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1. Introduction. Let A, B be finite subsets of Z/nZ such that |A|, |B|
>2+4+2sand |[A+ B| = |A|+|B]—1+s <n—2—2s. For n prime and
s = 0, Vosper’s Theorem [I7] states that A and B are r-progressions for
some step 7. For n prime and s = 1, the authors of [9] proved that there is
an r such that each of the sets A and B is obtained by deleting one element
from an r-progression. Some applications of the last result may be found
in the literature. In particular, it is used recently by Nazarewicz, O’Brien,
O’Neill and Staples in the characterization of equality cases in Pollard’s
Theorem [14]. The authors of [10] obtained a description of the sets A, B if
s =1, 0 € B and if every element of B\ {0} generates Z/nZ.

Kemperman’s structure Theorem [I1] is a deep classical result, giving a
recursive reconstruction of subsets A, B of an abelian group with |A+ B| =
|A|+|B|—1. A dual equivalent reconstruction is given by Lev [13]. Recently
Grynkiewicz [2] obtained a recursive reconstruction for the subsets A, B of
an abelian group with |A + B| = |A| + |B|.

Using hyper-atoms and the strong isoperimetric property, the author
obtained in [8] a description of the subgroups appearing in the reconstruc-
tions of Kemperman and Lev. In the present work, we investigate a more
complicated hyper-atom structure. The above mentioned results follow as
corollaries, in a relatively short space, from one of our main theorems. Most
of the ingredients of our approach works in the non-abelian case. We need
some terminology in order to present our results:

Let S be a generating subset of an abelian group G with 0 € S. For a
subset X C G, we put ds(X) = (X +9)\ X and X5 =G\ (X + 5).

We say that S is k-separable if there is an X such that |X| > k and
| X5 > .
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Suppose that |G| > 2k — 1. The kth connectivity of S is defined as
ki (S) = min{|d(X)] : 00 > |X| > k and |X°| > k},

where min ) = |G| — 2k + 1.

A finite subset X of G such that |X| >k, | X®| > k and |0(X)| = kx(9)
is called a k-fragment of S. A k-fragment with minimal cardinality is called
a k-atom. We shall say that a subset S is degenerate if there is a subgroup
which is a 2-fragment of S. A maximal subgroup which is a 2-fragment of a
degenerate subset S will be called a hyper-atom of S.

The basic facts concerning the isoperimetric method may be found in [7].

A subset of a group G of cardinality one will be considered as a d-
progression for every d € G. A set S will be called an (r, —j)-progression if it
can be obtained from an arithmetic progression with difference r by deleting
j elements. Notice that an arithmetic progression P of difference r is also an
(r,—j)-progression if r has an order > |P| + j. An (r, —1)-progression will
sometimes be called a near-r-progression.

Let H be a subgroup of an abelian group G and let d € G/H. Recall
that a set S is said to be H-periodic if S+ H = S. A set is said to be
(H,—j)-periodic if it is obtained by deleting j elements from an H-periodic
set. A partition A = J;c; A; will be called an H-decomposition of A if
for every i, A; is the nonempty intersection of some H-coset with A. An
H-decomposition X = Jy<;<, Xi such that X; + H +d = X;41 + H for
1 <i<wu—1 will be called an H-progression with difference d.

For a nonempty subset X of GG, we shall denote by X* an arbitrary
translated copy of X containing 0.

The pair {S,T} will be called an H-essential pair if S = (Jj<;<, Si
and T = |Jy<;<; Ti are H-progressions with the same difference such that
IS+ H| —|S|=|T + H| — |T| = |H| and one of the following holds:

(i) [H| =1 =[So| = [Su| = |To| = [T3| = L.
(1) [Sul = T2 = 1, [Sus] = [Tya] = [H| =1, Tr1 + Su = Ty + Su_1.
(iii) There are two subgroups Ky, K7 of order 2 such that H = Ky ® K1,
S =15 = Ko and S}, =T} = K.
An essential pair of type (iii) will be called a Klein pair.
Our first goal is to prove the next two results:

THEOREM 1.1. Let p € {0,1}. Let S be a degenerate generating subset
of an abelian group G with 0 € S and let H be a hyper-atom of S. Let T be
a finite subset of G such that 3 — p < |S| < max(4 —2u,|S|) < |T|, S+ T
is aperiodic and |S| +|T| —p = |S +T| < (2|G| +2u)/3. Then one of the
following holds:

(i) w =0 and |G| = 3|S| = 3|T| = 4r2(T™) = 12.

(ii)) p =0 and {S,T} is an H-essential pair.
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(iii) There are H-progressions S = Jy<;<, Si and T = Uy<;<; Ti with
the same difference such that one of the sets S\ Sy, T \ T} is H-
periodic and the other is (H,—v)-periodic, and |Ty + Sy| = |T3| +
|Su| —v —p, where 0 < v < 1—pu. Moreover [T+ H|—|T| < |H|— p.

THEOREM 1.2. Let u € {0,1}. Let S be a finite generating subset of an
abelian group G such that 0 € S and 3 < |S| < (|G| + 5p —4)/2. Assume
moreover that k3—,(S) < |S| — p, and that k4(S) < |S] if |S| =3 = p+ 3.
If S is nondegenerate, then S is an (r, u — 1)-progression for some r.

The case p = 1 of the last result was obtained in [4]. Another proof of
this result is included in [7].

The organization of the paper is the following:

Section 2 presents our tools. Let S and T be finite subsets of an abelian
group G such that 3 — pu < |S| < max(4 — 2u,|S|) < |T'|, S+ T is aperiodic
and |S|+ |T| — pu = |S + T|, where pu € {0,1}. In Section 3, assuming that
S is degenerate with a hyper-atom H and that |S+T'| < (2|G| + 2u)/3, we
obtain a 2n/3-modular result asserting that for |G| # 12, ¢(S) and ¢(T)
are progressions with the same difference, where ¢ : G — G/H denotes the
canonical morphism. In Section 4, we prove Theorem In Section 5, we
show that a subset S with x3_,(S) < |S|—pand 4 < |S| < (|G| +5p —4)/2
is either degenerate or a near-progression. Section 5 also contains the proof of
Theorem In Section 6, we obtain a modular structure theorem encoding
efficiently all the situations with |S+ T'| < |G| — 4. We apply the last result
in Section 7 to give the structure of S and T allowing |S| = |T| = 3 and
|S+T| = |G|—3. We show how to recover the structure results of Kemperman
[11] and Grynkiewicz [2].

In the present work, we apply Kneser’s Theorem (proved in less than
two pages in [16]), Lemma (proved in few lines in [10]). We also apply
Theorem Theorem and Proposition m (these three results are
proved in around two pages in [7]). We include short proofs for other needed
lemmas, making the work nearly self-contained.

We omit the easy case where S+ T is periodic (cf. [8,2]), the trivial case
|S| = 2 and the easy case |S +T| < |G| — 2.

2. Some tools

2.1. Preliminaries. Let A, B be finite subsets of an abelian group G.
We write A+ B={z+vy : x € Aand y € B}. The subgroup generated by
A will be denoted by (A). Recall the following results:

LEMMA 2.1 (folklore). If A and B are subsets of a finite group G such
that |A| + |B| > |G| + 1, then A+ B =G.
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THEOREM 2.2 (Scherk’s Theorem [15]). Let A and B be finite subsets of
an abelian group G. If there is an element ¢ of G such that |AN(c—B)| =1,
then |A+ B| > |A| +|B| — 1.

THEOREM 2.3 (Kneser’s Theorem [12]). Let A, B be finite subsets of an
abelian group. If A+ B is aperiodic, then |A+ B| > |A| + |B| — 1.

LEMMA 2.4 ([10]). Let A be an (r,—1)-progression with 0 € A and let
B C (A) be such that min(|B|,|A|) > 3 and |B+ A| < |A|+|B| < [(A)| — 4.
If A+ B is aperiodic, then B is an (r,—1)-progression.

LeEmMMA 2.5 ([1). Let X be a finite subset of an abelian group G. Then
X (X% and (X)) +5=X+8.

