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Abstract

The classical extremal problem is that of computing the maximum number of edges
in an F-free graph. In particular, Turan’s theorem entirely resolves the case where
F = K,41. Later results, known as supersaturation theorems, proved that in a graph
containing more edges than the extremal number, there must also be many copies of
K.

Alon and Shikhelman introduced a broader class of extremal problems, asking for
the maximum number of copies of a graph T in an F-free graph (so that T' = K> is
the classical extremal number). In this paper we determine some of these generalized
extremal numbers when T and F' are stars or cliques and prove some supersaturation
results for them.

1 Introduction

The classic theorem of Turdn [30] gives the maximum number of edges in a K, -free graph,
a number which is asymptotically (1—1)(}). As is standard, we let ex(n, F') be the maximum
number of edges in an F-free graph on n vertices, so Turan’s theorem determines ex(n, K,1).
Of course, if the number of edges in a graph G on n vertices exceeds ex(n, K,11), we know
that G must contain at least one K,,;. One can ask about the minimum number of copies

of K, that are contained in G. Results of this type are referred to as supersaturation
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theorems. To be precise, letting k.. 1(G) be the number of copies of K, ; in a graph G,
supersaturation questions ask one to determine

min{k,.1(G) : G a graph with n vertices and ex(n, K,1) + ¢ edges},

for some ¢ > 1. When ¢ = o(n?), the problem was studied by Rademacher [27], Erdés
[111, 17, 8], and then resolved by Lovdsz and Simonovits [19,20]. For the case when g = Q(n?),
asymptotic solutions have been found by Razborov [2§] for r = 2, Nikiforov [24] for r = 3,
and Reiher [29] for general r. See Pikhurko and Yilma [26] for a very informative introduction
to supersaturation.

One could also ask if other structures are guaranteed to exist in graphs with more edges
than the Turdn number. The following theorem of Erdés and Stone [I0] shows that, in a
graph in which the edge count exceeds this extremal number by a constant multiple of n?,
must not only contain a K,;, but indeed a blowup of K,,; with large part sizes. For a
graph G, we let the blowup G(b) be the graph where each vertex of G is replaced by an
independent set of size b and each edge is replaced by a complete bipartite graph.

Theorem 1.1 (Erdés-Stone). Let v > 1 be an integer and let € > 0. Then there exists
ng = no(r,€) such that if G is a graph on n > ng vertices and

6(0)2(1—%+5)(Z),

then G contains K,,1(b) for some b > elogn/(2" 1 (r — 1)!).

We will refer to theorems analogous to Theorem [LL1] as structural supersaturation results.

In more recent work, Alon and Shikhelman [I] considered generalized extremal problems
involving counting copies of some fixed subgraph rather than edges. To be precise, they were
interested in determining values of

exr(n, F) = max{ny(G) : G is an F-free graph on n vertices},

where np(G) is the number of copies of 7' in G. In particular, exg,(n, F) = ex(n, F).
Their paper lead to many investigations by various authors for different choices of T" and
F; see [14], [15], 17, 18], 22] for a sample of authors and results. In this paper, we consider
Alon-Shikhelman-type problems where T" and F are either cliques or stars. We also consider
supersaturation and structural supersaturation results in this vein. The following subsections
will outline the history of these problems and the new results of this paper.

1.1 Cliques without cliques

The most fundamental Alon-Shikhelman-type problems involve cliques. As above, we write
ki(G) for nk, (G). Zykov [32], along with many others, showed that exg, (n, K, 1) = ki(T'(n, 7)),
where T'(n,r) is the r-partite Turdn graph on n vertices. Bollobas [2] discussed the general
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problem of minimizing the number of copies of K in a graph with a given number, say N,
of copies of Ky, i.e., a supersaturation result for exy, (n, K). (Of course, if N < exg, (n, Kj),
then this minimum number is 0.) His result gives a bound of the form

ko(G) = ¢(N),
where 1 is a function defined implicitly.

Theorem 1.2 (Bollobés). For a given n, let ¥ (x) = 17 (x) be the mazimal convex function
defined for 0 < x < (") such that

t

w((%)t@) < (%)(z) fori=1,2,...,n.

Then, if G is a graph on n vertices with ki(G) > x, then ks(G) > ¥ (x).
A weaker, but slightly more transparent version is the following.

Theorem 1.3. Let 6 be a real number and s and t be integers with 2 <t <s<60+1. IfG
is a graph on n vertices such that k(G) > ((j)(n/Q)t, then ks(G) > (g) (n/0)°.

