficients of order 15 to the lower order binomial coefficients given
explicitly in terms of the system (8.15) in Theorem 8.1. In particular, we have

(mod p).

(mod p).

(mod p).

4\ _ e[ x4 97— 125w
(18.1) ( f) =3 )/5(—2 + 8(ow T Su0) ) (mod p)
and

8\ — q2p-1 x _ w(x?— 125w?)
(18.2) (Zf) = 3% )/5(— 2 8w T Su) ) (mod p).

ExaMPLE. Let p = 31 = 15(2) + 1 so that (x, u, v,w) = (11, 1,-2, 1) is a solution
of (8.15). As 3% = 16 (mod 31) and 3'* = 8 (mod 31), we have

8) = 7g = 14y _
(2)._28_.16(-2 8)._—96 (mod 31),

(4)—”—4-2+8-““ (mod 31),
in agreement with (18.1) and (18.2).

Next we use the Jacobi sum J,5(1,4) to explicitly determine (7/) and (7)) in terms
of parameters in the quadratic forms p = g2 + 15h% and 4p = 4> + 27B%. In
particular we prove
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THEOREM 18.2. Let p=15f+ 1 =g>+ 15h%, 4p=A>+27B*, A=g=1
(mod 3). Then we have

2g (mod p) if AB =0 (mod?5),
5\ _ 24g — 188g (mod p) ifA=Bor-2B(mod5),
7= A+ 9B
2AG + 18Bg o
< — 9B (mod p) ifA = -Bor2B(mod5),
2g (mod p) if AB =0 (mod>5),
Y\ _ 2Ajf—91§Bg (mod p) ifA = Bor-2B(mod5),
21 2A 18B
g — 18Bg .
T 9B (mod p) ifA= -Bor2B(mod5).

PrOOF. From Muskat [30, p. 498] we have J5(1,4) = 57~ V/3(—g + h/15i). Ap-
pealing directly to Lemma 6 of [45] and noting that

'115(14’ 1) = (5(’7-”/3)2("8 - h\/ﬁ)»

one immediately deduces (by adding and using (4.28)) the first congruence in
Theorem 18.2.

The second congruence is then an immediate consequence of (4.27), completing
the proof of Theorem 18.2.

Consider now the Diophantine system
(18.3) {16,; = x2 4 50u® + 5002 + 125w?,  x =1 (mod5),
‘ xw = 02 — duv — u?;
let a = 1if 3?7 1/5 = +1, and if 3 is a quintic nonresidue of p, let

w(125w? — x2) + 2(xw + S5uv)(25w — x + 20u — 10v)

184) a(x,u,v,w)= )
(184) o ) w(125w? — x?) + 2(xw + 5uv)(25w — x — 20u + 10v)

where (x, u, v, w) is the unique solution of one of

(a) x=1, u=1, v=0, w=2 (mod3),
(b) x=2, u=2, v=0, w=1 (mod3),
(¢) x=1, u=2, v=1, w=1 (mod3),
d x=2, u=l, v=2, w=2 (mod3).
Then Williams [49] has shown that

(18.5)

(18.6) 3PN/ = a(x,u,v,w) (mod p).
A straightforward calculation shows that

(18.7) (3=9/5) = o(x, -0, u,-w) (mod p),

(18.8) (373 = a(x,v,-u,-w) (mod p),

(18.9) (3»=/5) = a(x,-u,—v,w) (mod p).
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Using Jacobi sums first given by Dickson [10] with a sign ambiguity, and later by
Muskat [30] with the sign ambiguity neatly removed, we obtain

THEOREM 18.3. Let p = 15f + 1 = g? + 15h%, g =1 (mod 3), and let (x, u, v, w)
be the unique solution of (18.5) satisfying (18.3). Then we have, modulo p,

(3;) E(—l)[zg/5]2ga(x, —-u,-v,w), (7) E(—l)[zg/S]Zga(x,—v, u,-w),

(gj;) = (-1)***2ga(x, v, -u, ), (;;) =(-1)"*"2ga(x, u, 0, w).

Proor. From Muskat [30, p. 487] we have
Jis(1,4) = b(5(p_W3)2(3(p_I)/S)Jls(l»z),

where b = (~1)!28/% by [30, p. 498]. Thus

J,5(14,11) = b5P=D/3(3(e=0/3)4 1 (14,13),

so that, again appealing to Lemma 6 of [45], we deduce that

( 5ff) = (_1)2#5150- 17330 1>/5)“( 3ff) (mod p)

from which the first congruence in Theorem 18.3 follows in view of (4.28), Theorem
18.2, and (18.9). Theorem 18.1 now gives the remaining congruences.

EXAMPLE. Let p = 661 so that 3?7 /% =1 (mod 661),
A+9B 76

e 364 (mod661),

(57~ 1/3)> =22/76 =296 (mod 661),

5(1’_')/3 =

g = —11 so that (-1){?8/%] = _1. From Theorems 18.2 and 18.3 we have, for f = 4,

(5; ) — (-22)(296) =98 (mod 661),
(;ff' ) =(-22)(364) = 585 (mod 661),

and

(3ff) E(7ff) E(S;) E(g) =(-1)"2g =22 (modés1),

all in agreement with values for these binomial coefficients obtained from computer
data.
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The remaining binomial coefficients of order 15, namely

AR AR R MR

are related to one another in the following theorem.

THEOREM 18.4. Let p = 15f + 1. Then we have

(7)) =301/ () =30/ )

o\ /(8f
“(4f)/ (4f)
= (1) a5~/ (mod p).

PrROOF. Theorem 18.4 follows immediately from Theorems 18.2 and 18.3 as
6f 2f\ _ 7f) (7/‘ 8f (8f):(7f (3f)
1/ =/ G/ 5=/ 1)

i1/ (i1 G/ 5
and, making use of (2.2),

)/ () = (31/17)-10)/1F)
as fis even.

An explicit determination of the 8 binomial coefficients in Theorem 18.4 appears
to require the quadratic form discussed on p. 198 of [10]. An easy computation
shows that each of these binomial coefficients may be determined given an explicit
determination for any one of them. The following theorem provides a determination
of (3) which involves only the forms p = g*> + 154, 4p = A*> + 27B?, and 16p =
x2 4+ 50u? + 5002 + 125w?, x =1 (mod 5), xw = v> — 4uv — u?; this determina-
tion has a sign ambiguity in the form of a square root.

THEOREM 18.5. Let p=15f+1=g? + 15h%, d4p+ A* +27B*, A=g=1

(mod 3), and let (x, u, v,w) be the unique solution of (18.5) which is a solution of
(18.3). Then we have

(-2ga(x,-v, u,-w)y.y,/4)"* ifAB=0 (mod5),

(-2ga(x,-v, u,-w)y (A + 9B)y, / (4> — 9AB))I/2
) =) ifA = Bor-2B (mod5),
(-2ga(x,-v, u,-w)y_(4 — 9B)vy,/(A*+ 9AB))I/2
ifA = -Bor2B(mod5),

(2

where
Y. = vy (x,u,0,w) = —x/2 + w(x? — 125w?) /8(xw + Suv),
y.=v.(x,u,0,w) = -x/2 — w(x? — 125w?) /8(xw + Suv).
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[/ () =7 G G/ )

from which it follows

- 3] e

Hence Theorem 18.5 follows from Theorem 6.1, (18.2), Theorem 8.1, and Theorem
18.2.