Proof. Clearly X C (X®)™%. Take z = y+s withy € (X°) % and s € S.
We have v € X+, otherwise 7—s € X*—S and hencey = 2—s ¢ (X*)~5,
a contradiction. =

We can use Kneser’s Theorem to get some isoperimetric duality:

LEMMA 2.6. Let X be a subset of a finite abelian group G such that X +S
is aperiodic and |X + S| = |X| +|S| — u, where u > 0. Then X° — S is
aperiodic. There is 0 < ¢ < 1 such that | X — S| = | X5|+|S| — (. Moreover
(X5) ] = X[+ ¢ = pe

Proof. By Lemma X5 — 8 is aperiodic. By Kneser’s Theorem, ¢ < 1.
Clearly X — S c G'\ X, and hence

X5+ 18] = ¢+ ()75 = 1X¥ = 8] + [(X*) 75| = |G
= X + 5|+ X5 = [ X + [X] + S| -
Thus [(X%) 5| = |X|+(—p. =
The following lemma is a very special case of the main result of [2]:

LeEMMA 2.7 ([2]). Let S,T be subsets of an abelian group G such that
|S| = |T| =3, S+ T is aperiodic and |T + S| = 6 — u, where 0 < p < 1.
Then there exist r,a € G such that one of the following holds:

(i) One of the sets S and T is an r-progression.
(i) T=a+S.

Proof. Without loss of generality, we may assume 0 € T'N S. Suppose
that neither S nor T is a progression.

Assume first that there is an a € S\ {0} with 2a = 0. Put H = {0,a}
and S = {0,a,b}. We have |T + H| = 2|H|, otherwise T'+ S would contain
a periodic subset of size 6. By translating 7' suitably, we may take T =
{0,a,¢}. Now T+S D HU(b+H)U(c+ H). We must have b+ H = c+ H,
and hence ¢ = b+ r for some r € H. Thus T'=r + S and (ii) holds. So we
may assume that 2z # 0 for every z € (SUT) \ {0}.
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Now for every x € T'\ {0}, we have |(z+ 5)NX| < 1, otherwise S would
be an x-progression, a contradiction. Observe that |(S +z) N (S +y)| =1
for any distinct x,y € T, since otherwise putting 7' = {z,y, 2z}, we have
[(S+2)N(S+z)|>2o0r |(S+2)N(S+y)| > 2, acontradiction.

Notice that the last observation is still valid if S and T are permuted.

Put T'= {0, u,v}. Since [SN(S+u)| = 1, there is an a such that S —a =
So = {0, u, w}. Since |Sp N (So + v)| = 1, we have w € {u + v,u —v,v, —v}.
Up to a translation by —u, we have w = v or w = —v. Assuming w = —v,
we have S + T = {0,u,v,2u,v + u,—v,u — v}. It follows that u — v €
{0, u,v,2u, v +u,—v,u —v}. All possible cases imply that one of the sets S
and T is a progression, a contradiction. Thus w = v, and hence (ii) holds. =

2.2. Isoperimetric tools. Let S be a finite subset of an abelian group.
A k-fragment of S* will be called a k-fragment of S. This notion is indepen-
dent of the choice of S* [4]. A k-fragment of —S will be called a negative
k-fragment of S.

LEMMA 2.8 ([7]). Let S be a generating subset of an abelian group G
with 0 € S. Let X be a k-fragment of S and let A be a k-atom of S. Then
—X is a negative k-fragment of S. Moreover X* is a negative k-fragment
of S if G is finite. In particular, | XS] > |Al.

A fragment X of S such that | X| < | X°| will be called a proper fragment.
The following result will be a fundamental tool in this paper:

THEOREM 2.9 ([7]). Let S be a generating subset of an abelian group G
with0 € S. If X and Y are two k-fragments of S such that | X NY| > k and
(XUY)+ S| <|G|—k, then XNY and X UY are k-fragments of S. In
particular, X NY is a k-fragment if | X| < |Y°| or if X and Y are proper
k-fragments.

The basic intersection theorem is the following:

THEOREM 2.10 ([5, 8]). Let S be a generating subset of an abelian
group G with 0 € S. Let A be a k-atom of S and let F' be a k-fragment
of S with |ANF| > k. Then A C F. In particular, A= F if F' is a k-atom.

Proof. By Lemma |AS| > |F|. By Theorem ANF is a k-fragment
and hence ANF =A. =

The structure of 1-atoms obtained in [3] using an old terminology is the
following:

PROPOSITION 2.11 ([3]). Let S be a finite generating subset of an abelian
group G with 0 € S. Let H be a 1-atom of S with 0 € H and let F' be a
1-fragment of S. Then H is a subgroup and F + H = F. Moreover k1(S)
> |S]/2.
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Proof. Take an element x € H. Since (z + H) N H # (), Theorem
yields z+ H = H. Since H is finite, it is a subgroup. Take an element y € F’;
the same argument shows that y+ H C F|, and hence F'+ H = F'. Note that
H # G, 0 € S and that S generates G. In particular, |H + S| > 2|H|. Thus,
|H + S| — |H| > |S + H|/2. By the definition of k1, we have

R1(S) = [H + S| — |H| > |S + H|/2 > |S]/2. »
We need the following consequence of the above result:

PROPOSITION 2.12. Let Y be a finite subset of an abelian group G with
0€Y. Put K=(Y) andlet Z C K. Let X be an aperiodic subset of G such
that | X +Y| <|X|+7r|Y]| and let X = XoU---UX; be a K-decomposition.
Set W ={ie€[0,t]: | X;+Y]| <|K|} and P = {i € [0,t] : |X;| = |K|}. Then

1) | X+Y| > |X|+|W]|Y]/2 and |W| < 2r. If |Y| > 3, then |W| <
2r —1.
(ii) If |[W| = 2r, then | X +Y| = |X|+r|Y| and |P| =t +1— 2r.
Moreover X; and Y are progressions with the same difference for
everyt € W.
(iii) If (W] =2 and r = 1, then |(U;cry Xi) + Z| > [Ujew Xi| + [W].
(iv) If X +Y is aperiodic, r =1 and W = {w}, then X \ Xy, is (K, —1)-
periodic.
Proof. Let H be a 1-atom of Y with 0 € H. By Proposition we have
X[+ > X +Y][ 2> [Xi+Y[+ > |Xi+Y]
iEW i¢W
> SUX 4 () + S 1K)
iew i¢w
> (Xl +1Y1/2) + Y 1Xa| = X[+ W[ ]Y]/2.
€W igw
Hence |[W| < 2r. Assume now that |[W| = 2r. Then the last chain consists
of equalities and therefore P = [0,¢] \ W and x1(Y) = |Y|/2. By Proposi-
tion 2.11] X; + H = X for all 4 € W. In particular, X + H = X. Since X is
aperiodic, we have |H| = 1. Therefore |Y|—-1=|H+Y| - |H| =r1(Y) =
|Y'|/2. Hence Y| = 2. Put Y = {0,d}. Since | X; + Y| = |X;| + 1, X, is a
progression with difference d for all ¢ € W. Thus

Ui+ 2)| =2 Y12+ X002 (% +1) = 31X+ W),
ieW ieW iceW ieW
since d generates K and | X;| < |K]| for all i € W.
Suppose that X + Y is aperiodic, r = 1 and W = {w}. By Kneser’s
Theorem, |X + Y| > t|K| + |Xw + Y| > t|K| + | Xyu| + Y] — 1, and (iv)
holds. =
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We need the following description of 2-atoms proved in [6]:

THEOREM 2.13 ([0]). Let S be a finite generating subset of an abelian
group G with 0 € S and ko(S) < |S|. Also assume that |S| # |G| — 6 if
ko(S) = |S|. Let H be a 2-atom of S with 0 € H. Then either H is a
subgroup or |H| = 2.

A simplified proof of Theorem is given in [7]. A generalization to
the case k2(S) < |S| + 4 is obtained in [10].

2.3. Vosper subsets. Let S be a subset of an abelian group G with
0 € S. We shall say that S is a Vosper subset if for all X C G with | X| > 2,
we have

[X + 5] = min(|G] - 1, | X[+ [S]).
We need the following lemma:

LEMMA 2.14 ([8]). Let S be a finite generating subset of an abelian
group G with 0 € S. Let X C G be such that | X + S| = |X|+ |S] -1
and | X| > |S|. Assume moreover that S is either a Vosper subset or a pro-
gression. Then | X + (S\ {y})| > |X|+ |S| — 2 for every y € S.