We cannot find this result in the literature, but it can be proved by iteratively applying
the following beautiful theorem of Moon and Moser [23] and the method outlined in Lovasz’s
Combinatorial Problems and Exercises [21], Section 10, Question 40].

Theorem 1.4 (Moon-Moser). For any graph G on n vertices and any s > 2,

ks+1(G) > L (52 ks(G) n)
ks(G) s2—1\ ks 1(G)

Both Theorem and Theorem are supersaturation results. Now we turn our at-

tention to the corresponding structural supersaturation problem. Nikiforov [25] showed that

the conclusion of the Erdds-Stone theorem follows even from the weak hypothesis that G
contains Q(n"*!) copies of K, ;.

Theorem 1.5 (Nikiforov). Let s > 2 and ¢ and n be such that

0<c<1/sl and n>exp(c?).
If G is a graph with n vertices and ks(G) > en®, then G contains a K(b) with b = |c®logn].

This, together with Theorem [[.3] proves a structural supersaturation extension of Zykov’s
result.

Theorem 1.6. For all € > 0, there is a 6 > 0 and an ng € N such that if G is a graph on
n > ng vertices and ki(G) > (1 + e)k(T(n,7)), then G contains a K,,1(Clogn) for some
C=0C(,r)>0.

Proof. The hypothesis on k;(G) implies that, for some 6 > r, we have ki(G) > ((Z) (n/0).

Thus, by Corollary 3] k,.1(G) > (Til)(n/e)”l, a constant multiple of n"*!. Now, by

Theorem [L5, G contains a large blowup of K. O
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1.2 Cliques without stars

If we write S, for Ki,, a recent result of Chase [5], building on work of Gan, Loh, and
Sudakov [13], completely determines exg, (n, Sy11).

Theorem 1.7 (Chase). Fiz t > 3. For any positive integers n,r > 1, if n = a(r +1) + b

where 0 < b < r, then
1 b
s Sran) = a(ﬁ ) i <t)

It will be useful for us later to state and prove here a “signpost” version of Theorem [L.7]
due to Wood [31], and Engbers and Galvin [6]. For v € V(G), we write k;(v) for the number
of copies of K; in G that contain vertex v.

Theorem 1.8 (Wood, Engbers-Galvin). For any 1 <r < n, we have

n r n r+1
Sri1) < — = )
Xk, (1, Sri1) < t (t— 1) r+1 ( t )

Proof. Note that being S,,1-free is equivalent to having maximum degree at most r. Let
G be such a graph on n vertices. If we count pairs (v,S) where v is a vertex of G, S is a
t-clique in G and v € S then

h(G)= > k)= Y k:t_l(G[N(v)])gn(til).
)

veV(G) veV (G

O

Note that though Theorem [[.8 does not give the exact value of exg,(n, S,11), it is asymp-
totically sharp since the graph aK,,; achieves the bound whenever n is divisible by r + 1.

In Section [2, we prove the following supersaturation result showing that if G contains
many copies of K, then there must be many copies of S, in G. We write s,.(G) for ng, (G)

and note that
NEEES (d(:))

veV(G)

Theorem 1.9. Given 2 <t < r, for all € > 0 there exists 0 > 0 such that if G is a graph

on n vertices having
1
we) = 149 (1),

r+1 t
then s,+1(G) > on.



Note that the bound in Theorem is asymptotically sharp. To see this, let s > r and
consider the graph G on n = k(s + 1) vertices that is the disjoint union of k copies of K1,

ie., G =kK, 1. Then,
s+1 n{ s
k(G) = k( t ) - ?(t—1)'

A straightforward calculation shows that, provided s > r + 1,

()
A7)

and so the conditions of Theorem are met. Further, note that

&+ga)zn<rj1).

Thus, equality is achieved in the conclusion of Theorem with 6 = (le).

For structural supersaturation, since the star is not vertex transitive, there are different
notions of a blowup of S,1;; they are all of the form K,;. The discussion above implies
that having a surplus of K;s does not imply even the existence of a K ,,o. In addition, the
classic construction of Fiiredi [12] demonstrates that it is also not possible to guarantee the
existence of a Ky, (at least in the case when t = 3). The following theorem can be read

out of his paper.

> 1,

Theorem 1.10 (Fiiredi). For any r > 1 there exist infinitely many n so that there is a graph
on n vertices which is Ks ,.1-free and contains Q(n®?) triangles. In particular, knowing that
k3(G) is at least (1 + €) exg,(n, Sy+1) does not imply the existence of a Ks,41 in G.