ExAMPLE. Let p = 661 so that we may take (x, u, v,w) = (1,3,0,-9), -2g = 22,
A=49= -6 = -2B(mod5),and (4 + 9B)/(A — 9B) = 364 (mod 661). Then

1 -9(1—125(81)) _ -1+ 113 _ -1 —113
Yo=-3+ 59) =———— =56, y=—p—=-57.

As a = 1, Theorem 18.5 gives

( ,Z ) = /(22)(604)(364)(56) /49 z\/—%si (mod 661).

Computer data gives

Il

(3717 (31) )

( 220
88

which clearly is in agreement as ((325)(7))> = -5 (mod 661).

) =325 (mod661),

19. e = 16. There are 16 representative binomial coefficients of order 16, namely,
) 717G ()57 7)
fFrvepvepr e re)

(27} (U757 G- (7 ()05

We begin by noting the following congruences between binomial coefficients of
lower order; these are immediate consequences of (11.1), (11.3), and (11.4) respec-
tively. Throughout this section p = a? + b> = ¢? + 2d?, a = ¢ = 1 (mod 4).

(19.1) (gﬁ)z(—l)"“(iﬁ) (mod p),
(192) a7 =07 (7] (moap)
(19.3) (;‘;)5(4)“(?’;) (mod p).

Two of the above 16 binomial coefficients may be related to the lower order
binomial coefficients (3/) and (3}) as follows:

(19.4) (7] =z T (mod p)
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(19.5) (;’;) z(-l)fzw“/*( ;{,) (mod p).

The first congruence is an immediate consequence of Theorem 4.1. To prove (19.5)
note first that from (3.11) we have

6f18f13f! 6 11
Next, using (2.6) with g = 11, h = 3, k = 6, we have
17 [(5f) _ 7 6f\(10f
)G = (157 ) s
By (19.3) and (2.2) we have

(27 = (5] e (37)= ()

from which (19.5) follows immediately as 27~/ = (-1)*/% (mod p).
Now as 2(»""/8 = +1 or -1 modulo p according as b =0 (mod 16) or b =8
(mod 16), we have the following theorem analogous to Theorem 11.2.

THEOREM 19.1. Let p = 16f+ 1 = a?> + b* = ¢* + 2d?, a=c =1 (mod 4), be a
prime for which b = 0 (mod 8). Then

f 5f
—1f( )s-l’( )EZCor—2c mod
| =3 (mod p)
according as b = 0 (mod 16) or b = 8 (mod 16).
When b = 0 (mod 8) we can use [23,(50), p. 70] to obtain

THEOREM 192. Let p = 16f + 1 = a* + b> =2+ 2d* a=c =1 (mod4), be a
prime for which b Z 0 (mod 8). Then

T\ _ () Z2bc, -2k
(7)=-{3) =22
according as b = 4 (mod 16) or b = 12 (mod 16).

Next, we establish 8 congruences which show that each of the remaining 14
representative binomial coefficients of order 16 are related to at least one other by
the quantity 2(»~ D78 All such interrelationships are easily deducible from these 8
congruences. We first establish 8 congruences which relate

TS e (]

) , , and

( f 2f)7\3f 5f

to either (¥/) or (§/), since for these two binomial coefficients we will give an explicit
determination in terms of the system given in [14] (see also [26, p. 366]).

(19.7) (2ff) E(—l)/Z(P“VB( Sff) (mod p),
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(19.8) (29’;) =(20P717F) ( ff) (mod p),
(199) (5F) =@ (3] moan.
(19.10) (15(;/) =(-1)/ 2~ W*‘(i’;) (mod p).
To prove (19.7) we use (19.4), (2.2), and (2.6). Taking g = 14, h =8, k =9, in
(2.6) we have
[ )7 = (7)(F)
Since

(I;ff) (8f)(m0dp) and ( )_( l)f( )(modp)

by (2.2), the result follows at once from (19.4). Next takingg =7, h =1,k = 8, in

(2.6) we have
F)GA =0 (F)157) e

50 (19.9) follows from (19.4).
Now (19.9) is immediate from (19.6) as

(5 =0 ()] moar)
by (2.2). Next, taking g = 8, h = 3, k = 6 in (2.6) we have
8\ (8f) _(6f)\(10f
3fIN3fF) \3f)\ Sf
so (19.10) follows from (19.9).
Similarly, we may establish the following congruences:

o (g 7]
S
(19.13 3 )z( )2 ) (mod ),
oo [ () n
Taking g = 7, h = 6,k = 10, in (2.6), we have

D=2
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However,
10/} _ b4 8f)
o) =07 (3] moa )
by (19.2) so (19.11) follows from (19.4).
Taking g = 6, h = 1, k = 4, in (2.6) we have

6f\(10f) _ [4f\[12f
(I =I5 ) moan
50 (19.12) is an immediate consequence of (19.11), noting that

(lOf) =(- l)f( )(mOdp) and (1 )—( l)f( )(mOdP)

by (2.2).
Takingg = 11, h = 9, k = 12 in (2.6) we have

053 e

so (19.13) follows from (19.5), noting that

(“ff) ( )(“’Od”) and( )—( 1)’( )(modp)

by (2.2).
Finally, taking g = 13, h = 11, kK = 12, in (2.6) we have

A7) = () e

so (19.14) also follows from (19.5), noting that

(:?;) E(—l)f(ji) (mod p) and ( llf) =(- l)f( ) (mod p)
by (2.2).

Before proceeding to our determination of ( /) and (§f) we wish to note that all
congruences between representative binomial coefflclents of order 16 of Cauchy-
Whiteman type (see [17], (1.6), and §21) are readily deduced from the above
congruences. Computer data shows that the only such congruences are

(19.15) (150ff)_( 1)”/“(3;) (mod p).
(19,16 )=y (7) meap),
(19.17) (7;) (- 1)”/“( ’;) (mod p).

From (19.9) and (19.10) we have at once (19.15), and from (19.7) and (19.8) we
have (19.16). Finally, (19.17) follows from (19.3)-(19.5).
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Now, appealing to (2.2) and Theorem 5.1, we have

8f
f

where 7 is a prime ideal divisor of p in Q({,¢),
(19.18) p=x>+2u*+ 20>+ 2w 2xv=u’—2uw — w?
x=1 (mod8), u=v=w=0 (mod2). For the duration of this section we let
§ =S

From (3.5) and [43, p. 405] one obtains

116(15,9) = (<) = 0(§% = ¢¢) = ulS +£7) = w(&® +¢°))].

It is easy to see from [26] (see, e.g., [18, (3.20)] with x = -1 (mod 8)) that
(19.19) —x—o(* =) +u(C+¢7)+w(+8°)=0 (modn)

and

J,6(15,9).=_—( ) (mod =),

k)

(19.20) 20 = x*=(u? — w2+ 2uw)(¢* — ¢*) (mod 7).
Thus
(19.21) (Sff) = J,6(15,9) = 2(-1)"'{—x — 0(¢? = ¢*)}  (mod )

=2(-1)/{x — (x> — 20%)/ (u® — w? + 2uw)} (mod ).