Proof. Notice that ko(S \ z) > |S| — 2 if S is an arithmetic progression.
Assume that S is a Vosper subset. By definition, we have | X + S| > |G| — 1.
There are two possibilities:

CasE 1: | X + S| = |G| — 1. Suppose that | X + (S\{y})| < |X|+|S|-3
and take z€ (X +S)\(X+(S\{y})). We have z —y € X. Also (X \ {z —y})
+S5 C ((X 4+ 8)\ {z2}). By the definition of a Vosper subset, we have
(X \ {z —y})+ S| > min(|G] — 1,|X| —1+S]) = |X]| +|S] — 1. Clearly
X452 (X\{z—y})+S)U{z}. Hence | X +S5]| > | X|+|5], a contradiction.

CASE 2: | X + S| = |G|. Suppose that | X + (S\ {y})] < |X|+|S] -3
and take a 2-subset T of (X + 5)\ (X + (S \{y})). We have T'—y C X.
Also (X\ (T —y))+S C (X +5)\T. By the definition of a Vosper subset,
(X \(T—y))+S| > min(|G|—1, | X|—24|S]|). We have | X| = 1. Otherwise
and since X + S D (X \ (T —y)) + S)UT, we have | X + S| > | X|+ 5|, a
contradiction. Then |X| = |S| = 3, and hence |G| = 5. Now by the Cauchy—
Davenport Theorem, |X + (S\ {y})| > |X|+ |S| — 2, a contradiction. =

We need the following lemma which is a consequence of Theorem [2.13

PRrOPOSITION 2.15 ([4, 8]). Let S be a finite generating subset of an
abelian group G such that 0 € S, |S| < (|G| +1)/2 and r2(S) < |S| — 1. If

S is not a progression, then S is degenerate.

COROLLARY 2.16. Let S be a finite degenerate generating subset of an
abelian group G such that 0 € S and k2(S) < |S| < |G|/2, and let H be
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a hyper-atom of S. Then ¢(S) is either a progression or a Vosper subset,
where ¢ is the canonical morphism from G onto G/H.

Proof. Assume that ¢(S) is neither a Vosper subset nor a progression.
Then ra2(¢(S)) < |¢(S)] — 1. We have |S + H| < |S| + |H| < |G|/2 + |H|.
Therefore 2|S + H| < |G| + 2|H| and hence 2|¢(S)| < |G|/|H| + 1. By
Proposition #(95) has a 2-fragment K which is a subgroup.

We have [¢~! (K)+S| < (|K[+|¢(S)|-1)|H| = |¢~(K)|+|H+S|-|H| =
|0~ L(K)| + k2(S). Since K + ¢(S) # G/H, we have ¢~ 1(K) + S # G. In
particular, ¢~ (K) is a 2-fragment which is a subgroup, a contradiction. m

2.4. The strong isoperimetric property. Let S = J,<,;<, S and
T = Uy<ij<; Ti be H-decompositions. A (TS, H)-matching is a family
{ni i€ J}, where J C [0,#] such that G\ (T + H) D U;c; Tj + Sn, is
an H-decomposition. We shall call |J| the size of the matching.

We call the property in the next result the strong isoperimetric property.

PROPOSITION 2.17 ([7]). Let G be an abelian group and let S be a finite
subset of G with 0 € S. Let H be a subgroup of G which is a 2-fragment and
let S =SgU---USy, and T =TyU---UT; be H-decompositions. If t > u
and |G| > (t + w+ 1)|H|, then there is a (T, S, H)-matching of size u.

Notice that the obvious necessary condition ¢ > u was omitted in [7].
The proof requires no change.

3. Modular progressions

THEOREM 3.1. Let p € {0,1}. Let S be a degenerate generating subset
of an abelian group G with 0 € S and let H be a hyper-atom of S. Let
¢ : G — G/H denote the canonical morphism. Let T be a finite subset of
G such that 3 — p < |S| < max(4 — 2u,|S|) < |T|, S+ T is aperiodic and
|IS+T| =|S|+|T|—pn < (2|G| + 2u)/3. Then one of the following conditions
holds:

(i) p=0 and |G| = 3|S| = 3|T| = 4ko(T*) = 12.
(ii) |o(S +T)| = |o(S)| + |¢(T)| — 1 and moreover ¢(S) and ¢(T) are
progressions with the same difference.

Proof. Set |G|=n, h=|H|, |p(S)|=u+1, |¢(T)|=t+1, |p(S+T)| =
k+1and g = n/h. Take H-decompositions T' = (Jy<,«; T5 and S = (Jy<;<,, Si
such that [So| > -+ > |S,]. For 0 < i < w, put K; = (S¥). We shall
also assume (by a suitable reordering) that |Ky| > |K,| in the case where
|So| = |Su|- We have |G| > |S + H| > 2|H|, and hence |G| > 6. Therefore
1T > (|G| — 2u)/3 > 1. Since |S + T| < |G| — 2, we have

(3.1) uh = |H + 8| — h = r3(S) < |S| — .
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It follows that for all u > 7 > 0,
(3.2) (7 + D)[Su—j| = [Su—j| + -+ |Sul = jh + p.
Hence for u > 2,
2(’5’0| + |Su71| + |Su|) > 2|H| +p
3 - 3

Without loss of generality, we may assume that 0 € .Sp.

Since T is aperiodic, we have (t + 1)h > |T'| > |S| > k2(S) = uh, and
hence

(3.4) t>u.

(83) IS0l +1Su-a] >

Choose a (possibly empty) (T, S, H)-matching {n; : ¢ € J}, where J C
[0,]. Put [J| = r. Take an H-decomposition S + 71" = [Jy;<;, Ei such that

(1) T, +So C E; forall 0 <i<t,

(2) Uies(Ti + Sn;) C U1gigr Eiyi.
We also assume that |Epypy1| < -+ < |Eg| if £ >t + 7+ 1. We shall choose
the H-decomposition and .J so as to maximize (r, |Ej|) lexicographically.

We put P={i € [0,k]: |E;| =h} and W = {i € [0,t] : |E;| < h}.

Suppose that & > t + r + 1 and take an s with 75 + S,, C Eg. Then
Ts+ Sp, C Ej; for some t+1 < j < t+r, otherwise J U {s} would give a
matching of size r + 1. Since 1 < min(ng, as) and ng # g, we have u > 2.
Now we can choose as > u — 1, otherwise (J \ {j}) U {k} gives a matching
contradicting our choice. In particular,

(3.5) |Ek| > |Su—1] and w>2, ifk>t+r+1.
CASE 1: ¢(T) = G/H. Thus t + 1 = q. Let us show that
u=1.

Suppose u > 2. By (j3.2]),

h 2h
\SOIZU —I—u> +u‘

u+1 — 3

On the other hand,

2h+p _ 2n+3p
T+ S| > T; + So| > qlSg| > > .
| +|_Z|z+ ol = qlSol = ¢ 3 2 3

1€[0,t]

It also follows that u = 0 and |T; + So| = |So| = 2h/3 for all i. Also
u = 2 and |S2| = [S1] = |So|. The same thing applies to S; and Sz, and
hence T} + Sy = S, for all ,s. Since S is aperiodic we must have |T;| = 1
for all 7. Since T+ S = T 4+ Sy = T + 51, there are distinct r, s with
T, + Sy = Ts + S1. It follows that S1 = Sy + w, where {w} = T, — Ts. Now
we have T4+ S=T+4+51=T+ So+w=T+ S + w, a contradiction.
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Assuming Ky # H, by (3.2) we have h > 2|Sg| > |So| + |S1| > h. Thus
h/2 = |So| = |Ko| = [Ki| = [S1] = h/2.

Thus we must have Sop = Ky and S = K; + b for some b. Since S is
aperiodic, we have Ko N K; = {0} and hence h?/4 < h. In particular,
|Ko| = |K1| =2 and H is isomorphic to Ky & K. Since t + 1 = ¢, we have
S+T = (T+Ko)U(T+K;1+0b). Then E; D (Ko+T;) U (K7 +c) for some c,
and hence |E;| > 3 for all i. Therefore |S + T'| > 3¢ = 3n/4 > (2n+ 2)/3,
since n > 3h = 12, a contradiction. Thus

Koy =H.