1.3 Stars without stars
Although this case is rather uninteresting, we include it for completeness.

Proposition 1.11. Ift > 1, then forn >r +1,

n(’;) if nr is even,

(n—=1)() + (";") otherwise.

t t

eXSt(na Sr+1) = {

Proof. Since each degree is at most 7, we have that s,(G) =) (d(t”)) is maximized when G is

as close to r-regular as possible. If nr is even, then there is an r-regular graph and otherwise
there is a graph where one vertex has degree r — 1 and all others have degree r. O

One can also prove a rather uninteresting supersaturation result in this case. Since both
the number of S;s and the number of S,,s are a function of the degree sequence, it is easy
to check that an excess of en(}) copies of S; yields at least en(r — ¢ 4 1)/t copies of S,.
The extremal graph is as regular as possible.



No structural supersaturation theorem for this case is true. Any (r 4+ 1)-regular graph
has a fixed fraction more S;s than exg,(n,S,;1), without containing any S, 2. The same
Firedi example from the previous section is almost regular and hence contains at least
(1 +¢)exg,(n, Sy+1) copies of S; without having a Ko 1.

1.4 Stars without cliques

This case is substantially more difficult than the others we’ve encountered up to this point.
Caro and Yuster [4] considered the related problem of determining, for a graph H and ¢ > 1,

exi(n, H) = max{ft(G) : G is H-free on n Vertices},

where

(G = > da(v).

veV(G)

Note that the values of ex;(n, K, 1) and exg,(n, K,.1) are asymptotically equal as n — oo.
Caro and Yuster showed that the extremal graph for H = K, and t = 1,2, 3 is the Turan
graph, and asked if this was true for larger ¢. Bollobds and Nikiforov [3] gave a nearly
complete answer. We sum up their results in the following theorem:

Theorem 1.12 (Bollobés, Nikiforov). For all r > 2 and t > 0 there exists ¢ = c(t,r) such
that if some K, 1-free graph G of order n satisfies f;(G) = exy(n, K,41), then G is a complete
r-partite graph having r — 1 vertex classes of size cn + o(n). Furthermore, if t < r and n
is sufficiently large, then the Turdn graph T,(n) realizes ex,(n, K,11), but for t > r +/2r,
ex¢(n, K,41) > f(t,T,(n)).

Considering the graphon version exg, (W, K1) of the stars without cliques problem, we
extend the Bollobas-Nikiforov result in two ways. First, we specify more precisely the sizes
of the vertex classes of non-Turan solutions. Second, we prove the existence of a value ¢*(r)
such that when ¢ < t*, the Turdn graphon uniquely realizes exg, (W, K,;1) and when t > t*,
the non-Turan solution is the unique maximum. We have not been able to make any progress
on either the supersaturation or structural supersaturation versions of the problem. All the
details can be found in Section [3]

2 Supersaturation for cliques without stars

In order to prove Theorem [LL9] we start with a lemma concerning the function (i) where x
is a postive real number. We define, for = € [0, 00) and s € N5y,

(x) :lx(x—1)...(x_s+1) > s_1

s s!
0 fo<z<s—1.

fs(z) =



Note that, for z > s + 1,

Z (x—1)T(a—i) - (x—s+1)

=0

and

P =2 Y ale =1 fr—d)e T (0 — s+ 1)

T 0<i<i<s—1
Also, note that f; is strictly increasing on [s — 1,00). We denote the inverse of fs|js_1,00) by

ft.

Lemma 2.1. For all 1 <t < s the function fyo f;* is convex on (0,00) and strictly convex
on ((°;), 00).

Proof. Note that f,o fi*(z) = 0if z < (*7 ) Further, the derivative is positive if z > (*] 1)
and thus it’s enough to show strict convexity on ((8 tl), o0). For convenience we’ll denote
fi'(z) by u, and we may assume that u > s — 1. Note that

_1’x:’u-u/ an u/: 1
(foo £ (@) = filw) -/, and filu)
Thus
(f Of—l)/l — fl/(u) . (u/)Q + f/(u) . ul/ — fl/(u) . 1 _ ;(U) . /l(u) oy
B, S SRR Gl
_ RS ~ S f (W)
O

Since u > t — 1, we have f/(u) > 0 so we need only that the numerator of the above is
positive. To this end, since s > ¢, note that

P2 (u) fl(w) = L) f ()
=2 Y e )t ) (s 1)

* Lo<i<i<s—1
0<k<t—1

cu(u—1) - To—k)---(u—t+1)

- > u(u—1)--To—d)- - (u— s+ 1)
0<i<s—1
0<j<k<t—1

u(u—1) - {o—g)- - (o—k)-- - (u—t+1)|.