As the expressions on the left and right of (19.21) are rational integers, the
congruence holds (mod p).
Similarly (mapping 8 — 6°) we have

Jie(13,11) = (1) {x + 0(§2 = %) —u($® + &) + w({ + ¢7)).

Moreover, (19.19) becomes
(19.22) x+o(82—¢) —u(P+)+w(+¢7)=0(modw).
As

8f

3f) (mod =)

Jie(13,11) = - (
from Theorem 5.1 we have

8f

= _ =2(-1Y " x + o(E2 — ¢ mod 7
) = 131 =21 x4 o6 = £)) - (mod )

(19.23) (
=2(-1){x + o(x* = 20%)/ (u> — w? + 2uw)} (mod ),

so, as before, this congruence holds (mod p).
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Combining (19.7)-(19.10), (19.21), and (19.23) we have

THEOREM 19.3. Let p = 16f + 1 = a*> + b* = x? + 2u? + 20% + 2w?, 2xv = u?
— 2uw — w2, with signs chosen so that a = 1 (mod 4), x = 1 (mod8),andu=v=w
= 0 (mod 2). Then we have

(-1)f0(8f) s(”) E20{x —~ M} =(- 1)f02( f) (mod p)

f f u? — w4+ 2uw 2f
and
vl 8f :(IOf _ { v(x? —20?%) }= 2(6f
el3f) =) =2l BT =5 moa

where 0 = +1, -b/a, -1, or +b/a (mod p) according as b = 0,4, 8 or 12 (mod 16).
ExaMPLE. For p =113, f=7, b=38, (x,u,v,w) = (1,-6,4,-2). In agreement

with Theorem 19.3 we have
8F\ _(2f) _ 9\ _ ( 431
(f)__(f)_—(zf)_42(modll3), -2{1 36
8f\ _ (10} _[6f) _ ( _ 4(—31)) _
(3f)_(Sf)_(3f)_67(modll3), 2|1 T = 67 (mod 113).
The remaining 8 representative binomial coefficients of order 16 we are only able
to determine up to sign. Let

) = 42 (mod 113),

8, =68(x,u,o,w)= 2(—1)f{x —o(x?=20%)/ (u® — w? + 2uw)},
8, =8(x,u,v,w)= 2(—1)f{x +o(x? = 20%)/ (1> — w? + 2uw)}.
Then we have

THEOREM 194 Let p=16f+1=a>+b*=c>+2d* = x>+ 2u? + 20> +

2w2, 2xv = u® — 2uw — w?, with signs chosen so that a =c =1 (mod4), x =1

(mod 8), u = v = w = 0 (mod 2). Then we have the following congruences (mod p):

(o) (Y =fet]”

(et (4ot

() oml " (3] =) (3] =Gl
)

( (145,68, )/2.

PROOF. In view of (19.11)-(19.14) it suffices to prove the congruences for

[ ()T e ()
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To prove the congruences for (¥;) and (}/) we note that

=G )= ()65

A7) = (A7)

so that appealing to Theorem 11.1, (19.4), (19.13), (19.14) and Theorem 11.2 we have

(mod p throughout)
)/ ()

( 7f ) 2
2f
= (—l)b/42a(2"’_ I’/8)(2682)(2”’_ I’/8)3/8|,

=G )
=(-1)/20"/82¢(=1)"*2a(-1)/ (2~ 1/8)’5, /8,

To prove the congruences for (}f ) and (?f ) we use Lemma 2.2 and (19.12) to see
that

and

and

(19.24) (4f)(6f) _ (=189,

f f] -8
and we use (19.5) and Theorems 11.1 and 11.2 to see that

HAVRHAY

19.25 =

as29 ()7 ()= 37/ (3

(-1)/ 207~ /8(_1)"*2¢
(-1)"*2a

From (19.24) and (19.25) the stated congruences for (7f ) and ( 7) follow at once.

The next theorem taken in conjunction with (19.11)—(19.14) shows that a correct

sign determination for one of the congruences in Theorem 19.4 suffices to fix the
sign for the remaining seven.

_ fap-1y/8€
= (-1 P .
(1) 2t/

THEOREM 19.5. Let p = 16f + 1 = a® + b> = ¢* + 2d?, a = c = 1 (mod 4). Then
we have

(5;‘)(;;')54“ (mod p), (4;)/(3’;)5(—1)’% (mod p).

PrOOF. The first congruence in Theorem 19.5 follows by combining (19.13) and

(5;()(2@) = (g;)(}f) E(—l)f4ac(2(P—l>/x)3 (mod p)
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(see (19.4), Theorems 11.1, 11.2). The second congruence follows at once from
(19.11) and (19.25).

We close this section by noting that results similar to Theorem 19.1 may be
deduced for e = 32 and e = 64, making use of the system given by (19.18), as
20P=1/16 and 2(,~1/32 have recently been determined (see Evans [12] and Hudson
and Williams [18]) in terms of the parameters in this system and those in Theorem
19.1.

20. e = 20. For p = 20f + 1 there are 24 representative binomial coefficients of
order 20 and 9 lower order representatives. We begin this section by showing that 10
of the 33 binomial coefficients of order 20 may be expressed in terms of the
parameters in the representations p = a’+ b*> = e? + 5f°, a= 1 (mod 4). In
[45, Theorem 3] Whiteman proved that for p =20f+ 1 = a* + b?> = €2 + 5f°,
a = 1 (mod 4), we have

10 10
(20.1) ( ff)( 3ff) =de? (mod p),
and according as b Z 0 (mod 5) or b = 0 (mod 5),
10\ [ 10f 10f
(202) (f)z(Bf)"“(sf) (mod p).

resolving the ambiguity in the congruence of Cauchy (S, p. 37]. If b Z 0 (mod 5) then
(as the sign of a is determined by the condition @ = 1 (mod 4)) Whiteman showed
that e may be expressed unambiguously by the condition e = a (mod5), so for
p=20f+1=a’>+b>=e?+ 5f2, b =0 (mod5), we have

o5 (9)<(

The sign of b is not fixed. However, comparing formulas (4.7) and (4.13) of [45]
one sees readily that e may be expressed unambiguously by the condition e =|b|
(mod 5). (Set e = (—1)/b’ (where b’ denotes Whiteman’s b) when 5| b; the determina-
tion in (20.4) requires choosing a primitive root g with g%/ = a/|b| (mod p).) Then
from [45, Theorem 3] we have, for p=20f+ 1 =a’>+b*=e>+ 5f% b=0
(mod 5),

o () () e

Let 8 =2»"1/1° We show in the next two theorems that 8 representative
binomial coefficients are related to (')/) and (/) by powers of 8.

) =2e¢ (modp) (a=1(mod4),e=a(mod5)).

THEOREM 20.1. Let p = 20f + 1 = a*> + b*> = e* + 5f? be a prime with the signs of
a and e chosen so that a =1 (mod4), e = a (mod>5), if b =0 (mod5) and e =|b|
(mod 5) if a = 0 (mod 5). Then we have the following congruences modulo p:

HECIE eI
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13f — f f+|2ea,82
( 6f) =(-1)2ep* or (-1) T
6f — f 3 /+12ea,33
(3f) =(-1)2eB’ or (-1) —|b| ,
1) _ I 4 r2eaf*
( 2f) =(-1)2ep* or (-1) b

according as b = 0 (mod 5) or a = 0 (mod 9).