Put p = max{|H| — |T;| : i € P}. Since |T; + So| < h for every i € W,
Proposition yields

S
(3.6) ]T+S|>Z]E!+Z\T*+So!>|P|\H\+Z]T|+\W|| ol
i€P ieW ieWw
S
(3.7) > |T|+p+|W|’ ol

Since u = 1, ¢(S1) generates G /H. By a suitable translation of T, we
may assume the following:

1. 0 € Ty, and |Tp| > max{|Ty|,...,|T;|}.
2. ¢(T; + S1) = &( Z+1) fora110<z<t—1

Suppose that |[W| < 2. By (3.6) and ( we have

h —I—
T+ 5| > |Plh+ Z IT; + Sol > (¢ — WA+ W] =22
€W
h 2
> (q—2)h+27—;ﬂ > 24

Hence ¢ = 3, p =0 and |Sp| = h/2. It follows that |S;| = h/2. Also we have
|Ei| = |Ti+So| = |So| for all i € W. It follows that T;"+Sy = Sp for alli € W.
Hence |T;| = 1 for all i € W, since T+ is aperiodic. Since ¢ = 3 and |T| > 4,
we have |Ty| > 2. Thus P = {0}. Therefore [Ty + Si| = |E1| = [So| = |S1]
and S is periodic. Now T'+ S D Eog U (Tp + S1) U (11 + S1), which is a
periodic subset of cardinality 2n/3, a contradiction, proving that

W] > 3.

Suppose that ¢ # 3. We must have |P| = 0, since otherwise there are
p € Pands € W with T,+S5; C E,. But h > |E,| > |T,+51|. By Lemma[2.1]
| Tp|4|S1] < h, and hence p > [S1|. By (3.7), [T+ S| > |T'|+|S1]|+3]So|/2 >
|T| 4 |S|, a contradiction.

By (3-7), ¢ = |[W| = 4. Since [T + So| < |T + S| < |T| + 2|So|, by
Proposition [2.12] we have |Sy| = 2 and |T+ S1| = |T|+4. Therefore T+ 5, =
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T+ S =T+ Sy. Thus Sy and S; are aperiodic. Since 2 > |Sy| > h/2, we
have 3 < h < 4. Since |H| < 4, it follows that Sy = S + e for some e. Now
T+S=T+S=T+51+e=T+4 5+ e, a contradiction. Therefore
q=3.
We have n/3 =h < |S+H|—|H| = r2|S| < |S|—pn <n/3—5u/6. Hence
w=0 and |S|=|T|=h=n/3.

The next step is to show that n = 12. Since 7 < 2n/3, we have n > 12.
Suppose that n > 12 and hence h > 5. Put L; = (T}) for 0 <1i < 2.

Assume first that there is a j with L; = H. By Theorem [2.9) and since
h = |T%], the set T; = (w+H)NT (for some w) is a 2-fragment. In particular
Ty + S| = (1] + 18],

Since S is aperiodic and by Proposition applied with Y =T7, 59 and
Sy are progressions with the same difference. It follows, since |Sy| > h/2 > 2,
that

74 8] 2 [T+ Sl = 3 ITs+ Sal = 7]+ 3180l — 3= [T] + 2150],
i<3

and hence |Sp| = |[S1| = 3. Since Sy, S1 are progressions with the same
difference and the same cardinality, we have S; = Sy + b for some b # 0.
Also |T + 51| > |T|+3|S1| —3=|T + S|. Now we have T+ S =T+ 51 =
T+ So+b=T+ S+ b, a contradiction.

So we may assume that L; # H for all j. Since Sy generates H, we have

(38) AT >T+8>T+S = Y T+sl> S 2T =27
0<i<2 0<i<2

Hence all the above inequalities are in fact equalities. In particular, 2|Ty| =

|To + So| < h, since 0 € W. We also have T+ S =T + S.

Take an L;-decomposition Sy = S;o U .S;1. Without loss of generality we
may assume 0 € S;g and |S;o| > |S;1|. From the above inequalities, we have
T; +S;0 = T;. Since |Sl[)| > ‘So|/2 > h/4 and |T:L—}—So‘ = 2|TH, we see that T;
is a single coset with cardinality in {h/4, h/3}. Since |Ty| + |T1| + |T2| = h,
we have necessarily |To| = |T1| = |T2| = h/3. At least two of the subgroups
Ty, Ty, Ty have a nonzero intersection (otherwise h® < 27h and we get a
contradiction), say |Tp NT}| > 2 (the other cases being similar).

Observe that |Sy| < 2h/3—1, otherwise So+Ty = Sp, and hence T+ S =
T + Sp would be periodic, a contradiction. In particular, [S1| > h/3.

Now T+ S D (To + So) U (To + S1) U (T1 + S1), which is a periodic subset
of cardinality 2h = |S + T'|, a contradiction. So

n = 12.

Thus |To| = |Th|+1 = |T2| +1 = 2. Clearly T+ S D (Tp + So) U
(To + S1) U (Th + S1) U (Te + Sp). Since |S + T| = 8, we necessarily have
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T+ S1 = Ty + Sp. Thus S1 = Sy + 2z, where {z} = Th — T;. So we may
write S = Sy + {0, z}. Since T + {0, z} involves three H-cosets and since
P =0, we have |T + S| = |T +{0,z} + So| > |T + {0, z}| + 3, forcing that
|T4+{0, z}| = |T'|+1. Hence k2(T*) < |T|—1 (observe that T generates G).
We must have ro(T%) = 3 = |T| — 1, otherwise 7" would be periodic by

Proposition 2.11}

Case 2: ¢(T) # G/H,ie. t+1<q.

CLAamM 1. Ifu > 2, then |PN[0,¢]| > 2.

Suppose that v > 2 and there is a j € [0,¢] such that P N [0,¢] C {j}
and put 06 = max{|E;| : t + 1 < i < k}.

For all ¢ # j, we have |T;| < h/3, since otherwise by (3.2) and Lemma
|So + T;| = h, a contradiction. We have
(39) [S|+[T|>[S+T|> Y |Ti+So|+|Tj+Sl+ > |E

1€[0,t]\{j} 1€[t+1,k]
> 9T — [Ty] 45+ (kb — t = 1)|S].

Assume [T}| > |S,]. By Lemma [2.1] |S; +Tj| = h for all 0 < i < u. Since
Pni0,t] C {j}, 6 = hand k > t+2. By (3.9)), we have |S|+|T'| > |S+T| >
2|T| — |Tj| + h + |Su| > 2|T|, a contradiction, proving that

T3] < [Sul-

Therefore and by (3.9), we have |S|+|T| > |S+T| > 2|T'| —|Tj|+|Su|. It
follows that this is a chain of equalities and hence T+ Sy = Tj and therefore
|Tj| = h = |Sy|. In particular, S is periodic, a contradiction.

Take a 2-subset R C [0,¢] N P. Put v = min{|E;| : t <4 < k}. Then

(310)  [SHTI=D |E|+ > ITi+Sol+ > |E|+|Ek
1€R i€[0,¢]\R i€ft+1,k—1]
>2h+ (t—1)|So| + (=t — 1)y + |Sul.
CLamM 2. g>u+t+1.

Suppose the contrary. Then u > 2. By Lemma d(T+(S\Su) =
G/H. Hence k+1=qand |E;| > |Sy—1| forall t +1 < i < k. By (3.2)) and
(3-3).

S +T] > 20+ (6 — D[So| + (g~ — 1)[Su1]
= 2h+ (2t — q)|So| + (¢ — t = 1)(|So| + [Su-1])
oh  dh(q—t—1) 2n+2h
> 2h 2t —q)— =
2 2h+ (2t —q)5 + 3 T
because ¢ <t + u < 2t, a contradiction.

Cram 3. [¢(S +T)[ = [6(S)| + |o(T)] - 1.
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Put g=1if k> r 4+t and 8 = 0 otherwise. We have

(311 S|+ 1T =[S+ T = S |B
0<i<k
> Y AT+ Sol + D ITi+ S, + Y |Ti + Sol + B|Ex|
i€0,t)\J icJ icJ
> |T] + 71So] + 61Sut-

By Claim 2 and Proposition r > u. Suppose that u < r. By ,
|S] = (u+ 1)|So|. We also have T; + Sy = T;, and hence |T;| = h, for all
i€]0,t]\ J. Also T; + Sp,, = T; for all i € J.