We'll show that this is non-negative by proving that all the negative terms are canceled by
positive ones. If we write Tj;, for a typical term in the first sum and Tj;; for one in the
second, then we see that all the terms with 4, j, k < ¢ cancel since Tj;;, cancels with T)y;. The
remaining negative terms are of the form 7j;; with i > ¢. We have that each such term Tj;;
cancels with T}; ;. Strictness of convexity is guaranteed since some strictly positive terms
remain, e.g., the Tj;, with ¢ =k and j > ¢. O

We are now ready for the proof of the main theorem of this section, which we recall here.

Theorem 1.9. Given 2 <t < r, for all € > 0 there exists 6 > 0 such that if G is a graph

on n vertices having
1
we) = a+a 0 (71,

then s,+1(G) > on.
Proof. As in Theorem [L.8]

n(til)(ljte < thy(G Zk Z(f@l)

Define ¢(v) = fi_1(d(v)) = (f(_vl)) We have

Zﬁ ( 1) (1+¢) and s = Z (ff)l) — Z (ft_—:lf(f))).

The last equality is true term-by-term noting that if d(v) < ¢ — 1, and hence d(v) #
i (fiz1(d(v))), the v term in both these sums is zero.
We define

fr—i—l t—l(g) = fT+1(ft_11(€))'
We will determine the minimum of " fr+1 t—1(¢;) subject to >0 4; > n(tfl)(l +¢). To
be precise, we solve the relaxation where ¢; € Rs(. Since fr+17t 1 is convex by Lemma 2.1,

we have .
S fraitt) 2 (3 8) 2 ofaca (7 )0 +9)

1=

Thus we are done, setting § = fr+1t 1(( )(1 + 5)) O

3 Many stars, no K,

We first note that any extremal graph is complete r-partite. This simplifies the problem
of finding the largest number of S;s. We then address the graphon version of the problem,
determining exg, (W, K, 1) = exy(W, K,41). Erdds [9] proved that, given any K, ;-free



graph G, there is an r-partite graph H on the same vertex set satisfying dg(v) < dg(v) for
all vertices v. Hence, there is an r-partite optimizer for exg, (n, K,41). Indeed, Gy6ri, Pach,
and Simonovits [16] proved the following substantially stronger result.

Theorem 3.1 (Gyéri-Pach-Simonovits). Let T be a complete k-partite graph with t 4+ 1
vertices, let v > k, and let n > max(t+ 2,7+ 1). Then all K,1-free graphs G on n vertices
satisfying nr(G) = exp(n, K,41) are complete r-partite.

Sketch of proof. For a graph G and non-adjacent vertices u,v € V(G), the Zykov sym-
metrization of v by u, denoted Z,_,,(G), turns v into a clone of u by setting N(v) = N(u).
This technique was introduced by Zykov in [32]. Note that Zykov symmetrizations cannot
increase the clique number of a graph, and indeed, one can be chosen that (weakly) increases
the number of copies of T until G is complete multipartite. (That G becomes complete mul-
tipartite is only guaranteed because T is complete multipartite itself.) At any cloning step
where the graph becomes complete multipartite, one can show that the graph is transformed
from a strict subgraph of a complete multipartite graph to a complete multipartite graph,
strictly increasing the number of copies of T" in the process. O

Knowing that the optimal graph is complete multipartite leaves only the question of
what part sizes are optimal. We solve the problem asymptotically, i.e., we show that there
are optimal proportions aq, as, ..., a, for the part sizes. The optimization problem we are
trying to solve then is (asymptotically, and ignoring a factor of 1/t!)

Maximize F(p1,p2,...,pr) = Z pi(1— p;)t
i=1

subject to pi > 0 (1)
Z pi = L
i=1
We will naturally start by finding the interior critical points, which must satisfy
VF(p)=X1,1,...,1)

for some \. Writing f(p) = (1 — p)'p we require that the vector (f'(p1), f'(p2),- -, f'(pr)) is
constant. We start with a basic lemma concerning the derivatives of f.