ProOF. For the duration of this section all congruences are interpreted modulo
p = 20f + 1 unless otherwise stated. By (3.11) and (2.2) we have

e 2fVI0FLFY (2 11
(20.5) S(p=1/10 = ff!”ff!ff! =( ff)/( ff)

/(%)

so the first congruence in Theorem 20.1 follows at once from (20.3) and (20.4).
Next we have

oyt 67110£ 17/ ___(10) 13f
(20.6) (2 V=3 S\ 3y / 6f |
and the second congruence follows as above, noting that 87 = (-1)/82 as (2/p) =
+1=p=1(mod8) =f=0(mod2).

Similarly,
“ns0y3 — 6F110f13f1 _ [6f 13f _ 7 6f 10f
@ @y = =)/ () = () 15)
yielding the third congruence in Theorem 20.1, and
p—1yi0 — 2£110£19ft _ [10f 11f
(208) v =t =)/ (57)

completing the proof of Theorem 20.1.
EXAMPLE. Let p = 241 = 14 4 5(3)%. Note that f =12, 2?"D/5 =1 (mod p),
2ea/|b|= 136 (mod 241). In agreement with Theorem 20.1 we have

24\ _  (72) (132 _ (156) _
(12) = (36) _( 34 ) - ( 72 ) =136 (mod241).

THEOREM 20.2. Let p = 20f + 1 = a®> + b* = e? + 512 be a prime with the signs of
a and e chosen so that a =1 (mod4), e =a (modS) if b =0 (modS5) and e =|b|
(mod 5) if a = 0 (mod 5). Then we have the following congruences modulo p:

4f\ _ \izess) (Sf) — (_1)/*[2¢/5]5 n2
(f) =(-1) 2ep, f =(-1) 2ef?,

( 13lff) E(_l)f+[28/5]zeﬁ3, ( 14]ff) E(-])[26/5]2eﬁ4.
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PROOF. To prove the first congruence in Theorem 20.2 we need to show that

(209) (4ff)/ (sz) E(_l)f+[2e/5] or (_l)f+[2e/5]% (modp)

according as b = 0 (mod 5), e = a (mod 5), or a = 0 (mod 5), e =|b| (mod 5).
The Jacobi sums J,(1, 1) and J,4(1, 3) are related by (see [31, Lemma 3])

(20.10) udy(1,1) = Jy(1,3),
so by Lemma 6 of [45] we must have
(20.11) (“ff)/(sz) =7 (mod p).

Clearly (-1)?¢/31= 41 if e =1 (mod5) and (-1)!?¢/%1 = _1 if e =4 (mod>5).
We now use Lemma 4 of [31]. As e = a (mod 5) if b = 0 (mod 5), we have

(1= +1 ife=1(mod5),
-1 ife=4(mod>5)

((~1)” arising from a =+ (-1)/ (mod 5) in Lemma 4). Moreover, with g5 = g%/ =
a/|b|(mod p), a = 0 (mod 5), we have
{|b|/a if e =1 (mod 5),

fo—
(D=1 06) ife =4 (mod5),

To prove the second congruence in Theorem 20.2 we first use (3.11) and (2.2) to

obtain
=110\ — 8f110f14f! 8f 14f _ 8f 10f
@iy oy =G =)/ () =0/ 1)
Next from Theorem 20.1, (20.3), and (20.4) we have
(20.13) (:63];)/ ( 13Off) E(_l)f(z(p—l)/IO)3‘

Now we have

(20.14) = |4 af

8f1 f13f1 6f! 3f!7f!_(8f)/(10f)
VL 4fr 3131 104! ’

SO

8f\ s (4f\ _ @yt p—13/10
(20.15) (f)/( f) = g = (1) 2000,

proving the second congruence in Theorem 20.2.
Next using (3.11), (2.1) and (2.2) we have

(2P=1/10)? = 411011 _ 4f'8f'6f!

/1)
=2f012f1 T 2f110716f! ~ \2f ar |’

(20.16)
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From Theorem 20.1, (20.3) and (20.4) we have
(20.17) ( llf)/ ( lOf) E(_l)f(z(pﬂ)/m)“

e (0

(20.18) (131;‘)/ (4ff) = (-1)/ (22 1/10Y?,

proving the third congruence in Theorem 20.2.
Finally, we have

17! fU770 8f1 afref!  [11f 10/
(20.19) 4f17f1 8f1 2f16f! 10f! _(Zf)/( f)

so from (20.16) and (20.17) we deduce that

(20.20) (141;)/ (8ff) = (=1)/ (2= 1/10)?]

completing the proof of Theorem 20.2.
Let (x, u, v, w) be a solution of

(20.21) 16p = x2 + 50u® + 500> + 125w?, x =1 (mod$),

xw = v — duv — u.

EXAMPLE. Let p = 3121 so f=0 (mod2), 2 V3= +1,a=-39,b=40=0
(mod5), and e = -49 = a = 1 (mod 5). We have

=)= =0 =) = ()
20.22 = = =
( ) ( f 3f f 3f 2f 6f
(4 [8F) (1S [ 11f) _
=(7)=(7)=(5) =(sf) =% moaman.
Resolving the sign ambiguity in Cauchy’s congruence (see (20.2)) involves showing
that (') and (%/) differ multiplicatively by 5%~"/* =+1 (mod p). The con-
gruences in the followmg Theorem are related by a fourth root of unity, u, which
does not arise from any expression of the form (n'?~"/") e = mn, t = 1. Thus

Muskat’s and Whiteman’s determination of ¥ in Lemma 3 of [31] is an important
and valuable result. In our notation this determination takes the form

(20.24) = {(-1)f+l2e/51 ifb =0 (mod5),

(1) /1b) it a =0 (mods).
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THEOREM 20.3. Let p = 20f + 1 = a® + b> = e + 5f2 be a prime with the signs of
a and e chosen so that a =1 (mod4), e =a (mod5) if b =0 (mod5) and e =|b|
(mod5) if a = 0 (mod 5). Then we have

)7 1=E0/ 1) = (517 ()
= () (=) G =)/ G
=)/ 15 =G/ () =570/ )
=[&/)/ =10/ 1) =)/ 15) = woan

of Theorems 20.1 and 20.2. The next two congruences follow from the first as
(20.25)

T/ =017 51 =)/ Giler= ()7 ()
Next we have, using (2.2) and Theorems 20.1, 20.2
(20.26)

(?f[)”!/(lslff)”’:(2;)/(”f) ( )‘4f /(“f)Mf!
=(57)/ (/) = (5] /(6] ) =cvra

(20.27)
(o (3o (30 (3) = (373
(o (=[5 5] =
(20.28)
(o (o= ()= o (e

completing the proof of Theorem 20.3.