Since T is aperiodic, by we have h/2 < |Sy| = |Su| < h/2 and u = 1.
Take [ € J. It follows that Ty + S1 = 1; and Sy = Sy + 1} = So + 1} + S,
a contradiction since a generating set of size < h cannot have a period of
size h/2. So r = u. Let us show that k& = t + u. Suppose the contrary. By
B3, el > Su1] and w > 2. By @I, || = ulSo| + Su1]. By B2,
2h/3 < |So| = |Sul. In particular |K;| = h for all i. By (3.11)), we also have
T; + So = T;, and hence |T;| = h, for all i € [0,¢]\ J, T; +S,, = T; and hence
|Ti| = h, for all i € J, a contradiction since T is aperiodic. Thus k =t + u.

Cram 4. If u > 2, then k < q— 3.

Since |p(T"+ S)| = k+1 = t + 1+ u, by Lemma we have
|o(T + (S'\ Su)| >t + u, and hence v > |S,_1].
Suppose that t+u=k>¢g—2. Then 2t +1>t+14+u=k+1>qg—1.
By (.10), (3:2) and (3:3) we have
[S+T| =) |El+ > |Bl+ Y |Eil+|E
i€ER 1€[0,t]\R t€t+1,k—1]
> 2h+ (t —1)|So| + (k —t — 1)|Syu—1| + [Sul
= 2R+ |So| + [Sul + [Su-1] + (2t = k)|So| + (k =t = 2)(|Su-1]+|So0)

4h
2h(k +2 2
=P vpz s

because k = t+u < 2t. It follows that u = 0 and that the last chain consists
of equalities. In particular |So|+|Sy—1| = 4h/3 and |So|+ |Su—1|+|Su| = 2h.
Hence |So| = |Su—1] = |Su| = 2h/3. Tt also follows that |E;| = 2h/3 for all
i € [0,k] \ R. Hence for all i, |T;| < h/3, since otherwise by Lemma
|So + T;| = |S1 + T;| = |S2 + T;| = h, a contradiction. Thus

S|+ T > |S+T| > Y |Ti+ Sol + | Ex| = 2|T| + |Sul,
1€[0,t]
a contradiction.
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Assume that u > 2. By Claim 4, ¢—2 > |¢(S+1T")|, and hence by Claim 3,
¢(S) is not a Vosper subset. By Corollary ¢(9) is a progression for
u > 2. But ¢(S) is obviously a progression for u = 1.

By Claim 3, ¢(T') is a progression with the same difference as ¢(S5) if
t+1+u=|p(S+T)| < g—1. Assume that g =t+1+wu. By Claim 4, u = 1
and |¢(T)| = g — 1. Thus ¢(T') is a progression with arbitrary difference. =

4. The 2n/3-theorem. We start with a lemma converting modular
structure into subset structure.

LEMMA 4.1. Let o € {0,1}. Let S be a generating subset of an abelian
group G with 0 € S and let H be a subgroup such that |S+H|—|H| < |S|—pu.
Let ¢ : G — G/H denote the canonical morphism. Let T be a finite subset
of G such that 3 — p < |S| < max(4 —2u, |S|) <|T|, S+1T is aperiodic and
S|+ 1| —p=1S+T| <|G|—4+2u. If $(S) and ¢(T') are progressions
with the same difference and |p(G)| > |p(S)| + |¢(T)| — 1, then there are
H-progressions S = Jy<j<y Si and T = |Jg<;<; Ti with the same difference
such that one of the following conditions holds:

(i) w=0 and {S,T} is an H-essential pair.

(ii) One of the sets S\ Sy and T \ T} is H-periodic and the other is
(H, —v)-periodic. Moreover |Ty + S,| = |T;| + |Su| — v — p, where
0<rv<l—p.

If G is finite, then |¢(T)| + |#(S)| < |p(G)|+ 1. Moreover if |T® — S| <

T3 +|S| — 1, then ¢(R) and ¢(S) are progressions with the same difference
for every subset R C T with |R| > |T%| — 1.

Proof. Take H-progressions S = (Jy<;<, Si and T' = (Jy<;<; T; with the
same difference dy. Set K; = (S}) for 0 < i < u. By a suitable translation and
choice of dy, we may assume that 0 € Sp, |So| > |S,| and that |Ky| > |K,|
if [So| = |Su|. For U C [0,u], we have |U|[H| =) ;i [Si| < [|S+ H|—|S| <
|H| — p. Thus
(4.1) > IS > (U] = DIH]| + p.

eU
Take an H-decomposition S+ 7T = Uogz’gk E; such that

(1) T+ Sy C E;forall 0 <i<t,

(2) T} +S; C By for all 1 <i < .

Set P={i:|E;|=|H|} and W =[0,¢] \ P. Put h=|H| and n = |G| = ¢h.

CASE 1: Ky # H. By (4.1), we have =0, |Ko| = |Ky| = h/2 and
(4.2) |Si|=h forallie[l,u—1].

Since S is aperiodic, we have Ky N K, = {0}, and hence h € {2,4}.
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SUBCASE 1.1: h = 2. We have |E;| > max{|Si],...,|Su—1]} = h for all
1<i¢<t+4+u—1. Hence
IT| +[S] = [To + So| + (t +u —1)h + |T; + S|
= [8] + [To| + (t = Dh + [T3].
Up to replacing dyp by —dp, we may assume that |Tp| > |T3|. Since T is
aperiodic we must have |T;| = 1. If |Tp| = 1, then {S,T'} is an H-essential
pair. If |Tp| = 2, then (ii) holds with v = 1.

SUBCASE 1.2: h = 4. Since S is aperiodic, we have Ko N K, = {0}, and
hence H = Ky @ K. It follows that |S;| = h for all ¢ € [1,u — 1]. One may
check as in Subcase 1.1 that |T;| = h for all i € [1,t — 1], T§ = Ky and
Ty = K;. Thus {S,T} is an H-essential pair (a Klein pair).

CASE 2: Sy generates H. Observe that [T'+S| > [T'+S0[+> 1 <<, [ Bl
> |T'+ So| +|S|—|So|. Therefore |T'+So| < |T'|4|So|. Assume that |[W| > 2.
By Proposition p=0,|T+So| =|T|+ [Sl|, |So| =2, |[W| =2 and
|T;| = h for all i ¢ W. Moreover T; is a progression with the same difference
as Sy for every i € W. Observe that for every i € W\ {0}, we have i—1 € W,
otherwise |H| = |Tj—1| and |H| = |Tj—1 + S1| < |E4|, a contradiction. So
W = {0,1}. We must have ¢t = 1, otherwise |E;| > min(|T;,|7;|) = h for all
i > 2. It follows that |S+T| > (t+u—1)h+|To+So|+|T1+So| > |T|+2+uh
and hence |S,| = h, a contradiction. Since Ty and T; are progressions with
the same difference as Sy, we have

IS +T| > |To + So| + |11 + So| + |71 + S
> |Tol + [So| = 1+ |T1] + [So| — 1+ [S1] + |T1| — 1
> [T]+ 18|+ T3] - 1.
Therefore |T7| = 1. Since |Sp| > h/2, we have 3 < h < 4. Since [T+ S| < h,

we have |Ty| < 2. Therefore |T'| < 3, a contradiction. Thus |[W] < 1.
Take an r € [0, ¢] such that W C {r}. We have

S|+ 1T =B+ D B+ Y Bl

i€f0,t]\{r} 1<i<u
> T+ Sol +th+ Y [Si+ T > |Sol +th+ Y [Sil.
1<i<u 1<i<u
Hence for some € > 0, we have
(4.3) T+ H|—|H| > |T|+e.
SUBCASE 2.1: € = 0. Then the last chain consists of equalities. In par-

ticular E, = Sy +T: = Sy and |Et+i| = ‘Sz +Tt’ = |Sz| forall 1 <1 < u.
Let us show that

(4.4) So + Tt* = 5.
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Assuming the contrary, we have necessarily r # t and |Sy| < h. Since Sy
generates H, the period of Sp has order < h/2. In particular |T,| < h/2.
By , |Ti| > h/2, and hence K; = H. Since S, + T; = Sy, we have
|So| > |Su| = h, a contradiction.

It follows that S+ 7; = S and hence |T;| = 1. By ([£.3), |T;| > h—1, and
hence |E;| > |T; + So| > h for i # t. Thus r =t if W # 0.