Lemma 3.2. With f(p) = (1 — p)'p and k > 1 we have
FP () = (=) -1y (1 = p) (¢ + 1)p — k).
In particular the first and second derivatives of f are

g(p) = f'(p) = 1 =p) (1= (t+1)p)
h(p) = f"(p) = t(1 = p)'2((t +1)p — 2).
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0.4 : 0.8 1

—0.2+

Figure 1: Graphs of f(p) and g(p) with t =6

Proof. Straightforward. O

We denote values of g(p) by ¢. If ¢ is a value of g with ¢ > 0 there is exactly one
solution of g(p) = ¢, whereas if ¢ € (Pmin, 0] (Where ¢min = g(2/(t + 1)) is the minimum
value of g(p) on [0, 1]) then there are exactly two solutions. One of these solutions satisfies
1/(t+1) < p<2/(t+1), and the other satisfies 2/(t + 1) < p < 1.

Corollary 3.3. Interior critical points for () are either of the form (1/r,1/r,... 1/r), the
Turdn solution, or (o, o, ... 0, 8,8, ...,0), where

9
PR i <<l 2
11 -y ™ PR (2)

and for some ¢ € (Pmin, 0] we have g(a) = ¢ = g(), which we will refer to as a skew
solution. In the skew solution case we also require that ace + b3 = 1, where a is the number
of as and b is the number of Bs.

In this section we will prove the following theorem describing the optimal solution to ().

Theorem 3.4. Let r,t > 2. The objective function F' is mazximized at an interior critical
point. There are at most two possibilities for this maximizing critical point. One is the
Turdn solution. The only other possibility is the skew solution (o, v, ..., a, B) associated to
a=r—1andb=1 having g(a) = g(B) largest. If any skew solution exists, then this skew
solution exists.
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Our approach will be to fix ¢, a, and b, and consider «, 5 as functions of ¢. We are then
looking for solutions to

La,b(¢) = ax + bﬁ = 1,

which maximize
Fop=af(a)+bf(B).

If the context makes it clear, we will omit the subscripts. We will then consider a critical
point (o, «,...,«a,3,5,...,3) with a copies of o and b copies of § and ¢ = g(a) = g(B). If
a < r—1, we will show that there is a critical point associated to some ¢' = g(a/) = g(f’) > ¢
with a + 1 copies of o/, b—1 copies of 5, and a larger value for the objective function. Thus,
we need only consider which critical point associated with the case a =7 —1 and b =1 is
best. We show it is the one with ¢ largest.

We begin with some preliminary lemmas.

Lemma 3.5. For any real numbers a,b summing to r, we have

dLey  a b

> h(@) @)

dFab dLab

o g ™
d*Loy _ al/(@)(h(8))* + b/ (B)(h(a))?
dg? —(h(a)n(B))?

Proof. Since ¢ = g(a), we have that da/d¢ = 1/h(«). Similarly, dg/d¢ = 1/h(3) from
which the first equation follows. For the second,

dF da g ap b a b
— = —+b — = —.
75 = Vg5 + g = ey + gy =l * ) O
The third is a straightforward calculation. O
As a consequence, for ¢o < ¢, we have
1 JF é1
— = —d —d L — Ldg.
Plon - Flon = [ o= [ olkas—or| - ["Las )

Note that, in the expression for d*L/d¢? in Lemma 3.5, the denominator and the first
term on the numerator are always positive and the second term on the numerator is positive
provided 8 > 3/(t + 1). Hence, for ¢ > ¢rey := ¢(3/(t + 1)), we see that L is a convex
function of ¢. Our proof will depend on the fact that if L is concave at ¢, then ¢ < @yey.

Now we are ready to begin the proof in earnest. The following sequence of technical
lemmas builds our understanding of the relationship between the values of the objective
function at the possible internal critical points.
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Lemma 3.6. If there is a critical point with parameters ¢, a, and b, and a < r—1, then there
is a critical point associated to ¢', a+ 1, and b — 1, with ¢' > ¢ and Fop(¢) < Fur1p-1(¢).

Proof. We have L,,(¢) = 1 and a(¢) < B(¢), hence L,i1,-1 < 1. Also, note that
Foi1p-1(¢) = Fup(¢) + f(a) — f(B). By the Intermediate Value Theorem, there is a root of
Loi1p-1 = 1 between ¢ and 0. (Note that Ly115-1(0) >2(a+1)/(t+1)+b—1>1.) Let
¢’ be the smallest such root. By (Bl), we have

¢/
Fot10-1(9") = Far1p-1(0) = ¢'Las1,p-1(¢") — ¢Las1,p-1(¢) — /¢> Lot1p-1(p)dp
¢/
=¢ —¢(l1+a—p) - / Los15-1(p) dp
)
¢/
—(B—a)+ (¢ — &) - / Lusipr(p)dp
¢

where the inequality is a consequence of the fact that Lay1,-1(p) < 1 for p € (¢, ¢’). Thus,