COROLLARY. For every prime p = 20f + 1 we have

(7)) =(5) e (7))

( f) (mod p).
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As 20~ 175 is given explicitly by (4.13) we have, if (2/p)s # 1
(20.29) (8;) =(-1)/" B
‘ 2e(w(125w? — x2) + 2(xw + Suv)(25w — x + 20u — 10v))
w(125w? — x2) + 2(xw + 5uv)(25w — x — 20u + 10v)

a=1(mod4), e =a(mod5)if b =0 (mod5) and e =|b| (mod5) if a = 0 (mod 5),
u =0 (mod2), x + u — v =0 (mod4). Moreover, we have the following (using the
result of Emma Lehmer in formula (48) of [23)):

(20.30) ( L‘ff) _ (1)

2e(w(125w? — x2) — 2(xw + Suv)(25w + x + 10u + 200))
w(125w? — x?) — 2(xw + 5uv)(25w + x — 10u — 200v)

if (2/p)s # 1 (= replace (x, u, v,w) by (x,-v, u,-w) on the right-hand side of
(20.30)).
EXAMPLE. Letp =41 sox = -9,u = 0,v = 3, w = -1, e = -6. Then we have

(8ff) = ( '26) = 38 (mod 41)

and

(8f) = ])(-12/5]-12(-1(125 — 81) + 2(9)(=25 + 9 — 30))
fl— ~1(125 — 81) + 2(9)(=25 + 9 + 30)

=12(-3+33)/(-3+6) =38 (mod4l).

Moreover, we have

(141}{) = (282) =11 (mod4l)

and

( llf) _ (s 212(-1(125 — 81)) — 2(9)(=25 — 9 + 60)
af =CD ~1(125 — 81) — 2(9)(=25 — 9 — 60)

=12(-3 - 17)/(=3+ 11) =11 (mod41).
Now () = (3) = 28 and, replacing (x, 4, v, w) by (x, v, -u, -w), we have
(4/) _ (2120125 = 81) + 2(9)(25 + 9 + 60)
f (125 — 81) + 2(=9)(25 + 9 — 60)
=123 —11)/(3+ 17) =28 (mod 41).

Finally we have

( l;ff) = (262) =34 (mod4l)
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and, replacing (x, u, v, w) by (x, -u, -v, w), we have

( llf) _ (s 21210125 — 81) + 2(9)(-25 + 9 + 30))
3f =(-1) ~1(125 — 81) + 2(9)(-25 + 9 — 30)

=12(-3+6)/(-3 +33) =34 (mod4l).

The binomial coeffcients in the above corollary are of Cauchy-Whiteman type.
Moreover it is clear from the above congruences that

(71070
fIA3f)TVf)\2f
are expressible in terms of the parameters in (20.21) rather than the parameter e in
p=e?+5f2

Before proceeding to determine the binomial coefficients which may be given
explicitly in terms of the system (20.1) we note that the above theorems yield a large
number of congruences relating products and/or quotients of representative bi-

nomial coefficients (as in (20.1) or in Theorem 14.1) and the parameter e in
p = e+ 5f2 Wecite only a few.

(20.31) (l(f)f)(lfff) E(—l)f(‘lff)( 1411{)
s(_l)f(gff)(l;ff) =4e? (mod p),
[ = ()

(20.32) ( lgf )2

2f
according as » = 0 (mod 5) or a = 0 (mod 5).
(20.33) (“ff)(gff)/ ( 131ff) =(-1)>*2¢ (mod p);
(20.34) ( 7ff) ( 4ff)/ ( sj}) =2eor2ea/|b| (mod p),

according as b = 0 (mod 5) or a = 0 (mod 95).
The congruence (20.32) may be obtained from Theorem 20.2 after noting that

@ )71/ (7= (7)-07)7 )

(V4] =
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(20.31), (20.32), and (20.33) are clearly immediate consequences of Theorems 20.1
and 20.2. Also we note in view of Gauss’s congruence given in Theorem 7.1 that we
have

10 f) ( 10 f)
20.36 =2eaor -2e|b| (mod
(2030 rdlb b1 (mod p)
according as b = 0 (mod 5) or a = 0 (mod 5).

Apart from ('5/) all 8 lower order binomial coefficients are given explicitly by the

congruences in §§8 and 13. We now prove that 6 representative binomial coefficients
of order 20 may be given explicitly in terms of the system (20.21).

THEOREM 20.4. For each primep = 20f + 1 = a*> + b*> = e + 5f%,a = 1 (mod 4),
with (x, u, v, w) a solution of (20.21), set y . (x, u, v, w) (upper signs) andy (x, u, v, w)
equal to

%[—x = w(x?— 125w?) /4(xw + 5“”)]

if(2/p)s = 1,and to
1| w(125w? — x?) + 2(xw + Suv)(25w — x + 20u — 10v)
2| w(125w? — x%) + 2(xw + 5uv)(25w — x — 20u + 10v)

L ow(x? — 125w?)
~ 4(xw + Suv)

if 2 is a quintic nonresidue of p. Then with e = a (mod5) if b =0 (mod5), e =|b|
(mod 5) if a = 0 (mod 5), with a fixed primitive root g such that g = a/|b|(mod p),
and with u =0 (mod 2), x + u — v = 0 (mod 4), we have the following congruences
(mod p).
7
( 3];) =y, (x,u,0,w)

for the solution (x, —v, u, -w) of (20.21), and
"1\ _ 9\ _ f+(2e/5]
(f)_i_(3f) -(_1) 'y+(x,u,v,w)
or
(-1 a1ty (x, u, 0,w)

according as b =0 (mod 5), in which case the + sign holds and e = a (modS5), or
a = 0 (mod 5), in which case the — sign holds and e =|b| (mod 5).

Moreover, we have

9
( ff) = (1)y.(x, 4, 0, w)

for the solution (x, —u, —v, w) of (20.21), and

) (%) ==
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or

(—l)f+[2e/5](a/|b|)y_(x, u,v,w)

according as b = 0 (mod S), in which case the + sign holds and e = a (mod>5), or
a =0 (mod5), in which case the — sign holds and e =|b| (mod5); (x, u, v,w) is
replaced by (x, -v, u, —w).

PRrOOF. The first congruence follows directly from Theorem 20.2 noting that
7f / 8f\ _ Tfrafrafr1if [ 11f / 11f
f af] = 3fraf18fLf o\ 3f af |-
The Cauchy-Whiteman type congruences
(3

(7ff) (3?) and (B}f) zf) (mod p),

holding with the + sign if » = 0 (mod 5) and the - 51gn if a = 0 (mod 5), are proved
in [17]; the congruences stated in Theorem 20.4 for ( /) and ( /) follow immediately
from Theorems 13.1 and 20.3.

Finally, the congruence for ( /) follows from Theorem 20.2, noting that (using

(2.2) and B* = (-1)/B?),
)/ (&)= (7))
=/ (Y)/ () =0 meap).

ExaMPLE. Let p = 41 s0 (x, u, v,w) = (9,0, 3,-1) and

(57 =(§) =10 moaa, (7ff)=(12“)s9 (mod 1),

(gﬁ) N (]68) =-9 (mod4l).

We have

_1{125 — 81+ 2(- 9)(25+9—60)H (81 — 125)]
Ya (6,0, u, W) = 2 125 — 81 + 2(-9)(25 + 9 + 60) 4(-9)

=10 (mod4l);
(=12 a/bl)y, (x,u, 0,w)

9[-1(125 — 81) + 2(9)(-25 + 9 — 30) (81 — 125)] _
_[ ~1(125 — 81) +2(9)(-25 + 9 + 30)][9 L Tar I (mod 41).