Assume first that W # (. Thus W = {t}. We must have |S;| = 1,
otherwise |E;| > |S1 + Ti—1| > h by Lemma a contradiction. We have
u = 1, otherwise |Sp| + |S1| + |Su| > 2h. Thus |Sy| + |S1| > 2|H| — 1. Since
|So| > |Sul, we have |Sp| = |H| and hence |E;| = h, a contradiction. Hence
{S,T} is an essential pair.

Assume now that W = (). We must have |S,| = 1, otherwise |E;| > h
forall 0 <i <t+4wu—1and hence |S+T| > (t+u)h+|S,| > |S|+ |71,
since € = u = 0. We must have |T;_1| = h — 1, otherwise |E;| > h for all
t+1<i¢<t+wu—1andhence |S+T|> (t+u)h+|S,| > |S|+ |T|, since
e = p = 0. Similarly |S,—1| = h — 1. Since € = u = 0, we have |S;| = h for
all 0 <i <w—2,and |T;| = h for all 0 < i <t — 2. Therefore {S,T} is an
essential pair.

SUBCASE 2.2: ¢ > 1. By (4.3) for all v < w,
(4.5) |Ty| + |Tw| > |H|+€> |H| + 1.

Take 1 < r < u — 1. Clearly Eyyr D (T + Sr) U (Ty—1 + Sr+1). By
and (4.5)), we have |Ty| + |S;| + [T3—1] + |Sy—1| > 2h + 1. Then either
T¢| + [Sy| > h or |Ti—1| + |Sy41| > h. By Lemma [2.1] |E;,,| = h. Therefore
[0,t4+u—1] C P.

Put v = (u+t)h —|S\ Syu| — [T\ Ti|. We now have

S|+ T —p=1[S+T]
= Y |E|+|Ti + S|

0<i<t+u
=(t+u)h+ Tt + Su| = |S\ Sul + |T\ T3| + v + |St + Tl

Therefore |T; + Sy| = |T3| + |Su| — p — v. Since [0,t +u — 1] C P, S¢ + T, is
aperiodic. By Kneser’s Theorem p+ v < 1.

Suppose now that G is finite. Since T+ S involves full cosets except for
the extremities, ¢(T) is a progression with the same difference as ¢(S). By
Lemma S\ S, and T'\ T} are (u — 1)-periodic.

Assume that |p(T°)| + |¢(S)| > g + 2. Clearly there is a v such that
S\ (S, US,) is periodic and |S,| > |H|—2. Thus |¢(T)|+|o(S\ (S, US,))| >
g—1. Thus |G| - T| > TS — 8] > [T ($\ (SuUS, ) +[Su] = (¢— 1)|H| +
|H| -2 = |G| -2, a contradiction. Suppose that |[T° — S| < |T%| +|S| —1. It
follows that k2(S) < |S| —1 and hence |H 4+ S| —|S| < |H|. Therefore {S,T'}
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is not an elementary pair. Thus (ii) holds. In particular (S +T)\ (Sy + Tv)
is periodic. Hence ¢(R) is a progression with the same difference as ¢(5). »

Proof of Theorem [1.1] Suppose that (i) does not hold. By Theorem
#(S), ¢(T) are progressions with the same difference and |¢(S + T)| =
|#(S)| + |¢(T)| — 1. Take H-progressions S = Uy<;<,, Si and T = Uy<;<; T
with the same difference. Since S is degenerate, |G| > 2|H| and hence
|G| > 6. Therefore |S + T| < (2|G|+2)/3 < |G| — 1, and thus u|H| =
|H + S| — |H| = r2(S) < |S] — p. By Lemma[4.1] (ii) or (iii) holds. =

5. The nondegenerate case

5.1. Some lemmas. Suppose that 0 € S and G = (S). Then clearly
1 < k1(S) < -0 < Kg(S). If kE(S) = Kg—1(S5), then every k-fragment is a
(k — 1)-fragment. Also every (k — 1)-fragment F with k& < |F| and k < |FS|
is a k-fragment.

The above trivial observation will be used extensively in this section.

Our strategy consists in replacing a set with its 3-atom or 4-atom. We
need to show that nondegeneracy is preserved by this operation.

LEMMA 5.1. Let S be a finite generating nondegenerate subset of an
abelian group G such that 0 € S and k2(S) = |S| < (|G| —4)/2. Let F be a
2-fragment of S with 0 € F, |F| > 3 and |F°| > 4. Then

(i) A proper 2-fragment of S contains no nonzero coset.
(ii) F' + S is aperiodic and F' generates G.
(iii) Assume that |F| < 4 and that |F|+ |S| > 6. Then F is nondegen-
erate.
(iv) If A is a 3-atom of S with |A| > 4, then |A| =4 and ko(A) = |A|.

Proof. Suppose that (i) is false and take a minimal proper 2-fragment X
containing a nonzero subgroup Q. Take a y € . We have |(X +y) N X| >
|Q| > 2. By Theorem [2.9) (X + y) N X is a 2-fragment (clearly a proper
one). By the minimality of X, we have X = X + y. Therefore X + @ = X.
Since X is not a subgroup, there is an =z with x + X # X. Observe that
X N (x+ X) is Q-periodic. We have |[(X +z)N X| > |Q + x| > 2. By
Theorem (X 4+2z)N X is a 2-fragment. By the minimality of X, we have
(X +2)NX = X, and hence X + = = X, a contradiction. This proves (i).

Let us show that F' + S is aperiodic. Suppose that F +S+Q =F + S
for some nonzero subgroup (. By the definition of k2, we have

[F|+[S] = [F+Q+5| = |F+ Q|+ r2(5) = |[F + Q| +[S].

It follows that F' = F + @ is periodic. By (i), |F| > |F°|. By Lemma
—F% =G\ (F+29) is a proper periodic 2-fragment, a contradiction.
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Put N = (F) and s|N| = |S + N|. Assume that s > 1. By Proposition
2.12(iv), |G]/2 > |S| > (s — 1)|N|. It follows that S+ N # G and that
IN + S| —|N| < |S| = k2(S). Thus N is a 2-fragment of S, a contradiction.

Suppose that (iii) is false. Since |G| > |F| + |S| +4 > 11 and |G| is
composite, we have |F 4+ S| < (|G| —4)/2 + 4 < 2|G|/3.

By Theorem [L.1] |S + H| — |H| < |S|. Thus H is a 2-fragment of 3, a
contradiction.

Clearly, we may assume that 0 € A. By (ii), A is aperiodic and gener-
ates G. Since |A + S| < |A| 4 |S], we have k2(A) < |A|. Let H be a 2-atom
of A.

Suppose that |A| > 5. Assume first that |[H| > 2 and take a 3-subset
{0, 2,2’} of H. By Theorem [2.10, |AN (A + )| < 2 for every = # 0. Thus

ra(A) + [Al = [H| + |A] 2 2+ k2(A)
= |A+{07272,}| > ’A|+‘A| _2+|A| _4:3|A| _67

and hence
2|Al < Kko(A) + 6.

Suppose that k2(A) < |A] — 1. By Proposition |H| < ka(A4) <
|A] — 1 < 4. By Theorem H is a subgroup. Take an H-decomposition
A = Jy<j<p Ai- Since |H| < 4 and by (i), |A4;] < 2 for every i. Hence u > 2
and thus 6 < u|H| = k2(A), a contradiction, proving that xa(A) = |A|. Tt
follows that S is a 2-fragment of A. Since S is nondegenerate, there is an r
such that {0,7} is a 2-atom of S. Take a minimal 2-fragment R C S of A
such that [{0,7}+ R| = |R|+2 and |R| > 3 (note that S is such a fragment).
Clearly |[RU(r + R)| < |G| —2. By Theorem RN (r+ R) is a 2-fragment
of A such that |[RN(r+ R)| = |R|—2. It follows that |R| < 4. Thus |A| > |R|,
a contradiction proving that |A| < 4.

Thus |H| = 2, say H = {0,z} for some z. Since A is aperiodic, by
Theorem we have |AN (A + z)| < 2. Hence

24 |A] > 24 kao(A) = |A+{0,2} > |A] + |4 — 2 =2|4| — 2,

and so |A| < 4, a contradiction.

By (iii), A is nondegenerate. Assume that kg(A) < |A| — 1. There
is an r such that A is an r-progression by Proposition and hence
|AN (A+r)| =3, contradicting Theorem .

We recall that the arcs of Cayley graphs defined on a group G by a subset
S are usually colored by the elements of S\ {0}. It will be helpful to have
this image in mind. However we assume no knowledge of Cayley graphs.