Fa+1,b—1(¢/) - Fa,b(¢) - (Fa+1,b—1(¢,) - Fa+1,b—1(¢)) + (Fa+1,b—1(¢) - Fa,b(¢))
> ¢(B—a)+ fla) = f(B)

So, it suffices to show

f(ﬁﬁ):i(a) < 6.
But by the Mean Value Theorem for some p € (a, 3), we have

0 1te)

For all p € (a, ), we have g(p) < g(a) = g(B) = ¢ and so we are done. O
Lemma 3.7. If a < 8 < 3/(t+ 1) satisfy g(a) = ¢ = g(5), then

2—(t+1)a

s <t
Proof. First note that if 2/(t+ 1) < p < 3/(t+ 1) then we have

_hgf——p):41+p—;ﬂﬁ“?a+np—mztu—m*%a+np—m=h@x

t+1 +1
since by hypothesis 2p > 5. As a consequence if 2/(t + 1) < § < 3/(t + 1) then
4 4 7 4
—— __3)> i —g(—— —3) = - <0.
(g =7) 2000 sive o) = = 9) = [, w0+ (5 =) do <o

Now to prove the result we note that since g(t_%1 — 5) > ¢ = g(f) while g(a) = ¢, and g is
12 4

decreasing on the interval (t—l-_l’ t—l-_l) we must have a > = — f§, which implies the claim. [J
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Lemma 3.8. Ifr—1>2/((t+ 1)a(¢pey) — 1), that is, (t +1)a(¢pey) > (r+1)/(r—1), and
O < Prey then L <0.

Proof. We have, with L = L,_1 1,

dL _r—1, 1
dé — h(a) ~ h(B)
(r—Dt1 =2t +1)B—-2)+t(1 —a)2((t+ 1)a — 2)‘

h(@)h(B)

The first term in the numerator is positive and the second is negative. The denominator is
negative. Thus < 0 precisely if

(r=1D1=8)2((t+1)-2)>(1~a)?2~(t+1)a),
e l—ays 2-(t+Da  (+1)B-1 1-8 2—(t+1)a
(1—5) tr1B—-2 (+la—11-a (t+1p—-2""

where we used the fact that

_1’

(=5 e

which is a simple consequence of the fact that g(a) = ¢(5). Both of the ratios % and
2—(t+)a
(+1)p—2

sufficient to prove that
we have, by hypothesis,

t+1)p—-1 < (t+1)B(drey) =1
t+1Da—17 t+Da(frey) =1 (t+1)a(Prey) — 1

are at most one; the first because 8 > «, the second because of Lemma B.7] so it is

(t+1)8— 1
(t+1)o—

< r — 1. This fraction is monotonically increasing in ¢ and

<r-—1.

We require separate arguements for different pairs (r,¢). Call a pair (r,t)
o type Aift <r.

o type Bif r >7andt>r+1.

o type C'if2<r<6andt>3r—1.

Lemma 3.9. If (r,t) is a type A pair, then no skew solution exists.
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Proof. Recall from (2)) that o > 1/(t + 1). By repeated application of Lemma [B.6] we have
a = (r — 1) and thus

2 t—1
5:1—(7’—1)0z>t+—1 = a<m.

We conclude

c 1 t—1
o )
t+1"(r—1)(t+1)
Of course, if this interval is empty then we have no choices for o and, due to Lemma 3.6 no
skew solution exists. Thus in order for a skew solution to exist we must have
t—1 1
> )
(r=1t+1) " t+1

which implies ¢ > r, so for ¢t < r no skew solution exists. O
Lemma 3.10. The hypothesis of Lemma[3.8 holds, that is,

(1 + Do) > T

-1’
for all (r,t) that are type B.

Proof. 1t is sufficient to prove that, for type B pairs (r,t), we have

9(#@1)) 29(%)-

Noting that both of these expressions are negative, this is equivalent to
2 1 t—1 t—1
(i) =20-7)
r—1 (r—=1)(t+1) t+1

t— 2

S\ -1 1+% t—1
= - (1 ’“—) <r—1.
(t—2) <%_t—2 =7

The left-hand side converges, as t tends to infinity, to exp(1+ (r —3)/(r —1)). The smallest

r for which exp(1+ (r —3)/(r — 1)) < r—11is r = 6 so the lemma holds for all type B
pairs. ]

ie.,

Corollary 3.11. For any type B pair (r,t), there is no root of L = L,_11 =1 with ¢ < ¢y,
and % > 0.