Moreover,

(()ff) = (‘28) =30 (mod4l), (3;) =(g) =15,

(3;) :(f) -15 (mod41),
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and we have

(—l)fy_(x,—u,—v,w)
1[-1(125 — 81) + 2(9)(=25 + 9 + 30)
Z(125 — 81) + 2(9)(=25 + 9 — 30)

(1) a/1b))y.(x, -0, u,-w)
9[ (125 — 81) + 2(-9)(25 + 9 — 60) [9 _B1-125)] _ 15 (moddl).

_g1-125)] _
[9 ETEN ]_30 (mod 41),

(125 — 81) + 2(=9)(25 + 9 + 60) 4(-9)

Having explicitly determined 16 of the 24 representative binomial coefficients of
order 20 in Theorems 20.1, 20.2, and 20.4 there remain

(7GR G G () ma 157

In light of Theorem 20.3 it suffices to determine

(7)) e 5)

In the following theorem we determine these 4 binomial coefficients up to sign.
Clearly such complicated determinations are almost solely of theoretical interest.
However, we make no apology, as the same may be said of far simpler determina-
tions. Moreover, the proof of Theorem 20.5 yields some neat explicit determinations
for certain products and quotients of the remaining 8 representative binomial
coeffcients; these are enumerated in Theorem 20.6.

THEOREM 20.5. Let p = 20f + 1 = a® + b? = e* + 5f2, define v, (x, u, v, w) and
Y.(x, u, v,w) as in Theorem 20.4, and for a fixed primitive root g with g = a/|b|
(mod p), choose the signs of a, e, x, u, and v so that e = a (mod 5) if b = 0 (mod 5),

=|b| (modS5) if a=0 (modS), u =0 (mod2), and x + u — v =0 (mod4). The
following congruences determine the binomial coefficients

7)) (31)- ene ()

((—1)f£y+ (x,-u,-v,w)y_(x, u, v, w))l/2 if b =0 (mod5),

modulo p up to sign.

H

1/2
(1) v (oo, (e w)) ifa=0(mod5),

(4eay, (x,-v,u,-w)/y_(x, u, v,w))"”? if b =0 (mod5),
(4e|b|y, (x,~v,u,-w)/y_(x,u,v w)) ifa =0 (mod5),

(7f) _ (( 1)/ Y+(x ~u,-0,w)y_(x, u, 0, w)) & ifb=0(mod5),
2f (

)f+'|b|7+(x —u,-v,w)y_(x, u, v, w))l/2 ifa =0 (mod5),
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(12[) _ ((-1)deay (x.0.-u,w) /v, (xoucoow))”* ifb =0 (mod5),
> ((—l)f4e|b|y_(x,v,—u,—w)/y+(x,u,v,w))]/2 ifa =0 (modS5).

e (F)/(7)= /1)
HAr VAN

according as b = 0 (mod 5) or a = 0 (mod 5) in view of (20.3), (20.4) and Theorem
7.1. Moreover,

(20.38) ( Sff) ( z;) = ( 9ff) ( j;) = (-1Yy, (x,-u,-0,w)y_(x, u, v, w)
in view of Theorem 20.4 (the mapping (x, u, v,w) — (x,-u,—v,w) for either
¥, (x, u, v,w) or Y.(x, u, v,w) has the effect of multiplying by g3 = (2(»~1/10)3),
Combining (20.37) and (20.38) we have the first congruence in Theorem 20.5.

Next, we have

w1 (3)/3)= [/ (3]t

in view of Theorems 8.1 and 20.4. Also, using (2.2), we have

(20.40)

8f 10f 15f 15f 10f 12f
(ol [ o= () (5] =0 () (]
8 12
=>(3;)( Sff) =4ea or 4e|b|
according as b = 0 (mod 5) or a = 0 (mod5) in view of (20.3), (20.4), and Theorem

7.1. Combining (20.37) and (20.38) we have the second congruence in Theorem 20.5.
Now we have

(20.41)

B/ (5= )/ [5)
-G/ =5 =5 o

according as b =0 (modS5) or a =0 (mod5) by (20.3), (20.4), and Theorem 7.1.
Also,

SAN(FY _ (T [4f) _ /
(20.42) (2f)(2f) = (3f 2] = (-1) vy (x,~u,—0,w)y_(x,u,v,w)
in view of Theorem 20.4 and (13.8) (noting that 88 = (~1)/8*). Combining (20.41)
and (20.42) we have the third congruence in Theorem 20.5.
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Finally, combining (20.39) and (20.40) and noting that (x, u, v, w) = (x, -0, u, -w)
has the effect of multiplying by 84, (x, u, v, w) — (x, v, —u, —-w) of multiplying by 8,
and 1/8* = (-1)/B, we have the last congruence in Theorem 20.5.

The following theorem is an immediate consequence of (20.37), (20.40), (20.41)
and similarly derived congruences together with Theorem 20.3.

THEOREM 20.6. Let p = 20f + 1 = a® + b> = e? + 5f?* with a and e chosen as in
Theorem 20.4 and with g a fixed primitive root such that g = a/|b| (mod p). Then

231/ =-7)/ ()=

according as b = 0 (mod 5) or a = 0 (mod 5). Moreover,

57 = () 5) =
5= (G5 ) =ean
according as b = 0 (mod 5) or a = 0 (mod 5),
HANENANVEC RS
/ f f f
i E—

( 152ff) ( 15lff) fI\3f

according as e = 1 (mod 5) or e = 4 (mod 5).

e
a

or

or

and

EXAMPLE. Let p = 641 50 (x, u, v,w) = (16,4, 12,-4), 2»~V/5 =1 (mod 5) (= x
=0 (mod2)), a=25 b=4, e= -6, and f = 32. We have, in agreement with
Theorem 20.5, the following congruences modulo 641:

5f) :(1620)2513 and "76(434)(191)513,

( 2;)2 - (2956 )2 =443 and (4)(-6)(4)(434)/191 =443,
(Zj;)z _ (262:)2 =564 and -4(434)(191)/-6 = 564,
( lssz)z( P )2 =70 and (4)(-6)(4)(191)/434 =10,
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for it is easily checked that

16 | -4(256 — 2000) _ 199
—16 24296 = 2090) _ 199 _ 434 (mod64l),
2 " T8(-64 +240) 126 (mod641)

y_(x, u,v,w) = 191 (mod 641).

Moreover, we have as e = 4 (mod 5),

(%)/(27/;)5%35‘(5;)/(3;)E%Ef%% (mod 641),
)/ (2] =t =(2)/ () =2 =t =% moasin,

(8f)( lzf) = (468)(460) = 4e|b|

Y+ (x9 u,v, W) =

il

. ( 6f) ( ”f) =(330)(280) (mod 641),

3f|\ sf fIVSf
( 152ff)( 151;‘) — (460)(280) = —dea = ( 6ff) ( 2;) = (330)(468) (mod 641).

21. e = 24. For p = 24f + 1 there are 33 representative binomial coefficients of
order 24 and 15 lower order representatives. An astonishing 43 of these 48 binomial
coefficients may be related to at least one other by what we henceforth call a
Cauchy-Whiteman type congruence, that is, a congruence relating two representative
binomial coefficients of the type.

()]s () == (] mear

for all p = ef + 1. (The name derives from the facts that Cauchy proved

) =-(5) e

for all p = 20f + 1 and Whiteman showed how to remove the sign ambiguity in this
congruence).