Put E={(z,y) € AxA:zx—yeS\{0}}. The family {z —y:z—y €
S\ {0}} will be called the family of colors present in A.
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LEMMA 5.2. Let S be a finite subset of an abelian group G such that
0 € S and k3(S) = |S|. Let F be a k-fragment with |F| > k + 1 and let
a € F+ S be such that |(a—S)NF| =1, say (a—S)NF = {b}. Then F\ {b}
is a k-fragment.

Let A be a k-atom of S with 0 € A and |A] > k+ 1. Put S* = S\ {0}
and E ={(z,y) € Ax A:x—y € S*}. Then

(1) For everyxz € A+ S, |(x —S)NA| > 2.
(2) [Al < B[ = Xpeal(z = 57) N A[ < (IS] = DIA] = 264(5).
(3) There is a nonempty subset R C E such that 3, cp(z —y) = 0.

Proof. We have (F'\{b})+S C ((F+S5)\{a})U{b}, and hence F'\ {b}
is a k-fragment.

Bounding the total number of arcs inside A or reaching 9(A) from A by
the number of arcs leaving A, we have, using (1),

A[1S* = ) ((a= S8 nAl+ ) |(a—S*) N Al > 264(S) + 4],
a€cd(A) acA

and (2) follows.

In the graph induced by A, every vertex receives an arc colored by an
element of S* by (1). Since A is finite, A must contain a directed cycle,

R = {(a1,a2), (az,a3), ..., (aj,a;+1)} with aj41 = a1. We have
Z (x—y) = Z(ai+1—ai):aj+1—a120.-
(z.y)eR 1<i<y

Now we prove the optimality of the 4-atom of a subset of size 3.

LEMMA 5.3. Let S be a finite generating nondegenerate subset of an
abelian group G such that 0 € S, |S| = 3 and k4(S) = k2(S) = |S|. Let A be
a 4-atom of S with 0 € A. Then A is nondegenerate and |A| = 4.

Proof. We shall assume that S = {0,u,v} is translated in order to
maximize the order of u — v. Suppose to the contrary that |A| > 5. By
Lemma [5.2{1), every element of 9(A) has the colors u and v. Thus (9(A) +
{u,v}) N O(A) = 0. Also 9(A) C (A+u) N (A+v). By Theorem 2.9 3 >
|(A4+u)N(A+wv)| > |0(A)|, and hence I(A) = (A+u)N(A+v). By Theorem
0(A) is a 2-fragment of S. It follows that 9(A)+u = 9(A)+v = 9(9(A)).
Thus v — v has order 3. By considering S —u and S — v and the minimality
of the order of u — v, we see that the orders of u and v are at most 3. Since
S generates G, we have |G| < 9, contradicting the 4-separability of S. =

5.2. Proof of Theorem The case k2(S) < |S| — 1 follows by
Proposition So we may assume k2(S) = |S|, and hence p = 0.

Cramm 1. If |S| =4, then S is a near-progression.
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Put Ag = S. Let A; denote a 3-atom of S and let Ay denote a 4-atom
of A; such that 0 € A; N As. Suppose that min(|A,],|Az2|) > 4. By Lemma
A; and Ag are nondegenerate generating subsets with |A1| = |As| = 4,
and ka(A1) = ka(Az) = 4. Tt follows that Ag is a 3-atom of A; (inducing a
symmetry between Ay and A;). By Theorem there is an r such that
{0,7} is a 2-atom of A; and hence |A; + {0,r}| = |A1| 4+ 2. Therefore there
is a u such that {0,u} + {0,7} C A} — a for some a € A;. By suitably
translating A;, we may assume that u # —r (otherwise we replace A by
A+ ) and that a = 0. By the definition of ko, for every x € {u,r} we have
|As 4+ {0,x}| > |A2| + 2. We must have z = r, since otherwise Ay contains
two r-arcs and two u-arcs. But the total number of arcs colored by elements
of A1\ {0} is 4, by Lemma Thus the sequence {r,r, u,u} represents the
family of colors inside Ag. By Lemma there is a nonempty subfamily
R summing to 0. We have |R| # 2, since 2r # 0 and 2u # 0 by Lemma
We have |R| # 4, since otherwise 2(u + a) = 2u + 2a = 0, and S
would contain the coset {0, a + b}, contradicting Lemma It follows that
|R| = 3. Without loss of generality we may assume R = {r,r, u}. Therefore
2r+u = 0. Thus A = {0, u, —2u, —u}, and hence A" = {0, u, 2u} is a 3-atom
of A, a contradiction. Thus

{0,7,2r} C A;.

Let us show that |Ag + {0,7}| = |Ag| + 2. Assuming the contrary, we
have |Ag +{0,7} + {0,r}| < |Ao+ {0,7}| + 1. In particular Ay + A; is the
union of full r-cosets and an r-progression. Thus

[Ao + A1 +1 > [Ag + A1 +{0,7}] = [Ao + {0, r}| + [A1] = [Ao| + [A1] + 2,

a contradiction. Thus {0,v} + {0,r} C Ay — b for some b € Ay and some v.

As for A, we see that we may take b = 0 and v = r. It follows that
(2r — Ag) N Ay D {0,r,2r}. By Lemma[5.2[1)&(2),

5< Y |(x— Af) N Ay < 3|Ay| — 2ra(Ag) = 4,
TEA;

a contradiction. Thus there is an i € {0, 1} such that A; has a 3-atom M with
|M| = 3. Put A4; = T. By Lemmal5.1, M is nondegenerate and (M*) = G.

Note that M is not a near-progression, otherwise by successive applica-
tions of Lemma[2.4] we see that S is a near-progression and the Claim holds.
By Proposition 2.15] x2(T') > |T'|. It follows that T is a 2-fragment of M.

Clearly >, cqp s [(x—=M)NT| < |T||M| = 12. Thus thereisac € M+T
such that |(c — M)NT| = 1. By Lemma T contains a 2-fragment F' of
M with |F| = 3. Observe that F' is not a progression, otherwise M would
be a near-progression.

By Lemma M = F + z for some z. By translating M suitably, we
may assume that M CT. Now 8 < |T'+T| < |T'+ M|+ 1 <2|T| =8.




Small sum subsets 323

By Theorem [2.13] there is an r such that {0, 7} is a 2-atom of T and hence
|T+{0,7}| = |T|42. Therefore there is a u such that {0,u}+{0,r} C T—d’
for some a’ € T. Without loss of generality, we may assume that a’ = 0 and
u # —r (otherwise we replace T' by T + u).

CaAsE L:u=r. Put T ={0,7,2r,w}. We have T+T = {0,r,2r, 3r,4r}U
{w,w+r,w+ 2r} U {2w}. We cannot have 2w € {w,w + r,w + 2r}. Thus
2w € {0,r,2r,3r,4r}. We cannot have 2w € {0, 2r,4r}, otherwise 7' would
contain a nonzero coset contradicting Lemma Thus 2w € {r,3r}. If
2w = r, then T = {0, w, 2w, 4w} a contradiction. So we must have 2w = 3r,
and hence T—r = {—r,0,r,w—r} = {-2(w—r),0,2(w—r),w—r}. Therefore
T is a (w — r, —1)-progression, a contradiction.

CASE 2: u # r and hence T' = RU{0}, where R = {u,v,u+v}. One may
see easily using Lemmal[5.1] that RN (—7) = 0. It follows that |RN (R+ R)|
> 2. Without loss of generality we may take u € R+ R = (u+R)U(u+v+R)
U(u4v+{0,v})U{2v}. Using Lemmalp.1] we see that T is a near-progression,
a contradiction.

We shall now prove the theorem:

Assume first that |S| > 4 and let A be a 3-atom of S. If |A| = 4, then by
Lemma [5.1] k3(A) = |A]. By Claim 1, A is a near-progression. By Lemma
S is a near-progression. Suppose that |A| # 4. By Lemma [5.1] |A| = 3.
Clearly |G| > |A + S| +4 > 12. Let A’ denote a 4-atom of A. By Lemmas
and A" is nondegenerate and |A’| = 4. By Claim 1, A’ is a near-
progression. By Lemma [2.4] applied twice, A and S are near-progressions.