Lemma 3.12. For type B pairs (r,t), there are at most two roots of L,_1; = 1.

14



Proof. Suppose that there are at least three roots of L,_1; = 1, and let 0 > ¢1 > @2 > @3

be the three largest. We must have % > 0 at ¢y, so by Corollary B.IT], ¢1 > ¢yey. As we

observed after Lemma [3.5] for L to be concave requires ¢ < ¢yey. Between ¢; and ¢3, L
L

must be concave at some point, 50 ¢3 < @key. Also, we must have i > 0 at ¢3 and this

combination is ruled out by Corollary [3.11] O

Corollary 3.13. For type B pairs (r,t), if L = L,_11 = 1 has multiple solutions, then the
one at which F' is maximized is the one with ¢ largest.

Proof. By the previous Lemma, there cannot be three roots of L,_;; = 1. If there are two,
say 0 > ¢1 > ¢9, then by (3], we have

F(¢1) - F(sz) = oL

6 é1 é1
@—/@ Ld¢:<¢1—¢2>—/¢2 Ldé >0,

since L < 1 for ¢ € (¢, ¢1). O
Lemma 3.14. If (r,t) is a type C pair, there is exactly one solution to L = L,_1; = 1.

Proof. We use a weaker condition than that of (2)): if a skew solution exists, a € [0, t%l) We
claim that for r > 2 and ¢t > 3r — 1, F has exactly one critical point in this range. Consider

the derivative
G(a) = F'(a) = (r = 1)g(e) = (r = 1)g(1 = (r = Da).
We start by proving that G(0) > 0 and G(=5) < 0. We have

2
t+

G0)=(r=1)f0) = (r=1)f(1—=(r=1)-0) = (r = D[f(0) = f'(1)] >0,

and

where we note that

9 t—1 1 1\ !
t>3qr—-1 — —(1— —— < — — .
=or < t+1) - < r +3r>
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Each term but the last is positive. As r > 2 and t > 3r — 1, we may take t > 5 and thus
the last term is negative. Therefore G(27) < 0 as claimed.

As G is continuous, by the Intermediate Value Theorem it has at least one root in [0, t%l)

As G = F’, a root of GG indicates a critical point of F'. To prove F' has at most one critical
point, we start by show that G is concave up on |0, t%l) We have

G"(a) = FO(a) = (r = 1) f¥(a) = (r = )*fP (1~ (r = D)a).

Now

(r=1)fPa) = (r = et = (1 = a) B = (t+ L)) > (r = )it — 1) (il—i) R

as (1—a) > (t—1)/(t+1)and (t+ 1) < 2 for a € [0, 7). Also, note that

(r— 1P FD(1 = (r = 1)a) = (r — 1)*(t — 1)((r — D)=t — 2 — (r — 1)(t + 1)a)
< (r— 1Pt — 1) (2(7” - 1)) (t—2)

t+1
<(r—1) (%)Z(t _1) (ggﬁi)t_g (t—2)
< (r—1tt—1) (%)t_g @)H (t ‘92)3,

G'(a) > (r— Vit —1) (i;—i)t_s [1 _ (;)H t _92)3] |

The last term is positive for ¢ > 19. One can check that in the remaining cases, when
F<t<1l8and2<r< %, G"(«) is still positive.

Thus G is concave up on |0, t%l) and is positive at one endpoint but negative at the
other, so it has at most one zero on that interval. We conclude I’ has at most one critical
point on |0, t%l) and thus at most one skew solution of type (o, a, ..., «a, ) exists. If that
solution exists it trivially has f’(a) largest. O

Now we’re ready to complete the proof of our main result.

Proof of Theorem[3.4. First we show that F' is not maximized on the boundary of the do-
main. Suppose, without loss of generality, that p; = 0 and p, # 0. Let p| = p|. = &°. Each
term of the sum defining F', other than the first and last, remains unchanged. Originally,
the first term was 0 and the last was p,(1 — p,)". Now each term is £ (1 — £°)", giving a sum
of pr(1 —2)" > p.(1 — p,)". We conclude points on the boundary cannot be maximizers.
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As the domain of F' is closed and bounded and F' is continuous, it must achieve its
maximum and thus that maximum must occur at an interior point. By Corollary B3, such
points only occur at points of the form (o, ..., «, 3,8,...,3) where « < 2/(t+1) < 3
and g(a) = ¢ = g(f) or at points of the form (1/r,1/r,... 1/7).