We begin this section by using the Davenport-Hasse relation in the form given by
Yamamoto (3.11), together with (2.1), (2.2), and (2.6), to prove all Cauchy-White-
man type congruences for e = mn = 24 in which representatives are related by a
term of the form (n(?~ /") = =1, ¢t = 1.

For the rest of this section, all congruences are understood to be taken (mod p =
24f + 1) unless otherwise stated.

THEOREM 21.1. The following congruences hold for all primep = 24f + 1 = a* + b?,
a=1(mod4);a=1ifa=0(mod3)and a = 2 if b = 0 (mod 3).

(-1 (5) = 13)

(- -2
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)=o) (%) =03

=2 3 =)

)= = (30,
) (=)
= ()=o) (3 =l )

of = (1) 12f =(C1)/t 12f 10\ _ [ 16f
3f] = 2| = 6f |’ 2 T\ 8f )
PROOF. The theorem follows directly from the following 19 congruences, noting
that 2 and 3 are quadratic residues of every prime p = 24f + 1, 207~ V/4 = (_1)b/4

(mod p) (Gauss) and 3"/ =1 or -1 (mod p), according as b = 0 (mod 3) or
a = 0 (mod 3).

Congruence Reason
(21.1) (g;) E(—l)f( ]65;) Theorem 11.2
(21.2) (g;) z(—l)””/“( I;ff) Theorem 11.2
(21.3) (2;) = (-1)f+'7/4( 162ff) Corollary 4.1.3
(21.4) (g?) E(—l)"‘( lfff ) Theorem 15.1
(21.5) ( lzsz ) E(—l)"‘( 162 ff ) Corollary 4.2.2
(21.6) ( 120; ) s( 186 ff ) Corollary 4.4.1
Q1.7) ( g;) z( 164;() Theorem 11.2

Next, using (3.11), (2.1), and (2.2) we have
so-nss = 318711611 3

T T f19f T

3137114 _ 107\ , (10f
=CD'SrTarTiar =(‘1)f( f )/ (3f)’

e 9F18f116f! 13\ /(197\ _(13f\ /{14f
R T AT (“)f( 3f)/(9f) (3f)/( Sf)'
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It follows that

a2 — ¢ [ 13f) ([ 10f 141\ [ 10f
1 =30-h/2=(_1) ( 3f)( f )/( Sf)( 3f)
=1y 13f! S5f19F! 3f17f! 10f!
TVTU3110f 140 10f! f19f!

- =3

7)) i =)/ 1)

UARTALTAL AN (Sf)/(llf)'

Moreover,

T Fref! 1iflaf! f af
Combining these we have
-3
5)-13)
-(4)

Next using (3.11) and (2.2) we have
2P 1/12 = 21120110 (12f)/(13f)’

T ofrfragr o\ f 2f
_ ARV AN/AN 12f 14
(2(p l)/l2)5= 5]{!17ff!7ff! :(—l)f( 5f )/( 7ff)

Taking g = 12, h = 1, k = 2 in (2.6), and using (2.2), gives

LTI =005 = ()7

Making use of (21.9) we obtain
1 =2p—hH/2 E(z(p—l)/lZ)(z(p—l)/lZ)5

)
)-(4)

In establishing the remaining congruences we will use (21.8)-(21.11) without
specifically citing them.
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Taking g = 14, h = 7, k = 12 in (2.6) we have
14f) 10f)2(12f)(12f
(7f(5f_7f 7f)’
SO

o) (= A () (32

from which follows

(21.12) (10/) =(- )’( 13f).

Appealing to (3.11), we get

8f 11211811
(p—1/3 = (H(p—1/12 it el Mt
2 =@ ) = 4f116f18f!

(3 (/150
moreover,

(10f)(13f)/(13f)(12f)_ 10f1 4719f1 FUILfY 13f!
)\ 2y ar [\ £ ]~ froft T I3fr 12f1 2f111fY

_Afrioftizfy (12f /(IOf
Co2frefefr o\ 4f 2f)’

and it follows that

)=o)

Since

(10/)/(13f) _ 101471371 _ 10£147114f !

f af | T FUI3f13f1  FUIBfII4fT
we obtain, using (2.2),
4f bsa| 13f
(21.14) (f) = (1) (3f)
11f r+bsaf 141
2113 )=o)

Next, using the previously established congruence for 2(»~ /12,
(4f)/(7f) _ (12f)/(4f) _ 12f1571571
2f 2f 2f 2f UARUIARTA

(/)
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From (15.7) we have

e ) 1)

2f 2f
SO
(21.16) (;;) E(—l)”h/“(;{().
Since

(4/)/(7[) I YARTAL AN YARTAKYA

2f 2f)  2fVIFN9fY 21T
we have at once that
()= (2)

5 +b/4 7

(21.18) (2{() =(-1)y"" (3’;)

Now, appealing to (2.1), (2.2), and (3.11) we have
18f14f!18f112f116f!120f!
3FVTIFVILfVISF 191231
:(_1)f+l( 18112 !5F  f113f16f! )
- 3FVIFVLILf VI3 6f!

s(_x)f( ]38/f)( 163ff)12f!5f!f!6f!/6f!18f!

(21.19) (6ff) z(—l)”"( 163ff)

This completes the proof of Theorem 21.1.

The number of Cauchy-Whiteman type congruences in Theorem 21.1 exceeds that
of all such congruences for all lower order cases (e < 24). Perhaps, even more
surprisingly, it does nor include all the Cauchy-Whiteman type congruences for
e = 24. In contrast to the lower order cases (and anything we can find elsewhere in
the literature), there are Cauchy-Whiteman type congruences for e = mn = 24 for

which the =1 relating
of rf
(sf) and (s’f) modulo p
is not an expression of the form (n»~"/™)! ¢ = 1. We have, instead, the following
theorem which, in conjunction with Theorem 21.1, gives all Cauchy-Whiteman type
congruences for e = 24.

(6P~ 1/%) =
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THEOREM 21.2. The following congruences hold for all primes p = 24f + 1 = a® +
b*=x*+3y?=u’+ 60v*,a=u=1(mod4), x =1 (mod 3):

o) (o)
) (9)-crL)
) (-c(2)
()=o) ()=o)

PrROOF. From Berndt [3, p. 3.23] we have
Jra(1,4) = (-1 )f+v/22(,,4 l)/lzjza(& 8),

so that, appealing again to Theorem 5.1 we have that for a prime ideal divisor 7 of P
in Q(eZm/Zél ),

~ ( Sf/) E(_l)f+y/4(2(p—n/6)( l;ff) (mod )

(as 2(P7D/% = (~1)?/% and (- 1)?/4**/2 = (~1)*/* follows from [3, pp. 317, 3.25]).
Next Theorems 6.2 and 9.2 give

5/ (5 2 i

in view of 4.5 (and (27~ V/3)2 = 2(,= /) Tt follows at once that

) =) moap).

8f
S5f 11f
[71=(4)
from Theorem 21.1,
S\ 7 (87\ _ (4f) /(8F\ _(7F 1/
/sl = 07/ G =G/ ()
giving all congruences for which =1 = (-1)/"/4,
Next, using Theorem 21.1,

(/18- (/) -

Moreover, we have using
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(7ff) E(lslff)
from Theorem 21.1, we have
AR HAVE AN E A
giving all congruences for which =1 = (-1)"/2,
Finally, using (2.2) and
(o) =[]
6f 2f
from Theorem 21.1, we have
[/ = ()07 )= e (7))
= (71715

completing the proof of Theorem 21.2.

and, using

(_l)f«f»t/2~

THEOREM 21.3. Let p =24f + 1 = a’ + b> = u® + 60° with a =u = 1 (mod 4).
Then we have, according as b =0 (mod3), or a =0 (mod?3), the following con-
gruences:

(lif) E( lzf) =(-1)"2u or  (-1)""2u (mod p).