Assume |S| = 3. Let A’ denote a 4-atom of S. By Lemmas and
A’ is nondegenerate and |A’| = 4. By Claim 1, A’ is a near-progression. By
Lemma [2:4] S is a near-progression. =

6. The (n—4)-modular theorem. We shall now describe the structure
if [S+T| < |G| —4.

Let S be a finite subset of an abelian group G. A subgroup H is said to
be a super-atom of S if either H = (S*) or H is a hyper-atom of (S*).

THEOREM 6.1. Let € {0,1}. Let S and T be finite subsets of an abelian
group G generated by S* UT*. Also assume that 3 — p < |S| < max(4 —
2u, |S|) < |T|, S+T is aperiodic and |S+T| = |S|+|T|—pu < |G| —4+2pu.
Then one of the following conditions holds:

(i) S and T are (r,u — 1)-progressions for some r.

(ii) There is a subgroup H such that |¢p(S+T)| = |¢p(S)|+|o(T)|—1 and
moreover ¢(S) and ¢(T) are progressions with the same difference if
min{[0(S)], [6(T)], [6(G) |—|6(S+T) |} > 2, where ¢ : G— G/H is the
canonical map. Moreover H is a super-atom of S or T if |G|#12.
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Proof. Without loss of generality we may take T' = 7™ and S = S*.
Assume first that S generates a proper subgroup K (not necessarily con-
taining T') and let T = (Jy<;<; Ti be a K-decomposition. Put W = {i :
|T; + S| < |K|}.

By Proposition [2.12) W = {v} for some v. Put v = t|K| — |T \ T,|. We
have

T+ S| = p =T+ S| =tK[+|T; + S| = [T\ Ti[ + v + [T; + 5.

Thus |T; + S| = |T¢| + |S| — p — v. Since T + S is aperiodic, Ty + S is
aperiodic. By Kneser’s Theorem, p + v < 1. Hence (ii) holds with H = K.

Assume now that S generates G. If S is a near-progression, the result
holds by Lemma 2.4 So we may assume that S is not a near-progression.
Put X =T7% and Y = (T°)™° = G\ (X — 9). By Lemma X —-Sis
aperiodic and there is 0 < ¢ < 1 with | X — S| = |X|+ |S] - ¢.

Cask 1: |S| < |T°|. We have
TI41S] _ [T+8|+p _ |Gl +u—4

2 - 2 - 2
By Theorem S is degenerate. Let H be a hyper-atom of S and put
alH| = |G,

SUBCASE 1.1: |T| < |T®]. Hence |S| + |T| < (2|G]| + 2u)/3. The result
holds by Theorem unless |G| = 3|T| = 12 = 4k2(T). By Proposition
2.15] T is degenerate. The result holds by Theorem [3.1] with H denoting a
hyper-atom of T

SUBCASE 1.2: |S| < |T°| < |T| and hence |S| 4 |T°| < (2|G| + 2u)/3.
In particular |G| > 12, if |S| = 4. By Lemma X — S is aperiodic and
| X — S| =|X]|+|S]—¢. By Theorem #(S) and ¢(X %) are progressions
with the same difference. By Lemma |p(S)| + [p(X )| < g+ 1. The
result holds if T = X*. Suppose that T # X°. By Lemma ¢ = 1. Then
IT| = | X~ — 1. By Lemma o(T), ¢(S) are progressions with the same
difference.

S| <

CASE 2: [T%] < |S|. Assume first that X* generates a proper subgroup
Q@ and put |G| = ¢'|Q|. Take Q-decompositions T' = (Jy<,«,Ti and S =
Uop<i<y Si- Since X is contained in a single coset, say X C T, + S,, the other
Q-cosets are all contained in T+ S. By Theorem we have t+u+1 < ¢,
Hence |T|+ |S| —p =T+ S| > (t + u)|Q| + |Tt| + |Su| — 1. In this case (i)
or (ii) holds.

Assume now that X generates G. Since | X — S| < |X|+|S]|, X cannot be
a near-progression by Lemma By Theorem X is degenerate. Let N
be a hyper-atom of X and let ¢ : G — G/N be the canonical morphism. By
Theorem ¥(S) and (X ) are progressions with the same difference.
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Also [1(S) + (X ™) < ¢’ + 1. The result holds if 7= X ~°. Suppose that
T # X—°. By Lemma ¢ = 1. Then |T| = | X—°| — 1. By Lemma
Y(T),v(S) are arithmetic progressions with the same difference. =

7. The (n — 3)-structure theorem

THEOREM 7.1. Let S and T be finite subsets of an abelian group G
generated by S* U T*. Assume moreover that 3 — u < |S| < |T|, S+ T is
aperiodic and |S+T| = |S|+|T| —pu < |G| —3 — pu, where 0 < u < 1. Then
one of the following conditions holds:

(i) w = 0,|S| = 3 and there is an a such that either T = a + S or
T=G\ (—a—25).

(ii) S and T are (r, u — 1)-progressions for some r.

iii) p=0 and {S,T} is an H-essential pair.

iv) There exist a subgroup H and two H-decompositions S = Jy<;<, Si
and T = Jy<;<; Ti (H-progressions with the same difference if

min{|$(S)[, [6(T)], |¢(G)] = |o(S + T)|} = 2)

such that one of the sets S\ Sy, T'\ T} is H-periodic and the other
is (H,—v)-periodic, and |T; + Sy| = |Ti| + |Su| — v — p, where
0<v<1—pu. Moreover |p(S +T)| = |p(S)| + |¢(T)| — 1, where
¢ : G — G/H is the canonical map and H is a super-atom of S or
of T if |G| # 12.

Proof. The result holds by Theorem[6.1]and Lemmal[£.1]if 1 = 1. Assume
that 4 = 0. The result holds by Theorem [6.1| and Lemma [4.1|if |7"| > 4 and
IS+ T| < |G| — 4. Assume first |T| = 3. By Lemma either (ii) holds
or T = a+ S for some a. Assume now that |T'| > 4 and that |[T°| = 3. By
Lemma |75 — 8| = |T°| + |S| — ¢ for some 0 < ¢ < 1.

Suppose that one of the sets 7 and S is an r-progression (and therefore
the other is a near-r-progression). Thus R — S is an r-progression and the
result holds. Otherwise by Lemma there is an a such that R = —a — S.
Hence T=G\(R—S)=R=G\(—a—2S5). =

A partition A = A; U Ay is said to be quasi-H -periodic if Ag+ H = Ag
and A; is contained in some H-coset.

COROLLARY 7.2 (Kemperman structure theorem [2]). Let A and B be
finite subsets of an abelian group G such that |A+B| = |A|+|B|—-1 < |G| -2
and A + B is aperiodic. Then there are a subgroup H and quasi-H -periodic
partitions A = AgUA; and B = BoUBj such that |B1+A1| = |A1|+]|B1|—1.
Moreover |6(A+ B)| = |6(A)| +|6(B)| 1 and |(4; + By — A)no(B)| = 1,
where ¢ : G — G/H is the canonical map.
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COROLLARY 7.3 (Grynkiewicz structure theorem [2]). Let A and B be

finite subsets of an abelian group G such that |A+ B| = |A| + |B| < |G| -3,
A+ B is aperiodic and 3 < |A| < |B|. Then one of the following holds:

(1) |A| = 3 and there is an a such that either B = a + A or T =
G\ (—a—2A4).

(2) There exist a,b € G such that |(AU {a}) + (BU{b})| = |[AU {a}| +
|BU{b}| — 1.

(3) There is a subgroup H and quasi-H -periodic partitions A = Ay U Ay
and B = By U By such that |B1 + Ai| = |Ai| + |B1| — 1. Moreover
[0(A+ B)| = [¢(A)| + |¢(B)| = 1 and |¢p(A1 + B — A) N ¢(B)| = 1,
where ¢ : G — G/H is the canonical map.

(4) {A, B} is a Klein pair.

The result follows easily from Theorem after two observations:

e Near-progressions and essential non-Klein pairs satisfy (1).
e If Theorem [7.1f(iv) holds with v = 1, then (1) holds.

Without loss of generality we may take (A* U B*) = G. Thus Theorem

implies the last two results and shows moreover that ¢(A), ¢(B) are
progressions with the same difference if min{|p(A)|, |6(B)|, |G|—|¢(A + B)|}
> 2. This information is crucial in order to obtain Lev’s result [I3] and Lev’s
type reconstructions for |A+ B| = |A| + |B|. Another reconstruction follows
directly from Theorem
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