If there are no critical points of the first type, and in particular if (r,t) is a type A pair,
then the only interior critical point is the Turan solution. In this case, F' must attain its
maximum here.

Otherwise, there exists at least one skew critical point (o, o, ..., , 3,5, ...,3), say with
a many as and b many s. Repeatedly applying Lemma [3.0] we see that the critical point
at which F' attains its maximum is either the Turan solution or the skew solution associated
with a =7 — 1 and b = 1. For type C pairs, Lemma [3.14] guarantees there is only one such
solution, and for type B pairs Corollary B.13] assures it is the solution having ¢ largest. There
are only finitely many pairs (r,¢) with r,¢ > 2 that are not of type A, B, or C and in each
case manual inspection shows no such pair has a critical point other than the Turan solution
or skew solution with a =r — 1 and b = 1 with ¢ largest. O

We know from [3] that the asymptotic solution to the exg, (W, K,,1) problem is either
the Turan solution or some skew solution. Theorem [3.4] specifies exactly which skew solution
is the possible maximum. In the last theorem, we prove the existence of a sharp threshold
t*(r) where the solution to the exg, (W, K1) problem transitions from the Turén solution
to the skew solution.

Theorem 3.15. For anyr > 2, there ist* = t*(r) such that for any integert, F' is mazimized
by the Turdn solution when t < t* and by a skew solution for t > t*.

Proof. Theorem [LL12] together with Theorem [3.4] establishes that for all » > 2 there are
values of t for which a skew solution is optimal. Therefore for each r there is a smallest
integer 7, r <7 <71+ V/2r for which a skew solution is optimal.

Let f(p,t) = p(1 — p)* and, for fixed constant r, define

F(p7t> = (T_ 1)f<p7t> +f(1 - (T_ 1>p7t)

Let a € (=7, 1) be such that F(a,7) > F(3,7). We will prove F(a, 7+1) > F(3,7+1)

and thus as o € (}H, %) ») (TLH’ %)7

max F(a/,74+1) > F(a,7+1) > F(3,7+1).

1
ale(%mv;)

Note that F(%,7) = (1 — 1)". Thus we have

Fla,7)-(1-1)> (1 - l)m =F(ir+1).

r
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Next note that
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= (a — % r—1Da(l—a) + (r—Da(l —a)™

+(r—1) (1 —al(l=(r-1Da)((r—1a)"

+ (1= (r=Da)((r—1)a)™"
~ Flayr+1) = (r—1) (% _ a) (Flo7) = F(1 = (r — 1)a, 7).

As o < %, the sign of this second term depends entirely on f(o, 7) — f(1 — (r — 1o, 7).

Recall that 5
a—pf(p, t)=01—=p) 11— (t+1)p)

and note that for fixed ¢, —gf < 0 for p such that —tl < p < 1. Thus f is decreasing on this
P +1
range, and as

7_+1<a<1—(7“—1)a<1

because a < 1, we have f(a,7) > f(1 — (r — 1)a, 7). We conclude that

Fla,7+1)> Fla,7+1)—(r—1) (% —a) (fla,7) = f(1 = (r=Da,7)) > F(,74+1)
as claimed.

Finally, by induction we may apply the same reasoning to any ¢ > 7 to see that if « is
the parameter of a skew solution maximizing F(a,t), then F(a,t+ 1) > F(3,t+ 1) and so
the pair (r,¢ + 1) also has a skew solution. Defining t*(r) to be the 7 corresponding to r
completes the proof. O

Remark. Though Bollobas and Nikiforov did not prove the existence of a sharp threshold,
the best known bounds for ¢t* come from Theorem [ 12} r < t* < r++/2r. By looking at the
proofs of their theorem and Lemma[3.9, a nearly complete picture of the optimal graphon for
fixed r and varying ¢t emerges. First, while ¢ < r, no skew solutions exist and thus the Turan
solution is optimal. Then skew solutions emerge but do not immediately beat the Turan
solution. When t reaches t*, the optimal skew solution overtakes the Turan solution and

18



will continue to outperform it indefinitely. While obtaining a precise estimate of t* remains
difficult, by t = r + [v/2r] there is a skew solution that is not optimal (but whose stars are
easy to count) that outperforms the Turdn solution. We believe, based on numeric evidence,
that the true value of t* is closer to the upper bound, but improving either bound remains
an open question.
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