PrROOF. From Berndt and Evans [4, pp. 374, 377] we have
1,4(12,23) = u — ivy6  foru =1 (mod4);

moreover, applying Theorem 5.1 and using (2.2), we have

J24(12,23):—(1;f) (- )fé( f) (mod ).

As J,(1,12) = 0 (mod ) we obtain, as before,

12/) _ Cpy u (mo oru =1 (mo
(f)_( 1)) 2u(mod p) foru =1 (mod4).

From Berndt [4, Theorem 3.18] we have u = 1 (mod 4) iff a =0 (mod 3) and u = -
(mod 4) iff b = 0 (mod 3), completing the proof of Theorem 21.3 in view of Theorem
21.1.

Using previously established congruences from §§5,6,7,9,11,15 and Theorems
21.1-21.3, we now prove the following theorems.
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THEOREM 21.4. Let p=24f+ 1 =a’+b*=x*+3y2 a=1 (mod4), x =1
(mod3). Leta=1ifa=0ifa=0(mod3), B=1ifaorb=2(mod3), a =2 if
b=0 (mod3), B8=2 if a or b=1 (mod3). We have the following congruences

modulo p.
(_1),+,,/4(9f) 1y 12/) (12f)52a,

)=
2]
£

(—1)"/2*”( )
=(-1)" 14f)_2a or 2b

according as b = 0 (mod 3) or a = 0 (mod 3),

2a if y =0 (mod 3),

() =y ) = i—‘jj‘j—g’y ify =1 (mod3),
%g()yﬂ ify =2 (mod3),

24 iy =0 (mod3),

(—1)’“’/‘““( l}f) E(—l)"( 144;) = ?436% ify =1 (mod3),
‘;XT_;;X ify =2 (mod3).

PRrOOF. The first three congruences follow immediately from Theorems 11.1, 15.1,
and 7.1, respectively. The congruences for

(27 (7] e )

follow from Theorem 15.1 and the remaining congruences then follow from Theo-
rems 21.1 and 21.2.

THEOREM 21.5. Let p = 24f + 1 = ¢? + 2d?, ¢ = 1 (mod 4). Then we have
12 15
(_l)b/4( ) _( 1)/( f) E(_l)f+b/4( 6ff) =2 (modp).
PRrROOF. This is immediate from Theorem 11.2.
THEOREM 21.6. Let p =24f + 1 =a> + b* =x2+ 3y%, 4p = A> + 27B*, a = 1
(mod4), A=x=1(mod3). Let f=1ifaor b=2 (mod3), B=2ifaorb=1
(mod 3). Then we have the following congruences modulo p.

( 142ff) =2

(5] =2 o 2bx/aE(—l)”(

10f

4f) =2x or Z2ax/b
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according as b = 0 (mod 3) or a = 0 (mod 3),

2x ify =0 (mod3),
(120;) 5(186;) =-A=<-x—3y ify=1(mod3),
-x + 3y ify =2 (mod3),

v )=o)

2x ify =0 (mod3),
-x+ 3y ify=1(mod3),
-x — 3y ify =2 (mod3).

Il

PrOOF. The first congruence in Theorem 21.6 follows from Corollary 4.1.1 and
Theorem 9.2 (also from (15.4) and Theorem 15.1). The rest of the congruences in this
theorem follow easily from Theorems 6.1, 6.2, 15.1, and 21.2.

THEOREM 21.7. Let p=24f+ 1=a*+b>=x*+3y’=u’>+ 60>, a=u=1
(mod4), x =1 (mod3). Let a =1 if a=0 (mod3), B=1if a or b=2 (mod?3),
a=2 if b=0 (mod3), =2 if a or b=1 (mod3). We have the following
congruences modulo p.

2)-(3) <o
(_1)f+u/2+/3(6ff) E(_])u/2+a+ﬁ( 163ff) =2u or 2au/b

according as b = 0 (mod 3) or a = 0 (mod 3),

(_l)b/4+a( IOf) E(_l)f+h/4+a( 123ff) E(_l)m_/ﬂa( 153ff)

5f

2u ify =0 (mod 3),
(2xu —6yu)/(x +3y) ify=1(mod3),
(2xu + 6yu)/(x —3y) ify =2 (mod3),

s+y/a+a| 8\ _ f+bra+a| 14f
S VR
2u ify =0 (mod3),
=< (2xu+ 6yu)/(x —3y) ify =1 (mod3),
(2xu — 6yu)/ (x + 3y) ify =2 (mod3).

cayes(¥)
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ProOF. Theorem 21.3 constitutes the first two congruences in this theorem.
To prove the last six congruences in Theorem 21.7 we use (3.11) and (2.2) to
obtain

S = 211271117 E( 12f)/(13f)

_f!l3f!11f! f 2f
CafrRfis 21\ (12f
=farig =D (f)/( / )

The last six congruences follow immediately from the above congruence and
Theorems 21.1-21.3.

To prove the third and fourth congruences in Theorem 21.7 we note that earlier
(see (21.3) and the congruence following (21.7)) we showed that

2(p=1)/4 z(—l)f( zﬁ)/ ( 162ff)

and

( *])/8 = (- f lof) ( lof)
3p =(-1) ( f / 3f |
Using (2.2) we have

(2P~ 1/3) (37~ 1/8) = 9f! 6f'6f! 10f! 3f1Tf1 511
3freft 1211 191 10f! 51!
_(6f 12f
=[5)/15)
The result now follows from Theorems 21.1 and 21.3.

REMARK. The first author has shown (unpublished) that the criteria of Hudson
and Williams [16] for 3 to be an eighth power (mod p) is derivable from the above
theorems (in a more general form). This derivation is neater than the one given in
[16] requiring cyclotomy. A complete determination of the Jacobi sums of order 40
would, in our opinion, undoubtedly lead to a criteria for determining when 5(»~"/8
= +1, -1, b/a, or -b/a (mod p) in terms of the parameters a, b, [, m in p = a* +
b* = I? + 10m?. This would be of interest if it is new and as simple as the classical
criteria.

Finally, the remaining binomial coefficients of order 24 can be determined up to
sign as in §§18-20. We cite just one example, as the details are easily obtained.

THEOREM 21.8. Let p=24f + 1 =a’>+ b*=c* +2d> = x>+ 3p? = u® + 602,
a=c=u=1(mod4), x =1 (mod 3). Then we have

IR CIMIV2)

=|(- mod p),

)= TN/ (&) mosn

where the binomial coefficients on the right-hand side of the congruence are given in
Theorems 21.4-21.7.
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PROOF. The theorem follows immediately from the easily established congruences
I = ()
AN/ 8f I\ f

7/ =01
( f / VNV / 6/ |
REMARK. As before each of the binomial coefficients, which we are only able to

determine up to sign, is completely determined if the sign ambiguity can be removed
for any one of these.

and
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